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𝑓𝑓(𝑅𝑅)
𝑅𝑅

𝑅𝑅 

𝑓𝑓(𝑅𝑅)

𝒢𝒢 = 𝑅𝑅2 − 4𝑅𝑅𝑎𝑎𝑎𝑎𝑅𝑅𝑎𝑎𝑎𝑎 + 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅,  𝑅𝑅𝑎𝑎𝑎𝑎 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑓𝑓(𝒢𝒢)

𝑓𝑓(𝑅𝑅, 𝑇𝑇)
𝑇𝑇
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𝑓𝑓(𝑅𝑅, 𝒢𝒢, 𝑇𝑇)
𝑅𝑅, 𝒢𝒢 𝑇𝑇

𝑓𝑓(𝑅𝑅, 𝒢𝒢, 𝑇𝑇)

𝑓𝑓(𝑅𝑅, 𝐺𝐺, 𝑇𝑇)

𝑓𝑓(𝑅𝑅, 𝒢𝒢, 𝑇𝑇)
𝑓𝑓(𝑅𝑅, 𝒢𝒢, 𝑇𝑇)

𝒮𝒮 = ∫  (1
2 𝑓𝑓(𝑅𝑅, 𝒢𝒢, 𝑇𝑇) + ℒ𝑀𝑀) √−𝑔𝑔𝑑𝑑4𝑥𝑥

𝑅𝑅 = 𝑔𝑔𝑎𝑎𝑎𝑎𝑅𝑅𝑎𝑎𝑎𝑎

𝒢𝒢 = 𝑅𝑅2 − 4𝑅𝑅𝑎𝑎𝑎𝑎𝑅𝑅𝑎𝑎𝑎𝑎 + 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑇𝑇 = 𝑔𝑔𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎
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(𝑅𝑅𝑎𝑎𝑎𝑎 − 1
2 𝑔𝑔𝑎𝑎𝑎𝑎𝑅𝑅) 𝑓𝑓𝑅𝑅 + 𝑔𝑔𝑎𝑎𝑎𝑎∇2𝑓𝑓𝑅𝑅 − ∇𝑎𝑎∇𝑎𝑎𝑓𝑓𝑅𝑅 + (2𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎 − 4𝑅𝑅𝑎𝑎𝑎𝑎𝑅𝑅𝑎𝑎

𝑎𝑎 −
4𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑅𝑅𝑎𝑎𝑎𝑎 +    2𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑅𝑅𝑎𝑎

𝑎𝑎𝑎𝑎𝑎𝑎)𝑓𝑓𝒢𝒢 = 𝑇𝑇𝑎𝑎𝑎𝑎 − (𝑇𝑇𝑎𝑎𝑎𝑎 − Θ𝑎𝑎𝑎𝑎)𝑓𝑓𝑇𝑇 

𝑓𝑓𝑅𝑅 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝑅𝑅 𝑓𝑓𝒢𝒢 = 𝜕𝜕𝜕𝜕

𝜕𝜕𝒢𝒢 𝑓𝑓𝑇𝑇 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝑇𝑇 Θ𝑎𝑎𝑎𝑎

∇𝑎𝑎

∇𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎 = 𝜕𝜕𝑇𝑇
(1−𝜕𝜕𝑇𝑇) [(𝑇𝑇𝑎𝑎𝑎𝑎 + Θ𝑎𝑎𝑎𝑎)∇𝑎𝑎ln𝑓𝑓𝑇𝑇 + ∇𝑎𝑎Θ𝑎𝑎𝑎𝑎 − 1

2 𝑔𝑔𝑎𝑎𝑎𝑎∇𝑎𝑎𝑇𝑇]

𝑓𝑓𝑅𝑅 𝑓𝑓𝐺𝐺 Θ𝑎𝑎𝑎𝑎

Θ𝑎𝑎𝑎𝑎 = 2𝑇𝑇𝑎𝑎𝑎𝑎 + 𝑔𝑔𝑎𝑎𝑎𝑎ℒ𝑚𝑚 − 2𝑔𝑔𝛼𝛼𝛼𝛼 𝜕𝜕2ℒ𝑚𝑚
𝜕𝜕𝑔𝑔𝑎𝑎𝑎𝑎𝜕𝜕𝑔𝑔𝛼𝛼𝛼𝛼

ℒ𝑚𝑚 Θ𝑎𝑎𝑎𝑎
𝑇𝑇𝑎𝑎𝑎𝑎

𝑇𝑇𝑎𝑎𝑎𝑎 = (𝜖𝜖 + 𝑝𝑝)𝑣𝑣𝑎𝑎𝑣𝑣𝑎𝑎 + 𝑝𝑝𝑔𝑔𝑎𝑎𝑎𝑎

𝜖𝜖 𝑝𝑝 𝑣𝑣𝑎𝑎
𝑣𝑣𝑎𝑎𝑣𝑣𝑎𝑎 = −1 Θ𝑎𝑎𝑎𝑎

Θ𝑎𝑎𝑎𝑎 = −2𝑇𝑇𝑎𝑎𝑎𝑎 + 𝑝𝑝𝑔𝑔𝑎𝑎𝑎𝑎.

𝑑𝑑𝑠𝑠2 = −𝑑𝑑𝑡𝑡2 + 𝑆𝑆2(𝑡𝑡)[𝑑𝑑𝑟𝑟2 + 𝑟𝑟2(𝑑𝑑𝜃𝜃2 + sin2𝜃𝜃𝑑𝑑𝜙𝜙2)]

𝑆𝑆(𝑡𝑡) 𝐻𝐻
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𝐻𝐻 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑆𝑆

𝑅𝑅
6  = (2𝐻𝐻2 + 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 )

𝒢𝒢
24  = 𝐻𝐻2 (𝐻𝐻2 + 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 )

𝑇𝑇 𝑇𝑇𝑎𝑎𝑎𝑎

𝑇𝑇 = 3𝑝𝑝 − 𝜖𝜖

3𝐻𝐻2 = 1
𝑓𝑓𝑅𝑅

[𝜖𝜖 + (𝜖𝜖 + 𝑝𝑝)𝑓𝑓𝑇𝑇 + 1
2 (𝑅𝑅𝑓𝑓𝑅𝑅 − 𝑓𝑓) − 3𝐻𝐻 𝑑𝑑𝑓𝑓𝑅𝑅

𝑑𝑑𝑑𝑑 + 12𝐻𝐻2 (𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 +

𝐻𝐻2) 𝑓𝑓𝒢𝒢 − 12𝐻𝐻3 𝑑𝑑𝑓𝑓𝒢𝒢
𝑑𝑑𝑑𝑑 ]

2 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 3𝐻𝐻2 = − 1

𝑓𝑓𝑅𝑅
[𝑝𝑝 − 1

2 (𝑅𝑅𝑓𝑓𝑅𝑅 − 𝑓𝑓) + 2𝐻𝐻 𝑑𝑑𝑓𝑓𝑅𝑅
𝑑𝑑𝑑𝑑 + 𝑑𝑑2𝑓𝑓𝑅𝑅

𝑑𝑑𝑑𝑑2 −
12𝐻𝐻2 (𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 + 𝐻𝐻2) 𝑓𝑓𝒢𝒢

                           +8𝐻𝐻 (𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝐻𝐻2) 𝑑𝑑𝑓𝑓𝒢𝒢

𝑑𝑑𝑑𝑑 + 4𝐻𝐻2 𝑑𝑑2𝑓𝑓𝒢𝒢
𝑑𝑑𝑑𝑑2 ]

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 3𝐻𝐻(𝜖𝜖 + 𝑝𝑝) = 1

2
𝑑𝑑𝑇𝑇
𝑑𝑑𝑑𝑑 − 𝑝𝑝 𝑑𝑑𝑓𝑓𝑇𝑇

𝑑𝑑𝑑𝑑 (𝜖𝜖 + 𝑝𝑝) − 𝑓𝑓𝑇𝑇

𝑓𝑓(𝑅𝑅, 𝒢𝒢, 𝑇𝑇) = 𝒢𝒢2 + 𝑏𝑏𝑅𝑅𝑇𝑇

𝑏𝑏 𝑓𝑓(𝑅𝑅, 𝒢𝒢, 𝑇𝑇) = 𝒢𝒢2 + 𝑏𝑏𝑅𝑅𝑇𝑇
𝒢𝒢

𝑅𝑅𝑇𝑇
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Λ

            3𝑏𝑏𝐻𝐻2𝑇𝑇 = 𝜖𝜖 + 𝑏𝑏(𝜖𝜖 + 𝑝𝑝)𝑅𝑅 − 𝒢𝒢2

2 − 3𝑏𝑏𝐻𝐻 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 24𝐻𝐻2 (𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 + 𝐻𝐻2) 𝒢𝒢 − 24𝐻𝐻3 𝑑𝑑𝒢𝒢
𝑑𝑑𝑑𝑑

𝑏𝑏 (2 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 3𝐻𝐻2) 𝑇𝑇 = 𝑝𝑝 + 𝒢𝒢2

2 + 2𝑛𝑛𝐻𝐻 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝑏𝑏 𝑑𝑑2𝑑𝑑

𝑑𝑑𝑑𝑑 − 24𝐻𝐻2 (𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝐻𝐻2)

              +16𝐻𝐻 (𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝐻𝐻2) 𝑑𝑑𝒢𝒢

𝑑𝑑𝑑𝑑 + 8𝐻𝐻2 𝑑𝑑2𝒢𝒢
𝑑𝑑𝑑𝑑2

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 3 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 − 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2 = 3 𝑑𝑑2𝑑𝑑

𝑑𝑑𝑑𝑑2 − 𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2

𝜖𝜖 𝑝𝑝

𝑝𝑝 = 𝜔𝜔𝜖𝜖

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 =

2(𝜔𝜔+1)(𝑏𝑏𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 +3𝑑𝑑)

(𝜔𝜔−1)𝑏𝑏𝑏𝑏−2 𝜖𝜖

𝜔𝜔

𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2 = [

4[(𝜔𝜔+1)(𝑏𝑏𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 +3𝑑𝑑)]

2

[(𝜔𝜔−1)𝑏𝑏𝑏𝑏−2]2 +
2(𝜔𝜔+1)(𝑏𝑏𝑑𝑑2𝑑𝑑

𝑑𝑑𝑑𝑑2 +3�̇�𝑑)
[(𝜔𝜔−1)𝑏𝑏𝑏𝑏−2] −

2[(𝜔𝜔+1)(𝑏𝑏𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 +3𝑑𝑑)](𝜔𝜔−1)𝑏𝑏𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
[(𝜔𝜔−1)𝑏𝑏𝑏𝑏−2]2 ] 𝜖𝜖

𝜖𝜖 =
𝑏𝑏(3𝜔𝜔−1)(𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑−𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2)+8𝑑𝑑𝑑𝑑𝒢𝒢

𝑑𝑑𝑑𝑑(𝑑𝑑2−2𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 )−8𝑑𝑑2𝑑𝑑2𝒢𝒢

𝑑𝑑𝑑𝑑2

3𝑏𝑏(𝜔𝜔−1)�̇�𝑑2+(𝑏𝑏𝑏𝑏+1)(𝜔𝜔+1)

𝑞𝑞 𝑞𝑞
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𝑞𝑞 = −
𝑑𝑑2𝑆𝑆
𝑑𝑑𝑡𝑡2
𝐻𝐻2𝑆𝑆 = −( �̇�𝐻

𝐻𝐻2 + 1)

𝑞𝑞

𝑞𝑞 = 𝑛𝑛 +𝑚𝑚 𝑧𝑧(1+𝑧𝑧)
1+𝑧𝑧2

𝑧𝑧

𝑛𝑛
𝑚𝑚
𝐻𝐻 = − 1

1+𝑧𝑧
𝑑𝑑𝑧𝑧
𝑑𝑑𝑑𝑑 𝐻𝐻(𝑧𝑧)

