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The analysis of main published results of studies of retention and migration of ion-implanted hydrogen isotopes and helium in tungsten 
and tantalum coatings, formation of radiation damages of the crystal lattice and their interaction with implanted gases, as well as the 
influence of helium and deuterium on various properties and surface morphology of coatings was carried out. The irradiation of samples 
was performed by beams of accelerated ions of hydrogen isotopes or He+, and in a plasma containing these ions, at various fluences 
and energies of incident ions, and at various temperatures of targets during implantation. Special attention was paid to the research 
results obtained at simultaneous irradiation of W both in bulk and in thin-film form. The used methods were electron microscopy, 
reemission mass spectrometry, thermal desorption spectrometry, X-ray photoelectron spectroscopy, X-ray diffraction, nuclear reaction 
analysis and Rutherford ion scattering. 
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INTRODUCTION 
At present, most of the world's electricity demands are satisfied by fossil fuels, mainly oil, natural gas and coal. 

According to the conclusions of the Intergovernmental Panel on Climate Change, a noticeable increase in temperature in 
the last century is a result of a significant increase in greenhouse gas emissions, including CO2, due to the use of these 
sources. To prevent dangerous climate change, the current energy supply system must change significantly. We need new 
sources of energy with renewable resources. These are the energies of the sun, wind, biomass, hydropower, which are 
fully mastered or in the process of development. However, they are not always available, are unstable, subject to sudden 
climate change, and require additional equipment for concomitant energy storage. Precisely for this reason energy sources 
based on nuclear fission have been adopted by many developed countries. Existing nuclear power plants are long-term 
sources of energy, and the used fuel has little impact on the environment. However, natural cataclysms led to the 
destruction of station blocks and the release of radioactive products of nuclear reactions.  

Recent researches of controlled fusion have shown that this new energy source can produce environmentally safe 
electricity, has rich fuel resources that will satisfy the needs of the growing population of a world. In a fusion reaction, 
the released amount of energy is about four million times higher than the amount of energy released when burning coal. 
However, as Pranevičius at al. noted [1], the successful operation of fusion power plants requires the use of plasma-facing 
materials (PFM) with certain parameters. First, they must withstand high temperatures. The surface temperature can reach 
1073 K, but in some areas and during transients, this temperature can exceed 2273 K. The material must work under 
intense X-rays and gamma radiation, be resistant to bombardment by produced in the fusion reaction high-intensity 
accelerated neutrons with energy of ~ 14 MeV, and to the impact during plasma disruption of intense flows of hydrogen 
isotopes and helium with a density of 1022 m-2·s-1 – 1024 m-2·s-1 and the energies from several eV to tens of keV. The 
mechanical and physical properties of PFM are changed including erosion and subsequent impurities transfer, which leads 
to mixing of the materials of these devices. At this, the plasma becomes contaminated with eroded particles of impurities. 
Getting into the plasma, they cause its radiation losses, which are proportional to the atomic number Z of the impurity. 
This additionally leads to the plasma cooling and disruption of the fusion reaction. High-energy neutrons and tritium, 
interacting with the walls of the plasma chamber and internal vessels, activate materials. Retention of great amounts of 
tritium in the PFM increases the cost of fuel in the reactor and presents a safety problem. It is possible to reduce the level 
of radioactivity and resists the deterioration of mechanical and physical properties, as well as erosion, by developing 
radiation-resistant structural materials. The main requirements for PFM are as follows: good mechanical and physical 
properties, excellent resistance to high temperature cyclic loads, low sputtering ratio, insensitivity to chemical sputtering, 
low tritium retention, low activation by neutron irradiation, and low Z. 

The processes in a solid as a result of irradiation with accelerated ions of hydrogen isotopes (H+, D+, T+) and He+ or 
as a result of exposure to containing the listed ions plasma, can be both inelastic and elastic. At the inelastic interaction, 
electron radiation, X-ray and light radiation, and heating of a solid are observed. Their influence on the properties of the 
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irradiated layers is negligible. The elastic interaction of ions with a solid causes desorption of atoms adsorbed on the 
surface, emission of neutrals, excited atoms and ions, formation of crystal lattice defects, and retention of bombarding 
ions in the bulk. The energy of elastic interaction of H+, D+, T+, and He+ ions with tungsten, for example, should 
exceed ~ 2050 eV, ~ 960 eV, ~ 700 eV, and ~ 480 eV respectively, as it is shown in [2] and [3]. The adsorption and 
desorption processes are determined mainly by the properties of the upper monolayer of the solid. Ion-photon emission 
and secondary ion emission are very sensitive to the composition, structure and morphology of the target surface. The 
emission of sputtered atoms occurs from depths of 2–3 monolayers and in many cases can be considered as a surface 
process. The formation of radiation defects in the crystal lattice and the retention of bombarding ions in the volume 
(implantation) depend on the energy of the ions. Schematic representation of the dominant processes during irradiation 
with ions of different energies is shown in Figure 1 [1]. 

 
Figure 1. Schematic presentation of the dominant processes under irradiation by ions of different energies [1]. 

The dominant processes are determined by the type of ions, their energy, mass, charge state, intensity of ion 
irradiation, and properties of the target material. In plasma, due to very high ion flux densities, even at low energy, 
radiation damages of the target can occur in the result of the local supersaturating with particles. 

For ITER, according to estimation of Yoshida [4], hydrogen ions, that bombarded divertor plates, have a flux and 
average energy not high than 1024 m-2 s-1 and 100 eV, respectively. Therefore, one of the main problem for the divertor 
material is erosion due to sputtering with these high-density ions. The situation for the first wall is significantly different 
then for the divertor plate. The flux and the energy of hydrogen particles bombarding the first wall of ITER estimate as 
do not exceed 1020 m-2·s-1 and 100–500 eV, respectively. These particles are hydrogen ions and neutrals produced in the 
edge plasma. In addition to these low energy particles, high energy neutrals coming out from the high temperature core 
will also hit the first wall. Their flux and energy as predicted are respectively ~ 1018 m-2·s-1and 10 keV. Although the 
number of neutrals on the first wall is much smaller than the number of ions on the divertor plates, they can result in 
significant erosion due to sputtering, as well as striking damage of materials. One of the main problems for PFM is 
penetration and retention of implanted hydrogen isotopes. Retention helium ion with the energy of several tens keV in the 
PFM [5] is also dangerous because of their intense interaction with lattice defects. Helium greatly accelerates the 
formation of bubbles, blisters and fuzz. As a result, local swelling and deterioration of the mechanical properties 
of materials occur. 

Tungsten was chosen as a radiation-resistant structural material in the protective coatings of ITER devices because 
of its good resistance to erosion by ions and recharged particles in comparison with other materials and because of its 
heat resistance [6]. Tungsten has high energy threshold for physical sputtering, low tritium retention, and does not form 
hydrides or compounds with deposited tritium [7]. In addition, it has the highest melting point of all metals, low vapor 
pressure, high recrystallization temperature (1720 K), good thermal conductivity and retains strength at high temperature. 
This combination of physical and mechanical properties makes it suitable for use as a coating for high heat flux 
components. However, Jiang at al. in [8] pointed out that the disadvantages of tungsten, such as brittleness at low 
temperatures (the transition temperature from plastic to brittle state is ranging from 370 K to 670 K) and high weight, 
make difficult its processing and welding. The operating temperature of the plasma-facing (PFC) tungsten components 
must be above the temperature of transition. 

Brossa at al. considered Ta as a radiation-resistant structural material in the protective coatings of ITER 
components [9]. Tantalum has a very low sputtering coefficient, low tritium retention, high melting point, low vapor 
pressure and good mechanical properties at low and high temperatures. Like other refractory metals, Ta does not form an 
arc. Significant resistance to thermal fatigue, high recrystallization temperature (1620 K), low brittle-ductile transition 
temperature and resistance to thermal shock permit to use tantalum in such structural components as the first wall and 
blanket in a tokamak, despite the high Z. 

Manufacturing of products of complex shape from pure and massive tungsten or tantalum is a technologically 
complex and, as a result, expensive task. The promising solution for their use as PFM is to coat a functional or heat-
removing PFC with a layer of these materials. Recent studies [5, 10] have shown that the most promising candidates for 
PFM will be nanocrystalline coatings for PFC. For such PFMs, it is possible to adapt their radiation resistance by creating 
a high density of grain boundaries, which are considered to be defect absorbers. 
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For practical use of W and Ta coatings in ITER devices, at present the study of the processes of retention and release 
of ion-implanted hydrogen isotopes and helium in them is very important. Analysis of the formation of matrix radiation 
defects, their interaction with deuterium and helium, and the influence on their behavior permits to study many 
fundamental parameters and regularities and determine the radiation resistance of coatings to the influence of flows 
of hydrogen isotope and helium ions under real ITER conditions. The development of methods for obtaining W or Ta 
coatings of various thicknesses with high adhesion rates, good structure and properties is also an important task. 
 

EXPERIMENTAL PROCEDURE 
In practice promising PFM for ITER tungsten or tantalum can be used as coatings deposited on PFCs. The following 

technologies of metal coating deposition could be used: vacuum plasma spray (VPS), plasma deposition in inert gas (IPS), 
chemical vapor deposition (CVD), physical vapor deposition or materials vapor deposition (PVD), magnetron sputtering 
of material (MS), combination of magnetron sputtering of material with ion implantation (CMSII). PFCs most often are 
structures from carbon based materials - CFC (carbon-fiber composite), copper, stainless steel, etc. At that, the thermal 
conductivity of W and Ta coatings on the PFC should be high [11]. Boir-Lavigne at al. showed relation of the thermal 
conductivity of W coating on its microstructure [12]. Tungsten coatings deposited on graphite by the VPS, CPS and PVD 
methods were investigated and tested at high thermal loads [13, 14]. Smid at al. compared tungsten coatings deposited by 
PVD, CVD, and VPS methods on a copper substrate [15]. According to [12, 15], the VPS method was recommended 
for objects in areas with a lower heat flux (below 5 MW/m2), its advantages were high metal deposition rates and a high 
recovery probability. CVD coatings demonstrated heat flux resistance up to 20 MW/m2 [15]. However, high thermal 
conductivity of coatings deposited by CVD as well as PVD methods did not necessarily mean good thermal shock resistance. 
In addition, the disadvantages of both the latter methods were low deposition rates and high costs. In tests with a very high 
heat flux, W coatings with thicknesses of 0.5 μm, 1–3 μm, and 10 μm deposited by the CMSII on a CFC substrate displayed 
the best result [16, 17]. In [7, 18], W coatings deposited on a CFC substrate by the same method withstood tests up to 
23 MW/m2 (1.5 s) and a cyclic load with 200 pulses of 10.5 MW/m2 (5 s) without delaminating. The surface temperature 
during the tests was above 2273 K. The following factors determined the obtained results: nanostructure of W coatings and 
a Mo interlayer, which was introduced between the coating and the substrate, removed the stresses induced in the coatings 
by high-energy ion bombardment. Detailed characteristics of W coatings deposited on a CFC substrate by the CMSII method 
were given in [7, 19, 20]. TEM (transmission electron microscopy) studies [19, 20] showed the formation of extremely dense 
nanostructure with crystallites less than 10 nm in size and without any pores. Ruset at al. in [7] showed that the introduction 
of Mo interlayer with a thickness from 2 μm to 3 μm reduced the arising at the interface stress by ~ 40%. Removing the 
stress at the Mo/W interface and inside the W coating permitted to fabricate coatings with a thickness of 10–30 µm. The 
successful use of molybdenum as an intermediate layer was also noted in [19]. This seemed to be due to the correction of 
the thermal expansion mismatch between CFC and W. Re also was successfully used as an intermediate layer [21, 22]. It did 
not form carbides, had a high melting temperature and could act as a diffusion barrier between carbon and tungsten. 

In [23–26] the results of studies with optical microscopy, SEM (scanning electron microscopy), TEM, X-ray 
diffraction, etc. of adhesion, structure, and resistance to high thermal loads of W coatings, deposited by various methods 
on CFC, stainless steel, and copper substrates, were presented. Pranevičius in [23] described the preparation of W coatings 
on stainless steel and graphite substrates changing the deposition parameters in the MS method for obtaining coatings 
with improved properties. W films less than 2 µm thick on stainless steel and graphite substrates showed good adhesion 
in a wide range of deposition parameters: working gas pressure Ar from 0.4 Pa to 2 Pa, negative bias from 50 V to 150 V, 
substrate temperature from 320 K to 470 K and a distance to the substrate of 0.05–0.07 m. Adhesion to the same substrates 
of W films with the thickness of more than 5 μm worsened. SEM studies showed a columnar microstructure of the W 
films. The electrical resistance ρ of the films measured with a four-point probe scheme was 0.058 μΩ · m, and less than ρ 
of the bulk W. Mechanical properties, such as Vicker micro hardness, erosion resistance, and wear of the W films 
depended on their deposition parameters. W films obtained under intense low-energy ion irradiation with a high flux 
density demonstrated an improvement in mechanical properties. 

Tungsten coatings VPS deposited on a copper substrate were studied by Niu at al. [24]. For improving the adhesion 
between the coating and the substrate, an additional intermediate layer of tungsten - copper composite was deposited. The 
microstructure and composition of W coatings were analyzed using SEM, TEM, XRD, and EDX methods. The structures 
of the coatings were mainly lamellar and contained columnar crystalline grains. Pores of irregular and linear shape were 
observed, they were formed as a result of unmelted or semi-molten splashes of W and the gases trapping. The porosity 
reached ~ 4%. Distinguished interfaces were found, consisting of tungsten oxide or micro pores between layers. The 
imperfect microstructure of the tungsten coatings resulted in their low thermal and electrical conductivity. 

Nanostructured W coatings of thicknesses from 9 µm to 12 µm were CMSII method deposited on CFC 
substrates [25, 26]. The grain size was less than 10 nm with the preferred orientation of {200} planes parallel to the 
surface and {110} planes perpendicular to the surface. W coatings of 10 µm thick showed excellent thermal resistance at 
high heat fluxes compared to similar coatings deposited by traditional PVD or CVD methods. 

Alimov and Scherzer also reported about pores in W coatings [27], several types of coatings were studied:  
– CVD-W coating 15 µm thick on a copper substrate, which had a textured structure with a grain size of 2–3 µm, 

a porosity not exceeding 0.04%, and a surface roughness of about 1 µm;  
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– IPS-W coating 200 μm thick on a graphite substrate, having a lamellar structure, porosity 15–20% and surface 
roughness ~ 18 μm;  

– VPS-W coating 500 µm thick on a graphite substrate with an intermediate layer of rhenium from 10 µm to 20 µm 
thick. The last coating after the deposition process was heated for 1 h at a temperature of 1700 K; that resulted in the 
structure recrystallization with a porosity of ~ 8–9% and a surface roughness of about 4 μm.  

Bizyukov at al. [28] in MS-W films on substrates of polished pyrolytic graphite studied their mechanical and thermal 
properties, surface erosion, and retention of hydrogen isotopes. For reducing mechanical stresses occurred on the 
coating-substrate interface, an intermediate layer of copper was deposited.  

The result of studies of Ta coatings deposited by CVD and VPS methods on Al, Cu, AISI 316L, and Inconel 600 
substrates were represented in [9]. The mechanical properties of Ta coatings and the conditions that improve their 
adhesion to the substrates were studied. The authors showed that tantalum coatings could be used to reduce the erosion 
of components subjected to short-term but intense thermal loads. CVD and VPS were good methods for their deposition 
with good adhesion on various metals. Under powerful heat fluxes CVD-Ta coatings were destroyed only after the melting 
of the base material of the substrate. Powerful mechanical deformation led to the formation of cracks in the VPS-Ta 
coatings, but without detachment from the substrate. The presence of porosity of VPS-Ta coatings enhanced the process 
of hydrogen isotopes and helium release into vacuum. Taylor and Green considered the possibility of using Ta coatings 
of 1 mm thick, VPS deposited on ferritic steel pipes for the first wall of the ICF reactor chamber [29]. The coatings 
demonstrated good mechanical properties that completely remained under low-cyclic high-temperature loads concerned 
with the reactor work. 

The dependence of mechanical properties of Ta coatings on their structure was showed in [30]. The authors studied the 
evolution of the structure of deposited tantalum films to select the parameters of MS deposition of high-quality single-phase 
Ta coatings with thicknesses from 1 µm to hundreds µm on steel. Bulk tantalum had a crystallographic bcc structure, also 
known as the α-phase, hard and ductile, with a Knoop hardness of 300–400 and a relatively low electrical resistivity 
(0.135 μΩ · m). In deposited tantalum films ([31, 32]) tetragonal structure, also known as the β phase, was identified. This 
metastable phase was hard (Knoop hardness greater than 900), brittle and had an electrical resistivity of an order of magnitude 
higher than the α-phase. The deposition of high-quality thick tantalum films was problematic because the β-phase dominated 
in the coatings on most substrates at different processing parameters. To stimulate the predominant growth of the α-phase, 
the choice of special deposition conditions, substrates or the deposition of interfacial layers were required [33, 34]. 
In [21, 30], the growth of the pure α-phase of tantalum was achieved by heating steel substrates during the deposition to the 
temperature of ~ 670 K, at which the properties of steel did not deteriorate. 

The authors of this work studied tungsten and tantalum coatings deposited by the MS method on stainless steel. The 
deposition technique was described in details in [35–37]. Coatings were prepared by sputtering W or Ta targets in Ar 
atmosphere at the pressure of 1.0 Pa. The coatings were deposited on a 0.8 mm thick substrate with a Ti layer of less than 
10 nm thick predeposited on it at the temperature T = 600 K and at the rate of 0.6 nm·s-1. In some cases, stainless steel 
with Ti sublayer up to 10 nm thick was additionally coated with 3 µm thick Cu layer, then a Ti sublayer less than 10 nm 
thick, and then W layer. The thicknesses of the W coatings were in the range 0.1–1.0 µm or 2.2 µm. The Ta coatings were 
1.5 µm thick. The W and Ta coatings had a polycrystalline bcc structure with an average grain size from 20 nm to 60 nm 
and were considered as nanocrystalline. 

RESULTS AND DISCUSSION 
Hydrogen (deuterium) implantation, retention and release from tungsten coatings 

Proper design of a fusion reactor is not possible without understanding the hydrogen isotopes (protium, deuterium, 
and tritium) retention and recycling for plasma-facing components [38]. Recycling is the return of cold hydrogen into 
plasma. As a result, the plasma temperature decreases. Hydrogen isotopes trapping is especially important for tritium. 
The retention of great amounts of tritium in components facing the reactor plasma increases the cost of fuel in the reactor 
and offers a safety problem. Initial defects existing in the PFM and defects produced by thermonuclear neutrons and 
energetic ions of hydrogen isotopes can trapped atoms of these gases in the implantation zone. The traps eventually 
become saturated, and entrapped hydrogen isotope atoms disperse from the implantation zone, going either deeper into 
the material or toward the front surface. Atoms reaching any surface are not guaranteed to be released immediately. On a 
plasma-facing surface, except at extremely high temperatures, recombination of atoms into molecules should occur before 
their release is possible. A high recombination rate factor results in a rapid release of atoms reaching the surface, 
effectively reducing the concentration of hydrogen isotopes on the surface to zero. For hydrogen in bulk tungsten at 500 K, 
the recombination rate coefficients 10–29–10–31 m4/s have been determined by many researchers. In the described below 
works [10, 14, 27, 28, 36, 37, 39–51] much attention has been paid to the processes of retention and release of hydrogen 
isotopes in tungsten coatings proposed as protect for components facing the plasma (the first wall, divertor, antenna 
mirrors). 

W plate 1.5 mm thick and nanocrystalline tungsten film 10 µm thick, exposed to low-energy (78 eV) deuterium 
plasma with D+ > 85% at the fluence of 3.9×1024 m-2, were analyzed in [10]. The polycrystalline W plate with purity 
99.95% and density 99% from Advanced Technology & Materials Company, Ltd. was prepared by powder sintering. The 
tungsten film was deposited on the polycrystalline W plate (which was preliminarily kept heated to 750 K for the first 2 h 
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and then the temperature was lowered to 520 K for the next 8 h) by magnetron sputtering the W target in argon atmosphere 
(99.99% purity) at the pressure of 1 Pa on the device KYKY MP 650-A. The deposition rate was about 1 µm/h.  

The W films had a grain size of less than 100 nm, a preferred (211) plane orientation, and a columnar structure 
perpendicular to the substrate. Samples from a polycrystalline W plate had the average grain size of about 5 μm. They 
were prepared by powder sintering. The samples were subjected to heat treatment at 1273 K for 1 h to relieve stress and 
degassing. They were polished to a mirror surface. Then, all samples were subjected to ultrasonic cleaning with acetone, 
alcohol, and boiled water for 15 min. The samples prepared in this way were used for irradiation in deuterium plasma as 
well as a substrate for the deposition of W films,. 

For comparison the results for the W plate and the deposited W film, both types of samples were irradiated 
simultaneously. Changes in surface morphology and deuterium retention in both samples were determined using SEM 
and TDS, respectively. After exposure to deuterium plasma, several blisters with a size of several micrometers were 
observed on the surface of the W plate. The surface morphology of the tungsten film after exposure to deuterium plasma 
did not change (see Figure 2). 

The trapping of deuterium in both samples was determined with a special installation, in a chamber evacuated to 
a pressure of less than 5 × 10-6 Pa. The sample was heated to 1373 K at the rate α = 1 K/s. The desorbed gases components, 
including H2O, O2, HDO, HD, and D2, were analyzed by a quadrupole mass spectrometer. The amounts of D2 and HD 
were measured using a calibrated leak. The yield of HD relative to D2 was below 4%. Absolute values of the HDO and 
D2O signals were very low. Thermal desorption spectra of D2 from both samples were compared. The total retention of 
deuterium was estimated by integrating the D2 and HD thermal desorption spectra. 

 

 
Figure 2. Surface morphologies of two different samples exposed to deuterium plasma: 

(a) polycrystalline tungsten plate and (b) nanocrystalline tungsten film [10]. 

The deuterium thermal desorption spectra for the tungsten plate and for the tungsten film differed significantly (see 
Figure 3). For polycrystalline tungsten the D2 spectrum had two peaks with a maximum at the temperatures Tmax = 490 K 
and 670 K, respectively. They could be associated with deuterium trapping by grain boundaries (GBs) and by dislocations 
and vacancies. Noise peaks in the vicinity of 490 K could be attributed to the explosive release of deuterium due to the 
rupture of gas-filled blisters during thermal desorption. The total amount of trapped D2 was 2.4×1020 m–2. 

 

 

Figure 3. TDS spectra of deuterium from: (a) polycrystalline W plate, (b) nanocrystalline W film (sample heating rate α = 1 K/s) [10]. 

TDS spectrum for the tungsten film had no main emission peak with a maximum at the temperature Tmax = 670 K. 
It was characterized by a wide temperature range of D2 release from 500 K to 1100 K and two weak peaks at temperatures 
of ~ 650 K and ~800 K. The main peak with Tmax = 610 K and a peak near 650 K could be related to deuterium trapping 
on GBs and by dislocations and vacancies, respectively. For the higher temperature peak at 800 K deuterium trapping 
sites could be pores or the inner side of the vacancy cluster. The long desorption tail after 820 K, extending up to 1100 K, 
was attributed to the deuterium release from defects at different distances from the surface, since a large number of GBs 
acted as preferred diffusion channels for deuterium. The total amount of retained deuterium in the tungsten film was 
6.9 × 1021 m-2, which was 30 times higher than for the W plate. So the form of the deuterium thermal desorption spectra 
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and the amount of trapping deuterium for the tungsten film and the tungsten plate differed significantly. The tungsten film 
had a nanocrystalline structure. The behavior of deuterium during irradiation was largely affected by the high density of 
grain boundaries. The W film showed a typical columnar structure perpendicular to the substrate, which could be the 
reason for the diffusion of deuterium into the material. Many intrinsic defects and a high density of grain boundaries could 
significantly increase the deuterium saturation threshold and deuterium retention. In addition, compressive stresses in 
MS-deposited tungsten film could be unfavorable for the formation of blisters and suppressed their formation to some 
extent. 

Garcia-Rosaleles at al. studied trapping and thermal desorption of deuterium implanted in rolled tungsten and in two 
types of W coatings [14]. Both coatings were deposited on fine grain graphite substrates by the plasma spray method. The 
first, PVS-W coating 500 µm thick, provided by Plansee AG, was deposited in a vacuum. The second, CPS-W sample 
200 µm thick was provided by CEN Cadarache (France) and was deposited in an Ar atmosphere. 10 μm thick intermediate 
layer of rhenium was deposited on the graphite substrate before chemical vapor deposition of the PVS-W coating to 
prevent the diffusion of graphite into a tungsten coating and the formation of tungsten carbide. After the coating 
deposition, the first sample was annealed at high-temperature (for 1 h at 1670 K). At that the coating recrystallized. No 
intermediate rhenium layer was in the CPS-W coating, and the sample was not high-temperature annealed. The studied 
samples had different porosity: rolled W at the level of 1%, PVS-W of 8–9%, CPS-W of 19-20%. Since the deposition 
and subsequent cooling of the deposited layer in a vacuum with an inert gas as the main component of the residual gas, 
no tungsten oxides were formed on the inner surfaces of the cavities. 

The samples were irradiated with D  ions (300 eV) at a room temperature. Fluences were from 1 × 1021 m-2 to 
1 × 1022 m-2. The flux density of D+ ions (100 eV) was 4.4 × 1019 m-2·s-1. The thermal desorption spectra of deuterium for 
rolled W was got at a heating from room temperature to 1400 K with the rate α = (5 ± 0.5) K/s and had two peaks with 
Tmax = 475 K and 850 K, while the concentration of trapped deuterium was C = 1.6 × 1020 m-2. TDS spectra of deuterium 
from PVS-W also had two peaks with Tmax = 525 K and Tmax = 670 K and C = 2.6 × 1020 m-2; for CPS-W in spectra there 
was one peak with Tmax = 612 K, and C = 4.4 × 1020 m-2. The authors related the higher concentrations of trapped deuterium 
to higher porosity of the samples. Numerous gas-metal interfaces were in the volume of the porous material. The release 
of hydrogen from such a material could include multi-stage adsorption and desorption processes, thereby slowing down 
the release of deuterium from the sample. Deuterium was trapped mainly in pores and at grain boundaries.  

Alimov and Scherzer  studied the deuterium retention in tungsten materials with various structures at temperatures 
from 300 K up to 900 K using re-emission mass spectrometry (RMS), thermal desorption spectrometry (TDS), and 
nuclear reaction analysis (NRA). Five types of tungsten samples were investigated [27]. 

(i) W single crystal, 1.5 mm thick, made in State Institute of Rare Metals (Moscow) by double electron-beam zone 
melting. The surface was parallel to the (112) plane and was mechanically and electrochemically polished.  

(ii) Hot-rolled tungsten (powder-metallurgy product, 95 at. % W, 3 at. % C, 2 at. % O, porosity ≤ 1 %), 0.5 mm thick. 
The surface was also mechanically and electrochemically polished.  

(iii) Chemical vapor deposited tungsten coating, CVD-W (99 at. % W, 1 at. % O), 15 µm thick, on copper substrate 
(from Institute of Physical Chemistry Moscow). The coating was deposited from a mixture of tungsten fluoride and 
hydrogen at the temperature of ~ 900 K and had a textured structure with grain size of 2-3 µm. The porosity did not 
exceed 0.04 % and the surface roughness was about 1 µm.  

(iv) Inert gas plasma sprayed tungsten coating, IPS-W (85 at.  % W, 10 at. % C, 5 at. % O), 200 µm thick, on graphite 
substrate (from CEN Cadarache, France). The IPS coating was produced in Ar atmosphere at pressures up to atmospheric 
one and had a lamellar structure typical for a quick cool down of the molten droplets after spraying. Large macro-pores 
were present between the individual lamellae, and the porosity was 15-20%. Surface roughness was 18 µm.  

(v) Vacuum plasma sprayed tungsten coating, VPS-W (99 at. % W, 1 at. % O), 500 µm thick, deposited on graphite 
substrate with an intermediate rhenium layer of thickness from 10 to 20 µm (from Plansee AG, Austria). As a result of 
the thermal treatment after the spray process (1600-1700 K for 1 h), the VPS coatings had a very homogeneous, 
recrystallized structure, which did not show the characteristic lamellar structure. The surface roughness of these coatings 
was low (about 4 µm) and the porosity was of the order 8-9%. In experiments the carbon substrate was partly removed. 

Before implantation the samples were annealed at 1200 K for 10 min. The implantation was done with 4.5 keV D  
ions. The flux density of 1.5 keV D-ions was 6.4 × 1018 m-2∙s-1. Re-emission experiments were realized at temperatures 
of target 300, 600, and 900 K at fluences did not exceed 3.0 × 1021 m-2. TDS was carried out on samples implanted at target 
temperature of 300 K and at fluences equal to Фsat. The Фsat values were 0.35 × 1020 m–2 for W single crystal, 500.0 × 1020 m-2 
for hot-rolled W, 0.20 × 1020 m–2 for CVD-W, 0.45 × 1020 m–2 for IPS-W, and 0.22 × 1020   m-2 for VSP-W. The samples were 
heated to 1200 K 5–10 min after the end of ion implantation and measurement of re-emission. In the temperature range 300–
1100 K the heating rate was 4.6 ± 0.4 K/s. Desorbed HD and D2 particles were detected with a quadrupole mass spectrometer. 
1-2 days after the re-emission measurements, the areas implanted at 300 K were analyzed using the D (3He, p)α nuclear 
reaction (NRA) with 790 keV 3He ion beam to determine the amount of retained deuterium within the limit of sensitivity of 
the NRA method which was approximately 0.7 µm. The fraction of deuterium emitted as HD molecules depended mainly 
on the target temperature and did not exceed 0.10–0.12 at 300 K, 0.15–0.20 at 600 K, and 0.21–0.24 at 900 K. 

Deuterium retention varied from a low of 2×1019 m–2 for the CVD and single crystal samples at 900 K up to a high 
of 4.5×1021 m–2 for the hot-rolled material at 300 K. The re-emission approached unity most rapidly for the higher 
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temperatures and for the single crystals. The thermal desorption spectra for the different materials were very different. 
TDS spectra of deuterium from W samples implanted at 300 K at fluences Фsat for single crystal W, CVD-W and IPS-W 
samples were characterized by a broad temperature range of release, which could be explained by the superposition of 
two peaks with Tmax ≈ 400 K and Tmax ≈ 690 K respectively in the W crystal and with Тmax ≈ 400 K and Тmax ≈ 590 K for 
CVD-W and IPS-W. The thermal release from hot-rolled W showed a broad distribution, with maximum at Tmax ≈ 530 K 
and gradual decrease between 700 K and 1000 K. VPS-W had a sharp thermal release peak at Tmax ≈ 350 K, small 
desorption steps occurred at Tmax ≈ 500 K and Tmax ≈ 600 K and a small additional peak at Tmax ≈ 950 K. 

Most of the implanted D seemed to be strongly trapped by defects such as vacancies or cavities that already exist 
initially or were created during implantation. The average concentration of D atoms in the radiation induced defects was 
estimated to be ≤ 0.1 D/W atomic ratio. However, most of the deuterium trapped in W samples during implantation was 
located far beyond the ion range. The authors suggested that some of the implanted D trapped in experiments in ion-
induced vacancy type defects. Apparently, another part of the implanted D diffused into the bulk and was trapped by 
lattice imperfections (small cavities, impurity inclusions, etc.). The TDS spectrum peak at Tmax ≈ 950 K observed for 
VPS-W could be attributed to the release of chemisorbed atomic deuterium inside the cavities. 

Bizyukov at al. investigated the influence of D+ ion irradiation on erosion, mechanical stress, and deuterium retention 
in tungsten films by weight loss measurements and using ion-beam methods of analysis such as Rutherford back scattering 
(RBS) and nuclear reaction analysis (NRA) [28]. Tungsten films 200 nm thick were deposited on polished pyrolytic 
graphite with an intermediate 400 nm thick copper layer. The Cu/W interface with a sharp transition between the two 
materials provided good depth resolution for the RBS analysis. Copper did not form carbides and did not form an alloy 
with W. The metal films were MS deposited in an argon atmosphere. To minimize oxygen contamination of the deposited 
films, the residual pressure in the chamber was ~ 10-5 Pa. The influence of irradiation with 9 keV D   ions at the flux 
density of 5×1019 m-2·s-1 was studied. Erosion of W coatings was studied at fluences in the range (0.25–7)×1023 m–2, 
measuring the decrease of the W layer thickness by RBS with 4He ions. The authors analyzed trapping of deuterium in 
W films measuring the depth profile of the deuterium atomic concentration. The concentration D increased to C ≈ 10 at. % 
just under the surface, D enriched zone extended to a depth of 70 nm, after that the concentration slowly decreased towards 
the W/Cu interface. After fluences above 2.2 × 1023 m–2 the SEM studies showed on the surface of the W films the 
formation and growth of blisters with a diameter from 5 µm to 50 µm. The blisters formed as a result of the detachment 
of the W layer at the W/Cu interface. At fluences well below 2×1022 m-2, the bubbles covered the main part of the 
irradiation spot. The authors concluded that W films represented an acceptable replacement of bulk tungsten in plasma–
wall interaction experiments with significantly better diagnostic accessibility. 

Oya at al. consider VPS-W on an F82H (Fe-8Cr-2W) substrate as a promising plasma-facing material [39]. The 
F82H substrate, developed by JAEA, had low activation. Tungsten powder was melted and sprayed on the substrate by 
an argon and hydrogen plasma jet in a vacuum chamber. The 1 mm thick VPS-W coating was produced by TOCALO Co. 
Ltd. in Japan at 873 K to prevent the F82H phase transition. The density of the VPS-W coatings reached 88% of pure 
tungsten. Sample surfaces were mechanically polished to a mirror finish and cleaned in an ultrasonic bath. The 
accumulation of deuterium in the VPS-W/F82H samples was realized by two different methods: by exposure to primary 
D+  ions of plasma and by implantation of accelerated D  ions. During the exposure to D-plasma, the energy and flux 
of D+ ions were respectively ~ 100 eV and ~ 1 × 1022 m-2·s-1. The fluence was 6×1025 m-2. The sample temperature was 
453 K. Then the sample was cooled to room temperature during 30 min. In a few minutes after the sample was transferred 
to the thermal desorption spectrometry device. TDS was done from room temperature to 773 K at the heating rate of 
10 K/min.  

3.0 keV D   was implanted into VPS-W/F82H with the flux of 1 × 1018 m–2·s-1 up to the fluence ~ 1×1022 m–2 at 
room temperature in Shizuoca University. After D  ions implantation, the sample was transferred to the TDS chamber 
without exposure to air. TDS was done at a heating rate of α = 0.5 K/s to 1173 K. Surface morphology was observed with 
an optical microscope before and after exposure to D-plasma and after TDS. The cross section of the near-surface region 
of the sample was observed by scanning electron microscopy and transmission electron microscopy with the focused ion 
beam (FIB). The cross-sectional image of VPS-W/F82H showed that most of the tungsten grains were columnar with 
dimensions of 1 µm × 0.5 µm. In addition, a porous structure was found around the grain boundaries and on the interface 
of the VPS-W layers. It was ascertained that the retention of deuterium for polished VPS-W/F82H after exposure to 
plasma was lower than for polycrystalline tungsten (see Figure 4). 

SEM/TEM observation indicated that porous structure around the grain boundaries and interface between VPS–W 
layers would be a potential D desorption path, leading to the low D retention. In the case of D    ion implantation, the 
shape of D2 TDS spectra was nearly identical to that for plasma-exposed VPS–W/F82H, but the amount of D2 was quite 
higher for unpolished VPS–W/F82H, indicating that most of D was trapped by the oxide layer produced during VPS. 
Reduction of surface area via the polishing process also reduces D retention for VPS–W/F82H. Controlling the chemical 
states of the surface was important in reducing tritium retention for materials used in future fusion devices. 

Niu at al. studied the chemical states and deuterium retention behavior in VPS-W coatings and elucidate the 
mechanism of interaction between deuterium and tungsten coatings [40]. Tungsten coatings about 300 µm thickness were 
prepared on copper alloy substrates using a vacuum plasma spraying system (A-2000, Sulzer Metco, Switzerland). Argon 
and hydrogen were used as plasma source gases. Tungsten coatings had the original (un-polished) or polished surface. 
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The test setup consisted of two vacuum chambers. One of them was equipped with thermal desorption spectroscopy and 
a deuterium ion gun, and the other was equipped with X-ray photoelectron spectroscopy (XPS) (ESCA 1800 series, 
manufactured by ULVAC PHI Inc.). The Al Kα was used for X-ray source. Both chambers were connected to each other 
via a gate valve. The sample was mounted on the holder with a ceramic heater. To remove gaseous impurities such as 
H2O, O2, and H2, both chambers were evacuated to a vacuum of less than 10-7 Pa using ion pumps, and then the sample 
was preheated at 1173 K for 10 min under ultrahigh vacuum. The XPS measurements were carried out after the heat-
treatment.  

 
Figure 4. TDS spectra of deuterium for the D plasma-exposed VPS-W/F82H and polycrystalline W: α = 0.5 K/s [39] 

One keV  D   ions were implanted into samples at room temperature with the flux of 1.0×1018 m–2·s–1  and fluence 
up to 1.0 × 1022 m–2. To study the thermal desorption behavior of implanted deuterium, TDS experiments were carried 
out after the implantation by heating the samples up to 1150 K at the heating rate of 0.5 K/s. The desorbed gases were 
analyzed with a quadrupole mass spectrometer. The XPS measurements were also carried out after D  implantation to 
characterize the chemical structure change. The XPS results of the original samples showed that both chemisorbed oxygen 
(in the O-O bond configuration) and chemical reacted oxygen (in the W-O bond configuration) existed on the surface and 
inside the tungsten coatings. The amount of chemisorbed oxygen inside the coating was much less compared to its amount 
on the surface of the coating. The chemical states of oxygen in tungsten coatings did not change after D  implantation. 
But the implantation process reduced the oxygen content in the coatings due to chemical sputtering. The results of TDS 
of D2 for tungsten coatings with the original and polished surfaces showed that gas was mainly desorbed in two 
temperature intervals ranging from 300 to 700 K and from 800 to 1150 K, respectively. For bulk W irradiated with 3 keV D , the deuterium desorption peak located at 300–700 K, was also observed, which corresponded to the deuterium 
thermodesorption from intrinsic and ion-induced defects, and there was no desorption peak at higher temperatures 
of 800-1150 K (see Figure 5a)). 

  
Figure 5. (a) TDS spectra of deuterium for D  implantated W coating and bulk W and (b) comparison of deuterium retention data 

obtained from current TDS experiments: α = 0.5 K/s [40] 
It was considered that the deuterium desorption peak at higher temperature of 800–1150 K was due to the deuterium 

interaction with an oxygen impurity. The concentration C of deuterium trapping in W coatings was lower than in bulk 
tungsten, for which C = 2.15×1020 m–2 and the trapping coefficient η = 0.022. The С and η values were: for the polished 
sample С = 1.9×1020 m-2 and η = 0.019, and for unpolished one С = 1.8×1020 m–2 and η = 0.018. The authors explained 
this difference in the results by the presence of oxygen in the W coatings (see Figure 5b)).. 

Zhang at al. analyzed 99.95% pure W films about 800–900 nm thick, deposited by magnetron sputtering on various 
substrates, including quartz, silicon, graphite and copper [41]. The effect of hydrogen plasma irradiation of the thin films 
was investigated. The samples were exposed to 50 keV hydrogen ion beam for different fluences from 2×1021 m–2 to 
2 × 1023 m-2. The surface structure and morphology of post-irradiated samples were studied by XRD and SEM. W films, 
deposited on copper, crystallized after annealing at 1100 K for 1 h. When the hydrogen fluence reached 2×1023 m–2, on 
the surface of W films on copper substrates bubbles were observed, which could be caused by diffusion and retention 
of hydrogen at the interface between the film and substrate.  
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Anderl at al. reported studies of hydrogen penetration in samples of bulk tungsten and tungsten coatings on copper 
subsrates both irradiated with a beam of 3 keV D+ ions at a flux density of (4–5)×1019 m–2·s–1 [42]. The experiments 
included measurements of the re-emission and penetration rates of deuterium at temperatures from 638 K to 825 K. The 
time dependences of re-emission and penetration of deuterium into the sample were measured using a quadrupole mass 
spectrometer calibrated with deuterium standard leaks. Twenty-five-mm diameter discs of copper, tungsten, and copper 
with a tungsten coating were investigated in this work. Copper specimens were machined to a thickness of 0.5 mm from 
high-purity OFHC copper rod, and they were polished to a mirror finish using conventional metallurgical techniques. 
Tungsten specimens were punched from high-purity foil material (99.95% W, reduction-rolled, powder-metallurgy 
product) with thicknesses of 25 µm and 50 µm. The tungsten-coated copper specimen was made by sputter-deposition of 
a 0.5 µm thick tungsten layer onto a polished 0.5 mm thick copper disk heated to 773 K during the coating process. 

From measurements, diffusion constants and surface recombination coefficients were obtained. The authors draw 
the following conclusions. A coating of a low solubility material (W) deposited on a higher solubility material (Cu) should 
result in a step increase in the deuterium concentration across the interface and lead to higher permeation than in samples 
of comparable thickness with uniformly high solubility. Therefore, coatings of materials with high rather than low 
solubility could be effective in reducing permeability. 

