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Abstract We present the relativistic hydrostatic equilib-
rium equations for a wide class of gravitational theories pos-
sessing a scalar—tensor representation. It turns out that the
stellar structure equations can be written with respect to the
scalar—tensor invariants, allowing to interpret their physical
role.

1 Introduction

Scalar—tensor theories (STT) are a class of so-called extended
theories of gravity, whose main aim is to go beyond standard
theory of gravity formulated by Einstein in order to account
for certain phenomena that cannot be satisfactorily explained
by General Relativity (GR) itself [1-3]. They introduce an
additional mediator of gravitational interaction, a scalar field,
coupled non-minimally to the curvature and, possibly, matter
fields. Historically, this class of theories was considered first
by Jordan [4] and then by Brans and Dicke [5], who added
a scalar field in order to incorporate Mach’s Principle into
the theory; the massless field, sourced by matter distribution
(trace of energy—-momentum tensor), acted as an effective
gravitational constant. The first attempts to include a new
field were, however, lacking theoretical motivation; only then
it was shown that such a field, coupled non-minimally to the
curvature, arises naturally in the low-energy limit of theo-
ries considered fundamental, such as string theory [6], for
instance.

STT found applications in various contexts. For example,
it can be demonstrated that f(R) theories of gravity [7-22],
where one replaces the Einstein—Hilbert Lagrangian with a
function of the curvature, have an equivalent scalar—tensor
(ST) representation. A noteworthy example of f(R) gravity
is the Starobinsky model [23], in which one adds a quadratic
correction in order to explain inflationary behavior of the

4 e-mail: aleksander.kozak @uwr.edu.pl (corresponding author)

b e-mail: aneta.magdalena.wojnar @ut.ee

early universe. This model corresponds strictly to a ST theory
with a specific potential. Other examples include attempts at
accounting for accelerated expansion of the universe, since
the field can act as quintessence [24].

The theories are analyzed both in the metric, and in the
so-called Palatini formalism (or metric-affine), where one
decouples metric structure from the affine structure of space-
time. Recently, the Palatini approach to ST gravity has been
gaining more attention [25—49]. Palatini STT theories were
analyzed in the context of inflation [31-42]. Also, a recent
paper proves that one can construct an f (R) theory a la Pala-
tini which evades Ostrogradsky’s instability, is renormaliz-
able and invariant under conformal change of the metric in its
high energy limit and reduces to GR for small energies [50].
It was also shown that for certain models, both approaches
lead to the same predictions regarding certain observables
related to inflation, such as tensor-to-scalar ratio and scalar
spectral index [51].

When analyzing STT, one usually makes an extensive use
of Weyl (or conformal) transformations of the metric tensor
[52]. Conformal transformations of the metric tensor estab-
lish a mathematical equivalence between so-called confor-
mal frames, but usually the description of physics is frame-
dependent, since Weyl transformations are not symmetries of
Nature. Therefore, in case of STT, it is important to establish
which frame is considered physical. The two most commonly
used in the literature frames are ‘Einstein’ and ‘Jordan’ [53—
60]; the main difference between them is the nature of cou-
pling of the scalar field. In the Einstein frame, the field is
coupled to matter part of the action, whereas in the Jordan
frame, the field is coupled to the curvature.

It is possible, however, to define certain quantities which
preserve their form under conformal transformations [61—
64]. Such quantities, introduced in [61], consist of functions
of the scalar field defining a conformal frame. One can also
construct an invariant metric and, in the Palatini case, an
invariant connection, allowing different conformal observers
to measure distances and calculate geodesics in the same way

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-021-09277-4&domain=pdf
http://orcid.org/0000-0001-8464-9787
mailto:aleksander.kozak@uwr.edu.pl
mailto:aneta.magdalena.wojnar@ut.ee

492 Page 2 of 12

Eur. Phys. J. C (2021) 81:492

Table 1 Summary of quantities used in different frames

Frame Indication
General Wagoner parametrization Bar
Jordan (invariant) None
Einstein (invariant) Hat

[41]. The advantage of introducing such quantities is also of
different type: they allow to classify mathematically equiva-
lent theories, since a class of conformally-related frames will
yield the same values of invariants.