𝐻𝐻 = 𝐻𝐻0(1 + 𝑧𝑧)(1+𝑛𝑛)(1 + 𝑧𝑧2)
𝑚𝑚
2
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𝐻𝐻 = − 1
1+𝑧𝑧

𝑑𝑑𝑧𝑧
𝑑𝑑𝑑𝑑

𝐻𝐻0

𝜒𝜒2 = ∑  31
𝑘𝑘=1  

𝐻𝐻𝑡𝑡ℎ(𝑧𝑧𝑘𝑘)−𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜(𝑧𝑧𝑘𝑘)
𝑑𝑑𝐻𝐻2 (𝑧𝑧𝑘𝑘)

𝐻𝐻𝑑𝑑ℎ(𝑧𝑧𝑘𝑘) 𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜(𝑧𝑧𝑘𝑘)
𝑑𝑑𝐻𝐻2 (𝑧𝑧𝑘𝑘)

𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜(𝑧𝑧𝑘𝑘)

𝐻𝐻(𝑧𝑧) 𝑧𝑧

𝐻𝐻(𝑧𝑧)
𝑧𝑧

𝐻𝐻 𝑧𝑧

Λ
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ΛCDM

𝜒𝜒2 = ∑  1048
𝑖𝑖,𝑗𝑗=1  Δ𝜇𝜇𝑖𝑖(𝐶𝐶−1 )𝑖𝑖𝑗𝑗Δ𝜇𝜇𝑗𝑗

Δ𝜇𝜇𝑖𝑖
𝜇𝜇𝑡𝑡ℎ 𝜇𝜇𝑜𝑜𝑜𝑜𝑜𝑜 𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃−1

𝜇𝜇(𝑧𝑧) 𝑧𝑧

𝜇𝜇(𝑧𝑧)
𝑧𝑧
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𝜇𝜇(𝑧𝑧)

Λ

𝑚𝑚,𝐻𝐻0 𝑛𝑛
𝑚𝑚 𝑛𝑛

𝐻𝐻0

𝑚𝑚 = 0.53 ± 0.16, 𝐻𝐻0 = 66.3−3.1+2.7 𝑛𝑛 =
−0.39 ± 0.15 𝑚𝑚 = 1.01 ± 0.18, 𝐻𝐻0 = 72.21 ±
0.32 𝑛𝑛 = −0.649 ± 0.058

68% 95%

𝑚𝑚
𝑛𝑛
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𝑚𝑚,𝐻𝐻0 𝑛𝑛

𝑚𝑚,𝐻𝐻0 𝑛𝑛
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(𝑞𝑞)

𝑞𝑞
𝑞𝑞

𝑞𝑞

𝑞𝑞(𝑧𝑧) 𝑧𝑧

𝑞𝑞(𝑧𝑧)
𝑧𝑧

Λ

ΛCDM
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𝜖𝜖(𝑧𝑧) 𝑧𝑧

𝜖𝜖(𝑧𝑧) 𝑧𝑧
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𝜖𝜖(𝑧𝑧)
𝑧𝑧 𝜔𝜔

𝜔𝜔

𝜔𝜔 = 0,1/3, −1
(Λ)

𝜔𝜔

𝜔𝜔

𝑓𝑓(𝑅𝑅, 𝒢𝒢, 𝑇𝑇)
𝑞𝑞(𝑧𝑧) 𝑅𝑅

𝐺𝐺 𝑇𝑇

𝑓𝑓(𝑅𝑅, 𝒢𝒢, 𝑇𝑇) = 𝒢𝒢2 + 𝑏𝑏𝑅𝑅𝑇𝑇

ΛCDM

𝑚𝑚, 𝑛𝑛 𝐻𝐻0

ΛCDM 𝑧𝑧
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𝑞𝑞(𝑧𝑧)

Λ

𝑓𝑓(𝑅𝑅, 𝒢𝒢, 𝑇𝑇)

𝜔𝜔 (−1,1)

𝜔𝜔

𝑓𝑓(𝑅𝑅, 𝒢𝒢, 𝑇𝑇)
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𝑓𝑓(𝑅𝑅,𝛷𝛷, 𝑋𝑋)

𝑓𝑓(𝑅𝑅)

𝑓𝑓(𝑅𝑅, 𝛷𝛷)
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𝑓𝑓(𝑅𝑅,𝛷𝛷, 𝑋𝑋)

𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑓𝑓(𝑅𝑅, 𝛷𝛷, 𝑋𝑋)

 𝒇𝒇(𝑹𝑹,𝜱𝜱, 𝑿𝑿)

𝑓𝑓(𝑅𝑅, 𝛷𝛷, 𝑋𝑋)
𝑅𝑅

𝛷𝛷 𝑋𝑋

𝑓𝑓(𝑅𝑅)

𝛬𝛬 − 𝐶𝐶𝐶𝐶𝐶𝐶



Melis ULU DOĞRU, Erkan ERASLAN, Doğukan TAŞER, Hüseyin AYDIN22

𝑓𝑓(𝑅𝑅,𝛷𝛷, 𝑋𝑋)

𝑆𝑆 = 1
16𝜋𝜋𝜋𝜋 ∫√−𝑔𝑔 𝑓𝑓(𝑅𝑅,𝛷𝛷, 𝑋𝑋)𝑑𝑑

4𝑥𝑥 + 𝑆𝑆𝑚𝑚

𝑋𝑋

𝑋𝑋(𝛷𝛷) ∝ 1
2 [𝛷𝛷

,𝛼𝛼𝛷𝛷,𝛼𝛼]𝜀𝜀

𝜀𝜀 𝜀𝜀 = 1
𝑓𝑓(𝑅𝑅, 𝛷𝛷, 𝑋𝑋)

𝐹𝐹𝐺𝐺𝑖𝑖𝑖𝑖 −
1
2 (𝑓𝑓(𝑅𝑅, 𝛷𝛷, 𝑋𝑋) − 𝑅𝑅𝐹𝐹)𝑔𝑔𝑖𝑖𝑖𝑖 − ∇𝑖𝑖∇𝑖𝑖𝐹𝐹 + 𝑔𝑔𝑖𝑖𝑖𝑖∇𝛼𝛼∇𝛼𝛼𝐹𝐹 −

𝜉𝜉
2𝐻𝐻(∇𝑖𝑖𝛷𝛷)(∇𝑖𝑖𝛷𝛷) = 𝑇𝑇𝑖𝑖𝑖𝑖

𝐹𝐹 ≡ 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 𝐻𝐻 ≡ 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 𝑓𝑓(𝑅𝑅, 𝛷𝛷, 𝑋𝑋)

∇𝑖𝑖(𝐻𝐻∇𝑖𝑖𝛷𝛷) + 𝜀𝜀𝜀𝜀 = 0

𝜀𝜀 ≡ 𝑑𝑑𝑑𝑑
𝑑𝑑𝛷𝛷
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𝑑𝑑𝑑𝑑2 = 𝐴𝐴2(𝑡𝑡)𝑑𝑑𝑥𝑥2 + 𝐴𝐴2(𝑡𝑡)𝑑𝑑𝑑𝑑2 + 𝐴𝐴2(𝑡𝑡)𝑑𝑑𝑑𝑑2 − 𝑑𝑑𝑡𝑡2

𝑇𝑇𝑖𝑖𝑖𝑖 = (𝑞𝑞 + 𝜌𝜌)(𝑢𝑢𝑖𝑖𝑢𝑢𝑖𝑖 − 𝑥𝑥𝑖𝑖𝑥𝑥𝑖𝑖) + 𝑞𝑞𝑔𝑔𝑖𝑖𝑖𝑖

𝜌𝜌
𝑞𝑞 𝑢𝑢𝑖𝑖

𝑥𝑥𝑖𝑖

𝑅𝑅 = 6𝐴𝐴′2+6𝐴𝐴𝐴𝐴′′
𝐴𝐴2

𝑓𝑓(𝑅𝑅, 𝛷𝛷, 𝑋𝑋)

−𝐴𝐴2(𝜀𝜀𝜀𝜀𝛷𝛷′2 + 2𝐹𝐹′′ − 4(𝜌𝜌 + 𝑞𝑞)) + 2𝐴𝐴(𝐹𝐹′𝐴𝐴′ − 2𝐹𝐹𝐴𝐴′′) + 4𝐹𝐹𝐴𝐴′2 = 0

−𝐴𝐴2(𝜀𝜀𝜀𝜀𝛷𝛷′2 − 2𝐹𝐹′′ + 4(𝜌𝜌 + 𝑞𝑞)) + 2𝐴𝐴(𝐹𝐹′𝐴𝐴′ − 2𝐹𝐹𝐴𝐴′′) + 4𝐹𝐹𝐴𝐴′2 = 0

−3𝐴𝐴2(𝜀𝜀𝜀𝜀𝛷𝛷′2 + 2𝐹𝐹′′) − 4𝐴𝐴2(𝜌𝜌 + 𝑞𝑞) + 6𝐴𝐴(𝐹𝐹′𝐴𝐴′ − 2𝐹𝐹𝐴𝐴′′) + 12𝐹𝐹𝐴𝐴′2 = 0

𝜀𝜀′𝛷𝛷′𝐴𝐴 + 𝜀𝜀(𝛷𝛷′′𝐴𝐴 + 3𝛷𝛷′𝐴𝐴′) − 𝜀𝜀𝑁𝑁 = 0
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𝑓𝑓(𝑅𝑅,𝛷𝛷, 𝑋𝑋)

𝑓𝑓(𝑅𝑅, 𝛷𝛷, 𝑋𝑋) = 𝑓𝑓1(𝑅𝑅) + 𝑓𝑓2(𝛷𝛷, 𝑋𝑋)

𝐴𝐴(𝑡𝑡) = 𝐶𝐶1𝑡𝑡𝐶𝐶2

𝛷𝛷(𝑡𝑡) = 𝐶𝐶3𝑡𝑡−𝐶𝐶4

𝐻𝐻(𝑡𝑡) = −𝐶𝐶5𝐶𝐶6𝛷𝛷′2(𝐶𝐶6−1)

𝜌𝜌(𝑡𝑡) = −𝑞𝑞

𝐶𝐶𝑖𝑖 𝑓𝑓(𝑅𝑅)
𝐹𝐹(𝑡𝑡) 𝑁𝑁(𝑡𝑡)

𝐹𝐹(𝑡𝑡) = 8((𝐶𝐶4 + 1)2𝐶𝐶62 +
(𝐶𝐶2 − 3)(𝐶𝐶4 + 1)𝐶𝐶6

2 − 𝐶𝐶2

+ 1
2)𝐶𝐶7𝑡𝑡

𝐶𝐶2
2 +

1
2−

√𝐶𝐶22+10𝐶𝐶2+1
2

+8𝐶𝐶8 ((𝐶𝐶4 + 1)2𝐶𝐶62 +
(𝐶𝐶2 − 3)(𝐶𝐶4 + 1)𝐶𝐶6

2 − 𝐶𝐶2 +
1
2) 𝑡𝑡

𝐶𝐶2
2 +

1
2+

√𝐶𝐶22+10𝐶𝐶2+1
2

+𝜀𝜀𝐶𝐶5𝐶𝐶6(−𝐶𝐶3𝑡𝑡−𝐶𝐶4−1𝐶𝐶4)2𝐶𝐶6𝑡𝑡2/8(𝐶𝐶4 + 1)2𝐶𝐶62 + 4(𝐶𝐶2 −
3)(𝐶𝐶4 + 1)𝐶𝐶6 − 8𝐶𝐶2 + 4
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𝑁𝑁(𝑡𝑡) = − 1
𝜀𝜀 ((−1)2𝐶𝐶6𝐶𝐶5𝑡𝑡(−2𝐶𝐶6+1)𝐶𝐶4−2𝐶𝐶6𝐶𝐶3

