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Introduction. Neutron stars

Schematic structure of a neutron star! Neutron star mass-radius relation?
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The available data suggests that the most neutron stars have masses close to 1.3 — 1.4 Mg, and

characteristic star radii is 10 — 13 km, but lower and higher masses exist and this ranges can be
extended?.
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Introduction. Neutron stars
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Introduction. Horndeski theories

Action!-2;
S:/[L2+L3+L4+L5]\/fgd4z+s<m), (1)

where

Ly = G2(¢, X),
L3z = —G3(¢, X)04,

L = Ga(6, X)R+ Ga,x(6,X) [(08)° = (VuV20) (V4V"9)]
Ls = G5(¢, X)Gu VFVY ¢ — éGg,,X(qb, X) x
x [(09)* = 3(09) (V,uVu9) (VHV"6) +2(V"Vas) (V*V30) (V/V,0)]

R is the Ricci scalar, Gy, is the Einstein tensor, S(™) is the action for matter, G; depend on the
scalar field ¢ and its kinetic term X = -V, 0V*¢/2, Gj x = 0G;/0X, 0¢ = V,VH¢.

1 G.W. Horndeski, Second-order scalar-tensor field i in a f di ional space, Int. J. Theor. Phys. 10, 363-384 (1974).

2 T. Kobayashi, M. Yamaguchi, J. Yok Generalized G-inflation: Inflation with the most general second-order field

equations, Prog. Theor. Phys. 126, 511 (2011).
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Theory of gravity with nonminimal derivative coupling

Specific case
G2 =aX —Ao/k, G3=0, Ga=1/(2k), Gs5=p¢/2 (2)

yields the following action:
s= [dtav=g [i(R ~20) — 5 (agu + BGiu) V“qﬁV”qﬁ} +80m, (3)
where A is a «bare» cosmological constant, kK = 87rG/c4, « and 3 are real parameters.
Action:
S = /d%\/fg {i(R —2A¢) — % (61900 + 262G ) vwvw} + 50m), (4)
where ¢; = +1, £ is a characteristic length.

In this work we study the neutron star configurations in the scalar-tensor theory of gravity
(4) with the coupling between the kinetic term of a scalar field and the Einstein tensor.
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Theory of gravity with nonminimal derivative coupling: field equations

Gravitational field equations:

% (G + guvho) = a1 Ty + 2020, + TS, (5)

where
T8 = V60— Sou (V6)*, ©)
O = —%VmeR +2VadV (L dRS) + VOV pRuaus + VYV VYV, Vad — (7)

1 1o 1 o
VuViels — o (V)2 Guv + gpv [—5v VP oVaVsd + 5 (0¢)? — VadVgoR ﬁ] ,

T;(LZL) = (6 + p)uHuV + PYuv, (8)
u,, is a unit timelike 4-vector, € is an energy density, p is an isotropic pressure.

Equation of motion of the perfect fluid:

v = 0. (9)
Equation of the scalar field:
vV, J* =0, (10)
where
JH = <slg“” + 52z2G“") V.. (11)
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Spherically symmetric configuration

Spacetime metric:

d2

ds? = —A(r)2di® + BL) + 72 (d6? + sin® 0de?) . (12)

Gravitational field equations:
( B’ n 1-— B)
r r2
BA’ 1-B
rA r2

where a prime means a derivative with the respect of r, and ¢ = ¢'.

1 1 2 2 ¢2 / P’
€+~ Ao+ S By — e LB+ 3B b arB ) (13)
K

T l= F

1 1 2 A
p—on+§a1Bw2—a z2 ¢ (1—3B—3T‘BA) (14)
K

Equation of the scalar field:
[5—:17“2 — egl? (1 —B—-rB— )} YVAB = C, (15)

where C'is a constant of integration.
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Spherically symmetric configuration

Equation of motion of the perfect fluid:

Al 2p’
4 __ P (16)
A e+p
Equation of state
= Ko — o2 4 P
p=Kpy, €=poc”+ =, (17)

where po is a baryonic mass density, I' = 2 is the adiabatic index and K = 1.79 x 10% (CGS) is
the polytropic constant [1-3].

