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On an Application of Nash-Moser Theory to
the Vacuum Boundary Problem of Gas
Dynamics

Tetu Makino *
Yamaguchi University

1 Introduction

We consider spherically symmetric motions of atmosphere governed by the
compressible Euler equations:

Op Op ou 2
§+u§+p8r+;pu-0,

ou ou OP gop
== e — = L <

p(@t +u3r)+ or r2 (Fo <) (1)
and the boundary value condition

pulr=g, = 0. (2)

Here p is the density, u the velocity, P the pressure. Ry (> 0) is the radius of
the central solid ball, and go = GoMy, Gy being the gravitational constant,
M, the mass of the central ball. We assume that

P = Ap, (3)

where A and «y are positive constants such that 1 < v < 2.

*Department of Applied Mathematics, Yamaguchi University, Ube 755-8611, JAPAN,
e-mail: makino@yamaguchi-u.ac.jp



Equilibria of the problem are given by

1 1\
Al(;——é) (ROST<R)
0 (R<r),

plr) =

where R is an arbitrary number such that R > Ry and

Ay = ((’Y ;j)%)ﬁ-

Remark The total mass M of the equilibrium is given by

R %1 ’
M=47TA1/RO (%—%) r2dr.

If M is given in the interval (0, M*(y)), then R is uniquely determined. Here

AmAi(y — 1) -4
M*(v) = Ry "}
) 41— 3 0
if v <4/3, and M*(7y) = +o00 if v > 4/3. O
Let us fix one of these equilibria. We are interested in motions around
this equilibrium.

We are interested a solution (p(¢,r),u(¢, 7)), which is continuous on 0 <
t < T,Ry < r < o and there should be found a continuous curve r =
Rp(t),0 <t < T, such that |Rp(t) — R| < 1,p(t,r) >0 for 0 <t < T, Ry <
r < Rp(t) and p(t,r) = 0 for 0 < ¢t < T,Rp(t) < r < oo. The curve
r = Rp(t) is the free boundary at which the density touches the vacuum. It
will be shown that the solution satisfies

p(t,r) = C(O)(Re(t) )77 (1 + O(Re () 1))
as 7 — Rp(t) — 0. Here C(t) is positive and smooth in ¢. This situation is

“physical vacuum boundary” so-called by [3] and [1].

The major difficulty of the analysis comes from the free boundary touch-
ing the vacuum, which can move along time. So it is convenient to introduce
the Lagrangian mass coordinate

r
m = 47r/ p(t, " )r2dr’,

Ro
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to fix the interval of independent variable to consider.
Let us take ¥ = 7(m) as the independent variable instead of m, where
m +— 7 = 7(m) is the inverse function of the function

-
From= 477/ p(rr?dr'.
Ro
o Without loss of generality, we can and shall assume that

1 1
Ry =1, 9= 277 A=-, A=1

Introducing the unknown variable y for perturbation by

r=r(l+y), (4)
we can write the equation as
0%y 1 5 0 Oy 1 1
gy _ 2 Z Y — —H(w) =
7 " TV (F6(vr5,)) ~ s =0 ©

where
G(y,v) :=1—(1+y) (1+y+v)" =738y +v) + [y, v

| H(y) = (1+y)*- (1jy)2 =4y + [yl

and we have used the abbreviations r, p, P for 7, p, P.

Notational Remark Here and hereafter [ X], denotes a convergent power
series, or an analytic function given by the series, of the form ) i>q a; X7, and
[X, Y], stands for a convergent double power series of the form 3 -, ajuX iyk,
O

We are going to study the equation (5) on 1 < 7 < R with the boundary
condition

Ylr=1 = 0.

Of course y and rg—i will be confined to

0
ly| + lra—z < 1.



2 Analysis of the linear part

The linear part of the equation (5) is clearly

0%y s,
5 + (g ) =0 ©
where
dy  1d dy\y 1 1
ﬁy—ﬁ(“a)y~-‘;;dr(P7(3y”5)) popy g1
1 1\d% 4,1 1 v INdy 3y—4y
=—-—=]—= ——|-—= —_ = =. 7
('r R)dr2+( r(r R)+7—1r2)dr+'y—17"3 (7)
Let us introduce the independent variable z by
R—r
= 8
=2 ®)
and the parameter N by
vy _ N . 2
pou or 7“1+—N—2' (9)

Then we can write
z dy %—4zdy+8—zv 1
1—2d2?2 (1-2)2dz 2 (1- z)3y'

The variable z runs over the interval [0,1 — 1/R], the boundary z = 0
corresponds to the free boundary touching the vacuum, and the boundary
condition at z =1 — 1/R is the Dirichlet condition y = 0.

