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Abstract Rastall introduced a stress-energy tensor whose divergence is proportional to the gradient of the Ricci scalar. This proposal
leads to a change in the form of the field equations of General Relativity, but it preserves the number of degrees of freedom. Rastall’s
field equations can be either interpreted as GR with a redefined SET, or it can imply different physical consequences inside the
matter sector. We investigate limits under which the Rastall field equations can be directly derived from an action, in particular from
two f(R)-gravity extensions: f(R, L,,) and f(R, T). We show that there are similarities between these theories, but the Rastall SET
cannot be fully recovered from them, apart from certain particular cases here discussed. It is remarkable that a simple, covariant and
invertible redefinition of the SET, as the one proposed by Rastall, is hard to be directly implemented in the action.

1 Introduction

In general relativity (GR), the stress-energy tensor (SET) is commonly defined as the variation of the matter action with respect to
the metric. With this definition, and within GR, the SET conservation (i.e., V,, T#*" = 0) is a consequence of both the field equations
and diffeomorphism invariance [1]. On the other hand, for other theories of gravity, diffeomorphism invariance needs not to imply
the SET conservation. This issue is detailed in Appendix A.

Considering spacetime geometries beyond Minkowski, one could, in principle, suppose a generalization of the standard SET
conservation relation as follows:

vV, T®" o VVR. o

This was the proposal of Rastall [2], and we use the superscript ® to specify a SET that satisfies the above relation. It should be
pointed out that locally this SET conservation becomes 9, T®*" = 0 only if 3,R = 0 locally. In general, even though locally
one can choose coordinates such that the metric is close to the Minkowski metric, this does not imply that the Ricci scalar (or its
derivative) can be approximated by zero. Hence, Eq. (1) seems to define a relation that is incompatible with GR. That is, assuming
that the SET is a quantity accessible by experiments, there seems to be a physical distinction between GR and the Rastall case.

On the other hand, Eq. (1) is not sufficient to define a theory. For instance, it could be used together with scalar-tensor gravity
[3], or it could be implemented more closely to the GR context. In the latter case, the field equations read [2, 4]

1 y —1
G;w = R;w - Eg;wR = K<T,5§) - Tg;wT(R)> s (2)

where k = 8w G and y is the free parameter of the theory (setting y = 1 recovers GR with a standard SET). Using these field

equations together with the Bianchi identities, the SET from Rastall’s proposal satisfies
R y—1 R
vrT®) = Tvvﬂ ) 3)

Hence, it is also correct to see Rastall gravity as GR with a matter component whose SET satisfies Eq. (3) (see also Ref. [5]).
Related to this non-fundamental interpretation of Rastall gravity, some of us considered the case in which only one of the matter
components has a SET of the Rastall type (3) [4].
From Eq. (3), it is easy to see that the Rastall SET leads to a conserved rank-2 tensor T,EIE), namely

y —1
T\ = (5255 - Tg”guv>Té§), )
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VAT =0. )

Here, the superscript (©) is a reference to the conserved SET induced by the Rastall approach. The 4-rank tensor in parenthesis can
be inverted, implying that

y—1
T® = (5;55 T g°r g,w)T;f) . (6)

This is the general relation between TSS) and T,ES), apart from a constant multiplicative factor and any divergence-free additive term.
Apart from the case y = 3/2,! it is always possible to change from T,ﬁg) to T, ﬁ) and back to T,ES) . Moreover, by expressing
Eq. (2) through the use of T,E(,f), the Rastall field equations become identical to those of GR with the identification

R S
TN =T, @)

where T,f,) is the standard SET defined from the matter action (S,;), that is:
76 — _ 2 88y
- NETLI

The above remarks show that all the information in the field equations of GR is also present in the field equations of Rastall theory,

®

but written in a different way: it is a matter of properly converting from T,ES) to T;?E)- Such conversion is always possible and it has
an inverse. Therefore, in this sense of preserving the same information with respect to the SET, Rastall gravity and GR are equivalent
(see also Ref. [5]).

With respect to the action, there were attempts to define a consistent action that could straightforwardly derive the field equations
(2). For instance, the action proposed by Smalley [6] is devoted to find TSE) only and in principle it can do that, but it is not a scalar,
hence it is not an action in the standard sense. We stress that the steps presented in this section do not provide an action capable of a

straight derivation of Tﬁ) either. However, following such steps, it is always possible to generate T,SIS) from a given standard matter

action S,,. Indeed, from the latter one derives Tﬁ) , which is a conserved SET and hence it can be identified with Té?. From eq. (6)
one finds Tﬁ).
The inverse process of finding S from a given T,EIS) is also possible and it is relevant since several applications of Rastall’s theory

start by assuming a given TSS). In general, from a given conserved SET it is expected that there should be an action, but finding the
explicit action is not a trivial task. In Appendix B we illustrate this procedure.