Ogorodnikova at al. studied deuterium retention in different tungsten coatings on carbon substrates for various 
incident ion energies ranging from 20 eV to 200 eV per deuterium atom and fluences in the range from 1×1023 m–2 to 
2×1025 m–2 [43]. The targets were irradiated with deuterium ions at the IPP laboratory by the mass-separated beam with 
the flux of 1015 m-2·s–1 as well as with deuterium plasma providing the flux of 1016  m–2·s–1. Irradiation was done at various 
sample temperatures from 320 K to 650 K. The depth profiles of deuterium in the W coatings were measured up to the 
depth of 6 µm using nuclear reaction analysis (NRA), and the total amounts of retained deuterium were determined by 
thermal desorption spectroscopy. It was shown that deuterium retention significantly depended on the microstructure of 
each W coating. The retention of deuterium in the 7 µm thick W coating produced by the CMSII method was higher 
compared to the 4–5 µm thick PVD-W coating and the 200 µm thick VPS-W coating for all investigated energies and 
sample temperatures up to 650 K. 

Katayama at al. prepared tungsten coatings on W substrates at 294 K and 773 K by hydrogen radio-frequency (RF) 
plasma sputtering of W targets [44]. The thickness and density of the W coatings were 970 nm and 10 kkg/m3 on average, 
respectively. The porosity of the coatings was 0.45. In EDX analysis, no oxygen signal was detected from them. Samples 
were irradiated with 1 keV D+ (2 keV D ) ions to the fluence of 2×1021 m–2 at 294 K or 773 K. Two samples (W coatings 
on W substrates) and the W substrate for comparison were picked out for irradiation. Each sample was cut in half together 
with substrates. One of them was irradiated with deuterium ions and then analyzed by TDS. Another one was tested by 
TDS without exposure to deuterium ions. In both experiments, the temperature increased to 1273 K at a rate of 1 K/s. 
The D2 thermal desorption rate was calibrated by a standard helium leak, taking into account the relative ionization cross 
section. The temperature dependences of deuterium retention in different types of samples were studied. 

On the surface of W coatings deposited at substrate temperatures of 294 K and 773 K, blisters of the size from 5 µm to 
15 µm were observed both before and after irradiation with 1 keV D+ ions to the fluence of 2.0×1021 m-2. The cross section 
observation showed that the formation of blisters took place not at the boundary between the W coating and the substrate, 
but inside the coating. Blister formation suggested that hydrogen was implanted into the growing surface with high flux and 
migrated into the deeper region and gathered in voids. The blisters were ruptured after TDS of D2 from samples. 

The results of HD and D2 release from W coatings irradiated with D+ ions were as follows. From the W coating 
irradiated at 294 K D2 release started at 320 K, while the release of HD started at 340 K, and a large peak of D2 release 
was observed at 330 K. For W coating irradiated at 573 K deuterium release started at 420 K and continued up to 1130 K 
with the peak at the temperature of about 570 K, that corresponded to the irradiation temperature. A small peak at 1090 K 
was due to the release of deuterium from broken blisters. From the W coating irradiated at 773 K, deuterium released in 
the temperature range from 540 K to 970 K, and the peak had maximum at Tmax = 840 K. The tiny peak at 1120 K was 
supposed to be the result of the deuterium release from broken blisters. The deuterium retention (D/W ratio) was 0.0031 
for 294 K, 0.0021 for 573 K, and 0.0004 for 773 K, i.e. decreased with increasing sample temperature during irradiation. 
The decrease in D/W with T increasing from 294 K to 573 K was lower than at increasing from 573 K to 773 K, although 
the deuterium trapping capacity at 294 K was greater than at 573 K. This was because deuterium, implanted at 294 K, 
was trapped only in a narrow region near the surface. It was considered that deuterium implanted at 573 K and 773 K 
penetrated deeper into the coatings and remained in the trap sites at both temperatures. 

At heating the W coatings, both non-irradiated and irradiated at 294 K with deuterium ions, hydrogen release was 
observed. The ratio H/W was 0.073 for the unirradiated coating and H/W = 0.11 for the irradiated coating. During irradiation 
of the W coating at 773 K, part of hydrogen was released, and the H/W value was 0.05 instead of H/W = 0.11. The peak of 
release at the temperature of about 1100 K was explained by the rupture of blisters. The amount of hydrogen released at the 
temperature of about 1100 K from the irradiated sample was greater than from the unirradiated one. This indicated that 
hydrogen migrated in the coating during irradiation or during TDS measurement, and part of the hydrogen entered into the 
blister. The D/W ratio at ion irradiation under existing conditions was significantly less than H/W during the sputtering-
deposition of W coating. Authors considered that this was due to the fact that the fluence of hydrogen ions in the process of 
sputtering-deposition was much greater than the fluence of deuterium ions in the process of D+ ions irradiation. 
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The results of the HD and D2 release from the W foil (substrate) irradiated with D+ ions were as follows. The 
deuterium signals (HD and D2) from the W foil irradiated at 773 K were below the detection limit. From the W foil 
irradiated at 294 K, relatively large HD and D2 peaks were observed at 470 K and 480 K, respectively. From the W foil 
irradiated at 573 K, the release of HD began at 460 K and two peaks were observed at 1020 K and 1150 K. The trapping 
of deuterium in the W coating irradiated at 294 K was 2.8 times greater than in the W foil. The deuterium retention in the 
W coating irradiated at 573 K was 17.3 times greater than in the W foil. 

This work authors Bobkov at al. studied tungsten coatings of different thicknesses deposited on stainless steel 
substrates [36, 37, 45–49]. The stainless steel substrate 0.8 mm thick had the following composition (at %): 20 Cr, 70 Fe, 
8.5 Ni, and 1.5 Ti. W coatings were irradiated with D+ ions to different fluences and at different temperatures of the 
bombarded target. Coatings were MS deposited by sputtering W target in Ar atmosphere at the pressure of 1.0 Pa on 
substrate at T = 600 K at the rate of 0.6 nm∙s–1 with Ti layer less than 10 nm thick pre-deposited on it. In some cases, 
stainless steel substrate with Ti sublayer up to 10 nm thick was additionally coated with 3 µm thick Cu sublayer, then 
again Ti sublayer less than 10 nm thick, and then W layer. The thicknesses of the W coatings were or in the range 
of 0.1-1.0 µm or 2.2 µm. The deposition technique was described in detail in [35]. The structure, surface morphology, 
macrostresses of W coatings and radiation damages formed in them were studied with electron microscopy, X-ray 
diffractometry and thermal desorption spectrometry. The W coatings had a polycrystalline bcc structure with an average 
grain size from 20 nm to 60 nm. This was the nanocrystalline grain size for W, as it did not exceed 100 nm. The W 
coatings had different internal macrostresses depending on the thicknesses of the tungsten coatings and the multilayer 
nature of the substrates. They could be compressive as well as tensile. There was tensile macro stress σ = +0.64 GPa in 
the compositions (SSt. + Cu + W (2.2 μm)). Compressive macrostress σ = –4.5 GPa was in (SSt. + Cu + W (0.5 μm)). In 
the compositions (SSt. + W (2.2 μm)) and (SSt. + W (0.5 μm)) there were macrostresses σ = – 8.0 GPa and σ = -10.0 GPa 
respectively. The copper sublayer reduced internal compressive stresses. In the listed works [36, 37, 45-49], the authors 
studied the types of formed radiation defects, their relationship with defects in the tungsten crystal lattice, mechanisms of 
their migration and annealing, including release of implanted deuterium from the sample into vacuum. Spectra of 
deuterium thermal desorption were analyzed and temperature intervals for the release of D2 from the coatings into vacuum 
were cleared. Concentrations and trapping coefficients of implanted deuterium in coatings were determined. Changes in 
the microstructure of the W coatings and the morphology of their surface in the result of ion irradiation and subsequent 
heating were observed. To clarify the radiation stability of the system “W-film-implanted deuterium”, we studied the 
influence of coating thickness [45, 46, 48], the type of composite system (determined by the multilayer nature of the 
substrate) [45, 46], fluences of D+ ions irradiation [46, 47, 49] and sample temperature during bombardment [36, 37] on 
the above parameters, characteristics, physical and structural properties of the coatings. 

The processes of implanted deuterium trapping, retention and thermal desorption, formation and annealing of radiation 
defects in the crystal lattice of W coatings irradiated with 5.0 keV and 10 keV D+ ions at flux densities of 3.0×1016 m–2·s–1 
and 3.0×1017 m–2·s–1were studied [45–49]. Fluences of ions irradiation Ф were from 0.05×1022 m–2 to 1.65×1022 m–2 and the 
samples were at room temperature (To = 290 K) during the bombardment. Tungsten coatings with thicknesses from 0.1 µm 
to 2.2 µm were deposited on stainless steel substrates both with an intermediate copper layer (SSt. + Cu + W) and without it 
(SSt. + W). The influence of the W coating thickness, the type of composite system, and the fluence of D+ ions irradiation 
on the behavior of spectra of D2 thermal desorption into vacuum were investigated. The influence of these parameters on the 
concentration C [m-2] or C [at. %] and the deuterium trapping coefficient η = C/Ф was also analyzed. For low fluences 
Ф ≤ 0.5×1022 m–2, thermal desorption of deuterium from W coatings of compositions (SSt. + Cu + W (μm, nm)) and 
(SSt. + W (μm)) had mainly the peak with Tmax ≈ 640 K (see Figure 6, curves 1–6). For high fluences 
0.7×1022 < Ф ≤ 1.65 × 1022 m-2 thermal desorption of deuterium occurred with the peak with Tmax ≈ 640 K (80-85% D2 was 
released) as well as at T > 1000 K with the peak with Tmax ≈ 1400 K (see Figure 6, curves 7, 8). 

 
Figure 6. Thermal desorption spectra of deuterium from W (1–8) and Ta (1´–5´) coatings deposited on SSt. and irradiated with 
10 keV D+ ions to fluences Ф,1022 m–2: 0.1 (1, 1´), 0.2 (2, 2´), 0.3 (3), 0.4 (4, 3´), 0.5 (5), 0.7 (6), 0.8 (4´), 1.0 (7), 1.1 (5´), 1.65 (8); 
To = 290 K, α = 0.8 K/s [36, 49]. 
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The spectra of deuterium thermal desorption from the thin W coating (SSt. + W (nm)) also had peaks of gas release 
in the temperature range 700 < T < 1000 K. This was probably due to the release of deuterium into vacuum from the transition 
region of tungsten – stainless steel. For thin tungsten coatings with a thickness of ~ 500 nm, in both compositions (with an 
intermediate copper layer and without it) as the fluence increased, the concentration C of trapping deuterium increased from 
0.02 at. % up to ~ 4 at. % and the deuterium trapping coefficient η increased from 0.004 to ~ 0.03 respectively. For thick 
tungsten coatings (with thicknesses from 1.5 μm to 2.2 μm) in both compositions, with the fluence increase the 
concentration C increased from 0.5 at. % up to 3–4 at. %, and η decreased from (0.09–0.10) to 0.03 respectively. The authors 
found that at Ф < 1.3×1022 m–2 deuterium retained in higher concentrations in W (μm) coatings as compared to W (nm) 
coatings. With a further increase of the fluence, 1.3 × 1022 < Ф ≤ 1.65 × 1022 m–2, the deuterium trapping coefficient in 
W (μm) coatings decreased from ~ 0.04 to 0.03, while in W(nm) coatings it increased from ~ 0.02 to 0.03. 

X-ray diffraction studies of this work authors [46] showed that the initial compressive stresses in the W condensates 
of the studied compositions were due to the formation in W lattice its own interstitial atoms during the deposition with 
the used method. D+ ions irradiation created an additional amount of defects and contributed for their radiation-stimulated 
migration forming clusters and complexes such as interstitial dislocation loops. Radiation defects of the vacancy type 
trapped and retained implanted deuterium with its subsequent release at heating from the solid solution into vacuum or 
into bubbles. Electron microscopic studies of W coatings [49] did not show the formation of deuterium bubbles in them 
at room temperature after D+ ions irradiation up to fluences Ф ≤ 6×1022 m–2. The formation of interstitial dislocation loops 
with average size more than 5 nm and the density 3.2×1016 m–2 was found out at Ф = 6×1022  m-2. 

In [36, 37], effects of the samples temperature To during D+ ions irradiation on the trapping, retention, and thermal 
desorption of ion-implanted deuterium in vacuum, and on the formation and annealing of radiation defects in the crystal 
lattice of tungsten coatings were represented. The samples were irradiated with 20 keV (10 keV D+) D  ions at the flux 
density of 3.0×1017 m-2·s-1. The fluences were 1.0×1021 m–2 and 2.0×1021 m-2. The temperatures To were 290, 370, 440, 
470, and 500 K. The thickness W of the coatings was ~ 1.0 μm. They were prepared by magnetron sputtering of a W 
target and deposited on a stainless steel substrate with an intermediate Ti layer pre-deposited on it. The deposition 
parameters and substrate temperature were the same as in [35, 45–49]. The authors noted for W coatings the influence of 
the samples temperature To during irradiation on the behavior of the spectra of deuterium thermal desorption into vacuum, 
concentration C and trapping coefficient η of deuterium. The character of deuterium thermal desorption spectra retained 
with To increasing. They had one peak of deuterium thermal desorption for all irradiated samples with the temperature 
Tmax close to 640 K (see Figure 7, curves 1–5). But with the increase in temperature To, the intensities of thermal desorption 
peaks decreased, and the start of noticeable deuterium thermal desorption from coatings shifted to the higher temperatures 
of post-implantation heating. As To increased, the deuterium concentration and trapping coefficient η in W coatings 
decreased. For example, η changed from 0.06 to 0.02. 

 
Figure 7. Thermal desorption spectra of deuterium from W (1–5) and Ta (1´–5´) coatings deposited on SSt. and irradiated with 
10 keV D+ ions at different temperatures To, K: 290 (1, 1'), 370 (2, 2'), 440 (3), 470 (4, 3'), 500 (5) 570 (4'), 670 (5'); 
Ф = 0.2×1022 m-2, α = 0.8 K/s [37] 

Based on the invariance of the behavior (one peak) of deuterium thermal desorption spectra for the studied 
temperatures To of the samples and low fluences of irradiation with D+ ions, it could be assumed that the nature of the 
formed radiation damages and the mechanisms of their annealing were the same. According to the results of [49], the 
peak of deuterium release with Tmax = 640 K and with the activation energy of thermal desorption Ea = 1.4 eV was due to 
the dissociation of deuterium–vacancy complexes DVn (n = 4–10), migration of deuterium atoms along the interstices to 
the surface with a migration energy ED,i

m ≈ 0.39 eV, recombination into a D2 molecule, and subsequent desorption of D2 
into vacuum. The high-temperature peak (Tmax ≈ 1400 K) of deuterium desorption from the W coating, observed for 
fluences Ф ≥ 8.0×1021 m–2, was most likely due to the formation of deuterium bubbles during heating and the release 
of deuterium from them. Gas bubbles at such Ф were usually formed in metals at T> 0.4 Tm. For tungsten 0.4 Tm = 1470 K. 
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It could be supposed that this peak of deuterium release was the result of the dislocations movement during the 
recrystallization of heated tungsten. In this experiment, it proceeded on the tail of the thermal desorption spectrum 
(T > 1700 K) and, therefore, had low effect on the release of D2 into vacuum. 

So, in tungsten coatings, D+ ions irradiated at To = 290–500 K, the following radiation damages, being traps for 
implanted deuterium, were formed: vacancy-type defects, interstitial dislocation loops, and gas-vacancy complexes. With 
the temperature To of the samples at ion irradiation increase, as well as during subsequent post-implantation heating, 
thermal desorption of deuterium increased. This was due to the acceleration of the gas-vacancy complexes dissociation 
processes, the gas particles migration to the surface and released into vacuum. 

In [10, 14, 27, 28, 36, 37, 39–49] the results of studies of the processes of trapping and retention of hydrogen isotopes 
in tungsten coatings were presented. The results were obtained at the implantation of accelerated D+, H+ ions or plasma 
implantation of primary D+ or H+ ions. The study of the same processes in films of co-deposited hydrogen isotopes and 
tungsten required a separate analysis [50, 51]. These results could differ significantly from the ion implantation. Eroded 
particles from the plasma-facing W components (PFCs) migrated through the plasma and re-deposited on the surface in 
some other area of the facility while the same surface was bombarded with hydrogen isotopes from the plasma. The result 
of these two processes was a continuously growing co-deposited layer enriched with hydrogen isotopes. Since hydrogen 
accumulated in it as it grew rather than when was implanted into an already formed layer, the co-deposited films had 
a high hydrogen content throughout their depth. Such layers, in principle, could become rather thick, increasing with the 
discharge time, and could form in hard-to-reach places. All of this meant that co-deposited layers in fusion devices could 
store arbitrarily high amounts of hydrogen, including radioactive tritium. In tungsten layers deposited on laboratory 
facilities [50] the relative content D/W was 5–10 at. %. The content of hydrogen isotopes in the co-deposited layers 
depended on the deposition conditions: 1) – the temperature of the substrate of co-deposition, 2) – the flows of hydrogen 
and the re-deposited material, 3) – the energy of hydrogen particles implanting in the co-deposited layers.  
Deposition conditions could vary greatly from reactor to reactor and even within the same plant. This made it important 
to be able to predict the content of hydrogen isotopes in co-deposited layers in the dependence on the deposition 
conditions, identifying areas of rapid hydrogen retention and estimating the rate of tritium retention in fusion devices. 

Experimental results of tungsten and deuterium co-deposition in a wide range of substrate temperatures (from 
room temperature to 800 K) were presented in [50]. A simple analytical model of co-deposition based on a one-
dimensional equation of diffusion with trapping was proposed. The MD-2 installation using to study the co-deposition 
of tungsten and deuterium had two separately evacuated chambers, a deposition chamber and a chamber for analytical 
thermal desorption spectrometry. A tungsten plate was sputtered by planar DC magnetron in an Ar-D2 atmosphere. 
In the deposition chamber the residual pressure was less than 10-4 Pa, the operating pressure was 1.9 ± 0.1 Pa, and the 
Ar partial pressure was 0.8 Pa. The voltage, current, and discharge power were ≈ 640 V, ≈ 0.3 A, and 200 W, 
respectively. In the TDS chamber the residual pressure was ~ 10-7 Pa. Tungsten-deuterium films were deposited on 
a molybdenum substrates. The deposition rate was ~ 0.4 nm/s. The thickness of the films deposited in each experiment 
was ~ 100 nm. Before placing in a vacuum, the substrate was cleaned in an ultrasonic bath with acetone and alcohol, 
and was annealed at ~1500 K for 7 h in vacuum before to the first experiment. The substrate temperatures during and 
after deposition were 290, 525, 600, 685, and 800 K. The substrate heating was started before deposition and turned 
off at the end of it. Then the substrate was cooled to room temperature in a deuterium atmosphere at a pressure of ~1 Pa. 
After that, the supply of deuterium gas was stopped, and the substrate with the co-deposited film was moved into the 
TDS chamber without being exposed to air. In studying the spectra of deuterium thermal desorption, the samples were 
linearly heated from 290 K to ~ 1450 K at the rate of 2 K/s. The release of deuterium was registered with a quadrupole 
mass spectrometer. The TDS spectra for D-W films, deposited at room temperature, 560 K and 800 K, included mass 
signals of 2, 3, 4, and 40 amu related to H2, HD, D2, and Ar. If the substrate during the deposition was at 290 K, 
for mass 4 the signal peaks with maxima at ~ 500 K, ~ 700 K, and ~ 1000 K were observed. If the substrates at 
deposition were at 290 K and 560 K, deuterium released mainly as D2 molecules but for the films deposited at 800 K, 
the contributions of HD and D2 molecules were comparable. The total deuterium concentration was ~ 5 at. % for 
deposition at 290 K, 2.2 at. % for 570 K, and 0.37 at. % for 800 K. When calculating the deuterium content, both D2 
and HD were taken into account. A simple analytical approach was proposed based on the assumption of a quasi-
stationary equilibrium between mobile and trapping deuterium during a slow film growth. The model described the 
experimental data very well, supposing three types of traps for deuterium in a W–D film: D trapping on dislocations 
with the energy 0.74 ± 0.08 eV; trapping of several D atoms into one vacancy with the energy 1.18 ± 0.12 eV; D 
trapped into a vacancy with the energy 1.56 ± 0.16 eV. Trap concentrations were 2.3 at. %, 1.8 at. % and 1.0 at. % 
respectively. 

Gasparyan at al. represented the dependence of deuterium concentration in co-deposited W-D, Mo-D, and Al-D 
films on the substrate temperature (from room temperature to 800 K) during the deposition (see Figure 8) [51]. The 
maximum D retention was in W-D films, the retention in Mo-D films was slightly lower, and the minimum value was for 
Al-D films. This trend contradicted the well-known tendency for solubility: W had the lowest solubility of deuterium. 
The decrease in the solubility of D (from Mo to W) and the increase in the total content of D in the films could be due to 
a higher binding energy of D with defects. Experiments with high temperature resolution revealed a characteristic step 
structure of the temperature dependence curve, where each step corresponded to one separate type of traps. 
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Figure 8. Dependences of deuterium concentration in atomic fractions in co-deposited W-D, Mo-D and Al-D films on the substrate 
temperature during deposition [51] 

 
Helium implantation, retention and release from tungsten coatings 

In the course of a nuclear fusion reaction, one of the products is helium with the energy varies from a few eV to tens 
of keV [52]. In fusion devices, tungsten is simultaneously or sequentially irradiated with ions of hydrogen isotopes and 
helium. The recent studies described above have shown that the microstructure of tungsten coatings is changed 
at irradiation with hydrogen isotope ions. Irradiation with He+ ions also causes various changes in the microstructure 
of W, such as voids or bubbles, blisters and fluff. Yu at al. simultaneously irradiated 10 µm thick nanocrystalline tungsten 
films and 1.5 mm thick W plates at room temperature with 60 keV He+ ions to the fluence of 1.0×1022 m–2 [5]. The average 
ion flux density was about 2.44×1017 m–2·s–1. The residual pressure in the irradiation chamber was 5×10-4 Pa. A piece of 
W plate of the purity 99.95% and the density 99% purchased from Advanced Technology & Materials Co., Ltd (AT&M) 
was prepared by powder sintering, and then heat treatment at 1273 K for 1 h for stress relieve. The average grain size in 
it was about 1–5 μm, there was no preferred grain orientation. The W plate was cut into several samples of 4 mm × 4 mm. 
One side was mirror polished by mechanical and electrochemical polishing. Then they were used as samples for He+ ions 
irradiation and as the substrates for tungsten films. 

Before irradiation and deposition of the W film, all cut plates were sequentially ultrasonic cleaned with acetone, 
alcohol, and deionized water for 15 min. Tungsten films with the average grain size of about 50 nm were deposited on 
the aforementioned W substrate by magnetron sputtering in argon atmosphere at a pressure ~1 Pa, the residual pressure 
was less than 5×10–4 Pa. Before the deposition of tungsten films, W substrates (purity 99.95%) were bombarded by argon 
plasma for 10 min to remove oxides and impurities on their surface. For enhancing adhesion and preventing the 
delamination of W film, the substrate during deposition was heated up to 770 K and then the temperature was kept 
constant for the first 2 h, and reduced to 520 K for the next 8 h. The film deposition rate was about 1 μm/h. Research 
methods were SEM and X-ray diffraction.  

The irradiation experiments were performed at 320 keV multi-discipline research platform for Highly Charged Ions 
equipped with an Electron Cyclotron Resonance (ECR) plasma source in the Institute of Modern Physics, Chinese 
Academy of Sciences (IMP, CAS), in Lanzhou 

Numerous blisters were observed after He+ ions irradiation on the surface of both types of samples. Blisters with 
sizes from a few micrometers to about 20 µm were formed on the entire surface of the bulkW (see Figure 9).  

On the surface of the W film, blisters of several micrometers were formed (see Figure 10). The authors noted that at 
the same parameters of He+ ions irradiation, the density and average size of blisters in the bulk W were greater than in 
the W film. This indicated that the structure of nano-crystalline tungsten film affected the formation of blisters. In W 
nanostructured films, besides the ion-induced defects, the presence of initial defects, trapping implanted helium particles, 
was more characteristic. The latters included point defects, dislocations, vacancies, voids, and a high density of grain 
boundaries (GBs) which could be absorbers of implanted helium particles and displaced matrix atoms along the He+ ion 
range. These facts resulted in a delay of the formation of helium bubbles with excess pressure, as well as blisters formation 
and W film detachment or layering. 

Accounting the structural difference between bulk W and W film, the authors suggested that the formation of blisters, 
their rupture and detachment on the surface of bulk W should begin earlier than that in the film. As the amount of GBs in 
the nanocrystalline W film was greater than in the bulk W, the critical fluence of blister formation should be higher; 
therefore, the density of blisters on its surface was lower. In addition, in the magnetron deposited W film, there were 
compressive stresses that should prevent the formation of blisters caused by He+ ions irradiation. Therefore, the blisters 
on the W film surface were smaller than on the surface of bulk W. 



23
Investigation of the Processes of Retention and Release of Implanted Deuterium... EEJP. 1 (2024)

  
Figure 9. Blistering of the surface of bulk W: (a) big blisters with 
size from several to tens micrometers, (b) small blisters with size of 
no more than 2 μm and (c) blisters under the ruptured blisters [5] 

Figure 10. Blistering of the surface of W film: (a) blisters with 
size of several micrometers, (b) ruptured blisters and (c) 
surface morphology under a ruptured blister [5] 

Jiang at al. proposed tungsten coatings on V-4Cr-4Ti alloy substrates [8], considering it as a promising structural 
material because of alloy good creep resistance, high thermal stress coefficient, and excellent corrosion resistance. Such 
tungsten coatings with a thickness of 500 μm were prepared by electrodeposition in a molten salt with vanadium based 
alloy plate (V–4Cr–4Ti, 30 mm×25 mm×5 mm, self-provided) as the cathode and pure tungsten plate (purity: 99.95%, 
30 mm×25 mm×5 mm, TLWM Co., Ltd) as the anode. Na2WO4 and WO3 (99.5%, Tianjin Fu Chen Chemical Reagents 
Factory) were dried in a furnace at 773 K for 24 h. The dried chemicals were well mixed into a eutectic composition 
(Na2WO4:WO3 = 0.6:0.2, by mole ratio) and then melt in an electric furnace at 1173 K. Prior to electrodeposition, the 
electrode surfaces were mechanically polished to obtain high quality surfaces and then cleaned in acetone and distilled 
water by ultrasonic cleaning. Tungsten coating was electrodeposited on V–4Cr–4Ti alloy substrate from the molten salt 
in an open bath at the temperature of 1173 K. 

Surface SEM micrographs of tungsten coatings were obtained after irradiation with 10 keV He+ or 65 keV He+ ions 
at different fluence. At the fluence of 2.67×1020 m–2, the change in the surface morphology of the W coatings was 
relatively small, while at the fluence of 2.67×1022 m-2, small folded defects were visible. At the fluence of 2.67×1020 m-2 
of 65 keV He+ ions needle-like pores were noticeable on the surface of W coatings, and at the fluence of 2.67×1022 m-2 
broken helium bubbles were observed.  

This work authors in [37, 47, 49, 53, 54] studied effects of He+ ions irradiation on tungsten coatings deposited on 
stainless steel substrates. The substrate 0.5 mm thick had the following composition: 20 Cr, 70 Fe, 8.5 Ni, and 1.5 Ti at %. 
The W coatings were irradiated with He+ ions to different fluences [47, 49, 54] and at different temperatures of bombarded 
target [37, 53]. Processes of trapping, retention, and thermal desorption of implanted helium, as well as the formation and 
annealing of radiation defects in the crystal lattice of W coatings irradiated with 10 keV He+ ions at the flux density 
of 3.0×1017 m–2·s–1, were studied [47, 49]. Fluences of ions irradiation Ф were from 0.05×1022 m–2 to 5.2×1022 m–2. The 
samples were at room temperature during the bombardment. Tungsten coatings were deposited by magnetron sputtering 
of a W target in an Ar atmosphere at the pressure ~ 1.0 Pa. The deposition rate and substrate temperature were the same 
as in [35–37, 45–46, 48]. The W deposition was done according to two schemes: 1) on stainless steel (SSt.) substrate 
coated with Ti less than 10 nm thick (SSt. + W); 2) on SSt. with Ti sublayer, then coated with 3 μm thick Cu layer, Ti 
sublayer and W deposition after that (SSt. + Cu + W). The tungsten coatings thickness was 2.2 μm. They had a 
polycrystalline structure with an average grain size of about 60 nm. Tungsten coating in composition (SSt. + Cu + W) 
had a small tensile macrostress σ = +0.64 GPa, while in (SSt. + W) the macrostress of the tungsten coating was 
compressive with σ = –8.0 GPa. For studying the helium retention and the formation of radiation damages in the crystal 
lattice of tungsten coatings, TDS, electron microscopy, and X-ray diffractometry, described in detail in [37, 45–47, 
49, 54], were used. We studied the influence of He+ ions fluence on the character of spectra of the helium thermal 
desorption from W coatings of the named composite systems. It was shown that the type of the composite system under 
study practically had no effect on the form of helium thermal desorption spectra. For W coatings at low fluences 
Ф ≤ 0.4 ×1022 m–2, helium released into vacuum in the temperature range 700 ≤ ∆T≤ 1750 K. In He TDS spectra from 
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coatings, the authors observed one predominant helium thermal desorption peak with Tmax ≈ 1520 K and 100% helium 
release into a vacuum. When coatings were irradiated to high fluences of 0.47×1022 ≤ Ф ≤ 5.2×1022 m–2, helium TDS 
spectra in addition had also another region of He release, located in the temperature range 450–1300 K. With the Ф 
increase the fraction of helium in it grew to (65–70) % (see Figure 11a). 

  

Figure 11. Thermal desorption spectra of helium from W (a) and Ta (b) coatings deposited on SSt. substrates and irradiated with 
20 keV He+ ions. Fluences Ф, 1022 m-2: 0.1 (1), 0.2 (2), 0.31 (3), 0.4 (4), 0.47 (5), 0.61 (6), 0.83 (7) for W; 0.1 (1), 0.2 (2), 0.4 (3), 
0.6 (4), 1.0 (5) for Ta; To = 290 K, α = 0.8 K/s [53] 

The studies of microstructure of W coatings with helium implanted at the temperature To ≈ 290 K [37, 47, 49, 54] 
showed that at fluences of He+ ions irradiation Ф < 7.0 × 1021 m–2, the interstitial dislocation loops with the density 
of 3.2 × 1016 m–2 and the average size more than 5 nm and dislocation networks formed. At this, the formation of helium 
bubbles was not observed. The formation of helium bubbles was detected after He+ ions irradiation up to fluences 
Ф ≥ 7 × 1021 m–2. They had the average diameter of about 2.5 nm and the density of ~5 × 1016 m–2 at Ф = 7 × 1021 m–2. 

The influence of the samples temperature To during He+ ions irradiation to various fluences on the trapping, 
retention, and thermal desorption of ion-implanted helium in vacuum, and the formation and annealing of radiation defects 
in the crystal lattice of tungsten coatings was shown in [37, 53]. The thickness of W coatings was ~1.0 µm. They were 
prepared by magnetron sputtering of a W target in an Ar atmosphere at a pressure ~ 1.0 Pa and deposited on a stainless 
steel substrate 0.8 mm thick with pre-deposited the intermediate Ti layer less than 10 nm thick. The way of preparation, 
deposition rate and substrate temperature were the same as in works [35–37, 45–49]. The samples were irradiated by 
20 keV He+ ions at the flux density of 3.0 × 1017 m-2·s-1. Fluences varied in the range 0.1×1022 < Ф ≤ 1.0×1022 m–2. 
The samples temperatures To were 290, 370, 470, 540, 570, 670, and 870 K. The effect of temperature To on the helium 
retention and thermal desorption from the W coating into vacuum was studied for low Ф, not exceeding 0.4×1022 m–2, as 
well as for high Ф from the interval 0.47×1022≤ Ф ≤ 1.0×1022 m–2. 

The character of the spectra of helium thermal desorption from tungsten coatings, He+ ions irradiated to the same 
fluence from the low Ф values at different temperatures To, did not changed with To increasing. The spectra had one peak 
with the maximum at Tmax ≈ 1520 K. However, with To increasing, the intensity of these peaks decreased. Besides, with 
To increase, the start of noticeable helium thermal desorption from the coatings shifted to the higher temperatures of 
post-implantation heating. 

When W coatings irradiated with He+ ions to a fluence Ф ~ 7.0×1021 m–2 from the high values, the thermal desorption 
spectra changes significantly with temperature To increasing. Two temperatures were compared: room temperature 
To = 290 K and elevated To = 570 K. As noted above [47, 49], at room temperature helium TDS spectra from the coating 
had both the main region of helium release in the peak with Tmax ≈ 1520 K and another region of its release in the 
temperature range 450–1300 K. At the elevated temperature, the thermal desorption spectra contained only one main peak 
at Tmax ≈ 1520 K. No change in the peak height with increasing temperature To was observed.  

The regularities of helium retention in tungsten coatings of two types of composite systems at room temperature 
[47, 49] were analyzed based on the dependences of helium concentration C and trapping coefficient η on the fluence of 
He+ ion irradiation of the samples. The increase of Ф resulted in C increase and η decrease. For example, the value 
of η (±10%) decreased from 0.8 to 0.2 with Ф increasing in the range 0.1×1022≤ Ф ≤ 3.55×1022 m–2. Dependences 
C, η =ƒ(Ф)  at Ф ≥ 1.5×1022 m–2 tended to saturation, which could be associated with increasing the amount of implanted 
He+ that released from the samples during ion bombardment. The values of helium C and η for the W coating in the 
composite system SSt. + W(µm) was slightly higher than the analogous C and η values for the composite system 
SSt. + Cu + W(μm). Early the difference between the type of macrostresses in the tungsten coating of these two composite 
systems was noted. Perhaps this fact could explain the observed discrepancy between the C and η values for helium. 
For the elevated temperature of tungsten coatings To = 570 K, with an increase in the fluence of He+ ions irradiation, 
C increased, and η (±10%) decreases slightly. In the range 0.1×1022< Ф ≤ 0.7×1022  m–2, η decreased from 0.82 to 0.68 at 
To = 290 K and from ~0.60 to ~ 0.58 at To = 570 K. 

0

2

4

6

8

10

400 600 800 1000 1200 1400 1600 1800
T , K

S
, 1

020
m

-2

1

2

3

4

6
5

7

a

0

2

4

6

8

10

400 600 800 1000 1200 1400 1600 1800
T , K

S
, 1

020
m

-2

1

2

5

4

3

b



25
Investigation of the Processes of Retention and Release of Implanted Deuterium... EEJP. 1 (2024)

Thus, when To of tungsten coatings during helium implantation increased, C decreased for both low and high values 
of Ф fluences. For To in the interval of 290–570 K, C decreased approximately1.6 times for low fluences and 1.2 times 
for high fluences; η (±10%) decreased from 0.82 to 0.50 for low Ф and from 0.7 to 0.6 for high Ф. 

According to [49] calculations, the activation energy of helium thermal desorption peak with Tmax ≈ 1520 K was 
Ea ≈ 4.2 eV, which was close to the dissociation energy 4.42 eV for a helium-vacancy complex of the HeV type. The 
dissociation of the HeV complex included the release of He from a vacancy with the binding energy of 3.9 eV, the 
migration of a helium atom along interstices to the surface with the migration energy of 0.28 eV, and He desorption into 
vacuum. Helium thermal desorption into vacuum at T ≤ 1400 K from the W coating, He+ irradiated at room temperature 
to high Ф ≥ 0.47×1022 m–2, occurred as a result of gas release from other defects in the coating structure after the formation 
of helium bubbles, which were observed by the authors of this paper [47, 49].  

When W coatings were high-temperature irradiated by He+ ions to low fluences, no effect of the temperature To on 
the behavior of the helium TDS spectra was found. Based on the unchanging of the spectra nature (one peak with 
Tmax ≈ 1520 K), it could be assumed that the formed radiation damage and the mechanisms of their annealing were the 
same. In W coatings for the studied temperature To range, the following radiation damages were formed: defects of the 
vacancy type, helium-vacancy complexes, and interstitial dislocation loops. Thermal desorption of helium, due to the 
dissociation of helium-vacancy complexes, helium migration along interstices to the surface, and release into vacuum 
was enhanced for samples irradiated at elevated temperatures To. Part of the implanted helium was released during 
irradiation with He+ ions. 

The influence of temperature To on the helium retention and thermal desorption from the coating was found at W 
coatings irradiation by He+ ions at high temperatures to high fluences. It should be noted in particular that the behavior 
of the spectra of helium thermal desorption into vacuum changed. For samples irradiated He+  at room temperature up to 
high fluences, TDS spectra had a multi-peak temperature region with T ≥ 450 K of release. For samples irradiated at 
elevated temperature To = 570 K and high fluence Ф ≈ 7.0×1021 m–2 helium TDS spectra had one peak. The peak 
maximum temperature was Tmax ≈ 1520 K. The concentration and helium trapping coefficient decreased with temperature 
To increasing. Based on the single-peak character of the spectra of TDS helium at elevated To, it could be supposed that 
the nature of the formed radiation damage and the mechanisms of their annealing were the same for both high and low 
fluences of ion irradiation. The following radiation defects also were formed: defects of the vacancy type and helium-
vacancy complexes. Upon subsequent heating after implantation, helium thermal desorption from W coatings occurred 
as a result of dissociation of helium-vacancy complexes, migration of gas atoms along interstices to the sample surface, 
and release into vacuum. 

 
Sequential and simultaneous implantations of deuterium and helium ions into tungsten coatings 

The results of sequential irradiation with D+ and He+ ions of tungsten coatings deposited on a stainless steel substrate 
were shown by the authors of this work in [49, 55]. We studied the effect of preliminary implantation of He+ (or D+) ions 
on the retention of deuterium (or helium) and their thermal desorption into vacuum. Tungsten coatings with a thickness 
of ~ 1 μm were MS deposited on a stainless steel substrate 0.5 mm thick with an intermediate layer of Ti less than 10 nm 
thick pre-sputtered onto it. The method of their preparation, deposition rate, substrate temperature, substrate composition, 
and other parameters of the MS method were the same as in [35–37, 45–49, 53, 54]. The tungsten coatings had a 
polycrystalline structure with an average grain size of about 60 nm. The samples were irradiated at room temperature 
sequentially with beams of 10 keV D+ (20 keV D ) and 20 keV He+ ions at the flux density of 3.0×1017 m-2·s-1 to fluences 
of ФD+ ≤ 4.6×1021  m–2 and ФHe+

 ≤ 4.0 × 1021 m-2 in order: He+, D+ or D+, He+. The average projective and total ranges of 
D+ (10 keV) and He+ (20 keV) ions in the W coating were about 60 nm and 160 nm, respectively, comparable for these 
ions and significantly less than the coatings thickness. The radiation damage profiles of the W crystal lattice, created by 
D+ and He+ ions, were identical and were located in the zone of the ions implantation. 

For sequential irradiations with the named ions implanted in different order at the above fluences, the thermal 
desorption spectra of both gases were a superposition of the thermal desorption spectra of these ions implanted separately 
at the same fluences. The temperature intervals for the release of deuterium and helium were the same. The temperatures 
of the maxima of gas-release peaks in the spectra Tmax = 640 K (D2) and Tmax = 1520 K (He) were the same for both 
sequential and separate implantations of D+ and He+ ions. Pre-implantation of helium up to different fluences in the range 
of 1.0×1021 m–2  ≤ ФHe+ ≤ 4.0×1021 m–2 did not change deuterium concentration CD and trapping coefficient ηD. Preliminary 
implantation of deuterium to various fluences in the range 1.0 × 1021 m–2 ≤ ФD+≤ 4.6×1021 m-2 also did not change CHe and 
ηHe. Based on these facts, the authors suggested that in tungsten coatings irradiated with D+ and He+ ions both separately 
and sequentially, the types of formed radiation damages and the mechanisms of their annealing were the same. According 
to [45–49, 54, 55], in the tungsten coating irradiated with D+ or He+ ions at room temperature, radiation defects of the 
vacancy type were formed, which trapped deuterium or helium into gas–vacancy complexes DmVn or HemVn. The 
complexes transformed into gas bubbles with the increase of concentrations of implanted gases (for example, the helium 
bubbles formed at fluences ФHe+ ≥ 7 × 1021 m–2 [49, 54]). According to [46, 49, 54], at irradiations with D+ and He+ ions, 
intrinsic interstitial atoms of W lattice were formed, and their radiation-stimulated migration with the formation of clusters 
and complexes such as interstitial dislocation loops was observed. The main peak with Tmax = 640 K of deuterium release 
was due to the dissociation of deuterium-vacancy complexes, migration of deuterium atoms along interstitials to the 
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surface, their recombination into a molecule, and subsequent D2 desorption into vacuum. The main peak with 
Tmax = 1520 K of helium thermal desorption as well resulted from the dissociation of helium-vacancy complexes, helium 
atoms migration along interstitials to the surface, and their subsequent desorption into vacuum. When analyzing separate 
and sequential implantations of D+ and He+ ions into tungsten coatings, general regularities were established: the 
concentration of retained deuterium in the coatings was lower compared to helium and its trapping coefficient was 
approximately an order of magnitude lower. The main release into vacuum of deuterium occurred at lower temperatures 
as compared to helium. 

