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The utility of HII starburst galaxies (HIIGs) as cosmic standard candles relies on the empirical
Lo relation between the HS luminosity (L) and ionized gas velocity dispersion (o). However, the
classic scaling L—o relation well-calibrated with the low-redshift HIIGs fails to properly describe
their high-redshift counterparts. To address this, we try to explore new parameterization of the
L—o relation, which is expected to be valid across all redshifts. Using Gaussian process reconstruc-
tion of the Hubble diagram from the Pantheon+ supernovae Ia sample, we compare three modified
versions of the L—o relation against the classic scaling form through Bayesian evidence analysis.
Our results identify the logarithmic redshift-dependent correction as the most statistically favored
parameterization. This conclusion remains valid when repeating the analysis in the ACDM model
with cosmological parameters fixed to their Planck 2018 fiducial values, which demonstrates the
robustness of our results across different cosmological distance estimation approaches. After ac-
counting for Malmquist bias effects, we still detect redshift evolution in the L — o relation, albeit
with reduced statistical significance. Furthermore, we perform cosmological analysis within the
ACDM model from a joint sample of HIIGs and giant extragalactic HII regions (GEHRs), and yield
constraints on Ho and €2, that are approximately one order of magnitude less precise than Planck

2018 results.

I. INTRODUCTION

HIIGs are compact systems typically found in dwarf ir-
regular galaxies undergoing intense bursts of star forma-
tion, driven by young super stellar clusters. Their optical
spectra exhibit strong emission lines from gas ionized by
these massive clusters within the host galaxies [1-9]. A
key feature of HIIGs is the empirical correlation between
the integrated HS luminosity (L(HS)) and the ionized
gas velocity dispersion (o). This L—o relation enables
HIIGs to serve as potential standard candles, offering a
promising avenue for cosmological studies (e.g., [9-17]).
The physical basis of the L—o relation lies in the scal-
ing of both ionizing photon production (x L(HS)) and
gas kinematics (o< o) with the mass of the young stellar
cluster [3, 4, 7, 8].

The use of HIIGs as “standard candles” heavily re-
lies on the validity of L—o relation, and the empirical
L—o relation has been widely discussed over the past few
decades [3, 4, 7-9, 18-29]. Notably, Chédvez et al. [8] com-
piles a sample of 128 HIIGs spanning a redshift range of
0.02 S z S 0.2, where the integrated HS fluxes (i.e.,
f(HPB)) are measured from low dispersion wide aperture
spectrophotometry, and there is f(HS3) o< L(HB); and the
ionized gas velocity dispersions (o) are measured from
the high equivalent widths of their Balmer emission lines
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with the observations of high S/N high-dispersion spec-
troscopy. Their findings demonstrate a strong and stable
L—o relation within the selected sample.

While the local scaling L—o relation, i.e., log L(HS)
log o', has been thoroughly characterized, its extrapo-
lation to high-redshift regimes remains uncertain. The
well-calibrated low-redshift relation may not necessarily
hold for distant HII galaxies [23, 29-33]. Recent work by
[29] has discovered redshift evolution in the L—o relation.
Their analysis reveals systematic variations in the rela-
tion’s slope between local (z < 0.2) and distant (z > 0.6)
populations, suggesting evolutionary effects that must be
accounted for in cosmological applications.

The analysis of Cao and Ratra [29] simultaneously con-
strained both the L — o relation parameters and cos-
mological model, which may introduce potential model-
dependent systematics. To avoid cosmological model de-
pendencies inherent in Cao and Ratra [29]’s joint anal-
ysis, we reconstruct the Hubble diagram using Gaussian
Processes with the Pantheon+ SNe Ia sample [34]. We
will then examine whether the redshift evolution of the
scaling L—o relation obtained from Cao and Ratra [29] is
valid and reliable. If the redshift evolution is verified to
be true, we will explore and compare some possible cor-
rections to the classic scaling L—o relation. Furthermore,
we also assess factors that may introduce systematic bi-
ases in our primary findings. This model-independent

I where “log” denotes the logarithm base 10.


https://arxiv.org/abs/2408.10560v3

calibration framework will enhance the reliability of HI-
1Gs as cosmological probes, particularly for high-redshift
applications where traditional standard candles become
observationally challenging.

