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Abstract

In this work, we discuss the conditions that allow the establishment of an equivalence
between f (R, T) = R + λh(T) gravity models and General Relativity (GR) coupled to a
modified matter sector. We do so by considering a D-dimensional spacetime and the matter
sector described by nonlinear electrodynamics and/or a scalar field. We find that, for this
particular family of models, the action and field equations can indeed be written in terms of
a modified matter source within GR. However, when several matter sources are combined,
this interpretation is no longer possible if h(T) is a nonlinear function, due to the emergence
of crossed terms that mix together the scalar and vector sectors.

Keywords: matter-curvature couplings; modified gravity; nonlinear electrodynamics

1. Introduction
Despite the vast amount of experimental and observational data that support General

Relativity (GR) as our standard gravitational theory in local and astrophysical scenarios, the
strongly sustained finding that the expansion of the universe is currently accelerating [1–6]
has led the international community to question whether GR, through the standard Λ Cold
Dark Matter (ΛCDM) model, is a sufficiently good description of gravitational phenomena
at large cosmological scales. In fact, cosmology poses an ideal playground to test GR,
as more observations are suggesting inconsistencies within the standard cosmological
model, with the Hubble tension being the most notable one [7,8]. In this regard, many
generalizations of and alternatives to the Einstein-Hilbert action have been formulated and
have become collectively known as modified theories of gravity [9–11]. Indeed, modified
gravity models propose, among other aspects, alternative descriptions of the late-time
cosmic acceleration that rely on extra fields or geometrical contributions rather than on the
cosmological constant, which is the main characteristic of the ΛCDM model.

One specific class of modified theories of gravity assumes that the matter and geometry
sectors can be non-minimally coupled to each other; therefore, they are often referred
to as non-minimal geometry-matter coupling theories [12–19]. In this context, a non-
minimal coupling between the two sectors means that at the action level, the geometry
and matter sectors are no longer separated, as in GR (and, more generally, in all metric
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theories of gravity). In such theoretical frameworks, a fifth force can appear, offering
alternative mechanisms to justify the anomalous dynamics of rotation curves in spiral
galaxies [20]. Moreover, the usual energy-momentum tensor of matter is generally non-
conserved, leading to violations of the equivalence principle. This non-conservation has
been interpreted in the literature mainly as two-sided. While one interpretation assumes
that the geometry sector exchanges energy and momentum with the matter sector, yielding
a phenomenological production of macroscopic particles according to the irreversible
thermodynamics of open systems [21,22], the other states that the momenta of particles are
not evolving as demanded by momentum and energy conservation, but differently [23,24].

Among the criticisms that non-minimal geometry-matter couplings have faced
throughout the years, one of them is of particular interest. To illustrate it, let us con-
sider the so-called f (R, T) gravity theory [13], where R is the Ricci scalar and T is the
trace of the energy-momentum tensor of matter Tµν. It has been argued that when the
function has the form f (R, T) = R + λh(T), where h(T) is an analytic function of T, then
the theory is not a genuine modification of the gravitational sector. In other words, despite
having a general non-conservation of the energy-momentum tensor of matter, the theory
does not present an explicit non-minimal coupling between geometry and matter because
in such a case one can absorb the function h(T) into the matter sector, hence defining a
new, modified matter Lagrangian [25,26]. Moreover, it has been proven that for other
non-minimal geometry-matter coupling theories, models of a similar type are dynamically
equivalent to GR with non-minimal matter interactions [27].

In this paper, we aim to fill a gap in the literature by demonstrating that indeed f (R, T)
gravity models in which the function f is given by f (R, T) = R + λh(T), with h(T) being a
function that solely depends on T, are physically equivalent to GR plus a modified matter
sector, by considering explicit kinds of matter described by nonlinear electrodynamics
(NED) and a scalar field. As we will see, when the matter sector is limited to a single
source, the resulting field equations are equivalent to those of GR coupled to a nonlinear
version of the original matter source. However, if several matter sources are considered
together and the function h(T) is nonlinear on T, then the coupling between the scalar
and vector degrees of freedom prevents a clear splitting of both sectors. In any case, it
is always possible to interpret the dynamics as corresponding to GR with a conserved
effective energy-momentum tensor.