2𝐶𝐶6−1𝐶𝐶4
2𝐶𝐶6−1𝐶𝐶6(2𝐶𝐶6𝐶𝐶4 −

𝐶𝐶4 − 3𝐶𝐶2 + 2𝐶𝐶6 − 1)

𝐹𝐹(𝑅𝑅) = (√6√𝐶𝐶2(2𝐶𝐶2−1)
𝑅𝑅 )

𝐶𝐶2
2 +1

2+
√𝐶𝐶22+10𝐶𝐶2+1

2
𝐶𝐶8(8𝐶𝐶4

2𝐶𝐶6
2 + 4𝐶𝐶4𝐶𝐶2𝐶𝐶6 + 16𝐶𝐶4𝐶𝐶6

2 −

12𝐶𝐶4𝐶𝐶6 +                4𝐶𝐶2𝐶𝐶6 + 8𝐶𝐶6
2 − 8𝐶𝐶2 − 12𝐶𝐶6 + 4) +

(√6√𝐶𝐶2(2𝐶𝐶2−1)
𝑅𝑅 )

𝐶𝐶2
2 +1

2+
√𝐶𝐶22+10𝐶𝐶2+1

2
𝐶𝐶7(8𝐶𝐶4

2𝐶𝐶6
2 +                4𝐶𝐶4𝐶𝐶2𝐶𝐶6 + 16𝐶𝐶4𝐶𝐶6

2 −

12𝐶𝐶4𝐶𝐶6 + 4𝐶𝐶2𝐶𝐶6 + 8𝐶𝐶6
2 − 8𝐶𝐶2 − 12𝐶𝐶6 + 4) +

               
6𝜀𝜀𝐶𝐶5𝐶𝐶6(−𝐶𝐶3(√6√𝐶𝐶2(2𝐶𝐶2−1)

𝑅𝑅 )
−𝐶𝐶4−1

𝐶𝐶4)2𝐶𝐶6𝐶𝐶2(2𝐶𝐶2−1)

𝑅𝑅 /4(2𝐶𝐶4
2𝐶𝐶6

2 + 𝐶𝐶4𝐶𝐶2𝐶𝐶6 +
4𝐶𝐶4𝐶𝐶6

2 − 3𝐶𝐶4𝐶𝐶6 +                𝐶𝐶2𝐶𝐶6 + 2𝐶𝐶6
2 − 2𝐶𝐶2 − 3𝐶𝐶6 + 1)

𝑁𝑁(𝑅𝑅) =

− 1
𝜀𝜀𝐶𝐶3𝐶𝐶4

(𝐶𝐶5 (√6√𝐶𝐶2(2𝐶𝐶2−1)
𝑅𝑅 )

𝐶𝐶4

)(−𝐶𝐶3 (√6√𝐶𝐶2(2𝐶𝐶2−1)
𝑅𝑅 )

−𝐶𝐶4−1
𝐶𝐶4)2𝐶𝐶6𝐶𝐶6(2𝐶𝐶4𝐶𝐶6 −

              𝐶𝐶4 − 3𝐶𝐶2 + 2𝐶𝐶6 − 1)

𝐴𝐴(𝑡𝑡) 1/2 𝐶𝐶2
𝜀𝜀 = 1 𝐶𝐶2 = 1/2 𝐹𝐹(𝑡𝑡) = 0 𝑁𝑁(𝑡𝑡) = 0
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𝐴𝐴(𝑡𝑡) 𝐶𝐶2 =
1
2 0 < 𝑡𝑡 < 1,−1 < 𝐶𝐶1 < 1

𝐴𝐴(𝑡𝑡)
𝐴𝐴(𝑡𝑡) 𝐶𝐶1

𝐶𝐶1
𝐶𝐶1
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𝛷𝛷(𝑡𝑡) 𝐶𝐶2 =
1
2 𝐶𝐶3 = 1 0 < 𝑡𝑡 < 1,−1 < 𝐶𝐶4 < 1

𝛷𝛷(𝑡𝑡)

𝐴𝐴(𝑡𝑡) 𝐶𝐶2 = 2/3



Melis ULU DOĞRU, Erkan ERASLAN, Doğukan TAŞER, Hüseyin AYDIN28

𝐴𝐴(𝑡𝑡) 𝐶𝐶1 = 1 𝐶𝐶2 =
2
3 0 < 𝑡𝑡 < 1

𝐴𝐴(𝑡𝑡)

𝛷𝛷(𝑡𝑡) 𝐶𝐶3 = 1 𝐶𝐶4 = −2 0 < 𝑡𝑡 < 1
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𝛷𝛷(𝑡𝑡)

𝐹𝐹(𝑅𝑅) 𝜀𝜀 = 1 𝐶𝐶1 = 𝐶𝐶3 = 𝐶𝐶6 = 1 𝐶𝐶2 =
2
3 𝐶𝐶3 = 1 𝐶𝐶5 = 0

𝐹𝐹(𝑡𝑡) 𝑡𝑡
𝐹𝐹(𝑅𝑅)

𝐹𝐹(𝑅𝑅)
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𝑁𝑁(𝑅𝑅) 𝜀𝜀 = 1 𝐶𝐶1 = 𝐶𝐶3 = 𝐶𝐶6 = 1 𝐶𝐶2 =
2
3 𝐶𝐶3 = 1 𝐶𝐶5 = 0

𝑁𝑁(𝑡𝑡) 𝑡𝑡
𝑁𝑁(𝑅𝑅)

𝑁𝑁(𝑅𝑅)

 

𝑓𝑓(𝑅𝑅,𝛷𝛷, 𝑋𝑋)
𝑓𝑓(𝑅𝑅, 𝛷𝛷, 𝑋𝑋)

𝑓𝑓(𝑅𝑅, 𝛷𝛷, 𝑋𝑋)
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𝐴𝐴(𝑡𝑡) 𝛷𝛷(𝑡𝑡)

𝐴𝐴(𝑡𝑡) 𝛷𝛷(𝑡𝑡)

𝐹𝐹(𝑡𝑡) 𝑁𝑁(𝑡𝑡)

𝑓𝑓(𝑅𝑅, 𝛷𝛷, 𝑋𝑋)
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Chapter 3 
NON-EXİSTENCE SOLUTIONS OF QUADRATIC 

EQUATIONS OF STATE IN SELF CREATION 
COSMOLOGY

Halife ÇAĞLAR1

1 Çanakkale Onsekiz Mart University, School of Graduate Studies, Department of Physics. 
Çanakkale, TURKEY, halife@comu.edu.tr, ORCID ID: https://orcid.org/0000-0003-2877-1
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𝑝𝑝 = ε𝜌𝜌

𝑉𝑉𝑉𝑉0

𝑝𝑝 𝜌𝜌
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𝑝𝑝 = 𝑝𝑝0 + 𝛼𝛼𝛼𝛼 + 𝛽𝛽𝛼𝛼2

𝑝𝑝0 𝛼𝛼 𝛽𝛽

𝑝𝑝 = 𝛼𝛼𝛼𝛼 + 𝜌𝜌2
𝜌𝜌𝑐𝑐

𝛼𝛼𝑐𝑐

𝑝𝑝 = 𝛼𝛼𝛼𝛼2 − 𝛼𝛼



Halife ÇAĞLAR38

 

𝑅𝑅𝑖𝑖𝑖𝑖 −
1
2 𝑔𝑔𝑖𝑖𝑖𝑖𝑅𝑅 = −8𝜋𝜋

𝛷𝛷 𝑇𝑇𝑖𝑖𝑖𝑖

𝑇𝑇𝑖𝑖𝑖𝑖
𝛷𝛷

◻ 𝛷𝛷 = 𝛷𝛷;𝑖𝑖
𝑖𝑖 = 8𝜋𝜋

3 𝜆𝜆𝑇𝑇𝑖𝑖𝑖𝑖

𝜆𝜆 𝜆𝜆 < 0.1

𝛷𝛷 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑇𝑇𝑖𝑖𝑖𝑖 = (𝜌𝜌 + 𝑝𝑝)𝑢𝑢𝑖𝑖𝑢𝑢𝑖𝑖 − 𝑝𝑝𝑔𝑔𝑖𝑖𝑖𝑖

𝑇𝑇;𝑖𝑖𝑖𝑖𝑖𝑖 = 0

𝜌𝜌 𝑝𝑝
𝑔𝑔𝑖𝑖𝑖𝑖 𝑢𝑢𝑖𝑖

𝑢𝑢𝑖𝑖 = (1, 0, 0, … 0) (𝑐𝑐 + 2)
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𝑑𝑑𝑑𝑑2 = 𝑑𝑑𝑑𝑑2 − 𝑅𝑅(𝑑𝑑)2[𝑑𝑑𝑑𝑑2 + 𝑑𝑑2𝑑𝑑𝑑𝑑𝑛𝑛
2]

𝑑𝑑𝑑𝑑𝑛𝑛
2

𝑑𝑑𝑑𝑑𝑛𝑛
2 = 𝑑𝑑𝑑𝑑1

2 + sin2 𝑑𝑑1 𝑑𝑑𝑑𝑑2
2 + sin2 𝑑𝑑1  sin2 𝑑𝑑2 +

⋯ + sin2 𝑑𝑑𝑛𝑛−1 𝑑𝑑𝑑𝑑𝑛𝑛
2

𝐻𝐻 = �̇�𝑉
(𝑛𝑛+1)𝑉𝑉 = �̇�𝑅

𝑅𝑅

𝑞𝑞 = 𝜕𝜕
𝜕𝜕𝜕𝜕 (1

𝐻𝐻) − 1 = 𝑅𝑅�̈�𝑅
�̇�𝑅

𝑉𝑉 𝑉𝑉 = √det 𝑔𝑔𝑖𝑖𝑖𝑖

𝑛𝑛 �̈�𝑅
𝑅𝑅 + 𝑛𝑛(𝑛𝑛−1)

2
�̇�𝑅2

𝑅𝑅2 = − 8 𝜋𝜋 𝑝𝑝
𝛷𝛷

𝑛𝑛(𝑛𝑛+1)
2

�̇�𝑅2

𝑅𝑅2 = 8 𝜋𝜋 𝜌𝜌
𝛷𝛷

(𝑛𝑛 + 1)(𝑝𝑝 + 𝜌𝜌) �̇�𝑅
𝑅𝑅 + �̇�𝜌 = 0 

 

𝑅𝑅 𝜌𝜌 𝑝𝑝 𝛷𝛷
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𝑅𝑅 𝜌𝜌 𝛷𝛷

𝑅𝑅1 = 𝑠𝑠2𝑒𝑒𝑠𝑠1𝑡𝑡

𝜌𝜌1 = 1
2𝛽𝛽 [√𝛼𝛼2 + 2𝛼𝛼 + 1 − 4𝛽𝛽𝑝𝑝0 − 𝛼𝛼 − 1]

𝛷𝛷1 = 8𝜋𝜋
𝑛𝑛(𝑛𝑛+1)𝛽𝛽𝑠𝑠1

2 [√𝛼𝛼2 + 2𝛼𝛼 + 1 − 4𝛽𝛽𝑝𝑝0 − 𝛼𝛼 − 1]