Ogorodnikova at al. [56] irradiated tungsten-based materials—polycrystalline PC-W and nanostructured CMSII-W 
coating—simultaneously with D+ and He+ ions both in the stationary mode and in a QSPA-T quasi-stationary high-current 
plasma gun, in which the pulse duration was 1 ms, the number of pulses varied from one to thirty. In stationary plasma 
impacts, the ion energy varied from 20 eV to 3 keV, and the ion fluxes were from 1017 to 1021 m–2 s–1. The ion fluencies 
were 1020 –1025 m–2 and the target temperatures were in the range 300–1200 K. Deuterium and helium retention in the 
irradiated samples was measured by thermal desorption spectroscopy using a high resolution quadrupole mass 
spectrometer to separate the He and D2 signals. The amount of trapping D (ion energy 20 eV, fluence 2 × 1025 m–2) in the 
CMSII-W coatings decreased from 4.5×1021 to 2.0×1021m–2 with the temperature increase from 290 K to 650 K. The 
retention of D in PC-W decreased with temperature increasing at low Ф ≤ 1022 m–2. The retention of D in PC-W at the 
high fluence Ф = 1025 m–2 with temperature increasing firstly increased and then decreased. The amount of trapping He 
(ion energy 60 eV, fluence 2×1024 m–2) in the CMSII-W coating increased from 0.6×1020 to 4.0×1020 m–2  with the increase 
in temperature from 290 K to 1100 K. The He retention in PC-W did not significantly depend on the sample temperature 
at He+ ion energies above 400 eV and low fluences of Ф ≤ 1022 m–2, whereas it increased at He+ ion energies below 80 eV 
and high fluences of 2×1024 m–2. 

The results of helium influence on deuterium retention in co-deposited tungsten films were shown in [57]. 
For co-deposition W films a tungsten target was sputtered in a magnetron discharge in an Ar-D2-He mixture. PAr = PD2= 
2.8 Pa, PHe = 0-20% PD2. The residual pressure was 3 × 10-5 Pa, deposition rate was 0.2 nm/s, thickness of the deposited 
films was 100 nm. The sample temperature at the deposition was varied from 300 K to 800 K, the temperature jump was 
50 K. The prepared films were analyzed by thermal desorption spectroscopy; the samples were linearly heated at the rate 
of 2 K/s to 1250 K. He and D2 flows in TDS analysis were separated by two quadrupole mass spectrometers. 
In co-deposited films, the content of D2 increased when 5% He was in the working gas and decreased with the presence 
of 20% He in the working gas as compared to films deposited without helium addition. The highest content of deuterium 
was D/W = 0.5 at. % for 5% He at the sample temperature of 800 K. The addition of 5–20% He to the working gas 
suppressed D2 desorption at high temperatures 900 <T<1100 K, possibly due to competition between D2 and He for the 
same places of trapping. For He/D > 0, D2 desorption at high temperatures increased with increasing the deposition 
temperature: the peak at 800–900 K for He/D = 5%, the peak at 700–800 K for He/D = 20%. 
 

Implantation of deuterium and helium ions into composite structure with tantalum coating 
This work authors studied the processes accompanying the implantation of D+ or He+ ions into tantalum coatings 

deposited on stainless steel substrates [36, 37, 53]. The trapping and retention of deuterium or helium and their thermal 
desorption into vacuum, formation and annealing of radiation damages in the crystal lattice were studied. The types of 
radiation defects were determined and their interaction with ion-implanted gases was analyzed studying gases influence 
on the structural and physical properties of the coatings. The radiation stability of the samples at changing both their 
temperature during bombardment and the fluence of ions irradiation was studied. Tantalum coatings of ~ 1.5 µm thick 
were prepared by magnetron sputtering of a Ta target in an Ar atmosphere at a pressure ~ 1.0 Pa. Coatings were deposited 
at the rate of 0.6 nm/s on the 0.8 mm thick stainless steel substrates at the temperature of 600 K. An intermediate Ti layer 
of less than 10 nm thickness was pre-deposited on the substrate. The deposition rate, substrate temperature, substrate 
composition, and parameters of the MS method were the same as in [35, 45–49, 55] for tungsten coatings. The samples 
were irradiated with 20 keV D  (10 keV D+) or 20 keV He+ ions at the flux density of 3.0×1017 m-2·s-1 to fluences Ф in 
the range (0.1 – 1.0)×1022 m–2. Ions were implanted at several sample temperatures: deuterium at To = 290, 370, 470, 570, 
and 670 K, and helium at To = 290, 370, 670, 770, and 870 K. The average projective and total ranges of D+ and He+ ions 
in the Ta coating were about 60 nm and 160 nm, respectively, were comparable for these ions and significantly less than 
the coating thickness. Distribution profiles of radiation damages in the Ta crystal lattice created by D+ and He+ ions were 
located in the zone of the ions implantation. 

Thermal desorption of deuterium from tantalum coatings irradiated with D+ ions to different fluences in the range 
of 0.1×1022≤ Ф ≤ 1.1×1022 m–2 was studied in [36]. During the bombardment the samples were at room temperature 
(To = 290 K). A noticeable release of deuterium from coatings started at temperatures T ≥ 500 K and ended at T ≈ 1100 K. 
The deuterium thermal desorption spectra had one peak, the maximum of which was at a temperature Tmax ≈ 770 K 
(see Figure 6, curves 1´–5´). 

The influence of samples temperature To in the range of 290–670 K during D+ ions irradiation up to 
Ф = 2.0 × 1021 m-2 on the trapping, retention, and thermal desorption of deuterium from Ta coatings into vacuum was 
shown in [36, 37]. The character of the deuterium TDS spectra retained with To increasing. The spectra had one peak and 
the temperature at the peak maximum Tmax ≈ 770 K (see Figure 7, curves 1´–5´). As the temperature To increased, the 
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intensity of the D2 thermal desorption peak decreases. In addition, the deuterium noticeable release from coatings startes 
at higher temperatures of post-implantation heating shifting from 500 K to 690 K.  

With To  increase, concentration C and trapping coefficient η of deuterium decreased. For example, η changed from 
0.02 to 0.005 at Ф = 2.0×1021 m–2. With an increase of the D+ ions fluence at a constant temperature To of coatings, the 
concentration C of deuterium decreased. The deuterium trapping coefficient η did not change in this case, whereas in W 
coatings deuterium trapping coefficient decreased in similar experiments (see [36]). This could be due to the different type 
of deuterium solubility: endothermic (W) or exothermic (Ta) and the ability to form hydrides in tantalum. The release of 
deuterium with the peak maximum at Tmax ≈ 770 K and the activation energy of thermal desorption Ea = 1.7 eV [37] was 
explained by the dissociation of deuterium-vacancy complexes, migration of deuterium atoms along the interstitials to the 
surface with the migration energy ED,i

m ≈ 0.39 eV, recombination into a D2 molecule and subsequent desorption into vacuum. 
Helium thermal desorption from tantalum coating irradiated at To = 290 K with He+ ions to different fluences in the 

range 0.1×1022 ≤ Ф ≤ 1.0×1022 m–2 was studied in [53]. The He TDS spectra were shown in Figure 11b. For low fluences 
Ф ≤ 6.0×1021 m–2, helium released from the coatings into vacuum in the temperature range 500 ≤ ∆T ≤ 1750 K, with the 
main peak having maximum at Tmax ≈ 1670 K. For the highest fluence Ф = 1.0×1022 m–2 in the helium TDS spectra another 
temperature range of 480–1550 K of its release appeared. According [37], the spectra of helium thermal desorption into 
vacuum from Ta coatings, irradiated with He+ ions to the same fluence Ф = 2.0 × 1021 m–2 from the range of low Ф, at 
different temperatures To of the samples in the range of 290–870 K, kept their behavior with To increasing. The spectra 
had one peak with the temperature of peak maximum Tmax ≈ 1670 K. 

With To increase, the concentration C and the helium trapping coefficient η of Ta coatings decreased. For example, η 
changed from 0.8 to 0.6 at Ф = 2.0 × 1021 m–2. With the fluence of He+ ions irradiation increase for Ta coatings 
at To = 290 K, the concentration C and the helium trapping coefficient η also decreased (see [36]). In [37, 53] the authors 
explained the release of helium with the main peak at Tmax = 1670 K in its thermal desorption spectra by dissociation of 
helium-vacancy complexes, migration of helium atoms along interstices to the surface, and their subsequent desorption 
into vacuum. The mechanism of thermal desorption was described in detail in [37, 49].  

The authors of [36, 37, 53] for Ta or W coatings established general regularities of the processes of D2 and He 
retention and thermal desorption, the formation and annealing of radiation defects in the crystal lattice, and some 
differences in the values of their parameters. The concentration C and trapping coefficients ηD, ηHe of implanted gases, 
temperature intervals of release into vacuum, and temperature Tmax of deuterium (helium) thermal desorption peaks 
for these coatings had different values. 

From the above it can be concluded the following: 
1. TDS spectra of deuterium (helium), whose ions are implanted in Ta or W coatings at room temperature 

(To = 290 K) and low fluences no more than 1.1 × 1022 m–2 (0.6×1022 m–2) for Ta and 0.7×1022 m–2 (0.4×1022 m–2) for W, 
consist of one peak. Temperatures of peak maxima are for deuterium Tmax ≈ 770 K (Ta) and Tmax ≈ 640 K (W), and for 
helium Tmax ≈ 1670 K (Ta) and Tmax ≈ 1520 K (W). Temperatures of peak maximum Tmax of the deuterium (helium) release 
from the Ta coating are higher compared to W one. TDS spectra of deuterium (Figure 6) and helium (Figure 11) for Ta 
and W coatings see above. 

2. TDS spectra of deuterium (helium), whose ions are implanted in Ta or W coatings at low fluences 
(0.1 - 0.2)×1022 m–2, and elevated sample temperatures T0 = 290–870 K, contain one peak. The temperatures of peak 
maxima remain for all To as for deuterium (Tmax ≈ 770 K (Ta) and Tmax ≈ 640 K (W)) as for helium (Tmax ≈ 1670 K (Ta) 
and Tmax ≈ 1520 K (W)). TDS spectra of deuterium (Figure 7) for Ta and W coatings see above. 

3. For low fluences of D+ and He+ ions, deuterium releases into vacuum at lower temperatures as comparable with 
helium release. 

4. At high fluences Ф = 1.0×1022 m–2 (Ta) and 0.47×1022 ≤ Ф ≤ 1.0×1022 m–2 (W) and To = 290 K in the spectra of 
helium thermal desorption for coatings of both metals, besides the peaks of release with Tmax ≈ 1670 K (Ta) or 
Tmax ≈ 1520 K (W), there are also regions of He thermal desorption at T = 480–1550 K for the Ta coatings and at 
T = 450-1300 K for the W coatings. For the Ta coatings, the transformation of helium thermal desorption spectra from a 
single-peak to a more complex dependence occurs at higher fluences of He+ ions irradiation (Ф = 1.0×1022 m–2 for Ta and 
Ф = 0.47×1022 m–2 for W). 

5. At all studied D+ or He+ ions fluences and To for both tantalum and tungsten coatings, the concentration CHe and 
helium trapping coefficient ηHe are much higher than the CD and ηD for deuterium. Deuterium retains with a trapping 
coefficient approximately an order of magnitude lower than helium (see Figure 12 and Figure 13). 

6. When the fluence of He+ ions irradiation increases, ηHe decreases in the coatings of both materials. ηD decrease with 
the Ф increase for D+ ions is observed only for tungsten coatings. For tantalum coatings ηD does not change with Ф increasing. 
Dependences ηD, ηHe = ƒ(Ф) for coatings of both materials irradiated with D+ or He+ ions are shown in Figure 12.  

7. When the temperature To of tantalum and tungsten coatings during irradiation with D+ (He+) ions increases, the 
trapping coefficient ηD (ηHe) of deuterium (helium) decreases. Figure 13 shows the dependences ηD, ηHe = ƒ(To) for 
coatings of both irradiated materials. Comparing the same intervals of To changing, a more significant ηD decrease is 
observed for the tungsten coatings compared to the tantalum coatings (by about 15 times and 2 times, respectively). The 
ηHe decrease for the tungsten coating is insignificant (approximately 2 times and 1.5 times, respectively) comparing to the 
tantalum coating. 
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Figure 12. Deuterium (1, 1') and helium (2, 2') trapping 
coefficients versus the fluence of D+ and He+ ions for the W 
coating, curves 1, 2 and for the Ta coating, curves 1', 2'; ion 
energy: D+ – 10 keV, He+ – 20 keV; To = 290 K [36] 

Figure 13. Deuterium (1, 1') and helium (2, 2') trapping 
coefficients versus temperature To of the W coatings—curves 1, 
2 and of the Ta coatings—curves 1', 2'. Ion energy: D+ – 10 keV, 
He+ – 20 keV; fluence 0.2×1022 m–2 [37] 

 
CONCLUSIONS 

The analysis of published works about the influence of implanted hydrogen isotopes and helium on changes in the 
microstructure, morphology, and physical properties of tungsten and tantalum coatings, irradiated with D+, H+, and He+ 

ions, was made. The samples that irradiated both with beams of accelerated ions of hydrogen isotopes or He+, and in 
plasma containing the above-named ions were under consideration. The implantation of the above mentioned gases was 
performed in various modes of irradiation: individual, sequential in different order of the selected types of ions, and 
simultaneously with several given types of ions. Various fluences and energies of the bombarded ions were applied. The 
target temperature during implantation was chosen in a wide range. Modern highly sensitive research methods were used 
in analyzed works: electron microscopy, re-emission mass spectrometry, thermal desorption spectrometry, X-ray 
photoelectron spectroscopy, X-ray diffraction, analysis of nuclear reaction and Rutherford ion scattering. Simultaneous 
irradiation of W in bulk and in thin-film forms permitted to obtain data on the retention and migration of ion-implanted 
hydrogen isotopes in various types of W samples. In addition, the information about the formation of radiation damages 
in the crystal lattice and their interaction with the implanted gases was got. Studies of the processes of retention and 
release of D2 and He, the formation and annealing of radiation defects in the crystal lattice of W and Ta coatings, carried 
out under similar conditions, established the common regularities of these processes in different metal coatings, as well 
as some differences in the parameters characterizing them. The influence of the metal choice for coatings on the 
concentrations and trapping coefficients of implanted gases, temperature intervals of gas release into vacuum, and 
temperatures of maxima Tmax of thermal desorption peaks for deuterium (helium) into vacuum were shown. 

It can be seen from this review that each presented paper contains useful information regarding the retention and 
release of hydrogen isotopes or helium from W and Ta coatings of plasma-facing structures for fusion reactors that needs 
for the efficient operation of a fusion reactor. It is necessary to take into account the radiation stability of the structural, 
physical and mechanical properties of promising PFM to the influence of implanted hydrogen isotopes and helium. 

In the analyzed works the authors considered ways to solve one of the main problems of ITER and future 
tokamaks – the retention of H and He isotopes in PFC. The authors of this article, based on an analysis of the reviewed 
works, believe that one of the best solutions to this problem is nanocrystalline tungsten coatings deposited on reactor 
devices contacting with plasma. 
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ДОСЛІДЖЕННЯ ПРОЦЕСІВ ЗАХОПЛЮВАННЯ ТА ВИДІЛЕННЯ ІМПЛАНТОВАНИХ ІОНІВ ДЕЙТЕРІЮ ТА 

ГЕЛІЮ ДЛЯ ПЛІВОК ВОЛЬФРАМУ І ТАНТАЛУ 
Микола Азаренковb, Валентин Бобковa, Людмила Тищенкоa, Юрій Ковтуненкоa, Анатолій Скрипникa, 

Дмитро Шевченкоa, Любов Гамаюноваa 
aХарківський національний університет імені В.Н. Каразіна, Харків, м. Свободи, 4, 61022, Україна 

bНаціональний науковий центр «Харківський фізико-техничний інститут», вул. Академична, 1, Харків, 61108, Україна 
Проведено аналіз основних наявних в літературі результатів досліджень накопичення та міграції іонно-імплантованих 
ізотопів водню та гелію у вольфрамових і танталових покриттях, утворення радіаційних пошкоджень кристалічної решітки 
та їх взаємодії з імплантованими газами. Показано вплив гелію та дейтерію на різні властивості і морфологію поверхні 
покриттів. Опромінення зразків проводили як пучками прискорених іонів ізотопів водню або He+, так і у плазмі, яка містить 
перелічені іони, при різних дозах та енергіях падаючих іонів, різних температурах мішені при імплантації. Особливу увагу 
приділено результатам досліджень, отриманим при одночасному опроміненні W, як у масивному вигляді, так і в 
тонкоплівковому. Використовувалися методи електронної мікроскопії, ре-емісійної мас-спектрометрії, термодесорбційної 
спектрометрії, рентгенівської фотоелектронної спектроскопії, рентгенівської дифракції, аналізу ядерної реакції та 
резерфордівського розсіювання іонів.  
Ключові слова: дейтерій; гелій; іонна імплантація; термодесорбція; дефекти; W і Ta плівки 
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The presence of the effect of thermally activated delayed fluorescence (TADF) in organic light-emitting materials (emitters), 
manifested in the "collecting" of triplet excitons in organic semiconductor complexes that do not contain noble metals, creates excellent 
prerequisites for the application of TADF materials in the technology of manufacturing organic light-emitting diodes (OLED). The 
significant progress in solving theoretical and technical problems, achieved in the process of development of highly efficient TADF 
materials, paves the way for the formation of the future of organic electronics. This review presents the analyses of the nature of the 
long-term fluorescence generation mechanism at the molecular level and the up-to-date strategies for designing TADF donor-acceptor 
materials, as well as exciplex intermolecular complexes. Special attention is focused on the analysis of TADF emitter ambipolar 
materials with a highly twisted, rigid molecular structure, which reveal a tendency towards the multi-channel emission mechanisms 
and their implementation in a variety of OLED structure architectures. 
Key words: Organic light-emitting diodes; Thermally activated delayed fluorescence; Emitter; Multilayer structure; Exciton; 
Singlet-triplet energy splitting 
PACS: 78.55.Kz 

INTRODUCTION 
The current state of the OLED technologies development largely determines the commercial attractiveness of 

lighting systems based on organic LEDs and OLED displays, which have a number of advantages over the liquid crystal 
displays. In particular, the OLED displays are thinner and weigh less. In addition, they are characterized by a wide viewing 
angle (up to 1800) and higher color contrast. A significant argument that opens up new design possibilities for the 
production of OLED displays and their implementation on the electronic equipment market is the technological capability 
of forming OLED displays on flexible substrates with the functional possibility to bend and unfold the screen. Regarding 
the expediency of using organic LEDs in light-emitting devices, here, first of all, the low energy consumption of OLEDs 
and the absence of toxic substances in their design should be noted, which creates prerequisites for both global energy 
saving and reducing the industrial burden on the environment [1]. 

The organic light-emitting diodes (OLEDs) are electroluminescent devices with a multilayer structure of organic 
semiconductor materials sandwiched between a transparent anode and a metal cathode (Fig. 1). When an external voltage 
is applied to the OLED electrodes (cathode and anode), the charge carriers (electrons and holes) enter the electron and 
hole injection layers, respectively, with further injection into the electron and hole transport films, from where they drift 
into the emissive (light-emitting) layer in which, under the influence of the Coulomb interactions form excitons [2-4]. 

Figure 1. Schematic representation of the multilayer structure of the device based on an organic light-emitting diode (OLED) 

Inherently, the excitons represent an emitter molecule in an excited state (Fig. 2). The molecular excited states can 
be classified as electrically balanced states formed by the exchange of energy and charge between neighboring molecules 
of singlet or triplet character. In the emitter molecule, there exist simultaneously two systems of electronic levels: singlet 
Sn and triplet Tn. 
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The triplet excitons have a rather long lifetime, since the radiative transition to the ground state is forbidden. This is 
equivalent to the indirect transitions in crystals. The triplet excitons can diffuse over long distances (up to 100 nm), while 
the singlet ones cannot diffuse more than 10 nm. 

A definite set of vibrational states corresponds to each energy level. Both radiative and non-radiative transitions can 
occur during the transition of an excited molecule to an equilibrium state. In this context, internal conversion (IC) and 
Intersystem crossing (ISC) are distinguished. The internal conversion is characterized by intramolecular transitions 
between different electronic states of the same multiplicity, for example, S2 → S1 (singlet-singlet) and T2 → T1 (triplet-
triplet). It should be noted that the probability of such transitions is the greater, the smaller is the difference between the 
energy levels of the initial and final state. 

 
Figure 2. Energy level diagram that shows the main luminescence processes in an emitter molecule (left: fluorescent molecule; 
center: phosphorescent molecule; right: TADF molecule). Continuous arrows indicate radiative processes. Dotted arrows represent 
non-radiative relaxation 

The total electron spin for the singlet state is zero, because the electrons are paired. For the triplet state, the total spin 
is equal to two, and the multiplicity, as opposed to one, for the singlet state corresponds to three, respectively. Generally, 
the basic unexcited state (state S0) of organic molecules is singlet, and therefore, theoretically, a radiative transition from 
the lower singlet excited state - S1 to the basic S0 state is allowed. Such a radiative transition with short relaxation time in 
the nanosecond range is called fluorescence. 

Unlike the phosphorescence, which is a theoretically forbidden radiative transition of triplet excitons from the lower 
triplet excited state T1 to the main S0, the recombination time is in the microsecond or millisecond range. Note, that the 
relaxation time for triplet transitions is significantly reduced under the influence of such external factors, as heat or 
oxygen, on the emitter molecule [5, 6]. The intercombination conversion, that is, transitions between two isoenergetic 
vibrational levels, refers to the states of different multiplicity. For example, a molecule from the zero vibrational level of 
the S1 state can move to the isoenergetic vibrational level of the triplet state T2, and then, as a result of vibrational 
relaxation, to the Т1 level. The transitions between the states of different multiplicities are, in principle, forbidden, 
however, the spin-orbit overlap may be sufficient to partially remove the prohibition [7-9]. 

It should be noted, that the presence of rare-earth metals (eg, Ir and Pt) increases the probability of spin-orbit overlap 
and, thus, increases the probability of intercombination conversion resulting in phosphorescence at the room temperature. 
Thus, this approach makes it possible to involve both triplet and singlet excitons in the process of light recombination, 
which theoretically allows obtaining a value of the external quantum efficiency (EQE) of the device close to 100%. Today, 
the maximum EQE value of the organic phosphorescent OLEDs, based on the latest phosphorescent metal complexes, 
shows a very high value, more than 50% [10-13]. 

 
SINGLET-TRIPLET ENERGY SPLITTING (ΔEST) AND TADF MECHANISM 

The TADF-based organic LEDs use molecular systems with a small energy split between singlet and triplet states. 
This can be realized either in intramolecular charge transfer states of molecules with nearly orthogonal donor and acceptor 
parts, or in intermolecular exciplex states formed between an appropriate combination of individual donor and acceptor 
materials. These processes are described in more detail in our previous works [14-165,6,7]. Another method of using 
triplet excitons in OLEDs is the use of emitters that exhibit thermally activated delayed fluorescence. In fact, this type of 
molecule has a narrow energy gap between the triplet and singlet excited states, so that the thermal energy, inherent at 
the room temperature, is sufficient to activate the reverse Intersystem crossing (ISC (reverse ISC)), promoting the 
complete conversion of the triplet state to the singlet one, thus triggering the collection of singlets. When the gap is close 
to zero, the reverse intersystem crossing (RISC) is possible [17-19]. The most promising and effective approach to the 
collection of triplet excitons involving the RISC process is the use of TADF emitters. In the RISC TADF emitter, the 
thermal motion of the molecule at sufficiently high temperatures (more than 300 K) can easily activate the conversion. 
The efficiency of TADF is mainly determined by the temperature sensitive RISC process. The functional dependence of 
the RISC rate constant (kRISC) on the temperature can be expressed by the Boltzmann equation: 
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 kRISC ∝ exp (ΔEST/kBT) (1) 

where T is the temperature and kB is the Boltzmann constant. 
It is well known that the presence of a narrow energy gap ΔEST of less than 0.2 eV in the emitter molecules enables 

an effective RISC process [20]. ΔEST can be defined as the energy difference of the lowest singlet (ES) and triplet (ET) 
excited states: 
 ES = E + K + J, (2) 

 Eт = E + K – J, (3) 

 ΔEST = ES- EТ =2J, (4) 

where E is the orbital energy, K is the electron repulsion energy, J is the exchange energy or the exchange integral [21]. 

 J=∫∞oFD(λ)ϵA(λ)λ4dλ, (5) 

where FD(λ) is the normalized emission spectrum of the donor, ϵA is the standard for the molar absorption coefficient of 
the acceptor, and λ is the wavelength. 

We remind that as a result of a conjugated bond formation in organic semiconductors, bonding π- and excited π̽ 
molecular orbitals are formed. These orbitals form narrow energy levels that split into zones. The filled π -orbital is called 
the highest occupied molecular orbital (HOMO), and the excited π̽-orbital is called the lowest vacant molecular orbital 
LUMO (lowest unoccupied molecular orbital). 

Thus, the value of the energy gap ΔEST is two times greater than that of J. Equation (4) shows that a small value of 
ΔEST can be obtained using a small overlap integral (5), i.e. by separating the HOMO and LUMO spatial wave functions. 
Note, that the molecular TADF emitters are the structures consisting of donor-acceptor (D-A) or donor-acceptor-donor 
(D-A-D) components, which are characterized by intramolecular charge transfer states between the acceptor and donor 
components. These emitter TADF components are so far apart in the orthogonal orbitals, that the spin-orbit interaction 
between them is very small, what makes the RISC scenario unlikely. From the molecular point of view, a spatially twisted 
structure can ensure a small value of ΔEST, since with an effective distribution of NOMO and LUMO, the value of the 
exchange integral can be small. A value of ΔEST close to zero can be obtained by spatial separation of the electron densities 
of the frontier orbitals, as shown in Fig. 3a. The spatial separation of the electron densities of NOMO and LUMO levels 
in the molecule with a twisted D-A structure is shown in Fig. 3 b. The right-angle rotation between the D and A 
components is important for the formation of the TADF molecule. These two key factors between the 1CT singlet state 
and the 3CT triplet state with a small energy gap provide TADF emission. 

 
Figure 3. (a) Strategy for realizing small ΔEST values in the organic TADF molecules. HOMO: the highest occupied molecular orbital, 
LUMO: the lowest unoccupied molecular orbital, ΔEST: the energy gap between the S1 and T1 states. (b) Electron density in the HOMO 
and LUMO of the typical example (4CzIPN) of the organic TADF molecules with a twisted molecule of the D–A structure type. The 
inset shows the molecular structure. [22]. 

Besides the optimal values of ΔEST and kRISC, a relatively large value of the radiation rate constant kr, which is the 
rate of transition of a singlet exciton from the S1 state to the S0 one, is also important for obtaining effective TADF 
emission. However, the large value of kr and close to zero ΔEST conflict with each other, what requires careful design of 
molecular structures for simultaneous implementation of the proper parameters. For example, some ketone derivatives 
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have a relatively small value of ΔEST, but exhibit phosphorescence only at low temperature due to the large value of kr for 
the triplet excitons [23-25]. On the other hand, due to the special conjugation combination, resulting from the twisted 
central group –CQ= in several diphenyl-ketones with different donor groups attached to the phenolic ring, there is a 
specific double TADF emission of white colour. Unlike the typical fluorescent emitters with rather narrow emission 
spectra, the TADF emitters usually exhibit poorer monochromeness. To improve the purity emission, steric hindrances 
are introduced into the TADF emitter core or intensify the stiffness of the acceptor fragment and, thus, suppress the 
molecular rotation between the donor and acceptor components [22, 26]. Another key direction that allows overcoming 
the limitations on the use of fluorescent dyes in the electroluminescent devices’ technology is the study of promising 
TADF emitters with the aggregation induced effect. The fact is that under the influence of the π - π interaction the TADF 
molecules are easily aggregated, what causes the aggregation-caused luminescence quenching (ACQ). This effect 
seriously limits the use of TADF emitters in optoelectronic devices. To overcome the occurrence of ACQ, numerous 
organic dyes with aggregation-induced emission (AIE) properties have been developed in the last decade. In fact, 
solutions of AIE luminophor are characterized by extremely low photoluminescence quantum efficiency, while their 
luminescence is sharply enhanced in the solid state. Such a phenomenon of enhanced emission is usually interpreted as a 
limitation of intermolecular rotations and the twisted Intramolecular Charge Transfer (TICT). Therefore, the charge 
transfer mechanisms and twisted molecular structures have a crucial effect on the photophysical properties of the TADF 
emitters, which are important for the high-performance OLED devices.  

Besides the TADF exciplexes in this paper, i.e. the TADF emitter molecules with the AIE effect, attention is paid to 
highly twisted TADF molecules of the D-A type, subject to their molecular configurations. We also focus on developing 
the design and photophysical processes commonly used to optimize the TADF technology of the OLED device. 

 
TADF EMITTERS BASED ON A DONOR-ACCEPTOR PAIR 

Relative simplicity of the synthesis as well as the high quality of light emission of the TADF emitters, based on a 
donor-acceptor pair, determines their wide use in organic optoelectronic devices. However, the presence of a large twist 
angle between the D and A fragments can promote the significant steric hindrances. In this context, the use of ortho-D-
A-compounds is a simple and effective strategy for the formation of an almost vertically twisted molecular configuration 
to obtain the smallest possible value of ΔEST, as well as an efficient TADF process. Su and colleagues [27] developed a 
series of D–A molecules based on TRZ groups acting as the acceptors and the dibenzothiophene or thianthrene (TE) 
derivatives as the donors. The presence of the influence of heavy sulfur atoms promoted an increase in the SOC coefficient 
and, as a result, enabled the passage of ISC. In the singlet state of oTE-DRZ (Fig. 4), the rigid molecular environment 
prevented the occurrence of a non-radiative transition, while the available permitted phosphorescent transitions promote 
further cascade conversion and the increase of the long-lived triplet excitons lifetime.  

 

 

 
Figure 4. Molecular structure of TADF emitters based on a donor-acceptor pair. 

It was found that the oTE-DRZ crystal (Fig. 4) exhibited the dual channel properties (TADF and the room 
temperature phosphor luminescence (RTP) with greenish-blue luminescence of photoluminescence quantum yield 
(PLQY 87%) (Fig. 5) due to the limitation of intermolecular and intramolecular degrees of motion freedom. Owing to the 
presence of strong π–π intermolecular bonds, the OLEDs based on o TE-DRZ thin films showed the EQE of up to 20.6%. 
To achieve a high IQE for the simple TADF emitters Chi and colleagues [28] reported about the development of a new 
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molecular design and the synthesis of twisted molecular TADF emitters by introducing an ortho-bonded carbazole donor 
link, which forms an asymmetric D–A–D' structure. The close spatial proximity of the donor and acceptor in the 
asymmetric structure can intensify through-space charge transfer (TSCT), thereby suppressing molecular vibrations, thus 
preventing the energy loss. The X-ray diffraction data indicate a substantial bond between phenothiazine (D') and 
diphenylsulfone (A). Due to the two-channel mechanism of the charge transfer (CT), the molecular compound 2Cz-DPS 
(Fig. 4(42)) shows a high value (91.9%) of solid-state PLQ and the maximum quantum yield of electroluminescence = 
28.7%. The same team [29] developed and synthesized two twisted D-A molecules characterized by ultra-long RTP and 
TADF relaxation time, namely o-Cz and p-Cz, in which the carbazole donor and the benzophenone acceptor were 
involved as they were combined by ortho- and the pair-method. Such molecules have been shown to exhibit a small ΔEST, 
that contributes to ISC and RISC under the dual-channel CT conditions, which in turn increases the number of triplet 
excitons involved to increase the TADF efficiency. Ultimately, o-Cz demonstrated the ultralong lifetime of 0.84 s and the 
quantum efficiency of 16.6%. To balance the lifetime and the emitter PLQY, Wang and colleagues [30] designed and 
synthesized three TADF molecules with a twisted structure based on diphenylsulfone and 9,9-dimethyl acridine groups. 
By removing the phenyl group from lb-Ph to reduce the distance between the D and A fragments, the through-space 
charge transfer TSCT can be achieved. The materials were characterized by multifunctional emissive properties, including 
TADF, the room temperature phosphorescence, aggregation, and triboluminescence (TL), which can be induced by a 
mechanical irritant action. The molecules exhibiting TSCT were found to show the PLQY value of nearly 100%. lb-1 
(Fig. 4 (44)) and lb-3 (Fig. 4(46)) show obvious TL properties (Fig. 5). The both crystals showed good crystal clarity after 
grinding, which indicated good mechanical stability of the materials. 

Although the effective TADF blue emitter materials are necessary for the commercialization of organic light-
emitting diodes, there are a number of unsolved problems when implementing them into the technological route of the 
OLED fabrication. In particular: the high frequency of their emission negatively affects the effective life of blue OLEDs 
due to the rapid degradation of the emitting material [31-33]. Besides, a typical problem for such devices is a rapid 
performance degradation in the mode of high brightness. Therefore, the development of stable blue emitters for OLEDs 
is one of the most difficult tasks. Kido and colleagues [34] proposed a new strategy to obtain the blue TADF using 
9,9-dimethyl-9,10-dihydroacridine (ACR) groups as the donor and double sulfonyl groups as the acceptor. ACR-BPSBP 
(Fig. 4) and ACR-pBPSB (Fig. 4) molecules had the same donors and the acceptors, but were characterized by different 
bonds. Compared to the ACR-pBPSB (Fig. 4), the ACR-BPSBP molecule (Fig. 4) has a more twisted structure and 
exhibits a higher PLQY due to the limitation of the conjugation length. Since the ACRBPSBP material (Fig. 4) showed 
steric difficulties on the part of the ortho-phenylsulfonyl group, the orthogonal configuration with a large twist angle of 
85° was chosen. This molecule exhibited blue emission with the emission maximum in the region of 460 nm and with 
PLQY = 82%. However, the elongated ACR-pBPSB (Fig. 4) exhibited green emission with the maximum of 490 nm and 
the PLQY of 76%. 

 

 
Figure 5. Diagram of the energy excited levels of 1CTF, 2CTF and 3CTF (a). Fluorescence (Fl), triboluminescence (TL), and 

phosphorescence (Ph) spectra of lb-1 (44) and lb-3 (46) in the solid state (b) 
 

ORGANIC LEDs BASED ON NON-DOPED TADF EMITTERS 
The non-doped emitter layers in the OLED structure have a number of advantages as to the "doped" systems 

(guest-host): in particular, the manufacturing process is simplified, also most of the non-doped devices are characterized 
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by a lower supply voltage, higher brightness and a smaller drop in their efficiency than the doped devices. Besides, the 
inhomogeneities arising during the phase separation in the guest-host system, which are absent in the non-doped emitter, 
are harmful to the color stability and efficiency of the device. However, in terms of the quantity, the OLEDs based on the 
non-doped emitter layers are significantly inferior to the doped ones. The proper thermal and photochemical stability of 
TADF non-doped emitters is an important condition for their use in the OLED technology. Such a stability can be judged 
from the dissociation energy of the molecular bonds. The example of the presence of a relatively high bond dissociation 
energy, which promotes the increase in the effective life of TADF - OLED, is observed in the emitter molecule based on 
the combination of a stable acceptor (triazine) and a donor fragment (carbazole) [35-37]. Also, the key OLED parameter 
is the value of the external quantum efficiency (ղEQE), which can be represented as ηEQE =IQE×ηout, where IQE and ηout 
are the internal quantum efficiency of the device and the light output coefficient, respectively. For the TADF-based 
OLEDs, the formula for determining IQE is written down as: 

 IQE 0.25𝛷𝑝 0.75 0.25 1 𝛷𝑝 𝛾, (6) 

where γ is the charge balance coefficient, Φp and Φd are the contribution of instantaneous fluorescence and delayed 
fluorescence to the quantum yield of photoluminescence (ΦPL) respectively: ΦPL=Φp + Φd. The γ value makes virtually 
1.0 for most of modern multilayer OLEDs. 

The non-doped OLEDs based on the green emitting molecule DMAC-BP show the EQE value and the maximum 
brightness of 18.9% and ~50,000 cdm-2, respectively [38]. DBT-BZ-DMAC-based organic LEDs showing combined 
emission, which is caused by aggregation and TADF, have the maximum EQE of 14.2% and the slight drop in the current 
efficiency of 0.46% from the peak values to the values at 1000 cdm-2 [39]. Also, in a non-doped green OLED with the 
CP-BP-PXZ-based emitter, whose peculiarity is the presence of the long-term aggregation-induced fluorescence, showed 
the EQE value of 18.4% with a slight drop in the current efficiency of 1.2% at 1000 cdm-2 [40]. Exciplex TADF OLEDs 
are another type of the non-doped devices (Fig. 6.). 

 
Figure 6. Electronic energy diagram demonstrating the process of exciplex formation and interconnection at the energy levels 

First, the donors and acceptors form the excited ground-state donors and acceptors or form the excited ground-state acceptors and 
donors upon the high-energy excitation. Then, the donor excitons and acceptor excitons combine into an exciplex. And finally, the 
exciplex splits into a donor and an acceptor component. In this case, a transition to the ground state with emission occures.  

 
The exciplexes are the complexes in the excited state (CT), which are formed as a result of the interfacial interaction 

of an excited molecule (for example, an acceptor) with the other unexcited molecule (for example, a donor) (1A* + D → 
1(A D)*). Then, the complex disintegrates into a positive hole and a negative electron with the transition to the So ground 
state with light emission. The electrostatic interaction of a positively charged donor with a negatively charged acceptor, 
which are located at a short distance from each other, enables exciplex stabilization. Similar to the intramolecular TADF 
in the TADF exciplex compounds, the spatial orientation of the HOMO and LUMO positions for D and A components 
and the intermolecular distance between them determine the formation of the RISC mechanism. It was found that the 
exciplexes, which emitted relatively high-energy light, were characterized by a relatively small CT energy from molecule 
to molecule and vice versa. Simulation of the emission energy in the solid phase showed the CT state to depend on the 
intermolecular distance between D and A molecules and their spatial orientation. To confirm this fact, the experimental 
observations were performed. An exciplex layer was formed with the 1:1 molar ratio of tris(4-carbazol-9-ylphenyl) amine 
(TCTA) and 4,6-bis(3,5-di(pyridin-4-yl)phenyl)-2-methylpyrimidine (B4Py -MPM) on the glass substrate [41]. The 
chemical structures and energy levels of TCTA and B4PyMPM are shown in Fig. 7 a. The positions of the HOMO level 
were determined by UV photoelectron spectroscopy, and the LUMO levels were calculated from the HOMO level and 
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the absorption edge of the UV absorption spectrum. The film absorption spectrum corresponds to the absorption spectra 
of TCTA and B4PyMPM, indicating that no aggregation or formation of the ST complex has occurred in the solid state. 
Fig. 7 b shows the spectral time dependence of the exciplex emission. The change in the time parameter of the intense 
light pulse was recorded by a high-speed photo-recording camera. The photoluminescent excitation of the samples was 
carried out using a pulsed nitrogen laser with the generation wavelength of 337 nm. The presence of different time spectral 
distributions indicates fast and slow mechanisms of the exciplex fluorescence decay. The integrated emission spectrum 
is dominated by exciplex emission. A gradual spectral shift into the low-energy area was observed, so, with the radiation 
shift from λ = 493 nm at the beginning of the area, a fast emission region (t = 0-10 ns) to λ = 535 nm, and in the long-wave 
area a slowed-down emitting band (t = 10−70 μs) was observed. The spectral red shift with the delayed emission is a 
feature of the exciplex caused by the effect of polarization under the influence of the host medium [42,43]. 

  
a b 

Figure 7. a) Chemical structures of tris(4-carbazol-9-ylphenyl)-amine (TCTA) and 4,6-bis(3,5-di(pyridin-4-yl)phenyl)-2-
methylpyrimidine (B4PyMPM) with the energy levels, b) time dependences of photoluminescence amplitude spectra of the exciplexes 

To increase further the efficiency of using the exciplex approach in the technology of organic light-emitting devices, 
it is advisable to develop molecules with a high PLQY level for the use of D and A, while in order to minimize the 
quenching of triplet states in the TADF process, the donor and acceptor molecules should contain high-energy triplet 
energy levels [44, 45]. 