The paper is organized as follows. In Section 2, we present the field equations of
f (R, T) gravity in their general form. In Section 3, we perform our formal analysis by
considering an f (R, T) = R + λh(T) gravity model coupled to NED, first particularizing
h(T) = T and then taking the general case. In Section 4, we perform the very same analysis,
but this time assuming h(T) = T only, and that the matter sector is solely constituted by
a quintessence scalar type of matter. In Section 5, we consider that the matter sector is
composed of both NED and scalar matter. Finally, we present our main conclusions in
Section 6.

2. Field Equations of f (R, T) Gravity
The general action of D-dimensional f (R, T) gravity is given by

S =
1

2κ2

∫
Ω

√
−g f (R, T) dDx +

∫
Ω

√
−gLm dDx , (1)

where Ω is the D-dimensional manifold on which one defines a set of coordinates xµ, κ2

is the effective gravitational constant, g is the determinant of the metric gµν, R is the Ricci
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scalar, and T is the trace of the energy-momentum tensor of matter Tµν, which is defined in
terms of the matter Lagrangian Lm by convention as

Tµν := − 2√−g
δ(
√−gLm)

δgµν . (2)

The corresponding field equations are obtained by varying Equation (2) with respect to the
metric field

fRRµν −
1
2

gµν f +
(

gµν□−∇µ∇ν

)
fR = κ2Tµν − fT

(
Tµν + Θµν

)
, (3)

where fR and fT denote, respectively, the derivative of f with respect to R and T, □ is the
D’Alembert opera, defined as □ := ∇µ∇µ, with ∇µ being the covariant derivative of the
Levi-Civita connection, and where we have introduced an auxiliary tensor, Θµν, defined as

Θµν := gαβ
δTαβ

δgµν . (4)

Note that we are working in D dimensions to reinforce the generality of our analysis
and results, which are by no means restricted to 4 spacetime dimensions.

3. f (R, T) = R + λh(T) Model Coupled to NED
3.1. Linear Case: h(T) = T

Assuming that the function f (R, T) has the form f (R, T) = R + λT, where λ is a real
constant, and that the matter sector consists of a general nonlinear electrodynamics content,
the action (2) becomes

S =
1

2κ2

∫
Ω

√
−g (R + λT) dDx +

1
8π

∫
Ω

√
−g φ(X) dDx , (5)

where we have assumed Lm = LNED = φ(X)
8π , with φ(X) being a function of the scalar

X := − 1
2 FµνFµν, where Fµν is the Maxwell-Faraday tensor, which is then defined in terms

of a vector field, Aµ, as Fµν := ∂µ Aν − ∂ν Aµ. By varying Equation (5) with respect to the
metric, we obtain the following field equations:

Gµν + λ

(
δTNED

δgµν − 1
2

gµνTNED
)
= κ2TNED

µν , (6)

where the NED energy-momentum tensor TNED
µν is given by

TNED
µν =

1
4π

(
φX FναFµ

α +
1
2

gµν φ

)
. (7)

The conservation of this energy-momentum tensor can be easily proven in the case λ = 0
by using the equations of motion ∇µ(φX Fµ

ν) = 0 and the Bianchi identities ∇[νFαβ] = 0 to
write Fαβ∇νFαβ = 2Fµα∇µFνα. By direct calculation, one finds that

4π∇µTµ
ν = ∇µ(φX Fµ

α)Fν
α + φX Fµ

α∇µFν
α +

1
2

φX∇νX , (8)

and using the fact that ∇νX = −Fαβ∇νFαβ = −2Fµα∇µFνα and the above tips, one confirms
that ∇µTµ

ν = 0. When λ ̸= 0, one must find out how the λ−dependent terms modify the
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equations of motion and the divergence of Equation (6) to check if anything is conserved
and how. To proceed, we note that the trace of TNED

µν is given by

TNED =
1

2π

(
D
4

φ − XφX

)
, (9)

and
δTNED

δgµν =
1

2π

(
XφXX − D − 4

4
φX

)
FναFµ

α . (10)