Stars in the scalar—tensor theories framework, relativis-
tic [65-77] and non-relativistic ones [78-88], were widely
studied in literature; however, the invariant theory has not
been applied yet to stellar objects. In this paper, we aim at
using the results of [61] in order to analyze stellar struc-
ture in ST theories in a way independent of the choice of
conformal metric. This will be achieved by expressing all
relevant equations describing structure of stars in terms of
invariants. Such a procedure will allow one not only to eas-
ily compare different conformal frames, but also inscribes in
the way of reasoning concerning the issue of physicality of
different frames described above.

The paper is organized as follows: first, we start by writ-
ing the action for STT in the most general parametriza-
tion and then, upon introducing transformation formulae for
the metric, scalar fields and functions thereof, we write out
most commonly used invariants. Having those, we obtain the
Tolman—Oppenheimer—Volkoff (TOV) equation in the invari-
ant Einstein frame, in which the calculations are particularly
simple. Then, we transform to the Jordan frame and obtain
relation between the pressure and other quantities entering
the theory. That should allow us to interpret the extra terms
written with respect to the invariants appearing in the modi-
fied/extended TOV equation.

For the reader’s convenience, we present physical quan-
tities, parameters and coordinates in different frames in the
Table 1 below:

2 Invariant quantities
2.1 General frame

The action for the class of scalar—tensor theories of gravity
written in the Wagoner parametrization takes the following
form:

- 1 I . _
S 2= 55 d4x\/—§[A(<I>)R — B(®)3"9,$0,®
Q
- f;(q_))] + Smatter [eza(d))guu, X] ,

ey
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where {A, B, V, a} are four arbitrary functions of the scalar
field, providing, together with the choice of the metric and the
scalar field the so-called ‘conformal frame’. The function A
describes the coupling between the scalar field and the curva-
ture, 3 is the kinetic coupling, V' — the self-interaction poten-
tial of the scalar field, and &@ — an anomalous coupling between
matter and the scalar field. The constant k> = 87 Ge ™.
The equations of motion derived from this action are the
following [61]:

__ 1 - _ _ _
AG ., + <§B + A”) 808P 0, DD
— (B+A4")3,23,® — A'(g,,0-V,V,)®  (22)
1-_ _
+ EVg,w = KZT,“,,
d[3(A)? +2A8] -,
7 T 09
dd @) (2b)
+4AV 24V = 2> T(A' —2d' A).

203(A")? + 2AB1OP +

The action (1) is form-invariant under the conformal change
of the metric tensor, accompanied by a re-definition of the
scalar field:

G =Pz, ®=f(D) )

if the four functions of the scalar field transform in the fol-
lowing way:

A@) = 27D AF (@), (4a)
- dd\2 - = = dy\2 - = =
B(®) =e2y<“’><(—:) B(f(®) - 6( %) Af(@)
dd dd (4b)
_ dl@@)
dd d® 4o
V(@) = 7 OP(f (D)), (4c)
&(®) = a(f (D) +7(P). (4d)

It is possible to construct out of these functions quantities
which have the same functional dependence in every confor-
mal frame. Such quantities are called ‘conformal invariants’
[61], and their usefulness consists in possibility of express-
ing certain quantities in a frame-independent way. All math-
ematically equivalent frames (i.e. relatable by a conformal
transformation and a re-definition of a scalar field) will share
the same invariants, so it is possible to label classes of equiv-
alent theories by using them. The invariants which will be



Eur. Phys. J. C (2021) 81:492

Page3of 12 492

used in this paper are given below!:

A
I = >z (5a)

e_

Y
7, =0 (5b)

~ - 2 - -
ar _ e |+ (B—6 (—“) A+6d—‘i’d;f‘>, (5¢)
dd dd dd dd
1R A17\2

ai _ | 2AB+3A)° (5d)
dd 242

The first invariant tells us if there is a non-minimal coupling
present in the theory. The second invariant generalizes the
notion of potential of the scalar field, while the third one can
play a role of an invariant scalar field in the Jordan frame,
and becomes zero for metric f(R) theory (but it does not
necessarily mean that the field has no dynamics). The last
one can be treated as a scalar field in the Einstein frame; if
it vanishes, then the scalar field is non-dynamical (as it hap-
pens in case of Palatini f(R) theories, where Z = 0). In our
convention, we do not write any subscript in Z for conve-
nience and to indicate its importance. The plus/minus sign
corresponds to positive and negative value of the expression
under the square root.

