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. Abstract

Solutions of the nonlinear Boltzmann equation are constructed up to the first appearance of
shocks n the corresponding fluid dynamics. This construction assumes the knowledge of solutions
of the Euler equations for compressible gas flow. The Boltzmann solution is found as a truncated
Hilbert expansion with a remainder, and the remainder term solves a weakly nonlinear equation
which is solved by iteration. The solutions found have special initial values. They should serve as
‘“‘outer expansions” to which initial layers, boundary layers and shock layers can be matched.

Introduction

The Boltzmann equation of kinetic theory gives a statistical description of
a gas of interacting particles. An important property of this equation is its
asymptotic equivalence to the Euler or Navier-Stokes equations of compressi-
ble gas dynamics, in the limit of small mean free path. We propose that, as
: one aspect of this asymptotic relationship, the question of existence of
solutions of the Boltzmann equation can be reduced to the existence problem 3
for the gas dynamic equations. Although the latter problem has received only
partial solutions, the gas dynamic equations are much simpler than the .
Boltzmann equation and have been studied extensively. ‘ k

This paper makes a first step in that reduction of the existence question by
showing that any smooth solution of the Euler equations can be used to make
a corresponding solution of the Boltzmann equation. It does not address the
difficulties of initial values, shocks, and boundaries. The solution produced
here comes from a truncated asymptotic expansion and has special initial
values, is periodic in space, and is valid only until the first appearance of
shocks. It can serve as an ‘‘outer solution™ to which special solutions, in initial
layers, boundary layers, and shock layers, can be matched.

However, the analysis of these layers is not complete. Grad has given a
formal treatment of the initial layer matching problem in [6]. It requires
solving the spatially homogeneous nonlinear Boltzinann equation and showing
that the solution approaches a Maxwellian asymptotically in time, for any
initial data. Arkeryd [1] has shown that this is true, but with only weak L'
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652 ‘ R. E. CAFLISCH C“ §
iy canvergence, which is not strong enough for the completion of the expansion. o ¥
- “The p profile of a weak, steady shock was analyzed by Nicolaenko [11] for the
“ Boltzmann equation for hard spheres. The effects of time dependence must e

also be mcluded for the shock layer analysis. For boundary layer problems,

‘one must solye the steady nonlinear Boltzmann equation in a half-space and s

TNEN show approacy % a Maxwellian at infinity. Guiraud has analyzed a more o j
“*7 general weakly®fiSnlinear problem in [9]. “ :
’—Fﬁe results presented here are valid for a physically interesting time o !

period, until the first occurrence of shocks, and concern solutions which are ‘
far from spatial equilibrium, so that the corresponding gas dynamics is o ;
strongly nonlinear. Previously, Glikson [4] and Kaniel and Shinbrot {10] ;
showed existence locally in time. Global existence of solutions which start off et :
close to absolute equilibrium has been proved by Nishida and Imai [12] and I~ ‘
Shizuta and Asano [14]. The asymptotic equivalence of the Boltzmann and i
the gas dynamic equations was demonstrated by Grad [8] and Nishida [13] f
for initial data near to global equilibrium.

The basis for the present work is the paper by Caflisch and Papanicolaou
[2] on the Broadwell model of the Boltzmann equation. The main difficulty in
extending those results is the treatment of the high velocity tail of the
distribution, as described in Section 4. The key to both these papers is the
fact that, after assuming that the nonlinear fluid equations can be solved, the |
remaining problem is only weakly nonlinear.

In Section 2, the existence theorem is stated. Its proof occupies the rest of ]
the paper. The solution is found as a Hilbert expansion with remainder, as 4
described in Section 3, and the equation for the remainder term is decom-
posed into low and high velocity components in Section 4. This uses a global
Maxwellian distribution w,,, as well as the local Maxwellian w associated with
the Euler equations. Linear and nonlinear collision operators involving these
two Maxwellians are defined in Section 4. Basic estimates for these operators
are presented in Section 5. Then a linearized version of the decomposed
remainder equations is analyzed in Section 6. Finally, the nonlinear equations
are solved by iteration in Section 7.

