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Abstract The different spatial curvatures of the universe
affect the measurement of cosmological distances, which
may also contribute to explaining the observed dimming of
type la supernovae. This phenomenon may be caused by the
opacity of the universe. Similarly, the opacity of the universe
can lead to a bias in our measurements of curvature. Thus, it is
necessary to measure cosmic curvature and opacity simulta-
neously. In this paper, we propose a new model-independent
method to simultaneously measure the cosmic curvature and
opacity by using the latest observations of HII galaxies acting
as standard candles and the latest Hubble parameter obser-
vations. The machine learning method-Artificial Neural Net-
work is adopted to reconstruct observed Hubble parameter
H (z) observations. Our results support a slightly opaque and
flat universe at 1o confidence level by using previous 156 HII
regions sample. However, the negative curvature is obtained
by using the latest 181 HII regions sample in the redshift
range z ~ 2.5. More importantly, we obtain the simulta-
neous measurements with precision on the cosmic opacity
At ~ 1072 and curvature AQg ~ 107!, A strong degener-
acy between the cosmic opacity and curvature parameters is
also revealed in this analysis.

1 Introduction

Modern cosmology accepts that our universe is undergoing
accelerated expansion in its current phase, a conclusion sup-
ported by the most direct evidence yet that Type Ia super-
novae (SN Ia) have been unexpectedly observed fainter than
expected in a slowing universe [1-3]. Several other different
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theories or mechanisms have been proposed to explain the
observed type la supernova dimming [4,5], in addition to a
new cosmological component that applies negative pressure
(the cosmological constant is the simplest candidate) [6—12].
Shortly after the discovery of cosmic acceleration, it was pro-
posed that the observation of SN Ia might be affected by the
non-conservation of the number of photons in the emitted
beam. Such so-called cosmic opacity may be due to many
possible mechanisms. The standard mechanism is usually
explained as the photons moving through the Milky Way,
intervening galaxies, and the host galaxy being absorbed or
scattered by dust particles [13]. Some other exotic mecha-
nisms for cosmic opacity discuss the conversion of photons
into gravitons [14], light axions in the presence of extragalac-
tic magnetic fields [15-17], or Kaluza-Klein modes associ-
ated with extra-dimensions [ 18]. Various astrophysical mech-
anisms, such as gravitational lensing and dust extinction, may
cause the non-conservation of the number of photons from
the view of observation and thus be interpreted as the opacity
of the universe.

Although recent works on the opacity of the universe has
shown that the universe appears to be transparent [19,20],
some of the growing crises in cosmology, such as Hub-
ble tension [21-23] and the cosmic curvature [24-26], have
emerged. This suggests us to reanalyze and treat the mech-
anism of cosmic opacity. For instance, if the universe is
opaque, the photon from a distant light source reaches the
ground and is observed, and its flux received by the observer
will be reduced by a factor of e™/? (z is optical depth, and
T < 0 means an opaque universe). According to the rela-
tionship between flux and luminosity distance, when the flux
decreases, the luminosity distance increases, which means
that the Hubble constant decreases. This provides a new way
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to solve the growing Hubble tension problem' (more works
on Hubble tension please see the references [27-30] and ref-
erences therein). More importantly, some recent works sug-
gested that the Hy tension could possibly be caused by the
inconsistency of spatial curvature between the early-universe
and late-universe [24—-26]. Similarly, the opacity of the uni-
verse can lead to a bias in our measurements of curvature.
Thus, to better understand the growing crises in cosmology, it
is necessary to explore the relation between the curvature and
the opacity of our universe, and seek the cosmological model-
independent method that constrains cosmic curvature and
opacity simultaneously. Furthermore, cosmic opacity might
be an important source of systematic errors in this respect,
and it becomes increasingly important to quantify the trans-
parency of the universe.

From a theoretical point of view, two luminosity dis-
tances are required to determine the cosmic opacity param-
eters, one is the luminosity distance that is not affected by
the cosmic opacity (denotes Dp, ye), and the other is the
luminosity distance that is affected by the cosmic opacity
(denotes Dy obs)- A opacity parameter T can be introduced to
describe the optical depth associated with cosmic absorption
Dy obs = DL true - e”/2. The luminosity distance that is not
subject to cosmic opacity is usually derived from measure-
ments of differential ages of passively evolving galaxies the
so-called cosmic chronometers (CC) [31-33]. The comoving
distance is obtained by integrating the Hubble parameter, and
then the luminosity distance is obtained by using the distance
duality relation. Combination of opacity-dependent luminos-
ity distances derived from SN Ia observations [34] or other
sources (such as quasars [35]) and opacity-independent lumi-
nosity distances inferred from Hubble parameter observa-
tions, one can directly measure the cosmic opacity. However,
it should be stressed that the luminosity distance obtained
using the comoving distance implies a strong assumption
that the universe is flat.