The rest of the paper is organized as follows. In
Section II, we describe the HIIG sample used in this
work and employ Gaussian Process regression to re-
construct model-independent distance moduli with Pan-
theon+ SNe Ia data, which are subsequently applied to
calibrate the HIIG measurements. In Section III, we
compare and analyze several possible corrections to the
classic scaling L—o relation and perform corresponding
cosmological applications. Section IV addresses key sys-
tematic uncertainties and their potential impact on our
results. We conclude with a synthesis of our findings and
their consequences for future HIIG-based cosmology.

II. DATA AND METHODOLOGY
A. HIIGs dataset and empirical L—o relation

Both GEHRs and HIIGs are compact systems under-
going massive bursts of star formation [2-4, 6, 10, 13].
However, they differ in their host environments: GEHRs
are typically found in the outer disks of late-type galax-
ies, whereas HIIGs reside in dwarf irregular galaxies.
Due to their shared origin in intense star-forming ac-
tivity, GEHRs and HIIGs exhibit nearly identical op-
tical spectra, dominated by strong emission lines from
gas ionized by young, massive star clusters. Conse-
quently, both systems follow the L — ¢ relation, though
this relation primarily reflects the properties of the
young starbursts rather than their host galaxies. Given
their spectral and dynamical similarities, GEHRs—being
nearby—are often used as calibrators for the more distant
HIIGs [3, 4, 10, 13, 15, 18-21].

The data set used in our analysis includes the measure-
ments of 181 HIIGs and 36 GEHRs. The HIIGs sample
comprises 107 low-redshift sources (0.0088 < z < 0.1642)
from [8], and 74 high-redshift sources (0.6364 < z <
2.5449) from [9, 14, 16]. Our GEHRs sample originates
from Ferndndez Arenas et al. [15] observations, where
these GEHRs reside in 13 local (z ~ 0) galaxies.

In this work, three steps are used to associate the ob-
servations of HIIGs or GEHRs with the cosmological dis-
tance, as described below.

(i) In the practical observations, one can obtain the in-
tegrated HB emission-line flux, f(HfA), from wide-
aperture low-resolution spectrophotometry, and
measure the corresponding emission line velocity
dispersion, o, from high-resolution spectroscopy.

(ii) The luminosity, L(HS), for each HIIG or GEHR
can be calculated based on a given L—o relation,
e.g., the classic scaling L—o relation

log L(HB) = a + Blogo. (1)

(iii) Once obtaining f(HS) and L(HS) from the above
steps and also using the definition of luminosity
distance, i.e., L = 4wd} f, one can further calcu-

late the luminosity distance (dy,) for each HIIG or
GEHR,

., L(Hp)
LT Inf(H8) @

And then, the distance modulus u(z) can be ob-
tained as follows,

pu(z) = 5logdy(2) + 25, 3)

where dr, has units of Mpc.

B. Reconstructing the Hubble diagram with SNe
Ia data by using Gaussian Process

As mentioned previously, to avoid the dependence on
the cosmological model, we choose to reconstruct the
Hubble diagram from SNe la data by employing the
Gaussian process method.

The SNe Ia data used in this work is the Pantheon+
sample, which includes 1701 light curves of 1550 distinct
SNe Ia from 18 different sky surveys, with a redshift range
of 0.001 < z < 2.26 [34]. In order to reduce systematics
from peculiar velocities of nearby SNe Ia (z < 0.01) and
eliminate degeneracies with Cepheid variable measure-
ments, we reconstruct the Hubble diagram pu(z) using
only SNe Ia in the redshift range 0.01 < z < 2.26. The
distance modulus is defined as

HsN = mp — M, (4)

where mp is the corrected apparent magnitude of the
SNe Ia, which is calculated using the SALT2 method [34—
38], and M is the absolute magnitude. In this paper,
the prior for the absolute magnitude of supernovae is set
to the result calibrated by Cepheid variables as used by
SHOES, that is M = —19.253 + 0.027 [39].