Therefore, we have the following explicit form for the field equations:

Gµν +
λ

2π

[(
XφXX − D − 4

4
φX

)
FναFµ

α +
1
2

(
XφX − D

4
φ

)
gµν

]
=

κ2

4π

(
φX FναFµ

α +
1
2

gµν φ

)
. (11)

Now, notice that the second term on the left-hand side of Equation (22) can be written as a
tensor τNED

µν of the form

τNED
µν =

λ

2π

[(
XφXX − D − 4

4
φX

)
FναFµ

α +
1
2

(
XφX − D

4
φ

)
gµν

]
, (12)

which has the same formal structure as the energy-momentum tensor present in
Equation (7), in the sense that it can be decomposed into

τNED
µν = B(X)FναFµ

α +
1
2

gµν A(X) , (13)

where B(X) and A(X) are functions of the scalar X previously defined. By comparing
Equations (12) and (13), one can easily verify that

A(X) =
λ

2π

(
XφX − D

4
φ

)
, (14)

and, as a consequence, that

B(X) = AX =
λ

2π

(
XφXX − D − 4

4
φX

)
. (15)

Therefore, we can rewrite the field equations as

Gµν =
κ2

4π

[(
φX − 4π

κ2 AX

)
FναFµ

α +
1
2

gµν

(
φ − 4π

κ2 A
)]

. (16)

If we now define a new scalar function φ̃ as

φ̃ := φ − 4π

κ2 A = φ − 2λ

κ2

(
XφX − D

4
φ

)
, (17)

it becomes clear that Equation (16) can be directly recovered through the variation with
respect to the metric of the following action:

S =
1

2κ2

∫
Ω

√
−g R dDx +

1
8π

∫
Ω

√
−g φ̃(X) dDx , (18)

where the energy-momentum tensor of the redefined NED, T̃NED
µν , assumes the form

T̃NED
µν =

1
4π

(
φ̃X FναFµ

α +
1
2

gµν φ̃

)
, (19)
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which precisely corresponds to the right-hand side of Equation (16). Therefore, we conclude
that an f (R, T) = R + λT gravity model coupled to NED can be interpreted as GR coupled
to some modified NED, with its energy-momentum tensor conserved by the same formal
manipulations that led to (8).

3.2. General Case

The previous analysis can also be applied in the case of a f (R, T) = R + λh(T) gravity
model coupled to nonlinear electrodynamics, where h(T) is a well-behaved function of the
trace of the energy-momentum tensor. In this case, the action is given by

S =
1

2κ2

∫
Ω

√
−g [R + λh(T)] dDx +

1
8π

∫
Ω

√
−g φ(X) dDx . (20)

By varying it with respect to the metric field, the modified field equations are then obtained

Gµν + λ

(
hT

δTNED

δgµν − 1
2

gµνh
)
= κ2TNED

µν , (21)

where we have denoted the derivative of h with respect to T as hT . Since the matter
Lagrangian is the same as in the previous case, TNED

µν and δTNED/δgµν are again of the form
of Equations (7) and (10), respectively. As such, the explicit form of the field equations will
be just a slightly different version of Equation (22):

Gµν +
λ

2π

[
hT

(
XφXX − D − 4

4
φX

)
FναFµ

α − πgµνh
]
=

κ2

4π

(
φX FναFµ

α +
1
2

gµν φ

)
, (22)

with the h(T) function possibly introducing a non-linearity with respect to T into the
gravitational dynamics. Following the previous analysis of the linear h(T) theory, we notice
that the second term of the left-hand side of Equation (22) has the structure

τNED
µν = B(X)FναFµ

α +
1
2

gµν A(X) . (23)

Then, by comparing Equations (22) and (23), we identify

A(X) = −λh(T) , (24)

and that the derivative of A(X) with respect to X is equal to B(X) once more:

B(X) = AX = −λhTTX =
λ

2π
hT

(
XφXX − D − 4

4
φX

)
. (25)

Thus, Equation (22) can be displayed as

Gµν =
κ2

4π

[(
φX − 4π

κ2 AX

)
FναFµ

α +
1
2

gµν

(
φ − 4π

κ2 A
)]

. (26)

Indeed, we reached the same conclusion: an f (R, T) = R + λh(T) gravity model
coupled to NED can also be interpreted as GR coupled to a modified NED sector, which we
explicitly computed.