In this work, we focus on the latest observations of Hubble
parameter and HII galaxies (HIIGx) and Giant extragalactic
HII regions (GEHR) to both constrain the cosmic curvature
and opacity. There are two reasons to focus on such a dataset
combination. Firstly, the redshift ranges of the latest HIIGx
and HII regions sample and observations of Hubble param-
eter are roughly consistent, and can reach a relatively high
redshift range z ~ 2.5. Another reason is that the use of
HIIGx and HII regions observations is based on the strong
correlation between the luminosity L(Hp) in HB lines and
the ionized gas velocity dispersion o. This means that the

! There is 4.40 tension between the Hubble constant (Hy) measure-
ments inferred within lambda cold dark matter (ACDM) from cosmic
microwave background (CMB) anisotropy (temperature and polariza-
tion) data [21] and the local measurement of Hubble constant by the
Supernova Hy for the Equation of State collaboration (SHOES) [22].
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HIIGx and HII regions observations have the advantage of
being sensitive to the nonconservation of photon number.
However, it is very difficult considering that both luminosity
distances should be measured at the same redshift. Therefore,
we will reconstruct the Hubble parameter H (z) measure-
ments using the Artificial Neural Network (ANN) method.
The ANN method is a kind of machine learning technique
which is good at regression, and has been widely used in
astronomical research in recent years [36—39]. Wang et al.
have used the ANN method to reconstruct Hubble parameter
H (z) and proved its reliability and superiority in character-
izing data uncertainties [37].

This paper is organized as follows: in Sect. 2, we present
the methodology of measuring cosmic curvature and opac-
ity, and the data used in this work. In Sect. 3, we show our
results and discussion. Finally, the main conclusions are sum-
marized in Sect. 4.

2 Data and methodology

The foundation of modern cosmology is based on the basic
principles of cosmology, i.e., the universe is homogeneous
and isotropic at large scales. The Friedmann-Lematre—
Robertson—Walker (FLRW) metric is appropriate to describe
this situation in the universe and reads

a(r)?

ds* =dt* — ——
1 —Kr?

dr? —a(®)*r?dQ?, 1)
where a(t) is the scale factor, and K is dimensionless curva-
ture taking one of three values {—1, 0, 1} corresponding to a
close, flat and open universe. The cosmic curvature param-
eter Qx is related to K and the Hubble constant Hy, as Qg
=—c’K/ a(z) Hg.

Under the FRLW metric, the luminosity distance Dj, and
the comoving distance D satisfy the following relation [40,
41]

¢L|)9Lm sinh [/[Qk[D¢c/Dp| for Qx >0,
= Dc for Qg =0, )
¢L|)QL,4 sin [/[Qk[Dc/Dy|  for Qk <0,

where Dy = ¢/ Hy is Hubble radius, and the comoving dis-
tance

z d Z/
Pe=c ] awy )
where ¢ represents the speed of light, and H (z") denotes the
Hubble parameter at redshift z’.

In the following, we will briefly introduce the method-
ology of deriving two different luminosity distances, i.e.,
opacity-dependent luminosity distance from the latest obser-
vation of HII galaxies and extragalactic HII regions, as well
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as opacity-independent luminosity distance inferred from the
current H (z) data.

2.1 Opacity-dependent luminosity distances from HII
galaxies and extragalactic HII regions

To accurately measure distances in the distant universe, we
always turn to standardized sources, such as SN Ia acting
standard candle [42]. Recently, more distant quasars as stan-
dard candles by using the nonlinear relation between their
intrinsic UV and the X-ray luminosities have obtained great
attention [35,43,44]. High redshift objects are always inter-
esting, because they contain important information about the
physical processes of the early universe. The HII galaxies
and extragalactic HII regions constitute a large fraction of
population that can be observed up to very high redshifts
[45—47], beyond the feasible limits of supernova studies.

It is well known that the luminosity L(HB) in HB and
the ionized gas velocity dispersion o of HII galaxies and
extragalactic HII regions may have a quantitative relation
(be known as “L—o” relation). The physics behind this rela-
tion is based only on a simple idea, i.e., as the mass of the
starburst component increases, the number of ionized pho-
tons and the turbulent velocity of the gas may both increase
as well. Melnick et al. first found that the scatter of “L—-o”
relation is very small and has the capability to determine the
cosmological distance independent of redshift [48]. More
specifically, based on the measured flux density (or luminos-
ity) and the turbulent velocity of the gas, one can infer the
luminosity distance directly. Whereafter, the validity of the
“L—o” relation acting as the standard candle and its possible
cosmological applications have been extensively discussed
in the literatures [49-51].