The Gaussian process is a generalization of the Gaus-
sian distribution over continuous variables, and it is a
method for reconstructing functional relations between
physical quantities without relying on specific functional
forms [40]. If a univariate function f(z) follows a Gaus-
sian process, then f(z) at any x satisfies a Gaussian
distribution with mean p(x) and variance Var(z), and
the covariance between different x is Cov|[f(x), f(2')] =
k(xz,z’), then this Gaussian process can be represented
as

f(x) ~ GP(u(x), k(z, '), (5)

where the correlation function k(x,z’) is a kernel func-
tion.

The Gaussian process has also been widely applied in
cosmology [41-46]. Here we use the open-source Python
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FIG. 1. Distance moduli p(z) reconstructed via Gaussian

process regression using the Pantheon+ SNe Ia sample. The
absolute magnitude M adopts a Gaussian prior of M =
—19.253 + 0.027 (i.e., SHOES prior).

code GaPP3 [41], which marginalizes the conditional prob-
ability distribution to obtain hyperparameters through
the optimization algorithm, resulting in the distribution
image of the predicted set. The reconstructed distance
moduli u(z) are shown in Fig. 1.

From Fig. 1, one can see that the oscillations become
significantly larger beyond z ~ 2. Thus, we just use the
reconstructed p(z) to the 145 HIIGs located in the range
of z < 2. In other words, the reconstruction result is just
effective for the 145 HIIGs among the entire 181 ones.

As discussed in Mu et al. [47], the double squared ex-
ponential kernel function has various advantages in using
the Gaussian process to reconstruct the distance modulus
from the Pantheon+ sample. Its form is

(z —7)°

2
k(z, %) = UJch exp {— (@ } + 0?2 exp [—7} , (6)
2

where the parameters (o1, {1, o2, {2) are referred to
as hyperparameters. Clearly, the correlation strength pa-
rameters o¢1 and oo dominate the scale of the covariance
matrix of f(x), while the correlation length parameters ¢;
and /5 dominate the correlation length between different
2. The kernel function in Eq. (6), has maximum like-
lihood for the Pantheon+ sample calibrated by SHOES.
Therefore, we follow Mu et al. [47] and use this kernel
function.

After reconstructing the distance moduli p(2) through
the Gaussian process, one can further calculate the lumi-
nosity L(HfS) for each HIIG by using Egs. (2) and (3).
The uncertainty of luminosity is estimated with the fol-
lowing formula,

4
6l2ogL = 2756;24 + 6l2ogf7 (7)

where €, and €104 y are the errors of the distance modulus
1(z) and the logarithm of emission line fluxes log f.

IIT. ANALYSIS AND RESULTS
A. Corrections to the scaling L—o relation

The analysis of Cao and Ratra [29] shows that the L-o
relation for HIIGs is standardizable, however, there are
significant differences between the slopes of the scaling
L—o relation (i.e., Eq. (1)) obtained from low-redshift and
high-redshift subsamples, respectively. It suggests two
possibilities: (i) the existence of the redshift evolution of
the L—o relation; and (ii) the requirement of non-linear
term in the L—o relation.

Based on the above mentioned possibilities, we pro-
pose three possible forms of corrections to the classic
scaling L—o relation, i.e., Eq. (1), which are labeled as
Correction I-III.

e Correction I: Adding an extra redshift-
evolutionary term

log L(HB) = a + Blogo + 1 log(l +122).  (8)

e Correction II: Adding two
redshift-dependent coefficients

logarithmic

log L(HB) =[1 + 1 log(1 + H%)]oz

2
+ 1+ v log(1+ m)]ﬁloga.

e Correction III: Adding two nonlinear

redshift-dependent coefficients

T 1+ 22 8logo.  (10)

log L(HB) = (1 + ne o T+

1+2z2

B. Statistical analysis

In our analysis, the likelihood is constructed as

i (log Ltn,i — log Lobs.i)?

2
26t0t,i

Eznéxexp — ,  (11)

101 V2T€tot,i

where N is the number of data points, and the theoret-
ical prediction of the luminosity Ly ; is obtained from a
certain L—o relation, where the four options for the L—o
relation are presented in Eqgs. (1) and (8)—(10). For each
HIIG, the observational value of the luminosity Lops i can
be obtained from Egs. (2) and (3) based on the p(z) re-
constructed through the Gaussian process; while for each
GEHR, Loy, is obtained from Eq. (2) with the luminos-
ity distance (dr,) obtained from the local distance ladder.