The existence of such correspondence, nonetheless, does not imply that Rastall physics and GR physics are necessarily the
same. The SET’s Té? and T,g) can be interpreted as suggesting different physical phenomena, a different way to match theoretical
symbols to physical quantities. Such situation is far from being novel within different gravitational approaches. For instance, within
scalar-tensor gravity, it is well known that there is a classical correspondence between the Jordan and Einstein frames (all the
information in one is present in the other) [7]. But, in spite of the formal equivalence, there are interpretations in which these frames
do not describe the same physics [8]. As another example, Palatini f(R) gravity is identical to GR with a cosmological constant in
vacuum [9]. Since the latter two theories have the same number of degrees of freedom, inside matter one can in principle attribute
any differences due to a SET redefinition (see for instance Ref. [10] for an explicit construction). These examples are used here to
stress that different SET expressions can be used (and are used) to motivate different physical approaches. Such physically different
approaches are subject, in general, to experimental bounds. Thus, such bounds should be verified for the types of matter that are
considered to be subject to the Rastall SET condition (see also Ref. [5]).

About the equivalence between GR and Rastall’s theory, note that in Ref. [11] conclusions are reached that are opposite to those
of Ref. [5]. In particular, phrased in our notation, T,ES) is really different from T,ﬁ) because the former contains intrinsically the
curvature, via the field equations, whereas the latter does not. See also Refs. [12, 13] for a review and an investigation of the relation
between Rastall’s gravity and the dark components of our universe.

Our focus in this paper are certain non-standard actions that are claimed to be sufficient in order to find the Rastall equations.
Apart from particular cases, we show otherwise. In the process, we develop a particular case that resembles the cosmology developed
in Ref. [4] with Rastall gravity.

In particular, we explore the differences and similarities between the field equations of Rastall and of two other gravitational
theories that yield non-conserved SET’s. More recently, f(R) extensions of the type f(R, L) [14] and f(R, T) were considered
[15], where £,, is the scalar part of the matter Lagrangian density and T is the trace of the SET. These theories in general violate the
standard SET conservation, but preserve diffeomorphism invariance. References [16—18] consider the derivation of Rastall gravity
from such theories. In these references, the authors propose a Rastall Lagrangian of the type f(R,T) = R + «aT. Specifically in
Ref. [16] it is also claimed that Rastall gravity may be found using the following prescription f(R, L;;) = aR + G(L;,), where
G(L,,) is a general function of £,,.

! This case imposes that the Ricci scalar is always zero. We will not consider this case further.
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In light of this, our main goal is to analyze if these models are consistent with Rastall gravity. We show that Rastall gravity cannot
be obtained from a f(R, T) or a f(R, L,,) theory, as claimed. In order to achieve this goal, we first analyze, in Sec. 2, f(R, L)
theories and show how they cannot recover Rastall gravity; in the subsequent section, Sec. 3, we explicitly calculate how f(R, T)
gravity behaves for several different choices of SETs, and demonstrate that it is possible to obtain a similar (but not identical)
structure as that given by Rastall gravity but only for perfect fluids. On the other hand, even if f(R, T') theories do not identically
reproduce Rastall gravity, some of the similarities between the two classes of theories lead to some interesting correspondence in
some specific cases. We fully develop a particular case in Sec. 4, and show a direct relation with the ACDM model of standard
cosmology, but with a cosmological constant that becomes a dynamical dark energy component. We discuss our main results in
Sec. 5.

2 Similarities between f (R, £,,) and Rastall theory
2.1 General case

As an extension of f(R) models [19], a specific non-minimal coupling of the matter Lagrangian was proposed as a way to investigate
non-geodesic motion of massive test particles [20]. The complete generalization of this model, was named f(R, L,,) theory and is
described by the following action:

S =k / d*x V=g f(R, L) . 9)

In general, it is not possible to split such action into a gravitational part plus a matter part. Nonetheless, one can define a SET as
follows [20]:

T(L) _ 2 A/ —8Lm) o Zaﬁm

23— \/Tg dghv - gqum a dghv :
The above SET definition is inspired by the standard definition (8), but it does not require the existence of a matter action separated
from the gravitational action. Although Eq. (9) is invariant under diffeomorphisms (i.e., it is a scalar action), there is no guarantee
that T,Ef) is conserved.
Variation of the action (9) yields:

(10)

1
85:K/d4x«/—g|:fR8R + fr,,8Lm — Eg,wfég‘“’], (11)

where we have defined fr = 9f/9R and f., = 0f/9L,,. The variation §R is to be treated as usual. The variation of the matter
Lagrangian due to g"¥ (denoted by 8¢ L,,) reads, using Eq. (10):