In what follows, we will examine a static, spherical-
symmetric objects whose metric is given as usually:

Zu = diag (—E(f), aG), 72, P sin 9‘) . )

Since all quantities are assumed to be dependent on the radial
coordinate only, the conformal transformation preserves the
static, spherical symmetric geometry. We will always write
down the coordinate transformations in the further parts of
the paper.

2.2 Einstein frame

In order to make use of the invariant quantities introduced
earlier in this paper, let us choose the following invariant
metric:

g;w = »’Zlg;w- @)
Written in components, the metric g reads:
& = diag (—AE(;), Aa(7), A2, A7 sin 9‘) . 8)

We may want to introduce a new radial coordinate and re-
define the a, b functions in order to preserve the form (6) of

I Please notice that the invariants are defined differently in [61], where

I = L’%a , and the invariant 7 playing role of scalar field in the Einstein
frame is denoted Z3.

the metric. Such a change of variables is defined as follows
(remembering that the scalar field is the function of the radial
component only):

F=vAF — di= %(—%8;1nfl+l)df. )

Let us notice that the new radial component is itself an invari-
ant. The new metric will take the form:

& = diag (—é(f), a@), 72, P sin 9) , (10)

where the new metric components a and b are related to the
general ones as:

b, (11a)

(11b)

Let us notice that the following quantity:

1/d\* 1 [d)*

a \dr Aa \dr

is also an invariant. Therefore, if any equation contains (func-
tions of) invariant quantities and the derivative with respect
to the radial component precisely in the form shown above,
then it must be also conformally invariant.

The choice (7) of the invariant metric results in the fol-
lowing action for the theory:

1 A

Sl T. X1 = 55 | d'xy/=g[R—"9,70,1 - 1]
K= Ja

(13)

I,
~+ Smatter |:I_1g;wa Xi| .

In this frame, the invariant Z plays the role of the scalar field,
and all invariants are now functions of it.

As we can see, in the invariant Einstein frame, the action
takes a particularly simple form. The coupling between the
curvature and the scalar field is now non-existent, and the
kinetic coupling has a constant value. Such a simplicity is
achieved at a price: there is an anomalous coupling between
the scalar field and matter part of the action, which may lead
to undesirable consequences, such as violation of the Weak
Equivalence Principle. Nevertheless, it is convenient to per-
form the calculations in the Einstein frame and then transform
the result back to the frame which is deemed "physical’.

The field equations resulting from this action can be
obtained quickly by comparing the action (13) with the action
(1) and identifying the corresponding scalar field functions

@ Springer
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in the field equations. The result is the following:

. 1. 1, A
GW+§g,wg“ﬁ 3 LT — 3,70,T + Eglwzz =Ty,
(14a)
1dT,

07 - ~—= =
2dT

K217, (14b)
7, dT

where T = g:WfW =—p+3p= ﬁ(ﬁ +3p).

Information about different ST theories, characterized by
a particular choice of the functions {A, B,V, a}, is stored
in two invariants {Z7, Z,} being now a function of the third
invariant, Z. Therefore, the knowledge of the functions Z; (Z)
and Z,(Z) allows one to reconstruct the original theory after
two of the four functions of the field have been fixed.

The energy—momentum tensor is not conserved? in this
frame:

A A 1 ~
VT = S0, (nI)T. (15)

The relation between the trace of the energy—momentum ten-
sor in different frames are given in (31c) and (32b).

3 Stellar structure equations

In the following section we will derive the Tolman—Oppenhei-
mer—Volkoff equation written with respect to the invariants of
the scalar—tensor theories. Considering the Newtonian limit
of TOV equations, we will also provide the non-relativistic
hydrostatic equilibrium equation.

In order to do so, let us notice that the field equations (14)
have a particular form discussed in [90-92], that is:

& (UG py — W) = Ty, (16)

where (_}/w represents the Einstein tensor while the factor
5 (W) is a coupling to the gravity, U can stand for, for
instance, curvature invariants or other fields, like scalar ones
in our case. The tensor W,w is a symmetric tensor which
can be treated as an additional geometrical term, whose form
depends on theory of gravity one is interested in. The Eq. (16)
do not take into account other field equations which can be
obtained by varying a specific Lagrangian with respect to,
for example, scalar fields, or an independent connection.