In addition, €go,; is the total uncertainty of log L;, the
expression of which depends on the form of L—o relation.
Specifically, in the case of choosing classic scaling form or
Correction I for the L—o relation, the total uncertainty
€0t takes the following expression,

2 _ 2 2 2 2
€tot = 6logL + 5 eloga + €int- (12)



When choosing the Correction II, one obtains,

z
6%ot = 6120gL + [1 + Y2 1Og(1 + m)}QﬁQEIQOgU + 612nt7 (13)
Correspondingly, in the scenario of Correction III, one
has

V2%
EEOt = 6120gL + (1 + 1+ 2)2 26l2ogc7 + 612nt' (14)

Furthermore, in Egs. (12)-(14), €}, ; is calculated with
Eq. (7), €10g o is the uncertainty of the logarithm of emis-
sion line velocity dispersion o, which is obtained from the
actual observations, and €, serves as a measure of the
intrinsic dispersion in log L.

Following Chen et al. [48], we compute the posterior
probability distributions for the model parameters and
the Bayesian evidence by using the Python open-source
package PyMultiNest [49], which serves as an interface
to the MultiNest algorithm [50] based on the Nested
sampling [51]. The GetDist [52] is used to analyze the
Monte Carlo samples, and then to plot the marginalized
1-D and 2-D posterior probability distributions for the
parameters.

1. Model comparison for the L — o relation

Observational constraints for the L—o relation param-
eters are summarized in the upper portion of Table I,
where a joint sample with 36 GEHRs and 145 HIIGs?
is employed, and four options for the L—o¢ relation, in-
cluding the classic scaling form in Eq. (1) and the three
correction forms in Egs. (8)—(10), are taken into account,
respectively.

As mentioned above, the posterior probability distri-
butions for the model parameters are computed with the
PyMultiNest code, and the mean values of the parame-
ters together with their 68% confidence limits are listed
in Table I.

To compare the three proposed correction forms of Lo
relation with the classic scaling one, we choose to use the
Bayesian evidence as the judgment criterion [53, 54]. We
calculate the natural logarithm of the Bayesian evidence
(InB;) for each scenario, and the relative log-Bayesian
evidence (InBjy = InB; — In By), where In By denotes the
log-Bayesian evidence for the classic scaling L—o relation.
According to the empirical rule of evaluating the strength
of evidence, |InBjp|e (0,1.0), (1.0,2.5), (2.5,5.0), and
(5.0, +00) correspond to inconclusive, weak, moderate,
and strong evidence, respectively, and the model with

2 As discussed in Section II B, the reconstruction for distance mod-
uli p(z) from the Gaussian process is more credible in the range
of z < 2, and this redshift range covers 145 HIIGs among the
entire 181. Here we need to use the reconstructed u(z) for the
HIIGs, so only 145 HIIGs are used.
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smaller |InB;| is preferred [54]. The Bayesian evidence
for each scenario is computed with the PyMultiNest
code, and the values of In B; and In B;g are listed in the
last two columns of Table 1.

In the scenario of Correction I, the 68% confidence
intervals of correction-term coefficients include (1, v2) =
(0,0), which means the classic scaling L—o relation is still
compatible, wherein InB;jp < 0 and 2.5 < |InBjp| < 5.0
indicate moderate evidence in favor of the classic scaling
relation over Correction I. In the scenario of Correc-
tion II, the correction-term coefficients satisfy v, > 0
and 72 < 0 in the 99% confidence intervals, wherein
InBjp > 0 and [InBjp| > 15.0 imply a strong evidence
to support the Correction II. In the scenario of Cor-
rection III, the correction-term coefficients v; and 79
satisfy v1 > 0 and 2 < 0 in the 99% confidence in-
tervals, wherein InB;jg > 0.0 and [InBjg| > 10.0 imply a
strong evidence to support the Correction ITI. More-
over, [InBgg| > |InBsg| means that the Correction IT is
more competitive than the Correction III.

Overall, the Correction 1II is statistically favored, re-
vealing clear evidence for redshift evolution in the L-o
relation. However, its performance remains imperfect,
particularly for high-z HIIGs. This suggests the need for
improved parameterizations of the relation—for instance,
by incorporating additional properties like star-forming
region size or metallicity [8]. Unfortunately, such ob-
servational data are scarce for most high-z HIIGs. We
therefore propose to investigate alternative approaches in
future work.