The “L—o" relation between the luminosity L(HS) in HB
of a source and its ionized gas velocity dispersion is quanti-
fied as [46]

log LHB) = alogo (HB) + «, “)

where « and « are the slope and intercept, respectively. The
L(Hp) is the luminosity in HB lines. One can use a general
equation L(HB) = 4n D%F (HB) and observations of the
extinction corrected fluxes F (Hp) to obtain it. Thus, the new
relation between the observed flux density and luminosity
distance can be written as

log D1 mn(z) = 0.5[xlogo (HB) —log F(HB) + «]
—25.04. (5)

Up to now, the catalog of spectral and astrometric data
from the HII galaxies and extragalactic HII regions contains
more than 100 sources whose statistical properties can be
preliminarily considered in cosmology. The current obser-
vations of 156 HII objects (denoted as 156 HII sample)

compiled by Terlevich et al. [46] contain 25 high redshift
HII galaxies sources, 107 local HII galaxies sources, and
24 extragalactic HII regions sources covering redshift range
0 < z < 2.33. This dataset is larger than the source sam-
ples used by Plionis et al. [49] and is more complete than
the high redshift data used by Melnick et al. [48]. Recently,
Gonzélez-Moran et al. [52] reported new observations of 41
high-z (1.3 < z < 2.6) HIIG objects which are based on
new VLT-KMOS high spectral resolution observations. The
new 41 data for high—z objects in addition to the sample
in work [52], giving a total of 74 high—z HIIG objects. In
this work, in addition to the samples with 74 high-z HIIG,
the complete samples we used also included 107 data local
HII galaxies sources, which is consistent with the work in
reference [52]. The full sample contains 181 sources cover-
ing the redshift range 0 < z < 2.55 (denoted as 181 HII
sample). Full information (including redshift, flux density in
Hp line, and turbulent velocity with corresponding uncer-
tainties) about the sample of 181 HII regions can be found in
Ref. [52].

Similar to SN Ia applied to cosmology, the slope « and
intercept « parameters should also be optimized with the
assumed cosmological model parameters, but this method
is cosmological model dependent [47]. The intercept « =
5.022 £ 0.058 and slope ¥ = 33.268 £ 0.083 of the relation
are estimated for the sample of 107 local HIIG published
in work [53] and 36 GEHR described in work [54] using
the extinction curve [55]. We adopt these values with their
corresponding uncertainties to get the luminosity distance
and make sure they are cosmological model independent. The
distance modules of the two samples and the corresponding
errors are shown in Fig. 1.

2.2 Opacity-independent luminosity distances from Hubble
parameter measurements

In order to obtain opacity-independent luminosity distances,
we seek the Hubble parameter observations. In general, the
Hubble parameter measurements can be derived by the differ-
ential ages of passively evolving galaxies called CC, which
is suggested by [56]. This method is based on the differential
relationship between Hubble parameters and redshift

1 dz
I +zdt’
where dz/dt is the time derivative of redshift. The CC data
is mainly obtained by measuring the different ages of the
red-envelope galaxies, a method known as the different ages
method. The aging of stars can be seen as an indicator of the
aging of the universe. The spectra of stars can be converted
into information about their ages because the evolution of
stars is well known. Since stars cannot be observed individu-
ally on a cosmic scale, spectra of galaxies with relatively uni-

H(z) =—

(6)
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Fig. 1 The log Dy gyi(z) with 1o errors from HII regions observa-
tions. The red and blue dots represent the 156 and 181 HII regions
observational datasets, respectively

form stellar populations are often used. This method relies
on the detailed shape of the galaxy spectra but not on the
galaxy luminosity. We assume cosmic opacity is not strongly
wavelength-dependent in the (relatively narrow) optical band
and thus CC data are opacity-independent and cosmologi-
cal model-independent [20,57,58]. The full information for
total number of 32 CC is listed in Table 1 of the litera-
ture [59]. The 32 CC sample covers the redshift range of
0.07 < z << 1.965 [60-65].

Another method is to detect the radial baryon acous-
tic oscillation (BAO) features by using galaxy surveys and
Ly—a« forest measurements to map the distribution of matter
[56,66]. The 31 H (z) using the BAO technique covering the
redshift range 0.24 < z < 2.40 are summarized by Mukher-
jee and Banerjee [67]. However, there may be correlations
among some of the data points in 31 BAO samples because
they either belong to the same analysis or overlap. Thus, the
covariances among the BAO H (z) data should be taken into
our analysis. The covariances are publicly available in refs
[68-71]. It also should be noted that the BAO data are not
completely cosmological model-independent, because one
needs to assume a prior on the radius of the sound horizon,
which is inferred from the CMB observations. However, the
prior of radius of the sound horizon obtained from the CMB
analysis is only used to calibrate the BAO distance. In turn,
it can be used to extract the model-dependent Hj estimate,
which is the basis of the so-called inverse distance ladder,
which again results in a small value for the Hubble param-
eter, very close to the Planck value within ACDM model.
In the work [72] declared that this method only allows for
a model-dependent determination of Hy, even when no spe-
cific cosmological model is assumed at late times by using,
for example, cosmography. In other words, the measurement
of BAO relies very weakly on the cosmological model, and
only strongly on the Hubble constant Hy. The aim of this
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Table 1 Summary of the constraints on the spatial curvature parameter
Qk and cosmic opacity parameter € by using different data combination