 
OLED BASED ON THE DOPED TADF EMITTER 

To prevent the excitons annihilation in the organic LEDs, based on the doped TADF systems (guest-host), the emitter 
is usually dispersed into a solid-state matrix film (into the host component). A number of requirements are imposed on the 
host material, in particular: the triplet energy of the matrix molecule must be higher than that of the TADF emitter, the 
HOMO and LUMO levels must be correctly oriented, the organic matrix semiconductor must be characterized by a wide 
band gap and bipolar mobility of the charge carriers to maximize the formation of excitons in the emitter layer. Besides, 
the matrix should be morphologically stable and have good film-forming properties. In most cases, in the production 
of organic LEDs with TADF emitters traditional starting materials were used, which had been originally developed for the 
phosphorescent metal-organic complexes based on heavy metals [46]. The typical matrix molecules with high triplet 
energies are: DPEPO (T1: 3.3 eV) [47], PPF (T1: 3.1 eV) [48], mCPCN(T1: 3.03 eV) [49], CzSi (T1 3.0 eV) [49], mCBP 
(T1: 2.9 eV) [50], TPBi (T1: 2.7 eV) [51]. For the highly efficient green emitter 4CzIPN, several materials with the host 
function were synthesized [52-54], with which the quantum efficiency of up to 31.2% was observed for OLEDs (Table 1). 
Many matrix materials have been developed for the DMAC-DPS blue emitter. In particular, the OLED with the maximum 
EQE of 23.0% was obtained using DPETPO as the host component [55]. It should be noted that due to the local dipole 
interaction, the polar matrix films can stabilize the CT excited state of the guest emitter. In this case, the emission of 
TADF OLED shifts to the red region of the spectrum. Thus, for the blue TADF-emitter DDMA-TXO2 due to combining 
the emitter with the matrix of the correct polarity, the energy of the 1CT state decreases, and ΔEST is minimized, as a result 
of which EQE reaches the values of 22.4% for the device with CIE coordinates (0.16, 0 ,24) [56]. 
Table 1. Photoluminescence and electroluminescence characteristics of representative low-molecular TADF materials 

Molecule  ΛPL 
(nm) 

∆EST 
(eV) 

ΦPL Host/ 
toluene (%) 

τPF (ns)/ 
τDF (µs) 

CE 
(cdA-1) 

PE 
(lmW-1) 

EQEmax 
(%) 

DMAC-DPS PL:mCP film (10wt%) 

464 0.09 90/80 2.1/3.1 

- - 19.5 EL:DPEPO film 
(10wt%) 
mCP film (10wt%) - 19 19.5 
PL:mCP film (10wt%) 

39.7 44.4 23.0 EL:DPEPO film 
(10wt%) 
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Molecule  ΛPL 
(nm) 

∆EST 
(eV) 

ΦPL Host/ 
toluene (%) 

τPF (ns)/ 
τDF (µs) 

CE 
(cdA-1) 

PE 
(lmW-1) 

EQEmax 
(%) 

DMAC-TRZ mCPCN film (8wt%) 

495 0.05 90/83 20.3/1.9 

66.8 65.6 26.5 
PL: mCPCN film 
(10wt%) 
EL: neat film 

61.1 45.7 20 

4CzIPN CBP film (6wt%) 507 0.08 93.8/- 17.8/5.1 - - 19.3 
3CzPFP (1%) - - 31.2 

PXZ-TRZ CBP film (6wt%) 545 0.08 66/43 20/1.1 - - 12.5 
DACT-II CBP film (9wt%) 529 0.009 63.7/100 -/- - - 29.6 
TPA-DCPP Neat film 708 0.13 14/84 20.8/0.76 4.0 - 9.8 
HAP-3TPA 26mCPy film (6±1wt%) 610 0.17 91/- -/100 25.9 22.1 17.5 

 
White TADF OLEDs have found wide application in the up-to-date display devices and lighting systems, what 

created the prerequisites for further investment in their research area. White TADF OLEDs are usually obtained by mixing 
the three primary red, green, blue (RGB) emitting colors, for example: green (4CzPN), red (4CzTPN-Ph) and blue 
(3CzTRZ) emitters from the matrix (mCBP and PPT) [57-59]. With the optimized hetero structure consisting of 4CzPN: 
mCBP(3 nm)/4CzTPN-Ph:mCBP (2 nm)/3CzTRZ:PPT (10 nm), the TADF OLED device achieved the maximum EQE 
value of 17.6% and CIEx, y (0.26, 0.38). The aplication of hybrid "warm-white" WOLEDs, obtained using the TADF 
emitter of blue color (2CzPN) and yellow phosphor PO-01 in separate emitting layers (Fig. 8), made it possible to achieve 
the EQEmax values of 22.6% and (CIEx, y = (0.45, 0.48)) [34]. By combining the yellow TADF emitter PXZDSO2 with 
the dark blue fluorescent emitter NI-1-PhTPA, the warm white LEDs were fabricated achieving the EQEmax of 15.8% 
(CIEx,y = (0.401, 0.476). Furthermore, when the dark-red fluorescent component was inserted, the three-color white 
OLEDs were obtained with EQEmax = 19.2% (CIEx,y=(0.348, 0.577)), with a very high color rendering index 
of 95 [59,60]. 

 
Figure 8. Energy levels, exciton energies and light emission mechanism of materials used in the hybrid white organic LEDs. The 
hybrid white OLED has two emissive layers (EML). The first EML, close to the hole transport layer (NPB), contains 2CzPN in the 
mCP matrix. In the second EML, located next to the electron transport layer, PO-01 is doped into the matrix. The emissive layers 
are located between the TAZ electron transport layer and the TCTA electron/exciton blocking layer. HATCN is used as a hole 
injection layer. The large energy shift of the highest occupied molecular orbitals (HOMO) of TAZ and the HOMO of mCP prevents 
the hole transport between adjacent hole-transporting layers. In the zone of exciton generation (gray color), a hole and an electron 
can combine due to the Coulomb forces with the excitons formation. 

The correct orientation of the molecule can increase the efficiency of the doped OLEDs. The emitter with the 
horizontal dipole transition moment provides a much higher output coupling efficiency than the vertically oriented dipole, 
due to which the EQE increases [61]. Theoretically, the EQE can be increased up to 46% for the perfect horizontal 
orientation of emitters without using the external output structures with ΦPL = 1 and Θ = 1, where ΦPL is the 
photoluminescence quantum yield, Θ is the percentage of horizontal dipoles among all the emitting dipoles. For example, 
due to the high percentage of all the emitting dipoles (Θ=92%), the combination of the host component DPEPO and 
TADF of the CC2TA emitter as the emitting layer, provided EQEmax =11±1% [62] (Fig. 9). The efficiency of the 
horizontal orientation of the emitters was higher (31.3%) than that of the isotropic emitters (20.6%).  

 
TADF OLED based on aggregation-induced emission. 

The non-doped OLED using bis3-[9,9-dimethyl-9,10 dihydroacridine) phenyl] sulfone (mSOAD) exhibits excellent 
blue electroluminescence performance with the emission maximum of 488 nm and EQE =14.0%. Besides, the turn-on 
voltage of this OLED is 3.1 V with the maximum output of 31.7 cd/A. The AIDF OLED based on DMAC-DPS emitter 
demonstrates high performance characteristics. Yang and colleagues later reported about highly efficient OLEDs using 
two isomers as emitters: the bis-[3-(9,9-dimethyl-9,10-dihydroacridine) phenyl] sulfone isomer (mSOAD) and the bis 



39
Thermally Activated Delayed Fluorescence in Organic Semiconductors... EEJP. 1 (2024)

compound [2-(9,9-dimethyl-9,10-dihydroacridine) phenyl] of sulfone (о-ACSO2). Both of these molecules have good 
TADF properties with excellent solubility and AIE effect due to the large twist angles between the donor and acceptor 
fragments (Table 2) [63, 64]. 

 
Figure 9. Individual contribution of isotropic and horizontal singlets to the external quantum efficiency (EQE or ηEQE) in the oriented EML 
The left column lists the typical values for the isotropic singlet emitter, and the right column lists the typical values for the oriented 
TADF emitter), allowing the EQE to acquire values higher than the possible ones of the classical limit. The TADF increases the 
percentage of the emitting excitons ηr due to the reverse conversion of the triplet excitons to the singlet state, which, in turn, increases
the internal quantum efficiency (ηint). The horizontal orientation of the dipole transition moments in the EML increases the output 
efficiency (ηout). The radiative quantum efficiency is assumed to be the same in both scenarios. However, since the Purcell factors
depend on the orientation, different values of the emission quantum efficiency ηEQE are used in the calculation 

Table 2. Production performance of non-doped AIDF OLEDs 

Compound ΛEL 
nm 

Von 
V 

Lmax 
cd m-2 

CEmax 
cd A-1 

PEmax 
lm W-1 

EQE 
% 

m-DTPACO 480 3.9 10005 4.8 2.8 2.4 
m-ACSO2 486 4.1 - 37.9 23.8 17.2 
mSOAD 488 3.1 - 31.7 28.4 14.0 
o-ACSO2 492 4.4 - 14.1 7.8 5.9 
ECPPTT 494 5.6 10090 3.437 - - 
G2B 500a 4.3a 

- 11.3 7.1 4.8 
500b 3.4b 14.0 11.5 5.7 

CP-BP-DMAC 502 2.7 37680 41.6 37.9 15.0 
DBT-BZ-DMAC 508 2.7 27270 43.3 35.7 14.2 
G3B 513a 3.6a 

- 8.7 6.6 3.6 
516b 2.9b 7.7 5.7 2.9 

p-DTPACO 517 3.9 7354 10.8 8.2 3.7 
ECDPTT 517 5.8 7561 2.478 - - 
DCPDAPM 521 3.2 123371 26.88 15.63 8.2 
SBDBQ-DMAC 544 2.8 14578 35.4 32.7 10.1 

A bit higher efficiency than that of the AIDF OLED, which is based on the DMAC-DPS emitter, is demonstrated 
by a light-emitting organic device, which is made using mACSO2 with electroluminescence in the blue-green region with 
the maximum in the region of 486 nm, the turn-on voltage of 4.1 V, the maximum current efficiency of 37.9 cd/A, with 
the energy efficiency of 23.8 lm/W and EQE of 17.2%. When using another isomer ɔ -ACSO2 in the OLED technology, 
the emission is slightly shifted to the red region of the spectrum with the maximum of 492 nm and EQE =5.9%, the OLED 
turn-on voltage corresponds to the value of 4.4 V with the maximum current efficiency of 14.1 cd/A and with the 
maximum power output of 7.8 lm/W [63]. Also, a blue-green OLED was produced by Tang and colleagues using 
triphenylethylene as the AIE block, the carbazole, and thianthrene-9,9,10,10-tetraoxide (ECPPTT) as the donor and 
acceptor, respectively [65]. The potential application of such a dye as an emitting layer in the non-doped OLED showed 
the maximum emission of 494 nm. The device turn-on voltage was 5.6V at the maximum brightness of 10090 cd/m2 and 
with the maximum current efficiency of 3.437 cd/A. Li and colleagues [66] analyzed the application of AIE emitters, with 
the TADF effect inherent in them, in the non-doped green organic LEDs, which had been previously reported by Xu 
Zhang and colleagues [67,68]. By comparing the symmetric and asymmetric configuration of the donor and acceptor 
groups, i.e. using one (phenothiazine) or two different donors (phenothiazine and phenoxazine) in combination with one 
central acceptor component (bis-phenylsulfone), the authors concluded that the asymmetric structure of the emitters is a 
key condition to achieve high values of characteristics in the devices under study. Indeed, the non-doped film in the 
organic LEDs of the asymmetric PTSOPO provided higher current density, higher brightness, and higher EQE than of 
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the symmetric PTSOPT. In particular, the non-doped PTSOPO device can achieve maximum EQE= 17.0% of green 
electroluminescence. It should be noted, that a very low drop (0.2%) indicates to high performance of the non-doped blue-
green OLED [40]. The asymmetric triple structure was also successfully investigated by Tan and colleagues [40] to obtain 
the organic LEDs emitting different colors. The emitter based on the D-A-D' configuration, where the D-A fragment is 
formed by 9-phenyl-9H-carbazole, which is bonded in the third position with the benzoyl unit (CP-BP) and uses 9,9-
dimethyl-9,10. -dihydroacridine (DMAC) as the third substituent, provides the blue-green OLED generation. It takes 
interest that the HOMO orbitals are localized on the electron-donor part D (DMAC), and the LUMO – on the 
benzophenone (BP) core and they are extended to the second half of the carbazole fragment, and as a result, the emitter 
is characterized by a lower ΔEST value, as compared to the similar molecules containing phenoxazine (PXZ) or 
phenothiazine (PTZ) instead of DMAC (0.33, 0.45, and 0.11 eV for CP-BP-PXZ, CP-BP PTZ, and CP-BP-DMAC, 
respectively). Besides, the twisted phenyl ring in the 9th position of carbazole prevents close packing between the 
molecules and weakens the intermolecular interactions, thereby reducing the effect of ACQ on the film. The maximum 
spectral length of the emission of the OLED, based on this emitter, is 502 nm. The device is characterized by low turn on 
voltage (2.7 V), maximum brightness of 37,680 cd/m2, maximum energy efficiency of 37.9 lm/W and EQE = 15.0%. It 
should be noted that the very low drop (0.2%) indicates to the high performance of the non-doped blue-green OLED [40]. 

 
CONCLUSIONS 

The utilisation of the TADF materials as the emitters or as a host component matrix for other emitters in the OLEDs 
has progressed rapidly in the past few years and is considered to be the next-generation OLED technology. Nowadays, 
the TADF OLEDs demonstrate a high efficiency commensurate with the OLED devices based on the phosphorescent 
materials with organometallic complexes, which contain noble metals. The development of the molecular structures that 
resolve the contradiction between the large value of the emission rate constant from the excited state S1 and the small 
value of ΔEST has become a notable achievement. A lot of new materials with TADF properties have also shown a 
promising potential for other applications in particular: in organic UV photodetectors, fluorescent sensors, and sensors 
based on mechanoluminochromism, which really take advantage of small ΔEST values and efficient RISC process in the 
TADF molecules. However, the research and development of TADF materials is still under the development stage. And 
so, there is a need for the development of novel molecular design strategies and detailed theoretical approaches for the 
development of materials on the TADF effect, which inherent some other photophysical properties. Some new conceptual 
solutions of the model providing the utilization and control of excitons by the TADF process should appear to expand the 
TADF-type materials to some other research areas.  
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ТЕРМІЧНО АКТИВОВАНА УПОВІЛЬНЕНА ФЛУОРЕСЦЕНЦІЯ В ОРГАНІЧНИХ НАПІВПРОВІДНИКАХ 
ТА ЇЇ ЗАСТОСУВАННЯ У СВІТЛОВИПРОМІНЮЮЧИХ ДІОДАХ 

Сергій Мельников, Ігор Гельжинський, Тетяна Булавінець, Павло Стахіра 
Національний університет «Львівська політехніка», кафедра електронної інженерії, пл. Св. Юра 1, Львів, Україна 

Наявність ефекту термічно активованої уповільненої флуоресценції (TADF) в органічних світловипромінюючих матеріалах 
(емітерах), що проявляється в «збирані» триплетних екситонів в органічних напівпровідникових комплексах, які не містять 
благородних металів, створює чудові передумови до застосування TADF матеріалів у технології виготовлення органічних 
світловипромінюючих діодів (OLED). Значущий прогрес у вирішенні теоретичних та технічних завдань, що досягається в 
процесі розроблення високоефективних TADF матеріалів, прокладає шлях до формування майбутнього органічної 
електроніки. У даному огляді розглянута природа механізму генерації довготривалої флуоресценції на молекулярному рівні 
та сучасні стратегії проектування TADF донорно-акцепторних матеріалів, а також ексиплексних міжмолекулярних 
комплексів. Особлива увага акцентується на аналізі TADF емітерних амбіполярних матеріалів з сильно закрученою, 
жорсткою молекулярною структурою, які виявляють тенденцію до багатоканальних механізмів випромінювання та їхньої 
імплементації в різноманітну архітектуру OLED структур. 
Ключові слова: органічні світловипромінюючі діоди; термічно активована уповільнена флуоресценція; емітер; 
багатошарова структура; екситон; синглет-триплетне енергетичне розщеплення 
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The purpose of this paper is to construct an anisotropic and spatially homogeneous Bianchi type-V I0 Kaniadakis holo-
graphic dark energy model in general relativity. For this purpose, we consider Hubble horizons as the IR cutoff. To obtain
a deterministic solution of the model’s field equations, we assume a relationship between the metric potentials which
leads to an exponential solution and accelerated expansion. To investigate the physical behaviour of our dark energy
model, we obtain some important cosmological parameters like Hubble, deceleration, equation of state and statefinder as
well as ωkhde − ω′

khde, r− s and r− q planes. We also included the stability analysis for the dark energy model through
the squared speed of sound. It is observed that the equation of state parameter shows ΛCDM model at late times. Also,
the squared speed of sound gives the stability of the Kaniadakis holographic dark energy model at the initial epoch and
the model is unstable at late times. Statefinder diagnostic and deceleration parameters exhibit a smooth transition of
the universe from the decelerating phase to the current accelerated expansion of the universe and also correspond to the
ΛCDM model at late times. All these cosmological parameters support recent observational data.

Keywords: Bianchi type-V I0 model; Dark energy model; General theory of relativity; Cosmology; Kaniadakis holographic
dark energy

PACS: 98.80.-k, 95.36.+x

1. INTRODUCTION

Einstein’s general relativity (GR) is regarded as a key theory for comprehending the concealed features of
gravitational dynamics, which provide a fundamental comprehension of astrophysical events and the universe.
Recent observations have provided compelling evidence that the universe undergoes both early inflation and
late-time rapid expansion [1]-[3]. The phenomenon is attributed to the existence of an enigmatic force called
dark energy (DE), which exhibits repulsive gravitational effects. There are primarily two methods to addressing
the enigmatic characteristics of dark energy and cosmic acceleration problems. Modified theories of gravity
are different attempts to integrate dark energy by modifying the action principle in general relativity. In an
alternative approach, many dynamical dark energy candidates are offered in order to comprehend the essence
of dark energy. Both updated theories of gravity and dynamical DE models have received quite positive
evaluations [4]-[7]. Of the several dynamical dark energy theories, the primary contender is the cosmological
constant. However, it is plagued by issues of cosmic coincidence and fine-tuning. Due to this rationale, many
alternative dynamical differential equation (DE) models have been proposed, including a range of scalar field
models such as K-essence, phantom, quintessence, ghost, etc., as well as Chaplygin gas and holographic DE
models [8]-[14].

Among the several dynamical DE models, the holographic dark energy model has gained popularity as a
preferred method to investigate the riddle of dark energy. The proposal is based on the quantum characteristics
of black holes, which have been thoroughly studied in the literature to research quantum gravity [13, 14]. As
per the holographic principle, the vacuum energy Λ of a system of size L must not exceed the mass of a black
hole of the same size, since this would result in the development of a black hole in quantum field theory. The
energy density of HDE is determined according to the formulation provided by Cohen et al. [15]

ρkhde= 3d2m2
pL

−2. (1)

where mp represents the reduced Planck mass, 3d2 denotes a numerical constant, and L represents the IR-cutoff.
Various forms of IR-cutoff have been examined in the scholarly literature, such as the Hubble horizonH−1, event
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horizon, particle horizon, conformal universe age, Ricci scalar radius, and Granda–Oliveros cutoff [16]- [18]. The
HDE models, with different IR cutoffs, provide a contemporary understanding of the universe’s acceleration.
They also demonstrate that the transition redshift value, which marks the move from an earlier deceleration
phase (q>0) to the present acceleration phase (q<0), aligns with modern observational evidence. Nojiri and
Odintsov [19] introduced a method for combining the early and late stages of the universe using generalized HDE
and phantom cosmology. They have recently extended this concept to what they call Hinflation [20] In recent
times, many formulations of entropy have been used to create and examine cosmological models. Several novel
models of holographic dark energy (HDE) have been developed, including the Tsallis HDE [21, 22], Sharma-
Mittal HDE [23], and Renyi HDE model [24]. Several writers have examined several cosmological models of new
HDE models [25]- [33]. Recently, the Kaniadakis statistics, which serves as a generalized measure of entropy
[34]- [36], has been used to investigate various gravitational and cosmological implications. The generalized
K -entropy (Kaniadakis), which represents the entropy of a black hole, may be determined using a single free
parameter [37]

SK=
1

K
sinh(KSBH) (2)

where K is an unknown parameter. Thus, by using the concept of entropy and the notion of holographic dark
energy, a novel model of dark energy called Kaniadakis holographic dark energy (KHDE) is proposed [37],
which exhibits significant characteristics. Jawad and Sultan [38], Sharma [39], and Drepanou et al. [40] have
examined KHDE models inside various gravitational theories. The dynamic structures of HDE, as investigated
by Sadeghi et al. [41], have been analyzed within the context of Brans-Dicke’s theory of gravity, using the
Tsallis and Kaniadakis approaches.

Theoretical cosmology has shown increasing interest in anisotropic and spatially homogeneous worlds in
recent decades. The primary empirical data from CMBR (Bennett et al. [42]) has been deemed as evidence
in favor of a shift from a non-uniform phase of the universe to a uniform phase (Akarsu and Kilinc [43]).
Furthermore, there is a belief that during the first stages of the universe, the isotropic FRW model may not
provide a comprehensive and accurate depiction of matter. To conduct a realistic analysis of cosmological
models and determine whether they can reach the observed level of homogeneity and isotropy, it is necessary
to consider space-times that are both spatially homogeneous and anisotropic. Bianchi type (BT) cosmological
models, which are homogeneous but not necessarily isotropic, have garnered significant attention from academics
because to their anisotropic nature. Recently, several academics have developed intriguing cosmological models
that include dark energy in the context of anisotropic Bianchi space-times. Various scholars have examined
anisotropic cosmological models in diverse contexts [44]- [60].

Motivated by the above investigations and discussion, in this work, we consider BT-V I0 space-time filled
with matter and KHDE in the framework of GR. The work in this paper is configured as follows: In Sec. 2,
the BT-V I0 metric is given and the field equations in the presence of anisotropic KHDE fluid and matter are
derived. Also, we obtained the solution of the field equations and constructed the KHDE model. Sec. 3 contains
several cosmological parameters of our model. The results are summarised with conclusions in the last section.

2. FIELD EQUATIONS AND KANIADAKIS HDE MODEL

Einstein’s general theory of relativity is usually regarded as one of the most accomplished theories of gravity
in contemporary physics. The salient feature of GR is its enduring constancy, which has been unaltered for over
a century. The equations governing the field in this theory are expressed as

Rij −
1

2
Rgij=− 8πG

c4
Tij (3)

where Rij is the Ricci tensor, Tij is the energy–momentum tensor of matter distribution, G is Newton’s grav-
itational constant, R is Ricci scalar, gij is metric potential, and c is the speed of light. Here we assume the
gravitational constants 8πG=c= 1. We consider the geometry of the universe as spatially homogeneous and
anisotropic BT-V I0 line element which can be written as

ds2=dt2 −A2dx2 −B2e2xdy2 − C2e−2xdz2, (4)

where A, B and C are functions of cosmic time t only. The following are the some of physical parameters which
are useful in finding the solution of field equations for the BT-V I0 space-time given by Eq. (4).
The average scale factor a(t) and volume V of the BT-V I0 space-time are defined as

V= [a(t)]
3
=ABC. (5)

Anisotropic parameter Ah is given by

Ah=
1

3

3∑
i=1

(
Hi −H

H

)2

(6)
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where H1=
Ȧ
A , H2=

Ḃ
B , H3=

Ċ
C are directional Hubble’s parameters and H= 1

3

(
Ȧ
A + Ḃ

B + Ċ
C

)
is mean Hubble’s

parameter. Here and after an overhead dot denotes differentiation concerning cosmic time t. Expansion scalar
(θ) and shear scalar (σ2) are defined as

θ=ui
;i=

Ȧ

A
+

Ḃ

B
+

Ċ

C
(7)

σ2=
1

2
σijσij=

1

3

(
Ȧ2

A2
+

Ḃ2

B
+

Ċ2

C2
− ȦḂ

AB
− ȦĊ

AC
− ḂĊ

BC

)
(8)

where

σij=
1

2

(
ui;µh

µ
j + uj;µh

µ
i

)
− 1

3
θhij , (9)

with hij=gij−uiuj is the projection tensor while ui= (1, 0, 0, 0) is the four-velocity in the comoving coordinates.
The deceleration parameter is given by

q=
d

dt

(
1

H

)
− 1. (10)

The matter distribution is assumed to be the combination of pressure-less matter and anisotropic DE which
are, respectively, given as

T ′
ij=ρmuiuj (11)

T ij= (ρkhde + pkhde)uiuj − pkhdegij . (12)

where pkhde and ρkhde are the pressure and energy density of DE fluid whereas ρm is the energy density of
matter. The EoS parameter ωkhde of DE is defined as ωkhde=

pkhde

ρkhde
. To ensure the present acceleration of

the universe, here, we consider the anisotropic distribution of DE. After parameterizing the energy-momentum
tensor of DE T ij , it can be expressed as follows:

T ij= [1,− ωx,−ωy,−ωz]ρkhde

= [1,− ωkhde,−(ωkhde + α),− (ωkhde + β)]ρkhde (13)

where ωx=ωkhde, ωy=ωkhde + α and ωz=ωkhde + β are the directional equation of state (EoS) parameters on
x, y and z respectively. Here, α and γ are the deviations from EoS parameter ωkhde in y and z directions
respectively.

In the comoving coordinate system, with the help of (13), the field equations (3) for the metric (4) can be
written as

B̈

B
+

C̈

C
+

ḂĊ

BC
+

1

A2
=− ωkhdeρkhde (14)

Ä

A
+

C̈

C
+

ȦĊ

AC
− 1

A2
=− (ωkhde + α) ρkhde (15)

Ä

A
+

B̈

B
+

ȦḂ

AB
− 1

A2
=− (ωkhde + β) ρkhde (16)

ȦḂ

AB
+

ḂĊ

BC
+

ȦĊ

AC
− 1

A2
=ρkhde + ρm (17)

Ḃ

B
− Ċ

C
= 0 (18)

and, also, the energy conservation equation
(
T ′
ij + T ij

)
;j
= 0 is obtained as

ρ̇m + ρ̇khde +

(
Ȧ

A
+

Ḃ

B
+

Ċ

C

)
(ρm + (1 + ωkhde)ρkhde) +

(
α
Ḃ

B
+ β

Ċ

C

)
ρkhde= 0. (19)

On integration, Eq. (18) yields B=k1C, where k1 is an integration constant. It can be taken as unity,
without loss of any generality, so that we have

B=C. (20)

Given the Eq. (20), the field equations (14) to (17) reduce to

2
B̈

B
+

Ḃ2

B2
+

1

A2
=− ωkhdeρkhde (21)
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Ä

A
+

B̈

B
+

ȦḂ

AB
− 1

A2
=− (ωkhde + α) ρkhde (22)

Ä

A
+

B̈

B
+

ȦḂ

AB
− 1

A2
=− (ωkhde + β) ρkhde (23)

2
ȦḂ

AB
+

Ḃ2

B2
− 1

A2
= (ρkhde + ρm). (24)

From Eqs. (22) and (23), we obtain
α=β. (25)

The reason for this is that the model exhibits isotropy in the y and z directions, resulting in the elimination of
any deviations from the equation of state of dark energy. Based on Equation (25), the field equations (21)-(24)
form a set of three distinct equations involving six variables: , B, ρkhde, ωkhde, ρm, and α. To get a predictable
outcome for the complex and nonlinear field equations in our model, we impose the following reasonable physical
constraints:

Here, we consider the fact that expansion scalar θ is directly proportional to shear scalar σ which leads to
a relation between the metric potentials as follows:

B=Ak (26)

k represents a positive constant that accounts for the anisotropy of space-time. Collins et al. [61] have de-
termined that in a spatially homogeneous space-time, the normal congruence to the homogeneous expansion
adheres to the constraint that the ratio of the shear stress (σ) to the Hubble parameter (H) remains constant.

Using the relation (26) in Eqs. (21) and (22), we obtain

ȦA2k = A0exp

∫ {
A

(k − 1)Ȧ

(
−2

A2
+ αρkhde

)}
dt. (27)

Recently, it has been common to assume that the skewness parameter is a function of the energy density of
dark energy, in order to obtain a more comprehensive and specific solution. This assumption has been made by
Akarsu and Kilinc [62], as well as Sharif and Zubair [63]. To get the explicit solution for Eq. (27), we use the
assumption that there is a relationship between the skewness parameter α(t) and the energy density of dark
energy (DE), denoted as ρkhde

α(t) =
1

ρkhde

(
2

A2
+ α0(k − 1)

Ȧ

A

)
(28)

where α0 is an arbitrary constant. These kinds of assumptions have been taken by several authors in literature
[64]-[66]. Hence, from Eqs. (27) and (28) we find the metric potentials as

A=

(
A0 (2k + 1)

α0
exp(α0t) + (2k + 1)A1

) 1
2k+1

B=C=

(
A0 (2k + 1)

α0
exp(α0t) + (2k + 1)A1

) k
2k+1

. (29)

Here A0 and A1 integrating constants. Now metric (4), with the help of metric potentials in Eq. (29), can be
written as

ds2 = dt2 −
(
A0 (2k + 1)

α0
exp(α0t) + (2k + 1)A1

) 2
2k+1

dx2

−
(
A0 (2k + 1)

α0
exp(α0t) + (2k + 1)A1

) 2k
2k+1 (

e2xdy2 + e−2xdz2
)
. (30)

Eq. (29) represents a spatially homogeneous and anisotropic BT-V I0 KHDE model within the framework of
GR with the following properties along with the physical parameters given in the next sections. The average
scale factor and volume of the model are, respectively, given by

a(t) =

(
A0 (2k + 1)

α0
exp(α0t) + (2k + 1)A1

) 1
3

(31)
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V=

(
A0 (2k + 1)

α0
exp(α0t) + (2k + 1)A1

)
(32)

The average Hubble’s parameter H and expansion scalar θ are obtained as

H= 3θ=
(2k + 1)A0exp(α0t)

3
(

A0(2k+1)
α0

exp(α0t) + (2k + 1)A1

) (33)

The shear scalar σ2 and average anisotropic parameter Ah are given by

σ2=
A2

1(k − 1)
2
e2(α0t)

3
(

A0(2k+1)
α0

exp(α0t) + (2k + 1)A1

)2 (34)

Ah=
2(k − 1)

2

(2k + 1)
2 . (35)

The statistics above demonstrate that as time (t) advances, both the spatial volume and average scale factor of
the universe exhibit exponential growth, indicating the expansion of the universe. Furthermore, during the first
epoch, which is when t= 0, all values become finite. However, as t approaches infinity, they diverge. It is worth
mentioning that when k= 1, the model becomes shear-free and isotropic, as shown by the conditions σ2= 0 and
Ah= 0.
According to the HDE theory, for DE to be responsible for the current rapid expansion of the Universe, the
total amount of vacuum energy contained inside a box of size L∧3 should not exceed the energy of a black hole
of the same size, as determined by the Kaniadakis black hole entropy equation (Eq. (2)). Subsequently, an
individual acquires

Λ4 ≡ ρkhde ∝
SK

L4
(36)

for the vacuum energy ρkhde. Now, taking the Hubble horizon of the universe as the IR cutoff (i.e., L= 1
HA= 4π

H2 ),

ρkhde=
3C2H4

K
sinh

(
πK
H2

)
(37)

where the constant C2 is unknown, K belongs to a set of real numbers, and H= ȧ
a is the Hubble parameter.

Now, it is clear that we have ρkhde → 3C2H4

K (the well-known Bekenstein entropy-based HDE) when k → 0.
Considering the pressureless fluid (with energy density ρm) and the dark energy candidate (with pressure pkhde
and density ρkhde).

The fractional energy densities of matter (Ωm) and DE (Ωkhde) are given as

Ωm=
ρm
ρcr

=
ρm
3H2

and Ωkhde=
ρkhde
ρcr

=
C2H2

K
sinh

(
πK
H2

)
, (38)

ρcr is the critical energy density.
We are considering non-interacting DE and matter in this case. As a result, we have from Eq. (19) that

both of these are conserved individually
ρ̇m + 3Hρm= 0, (39)

ρ̇khde + 3H(1 + ωkhde)ρkhde +
6kH

2k + 1

(
2

A2
+

α0(k − 1)3̇H

2k + 1

)
= 0. (40)

Differentiating Eq. (37) concerning time, we obtain

ρ̇khde=
ρkhdeḢ

H2

(
4H − 2πK

H
coth

(
πK
H2

))
. (41)

Given Eqs. (33) and (41), from Eq. (40), we obtain the EoS parameter of KHDE as

ωkhde=− 1− 2Ḣ

3H2

(
2− πK

H2
coth

(
πK
H2

))
− 2k

3(2k + 1)H2Ωkhde

[
2

A2
+

3Hα0(k − 1)

2k + 1

]
(42)

where

Ḣ=
(2k + 1)

2
A2

0exp(2α0t)

3
(

A0(2k+1)
α0

exp(α0t) + (2k + 1)A1

)2 +
(2k + 1)A0α0exp(α0t)

3
(

A0(2k+1)
α0

exp(α0t) + (2k + 1)A1

) . (43)

Here metric potential A(t), Hubble parameterH(t) and fractional energy density of KHDE Ωkhde are respectively
given in Eqs. (29), (33) and (38).
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3. COSMOLOGICAL PARAMETERS

In this section, we explore the expanding behaviour of the universe through well-known cosmological pa-
rameters like equation of state (EoS) ωkhde, squared sound speed v2s , deceleration q parameters and cosmological
planes such as ωkhde − ω′

khde, statefinders (r − s) and r − q for the constructed anisotropic KHDE model.

EoS parameter

The equation of state parameter (ω) is often used to classify the different stages of the expanding universe.
Specifically, the shift from decelerated to accelerated phases encompasses DE and radiation-dominated epochs.
The equation of state (EoS) parameter, denoted by ω=p

ρ , is defined as the ratio of pressure (p) to energy density

(ρ) of the matter distribution. The decelerated and accelerated phases include the following periods:

� Decelerated phase: Cold dark matter or dust fluid ω= 0, radiation era 0 <ω< 1
3 and stiff fluid ω= 1.

� Accelerated phase: Cosmological constant/vacuum era ω= − 1, quintessence −1 <ω<−1
3 , phantom era

ω<− 1 and quintom era (combination of both quintessence and phantom).

The EoS parameter of KHDE with Hubble horizon cutoff is given in Eq. (42). In Fig. 1, we investigate the
evolution of EoS parameter ωkhde in terms of redshift z for different values of C. Fig. 1 shows that initially
ωkhde starts from matter dominated era, varies in quintessence region −1 <ωkhde<− 1/3 and finally it becomes
−1, which means the model becomes ΛCDM model at late times.

Squared sound speed

The squared speed of the sound parameter is defined as

v2s=
ṗkhde
ρ̇khde

=ωkhde +
ρkhde
ρ̇khde

ω̇khde. (44)

This parameter is useful in discussing the stability of DE models depending upon its sign. The positive signature
of v2s determines a stable DE model otherwise the model becomes unstable.

Using energy density and EoS parameter given in the Eqs. (37) and (42) in the squared sound speed
expression (v2s) Eq. (44), we analyze v2s graphically for our model. Fig. 2 elaborates the plot of v2s versus
redshift z. Initially, the trajectories represent positive behaviour and negative at the present epoch and late
times. Hence, this shows that our model is stable at the initial epoch and unstable at present and late times.
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Figure 1. Plot of EoS parameter ωde versus redshift
z for k = 0.98, A1 = −0.04, α0 = 0.85, A0 = 0.04
and K = 0.01.
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Figure 2. Plot of v2s versus redshift z for k = 0.98,
A1 = −0.04, α0 = 0.85, A0 = 0.04 and K = 0.01.

ωkhde − ω′
khde plane

We analyze the ωkhde−ω′
khde plane, where ω′

khde represents the evolutionary mode of the equation of state
parameter ωkhde, and the prime symbol indicates differentiation concerning the natural logarithm of the scale
factor ’ln a’. Caldwell and Linder [67] have suggested using this framework to investigate the cosmic progression
of the quintessence dark energy scenario. Furthermore, it has been noted that the ωkhde − ω′

khde plane may
be divided into two distinct regions: thawing (ωkhde< 0, ω′

khde> 0) and freezing (ωkhde< 0, ω′
khde< 0). The

freezing zone demonstrates a more rapid period of cosmic expansion compared to the thawing region.
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Figure 3 examines the relationship between the ωkhde − ω′
khde plane and the KHDE model, specifically for

various values of C. Figure 3 illustrates that the ωkhde − ω′
khde plane corresponds to the area where freezing

occurs for all three parameter values. Contemporary cosmological measurements indicate that the freezing zone
reveals a period of greater cosmic acceleration compared to the thawing region. Therefore, the ωkhde − ω′

khde
plane of our model demonstrates cosmic acceleration in the freezing area and aligns well with the facts.

Energy conditions

The investigation of energy conditions was began by the Raychaudhuri equations, which are essential in any
examination of the alignment of null and time-like geodesics. The energy requirements are used to demonstrate
other general theorems about the behavior of powerful gravitational fields. The energy situations often seen are
as follows:

Dominant energy condition (DEC): ρde ≥ 0, ρde ± pde ≥ 0.
Strong energy conditions (SEC) : ρde + pde ≥ 0, ρde + 3pde ≥ 0,
Null energy conditions (NEC): ρde + pde ≥ 0,
Weak energy conditions (WEC): ρde ≥ 0, ρde + pde ≥ 0,
Figure 4 illustrates the energy conditions of our KHDE model. There is an obvious violation of the NEC,

leading to the model resulting in a Big Rip. Furthermore, it is seen that the WEC satisfies the condition ρde ≥
0. Furthermore, Figure 4 demonstrates that the DEC ρde+ pde is not fulfilled. Furthermore, our model violates
the SEC regulations, which are deemed suitable. This phenomenon, resulting from the universe’s acceleration
in its latter stages, aligns with current observational findings.
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Figure 3. Plot of ωde − ω′
de plane for k = 0.98,

A1 = −0.04, α0 = 0.85, A0 = 0.04 and K = 0.01.
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Deceleration parameter

The nature of the expansion of the universe can be estimated using the dimensionless cosmological param-
eter known as the deceleration parameter (DP). It defined as

q=− 1− Ḣ

H2
. (45)

For positive values of DP, the model decelerates in the standard way whereas for q= 0 the model expands at
a constant rate. The model shows accelerated expansion for −1 ≤ q< 0 and a super exponential expansion for
q<− 1. The deceleration parameter can be obtained as

q=− 1− 3(2k + 1)A1α0

(2k + 1)α0exp(α0t)
. (46)

Figure 5 displays the relationship between the deceleration parameter q and the redshift z for different values
of A1. It is important to highlight that the model demonstrates a seamless transition from the universe’s initial
decelerated phase to its present accelerated phase. Within the specified range of 0.5 <z< 0.85, the universe
transitioned from a state of deceleration to a state of acceleration. This aligns with previous findings in the
field of cosmology [68, 69]. The transition redshift (zt) from decelerating to accelerating expansion has been
reported to be between 0.3 and 0.8, with a 95% confidence level. Additionally, it has been determined that the
redshift for accelerating expansion (zacc) is greater than 0.14 in the most conservative scenario.
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Statefinder parameters

The dynamic expansion of the universe may be accurately characterized by the Hubble and deceleration
parameters. Nevertheless, several dynamical dark energy models have identical parameter values at the current
period. As a result, these factors were unsuccessful in determining the most suitable model among the several
dynamical dark energy theories. Sahni et al. [70] developed a set of dimensionless cosmological parameters
called statefinders, which are defined as follows:

r=

...
a

aH3
, s=

r − 1

3(q − 1
2 )

. (47)

These statefinders establish a correspondence with the ΛCDM and CDM models for (r, s) = (1, 0) and
(r, s) = (1, 1), respectively. If the trajectories of r − s belong to the region s> 0 and r< 1, then the model
belongs to the phantom and quintessence phases whereas the Chaplygin gas model appears for r> 1 with s< 0.
The statefinders are obtained as

r= 10 +
(A0exp(α0t) +A1α0)

2

α2
0exp(2α0t)

; s=
9 + (A0exp(α0t)+A1α0)

2

α2
0exp(2α0t)

3
(
− 3

2 − 3(2k+1)A1α0

(2k+1)α0exp(α0t)

) . (48)

Fig. 6 incorporates the trajectories of (r, s) parameters. It can be observed that the parameter ‘s’ is both
positive and negative for all values of r. This implies that the KHDE model achieved a correspondence with
the Chaplygin gas model, quintessence and phantom models. Also, the r− s plane corresponds to ΛCDM limit
at late times.
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r − q plane

Figure 7 depicts the development of our model in the r − q plane. The values (r, q) = (1, 0.5) represent
standard cold dark matter (SCDM) whereas (r, q) = (1,−1) represents the steady state (SS) model. The ΛCDM
model evolves along the dotted line (see Fig. 7) from a fixed point in the SCDM model to a fixed point in the
SS model. At late times, our model comes close to the SS model. The r − q trajectory of our model is found
to be quite comparable to the DE models previously presented in the literature [71, 72]. In Fig. 7, we plot the
trajectories in the r− q plane. It can be observed from the figure that our KHDE model always approaches the
study state model, i.e., (r, q) = (1,− 1) as ΛCDM model approach in the later epochs.

4. DISCUSSION AND CONCLUSION

This study investigates the Kaniadakis holographic dark energy within the context of anisotropic Bianchi
type-V I0 space-time in general relativity. In this case, we have regarded the Hubble horizon as the infrared
cutoff. We have examined well-recognized cosmological parameters, including the equation of state (EoS),
deceleration parameter, and squared speed of sound parameter. Additionally, we have explored cosmological
planes such as the ωkhde − ω′

khde plane, the statefinder (r − s) plane, and the r − q plane. Our findings have
been condensed into the following summary:

� The EoS parameter ωkhde of the KHDE model initially starts from the matter-dominated era, varies in
quintessence region −1 <ωkhde<−1/3 and finally it becomes −1, which means the model becomes ΛCDM
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model at late times. We have made a comparison of our results with present Planck collaboration data
(2018) [73] where the limits on the EoS parameter are given as

ωkhde=− 1.56+0.60
−0.48 (Planck + TT + lowE)

ωkhde=− 1.58+0.52
−0.41 (Planck + TT,TE,EE + lowE)

ωkhde=− 1.57+0.50
−0.40 (Planck + TT,TE,EE + lowE + lensing)

ωkhde=− 1.04+0.10
−0.10 (Planck + TT,TE,EE + lowE + lensing + BAO) .

It can be seen that the results for the EoS parameter of our model are consistent with the Planck Collab-
oration data.