Although the boundary z = 1 — 1/R is regular, the boundary z = 0 is
singular. The eigenvalue problem Ly = Ay can be written as

d*y (Nl 4z )@y 8—N gy

a2 T \21-z 1-3)a: T 3 (1-—2)

Remark. The equation (11) as an equation on the Riemann sphere has
three singular points: z = 0,1 are regular singular points, and z = oo is
an irregular singular point (Poincaré index = 1) provided A # 0. This is so
called a ‘confluent Heun equation’, and is related to the equation Painlevé V.
Not so many informations are available, according to Professor Y. Ohyama

([6)). 0

Using the Liouville transformation, we can claim

R Ly =— (10)

= =ARY1—2z)y. (11)
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Proposition 1 The operator To, D(Tp) = CP(0,1 — %), Toy = Ly in
1

2= L((0,1- %), T (1—2) T dz),

has the Friedrichs extension ¥, a self-adjoint operator whose spectrum con-
sists of simple eigenvalues \y < Ag < -++ < Ay < +++ — 00.

Moreover we have
Proposition 2 If N <8 (orvy > 4/3 ), the least eigenvalue A, is positive.

Let us introduce a new variable

:czRT?’( z(l—z)+tan"1’/1iz>2
= ?(———W +tan~' 4/ R;T)Q. (12)

Then we can write

d
Ly =Ly + Li@)z? + Lo(@)y, (13)
where P N d
P R

and L,(z) and Lo(x) are analytic on 0 < z < Zy = 72R3/16. While r runs
over the interval [1, R], x runs over [0, zg|, where

R3 -5 [1- 2, 2 T R3
= — < 00 — .
TR= (/0 V= Z) v 16

=R+ [zl =R} (R~r)+[R~-1)a
Let us fix a positive eigenvalue A = A, and an associated eigenfunction
®(z) of L. Then

Note that

1 (t,z) = sin(V/ At + 6,)®() (14)
is a time-periodic solution of the linearized problem
— + Ly =0, Ylg=zp = 0.

Moreover we claim

Proposition 3 The eigenfunction ®(x) is an analytic function of 0 < z <
Zoo-
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3 Main result

We rewrite the equation (5) by using the linearized part £ defined by (7) as
2

y dy oy\

52 <1+G1<y,7"8 ))ﬁy‘*‘Gn(T YT 87') =0, (15)

where

Gily,v) = 1+y2(1+ 28,Ga(y, )) 1,
(

GII(T7y7 ) = —GIIO Yy, v )+ -—_—fol(y7 )
G]I()(y, ) (1 + y)2( 0, GQ 8 Gz)
Gin(y,v) =(1+y 2(7 (0,G2)((4 — 3)y — ’YU)+G2> — H+4y(1+y)*
Here
G2 =G - 7(3@/ + 'U) = [y, U]27
oG oG
O0yGo = 0 v = [y, v, 0,Go = —a—y— =3y = [y, v)r.

We have fixed a solution y; of the linearized equation yy; + Ly = 0 (see
(14)), and we seek a solution y of (5) or (15) of the form

Y =€y + ew,

where ¢ is a small positive parameter.
Remark The following discussion is valid if we take

K
Y1 = ch Sin( V /\nkt + Gk) ’ (I)k(x)7 (14)/
k=1

where ®; is an eigenfunction of £ associated with the positive eigenvalue \,,

and ¢, and 6 are constants for k=1,--- , K. O
Then the equation which governs w turns out to be
0w

o 5}
- T (1 + ealt,r, w, r—a%, 5))L’w + eb(t, r, w, r———w—,

g 5 e) =ec(t,r,e), (16)
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where

a(t,r,w,Q,¢) = e Gy(e(yr + w),e(vy + NQ)),
b(t,r,w,Q,e) = e Grle(y + w),e(vy + Q) Ly1 + e 2Grr(r, e(yr + w), e(v; + Q))
— e Gy (ey1, ev1) Lyy — €3Gy (r, ey, €vy),
c(t,r,e) = —e7'Gy(ey1, ev1) Lyy — €3Gy (r, €Y1, €v1).