3.3. Invariant NEDs

The nonlinear transformation induced in the effective matter sector in the general NED
case studied above indicates that there might be f (R, T) theories in which the transformed
NED theory might remain dynamically invariant. In other words, there might be NED
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models that remain insensitive to redefinitions of the type of Equation (17). We now
investigate this curious case of invariant NEDs, namely, NEDs that remain invariant under
rescaling. In this context, the general rescaling equation is

φ − 4π

κ2 A = σφ , (27)

where σ is a (constant) rescaling parameter. The equation above can also be rewritten in
the form

h(T) =
κ2

4πλ
(σ − 1)φ , (28)

so one can explore different scenarios depending on the explicit expression of the function
h(T). Notice here that T = TNED. Next, we explore the linear and power-law cases.

3.3.1. Linear Case: h(T) = T

In this case, and after some algebra, Equation (28) becomes

XφX =

[
D
4
− κ2

2λ
(σ − 1)

]
φ ≡ γφ , (29)

whose solution is

φ(X) =

(
X
X0

)γ

φ0 . (30)

3.3.2. Power-Law Case: h(T) = Tα

Considering a power-law function of the trace, Equation (28) renders

D
4

φ − XφX =

[
κ2

4πλ
(σ − 1)

] 1
α

2πφ
1
α , (31)

which is a Bernoulli differential equation and admits an exact analytical solution of the form

φ(X) =

(
2πλα

4(α − 1) + Dα
+

(
X
X0

) Dα
4(α−1)

) α
α−1

. (32)

The above two examples show that there exist NED theories whose dynamics is not
affected by modifications of the gravitational Lagrangian of the type R → R + λTα and,
therefore, they yield exactly the same solutions as they would in GR.

4. f (R, T) = R + λT Model Coupled to Scalar Matter
Now, let us consider a linear D-dimensional f (R, T) gravity model coupled to a

general scalar field sector with action

S =
1

2κ2

∫
Ω

√
−g(R + λT)dDx +

1
2

∫
Ω

√
−gF(ϕ, Z)dDx , (33)

where F(Z, ϕ) is a function of a scalar field ϕ and of a kinetic term Z := gµν∂µϕ∂νϕ. By vary-
ing Equation (33) with respect to the metric, we obtain the corresponding field equations:

Gµν + λ

(
δTϕ

δgµν − 1
2

gµνTϕ

)
= κ2Tϕ

µν , (34)
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where the energy-momentum tensor Tϕ
µν assumes the form

Tϕ
µν =

1
2

gµνF − FZ∂µϕ∂νϕ , (35)

where FZ denotes the partial derivative of F with respect to the kinetic term Z. To check
the conservation of Tϕ

µν, we proceed like in the NED case, considering first the GR scenario
(λ = 0). We need to use the corresponding equations of motion for the field, which for
λ = 0 take the form Fϕ − 2∇µ(FZ∂µϕ) = 0, and note that ∇νF = Fϕ∇νϕ + FZ∇νZ, with
∇νZ = 2∂µϕ∇ν∂µϕ. With this, it is immediately clear that

∇µTµ
ν = −∇µ(FZ∂µϕ)∂νϕ − FZ∂µϕ∇µ∂νϕ +

1
2

Fϕ∇νϕ +
1
2

FZ∇νZ (36)

vanishes when the equations of motion are satisfied.
To check the conservation in the λ ̸= 0 case, we proceed as before. First, we obtain the

trace of the energy-momentum tensor, which is

Tϕ =
D
2

F − ZFZ , (37)

and from this the following variation is verified

δTϕ

δgµν =

(
D − 2

2
FZ + ZFZZ

)
∂µϕ∂νϕ . (38)