Data combination QK €

0.762 0.036
CC+156 HII 0.0161 ) Jo7 —0.145% )08

CC+181 HII —0.80010:384 —0.02810:040
OHD+156 HII —0.0079793 —0.14675:038
OHD+181 HII —0.81179357 —0.02970:039
CC+SN Ia 0.04379385 —0.00710058
OHD+SN Ia 0.09479393 —0.00810:0%3

work is to measure both cosmic curvature and opacity inde-
pendently of the cosmological model, rather than the Hubble
constant. Considering that BAO data are much more accu-
rate and reliable, we also consider BAO measurements here
for comparative analysis with CC data. The application of
BAO data to the analysis of different cosmological models
can be seen in refs [73,74]. For these reasons, we first used
the observations from 32 CC alone (denotes as 32 CC), and
then combined the 31 BAO H (z) sample to conduct our anal-
ysis (although BAO data are cosmological model dependent
in some extent). We denote these 63 Observation Hubble
parameter Data (OHD) as 63 OHD.

Although the observations of HII regions and Hubble
parameter redshifts cover each other well, there are very
few of them meeting the same redshift at the same time.
In our work, the ANN method will be applied to achieve the
reconstructions with the opacity-free expansion rate mea-
surements, and then derive opacity-independent luminosity
distances. The ANN method is a non-parameterized approach
and does not assume random variables that satisfy the Gaus-
sian distribution, which is a completely data driven approach.
The main purpose of an ANN is to construct an approximate
function or map that correlates the input vector with the out-
put vector [75]. The ANN is made up of neurons, which are
very simple elements that receive digital input. Input and
output do not need to conform to the Gaussian distribution.
Furthermore, there is no need to assume a specific cosmo-
logical model. We simply train the ANN network based on
the observed H (z) data, and then predict the H(z) at other
redshifts that are not observed. In general, the artificial neural
network consists of an input layer, one or more hidden lay-
ers and an output layer. In this work, the input of the neural
network is the redshift z, while the output is the correspond-
ing Hubble parameter H(z) and its respective uncertainty
OH(z) at that redshift. Each layer takes a vector from the pre-
vious layer as input, applies a linear transformation and a
nonlinear activation function to the input, and propagates the
current result to the next layer. Here, we adopt the Exponen-
tial Linear Unit (ELU) acting as activation function, which
is f(x) = a(exp(x) — 1) with x < 0, and f(x) = x with



Eur. Phys. J. C (2024) 84:3

Page50f 11 3

x > 0, where « is the hyper-parameter that controls the value
to which an ELU saturates for negative net inputs. The goal
of ANN is to make its predicted result H to be as close as
possible to the true value H, known as the mean absolute
error loss function £. The method used is gradient descent,
that is, by constantly moving the loss value to the opposite
direction of the current corresponding gradient to reduce the
loss value [76]. The network is trained after 10° iterations, to
assure that the loss function no longer decreases. The ANN
method has been gradually applied to many research fields in
astronomy, and has shown excellent potential for constrain-
ing cosmological parameters [77-81]. We refer the reader to
[80] for more details about ANN reconstructing H (z) data.
The work [81] released ANN code, and Python module called
Reconstruct Functions with ANN (ReFANN)Z. We perform
the reconstruction of 32 CC and 63 OHD datasets, and the
final results show in Fig. 2. It should be interesting to report
that the Hubble constant value is taken to be Hy = H(z =
0) = 67.35416.5 km s~ Mpc™! by using ANN reconstruc-
tion with 32 CC H (z) observational dataset, and this value
changes to H(z = 0) = 68.27+5.2 km s~! Mpc~! by using
ANN reconstruction with the 63 OHD dataset. These results
are consistent with the value Hy = 67.440.5 km s~ Mpc™!
inferred from the CMB measurement using the Planck data
within 1o confidence level [21], and also support the result
HO = 69.8 + 1.1 km s~! Mpc™! measured from the Tip of
the Red Giant Branch [82]. Similar results are reported in
many work [83,84] by using Gaussian Process (GP) with
CC dataset. For instance, the work [85] found that H(z =
0) = 68.57 + 1.86 km s~! Mpc~! from the joint analysis
SN+CC datasets with the GP reconstruction, which is fully
consistent with our work. These reconstruction method pro-
vides a model-independent way for extracting cosmological
information to solve some questions from the observational
data, such as dark energy [86], Hp tension [87,88], cosmic
growth [89,90] and so on. These reconstruction methods of
data may provide a new approach for the current tension.
From the reconstructed results, one can see that the data
uncertainty obtained by ANN method can be compared with
the real observation uncertainty, which is a conservative esti-
mate. In our reconstructed Hubble diagrams, the mean Hub-
ble parameter is in agreement with other approach to recon-
struction such as GP [91,92]. Therefore, the 1o confidence
region reconstructed by ANN can be considered as the aver-
age level of observational error. We refer the reader to Ref.
[80] for further details on this issue.

