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Abstract The four principal energy conditions (ECs) in
general relativity prohibit negative energies, repulsive grav-
ity and superluminal energy flows. One must invoke exotic
matter to violate any one of these, yet ΛCDM does so
quite prominently during inflation and in the epoch of dark
energy dominance. In this paper, we carry out model selec-
tion between the standard model and the Rh = ct universe
using a combination of HII galaxy and cosmic chronometer
measurements in the local Universe, and directly compare the
results to the constraints imposed by the ECs. We find that the
latter cosmology is not only strongly favored by these data,
with a likelihood of ∼ 92% versus only ∼ 8% for the former,
but that its optimized fit is fully compliant with all four ECs,
while ΛCDM’s best fit violates the so-called strong energy
condition at z � 2.

1 Introduction

Inflation was first proposed almost 50 years ago [1–4]
to resolve several conflicts between the standard model,
ΛCDM, and observations. The proposed accelerated expan-
sion of the Universe was meant to solve major inconsisten-
cies, including the temperature horizon problem, the spatial
flatness in the cosmic spacetime, and the so-called monopole
problem. Inflationary cosmology gradually became the stan-
dard picture, enjoying several notable successes, such as
explaining the multi-peak structure in the angular power
spectrum of the cosmic microwave background (CMB). It
also accounted rather well for Baryonic Acoustic Oscilla-
tions and, perhaps to a lesser degree, the polarization of the
CMB.
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In this picture, dark energy in the guise of a cosmolog-
ical constant accounts for the perceived current accelerated
expansion of the Universe, while cold dark matter was chiefly
responsible for the formation of large-scale structure. The
scalar inflaton field, though, has never been directly observed,
and its properties are inferred only weakly using an optimiza-
tion of model parameters at much later times than the period
(∼ 10−35–10−34s) when the exponentiated expansion was
supposed to have occurred.

But the latest set of more precise cosmological measure-
ments have begun to unravel this basic picture, which was
largely constructed empirically based on poorly sampled data
several decades ago. The newer observations from the Dark
Energy Spectroscopic Instrument [5], the James Webb Space
Telescope (JWST) [6–9], Planck [10,11], and even some
older Hubble Space Telescope data [12], are at odds with
the predictions of ΛCDM.

These measurements have revealed several significant
challenges to the standard scenario, including: (i) The too
early appearance of well-formed galaxies at z > 14 [13].
First identified by the Hubble Space Telescope at z ∼ 10,
this problem has been greatly exacerbated by the James Webb
Space Telescope, which discovered galaxies up to z ∼ 17. In
the context of ΛCDM, these galaxies appear at ∼ 230 Myr
following the Big Bang, before the emergence of Pop III
and Pop II stars at ∼ 280 Myr; (ii) The discovery of super-
massive black holes at redshifts approaching ∼ 10 [14]. In
the context of ΛCDM, these objects also would have started
forming before the appearance of the earliest stars – and even
the Big Bang. (iii) The formation and growth of Polycyclic
Aromatic Hydrocarbon grains at redshifts ∼ 7 that should
have taken over a Gyr to form, yet were detected at ∼ 500
Myr in ΛCDM [15]. Many of these conflicts are due to the
same time compression problem in the standard model, i.e.,
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an age of the Universe at z > 6 that is too short by about a
factor 2.

The challenges faced by ΛCDM are not restricted to just
the observations, however. Standard cosmology is also incon-
sistent with several fundamental physical principles in quan-
tum mechanics, particle physics, and general relativity [16].
Each of them is a major hurdle on its own, but when viewed as
a group they point to a need for a major overhaul of the stan-
dard theory [17,18]. An example of these is the electroweak
horizon problem, in which ΛCDM cannot account for the
fact that the Higgs vacuum expectation value is universal,
beyond the causally connected regions in this standard sce-
nario [19]. The electroweak symmetry would have been bro-
ken at t ∼ 10−11 s, well beyond the hypothesized inflationary
transition at t ∼ 10−35 s, so this event creates a second hori-
zon problem, independent of the CMB. We now know that
the Higgs field is real and that its vacuum expectation value
is universal, so the standard model is challenged strongly by
this new evidence from particle physics. Similarly difficult
challenges emerge from the cosmic initial entropy problem
and the principle of equivalence, among several others sum-
marized in Ref. [16].

The alternative Friedmann–Lemaître–Robertson–Walker
(FLRW) cosmology known as the Rh = ct universe not only
fits the cosmological data better than the current standard
model, but also eliminates all of its inconsistencies with fun-
damental physics [17,18]. By now the results of over 30 dif-
ferent types of comparative tests have appeared in the lit-
erature showing that the observations favour Rh = ct over
ΛCDM, often at a high level of confidence.

The mitigation of ΛCDM’s inconsistencies includes: (i)
providing a consistent timeline for the formation of large-
scale structure at z > 6. In this model, the dark ages lasted
until ∼ 830 Myr after the big bang, while the Epoch of Reion-
ization persisted over the period t ⊂ (830–1890) Myr. The
5–20 M� seeds that grew into high-z quasars were all formed
after the transition between these two periods, consistent with
the standard astrophysics of star formation in the early Uni-
verse; (ii) an elimination of the electroweak phase transi-
tion problem. In the Rh = ct universe, regardless of when
an event (like the electroweak phase transition) took place,
the causally-connected regions always expanded to fill the
entire visible Universe today [20]; (iii) a removal of the ten-
sion between the standard model’s predictions and the latest
measurements, based on the AGN Hubble diagram, high-z
quasar Hubble diagram, the constancy of the cluster gas mass
fraction, and so on. The Bayes Information Criterion applied
to these tests typically favour the Rh = ct universe with like-
lihoods exceeding ∼ 90–95%, compared to only ∼ 5–10%
for the standard model.

