fzh(g ;3;3 opah, Ser B Chinese Annals of
DOT: 10.1007/s11401-021-0273-6 Mathematics, Series B
© The Editorial Office of CAM and
Springer-Verlag Berlin Heidelberg 2021

On Blow-up of Regular Solutions to the Isentropic Euler
and Euler-Boltzmann Equations with Vacuum*

Yue CAO! Yachun LI?

Abstract In this paper, the authors study the Cauchy problem of n-dimensional isentropic
Euler equations and Euler-Boltzmann equations with vacuum in the whole space. They
show that if the initial velocity satisfies some condition on the integral J in the “isolated
mass group” (see (1.13)), then there will be finite time blow-up of regular solutions to the
Euler system with J < 0 (n > 1) and to the Euler-Boltzmann system with J < 0 (n > 1)
and J = 0 (n > 2), no matter how small and smooth the initial data are. It is worth
mentioning that these blow-up results imply the following: The radiation is not strong
enough to prevent the formation of singularities caused by the appearance of vacuum,
with the only possible exception in the case J = 0 and n = 1 since the radiation behaves
differently on this occasion.
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1 Introduction

It is well-known that the motion of isentropic inviscid fluid can be described by Euler

equations
pt +div(pu) =0, (1.1)
(pu)e + div(pu @ u) + Vpp = 0, '
where t > 0 is the time variable, x = (1, - ,x,) € R™ is the space variable, p(t, z) is the mass
density, u(t,z) = (u',--- ,u™)" is the fluid velocity, p,, is the material pressure satisfying the

equation of state
Pm = Ap”, (1.2)

where A > 0 is the gas constant, v > 1 is the adiabatic exponent. As is known to all, the
radiation effects become remarkable in some physical problems as the temperature increases,
for example, in the high-temperature plasma physics [24] and various astrophysical contexts [15].
Thus, one needs to consider radiation effects when describing the fluid motion. For the isentropic
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fluid, the coupling of fluid field and radiation field involves momentum source depending on
the specific radiation intensity driven by the so called radiation transfer integro-differential
equation (see [24]), and the equations of radiation hydrodynamics result from the balances of
particles and momentum. More precisely, the mass density p(t,x), the fluid velocity wu(t, z)
and the specific radiation intensity I(v, ), t, z) are governed by the following Euler-Boltzmann
equations

L t0.viea,
c
ot + div(pu) = 0, (1.3)

1
(pu+ ) +divipueu+ )+ Vo =0,

where v and € are radiation variables, v € R is the frequency of photon and € € S"~! is the
travel direction of photon, S™~! stands for the unit sphere in R™, and c is the light speed. The
impact of radiation on the dynamical properties of the fluid is described by the radiation flux
F,. and the radiation pressure tensor P,:

o0 1 o
F, :/ / (0,0, t,2)0d0dv, P, = _/ / (0,01, 2)0 @ QdOdv.
0 Sn—1 c Jo gn1

The collision term on the right-hand side of the radiative transfer equation is

A =00 — oal +/ / (St~ olT)a'av,
0 Sgn—1 \U

which involves emission, absorption and scattering of energy, where I = I(v,Q,t,z), I' =
I(W, QY t,x); 00 = 0c(v,,t,x2) > 0 is the rate of energy emission due to spontaneous process;
04 = 0q(v,t,2,p) > 0 denotes the absorption coefficient that may depend on the mass density
p; Similar to absorption, a photon can undergo scattering interactions with matter, and the
probability of a photon being scattered from v’ to v contained in dv, from Q' to 2 contained
in dQ, and traveling a distance ds is given by the “differential scattering coefficient” os(v' —
v, Q- Q)dvdQds (see [17, 24]). Moreover, the time rates of outscattering and inscattering within
a unit volume element are

outscattering = /OOO /S B os(v =0, Q- p)(v,Q,t,2)dQ dv’,
inscattering = /OOO/S B os(v' = v, Q- Q) [(V,Q t,2)dQY dv,
and oy, o), behave like
os =05V = 0,9 -Q,p)=0(p), o.=0s(v—=v,Q-Q, p)=0(p).