Use of the Hilbert expansion in an existence theorem for the Boltzmann
equation was suggested by George C. Papanicolaou. I also want to thank
Harold Grad for a number of discussions. Most of this work was completed at
the Mathematics Research Center and the Courant Institute of Mathematical
Sciences, whose support I am happy to acknowledge.

2. The Existence Theorem

The Boltzmann equation is

@2.1) (2+ev)F=Lowp

Em s o o
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in which V=24/ax. The function F=F(x, t,&) is the density of particles of
velocity €€ R?, at position x [0, 1] and time t€[0, *). We look for solutions
which are spatially periodic in [0, 1). The left-hand side of (2.1) represents
streaming, while Q is a nonlinear integral operator representing collisions.
Following Grad [6], we consider cut-off, hard potentials only. The parameter ¢
is proportional to the mean free time and is assumed to be small.

There are special distribution functions w, called Maxwellians and given by

22) w(§)=(~2;‘}—)372exp{—(§-u>2/zn,

which are in equilibrium with the collision process, i.e.,
2.3) Qlw, )=0.

If p, u, T are constant in x and ! (as well as in §), w is called a global
Maxwellian: if they depend on x and ¢, it is a local Maxwellian. The constants
p, w, T are the macroscopic density, velocity and temperature, respectively.
More explicit descriptions as well as derivations and basic properties of the
Boltzmann equation can be found in [5].

The fluid dynamic description of a gas is given by the Euler equations

d
—p+Vpu,=0,
8tp pu,

a
2.4) 5P“+V(pulﬂ)+Vp=0,

a
o ple+3u®) +Vipu,(e +3u?))+V(pu,) =0,

p=pRT =3pe.

These are the equations of conservation of mass, momentum, and energy, and
the equation of state.

The following theorem shows that there are solutions of the Boltzmann
equation which are nearly local Maxwellian, in which the macroscopic
variables p, w, T evolve according to the Euler equations.

THeOREM. Let {p(x,t}), u(x, t}, T(x, t)) be a smooth, spatially periodic
solution of the Euler equations (2.4) for t€[0, 7], x[0, 1]. Construct the local
Maxwellian w(x, t,€) from p,u, T as in (2.2). There is a positive €, such that,

for each 0<e =¢,, a smooth solution F® of the Boltzmann equation (2.1) exists !
for t€[0, 7], with :
DTIC TAB
FeL=(0, 7]; H'(x, £HNC(0, T); L%, | ynannounced g j
2.5) D :
%F‘ e L0, 7]; L?) . Justificatio :
By }
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654 R. E. CAFLISCH
Moreover,
(2.6) |F* ~w|=ce,

where the norm is in any of the spaces in (2.5) and c is independent of «.

L>([0, 7]; L*) means the Banach space of bounded measurable functions
from [0, 7] to L%([0, 1], R?), etc.

Remarks. (1) This theorem assumes a solution of the nonlinear Euler
equations is in hand. Although these equations are much simpler than the
Boltzmann equation, the existence question has been only partially answered.

The smoothness of the Euler equations is expected to last until the first
appearance of a shock, which we would take as the time 7. We have not
optimized the amount of smoothness needed, but certainly it is enough for p,
w, T to be in H®.

(2). The initial values of F* are essentially those of the Hilbert expansion
(see Section 3). This is just what is needed to match to an initial layer.

(3) The one-dimensional spatially periodic problem is handled for simplic-
ity. We could just as well do the multi-dimensional infinite space problem,
which is needed for the matching to boundary layers.

(4) The Navier-Stokes equations could be used instead of the Euler
equations. The viscosity is multiplied by £ and uniform smoothness as well as
nice limiting behavior is required of the solutions. The result is an approxima-
tion with error size g2,

3. The Hilbert Expansion with Remainder

The solution F* is found as a sum

6

(3.1) F* =) e"F,+¢°Fg,
n=0
where F,, - - -, Fg are independent of £. They are the first 6 terms of the

Hilbert expansion, which solve the equations

(3.2) 0= Q(F()’ F()) ’
d
33 (2+69)R=20F,. Fy.
a
) (2+&v)F =200, Fy+O(F,. F).
B

(5 (Z+&v)F =200, Fa+ T OG.F).