At a fundamental level, the Rh = ct universe is supported
by several well-established constraints in our current physi-
cal theories. For example, its equation of state p = −ρ/3 for

the total pressure p, in terms of the total energy density ρ in
the cosmic fluid, is consistent with the zero active mass con-
dition in general relativity, which is required for the validity
of the FLRW ansatz [21]. As a result, this model does not
need inflation to have fixed any inconsistencies in the early
Universe. It also has no entropy problem, nor a monopole
problem. And unlike the standard model, which violates at
least one of the energy conditions from general relativity
(both at high and low redshifts, as we shall see), Rh = ct is
completely consistent with all of the classical energy condi-
tions at all times. And it must be said that Rh = ct universe
does all of this with just one free parameter – the Hubble
Constant, H0 – while ΛCDM struggles with as many as 11
or 12 parameters.

In this paper, we address one of the growing concerns
with the standard model at low redshifts, stemming from its
inconsistency with the well-established energy conditions in
general relativity, which gave rise to the FLRW metric in the
first place. We carry out a joint analysis of two independent
data sets, HII galaxies and cosmic chronometers, and demon-
strate that not only do the latest data strongly favour Rh = ct
over ΛCDM, but they do so satisfying the energy conditions
in the former, while violating the so-called ‘strong energy
condition’ (SEC) in the latter.

The HII galaxy catalog has now been extended to z ∼ 8
by the latest JWST discoveries [22]. These sources serve as
standard candles because their Hβ luminosity is correlated
with the ionized gas velocity dispersion where the line radia-
tion is produced. The relatively small scatter in these physical
quantities is due to the fact that both the number of ionizing
photons and the turbulent velocity of the gas increase with
the mass of the starburst component. In their most recent
analysis, Ref. [23] used this correlation to map the Hubble
flow from redshift ∼ 0 to 7.5 in the context of flat-ΛCDM,
corresponding to over 12 Gyr of cosmic expansion.

In a complementary fashion, luminous red galaxies known
as cosmic chronometers provide us with a unique way of
determining the universal expansion rate, H(z), as a function
of z. These measurements have been compiled by directly
measuring the change in cosmic time as a function of redshift,
which directly yields the Hubble Parameter. Galaxies with
an age difference smaller than their evolutionary timescale
provide the best cosmic chronometers, whose catalog now
includes over 30 measurements [24,25].

These are the two independent data sets we shall combine
for the joint analysis. Their selection is motivated in part by
the facility with which the mathematical formalism of the
energy conditions can be implemented to gauge whether or
not the optimized fits are consistent with these general rela-
tivistic constraints. This is an area that has received very little
attention thus far, but clearly needs to be explored more care-
fully going forward. We shall analyze these data and carry
out model comparison, first by using each data set separately,
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and then combining them for a joint study. As we shall see,
the optimized parameters are not completely consistent in
these three approaches, speaking to the possibility that the
data aquisition may have missed some systematic error or
simply underestimated the overall error in certain measure-
ments. We shall also find, however, that all three approaches
produce the same model selection outcome.

The four energy conditions require that : (i) a timelike
observer always sees a non-negative energy density (the
Weak Energy Condition, or WEC); (ii) the energy density
is non-negative along a null vector, i.e., a four-vector whose
time component is equal to the norm of its spatial components
(the Null Energy Condition, or NEC); (iii) matter gravitates
towards matter (the Strong Energy Condition, or SEC); and
(iv) all energy and momentum fluxes are causal and oriented
in the same way as the proper time of the observer (the Dom-
inant Energy Condition, or DEC).

Together with the FLRW ansatz, these four energy condi-
tions constrain various physical quantities, such as the pres-
sure, density, the expansion rate and its time derivatives. With
them, one can develop model independent bounds on the
various quantities (see Eqs. 20–26 below). Some previous
work along these lines has already appeared in the literature,
including a demonstration that the standard model’s interpre-
tation of Type Ia supernovae clearly violates at least one of
the energy conditions [26]. It has also been demonstrated that
inflationary cosmology violates the energy conditions, while
any basic scalar model of expansion in the early Universe
based on the zero active mass condition does not [27].

This paper is structured as follows: in Sect. 2, we provide
a brief theoretical basis for the FLRW metric and the general
relativistic energy conditions applied to an FLRW universe.
Following this, we present in Sect. 3 the mathematical con-
straints on the distance modulus and Hubble parameter in
an expanding Universe. In Sect. 4, we describe the data and
methodology, and we then report the optimization procedure
and best fits for flat-ΛCDM and Rh=ct in Sects. 5 and 6. We
end with a discussion in Sect. 7 and conclusion in Sect. 8.

2 Theoretical background

2.1 Friedmann–Lemaître–Robertson–Walker metric

We shall consider the specific application of the energy con-
ditions to the local Universe, consistent with the Cosmolog-
ical principle. The implied symmetries reduce the general
spherically-symmetric ansatz of the spacetime metric to its
Friedmann–Lemaître–Robertson–Walker (FLRW) form,

ds2 = c2 dt2 − a(t)2
[

dr2

1 − kr2 + r2
(

dθ2 + sin2 θ dφ2
)]

,

(1)

in terms of the comoving coordinates (ct, r, θ, φ), the homo-
geneous expansion factor a(t), and the spatial curvature con-
stant, k. The observations are consistent with a spatially flat
universe [11] so we shall adopt the value k = 0 throughout
this paper.