2 See the review [89] on non-conservative theories of gravity.

@ Springer

For such a representation, the TOV equations can be writ-
ten in a schematic way as: [93]3:

n\y GM /320 1 A
(5) =~ on (?*;) (” am )

26 (Wog Wi

_K2f<f2 G ) .

with the mass function M defined as:

0(F)

o ()

F
M(F) = / 47 dr, (18)
0
appearing in the solution of the static spherical-symmetric
metric:

|
a(r) = (1 — M) . (19)

c2r

The prime ’ in the equation (17) denotes the derivative with
respect to the radial coordinate 7. The quantities Q and IT
appearing in the above TOV and mass equations are called
effective energy density and pressure, respectively, and are
defined as:

- 1 () (A ()

= e 2
O = p(F) = =52 R (20)
_ 5 (7) W7 (7
() = p(F) — % 1)

Here, the energy density p and pressure p are the ones related
by the barotropic equation of state, p = p(p), and appear in
the perfect fluid form of the energy momentum tensor 7,,:

Tyv = (p + P)idyity + phyy, (22)

where i is a vector field co-moving with the fluid while

hyy = guv+uyit, is a projector tensor on the 3-dimensional
hypersurface.

3.1 Tolman—Oppenheimer—Volkoff equation

Using the formalism briefly discussed above, we will write
down the components of the W,w tensor considered in the
Einstein frame with respect to the metric g, which we will
use to construct the TOV equations. Its form in the general
frame can be found in the (Appendix A). On the other hand,
in the Einstein frame this tensor has a much simpler form

3 Let us notice that the authors of [93] use a different ¥ convention in
which « is negative [94].
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written with respect to the scalar—tensor invariants as:

. 1b b
Wi = =5 (D)% + =D, (23a)
2a 2
A 1 2 &
Wip = = (391) - 512, (23b)
R 1 ~2 ~2
Woo = —-r— (0:1)° — r—Iz, (23¢)
Wooe = sin 9W(-)(-) (23d)

which now can be used to construct the effective energy den-
sity and pressure given in the ST invariants’ terms as:

s D D
—p— = 24
Q=0 2k2c2a 2k2c? (242)
. 1 1
M=p— — 1)+ —1D. 24b
P 2/(2& ( r ) + 2/(2 2 ( )

Let us remind that o and p are not considered as physical
quantities.

Consequently, we are now able to write down the TOV
equation in Einstein frame using the schematic way (17):

dil  GM (5. . BI)? - 4311
cPTPT T IM

1 (25)

26 M\~ 1

x 1——/}4 + o (:D)%,

CZV /c2ar

i~ 2?2
where the effective mass is defined as:

M@EF) = / ' 47 Q(r)dr. (26)
0

In order to rewrite it with respect to the Einstein frame pres-
sure p and density p, we use the definition (24b) to get:

A A N
Do SRt (1 - ZGT/%(”) @7)
~3 72
| i (- S 50
+T0;InZ; — % (28)
while the effective mass can be expressed as:
M(F) = Mo(#) —n(7, T, Io). (29)

We have defined the “General Relativity” mass in the Ein-
stein frame as M (F) = for 47 x?p(x)dx and the additional
ingredient n(7, Z, Z,) as:

2 / @:2)° 7)2

4G a
The Egs. (27) and (29) are TOV equations written in Ein-

stein frame. In order to consider a physical stellar system, we

n(r,I,1) = +Iz) 30)

need to transform them to the (physical) Jordan frame, that
is, we need to express the TOV equations in terms of physical
metric components and quantities. Thus, they are defined as
follows (w.r.t. the initial Wagoner parametrization):

v = €8, T =eF, (3la)

a=(1-rda)’a, b=eéb, (31b)
p p T

P=éﬁ, P=e4—5[, TIW, (31c)

while the relations between the invariant Einstein and Jordan
frame quantities are now:

d 2
= VT a=Ta (d_:) (320)
N 1Y A p A T
pP=—5, P=07 T=—. (32b)
Z A Z;

Therefore, the effective mass written as a function of the
coordinate r and Jordan frame functions p, p will be:

" dgr? 1 7 1
M) = —=|p— 55— 3D - —55TiT
(r) /(; ﬁl [10 2K2C2 a ( r ) 2 2 2 2]
r
x <§ar InZ, + 1) dr.
(33)

while the TOV equation can be rewritten as:

dp G./\/l(r) _26Mm)\ 7
dr — V2T 1/2(C pEP) 2T ?