i+j=6

1=isS

1sj=5

o
i 3 -
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From equation (3.2) we infer that F, = w, a local Maxwellian. The remaining
equations (3.3)-(3.5) involve the linear operator &£ = —2Q(F,, * ), an integral
operator over the velocity space (§). This Fredholm operator can be inverted
after checking that the inhomogeneity is perpendicular to the null space
{0, - . dbs} of the adjoint operator £1. The appropriate inner product is

o= reswas

and the ¢, are given by

¢0=l)
P
(3.6) & =""1? (& —w),

- @-up-
o= (€-w?=3T),

so that (wd;, ¢;) = 8;. The null space of £ is {wd,. - * -, wds}.
Equations (3.3) and (3.4) become

N
(3.9) F=—2((Z+6 2)R) o,
(3.9 (. (2+6 2)F -0, Fo)=0,
(3.10) Fom-2((2+av)F- Q@ R )+ e,

in which ¥&,=%®,=0. Equation (3.7) gives exactly the nonliner Euler
equations (2.4) for the macroscopic density, velocity, and temperature p, u, T
corresponding to w=F,. From equation (3.8), we see that F,=
(p'do+ uld; + T o+ ¥, in which LW, = —(3/8t+£,V)F, and ¥, e N(£)*.
The coefficients p', u!, T" are the macroscopic density, velocity and tempera-
ture corresponding to F,. According to (3.9) they satisfy inhomogeneous
Euler equations linearized about p, u, T and with inhomogeneity given as an
operator on p, w, T. The terms F,, - - -, Fy are found similarly. However since
the expansion is truncated we can take p®=u®= T*=0.

A careful treatment of the Hilbert expansion is found in [5] and {7]. Only

B L oA SRRt Sl it
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656 R. E. CAFLISCH

several facts are needed here. We are starting with a smooth solution (p,u, T)
of the nonlinear Euler equations, from which we construct Fy=ew which
solves (3.7). The remaining Hilbert expansion equations are linear and have
solutions which are smooth in (x, t) and decay in § Consider F,. Grad has
shown in [7] that %! preserves decay in § so that W, ~
|&}® exp {— (E—w)?/2T}. Since the inversion is local in (x,t), ¥, is smooth in
(x, £). The remaining terms in F, obviously decay like |£|? exp {—(§ —w)?/2T}, and
they are smooth in (x, t) since coefficients p', u!, T' solve linear equations
with forcing terms coming from the smooth functions p, u, T. The following
proposition summarizes these facts.

ProrosiTioN 3.1. Let (p,w, T) be a smooth solution of the Euler equations
(2.4), and form the Maxwellian Fy= w as in (2.2). Then the terms F,, - - -, Fg
of the Hilbert expansion are smooth in (x,t) and have decay given by

(3.11) F(xt®=cltflolx1§),

where c is a constant independent of &, x, t.

Next we find an equation for the remainder Fg, by putting the expansion
(3.1) into equation (2.1) and subtracting the Hilbert expansion equations
(3.2)-(3.5). After dividing by £* and regrouping, the equation becomes

(3.12) (B%+glv)FR =% Q(w, Ex)+2Q(F, + ¢F, + £°F, , Fg)
+e2Q(Fg, Fr)+€%A,

where

(3.13) A=— (§+§1V)Fs+ Z e"17°Q(F,, F).
t i+jiz=6
iS5,j=5

For initial values we take

(3.14)

Fr(t=0)=0.

The superscript € on Fg has been dropped. Once the remainder equation
(3.12), (3.14) is solved, we have the desired solution of the Boltzmann
equation. By writing the solution as in (3.1) we have reduced the Boltzmann
equation to an equation in which the nonlinearity and inhomogeneity are
both small.
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4. Decomposition of Fy

In the past the linearized Boltzmann equation has been analyzed by
symmetrizing the operator £=-2Q(w,*) to get L= -2 "?Q(w, 0 *2).
Since L is non-negative the (1/e)L term does not cause growth. This is fine if
w is constant in (x, t), but otherwise the symmetrization procedure results in a
new term {w™"2(3/3t + £, 8/8x)(w'*)}f which is like |£*f and has an uncontrol- :
led sign. Thus at large velocities, the distribution function may be growing 5
rapidly due to streaming. Similar problems occur in the study of soft ‘
potentials (cf. [3]), shocks (cf. [11]), and boundaries.