� The ωkhde − ω′
khde plane (Fig. 3) depicts the area where freezing occurs for all three parameter values.

Contemporary cosmological measurements indicate that the freezing zone reveals a period of greater
cosmic acceleration compared to the thawing region. Therefore, the ωkhde − ω′

khde plane of our model
demonstrates cosmic acceleration in the freezing area and aligns well with the facts. The paths of the
ωkhde − ω′

khde plane, as predicted by our model, align with the observed data [74, 75]

ωkhde=− 1.13+0.24
−0.25, ω

′
khde< 1.32 (Planck +WP+ BAO).

� The squared sound speed trajectories exhibit positive behaviour initially and negative behaviour at the
current epoch and late periods. Therefore, this demonstrates that our model is steady throughout the
beginning period but becomes unsteady during the present and late times. The violation of the NEC
leads to the occurrence of a Big Rip in the model. Furthermore, it is seen that the WEC satisfies the
condition ρde ≥ 0. Furthermore, the condition of the DEC ρde + pde is not met. Furthermore, our model
violates the SEC regulations, which are deemed suitable. This phenomenon, resulting from the universe’s
acceleration in its latter stages, aligns with current observational findings.

� Our model demonstrates a smooth transition from the universe’s initial decelerated phase to its present
accelerated phase. Within the specified range of 0.5 <z< 0.85, the universe transitioned from a state
of deceleration to a state of acceleration. This aligns with previous findings in the field of cosmology
[68, 69]. The present value of the deceleration parameter is ≈ −0.82 which is by the observational data
(Capozziello et al. [76]) given as q= − 0.930 ± 0.218 (BAO +Masers + TDSL + Pantheon +Hz,q= −
1.2037 ± 0.175 (BAO + Masers + TDSL + Pantheon + H0 + Hz). It can be observed from the r − s
plane that our model achieved a correspondence with the Chaplygin gas model, quintessence and phantom
models. Also, the r − s plane corresponds to ΛCDM limit at late times. It can be seen from the r − q
plane that our KHDE model always approaches the study state model, i.e., (r, q) = (1, − 1) as ΛCDM
model approach in the later epochs.

Acknowledgments

Y. Aditya is thankful to the National Board for Higher Mathematics, Department of Atomic Energy, Govt.
of India for its financial support under the grant No: 02011/8/2023 NBHM(R.P.)/R & D II/3073.



52
EEJP.1(2024) B. Ganeswara Rao, et al.

ORCID

B. Ganeswara Rao, https://orcid.org/0009-0007-4539-9130; Dipana Jyoti Mohanty, https://
orcid.org/0000-0002-1783-4090; Y. Aditya, https://orcid.org/0000-0002-5468-9697; U.Y. Di-
vya Prasanthi, https://orcid.org/0009-0004-5397-050X

REFERENCES

[1] S. Perlmutter, et al., Astrophys. J. 517, 565 (1999). https://doi.org/10.1086/307221

[2] A.G. Riess, et al., Astron. J. 116, 1009 (1998). https://doi.org/10.1086/300499

[3] T. Koivisto, and D.F. Mota, Phys. Rev. D, 73, 083502 (2006). https://doi.org/10.1103/PhysRevD.73.083502

[4] E.J. Copeland, et al., Int. J. Mod. Phys. D, 15, 1753 (2006). https://doi.org/10.1142/S021827180600942X

[5] R.R. Caldwell, and M. Kamionkowski, Ann. Rev. Nucl. Part. Sci. 59, 397 (2009). https://doi.org/10.1146/
annurev-nucl-010709-151330

[6] K. Bamba, et al., Astrophys. Space Sci. 342, 155 (2012). https://doi.org/10.1007/s10509-012-1181-8

[7] S. Nojiri, et al., Phys. Rept. 692, 1 (2017). https://doi.org/10.1016/j.physrep.2017.06.001

[8] B. Ratra, and P.J.E. Peebles, Phys. Rev. D, 37, 3406 (1988). https://doi.org/10.1103/PhysRevD.37.3406

[9] R.R. Caldwell, R. Dave, and P.J. Steinhardt, Phys. Rev. Lett. 80, 1582 (1998). https://doi.org/10.1103/

PhysRevLett.80.1582

[10] T. Padmanabhan, Phys. Rev. D, 66, 021301 (2002). https://doi.org/10.1103/PhysRevD.66.021301

[11] C. Armendariz-Picon, V.F. Mukhanov, and P.J. Steinhardt, Phys. Rev. Lett. 85, 4438 (2000). https://doi.org/
10.1103/PhysRevLett.85.4438

[12] J. Sadeghi, et al., Int. J. Theor. Phys. 55, 81 (2016). https://doi.org/10.1007/s10773-015-2635-x

[13] M. Li, Phys. Lett. B, 603, 1 (2004). https://doi.org/10.1016/j.physletb.2004.10.014

[14] L. Susskind, J. Math. Phys. 36, 6377 (1995). https://doi.org/10.1063/1.531249

[15] A. Cohen, and D. Kaplan, A. Nelson, Phys. Rev. Lett. 82, 4971 (1999). https://doi.org/10.1103/PhysRevLett.
82.4971

[16] Z.K. Gao, et al., Phys. Rev. D, 74, 127304 (2006). https://doi.org/10.1103/PhysRevD.74.127304

[17] L.N. Granda, and A. Oliveros, Phys. Lett. B, 671, 199 (2009). https://doi.org/10.1016/j.physletb.2008.12.025

[18] H. Wei, and R.G. Cai, Phys. Lett. B, 660, 113 (2008). https://doi.org/10.1016/j.physletb.2007.12.030

[19] S. Nojiri, and S.D. Odintsov, Gen. Rel. Grav. 38, 1285 (2006). https://doi.org/10.1007/s10714-006-0301-6

[20] S. Nojiri, et al., Phys. Lett. B, 797, 134829 (2019). https://doi.org/10.1016/j.physletb.2019.134829

[21] M. Tavayef, A. Sheykhi, K. Bamba, and H. Moradpour, Phys. Lett. B, 781, 195 (2018). https://doi.org/10.1016/
j.physletb.2018.04.001

[22] C. Tsallis, and L.J.L. Cirto, Eur. Phys. J. C, 73, 2487 (2013). https://doi.org/10.1140/epjc/s10052-013-2487-6

[23] A.S. Jahromi et al., Phys. Lett. B, 780, 21 (2018). https://doi.org/10.1016/j.physletb.2018.02.052

[24] H. Moradpour et al., Eur. Phys. J. C, 78, 829 (2018). https://doi.org/10.1140/epjc/s10052-018-6309-8

[25] D.R.K. Reddy, et al., Astrophys Space Sci. 361, 356 (2016). https://doi.org/10.1007/s10509-016-2938-2

[26] Y. Aditya, and D.R.K. Reddy, Eur. Phys. J. C, 78, 619 (2018). https://doi.org/10.1140/epjc/

s10052-018-6074-8

[27] V.U.M. Rao, et al., Results in Physics, 10, 469 (2018). https://doi.org/10.1016/j.rinp.2018.06.027

[28] M.V. Santhi, et al., Can. J. Phys, 95, 381 (2017). https://doi.org/10.1139/cjp-2016-0781

[29] M.V. Santhi, et al., Int. J. Theor. Phys. 56, 362 (2017). https://doi.org/10.1007/s10773-016-3175-8

[30] K.D. Naidu, et al., Eur. Phys. J. Plus, 133, 303 (2018). https://doi.org/10.1140/epjp/i2018-12139-2

[31] Y. Aditya, et al., Eur. Phys. J. C, 79, 1020 (2019). https://doi.org/10.1140/epjc/s10052-019-7534-5

[32] S. Maity, U. Debnath, Eur. Phys. J. Plus, 134, 514 (2019). https://doi.org/10.1140/epjp/i2019-12884-6

[33] A. Iqbal, A. Jawad, Physics of the Dark Universe, 26, 100349 (2019). https://doi.org/10.1016/j.dark.2019.
100349

[34] G. Kaniadakis, Physica A: Stat. Mech. and its Appl. 296(3-4), 405 (2001). https://doi.org/10.1016/

S0378-4371(01)00184-4

[35] M. Masi, Phys. Lett. A, 338, 217 (2005). https://doi.org/10.1016/j.physleta.2005.01.094

[36] E.M. Abreu, et al., EPL (Europhysics Letters), 124, 30003 (2018). https://doi.org/10.1209/0295-5075/124/
30003

[37] H. Moradpour, et al. Eur. Phys. J. C, 80, 1 (2020). https://doi.org/10.1140/epjc/s10052-020-8307-x

https://orcid.org/0009-0007-4539-9130
https://orcid.org/0000-0002-1783-4090
https://orcid.org/0000-0002-1783-4090
https://orcid.org/0000-0002-5468-9697
https://orcid.org/0009-0004-5397-050X
https://doi.org/10.1086/307221
https://doi.org/10.1086/300499
https://doi.org/10.1103/PhysRevD.73.083502
https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1146/annurev-nucl-010709-151330
https://doi.org/10.1146/annurev-nucl-010709-151330
https://doi.org/10.1007/s10509-012-1181-8
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1103/PhysRevD.37.3406
https://doi.org/10.1103/PhysRevLett.80.1582
https://doi.org/10.1103/PhysRevLett.80.1582
https://doi.org/10.1103/PhysRevD.66.021301
https://doi.org/10.1103/PhysRevLett.85.4438
https://doi.org/10.1103/PhysRevLett.85.4438
https://doi.org/10.1007/s10773-015-2635-x
https://doi.org/10.1016/j.physletb.2004.10.014
https://doi.org/10.1063/1.531249
https://doi.org/10.1103/PhysRevLett.82.4971
https://doi.org/10.1103/PhysRevLett.82.4971
https://doi.org/10.1103/PhysRevD.74.127304
https://doi.org/10.1016/j.physletb.2008.12.025
https://doi.org/10.1016/j.physletb.2007.12.030
https://doi.org/10.1007/s10714-006-0301-6
https://doi.org/10.1016/j.physletb.2019.134829
https://doi.org/10.1016/j.physletb.2018.04.001
https://doi.org/10.1016/j.physletb.2018.04.001
https://doi.org/10.1140/epjc/s10052-013-2487-6
https://doi.org/10.1016/j.physletb.2018.02.052
https://doi.org/10.1140/epjc/s10052-018-6309-8
https://doi.org/10.1007/s10509-016-2938-2
https://doi.org/10.1140/epjc/s10052-018-6074-8
https://doi.org/10.1140/epjc/s10052-018-6074-8
https://doi.org/10.1016/j.rinp.2018.06.027
https://doi.org/10.1139/cjp-2016-0781
https://doi.org/10.1007/s10773-016-3175-8
https://doi.org/10.1140/epjp/i2018-12139-2
https://doi.org/10.1140/epjc/s10052-019-7534-5
https://doi.org/10.1140/epjp/i2019-12884-6
https://doi.org/10.1016/j.dark.2019.100349
https://doi.org/10.1016/j.dark.2019.100349
https://doi.org/10.1016/S0378-4371(01)00184-4
https://doi.org/10.1016/S0378-4371(01)00184-4
https://doi.org/10.1016/j.physleta.2005.01.094
https://doi.org/10.1209/0295-5075/124/30003
https://doi.org/10.1209/0295-5075/124/30003
https://doi.org/10.1140/epjc/s10052-020-8307-x


Cosmological Evolution of Bianchi type-V I0 Kaniadakis Holographic Dark...
53

EEJP.1(2024)

[38] A. Jawad, and A.M. Sultan, Adv. High Energy Phys. 2021, 5519028 (2021). https://doi.org/10.1155/2021/
5519028

[39] U.K. Sharma, et al., IJMPD, 31, 2250013 (2022). https://doi.org/10.1142/S0218271822500134

[40] N. Drepanou et al., ur. Phys. J. C, 82, 449 (2022). https://doi.org/10.1140/epjc/s10052-022-10415-9

[41] J. Sadeghi, et al., arXiv:2203.04375 (2022). https://doi.org/10.48550/arXiv.2203.04375

[42] C.L. Bennett, et al., Astron. Astrophys. Suppl. Ser. 148, 1 (2003). https://doi.org/10.1086/377252

[43] O. Akarsu, and C.B. Kilinc, Astrophys. Space Sci. 326, 315 (2010). https://doi.org/10.1007/s10509-009-0254-9

[44] D.R.K. Reddy, et al., Can. J. Phys. 97, 932 (2019). https://doi.org/10.1139/cjp-2018-0403

[45] Y. Aditya, et al., Astrophys. Space Sci. 364, 190 (2019). https://doi.org/10.1007/s10509-019-3681-2

[46] Y. Aditya, and D.R.K. Reddy, Astrophys. Space Sci. 364, 3 (2019). https://doi.org/10.1007/s10509-018-3491-y

[47] K.D. Raju, et al., Astrophys. Space Sci. 365, 45 (2020). https://doi.org/10.1007/s10509-020-03753-1

[48] K.D. Raju, et al., Astrophys. Space Sci. 365, 28 (2020). https://doi.org/10.1007/s10509-020-3729-3

[49] Y. Aditya, et al., Ind. J. Phys. 95, 383 (2021). https://doi.org/10.1007/s12648-020-01722-6

[50] R.L. Naidu, et al., Astrophys. Space Sci. 365, 91 (2020). https://doi.org/10.1007/s10509-020-03796-4

[51] R.L. Naidu, et al., Ind. J. Phys. 85, 101564 (2021). https://doi.org/10.1016/j.newast.2020.101564

[52] K.D. Naidu, et al., Mod. Phys. A, 36, 2150054 (2021). https://dx.doi.org/10.1142/S0217732321500541

[53] Y. Aditya, et al., New Astr. 84, 101504 (2021). https://doi.org/10.1016/j.newast.2020.101504

[54] Y. Aditya, et al., Int. J. Mod. Phys. A, 37, 2250107 (2022). https://doi.org/10.1142/S0217751X2250107X

[55] M.P.V.V. Bhaskara Rao, et al., New Astr. 92, 101733 (2022). https://doi.org/10.1016/j.newast.2021.101733

[56] U.Y.D. Prasanthi, and Y. Aditya, Phys. Dark Univ. 31, 100782 (2021). https://doi.org/10.1016/j.dark.2021.
100782

[57] U.Y.D. Prasanthi, and Y. Aditya, Results Phys. 17, 103101 (2020). https://doi.org/10.1016/j.rinp.2020.

103101

[58] M.P.V.V. Bhaskara Rao, et al., Int. J. Mod. Phys. A, 36, 2150260 (2021). https://doi.org/10.1142/

S0217751X21502602

[59] Y. Aditya, and U.Y.D. Prasanthi, Bulg. Astr. Journal, 38, 52 (2023). https://astro.bas.bg/AIJ/issues/n38/
YAditya.pdf

[60] Y. Aditya, Bulg. Astr. Journal, 39, 12 (2023). https://astro.bas.bg/AIJ/issues/n39/YAditya.pdf

[61] C.B. Collins, et al., Gen. Relativ. Gravit. 12, 805 (1980). https://doi.org/10.1007/BF00763057

[62] O. Akarsu, and C.B. Kilinc, Gen. Relativ. Gravit. 42, 119 (2010). https://doi.org/10.1007/s10714-009-0821-y

[63] M. Sharif, and M. Zubair, Astrophys. Space Sci. 330, 399 (2010). https://doi.org/10.1007/s10509-010-0414-y

[64] M.V. Santhi, et al., Astrophys. Space Sci. 361, 142 (2016). https://doi.org/10.1007/s10509-016-2731-2

[65] M.V. Santhi, et al., Can. J. Phys. 95, 179 (2017). https://doi.org/10.1139/cjp-2016-0628

[66] Y. Aditya, and D.R.K. Reddy, Astrophys. Space. Sci. 363, 207 (2018). https://doi.org/10.1007/

s10509-018-3429-4

[67] R. Caldwell, and E.V. Linder, Phys. Rev. Lett. 95, 141301 (2005). https://doi.org/10.1103/PhysRevLett.95.
141301

[68] S. Capozziello, et al., Phys. Rev. D, 90, 044016 (2014). https://doi.org/10.1103/PhysRevD.90.044016

[69] D. Muthukrishna, and D. Parkinson, JCAP, 11, 052 (2016). https://doi.org/10.1088/1475-7516/2016/11/052

[70] V. Sahni, et al., J. Exp. Theor. Phys. Lett. 77, 201 (2003). https://doi.org/10.1134/1.1574831

[71] Y. Aditya, et al., Int. J. Mod. Phys. A, 37, 2250107 (2022). https://doi.org/10.1142/S0217751X2250107X

[72] C.P. Singh, and P. Kumar, Astrophys. Space Sci. 361, 157 (2016). https://doi.org/10.1007/s10509-016-2740-1

[73] N. Aghanim, et al., [Plancks Collaboration] arXiv:1807.06209v2 (2018). https://doi.org/10.48550/arXiv.1807.
06209

[74] P.A.R. Ade, et al., Astrophys. 571, A16 (2014). https://doi.org/10.1051/0004-6361/201321591

[75] G.F. Hinshaw, et al., Astrophys. J. Suppl. 208, 19 (2018). https://doi.org/10.1088/0067-0049/208/2/19

[76] S. Capozziello, et al., MNRAS, 484, 4484 (2019). https://doi.org/10.1093/mnras/stz176

https://doi.org/10.1155/2021/5519028
https://doi.org/10.1155/2021/5519028
https://doi.org/10.1142/S0218271822500134
https://doi.org/10.1140/epjc/s10052-022-10415-9
https://doi.org/10.48550/arXiv.2203.04375
https://doi.org/10.1086/377252
https://doi.org/10.1007/s10509-009-0254-9
https://doi.org/10.1139/cjp-2018-0403
https://doi.org/10.1007/s10509-019-3681-2
https://doi.org/10.1007/s10509-018-3491-y
https://doi.org/10.1007/s10509-020-03753-1
https://doi.org/10.1007/s10509-020-3729-3
https://doi.org/10.1007/s12648-020-01722-6
https://doi.org/10.1007/s10509-020-03796-4
https://doi.org/10.1016/j.newast.2020.101564
https://dx.doi.org/10.1142/S0217732321500541
https://doi.org/10.1016/j.newast.2020.101504
https://doi.org/10.1142/S0217751X2250107X
https://doi.org/10.1016/j.newast.2021.101733
https://doi.org/10.1016/j.dark.2021.100782
https://doi.org/10.1016/j.dark.2021.100782
https://doi.org/10.1016/j.rinp.2020.103101
https://doi.org/10.1016/j.rinp.2020.103101
https://doi.org/10.1142/S0217751X21502602
https://doi.org/10.1142/S0217751X21502602
https://astro.bas.bg/AIJ/issues/n38/YAditya.pdf
https://astro.bas.bg/AIJ/issues/n38/YAditya.pdf
https://astro.bas.bg/AIJ/issues/n39/YAditya.pdf
https://doi.org/10.1007/BF00763057
https://doi.org/10.1007/s10714-009-0821-y
https://doi.org/10.1007/s10509-010-0414-y
https://doi.org/10.1007/s10509-016-2731-2
https://doi.org/10.1139/cjp-2016-0628
https://doi.org/10.1007/s10509-018-3429-4
https://doi.org/10.1007/s10509-018-3429-4
https://doi.org/10.1103/PhysRevLett.95.141301
https://doi.org/10.1103/PhysRevLett.95.141301
https://doi.org/10.1103/PhysRevD.90.044016
https://doi.org/10.1088/1475-7516/2016/11/052
https://doi.org/10.1134/1.1574831
https://doi.org/10.1142/S0217751X2250107X
https://doi.org/10.1007/s10509-016-2740-1
https://doi.org/10.48550/arXiv.1807.06209
https://doi.org/10.48550/arXiv.1807.06209
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1088/0067-0049/208/2/19
https://doi.org/10.1093/mnras/stz176


54
EEJP.1(2024) B. Ganeswara Rao, et al.

ÊÎÑÌÎËÎÃI×ÍÀ ÅÂÎËÞÖIß ÃÎËÎÃÐÀÔI×ÍÎ� ÌÎÄÅËI ÒÅÌÍÎ� ÅÍÅÐÃI�
ÊÀÍIÀÄÀÊIÑÀ ÒÈÏÓ ÁIÀÍÊI-V I0

Á. Ãàíåøâàðà Ðàîa,b, Äiïàíà Äæiîòi Ìîõàíòib, Þ. Àäèòüÿc, Þ.É. Äiâ'ÿ Ïðàñàíòid
aÄåïàðòàìåíò ìàòåìàòèêè Øði G.C.S.R. Êîëåäæ, Ðàäæàì-532127, Iíäiÿ
bÄåïàðòàìåíò ìàòåìàòèêè, Óíiâåðñèòåò GIET, Ãóíóïóð-765002, Iíäiÿ

cÄåïàðòàìåíò ìàòåìàòèêè, Òåõíîëîãi÷íèé iíñòèòóò GMR, Ðàäæàì-532127, Iíäiÿ
dÄåïàðòàìåíò ñòàòèñòèêè i ìàòåìàòèêè, Êîëåäæ ñàäiâíèöòâà, ä-ð Y.S.R. Óíiâåðñèòåò ñàäiâíèöòâà,

Ïàðâàòiïóðàì-535502, Iíäiÿ

Ìåòîþ öi¹¨ ñòàòòi ¹ ïîáóäîâà àíiçîòðîïíî¨ òà ïðîñòîðîâî îäíîðiäíî¨ ãîëîãðàôi÷íî¨ ìîäåëi òåìíî¨ åíåðãi¨ Êàíiàäàêiñà

òèïó Áiàíêi VI0 â çàãàëüíié òåîði¨ âiäíîñíîñòi. Äëÿ öüîãî ìè ðîçãëÿäà¹ìî îáði¨ Õàááëà ÿê ìåæó iíôðà÷åðâîíî-

ãî âèïðîìiíþâàííÿ. Ùîá îòðèìàòè äåòåðìiíîâàíèé ðîçâ'ÿçîê ðiâíÿíü ïîëÿ ìîäåëi, ìè ïðèïóñêà¹ìî çâ'ÿçîê ìiæ

ìåòðè÷íèìè ïîòåíöiàëàìè, ÿêèé ïðèçâîäèòü äî åêñïîíåíöiàëüíîãî ðîçâ'ÿçêó òà ïðèñêîðåíîãî ðîçøèðåííÿ. Ùîá

äîñëiäèòè ôiçè÷íó ïîâåäiíêó íàøî¨ ìîäåëi òåìíî¨ åíåðãi¨, ìè îòðèìó¹ìî äåÿêi âàæëèâi êîñìîëîãi÷íi ïàðàìåòðè,

òàêi ÿê Õàááë, óïîâiëüíåííÿ, ðiâíÿííÿ ñòàíó òà âèìiðþâà÷ ñòàíó, à òàêîæ ωkhde − ω′
khde, r− s i r− q ïëîùèíè. Ìè

òàêîæ âêëþ÷èëè àíàëiç ñòàáiëüíîñòi äëÿ ìîäåëi òåìíî¨ åíåðãi¨ ÷åðåç êâàäðàò øâèäêîñòi çâóêó. Ïîìi÷åíî, ùî ðiâ-

íÿííÿ ïàðàìåòðà ñòàíó ïîêàçó¹ ìîäåëü ΛCDM ó ïiçíié ÷àñ. Êðiì òîãî, êâàäðàò øâèäêîñòi çâóêó äà¹ ñòàáiëüíiñòü

ìîäåëi KHDE íà ïî÷àòêîâié åïîñi, à ìîäåëü ¹ íåñòàáiëüíîþ íà ïiçíiõ åòàïàõ. Äiàãíîñòè÷íi ïàðàìåòðè âèìiðþâà÷à

ñòàíó òà ïàðàìåòðè óïîâiëüíåííÿ äåìîíñòðóþòü ïëàâíèé ïåðåõiä Âñåñâiòó âiä ôàçè óïîâiëüíåííÿ äî ïîòî÷íîãî ïðè-

ñêîðåíîãî ðîçøèðåííÿ Âñåñâiòó, à òàêîæ âiäïîâiäàþòü ìîäåëi ΛCDM ó ïiçíi ÷àñè. Óñi öi êîñìîëîãi÷íi ïàðàìåòðè

ïiäòâåðäæóþòü îñòàííi äàíi ñïîñòåðåæåíü.

Êëþ÷îâi ñëîâà: ìîäåëü òåìíî¨ åíåðãi¨ òèïó Bianchi-V I0; çàãàëüíà òåîðiÿ âiäíîñíîñòi; êîñìîëîãiÿ; ãîëîãðàôi÷íà
òåìíà åíåðãiÿ Êàíiàäàêiñà
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In this paper, we study a spatially homogeneous and anisotropic Bianchi type-III universe containing cold dark matter
and Barrow holographic dark energy within the framework of General Relativity. We assume the cold dark matter
and Barrow holographic dark energy to be non-interacting and obtain exact solutions of the Einstein field equations
by considering a hybrid expansion law and assuming that the expansion scalar is proportional to the shear scalar. We
examine the physical and kinematical properties of the resulting model using parameters such as the Hubble parameter,
the anisotropic parameter, the deceleration parameter, the equation of state parameter, the jerk parameter etc. We also
examine whether the energy conditions are violated or validated. We find that the Null, Weak, and Dominant energy
conditions are fulfilled, while the Strong Energy Condition is violated, which supports the accelerated expansion of the
universe. The Statefinder diagnostics have been conducted based on recent cosmological observations. In addition, we
reformulated the correspondence between quintessence scalar field and Barrow holographic dark energy model.

Keywords: Cosmic accerleration; Barrow holographic dark energy; Bianchi type-III; Cold dark matter; Deceleration
parameter; Equation of state parameter

PACS: 98.80.-k, 98.80.Jk, 98.80.Es, 04.20.Jb

1. INTRODUCTION

The observational data from Supernovae Type Ia [1, 2] reveal that the universe is currently undergoing a
phase of accelerated expansion and various other probes such as fluctuation of Cosmic Microwave Background
Radiation (CMBR) [3], Sloan Digital Sky Survey (SDSS) [4], Wilkinson Microwave Anisotropy Probe (WMAP)
[5], Large Scale Structure (LSS) [6], Baryonic Acoustic Oscillations [7], Gravitational Lensing [8], Chandra
X-ray observatory [9] etc., strongly support the accelerated expansion of the universe at late times as well as
the inflationary phase at the early stage of the universe. The observations demonstrate that the universe is
dominated by some unusual cosmic fluid, namely the dark energy (DE), which is thought to be the driving force
behind the ongoing expansion of the universe. According to standard cosmology, the dark energy exerts a huge
negative pressure which makes up about three quaters of the total content of the universe.

In search of this mysterious dark energy various candidates are proposed in the literature including the
cosmological constant Λ introuduced by Albert Einstein in his field equations [10] which is the simplest and the
most obvious theoretical candidate with the equation of state (EoS) parameter ω = −1. However, there exist
notable conceptual challenges that arise, including issues of fine-tuning and the cosmic coincidence problems [11].
So, to overcome these problems, several researchers have developed a varity of dynamically evolving scalar field
models such as quintessence [12], k -essence [13], exotic fluid models like Chaplygin gas models [14], tachyon [15]
etc.

An alternative solution to the puzzle of dark energy, called holographic dark energy (HDE), is also proposed
in the literature which arises from a quantum gravitational principle called the Holographic Principle. The
fundamental concept behind the Holographic Principle is that the quantity of possible configurations, known as
degrees of freedom, that contribute to the entropy of a physical system is proportional to the surface area that
surrounds the system, rather than its volume. G.’t Hooft [16] initially proposed this concept as an explanation
for the thermodynamics of black hole physics. Subsequently, Fischler and Susskind [17] expanded upon this
principle, applying it to the cosmological context by suggesting that the gravitational entropy flows through the
past light-cone of that particular surface. To implement the holographic principle and formulate holographic
dark energy, one utilizes the expression for black hole entropy. As a result, various versions of the theory can be
derived by employing different entropy expressions. Li [18] investigated the dark energy model by considering
the Holographic Principle with the choice of future event horizon as the IR cut-off which gives the desired
scenerio of an accelerating universe. Tsallis and Cirto in 2013 developed a holographic dark energy model
namely Tsallis holographic dark energy (THDE) model by utilising the Tsallis generalized entropy Sδ = γAδ

where A is horizon area, γ is unknown parameter and δ is a non-additive parameter [19]. A new holographic
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dark energy (NHDE) model is propose by considering the Granda and Oliveros cut-off [20] whose energy density
is given by the the square of Hubble parameter and its time derivative. An another holographic dark energy
model called Rényi holographic dark energy (RHDE) model was developed by using the Rényi entropy [21].

A noval black hole entropy relation has recently been proposed by Barrow [22] which emerges from the
inclusion of quantum gravitational effects, potentially introducing complex and fractal characteristics to the

area of a black hole, namely SB =
(

A
Apl

)1+∆
2

, where A is the standard horizon area, Apl is the Planck area and

the exponent ∆ with 0 ≤ ∆ ≤ 1 quantifies the quantum-gravitational deformation. ∆ = 0 corresponds to the
standard Bekenstein-Hawking entropy, i.e., the standard smooth structure while ∆ = 1 corresponds to the most
intricate and fractal structure. The standard holographic dark energy is given by the inequality ρHDEL

4 ≤ S,
where L denotes horizon length, and under the imposition S ∝ A ∝ L2 [23], the Barrow entropy will give the
energy density of Barrow holographic dark energy (BHDE) as ρBHDE = 3c2M2

pL
∆−2, where c is a parameter

and Mp is the Planck mass. Recently Saridakis [24] constructed the BHDE by applying the Barrow entropy
instead of the usual Bekenstein-Hawking entropy. Srivastava and Sharma [25] also investigate the BHDE with
Hubble horizon as IR cut-off for flat Friedmann-Lemâıtre-Robertson-Walker (FLRW) universe. Paul et al. [26]
investigated Bianchi type-I universe in the presence of BHDE where they found that the new exponent plays
an important role to identify the nature of the univese.

Even though the universe on a large scale appears to be homogeneous and isotropic, described well by
the Friedmann-Lemâıtre-Robertson-Walker model, it is worth noting that there is no observational evidence
that definitively rules out the existence of an anisotropic universe. Anisotropies might have been present in
the early universe, as suggested by measurements of the anisotropy of the Cosmic Microwave Background
(CMB). To better understand the dynamics of the evolving universe, spatially homogeneous and anisotropic
Bianchi models are often considered, as they represent the simplest models with an anisotropic background
and play a significant role in describing the large-scale behavior of the universe. Bianchi type models offer a
way to include the influence of anisotropy, effectively connecting the homogeneous and isotropic FLRW models
with the inhomogeneous and anisotropic models. Consequently, numerous researchers have explored spatially
homogeneous and anisotropic Bianchi cosmological models in various contexts.

The cosmological constant Λ associated with the vacuum energy density provides crucial information
about the universe’s large-scale behavior. A small value of Λ suggests that the observable universe is large and
relatively flat. The inspiration to involve the cosmological constant Λ is that most DE models usually feature
only a single component for DE. However, since the cold dark matter consists of more than one component,
it may be possible that DE also consist of multiple components. Recently, a new DE model named ΛHDE
has been proposed in which the DE contains two DE components namely the cosmological canstant Λ and the
holographic dark energy [?]. Therefore, in our present study, we consider the dark energy to be composed of
two components: the cosmological constant Λ and BHDE.

In this paper, we consider a spatially homogeneous and anisotropic Bianchi type-III universe filled with
pressureless cold dark matter and non-interacting Barrow holographic dark energy with IR cutoff as Hubble
horizon L = H−1. The paper is organised as follows: In section 2, we derive the modified Einstein field equations
for the Bianchi type-III metric. In section 3, we obtain exact solutions of the field equations by considering a
hybrid expansion law and assuming that the expansion scalar is proportional to the shear scalar. Additionally,
various cosmologically significant parameters are taken into account. In section 4, we explore the physical
and kinematical properties of the model and also analyze the energy conditions. In Section 5, we discuss the
Statefinder diagnostics and analyze its implications. The correspondence between BHDE with quintessence
scalar field is explained in Section 6. In section 7, we provide some concluding remarks on our findings.

2. THE METRIC AND FIELD EQUATIONS

We consider the spatially homogeneous and anisotropic Bianchi type-III space-time given by the metric

ds2 = −dt2 +A2dx2 +B2e−2lxdy2 + C2dz2 (1)

where A, B, C are the functions of the cosmic time t only and l is a positive constant.
The Einstein modified field equations in natural unit are given by

Rij −
1

2
Rgij + gijΛ = (Tij + T̄ij) (2)

where Rij is the Ricci tensor, R = gijRij is the Ricci scalar, gij is the metric tensor, Λ is the cosmological
constant, Tij and T̄ij are the energy momentum tensors of cold dark matter and Barrow HDE respectively. Tij

and T̄ij are defined by

Tij = ρmuiuj (3)
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and

T̄ij = (ρBHDE + pBHDE)uiuj + gijpBHDE (4)

where ρm is the energy density of cold dark matter, and ρBHDE and pBHDE are the energy density and pressure
of the Barrow HDE respectively. The four velocity ui satisfy uiu

i = −1. Here, we consider the Barrow HDE
density [24] given by

ρBHDE = DH2−∆ (5)

where D is a constant and H is the Hubble parameter.
In comoving coordinate system, the Einstein field equations (2) with the help of equations (3) and (4) for

the metric (1) lead to the following system of field equations:

B̈

B
+

C̈

C
+

Ḃ

B

Ċ

C
= −pBHDE + Λ (6)

Ä

A
+

C̈

C
+

Ȧ

A

Ċ

C
= −pBHDE + Λ (7)

Ä

A
+

B̈

B
+

Ȧ

A

Ḃ

B
− l2

A2
= −pBHDE + Λ (8)

Ȧ

A

Ḃ

B
+

Ȧ

A

Ċ

C
+

Ḃ

B

Ċ

C
− l2

A2
= ρm + ρBHDE + Λ (9)

Ȧ

A
− Ḃ

B
= 0 (10)

Here, an over dot (.) denotes differentiation with respect to the cosmic time t.
On integrating, from equation (10), we obtain

B = mA (11)

where m is a constant of integration.
Looking at the equation (11), the field equations (6)-(10) can be written as

Ä

A
+

C̈

C
+

Ȧ

A

Ċ

C
= −pBHDE + Λ (12)

2
Ä

A
+

(
Ȧ

A

)2

− l2

A2
= −pBHDE + Λ (13)

(
Ȧ

A

)2

+ 2
Ȧ

A

Ċ

C
− l2

A2
= ρm + ρBHDE + Λ (14)

The continuity equation is derived from the energy conservation law (T ij + T̄ ij);j = 0 as

ρ̇m + ρ̇BHDE + 3H(ρm + ρBHDE + pBHDE) = 0 (15)

We assume the cold dark matter and Barrow HDE to be non-interacting, therefore they conserve independently
as

ρ̇m + 3Hρm = 0 (16)

and

ρ̇BHDE + 3H(ρBHDE + pBHDE) = 0 (17)

We now present some cosmological parameters which can be used to understand the evolution of the
universe. For the given metric, the average scale factor a which parameterize the relative expansion of the
universe, the spatial volume V and the mean Hubble parameter H which measures the rate of expansion of the
universe are defined by

a = (ABC)
1
3 (18)

V = a3 = ABC (19)
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H =
1

3
(H1 +H2 +H3) (20)

where H1 = Ȧ
A , H2 = Ḃ

B , H3 = Ċ
C are the directional Hubble parameters along the x, y, z directions respectively.

The expansion scalar θ, the shear scalar σ, the average anisotropy parameter Am are defined by

θ = 3H =
Ȧ

A
+

Ḃ

B
+

Ċ

C
(21)

σ2 =
1

2

( Ȧ

A

)2

+

(
Ḃ

B

)2

+

(
Ċ

C

)2
− θ2

6
(22)

Am =
1

3

3∑
i=1

(
∆Hi

H

)2

(23)

where ∆Hi = Hi −H (i = 1, 2, 3).
The expansion scalar θ measures the relative rate of expansion (or contraction) of the universe, the shear scalar θ
gives the measure of the deformation of the cosmic structure caused by density fluctuation while the anisotropy
parameter Am measures the deviation from isotropy.

3. COSMOLOGICAL SOLUTIONS OF THE FIELD EQUATIONS

We have three independent field equations (12)-(14) with six unknowns A, C, ρm, ρBHDE, pBHDE and Λ
together with the equation (5). So, to obtain an exact solution of the system, we need two additional constraints
related to these parameters.

As a first constraint, we assume the expansion scalar θ to be proportional to the shear scalar σ which gives
the relationship between the metric potentials as

C = Ak (24)

where k ̸= 1 is a positive constant.
Secondly, following the Akarsu et al. [28], we consider the average scale factor a to obey the hybrid expansion

law given by

a(t) = a0t
αeβ(t−1) (25)

where α and β are non-negative constants. The relation (25) gives the power law for β = 0 and exponential law
for α = 0.
Then, from equations (11), (18) and (24), we get the directional scale factors as

A = m
−1
k+2 {a0tαeβ(t−1)}

3
k+2 (26)

B = m
k+1
k+2 {a0tαeβ(t−1)}

3
k+2 (27)

C = m
−k
k+2 {a0tαeβ(t−1)}

3k
k+2 (28)

Therefore, the metric (1) becomes

ds2 = −dt2 + {a0tαeβ(t−1)}
6

k+2

(
m

−2
k+2 dx2 +m

2(k+1)
k+2 e−2lxdy2

)
+m

−2k
k+2 {a0tαeβ(t−1)}

6k
k+2 dz2 (29)

4. PHYSICAL AND KINEMATICAL PROPERTIES OF THE MODEL

For our model (29), the directional Hubble parameters H1, H2, H3 and mean Hubble parameter H are
obtained as

H1 = H2 =
3

k + 2

(
β +

α

t

)
, H3 =

3k

k + 2

(
β +

α

t

)
(30)

∴ H =
(
β +

α

t

)
(31)

The spatial volume V , the expansion scalar θ, the shear scalar σ and the average anisotropy parameter Am of
the model are obtained as

V = {a0tαeβ(t−1)}3 (32)
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θ = 3H = 3
(
β +

α

t

)
(33)

σ2 = 3
(k − 1)2

(k + 2)2

(
β +

α

t

)2
(34)

Am = 2
(k − 1)2

(k + 2)2
(35)

From equations (31)-(35), we find that the spatial volume V is zero at the beginning of the universe. Therefore,
our model starts with a Big Bang singularity. We plot the graph of scale factor a in figure 1. The Hubble
parameter H, the expansion scalar θ, and the shear scalar σ are all diverse at t = 0 and decrease with an
increase in cosmic time t up to a fixed limit. Figure 2 depicts the evolution of the Hubble parameter H over
cosmic time t. The anisotropy parameter Am and the shear scalar σ become nonzero constant for k ̸= 1, so the
model will remain anisotropic throughout the evolution of the universe. Both the parameters are equal to zero
for k = 1. Therefore, the universe can become isotropic only when k = 1.

Figure 1. Evolution of the scale factor a versus cosmic time t for α = 0.49 and β = 0.04

The deceleration parameter (q) is defined by

q = −aä

ȧ2
= −1− Ḣ

H2
(36)

Using equation (25), the deceleration parameter q for our model is obtained as

q = −1 +
α

(βt+ α)2
(37)

Figure 2. Evolution of the Hubble parameter H ver-
sus cosmic time t for α = 0.49 and β = 0.04

Figure 3. Evolution of the deceleration parameter q
versus cosmic time t for α = 0.49 and β = 0.04

The deceleration parameter q is a measure of whether the expansion of the universe is accelerating, de-
celerating or uniform. The expansion is accelerating for q < 0, decelerating for q > 0 and uniform for q =
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0. Observations indicate that the universe is currently expanding at an accelerating rate, with a deceleration
parameter in the range of −1 ≤ q < 0.

From equation (37), it is clear that the universe evolves with variable deceleration parameter when both α
and β are non zero. Figure 3 demonstrates the evolution of deceleration parameter q versus cosmic time t and
shows that the deceleration parameter q is positive in the early universe but transition to negative at time t =√

α−α
β and t = − (

√
α+α)
β . Here, we do not consider the case t = − (

√
α+α)
β as we consider our universe to begin

at time t = 0 (in billion years). Hence, cosmic acceleration took place at the time t =
√
α−α
β , which implies that

the parameter α falls within the range of 0 < α < 1. This transition marks the switch from early decelerating
phase of the universe to its current accelerating phase. In this paper, we choose α = 0.49 and β = 0.04 as these
smaller values of α and β result in the universe’s acceleration occurring around approximately 5.5 billion years,
aligning with observational data. A relatively larger value of β would indicate acceleration happening much
earlier in the evolution of the universe.

Using equations (31) and (25) in equation (16), to obtain the matter energy density ρm as

ρm = M{a0tαeβ(t−1)}−3 (38)

where M is a constant.

Using equation (31) in equation (5), we obtain the Barrow HDE density ρBHDE as

ρBHDE = D
(
β +

α

t

)2−∆

(39)

From equations (38) and (39), we notice that both the energy densities are decreasing functions of cosmic
time t. Figure 4 depicts the evolution of matter energy density ρm which demonstrates that it is high at early
stage of the universe and tends to zero at late times. The BHDE density given by the equation (39) behaves
like the standard HDE for ∆ = 0. The behavior of BHDE will differ from the standard one, depending on
the ∆ parameter, resulting to a distinct cosmological scenario. To understand the evolution of BHDE, we plot
it against the cosmic time t in figure 5 for different values of ∆. From figure 5, we can see that for ∆ = 0,
0.5 and 1.5, the BHDE density decrease with an increase of cosmic time t and tend to a constant value at
late times. Whereas, for ∆ = 2, the BHDE density is constant throughout the evolution of the universe. In
this scenario, the BHDE behaves like a cosmological constant and the model is reffered as ΛCDM model. The
physical implications of the decrease in energy densities suggest that the volume of the universe is increasing.