8gLom = g;f’v sgh = %(gwﬁm —T\)8g" . (12)
So, the field equations for the f(R, £,,) theory are:
fRRuw + (g0 =V, V) fr
— %[f(R, L) = fLnLm)guy = %fﬁm T (13)
These field equations can be cast, using Eq. (10), as follows:
where we have defined the operator:
Dy = (gl = Vi) . 15)
Taking the divergence of the field equations (14), we find:
V"(—% 35;” - ipuva + %éﬁw%) ~SVR =0, (16)
and we may compare this with Eq. (1). We could be tempted to conclude that:
Ty = —%aa;ﬁ - fLRDwa%g,w%, (17
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but the problem is that, in principle, T,ﬁ‘i) should not contain curvature terms. This issue can be addressed by taking the trace of the
field equations, i.e.

fr 0Ly 3 f
—R = -l - —0O 2 =— —-R), 18
Sfr 8 aghv  fr fr+ <fR ) (19

so that we can relate R to the matter quantities.”> However, the above relation is not algebraic, due to the term [ f. To this purpose,
in order to kill the term D, f, we need fr to be a constant, say fg = «. So f must have the following form:

f(R, L) =aR+G(Ly), (19)

where G(L,,) is a generic function of the matter Lagrangian. This Lagrangian was indeed considered in Ref. [16], where the authors
claim that Rastall gravity can be reproduced by it.

The action corresponding to Eq. (19) (apart from the constant «) is exactly that of GR with £,,, — G(L,). If one uses the standard
SET definition (8) with

S = K / V—=gd*x G(Ly), (20)

the derived SET will be conserved. One concludes that Eq. (19) is just GR with the matter sector written in a different way.
Qualitatively, this is what is necessary in order to find Rastall field equations.

To find a Rastall-like SET, the main point is to explore the differences between T,ESJ and T,Ef), as done in Ref. [16], but with a
different approach. By computing Tﬁ) , its relation with Téf) becomes apparent, namely:

TS =GT0 +(G =G Lu)gu » 1)

where G = dG/dL,,. As expected, for G = L,,, we have T,g) = Tlﬁf).
Since the split between the matter and the gravitational action is trivial in this case, nﬁ? is necessarily conserved (as reviewed

in Appendix A). Therefore, by identifying T,g) as T,Eg) [as done in Eq. (7)], one can use Eq. (6) to find the general Rastall SET that
satisfies Eq. (3), namely

® _ofro, Y=l w
T —9<Tw G- g/w)

1 /
+ ng(g —G'Ly). (22)

It is straightforward to verify that Eq. (3) is satisfied for any G(£,,). The above expression is a generalization of Eq. (6): it becomes
the latter for G = L,,.

The previous expression for TSS) (22) was not shown in Ref. [16], it is the general Rastall SET derived from a particular instance
of f(R, L) gravity (19). Such solution does not really solve the issue of how to find a theoretical description in which the Rastall
SET appears immediately or naturally. In essence, up to this point, we have transformed a conserved SET into a Rastall one (which
can always be done). Reference [16] considers that T,ﬂf) is a Rastall-like (or Rastall-type) SET. As shown in Eqs. (21, 22), in general
T,Ef) cannot be identified with TSS): there is only a superficial similarity since these SET’s are not conserved.

It would be curious if the Rastall SET could be identified with T, ,Ef) , but it clearly cannot be identified as such in general. In the
following, we develop a particular case in which G’ T,ﬁf) is a Rastall SET.

2.2 k-essence with T,Els) = g’T,if)

As an example, consider the Lagrangian of a free scalar field, i.e.
1

Ly = —Equﬁqub . (23)
For this case, the corresponding SET and its trace read:
() ! P
T, =VupVig — Eg,wqubV ¢, (24)
TW = —V,pVP¢. (25)

This particular case is both simple and it has the property £,, oc T©). Using the above, it is possible derive a Rastall SET more
straightforwardly from T;%) Using the relations above, we can look for a procedure to obtain the Rastall SET structure from Tlfv.

2 Thisisa strategy adopted also in e.g. f(R) gravity in the Palatini approach.
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The previous expressions (4), (7) and (21) suggest that the most direct way (and perhaps the only one) to obtain the Rastall gravity
SET from £L,, is by supposing:

L
TR =g'10. (26)
For the above relation to be true, from Eq. (22) we find that
G(Lm) = LG (Ln)2 = y), 27

hence,
1 1
G Ly o (VopVPP)Z7 . (28)

The case y = 2 restricts the viable G functions to be null functions in order to make the identification (26) valid. It will not be
considered.
In summary, we can rephrase our results as:

1. Let S be an action for GR with k-essence,
R
s= [ﬂ - S(prw)abfgd“x, (29)

where o and & are constants.
2. The field equations of this theory can be written in the form of Rastall field equations (2), with2 — y = 1/0 and

1
TS\}) S <VM¢V,,¢ - Eglva(f)vp(p)(qubvp(j))“_l . (30)

3. Rastall approach has similarities to a change from the standard SET T,ﬁ) to T,ﬁf) . Nonetheless, these are only similarities, the
Rastall SET cannot be truly derived in this way (even for the special case here considered with £,, o T4, which stresses
further the similarities).