Noticing that, unlike Euler-Poisson or Euler-Maxwell systems, where Euler equations are cou-
pled with an elliptic or a parabolic equation, (1.3) is a system that Euler equations are coupled
with a hyperbolic equation. Thus the study of Euler-Boltzmann equations is challenging due
to the high complexity and mathematical difficulty of the system itself.
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As has been shown in [17, 24], from the assumptions of “induced process” and local thermal
equilibrium, o, and o, can be written as

(0, )—KE()(H CQI)
Oc\U, T, T,p) = I\g v 2hv3 )

BWw)),

CQ

a0t p) = Ko (1
oa(v,t,z,p) +2hv3

where B(v) € L?(R") is actually a simplification of Planck function that represents the energy
density of black-body radiation, and the black-body holds the smallest radiation; h is the Planck
constant, and K, satisfies

Ko = Ko(v,t,2,p) = pKa(v,t,2,p) = 0(p) >0,
in which, K, € C™ for (v,t,, p) and
;%Fa(v,t, x,p) =0.
Thus, when o4 = 0, the radiative transfer equation can be written as
%It +Q-VI=—-K,I - B(v)), (1.4)

and the isentropic Euler-Boltzmann system (1.3) is reduced to

%It +Q-VI=-K,(I-B{)),

pe + div(pu) = 0, (1.5)

1 [ _
(pu)e + div(pu @ u) + Vpp = = / Ko(I — B(v))QdQdv.
0 Jgn-1

One of the motivations that we study the radiation system (1.5) lies on the fact that the
isentropic Euler system (1.1) can be, to some extent, regarded as the non-radiation limit of
the isentropic Euler-Boltzman system (1.5). In fact, since the radiation of the black-body is
the smallest one, so I = B(v) implies that the radiation effect is ignored, and formally system
(1.5) is reduced to system (1.1). For the rigorous justification of this type of limit, we refer to
Ducomet-Necasovd [7] for the diffusion limit of the Navier-Stokes-Boltzmann system, when the
radiative intensity is driven to equilibrium or non-equilibrium, see also Lowrie-Morel-Hittinger
[21], Buet-Després [2] for more results in this direction. While, as far as we know, the rigorous

diffusion limit of system (1.5) is still unknown, which is worth considering in the future work.

In this paper, we consider the singularity formation of regular solutions to the Cauchy
problems of (1.1) and (1.5) with initial data

(pyu)lt=0 = (po,uo)(x), po(r) >0 (1.6)

and

(I, p,u)|t=0 = (o, po,uo)(x), po(z) >0, (1.7)

respectively.
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For the classical well-posedness of Euler equations, there are rich literatures on the existence
of strong or classical solutions with vacuum. For the Cauchy problem of non-isentropic Euler
equations with compactly supported initial density and velocity, Makino-Ukai-Kawashima [22]
established the local existence of regular solutions in 3D space and proved that the life span is
finite for any non-trivial solution, see also Liu-Yang [20] for similar results with damping for
non-isentropic Euler equations in 3D space and isentropic Euler equations (1.1) in 1D space.
For some small initial density with compact support and smooth initial velocity satisfying

dist(Sp(Vuo(z)),R7) >d§ >0, VzreR"(n>1),

where S,(Vug) stands for the spectrum of the matrix Vuy and 6 is a constant, Grassin [§]
and Serre [25] obtained the global existence of smooth solutions for both isentropic and non-
isentropic Euler equations (see also [9]). For the Euler equations with radiation, when the
radiation fluid is inviscid and the initial density is away from vacuum, Jiang-Zhong [14] obtained
the local existence of C' solutions to the Cauchy problem of non-isentropic fluid in multi-
dimensional space, see also Jiang-Wang [13] for the initial-boundary value problem in multi-
dimensional space and Blanc-Ducomet [1] for the global existence of weak solutions in 1D
space. When the initial vacuum is allowed, Jiang-Wang [12] obtained the global existence
of weak entropy solutions to the Cauchy problem of (1.5) in 1D space, see also Jiang [10]
for isothermal fluids. Li-Zhu [19] proved the local existence of Makino-Ukai-Kawashima type
(see [22]) regular solutions to the Cauchy problem of (1.5) in 3D space. For the Navier-
Stokes-Boltzmann equations of viscous radiation fluid, we refer to Ducomet-Feireisl-Nec¢asova
[3], Ducomet-Necasové [3-6], Li-Zhu [17-18] and references therein for related existence results.