Figure 4. Evolution of matter energy density ρm ver-
sus cosmic time t for M = 10, α = 0.49, β = 0.04 and
a0 = 1

Figure 5. Evolution of BHDE density ρBHDE versus
cosmic time t for D = 3, α = 0.49, β = 0.04 and ∆ =
0 (green line), ∆ = 0.5 (red line), ∆ = 1.5 (black line),
∆ = 2 (blue line)

Using equations (39) and (31) in equation (17), we get pressure pBHDE of the Barrow HDE as

pBHDE = −D
(
β +

α

t

)2−∆

+
Dα(2−∆)

3t2

(
β +

α

t

)−∆

(40)

Figure 6 displays the Barrow holographic dark energy pressure pBHDE with respect to cosmic time t, as
given by the equation (40). In case of ∆ = 0 and 0.5, the pressure is positive in the initial stage and decreases



Barrow Holographic Dark Energy Model in Bianchi type-III Universe with Quintessence
61

EEJP.1(2024)

as cosmic time t increases and eventually become negative at late times. For ∆ = 1.5, the pressure pBHDE is
extremely negative at the beginning and rises gradually as cosmic time t increases until it reaches a certain
constant value. However for ∆ = 2, the pressure is constantly negative in the entire evolution of the universe.
This indicates that the universe is undergoing accelerated expansion for all the values of ∆, as the pressure
remains negative throughout the evolution.

Using equations (26), (28) and (40) in equation (12), we obtain the expression for cosmological constant Λ
as

Λ =
9(k2 + k + 1)

(k + 2)2

(
β +

α

t

)2
− 3α(k + 1)

t2(k + 2)
−D

(
β +

α

t

)2−∆

+
Dα(2−∆)

3t2

(
β +

α

t

)−∆

(41)

Figure 6. Evolution of BHDE pressure pBHDE versus
cosmic time t with α = 0.49, β = 0.04, D = 3 and ∆ =
0 (green line), ∆ = 0.5 (red line), ∆ = 1.5 (black line),
∆ = 2 (blue line)

Figure 7. Evolution of cosmological constant Λ ver-
sus cosmic time t with α = 0.49, β = 0.04, D = 3, k =
0.1 and ∆ = 0 (green line), ∆ = 0.5 (red line), ∆ =
1.5 (black line), ∆ = 2 (blue line)

Figure 7 illustrates the evolution of Λ with respect to cosmic time t for different value of ∆. From figure 7,
we observe that Λ is positive but decreasing for ∆ = 0 and negative but increasing for ∆ = 0.5, 1.5 and 2 with
cosmic time t. When ∆ is set to 0 and 0.5, the value of Λ approaches zero at the later stages of the universe.
However, for ∆ = 1.5 and 2, Λ remains at a constant negative value. Despite the negative value of Λ for ∆ =
0.5, 1.5, and 2, it increases with cosmic time t. In both scenarios, the negative pressure at late times signifies
the accelerated expansion of the universe. Biswa and Mazumdar [29] and Anjan et al. [30] have investigated
cosmological models that feature a negative Λ. Currently, the determination of Λ is not only complicated, but
it is also uncertain.

Using equations (39) and (40), the equation of state parameter (EoS parameter) ωBHDE of Barrow HDE
is obtained as

ωBHDE =
pBHDE

ρBHDE
= −1 +

α(2−∆)

3t2
(
β + α

t

)2 (42)

Equation (42) implies that the EoS parameter ωBHDE in our model is a strictly decreasing function of
cosmic time t for ∆ < 2. Figure 8 depicts the variation of EoS parameter ωBHDE with cosmic time t for different
values of ∆. The figure displays that, for ∆ = 0, 0.5 and 1.5, the EoS parameter ωBHDE in our model varies in
the quintessence region (−1 < ωBHDE < − 1

3 ) after a particular point in time during its evolution. Additionally,
we can note that the EoS parameter ωBHDE converges to −1 at late times and eventually approach the ΛCDM
(ωBHDE = −1) model in future. When ∆ = 2, the EoS parameter ωBHDE remains constant at a value of
−1 throughout its evolution. As previously mentioned, in this scenario, the Barrow holographic dark energy
behaves like the cosmological constant. Considering all the cases of our model, we can conclude that the model
will have a more accelerating effect at higher values of cosmic time t.

The density parameters are read as

Ωm = ρm

3H2 , ΩBHDE = ρBHDE

3H2 , Ωσ = σ2

3H2 , ΩΛ = Λ
3H2 , Ωl =

l2

3H2A2
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where Ωm, ΩBHDE, ΩΛ, Ωσ and Ωl represent the dimensionless density parameters for matter, Barrow HDE,
vacuum energy, shear anisotropy and l parameter respectively.

From equation (14), the total energy density parameter (Ω) is obtained as

Ω ≡ Ωm +ΩBHDE +Ωσ +ΩΛ +Ωl = 1 (43)

Therefore, equation (43) imply

Ω =
M

3
(
β + α

t

)2 {a0tαeβ(t−1)}3
+
3(k2 + k + 1)

(k + 2)2
− α(k + 1)

t2(k + 2)
(
β + α

t

)2 +
Dα(2−∆)

9t2
(
β + α

t

)2+∆
+

(k − 1)2

(k + 2)2
+

m
2

k+2 × l2

3
(
β + α

t

)2 {a0tαeβ(t−1)}
6

k+2

= 1 (44)

Figure 8. Evolution of EoS parameter ωBHDE versus
cosmic time t with α = 0.49, β = 0.04 and ∆ = 0
(green line), ∆ = 0.5 (red line), ∆ = 1.5 (black line),
∆ = 2 (blue line)

Figure 9. Evolution of overall density parameter Ω
versus cosmic time t for M = 10, α = 0.49, β = 0.04,
k = 0.1, ∆ = 0.5, l = 1, D = 3 and a0 = 1

The graph depicted in Figure 9 demonstrates how the total energy density Ω changes over cosmic time
t. The total energy density parameter Ω > 1, Ω = 1 and Ω < 1 represent the open, flat and closed universe
respectively. As the figure indicates, the total density parameter Ω experiences a rapid increase during the
early stages of the universe’s evolution, reaching a fixed point before beginning to decrease as time goes on.
Eventually, the total density parameter Ω approaches 1 in later times, indicating that the universe becomes flat
at late times.

4.1. Energy conditions:

Energy conditions are a set of theoretical inequalities that serve as linear combinations of energy density
and pressure within the framework of general relativity. These conditions establish constraints on how matter
and energy are distributed in spacetime. Energy conditions help to understand the behavior of gravity and
derives many theorems within the classical general relativity such as the collapse of stars [31], the area increase
theorem related to black holes [31], the positive mass theorem [32] etc. There are several energy conditions,
among which the linear energy conditions are the null energy condition (NEC), the weak energy condition
(WEC), the strong energy condition (SEC) and the dominant energy condition (DEC).

The standard energy conditions for Tij , where Tij is the energy-momentum tensor of perfect fluid are
defined as:

• Null Energy Condition (NEC): For any null vector ki, Tijk
ikj ≥ 0. This implies the relation

ρ+ p ≥ 0

The NEC ensures that the pressure cannot be so negative that it dominates over the energy density of
the universe. This means that as the energy density of the universe decreases, the pressure should become less
negative with the universe’s expansion. Conversely, when the NEC is violated, it signifies that the pressure
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becomes more negative compared to the energy density, leading to a more accelerating effect in the universe.

• Weak Energy Condition (WEC): For any timelike vector vi, Tijv
ivj ≥ 0 which leads to

ρ ≥ 0 and ρ+ p ≥ 0

The WEC includes the NEC and adds the requirement that the energy density of the universe remains
positive throughout its evolution. The violation of the WEC implies that either the energy density becomes
negative, or the pressure overwhelms the energy density of the universe.

• Strong Energy Condition (SEC): For any timelike vector vi, Tijv
ivj + 1

2T ≥ 0, where T is the trace of Tij .
This leads to the relation

ρ+ 3p ≥ 0 and ρ+ p ≥ 0

The SEC implies a positive deceleration parameter, which leads to a decelerating universe. However, if the
SEC is violated, it signifies that the universe is undergoing an accelerated expansion phase.

• Dominant Energy Condition (DEC): For any timelike vector vi, Tijv
ivk ≥ 0 and JiJ

i ≤ 0 where J i = −T i
jv

j .
This results in the following relation

ρ ≥ 0 and ρ+ p ≥ 0 and ρ− p ≥ 0

The DEC is the WEC with an extra condition that the pressure should not exceed the energy density of
the universe. The DEC can be interpreted as stating that the energy density is always non-negative and should
have dominance over pressure of the universe.

For our model,

ρ+ p =
M

{a0tαeβ(t−1)}3
+

Dα(2−∆)

3t2

(
β +

α

t

)−∆

ρ− p =
M

{a0tαeβ(t−1)}3
+ 2D

(
β +

α

t

)2−∆

− Dα(2−∆)

3t2

(
β +

α

t

)−∆

ρ+ 3p =
M

{a0tαeβ(t−1)}3
− 2D

(
β +

α

t

)2−∆

+
Dα(2−∆)

t2

(
β +

α

t

)−∆

The above mentioned energy conditions are generally satisfied by the normal matter. However, the SEC
is known to be violated in an accelerated expansion phase of the universe. Figure 10 shows a plot of the left
side of the energy conditions, which indicates that in our model, initially, the NEC, WEC, SEC and DEC are
all satisfied, but at late times, the SEC gets violated. The violation of the SEC results in the acceleration of
the universe.

4.2. Jerk parameter (j):

The cosmic jerk parameter j is a measure of the acceleration of the universe, describing how quickly the
rate of expansion is changing over cosmic time t. It is a dimensionless quantity defined as the third derivative
of the scale factor a with respect to cosmic time t and provides an important information about the universe’s
expansion. A positive value of jerk parameter j signifies that the universe undergoes a transition from decelera-
tion to acceleration in its expansion. For the popular ΛCDM model the value of jerk parameter j is equal to one.

Mathematically, the jerk parameter j is defined as

j =
1

aH3

d3a

dt3
(45)

For our model, the jerk parameter j is obtained as

j =
β3 + 3αβ2

t + (3α2−3α)β
t2 + α3−3α2+2α

t3(
β + α

t

)3 (46)

The graph illustrating the jerk parameter j is displayed in figure 11. It is clear from the figure that the
jerk parameter j remains positive throughout the universe’s evolution, signifying that the rate of expansion of
the universe is increasing. Additionally, in figure 11, it can be observed that the jerk parameter j converges to
1 at late times, indicating that the model behaves similar to the ΛCDM model.
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Figure 10. Graph of energy conditions versus cosmic
time t for M = 10, a0 = 1, α = 0.49, β = 0.04, D = 3,
∆ = 0.5, ρ + p (blue line), ρ − p (green line) and ρ +
3p (red line)

Figure 11. Evolution of jerk parameter j versus cos-
mic time t for α = 0.49 and β = 0.04

4.3. Snap parameter (s):

The snap parameter s is a dimensionless quantity defined as the fourth order derivative of the scale factor
a with respect to cosmic time t. It describes the rate of change of the acceleration of the universe’s expansion
and helps to understand the dynamics of the universe.

Mathematically, the snap parameter s is defined as

s =
1

aH4

d4a

dt4
(47)

For our model, the snap parameter s is obtained as

s =
β4 + 4αβ3

t + (6α2−6α)β2

t2 + (4α3−12α2+8α)β
t3 + α4−6α3+11α2−6α

t4(
β + α

t

)4 (48)

Figure 12 depicts the variation of the snap parameter s with respect to cosmic time t. The snap parameter
s shows the increasing behavior. At t → 0, it is negative and increases over cosmic time t. Eventually, the snap
parameter s converges to 1 at late times. This suggests that the universe is experiencing a phase of accelerated
expansion.

4.4. Lerk parameter (l):

The lerk parameter l is also a dimensionless quantity defined as the fifth order derivative of the scale factor
a with respect to the cosmic time t.

Mathematically, the lerk parameter l is defined as

l =
1

aH5

d5a

dt5
(49)

For our model, the lerk parameter l is obtained as

l =
β5 + 5αβ4

t + (10α2−10α)β3

t2 + (10α3−30α2+20α)β2

t3 + (5α4−30α3+55α2−30α)β
t4 + α5−10α4+35α3−50α2+24α

t5(
β + α

t

)5 (50)

Figure 13 illustrates the variation of the lerk parameter l with respect to cosmic time t. The figure displays
that the lerk parameter l has a high value at t → 0 and gradually converges to 1 at late times.
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Figure 12. Evolution of snap parameter s versus cos-
mic time t for α = 0.49 and β = 0.04

Figure 13. Evolution of lerk parameter l versus cos-
mic time t for α = 0.49 and β = 0.04

4.5. Coincidence parameter (r̄):

The parameter r̄, known as the coincidence parameter, is defined as the ratio between two energy densities,
i.e. r̄ = ρBHDE

ρm
, of the universe. Current observations demand that the value of the coincidence parameter should

either remain constant or change very slowly in response to the universe’s expansion. But the most simplest
and widely accepted dark energy model, the ΛCDM model, is inconsistent with this observations. So, numarous
alternative models are considered to avoid this coincidence problem. For our model, the coincidence paramter
r̄ is obtained as

r̄ =
{a0tαeβ(t−1)}3D(β + α

t )
2−∆

M
(51)

The variation of coincidence parameter r̄ versus cosmic time t is shown in figure 14. From figure, we observe
that the value of r̄ increases rapidly at late times. So, the coincidence problem is not resolved in our model.
Since, here we have considered the BHDE and dark matter to be non interacting, so, it will be interesting to see
the behavior of coincidence parameter in case of interacting model. Thus, a specific form of interaction between
BHDE and dark matter may make the ratio of their densities to remain relatively constant as the universe
evolves.

5. STATEFINDER DIAGNOSTIC

To distinguish between various cosmological scenarios related to dark energy, it is essential to have a re-
liable and precise method to evaluate DE models. For this purpose Sahni et al. [33] introduced a diagnostic
using the parameter pair {r, s}, commonly known as the Statefinder diagostic. The pair is effective in distin-
guishing among various dark energy models, such as the cosmological constant, quintessence, the Chaplygin
gas, braneworld models, and models involving interacting dark energy. The dimensionless Statefinder diagnostic
is constructed by considering the scale factor a of the universe and its higher order derivative with respect to
cosmic time t only. The parameter r represents the hierarchy of geometrical cosmological parameters, succeed-
ing the Hubble parameter H and the deceleration parameter q. On the other hand, s is a parameter derived
as a linear combination of q and r in a way that makes it independent of the density associated with dark energy.

The Statefinder diagnostic pair {r, s} is defined as

r =
1

aH3

d3a

dt3
and s =

r − 1

3(q − 1
2 )

, where q ̸= 1

2

For our model,

r =
β3 + 3αβ2

t + (3α2−3α)β
t2 + α3−3α2+2α

t3(
β + α

t

)3 (52)

s =
−6αβt− 6α2 + 4α

3(βt+ α){2α− 3(βt+ α)2}
(53)
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The r − s plane for these cosmological parameters for ΛCDM and standard CDM (SCDM) are (1, 0) and
(1, 1) respectively. The quintessence DE epochs are given by the region (r < 1, s > 0) whereas trajectories for
Chaplygin gas lie in the range (r > 1, s < 0). In our model, equations (52) and (53) indicate that the Statefinder
diagnostic pair depend on the cosmic time t. As t approaches infinity, the diagnostic pair yields r = 1 and s =
0. The figure 15 also confirms that our model coincide with the ΛCDM model during later stages.

Figure 14. Evolution of coincidence parameter r̄ ver-
sus cosmic time t for α = 0.49, β = 0.04, M = 10, a0 =
1, D = 3 and ∆ = 0.5

Figure 15. Evolution of the Statefinder parameters r
versus s for α = 0.49 and β = 0.04

6. CORRESPONDENCE BETWEEN THE BHDE MODEL AND QUINTESSENCE SCALAR
FIELD MODEL

Quintessence is considered as one of the candidate of dark energy because it has the potential to explain the
cosmic coincidence problem and can fit better with observational data compared to the cosmological constant.
In order to get the accelerated expansion of the universe the EoS parameter for quintessence must be less than
− 1

3 .
In this section, our focus is on investigating the correspondence between BHDE and the quintessence scalar

field model. To establish the correspondence, we perform a comparison between the BHDE density and the
energy density of the scalar field model. Additionally, we analyze the EoS parameter of BHDE in comparison
to the EoS parameter of the scalar field.

The energy density and pressure of the quintessence scalar field model are given by

ρϕ =
ϕ̇2

2
+ V (ϕ) (54)

pϕ =
ϕ̇2

2
− V (ϕ) (55)

where ϕ is the scalar field and V (ϕ) is the potential of scalar field ϕ.

The EoS parameter for the scalar field is given by

ωϕ =
pϕ
ρϕ

=
ϕ̇2 − 2V (ϕ)

ϕ̇2 + 2V (ϕ)
(56)

Equations (54) and (55) gives

ϕ̇2 = ρϕ + pϕ (57)

and

V (ϕ) =
ρϕ − pϕ

2
(58)
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Using equations (42) and (56), we get

−1 +
α(2−∆)

3t2
(
β + α

t

)2 =
ϕ̇2 − 2V (ϕ)

ϕ̇2 + 2V (ϕ)
(59)

By taking ρϕ = ρBHDE and pϕ = pBHDE, we can calculate the kinetic energy ϕ̇2 and the scalar potential V (ϕ)
as

ϕ̇2 =
Dα(2−∆)

3t2

(
β +

α

t

)−∆

(60)

V (ϕ) = D
(
β +

α

t

)2−∆

− Dα(2−∆)

6t2

(
β +

α

t

)−∆

(61)

Thus, we have established the potential V (ϕ) and scalar field ϕ for the quintessence scalar field model that

corresponds to the BHDE model. The kinetic energy ϕ̇2 is plotted in the figure 16. The figure illustrates that
the kinetic energy ϕ̇2 decreases over cosmic time t and eventually diminishes at late times. Figure 17 depicts the
scalar field potential V (ϕ) for the quintessence model. It can be seen that the potential V (ϕ) is also decreasing
function of cosmic time t and tends toward a constant value at late times.

Figure 16. Evolution of kinetic energy ϕ̇2 versus cos-
mic time t for α = 0.49, β = 0.04, D = 3 and ∆ =
0.5

Figure 17. Evolution of the V (ϕ) versus t for α =
0.49, β = 0.04, D = 3 and ∆ = 0.5

7. CONCLUSION

In this paper, we investigate a spatially homogeneous and anisotropic Bianchi type-III universe filled with
pressureless cold dark matter and non-interacting Barrow holographic dark energy in the framework of Einstein’s
General theory of Relativity. We obtain the exact solution of the Einstein field equations by choosing a hybrid
expansion law and by assuming the expansion scalar to be proportional to the shear scalar. We investigate
various cosmological parameters to discuss the physical and kinematical properties of the model and find that:
• At t = 0, the volume V of the universe vanish i.e. the universe starts with zero volume and tends to infinity
at t → ∞. So, the universe begins with a Big Bang singularity.
• The Hubble parameter H and the expansion scalar θ are decreasing functions of cosmic time t and dH

dt and
dθ
dt tend to 0 at t → ∞.

• The shear scalar σ2 diverges at t = 0 and converges to a constant value at t → ∞.
• The anisotropy parameter is constant and not equal to zero unless k = 1 which implies that the universe
remain anisotropic throughout the evolution. But, for k = 1 the anisotropy parameter, Am = 0 and the universe
become isotropic throughout the evolution.
• The matter energy density ρm and Barrow holographic dark energy density ρBHDE are decreasing functions of
cosmic time t. The decrease of energy densities with an increase of cosmic time t leads to the volume expansion
of the universe.
• The pressure of Barrow holographic dark energy pBHDE is negative at late times which indicates the accelerated
expansion of the universe.
• The EoS parameter ωBHDE of Barrow holographic dark energy varies in quintessence region and tends to
ΛCDM model at late times.
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• The deceleration parameter q transists from its positive value in the early universe to −1 at late times. This
transition shows the early decelerated phase to current accelerated phase of the universe.
• The total energy density parameter Ω converges to 1 as cosmic time t → ∞. This suggests that the universe
is approaching towards a flat universe at late times.
• The Null energy condition, the Weak energy condition and the Dominant energy condition are all satisfied but
the Strong energy condition is violated at late times which supports the accelerated expansion of the universe.
• The cosmic jerk parameter j, the snap parameter s and the lerk parameter l all converges to 1 at late times.
The convergence of j to at late times demonstrates that our model matches the ΛCDM model.
• The coincidence parameter r̄ is not constant in the univers’s evolution. So, the coincidence probelm is not
resolved in our model.
• The Statefinder parameters pass through the point (1, 0) which corresponds to the ΛCDM model.
• The correspondence between Barrow holographic dark energy model and quintessence scalar field model
describe the accelerated phase of the expanding universe.
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ÃÎËÎÃÐÀÔI×ÍÀ ÌÎÄÅËÜ ÒÅÌÍÎ� ÅÍÅÐÃI� ÁÀÐÐÎÓ Ó ÂÑÅÑÂIÒI Á'ßÍÊI
ÒÈÏÓ III Ç ÊÂIÍÒÅÑÅÍÖI�Þ

×àíäðà Ðåêõà Ìàõàíòà, Äiá'ÿäæîòi Äàñ
aÔàêóëüòåò ìàòåìàòèêè, Óíiâåðñèòåò Ãàóõàòi, Äæàëóêáàði, 781014, Àññàì, Iíäiÿ

Ó öié ñòàòòi ìè äîñëiäæó¹ìî ïðîñòîðîâî îäíîðiäíèé i àíiçîòðîïíèé Âñåñâiò Á'ÿíêi òèïó III, ùî ìiñòèòü õîëîäíó

òåìíó ìàòåðiþ òà ãîëîãðàôi÷íó òåìíó åíåðãiþ Áàððîó â ðàìêàõ çàãàëüíî¨ òåîði¨ âiäíîñíîñòi. Ìè ïðèïóñêà¹ìî, ùî

õîëîäíà òåìíà ìàòåðiÿ òà ãîëîãðàôi÷íà òåìíà åíåðãiÿ Áàððîó íå âçà¹ìîäiþòü, i îòðèìó¹ìî òî÷íi ðîçâ'ÿçêè ðiâíÿíü

ïîëÿ Åéíøòåéíà, ðîçãëÿäàþ÷è ãiáðèäíèé çàêîí ðîçøèðåííÿ òà ïðèïóñêàþ÷è, ùî ñêàëÿð ðîçøèðåííÿ ïðîïîðöié-

íèé ñêàëÿðó çñóâó. Ìè ïåðåâiðÿ¹ìî ôiçè÷íi òà êiíåìàòè÷íi âëàñòèâîñòi îòðèìàíî¨ ìîäåëi, âèêîðèñòîâóþ÷è òàêi

ïàðàìåòðè, ÿê ïàðàìåòð Õàááëà, ïàðàìåòð àíiçîòðîïi¨, ïàðàìåòð óïîâiëüíåííÿ, ïàðàìåòð ðiâíÿííÿ ñòàíó, ïàðà-

ìåòð ðèâêà òîùî. Ìè òàêîæ ïåðåâiðÿ¹ìî, ÷è ïîðóøóþòüñÿ åíåðãåòè÷íi óìîâè àáî ïiäòâåðäæóþòüñÿ. Ìè âèÿâèëè,

ùî óìîâè íóëüîâî¨, ñëàáêî¨ òà äîìiíàíòíî¨ åíåðãi¨ âèêîíóþòüñÿ, òîäi ÿê óìîâà ñèëüíî¨ åíåðãi¨ ïîðóøåíà, ùî ïiä-

òðèìó¹ ïðèñêîðåíå ðîçøèðåííÿ Âñåñâiòó. Äiàãíîñòèêà State�nder áóëà ïðîâåäåíà íà îñíîâi îñòàííiõ êîñìîëîãi÷íèõ
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ìîäåëëþ òåìíî¨ åíåðãi¨ Áàððîó.
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This paper is devoted to investigate five dimensional homogeneous and isotropic FRW model with varying gravitational
and cosmological constant with cosmic time. Exact solution of the Einstein field equations are obtained by using the
equation of state p = (γ−1)ρ (gamma law), where γ which is an adiabatic parameter varies continuously as the universe
expands. We obtained the solutions for different values of curvature K = 0, 1,−1 by using a(t) = R0(1 + α2t2)n, where
α, n and R0 are positive constants. Behaviour of the cosmological parameters are presented for different cases of the
models. Physical interpretation of the derived model are presented in details. Interestingly the proposed model justified
the current cosmological observations with dark energy.
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1. INTRODUCTION

The present universe is expanding with ever accelerating from the recent observational [1, 2, 3, 4] data
on cosmic microwave background radiation(CMBR) and from WMAP data [5, 6]. Recent observations of type
Ia supernovae (SNe Ia) at redshift z < 1 provide startling and puzzling evidence that the expansion of the
universe at the present time appears to be accelerating, behavior attributed to “dark energy” with negative
pressure[1, 2, 3, 7, 8, 9, 10, 11]. These observations strongly favour a significant and positive value of Λ. Some
of the authors like [12, 13, 14] have studied the physics of the universe in higher dimensional space time.

Now-a-days peoples are more interested to study in higher dimensional space-time, since Einstein’s field
equations in higher dimensions may have physical relevance as early as a time before the universe underwent
compactification transitions. The solutions of Einstein field equations may have physical relevance in these
higher dimensional space times. The phase transitions in the early universe can also lead to topological knots in
the vacuum expectation value of a scalar field, which are concentrated in a small region, and by using a suitable
scalar field we can prove that phase transitions can result in such objects. Therefore, to unify gravity and other
interactions, it is more feasible to study higher dimensional space-time to solve cosmological problems. Also,
it is well known that Friedmann-Robertson-Walker (FRW) spatially homogeneous and isotropic cosmological
models are widely considered as good approximation of the present and early stages of the universe. FRW line
element fits best with the cosmological principle and consistent with the present day observational data. At its
early stage of evolution, study of five dimensional space-time is important because of the fact that cosmos might
have had a higher dimensional era. In order to unify gravitation with electromagnetism , a five dimensional
space-time geometry was first proposed by Kaluza [15] and Klein [16]. In the context of the Kaluza-Klein
theories[15, 16, 17, 18] the study of higher dimensional cosmological models have obtained much importance.
Many researchers have studied the problems in the field of higher dimensions. Appelquist et al.[18], Rahaman
et al. [19] formulated higher dimensional spherically symmetric perfect fluid model in Lyra geometry. Samanta
et al.[20] investigated five dimensional Bianchi type-1 string cosmological model in Lyra manifold.

In FRW type of homogeneous cosmological model, the dimensionality has a marked effect on the time
temperature relation of the universe and our universe appears to cool more slowly in higher dimensional space
time as suggested by Chatterjee [21]. In the recent years, cosmological model with a relic cosmological constant
have received considerable attention among researchers for various reasons [22, 23, 24, 25, 26, 27]. We should
realize that the existence of a nonzero cosmological constant in Einstein’s equations is a feature of deep and
profound consequence. The recent observations indicate that Λ ∼ 10− 55cm2 while particle physics prediction
for Λ is greater than this value by a factor of order 10120. This discrepancy is known as cosmological constant
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problem. Ratra and Peebles[28], Dolgov [29, 30, 31], Sahni and Starobinsky [32], Padmanabhan [33] and
Peebles [34] are the some of the researchers who recently studied on the cosmological constant “problem” and
consequence on cosmology with a time-varying cosmological constant. For earlier reviews on this topic, we can
referred to Zeldovich [35], Weinberg [36] and Carrol et al. [37].

G.S. Khadekar et.al.[38] discuss the big-bounce cosmological model by assuming the cosmological constant
Λ = αρ and Λ = βH2, where α and β are the constant and ρ andH, are the energy density and Hubble parameter
respectively by considering a class of five-dimensional cosmological model. Adhav K.S. et.al.[39] studied Bianchi
type-III cosmological models in the presence of the bulk viscous fluid with varying Λ. Mukhopadhyay U. et.
al.[40] discuss about the time variable and the accelerating universe in the Einstein’s field equations under the
phenomenological assumption of Λ = αH2 for the full physical range of α. Shabani and Ziaie[42] studied about
the classical bouncing behaviour of the Universe in terms of f(R, T ) = R+ h(T ) gravity theories. Minas et al.
[43] examined the realization of bounces based on a modified gravity theory related to Finsler and Finsler-like
geometries. Surendra and Kiranmala [44] studies the role of higher-dimensional FRWmodels with the framework
of the particle creation in the context of variable cosmological and gravitational constants. Mahanta and Das
[45] studied the spatially homogeneous and anisotropic Bianchi type-III universe filled with non interacting new
holographic dark energy and cold dark matter with variable gravitational and cosmological constant terms.
Further Agrawal et al.[46, 47, 48] developed a bouncing cosmology model with a suitable bouncing scale factor
and studied its cosmic dynamics. Similarly, Singh et al.[49] studied the bouncing behaviour of the universe
in modified gravity with higher-order curvature, finding that the extremal acceleration occurs at the bouncing
point. And Zubair and Farooq[50] explore the bouncing models in the framework of 4D EGB with a flat,
isotropic FRW universe.

Motivating from the above literatures here in this paper we investigate the spatially homogeneous and
isotropic FRW universe in the context of variable cosmological and gravitational constants. We evaluate different
cosmological parameters with the assumption that our universe is filled with distributions of matter. In sections
2.1-2.9, we have presented the solution of field equations and discussion for the cosmological parameters for the
different values of curvature index parameters K = 0, 1,−1 and γ = 1, 43 , 2. In sec. 4 we also study the physical
interpretation of the cosmological parameters in the context of solutions. Concluding remarks of the work is
presented in sec. 5 .

2. FIELD EQUATIONS

Here we consider the five dimensional FRW metric[51, 52, 53] in the form

ds2 = dt2 − a2(t)

[
dr2

(1−Kr2)
+ r2(dθ2 + sin2 θdθ2) + (1−Kr2)dψ2

]
(1)

where a(t) is the scale factor K = 0,−1 or + 1 is the curvature parameter for flat, open and closed universe
respectively. The universe is assumed to be filled with distribution of matter represented by energy-momentum
tensor of a perfect fluid

Tµν = (ρ+ p)uµvν − pgµν , (2)

where ρ is the energy density of the cosmic matter, p is its pressure and uµ is the five-velocity vector such that
uµu

µ = 1. The Einstein field equations with time-dependent cosmological and gravitational constants is given
by

Rµν − 1

2
gµνR = 8πG(t)Tµν + Λ(t)gµν (3)

where Rµν is the Ricci tensor, G(t) and Λ(t) being the variable gravitational and cosmological constants. The
divergence of (3), taking into account the Bianchi identity, gives

(8πGTµν + Λgµν)
;ν

= 0. (4)

Equation (3) and (4) may be considered as the fundamental equations of gravity with G and Λ coupling
parameters. Using comoving coordinates

uν = (1, 0, 0, 0, 0), (5)

in (2) and with the line element (1), Einstein’s field equation (3), yields

8πG(t)ρ =
6ȧ2

a2
+

6K

a2
− Λ(t), (6)

8πG(t)p = −3ȧ

a
− 3ȧ2

a2
− 3K

a2
+ Λ(t), (7)

where dot denotes derivative w.r.t ′t′.
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In uniform cosmology G = G(t) and Λ = Λ(t) so that the conservation (4) is given by

ρ̇+ 4(ρ+ p)H = −

(
Ġ

G
ρ+

Λ̇

8πG

)
. (8)

The usual energy momentum conservation relation Tµν
;ν = 0 leads to

ρ̇+ 4(ρ+ p)H = 0. (9)

The field equations (6) - (7) can also be written as

3ä

a
= −4πG(t)

[
2p+ ρ− Λ(t)

8πG(t)

]
, (10)

6ȧ2

a2
= 8πG(t)

[
ρ+

Λ(t)

8πG(t)

]
. (11)

Equation (10) and (11) can be written in terms of the Hubble paramater H = ȧ
a to give the below the equation

respectively

Ḣ +H2 = −4π

3
G(t)(2p+ ρ) +

Λ(t)

6
, (12)

H2 =
4π

3
G(t)ρ+

Λ(t)

6
− K

a2
. (13)

In order to solve the above field equations (9), (12) and (13) we used the bouncing scale factor as suggested
by[41, 42, 50]

a(t) = R0(1 + α2t2)n, (14)

where α, n and R0 are positive constants.
The equation of state is

p = (γ − 1)ρ, (15)

where γ is a constant (1 ≤ γ ≤ 2).
Using equations (14) and (15), equation (9) yields

ρ =
C1

{R0(1 + α2t2)n}4γ
(16)

where C1 is a arbitrary constant.
From eqn (15) and (16), the pressure is

p =
(γ − 1)C1

{R0(1 + α2t2)n}4γ
(17)

From eqn (14), Hubble Paramater is

H =
2nα2t

1 + α2t2
. (18)

From eqn (12) and (13), we get

Ḣ = −8π

3
G(t)ργ +

K

a2
. (19)

Using eqns (14), (16) and eqn (18), eqn. (19) becomes

G(t) =
3R4γ

0 (1 + α2t2)4nγ

8πγC1

[
K

R2
0(1 + α2t2)2n

− 2α2n(1− α2t2)

(1 + α2t2)2

]
(20)

Using eqns. (14), (16), (18) and (20) eqn. (13) becomes

Λ(t) =
3

γ

[
2α2n(1 + α2(4γn− 1)t2))

(1 + α2t2)2
+

(2γ − 1)K

R0(1 + α2t2)2n

]
(21)

The deceleration parameter becomes

q =
−1 + α2t2(1− 2n)

2α2nt2
. (22)

Now we can prove to study for the different values of curvature parameters K and γ as under
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Figure 1. Behaviour of Scale factor a(t), Hubble parameter H(t) and Declaration parameter q(t) against t for
different values of α, R0 = 1 and n = 3

4 .

2.1. When K = 0(flat) and taking γ = 1(Dust universe), we get

ρ =
C1

R4
0(1 + α2t2)4n

,

p = 0

G(t) =
3α2nR4

0

4C1π
.(−1 + α2t2)(1 + α2t2)−2+4n,

Λ(t) =
1

(1 + α2t2)2
6α2n(1 + (−1 + 4n)α2t2).

2.2. When K = 0(flat) and taking γ = 4
3(Radiation universe)

ρ =
C1

R
4
3
0 (1 + α2t2)

16n
3

,

p =− 2C1

3R
4
3
0 (1 + α2t2)

16n
3

,

G(t) =
9α2n(α2t2 − 1)(R0(1 + α2t2)n)

16
3

16πC1(1 + α2t2)2
,

Λ(t) =
9α2n

2(1 + α2t2)2

(
1 +

(
−1 +

16n

3

)
α2t2

)
.

2.3. When K = 0(flat) and taking γ = 2(Zel′dovichuniverse)

ρ =
C1

R8
0(1 + α2t2)8n

,
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Figure 2. Plot (a) corresponds to the evolution of ρ(t) against t, plot (b) corresponds to the behaviour of G(t)
against t, whereas plot (c) corresponds to the evolution of Λ(t) against t for different values of α, C1 = R0 = 1
and n = 3
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Figure 3. Plot (a) corresponds to the evolution of ρ(t) against t whereas plot (b) corresponds to the behaviour
of p(t) against t for different values of α, C1 = R0 = 1 and n = 3
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Figure 4. Plot (a) depicts to the behaviour of G(t) against t, whereas plot (b) depicts to the evolution of Λ(t)
against t for different values of α, C1 = R0 = 1 and n = 3

4 .
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Figure 5. Plot (a) corresponds to the evolution of ρ(t) against t and plot (b) corresponds to the behaviour of
p(t) against t for different values of α, C1 = R0 = 1 and n = 3
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Figure 6. Plot (a) depicts to the behaviour of G(t) versus t, whereas plot (b) depicts to the evolution of Λ(t)
versus t for different values of α, C1 = R0 = 1 and n = 3
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p =
C1

R8
0(1 + α2t2)8n

,

G(t) =
3α2nR8

0(α
2t2 − 1)(1 + α2t2)−2+8n

8πC1
,

Λ(t) =
3α2n

(1 + α2t2)2
(
1 + α2 (−1 + 8n)α2t2

)
.

2.4. When K = 1(closed) and taking γ = 1(Dust universe)

ρ =
C1

R4
0(1 + α2t2)4n

,

p =0

G(t) =
3R4

0(1 + α2t2)4n

8πC1

[
1

R0(1 + α2t2)2n
− 2α2n(1− α2t2)

(1 + α2t2)2

]
Λ(t) =

3

R2
0(1 + α2t2)2n

+
6α2n(1 + (−1 + 4n)α2t2

(1 + α2t2)2
.

2.5. When K = 1(closed) and taking γ = 4
3(Radiation universe)

ρ =
C1

R
4
3
0 (1 + α2t2)

16n
3

,

p =− 2C1

3R
4
3
0 (1 + α2t2)

16n
3

,
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Figure 7. Plot (a) corresponds to the evolution of ρ(t) versus t, (b) depicts to the behaviour of G(t) against
t, whereas plot (c) depicts to the evolution of Λ(t) against t for different values of α, C1 = R0 = 1 and n = 3
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Figure 8. Plot (a) depicts to the behaviour of ρ(t) against t, whereas plot (b) depicts to the evolution of p(t)
against t for different values of α, C1 = R0 = 1 and n = 3

4 .

G(t) =
R3

0(1 + α2t2)3n

2πC1

[
1

R2
0(1 + α2t2)2n

− 2α2n(1− α2t2)

(1 + α2t2)2

]
Λ(t) =

2

R2
0(1 + α2t2)2n

+
8α2n(1 + (−1 + 3n)α2t2)

(1 + α2t2)2
.

2.6. When K = 1(closed) and taking γ = 2(Zel’dovich universe)
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(a) (b)

Figure 9. Plot (a) depicts to the behaviour of G(t) versus t, whereas plot (b) depicts to the evolution of Λ(t)
versus t for different values of α, C1 = R0 = 1 and n = 3

4 .
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Figure 10. Plot (a) depicts to the behaviour of ρ(t) against t, whereas plot (b) depicts to the evolution of p(t)
against t for different values of α, C1 = R0 = 1 and n = 3

4 .
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2.7. When K = −1(open) and taking γ = 1(Dust universe)
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Figure 11. Plot (a) depicts to the behaviour of G(t) against t, whereas plot (b) depicts to the evolution of
Λ(t) against t for different values of α, C1 = R0 = 1 and n = 3

4 .
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Figure 12. Plot (a) corresponds to the evolution of ρ(t) versus t, plot (b) depicts to the behaviour of G(t)
against t, whereas plot (c) depicts to the evolution of Λ(t) against t for different values of α, C1 = R0 = 1 and
n = 3
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2.9. When K = −1(open) and taking γ = 2(Zel’dovich universe)
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(a)

t

(b)

Figure 13. Plot (a) corresponds to the evolution of ρ(t) versus t, plot (b) corresponds to the evolution of p(t)
against t for different values of α, C1 = R0 = 1 and n = 3

4 .

(a) (b)

Figure 14. Plot (a) depicts to the behaviour of G(t) against t, whereas plot (b) depicts to the evolution of
Λ(t) against t for different values of α, C1 = R0 = 1 and n = 3

4 .

(a) (b)

Figure 15. Plot (a) corresponds to the evolution of ρ(t) versus t, plot (b) depicts to the evolution of p(t)
against t for different values of α, C1 = R0 = 1 and n = 3

4 .

t
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Figure 16. Plot (a) depicts to the behaviour of G(t) against t, whereas plot (b) depicts to the behaviour of
Λ(t) against t for different values of α, C1 = R0 = 1 and n = 3

4 .
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3. BEHAVIOUR OF BOUNCING COSMOLOGY

We will discuss matter bounce scenarios in FRW model in the present analysis. The study focuses on
the dynamic of energy density ρ, pressure p, and the EoS parameter ω. In general, bouncing models meet the
following conditions.

Bouncing models go through a contracting phase before bouncing, resulting in non-singular bounces i.e.,

the expansion of universe a(t) decreases with time as ˙a(t) < 0. Thus, Hubble parameter H = ȧ
a < 0 represents

contracting era of universe. As a result, Hubble parameter H = 0 disappears at bouncing point. EoS ω
and deceleration parameter q are identical for homogeneous and flat FRW. The bounce point shows singular
behaviour for both expressions.

Whenever a(t) increases with increase in cosmic time t, this implies ˙a(t) > 0, which implies H > 0. When

accelerating near the bouncing point (Ḣ > 0), we can predict that the derivative of H will be positive. When
an EoS parameter is bouncing, it evolves in phantom form. Different values of α, R0 = 1 and n = 3

4 can be
used to measure the contribution of theory, while the bouncing parameter is used to measure the bouncing
effects. We have also studied cosmological parameters, energy densities, pressures, cosmological parameters,
and gravitational parameters in terms of cosmic time.

