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On some singular limits in damped radiation hydrodynamics

X. Blanc, B. Ducomet, S. Necasova

Abstract

We consider the Cauchy problem for the 3D Euler system with damping coupled to radiation
through two singular limits. Assuming suitable smallness hypotheses for the data, we prove
that each of these two problems admits a unique smooth solution.

Keywords: compressible, Euler, damping, radiation.

AMS subject classification: 35Q30, 76N10

1 Introduction

After the study of Buet and Després [5] we consider two singular limits for a compressible inviscid
radiative flow where the motion of the fluid is given by the Euler system with damping for the
evolution of the density o = o(t, z), the velocity field @ = (¢, z), and the absolute temperature
¥ = 9(t, ) as functions of the time ¢ and the Eulerian spatial coordinate = € R®.

In the first regime (equilibrium diffusion), the effect of radiation is incorporated in the state
functions p (pressure) and e (internal energy). In the second regime (non equilibrium diffusion),
the radiation appears through an extra equation of parabolic type for the radiative temperature
which is a priori different from the matter temperature.

More specifically, in the equilibrium case, the system of equations to be studied for the three
unknowns (o, @, ) reads

Oro + div, (o) = 0, (1.1)
O¢(0@) + divy (e ® @) + V. (p+ pr) + v = 0, (1.2)

1
O (oE + E;) + divy [(0F + Ey) @+ (p + pr)t] = divy (kV) + divy (3—

a

var) . (1.3)
where E = 1[i|? + e(0,9), E, = a9 and p, = ¢ 9*.

In the non-equilibrium case, the system of equations for the four unknowns (o, @, 9, E,.) is

0o + divy (o) = 0, (1.4)
O (o) + divy (ot @ @) + Va(p + py) + v =0, (1.5)
O (0F) 4+ div, ((oF + p)¥) + @ - Vup, = divy, (kV9) — 04 (cm94 — ET) , (1.6)

1

Os

O E, + div, (BE.@0) + prdiv,d = div, ( VIET> — 04 (BEr —at?*), (1.7)



where E = L|ii|? + e(o,9), E, is the radiative energy related to the temperature of radiation 7).
by E, = aT* and p, is the radiative pressure given by p, = %CLT;1 = % E,., with a > 0.

Systems (1.1) - (1.3) and (1.4) - (1.7) can be viewed as singular limits in radiation hydrodynam-
ics in two limit diffusion regimes. Such systems (when damping is absent) have been investigated
by Lowrie, Morel and Hittinger [25] and more recently by Buet and Després [5].

In a recent paper, Lin and Goudon [24] consider an equilibrium diffusion system close to (1.1 -
1.3). Using a similar analysis and additional arguments introduced by Beauchard and Zuazua [3],
our goal is to prove global existence of solutions for the system (1.1) - (1.3) (resp. (1.4) - (1.7))
when data are sufficiently close to an equilibrium state (g,0,0) (resp. (g,0,9, E,)), with g > 0,
9>0and E, >0 .

2 Hypotheses

Hypotheses imposed on constitutive relations and transport coefficients are motivated by the gen-
eral (local) existence theory for the Euler-Fourier system developed in [?, 31] (see also [12, Chapter
3] for the Navier-Stokes-Fourier framework) and reasonable physical assumptions for the radiative
part [27, 29].

In our simplified setting, transport coefficients k, o, 05 and the Planck’s coefficient a are sup-
posed to be fixed positive numbers.

The damping with coefficient ¥ > 0 of Darcy type can be interpreted here as a diffusion of a
light gas into a heavy one.

We consider the pressure in the form

p(0,9) = 99/2P (03—9/2) L a>0, (2.1)

where P : [0,00) — [0,00) is a given function with the following properties:

P € C'0,00), P(0)=0, P'(Z) >0 for all Z >0, (2.2)
S5P(2)-P(2)Z
0< 3 ()Z (Z) <cforall Z>0, (2.3)
. P2
After Maxwell’s relations, the specific internal energy e is
3 03/2 0
e(o0,9) = 59 (T) P (W) ; (2.5)
and the associated specific entropy reads
0
s(e.0) =M (555). (2.6)
with 5 p(2) \2)
3sP(Z)-P(Z)Z
/ __°3
M(Z) = 5 73 <0

3 Main results

We are going to prove that, under the above structural assumptions on the equation of state,
system (1.1)-(1.2)-(1.3) on the one hand, and system (1.4)-(1.5)-(1.6) on the other hand, have
global smooth solutions close to any equilibrium state.