𝑝𝑝

𝑝𝑝1 = 1
2𝛽𝛽 [𝛼𝛼 + 1 − √𝛼𝛼2 + 2𝛼𝛼 + 1 − 4𝛽𝛽𝑝𝑝0]

𝐻𝐻1 = 𝑠𝑠1

𝑞𝑞1 = −𝑠𝑠1𝑠𝑠2𝑒𝑒𝑠𝑠1𝑡𝑡

 

𝑅𝑅 𝜌𝜌 𝛷𝛷

𝑅𝑅2 = 𝑐𝑐1

𝜌𝜌2 = 0

𝛷𝛷2 = 𝑐𝑐2 𝑡𝑡 +  𝑐𝑐3

𝑝𝑝

𝑝𝑝2 = 0
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𝐻𝐻2 = 0

 

𝑅𝑅 𝜌𝜌 𝛷𝛷

𝑅𝑅3 = 𝑚𝑚1

𝜌𝜌3 = 0

𝛷𝛷3 = 𝑚𝑚2 𝑡𝑡 +  𝑚𝑚3

𝑝𝑝

𝑝𝑝3 = 0

𝐻𝐻3 = 0

 

𝛷𝛷

𝑑𝑑𝑑𝑑1
2 = 𝑑𝑑𝑡𝑡2 − 𝑑𝑑2

2𝑒𝑒2𝑠𝑠1𝑡𝑡 [𝑑𝑑𝑑𝑑2 + 𝑑𝑑2𝑑𝑑𝑑𝑑𝑛𝑛
2]
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𝑠𝑠1 𝑠𝑠2
𝑠𝑠1 → 0 𝑠𝑠2 → 0

𝑝𝑝1 = −𝜌𝜌1

  𝑅𝑅1
  𝑞𝑞1

𝑅𝑅1  𝑞𝑞1 𝑠𝑠1 =
𝑠𝑠2 = 1

𝑛𝑛 = 2 𝛷𝛷

𝛷𝛷1
4𝐷𝐷 = 4𝜋𝜋

3𝛽𝛽𝑠𝑠1
2 [√𝛼𝛼2 + 2𝛼𝛼 + 1 − 4𝛽𝛽𝑝𝑝0 − 𝛼𝛼 − 1]

𝑑𝑑𝑠𝑠2
2 = 𝑑𝑑𝑑𝑑2 − 𝑐𝑐1

2 [𝑑𝑑𝑑𝑑2 + 𝑑𝑑2𝑑𝑑𝑑𝑑𝑛𝑛
2]

𝑑𝑑𝑠𝑠3
2 = 𝑑𝑑𝑑𝑑2 − 𝑚𝑚1

2 [𝑑𝑑𝑑𝑑2 + 𝑑𝑑2𝑑𝑑𝑑𝑑𝑛𝑛
2]
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𝑐𝑐2 𝑚𝑚2
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𝑓𝑓(𝑅𝑅, 𝑇𝑇)
𝑓𝑓(𝑅𝑅, 𝑇𝑇)

√−𝑔𝑔 = 𝜖𝜖 𝜖𝜖

𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑓𝑓(𝑅𝑅, 𝑇𝑇)
𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑓𝑓(𝑅𝑅, 𝑇𝑇)
𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑓𝑓(𝐺𝐺)

𝑓𝑓(𝐺𝐺)
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𝑓𝑓(𝑅𝑅, 𝑇𝑇)

 𝒇𝒇(𝑹𝑹, 𝑻𝑻)

𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑆𝑆 = ∫ 𝑑𝑑 𝑥𝑥[√−𝑔𝑔 𝑓𝑓(𝑅𝑅, 𝑇𝑇) − 2𝜆𝜆(√−𝑔𝑔 − 𝜖𝜖)] + ∫ 𝑑𝑑 𝑥𝑥√−𝑔𝑔 𝐿𝐿𝑚𝑚

𝐿𝐿𝑚𝑚 𝜖𝜖 = 1
𝛿𝛿𝑆𝑆 = 0

𝑓𝑓,𝑅𝑅(𝑅𝑅, 𝑇𝑇) 𝑅𝑅𝑖𝑖𝑖𝑖 − 1
2 𝑔𝑔𝑖𝑖𝑖𝑖𝑓𝑓(𝑅𝑅, 𝑇𝑇) + (𝑔𝑔𝑖𝑖𝑖𝑖 ☐−∇i∇k)𝑓𝑓,𝑅𝑅(𝑅𝑅, 𝑇𝑇) + 𝜆𝜆𝑔𝑔𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑖𝑖𝑖𝑖 +

𝑓𝑓,𝑇𝑇(𝑅𝑅, 𝑇𝑇)(𝑇𝑇𝑖𝑖𝑖𝑖 + 𝛩𝛩𝑖𝑖𝑖𝑖) = 0

Θ𝑖𝑖𝑖𝑖

Θ𝑖𝑖𝑖𝑖 = 𝑔𝑔𝑎𝑎𝑎𝑎 𝛿𝛿𝑇𝑇𝑎𝑎𝑎𝑎
𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖 = −2𝑇𝑇𝑖𝑖𝑖𝑖 + 𝑔𝑔𝑖𝑖𝑖𝑖𝐿𝐿𝑚𝑚

☐ ∇
𝛿𝛿

𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖
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f,R f,T f,R(R, T) = df(R,T)
dR f,T(R, T) =

df(R,T)
dT Θ𝑖𝑖𝑖𝑖

Θ𝑖𝑖𝑖𝑖 = −2𝑇𝑇𝑖𝑖𝑖𝑖 − 1
2 𝑔𝑔𝑖𝑖𝑖𝑖(Φ,𝑙𝑙Φ,𝑙𝑙)

𝑓𝑓,𝑅𝑅(𝑅𝑅, 𝑇𝑇)𝑅𝑅 + 3☐𝑓𝑓,𝑅𝑅(𝑅𝑅, 𝑇𝑇) − 2𝑓𝑓(𝑅𝑅, 𝑇𝑇) + 𝜆𝜆 − 𝑇𝑇 + 𝑓𝑓,𝑇𝑇(𝑅𝑅, 𝑇𝑇)(𝑇𝑇 + 𝛩𝛩) = 0

𝑇𝑇 = 𝑔𝑔𝑖𝑖𝑖𝑖𝑇𝑇𝑖𝑖𝑖𝑖 Θ = 𝑔𝑔𝑖𝑖𝑖𝑖Θ𝑖𝑖𝑖𝑖

𝑓𝑓,𝑅𝑅(𝑅𝑅, 𝑇𝑇)[𝑅𝑅𝑖𝑖𝑖𝑖 − 1
3 𝑔𝑔𝑖𝑖𝑖𝑖𝑅𝑅]−𝛻𝛻𝑖𝑖𝛻𝛻𝑖𝑖𝑓𝑓,𝑅𝑅(𝑅𝑅, 𝑇𝑇) + 1

6 𝑓𝑓(𝑅𝑅, 𝑇𝑇)𝑔𝑔𝑖𝑖𝑖𝑖 − 1
3𝜆𝜆𝑔𝑔𝑖𝑖𝑖𝑖 −

 [𝑇𝑇𝑖𝑖𝑖𝑖 − 1
3 𝑔𝑔𝑖𝑖𝑖𝑖𝑇𝑇] + 𝑓𝑓,𝑇𝑇(𝑅𝑅, 𝑇𝑇)[𝑇𝑇𝑖𝑖𝑖𝑖 − 1

3 𝑔𝑔𝑖𝑖𝑖𝑖𝑇𝑇] + 𝑓𝑓,𝑇𝑇(𝑅𝑅, 𝑇𝑇)[Θ𝑖𝑖𝑖𝑖 − 1
3 𝑔𝑔𝑖𝑖𝑖𝑖Θ] = 0 

𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑑𝑑𝑑𝑑2 = 𝐴𝐴2(𝑡𝑡)𝑑𝑑𝑑𝑑2 + 𝐵𝐵2(𝑡𝑡)𝑑𝑑𝑑𝑑2 + 𝐶𝐶2(𝑡𝑡)𝑑𝑑𝑑𝑑2 − 𝑑𝑑𝑡𝑡2

𝐴𝐴(𝑡𝑡) 𝐵𝐵(𝑡𝑡) 𝐶𝐶(𝑡𝑡) 𝜏𝜏
𝑑𝑑𝜏𝜏 = 𝐴𝐴(𝑡𝑡)𝐵𝐵(𝑡𝑡)𝐶𝐶(𝑡𝑡)𝑑𝑑𝑡𝑡

𝑑𝑑𝜏𝜏

𝑑𝑑𝑑𝑑2 = 𝐴𝐴2(𝜏𝜏)𝑑𝑑𝑑𝑑2 + 𝐵𝐵2(𝜏𝜏)𝑑𝑑𝑑𝑑2 + 𝐶𝐶2(𝜏𝜏)𝑑𝑑𝑑𝑑2 − 1
𝐴𝐴2(𝜏𝜏)𝐵𝐵2(𝜏𝜏)𝐶𝐶2(𝜏𝜏) 𝑑𝑑𝜏𝜏2
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𝑇𝑇𝑖𝑖𝑖𝑖 = 𝛷𝛷,𝑖𝑖𝛷𝛷,𝑖𝑖 − 1
2 𝑔𝑔𝑖𝑖𝑖𝑖(𝑔𝑔𝑎𝑎𝑎𝑎𝛷𝛷,𝑎𝑎𝛷𝛷,𝑎𝑎)

Φ(𝜏𝜏)

𝑇𝑇𝑖𝑖
𝑖𝑖 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑔𝑔 [(𝐴𝐴𝐴𝐴𝐴𝐴)2(�̇�𝛷)2

2 , (𝐴𝐴𝐴𝐴𝐴𝐴)2(�̇�𝛷)2

2 , (𝐴𝐴𝐴𝐴𝐴𝐴)2(�̇�𝛷)2

2 , − (𝐴𝐴𝐴𝐴𝐴𝐴)2(�̇�𝛷)2

2 ]

𝑇𝑇 = (𝐴𝐴𝐴𝐴𝐴𝐴)2(�̇�𝛷)2

𝛩𝛩𝑖𝑖
𝑖𝑖

𝛩𝛩𝑖𝑖
𝑖𝑖 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑔𝑔 [− (𝐴𝐴𝐴𝐴𝐴𝐴)2(�̇�𝛷)2

2 , − (𝐴𝐴𝐴𝐴𝐴𝐴)2(�̇�𝛷)2

2 , − (𝐴𝐴𝐴𝐴𝐴𝐴)2(�̇�𝛷)2

2 , 3 (𝐴𝐴𝐴𝐴𝐴𝐴)2(�̇�𝛷)2

2 ]

Θ = 0

𝑓𝑓(𝑅𝑅, 𝑇𝑇) =  𝑅𝑅 +  2𝑓𝑓2(𝑇𝑇)