Taking into account these results, the explicit form of Equation (34) is

Gµν + λ

[(
D − 2

2
FZ − ZFZZ

)
∂µϕ∂νϕ − 1

2
gµν

(
D
2

F − ZFZ

)]
= κ2

(
1
2

gµνF − FZ∂µϕ∂νϕ

)
, (39)

which can be equivalently rewritten as

Gµν =
1
2

gµν

[
κ2F + λ

(
D
2

F − ZFZ

)]
−
[

κ2FZ + λ

(
D − 2

2
FZ − ZFZZ

)]
∂µϕ∂νϕ . (40)

Once again, by defining a new scalar function F as

F := F +
λ

κ2

(
D
2

F − ZFZ

)
, (41)

whose derivative with respect to Z is

FZ = FZ +
λ

κ2

(
D − 2

2
FZ − ZFZZ

)
, (42)

subsequently, one writes the field equations of the theory as

Gµν = κ2
(

1
2

gµνF −FZ∂µϕ∂νϕ

)
≡ κ2T̃ϕ

µν , (43)

in which the right-hand side represents a modified scalar field source, which is analogous to
the result found in the NED case. The same occurs if we have f (R, T) = R + λh(T). In both
cases, the resulting energy-momentum tensor is conserved by the same arguments as given
in the discussion of Equation (36). The situation, however, changes if we combine sources
of different types simultaneously because h(T) models can lead to nonlinear mixings, as
we are going to see next.
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Before concluding this section, we note that, like in the NED case, one could consider
the set of scalar field theories whose dynamics under an f (R, T) = R + λTα remain the
same as in GR. Since the procedure to identify such a family is analogous to the NED case,
we do not repeat that calculation here.

5. f (R, T) = R + λh(T) Model Coupled to Several Sources
As a final case, we consider the model f (R, T) = R + λh(T) coupled to a matter sector

that is composed of matter coming from NED and scalar matter, i.e.,

S =
1

2κ2

∫
Ω

√
−g [R + λh(T)] dDx + SNED + Sϕ , (44)

where
SNED =

1
8π

∫
Ω

√
−gφ(X)dDx ; X := −1

2
FµνFµν , (45)

and
Sϕ =

1
2

∫
Ω

√
−gF(Z, ϕ)dDx ; Z := gµν∂µϕ∂νϕ . (46)

Varying Equation (44) with respect to the metric yields

Gµν + λ

(
hT

δT
δgµν − 1

2
gµνh

)
= κ2Tµν = κ2

(
TNED

µν + Tϕ
µν

)
, (47)

where

TNED
µν =

1
4π

(
φX FναFµ

α +
1
2

gµν φ

)
, (48)

and
Tϕ

µν =
1
2

gµνF − FZ∂µϕ∂νϕ . (49)

Accordingly, the variation δT/δgµν is also constituted by two terms, which render

δT
δgµν =

δTNED

δgµν +
δTϕ

δgµν =
1

2π

(
XφXX − D − 4

4
φX

)
FναFµ

α +

(
ZFZZ +

D − 2
2

FZ

)
∂µϕ∂νϕ . (50)

Indeed, δT/δgµν is linear in TNED + Tϕ. However, if h(T) is a nonlinear function of T, then

hT
δT

δgµν ̸= hTNED
δTNED

δgµν + hTϕ
δTϕ

δgµν . (51)

As a result, there is a mixing between the terms from NED and the scalar field ϕ that
prevents a clear splitting of the action terms in the same types of sources. In other words,
there is a mixing between scalar and vector degrees of freedom, and it is not clear which
field combinations will play the role of scalar and vector in the resulting effective theory.
Nevertheless, one can always define an effective tensor τTotal

µν that is conserved due to the
Bianchi identities

τTotal
µν := κ2Tµν − λ

(
hT

δT
δgµν − 1

2
gµνh

)
. (52)

Yet, it is not clear what is conserved due to the exchanges between the scalar and NED fields.