Theorem 3.1. Let (@, 0,5) be a constant state with @ > 0, 9 > 0. Consider d > 7/2. There exists
e > 0 such that, for any initial state (oo, do,Jo) satisfying

(| (20, @, 90) = (2,0,9)]| . (B?) <s, (3.1)
there exists a unique global solution (o, u,¥) to (1.1)-(1.2)-(1.3), such that

(g — 0,1, — 5) eC ([0,+oo);Hd (RS)). In addition, this solution satisfies the following en-
ergy inequality:

t
[(e(0) - 200,50 ~ D) oy + [ (192 (080 Ol o) + 19200 ) )
< CH(@O —5707190_5)”2(1([@3) ) (32)
for some constant C > 0 which does not depend on t.

The same result holds in the case of system (1.4)-(1.5)-(1.6)-(1.7):

Theorem 3.2. Let (@, 0,9, E) be a constant state with 3 > 0, ¥ > 0, E, > 0. Consider d > 7/2.
There exists € > 0 such that, for any initial state (Qo,ﬁo, Jo, ES) satisfying

"(QOuﬁf)u,l?OaES) - (?70757E_7‘)HH,1(R3) S &, (33)

there exists a unique global solution (o, @,9, E,) to (1.4)-(1.5)-(1.6)-(1.7), such that (0 —2,4,9 — U, E, — E,) €
C ([O, +00); HY (R?’)). In addition, this solution satisfies the following energy inequality:

[(o(t) =, ii(t), 9(t) — 9, Er(t) — Br)| oM /0 V2 (0,9, E) (s)HiId,l(Rs) ds

t , ,
+/0 (”vxﬁ(S”Hd(Rs) + |V1ET(S)|Hd(R3)) ds
< OH(QO_EaOvﬁO_ngS_E)Hi]d(Rg) 5 (34)

for some constant C > 0 which does not depend on t.

As we will see in Section 4 below, the structure of these two systems is very similar. Indeed,
imposing the equality E, = ad* in the system (1.4)-(1.5)-(1.6)-(1.7), one finds (1.1)-(1.2)-(1.3).
Therefore, the proofs of the above results are very similar. Hence, we will only give the proof of
Theorem 3.2, which is a generalization of that of Theorem 3.1.

4 The linearized systems

4.1 The equilibrium limit
Equation (1.3) rewrites

1

Oa

0C, (8,9 + @ - V0) 4 Ipydivaii + v |i|” = —ppdived 4 div, (kV,0) + div, (3 vxET> . (40)

Linearizing the system (1.1) - (1.3) around the constant state (2,0,9) and putting o = r + 7,
9=T+9 and E,. =e, + E,, we get

Oyr + 0 div,u = 0, (4.2)



P 1 4a9°
Ol + E"Vzr + <n9 + ) VT + vii =0, (4.3)

o 3
p 1 4a9’
AT + 229 Qiv, i = divy [ — [ #+ v.T |, (4.4)
QCU QCU 3Ua
where C, = ey (?)).
r
U1
Using the vector notation U := uz |, the linearized system (1.1) - (1.3) rewrites
u3
T
3
0U + > A;0;U = DAU — BU, (4.5)
Jj=1
with
0 2 00 0 0 02 00 0 00 o O
a 0 0 0 g 0 00 00 0 00 0 O
A= 0 0 00 0], Ay:= a 0 0 0 8 |, A3:= 0 00 0 0],
0 0 00O 0 00 0O a 0 0 0 B
0 000 0 0 v 00 0 00 v O
and
0 0 0 0O 0 0 00O
0O v 0 0O 0 0 000
B := 0 0 v 0 0], D:= 00 00 0|,
00 0 v O 0 0 00O
00 0 0O 0 000 9
where L, _ L
D, 1/(_ 4a9 Py 1 4a9
a=—=, == + , Y=—-, 0=— | K+ . 4.6
2 g 2 (pﬁ 3 v oC, oC, 30, (4.6)

In order to apply the Kreiss theory we have to put the system (4.5) in a symmetric form [4].
For that purpose it is sufficient to consider a diagonal symmetrizer

0 0

Ay =

coo®
co - o
S

0
0
b

o O o oo

0 0 0 O

with the relations ¢ = 22 and b =

57 and choosing ¢ = 1 in order to keep the parabolic term
unchanged.