𝑓𝑓�̈�𝑅 − 𝑓𝑓𝑅𝑅 (�̈�𝐴
𝐴𝐴 + �̇�𝐴2

𝐴𝐴2) + 𝑓𝑓�̇�𝑅
�̇�𝐴
𝐴𝐴 − 2𝑓𝑓𝑅𝑅 (�̇�𝐴�̇�𝐴

𝐴𝐴𝐴𝐴 + �̇�𝐴�̇�𝐴
𝐴𝐴𝐴𝐴) + 2𝑓𝑓�̇�𝑅 (�̇�𝐴

𝐴𝐴 + �̇�𝐴
𝐴𝐴) + �̇�𝛷2

2 −
1

(𝐴𝐴𝐴𝐴𝐴𝐴)2 (𝜆𝜆 − 𝑓𝑓
2) = 0

𝑓𝑓�̈�𝑅 − 𝑓𝑓𝑅𝑅 (�̈�𝐴
𝐴𝐴 + �̇�𝐴2

𝐴𝐴2) + 𝑓𝑓�̇�𝑅
�̇�𝐴
𝐴𝐴 − 2𝑓𝑓𝑅𝑅 (�̇�𝐴�̇�𝐴

𝐴𝐴𝐴𝐴 + �̇�𝐴�̇�𝐴
𝐴𝐴𝐴𝐴) + 2𝑓𝑓�̇�𝑅 (�̇�𝐴

𝐴𝐴 + �̇�𝐴
𝐴𝐴) + �̇�𝛷2

2 −
1

(𝐴𝐴𝐴𝐴𝐴𝐴)2 (𝜆𝜆 − 𝑓𝑓
2) = 0

𝑓𝑓�̈�𝑅 − 𝑓𝑓𝑅𝑅 (�̈�𝐴
𝐴𝐴 + �̇�𝐴2

𝐴𝐴2) + 𝑓𝑓�̇�𝑅
�̇�𝐴
𝐴𝐴 − 2𝑓𝑓𝑅𝑅 (�̇�𝐴�̇�𝐴

𝐴𝐴𝐴𝐴 + �̇�𝐴�̇�𝐴
𝐴𝐴𝐴𝐴) + 2𝑓𝑓�̇�𝑅 (�̇�𝐴

𝐴𝐴 + �̇�𝐴
𝐴𝐴) + �̇�𝛷2

2 −
1

(𝐴𝐴𝐴𝐴𝐴𝐴)2 (𝜆𝜆 − 𝑓𝑓
2) = 0
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𝑓𝑓𝑅𝑅 (�̈�𝐴
𝐴𝐴 + �̈�𝐵

𝐵𝐵 + �̈�𝐶
𝐶𝐶 + �̇�𝐴2

𝐴𝐴2 + �̇�𝐵2

𝐵𝐵2 + �̇�𝐶2

𝐶𝐶2 + 2�̇�𝐴�̇�𝐵
𝐴𝐴𝐵𝐵 + 2�̇�𝐴�̇�𝐶

𝐴𝐴𝐶𝐶 + 2�̇�𝐵�̇�𝐶
𝐵𝐵𝐶𝐶 ) − 𝑓𝑓�̇�𝑅 (�̇�𝐴

𝐴𝐴 + �̇�𝐵
𝐵𝐵 + �̇�𝐶

𝐶𝐶) +
(𝑓𝑓𝑇𝑇 + 1

2) �̇�𝛷2

2 + 1
(𝐴𝐴𝐵𝐵𝐶𝐶)2 (𝜆𝜆 − 𝑓𝑓

2) = 0

𝛻𝛻𝑖𝑖𝛻𝛻𝑖𝑖𝛷𝛷 = 0

𝑓𝑓(𝑅𝑅, 𝑇𝑇) =  𝑅𝑅 + 2𝑓𝑓2(𝑇𝑇)

𝐴𝐴(𝜏𝜏) = − 𝑐𝑐3𝑐𝑐4𝑒𝑒𝑐𝑐3𝑐𝑐7(𝜏𝜏+𝑐𝑐6)
𝑐𝑐5

𝐵𝐵(𝜏𝜏) = − 𝑐𝑐2𝑐𝑐5
𝑐𝑐3𝑐𝑐4𝑒𝑒𝑐𝑐3𝑐𝑐7(𝜏𝜏+𝑐𝑐6)

𝐶𝐶(𝜏𝜏) = 𝑐𝑐1√−𝑐𝑐5(𝜏𝜏 + 𝑐𝑐6)

𝛷𝛷(𝜏𝜏) = − ln(𝜏𝜏+𝑐𝑐6)
𝑐𝑐5

+ 𝑐𝑐8

𝑐𝑐𝑖𝑖
𝛷𝛷(𝜏𝜏) (𝜏𝜏 + 𝑐𝑐6) > 0
𝐶𝐶(𝜏𝜏) 𝑐𝑐5 < 0

𝑓𝑓,𝑇𝑇 = −2𝑐𝑐5
2 − 1

𝑓𝑓(𝜏𝜏) = (𝑐𝑐1𝑐𝑐2)2

𝑐𝑐5(𝜏𝜏+𝑐𝑐6) + 2𝜆𝜆
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𝑅𝑅 = − 2𝑐𝑐5(𝑐𝑐1𝑐𝑐2)2
𝜏𝜏+𝑐𝑐6

𝑇𝑇 = − (𝑐𝑐1𝑐𝑐2)2
𝑐𝑐5(𝜏𝜏+𝑐𝑐6)

𝜏𝜏(𝑇𝑇) 𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑓𝑓(𝑅𝑅, 𝑇𝑇) = 𝑅𝑅 − (2𝑐𝑐52 + 1)𝑇𝑇 + 2𝜆𝜆

𝑓𝑓(𝑅𝑅, 𝑇𝑇) = 𝑅𝑅 + 𝜇𝜇𝑇𝑇 𝑓𝑓(𝑅𝑅, 𝑇𝑇)
𝜇𝜇

𝜇𝜇
𝜆𝜆

𝑅𝑅𝑖𝑖𝑖𝑖 −
1
2 𝑔𝑔𝑖𝑖𝑖𝑖𝑅𝑅 − 1

2 𝑔𝑔𝑖𝑖𝑖𝑖(𝑅𝑅 + 𝜇𝜇𝑇𝑇) − 𝑇𝑇𝑖𝑖𝑖𝑖 + 𝜇𝜇(𝑇𝑇𝑖𝑖𝑖𝑖 + 𝛩𝛩𝑖𝑖𝑖𝑖) = 0

𝜇𝜇

𝑝𝑝 = 𝜌𝜌
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𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑑𝑑𝑑𝑑
𝑑𝑑ℑ = − 13  𝜗𝜗2 + 𝜔𝜔𝑖𝑖𝑖𝑖𝜔𝜔𝑖𝑖𝑖𝑖 − 𝜎𝜎𝑖𝑖𝑖𝑖𝜎𝜎𝑖𝑖𝑖𝑖 − 𝑅𝑅𝑖𝑖𝑖𝑖 𝑢𝑢𝑖𝑖𝑢𝑢𝑖𝑖

𝑑𝑑𝑑𝑑
𝑑𝑑ℑ = − 12  𝜗𝜗2 + 𝜔𝜔𝑖𝑖𝑖𝑖𝜔𝜔𝑖𝑖𝑖𝑖  − 𝜎𝜎𝑖𝑖𝑖𝑖𝜎𝜎𝑖𝑖𝑖𝑖  − 𝑅𝑅𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖 𝑛𝑛𝑖𝑖

𝜔𝜔𝑖𝑖𝑖𝑖 σik
𝑢𝑢𝑖𝑖 𝑛𝑛𝑖𝑖

𝑔𝑔𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖 𝑛𝑛𝑖𝑖 = 0 𝑛𝑛𝑖𝑖 = [ 1
𝐴𝐴2 , 0,0, 𝐵𝐵𝐵𝐵]

𝑢𝑢𝑖𝑖 = [0,0,0, 𝐴𝐴𝐵𝐵𝐵𝐵] 𝜗𝜗 = −ℑ𝑅𝑅𝑖𝑖𝑖𝑖 𝑢𝑢𝑖𝑖𝑢𝑢𝑖𝑖

𝜗𝜗 = −ℑ𝑅𝑅𝑖𝑖𝑖𝑖 𝑛𝑛𝑖𝑖 𝑛𝑛𝑖𝑖

𝜗𝜗 < 0
𝑅𝑅𝑖𝑖𝑖𝑖 𝑢𝑢𝑖𝑖𝑢𝑢𝑖𝑖 ≥ 0 𝑅𝑅𝑖𝑖𝑖𝑖 𝑛𝑛𝑖𝑖 𝑛𝑛𝑖𝑖 ≥ 0

(𝑇𝑇𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒)

(𝑇𝑇𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 − 1

2 𝑔𝑔𝑖𝑖𝑖𝑖𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒) 𝑢𝑢𝑖𝑖𝑢𝑢𝑖𝑖 ≥ 0

(𝑇𝑇𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 − 1

2 𝑔𝑔𝑖𝑖𝑖𝑖𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒) 𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖 ≥ 0

𝑇𝑇𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒𝑢𝑢𝑖𝑖𝑢𝑢𝑖𝑖 ≥ 0

𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 𝑇𝑇𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒

𝑓𝑓(𝑅𝑅, 𝑇𝑇)
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𝑇𝑇𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 = 1

𝑒𝑒,𝑅𝑅
[𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑓𝑓,𝑇𝑇(𝑇𝑇𝑖𝑖𝑖𝑖 + 𝛩𝛩𝑖𝑖𝑖𝑖) + 1

2 𝑔𝑔𝑖𝑖𝑖𝑖(𝑓𝑓 − 2𝜆𝜆 − 𝑅𝑅𝑓𝑓,𝑅𝑅) −
(𝑔𝑔𝑖𝑖𝑖𝑖 ☐−∇i∇k)𝑓𝑓,𝑅𝑅]

𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 = 1
𝑒𝑒,𝑅𝑅

[𝑇𝑇 − 𝑓𝑓,𝑇𝑇(𝑇𝑇 + 𝛩𝛩) + 2(𝑓𝑓 − 2𝜆𝜆 − 𝑅𝑅𝑓𝑓,𝑅𝑅) − 3☐𝑓𝑓,𝑅𝑅]

− (𝑐𝑐1𝑐𝑐2)2(2𝑐𝑐5
2+3)

2𝑐𝑐5(𝜏𝜏+𝑐𝑐6) ≥ 0

− 2𝑐𝑐5(𝑐𝑐1𝑐𝑐2)2(𝑐𝑐5
2+1)𝑒𝑒−2𝑐𝑐3𝑐𝑐7

(𝑐𝑐3𝑐𝑐4)2(𝜏𝜏+𝑐𝑐6)3 ≥ 0

− (𝑐𝑐1𝑐𝑐2)2(4𝑐𝑐5
2+3)

2𝑐𝑐5(𝜏𝜏+𝑐𝑐6) ≥ 0

𝑐𝑐5 < 0

(𝜏𝜏) 𝑐𝑐1 = 𝑐𝑐2 = 𝑐𝑐3 =
𝑐𝑐4 = 1 −1 ≤ 𝑐𝑐5 ≤ 1 𝑐𝑐6 = 1 𝑐𝑐7 = 0
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ℋ(𝜏𝜏) = 1
3

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 (

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝐴𝐴 +

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝐵𝐵 +

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝐶𝐶 ) = 1

3
𝑑𝑑

𝑑𝑑𝑑𝑑 (𝐴𝐴𝐴𝐴𝐴𝐴)

𝑑𝑑𝜏𝜏 = 𝐴𝐴(𝑡𝑡)𝐴𝐴(𝑡𝑡)𝐴𝐴(𝑡𝑡)𝑑𝑑𝑡𝑡

ℋ(𝜏𝜏) = − 𝑐𝑐1𝑐𝑐2𝑐𝑐5
6√−𝑐𝑐5(𝑑𝑑+𝑐𝑐6)

ℋ(𝜏𝜏) 𝑐𝑐1 𝑐𝑐2 𝑐𝑐1𝑐𝑐2 >
0 𝑐𝑐5 < 0

�̃�𝜗(𝜏𝜏) = 𝛻𝛻𝑖𝑖𝑢𝑢𝑖𝑖 = − 𝑐𝑐1𝑐𝑐2𝑐𝑐5
2√−𝑐𝑐5(𝑑𝑑+𝑐𝑐6) = 3ℋ(𝜏𝜏)

