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• Found solutions compatible with the generic ideal gas equation of state.
• Found their associated thermodynamic schemes.
• Studied the spacetime domains where the macroscopic constraints for physical reality hold.

INTRODUCTION

• The Lemaître-Tolman (LT) solutions provide exact inhomogeneous models for studying the formation of cosmological structures, but the dust model is the only one used in most approaches.
• None of the studies have analyzed whether these solutions can be interpreted as a physically admissible thermodynamic perfect fluid in local thermal equilibrium.
• We analyze the interpretation of the spherically symmetric perfect fluid solutions that admit a flat synchronization orthogonal to the fluid flow as a thermodynamic perfect fluid in local thermal equilibrium.

PHYSICAL REALITY CONDITIONS IDEAL FLAT LEMAÎTRE-TOLMAN METRICS

Fig. 1: Three main time evolutions of the hydrodynamic variables of the ideal models for a 
fixed 𝑟𝑟. These figures also show the spacetime regions defined by the spacetime singularities 
and the spacetime domains where the conditions for physical reality do not hold (shaded).

Fig. 2: Depending on the combination of values of the parameters of the models, there are 
mainly three different fluids.
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Physical reality conditions:

• S SG: 𝑑𝑑𝜒𝜒 ∧ 𝑑𝑑𝑑𝑑 = 0, 𝜒𝜒 ≠ 𝜋𝜋, 𝜋𝜋 ≡ 𝑝𝑝
𝜌𝜌

• E EG: 𝜌𝜌 > 0, 0 ≤ 𝜋𝜋 < 1
• H1 H1

G: 0 < 𝜒𝜒 < 1
𝜁𝜁 ≡ 1 + 𝜋𝜋 𝜒𝜒 − 𝜋𝜋 𝜒𝜒′ + 2𝜒𝜒(1 − 𝜒𝜒) > 0

𝑝𝑝 = �𝑘𝑘𝑛𝑛𝛩𝛩, �𝑘𝑘 ≡
𝑘𝑘𝐵𝐵
𝑚𝑚

• S:        𝑑𝑑𝜒𝜒 ∧ 𝑑𝑑𝜌𝜌 ∧ 𝑑𝑑𝑑𝑑 = 0, 𝜒𝜒 ≡ 𝑢𝑢 𝑝𝑝
𝑢𝑢 𝜌𝜌

= 𝑐𝑐𝑠𝑠2

• E:        −𝜌𝜌 < 𝑝𝑝 ≤ 𝜌𝜌

• P:

• H1:

• H2:      2𝑛𝑛𝛩𝛩 > 1
𝑠𝑠′𝜌𝜌

𝛩𝛩 > 0,
𝜌𝜌 > 𝑛𝑛 > 0

0 < 𝜒𝜒 < 1,
𝜌𝜌 + 𝑝𝑝 𝜒𝜒𝜒𝜒′𝑝𝑝 + 𝜒𝜒′𝜌𝜌 + 2𝜒𝜒(1 − 𝜒𝜒) > 0

GENERIC IDEAL GAS

𝑑𝑑𝑠𝑠2 = −𝑑𝑑𝑡𝑡2 + [𝑌𝑌𝑌 𝑡𝑡, 𝑟𝑟 ]2𝑑𝑑𝑟𝑟2 + 𝑌𝑌2 𝑡𝑡, 𝑟𝑟 𝑑𝑑Ω2

We impose 𝑆𝑆𝐺𝐺 in order to solve de direct problem for a generic 
ideal gas in l.t.e. There are at least two solutions:

𝝈𝝈 ≠ 𝟎𝟎

𝝈𝝈 = 𝟎𝟎

Now we solve the inverse problem by finding the associated 
thermodynamic schemes:

𝑠𝑠 𝜌𝜌, 𝑝𝑝 = 𝑠𝑠 𝛼𝛼 , 𝑛𝑛 𝜌𝜌, 𝑝𝑝 =
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𝜖𝜖 𝜌𝜌, 𝑝𝑝 =
𝜌𝜌

𝑛𝑛 𝜌𝜌, 𝑝𝑝
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4 3𝑝𝑝

𝑁𝑁 𝛼𝛼 2𝛼𝛼 − ln 3𝑝𝑝 [2𝛼𝛼 + 2𝑐̃𝑐 − ln(3𝑝𝑝)]

Θ 𝜌𝜌, 𝑝𝑝 =
3
4
𝑡𝑡−1

𝑠𝑠′
(1 + ln 𝑡𝑡) 𝑁𝑁′ +

1
2

[𝑁𝑁𝛼𝛼(𝛼𝛼 + 𝑐̃𝑐)]′ +
1
4

2 + ln 𝑡𝑡 [𝑁𝑁(2𝛼𝛼 + 𝑐̃𝑐)]′ ,

𝜖𝜖 𝜌𝜌,𝑝𝑝 =
𝜌𝜌

𝑛𝑛 𝜌𝜌, 𝑝𝑝
− 1
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𝝈𝝈 = 𝟎𝟎
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