1. R.F. Tooper, Adiabatic Fluid Spheres in General Relativity. The Astrophysical Journal 142, 1541-1562 (1965).
2. J.M. Latti , The Nucl E ion of State and Neutron Star Masses, Annu. Rev. Nucl. Part. Sci. 62, pp.485-515 (2012).

3. A. Cisterna, T. Delsate, M. Rinaldi, Neutron stars in general second order scalar-tensor theory: The case of nonminimal

derivative coupling, Phys. Rev. D 92, 044050 (2015).
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Normal system of field equations

Dimensionless values: ¢ = Agl?, = = 5 E= Kl2e, P = kl?p, U2 = k42, (18)
Basic equations:
B _ 1 ((1 +e8)z* + (e — 5z + 2>B + ((1 —ex?)E+2(3 — smz)P)x2B
de A
—(1 —ez?)? (2 — (¢ + &)a? —x28)], (19)
B _ a2
4P __(E+P)1-B-er?) )
dx 2z B
B a2
ﬁ:A(l B E£)7 1)
dx zB
gro _TE-E4P) (22)
e2B (1 — ex2)’
1/T
£ = rt?c? ( 272)K> + % (equation of state), (23)
- —
where ¢ = £1 /g2 and A = z(1 — e2?) (2 — (¢ + £)z® + 2®P), e = &1, € and ¢ — free parameters. )

Regularity conditions: U2 + co and U2 > 0.

@ c=c¢1/e0 =—1;
o in the case g3 = +1: max{p} < (1 +&)/(k?), € > —1;
@ inthe case g0 = —1: £ < —1.
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Normal system of field equations

Boundary conditions for A(r), B(r), ¥(r) and P(r):

p(O) = Kpgcv p/(o) =0,
B(0) =1, B'(0) =0,
A/(O) =0, A(R) = Aout(R):
¥(0) =0,

where po. — central barionic mass density, Aout(r) is the external vacuum solution, R is the
radius of the star.

Radius R of the star:
P(R) = 0. J

Consequence of the boundary conditions:

C=0 = JY=0 = no hair solution.
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External vacuum solution

Vacuum solution’ in the case p = 0 and p = 0:

2 2
Ba) = —C D p, (24)
(1=8z2+2)
A(x) = 3C2F(z), (25)
2(1+9)
o2 L 26
(@) TRt (26)
where C and Cy are constants of integration and
1 2
Flz)=1-&B+¢&+ - (1+ ¢)? arctan z + C1) + %(1 —¢)2
The case £ = —1 (anti-de Sitter-Schwarzschild black hole):
A(F)=B(r)=1-"2 4 'A“;ids‘ P2, W) = 0. (7)
r

1M. Rinaldi, Phys. Rev. D 86, 084048 (2012).
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External vacuum solution

Asymptotics at z — oo:

Aw) = 3C2(1—€)(3+6) {1 + 3(13155)962 + C(Zif)((llt?; ﬂ O, (29
va = LY 06, (30)
Conditions:

o tis the time of a distant observer = Cbo = [3(1 — £)(3 +£)]7;
o Metric signature = Cy >0 = —-3<{<1.

Anti-de Sitter-Schwarzschild asymptotics:

A
|Aags] 2

Ary~1- "9 4 , (31)
r 3
o 2GM Ci+ T(1+¢€)? _1-¢1
Te= "5 = Groa—g M= 3@ (32)

where 74 is the Schwarzschild radius, M is the Schwarzschild mass and A 445 is the effective
negative cosmological constant, £ = Agf?.
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Graphs of the functions A(r), B(r), p(r) and ¥2(r) in the case £ = —1 are shown for three values of the

nonminimal derivative coupling parameter £ = 10, 20,40 km and the central baryonic mass density
poe = 10'® g/cm3. Vertical dotted lines mark the boundary of star (£ = 10,20, 40 from left to right).
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Results of numerical integration: the case £ = —1 (Aag4s = ,e2=—1,e1 = +1)

The dependence of the mass M (left panel) and the radius R (right panel) on the central
baryonic mass density po.