For the reconstructed H(z) data processing, we obtain
comoving distance by using simple trapezoidal rule method

c
DC bl Z mAZi, (7)

2 https://github.com/Guo-Jian- Wang/refann.
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Fig. 2 The reconstructed function H(z) and their corresponding lo
errors by using ANN method with 32 CC and 63 OHD datasets. The dots
with error bars represent observational Hubble parameter measurements

where Az; = %(Zl‘+1 — zj—1) is smaller enough. Taking
into account the fact that there may be correlations between
the ANN reconstructed data points, and data points may be
reused when using trapezoidal integrals. Hence the covari-
ance between these data should be considered, and the covari-
ance of the D¢ is approximately as [51,93]

i j C C
C i 2i) = C _— Azr Az, (8
Vbl &) ;Xk: Yo Hay AHAs ®)

The further propagate to the covariance of Dy is
Covp, (R2k; zi» z2j) = CiCjCovpe (zis 2j)s ©)

where the coefficient C; in error propagation is as function
of QK,

% coth [/TQk]Dc,i/Du] for Qk > 0,
Dci(1+z) for Qx =0, (10)
for Qg < O.

Dy (1+z;)
HTKZI cos [/IQk[Dc,i /Dy |

The opacity-independent luminosity Dy, is inferred from
Egs. (2) and (3) based on the reconstructed H (z) observation.
It should be noted that, instead of taking a prior value for the
curvature of the universe, we fit it as a free parameter along
with the opacity parameter. Thus, the luminosity distance
obtained from reconstructed H (z) observation includes an
unknown curvature parameter.

C =

2.3 Simultaneous measurements on the cosmic curvature
and opacity

From the theoretical perspective, we obtain the opacity-
dependent luminosity distance Dy, gy; via the “L—o” of
HII galaxies and extragalactic HII regions, and the opacity-
independent luminosity distance Dy, g, can be derived from
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Hubble parameter observations. In order to simultaneously
measure the cosmic curvature and opacity, for a given
Dy pp datapoint, the Dy g, should be observed at the same
redshift. If one only considers the actual observational sam-
ple, it is difficult to achieve rigorous measurements and get
convincing results. In fact, it is important to note that we can
reconstruct the Hubble parameters at any redshift interval and
match them with the HII data. However, the redshift distribu-
tion of H (z) is actually different from the redshift distribution
of HII region, and there is no reason to choose the observed
redshift of HII region to match the reconstructed H (z) data.
To avoid introducing additional systematic errors, a cosmo-
logical model-independent selection criterion is considered.
We take |27 — zH;| < 0.005 in our analysis [94,95].

Once we have two sets of luminosity distances at the same
redshift, one of them contains cosmic opacity from obser-
vations in the HII region, and the other one that does not
contain cosmic opacity but contains cosmic curvature from
reconstructed H (z) observation. We can directly perform a
model-independent measure for cosmic opacity parameter
T and curvature Qg , which is given by the following form
[96,97]

DL u.(z) = DL pn(z)e™?, (1D

where an opacity parameter t is introduced to describe the
optical depth associated with cosmic absorption quantifying
how opaque the universe is. Note that any statistically signifi-
cant deviation from t = 0 could indicate an opaque universe
assumption. For the optical depth, we use € to characterize the
cosmic opacity, and note that for small € which is equivalent
to assume an optical depth parameterization 7(z) = 2¢z. In
Ref. [98], authors have verified that using € instead of T has
considerable accuracy. In the investigations on the opacity of
the late universe, the constraint on cosmic opacity € indicated
that itis a small quantity by using such parameterization form
[20,57,58].

Then we can maximize the described logarithmic like-
lihood function by performing Markov chain Monte Carlo
(MCMC) implementations. The log-likelihood function is
given by

N
1 Lo v
Ing=—> > 27 In(det Cov) — 5ADLCov™'ADL, (12)
where Dy, is the luminosity distance difference vector
ADy, = D un(€; zan) — Df, (R Znz), (13)
where Cov is the corresponding total covariance matrix

Cov = Cov’§¢  + U%L.H“I, (14)

Dr Hz

where the I is unit matrix, the Covg’L" i is covariance matrix

of the reconstructed luminosity distance from H(z) data
in Eq (9), and the 012)L - is the uncertainty of the HIIL

@ Springer

regions, including velocity dispersion, flux density obser-
vational uncertainty, intercept uncertainty and slope uncer-
tainty, which are calculated by the standard error transfer
formula. We use the Python module emcee [99] to perform
the MCMC analysis.