ey

Multiplying the first equation (4.5) by A on the left, we get
3
Apd,U + Y A;0,U = DAU — BU, (4.7)
j=1

where the matrices Ej = EOAJ» and B = EOB are symmetric for j = 0,1, 2, 3, that is,

0 % 00 0 0 0 % 00 0 00 % 0
B 20 00 v B 0 0 0 00 B 0 00 0 0
A = 0O 0 0 0 0|, A= %O 0 0 ~ |, A3:= 0O 00 0 O
0 0 000 0 0 0 00 F 00 0 ~o
0O v 00 0 0 0 v 00 0 00 v O



and

0O o 0 0 o0 0O 0 0 0 O
B 03 0 0 0 B 00000
B=| 0 0 % 0 0]|,D=| 0000 0|,

000%0 00 0 0 O

0O 0 0 0 0 0 00 0 ¢

where a, 8 v and 0 are defined by (4.6).
The hyperbolic-parabolic system (4.7) is now symmetric.

4.2 The non-equilibrium limit
Equation (1.6) rewrites
0C, (049 + @ - V09) + Ippdiv,ti = —p,div, i + divy, (kV9) — o, (al?4 - ET) —v |ﬁ|2 ) (4.8)

Linearizing the system (1.4) - (1.6) around the constant state (g, 0,9, E,.) with the compatibility
condition E, = ad" and putting o =7 +79, 9 =T+ 9 and E, = e, + E, we get

Oyr + 0 divyd = 0, (4.9)
p P 1
g+ eV r + POV, T 4 “ Ve +vii=0, (4.10)
0 0 30
Ip “ —
T + 229 div, 7 = div, (_ng) _ e (4m93T - er) : (4.11)
QCU QC'U QCU
4 . 1 —3
oe, + —E, divyil = divy | — Vgze, | — oq (er—4a19 T). (4.12)
3 30
T
U1
Using the vector notation U := ZQ , the linearized system (4.9) - (4.12) rewrites
3
T
er
3
0:U + Y A;0,U = DAU — BU, (4.13)
j=1
with
0 3000 0 0 03 00 O
a 0 0 0 f 3% 000 O0O0 O
1 0 0 0 0 0 O ) aOOOﬁglE
A=t g 0000 0 " | 00000 0|
0 v 00 0 O 00y 00 O
06§ 00 0 0 006 00 O
0 00 3 0 0
0 00 0 0 O
0 00 0 0 O
A= 00008 £ |
000 v 0 0
000 6 0 O



and

0O 0 00O O O 0 0 0 0 O 0
0 00O O O 0O v 0 0 O 0
0O 00 0 0 O 0 0 v O 0 0
D= 0O 00 0 0 O , Bi= 0 0 0 v 0 0
0 0 0 0 p O 0 0 0 O ¢ -n
0 000 0 v 0 0 0 0 —7m o4
where _
ﬁg _19 19?19 4— K
o= —, 6277 = = 5:_ET7 = =
0 Ao 3 S o8
—3
1 4 a a -
T= , = aa_ﬁ , = Ta_ , = 4aaa193.
305 oC, oC',

In order to apply the Kreiss theory we have to put the system (4.13) in a symmetric form [4].

For that purpose it is sufficient to consider a diagonal symmetrizer

a 00 0 0 0
0 b 0000
~ 00 b 000
Ao = 00 05b 00
0000 ¢ O
00000 d

We get the relations a = £b, ¢ = Bpand d = L:b.
o ¥ 306

Multiplying the first equation (4.13) by Ag on the left, we get

3
ApdU +Y " A;0;U = DAU — BU,

j=1

where the matrices /Nlj = /NloAj are symmetric, for all j = 1,2,3. More specifically,

(4.14)

0 ab 0 0O O O 0 0 ab 0O O O
ab 0 0 0 b 3—% 0 0 00 0 O
A, - 0O 0 0 0 O O i .- ab 0 0 0 (b 3—%
L 0o 0 00 0 0 |77 000 0 0 O
0O pgb 0 0 0 O 0 0 Bgb 0 0 O
0 % 00 0 0 00 & 0 0 0
0 0 0 ab 0 O
0O 00 0 O O
~ 0O 00 0O O O
=100 0 m L
0 0 0 @G 0 O
000 g 0 0
The hyperbolic part system (4.14) is now symmetric while its symmetric dissipative part is
given by
0O 000 0 O 0O 0 0 O 0 0
000 0 0 O 0 bv 0 O 0 0
Do 000 0 0 O , . 0 0 b O 0 0
000 0 0 O 0 0 0 bv 0 0
0 00O ¢cu O 0O 0 0 O ¢ —cn
0 00 0 0 dr 0 0 0 0 —dr do,



where one checks the relation cnp = dr = g—gb and the positiveness condition of B