1.61 R

10 15 20 0 5 10 15 20
pc() [Pn] pc() [pn]

0 5

The dependence of the mass M (left panel) and the radius R (right panel) on the central
baryonic mass density po. in the case £ = —1 is shown for three values of the nonminimal
derivative coupling parameter £ = 10, 20,40 km. Values of pg. are given in term of the nuclear
density p, = 2.5 x 1014 g/cm?.
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Results of numerical integration: the case { = —1

The mass-radius diagram in the case £ = —1 (Agqs = €72, 62 = —1, €1 = +1)

GR A.Cisterna et al [1]

a=A=0

i
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Solid red curves correspond to different values of the nonminimal derivative coupling parameter

¢ =2,5,10, 20, 40,100 km (from left to right). All graphs are built in the range of values of the central
baryonic mass density po. from 0.1p,, to 100p,, (from bottom to up), where p,, = 2.5 x 10'* g/cm? is
the nuclear density. Small solid circles on the curves mark the values po. = p,, and po. = 10p,.

1. A. Cisterna, T. Delsate, M. Rinaldi, Neutron stars in general second order scalar-tensor theory: The case of nonminimal

derivative coupling, Phys. Rev. D 92, 044050 (2015).
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Results of numerical integration: the case { = —1

The mass-radius diagram in the case ¢1 =2 =0, Ag = Aags

184 GR GR A.Cisterna et al [1]
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The mass-radius diagram in the theory
1
5= [aav=g [go(r+2anish] + 5. (33)
where A yq5 = 71/62 is a negative cosmological constant.

1A. Cisterna, T. Delsate, M. Rinaldi, Neutron stars in general second order scalar-tensor theory: The case of nonminimal
derivative coupling, Phys. Rev. D 92, 044050 (2015).
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Results of numerical integration: the case § # —1

Graphs of the functions A(r), B(r), p(r) and ¥2(r) in the case ¢ # —1
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Graphs of the functions A(r), B(r), p(r) and ¥2(r) in the case £ # —1 km are shown for three values of
the parameter £ = —2, —0.5,0 and the central baryonic mass density po. = 10*° g/cm3, £ =20 km.
Vertical dotted lines mark the boundary of star (¢ = —2, —0.5, 0 from left to right).
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Results of numerical integration: the case § # —1

Mass-radius diagrams for various values of £ # —1 (¢ =20 and —3 < ¢ < 1)
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LA. Cisterna, T. Delsate, M. Rinaldi, Neutron stars in general second order scalar-tensor theory: The case of nonminimal

derivative coupling, Phys. Rev. D 92, 044050 (2015).
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o We numerically constructed neutron star configurations in the theory of gravity with a
nonminimal derivative coupling of a scalar field with the Einstein tensor and the cosmological
constant Ag. The matter has a form of a perfect fluid and obeys the polytropic equation of
state with the adiabatic index I' = 2.

o We explore configurations of neutron stars for different sets of free model parameters ¢, ¢
and &.

@ In the case £ = —1 the external vacuum solution has a form of the Schwarzschild-anti de
Sitter black hole. We have the anti-de Sitter-Schwarzschild asymptotics outside the star in
the case £ € (—3,1).

o In the case { = —1 the mass-radius diagram has an essential property, namely, radius
decreases monotonically with decreasing mass. The specific «strange» relation between mass
and radius corresponds to the so-called bare strange stars, and in our case it is forming due
to the effective negative cosmological constant A 445.

@ In the case £ > 1 km the mass-radius diagram approaches the results without kinetic term of
scalar field in the Lagrangian obtained earlier by A.Cisterna et al.

o In the general case £ # —1 the mass-radius diagrams are shifted down and left in case
& < —1, and down and right in case £ > —1. The mass-radius diagrams are shifted in the
region of negative asymptotic masses. Of course the baryonic mass of the star remains to be
positive.
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Thank you for your attention!