𝛼𝛼𝑖𝑖 = 𝑢𝑢𝑘𝑘𝛻𝛻𝑘𝑘𝑢𝑢𝑖𝑖 = (0,0,0,0)

�̃�𝜎𝑖𝑖𝑘𝑘 = 1
2 (ℎ𝑘𝑘

𝑙𝑙  ∇𝑙𝑙𝑢𝑢𝑖𝑖 + ℎ𝑖𝑖
𝑙𝑙 ∇𝑙𝑙𝑢𝑢𝑘𝑘) − 1

3 𝜗𝜗 ℎ𝑖𝑖𝑘𝑘 + 1
2 (𝛼𝛼𝑖𝑖𝑢𝑢𝑘𝑘 + 𝛼𝛼𝑘𝑘𝑢𝑢𝑖𝑖)

ℎ𝑖𝑖𝑘𝑘 = 𝑔𝑔𝑖𝑖𝑘𝑘 + 𝑢𝑢𝑖𝑖𝑢𝑢𝑘𝑘
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�̃�𝜎2(𝜏𝜏) = 1
2 �̃�𝜎𝑖𝑖𝑖𝑖�̃�𝜎

𝑖𝑖𝑖𝑖 = − 13
12

𝑐𝑐5(𝑐𝑐1𝑐𝑐2)2
(𝜏𝜏+𝑐𝑐6)

�̃�𝜎2(𝜏𝜏)
�̃�𝜗2(𝜏𝜏) =

13
3

ℋ(𝜏𝜏)

�̃�𝑞(𝜏𝜏) = − ℋ̇(𝜏𝜏)
ℋ2(𝜏𝜏) − 1 = 3

𝑐𝑐1𝑐𝑐2√−𝑐𝑐5(𝜏𝜏+𝑐𝑐6)
− 1

�̃�𝑞 𝜏𝜏 �̃�𝑞(𝜏𝜏)
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(�̃�𝑞) (𝜏𝜏) 𝑐𝑐1 = 𝑐𝑐2 = 1
𝑐𝑐5 = −1
𝑐𝑐6 = 0 0 ≤  𝜏𝜏 <  ∞ 0 ≤  𝜏𝜏 ≤  100

ℋ(𝜏𝜏)

△̃= 1
3 ∑3

𝑖𝑖=1 (ℋ𝑖𝑖−ℋ
ℋ )

2
= 2𝑐𝑐1𝑐𝑐2√−𝑐𝑐5(𝜏𝜏+𝑐𝑐6)−27

(𝑐𝑐1𝑐𝑐2)2𝑐𝑐5(𝜏𝜏+𝑐𝑐6) + 1

𝐻𝐻𝑖𝑖 𝐻𝐻𝑥𝑥, 𝐻𝐻𝑦𝑦, 𝐻𝐻𝑧𝑧
𝜏𝜏 → ∞ △̃

𝑑𝑑𝑑𝑑 = 𝑑𝑑𝜏𝜏
𝐴𝐴(𝜏𝜏)𝐵𝐵(𝜏𝜏)𝐶𝐶(𝜏𝜏) = 𝑑𝑑𝜏𝜏

𝑐𝑐1𝑐𝑐2√−𝑐𝑐5(𝜏𝜏+𝑐𝑐6)

𝑑𝑑(𝜏𝜏)

𝑑𝑑(𝜏𝜏) = 2(𝜏𝜏+𝑐𝑐6)
𝑐𝑐1𝑐𝑐2√−𝑐𝑐5(𝜏𝜏+𝑐𝑐6)

𝜏𝜏(𝑑𝑑)

𝜏𝜏(𝑑𝑑) = −𝑐𝑐5 (𝑐𝑐1𝑐𝑐2
2 )

2
𝑑𝑑2 − 𝑐𝑐6

𝜏𝜏(𝑑𝑑)

𝐴𝐴(𝑑𝑑) = 𝑐𝑐3𝑐𝑐4𝑒𝑒𝑐𝑐3𝑐𝑐7 (𝑐𝑐1𝑐𝑐2
2 )

2
𝑑𝑑2
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𝐵𝐵(𝑡𝑡) = 4
𝑐𝑐12𝑐𝑐2𝑐𝑐3𝑐𝑐4𝑒𝑒𝑐𝑐3𝑐𝑐7𝑡𝑡2

𝐶𝐶(𝑡𝑡) = 1
2 𝑐𝑐1

2𝑐𝑐2𝑐𝑐5𝑡𝑡

𝐻𝐻(𝑡𝑡) = 1
3 (

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑡𝑡
𝐴𝐴(𝑡𝑡) +

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑡𝑡
𝐵𝐵(𝑡𝑡) +

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑡𝑡
𝐶𝐶(𝑡𝑡) ) =

1
3𝑡𝑡

𝑞𝑞(𝑡𝑡) = − �̇�𝐻(𝑡𝑡)
𝐻𝐻2(𝑡𝑡) − 1 = 2

(𝑞𝑞 = 2)
𝑓𝑓(𝑅𝑅, 𝑇𝑇)

△= 26

𝜗𝜗 = 1
𝑡𝑡

𝜎𝜎2 = 13
3𝑡𝑡2
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𝜎𝜎2
𝜗𝜗2 =

13
3

𝑝𝑝 = 𝜌𝜌
𝜌𝜌 𝑝𝑝

𝜌𝜌 = (𝛷𝛷′)2

2 + 𝑉𝑉(𝛷𝛷)

𝑝𝑝 = (𝛷𝛷′)2

2 − 𝑉𝑉(𝛷𝛷)

𝑉𝑉(Φ) 𝑝𝑝 =
𝜌𝜌

𝑐𝑐𝑠𝑠2 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 𝑐𝑐

2

𝑐𝑐𝑠𝑠 = 𝑐𝑐

𝜌𝜌 = 1
2(𝜏𝜏+𝑐𝑐6)2𝑐𝑐52

𝑐𝑐5 ≠ 0 𝑐𝑐6 = 0
𝜏𝜏 = 0 𝜏𝜏 → ∞
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(𝜌𝜌) (𝜏𝜏) 𝑐𝑐5 = −1
𝑐𝑐6 = 0 0 ≤ 𝜏𝜏 < ∞ 0 ≤  𝜏𝜏 ≤  10

 

𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑓𝑓(𝑅𝑅, 𝑇𝑇) = 𝑅𝑅 + 2𝑓𝑓2(𝑇𝑇)
𝑓𝑓(𝑅𝑅, 𝑇𝑇)

𝑓𝑓2(𝑇𝑇) 𝑓𝑓2(𝑇𝑇) = 𝜇𝜇𝑇𝑇

𝜇𝜇
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𝜏𝜏

𝜏𝜏 →
∞
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ṣ ̃



Chapter 5
CONFORMAL COSMOLOGIES AS WORMHOLE 

GENERATORS IN F(R,T) THEORY

Doğukan TAŞER1 

1 Assoc. Prof. Dr., Çanakkale Onsekiz Mart University, Çan Vocational School, Department 
of Electricity and Energy. Çanakkale, TURKEY, dogukantaser@comu.edu.tr, 
ORCID: https://orcid.org/0000-0002-8622-6830
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ρ > 1015𝑔𝑔/𝑐𝑐𝑚𝑚3
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(𝑏𝑏 < 𝑡𝑡 ≤ ∞)



Doğukan TAŞER70

 𝒇𝒇(𝑹𝑹, 𝑻𝑻)

𝑆𝑆 = 1
16π ∫ 𝑓𝑓(𝑅𝑅, 𝑇𝑇)√−𝑔𝑔 𝑑𝑑

4𝑥𝑥 + ∫𝔏𝔏𝔪𝔪√−𝑔𝑔𝑑𝑑4𝑥𝑥

𝔏𝔏𝔪𝔪

𝑇𝑇𝑖𝑖𝑖𝑖 = − 2
√−𝑔𝑔

δ(√−𝑔𝑔𝔏𝔏𝔪𝔪)
δ𝑔𝑔𝑖𝑖𝑖𝑖

𝑔𝑔𝑖𝑖𝑖𝑖

𝑇𝑇𝑖𝑖𝑖𝑖 = 𝔏𝔏𝔪𝔪𝑔𝑔𝑖𝑖𝑖𝑖 − 2 δ𝔏𝔏𝔪𝔪
δ𝑔𝑔𝑖𝑖𝑖𝑖

𝑓𝑓𝑅𝑅(𝑅𝑅, 𝑇𝑇)𝑅𝑅𝑖𝑖𝑖𝑖 −
1
2 𝑓𝑓(𝑅𝑅, 𝑇𝑇)𝑔𝑔𝑖𝑖𝑖𝑖 + (𝑔𝑔𝑖𝑖𝑖𝑖\𝐵𝐵𝐵𝐵𝑥𝑥 − ∇𝑖𝑖∇𝑖𝑖)𝑓𝑓𝑅𝑅(𝑅𝑅, 𝑇𝑇) = κ𝑇𝑇𝑖𝑖𝑖𝑖 −

𝑓𝑓𝑇𝑇(𝑅𝑅, 𝑇𝑇)𝑇𝑇𝑖𝑖𝑖𝑖
−𝑓𝑓𝑇𝑇(𝑅𝑅, 𝑇𝑇)Θ𝑖𝑖𝑖𝑖

Θ𝑖𝑖𝑖𝑖 = −𝔏𝔏𝔪𝔪𝑔𝑔𝑖𝑖𝑖𝑖 + 2𝑔𝑔𝑖𝑖𝑖𝑖𝔏𝔏𝔪𝔪 − 2𝑇𝑇𝑖𝑖𝑖𝑖 − 2𝑔𝑔𝑚𝑚𝑚𝑚 ∂2𝔏𝔏𝔪𝔪
∂𝑔𝑔𝑖𝑖𝑖𝑖 ∂𝑔𝑔𝑚𝑚𝑚𝑚

𝑓𝑓𝑅𝑅(𝑅𝑅, 𝑇𝑇) =
𝜕𝜕𝜕𝜕(𝑅𝑅,𝑇𝑇)

𝜕𝜕𝑅𝑅 𝑓𝑓𝑇𝑇(𝑅𝑅, 𝑇𝑇) =
𝜕𝜕𝜕𝜕(𝑅𝑅,𝑇𝑇)

𝜕𝜕𝑇𝑇 □
∇i
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𝑓𝑓𝑅𝑅(𝑅𝑅, 𝑇𝑇)𝑅𝑅 + 3\𝐵𝐵𝐵𝐵𝐵𝐵𝑓𝑓𝑅𝑅(𝑅𝑅, 𝑇𝑇) − 2𝑓𝑓(𝑅𝑅, 𝑇𝑇) = κ𝑇𝑇 − 𝑓𝑓𝑇𝑇(𝑅𝑅, 𝑇𝑇)(𝑇𝑇 + Θ)

Θ𝑖𝑖𝑖𝑖 = 𝑔𝑔𝑖𝑖𝑖𝑖 ∂𝑇𝑇𝑖𝑖𝑖𝑖
∂𝑔𝑔𝑖𝑖𝑖𝑖

𝔏𝔏𝔪𝔪 = −𝜌𝜌

𝑓𝑓(𝑅𝑅, 𝑇𝑇) = 𝑅𝑅 + 2ℎ(𝑇𝑇)

ℎ(𝑇𝑇) = λ𝑇𝑇

𝐺𝐺𝑖𝑖𝑖𝑖 = (8π + 2λ)𝑇𝑇𝑖𝑖𝑖𝑖 + λ(2ρ + 𝑇𝑇)𝑔𝑔𝑖𝑖𝑖𝑖
𝐺𝐺𝑖𝑖𝑖𝑖

𝑑𝑑𝑠𝑠2 = Ω2(𝑡𝑡) [𝑑𝑑𝑡𝑡2 − 𝑑𝑑𝑟𝑟2
𝐵𝐵(𝑟𝑟) − 𝑟𝑟2(𝑑𝑑θ2 + sin2(θ) 𝑑𝑑ϕ2)]