Here v, stands for rdy, /0r.
The main result of this study can be stated as follows:

Theorem 1 For any T > 0, there is a sufficiently small positive eo(T)
such that, for 0 < e < €o(T), there is a solution w of (16) such that
w € C®([0,T] x [1, R]) and

(Z’)(zt)] (%) kw”Lw([o,T]xu,R]) S Cre,

or a solution y € C([0,T] x [1, R]) of (5) or (15) of the form

sup
Jt+k<n

y(t,r) = en(t,r) + O(?),
or a motion which can be expressed by the Lagrangian coordinate as
r(t,m) = 7(m)(1 + ey: (¢, 7(m)) + O(e?))
for0<t<T,0<m< M.

Our task is to find the inverse image P~1(ec) of the nonlinear mapping
P defined by
%w
PBlw) = ) + (1 + ga)Lw + eb. (17)
Let us note that B(0) = 0. This task, which will be done by applying the
Nash-Moser theorem, will require a certain property of the derivative of :

D(w)h = iy ~(P(w + 7h) — P(aw)

&%

oh
=5z + (14 €a1)Lh + gagr— + €axh, (18)

or
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where

= a(t,r dw ) *Qgﬁ +@— a —@Ew+§2
a’l_a‘ ) 7w7ra/r‘)53 a20—8'u) w awv 21_—89 89

: ow . ow ,
are smooth functions of ¢, r, w,r—, . Here (2 is the dummy of r———a , that is,
r

or ,
a and b are functions of ¢,r,w,Q = T%—w,&? and 0a/0Q [(0b/OQ)] denotes

the partial derivative of a [(b)] with respect to Q = rdw/dr, respectively.
We consider DB(w) as a second order linear partial differential operator for
each fixed w.

o Hereafter we use the variable = defined by (12) instead of r. A function
of 1 < 7 < R which is infinitely many times continuously differentiable is
also so as a function of 0 < x < zp.

We can claim

Proposition 4 There are smooth functions by, by of t, x,w, Ow/0x, d*w/Hx>
such that
0%h oh

D‘I}(w)h = -8? - (1 + Eal)Ah + bl.fl?—a}; + boh (19)

oh
Remark The factor x in the term b;x— is important. In fact B £
x

x
B being a non-zero constant, without the factor z cannot be considered as

a perturbation term, since it has the same order with the principal part

9%h N Oh
Ah =1r— + ——. i :
53 + 5 B See the proof of the following Lemma 3 O

Using this representation of DB(w), we can prove the following energy
estimate:

Lemma 1 If a solution of DP(w)h = g satisfies

ah'

h{x:xR = 07 h,t:O = = 0’

t=0

then h enjoys the energy inequality

T
18:h ||z + | DR]lx + [|A]lz < C/ lg(#)|xdt’,
0
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where 0, = B/Bt,D = /x0/0x and C depends only on N,R, T, A :=
|ledsar ||z + v2||eDay + by ||z and B := ||bo|| L, provided that |ea;| < 1/2.
Here we have used the notation

TR N_ 1/2
o= ([ it ar)

The proof of the main result is done by applying the Nash-Moser theorem
formulated by R. Hamilton ([2, p.171, I11.1.1.1}):

Nash-Moser Theorem Let €, and € be tame spaces, U an open subset of
€ and P : U — € a smooth tame map. Suppose that the equation for the
derivative DB(w)h = g has a unique solution h = VP(w)g for all w in U
and all g, and that the family of inverse VB : U x & — &; is a smooth tame
map. Then B s locally invertible.

In order to apply the Nash-Moser theorem, we consider the spaces of
functions of ¢ and x:

€:={y e C®(-2m,T) x [0,zg]) | y(t,z)=0 for —2m <t<-m},
Co:={w e €| wlpy, =0}

Here 71 is a positive number. Let U be the set of all functions w in &y such
that |w| + |dw/0z| < 1 and suppose that |¢| < €1, £; being a small positive
number. Then we can consider that the nonlinear mapping 8 maps U(C &)
into €.

For y € & n € N, let us define

Iyl == sup
o< <j+k<n

-
( - %)J(_A)ky“mo([—zn,ﬂx[o,am])'

Then we can claim that & turns out to be tame by this grading (|| - “(°°))n
On the other hand, let us define

W2 = ( 5 [ 1(- ) o)™

O<]+k<n

Here X = L2((0,zg); 2> 'dz) and
TR N_ 1/2
Iolie = ([ lote)Pattas) "

0



By Sobolev imbedding, we see that the grading (|| Hﬁf))n is tamely equivalent
to the grading (|| - [|°),, that is, we have

1 2
Slvl? <l < Clylis

with 25 > 1 4+ N/2. Hence € is tame with respect to (|| - [|$¥)n, too. The
grading (|| - ||$¥) will be suitable for estimates of solutions of the associated

linear wave equations.
Note that & is a closed subspace of € endowed with these gradings.