‘XBX >0, for any vector X € RS,

Applying the Fourier transform in x to (4.14) we get

3
A0 U+ €;A;U = —|¢]*DU - BU,

Jj=1

or " . .
Ao0 U = E(€)U,
with
E(£) = —B(£) —iA(8),
where
0  ao&r aole aofs 0 0
. ba& 0 0 0 bBG 24
~ ba&s 0 0 0 bB&L L&
A =Y ¢A = 30
© ; o bas 0 0 0 bP& 3—%53
0 & & & 0 0
0 do&, dog, ds&s O 0
and
o 0 0 O 0 0
0O bv 0 O 0 0
~ ~ 0 0 bvr O 0 0
BO:=B+EFD=| o § 4 0 0
00 0 0 c(uP+9) —cn
00 0 0 —dr d(7]€]? 4 04)
Choosing b = 39, we get o
35 _
a = Tﬂu c= 3CL’UQ7 d= E )
4 ¥ 4F,
SO
0 3,61 3D,E2  3DP,Es 0 0
3P,61 0 0 0 3ps&s &
A(8) = 3Pz 0 0 0 3ppée &
3D,¢3 0 0 0 3py&s & |7
0 3pp&1 3pyé2 3pyés 0 0
0 & & &3 0 0
and
0 0 0 0 0 0
0 3v 0 0 0 0
0 0 3gvr O 0 0
B=1| 0o o 0 3o 0 0
000 0 0 Z[gP+12a0,0 — g,
0 0 0 0 -5 prd Ry L

Solving this equation with initial condition (70(5) we get

U(t,€) = Ag" exp [tE(€)] Up(€).

(4.16)

(4.17)

(4.18)

(4.19)



In the strictly hyperbolic case D = 0, under the Kalman rank condition [20] for the pair (A(¢), B),
it can be proved [3] that

3O >0, AE) >0 : exp[tE(€)] < Ce MO,

Observing the partially parabolic character of the system, one can expect a similar result when
D # 0 with a parabolic smoothing effect at low frequencies and an extra damping in the high
frequency regime.

Taking benefit of the damping, we can use the Shizuta-Kawashima condition (SK) [32] which
applies to the previous systems when « > 0. Following the arguments of Beauchard and Zuazua
[3], we have

Lemma 1. For any & € S%, the matrices B(E) and A(€) satisfy the Shizuta-Kawashima condition
(SK):

{eigenvectors of (AO)_l A({)} N Ker B(§) = {0}. (4.20)

As suggested in [3], one expects that the previous systems are strongly stable in L?: all L2
solutions tend to zero in L? when t — oo.

Proof: One first checks that Ker B(¢) is the 1-dimensional subspace spanned by the vector

JURNES |
(1,0,0,0,0,0). Therefore, if X € Ker B(£) \ {0} is an eigenvector of (AO) A(§), we have
X = (21,0,0,0,0,0), 21 # 0, and
A(§)X = Mo X,

for some A € R. According to the values of Ag and A(&), this implies that A =0, & =& =& =0,
which is in contradiction with the hypotesis £ € S2. O

Remark 4.1. It is clear in the above proof that v > 0 is necessary. Indeed, in the case v = 0,
one easily sees that (4.20) is not satisfied. Indeed, in such a case, any vector of the form X =

(0, w1, w2, w3,0,0)T satisfies A(£)X =0 and B(£)X = 0.

The stability condition (4.20) was first introduced in [32]. It was also used in [24] and [3]
to prove global existence for hyperbolic-parabolic systems. It was proved in [32] that (4.20) is
equivalent to the existence of a compensating matrix:

Proposition 4.1. There exists a matriz-valued function

K: §% — RO

w — K@)
such that
1. w K(w) is a C* function, and satisfies K(—w) = —K (w) for any w € S
2. K(w)flo is a skew-symmetric matriz for any w € S2.