Guided by the Cosmological principle, we also assume
the perfect fluid approximation, in which the stress-energy
tensor, Tμν , simplifies to

T 0
μν = uμuν(ρ + p)/c2 − pgμν, (2)

in terms of the 4-velocity, uμ, energy density, ρ, and pressure,
p, in the fluid’s rest frame. In a perfect fluid, there are no shear
forces carrying momentum components in directions other
than those associated with the components themselves [17].
In the comoving frame, uμ = (c, 0, 0, 0), and so Tμν =
diag(ρ, p, p, p). The energy density and pressure are given,
respectively, as

ρ = 3

8πG

[
ȧ2

a2 + k

a2

]
, (3)

p = − 1

8πG

[
2

ä2

a2 + ȧ2

a2 + k

a2

]
, (4)

where G is Newton’s constant and the dots mean derivatives
with respect to cosmic time.

Folding the FLRW metric in Eq. (1) through Einstein’s
field equation yields the Friedmann equation

H2 ≡
(

ȧ

a

)2

= 8πG

3c2 ρ − kc2

a2 , (5)

the Raychaudhuri (or acceleration) equation [28],

ä

a
= −4πG

3c2 (ρ + 3p), (6)

and the conservation of stress-energy,

ρ̇ = −3H(ρ + p). (7)

It is always understood that ρ and p in these equations include
all contributions from the cosmic fluid and the cosmologi-
cal constant (if present), so a universe dominated by matter,
radiation and Λ would be characterized by an energy density
written as ρ = ρm + ρr + ρΛ, where ρΛ ≡ c4Λ/8πG.

2.2 The energy conditions

The most recognizable application of the energy conditions
in general relativity, especially after the awarding of the 2020
Nobel prize in physics to Sir Roger Penrose [29], are the sin-
gularity theorems (see also Refs. [30–33]). His seminal paper
showed that null geodesics inside black holes are incomplete
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whenever the Ricci tensor, Rαβ , satisfies the null convergence
condition (with metric signature [+,−,−,−])

Rμνkμkν ≤ 0, (8)

for any null vector kμ. With this condition, even null
geodesics inevitably encounter a termination point, or sin-
gularity.

Equation (8) is a geometric constraint, but Einstein’s field
equation translates it into a complementary constraint on T μν

itself:

Tμνkμkν ≥ 0, (9)

given that gμνkμkν = 0. This equation is known as the Null
Energy Condition (NEC), that we now recognize as the first of
several constraints on the energy in general relativity. Though
the NEC was not used directly in the singularity theorems,
it nevertheless represents a reasonable statement concerning
the gravitational sources in Tμν if the null convergence con-
dition is real [34].

The energy conditions we describe here are derived within
classical general relativity, and have been applied to the area
increase theorem for black hole horizons [33], the topological
censorship theorem [35], and the positive mass theorem [36].
They are violated somewhat by quantum effects [37], but
these do not appear to be relevant to large classical systems,
such as the cosmological spacetime.

Note, for example, that Penrose’s [29] and Hawking and
Ellis’s [33] classical singularity theorem attesting to the exis-
tence of a Big Bang is based on the null convergence condi-
tion in Eq. (8), equivalent to the NEC in Eq. (9). It would be
contradictory to maintain that such a constraint was required
at t = 0, but not thereafter. Even so, a caveat to this argument
is that quantum effects could have altered the dynamics of
the Universe prior to the Planck time, eliminating the need
for a singular beginning (see, e.g., Refs. [38,39]).

The pointwise energy conditions we use here restrict the
form of T μν by ensuring that its contraction with two 4-
vectors is never negative. This ensures that ρ must always
be positive and that the flow of energy is never superlumi-
nal. The four most commonly used energy conditions are the
following (see, e.g., Ref. [40]):

Weak energy condition (WEC): A timelike observer
with 4-velocity uμ must always see

Tμνuμuν ≥ 0. (10)

With a perfect fluid (Eq. 2), this condition is equivalent to
the effective constraints

ρ ≥ 0

ρ + p ≥ 0. (11)

So an observer with a timelike worldline always measures
a non-negative total energy density. The pressure may be
positive or negative but, if the latter, |p| must never exceed
ρ. The most concrete physical interpretation of this energy
condition (see Eq. 7) is that the WEC prevents ρ from ever
increasing as the Universe expands.

Null energy condition (NEC): This energy condition is
similar to the WEC, except that the constraint on Tμν is
imposed on a null geodesic. The NEC condition is thus given
in Eq. (9) which, for a perfect fluid, is equivalent to

ρ + p ≥ 0. (12)

Strong energy condition (SEC): The SEC emerges from
the requirement that matter should gravitate towards matter,
represented by a convergence constraint analogous to Eq. (8),
except along the worldline of a timelike observer [41],

Rμνuμuν ≤ 0. (13)

Contracting Einstein’s field equation with gμν yields the
Ricci scalar

R = −8πG

c4 T, (14)

in terms of the trace, T ≡ Tμνgμν , of Tμν . Then Einstein’s
field equation may be written in the form

Rμν = −8πG

c4

(
Tμν − 1

2
T gμν

)
, (15)

allowing us to express the strong energy condition via the
equation

(
Tμν − 1

2
T gμν

)
uμuν ≥ 0. (16)

Its effective representation for a perfect fluid is thus

ρ + p ≥ 0

ρ + 3p ≥ 0. (17)

For the central theme in this paper, we point out that both
null and timelike geodesics must converge to a point [33] in
order for a singularity to emerge within the cosmic space-
time. Thus both Eqs. (8) and (13) must be satisfied. In other
words, the existence of a Big Bang singularity requires the
Universe to respect the SEC, not just the NEC. The latter is
automatically satisfied when the SEC is also satisfied.