3 Similarities between f (R, T') and Rastall theory

An approach which extends GR is to assume that the cosmological constant, responsible for the accelerated expansion of the universe,
might be instead a dynamical term (see Ref. [21] for a review in several different proposals). One possible formulation of this idea
is to assume that the cosmological term depends on the trace of the SET, i.e. T. This is now dubbed as A(T') gravity [22], and such
model is an instance of the general class of (R, T) models.

On the other hand, as we have seen in the previous sections, there are in principle various definitions of the SET. So, which one
enters f(R, T) gravity? Since T is a sort of independent field which modifies the action of gravity, it seems natural in this instance
to suppose that matter is described by an independent action S,,,, through which we are able to define a SET in the standard way, as
in Eq. (8), compute its trace and use it into the function f(R, T).

So, we consider the general f(R, T') Lagrangian as given by

1
L= V=8fR.T)+=8Lm . (€19}
Using the standard definition of the SET as in Eq. (8), the field equations are the following [15]:

1
fr(R, T)RMV - Ef(Rv T)guv
+ (guvlj - vuvv)fR(R’ T)

:KTp,v — fr(R, T)(T;w + G‘)uv), (32)
where,
_ 0T
®Mv = gm@ s (33)

and we omit the superscript ® for the standard SET in this section.
As in the previous section, we investigate whether a f (R, T) theory is able to reproduce Rastall gravity, i.e. Equation (2). To this
purpose, we make again a simplifying ansatz for the functional form of f(R, T), i.e. we choose

f(R, T)=aR+«pT, (34)
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with o and B arbitrary parameters. The field equations (32) become then:
1-p B
Guy = K[?TMU + ﬂ(g,wT - 2®,w)] , (35)

so that the SET conservation, for 8 # 1, is written as

R A

= m(VVT —2V,01), (36)

whereas for 8 = 1 one has:
1
vV, 0" = EVVT . (37)
As one can see, for § # 1 Rastall theory can be obtained (i.e. the standard definition of the SET is equivalent the one of the Rastall

SET) if V,,©0"*" = 0 and if the following relations between the parameters « and § are satisfied:

e=1-p, p=r—L (38)
y —2

Let us consider now the explicit form of ® ,,, for some relevant cases. In the subsequent calculations we use the following relations:

g% dg
T = 5288, 8g;’ﬁ = —Saugpr- (39)
Since:
oL
T/w = guvcm - 28577:: s (40)
then from Eq. (33) we have:
3L
Ouv = 2Ty + guvLm — ngUagT;w . 41)

See Ref. [15] for more details.

3.1 The electromagnetic case

For the Lagrangian, £,, = —F,, F*V /4 it is straightforward to compute the standard SET, which reads:
Ty = FuaFopg® + guv L (42)

and from Eq. (33), using the relations (39), it is straightforward to obtain:

Ouy =Ty . (43)
Using this formula, and the fact that the electromagnetic SET is traceless, the field equations, Eq. (32) become:
K
G;Lv = &Tuv s (44)
and thus, the conservation of the SET is
vV, " =0. (45)

That is, this is GR (« can be incorporated in the electromagnetic field or in «). This result had to be expected since the beginning,
due to the tracelessness of the electromagnetic SET.

Therefore, until now we have found no surprising result, since for the same case Rastall gravity also reduces to GR. Indeed, since
for the electromagnetic field T = 0, one has f(R, T) = f(R, 0) = f(R). So, the theory reduces to a f(R) theory.

3.2 Perfect-fluid case
The SET of a perfect-fluid is

Ty = (p + pluyy — pguv - (46)
If for the perfect fluid we adopt the Lagrangian £,, = —p, then from Eq. (41), we have:

Oy = 2T, — pguv - 47)
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With this expression, the field equations (35) read:

1+p8 B
G =« TT,W+£g,w(T+2p) . (48)
For the special case B = —1, the field equations and the conservation of the SET are
4n G
G = _Tglw(T"'zP) . (49)
The divergence of this equation gives:
V(T +2p)=0. (50)

So, in this case, only the trace of the SET satisfies a conservation equation, which, being T = p — 3p, can be integrated to give:
p=p+A, (51)

where A, usually referred to as the cosmological constant, now appears as an integration constant. In general, for A # 0, the equation
of state becomes somehow a mixture of a stiff matter fluid and a cosmological constant.

For B # —1, the modified Einstein equations are neither identical to GR or Rastall.