3. Denoting by [A] = L (A+ AT) the symmetric part of A, the matriz [K(w)A(w)] + B(w) is
symmetric positive definite for any w € S?.

The proof of the equivalence between the Shizuta-Kawashima stability condition and the exis-
tence of a compensating matrix (Proposition 4.1) can be found in [21]. As in [24] and [3], we will
use the existence of the compensating matrix K (w) as a fundamental property allowing to prove
global existence.



5 Entropy properties

Adding equations (1.6) and (1.7) we get

1 1
O <§g |i@|” + oe + ET) +divy ((0E 4+ E))d + (p + pr)d) = divy (kV509) 4+ divy <3— VEET) .

S

(5.1)
Introducing the entropy s of the fluid by the Gibbs law Jds = de + pd (%) and denoting by
S, := %aT? the radiative entropy, equation (1.7) rewrites
1 1 E, — av*
r di T T“ = —di e | 57— VB, | — aTiv
OSy + divy (Sy @) T iv (305 \Y ) o T
or 94
1 4 E, -
8,S, + divy (S,@) = div, (ﬁ szT) + ?ZTT|VITT|2 - UGT‘L. (5.2)
Replacing equation (1.6) by the internal energy equation
9 (0e) + div, (geid) + pdiv, i — v | = div, (kVa0) — 04 (a9* — E,), (5.3)
and dividing it by 1}, we may write an entropy equation for matter
y 202 v~ E,
Bs(0s) + divy (0st) — % @ = div, (“Vﬁ ) + ”'VW E_ 5 . (5.4)
So adding (5.4) and (5.2) we obtain
V0 1
O (08 + Sr) + divy ((es + S, ) @) — div, r +—— V,E,
9 30T,
K|V 0| 4a 9 Q0g 9 9 9 vV o
= — T, |V E, 9—=T,)" (O+T,) (¥ + 1T — . 5.5
L VLB P+ S 0 - T 0+ T) (2 +T2) + S (5.5)

Introducing the Helmholtz functions Hy(o,9) := o (e — Js) and H 5(T:) == E, — 98,., we check

that the quantities Hy(o,9)—(0—2)0,Hy(2,9)— H5(2, ) and H, 5(T,)—H, 5(T;) are non-negative

and strictly coercive functions reaching zero minima at the equilibrium state (g, 9, E,.).

Lemma 2. Let 3, ¥ and T, be three given positive constants. Let O and Oy be the sets defined

by
2 0 _ 9
(’)1::{(g,19)eR :§<Q<2g,§<19<219,}. (5.6)
T,
OQ:Z{TTER:7<TT<2TT,}. (5.7)

There exist positive constants C12(,9) and C34(T.) such that

1.
C1(lo—10|* + [0 —9J|*) < Hz(0,9) — (0 — 0)9,H5(2,7) — Hy(2,9)

<Cy(le—al*+ v -9%), (5.8)
for all (p,9) € Oy,



Cs|T, = T.|* < H,5(T,) — H,5(T,) < C4|T, = T,|?, (5.9)
for all T, € Os.

Proof:

1. Point 1 is proved in [12] and we only sketch the proof for convenience.

According to the decomposition
0 — Hylo.0) — (0~ D0, H;(@7) — Hy(@.7) = (o) + G(0),

where F (o) = (Qa 19) (0— @)89H5(§7 0) Hy ( o, ) and G(0) = (97 J) — Hﬁ(gv ), one
checks that F is str1ct1y convex and reaches a zero minimum at p, while g is strictly decreasing
for 9 < ¥ and strictly increasing for ¥ > ¥, after thermodynamic stability properties (2.2)
and (2.3). Computing the derivatives of Hy leads directly to the estimate (5.8).

2. Point 2 follows immediately from the properties of the function  — H, 5(z) — H, 5(T;) =
azd(z — 39) + “54.
O

From this simple result, we can obtain an identity leading to energy estimates. In fact, sub-
tracting (5.5) from (5.1) and using the conservation of mass, we get

00 (310 + 5(0.9) — (0~ 0,115(2.9) ~ Hy(@.) + 1, 5(T)

= div, ((QE +E)i+ (p+pr)i+9(0s + Sr)ﬁ)

. 1 — . kV 0 1
+div, (/{Vxﬁ—l— 30, VEET) + ddiv, <T + ﬁ VIET>
— S0P = 4 ”
_ “'VW ©_ Do V. 722 0T, 0+ 1) (v +72) = 2 Jal (5.10)

In the sequel, we define V = (p, @, 9, ET) LV = (ﬁ, 0,7, E)T, and

N(t)*> = sup ||V (s) _VHiId(]Rg)

0<s<t
K 2
IV O oy + 17Dy + IV ) )
(190 = Tl s oy + 1o oy ) 8. 610)
Recall that T} = E,%/4a_1/4.