4711'17r3 p (E),I)2 I (34)
x (1 * 2 M(r) <I12 B 22aTy + 22
 T}OD)? 5
P :| (23r InZ| + 1) + (—c P +5p) o InZ
The Eqs. (33) and (34) are mass and relativistic hydro-

static equilibrium equations, respectively, describing a
spherically-symmetric stellar system in the scalar—tensor the-
ory written with respect to invariants’ formalism given by
[61]. We recover the GR form for the above equations when
the invariant 71 = 1 and the remaining ones are set to zeros
(or 7 is a constant).

3.2 Non-relativistic limit of TOV equation

Let us consider now non-relativistic limit of the Egs. (33) and
(34). Such equations are used to study, for instance, main-
sequence stars, or low-mass stars and substellar objects. In the
non-relativistic limit one assumes that the pressure is much
smaller then the energy density p < ¢Zp, as well as that the
gravitational pressure can be neglected, r3p < ¢2My. The

@ Springer
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curvature effects are also neglected, that is, 2G Mg/ Arxl
holds.

Since we want to keep our equations as general as possible,
we will not assume any limiting form of the invariants Z and
7, when:

¢(r) ~ ¢o + €¢(r) (35)

is applied to the scalar field in the Jordan frame. However,
in order not to change significantly the physics of the Sun,
we cannot allow the coupling, which is represented by the
invariant 71, to be too strong in our case. Because of that
fact, one then requires that (we assume that ¢(0) = 0 and
i1(0) =0):

Iy ~ 1 +e€ii(r). (36)

such that the mass function (33) will have the form M =
Mo(r)+u(r, i1, Z, Ip). Thus, applying (36) to (33) and keep-
ing only the terms up to the first order, we may write:

M) =M0(r)+e/ mzp(z(n’; —iD) (37)
0
T, . .

_ 87Gp (i1 + rll))dr (38)
where:
Mo(r) /r4712 -], (39)

r) = r — r.
0 0 P 167Gp

In the above expressions we have treated the term (dZ/ dr)?
as a term of the second order.

Then, in the similar way, the non-relativistic limit of the
TOV equations is given by:

dp  GM@) LN
ar ez e GM, s (40)

where we have skipped the terms such as «Zp/Moc?
etc. However, it may happen, similarly as with the terms
(dT/dr)?, that they will have a non-negligible contribution
but this depends on the relations between the invariants and
matter fields (thus on a particular theory under considera-
tion), given by the Klein—Gordon equation.

4 Examples
We will briefly discuss two models of gravity in both, metric

and Palatini approaches. Therefore, as a first example we will
consider f(R) gravity and then Brans—Dicke model.

@ Springer

Table 2 Invariant scalar field for f(R) gravity in different approaches

Invariant Metric Palatini
3 )
T Jim (&) 0
7 0 V6@ — /D)

4.1 f(R) gravity

Let us consider as an example the f(R) theory in order to
illustrate how the invariant quantities allow one to quantify
the difference between theories of gravity. In this section,
we will compute the invariants for both metric and Palatini
versions of the theory.

First, let us notice that f(R) gravity has a scalar—tensor
representation if % # 0. Assuming this condition is satis-
fied, we can perform a Legendre transformation and identify
a scalar degree of freedom with the derivative of the f func-
tion w.r.t the curvature R. This procedure is canonical and
has been presented in a number of papers, for example in [7].
The result is the following:

1 3
Sl @1 =5 [ a5 J/g[OR() + 31 568,00,
2% Jo 20

(41)
- V(‘D)] + Smatter[guv» X1
Here, the parameter S assumes two possible values:
1 for the Palatini theor
r= oy “2)
0 for the metric theory.