3 Results and discussion

Let’s start with the ANN reconstructed 32 CC H(z) obser-
vational data. It shoud be stressed that the Hp value is
adopted from the the ANN reconstruction at z = 0 with
the 32 CC H (z) observation in this framework, i.e., Hy =
67.35+16.5 km s~! Mpc~!. Combined with 156 HII regions
sample, the 1D marginalized probability distributions and
2D regions with 1o and 20 contours corresponding to cos-
mic opacity and curvature parameters are shown in Fig. 3.
The best-fitting values with the corresponding 1o uncertain-
ties are Qx = 0.01675:157 and € = —0.1457003. Mean-
while, for the latest 181 HII regions sample, we obtain the
best-fitting values Qg and € with 1o confidence level are
Qx = —0.8007035 and € = —0.02870.030. In Fig. 4, the
lo and 20 confidence level contours for parameter estima-
tions represent the constraint results. The numerical results
of the constraints on Qg and € are shown in Table 1. The
best-fitting values for both the cosmic curvature and opacity
are negative, and our results support a transparent and closed
universe at 1o confidence level.

Working on the ANN reconstructed 63 OHD H (z) sam-
ple, the Hubble constant value is taken to be Hy = 68.27 £+
52kms! Mpc_1 from the ANN reconstruction at z = 0,
and we adopt this value for a prior. In this case, the result
seems to support a slight preference for the nonzero cosmic
opacity (¢ = —0.146f8:8§g) within 1o confidence level by
combining 151 HII regions sample, while supporting a flat
universe in this case. However, combining 181 HII regions
sample, we obtain a closed universe (g = —0.81 lfgzgg?)
within 1o confidence level. In this case, the result indi-
cates that a transparent universe is supported. The corre-
sponding numerical results are displayed in lines 3 and 4
of Table 1. Recent reports suggest that there may be incon-
sistencies in the spatial curvature between the early and late
universe, i.e., combining the Planck temperature and polar-
ization power spectra data, the work showed that a closed
universe (Qg = —0.044f8:8}§) was supported. However,
with the combination of the Planck lensing data and low red-
shift baryon acoustic oscillations observation, a flat universe
was precisely constrained within Qg = 0.0007 £ 0.0019
[24-26].

Since the large of deviations of the results with the
recent work [32,39,95], this prompted one thought about
the above results: whether the HII region samples are robust
and reliable enough to support us to infer phenomenology?
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Fig. 3 The 1D and 2D marginalized probability distributions for the cosmic opacity parameter € and curvature parameter Qg by using ANN

reconstructed different observation datasets

In the subsequent analysis, we combine the ANN recon-
structed H(z) data and latest SN Ia observational sample
released by the SHOES and Pantheon+- collaboration to con-
strain on cosmic opacity and curvature parameters [100].
The Pantheon+ dataset includes 1701 light curves, spec-
troscopically confirmed SN Ia and covering the redshift
range 0.001 < z < 2.26 which comes from 18 differ-
ent surveys. For SN Ia dataset, the value of absolute mag-
nitude Mp is important. The Mp is usually calibrated by
local measurement such as Cepheid variable stars. However,
there is strong degeneracy between the Mp and 5log;, Ho
term inside the distance modulus. Considering the consis-
tency of the work, we convert the Hubble constant used

to absolute magnitudes, i.e., Mp = —19.435 mag corre-
sponds to Hy = 67.35 km s~' Mpc~! with the ANN recon-
structed 32 CC dataset, and Mp = —19.406 mag corre-

sponds to Hy = 68.27 km s~! Mpc~! with the ANN recon-
structed 63 OHD dataset. The 1o and 20 confidence level
contours for H(z)+ SN Ia constraint is shown in the right
panel of the Fig. 3. We obtain the best-fitting values are
Q = 0.04370435 and € = —0.0077003¢ by using the ANN

reconstructed CC and the Pantheon+ datasets. Working on 63

. +0.395
OHD sample, the best-fitting values are Qx = 0.0947 393

and € = —0.008f8:8§g. This result suggests that, combined
with the most popular astronomical observations of SN Ia
plus H(z), our universe is a flat and transparent Universe.
Compared with results from the HII regions datasets, we
find that the deviation of the cosmic curvature and opac-
ity parameters from zero values is largely due to the HII
samples. Although the samples of HII region are not suffi-
ciently reliable (it may be that the small sample size and large
uncertainty lead to the bias of the inferred phenomenology),
this improved model-independent approach proposed in this
work to infer phenomenology may have a place in the future.