5.1 L*>°(H?) estimates

Using these entropy properties, we are going to prove the following result:

10



Proposition 5.1. Let the assumptions of Theorem 3.2 be satisfied. Consider a solution (o, , 3, E,.)
of system (1.4)-(1.5)-(1.6) on [0,t], for some t > 0. Then, the energy defined by (5.11) satisfies

VO - Plarey + [ (199 o) + I92B6) ) + 19— Tol ey ) s
< C(N()N(0)?, (5.12)
where the function C is non-decreasing.

Proof: We follow the proof of [24, Lemma 3.1]: we define
n(t.2) = Hy(o,9) — (0~ 2) 0,Hy (3.9) — Hy (2.9) + H, 5 (T,). (5.13)

We multiply (5.5) by ¥, and subtract the result to (5.1). Integrating over [0,t] x R®, we find

/3( ()|U|()+77(fév>dx+// 192|V19|2+—T|VE|19
// ﬁaaa (W +T,) (0 —T.) (9 + T2) + // vlal / (0, z)dz.

M(t) = sup sup (max (lo(s,z) — o, |@(s, )|, (s, 2) = D, | Ev(s,2) = E,)), (5.14)
0SSt 4 R?

Defining

and applying Lemma 2, we find that

V) =Vl grey+ | (10N oy + 126Ny + 10 = Ty + 55 1) s
< CMEN(O),

where C' : R™ — R™ is non-decreasing. Finally, we point out that, since d > 7/2 > 3/2, due to
Sobolev embeddings, there exists a universal constante Cy such that M () < CoN(t). Since C is
non-decreasing, this proves (5.12). O

Proposition 5.2. Under the same assumptions as in Theorem 3.2, we have the following estimate:
(here, we set V = (o, 1,9, E.)T)

0.V ()] 111 (e < CN(H) (nvadl(Rs) IVl )

V2Bl ) + 19 - TT|HM<R3)) (5.15)

Proof: The system satisfied by V may be written formally
Ao(V 8tV+ZA V)0,V = D(V)AV — B(V)V.
Jj=1
Therefore,
3 n

oV == [4;() = 4;(7)| 0.,V = 3 A;(V)a,,V + [D(V) - D(V)| AV + D(V)AV

j=1 j=1

11



where A;(V) = (Ao(V)) "' 4;(V), B(V) = (Ao(V))"" B(V), and D(V) = (4o(V))"" D(V). We
point out two important facts: First, these matrices are Lipschitz continuous with respect to V/,
away from o = 0 and ¢ = 0. Second, the matrices B and D have, respectively, the same structure
as those defined in (4.15). Note also that, since d —1 > 5/2 = 3/2 + 1, Sobolev embeddings imply
that H¢ 1 (Rg) is an algebra. Therefore, we, have

907 102 () < Co 1+ZHA -4,

Jj=1

del(R?’) ”VzVHdel(ﬂ@)

Hm(w)> (1801 ) + 1B ) )

+Co (1 + HE(V) —E(V)‘

+Co (1 + HB(V) - B(V)‘

Fa—1 (R3)> 19 = Trll yus (R¥):

whence,

||3tV||Hd71(R3) < Co (1 +[v - VHHM(RS))

x (||VmV||Hd1(R3) + |\A19||Hd71(R3) + HAErHdel(RS) + 19— Tr||Hd1(R3)) ,
which proves (5.15). O

Next, we bound the spatial derivatives as follows:

Proposition 5.3. Assume that the hypotheses of Theorem 3.2 are satisfied. Let k € N be such
that 1 < |k| < d, where d > 7/2. Then, we have

H@L“V(t)||L2(R3) +/0 <|8§Vmﬁ(s>liQ(R3) HIOEVLEn(s)II2, :(R )+ 105 (9 — T>||L2(Rs)) ds
< CoyN(0)?