In this paper, we are interested in the finite time blow-up of regular solutions with initial
density containing vacuum state. For the case without initial vacuum, Sideris [27] proved two
types of finite time blow-up of C'!' solutions to the Cauchy problem of Euler equations in 3D
space. The first one is for the non-isentropic Euler equations, if the initial data are “large”,
where the “large” essentially means that the initial flow velocity must be supersonic in some
region, then the singularity formation is detected as a disturbance that overtakes the wave front
forcing the front to propagate with supersonic speed. This blow-up result has been generalized
to the multi-dimensional non-isentropic Euler-Boltzmann equations by Jiang-Zhong [14] and to
the 3D isentropic version (1.5) by Jiang-Wang [11], with the initial radiation satisfying

Io(v,Q,2) > B(v) and Io(v,Q,z)=B(v) if|z| > R, (1.8)

for some positive constant R. The second one shows that singularity will develop for both
isentropic and non-isentropic Euler equations if the fluid, on average, is slightly compressed
and out-going near the wave front, which has been generalized to the 3D isentropic Euler-
Boltzmann equations (1.5) by Jiang-Wang [11] with the initial radiation Iy satisfying (1.8) and
in addition

Io(v,Q,2) = B(v) forxz-Q<0. (1.9)

For the case with initial vacuum, Serre [26] proved that the regular solution to the Cauchy
problem of Euler system (1.1) will blow up in finite time if the initial density is compactly
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supported in some bounded region V' C R™(n > 1) and the initial velocity satisfies some
integral condition, i.e.,

supppo C V, / detVug(z)dz < 0. (1.10)
%

For the Euler-Boltzmann system (1.5), inspired by the “isolated mass group” introduced by
Xin-Yan [30] for Navier-Stokes equations and the global existence established by Grassin and
Serre [8-9, 25] for Euler equations, Li-Zhu [19] identified the following two classes of initial data
which contain local vacuum states such that the regular solutions of Cauchy problem blow up
in finite time:

(i) (Isolated Mass Group) For some bounded open sets Ag C By C B, C R?,

po(;zj) = ’U,Q(ZZ?) =0, Ve BO\A07 /AO pO(x)d:E >0, (111)

In(v,Q,2) = B(v), Vrc Bgo,

where Ry is a positive constant and Bp, is the ball centered at the origin with radius Ry, Bgo is
the complementary set of B, in R®. This class removed the key assumption (1.9) for radiation
field in [11].

(ii) (Hyperblic Singularity Set) In some smooth open set V C R?,

po(z) =0, S,(Vup(xz)) NR™ #0, VzeV. (1.12)

They also proved that this blow-up mechanism also holds for the corresponding non-radiation
version, i.e., the Euler system (1.1).

For the finite time formation of singularities on the Navier-Stokes-Boltzmann equations of
viscous fluid, we refer to [17] and the references cited therein for details.

As have been observed in Li-Zhu [19], according to the definition of regular solutions (see
Definition 1.1), one has

Ou+u-Vu=0, when p=0,

which implies that in the vacuum domain, the behavior of the velocity is controlled by a positive
and symmetric hyperbolic system, i.e., the so called multi-dimensional Burgers equations. Thus,
in general, the velocity may not be zero in vacuum region. In this paper, based on the similar
idea, we will present a scenario (see Definition 1.2) for finite time singularity formation of
regular solutions to the Cauchy problems (1.1) with (1.6) and (1.5) with (1.7) for both Euler
and Euler-Boltzmann equations.

Before stating our main results, we give some related definitions. The first one is the regular
solution of system (1.1) and system (1.5) that we consider in this paper.

Definition 1.1 (Regular Solutions) For 1 <~ <3, let T >0 be a finite constant. If

(1) (p,u)(t,2) € CH(0,T) x R"), p'= € CH(0,T) xR"), p > 0;

(2) uy+u-Vu =0 holds when p(t,z) =0, then (p,u)(t,z) is called a regular solution to the
Cauchy problem (1.1) and (1.6) in [0,T) x R™;

If, in addition;

(3) I(v,Q,t,r) € LA2R* x S*~ L CY[0,T) x R™)), then (I,p,u)(t,x) is called a reqular
solution to the Cauchy problem (1.5) and (1.7) in [0,T) x R™.
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Remark 1.1 It is worth pointing out that the local existence of regular solutions to (1.1)
and (1.5) in 3D space have been established by Makino-Ukai-Kawashima [22] and Li-Zhu [19],
respectively. Actually, these frameworks in [22] and [19] are applicable to arbitrary space
dimension with some minor modifications.