Dominant energy condition (DEC): Unlike the others,
this condition encompasses two criteria: (i) the WEC and
(ii) the energy and momentum fluxes must be causal and

123



Eur. Phys. J. C           (2026) 86:222 Page 5 of 15   222 

orientated in the same way as the proper time of the observer.
The resulting two constraints are therefore Eq. (10) and

T μ
νuνTμ

αuα ≤ 0, (18)

in which −T μ
νuν represents the 4-vector flux. With these

constraints, the energy and momentum cannot be transported
superluminally. In a perfect fluid, the DEC results in the con-
straints

ρ ≥ 0

|p| ≤ ρ. (19)

2.3 Important caveats

There is still some debate concerning the validity of the clas-
sical energy conditions, almost always generated by the fail-
ure of favoured models and scenarios to fully satisfy them,
including inflation, dark energy in the form of a cosmological
constant, wormholes and warp drives. In truth, however, no
unassailable evidence has ever emerged that any of the mod-
els or systems violating the energy conditions is unquestion-
ably real or correct. Classical energy conditions assess the
level of pathology in one’s choice of stress-energy tensor,
but their use is often reassessed, especially when they are
violated.

Arguments questioning their validity tend to be specious
and biased. At a fundamental level, the energy conditions
are certainly based on strong physical intuition and sound
theoretical justification. Take the NEC, for example. Its vio-
lation would point to the emergence of instabilities in the sys-
tem [42,43] and superluminal propagation [44]. It has been
argued that the NEC must be violated for wormholes to exist
[45], or warp drives [46]. Conventional wisdom in cosmology
maintains that the SEC must be violated in order for inflation
to have occurred (see, e.g., Ref. [47]). The question, though,
is why one should necessarily adopt the view that the energy
conditions must be flawed rather than the opposite position
– that a violation of the energy conditions argues against the
validity and reality of pathological processes.

More dramatically, a violation of the WEC would spell
catastrophe for the classical Universe because its vacuum
would become unstable to the spontaneous separation of
regions with positive and negative energy. What we do know
for sure is that normal matter, e.g., baryons and non-baryons,
and relativistic particles such as photons and neutrinos, all
do satisfy every single standard energy condition.

Quantum effects do violate the classical energy condi-
tions, but these do not appear to be relevant on a cosmic scale.
For example, the most often used quantum argument against
the classical energy conditions is based on the Casimir effect
(see, e.g., Ref. [48]), in which the Casimir vacuum contains

a negative energy density and thus violates all of the classical
energy conditions.

But consider how this negative energy state is achieved.
Quantum vacuum fluctuations of the electromagnetic field
induce a small attractive force between two close parallel
uncharged conducting plates. The classical energy condi-
tions, however, are framed by the dynamical evolution of
an unbounded vacuum, not the bounded system required to
create the Casimir effect. The negative energy density in
the Casimir vacuum results from the boundary conditions
on the plates, quite unlike the unbounded dynamics under-
lying the classical energy conditions. One cannot scale the
Casimir effect to a homogeneous and isotropic FLRW Uni-
verse because the required boundary conditions would vio-
late the Cosmological principle.

Another argument raised against the validity of the energy
conditions will actually feature very prominently in this
paper. The optimized fitting of low-redshift data in the stan-
dard model, such as Type Ia supernovae, seems to suggest
that the Universe is currently accelerating. That too violates
the energy conditions. However, the existence of dark energy,
which appears to be overwhelmingly supported by the data
now, does not necessarily imply that the expansion is accel-
erating. It merely requires that the expansion not be decel-
erating. The comparative test we shall carry out below will
directly address this very point, and our results will demon-
strate that a non-accelerating expansion actually fits the low-
redshift data better than the conventional ΛCDM. Thus, one
cannot insist that the acceleration implied by the standard
model argues against the validity of the energy conditions.

3 Constraints from the energy conditions

Writing the energy constraints in terms of the time derivatives
of the expansion rate of the Universe using Eqs. (3) and (4),
we get:

NEC: − ä

a
+ ȧ2

a2 ≥ 0, (20)

SEC:
ä

a
≤ 0, (21)

WEC:
ȧ2

a2 ≥ 0, (22)

and

DEC: − ȧ2

a2 ≤ − ä

a
≤ 2

ȧ2

a2 . (23)

On integrating these once, we find that:

NEC: ȧ ≥ aH0, (24)

SEC: ȧ ≥ a0 H0, (25)

123



  222 Page 6 of 15 Eur. Phys. J. C           (2026) 86:222 

and

DEC: ȧ ≤ a3
0

a2 H0. (26)

3.1 EC bounds on the distance modulus

The luminosity distance DL(z), in terms of the acceleration
of the Universe, is given by

DL(z) = a0(1 + z) d(a), (27)

where the comoving distance d(a), for a flat universe, is given
by

d(a) =
∫ a0=1

a

1

ȧa
da. (28)

Hence, the bounds on the distance modulus for different
energy conditions using Eqs. (24)–(26), (27), (28) and (39)
are

NEC: μ(z) ≤ 5 log10

[
z(1 + z)

H0

]
+ 25, (29)

SEC: μ(z) ≤ 5 log10

[
(1 + z)

H0
ln(1 + z)

]
+ 25, (30)

DEC: μ(z) ≥ 5 log10

[
(1 + z)

2H0

(
1 − 1

(1 + z)2

)]
+ 25.