We can immediately identify the functions of the scalar field
defining the theory:

3
A(®) =, B(D) = —Srﬁ,

V(@) =V(P), a(d)=0. (43)

The invariants Z; and Z, will be the same for both
approaches; however, we will be able to distinguish between
the two formalism by looking at the values of the invariants
7 and 7. Their values are given in the table below:

We can be more specific and take as an example the fol-
lowing model: f(R) = R+ BR",wheren € R,n # 1. Such
a choice will lead to the following parametrization in the ST
representation:
and, consequently, to the invariants:

71(P) = 9, (44a)

(@ — DT

__1 __1 __n_
Iz(q)) = IB n—1 (n n—-1 —n n—l) @2 (44b)
For the Palatini theory, scalar field is non-dynamical, so

the invariant Z cannot be used in the theory. Therefore, the
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Table 3 Parametrization of the f(R) = R + BR" model

A B 1% o
1 n =
metric 0] 0 (n_nfl — n—n,l) (<1>71% T 0
ﬁn—l
1 n =t
Palatini @ — s (n_n—l _”—n_l) (cl>/;131 1 0

relation between the field and the trace of energy—momentum
tensor will be purely algebraic, and the exact dependence can
be obtained from the Eq. (14b), with the derivative taken w.r.t.
the scalar field ®. All the remaining invariants entering the
field equations and, consequently, the TOV equation, will
depend explicitly on T.

In the Palatini case, the effective energy density and pres-
sure will have a simple form:

(45a)

(45b)
The TOV equation in the Einstein frame will now read as:

N A3 1
dflp _ GMp (c2ﬁ+,3) <1+4nerr1P> (1_ ZGMP> (46)
C

dr 22 P c2F

which agrees with [95]. If we set n = 2, we recover Starobin-
sky theory. For this particular choice, the invariants 71 and 7,
can be expressed in terms of the trace of energy—momentum
tensor in the Jordan frame:

I = ® =1 +4Bx*(c?p — 3p), (47a)
4 4,2 3 2
7, = Br*(c*p —3p) N (47b)
(1+4Bx%(p —3p))
The mass function will take the form:
r -2 20,202 -3 2
Mp(r) = / 471;72'0 L G ]32
0 (1+4Bk2(c?p —3p)) 48)

x [1 + %a; In (1 4B (2 — 3p))] dF

In the non-relativistic limit, the TOV equation (34) for
quadratic Palatini gravity takes the form
2.2 1
c°r
PrEIP).
2 GM

(49)

dp _ GMp(r)
dr r2

0 |:1 + 4c2Bi? (r,o/ -

whereas the mass reduces to:

Mp(r) = / 47720 [1 2622 B(=2p + F,o/)] di - (50)
0

The expression (49) has a slightly different form (in the
coefficients in the round bracket) than the result obtained in
[96]. This is because of the fact that in [96], the assumption
of the invariant polytropic equation of state for the quadratic
Palatini model was made, following the result given in [97].
In this work we do not set any particular relation between
pressure and density, neither we assume its behaviour under
the conformal transformation.

In the metric case, the relation between the scalar field and
the invariant Z becomes relevant. It must be used to express
the invariants Z; and 7, as a function of Z. The result is the
following:

27
T1(I) = Ppe V3™,

(51a)
Boe s — 1yit
n 3 — n—1
T(T) = g~ (n—ﬁ _ n—m) %
CD%eﬁ
(51b)

Unlike in the Palatini case, it is now not possible to express
7 as an algebraic function of p and p, as the relation between
these quantities is described by the Klein—-Gordon equation
with a source. Applying the above forms to the Egs. (33)
and (34), one obtains the mass function and TOV equation
for the f(R) metric gravity. Let us notice that the Eq. (34)
already includes the Klein—Gordon equation to get rid of the
second derivative of Z. However, we do not write the TOV
equations explicitly because of their complex form in this
particular case.

It was shown in [98,99] that for f(R) gravity, one can use
multimessenger astronomy results to demonstrate the maxi-
mal mass and causal limit maximal mass of neutron stars, for
example in Starobinsky model. As the analysis is usually per-
formed in the Jordan frame, the use of invariants might help
to generalize the investigation by allowing one to express rel-
evant quantities in a frame-independent way, and transform
solutions easily between frames.

4.2 Brans—Dicke theory

Let us now consider a scalar—tensor theory which cannot be
derived from f(R) gravity, namely, a Brans—Dicke gravity
without the self-interaction potential, both in the metric and
the Palatini approach. The action for the theory is the follow-
ing:

Slg, T, @] =

w
i Qd“x./—g [S@R(g, r)— 5g””8“<1>3v<1>]

+ Smatter[g, x1-

(52)

Here, £ and w are parameters of the theory. We assume that
& > 0 and w # 0, otherwise the scalar field would have no
dynamics in the Palatini formulation. Also, the action (52)

@ Springer
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is not specified to be either a Palatini, or a metric action;
therefore, we take a theory with the same functions of the
scalar field, but with different definitions of the curvature
scalar.