Now we give the definition of “isolated mass group” in this paper.

Definition 1.2 (Isolated Mass Group) Let Ao, By be two smooth, bounded and connected
open sets in R™, and Ay C By C Bpr,, where Ag is the closure of Ao under standard Euclidean
norm, Ro is a positive constant and Bpr, is the ball centered at the origin with radius Ry. If

po(z) =0, Vz e Bo\Ao, / po(z)dx >0,
Ao (1.13)
J = det Vug(z)dz <0,
Ao
we say that (po,up)(x) has an isolated mass group (Ag, Bo).

Remark 1.2 This definition is inspired by Li-Zhu [19] and Serre [26], we replace the con-
dition on ug in [19] (i.e., ug = 0 when py = 0 in (1.11)) by the one introduced in [26] (i.e., the
condition on the integral J in (1.13)), where the integral J depends only on the value of ug on
the boundary dAgp. In fact, by direct calculation, one has

det Vug(z) = div(u)(Urj, -+, Unj))
for any j =1,--- ,n, where U;;(i = 1,--- ,n) are cofactors of the matrix
U= (Vug,-,Vud ", 1,V Vup),
in which, 1 = (1,--- ,1)T € R". Thus

J = det VUOdZE = div(u%(Ulj, ce ,Unj))dZE = / u%(Ulj, ce ,Unj) : I/dS,
Ao Ap 9Ao

where v is the unit outward normal vector of 0Ap, this implies that J only depends on the
value of u) on the boundary dAy. For example, when n = 3, one has

J:/ detVuodx:/ up(Ur1, Uar, Usp) - vdS
Ao aAo

= / up(Vug x Vud) -vdS = ug det (v, Vi, Vug)ds,
0Ag dAg

when n = 1, one has

J :/ (up)zdx = uoloa,-
Ag

Now we state main theorems in this paper, the first one is the finite time blow-up for Euler
equations.

Theorem 1.1 Let 1 <~ < 3. Assume that the initial data (po,uo)(x) has an isolated mass
group (Ao, Bo), and (p,u)(t, z) is the corresponding reqular solution to the Cauchy problem (1.1)
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and (1.6) in [0,T),) x R™ with mazimal existence time T,,. Then for all n > 1, under either
J <0 or

2
J=0 withl<~y<1+4 —,
n
we both have T, < 400.
The second one is the finite time blow-up for Euler-Boltzmann equations.

Theorem 1.2 Let 1 <~y < 3. Assume that the initial data (po,uo)(x) has an isolated mass
group (Ao, Bo), [uo(x)| e m@n) < ¢, Iy satisfies

Iy

B(v), Y(v,Q,z)eR" xS x B | (1.14)

where BY, is the complementary set of B, in R™, and (I, p,u)(t,x) is the corresponding regular
solution to the Cauchy problem (1.5) and (1.7) in [0,T,,) x R™ with maximal existence time
Tyn. Then under either J < 0 for alln > 1 or

2
J=0 withl<y<1+— andn > 2,
n

we both have T, < +o00.

Remark 1.3 Compared with the blow-up result obtained in [26] for system (1.1), we remove
the assumption that the initial density is compactly supported, i.e., the vacuum can appear
in local domain. Compared with the two blow-up results obtained in [19] for system (1.5), we
remove the assumption in the first result (see (1.11)) that the initial velocity vanishes where
initial density vanishes, and we only need the information of initial velocity on the local vacuum
boundary 0A(t) instead of the vacuum domain (see (1.12)) assumed in the second result of [19].

Remark 1.4 For the case without radiation, Theorem 1.1 shows that the appearance of
vacuum will cause finite time blow-up of regular solutions to (1.1) in arbitrary dimensional
space. Moreover, even with the radiation effect, Theorem 1.2 shows that the vacuum still leads
to finite time blow-up of regular solutions to (1.5) in arbitrary dimensional space when J < 0 or
in multi-dimensional space (n > 2) when J = 0, which implies that the radiation is not strong
enough to prevent the formation of singularities caused by vacuum in multi-dimensional space.

In the rest section, we first provide some preliminary lemmas required for the proofs of
Theorems 1.1-1.2, then we prove Theorem 1.1 and Theorem 1.2, respectively.

