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The Thermodynamics of Irreversible Processes

II1. Relativistic Theory of the Simple Fluid

CarL ECKART
Ryerson Physical Laboratory, University of Chicago, Chicago, Ilinois

(Received September 26, 1940)

The considerations of the first paper of this series are modified so as to be consistent with the
special theory of relativity. It is shown that the inertia of energy does not obviate the necessity
for assuming the conservation of matter. Matier is to be interpreted as number of molecules,
therefore, and not as inertia. Its velocity vector serves to define local proper-time axes, and
the energy momentum tensor is resolved into proper-time and -space components. It is shown
that the first law of thermodynamics is a scalar equation, and not the fourth component of the
energy-momentum principle. Temperature and entropy also prove to be scalars. Simple
relativistic generalizations of Fourier's law of heat conduction, and of the laws of viscosity are
obtained from the requirements of the second law. The same considerations lead directly to
the accepted relativistic form of Ohm's law.

INTRODUCTION rather than inertia. The principles (b) and (c)

N the second paper of this series,! the theory combine into a single tensor equation, as is
of esubstitutions was outlined, and it was Wwell known. This is somewhat disconcerting, for
shown that this device can be used to simplify the first law of thermodynamics is a scalar
the derivation of some thermodynamic formulae. equation; its relation to the energy-momentum
However, the author was reluctant to use it in principle must be discovered. Moreover, the
the derivation of any fundamental formulae coOrrect form of the energy-momentum tensor is
because the e-substitution depends on the fact still a matter of discussion, and some assumption

C. Eckart (1940)
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CHAPTER XV

RELATIVISTIC FLUID DYNAMICS

§125. The energy-momentum tensor

THE establishment of the relativistic equations of fluid motion is of funda-
mental importance. The necessity of allowing for relativistic effects may
be due not only to a large velocity of the macroscopic motion (comparable
with that of light), but also, as we shall see, to a large velocity of the micro-
scopic motion of the fluid particles.

We must first of all determine the form of the energy-momentum 4-tensor
Ty for a fluid in motion.} The momentum flux through an element df of the
surface of a body is just the force on that element. Hence T,; df? is the
a-component of the force on a surface element.f Let us consider some
element of volume in the fluid, and use a frame of reference in which this
element is at rest (the “proper” frame). Insuch a frame Pascal’s law holds:
the pressure exerted by a given portion of fluid is the same in all directions and
perpendicular to the area on which it acts. We can therefore write T, df

e somponenty T i gve density s erofor a g
T . . e components 1o, which give the momentum density are zero 10t a given
http://www2 kek.jp/ja/newskek/2008/mayjun/TAlinac.html volume elclr)nent in its proper frame. The component Tgo is the proper

internal energy density of the fluid, which we shall denote in this chapter by e.

1L/ I /_' = }EE . t Ht/ gE Thus the energy-momentum tensor for a given portion of fluid is, in the
NDEDER(Fermi) & fsZ

Landau-Lifshitz, Fluid Mechanics
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Progress of Theoretical Physics, Vol. 22, No. 3, September 1959

Applicability Conditions of the Hydrodynamical Model of Multiple
Production of Particles from the Point of View of
Quantum Field Theory

Chikashi ISO,* Kenju MORI** and Mikio NAMIKI***

*Research Institute for Fundamental Physics, Kyoto University, Kyoto
**Department of Physics, Tokyo University of Education, Tokvo
¥ Department of Applied Physics, Waseda University, Tokyo

(Received June 10, 1959)

In the framework of quantum field theory, it is attempted to investigate whether the hydro-
dynamical description is applicable to the meson cloud produced in extremely high energy
collision of nucleons as considered in Landau’s theory of the multiple production of particles.
The applicability conditions of the hydrodynamical model consist of local equilibrium and
conditions for the possibilities of defining the local system in the meson cloud, which are
prepared by the methods based on quantum statistical mechanics of irreversible processes.

Iso, Mori, Namiki (1959)
See also Namiki, Iso (1957)
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Universe May Have Begun as Liquid, Not Gas

Associated Press
Tuesday, April 19, 2005; Page A0S
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K. Murase, T. Hirano, “Relativistic fluctuating hydrodynamics
with memory functions and colored noises”, arXiv:1304.3243
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4 IR Ansatz

ut = Y (1, vy, Uy, Vz)

r Z
= —(1, 0, o,—)
(A r

ns = (1/2)In(t +2)/(t — z)
(3+1)/R7cfbleE - (0+1)/Ryclbled
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M.Asakawa, T.Hatsuda (1997)
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P.Kovtun, D.T.Son, A.O.Starinets (2005)
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W.lsrael (1976)
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Green-Kubo Formula

n = limlim — | dtdx e!(®t=9%)
w—>0g—-0 2w

X [Ty (£, ), Ty (0,0)]}

Slow dynamics = How slow?
Macroscopic time scale ~ 1/w €< t'acro”
Microscopic time scale ~ 1
cf.) Long tail problem (liquid in 2D, glassy
system, super-cooling, etc. )