To conveniently compare the Correction II with the
classic scaling form of L—o relation, we display their pre-
cisions on fitting the data points in Fig. 2. In the upper
panel, besides the data points, we also plot the classic
scaling L—o relation with («a, §) taking their mean values
from Table I, and the Correction II with the redshift
z taking five different values from 0 to 2.5 and the pa-
rameters (a, 8,71,72) taking their mean values. Overall,
the Correction II fits the data points much better in
comparison to the classic scaling one.

The lower panel of Fig. 2 shows the residual distri-
butions. We can see that the residual distribution of
Correction II is almost identical to that of the classic
scaling one in the lower-redshift range. However, for the
higher-redshift HIIGs, the residual distribution for the
Correction IT is more concentrated around 0 than that
for the classic scaling form. It means the redshift evo-
lution terms of L—o relation in the Correction II are
necessary for the HIIGs in the high-z regime.

2. Cosmological application

Furthermore, we evaluate the constraining power of
the HIIGs and GEHRs data on cosmological parameters.
Specifically, we constrain the ACDM model using a joint
sample of 36 GEHRs and all 181 HIIGs, adopting the
Correction II L—o relation, which has been demon-



TABLE 1. Observational constraints on L — o relation parameters with 68% confidence intervals

Distance estimation L — o relation « B Y1 Y2 €int In B; In Bjo
Classic relation 34.14+0.19 4.42+£0.13 0.29+£0.02 -73.71 0
Reconstructed Correction I 34.09+£0.20 4454+0.14 0.04+£1.21 0.98 +£1.44 0.29+0.02 —-76.61 —2.90
with Gaussian process  Correction IT  33.77+0.20 4.66+0.14 0.93+0.11 —4.01+0.47 0.26+0.02 —-57.69 16.02
Correction IIT  33.77+0.20 4.66+0.14 0.31+0.04 —-1.34+£0.16 0.26+0.02 —60.43 13.28
Classic relation  34.01 £0.20 4.54+0.13 0.30£0.02 —78.44 0
Derived in Correction I 33.96 £0.21 4.584+0.15 0.27+£1.23 1.02 £+ 1.42 0.30£0.02 —81.26 —2.82
a ACDM framework Correction IT 33.61+0.20 4.80+0.14 0964+0.11 —4.02+0.42 0.26+£0.02 —60.00 18.44
Correction IIT  33.62+0.20 4.80+0.14 0.32+0.04 —-1.35+0.15 0.26+0.02 —-63.31 15.13

aObservational constraints on the classic L—o relation and three modified versions (Corrections I-III) from a combined sample of 36
GEHRs and 145 HIIGs. For each model, we report the log-Bayesian evidence (InB;) and relative evidence (In Bjp = In B; — In Byp).
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FIG. 2. Comparison of the classic L-o relation (Eq. 1) and modified relation (Correction II; Eq. 9) fits to the combined
sample of 36 GEHRs and 145 HIIGs. Upper panel: The black solid line shows the classical relation using mean parameter
values (a, ) from Table I, with shaded lo regions. Green lines display Correction II for five redshift values (z = 0-2.5),
using mean parameters (a, 3, 71, 72). Lower panel: Residuals of log L(HB) relative to both parameterizations (using mean
parameters). Left histograms show local GEHRs and low-z HIIGs; right histograms show high-z HIIGs.

strated to be the most competitive among the four op-

tions considered.

To demonstrate the impact of the likelihood function’s
specific form on the results, we adopt the following three

likelihood functions:

e Full £ with ¢,; = Const.

In this case, the likelihood function is expressed as

Eq. (11), with the intrinsic dispersion €;,; treated
as a free parameter.

e Full £ with €, =0

In this case, the likelihood function is given by
Eq. (11), where the intrinsic dispersion €y is fixed

at zero.

o L ocexp(—x*/2)



In this case, the likelihood function is expressed as
Loxe X2 (15)
where x?2 is
N
(

=)

i=1

IOg Lth,i - IOg Lobs,i)2 (16)

2
2€tot,i

and N is the number of data points.