To remedy this difficulty, we decompose Fg into essentially low velocity
and high velocity parts using two different Maxwellians—w, as above and

N R 4

4.1) wm=mexp{‘§2/27m},

in which T,, is constant, and Ty >max,, T(x,f) so that wy,,Zcw for all

(x, 1, £). We shall employ various operators which are linearized about these
Maxwellians. g

4.2) Lf= 2072 Q(w, ©'?*f) = (v + K)f,

where v is a function of & and K is a compact integral operator over §,

4.3) v(E)= Iw.dﬂ ,

(44) Vr(f, g)=w—l/2o(w112f, wuzg) .

The definitions above are those of Grad [7], [8] (the cross section d(} is :
defined there). The following are new, but are analogous to Grad’s defini- M

Fop S g i BRI T TR

§ tions:
@5) Luf= 2057 Q(w, 0l2) = (v + Ka)f,
(4.6) if =200 Q(F, +eF+ °F, 0if’f), |
@.7) vl (f, 8) = 02 Qo l2f, wlg), !

@4.8) oa(®) = j anedD.

.
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We also define

e

1 for jgl=&,.
(4.10) x=1-x,
4.11) o = (wlon)"?, H
3
(4.12) B =%w"(a—t+§:v)w.
(4.13) a=wpiPA.

Note that ¢ is exponentially decaying since Ty, > T for all x. 1.
Now decompose Fg as

(4.14) Fr=0'"g+wilh.

Essentially, w'/g is the low velocity part and wj/?h the high velocity part; the
precise definitions are that g and h solve

d
@.15) (F+&v)e=-Lre-LroKuuh.
ot £ €

(4.16) (Z+&9)h = —nog—L o+ xKeh + Litog + )
+ &2y Dy(ag+h, og+h)+e2a,
4.17) gt=0)=h(t=0)=0.

If (4.15) is multiplied by w'? and (4.16) by w}/, and the two are added, the
result is just equation (3.12) for Fy defined by (4.14). After solving for g and
h, the solution F of the Boltzmann equation (2.1) will be complete.

S. Basic Estimates

Before analyzing equations (4.15) and (4.16), basic estimates are needed
for the operators defined in the last section. First we define some norms.

Definitions.
1/2
(5.1 171, = sup sup 1+ ( [ & 02 ax) ",
omtsmit €

52) I = X IVl
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172
(53) s = ([ . & 07 dg ax) ™.
(5.4 Il 3 Il

In the estimates of this paper we use ¢ as a generic constant. Any other
constant, e.g., ¢*+1, will be replaced by c. Often all constants will be
omitted.

Basic Estimates. Grad [7], [8] proved the following estimates:

(5.5) IKFI = £l -1 »

(5.6) IIKflloéossl:gT A

(5.7 KA =M= .

(5.8) (Lf, f)=0,

(5.9) e ol =1Alk. ligle, rzt,
(5.10) c=v) =g .

There are analogous estimates for the operators Ky, and I',:

(5.11) KAl =l
(5.12) IKnefllo= sup fifil,
O=sesST
(5.13) IKnef =M =f1L .
(5.14) ICa s @M =l gl » rzl.
We also need the following new estimates:
(5.15) %L‘f“ =[if.
(5.16) 2oL =i

(5.17) “% (VLl)f"'é £l »
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660 R. E. CAFLISCH

(5.18) “%(VK)f“ Elfll sz
(5.19) v =cv,
(5.20) Vv=cv.

