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1. Introduction

1.1. Model and physical vacuum

The motion of a self-gravitating inviscid gaseous star in the universe can be described by the following
free boundary problem for the compressible Euler equations coupled with the Poisson equation:

pt+ V- (pu) =0 in Q(¢), (1.1a)
pluy +u - Vyul + VP = pV, 0 in Q(t), (1.1b)
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Ay = 4mgp in Q(t), (1.1c)
v(T'(t)) = u - n(t) on T'(t), (1.1d)
(p,u) = (po,uo) in ©(0), (1.1e)

n = (n*,n%,n3) denotes the spatial coordinate in R3. The open, bounded domain (t) C R?® denotes the
changing domain occupied by the gas. I'(¢) := 9Q(t) denotes the moving vacuum boundary, v(I'(t)) denotes
the velocity of I'(t), and n(t) denotes the exterior unit normal vector to I'(¢). The density of gas p(n,t) > 0
in Q(t) and p = 0 in R?\ Q(¢). u(n,t) denotes the Eulerian velocity field, P(n,t) denotes the scalar pressure,
¢(n, t) is the potential function of the self-gravitational force, and g is the gravitational constant. We consider
a polytropic gas star, then the equation of state is given by:

P=C,p" for v>1, (1.2)

where C, is the adiabatic constant. We set both g and C., to be unity. We refer the readers to [3,10] for
more details of the related background on this system.

The sound speed of equations (1.1) is given by ¢ := W, and N denotes the outward unit normal
to the initial boundary I" := 9€2(0), then the condition

62
0 < 20 < on T (1.3)

ON
defines a “physical vacuum” boundary, where ¢o(-) = ¢(+,0). This definition of physical vacuum was moti-
vated by the case of the Euler equations with damping studied in [36,39]. For more details and the physical
background of this concept, please see [21,22,36,38,39,54].
The physical vacuum condition (1.3) is equivalent to the requirement that

op "
ON

<OonTl. (1.4)

This condition is necessary for the gas particles on the boundary to accelerate. Since pg > 0 in Q, (1.4)
implies that for some positive constant C', when x € € is close enough to the vacuum boundary I', then

pd "M (x) > Cdist(z, T). (1.5)

The physical vacuum boundary condition shows that the one order derivative of pg_l has a jump on the
vacuum boundary. This regularity is the main difficulty for establishing well-posedness theory for the free
boundary problem. The condition (1.5) also describes density’s decay behavior from inside domain to the
vacuum interface. We can describe general decay behavior by

cg > Cdist(z,T).

For 0 < a < 1, local well-posedness is proved for the compressible Euler equations with damping in [39].
In this case, pg71 is smooth in the whole space, the degeneracy behavior is quite different from the physical
vacuum case and the analysis for the case 0 < o < 1 is much simpler. For @« > 2 or 1 < a < 2, it is
conjectured that the problem is ill-posedness. More details can be found in [22, Section V].

When the physical vacuum boundary condition is assumed, as we explained before, the compressible
Euler equations become a degenerate and characteristic hyperbolic system, then the classical theory of
hyperbolic systems cannot be directly applied. The local existence theory of classical solutions featuring the
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