The marginalized 1-D and 2-D posterior probability
distributions for the parameters of interest are shown in
Fig. 3, while the mean values with 68% confidence limits
for the parameters are listed in Table II.

We first focus on the constraints on the cosmological
parameters, i.e., Hy and €,,. The limits at 68% confi-
dence level are Hy = 102.96 £ 11.28, 77.33 £ 4.19 and
70.95 & 4.313 in the cases of taking full £ with €n =
Const., full £ with €, = 0 and £ oc exp(—x?/2), respec-
tively; correspondingly, €2, = 0.50 £ 0.26, 0.43 £ 0.27
and 0.34 + 0.28, respectively. According to the Planck
2018 results, the inferred values are Hy = 67.4 £+ 0.5
and Q,, = 0.315 4 0.007 at 68% confidence level in the
base-ACDM cosmology[55]. Only in the case of taking
L oc exp(—x?/2), the constraints on Hy and €2, are con-
sistent with those from the Planck 2018 results at 68%
confidence level. While in the other two cases, the de-
rived values of Hy and 2, are significantly larger than
those from the Planck 2018 results.

Then, we pay attention to the constraints on the pa-
rameters in the adopted L—o relation, i.e., o, 8, 1
and v in the Correction II. The limits at 68% con-
fidence level are (a,f,71,72) = (34.46 + 0.27,4.03 +
0.22,0.52 4 0.10, —2.55 4 0.44) in the case of taking full
L with €,y = Const., (@, 8,71,72) = (33.57+0.14,4.76 +
0.11,0.18 £ 0.07, —0.70 = 0.27) in the case of taking full
L with €, =0, and (o, 8,71,72) = (33.27 £0.16,5.01 &+
0.13,—0.09 + 0.10,0.37 £+ 0.39) in the case of taking
L o< exp(—x?/2). In the first two cases, the parameter
ranges of {y1,72} still exclude {0,0} at 95% confidence
level. However, in the case of taking £ o< exp(—x?/2),
the values (y1,72) = (0,0) fall within the 68% confidence
intervals. Such differences may arise from complex de-
generacies among the parameters. As shown in Fig. 3,
the observed parameter degeneracies include positive cor-
relations in the Hy—«, Hy—"2, a—2, and §—-; planes,
and negative correlations in the Hy — 8, Hy — 1, @ — 71,
B — 72, and ~y; — 2 planes.

Overall, the constraints on Hy and €2, from GEHRs
+ HIIGs are approximately an order of magnitude less
precise than those derived from the Planck 2018 results.
Moreover, the former agree with the latter at 68% con-
fidence level only when adopting the likelihood function
L o exp(—x?/2). Additionally, the specific form of the

3 Ho has units of km s~1 Mpc—1.

likelihood function significantly influences the inferred
redshift evolution of the L-o relation, possibly due to the
complex degeneracies between cosmological parameters
and the intrinsic parameters of the L-o relation.
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FIG. 3. Cosmological constraints in the ACDM framework
using a combined sample of 36 GEHRs and 181 HIIGs. The
analysis adopts Correction II for the L—o relation and in-
corporates three distinct likelihood functions (see main text).

IV. DISCUSSIONS

As demonstrated by the posterior probability distribu-
tions of model parameters and Bayesian evidence values,
the Correction II scenario emerges as the most com-
petitive formulation for the L-o relation. To validate the
robustness of these primary findings, we must further ex-
amine whether the observed redshift evolution in the L-o
relation represents a genuine physical signal. Below, we
assess this by investigating three key potential influenc-
ing factors: (1) SNe Ta absolute magnitude priors, (2)
Malmquist bias effects, and (3) cosmological distance es-
timation methodologies.

A. Impact of Type Ia Supernova Absolute
Magnitude Priors on Hubble Diagram
Reconstruction

As discussed in Section II B, we must specify a prior on
the absolute magnitude M of SNe Ia when using Gaus-
sian process to reconstruct the Hubble diagram from SNe
Ta data. While our baseline analysis adopts the SHOES
prior (M = —19.253 +0.027), we also test an alternative
prior from the Multicolor Light Curve Shape (MLCS)
method ( M = —19.33 £+ 0.25, Wang [56]).

The negligible impact on our key findings suggests that
the results are not sensitive to the specific choice of M
prior, reinforcing their robustness.