The second question is whether the degeneracy between
curvature and opacity reinforces the negative curvature

CC+156 HIl fixed Qx
—— CC+181 HIl fixed Qg
—— OHD+156 Hll fixed Qg
—— OHD+181 Hll fixed Qg
CC+SN la fixed Qg
OHD+5SN la fixed Qg

Probability density fuction

-0.3 -0.2 0.1 0.2 0.3

Fig. 4 The probability density function of the cosmic opacity param-
eter with a flat universe (Qg = 0)

results obtained from the HII region datasets. In order to
better analyze the degeneracy between curvature and opac-
ity, we first assume a flat universe (2x = 0). Combining the
results given by CC+156 HII and OHD+156 HII datasets, we
are able to conclude that the universe is opaque at 1o confi-
dence level, and the numerical results are given in Table 2.
The results given by CC+181 HII and OHD+181 HII are
shown a more opaque universe at 1o confidence level com-
pared to the case of freeing the cosmic curvature parameter.
We plot the probability density function of the cosmic opac-
ity parameter in Fig. 4. This result is perfectly consistent with
our hypothesis. When true HII galaxies emit photons travel
through the universe to the observer, the flux received by
the observer decreases because the universe may be opaque,
which leads to an increase in the actual observed luminos-
ity distance. However, the observations of SN Ia plus H(z)
give a almost transparency Universe. This results is in per-
fect agreement with the recent work [20,39,95]. Thus, we
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CC+156 Hll fixed €
—— CC+181 Hll fixed €
—— OHD+156 Hll fixed €
—— OHD+181 Hll fixed €

CC+5SN la fixed €
—— OHD+SN la fixed €

Probability density fuction

Fig. 5 The probability density function of the cosmic curvature with
a transparent universe (¢ = 0)

are able to conclude that this phenomenological deviation
(e # 0) is mainly due to the unreliability or bias of the HII
region datasets, rather than the CC and OHD samples.

Assuming a transparent universe (¢ = 0), we also plot the
probability density as the function of the cosmic curvature
parameter in Fig. 5, and the numerical results are shown in
Table 2. We find that if we increase the degree of freedom
of the opacity parameter of the universe, the curvature of the
universe has alarger negative value. From above results, there
is little difference between the OHD and CC samples, how-
ever, the difference between the 156 HII and 181 HII sam-
ples is very large, which will lead to different cosmic opacity
and curvature. Obviously, the difference between the two HII
samples has a significant effect on the curvature constraint,
and the curvature value of the sample in the 181 HII region
is greater than the negative curvature value of the sample in
the 156 HII region. Working on the Pantheon+ with CC and
OHD datasets, a flat Universe is both supported within the
lo uncertainties, but the center value is a little negative. This
result is consistent with the value inferred from Planck data
[21]. These results strengthen our argument in answer to the
first question that the HII region samples are not particularly
reliable. However, although the degeneracy between the cos-
mic opacity and the spatial curvature still exists, our method
provides a new approach for constraining both the cosmic
opacity and the spatial curvature, and alleviates this situation
to some extent compared to considering cosmic curvature or
opacity alone.

Benefiting from the ANN reconstructed technology, the
Hz/HII data pairs satisfying the redshift selection crite-
ria have a considerable growth. Therefore, a considerable
amount of high-redshift samples (beyond the redshift limit of
SN Ia z > 1.4) have been included in our analysis. Actually,
the combination of Hubble parameter and the HII regions

@ Springer

Table 2 Summary of the constraints on the spatial curvature parameter
Qk and cosmic opacity parameter € by using different data combination,
with the assumption of a flat universe (Q2x = 0) or a transparent universe
(e=0)

Data combination Qx €

CC+156 HII (fixed Q) - —0.14375:0%
CC+156 HII (fixed €) —0.988 10547 -
CC+181 HII (fixed Q) - —0.075+0:03
CC+181 HII (fixed €) —0.937+93%2 -
OHD+156 HII (fixed Q) - —0.14879:03¢
OHD+156 HII (fixed ¢) ~1.003+055 -
OHD+181 HII (fixed Q) - —0.07275:033
OHD+181 HII (fixed ¢) —0.908793%2 -

CC+SN Ia (fixed Q) —0.012792% -

CC+SN Ia (fixed ) - —0.00379013
OHD+SN Ia (fixed Q) —0.056192%6 -
OHD+SN Ta (fixed €) - —0.0030018

observation allows us to use ANN reconstructed technol-
ogy to get more precise measurements on the cosmic opacity
parameter at level Ae ~ 1072, although the measurement
precision of the curvature is at the level of AQg ~ 107!
Our method provides a model-independent constraint both on
cosmic opacity and curvature, more stringent than other cur-
rent results based on real observational data. In addition, our
results show that there is a very strong degeneracy between
cosmic opacity and curvature, and this degeneracy is nega-
tively correlated.

