RELATIVISTIC DISSIPATIVE HYDRODYNAMICS FOR PARTICLES OF ARBITRARY MASS
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1. ‘€ Abstract 6. ® Conclusions

We formulate a theory of relativistic dissipative hydrodynamics for classical particles in the microscopic frame- Many transport coefficients vanish in the ultra-relativistic or non-
work of kinetic theory. Dissipative quantities satisty second-order transport equations featuring the transport relativistic regimes, however, in-between they show complicated non-
coefficients, all of which we compute for arbitrary mass using the “method of moments” and the inverse- linear behaviour.

Reynolds-dominance approach. In second-order hydrodynamics, the underlying geometry of gas parti-
In the 14-moment approximation, the transport equations reduce in the non-relativistic limit to the Grad’s cles is decisive when it comes to dissipative contributions to the equa-
equations computed in the “order-of-magnitude” approach. tions of motion for bulk-viscous pressure, particle diffusion and shear

stress.
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— 3. ¥ Kinetic theory for a classical fluid

2. £ Relativistic dissipative
hydrodynamics

For a gas cell of unit length L the dissipation is modelled in phase space by the Boltzmann equation for

Hydrodynamics is an effective field theory in the long wave length regime. the one-particle distribution function fy(x) with the binary collision integral:

[ts validity close to (local) equilibrium is quantified by the Knudsen number (4) o ful) =Clfi] : Clfi]= ! J dK; dKo dK Wiae—iex, (fe, fi, — fiefe)
Kn = Apicro/ Amacro being Kn « 1. The equations of motion for a dissipative , o , 2 o ,

. . . . Connection to hydrodynamics is established by the moments of the distribution function:
fluid are written in terms of conserved particle and energy-momentum cur-
rents, (5) Nt — f AK fu(x)kh, T = f AK fi(x) KMk

(1) oNM =0, 2,T" =0,

where, in the Landau frame for the fluid velocity field u*, the currents are
decomposed as

The local-equilibrium distribution is defined by C|fu] =0, such that the collision integral is non-trivial
only for 0 fx = fix — fox # 0. Expansion of the non-equilibrium distribution in a complete and orthogonal
momentum basis,

TR p © N
Here n, € are the particle and energy density, P, the pressure, I the bulk- is systematically truncated using a parameter [V,. Taking the derivative of the irreducible moments defined
viscous pressure, and 7" the shear-stress tensor, and A,, = g, — w,u, by
the orthogonal projector. Introducing the projected derivatives £ = utd e, (7) Pl () = f dK konk<”1 0§ fielz)

V,=A,,0", the equations of motion become
S ! yields a hierarchy of coupled differential equations for moments of different tensor rank ¢. The dissipative

(3a) n+nb + vV, V=0, quantities are determined by IT = -3py/m?* V#=pf, 7 = p{”. A power-counting technique in the inverse
(3h) (et R+ T2 =0, Reynolds mumbers
(3¢) (4 By + 1) ut — VHPy+ 1) + AV 37 =0, I V-V Nz
(8) [Rep=—, IRep= . IRe, = ,
where we defined the expansion scalar 0=V ,u#, the shear tensor Fy G Fy F

and Knudsen number Kn = A,¢,/L provides a systematic way to truncate these equations at second order
in Kn, [Re and tensor products thereof, resulting in the transport equations for II, V,,, 7.

o' = V) and the vorticity tensor w” = VY. To solve these equa-
tions a model for dissipation is required.

4. A Transport coefficients of bulk, diffusion, shear for arbitrary masses

The relaxation of dissipative quantities is governed by the transport coefficients, which can be calculated analytically as functions of z = 8m:
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5. @&+ Non-relativistic limit

Writing egs. (9a) to (9¢) in terms of heat flow instead of particle diffusion and inserting the values of the transport coefficients for z ~» o« yields
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This is a variant of the well-known transport equations of Grad when the power-counting technique is employed consequently. Because Grad’s equations are formulated not for hard spheres
but so-called Maxwell molecules, the terms proportional to -, 7. s are present in our work but absent in Grad’s formulation.