(31)

3.2 EC bounds on the Hubble parameter

The bounds on the Hubble Parameter for different energy
conditions using Eqs. (24)–(26) and (42) are

NEC: H ≥ H0, (32)

SEC: H ≥ H0(1 + z), (33)

DEC: H ≤ H0(1 + z)3. (34)

4 Observational data and methodology

4.1 HII galaxies

The data are taken from Ref. [23], including a full sample of
181 HIIGx analyzed in Ref. [49], 9 newer HIIGx from Ref.
[50], and the 5 HIIGx newly discovered by JWST Ref. [22],
constituting a total sample of 195 independently measured
sources.

We calculate the Hβ luminosity from the reddening cor-
rected Hβ fluxes, F(Hβ), and their 1σ uncertainties, as
described in Ref. [51] (see also Ref. [52]):

L(Hβ) = 4π D2
L(z)F(Hβ). (35)

The most interesting of these sources are the high-redshift
objects discovered recently by JWST. We list their corrected
dispersions and 1σ uncertainties in column (3) of Table 1,
along with the measured Hβ fluxes and their errors in column
(4). The rest of the catalog may be found in Ref. [23] and
references cited therein.

The emission-line luminosity is correlated with the ion-
ized gas velocity dispersion, σv , [51,53,54] according to the
ansatz

log L(Hβ) = β log σv + α , (36)

where β is the slope and α is a constant representing the log-
arithmic luminosity at log σv = 0. Note, though, that α and β

are cosmology-dependent nuisance parameters, so they must
be optimized simultaneously with the rest of the cosmolog-
ical parameters (if any). Most cosmological measurements,
most famously of Type Ia SNe, must be made in the context of
a pre-selected model. The implied reliance on such so-called
nuisance parameters is thus unavoidable. One must there-
fore carefully take into account that any optimized model
parameters are therefore also dependent on these correlation
variables. A particularly relevant example, as we shall see, is
the Hubble constant, which will have different values in the
models being compared. In other words, not all cosmological
parameters can be measured in a model-independent way.

With Eqs. (35) and (36), the distance modulus may be
written as

μobs = 2.5
[
β log σv + α − log F(Hβ)

] − 100.2 , (37)

with a corresponding error (σμobs ) found via error propaga-
tion,

σμobs = 2.5
(
β2σ 2

log σv
+ σ 2

log F

)1/2
, (38)

in terms of the 1σ uncertainties, σlog σv and σlog F , in log σv

and log F(Hβ), respectively.
This measured quantity will be compared with the theo-

retically predicted distance modulus,

μth ≡ 5 log

[
DL(z)

Mpc

]
+ 25. (39)

In ΛCDM, DL(z) is given as

DΛCDM
L (z) = c

H0

(1 + z)√| Ωk | sinn

{
| Ωk |1/2

×
∫ z

0

dz√
Ωm(1 + z)3 + Ωk(1 + z)2 + Ωde(1 + z)3(1+wde)

}
,

(40)
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Table 1 Flux and gas velocity
dispersion of HII galaxies
discovered by JWSTa

Name z log σv log F(Hβ)

(km s−1) (erg s−1 cm−2)

JADES-NS-00016745 5.56616 ± 0.00011 1.731 ± 0.016 − 17.64 ± 0.21

JADES-NS-10016374 5.50411 ± 0.00007 1.785 ± 0.014 − 18.14 ± 0.20

JADES-NS-00019606 5.88979 ± 0.00008 1.622 ± 0.019 − 18.11 ± 0.27

JADES-NS-00022251 5.79912 ± 0.00007 1.621 ± 0.011 − 17.86 ± 0.11

JADES-NS-00047100 7.43173 ± 0.00015 1.868 ± 0.024 − 17.62 ± 0.39

a Taken from Ref. [23]

in terms of the energy density, ρ = ρr + ρm + ρde,
including radiation, matter (luminous and dark), and dark
energy, expressed as fractions of today’s critical density,
ρc ≡ 3c2 H2

0 /8πG: Ωm ≡ ρm/ρc, Ωr ≡ ρr/ρc, and
Ωde ≡ ρde/ρc. Also, pde = wdeρde is the dark-energy equa-
tion of state and Eq. (40) assumes negligible radiation pres-
sure up to z ∼ 8. In this paper, we assume spatial flatness
throughout our analysis, so Ωk = 0 and the right side of this
equation then reduces to (1 + z)c/H0 times the integral.

In the Rh = ct universe [55–58], we have instead

DRh=ct
L (z) = c

H0
(1 + z) ln(1 + z) . (41)

4.2 Cosmic chronometers

The cosmic chronometers are a set of 34 mutually indepen-
dent observations of galaxies which provide a measurement
of the differential age of the Universe, avoiding possible prob-
lems with integrated histories over a period where the sources
may be evolving. The expansion rate is inferred from

H(z) = ȧ

a
= − 1

1 + z

dz

dt
. (42)

For various reasons, the best cosmic chronometers are
galaxies that evolve passively on a timescale much longer
than their age difference. Observations indicate that the most
massive galaxies contain the oldest stellar populations up to
redshifts z ∼ 1–2 [59–63]. More than 99% percent of the stel-
lar mass in these massive galaxies formed at z ≥ 1 [62,64].
In high-density regions (such as galaxy clusters), star forma-
tion terminated by redshift z ∼ 3 [63], and other massive
systems – those with stellar masses 5×1011 M� – concluded
their star formation campaigns by z ∼ 2 [65].