Ω2(𝑡𝑡)

𝑇𝑇𝑖𝑖𝑖𝑖 = (ρ + 𝑝𝑝𝑡𝑡)𝑢𝑢𝑖𝑖𝑢𝑢𝑖𝑖 − 𝑝𝑝𝑡𝑡𝑔𝑔𝑖𝑖𝑖𝑖 + (𝑝𝑝𝑟𝑟 − 𝑝𝑝𝑡𝑡)χ𝑖𝑖χ𝑖𝑖
ρ 𝑝𝑝𝑡𝑡 𝑝𝑝𝑟𝑟

𝑢𝑢𝑖𝑖 χ𝑖𝑖
𝑢𝑢𝑖𝑖
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𝑁𝑁𝑁𝑁𝑁𝑁  :   ρ𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑝𝑝𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 ≥ 0

𝑊𝑊𝑁𝑁𝑁𝑁  :   ρ𝑒𝑒𝑒𝑒𝑒𝑒 ≥ 0;   ρ𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑝𝑝𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 ≥ 0

𝐷𝐷𝑁𝑁𝑁𝑁  :   ρ𝑒𝑒𝑒𝑒𝑒𝑒 ≥ 0;   ρ𝑒𝑒𝑒𝑒𝑒𝑒 ≥ |𝑝𝑝𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒|

𝑆𝑆𝑁𝑁𝑁𝑁  :   ρ𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑝𝑝𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 ≥ 0;   ρ𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑝𝑝𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 + 2𝑝𝑝𝑡𝑡

𝑒𝑒𝑒𝑒𝑒𝑒 ≥ 0

2Ω′′

Ω3 − Ω′2

Ω4 −
1−𝐵𝐵
Ω2𝑟𝑟2 = λ(3ρ − 2𝑝𝑝𝑡𝑡) − 𝑝𝑝𝑟𝑟(8π + 3λ) = −𝑝𝑝𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒

2Ω′′

Ω3 − Ω′2

Ω4 −
�̇�𝐵

2Ω2𝑟𝑟 = λ(3ρ − 𝑝𝑝𝑟𝑟) − 𝑝𝑝𝑡𝑡(8π + 4λ) = −𝑝𝑝𝑡𝑡
𝑒𝑒𝑒𝑒𝑒𝑒

3Ω′2

Ω4 − �̇�𝐵
Ω2𝑟𝑟 −

1−𝐵𝐵
Ω2𝑟𝑟2 = −λ(2𝑝𝑝𝑡𝑡 + 𝑝𝑝𝑟𝑟) + ρ(8π + 5λ) = ρ𝑒𝑒𝑒𝑒𝑒𝑒

𝑝𝑝𝑟𝑟(𝑟𝑟, 𝑡𝑡) =
−Ω′′Ω𝑟𝑟2(5λ+8π)+Ω′2𝑟𝑟2(7λ+4π)−2Ω2(�̇�𝐵λ𝑟𝑟−(λ+2π)(𝐵𝐵−1))

8Ω4𝑟𝑟2(λ+π)(λ+4π)

𝑝𝑝𝑡𝑡(𝑟𝑟, 𝑡𝑡)
−Ω′′Ω𝑟𝑟2(5λ+8π)+Ω′2𝑟𝑟2(7λ+4π)−2Ω2(𝐵𝐵π̇𝑟𝑟−λ(𝐵𝐵−1))

−Ω′′Ω𝑟𝑟2(5λ+8π)+Ω′2𝑟𝑟2(7λ+4π)−2Ω2(�̇�𝐵π𝑟𝑟−λ(𝐵𝐵−1)}8Ω4𝑟𝑟2(λ+π)(λ+4π)

ρ(𝑟𝑟, 𝑡𝑡) = −3Ω′′Ωλ𝑟𝑟2+3Ω′2𝑟𝑟2(3λ+4π)−2Ω2(λ+2π)(�̇�𝐵𝑟𝑟+𝐵𝐵−1)
8Ω4𝑟𝑟2(λ+π)(λ+4π)  

𝐵𝐵(𝑟𝑟) = 1 − √𝑐𝑐1
𝑟𝑟
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r 

r ≥ | | 

Ω(𝑡𝑡) = 𝑒𝑒𝑐𝑐2

ρ(𝑟𝑟) = 1
8
𝑒𝑒−2𝑐𝑐2√𝑐𝑐1(λ+2π)

𝑟𝑟
5
2(λ+π)(λ+4π)

𝑝𝑝𝑟𝑟(𝑟𝑟) = − 1
8
𝑒𝑒−2𝑐𝑐2√𝑐𝑐1(3λ+4π)

𝑟𝑟
5
2(λ+π)(λ+4π)

𝑝𝑝𝑡𝑡(𝑟𝑟) =
1
8
𝑒𝑒−2𝑐𝑐2√𝑐𝑐1(2λ+π)

𝑟𝑟
5
2(4π2+5πλ+λ2)

𝑑𝑑𝑠𝑠2 = 𝑒𝑒2𝑐𝑐2 [−𝑑𝑑𝑡𝑡2 + 𝑑𝑑𝑟𝑟2

1−√𝑐𝑐1
𝑟𝑟

+ 𝑟𝑟2(𝑑𝑑θ2 + sin2(θ) 𝑑𝑑ϕ2)]

𝑐𝑐1 = 𝑟𝑟0

ρ𝑒𝑒𝑒𝑒𝑒𝑒(𝑟𝑟) = 1
2
𝑒𝑒−2𝑐𝑐2√𝑟𝑟0

𝑟𝑟
5
2

𝑝𝑝𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒(𝑟𝑟) = − 𝑒𝑒−2𝑐𝑐2√𝑟𝑟0

𝑟𝑟
5
2

𝑝𝑝𝑡𝑡
𝑒𝑒𝑒𝑒𝑒𝑒(𝑟𝑟) = 1

4
𝑒𝑒−2𝑐𝑐2√𝑟𝑟0

𝑟𝑟
5
2

ρ𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑝𝑝𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 ≥ 0

𝑝𝑝𝑟𝑟 ρ𝑒𝑒𝑒𝑒𝑒𝑒 ≥
|𝑝𝑝𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒|

ρ + 𝑝𝑝𝑟𝑟 = − 1
4
𝑒𝑒−2𝑐𝑐2√𝑟𝑟0

𝑟𝑟
5
2(λ+4π)

ρ + 𝑝𝑝𝑡𝑡 =
3
8
𝑒𝑒−2𝑐𝑐2√𝑟𝑟0

𝑟𝑟
5
2(λ+4π)
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ρ + 𝑝𝑝𝑟𝑟 + 2𝑝𝑝𝑡𝑡 =
1
4

λ𝑒𝑒−2𝑐𝑐2√𝑟𝑟0

𝑟𝑟
5
2(4π2+5πλ+λ2)

ρ − |𝑝𝑝𝑟𝑟| =
1
8
𝑒𝑒−2𝑐𝑐2√𝑟𝑟0(λ+2π)

𝑟𝑟
5
2(λ+π)(λ+4π)

− |− 1
8
𝑒𝑒−2𝑐𝑐2√𝑟𝑟0(3λ+4π)

𝑟𝑟
5
2(λ+π)(λ+4π)

|

ρ − |𝑝𝑝𝑡𝑡| =
1
8
𝑒𝑒−2𝑐𝑐2√𝑟𝑟0(λ+2π)

𝑟𝑟
5
2(λ+π)(λ+4π)

− |18
𝑒𝑒−2𝑐𝑐2√𝑟𝑟0(2λ+π)

𝑟𝑟
5
2(4π2+5πλ+λ2)

|

λ = −5π
λ ≻

π −2π > λ > −4π
ρ + pr + 2pt

λ < −4π λ ≻ π
ρ + 𝑝𝑝𝑟𝑟 ρ + 𝑝𝑝𝑡𝑡

λ ρ + 𝑝𝑝𝑟𝑟 ≥ 0
λ < −4π ρ + 𝑝𝑝𝑡𝑡 ≥ 0

λ ≻ 4π ρ + 𝑝𝑝𝑖𝑖 ≥ 0

λ
ρ − |𝑝𝑝𝑟𝑟|

ρ − |𝑝𝑝𝑡𝑡|
ρ − |𝑝𝑝𝑟𝑟| ≥ 0

Figure 2: Evolution of energy 
condition term ρ+pr+2pt for c2 

= 1.1 and r0 = 0.5

Figure 1: Evolution of density 
for c2 =and r0 = 0.5
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𝐵𝐵(𝑟𝑟) = 1 − 𝑐𝑐32𝑟𝑟2

Figure 3: Evolution of energy 
condition term ρ + pr for c2 = 

1.1 and r0 = 0.5

Figure 4: Evolution of energy 
condition term ρ + pt for c2 = 

1.1 and r0 = 0.5

Figure 5: Evolution of energy 
condition term ρ − |pr| for c2 = 

1.1 and r0 = 0.5

Figure 6: Evolution of energy 
condition term ρ − |pt| for c2 = 

1.1 and r0 = 0.5
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Ω(𝑡𝑡) = 𝑒𝑒𝑐𝑐4𝑐𝑐𝑐𝑐𝑠𝑠−
1
𝑐𝑐6(𝑐𝑐3(𝑐𝑐5 + 𝑡𝑡)𝑐𝑐6)

ρ(𝑡𝑡) = 3
8
𝑐𝑐32𝑒𝑒−2𝑐𝑐4(4π+λ(2−𝑐𝑐6))𝑐𝑐𝑐𝑐𝑠𝑠

−2(𝑐𝑐6−1)𝑐𝑐6 (𝑐𝑐3(𝑐𝑐5+𝑡𝑡)𝑐𝑐6)
(π+λ)(4π+λ)

𝑝𝑝𝑟𝑟(𝑡𝑡) = 𝑝𝑝𝑡𝑡(𝑡𝑡) = − 1
8
𝑐𝑐32𝑒𝑒−2𝑐𝑐4(4π(2𝑐𝑐6+1)+λ(5𝑐𝑐6−2))𝑐𝑐𝑐𝑐𝑠𝑠

−2(𝑐𝑐6−1)𝑐𝑐6 (𝑐𝑐3(𝑐𝑐5+𝑡𝑡)𝑐𝑐6)
(π+λ)(4π+λ)

𝑑𝑑𝑠𝑠2 = 𝑒𝑒2𝑐𝑐4𝑐𝑐𝑐𝑐𝑠𝑠−
1
𝑐𝑐6(𝑐𝑐3(𝑐𝑐5 + 𝑡𝑡)𝑐𝑐6) [−𝑑𝑑𝑡𝑡2 +

𝑑𝑑𝑟𝑟2
1−𝑐𝑐32𝑟𝑟2

+ 𝑟𝑟2(𝑑𝑑θ2 +

sin2(θ) 𝑑𝑑ϕ2)]

𝑐𝑐3 = 𝑟𝑟0

ρ𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) = 3𝑒𝑒−2𝑐𝑐4𝑟𝑟02𝑐𝑐𝑐𝑐𝑠𝑠
−2(𝑐𝑐6−1)

𝑐𝑐6 (𝑟𝑟0(𝑐𝑐5 + 𝑡𝑡)𝑐𝑐6)

𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) = −(2𝑐𝑐6 + 1)𝑒𝑒−2𝑐𝑐4𝑟𝑟02𝑐𝑐𝑐𝑐𝑠𝑠
−2(𝑐𝑐6−1)

𝑐𝑐6 (𝑟𝑟0(𝑐𝑐5 + 𝑡𝑡)𝑐𝑐6)

− 3
2 π ≥ 𝑟𝑟0𝑐𝑐6 ≥

− 5
2 𝜋𝜋 0 ≥ 𝑟𝑟0𝑐𝑐6 ≥ − 1

2 𝜋𝜋
1
2 π ≥ 𝑟𝑟0𝑐𝑐6 ≥ 0 5

2 π ≥ 𝑟𝑟0𝑐𝑐6 ≥
3
2 𝜋𝜋 𝑡𝑡 > 𝑐𝑐5

1
2 π > 𝑐𝑐5 + 𝑡𝑡 > −1

2
3
2 π > 𝑐𝑐5 + 𝑡𝑡 > 1

2 𝜋𝜋 𝑐𝑐6 =
−1

ρ + 𝑝𝑝 = − 𝑟𝑟02𝑒𝑒−2𝑐𝑐4(𝑐𝑐6−1)𝑐𝑐𝑐𝑐𝑠𝑠
−2(𝑐𝑐6−1)𝑐𝑐6 (𝑟𝑟0(𝑐𝑐5+𝑡𝑡)𝑐𝑐6)

4π+λ

ρ + 3𝑝𝑝 = − 3
4
𝑟𝑟02𝑒𝑒−2𝑐𝑐4(λ(3𝑐𝑐6−2)+4π𝑐𝑐6)𝑐𝑐𝑐𝑐𝑠𝑠

−2(𝑐𝑐6−1)𝑐𝑐6 (𝑟𝑟0(𝑐𝑐5+𝑡𝑡)𝑐𝑐6)
(π+λ)(4π+λ)
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ρ − |𝑝𝑝| = 3
8

𝑟𝑟0
2𝑒𝑒−2𝑐𝑐4(4π+λ(2−𝑐𝑐6))𝑐𝑐𝑐𝑐𝑠𝑠−2(𝑐𝑐6−1)

𝑐𝑐6 (𝑟𝑟0(𝑐𝑐5+𝑡𝑡)𝑐𝑐6)
(π+λ)(4π+λ)  −

|− 1
8

𝑟𝑟0
2𝑒𝑒−2𝑐𝑐4(4π(2𝑐𝑐6+1)+λ(5𝑐𝑐6−2))𝑐𝑐𝑐𝑐𝑠𝑠−2(𝑐𝑐6−1)

𝑐𝑐6 (𝑟𝑟0(𝑐𝑐5+𝑡𝑡)𝑐𝑐6)
(π+λ)(4π+λ) |

λ > 0 𝑐𝑐6 ≤ 2(2π+λ)
λ

ρ + 𝑝𝑝

1 ≥ 𝑐𝑐6 ≥ ,0 ≥ 𝑐𝑐6 ≥ − 1
2 𝜋𝜋 − 3

2 π ≥ 𝑐𝑐6 ≥ − 5
2 𝜋𝜋 λ ≻ −4π

ρ + 𝑝𝑝 ≥ 0
ρ + 3𝑝𝑝

− 3
2 π ≥ 𝑐𝑐6 ≥ − 5

2 𝜋𝜋
0 ≥ 𝑐𝑐6 ≥ − 1

2 𝜋𝜋 2λ
4π+λ > 𝑐𝑐6 > 0 λ > 0

ρ + 3𝑝𝑝 ≥ 0 ρ − |𝑝𝑝| ≥ 0
λ > 0 𝑐𝑐6 = 2π

4π+3λ

𝑐𝑐6 = 1 𝑐𝑐6 = −1 λ = − 4
5

ω =
− 1

3

Figure 7: Evolution of density 
for c4 = 1,c5 = 0, c6 = 2 and r0 

= 1

Figure 8: Evolution of energy 
condition term ρ + p for c4 = 

1,c5 = 0, c6 = 2 and r0 = 1
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θ = π
2

𝑑𝑑𝑠𝑠2 = Ω(𝑡𝑡)2 ( 𝑑𝑑𝑟𝑟2

1−𝑏𝑏(𝑟𝑟)
𝑟𝑟
+ 𝑟𝑟2𝑑𝑑ϕ2)

𝑑𝑑𝑠𝑠2 = 𝑑𝑑𝑧𝑧2 + 𝑑𝑑𝑟𝑟2 + 𝑟𝑟2𝑑𝑑ϕ2

𝑟𝑟 = Ω(𝑡𝑡)𝑟𝑟|𝑡𝑡=𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡,      𝑑𝑑𝑟𝑟2 = Ω(𝑡𝑡)2𝑑𝑑𝑟𝑟2|𝑡𝑡=𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡
𝑧𝑧 𝑟𝑟 ϕ

𝑑𝑑𝑠𝑠2 = 𝑑𝑑𝑟𝑟2

1−𝑏𝑏(𝑟𝑟)
𝑟𝑟

+ 𝑟𝑟2𝑑𝑑ϕ2

𝑏𝑏(𝑟𝑟) 𝑏𝑏(𝑟𝑟0) = 𝑟𝑟0

𝑏𝑏(𝑟𝑟) = Ω(𝑡𝑡)𝑏𝑏(𝑟𝑟)

Figure 9: Evolution of density 
for ρ +3p for c4 = 1,c5 = 0, c6 = 2 

and r0 = 1

Figure 10: Evolution of energy 
condition term ρ −|p| for c4 = 

1,c5 = 0, c6 = 2 and r0 = 1

θ = π
2

𝑑𝑑𝑠𝑠2 = Ω(𝑡𝑡)2 ( 𝑑𝑑𝑟𝑟2

1−𝑏𝑏(𝑟𝑟)
𝑟𝑟
+ 𝑟𝑟2𝑑𝑑ϕ2)

𝑑𝑑𝑠𝑠2 = 𝑑𝑑𝑧𝑧2 + 𝑑𝑑𝑟𝑟2 + 𝑟𝑟2𝑑𝑑ϕ2

𝑟𝑟 = Ω(𝑡𝑡)𝑟𝑟|𝑡𝑡=𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡,      𝑑𝑑𝑟𝑟2 = Ω(𝑡𝑡)2𝑑𝑑𝑟𝑟2|𝑡𝑡=𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡
𝑧𝑧 𝑟𝑟 ϕ

𝑑𝑑𝑠𝑠2 = 𝑑𝑑𝑟𝑟2

1−𝑏𝑏(𝑟𝑟)
𝑟𝑟

+ 𝑟𝑟2𝑑𝑑ϕ2

𝑏𝑏(𝑟𝑟) 𝑏𝑏(𝑟𝑟0) = 𝑟𝑟0

𝑏𝑏(𝑟𝑟) = Ω(𝑡𝑡)𝑏𝑏(𝑟𝑟)

by using following relationships (Arellano and Lobo, 2006; Arellano et al., 
2009)
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𝑑𝑑𝑟𝑟2(𝑧𝑧)
𝑑𝑑𝑧𝑧2 = 1

Ω(𝑡𝑡)
1−�̇�𝑏𝑟𝑟
2𝑏𝑏2 = 1

Ω(𝑡𝑡)
𝑑𝑑2𝑟𝑟(𝑧𝑧)

𝑑𝑑𝑧𝑧2 > 0.

− 1

𝑒𝑒𝑐𝑐4𝑟𝑟0
2𝑟𝑟3𝑐𝑐𝑐𝑐𝑠𝑠− 1

𝑐𝑐6(𝑟𝑟0(𝑐𝑐5+𝑡𝑡)𝑐𝑐6)
> 0.

𝑐𝑐5 > 𝑡𝑡
3
2 π > 𝑟𝑟0(𝑐𝑐5 + 𝑡𝑡)𝑐𝑐6 > 1

2 − 1
2 π > 𝑟𝑟0(𝑐𝑐5 + 𝑡𝑡)𝑐𝑐6 ≻ 3

2
𝑐𝑐6 𝑐𝑐6 = ±1

Ω 𝑧𝑧̅(𝑟𝑟)

𝑑𝑑𝑧𝑧(𝑟𝑟)
𝑑𝑑𝑟𝑟 = 𝑑𝑑𝑧𝑧(𝑟𝑟)

𝑑𝑑𝑟𝑟 = ± (𝑟𝑟
𝑏𝑏 − 1)

−1
2.

𝑧𝑧(𝑟𝑟)

𝑧𝑧(𝑟𝑟) =
√1−𝑟𝑟0

2𝑟𝑟2

𝑟𝑟0
.

𝑥𝑥 = 𝑟𝑟 𝑐𝑐𝑐𝑐𝑐𝑐ϕ 𝑦𝑦 =
𝑟𝑟 𝑐𝑐𝑠𝑠𝑠𝑠ϕ 𝑧𝑧 = 𝑧𝑧(𝑟𝑟)
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𝑘𝑘 = 0 Ω

Ω

Ω′(𝑡𝑡) ∝ 𝑒𝑒𝑐𝑐4𝑟𝑟0𝑐𝑐𝑐𝑐𝑠𝑠
−𝑐𝑐6+1

𝑐𝑐6 (𝑟𝑟0(𝑐𝑐5 + 𝑡𝑡)𝑐𝑐6)𝑠𝑠𝑠𝑠𝑠𝑠(𝑟𝑟0(𝑐𝑐5 + 𝑡𝑡)𝑐𝑐6)

Ω′′(𝑡𝑡) ∝ −𝑒𝑒𝑐𝑐4𝑟𝑟02𝑐𝑐𝑐𝑐𝑠𝑠
−2𝑐𝑐6+1

𝑐𝑐6 (𝑟𝑟0(𝑐𝑐5 + 𝑡𝑡)𝑐𝑐6)(𝑐𝑐𝑐𝑐𝑠𝑠2(𝑟𝑟0(𝑐𝑐5 + 𝑡𝑡)𝑐𝑐6) − 𝑐𝑐6 − 1).

Figure 11: Embedding diagram 
top view of constructed wormhole 
model in the cases of r0 = 0.01 and 

0 < r < 3.

Figure 12: Embedding diagram 
front view of constructed worm-

hole model in the cases of r0 = 0.01 
and 0 < r < 3.
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𝑏𝑏(𝑟𝑟) = √𝑟𝑟0𝑟𝑟

𝑏𝑏(𝑟𝑟) = √𝑟𝑟0𝑟𝑟
𝑝𝑝𝑡𝑡 = α

ρ + 𝑝𝑝𝑖𝑖 ≥ 0
λ

λ

Figure 13: Evolution of expansion 
veloc- ity for constructed wormhole 
model in the cases of c4 = 2, c5 = 0, 

c6 = 1 and r0 = 1.

Figure 14: Evolution of expansion 
accel- eration for constructed wor-
mhole model in the cases of c4 = 2, 

c5 = 0, c6 = 1 and r0 = 1.
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ρ𝑒𝑒𝑒𝑒𝑒𝑒and 𝑝𝑝𝑡𝑡
𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑟𝑟

𝑒𝑒𝑒𝑒𝑒𝑒

𝑏𝑏(𝑟𝑟) = 𝑟𝑟0
2𝑟𝑟3

𝑏𝑏(𝑟𝑟) = 𝑟𝑟0
2𝑟𝑟3

λ

𝑐𝑐6 = 1

λ
𝑐𝑐6 = 1

2
𝑐𝑐6 = 1

Ω 𝑐𝑐6 =
±1 𝑐𝑐6 = 1

𝑐𝑐6 = −1 𝑐𝑐6 = −1 λ = − 4
5
ω = − 1

3
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