Recently, in Ref. [23] a new prescription is proposed, instead of Eq. (47):

1
®/w = _3T/w - 1(717 - p)guv . (52)

So that Eq. (35) becomes, instead of Eq. (48):

Guv = K[ﬂﬂw + ﬂgw(p + p)} , (53)
o 4o
For the case 8 = —1/2, Bianchi identity implies here:
p=—p+A, (54)
that is the equation of state of vacuum energy plus, again, a cosmological constant.
3.3 Scalar field case
The Lagrangian of a self-interacting scalar field ¢, subject to a generic potential V (¢) is
Ly = —%qubqub +V(p), (55)
from which the standard SET, using Eq. (8), is:
Ty = VudVud + gL, (56)
and O, is?
O = 2T, + %g,wT —guwV. (57)
The field equations, for the ansatz (34), are then given by
G = %[(1 + BT + B8 V], (58)
and the equation of motion for the scalar field is, in general:
<ﬁ+2>m¢+(%+1)v¢=o, (59)
K K
where V;; represents the derivative of V with respect to ¢. For our ansatz (34), becomes:
B+ DO +(2B+1)Vy =0. (60)
For the special case B = —1, the field equations become:
Guv === gV . ©1)

3 In Ref. [15] a factor 2 is missing multiplying the first term of the right-hand-side, and it is probably a misprint. This factor appears in another approach,
through the fluid representation, as we will see later. However, it does not change the main aspect of the analysis for our present purposes.
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and the potential is a constant. Moreover, curiously, there is no dynamics for the scalar field, since its equation of motion reduces to
Vs = 0, which means that we have to choose the scalar field which makes extremal the potential V (it could be a local maximum
or minimum). If no extremal points exist, then there are no solutions for the special case 8 = —1. A constant potential acts then as
a cosmological constant.

For B # —1, the two field equations are:

8 G 1 o
G = == [(1+ B)( ViudVud = 381 V,0 V79

+(1+2B)guV] . (62)
06 = 1+28 v (63)

T ep

One can then see that GR can be recovered by a trivial redefinition of the scalar field and the potential as follows:

1+p 1+28

o — o, —V — V. (64)
o o

One aspect, however, must be remarked: depending on the sign of (1 + 8)/«, an ordinary scalar field can become phantom and an
attractive potential can become repulsive. Even so, the general structure is not the same as found in the corresponding case of Rastall
gravity.

4 Similarities between Rastall and f(R, T') cosmology

We have seen that Rastall theory cannot be framed in a f(R, T') theory. Nonetheless, the two theories share a similar cosmological
behavior. We will give below an example of this similarity in a specific case of a fluid that is split into two interacting components,
one representing dark matter, the other representing dark energy.

In the first subsection, we address the cosmic expansion and then we subsequently work out the evolution of small perturbations.

4.1 Background evolution: case 1

Letus seta = 1+ in Eq. (48). This redefinition is possible since it amounts to multiply the Lagrangian by a global constant factor.
Of course, in what follows 8 # —1. Therefore, we have:

Guw =« |:T;w + mguu(T + 217)] s (65)
v, TH = — V(T +2p) . 66
I 21+ B) ( D) (66)
Now, let us consider a spatially flat cosmic metric,
ds? = dr* — a(t)*8;;dx'dx’ (67)

and a perfect fluid Lagrangian, Eq. (46), with p and p depending only on the time coordinate. The modified Friedmann equations
are:

.\ 2
243
(Y ) N L R (68)
a 2(1+B) 2(1+ B)
2+38 1. B .
— +3H(p+p)=0, 69
[2(1+ﬂ)]p 20+ 5" (o+p) (69)
where the dot denoted derivative with respect to the cosmic time.
We decompose the fluid into two components, a pressureless matter p,, (p,, = 0) and a cosmological term pp (pao = —pa),
such that,
P=Pm+PA,P=Dn+Dr=—PA . (70)
Then, both equations can be rewritten as
-\ 2
a 2438 1428
3(—) = + , 71
(a) ”[2<1+ﬁ>”’” 1+ﬂ”“] 7D
2+38 7. 1+28 .
+ +3Hp, =0. 72
|:2(1+ﬂ)]pn1 1+ﬁ PA Pm ( )
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Since we want the cosmic history and also structure formation to be preserved, we assume that the matter component conserves
separately. In order to preserve consistency, the two fluids need to be interacting. This is not an issue, since our fluid is actually only
one and the decomposition made is thus fictitious. The conservation of the matter part of the fluid is then the usual one:

Pm+3Hpm =0, (73)
and, therefore,
Pm0
pm =0 (74)
a

in which we have defined the integration constant p,, as the matter density at present time. With this hypothesis, the previous two
equations become:

-\ 2
a 2+3p 1+28
31-) = + , 75
(a) ”[2<1+ﬁ>p’” 1+ﬂpA] 7
B .o 1+28
+ =0. 76
|:2(1+,3) Pm 1+/3'0A (76)
Then, Eq. (76) can be integrated, leading to
=——pn + , 7
oA 21+ 2p)"m + Pa0 (77)
where po is the cosmological constant density at present time. In consequence of this, we finally get to
-\ 2
a _
3(;) = Kk(Pm + pA0) » (78)
- 1+28 (79)
PAO0 = 1+8 PAO -

Hence, the standard ACDM model is reproduced. All the background tests are thus equally satisfied, as explained in Ref. [4].

We have been able to show that from a intrinsically non-conservative modified theory of gravity, f(R, T), the ACDM model is
re-obtained. On the other hand, the cosmological constant does not behave as in GR, since the non-conservation of this component
changes its evolution.