The empirical evidence suggests that galaxies in the high-
est density regions of clusters have been evolving passively
since forming their stellar content at z ≥ 2, without any sub-
sequent chapters of star formation. One can therefore think
of these galaxies as tracing the ‘red envelope’, hosting the
oldest stars in the Universe at every redshift.

A direct way of determining the age of these galaxies is to
use the 4000 Å break in its spectrum, which relates linearly

Fig. 1 Distance modulus for the HII galaxy data in the optimized, flat
ΛCDM model. The violation of the SEC limit (blue curve) by the stan-
dard model prediction (dashed curve) becomes apparent in the redshift
range z ⊂ (0.2, 1.5), as highlighted by the magnified view in Fig. 2

Fig. 2 The magnified region z ⊂ (0.2, 1.5) from Fig. 1 where the SEC
violation becomes apparent

to the age of old stellar populations [66]. This discontinuity
of the spectral continuum is caused by metal absorption lines
whose amplitude correlates linearly with the age and metal
abundance. If the metallicity is known, then the difference in
age between two galaxies is proportional to the difference in
their 4000 Å amplitudes.

One must also be aware of the many systematic errors,
however, that can bias this kind of analysis (see, e.g., Ref.
[24]) like: (i) the degeneracy between the effect caused by
a change in age and an effect due to a change in its stel-
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Fig. 3 1D probability distributions and 2D regions with the 1–2 σ con-
tours corresponding to the parameters γ , Ωm, and β in the flat ΛCDM
fit (Fig. 1) to the HII galaxy data

lar metallicity; (ii) the choice of model for stellar population
synthesis, being used to estimate the age or calibrate the 4000
Å break versus age relation leading to biasing in H(z); and
(iii) the possible existence of a progenitor bias [67], where
the high-z samples of early-type galaxies might not be sta-
tistically equivalent to those at low redshifts.

Despite these caveats, one is motivated by the agreement
between the results using different techniques. These data
were assembled from the compilations of Refs. [25,68,69],
over the redshift range 0 ≤ z ≤ 1.8, providing a reasonably
consistent picture of the universal expansion, especially when
viewed with reference to theoretical expectations, that we
consider in this work.

5 Best fit models

We carry out model selection comparing two distinct and
unnested cosmologies, flat-ΛCDM and Rh = ct , using a
Maximizing Likelihood Estimate Procedure, utilizing a uni-
form prior for every parameter. The model parameters are
optimized for each model and dataset. The optimizations are
done using the Python Markov chain Monte Carlo (MCMC)
module, EMCEE [70], and we discuss the results for each
dataset and cosmological model in the following subsections.

5.1 Optimization using only HII galaxies

The coefficients α and β, and the cosmological parameters
(H0, and Ωm for ΛCDM and just H0 for Rh = ct) are opti-

Fig. 4 Same as Fig. 1, except now for the Rh = ct universe. In this
case, the SEC (blue) curve is identical to the model’s prediction, so this
cosmology is fully consistent with all of the energy conditions

Fig. 5 1D probability distributions and 2D region with the 1–2 σ con-
tours corresponding to the parameters γ , and β in the Rh = ct universe
fit (Fig. 4) to the HII galaxy data

mized simultaneously using the 195 HIIGx objects, based on
an implementation of Maximum Likelihood Estimation. The
likelihood function is given by,

LHIIGx =
195∏

i

1√
2π εHIIGx,i

×exp

[
−

(
μobs,i − μth(zi )

)2

2ε2
HIIGx,i

]
,

(43)

where the variance on each HIIGx is given by,

ε2
HIIGx,i = σ 2

μobs,i +
[

5σDth
L ,i

ln 10 Dth
L (zi )

]2

, (44)
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Table 2 Best-fitting results using solely the HII galaxy data

Model γ Ωm β −2 ln L BIC Probability

Rh = ct 31.27 ± 0.36 – 4.63 ± 0.09 795.46 806.01 88.36%

ΛCDM 30.94 ± 0.44 0.48 ± 0.07 4.55 ± 0.11 794.24 810.06 11.64%

in terms of σDth
L ,i – the propagated uncertainty of Dth

L (zi ).
Note that the first factor, εHIIGx, in Eq. (43) is not a con-
stant, since it depends on the value of β. Thus, maximiz-
ing L is not exactly equivalent to minimizing the χ2 statis-

tic, i.e., χ2 = ∑
i
(μobs,i −μth(zi ))

2

ε2
HIIGx,i

. In addition, −2 lnL =
χ2 + ln(2π εHIIGx).

When using solely the HII galaxy data, the parameters H0

and α are not independent, so we re-parameterize H0 and α

as follows:

γ = 125.2 − 2.5α − 5 log H0. (45)

This re-parameterization becomes redundant when using the
additional 36 HII sources in the ‘anchor samples’ (as used in
Ref. [71]), since the luminosities assigned to this set constrain
α and β individually. We are not including this sub-sample
here because it is biased by the introduction of additional data
not available to the rest of the HIIgalaxies in our sample. With
the re-parameterization in (45), the likelihood function (43)
takes the following form:

LHIIGx =
195∏

i

1√
2π εHIIGx,i

× exp

[
− Γ 2

i

2ε2
HIIGx,i

]
, (46)

where,

Γi = 2.5
[
β log σv,i − log F(Hβ)i

]−γ −5 log(H0 Dth
L [zi ]),

(47)

and the variance is still given by (44) since it does not depend
on the Hubble constant H0 or α.

5.1.1 ΛCDM

In the most basic ΛCDM model, wde = −1, leaving the two
coefficients γ (re-parameterized from α and H0 in Eq. 45)
and β, and the matter density Ωm as the free parameters. The
optimized fit is shown in Figs. 1 and 2, and the corresponding
parameter values are presented in Table 2, with the 1–2 σ

confidence regions plotted in Fig. 3.