6. Summary and Conclusions
In this work, we have explored some formal aspects of the dynamics of modified

theories of gravity of the f (R, T) type. Even in the absence of explicit couplings between
the scalars R and T, it is generally claimed that these theories lead to violations in the
conservation of the energy-momentum tensor. However, we have shown that this fact is not
always so. In particular, if one considers a single matter source of scalar or electromagnetic
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nature in theories of the form f (R, T) = R + λh(T), the effect of the modified dynamics
is equivalent to a modification of the matter sector, which generically becomes nonlinear.
We have shown explicitly how this occurs when an arbitrary NED Lagrangian φ(X) or an
arbitrary quintessence Lagrangian F(ϕ, Z) is taken, with the result being valid in arbitrary
dimension D. This also allowed us to see that there are some special families of theories for
which the dynamics remain unchanged as compared to those found in GR. However, we
also saw that when different kinds of matter are considered simultaneously, such as an NED
plus a scalar sector, in nonlinear f (R, T) = R + λh(T) models, there is an explicit mixing of
the elements of the matter sector that prevents their interpretation as the result of a (new
and nonlinear) NED plus scalar sector in GR. This is so simply because the interactions
induced between the matter fields via the h(T) term (of gravitational origin) cannot be
re-coded in self-interactions of the participating fields due to the nonlinear couplings that
arise between the scalar and vector sectors of the matter terms. The results presented
here are thus useful to better understand the nature of the mechanisms that induce new
dynamics in this type of theory [28], where nonlinear self-interactions do not need to imply
violations of energy-momentum conservation.

To conclude, one should note that for more general Lagrangians, not restricted to
the decomposition f (R, T) = R + λh(T), the explicit non-minimal coupling between the
geometric and matter sectors via products of curvature and matter, RnTm (where n and m
are real exponents), will in general lead to violations of energy-momentum conservation.
Thus, in such a case, it is impossible to interpret the new matter terms, coming from Tm, as
nonlinear realizations of the original matter action, as these terms will necessarily exchange
energy and momentum with gravitons.

Author Contributions: All the authors have substantially contributed to the present work. All
authors have read and agreed to the published version of the manuscript.

Funding: MASP acknowledges support from the Fundação para a Ciência e a Tecnologia,
I.P. (FCT) research grants UIDB/04434/2020 (https://doi.org/10.54499/UIDB/04434/2020) and
UIDP/04434/2020 (https://doi.org/10.54499/UIDP/04434/2020), and through the FCT project with
reference PTDC/FIS-AST/0054/2021 (“BEYond LAmbda”) (https://doi.org/10.54499/PTDC/FIS-
AST/0054/2021). MASP also acknowledges financial support from the FCT through the Fellowship
UI/BD/154479/2022 (https://doi.org/10.54499/UI/BD/154479/2022). The authors also acknowl-
edge financial support from the project i-COOPB23096 (funded by CSIC), and the Spanish Grants
PID2020-116567GB-C21 and PID2023-149560NB-C21, funded by MCIN/AEI /10.13039/501100011033,
and by CEX2023-001292-S funded by MCIU/AEI. The paper is based upon work from COST Actions
CosmoVerse CA21136 and CaLISTA CA21109, supported by COST (European Cooperation in Science
and Technology).

Data Availability Statement: No new data were created or analyzed in this study.

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

References
1. Riess, A.G.; Filippenko, A.V.; Challis, P.; Clocchiatti, A.; Diercks, A.; Garnavich, P.M.; Gilliland, R.L.; Hogan, C.J.; Jha, S.; Kirshner,

R.P.; et al. Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant. Astron. J. 1998,
116, 1009. [CrossRef]

2. Perlmutter, S.; Aldering, G.; Goldhaber, G.; Knop, R.A.; Nugent, P.; Castro, P.G.; Deustua, S.; Fabbro, S.; Goobar, A.; Groom, D.E.;
et al. Measurements of Ω and Λ from 42 High-Redshift Supernovae. Astrophys. J. 1999, 517, 565. [CrossRef]