4.2 Background evolution: case 2

Letus set ¢ = 1 + 28 in Eq. (53). In what follows 8 # —1/2. We have:

B
G = K|:T;w + m&w(p +p)|, (80)
B
v, =——=—-V" . 81
n 21 +28) (0 +p) 81)
The modified Friedmann equations are:
N\ 2
245
(L) =k P P (32)
a 2(1+2p8) 2(1+2p8)
2+58 . B .
3H =0, 83
[2(1+25)}p+ 242l AP TP 83
Now, if we decompose the fluid into two components as we did earlier, both equations can be rewritten as:
-\ 2
a 2+58
M- ) =«| 77— , 84
(2) =+[aasamen o] A
2+8 ey pn+3Hom =0 (85)
2(1+28) Pm + PA Pm =V.
Again assuming:
,(.)m + 3H:0m =0, (86)
the previous two equations become:
-\ 2
a 2+58
3[-) =«| —— , 87
() K[2(1+2ﬂ>"’"+“} &7
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p s
—_— +pa=0. 88
|:2(]+2l3) Pm T PA (83)
Equation (88) can be integrated, leading to the same result obtained earlier:
=—— " 5 4 , 89
PA (1 +2p)m T a0 (89)
from which:
a\2
3(5) = k(om + PAO) - (90)

So, for the fluid splitting chosen here, the new proposal of Ref. [23] does not change the final result. One simply avoids the need of
defining pap.

4.3 Evolution of small matter perturbations: case 1

So far, we obtained that the ACDM model for the background evolution is recovered. We now show that this is also the case for
small perturbations. In order to carry out this investigation, let us write the equations in the alternative form,

- 1428 B
R,y = K|:T/w - 21 +ﬂ)g/wT 1 +ﬁguvp] s on
B
wo_ v
V.. T" = 2 +,3)V (T +2p) . (92)

We choose a linearly perturbed FLRW metric, with the perturbation variable denoted as £, , in the synchronous coordinate condition,
i.e. hyo = 0[24]. Our field equations are covariant and we have not assumed diffeomrophism invariance to be broken, so this choice
is possible. Then, we define,

h="u0 93)
a
and similarly to what we have done in the previous section, we split the SET into
T =T +T)", 94)
with,
T = pputu" T}\w = pprgh’. (95)
Once again, applying the same reasoning as before, we assume that the matter SET conserves separately
VT =0. (96)
Hence, we can rewrite Eq. (92) as:
v, Ty :—Z(Iiﬂ)VU(T+2p). 97)
We follow closely the perturbative analysis presented in Ref. [4]. The set of the perturbed equations are then:
ﬁ+Hl'z:/(< ! (S,Om—1+2ﬂ8,oA>, (98)
2 2(1+B) 1+8
: h
bn=7 99)
§pa = —mMm ; (100)
with the usual definition for the density contrast for the matter component as:
O = 3pm . 101)
om

Note that the perturbations of the four velocities of the cosmological term and of the pressureless matter are zero. The first is a
choice, allowed from the residual gauge freedom typical of the synchronous gauge, the second, for the cosmological term, is a direct
consequence of the equation of state pp = —px.
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Combining these equations, we obtain:
Sm +2H8, — 4 Gpopmdy =0 . (102)

Therefore, the evolution of small matter fluctuations in the model under consideration is also identical to the one in the ACDM
model of GR. Despite the similarities, an important difference is that the cosmological constant introduced in the f(R, T) theory is
not really a constant, but has an evolution dictated by the non-conservative character of the theory. This feature is the same as it was
found in Ref. [4] for the standard Rastall gravity.

In some sense, it is not surprising that the ACDM solution is recovered also at the perturbative level, for the following reason.
Since we have chosen p,, = 0 and pp = —pa, pressure is not an extra degree of freedom. Therefore, from Eq. (92) it is clear that
we obtain an equation in which a linear combination of the derivatives of the energy densities is vanishing, cf. Equation (76) and
Eq. (110). Therefore, the two energy densities are equal up to a constant and since we have imposed p,, to evolve as ordinary matter,
we then recover the ACDM model. Actually this argument is valid non-perturbatively, since it can be applied directly to Eq. (92),
from which we get:

VPI(1+2B)pa +Bom] =0, (103)

provided again that the matter SET conserves separately.

4.4 Evolution of small matter perturbations: case 2

Let us write the equations using the prescription of Ref. [23]:

1+38 3+58
Ry =k Tyy — + , 104
iy K|: L 2(1+2'8)g;w,0 2(1+2ﬂ)gwp] ( )
VW = ————V'(p+p). 105
Iz 2(1+28) (p+p) (105)
Again, we split the SET into
T =T + TV, (106)
and we assume that the matter SET conserves separately, so we can rewrite Eq. (104) as:
VI = —— P 9. 107
ulp 2(1+28) (p+p) (107)
The set of the perturbed equations is then:
h . 1+8
—+Hh=x|——380m—39§ , 108
) K|:2(1+2ﬂ) LPm pAi| ( )
. h
Sm = 5 (109)
Son = S (110)
2(1+28)
Combining these equations, we obtain:
Sm +2H 8,y — 4 Gpopmdy =0, (111)

as we have found earlier. So, the two different prescriptions do not change the results concerning the cosmological model discussed
here.