LCON(8) / (||vmv<s>||Hdl(R3> V296 ) + V2B g ) +110 - TTHHM(RS))( ds |
5.16

Proof: We write the system (1.4)-(1.5)-(1.6) as

Ao(V 8tV+ZA V)0,V = DAV — B(V)V.
j=1

We apply 0% to this system, then take the scalar product with the vector 9V, and integrate over
[0,1] x R*. We find

%/}RS [(A08§V)~afv]g+/0t/R3 (DV, (0¥V)) -V, / / ) (95V)
// ( (11 + I2) 13—I4+I5),
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where

I = 8, (Ao(v)) BFV - 9k, Za% ) OkV - okV, Iy = [0k, Ay(V)] 8,V - Ok,

3
:Z W] 8.,V -85V, I =k (B(V))V - dkV.

We estimate separately each term of the right-hand side. First, we have

t t
[ Lol < e[ [ lotvfiow
o JR® 0o JR®
t
< c / [0V (9.1 + BV + [DAV)
<

N [ 105V )

where we have used Sobolev embeddings and the fact that d > 7/2. A similar computation gives

[ [ i< ene [ 1oty ey o

We estimate I3 by applying Cauchy-Schwarz inequality:

// |Is|</ HakVHL2 R?) [0 5thL2(R3)'

Then, we apply same estimate for commutators and composition of functions (see [26, Proposition
2.1]), and |k| < d:

H[af,Ao(V)]ﬁtVHLz (R%) = H[(?f,AO(V) - AO(V)]@VHLZ (R%)

C (10071, () 19400V () + 10 Ly o) 19400V ) )

Moreover, we have
||VmA0(V)HHd71(R3) <c|v —VHHd(Rs) < CN(t),

and
HVwAO(V)lILm(RS) < CHVmVllHd,l(RS) < ON(1).

[ s ene [ (19, g ) s

Here, we have used (5.15). The integral of I, is dealt with using similar computations. Turning
to I5, we use the particular form of 9* B(V'), which has non-zero entries only on its last two lines
and its fifth column. More precisely, we have

Hence, I3 satisfies



hence

Ok (B(V))V - 08V = ac, 0% (0°) 0F (0 — E,),

// | < ON (¢ /Hak )3 e do

Collecting the estimates on Iy, Is, I3, I, and I5, we prove (5.16). O

from which we infer

The above results allow to derive the following bound:

Proposition 5.4. Assume that the assumptions of Proposition 5.1 are satisfied. Then, there exists
a non-decreasing function C : RT — RY such that

HV—VH;(Rs)+/O (170 e ) + 1900y + 10 = Toly ) )
< CW (o) (N0 + N0 / Va6 oy ) - 17

Proof: We sum up estimates (5.16) over all multi-indices k such that |k| < d, and add this to
(5.15). This leads to (5.17). O

5.2 L[*(H%!) estimates

In this section, we derive bounds on the right-hand side of (5.17). For this purpose, we adapt
the strategy of [32], which was further developed in [15]. We apply the Fourier transform to the
linearized system and use the compensating matrix K to prove estimates on the space derivatives
of V.

Proposition 5.5. Assume that the assumptions of Proposition 5.1 are satisfied. Then there exists
a non-decreasing function C : RT™ — R such that

[ 19Vl oy ds < COV ) <N(t> -7, (R3)> (5.18)

Proof: As a first step, we apply the symmetrizer of the linearized system (4.13) (which leads to
(4.14)) to the nonlinear system (1.4)-(1.5)-(1.6), which then reads

3
A(V)OV + Y A;(V)dy,V = DAV — B(V)V.

j=1

Of course, this system is not symmetric. However, the corresponding linearized system (4.14) is
symmetric. Next, we rewrite the nonlinear system by setting U =V — V:

Ao(V 6tU+ZA V),,U = DAU — B(V)U — B(V)V.
j=1

Therefore, multiplying this system on the left by Ao (V) (AO(V)) , we find

3
A(V)o U+ A;(V)d,,U = H, (5.19)

Jj=1
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where

3

1= —AW) 3 [(A0) A0 - (1) L@ oy

=1

.

+A(V) (D)) DA - A7) (B(v)) " BV ~ Ao(V) (B(v)) BV

We apply the Fourier transform to (5.19), and then multiply on the left by —i ((7) K (é—|),

where * denotes the transpose of the complex conjugate, and K is the compensating matrix (see
Proposition 4.1). Taking the real part of the result, we infer

Im ((ﬁ) K <|§—|> Ao (V) aﬁ) + €] (17) K (é—l) A (%) U
— Im ((ﬁ) K <|§—|> I?I) . (5.20)

where the matrix A (é—|) is defined by (4.18). According to Proposition 4.1, K Ay(V) is skew-

symmetric, hence

Im ((ﬁ)K (é—|> Ao (V) aﬁ) - %%Im ((U)K (é—|) Ao (V) (7) .