TABLE II. Constraints on both cosmological parameters and L—o relation parameters with 68% confidence intervals

Likelihood function Hy Qmo o B jol! V2 €int
Full £ with €yt = Const.  102.96 £11.28 0.50+0.26 34.46 £0.27 4.03 £0.22 0.52+0.10 —2.554+0.44 0.27 +£0.02
Full £ with €t =0 77.33 £4.19 0.43+0.27 3357+£0.14 4.76£0.11 0.18 +0.07 —0.70 £ 0.27 0.00

L x exp(fx2/2) 70.89 +4.18 0.34£0.29 33.27+0.16 5.014+0.13 —0.09+£0.10 0.37 £0.39

2Parameter constraints in the ACDM cosmology derived from a joint sample of 36 GEHRs and 181 HIIGs, using the modified L—o
relation (Correction ITI) and three distinct likelihood functions.

B. Impact of Malmquist Bias on the Redshift
Evolution Significance in the L — o Relation

The observed high-redshift HIIGs are dominated by
the most luminous systems due to selection effects, specif-
ically Malmquist bias. To assess its impact, we compare
fits from a high-z subsample (z > 0.2, log L > 41) with
those from a low-z subsample (z < 0.2, log L > 41) un-
der the classic L—o relation. The resulting parameter
tensions between the low-z and high-z subsamples reach
2430 (for a) and 2.500 (for B). Without luminosity
truncation in the low-z subset, these tensions increase
to 5.59¢ (for a) and 5.540 (for f3).

In summary, even after Malmquist bias correction, the
redshift evolution in the L—o relation persists, albeit with
reduced significance.

C. Impact of Cosmological Distance Estimation
Methods on the Redshift Evolution Significance in
the L — o0 Relation

Within the baseline framework, we estimate cosmo-
logical distances using Gaussian process reconstruction
of the Pantheon+ SNe Ia Hubble diagram. To evalu-
ate the impact of distance estimation methods on our
key results, we repeat the analysis under the flat ACDM
model, adopting fiducial cosmological parameters from
the Planck 2018 results ([55]). The corresponding con-
straints are presented in the lower section of Table I.
Notably, the logarithmic redshift-dependent correction
(Correction IT) remains the most statistically favored.

These findings demonstrate that our primary conclu-
sions are robust against variations in cosmological dis-
tance estimation methodologies.

V. SUMMARY

As the L-o relation is fundamental for using HIIGs
as standard candles, we have systematically investigated
and compared four parameterizations of L-o relation,
including the classic scaling form and three redshift-
dependent corrections. Using Gaussian process recon-
struction of the Pantheon4+ SNe Ia Hubble diagram to
ensure cosmological model independence, we analyze a
joint sample of GEHRs and HIIGs. The main results

can be summarized as follows:

e The logarithmic redshift-dependent correction
(Correction II) is strongly favored by Bayesian
evidence (|1n B;p| > 15), with 73 > 0 and 72 < 0
excluded from zero at 99% confidence level. This
correction significantly improves the fit for high-z
HIIGs, reducing residuals by ~ 30% compared to
the classic relation (Figure 2).

e The preference for Correction IT persists when
repeating the analysis in the ACDM model with
adopting the Planck 2018 fiducial cosmological pa-
rameters (Table I), confirming its validity indepen-
dent of distance estimation approaches.

e Our cosmological analysis in the flat ACDM frame-
work, combining HIIGs and GEHRs, yields Hy =
70.89 £ 4.18 km s~ Mpc~! and Q,, = 0.34 £ 0.29
(68% confidence level) under a y2-based likeli-
hood. While consistent with Planck 2018 results,
our constraints exhibit approximately an order-
of-magnitude larger uncertainty (Table II). The
strong parameter degeneracies between the L — o
relation and cosmological parameters (Figure 3)
demonstrate the necessity of combining multiple
cosmological probes for robust parameter estima-
tion.

While Correction II outperforms other forms, its
residual dispersion at high-z suggests unaccounted phys-
ical drivers (e.g., metallicity or star-forming region size).
Future observations of high-z HIIGs with ancillary data
(e.g., JWST metallicity measurements) could further re-
fine the L-o relation and enhance its utility as a cosmo-
logical probe.
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