2 Finite Time Blow-up

Hereinafter, it is always assumed that initial data (pg,uo)(x) and (lo, po,uo)(z) satisfy
assumptions in Theorems 1.1-1.2, (p,u)(t,x) and (I, p,u)(t,z) are regular solutions to the
corresponding Cauchy problems of (1.1) and (1.5) in [0, T,,) x R™, respectively.

2.1 Preliminaries

Now, we introduce some necessary quantities and preliminary lemmas. First, we define the
particle path generated by the velocity u(t, x).
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Definition 2.1 (Particle Path) Let X (¢;0,20) be the particle path starting from xg at
t=20, e,
d
EX(t;O,a:O) =u(t,X(t;0,2z0)), X(t;0,20) = w0, (2.1)
and denote A(t), B(t), B(t)\A(t) as the images of Ao, Bo, Bo\ Ao under (2.1), respectively, then,

A(t) = {X(t0,20) | w0 € Ao}, B(t) = {X(t0,0) | 20 € Bo},
B(t)\A(t) = {X(t;0,20) | o € Bo\Ao}.

This definition implies the evolution of Ay. Moreover, for any t € [0,7},), according to the
mass equation (1.1); or (1.5),, one has

p(t, X (t;0,2)) = po(z) exp (/Ot divu(s, X (s; O,x))ds),

which, along with the condition in (1.13): po(z) = 0 in By\ Ao, we have p(t,x) = 0 in B(t)\ A(t).
Then, together with the definition of regular solutions, one has

ur+u-Vu=0 1in B(t)\A(1).

Thus for each x € Bp\ Ay, it yields that
%u(t,X(t; 0,2)) = us(t, X (¢;0,2)) + u(t, X (¢;0,2)) - Vu(t, X (¢;0,2)) = 0,
which implies that
u(t, X(t;0,2)) = ug(x), VYa € Bo\Ao, t € [0,T},).
This, with the aid of (2.1), gives
X(t;0,2) = x + tug(z), Va € 0Ag, t€0,Ty),
and it immediately has
0A(t) = {z = xg + tug(zo) | xo € Ao} (2.2)
Here, (2.2) shows the evolution of the set Ag.

To show the finite time formation of singularities, in the region A(t), we define the following
physical quantities:

M(t) = / plz*dz (second momentum),
A(#)
F(t) = / pu - xdx (first moment of momentum density),
A(t)
1 2 Pm
e(t) = (—p|u| + —)d:z: (total energy),
A(t) N2 v—1

which is used to define the following functional (see also [16, 29]):

H(t) = M(t) —2(t + 1) F(t) + 2(t + 1)%e(t). (2.3)
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We also denote by
m(t) = / pdx
A(t)
the total mass in A(t), then it is clear that m(0) > 0 according to (1.13).
Now, we give some useful lemmas. The first one is the Reynolds transport lemma (see [28]).

Lemma 2.1 Considering any part of the fluid in 7(t) and with velocity u, for any G(t,z) €
CL(RT x R"), one has

4 G(t,x)dx = / Gidx + Gu - vdS,
dt Jr @) T(t) or(t)

where v is the unit outward normal vector and dS is the surface elements of O7(t).
With the help of Lemma 2.1, the second lemma implies the conservation of mass in A(t).

Lemma 2.2 The mass is conserved in A(t) for both Fuler and Euler-Boltzmann systems,
i.€.,

m(t) = m(0), te€[0,Tp).
Proof According to (1.1), or (1.5), and Lemma 2.1, one has

im(t) = / pedz + / pu-vdS = / (pt + div(pu))dz = 0,
dt A(t) DA(t) A(t)

which implies that m(t) = m(0) for any ¢t € [0, T),).

The third lemma implies that the volume of the region A(t) is a polynomial function of ¢
with degree no more than n (see [23 Theorem 1, 26, Lemma 2.1]).

Lemma 2.3 (Polynomial Growth of Volume) In [0,T,,), the volume of A(t) is a polynomial
with degree no more than n, and the coefficient of the highest order term t™ in the polynomial
|A(t)| is exactly J.

Moreover, the volume of A(t) has strictly positive lower bound.
Lemma 2.4 For both Euler and Euler-Boltzmann systems, the volume of A(t) satisfies

JA(t)| > Co(1+ )%, t€[0,T,,)

for some nonnegative integer k < n and positive constant Cy that depends on ug. More precisely,
if J=0, then k <n-—1.