Fig. 6 The optimized flat-ΛCDM fit to the cosmic chronometer data.
In this case, the violation of the SEC by the standard model can be
seen within the redshift range z ⊂ (0, 1.75), confirming the result for
the HII data in Figs. 1 and 2

Fig. 7 1D probability distributions and 2D region with the 1–2 σ con-
tours corresponding to the parameters H0 and Ωm in the flat-ΛCDM fit
(fig. 6) to the cosmic chronometer data

123



  222 Page 10 of 15 Eur. Phys. J. C           (2026) 86:222 

Fig. 8 Same as Fig. 6, except now for the Rh = ct universe. The
SEC curve is identical to the model prediction in this cosmology, so the
optimized fit to the cosmic chronometer data in Rh = ct satisfies all of
the energy conditions

Fig. 9 1D probability distribution corresponding to the only parameter,
H0, in the Rh = ct universe fit (fig. 8) to the cosmic chronometer data

5.1.2 The Rh = ct universe

By comparison, the Rh = ct universe has only one free
parameter, H0, apart from the two coefficients α, and β, so
after re-parameterization, the parameters to be optimized are
γ , and β. The optimized fit is shown in Fig. 4, with the
parameters listed in Table 2 and the 1–2 σ confidence regions
shown in Fig. 5.

5.2 Optimization using only cosmic chronometers

Here, the cosmological parameters are optimized using the
sample of 34 cosmic-chronometer measurements, with a

Fig. 10 The flat-ΛCDM fit to the HII galaxy data based on the
maximum likelihood estimation of the parameters using the com-
bined HII galaxy and cosmic chronometer measurements. The standard
model’s violation of the SEC, seen at intermediate redshifts in Figs. 1,
2 and 6, persists with the joint analysis

Fig. 11 The flat-ΛCDM fit to the cosmic chronometer data based on
the maximum likelihood estimation of the parameters using the com-
bined HII galaxy and cosmic chronometer data. Based on this joint
optimization, the SEC violation by the standard model can again be
seen at z ⊂ (0, 2)

Maximum likelihood Estimation given by

Lcc =
34∏
i

1√
2π εcc,i

× exp

[
−

(
Hobs,i − Hth(zi )

)2

2ε2
cc,i

]
,

(48)

where the variance on each cosmic chronometer is given by

ε2
cc,i = σ 2

Hobs,i , (49)

5.2.1 ΛCDM

For flat-ΛCDM, the 2 parameters optimized are H0 and Ωm ,
producing the fit shown in Fig. 6. The parameter values are
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Table 3 Best-fitting results
using solely the cosmic
chronometers

Model H0 [km s−1 Mpc−1] Ωm 2 ln L BIC Probability

Rh = ct 62.26 ± 1.42 – 277.86 281.38 65.87%

ΛCDM 67.72 ± 3.06 0.33 ± 0.06 275.65 282.70 34.13%

Table 4 Best-fitting results for the combined analysis of the HII galaxy and cosmic chronometer data

Model H0 Ωm α β 2 ln L BIC Probability

Rh = ct 62.17 ± 1.42 – 33.98 ± 0.14 4.63 ± 0.09 1073.32 1089.62 92.32%

ΛCDM 64.26 ± 2.28 0.41 ± 0.05 33.96 ± 0.19 4.64 ± 0.11 1072.86 1094.59 7.68%

Fig. 12 1D probability distributions and 2D regions with the 1–2 σ

contours corresponding to the parameters α, β, H0, and Ωm in the flat-
ΛCDM joint fit (figs. 10 and 11) to the HIIgalaxy+ cosmic chronometer
data

listed in Table 3, with the 1–2 σ confidence regions shown
in Fig. 7.

5.2.2 The Rh = ct universe

The Rh = ct universe has only one free parameter, H0. The
best fit curve is shown in Fig. 8, with the optimized parameter
value listed in Table 3, and shown in Fig. 9.

6 Optimization using the combined data sets

The cosmological parameters and the coefficients α and β

are optimized simultaneously using the 195 HIIGx and 34
cosmic chronometers based on the procedure outlined in §5,
but with one change: we maximize the sum of the individual

likelihoods using

ln(Ltot) = ln(LHIIGx) + ln(Lcc), (50)

whereLHIIGx andLcc are given by Eqs. (43) and (48), respec-
tively.

6.1 ΛCDM

Again, we use the most basic ΛCDM model, optimizing the
two coefficients, α and β, from the L-σv correlation, with H0

and Ωm as the free cosmological parameters in this imple-
mentation. The joint best fit for the HII and cosmic chronome-
ter data sets is shown in Figs. 10 and 11, respectively. The
optimized parameter values corresponding to the optimized
fit are presented in Table 4, with the 1–2 σ confidence regions
shown in Fig. 12.

6.2 The Rh = ct universe

The Rh = ct universe has only one free cosmological param-
eter, H0, apart from the two nuisance parameters character-
izing the luminosity of the HII galaxies, α, and β, that must
be optimized simultaneously with the Hubble constant. The
best fit for this cosmology is shown in Figs. 13 and 14, while
the optimized parameters are presented in Table 4 and the
1–2 σ confidence regions are shown in Fig. 15.