4. PHYSICAL INTERPRETATION

Fig 1(a) shows the behaviour of scale factor against cosmic time for different values of bouncing parameter
α. Fig 1(b) of equation (18) shows the evolution of Hubble parameter, H(t) becomes 0(zero) as t → 0 and ∞.
Equation (22) suggests that the deceleration parameter versus time is plotted in Fig. 1(c), q(t) → −∞ at t →
0 and q is negative quantities for sufficiently large values of t for different values of α, R0 = 1 and n = 3

4 .
For different values of bouncing parameter, in the section 2.1 corresponds to fig.2 energy density becomes

zero as t tends to infinity and at t = 0, ρ = 1 but for the flat universe the pressure is zero. The gravitational
constant always increase when time increase whereas cosmological constant decreases when time increases and
G(t) → 0 when t = 0, but Λ(t) is positive constant at t = 0. In fig. 3 and fig. 4 shows the dynamical behaviour
of the section 2.2, energy density becomes zero as t→ ∞ and ρ = 1 when t = 0. The pressure is zero as t→ ∞
and p = −2

3 when t = 0. The gravitational constant always increase when time increase whereas cosmological
constant decreases when time increases and G(t) → 0 when t = 0, but Λ(t) is positive constant at t = 0. In
fig. 5 and fig. 6 shows the dynamical behaviour of the section 2.3, energy density becomes zero as t → ∞ and
ρ = 1 when t = 0. The pressure is zero as t → ∞ and p = −2

3 when t = 0. The gravitational constant always
increase when time increase whereas cosmological constant decreases when time increases and G(t) → 0 when
t = 0, but Λ(t) is positive constant at t = 0.

For different values of α, R0 = 1 and n = 3
4 , in the section 2.4 corresponds to fig.7 energy density becomes

zero as t tends to infinity and at t = 0, ρ = 1 but for K = 1(closed) and γ = 1(Dust universe) the pressure is
zero. The gravitational constant always increase when time increases whereas cosmological constant decreases
when time increases and G(t) → 0 when t = 0, but Λ(t) is positive constant at t = 0. In fig. 8 and fig. 9 shows
the dynamical behaviour of the section 2.5, energy density becomes zero as t→ ∞ and ρ = 1 when t = 0. The
pressure is zero as t → ∞ and p = −2

3 when t = 0. The gravitational constant always increases when time
increases whereas cosmological constant also increases when time increases and G(t) → 0 when t = 0, but Λ(t)
is positive constant at t = 0. In fig. 10 and fig. 11 shows the dynamical behaviour of the section 2.6, energy
density becomes zero as t → ∞ and ρ = 1 when t = 0. The pressure is also zero as t → ∞ and p = 1 when
t = 0. When time increases the gravitational constant always increases whereas cosmological constant decreases
and G(t) → 0 when t = 0, but Λ(t) is positive constant at t = 0.

The graphical behaviour of cosmological parameter in the section 2.7 corresponds to fig.12 energy density
becomes zero as t → ∞ and ρ = 1 at t = 0 but for K = −1(open) and γ = 1(Dust universe) the pressure is
zero. The gravitational constant always increase when time increase whereas cosmological constant decreases
when time increases and G(t) → 0 when t = 0, but Λ(t) is constant at t = 0. In fig. 13 and fig. 14 shows the
dynamical behaviour of the section 2.8, energy density becomes zero as t→ ∞ and ρ = 1 at t = 0. The pressure
is zero as t→ ∞ and p = −2

3 at t = 0. The gravitational constant always increases when time increase whereas
cosmological constant decreases when time increases and G(t) → 0 when t = 0, but Λ(t) is constant at t = 0.
In fig. 15 and fig. 16 shows the dynamical evolution of the section 2.9, energy density becomes zero as t → ∞
and ρ = 1 when t = 0. The pressure is zero as t→ ∞ and p = 1 when t = 0. The gravitational constant always
increase when time increase whereas cosmological constant decreases when time increases and G(t) → 0 when
t = 0, but Λ(t) is constant at t = 0.

5. CONCLUSION REMARKS

In the present contexts we attempt to reinterpret a mater bounce scenario with the framework of higher
dimensional FRW model with variable G and Λ. Since now a days the study of bouncing cosmology becomes
an interesting area to avoid the possible singularity occurring in the usual models under general theory of
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relativity. Our proposed model can provide some useful scenario for the bouncing model. We have presented
the different model for different stages of the universe by calculating the physical parameters of the models with
the use of bouncing parameters. Analysing the Scale factor, Hubble parameter, deceleration parameter, energy
density, pressure, gravitational and cosmological constant have been extensively investigated for different values
of α, R0 = 1 and n = 3

4 . In general, the behaviour near bounce is influenced by the bouncing parameter.
It is emphasized by the bouncing scale factors that the cosmos undergoes a contraction, a bounce, and an
accelerating phase at late times. The parameter H indicates the contracting phase (H < 0) before the bounce,
and the expanding phase (H > 0) after the bounce at t ≈ 0. In the decelerating phase of the universe, all
deceleration parameter values are negative and indicate accelerated expansion.

In our model for different values of K and γ, all the behaviour of energy density increase before bounce and
decrease after bounce but ρ = 1 at bouncing point t = 0. While the pressure profile is negative in the section 2.2,
2.3, 2.5 and 2.8, whereas p = −2

3 at bouncing point t = 0 which justifies the current cosmic expansion with dark
energy. Although p = 1 at bouncing point t = 0, the pressure is positive in sections 2.6 and 2.9, also satisfied a
contracting phase before the bounce and an expanding phase after the bounce. The choice of model parameters
is strictly determined by the evolution of cosmological parameters and in particular, the conservation equation.

The constant G and Λ are allowed to depend on the cosmic time t. The gravitational constant G decreases
before the bounce, and increases after the bounce and G(t) = 0 at t = 0 in all the sections 2.1 - 2.9. The
cosmological term Λ increases before the bounce, and decreases after the bounce and Λ(t) = constant at
bouncing point t = 0 in all the sections 2.1 - 2.9. But in the case of α = 1, of the section 2.7 - 2.9 cosmological
term Λ is negative at bouncing point t = 0. In our research, we have found that the explosion of the universe
at the early stages of its creation was only a consequence of the creation of matter. Thus, studying the early
evolution of the universe requires understanding the implications of time varying Λ and G. And also we hope
to shed some light on the real universe. In addition to providing insights into cosmological structure formation,
this study could also provide insight into the formation of universe. Through this approach, higher dimensional
space time allows the unified description of early evolution of the universe with variables G and Λ. Generally,
the models are scalar expansion, non-shear, and isotropic. According to the above points, our proposed model
provides good bouncing solutions with the parameters chosen.
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9. APPENDIX-I

The Einstein field equations with time dependent cosmological and gravitational terms is given by

Rµν − 1

2
gµνR = 8πG(t)Tµν + Λ(t)gµν (23)

The Bianchi identities from eqn. (23) are given by

Rk
µνi;j +Rk

µij;ν +Rk
µjν;i = 0 (24)

Apply antisymmetric property in the second term, we have

Rk
µνi;j −Rk

µji;ν +Rk
µjν;i = 0 (25)

Contracting with respect to k and i, we get

Rk
µνk;j −Rk

µjk;ν +Rk
µjν;k = 0 (26)

But by the definition of Ricci tensor, we get

Rk
µνk = Rµν and R

k
µjk = Rµj
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From eqn. (26) gives
Rµν;j −Rµj;ν +Rk

µjν;k = 0

Since derivatives of fundamental tensors are 0(zero), we can expressed the above equation as:

(gµjRµν);j − (gµjRµj);ν + (gµjRk
µνj);k = 0

or
Rj

ν;j −R;ν +Rk
ν;k = 0

Changing the dummy indices j and k to µ, we obtain

Rµ
ν;µ −R;ν +Rµ

ν;µ = 0 (27)

But

R;ν =
∂R

∂xν
δ

δxµ
(δµνR) = (δµνR);µ

Therefore eqn.(27) becomes
2Rµ

ν;µ − (δµνR);µ = 0

or

(Rµ
ν − 1

2
δµνR);µ = 0

or

(Rµν − 1

2
gµνR)

;µ = 0

Hence eqn.(23) becomes
(8πG(t)Tµν + Λ(t)gµν)

;µ = 0

10. APPENDIX-II

We have,
Tµν = (ρ+ p)uµuν − pδµν

Differentiation both side w.r.t. ν, we have

0 = [(ρ+ p)uµuν − pδµν ];ν

Multiplying both sides by uµ, we have

⇒ [(ρ+ p)uµuν − pδµν ];νu
µ = 0

⇒ (ρ+ p);νuµuνu
µ + (ρ+ p)(uµuν);νu

µ − p;νu
µ = 0

⇒ (ρ;ν + p;ν)uν + (ρ+ p)(uν);ν − p;νu
µ = 0

⇒ ρ;νuν + (ρ+ p)[(uν),ν + uαΓαν,ν ] = 0

⇒ ρ̇+ 4(ρ+ p)H = 0 ∵ Γ12,2 = Γ13,3 = Γ14,4 = Γ15,5 =
ȧ

a
= H
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We investigate the cosmological scenario involving spatially homogeneous and anisotropic Bianchi type-V I0 space-time
in the context of the Sharma-Mittal holographic dark energy model within the framework of Brans-Dicke’s theory
of gravitation. In order to achieve this objective, the Hubble, deceleration, equation-of-state parameters have been
discussed. The deceleration parameter (q) is used to measure the pace at which the expansion of the universe is
accelerating. The equation-of-state parameter (ωsmhde) characterizes the quintessence and vacuum areas of the universe.
All the parameters demonstrate consistent behaviour following the Planck 2018 data. We assess the dynamical stability
by defining the squared speed of sound and examining its behaviour. In addition, the energy conditions and the variation
of ωsmhde and ω′

smhde in the model indicate the present accelerating expansion of the universe.

Keywords: Bianchi type-V I0 model; Dark energy model; Brans-Dicke theory of gravity; Cosmology; Sharma-Mittal
holographic dark energy

PACS: 98.80.-k, 95.36.+x

1. INTRODUCTION

The phenomenon of accelerated expansion of the universe has been thoroughly demonstrated by several
observations [1]-[3]. Studies imply that the universe is spatially flat and consists of two main components:
dark energy (DE) with negative pressure, dust matter composed of cold dark matter (CDM) and baryons.
To understand the nature of DE, it is necessary to determine whether it arises from a cosmological constant (Λ) or
a dynamical model. The dynamical DE models may be distinguished from the cosmological constant by using the
equation of state (EoS) parameter ωDE = pDE

ρDE
, where pDE represents the pressure and ρDE represents the energy

density of DE. Multiple possibilities for differential evolution have been suggested (Copeland et al. [4]). The data
analysis of SNeIa demonstrates that these dynamical models are more consistent with the current understanding
of the universe compared to Λ. An alternative approach involves altering the geometric component of the
Einstein-Hilbert action, which is referred to as modified theories of gravity, to analyze the expansion phenomena.
For a comprehensive examination of DE and modified theories of gravity, please refer to the sources cited as
[5]-[7]. The developments in the exploration of black hole theory and string theory have led to the formulation
of the holographic principle. This principle suggests that the number of possible configurations of a physical
system should be limited as well as that this limitation should be determined by the system’s surface area
rather than its volume. Additionally, the holographic principle suggests that there should be a restriction on
the system’s lowest energy state.

The holographic DE (HDE) is a very intriguing dynamical concept that is founded upon the holographic
principle. The validity of HDE has been evaluated and verified by many astronomical methodologies, including
using the anthropic principle (Huang and Li [8]). Incorporating the holographic principle into cosmology allows
for determining the maximum amount of entropy present in the universe. Li [9] put the following limit on the
DE density, as stated by Cohen et al. [10]

ρDE= 3d2m2
pL

−2. (1)

the symbol mp represents the decreased Planck mass, 3d2 indicates a numerical constant, and L represents the
IR-cutoff. Several types of IR-cutoff have been investigated in academic studies, including the Hubble horizon
H−1, event horizon, particle horizon, conformal universe age, Ricci scalar radius, and Granda–Oliveros cutoff
[11]-[12]. The HDE models, using various infrared cutoffs, provide a modern understanding of the universe’s
acceleration. They additionally demonstrate that the transition redshift value, which marks the transfer from
a previous deceleration phase (q>0) to the current acceleration phase (q<0), corresponds with contemporary
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observable data. Nojiri and Odintsov [13] proposed a technique to merge the initial and final phases of the
universe by using generalized HDE and phantom cosmology. They have now expanded this notion to what they
refer to as Hinflation [14]. Various formulations of entropy have been used in recent decades to construct and
analyze cosmological models. Multiple innovative models of HDE have been developed, such as the Tsallis HDE
[15, 16], the Sharma-Mittal HDE (SMHDE) [17], and the Renyi HDE model [18]. Numerous researchers have
evaluated different cosmological models of new HDE models [19]- [30]. Jawad and Sultan [31], Sharma [32], and
Drepanou et al. [33] have investigated SMHDE models within different gravitational theories. The researchers
Sadeghi et al. [34] examined the dynamic formations of HDE within the framework of Brans-Dicke’s theory of
gravity, using the Tsallis and Kaniadakis methodologies.

In the last few decades, universes that are both spatially homogeneous and anisotropic have attracted a
lot of attention from theoretical cosmologists. According to Akarsu and Kilinc [35], the main empirical data
from CMBR (Bennett et al. [36]) supports the idea that the universe is transitioning from a non-uniform to
a uniform phase. Moreover, it is believed that the isotropic FRW model may not provide a complete and
correct picture of matter in the early universe. It is essential to take into account anisotropic space-times
to objectively evaluate cosmological models for their ability to attain the observed degree of homogeneity and
isotropy. Because of its anisotropic character, researchers have given a lot of attention to homogeneous but
not necessarily isotropic Bianchi type (BT) cosmological models. In the framework of anisotropic Bianchi type
space-times, several renowned researchers have recently proposed fascinating cosmological models that include
DE. several researchers (Ref. [37]-[49]) have looked at anisotropic cosmological models in various scenarios.

In this work, we take into account the BT-V I0 universe filled with matter and SMHDE within the framework
of Brans-Dicke’s theory of gravitation, motivated by the previously mentioned findings and discussion. This
paper’s work is organized in the following way: Section-2 contains the BT-V I0 metric and field equations of the
model using anisotropic SMHDE fluid and matter. In addition, we constructed the SMHDE model and found
the solutions to the field equations in section-3. Various cosmological parameters that constitute our model are
presented in section-4. In the last section, we derive a few conclusions based on our results.

2. METRIC AND FIELD EQUATIONS

The Brans-Dicke [50] field equations in the presence of matter and DE are given by

Rij −
1

2
Rgij = −8πϕ−1

(
Tij + T ij

)
− wϕ−2

(
ϕ,iϕ,j −

1

2
gijϕ,kϕ

,k

)
− ϕ−1

(
ϕi;j − gijϕ

,k
;k

)
, (2)

and
ϕ,k
;k = 8π

(
T + T

)
(3 + 2w)−1.

Also, the energy conservation equation is (
T ij + T

ij
)
;j
= 0. (3)

The energy-momentum tensor for the matter and DE are respectively defined as

T ij = ρmuiuj , Tij = (ρsmhde + psmhde)uiuj − psmhdegij . (4)

Here ρm, ρsmhde are the energy densities of matter and the dark energy respectively. psmhde is the pressure of
the dark energy. In a comoving coordinate system, from equations (4), we get

T 1
1 = T 2

2 = T 3
3 = −psmhde, T

4
4 = ρsmhde ; T

1

1 = T
2

2 = T
3

3 = 0, T
4

4 = ρm (5)

where ρm, ρsmhde and psmhde are the functions of cosmic time t only.
We consider the geometry of the universe as spatially homogeneous and anisotropic BT-V I0 line element

which can be written as
ds2=dt2 −A2dx2 −B2e2xdy2 − C2e−2xdz2, (6)

where A, B and C are functions of cosmic time t only. The following are the some of physical parameters which
are useful in finding the solution of field equations for the BT-V I0 space-time given by Eq. (6). The average
scale factor a(t) and volume V of the BT-V I0 space-time are defined as

V= [a(t)]
3
=ABC. (7)

Anisotropic parameter Ah is given by

Ah=
1

3

3∑
i=1

(
Hi −H

H

)2

(8)
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where H1=
Ȧ
A , H2=

Ḃ
B , H3=

Ċ
C are directional Hubble’s parameters and H= 1

3

(
Ȧ
A + Ḃ

B + Ċ
C

)
is mean Hubble’s

parameter. Here and after an overhead dot denotes differentiation concerning cosmic time t. Expansion scalar
(θ) and shear scalar (σ2) are defined as

θ=ui
;i=

Ȧ

A
+

Ḃ

B
+

Ċ

C
(9)

σ2=
1

3

(
Ȧ2

A2
+

Ḃ2

B
+

Ċ2

C2
− ȦḂ

AB
− ȦĊ

AC
− ḂĊ

BC

)
(10)

where ui= (1, 0, 0, 0) is the four-velocity in the comoving coordinates. The deceleration parameter is given by

q=
d

dt

(
1

H

)
− 1. (11)

In the comoving coordinate system, with the help of (5), the field equations (2) for the metric (6) can be
written as

B̈

B
+

C̈

C
+

ḂĊ

BC
+

1

A2
+

w

2

ϕ̇2

ϕ2
+

ϕ̇

ϕ

(
Ḃ

B
+

Ċ

C

)
+

ϕ̈

ϕ
= −8π

ωsmhdeρsmhde

ϕ
(12)

Ä

A
+
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C
+

ȦĊ

AC
− 1

A2
+

w

2

ϕ̇2

ϕ2
+

ϕ̇

ϕ

(
Ȧ

A
+

Ċ

C

)
+

ϕ̈

ϕ
= −8π

ωsmhdeρsmhde

ϕ
(13)

Ä

A
+

B̈

B
+

ȦḂ

AB
− 1

A2
+

w

2

ϕ̇2

ϕ2
+

ϕ̇

ϕ

(
Ȧ

A
+

Ḃ

B

)
+

ϕ̈

ϕ
= −8π

ωsmhdeρsmhde

ϕ
(14)

ȦḂ

AB
+

ḂĊ

BC
+

ȦĊ

AC
− 1

A2
− w

2

ϕ̇2

ϕ2
+

ϕ̇

ϕ

(
Ȧ

A
+

Ḃ

B
+

Ċ

C

)
= 8π

(
ρsmhde + ρm

ϕ

)
(15)

Ḃ

B
− Ċ

C
= 0 (16)

ϕ̈+ ϕ̇

(
Ȧ

A
+

Ḃ

B
+

Ċ

C

)
=

8π

(3 + 2w)
(ρsmhde − 3psmhde + ρm). (17)

Also the energy conservation equation (3) can be written as

˙ρm +

(
Ȧ

A
+

Ḃ

B
+

Ċ

C

)
(ρm + ρsmhde + psmhde) + ρ̇smhde = 0 (18)

where an overhead dot denotes differentiation with respect to time t and EoS parameter of DE is ωsmhde =
psmhde

ρsmhde
. From (16) by taking the integrating constant as unity, we get

C = B (19)

Using equation (19), the field equations (12) to (17) reduce to

2
B̈

B
+

Ḃ2

B2
+

1

A2
+

w

2

ϕ̇2

ϕ2
+ 2

ϕ̇

ϕ

Ḃ

B
+

ϕ̈

ϕ
= −8π
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ϕ
(20)
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ϕ
= −8π

ωsmhdeρsmhde

ϕ
(21)

2
ȦḂ

AB
+

Ḃ2
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− 1

A2
− w

2

ϕ̇2

ϕ2
+

ϕ̇

ϕ

(
Ȧ

A
+ 2

Ḃ

B
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= 8π

(
ρsmhde + ρm

ϕ

)
(22)

ϕ̈+ ϕ̇

(
Ȧ

A
+ 2

Ḃ

B

)
+ =

8π

(3 + 2w)
(ρsmhde − 3psmhde + ρm). (23)
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3. MODEL AND COSMOLOGICAL PARAMETERS

The field equations (20)-(23) form a set of four distinct equations involving six variables:
A,B, ρsmhde, ωsmhde, ρm, and ϕ. To get a deterministic outcome for the nonlinear field equations in our model,
we impose the following reasonable physical constraints. we consider the fact that expansion scalar θ is directly
proportional to shear scalar σ which leads to a relation between the metric potentials as follows

B=Ak (24)

k represents a positive constant that accounts for the anisotropy of space-time. Collins et al. [51] have de-
termined that in a spatially homogeneous space-time, the normal congruence to the homogeneous expansion
adheres to the constraint that the ratio of the shear stress (σ) to the Hubble parameter (H) remains constant.

In addition, it is common in the literature to employ a power-law relationship between scalar field ϕ and
average scale factor a(t) of the form (Johri and Sudharsan [52]; Johri and Desikan [53]) ϕ ∝ [a (t)]

n
where n

denotes a power index. Many authors have looked into different aspects of this type of scalar field ϕ. Given the
physical significance of preceding relationship, we employ the following assumption to reduce the mathematical
complexity of the system

ϕ(t) = ϕ0[a(t)]
n. (25)

Using the relations (24) and (25) in Eqs. (20) and (21), we obtain the metric potentials as

A(t) =

√
k2 t2

4
− A0

k2
; B(t) = C(t) =

(
k2 t2

4
− A0

k2

) k
2

(26)

where k2 = 2
1−k , n = 3−6k

2k+1 , A0 is an integrating constant. The scalar field of the model is

ϕ(t) = ϕ0

(
k2 t2

4
− A0

k2

)n(2k+1)
6

. (27)

Now metric (6), with the help of metric potentials in Eq. (26), can be written as

ds2 = dt2 −
(
k2 t2

4
− A0

k2

)
dx2 −

(
k2 t2

4
− A0

k2

)k (
e2xdy2 + e−2xdz2

)
. (28)

Eq. (28) represents a spatially homogeneous and anisotropic BT-V I0 SMHDE model within the framework of
Brans-Dicke theory of gravitation with the following physical parameters. The average scale factor a(t) and
volume V (t) of the model are, respectively, given by

V (t) = a(t)3 =

(
k2 t2

4
− A0

k2

) 2k+1
2

. (29)

The average Hubble’s parameter H and expansion scalar θ are obtained as

H = 3θ=(2 k + 1) k2 t

(
3 k2 t2 − 12

A0

k2

)−1

. (30)

The shear scalar σ2 and average anisotropic parameter Ah are given by

σ2=
k22(k − 1)

2
t2

3
(
k2 t2 − 4 A0

k2

)2 ; Ah=
2(k − 1)

2

(2k + 1)
2 . (31)

From the above parameters it is observed that both the spatial volume and average scale factor of the
universe exhibit the expansion of the universe. Furthermore, during the first epoch, which is when t= 0, all
values become finite. However, as t approaches infinity, they diverge. It is worth mentioning that when k= 1,
the model becomes shear-free and isotropic, as shown by the conditions σ2= 0 and Ah= 0.

As a dynamical DE component, we assume Sharma-Mittal holographic DE. It is defined by (Sharma and
Mittal [54]) and is formulated using Sharma-two-parametric Mittal’s entropy

SSM =
1

d1

(1 + δκ

4

) d1
δ

− 1

 , (32)
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where κ = 4πL2 and L represents the IR cutoff. R and δ are two free parameters in this case. At the
appropriate d1 limits, Renyi and Tsallis entropies can be recovered. Sharma-Mittal entropy is transformed into
Renyi entropy in the limit d1 → 0, and Tsallis entropy in the limit d1 → 1− δ. According to Cohen et al. [10],
the relationship between the system entropy and the IR and UV cutoffs yields the energy density

ρde =
3d22SSM

8πL4
. (33)

Using the above equation and the Hubble horizon cutoff L = 1
H , we can calculate the energy density of the

Sharma-Mittal HDE model (Jahromi et al. [17]) as follows:

ρde =
3d22H

4

8πd1

(1 + δπ

H2

) d1
δ

− 1

 , (34)

where C2 denotes the free parameter. Using Hubble parameter H(t) in the above Eq. (34), we get the energy
density of SMHDE of our model as

ρde =
3d22 ((2 k + 1) k2 t)

4

8πd1

(
3 k2 t2 − 12 A0

k2

)4

1 +

δπ
(
3 k2 t2 − 12 A0

k2

)2
((2 k + 1) k2 t)

2


d1
δ

− 1

 . (35)

Using Eqs. (34), (27) and (26) in Eq. (15), we get the energy density of matter as

ρm =
ϕ0

8π

(
k2 t

2

4
− A0

k2

)n(2 k+1)
6

{
2 k2

2t2k(
k2 t2 − 4 A0

k2

)2 +
k2k2

2t2(
k2 t2 − 4 A0

k2

)2 −
(
k2 t

2

4
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k2

)−1

−wn2k2
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(
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 k2 t+ 2 kk2 t(
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(3 k2 t2 − 12
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)−1
}

− 3d2
2 (2 k + 1)

4
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4t4(
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k2

)4
8π d1

(1 + δ π

(2 k + 1)
2
k2

2t2

(
3 k2 t

2 − 12
A0

k2

)2
) d1

δ

− 1

. (36)

Using Eqs. (34), (27) and (26), from Eq. (20) and (21) we obtain the EoS parameter of SMHDE as

ωsmhde = − ϕ0 d1

3d2
2 (2 k + 1)

4
k2

4t4
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2

4
− A0
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(
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1 +

(2 k + 1)
−2

δ π(
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δ
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. (37)

4. PHYSICAL DISCUSSION

This section examines the expansion of the universe by analyzing cosmological parameters such as the
scalar field, EoS ωsmhde, squared sound speed v2s , deceleration q parameters, and the ωsmhde −ω′

smhde plane for
the anisotropic SMHDE model.

Scalar field: Figure 1 indicates the behavior of the scalar field in terms of cosmic time for various values
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of parameter k. The scalar field exhibits a positive value and experiences a steady decline throughout its de-
velopment. The decreasing nature of the scalar field indicates the increasing pattern of kinetic energy in this
model. Furthermore, we have seen that when the parameter k increases, the scalar field decreases.

EoS parameter: The equation of state parameter (ω) is often used for classifying the many phases of the
expanding universe. The EoS parameter, represented as ω=p

ρ , is a measure of the relationship between pressure

(p) and energy density (ρ) of a given matter distribution. The decelerated and accelerated phases consist of
the following time intervals: Decelerated phases, such as those involving cold dark matter or dust fluid (ω
is zero), indicating the radiation era for (ω is between 0 and 1/3), and the fluid is characterized as stiff for
ω = 1. Accelerating phase, such as the cosmic constant/vacuum period (ω is -1), which corresponds to the
quintessence period (when −1 < ω < −1/3), it is known as the phantom era (ω < −1), indicating a quintom
period characterized by the mixture of both quintessence and phantom components.

The EoS parameter of SMHDE with Hubble horizon cutoff is given in Eq. (37). In Fig. 2, we inves-
tigate the evolution of EoS parameter ωsmhde in terms of cosmic time t for different values of k. Fig. 2
shows that initially ωsmhde starts from DE era, varies in quintessence region −1 <ωsmhde<− 1/3 and phantom
region ωsmhde < −1. As the parameter k increases the EoS parameter of our model enters into phantom region.
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Figure 1. Plot of scalar field versus cosmic time t
for A0 = −3900.69 and ϕ0 = 1750.
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Figure 2. Plot of EoS parameter versus cosmic time
t for A0 = −3900.69, δ = 1.5, d1 = 4.5, d2 = 2.2 and
ω = 75000.

Squared sound speed: The squared speed of the sound parameter is defined as

v2s=
ṗsmhde

ρ̇smhde
=ωsmhde +

ρsmhde

ρ̇smhde
ω̇smhde. (38)

The sign of this parameter is essential when considering the stability of DE models. The stability of the DE
model is determined by the positive signature of v2s . If the signature is negative, the model becomes unstable. By
substituting the energy density and EoS parameter from equations (35) and (37) into the equation for squared
sound speed (v2s) provided by equation (38), we do a graphical analysis of v2s for our model. Figure 2 illus-
trates the relationship between the square of the velocity, denoted as v2s , and the time t. The trajectories exhibit
positive behaviour throughout the model’s development. Therefore, this demonstrates the stability of our model.

ωsmhde−ω′
smhde plane: We examine the ωsmhde − ω′

smhde plane, where ω′
smhde represents the rate of change

of the EoS parameter ωsmhde concerning the natural logarithm of the scale factor ’ln a’. Caldwell and Linder
[55] propose using this framework to examine the cosmic evolution of the quintessence DE scenario. More-
over, it has been observed that the ωsmhde − ω′

smhde plane can be separated into two distinct areas: thawing
(ωsmhde< 0, ω′

smhde> 0) and freezing (ωsmhde< 0, ω′
smhde< 0). The freezing zone exhibits a more accelerated

phase of cosmic expansion in comparison to the thawing area.
Figure 4 depicts the relationship between the ωsmhde − ω′

smhde plane and various values of k. Figure 4
demonstrates that the ωsmhde−ω′

smhde plane represents the area where freezing occurs, regardless of the specific
parameter values. Modern cosmological data suggest that the freezing zone exhibits a phase of increased cosmic
acceleration in contrast to the thawing area. Hence, the ωsmhde − ω′

smhde plane of our model exhibits cosmic
acceleration inside the freezing region.
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Figure 3. Plot of v2s versus time t for A0 =
−3900.69, δ = 1.5, d1 = 4.5, d2 = 2.2 and ω =
75000.

Figure 4. Plot of ωsmhde − ω′
smhde for A0 =

−3900.69, δ = 1.5, d1 = 4.5, d2 = 2.2 and ω =
75000.

Energy conditions: The Raychaudhuri equations initiated the exploration of energy conditions, playing a crucial
role in analyzing the alignment of null and time-like geodesics. The energy conditions are used to illustrate other
universal principles about the dynamics of intense gravitational fields. The often observed energy conditions are
as follows:

Dominant energy condition (DEC): ρsmhde ≥ 0, ρsmhde ± psmhde ≥ 0.

Strong energy conditions (SEC) : ρsmhde + psmhde ≥ 0, ρsmhde + 3psmhde ≥ 0,

Null energy conditions (NEC): ρsmhde + psmhde ≥ 0,

Weak energy conditions (WEC): ρsmhde ≥ 0, ρsmhde + psmhde ≥ 0,

Figure 5 illustrates the energy conditions of our SMHDE model. It is seen that the WEC satisfies the
condition ρsmhde ≥ 0. Also, Fig. 5 demonstrates that the SEC ρsmhde + 3psmhde ≥ 0 is not fulfilled. This
phenomenon, resulting from the universe’s acceleration in its latter stages, aligns with current observational
findings.
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Figure 5. Plot of energy conditions versus cosmic
time t for A0 = −3900.69, δ = 1.5, d1 = 4.5, d2 =
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Figure 6. Plot of deceleration parameter versus
cosmic time t for A0 = −3900.69.

Deceleration parameter: The expansion of the universe may be determined by using the dimensionless cosmo-
logical parameter referred to as the deceleration parameter (DP). When DP has positive values, the model slows
down in the usual manner. However, when q is equal to zero, the model grows at a consistent pace. The model
demonstrates accelerated expansion when the value of q is between −1 and 0, and a super-exponential expansion
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when q is less than −1. Using Eqs. (11) and (30), we get the deceleration parameter can be calculated as

q=
3 k2

2t2 + 12A0
2

(2 k + 1) k2
2t2

− 1. (39)

Figure 5 displays the behavior of the deceleration parameter q in terms of cosmic time t for different values of
k. It is important to mention that our model is accelerating throughout the evolution of the model and which
is consistent with the recent observational data.

5. CONCLUSIONS

The accelerated expansion phenomenon of the universe has got much attraction with the passage of time.
Upto now, many approaches have been adopted for explaining this phenomenon with variety of dynamical DE
models and modified theories of gravity. Here, we reconsider the expansion phenomenon in the Brans-Dicke
scenario leads to an accelerated universe. Thus, we have considered the Sharma-Mittal holographic dark energy
within the context of anisotropic Bianchi type-V I0 space-time in Brans-Dicke theory of gravitation. In this case,
we have assumed the Hubble horizon as the infrared cutoff. We have examined well-recognized cosmological
parameters, including the equation of state, deceleration, squared speed of sound parameters and ωsmhde −
ω′
smhde plane. Our findings have been condensed into the following summary:

The scalar field exhibits a positive value and experiences a steady decrease throughout its development.
The decreasing nature of the scalar field indicates the increasing pattern of kinetic energy in this model.
Furthermore, we have seen that when the parameter k increases, the scalar field decreases. The EoS pa-
rameter ωsmhde of the SMHDE model initially starts from the dark energy era and varies in quintessence
region −1 <ωsmhde< − 1/3 and finally it becomes less than −1, which means the model approaches phan-
tom region at late times. We have made a comparison of our results with present Planck collaboration data
[56] where the limits on the EoS parameter are given as ωde= − 1.56+0.60

−0.48 (Planck + TT + lowE), ωde= −
1.58+0.52

−0.41 (Planck + TT,TE,EE + lowE), ωde= − 1.57+0.50
−0.40 (Planck + TT,TE,EE + lowE + lensing), ωde= −

1.04+0.10
−0.10 (Planck + TT,TE,EE + lowE + lensing + BAO). It can be seen that the results for the EoS param-

eter of our model are consistent with the Planck Collaboration data. The ωsmhde − ω′
smhde plane depicts the

area where freezing occurs for all three parameter values. Modern cosmological measurements indicate that the
freezing zone reveals a period of greater cosmic acceleration compared to the thawing region. Therefore, the
ωsmhde − ω′

smhde plane of our model demonstrates cosmic acceleration in the freezing area and aligns well with
the facts. The paths of the ωsmhde − ω′

smhde plane, as predicted by our model, align with the observed data

[57, 58] ωsmhde=−1.13+0.24
−0.25, ω

′
smhde< 1.32 (Planck+WP+BAO). The squared sound speed trajectories exhibit

positive behaviour throughout the evolution of the universe and hence our model is stable. Our model violates
the SEC regulations and this phenomenon resulting from the universe’s acceleration in its latter epochs aligns
with current observational data. Our model demonstrates an accelerating expansion of the universe throughout
the evolution of model.
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Ìè äîñëiäæó¹ìî êîñìîëîãi÷íèé ñöåíàðié iç ïðîñòîðîâî îäíîðiäíèì i àíiçîòðîïíèì ïðîñòîðîì-÷àñîì òèïó Á'ÿíêi
V I0 â êîíòåêñòi ãîëîãðàôi÷íî¨ ìîäåëi òåìíî¨ åíåðãi¨ Øàðìà-Ìiòòàëà â ðàìêàõ òåîði¨ ãðàâiòàöi¨ Áðàíñà-Äiêêå. Äëÿ
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This report presents a comprehensive analysis of the spectral and temporal characteristics of a highly significant Ultra-
luminous X-ray Source (ULX) designated as CXOUJ122956.7+075728 (ULX-1) situated in the elliptical galaxy NGC
4472 within the Virgo cluster. ULX-1 exhibits a soft spectral state, featuring a cool accretion disk component with
kTin ∼ 0.15 keV, accompanied by a power-law tail displaying a steep power-law photon index, Γ ∼ 2.8. The spectral
findings strongly support an estimated black hole mass of approximately 3.30 × 103 M⊙ under an isotropic emission
model, and around 1.47 × 103 M⊙ in an extreme beaming scenario. Temporally, ULX-1 displays significant variability
on time scales of 0.5, 1, and 2 ks, suggesting the possibility of instabilities within the accretion disk contributing to this
behavior. However, despite this temporal variability, the power spectra analysis of this soft ULX reveals no signatures of
pulsations, distinguishing it from certain pulsating ULXs (PULXs) typically associated with neutron stars. This absence
of pulsations in ULX-1 further underscores its unique spectral and temporal characteristics within the broader context
of ULX phenomena.

Keywords: Accretion, Accretion disks; Galxies: individual (NGC 4472); X-rays: binaries

PACS: 97.10.Gz, 98.52.-b: 98.56.Ew, 95.85.Nv, 97.80.Jp

1. INTRODUCTION

Non-nuclear X-ray point sources exibiting isotropic luminosity ≥ 1039erg s−1 in the (0.1 - 10.0) keV energy
range are usually termed as Ultraluminous X-ray Sources (ULXs) [1]. Essentially, ULXs are accreting sources
with X-ray luminosities surpassing the Eddington limit of a 10M⊙ black hole (BH) [2, 3]. The inferred high
luminosity of ULXs have been modelled as due to - sub-Eddington accretion on to the Intermediate Mass Black
Holes (IMBHs) [4, 5, 6]. Black Holes with masses in the range MBH ∼102−105M⊙ are termed as IMBHs. The
formation process of IMBHs presented a challenge until the recent discovery of a binary black hole merger with a
total mass of MBH ∼ 150M⊙ [7], providing compelling evidence for the existence of IMBHs. This discovery has
significantly contributed to our understanding of the potential formation mechanisms of Intermediate Mass Black
Holes. The ULX model involving sub-Eddington accretion onto Intermediate Mass Black Holes (IMBHs) holds
significant importance in elucidating the exceptionally high luminosities observed in certain ULXs, particularly
those in very soft states such as CXOUJ132943.3+471135 of M51 [8], X-7 of NGC 6946 [9] etc.

In the last few decades advanced satellites like Chandra, XMM-Newton, NuSTAR etc. have enabled to
catalogue around 1840 ULXs [10, 11]. Detailed spectral and temporal studies of these ULXs have revealed that
majority of the ULXs are super-accretors. In this model, the very high luminosity of ULXs are being modelled as
due to super-Eddington accretion on to stellar mass black holes or neutron stars [12, 13, 14, 15, 16, 17]. Example
of super-Eddington accretor ULX include ULX NGC 1313 X-1 [18]. Indeed, recent studies have increasingly
employed the model of super-Eddington accretion to explain the spectral and temporal properties of ULXs in
terms of radiatively driven outflows/winds. Jithesh (2022) [19]extensively explored the physical characteristics
of NGC 55 ULX1, an exceptionally super-soft and luminous ULX, by proposing a model based on supercritical
radiatively driven outflowing winds to explain its unique features. Pinto et al. (2017) [20] & (2021) [21] has
also reported the existence of outflowing wind in some ULXs.

In the past decade, a novel scenario has emerged with the discovery of pulsating ULXs (PULXs)- PULX
in M82 [22], NGC 300 ULX-1 [23], NGC 1313 X-2 [24]; M 51 ULX-7 [25], ULX Swift J0243.6+6124 [26], M 81
X-6 [27] etc. PULXs are modeled as accreting systems where the compact object is a neutron star with a mass
of approximately 1 - 2 M⊙ , accreting at extremely super-Eddington rates. Considering the scenarios above, the
mass of compact objects within ULXs remains a topic of significant debate. While it’s true that a significant
portion of ULXs are categorized as super-accretors, the heterogeneity within this family is striking. ULXs
exhibit diversity in terms of the compact objects they host, which can include Neutron Stars (NS), stellar-mass
black holes, or even Intermediate Mass Black Holes (IMBHs), depending on the system.
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Another important aspect to understand the physical nature of ULXs is its variability. The variability of
Ultra-Luminous X-ray Sources (ULXs) spans a wide range of timescales, from kilo-seconds to weeks, and even
extending to years. Notably, Krauss et al. (2005) [28] studied M74 X-1, an extremely variable ULX, displaying
variations on very short timescales of approximately 1000 seconds, reminiscent of the behavior observed in the
Galactic black hole system GRS 1915+105. Large amplitude variability on kilo-second timescales has been
reported in many ULXs, potentially linked to spectral state transitions. The exploration of such variability in
ULXs, whether on short or longer timescales, provides valuable insights into their dynamic behavior. These
studies contribute to our understanding of the underlying processes governing ULXs and may unveil key features
of their nature and evolution.

In this paper we present the detail spectral and temporal analysis of a very significant Ultraluminous X-ray
source (ULX) named here as CXOUJ122956.7+075728 (ULX-1) in the elliptical galaxy NGC 4472 in the Virgo
cluster. NGC 4472 is well known as a galaxy with hosting more than 200 X-ray sources, including even a good
number (∼ 80) of Low mass X-ray binaries (LMXBs) in Globular cluster [29]. Joseph et al. 2017 [29] has
classified ULX-1 as a non Globular Cluster (GC) source. Here we adopt the distance to the galaxy NGC 4472
as 16 Mpc [30].

2. OBSERVATION AND DATA ANALYSIS

NGC 4472 have been observed by Chandra ACIS detector 17 times over a span of approximately 21 years,
from 2000 to 2021. Notably, the source of interest, CXOUJ122956.7+075728 (referred to as ULX-1 hereafter),
was prominently detected only during the year 2011 observation with Observation ID 12888, featuring an
approximate exposure time of 160 ks. In the remaining observations, the positioning of the detectors did not
provide proper coverage of ULX-1 in the field of view.. Consequently, the entirety of the presented work is
based on the Chandra observation with ObsID 12888.