In the Palatini case, one needs to consider an additional
variation with respect to the independent conection. As a
result of this procedure, one discovers that the initially inde-
pendent connection is in fact Levi-Civita with respect to a
new metric tensor, conformally related to the initial one. The
connection introduces no additional degrees of freedom, and
can be eliminated from the action, modifying the kinetic cou-
pling of the scalar field, B, yielding effectively a metric the-
ory. The scalar field functions in this case can be written as:

A=, Bz _5

D TS V=0, a=0, (53)

where dr was defined in the previous section. The invariants
are now:

71(P) =69, (54a)

Ir(®) =0, (54b)

T = /w In <i) (54¢)
4& Dg.

How the scalar field varies will be now described by a
massless Klein—Gordon equation with a source term:

(Tl | — 2 (55)
V 20 +3&(1 - ér)

As we can see, the invariant scalar field is sourced by
the trace of energy—momentum tensor. In case of radiation,
the trace vanishes, and the equation is of particularly simple
form.

The components of the W,uv tensor for this class of theories
are now:

. 1b
Wi = == (0:1)%, (56a)
2a
~ 1
Wiz = 5 (3:1)%, (56b)
. 172
Wap = —5 — (9:D)%, (56¢)
a
Woo = sin? Wy, (56d)

and the effective energy density and pressure can be expressed
as:

@ Springer

(57a)

(57b)

A p .~ p .
where p = w,and p= sz.As for the metric case, we

do not write the hydrostatic equilibrium equation explicitly
because of its long form.

5 Discussion and conclusions

In the presented paper we have obtained the stellar struc-
ture equations for a general family of the modified gravity
theories, written with respect to the scalar field invariants,
introduced some time ago in [61]. We found out the invari-
ant representation very useful since it allows to study diverse
theories of gravity, such as for example f(R) and scalar—
tensor gravity in different approaches — metric, Palatini, or
hybrid, at one go [100]. The relativistic hydrostatic equilib-
rium equation (34) and the mass function (33) are thus the
master equations of our work, and their specific shape can
help us to understand effects arising by the presence of such
invariants, whose specific forms and characteristics, as shown
by a few examples in the Sect. 4, are ruled by gravitational
theories, which possess the invariant representation.

Therefore, one may also try to interpret the role of the
invariants, as it was presented for example in [101], where
the free parametrization of the TOV equation was discussed
together with physical meanings of the parameters. Let us
firstly notice that the invariant 7, which carries an information
about the varying scalar field, and 75, which traces its poten-
tial, enter the part of the stellar equation (34) related to the
active gravitational effects of pressure (studied for instance
in [102]). In the case of GR, this pressure is a pure rela-
tivistic effect which does not appear in the non-relativistic
counterpart of the hydrostatic equilibrium equation. Thus,
modifications which can be related to the varying scalar field
and/or its potential, reinforce or impair, depending on their
nature, the effect of the gravitational pressure. Let us also
comment that the invariant 7, also appears in the TOV equa-
tion (34) throughout the mass function. We will discuss it in
a moment.

On the other hand, the non-minimal coupling, represented
by the invariant Z7, clearly plays many roles in the stellar
structure. It also appears in the gravitational pressure part, in
anon-trivial way, strengthening or weakening this relativistic
effect. It acts, as already mentioned in the introduction, as an
effective gravitational constant which is also apparent in our
TOV equation. Moreover, it contributes to the inertial pres-
sure and intrinsic curvature contributions which are, similar
to the gravitational pressure, relativistic impacts, affecting
equation of state (see such an effect in some theories of grav-
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ity, for example [103—105]) and geometry, where the last one
is an expected result. Besides, the presence of Z; may also
be interpreted as anisotropies of the fluid (pronounced by the
last terms of (34)) [106,107].

Let us notice that the anisotropy of the fluid, as well as
the active gravitational effects of pressure provided by the
presence of the invariants 7 and 7 arise in the Einstein frame,
too.