Proof First, if |A(t)] = 0 for some ty € [0,7T},), then m(ty) = 0, which contradicts to the
conservation of mass in A(t), i.e., m(tg) = m(0) > 0 (see Lemma 2.2). Thus

|A(t)] >0, Vte[0,Th).
Moreover, there exists a constant Cy > 0 such that
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otherwise, for any 7% < T}, one can find a sequence {¢;} (j =1,2,---), t; € [0,T"] satisfying

Aty)] < 07

thus there exists a limit ¢, € [0, T),) of the bounded sequence {¢;}, such that |A(¢1)| = 0, which
contradicts to Lemma 2.2.

Second, according to Lemma 2.3, |A(¢)| is a polynomial with degree no more than n, thus
with the aid of (2.4), there exists a integer 0 < k < n, such that

|A(t)] > Co(1 + 1), t€[0,T,) (2.5)

for some positive constant Cy that depends on uyg.

Especially, when J = 0, |A(t)| is a polynomial with degree no more than n — 1, thus (2.5)
holds for some nonnegative integer k < n — 1.

In the following lemma, we give some basic estimates on H(t).

Lemma 2.5 For 1 <~y <3 andt € [0,T,,), it holds for both Euler and Euler-Boltzmann
systems that

2(t+1)2

H(t) > po—

/ pmda > O(1 4 )27 k0D (2.6)
A(t)

for J =0 and some nonnegative integer k < n — 1, where C' is a positive constant that depends
on Co,m(0), A and ~.

Proof First, according to the definition of H(¢), one has
1 m
H(t)= / (p|a:|2 —2(t+1)pu-x+2(t+ 1)2(—;)|u|2 + p—))dx
At) 2 v—1

= / (p|x —(t+ D +2(t + 1)2p—m)dx, (2.7)
At) v—1
thus by the non-negativity of the first term on the right-hand side of (2.7), it is easy to show
that

2(t +1)? 2A(t + 1)
Ht) > M/ pdis = M/ e
Y1 Jaw vy—=1  Jaw

C(t+1)*
v—1

Y

[ A m(0)Y > C(1+1)>7 07D,

where we have used Lemma 2.4 and the following estimate

m(0) :/ pdz < (/ p”dgc);|A(7j)|ww;l7
A(t) A(t)

and C' is a positive constant that depends on Cp,m(0), A and ~.
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2.2 Blow-up of Euler equations

Now, we are ready to prove Theorem 1.1.
Proof of Theorem 1.1 We divide the proof into two steps.

Step 1 The case of J = 0. We will control H(t) by using Gronwall’s inequality for
t € [0,7},). On one hand, from the definition of H(t), one has

dH(t)  dM(t) dF(t) de(t)
s T C DT A2 1P 2P A+ D), (28)

in which, from the definition of M (t) and (1.1),, one has
dM (t d
®) = —/ plzl*dx = / pi|zPdx +/ pulz|® - vdS
de dt Ja@ At) DA(t)

= —/ div(pu)|z|*dz = 2/ pu - xdx, (2.9)
A(t) A(t)

where we have used the fact that p = 0 on 9A(t). Similarly,

dF(t) d / /
dt dt Jaw A(t)( )

= / (div(pu @ u) - x + Vpy, - x)dx
A#)

= —/ (pluf® + npym)de, (2.10)
A(t)

where we have used (1.1),, integrating by parts and p = 0 on JA(t). For

dE(t) / 1 2 Pm
= - Lm ) g
dt A(t) (2p|U| +”y—1)t “

noticing that

1 1 1
5 (Plul)e = pue - wt Spilul® = pus - u — Sdiv(pu)lul?,
m . d. m
(Pm): _ pdiva — iv(p U)’
v—1 v—1

with the help of integrating by parts and (1.1),, it arrives at

de(t) 1. 2
i —/A(t) (put u 2dlv(pu)|u| + Vom u)dx

1
= / ((pu)t cu+divipu @ u) - u+ V- u — §div(pu|u|2))dx =0, (2.11)
A#)
where we have used the equalities
1 1 1
—pilul® — §div(pu)|u|2 = 5div(pu)|u|2 =divipu @ u) - u — §div(pu|u|2).