We can claim that
1B (w)]|) < C(1 + [w]|C2),

provided that Hngoo) < M. This says that the mapping ‘P is tame with

respect to the grading (| - l|£z°o))

n-.

Therefore the problem is concentrated to estimates of the solution and
its higher derivatives of the linear equation

DP(w)h = g,
when w is fixed in &, and g is given in €. Actually a tame estimate
181 < C+ gD + lwllZar)

with 25 > 1 + N/2, provided that ||g||'® < M and ||Jw||{), < M, can be
derived. See [4, Section 5]. Here h is the solution of the equation
2
DP(w)h = %g — (1+ea;)Ah+ b1$gg +boh=g
for given g € €, provided that |ea;| < 1/2. This estimate says that the
mapping (w,g) — h is tame with respect to the grading (|| - ||?),. This
completes the proof of the applicability of Nash-Moser theorem.

4 Open problem — initial-boundary value prob-

lem

Let us consider the initial-boundary value problem

2

2 (146 (1)) ey + Gu(ryr ) =0, (5)

93
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y|7‘=1 = 0’ (20)
9y

—0 = —_ = 21

Yli=0 = o (r), % |izo Yi(r), (21)

where ¥o(r),¥1(r) are given smooth functions of 1 < r < R such that

Yo(l) = ¢1(1) = 0. We want to establish a local-in-time existence theo-

rem to this initial-boundary value problem. But this task is still not yet

done. This may be an interesting open problem, so let us explain the diffi-
culty.

Let us formulate the compatibility condition. For the sake of simplicity,
we write the equation (15) as

0%y
'a? = B(T, Y, y,7 y”))

where ¢/, 3" stand for dy/0r, 8%y /0r?. Put

Bo(r, [wo]) = B(r: [yo]),

where [y] stands for (y,v',y") = (y,0y/dr,8*y/0r?). For p > 1 we define

By (7, [yol, [%1), - - - , [yp]) by the recurrence formula
p
Bp+1 = Z l:yj+layj + y;-+13y; + y9’+13y;z] Bp.
=0

Then we can define the sequence (v,)pen of functions of 1 < r < R by

Ya(r) = B(r, [0]),
P3(r) = Bu(r, [%ol, [¥1]),
¢P+2(r) = BP(T’ [1700]7 [d’l]? T ["/’p]) for p>2.

If y € C*([0,T] x [1, R]) is a smooth solution of (15)(20)(21), then we have

oPy .
otr li=0 ¥p(r)-

Therefore it is necessary that



in order that there is a smooth solution y to (15)(20)(21). So the condition
(22) is the compatibility condition to the nonlinear initial-boundary value
problem (15)(20)(21). Since 1, are determined by 1,7, inductively, the
condition (22) is a condition of (g, %1 ).

Our conjecture is that if (vg, 1) satisfies the compatibility condi-
tion, then there is a solution y € C*°([0,7] x [1, R]) to (15)(20)(21),
T being sufficiently small.

But this is not yet verified. Let us explain where is the difficulty.

Assume that we try to prove this local-in-time existence theorem using the
Nash-Moser theorem in the same manner as the preceding section. There we
constructed a solution w which vanishes identically on ¢ < —27; to simplify
the discussion of compatibility. But the situation is different in the present
case. Actually we can introduce w by

y=yi(t,r) +w,

where, for example,
Y1 (t,r) = to(r) + tihs(r),
and get the problem

8210 * * *
;‘B(w) = W - B(Tv [yl + w]) + B(T’) [yl]) = B(Ir7 {yl])a
w|”'=1 =0,
ow
wlt=0 = g 0 = 0.

If we try to apply the Nash-Moser theorem in the same manner as the pre-
ceding section, we should suppose the linearized problem

DP(w)h =g, hl=1=0, hli=o = Oth|t=0 =0

enjoys the compatibility condition, fixed an arbitrary smooth function w =
w(t,r), which is not yet a solution of §8(w) = 0, such that

or .,
5@(91 + w)

= 1p(r)

t=0

for Vp € N, that is,
oPw

OtP lt=0

= p(r)

95
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for p > 2, 9, being the function defined in the compatibility condition for
the non-linear problem. Here g = ¢(¢,r) is taken from a functional space to

P
which belongs B(r, [y;]). Probably we should assume that % 0= ¢p =
t=
or .
B i) _ -

More precisely speaking, the compatibility condition for the linearized
problem is as follows:
Putting N
BO(Ta {yo]’ [HO]) = Bl(rv [y0]7 [HO])a
for p > 1 we define B, (7, [o], - , [Yp), [Ho), - - - , [Hp]) by the recurrence for-
mula

P
By 1=Z [yj+13yj + Y5410y, + YOyt
=0

+ Hj110m, + Hj 1 On; + HJ’.’HOH;/] B,;
Then we define the sequence of functions (h,), by hg = h; = 0 and

hp+2 = Bp(ra [wo]: T [¢p]> [h0]7 ) [hp]) + ¢P;

Here 1y, are those in the compatibility condition for the non-linear problem;
Then the compatibility condition for the linearized problem is:

hp(1)=0 for VpeN.