The mass equation (33) also provides some information
about the nature of the invariants. The most prominent one is
the fact that 7; cannot be a strong coupling; that is, it cannot
differ significantly from unity in order not to violate the solar
physics. It may happen, as it was discussed in, for instance,
[108-110], that the extra terms introduced by the invariants
provide a non-zero contribution to the mass function far away
from the star’s surface (when p(R) = 0, where R is the star’s
radius); that is, the mass function does not converge when
r — o0 but can oscillate instead around a constant value.
This fact has following consequences: as proposed in [108]
and then discussed in more detail in [111], in the case of f(R)
metric gravity and general ST theories which introduce an
additional degree of freedom, this phenomena could be used
to test such theories against GR by the mean of the surface
gravitational redshift. It comes from the fact that mass mea-
sured by a distant observer (gravitational mass) differs from
the stellar mass, which is understood as a sphere bounded by
the star’s surface together with gravitational energy, in the
energy of the extra degree of freedom, which happens not
to be zero inside and outside the star. Moreover, it was also
demonstrated that the stellar mass appearing in the definition
of the mentioned redshift in the case of modified gravity is
smaller that its analogue in GR. Therefore, a high-precision
in the measurements of the surface redshift can be in future
a powerful tool to test and to discriminate different theories
of gravity.

On the other hand, the invariant Z, in the masses (37) and
(39), as well as in the TOV equation (34), can be identified
with the cosmological constant [112,113]; then, its contri-
bution is negligible to the solar gravitational mass M while
the input from i; is also expected to be small, as already
mentioned.

It should be also highlighted that i; is not an invari-
ant anymore. As in the case of the invariants, we do not
know its form without assuming any particular theory (in
that case, the potential of the scalar field), or without guess-
ing/adjusting its character by other means. Therefore, in
order to write down the non-relativistic hydrostatic equi-
librium equation in the terms of the matter fields only,
one should choose a particular model of gravity. Then,
the modified Klein—Gordon equation will provide the rela-
tion between the invariants (the scalar field) and the trace
of the energy momentum tensor, that is, the matter fields.
Equipped with this relation, it will be possible to write

hydrostatic equilibrium equation in such a form that it
would allow to study physical stellar system. However,
as briefly discussed in the example section, it might be
quite tough because of the complicated form of the equa-
tions.

Since the theories discussed in this work introduce an
additional scalar field permeating the space-time, it will
be necessary to invoke a screening mechanism effectively
hiding its effect outside stars. As it was shown in recent
papers, the mechanism can be broken inside stellar objects
in more general scalar—tensor theories, such us DHOST or
beyond Horndeski, where the gravitational potential is not
determined solely by the enclosed mass, but depends addi-
tionally on extra terms [76,114-116]. Moreover, another
issue concerns Noether symmetries in scalar—tensor theo-
ries, discussed for example in [117,118] in the context of
spherically-symmetric objects. In the most general case, the
invariant scalar field carries an additional degree of free-
dom that will have a non-zero contribution to Noether con-
served quantities. Because of the very nature of invari-
ants, all solutions would be relevant for whole conformally-
equivalent classes of theories. We did not investigate these
issues in this paper. Work along this line is currently under-
way.
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Appendix A: Components of the tensor W, in the general
frame

For the general case of metric scalar—tensor gravity, the tensor

W, takes the following form:
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. 1 /1, - o
Wi = == (EB + A”) 8uv8*P 8, DD

1 2 17 T T -’Zl, = = VAR Y, T
+ = (B+ A")0,93,® + = (g0 — V,V,)®
A A
1V
ZAg/un
(A1)

and the o function can be identified with A.
For the spherical-symmetric object

ds® = —b(F)dt* + a(F)dr* + F>d6* + 7> sin®> 0d¢?. (A.2)

the relevant components of the W,w tensor are given by:

(%)

Qi S

- 1
Wi = —_( B+A”)

WA \/; f+r_i@>d;? (A3a)
ra 2adr) dr
A’bd2 11'/
Taar Tagn
_ Bdcbzfl\/’ b 2 1da\dd
Za(ﬂ 7( bdr 5%*%5)5
1V_
-5
(A.3b)
=2
Wop = —5—1 (%B—i— A”) % (CZ—?)
-i(ﬂ\/f.i_ 2+i)"’—‘3’ (A30)
A abdr\ a a)dr
AR2d*e 1V,
_Egdﬁ_ijr’
Wee = sin Zow, (A.3d)

Thus, we are happy that we do not need to use them in order
to write down the TOV equations.
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