Thus, submitting (2.9)—(2.11) into (2.8), it arrives at
dH(t 2(2 — —-1)+1
GIECRLEL G S,
A(t)

dt v—1
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2 —n(y—1) 2(t+1)?
_ 2oy =D 2t )/ Pmdz. (2.12)
t+1 ")/—1 A(t)

2
Then, for 2 —n(y —1) >0,ie,1 <y <1+ . combination of (2.12) and (2.6) gives

S < 22200 _:(:1_ !

" H(t) forte[0,Ty,). (2.13)
With the help of (2.13) and the Gronwall’s inequality, we immediately have
H(t) < (t+1)2""0=YH(0).
This, together with (2.6), gives
(1+6)27F0-D < ot +1)2 0~V (2.14)

for some constant C' > 1 that depends on Cy,m(0), A and ~. Since for k <n —1and n > 1, it
holds that
2—k(y=1)>2-n(y-1),

thus (2.14) implies T}, < 400, otherwise, there is a contradiction to (2.14).

Step 2 The case of J < 0. According to Lemma 2.3, the polynomial |A(t)| can be expressed
as

IA(t)] = Jt" + Lo, (2.15)

where l.o.t denotes the lower order terms in the polynomial. When J < 0, for any n > 1 and
t > 0 large enough, we have |A(¢)| < 0, then m(¢) = 0, which contradicts to the conservation
of mass in Lemma 2.2, thus T}, < +oo.

The proof of Theorem 1.1 is finished.

2.3 Blow-up of Euler-Boltzmann equations
Proof of Theorem 1.2 We divide the proof into two steps.

Step 1 When J < 0, the proof is the same as the case of the Euler system, see Step 2 in
the proof of Theorem 1.1. This implies that the radiation has no effect when J < 0.

Step 2 When J = 0, we need to consider the behavior of radiation effect. First, one knows
that

dH(t)  dM(t) dF(t) L de(t)

= -2 1)——=+2 1 —2F 4 1 2.1
in which, by using (1.5), and the fact that p = 0 on QA(t), one has
dM(t) d / 9
= — plz|*dx = 2/ pu - xdx. (2.17)
Similarly, with the help of (1.5), and integrating by parts, one has
dF(t) d

PR S puxdgzj:/ pu - xdx
dt dt /A(t) A(t)( )t
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1 [~ —
_ / ( — div(pu ® u) — Vpm + - / Ko (I — B(U))Qdev) - zdz
A(t) cJo Ssn—1

1 & —
= / (plul® + npy)dx + = / / K, (I — B(v))QdQdv - zdz (2.18)
A(t) cJaw Jo Jgn—1

and
de(t)
dt

1
= / (put cu — =div(pu)|u|® + Vpp, - u)dx
A() 2

= / ((pu)y + div(pu @ u) + Vpy,) - udz
A(t)

1 /A ., ( /0 - . Ko(I ~ B(0))2d0dv) - uda (2.19)

c

for all t € [0,T,,).
Now, we need to consider the radiation effect.

We first claim the following: In the multi-dimensional space, the assumption on Iy in (1.14)
results in the phenomena that the impact of radiation on dynamical properties of the fluid in
A(t) vanishes after some time T, i.e., for n > 2, one has

I(v,Qt,x) = B(v), Y(v,Qt,z) € RT x 8" x [T}, T,,) x A(t). (2.20)

Noticing that, if T, < T}, then T, is finite and Theorem 1.2 follows immediately, thus we only
consider the case that Ty < T,.

Second, combining the claim (2.20) with (2.18)—(2.19), it arrives at

dF(t de(t
R / (plul? + npm)dz, D 0 forT, <t< T (2.21)
dt A(t) dt
Submitting (2.17) and (2.21) into (2.16), one has
dH(t) 2—n(y—1)2(t+1)> /
- ndz for Ty <t < T, 2.22
at t+1 y=1 Jap 7 = (2.22)

2
thus, for 2 —n(y—1) > 0,ie,1 <y <1+ e combination of (2.22) and (2.6) immediately
implies
d 2—n(y—-1)
—H({t) < ————=H(t) forTp <t <Tpy. 2.23
Suw) < 2D n for << (223)
With the help of (2.23) and the Gronwall’s inequality, one has
H(t) < (t+1)* "0V H(Ty),
where H(T}) is independent of T;,. This, together with (2.6) in Lemma 2.5, gives
(t+1)27F0=D < o(t + 1)>0O-D (2.24)

for some constant C' > 1 that depends on Cy, m(0), A,y and T}. Then for 1 <~ <1+ %, and
any nonnegative integer k < n — 1, (2.24) implies T}, < +o0.