Next, we also have

s ({80 e (£)+(5) ()
~161(0) B~ e (7) DO (5.21)

Hence, still applying Proposition 4.1, there exists a; > 0 and as > 0 such that

€(0) K (é—|> A (é—|> 0> anlel|0]
azé (‘g <ﬁ>r + ’g (E/—\E_) g &2> . (5.22)

Finally, we estimate the right-hand side of (5.20) using Cauchy-Schwarz inequality and Young

inequality:
Im((ﬁ)*K($> 1?1)‘ a|§|‘U’ YO ]Hf (5.23)
€] €l ’
for any € > 0. We choose ¢ small enough, insert (5.21)-(5.22)-(5.23) into (5.20), and find

G (T e m v i)«
i <(6)K <|§_|> 40 (V) ﬁ)] |

We multiply this inequality by |£|?'~!, for some 1 <1 < d, and get
—\ |2 — 2 2 ~12
e (‘s (129)| +[e (5B +1e2fa ) + g2
d (N (EN
—[¢[* = Tm ((U) K (E) Ao (V) U)] . (5.24)
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C(N)

®(N), e=0.01

@(N), e=0.1

N

Figure 1: The functions ¢ and C used in the proof of Theorem 3.2

We integrate this inequality over [0, ] x R?, and use Plancherel’s theorem:

//QZWV v <C//R > (|05Vao]* + 05Vo B | + |okvaal” + |0k |")

|k|=t |k|= l

—|—C’Im/R3 g2t [(ﬁ)K <é_|> Ay (V) ﬁI (5.25)

The matrix K (TE\) is uniformly bounded for £ € R*\ {0}, so we have

Im/Rs [ [(U)K (é—|) Ao (V) (7]: <C (/R (1+1¢)’ ‘U(t)r—k/Ra (1+ 1)’ ‘(70‘2)
<€ IV = Pl gy + V=Vl )

We insert this estimate into (5.25), sum the result over 1 <[ < d, which leads to

t
/0 IIVmVIIdel(w) <C (HV - VHHd(R3) +[vo - VHHd(R3)

+f <|v I acs () + IV s o) + 19l oy + I, 1(R3)>). (5.26)

In order to conclude, we need to estimate the perturbation H. For this purpose, we use that
H~1 (R?) is an algebra: for any s < t,

L3 (e < ON O IVaV g ey -

Inserting this into (5.26), we prove (5.18). O

We are now in position to conclude with the

Proof of Theorem 3.2: We first point out that local existence for system (1.4)-(1.5)-(1.6)
may be proved using standard fix-point methods. We refer to [26] for the proof. The existence is
proved in the following functional space:

X0,7)={v, v-VecC(0,1}H"(R%), V,VelL*(0,T}H""(R?),
V.9, Vi E, € L* ((0,T]; H* (R%))} .
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In order to prove global existence, we argue by contradiction, and assume that 7. > 0 is the
maximum time existence. Then, we necessarily have

lim N(t) = 400,
t—T,

where N (t) is defined by (5.11). We are thus reduced to prove that N is bounded. For this purpose,
we use the method of [24], which was also used in [28]. First note that, due to Proposition 5.4 on
the one hand, and to Proposition 5.5 on the other hand, we know that there exists a non-decreasing
continuous function C' : RT — R such that

VT €[0,T.]), N(t)*><C(N(t)) (N(0)?+N(@)?). (5.27)

Hence, setting N(0) = ¢, we have

N(t)?

—————= < C(N(t 2
A < v, (5.28)
Studying the variation of ¢(N) = N2/ (2 + N?), we see (figure 1) that ¢/'(0) = 0, that ¢ is

increasing on the interval [O, (252)1/3} and decreasing on the interval {(252)1/3 , —l—oo). Hence,

max g = o ((22)'") = % (2>2/3.

€

Hence, the function C being independent of e, we can choose € small enough to have ¢(N) < C(N)
for all N € [0, N*], where N* > 0. Since C is continuous, (5.28) implies that N < N*. This is
clearly in contradiction with (5.27). O
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