The integral operator K, is written explicitly, as in the analysis of Grad
[7), in the form

Kuf®= [ |16 wfm d,

lEw=-LEn+LED),
w(§)

wM(g)llz

G20 LEw=2w wi7ew| B@,v)do,
R’

b6 = G s e {57 (B + 1o (170 o v w )

x L exp |- 5= @+ w2 o, w aw,

where v =n—§&, {=1(E+n) =L, +L,, with u, the component of u parallel to v,
{, the component of { parallel to v. The estimates' (5.11), (5.12), (5.13) are
proved using the bound

(5.22) 1€ m=cexp(~co?+ 2D}

The estimate (5.14) is exactly (5.9) with w replaced by w,. The ine-
qualities for v, v, Vv are derived directly from the definitions (4.3), (4.8).
Bounds on L,, VL,, VL,,, VK are proved using (5.9) or (5.14), (5.19), and
(5.20), and the smoothness and decay of the F;.

The next lemma uses the basic estimates, the exponential decay of o, and
the smoothness and decay of the F,.

LemMa 5.1, The following estimates hold:

(5.23) su:p Q+E)oc® =c,




B
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(5.29) logl.. = c ligh..

(525) “% VMFM(agl + hl » O8> + hz) = ("gl"O.s + "hl"r.s )(“g2lbs +"h2um) s

=c.
S

1
—-Q
v

(5.26)

In Section 6, the following modified Gronwall inequality is used.

LemMA 5.2. Let u(t)z0, az0, 8=0, and suppose that

(5.27) di ut)=a sup uls)+Bl).
t Ossst
Then
(5.28) u(t) = u(0)e™ + L *9g(s) ds.

6. The Linearized Equation

The linearized version of equations (4.15) and (4.16) is;

P 1.1
6.1) (Z+69)e= -1 Le-Lxo-Kyuh,
: 6.2) (3+g v)h=—,wg—1(u+,21< Yh+L,(og+h)+e%b
F a ! € M ! ’
(6.3) g(t=0)=h(t=0)=0.

The estimates in the next lemma are the key steps in this paper.

LEmMA 6.1. Let g, h solve equations (6.1), (6.2), (6.3). Then

(6.4) gl = eV ool

(6.5) Ikl = e b/l

forr=3, s=1.

R v cone
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Proof: (A) Estimates on h. The integral version of (6.2) is

(6.6) h(x,t &) =j

(

exP{"(l—S)V(g)/E}{—uog—-l- ,zKMh+L,(ag+h>+52b}
)
X(x—(t—s5)&, &, s)ds.

Using Grad’s basic lemma, [8], p. 164, we estimate

Ihll, = 1uog“ +“l iKMh“ +e 1L1(0g+h)| +e3|Lp
1 24 r 1 4 r v v v ’

(6.7) 1
= e |lgllo+—llll, + edigllo+ Ikl ) + £ 1B/2l, .
Co

making use of (5.10), (5.11), (5.15), (5.24), (4.10). By choosing £, large
enough, it follows that

(6.8) Ikl = e ligllo+ &> hbro]. -
We differentiate (6.2) to get an equation for Vh:
(6.9) (£+§,V)Vh = —(uoVg +(Vp,0')g)—;:l- (5 + Ky, )Vh —é (Vo + 2Ky )
+L(eVg+Vh+(Va)g)+ (VL) (og+h)+€2Vb,

and continue as before to obtain

1
(6.10) VAl S e Nl + €2 I, + e [ 08]

Combined with (6.8), this says that

(6.11) Iell.s =€ llglo.s + 22 b)), .
(B) Estimates on g. The integral version of (6.1) is

g(x, t, &)

6.12) : L
= I exp{—(t— S)V(§)/£}{ Kg—; xa“KMh}(x—(l —8)¢;, & 5) ds.
0

&
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Making use of Grad’s lemma we find

(6.13) llgll, =liKgll, +llxo™* Knshll, .
But
lo™* xKachll, = exp {c€3} IKnehl,
‘ J
(6.14) =exp {c&iie llglo+ > Ib/vl—y)
=e'glo+ &> lIb/vll-,

E using (5.11) and (6.8) and choosing £ small enough so that € exp {c£l}<e'2
! The first term in (6.13) is estimated by (5.5) or (5.6), with the result that
’. (6.15) lell =llgh-, +* 1B/l rz1,
f (6.16) lglo= sup lliglli+e>2Ib/vlo .
3 O=t=r

Employing (6.15) for r and then for (r—1), recursively, and finally using

(6.16), yields

(6.17) lgll. = sup llgll+e>*lb/vll,-y .