But it may be difficult to answer whether, in this sense, the compatibility
condition of the non-linear problem implies the compatibility condition of
the linearized problem or not. This is the difficult point we meet when we
try to apply the Nash-Moser theorem.

5 Illustrating example

Let us illustrate the point by the simple problem

2 H2 52u\ 2
Btg = a::;* (E)xg) (0<z<1),
y|x=0 = y|x=1 =0,
dy
Ylt=0 = Yo(2), 5t 1o = Y1 (x).
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In this example the the linearized problem is

&h (1 N 2823;) 0%h

B 522) 52 T
h|w=0 = h'w:l = 07
Oh
h g = — =
=0 Ot li=0 0
where we assume that
0Py 0Pg
o = 2T G, = SO

The functions 1, are determined by

Ypto = DY + Z (Z) (Dbp i) (D),
k=0

where and hereafter A stands for §2/0x?. Suppose that non-linear compati-
bility condition
Up(0) =1p(1) =0  VpeN (23)
holds, and let us consider the restriction that |Ay| < 1/2. Then
Ya(z) = (Atho) () + (Atpo)(z)?> =0 for z=0,1
implies Ao(0) = Awp(1) = 0. Then inductively we have
(A1) (0) = (Ahp)(1) = 0. (24)

On the other hand the functions h, are determined by hy = h; = 0 and
~ (p
hp+2 = Ahp + 2 Z ( )(Awp—k)(Ah’k) + ¢p.
k=0 k

Here ¢o = 2, 1 = 93, $2 = 2(A¢1)? and ¢, = 0 for p > 3. Keeping in mind
(23)(24), we see that the compatibility condition for the linearized problem

h,(0) = h,(1)=0  VpeN (25)
is equivalent to the apparently stronger condition

(Dh)(0) = (A1) =0 VpeN, (26)
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But we are not sure that (25) or (26) can be derived from (23)(24).

As for this problem, we note that the loss of regularity can be surmounted
without using the Nash-Moser theorem. Actually Professor A. Matsumura
suggested the following trick ([5]).

Differentiating the equation by ¢t we get

0%v
where v = dy/dt. 1f |Y] < 1/2,G(Y) = Y + Y? has an inverse function
G (V)=(/1+4V -1)/2=V +[V], and if y is a solution then we have

27 = (14207 ( %))

which is a semi-linear equation. Once we have a solution v = v(¢,z) of this
equation under the boundary condition

vlz:O = vlz:l =0

and the initial condition

ov
Vo =t1(2), | = G(L%),
we take the unique y(¢,-) such that
ov
== —1 —_— = =
By=G"(5):  Ylomo=Vlm1 =0,

TRhen the function y turns out to be a solution of the original problem. (In
fact, G(Ay) = v; implies

DG(Ay)%Ay = DG(Ay)Av;

Since DG(Y') # 0 for |Y| < 1/2, we get Ay, = Av. The boundary conditions
guarantee that y; = v and we have
%y  Ov
— =—=G0G(A
o =g CBY)

and so on.



99

References

[1] D. Coutand and S. Shkoller, Well-posedness in smooth function spaces
for moving-boundary 1-d compressible Euler equations in physical vac-
uum. Comm. Pure Appl. Math., LXIV(2011), 328-366.

[2] R. Hamilton, The inverse function theorem of Nash and Moser, Bull.
American Math. Soc., 7(1982), 65-222.

[3] J. Jang and N. Masmoudi, Well-posedness for compressible Euler equa-
tions with physical vacuum singularity, Comm. Pure Appl. Math.,
LXI1(2009), 1327-1385.

[4] T. Makino, On spherically symmetric motions of the atmosphere
surrounding a planet governed by the compressible Euler equations,
preprint ArXiv: 1210.3670.

[5] A. Matsumura, Private communication, October 28, 2013.

[6] Y. Ohyama, Private communication, December 19, 2012.