5 Discussion and conclusions

In this paper, we analyzed the possibility of conceiving a Lagrangian for Rastall theory. First, we showed that theories of type
f(R, L,,) cannot reproduce Rastall gravity. Even assuming f(R, £,) = o« R + G(L,,), this structure either recovers GR, or strongly
deviates from Rastall gravity. We have also showed that, in spite of the claims in the literature, theories of the class f (R, T') cannot either
reproduce Rastall gravity: the only way to cast Rastall theory in the framework of f(R, T') gravity is through the hydrodynamical
representation of a scalar field. Hence, the original proposal of Rastall gravity seems to resist to attempts of formulating it in a
Lagrangian formalism.

We remark that, in spite of the formal general differences addressed in Sect. 3, in Sect. 4 we could reproduce, in the context of
f(R, T) gravity, one cosmological picture of Rastall gravity that has received considerable attention [4].
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We have also stressed the differences and similarities between Rastall, f(R, T) and f (R, £,,) formulations. We note that all these
theories have a SET that is not conserved. However, this does not imply that they violate diffeomorphism invariance (as explained
in Appendix A) nor that it is impossible to recast them in a new form in which another SET is conserved. We hope that the relations
here uncovered, and the formulations provided by these theories, which are commonly considered in the literature [16—18], may
clarify their interrelationship and be helpful on the understanding of gravity and cosmology.
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A Diffeomorphism invariance and the conservation of 7,

Here, we review the demonstration and the necessary conditions about the relation between V#T,, = 0 and diffeomorphism
invariance. The demonstration here presented is in part based on Ref. [1]. The relevant assumptions for the context of this work are
emphasized.

Consider an action S[g, W] which is a functional of the spacetime metric g,,, and additional fields which are collectively denoted
by W. The fields denoted by W can be of any tensorial nature (i.e., scalars, vectors, second-rank tensors...). Under a change of
spacetime coordinates, or, more precisely, a diffeomorphism between the spacetime manifold into itself, the action S must be
invariant, since it is a scalar. On the other hand, the components of the fields g,, and ¥ need to transform covariantly with respect
to the change of coordinates. Namely, consider a change of coordinates generated by £ and given by

X" = xt 4+ EMx). (A1)
The change above induces the following change in the metric components,

(Ségp.v = ['Sg/w = Vué:v + Vv‘i:p. ) (A2)

where L is the Lie derivative.

In the context of general modified gravity theories, it is not always clear how to split the complete action into a matter and a
gravitational part, sometimes there may be no natural split or it may be impossible. Nonetheless, as a first step, let us assume that
one can write the following split

Slg, W] = Sglg. o1+ Sulg. V1, (A3)

where Sg and S, refer, respectively, to the gravitational and the matter parts; W was decomposed into the gravitational fields
besides the metric, denoted by ¢, and the matter fields, denoted by . As an example of a theory that is commonly decomposed as
above, we recall the Brans-Dicke theory (in the Jordan frame), where the Brans-Dicke scalar field ¢pp is commonly interpreted as
a gravitational field, and it does not (in the Jordan frame) appear inside Sj,.

Let the SET be defined as in Eq. (8). Since in this appendix this is the single SET used, we omit the superscript . Since S, is a
scalar, one can write that, under the coordinates change given by Eq. (A1),

0=05:Sp
N 8,
_ m J73Y 4 m 4
- / Fw(x)agg (x)d*x +/ W(x)(sgw(x)d x. (Ad)

Since v does not appear in Sg, the complete equations of motion for ¥ are given by §S,,/81 = 0. Therefore, using the matter field
equations and Egs. (A2, 8, A4),

0= / T VHE"/—gd*x = — / VAT, 8"/ —gd*x. (A5)
The relation above needs to hold for any &", therefore

VAT, =0. (A6)
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We conclude that invariance of the action S, under the diffeomorphism (A1) leads to the conservation of T},,. Equivalently, one can
also state, in this context, that 7},, is the Noether current induced by the S,,, invariance under diffeomorphism.