Ost=sv
To estimate fjigfli, we multiply equation (6.1) by g and integrate over x and

£. We use the spatial periodicity and the non-negativity of L to drop the d4/dx

and the L terms. the result is
_ 19 2Ly 1
é (6.18) 23¢ 18I ="l ™ xKaehll - llgll -

£

Thus
¢
2 Jigoll = expiced) LI

ot €
(6.19) =exp {ctiHllglo + £ lIb/vll)

s explegd)( sup llg(oll+e2 i ).

Since this is true for any 7, =t the modified Gronwall inequality is
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applicable and implies that

gl = &2 Ib/vll, exp {¢ exp {c£3}}
=3 |bfv,

by choosing & small enough so that Ve exp {r exp {c£3)}} = 1. Substitution into
(6.17), gives the result

(6.21) gl = e lb]l,- . rz3.

(6.20)

(C) Estimates on Vg. The equation for Vg is
(%+ g,v)Vg - —% (v+K)Vg -% (Vv +VK)g
(6.22) —% x(V(e WKy + 07 (VK ))h —-% xo 'K\ (Vh),
and proceeding as before we find

(6.23) Ivgll = Sup WVell+e>2lb/vll .1 -

The L? estimate on Vg is found by multiplying equation (6.22) by Vg and
integrating over x and £ As before, the x derivative and L, g terms can be
omitted. Hence

19

2 < _l
5 5 IVEllP= —— (Vv +VK)g. V)

(6.24) (Vo™ Kns + 0 (TKne ), V)
1 -1
~ (xo7 Ku(Vh), Vg) .
We use the Schwartz inequality to estimate
9 1 1 - -
2 gl Ty + VROl + 2 I (V™)K + o™ TRn DA

+2lxo Kne VIl lighe + 5 exp {cedh Il

= 2 |[b/vll; + exp {c£3}Iglo., + €2 lb/vl]2.1)

(6.25)

Sexp{cgi) sup Vgll+ e [bivls.

Al Sl OIS 0 G T '
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From the Gronwall inequality we obtain
(6.26) lIVglit)= e (1b/vlls., explexp{cdt =& |lb/v]s,

by choosing ¢ sufficiently small. Combining this with (6.23), (6.21), (6.8), and
(6.11), we get

(6 27) ng"'.l = 8”4 “b/V"r-&l.l ’ r= 2 ,
' RN T rz3.

The same estimates are true with s> 1; thus the proof of Lemma 6.1 is
complete.

7. Solution of the Nonlinear Equitions
The nonlinear equations (4.15), (4.16), (4.17) are solved by the implicit

function theorem or direct iteration on the linear equations. Let g,,,, h,.; be
the solution of equations (6.1), (6.2), (6.3), with

b=vyly(og, +hn, o8, +hy)+a.

and g,= ho=0. Then

.1 [of =totetmeise.
rl

and from Lemma 6.1, we get

(1.2) llg..nll,.é El“(ugn“%.l*’"hn“il‘*d s
' P sl = €20 galla.1 +l1RallZ + ) -

By iteration we find
(73) "gn+l"r.l §C, "hn+l"r.l§cv

in which ¢ is independent of n. The differences g,.,—8n Mnic1— M, solve
equations (6.1), (6.2), (6.3) with

b= erM(agn+hn+ogn—l+hn—h ogn+h;'_°'gn~l—hn—l)’

(7.4) “ % ,,“ = c(ig, — 8 tlloa +ltn = hacillr)

)
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so that

Ngas1— gn“r.l =e mc("&n - 8..—1||o.1 +|lh, - hn-l"r.l) ,

7.5
73 1= kn"r.l 55”4"("&. - gn-l"ﬂ.x +|\h, — hn—l"r,l) .

From this it follows that g, — g h, — h in |- |j,,. By standard arguments one
then finds that g, h are solutions of (4.15) and (4.16). This completes the
proof of Theorem 2.1.
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. Replace line (2.5) by

; - d
. F® € By, angeBzo,

{gtn which B, = (f: b1, o <o} with I defined by (5.2).
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