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1. Motivation

* General Relativity is a time-reversible theory.

 Most of the universe expansion history is adiabatic, but there are a few non-
equilibrium epochs.

* Irreversible phenomena are not included in General Relativity in a complete
and systematic way.



2. Reversible cosmology

Homogeneous and Isotropic universe _ _
Friedmann equations
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2. Reversible cosmology

What can we say about this perfect fluid? Energy conservation:
DI*=0-—p+3H(p+p)=0

But this also arises from the second law of thermodynamics
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2. Reversible cosmology

Should we go beyond adiabatic cosmology?
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3. Entropic forces in General Relativity

Can we make the previous statement more rigorous?

We will use the variational formulation of non-equilibrium thermodynamics
(Gay-Balmaz & Yoshimura, 2017)
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3. Entropic forces in General Relativity

See LEP, J. Garcia-Bellido
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3. Entropic forces in General Relativity

Consider a congruence of geodesics
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3. Entropic forces in General Relativity

Temperature and entropy from the matter content

* Hydrodynamical matter
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* Gravity and horizons
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Homogeneous and isotropic universe
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4. Non-equilibrium cosmology

Hamilton constraint
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4. Non-equilibrium cosmology

Consistency with the laws of thermodynamics means lermiorentropic origin
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Non-equilibrium F2

Entropy production _ _
(P)reheating, phase transitions, === (Cosmic acceleration
black hole formation...
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5. Cosmic acceleration

The entropy of the causal horizon in open inflation may explain cosmic acceleration

The GHY term introduces an entropic fluid
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5. Cosmic acceleration

H(a) [100 km/s/Mpc]
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6. Conclusions

The laws of thermodynamics modify the dynamics of any physical system and break time
reversibility.

The Lagrangian and Hamiltonian formulations of General Relativity can be modified to
Include the second law of thermodynamics.

In Cosmology, this means the appearance of an additional term of entropic origin in the
second Friedmann equation.

The effect of non-adiabatic phenomena in the expansion history of the universe should be
revisited.

The entropy of the causal horizon can explain cosmic acceleration and the Hubble tension.
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