The reduction and analysis of the data were carried out by using Chandra Interactive Analysis of Ob-
servations (CIAO-4.16), along with its calibration data (CALDB 4.11.0) and Heasoft-6.32.1. Specific to the
observation considered, the identification of problematic pixels was accomplished by configuring observation-
specific bad pixel lists within the ardlib parameter file using the acis set ardlib tool.
The CIAO source detection tool, Wavdetect, was employed to identify X-ray sources from the level 2 event
lists. The process involves two stages - Wtransform and Wrecon. In the first stage, Wtransform, putative
source pixels were detected within the dataset using iterative correlation with ”Mexican Hat” wavelet functions
at different scales (1.0, 2.0, 4.0, 6.0, 8.0, and 16.0 pixels). Source pixels were identified based on the default
value of the ”sigthresh” parameter, set at approximately 10−6. The second stage, Wrecon, utilized information
obtained from Wtransform at each wavelet scale to generate a list of sources. In the source list, specifically,
CXOUJ122956.7+075728 (ULX-1) was detected at RA 12h29m56.74s and Dec. +07◦57′27.77′′ with a total
source count of ∼ 556. ULX-1 is found to be located at an off-nuclear distance ≈ 3.55′. The source region
is taken as a circular region with a radius of approximately 0.05 arcminutes, effectively encircling the source.
The corresponding background region is choosen as a nearby source-free circular region. Using the CIAO tool
specextract along with calibration data, the source and background spectra were extracted. The spectra were
then grouped using the default setting of 15 counts per bin in specextract. Moreover, it is ensured that the
source is not affected by pileup effects, given its count rate of approximately 2.96× 10−03 counts s−1. Also, for
temporal analysis, using the CIAO tool dmextract, we have generated the background subtracted light curve of
ULX-1 binned at 0.5, 1 and 2 ks.

3. SPECTRAL PROPERTIES OF CXOUJ122956.7+075728 (ULX-1)

In most cases, Chandra ULX spectra, due to low source count, are basically explained with simple empirical
models such as powerlaw and multi-color disk blackbody. ULX-1, with a total source count ∼ 556, can be
classified as possessing an averagely detailed Chandra spectrum. So, we first tried fitting the spectra of ULX-1
with simple models - an absorbed powerlaw model and then with an absorbed disk blackbody model separately.
The XSPEC multiplicative model phabs was used as the absorption component. The spectra is all fitted in
the energy range 0.3 - 8.0 keV. However neither of the two models could give a very good fit, as shown by
the spectral parameters in Table 1. In both the cases, the fitting statistics were very poor with χ2/degrees of
freedom (dof) ≈ 36.45/24 for powerlaw model and 42.89/24 for the absorbed disk blackbody model. So, neither
of these two simple models (powerlaw or diskbb) could sufficiently represent the spectra of ULX-1.

Next, we tried the phenomenological two-component model i.e. the multi-color disk blackbody (diskbb
in XSPEC) component added with a powerlaw (pow in XSPEC) component. This two-component model is
frequently used to characterize the thermal emission originating from the accretion disc and the Comptonized
emission emerging from either the hot corona or the inner accretion flow. Phabs was used as the absorption
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component and the hydrogen column density ( nH) was set free to vary while fitting. Table 1 shows the model
fitted spectral parameters. It is seen that this two-component model provides an improved fit as compared to
the simple powerlaw or the disk blackbody. Rather, it gives a very good fit with χ2/dof ≈ 22.71/22. The fitted
spectra with this two component (diskbb + pow) model is shown in Figure 1.

Table 1. Spectral Properties of CXOUJ122956.7+075728 (ULX-1)

parameter units value
diskb blackbody (diskbb) model

nH (1022cm−2) 0.13+0.11
−0.08

kTin (keV) 0.29+0.06
−0.06

log(Lbol) (erg s−1) 39.38+0.30
−0.19

χ2/dof 42.89/24
powerlaw (pow) model

nH (1022cm−2) 0.45+0.18
−0.13

Γ 4.76+1.14
−0.76

log(LX) (erg s−1) 40.05+0.68
−0.44

χ2/dof 36.45/24
diskbb+pow model

nH (1022cm−2) 0.43± 0.17

kTin (keV) 0.15± 0.04

Γ 2.82± 0.89

log(LX) (erg s−1) 39.84+0.10
−0.06

χ2/dof 22.71/22

Consequently, we can accept that the spectra of ULX-1 can be well explained by this two-component model.
It is found that ULX-1 have a soft component emission from the accretion disk with an inner disk temperature,
kTin ∼ 0.15 keV, besides the spectra of ULX-1 is complimented with a powerlaw tail emission which might
have arrise due to inverse comptonization of soft seed photons in the hot corona near the inner accretion disk.
Using the cflux model in XSPEC, we derived the unabsorbed flux. Then, using the distance to the source,
D ∼ 16 Mpc [30], we computed the unabsorbed luminosity (LX) in the 0.3 - 8.0 keV range.

Analyzing the spectral parameters of ULX-1 in Table 1, it is evident that neither the single absorbed disk
blackbody model nor the powerlaw model adequately explains the ULX-1 spectra. However, a preliminary
examination of the parameters suggests that ULX-1 may indeed be in a soft spectral state, characterized by
an inner disk temperature kTin definitely less less than 0.5 keV and a steep powerlaw photon index (Γ ∼ 4).
Additionally, individual estimations using these models indicate that ULX-1 is an exceptionally bright source,
with an X-ray luminosity exceeding 1039erg s−1, firmly placing it in the high-soft state. This spectral state
of ULX-1 is indeed confirmed from a more nuanced analysis employing a two-component model: a multicolor
disk blackbody component combined with a powerlaw component. This model yields a robust fit, confirm-
ing that ULX-1 indeed exhibits a high-soft spectral state. The X-ray luminosity (LX) is approximated to
be ∼ 6.99 × 1039 erg s−1, and the spectral components include a cool disk with kTin ∼ 0.15 keV and a
powerlaw tail characterized by a photon index Γ ∼2.82. In analogy to the high-soft state of X-ray binaries,
the presence of a low-temperature disk blackbody component in the ULX-1 spectra may be due to radiation
from an accretion disk. In this scenario, the observed luminosity may be primarily attributed to emissions
from a standard thin disk, extending up to the last innermost stable circular orbit (ISCO). Consequently, an
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Figure 1. Chandra spectra of ULX-1 fitted with an absorbed (disk blackbody + powerlaw) model.

indirect estimation of the mass of the central compact object in ULXs can be derived from the disk blackbody
component.

For the disk blackbody component, the inner disk radius from where the observed X-rays are emitted, is
given by Rin = (

√
Normalisation×Distance10kpc)/

√
cos θ km, where θ represents the viewing angle. Utilizing

the normalization value obtained from the fit, the distance to the source, D ≈ 16 Mpc and and considering a
viewing angle of cosθ=0.5 [31], we can approximate the mass of the compact object. This estimation assumes
that the inner disk radius Rin is situated at approximately 5 times the Schwarzschild radius (RSch = 2 GM/c2,
where G is the Universal Gravitational Constant, M is the mass of the object, c is the speed of light in vacuum).
Thus, for ULX-1 it is found that the mass of the central compact object is ≈ 3.30 × 103 M⊙, which indeed
correspond to the intermediate mass black hole range accreting at around 0.01 times the Eddington limit i.e
L/LEdd = 0.01. Referring to the work of King et al. (2001) [32], if we consider the emission to be anisotropic and
beamed by a factor η, then Rin would be overestimated by a factor of η1/2. Consequently, assuming maximum
beaming with η ∼5, as suggested by Misra and Sriram (2003) [33], the estimated black hole mass for ULX-1 is
approximately 1.47 × 103M⊙; also falling within the range of intermediate mass black holes. Therefore, there
is a high probability that ULX-1 in NGC 4472 is powered by an accreting intermediate mass black hole.

4. TEMPORAL PROPERTIES OF CXOUJ122956.7+075728 (ULX-1)

Ultra-Luminous X-ray Sources (ULXs) exhibit variability across a broad spectrum of time scales, ranging
from a few kilo-seconds to weeks, and extending to periods spanning years. To examine the temporal variability
of ULX-1 at the kilo-second time scale, we generated background-subtracted light curves for this source. These
light curves were systematically binned over intervals of 0.5, 1 and 2 kilo-seconds, allowing for a detailed analysis
of the source’s temporal behavior over these specific time intervals. Figure 2 shows the light curve of ULX-1 in
the specified time bins. The probability of a constant count rate during the observation is exceptionally low,
with values less than 1.1 × 10−8 for 500 ks, 1.9 × 10−23 for 1000 ks, and 9.4 × 10−26 for 2000 ks binned light
curves. Consequently, the likelihood of significant variability in the source exceeds 99% across all these time
bins. This suggests that ULX-1 exhibits substantial amplitude variability on a kilo-second time scale. While
the precise nature of such variability in Ultra-Luminous X-ray sources (ULXs) remains unclear, existing studies
have explored various hypotheses, including potential beaming effects from a jet closely aligned with our line of
sight [28] and large-scale instabilities within accretion disks.

In the case of ULX-1 in NGC 4472, its very soft spectra featuring a cool accretion disk component
(kTin ∼ 0.15 keV) make it improbable for the variability to result from beaming effects associated with sub-
Eddington accretors. Moreover, its likelihood of being powered by an Intermediate-Mass Black Hole (IMBH)
with a mass around 103M⊙ further diminishes this possibility. Therefore, it is suggested that the observed vari-
ability in ULX-1 may be attributed to substantial large-scale instabilities within the accretion disk, particularly
within the detected time scales. However, it is essential to note that confirmation of any specific accretion disk
instability model is pending further investigation.
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Figure 2. Lightcurve of ULX-1 binned at 0.5 ks, 1.0 ks & 2.0 ks

Again, to examine potential pulsations from the source, power spectra were generated using the FTOOL
powspec within the 0.001 - 10 Hz frequency range. No pulsation signal was identified in the power spectra,
diminishing the likelihood of ULX-1 being powered by a pulsating neutron star. It’s crucial to note, however,
that the limited timing capabilities of many sensitive X-ray instruments aboard satellites may have hindered the
detection of the transient nature of pulsations in numerous variable sources. As a result, a more comprehensive
future study, utilizing higher-quality data from alternative missions, could provide a clearer understanding of
the genuine physical nature of this soft ULX, CXOUJ122956.7+075728 (ULX-1). Future observations and a
detailed temporal study of this source are anticipated to contribute significantly to our understanding of the
nature of this soft ULX.

5. SUMMARY AND CONCLUSION

We present the results of spectral and temporal analysis of the ULX - CXOUJ122956.7+075728 (ULX-1) in
the elliptical galaxy NGC 4472 which is considered to be at a distance of around 16 Mpc. Even though Chandra
has observed NGC 4472 many times in the last 21 years, the source of interest ULX-1 was significantly detected
only in its observation of the year 2011 observation with Observation ID 12888. In this Chandra observation,
ULX-l was detected with an averagely detailed spectra with a source count ∼ 556. Initially, attempts were made
to interpret ULX-1’s spectrum using simple models, such as a single absorbed power-law or a single absorbed disk
blackbody. However, both models yielded poor fit statistics. Subsequently, a two-component model, combining
a standard thin disk model with a power-law component (diskbb + pow) in XSPEC, significantly improved
the fit with χ2/dof ≈ 22.71/22. This indicates that ULX-1’s spectra are well-described by this two-component
model, portraying a high-soft spectral state.

The derived spectral parameters reveal an X-ray luminosity (LX) of approximately 6.99 × 1039erg s−1,
comprising a cool disk with kTin ∼ 0.15 keV and a power-law tail characterized by a photon index Γ ∼ 2.82. The
super soft spectra and the high luminosity suggests the presence of an Intermediate-Mass Black Hole (IMBH)
with a mass estimate of MBH ∼ 3.30×103M⊙ accreting at ∼ 0.01 Eddington limit. Even in an extreme beaming
scenario with a factor of η ∼ 5, the estimated black hole mass remains relatively high at MBH ∼ 1.47× 103M⊙,
supporting the likelihood of an IMBH rather than a stellar-mass black hole.
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Additionally, investigations into the power spectra of ULX-1 ruled out pulsating neutron stars as a power
source, and the observed significant variability in kilo-second time scales suggests potential instabilities in the
accretion disk. However, a proper model of such accretion disk instability to explain the variability is pending
further investigation. A comprehensive future study, leveraging higher-quality data from alternative missions, is
needed for a deeper understanding of ULX-1’s physical nature. Furthermore, ongoing observations and detailed
temporal studies are expected to contribute significantly to unraveling the mysteries surrounding this soft ULX,
CXOUJ122956.7+075728 (ULX-1).
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ÑÏÅÊÒÐÀËÜÍI ÒÀ ×ÀÑÎÂI ÂËÀÑÒÈÂÎÑÒI CXOUJ122956.7+075728 (ULX-1),
ÍÀÄßÑÊÐÀÂÎÃÎ ÐÅÍÒÃÅÍIÂÑÜÊÎÃÎ ÄÆÅÐÅËÀ Â NGC 4472

À. Ñåíîðèòà Äåâi
Ôàêóëüòåò ôiçèêè, Ìàíiïóðñüêèé óíiâåðñèòåò, Iìôàë, Iíäiÿ

Ó öüîìó äîñëiäæåííi ïðåäñòàâëåíî êîìïëåêñíèé àíàëiç ñïåêòðàëüíèõ i ÷àñîâèõ õàðàêòåðèñòèê íàäçâè÷àéíî âà-
æëèâîãî íàäÿñêðàâîãî ðåíòãåíiâñüêîãî äæåðåëà (ULX), ïîçíà÷åíîãî ÿê CXOUJ122956.7+075728 (ULX-1), ðîçòà-
øîâàíîãî â åëiïòè÷íié ãàëàêòèöi NGC 4472 ó ñêóï÷åííi Äiâè. ULX-1 äåìîíñòðó¹ ì'ÿêèé ñïåêòðàëüíèé ñòàí iç
ïðîõîëîäíîþ êîìïîíåíòîþ àêðåöiéíîãî äèñêà ç kTin ∼ 0, 15 êåÂ, ùî ñóïðîâîäæó¹òüñÿ õâîñòîì ñòåïåíåâîãî çàêîíó,
ùî âiäîáðàæà¹ êðóòèé ñòåïåíåâèé ôîòîííèé iíäåêñ, Γ ∼ 2,8 . Ñïåêòðàëüíi ðåçóëüòàòè ïåðåêîíëèâî ïiäòâåðäæó-
þòü ðîçðàõóíêîâó ìàñó ÷îðíî¨ äiðè ïðèáëèçíî 3, 30× 103 M⊙ çà ìîäåëëþ içîòðîïíîãî âèïðîìiíþâàííÿ òà áëèçüêî
1, 47 × 103 M⊙ çà ñöåíàði¹ì åêñòðåìàëüíîãî âèïðîìiíþâàííÿ. Ó ÷àñi ULX-1 äåìîíñòðó¹ çíà÷íó ìiíëèâiñòü íà ÷à-
ñîâèõ øêàëàõ 0,5, 1 i 2 êñ, ùî ñâiä÷èòü ïðî ìîæëèâiñòü íåñòàáiëüíîñòi âñåðåäèíi àêðåöiéíîãî äèñêà, ùî ñïðèÿ¹
òàêié ïîâåäiíöi. Îäíàê, íåçâàæàþ÷è íà òàêó ÷àñîâó ìiíëèâiñòü, àíàëiç ñïåêòðiâ ïîòóæíîñòi öüîãî ì'ÿêîãî ULX
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Bianchi Type-I cosmological models have been a subject of extensive research in cosmology due to their simplicity and
relevance in understanding the dynamics of the early Universe. In this study, we investigate the dynamics of such models
within the framework of f(T ) gravity, an alternative theory of gravity that extends teleparallel gravity by introducing
a general function of the torsion scalar, T . We focus on the presence of a perfect fluid with heat flow in the cosmic
medium. By solving the field equations of f(T ) gravity, we obtain exact solutions for the Bianchi Type-I cosmological
models. These solutions provide valuable insights into the evolution of the Universe and how it is influenced by the
modified gravity theory. Furthermore, we derive cosmological parameters in terms of redshift, offering a convenient
way to interpret observational data and connect theoretical predictions to empirical measurements. Our findings not
only contribute to a deeper understanding of the dynamics of Bianchi Type-I cosmological models but also provide
a foundation for comparing f(T ) gravity with standard general relativity in the context of observational cosmology.
This research paves the way for further exploration of alternative gravity theories and their implications for the early
Universe’s evolution and structure.

Keywords: f(T ) theory; Perfect fluid with heat flow; Bianchi type-I
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1. INTRODUCTION

The study of cosmological models has been instrumental in advancing our understanding of the evolution
and structure of the Universe. In this context, Bianchi Type-I cosmological models have played a crucial
role due to their inherent simplicity and applicability to various cosmological scenarios. These models assume a
homogeneous and anisotropic distribution of matter and radiation in the early Universe, making them a valuable
tool for investigating the dynamics of cosmic expansion.

Banerjee et.[1] al. conducted investigations on Bianchi I cosmological models that incorporate a fluid
possessing both bulk and shear viscosity. These studies reveal the evolving significance of shear viscosity and
fluid density dynamics throughout the cosmic evolution. Sharif and Rani [2] have studied spatially homogeneous
and anisotropic Bianchi type I universe in the context of F (T ) gravity. Beesham and Aroonkumar [3] studied
Bianchi type I cosmological models with variable gravitational constants (G) and cosmological constants (Λ).
Jacobs and Kenneth [4] Explored cosmologies of Bianchi type I with a uniform magnetic field. Sahoo and
Sivakumar [5] examined LRS (Locally Rotationally Symmetric) Bianchi type-I cosmological models in f(R, T)
theory of gravity. Barrow [6] et al. analyzed the asymptotic stability of Bianchi type universes. Ashtekar[7]
et al. Investigated loop quantum cosmology of Bianchi type I models. Akarsu [8] et al. explored LRS Bianchi
type I models with anisotropic dark energy and constant deceleration parameters. Pawar [9] et al. investigated
magnetized anisotropic dark energy by using Barber’s self-creation theory. Saha [10] et al. investigated Bianchi
type-I cosmology with scalar and spinor fields and they also Studied spinor fields in a Bianchi type-I universe,
focusing on regular solutions. Jamil [11] et al. explored FRW and Bianchi type I cosmology of f−essence. Singh
[12] et al. Explored Bianchi type-I cosmological models in Lyra’s geometry. Singh [13] et al. analyzed Bianchi
type-I cosmological models with variable G and Λ-term in general relativity. Arbab [14] has studied Bianchi
type I viscous universe with variable G and Λ. Rodrigues [15] et al. have investigated Bianchi type-I, type-III,
and Kantowski-Sachs solutions in f(T ) gravity. Shamir [16] has explored locally rotationally symmetric Bianchi
type I cosmology in f(R, T ) gravity. Chirde [17] et al. Analyzed a Bianchi type I cosmological model with
a perfect fluid and string in f(T ) theory of gravitation. Wanas [18] et al. have investigated Bianchi type I
cosmological models in f(T ) gravitational theories. Fayaz [19] have studied f(T) theories from holographic dark
energy models within a Bianchi type I universe. Rodrigues [20] have explored locally rotationally symmetric
Bianchi type-I cosmological models in f(T ) gravity, spanning from early to dark energy-dominated universes.
Aslam [21] et al. have investigated Noether gauge symmetry for the Bianchi type I model in f(T ) gravity. Qazi
[22] et al. have explored conformal vector fields of Bianchi type-I perfect fluid solutions in f(T ) gravity. Hasmani
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and Al-Haysah [23] have provided exact solutions for Bianchi type-I cosmological models in f(R) Theory of
Gravity. Shekh [24] et al. have explored an accelerating Bianchi type dark energy cosmological model with
a cosmic string in f(T ) gravity. Koussour and Bennai [25] have conducted a stability analysis of anisotropic
Bianchi type-I cosmological model in teleparallel gravity. Dawande [26] et al. have investigated LRS Bianchi
Type-I Universe in f(T ) Theory of Gravity. Shukla [27] et al. have explored a Bianchi type-I cosmological
model in a modified theory of gravity. Van den Hoogen [28] et al. investigated Bianchi type cosmological
models in f(T ) tele-parallel gravity. Shamir [29] et al. have explored locally rotationally symmetric Bianchi
type I cosmology in f(R) gravity. Rodrigues [30] et al. analyzed anisotropic universe models in f(T ) gravity.
Pawar [31] et al. have investigated LRS Bianchi type-I cosmological models in f(Q,T ) theory of gravity with
observational constraints. Dagwal [32] has explored tilted two forms of dark energy in f(T ) theory of gravity.
Solanke [33] et al. have studied an accelerating dark energy universe with LRS Bianchi type-I space-time.
Pradhan [34] et al. have investigated Bianchi type I anisotropic magnetized cosmological models with varying
Λ. General Relativity (GR), formulated by Albert Einstein, has long been the cornerstone of our understanding
of gravitational interactions in the cosmos. However, in recent decades, alternative theories of gravity have
gained attention, offering different perspectives on the gravitational field equations. One such alternative is
f(T ) gravity [35], which extends the concept of teleparallel gravity by introducing a general function of the
torsion scalar, T . Pawar et al.[36] have studied anisotropic behaviour of perfect fluid in fractal cosmology.
f(T ) gravity has been explored as a viable alternative to GR, providing a framework to study the gravitational
dynamics of the Universe beyond the confines of Einstein’s theory.

In this research, we delve into the dynamics of Bianchi Type-I cosmological models within the framework
of f(T ) gravity[37] . Our primary focus is on the inclusion of a perfect fluid with heat[38], which is crucial
in understanding the thermodynamic aspects of the early Universe. By solving the field equations derived
from f(T ) gravity, we aim to obtain exact solutions for the evolution of the Universe in the presence of these
additional components. Pawar et al. [39]-[40] have studied several aspects of Bianchi Type-I with Two fluid
axially symmetric cosmological models in f(R, T ) theory of gravitation and Tilted congruences with stiff fluid
cosmological models.

Furthermore, one of the essential aspects of cosmological models is their ability to provide a connection
between theoretical predictions and empirical observations. To facilitate this connection, we derive cosmological
parameters that are expressed in terms of redshift, a key observational quantity. This approach enables us to
relate our theoretical findings to astronomical data, enhancing the applicability and relevance of our research
to the broader field of observational cosmology.

In summary, this research presents a comprehensive exploration of Bianchi Type-I cosmological models in
f(T ) gravity, incorporating a perfect fluid with heat. The obtained solutions and derived cosmological param-
eters contribute to our understanding of the early Universe’s dynamics and offer a bridge between theoretical
predictions and observational data.

2. FIELD EQUATION

The line element for a flat, homogeneous and anisotropic LRS Bianchi type-I space time[41] is

ds2 = dt2 −A2(t)dx2 −B2(t)
[
dy2 + dz2

]
(1)

Here, t represents time, x is one spatial coordinate, and y and z are the other two spatial coordinates. The
functions A(t) and B(t) are scale factors that describe the expansion or contraction of the space in the x and
y-z directions, respectively.

We obtain the tetrad components as follows:

hµ
i = diag(1, A−1, B−1, B−1) (2)

The torsion scalar, denoted as “T,” is a scalar derived from the torsion tensor. It quantifies the deviation
of the Weitzenböck connection from the Levi-Civita connection, which is used in general relativity. In simple
terms, the torsion scalar reflects the inhomogeneity in the spacetime geometry due to torsion. The torsion scalar
has the form

T = Sµν
ρ T ρ

µν (3)

The formulation of this theory’s action involves extending and building upon the foundational principles
of the Teleparallel Theory of Gravity.

I =

∫
e[f(T ) + Lmatter]d

4x (4)

In this context, f(T ) signifies a function concerning with the torsion scalar T . Meanwhile, Lmatter stands for
the Lagrangian density associated with matter. Additionally, “e” corresponds to the determinant of the tetrad
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field, which is intricately linked to the metric tensor through the relationship e =
√
−g. The non vanishing

components of torsion tensor are defined as

T ρ
µν = Γρ

νµ − Γρ
µν = hρ

i (∂µh
i
ν − ∂νh

i
µ) (5)

The elements of the corresponding contorsion tensor are characterized by:

Kµν
ρ = −1

2
(Tµν

ρ − T νµ
ρ − Tµν

ρ ) (6)

The determination of the elements of the tensor Sρ
µν is carried out in the following manner:

Sρ
µν =

1

2

(
Kµν

ρ + δµρT
θν

θ − δνρT
θµ

θ

)
(7)

By using above components we have computed the torsion scalar, “T,” as follows:

T = −2

(
2
ȦḂ

AB
+

Ḃ2

B2

)
(8)

The derivation of the modified field equation in the teleparallel theory of gravity involves obtaining it
through the variation of the action concerning the vierbein components, denoted as hi

µ. This is expressed as:

Sνρ
µ ∂ρTfTT +

[
e−1eiµ∂ρ(ee

α
i S

νρ
α + Tα

λνS
ν
λα

]
fT +

1

4
δµν f = 4πTµ

ν (9)

Where T ν
µ is the energy momentum tensor, fT = df

dT and fTT = d2f
dT 2

The energy momentum tensor for perfect fluid with heat flow [42] is

Tij = (ρ+ p)uiuj + pgij + hiuj + hjui (10)

where ρ is the enrgy density, p is thermodynamic pressure, hi is heat flow vector. The field equation corre-
sponding to metric (1) are obtained by

f + 4fT

[
Ḃ2

B2
+ 2

ȦḂ

AB

]
= −16πρ (11)

f + 4fT

[
B̈

B
+

Ḃ2

B2
+

ȦḂ

AB

]
+ 4

Ḃ

B
Ṫ fTT = 16πp (12)

f + 2fT

[
Ä

A
+

B̈

B
+

Ḃ2

B2
+ 3

ȦḂ

AB

]
+ 2

(
Ȧ

A
+

Ḃ

B
Ṫ fTT

)
= 16πp (13)

The crucial parameters in cosmological observations include the mean scale factor a, mean Hubble param-
eter H, scalar expansion θ, deceleration parameter q, shear scalar σ2, and mean anisotropic parameter Am.
These quantities, derived from metric (1), are expressed as:

a =
(
AB2

)1/3
(14)

H =
1

3

(
Ȧ

A
+ 2

Ḃ

B

)
(15)

θ =
Ȧ

A
+ 2

Ḃ

B
(16)

q = −aä

ȧ2
=

d

dt

(
1

H
− 1

)
(17)

Am =
2

9H2

(
Ȧ

A
− Ḃ

B

)2

(18)
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3. SOLUTION OF FIELD EQUATION

Solving field equations (11), (12) and (13) we obtain

A(t) = {(3 + 2m) (c1t+ c2)}
m

3+2m (19)

and
B(t) = {(3 + 2m) (c1t+ c2)}

1
3+2m (20)

using equations (19) and (20) we get

T =
−2(1 + 2m)

(3 + 2m)2 · (c1t+ c2)2
(21)

f = −4K
(1 + 2m)

(5 + 3m)
(3 + 2m)

2+m
3+2m c1

2(c1t+ c2)
− 5+3m

3+2m (22)

ρ =
K

4π

(1 + 2m)(2 +m)

(5 + 3m)
c1

2 ((3 + 2m)(c1t+ c2))
− 5+3m

3+2m (23)

p =
K

4π

(1 + 2m)

(5 + 3m)
(3 + 2m)

2+m
3+m c1

2(c1t+ c2)
− 5+3m

3+2m (24)

The formulas for the Hubble parameter H, scalar expansion θ, shear scalar σ, and the mean anisotropic param-
eter Am are obtained as follows:

θ = 3H = c1
2 +m

3 + 2m
(c1t+ c2)

−1
(25)

σ2 =
1

3

(
m− 1

3 + 2m

)2

c1
2(c1t+ c2)

−2 (26)

Am =
2m2 − 4m+ 2

(m+ 2)2
(27)

The value of the deceleration parameter is found to be

q =
5m+ 7

m+ 2
(28)

which is constant.
By using 1 + z = a0

a we get above physical parameters in terms of redshift z.
The torsion scalar is a geometric quantity associated with theories of gravity that incorporate torsion in

addition to curvature. In the context of general relativity (which does not include torsion), the torsion tensor
is assumed to be zero. However, in alternative theories of gravity, such as the Einstein-Cartan theory, torsion
is considered. We have obtained torsion scalar in terms of redshift.

T =
−2(1 + 2m)

(3 + 2m)2
c31

(1 + z)(
3+2m
m+2 )

(3 + 2m)
(29)

Figure 1 illustrates the correlation between the torsion scalar T and the redshift z across various constant
m values in cosmological observations. The torsion scalar T , measuring spacetime geometry deviation from
standard general relativity due to torsion, consistently exhibits negative values across all z and m, indicating
a departure from general relativity. Redshift z, serving as a gauge of universe expansion and object distance,
increases as the torsion scalar T decreases, suggesting a more pronounced deviation from general relativity in
earlier cosmic epochs. Moreover, the value of m influences both the slope and magnitude of the torsion scalar
T depicted in the figure, with higher m values corresponding to steeper slopes and smaller magnitudes of T .

f =
−4K(1 + 2m)

(5 + 3m)(3 + 2m)
(1 + z)−3

(5+3m)
m+2 (30)

The relationship between pressure (P ) and redshift (z) in cosmology is characterized by the equation of
state parameter (ω). In the early universe dominated by radiation, ω is 1

3 , indicating positive pressure. As
non-relativistic matter becomes dominant, ω for matter is 0, representing zero pressure. Dark energy, with a
constant ω < 0, contributes a negative pressure and is associated with the observed accelerated expansion of
the universe.
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Figure 1. Torsion Scalar vs Redshift for m = −1, 0.5 < c1 < 1.5

(a) 2D Plot (b) 3D Plot

Figure 2. The plot of pressure vs cosmic redshift z

The pressure is calculated as follows:

p =
K

4π

(1 + 2m)(2 +m)

(5 + 3m)
(3 + 2m)(1 + z)

3(5+3m)
m+2 (31)

In Figure 2, pressure is plotted against cosmic redshift z for different values of m, a constant in the
Bianchi type-I cosmological model relating the expansion scalar and shear scalar. Pressure consistently exhibits
negativity across all m and z values, indicative of a tension-like effect associated with dark energy, presumed to
fuel the universe’s accelerated expansion. With increasing redshift, pressure diminishes, reflecting a rise in dark
energy density over time and its eventual dominance over matter and radiation in the late universe. Notably,
smaller values of m correspond to more negative pressure, suggesting a heightened repulsive gravitational effect,
where the anisotropy of the Bianchi type-I model enhances the impact of dark energy.

The relationship between energy density and redshift is influenced by the contributions from radiation,
matter, dark energy, and possibly other components, and it is described by the evolving scale factor in the
Friedmann equations of cosmology. Here we have obtained the energy density in terms of redshift for perfect
fluid.

ρ =
K

4π

(1 + 2m)(2 +m)

(5 + 3m)
(1 + z)−

3(5+3m)
m+2 (32)

From Figure 3 we observed that the density of the universe is positive and decreases with increasing
redshift. Additionally, the density of the universe is higher for lower values of m, indicating a stronger influence
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Figure 3. Density vs Redshift for m = −1

of matter on the cosmic expansion. Moreover, the density of the universe approaches zero as the redshift
approaches infinity, implying a negligible contribution of matter in the early universe.

The equation of state parameter, typically denoted by ω, relates the pressure (p) to the energy density
(ρ) of a substance. It’s defined as ω = p

ρ . The equation of state parameter (ω) characterizes the relationship

between pressure and energy density in the universe. In the early universe, dominated by radiation, ω is 1/3.
As non-relativistic matter becomes dominant, ω for matter is 0, and for dark energy, assumed constant, ω is <
0. The evolution of ω with redshift reflects the changing contributions of different cosmic components to the
energy density over cosmic time. We have calculated the equation of state parameter in terms of redshift as
follows:

ω = (3 + 2m)(1 + z)
6(5+3m)

m+2 (33)

Figure 4. Equation of state parameter vs redshift

In Figure 4, we see how a parameter called the equation of state ω changes as the redshift z varies
for different values of m. This parameter helps us understand the relationship between pressure and energy
density in the universe. Some important points from Figure 4 include: all the curves have negative values for
ω, indicating negative pressure, which is often associated with dark energy driving the universe’s accelerated
expansion; as the redshift increases, indicating earlier times in the universe, the negative pressure becomes
stronger, suggesting that dark energy played a bigger role in the early universe; and the shape of the curves
varies depending on the value of m, which reflects how the universe is structured (its anisotropy), indicating
that the equation of state depends on the universe’s structure.
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The relationship between the Hubble parameter (H) and redshift (z) is often expressed in the context of the
Friedmann-Lemâıtre-Robertson-Walker (FLRW) metric, which describes the expanding universe in cosmology.
The Hubble parameter is related to the rate of expansion of the universe.

Hubble parameter H is calculated as:

H =
2 +m

3
(1 + z)

3(3+2m)
m+2 (34)

Figure 5. The plot of Hubbple parameter vs Redshift along with Hubble Data-Set

In Figure 5, we observe how the universe expands over time. It shows that as we look back in time, the
universe expanded more slowly, measured by something called the Hubble parameter H at different redshifts
z. The graph also indicates that the Hubble parameter is influenced by a constant called “m,” which affects
how the universe expands in a the model. Additionally, the graph compares theoretical expectations with real
observations from telescopes like the Hubble Space Telescope and the Sloan Digital Sky Survey, and they seem
to match up quite well, considering the uncertainties.

4. DISCUSSION AND CONCLUSION

Redshift in cosmology refers to the phenomenon where the light from distant galaxies or celestial objects
appears to be shifted towards longer wavelengths, moving towards the red end of the electromagnetic spectrum.
This is primarily due to the expansion of the universe.

As the universe expands, the space between galaxies also expands, causing the wavelengths of light emitted
by these galaxies to stretch. This stretching of light results in a shift towards longer wavelengths, which is
observed as a redshift. The greater the distance to a galaxy, the higher its redshift. Redshift is a crucial tool
for astronomers in measuring the distances to and the velocities of objects in the universe.

In terms of redshift, as the universe expands, the effects of dark energy become more pronounced. If
the pressure associated with dark energy remains negative, it can counteract the attractive force of gravity,
leading to an accelerated expansion. This is consistent with the observations of distant supernovae and other
cosmological data. The behavior of the universe is influenced when w is negative:

� Accelerated Expansion: The negative pressure associated with dark energy leads to an accelerated
expansion of the universe. This is in contrast to matter, which has positive pressure and tends to slow
down the expansion due to gravitational attraction.

� Dominance at Late Times: As the universe expands, the effects of dark energy become more pro-
nounced over time. In the current epoch of the universe, dark energy is believed to be the dominant
component, driving the observed acceleration.

� Redshift of Distant Objects: The acceleration of the universe affects the redshift of distant galaxies.
Observationally, distant supernovae and other cosmological probes indicate that the rate of expansion is
increasing with time.

The effect of the Hubble parameter on the universe can be summarized as follows:

� Expansion Rate: The Hubble parameter at a given redshift, H(z), indicates the rate at which the
universe is expanding at that particular cosmic time. A higher value of H(z) implies a faster rate of
expansion.
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� Historical Expansion: Observing the Hubble parameter at different redshifts allows us to study the
historical expansion of the universe. By looking at more distant objects, corresponding to higher redshifts,
we are effectively looking back in time.

� Cosmic Acceleration: Changes in the Hubble parameter with redshift can provide insights into the
cosmic acceleration. In a universe dominated by dark energy, the Hubble parameter may not decrease as
much with increasing redshift as in a universe without dark energy.

� Critical Density Determination: The Hubble parameter is related to the critical density of the universe
(ρcrit). Understanding its behavior with redshift helps in determining the overall energy content and fate
of the universe.

In this research, we explore the characteristics of the Bianchi type-I space-time within the framework
of f(T ) gravity theory, where T represents the torsion scalar. The model is constructed based on specific
assumptions. The first assumption posits a proportional relationship between the expansion scalar θ and the
shear scalar σ, leading to the expression A = Bm, where A and B are metric coefficients, and m is a real
constant. The second assumption sets equal pressure components in the x, y, and z directions, governed by an
equation of state p = ωρ. Additionally, a power-law relation between F and the scale factor B is employed to
derive the exact solution of the field equations.

Several key cosmological parameters, including the torsion scalar T pressure p, density ρ, equation of state
parameter ω Hubble parameter Hin terms of cosmic time t and redshift z. The behaviour of the graph of the
pressure vs redshift shows that the pressure is negative and constatly decreasing for the various values of m =
−1.03,−1.05,−1.07,−1.09. If the pressure is negative (which corresponds to a situation where the substance
has a tension-like effect rather than compressive), it can have significant implications for the evolution of the
universe. A substance with negative pressure is often referred to as ”exotic” or ”dark energy.”

The most well-known example of dark energy is the cosmological constant (Λ) associated with the vacuum
of space. A negative pressure is a key component of dark energy because it’s believed to be responsible for the
observed accelerated expansion of the universe. The graph of density vs redshift we have plotted in 3D which
shows that the density is positive. A positive density in terms of redshift typically refers to the energy density
of matter in the universe. In cosmology, matter can have positive density, and its effects are often associated
with the deceleration of the universe’s expansion.

The pressure and density with the redshift shows the singularity at m = −2. Notably, the equation
of state parameter ω shows the the negative behaviour and graph decreases rapidly for the values of m =
−2.201,−2.203,−2.205,−2.207,−2.209,−2.211. When the equation of state parameter (w) in terms of redshift
is negative, it implies that the substance in question has a negative pressure. This scenario is often associated
with dark energy, which is believed to be responsible for the observed accelerated expansion of the universe.

The equation of state parameter is defined as w = p
ρ , where p is the pressure and ρ is the energy density.

For dark energy, the negative pressure contributes to a repulsive gravitational effect, counteracting the attractive
force of gravity caused by matter.

The Hubble parameter H plotted vs redshift z. The graph shows the values of Hubble parameter in the
range of standard dataset wchich supports the current observational data.

The Hubble parameter in terms of redshift is a crucial observational quantity that informs us about the
current state and past history of the universe’s expansion. Studying its behavior with redshift provides valuable
information about the underlying cosmological model and the influence of various components like matter,
radiation, and dark energy on the evolution of the cosmos.
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IÄÅÀËÜÍÀ ÐIÄÈÍÀ Ç ÒÅÏËÎÂÈÌ ÏÎÒÎÊÎÌ Ó f(T ) ÒÅÎÐI� ÃÐÀÂIÒÀÖI�
Ä.Ä. Ïàâàða, Í.Ã. Ãóíãàðâàðb, P.S. Ãàéêâàäa

aØêîëà ìàòåìàòè÷íèõ íàóê, Óíiâåðñèòåò SRTM, Íàíäåä - 431606, Ìàõàðàøòðà, Iíäiÿ
bÊîëåäæ íàóêè òà ìèñòåöòâ Øði Ä.Ì. Áóðóíãàëå, Øåãàîí-444203, Ìàõàðàøòðà, Iíäiÿ

Êîñìîëîãi÷íi ìîäåëi Á'ÿíêi òèïó I áóëè ïðåäìåòîì iíòåíñèâíèõ äîñëiäæåíü ó êîñìîëîãi¨ ÷åðåç ¨õíþ ïðîñòîòó òà

àêòóàëüíiñòü äëÿ ðîçóìiííÿ äèíàìiêè ðàííüîãî Âñåñâiòó. Ó öüîìó äîñëiäæåííi ìè äîñëiäæó¹ìî äèíàìiêó òàêèõ

ìîäåëåé ó ðàìêàõ f(T ) ãðàâiòàöi¨, àëüòåðíàòèâíî¨ òåîði¨ ãðàâiòàöi¨, ÿêà ðîçøèðþ¹ òåëåïàðàëåëüíó ãðàâiòàöiþ øëÿ-

õîì ââåäåííÿ çàãàëüíî¨ ôóíêöi¨ òîðñiéíîãî ñêàëÿðà T . Ìè àêöåíòó¹ìî óâàãó íà íàÿâíîñòi â êîñìi÷íîìó ñåðåäîâèùi

iäåàëüíî¨ ðiäèíè ç òåïëîâèì ïîòîêîì. Ðîçâ'ÿçóþ÷è ðiâíÿííÿ ïîëÿ ãðàâiòàöi¨ f(T ), ìè îòðèìó¹ìî òî÷íi ðîçâ'ÿçêè

äëÿ êîñìîëîãi÷íèõ ìîäåëåé Á'ÿíêi òèïó I. Öi ðiøåííÿ äàþòü öiííó iíôîðìàöiþ ïðî åâîëþöiþ Âñåñâiòó òà ïðî òå,

ÿê íà íå¨ âïëèâà¹ ìîäèôiêîâàíà òåîðiÿ ãðàâiòàöi¨. Êðiì òîãî, ìè âèâîäèìî êîñìîëîãi÷íi ïàðàìåòðè â òåðìiíàõ ÷åð-

âîíîãî çñóâó, ïðîïîíóþ÷è çðó÷íèé ñïîñiá iíòåðïðåòàöi¨ äàíèõ ñïîñòåðåæåíü i çâ'ÿçóâàííÿ òåîðåòè÷íèõ ïðîãíîçiâ

ç åìïiðè÷íèìè âèìiðþâàííÿìè. Íàøi âèñíîâêè íå ëèøå ñïðèÿþòü ãëèáøîìó ðîçóìiííþ äèíàìiêè êîñìîëîãi÷íèõ

ìîäåëåé Á'ÿíêi òèïó I, àëå é ñòâîðþþòü îñíîâó äëÿ ïîðiâíÿííÿ f(T ) ãðàâiòàöi¨ çi ñòàíäàðòíîþ çàãàëüíîþ òåîði-

¹þ âiäíîñíîñòi â êîíòåêñòi ñïîñòåðåæíî¨ êîñìîëîãi¨. Öå äîñëiäæåííÿ ïðîêëàäà¹ øëÿõ äëÿ ïîäàëüøîãî âèâ÷åííÿ

àëüòåðíàòèâíèõ òåîðié ãðàâiòàöi¨ òà ¨õíüîãî âïëèâó íà åâîëþöiþ òà ñòðóêòóðó ðàííüîãî Âñåñâiòó.
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