In order to highlight the potential of our method, it is
necessary to compare our results with previous works. Many
works turned to luminous sources with known (or standardiz-
able) intrinsic luminosity in the universe, like SN Ia, quasars
and so on, to infer observations of opacity-dependent lumi-
nosity distances. For example, some works [20,32,58] used
Union 2.1 + galaxies cluster sample, Union2.1 + H(z), JLA
+ H(z) to constrain cosmic opacity, and obtained the pre-
cision on cosmic opacity parameter at level Ae ~ 107!
The recent works [97,101-103] used simulated gravitational
wave observations to replace Hubble parameter observations
to constrain cosmic opacity. These works showed the opac-
ity parameter Ae ~ 1073 at 68.3% confidence level. How-
ever, we should seek other methods and technologies until
the observed gravitational wave events will be sufficient to
get statistical results in the future.

4 Conclusion

The cosmic opacity and curvature parameter both play the
important roles in modern cosmology. The cosmic opac-
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ity may indicate that photon numbers are not conserved
from source to the observer due to some new physical
phenomenon. Cosmic opacity may be caused by absorp-
tion/scattering due to matter in the universe, or by extragalac-
tic magnetic fields that can turn photons into unobserved par-
ticles (e.g. light axions, chameleons, gravitons, Kaluza—Klein
modes), and it thus is crucial to correctly interpret cosmic
opacity for astronomical photometric measurements, like SN
Ta, HII regions and quasar observations. According to gen-
eral relativity, photons move along geodesics in the universe,
and curvature determines the spatial structure of the universe,
which means that the path of photons from the source to the
observer will be affected by the curvature of the universe.
Different curvature of the universe will result in different
measured cosmological distances, which may also cause the
supernova to faint. Therefore, it is necessary to measure cos-
mic curvature and opacity simultaneously.

In this paper, we have proposed a new model-independent
method to simultaneously measure the cosmic curvature and
opacity by using the latest observations of HII galaxies acting
as standard candles and the latest Hubble parameter obser-
vations. We adopt the non-parameterized method Artificial
Neural Network to reconstruct observed Hubble parameter.
Our results support a slightly opaque and closed universe at
lo confidence level. However, it should be emphasized that
the cosmic absorption (caused by the opaque of the Universe)
affects the luminosity distances derived from “L—o” relation
of HII regions, but also generates influences on the measured
luminosity distances of SN Ia. In particular, considering the
fact that a opaque Universe will lead an increase in the actual
observed luminosity distance, which means that the sources
we observe are farther away and less bright than they really
are. Therefore, this is also a mechanism to explain the dim-
ming of distant SN Ia. In the subsequent analysis, we sug-
gest that there could be two possible reasons for this results.
Firstly, the increase in the degree of freedom of the opac-
ity parameter makes curvature more negative, that is, the
negative correlation between the opacity and the curvature
parameter leads to this result. Secondly, unreliability of the
two HII region samples rather than the H (z) samples, cosmic
curvature obtained using the HII sample has the large nega-
tive values. This conclusion is supported by jointly analysis
of the most popular astronomical observations of SN Ia plus
H(z) dataset, such combination supports a flat and trans-
parent Universe within 1o uncertainty. More importantly,
we obtain the measurement precision on the cosmic opac-
ity parameter Ae ~ 1072, and the measurement precision
on curvature AQg ~ 1071, simultaneously. In the case of
assuming a transparent universe, our results indicate in some
ways that our universe has a spatial structure of negative
curvature. A strong degeneracy between the cosmic opac-
ity and curvature parameters is also revealed in this anal-
ysis. Note that such negative correlation could potentially

affect our constraint on cosmic opacity or curvature alone.
Meanwhile, we need to emphasize that our work suggests a
new approach to constrain the cosmic opacity and the spatial
curvature, simultaneously. Although the degeneracy between
the cosmic opacity and the spatial curvature still exists, our
method alleviates this situation to some extent compared to
considering cosmic curvature or opacity alone.

The ANN method we used here is not unique. It is still
worth exploring whether these conclusions will change with
different machine learning reconstruction methods. How-
ever, both GP and ANN method have their own advantages
and disadvantages [81], and show great potential in the stud-
ies of precision cosmology. For instance, the GP reconstruc-
tion greatly reduces the uncertainty of data, and the recon-
structed data points are related to each other. The ANN
method is more like a black box, and we don’t know what’s
going on inside the box. Therefore, we emphasize here that
in the era before the wealth of available data, it is also very
necessary to carefully choose the method of data reconstruc-
tion.

As a final remark, although the simultaneous constraint on
cosmic opacity and curvature by using HII regions and Hub-
ble parameter measurements do not significantly improve
precision, yet it helps us to gain a deeper understanding rela-
tion between cosmic opacity and curvature in the early uni-
verse (z ~ 2.5). We also look forward to a large amount of
future data, not only from the Hubble parameters, but also
from the HII regions, allowing us to further improve the preci-
sion of the cosmic opacity and curvature constraints through
various machine learning techniques in the future.
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