7 Discussion

The weak energy condition and the null energy condition
imply timelike and null observers always see a non-negative
energy density. A violation of any of these would allow the
formation of infinite amounts of matter in finite regions of
spacetime [33]. The dominant energy condition imposes the
weak energy condition and causality of energy and momen-
tum fluxes. A violation of the DEC would imply transfer of
energy at speeds greater than that of light. Both, ΛCDM and
Rh = ct satisfy these three ECs, based on the HII galaxy and
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cosmic chronometer data we have analyzed in this paper (see
Figs. 1, 4, 6, 8, 10, 11, 13, 14) The same is not true of the
strong energy condition, however. This constraint requires
that matter gravitates towards matter, i.e., that gravity is
always attractive. In an FLRW universe, this implies that the
cosmic expansion must never be accelerating, as stated math-
ematically in Eq. (21). The standard model violates this con-
dition on two occasions. The first time during the postulated
period of inflation [27]; the second during its predicted accel-
erated expansion of the Universe due to the dominance of a
cosmological constant at low redshifts. This second instance
of the SEC violation is manifested in Figs. 1, 2, 6, 10 and 11,
which show that the best fit flat-ΛCDM cosmology requires
the effects of antigravity to account for the data, regardless of
whether we consider the HII galaxies and cosmic chronome-
ters on their own, or whether we carry out a joint analysis.
In sharp contrast, not only is the Rh = ct universe com-
pletely consistent with all four of the energy conditions, but
it is also strongly favoured over flat-ΛCDM by the low-z
measurements.

The Bayes Information Criterion (BIC) [72],

B I C = −2 lnL + f ln(n), (51)

where lnL is the maximized log likelihood, f is the num-
ber of free parameters, and n is the number of data points,
is an asymptotic approximation to the outcome of Bayesian
Inference (as n → ∞). For the joint analysis, the BIC yields
a probability of ∼ 92% versus only ∼ 8% for Rh = ct
and flat-ΛCDM, respectively. The ΔBIC ≈ 5 for this model
comparison suggests that the evidence in favour of the for-
mer model is therefore ‘quite strong’ (see Ref. [73] for a
more detailed description of the BIC and other information
criteria).

As we pointed out earlier, the Hubble parameter is
cosmology-dependent. Its values determined by Planck (i.e.,
= 67.4 ± 0.5 km s−1 Mpc−1) [11], and that from Type Ia
Supernovae (= 73.04 ± 1.04 km s−1 Mpc−1) [74] are based
on the use of ΛCDM as the background cosmology. The
value of H0 optimized in Rh = ct is smaller (see, e.g.,
Table 4) than that in ΛCDM, but fully consistent with all
previously optimized values using other data [18].

A second possible concern with this work is that the anal-
ysis of the HII galaxies and cosmic chronometers in flat-
ΛCDM yields somewhat incompatible values for Ωm when
using the data sets separately. Such a disagreement suggests
that the data acquisition may not have been ideal, possibly
missing some source of systematic uncertainty, or simply
underestimating the overall error. The fact that some data
points in Figs. 13 and 14 lie above (and below) the SEC
Bound points to this possible underestimation. These data,
however, have been used previously to test cosmological
models and optimize their parameters, and the results we

Fig. 13 Same as Fig. 10, except now for Rh = ct . In this cosmology,
the SEC is identical to the model’s predicted μ(z), so all of the energy
conditions are completely satisfied

Fig. 14 Same as Fig. 11, except now for Rh = ct . In this cosmology,
the optimized fit to the cosmic chronometer data is fully consistent with
all of the energy conditions

have obtained in this work are consistent with those earlier
measurements. Quite reasonably, all three of the approaches
we have taken for the analysis in this paper provide the same
model selection outcome. The low-z data seem to favour the
linear expansion predicted by Rh = ct , which is also consis-
tent with all four energy conditions from general relativity,
over an accelerated expansion that violates the strong energy
condition.

8 Conclusion

HII galaxies and cosmic chronometers have been used
before for model selection among these two cosmologies
[71,73,75], in each case producing an outcome favouring
Rh = ct . With the improvement in the source catalogues,
these comparisons now favour this model even more robustly,
particularly when using a joint analysis of the two data sets.
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Fig. 15 1D probability distributions and 2D regions with the 1–2 σ

contours corresponding to the parameters α, β, and H0 in the Rh = ct
universe fit (figs. 13 and 14) to the combined HII galaxy + cosmic
chronometer data

This in itself provides rather compelling evidence in
favour of this model over the current standard scenario, but
in this paper, we have also demonstrated that this comparison
draws distinctly different perspectives within the framework
of the energy conditions in general relativity. While ΛCDM
violates at least one of these constraints at low redshifts,
Rh = ct is completely consistent with all of them.

This outcome, however, should not be viewed in isola-
tion. It adds to the already large body of evidence favouring
Rh = ct over ΛCDM. And very interestingly, the inconsis-
tency between the standard model and the energy conditions
arises in several areas, most noticeably during the hypothe-
sized inflationary expansion shortly after the Big Bang. Iron-
ically, the supposed existence of the inflaton field is often
touted as ‘evidence’ against the viability of the classical
energy conditions. Yet the observations today are suggest-
ing more and more that inflation is inconsistent with all of
the available data, particularly the anisotropies in the CMB
temperature field [76,77].

We suggest that one should therefore view the violation
of the energy conditions by inflation as a compelling argu-
ment against its viability, a point that has been made more
formally in Ref. [27]. Of course, inflation is not necessary in
Rh = ct , which has no horizon problems and the fluctuations
producing the large scale structure emerged naturally at the
Planck scale [20,78].

The success of this analysis suggests that one ought to
pay more attention to the energy conditions, not only in the

very early Universe, but in the context of all cosmological
observations, at both high and low redshifts.
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