On the other hand, care should be taken on the assumption that any 7},, must be conserved due to diffeomorphism invariance of
the action. It should be clear that the split of S between S and S, together with the definition (8), are not innocuous assumptions.
For instance, consider a Brans-Dicke action with the nonstandard assumption that its scalar field ¢gp should be considered as a
matter field (e.g., the scalar field kinetic term would be considered as part of the S, action). In this case, the split (A3) could be
written as

S = Sglg, oDl + Snlg, 8D, V1. (A7)

Using the above split and Eq. (8), it should be clear that 7}, needs not be conserved, even though the action S and its parts S and
S are scalars. In this case, this T}, is not the Noether current associated with diffeomorphism invariance. In fact, we have:

0=24:Sm
3Sm 4 3Sm
= Seg"’(x)d x+/ —" e ¢pp(x)dix
/6g/“’(x) ¢ S¢pp(x) ¢
3Sm
S0 dix. (A8)
/ Sy (x)
But now, whereas again the last term is zero on-shell, the second one is not, since the equations of motion for ¢pp(x) are given by:
/ 0% ———S¢pp(x)d* +/ O —"5¢pp(x)d* (A9)
BD (X X BD(X X,
d¢BD(x) S¢BD(x)
[for any variation ¢gp(x), so including 8¢ ¢pp(x)] and thus if we insist in defining the SET as usual we get:
8Sm
VAT, = VugD(x) | (A10)
" F 3ppp(x) "

featuring an apparent non-conservation, as in Rastall’s theory.

There are gravitational theories in which the split (A3) is simply impossible. This is the case presented in Ref. [25], in which
the action is a scalar but the above split is not possible (see also Refs. [26, 27] for some examples, among several others, within
scalar-tensor theories). In these cases, 7},,, is commonly defined as a tensor with some properties that resemble, or extend, properties
that can be found in the context of GR, although it is not conserved. Whenever the action is a scalar, we know, from the Noether
theorem, that there must be a corresponding conserved current, even for the theories in which the split (A3) is impossible; but such
conserved current needs not to match the definition in Eq. (8).

Besides the issue on the split between the gravitational and the matter parts, a scalar action may not lead to a conserved
energy-momentum tensor if it depends on external fields. If a field is external, the action variation with respect to it should not be
considered: the action only captures part of the fields dynamics, therefore the equations §S,,, /3% = 0 do not hold completely, and
hence energy-momentum conservation needs not to hold. This case was detailed in Ref. [28].

This results of this section can be directly applied on the specific action-based theories here considered, like f(R, T) and f(R, Lp,).
However, caution is necessary on the T}, definition that is used. Indeed, for a general f(R, T) theory, there is no reason for the 7},
that appears inside f (R, T') to conserve. Moreover, in general, there is no conserved SET associated to the matter contribution, since
there is no general way to decompose such action into a gravitational plus matter parts, as discussed in this appendix. On the other
hand, for any action of the form f(R, T) = fi1(R) + f2(T) it is possible to define a standard SET that is conserved, since the f>(T")
part can be identified as the matter contribution. Nonetheless, the SET that is conserved is not the same T},,, that appears inside
f>(T). Analogous arguments hold for theories of the type f(R, Ly,).

B From Rastall’s stress-energy tensor to an action

This appendix shows a particular example on how to start from a SET within the Rastall theory, the one satisfies Eq. (3), and to find
the corresponding action. That is, we illustrate here the passages:

Tlils) — Té? — TS) - S. (B11)

Although there is no action whose metric variation will directly lead to T,El,f) , there is a sequence of steps that can always be done to

find T(R) from S, as commented in Sect. 1. The opposite path is not always so clear, since in general it may require field redefinitions.

Here we consider the SET of a free scalar field ¢ within Rastall theory. This theory is commonly employed in this sense: one starts
from a well-known SET for some type of matter and derive the dynamical consequences of modifying this picture from Rastall’s
approach, thus implementing Eq. (3). More precisely, for this scalar ﬁeld illustration, let

TN = 0,00, — guu8x¢>8*¢ (B12)
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where Eq. (3) is assumed to hold.
The conserved T,Eg) SET is found from Eq. (4), hence:

1
TS5 = ubdnd — Skgudrdd’ . (B13)

with k =2 — y. As expected, for y = 1, one finds T,Ef.f) = 59 .
We now consider a field redefinition. For clarity, let k > 0 and 9,£3%& > O (i.e., time-like). If the previous case is not satisfied,

one needs to change certain signs properly, but this illustration follows the same steps. Let

%(aus 9VE) T 0,k . (B14)

This redefinition is similar to the one used to interpret a scalar field theory as a perfect fluid (e.g., see Ref. [29]).
Therefore,

0 =

©o_1 e _ 1 o
T, k(a»\fa &) 0,60, Zkgabaafa &) (B15)

This field redefinition is useful since there is an action S[£] that leads to T,g), which in turn is identical to Té? . That is, T(C)(qb) =
T®)(£). Indeed, the action is

S[e] = f (@u£0mE)/* =gdx . (B16)

Although we started from the Rastall picture with the SET of a free scalar field, we see that the same dynamics can be found from
GR apart from a field redefinition and a change on the matter content from a free scalar field to a k-essence one. A particular case
on the correspondence between the Rastall picture and k-essence appeared previously in Ref. [30]. The result here presented both
illustrates how to find S and generalizes the previous correspondence.
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