3. Knop, R.A.; Aldering, G.; Amanullah, R.; Astier, P.; Blanc, G.; Burns, M.S.; Conley, A.; Deustua, S.E.; Doi, M.; Ellis, R.; et al.
New Constraints on ΩM, ΩΛ, and w from an Independent Set of 11 High-Redshift Supernovae Observed with the Hubble Space
Telescope. Astrophys. J. 2003, 598, 102. [CrossRef]

https://doi.org/10.54499/UIDB/04434/2020
https://doi.org/10.54499/UIDP/04434/2020
https://doi.org/10.54499/PTDC/FIS-AST/0054/2021
https://doi.org/10.54499/PTDC/FIS-AST/0054/2021
https://doi.org/10.54499/UI/BD/154479/2022
http://doi.org/10.1086/300499
http://dx.doi.org/10.1086/307221
http://dx.doi.org/10.1086/378560


Universe 2025, 11, 386 10 of 10

4. Amanullah, R.; Lidman, C.; Rubin, D.; Aldering, G.; Astier, P.; Barbary, K.; Burns, M.S.; Conley, A.; Dawson, K.S.; Deustua, S.E.;
et al. Spectra and Hubble Space Telescope Light Curves of Six Type Ia Supernovae at 0.511 < z < 1.12 and the Union2 Compilation.
Astrophys. J. 2010, 716, 712.

5. Weinberg, D.H.; Mortonson, M.J.; Eisenstein, D.J.; Hirata, C.; Riess, A.G.; Rozo, E. Observational probes of cosmic acceleration.
Phys. Rep. 2013, 530, 87. [CrossRef]

6. Aghanim, N. et al. [Planck Collaboration]. Planck 2018 results. VI. Cosmological parameters. Astron. Astrophys. 2020, 641, A6;
Erratum in Astron. Astrophys. 2021, 652, C4.

7. Di Valentino, E. et al. [CosmoVerse Network]. The CosmoVerse White Paper: Addressing observational tensions in cosmology
with systematics and fundamental physics. Phys. Dark Univ. 2025, 49, 101965. [CrossRef]

8. Di Valentino, E.; Mena, O.; Pan, S.; Visinelli, L.; Yang, W.; Melchiorri, A.; Mota, D.F.; Riess, A.G.; Silk, J. In the Realm of the Hubble
tension—A Review of Solutions. Class. Quant. Grav. 2021, 38, 153001. [CrossRef]

9. Capozziello, S.; De Laurentis, M. Extended Theories of Gravity. Phys. Rept. 2011, 509, 167–321. [CrossRef]
10. Clifton, T.; Ferreira, P.G.; Padilla, A.; Skordis, C. Modified Gravity and Cosmology. Phys. Rept. 2012, 513, 1–189. [CrossRef]
11. Nojiri, S.; Odintsov, S.D.; Oikonomou, V.K. Modified Gravity Theories on a Nutshell: Inflation, Bounce and Late-time Evolution.

Phys. Rept. 2017, 692, 1–104. [CrossRef]
12. Harko, T.; Lobo, F.S.N. f(R, Lm) gravity. Eur. Phys. J. C 2010, 70, 373–379. [CrossRef]
13. Harko, T.; Lobo, F.S.N.; Nojiri, S.; Odintsov, S.D. f (R, T) gravity. Phys. Rev. D 2011, 84, 024020. [CrossRef]
14. Katırcı, N.; Kavuk, M. f (R, TµνTµν) gravity and Cardassian-like expansion as one of its consequences. Eur. Phys. J. Plus 2014,

129, 163. [CrossRef]
15. Haghani, Z.; Harko, T.; Lobo, F.S.N.; Sepangi, H.R.; Shahidi, S. Further matters in space-time geometry: f (R, T, RµνTµν) gravity.

Phys. Rev. D 2013, 88, 044023. [CrossRef]
16. Harko, T.; Lobo, F.S.N.; Otalora, G.; Saridakis, E.N. f (T, T ) gravity and cosmology. JCAP 2014, 12, 021. [CrossRef]
17. Harko, T.; Lobo, F.S.N.; Otalora, G.; Saridakis, E.N. Nonminimal torsion-matter coupling extension of f(T) gravity. Phys. Rev. D

2014, 89, 124036. [CrossRef]
18. Harko, T.; Koivisto, T.S.; Lobo, F.S.N.; Olmo, G.J.; Rubiera-Garcia, D. Coupling matter in modified Q gravity. Phys. Rev. D 2018,

98, 084043. [CrossRef]
19. Harko, T.; Lobo, F.S.N.; Saridakis, E.N. Gravitationally Induced Particle Production through a Nonminimal Torsion–Matter

Coupling. Universe 2021, 7, 227. [CrossRef]
20. Bertolami, O.; Boehmer, C.G.; Harko, T.; Lobo, F.S.N. Extra force in f(R) modified theories of gravity. Phys. Rev. D 2007, 75, 104016.