Now it remains to prove the claim (2.20) to finish the proof of Theorem 1.2, which will be
proved in the following lemma.
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Lemma 2.6 (Behavior of Radiation Effect) Let n > 2. For the regular solution to the
Cauchy problem (1.5) and (1.7), there exists a time Ty < 400, such that

I(v,Q,t,x) = B(v), Y(v,t,z) € RT x "1 x [Ty, Trn) x A(t).
Proof Since B(v) is independent of ¢ and z, for n > 2, according to (1.5),, one has
1 - — _
<= B()): +Q-V(I = Bv)) = —Ka(I = B(v)). (2.25)
If we denote by y(¢;yo) the photon path starting from yg at t = 0, i.e.,
d
Ey(t;yo) =cQ,  y(0;90) = vo,
then it is easy to show that yg = y — cQt. According to (2.25), along the photon path, we have
t
(1 = Bt y(ti) = (o~ B exp ( [ ~calvsylsim)p)ds). (220
0

Considering the photon positioned in A(t), since the light speed ¢ > |ug| gy, thus taking

2R,
Ty=— " (2.27)
¢ — |uo| oo (rm)
and combining with (2.2), A9 C Bg, and |Q2| = 1 for n > 2, one has
lyol = |y — | = |Ro — (¢ — [uo|poe®m))t| = Ro  for t € [T}, Tm), y € A(t), (2.28)

which implies that after the time T}, the photon positioned in A(t) comes from ng. Thus,
together with (2.26) and the assumption on Iy in (1.14), it arrives at

I(v,Qt,z) = B(v), Y(v,Qt,z) € RT x S" 1 x [T}, T)n) x A(t).

The proof of this lemma is completed.

Remark 2.1 We emphasize that for 1D case, the Euler-Boltzmann system (see [3, 6, 17])
is deduced from the multi-dimensional case by considering only one single space variable.
More precisely, one can consider the three-dimensional case with specific radiation intensity
I = I(v,Q,t,z) that depends only on the single spatial coordinate x5 and the single angular
coordinate ¢, the angle between Q and x3 axis. Introducing w = cos ¢, since I = I(v,w,t,x3),
we have

Q- VIw,w,t,xs) = Q30,1 (v,w,t,23) = WOy, I(v,w,t, x3).

So, the one-dimensional radiation hydrodynamics equations read as (see [17, 24])

1
“hitwly = —Ka(I = B(v)),
pt + (pu)e =0, (2.29)

(pu)e + (pu® u)s + (Pm)e = % /O h g Ko(I — B(v))wdwdw,
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where w € S% = [—1,1] stands for the angular variable (we emphasize here that |w| is not just
equal to 1, which is different from the multi-dimensional case, where |Q2] =1 for n > 2).

Moreover, according to (2.29),, under the assumptions in this paper, the radiative effect in
A(t) will never disappear, in fact, due to |w| < 1, we are not able to find a uniform time T
such that (2.28) holds. Thus the radiation related terms on right-hand side of (2.18)—(2.19)
will never disappear, and we are not able to deduce finite time blow-up for 1D case under the
framework in this paper.

Remark 2.2 We also emphasize that, for 1D space, if we denote Ay = (a1, a2), Bo = (b1, b2)
for some constants b; < a1 < as < ba, then the assumption J < 0 is equivalent to

az
J= /A (o) = / (10)adz = wg(as) — uo(a1) < 0, ie., uolas) < uolar).  (2.30)
0 ay

Compared with the two blow-up results in [19], the first one needs ug(z) = 0 on (b1, a1]U[az, b2),
which plays an important role in proving the finite time blow-up of regular solutions to (2.29),
and is much stronger than our condition (2.30); The second one needs Sp(Vug) "R~ # () in
the vacuum domain, which is equivalent to (ug), < 0 on (b1,a1] U [az,bs2), here, we only need
the condition on the boundary points a1, as.

Remark 2.3 Based on Theorems 1.1-1.2; a natural question that we are working on is
to consider whether there exists a global regular solution to the Euler system or the Euler-
Boltzmann system for all dimensions n > 1 when J > 0, as well as to the Euler-Boltzmann
system for dimension n = 1 when J = 0.
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