[CrossRef]
21. Harko, T. Thermodynamic interpretation of the generalized gravity models with geometry-matter coupling. Phys. Rev. D 2014,

90, 044067. [CrossRef]
22. Pinto, M.A.S.; Harko, T.; Lobo, F.S.N. Irreversible Geometrothermodynamics of Open Systems in Modified Gravity. Entropy 2023,

25, 944. [CrossRef]
23. Azevedo, R.P.L.; Avelino, P.P. Second law of thermodynamics in nonminimally coupled gravity. EPL 2020, 132, 30005. [CrossRef]
24. Avelino, P.P.; Azevedo, R.P.L. On-shell Lagrangian of an ideal gas. Phys. Rev. D 2022, 105, 104005. [CrossRef]
25. Fisher, S.B.; Carlson, E.D. Reexamining f (R, T) gravity. Phys. Rev. D 2019, 100, 064059. [CrossRef]
26. Lacombe, O.; Mukohyama, S.; Seitz, J. Are f(R, Matter) theories really relevant to cosmology? J. Cosmol. Astropart. Phys. 2024, 5, 64.

[CrossRef]
27. Akarsu, Ö.; Bouhmadi-López, M.; Katırcı, N.; Nazari, E.; Roshan, M.; Uzun, N.M. Equivalence of matter-type modified gravity

theories to general relativity with nonminimal matter interaction. Phys. Rev. D 2024, 109, 104055. [CrossRef]
28. Pinto, M.A.S.; Maluf, R.V.; Olmo, G.J. Regular black hole solutions in (2 + 1)-dimensional f(R, T) gravity coupled to nonlinear

electrodynamics. Eur. Phys. J. C 2025, 85, 835. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/j.physrep.2013.05.001
http://dx.doi.org/10.1016/j.dark.2025.101965
http://dx.doi.org/10.1088/1361-6382/ac086d
http://dx.doi.org/10.1016/j.physrep.2011.09.003
http://dx.doi.org/10.1016/j.physrep.2012.01.001
http://dx.doi.org/10.1016/j.physrep.2017.06.001
http://dx.doi.org/10.1140/epjc/s10052-010-1467-3
http://dx.doi.org/10.1103/PhysRevD.84.024020
http://dx.doi.org/10.1140/epjp/i2014-14163-6
http://dx.doi.org/10.1103/PhysRevD.88.044023
http://dx.doi.org/10.1088/1475-7516/2014/12/021
http://dx.doi.org/10.1103/PhysRevD.89.124036
http://dx.doi.org/10.1103/PhysRevD.98.084043
http://dx.doi.org/10.3390/universe7070227
http://dx.doi.org/10.1103/PhysRevD.75.104016
http://dx.doi.org/10.1103/PhysRevD.90.044067
http://dx.doi.org/10.3390/e25060944
http://dx.doi.org/10.1209/0295-5075/132/30005
http://dx.doi.org/10.1103/PhysRevD.105.104005
http://dx.doi.org/10.1103/PhysRevD.100.064059
http://dx.doi.org/10.1088/1475-7516/2024/05/064
http://dx.doi.org/10.1103/PhysRevD.109.104055
http://dx.doi.org/10.1140/epjc/s10052-025-14585-0

	Introduction
	Field Equations of f(R,T) Gravity
	f(R,T) = R + h(T) Model Coupled to NED 
	Linear Case: h(T) = T
	General Case
	Invariant NEDs
	Linear Case: h(T)=T
	Power-Law Case: h(T)=T


	f(R,T)=R+T Model Coupled to Scalar Matter
	f(R,T)=R+h(T) Model Coupled to Several Sources
	Summary and Conclusions
	References

