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AROUND 3D BOLTZMANN NON LINEAR OPERATOR WITHOUT ANGULAR
CUTOFF, A NEW FORMULATION

RADJESVARANE ALEXANDRE!

Abstract. We propose a new formulation of the 3D Boltzmann non linear operator, without assuming
Grad’s angular cutoff hypothesis, and for intermolecular laws behaving as 1/r°, with s > 2. It involves
natural pseudo differential operators, under a form which is analogous to the Landau operator. It
may be used in the study of the associated equations, and more precisely in the non homogeneous
framework.
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1. INTRODUCTION

In this paper, we introduce a Pseudo-Differential approach of the Boltzmann 3D non linear operator, when
one does not assume Grad’s angular cutoff hypothesis.
For functions f(v), v € R3, this operator has the following form

dordeo{ F () F(}) — Fo) Fon)}B( v — v |, (”‘—“W |) R

| v—v1

ar.nw= [

3 Jg2
vy w
Above v,v1 € R?, and v/ = v+ (v; — v, w)w, v} = v; — (v — v, w)w denote the so-called post collisional velocities,
for a given w € S2, unit sphere of R3.

As indicated, the collisional kernel B(.,.) is a given function of the relative velocity | v —v1 | and on the angle

v — U1

=) |

|v—ov1]
For the precise physical framework, we refer to [14, 15].

In most of the mathematical works concerned with the associated homogeneous and non homogeneous equa-
tions, one assumes the angular cutoff hypothesis of H. Grad. Roughly, this means that

w—>B<|v—vl|,'<ﬁ,w>D e L1(S?). (1.2)

For instance, one can consult the papers [21,22, 24,25, 33].
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576 R. ALEXANDRE
On the other hand, it is well known since the outset of the mathematical studies on the Boltzmann equation
(actually this has led Grad to his cutoff hypothesis), that (1.2) is almost never satisfied for real physical

interactions.
Indeed, see [14,33], in 3 dimensions, B has the following typical form

v— U1 . ~ 1
— )= | —————, 1.3
Qv_m|)D | 1'|m3;mv 43

which is a cross section close to that given by forces in %, with s > 2. The parameters v and v are given by

B(|vv1|,

s—5 s+1

1= = T = = T

(1.4)

For such values, one checks that (1.2) fails to hold, and this is called the non cutoff case. It explains one of the
main difficulties in giving a meaning to Q(f, f)(v) in (1.1), for non smooth f, as the usual splitting of @ into
the gain and loss terms is meaningless.

There are only few papers concerned with that case.

For the homogeneous equation, that is without dependence in the variable z (the position), Arkeryd [10,11]
has dealt with the existence, when entropic bounds are assumed on the initial data. His work was extended
recently by [23,30].

Note that such solutions are built with few informations, that is only moments and entropic estimates are
known.

In the 2D homogeneous and non cutoff case, more informations are available, and in particuliar, regularity
results have been proven to hold by Desvillettes [17-19], see also [20].

Let us also mention the paper of Pao [27] about the linearized Boltzmann operator again in the non cutoff
case.

We recall the work of Ukai [33] on the non homogeneous equation in the non cutoff case, where he produced
local (in time) solutions in the Gevray class.

We would like also to mention the related papers [4,8,26,31] showing regularity estimates from the entropic
dissipation rate.

As a final remark, we point out the paper [9], where not only assumption (1.3) is improved, but also produces
weak solutions without the way introduced herein.

In this paper, we propose a new formulation of @ in the non cutoff case. Previous formulations exist already,
see for instance [32], but our strategy will be different here. Indeed, our formulation introduces a pseudo-
differential approach to (), and as such, is more adapted to a functional treatment of the Boltzmann equation.

This way has been settled up in [1,2] in the 3D linear context, where we gave an analysis of the structure
of the associated (non) homogeneous equation, exhibiting new features, and among these ones, the so-called
irreversibility, or what seems to be one mathematical traduction of this physical notion.

The present paper is concerned with the non linear situation, that is for the operator @ as given by (1.1),
with the assumptions (1.3) and (1.4), and some generalisations.

In Section 2, we display this decomposition of Q. It is given by Theorem 2.1 and shows clearly the difference
between the cutoff and non cutoff cases. In particular, in the non cut off case, the operator @ acts on f as a
pseudo-differential operator of strictly positive order, but with an exotic positive symbol. This fact was already
noticed by Pao in the linearised setting [27], but using older tools from pdo theory.

Let us mention that we shall not discuss the usual questions, such as existence, regularity or even asymptotics
of the full non homogeneous Boltzmann equation, in the non cutoff case. But the result (or method) presented
here is used in at least two papers (and already in [1,2]): in [5], where we produce renormalised solutions and
in [7] where global solutions are build for some small initial data. Also, an other important application for the
linearised operator is actually worked out [6].
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The final Section 3 is concerned with the so-called Boltzmann-Coulomb case, an important cross section
occurring for instance in plasma physics [12,14,16]. As such, it stands outside the non cutoff case, but we show
that the method of Section 2. applies for this collisional kernel.

Some results of this paper have been announced in [3].

2. DECOMPOSITION OF ()

We give here a pseudo-differential decomposition of the 3D Boltzmann non linear operator ) as given by
(1.1).
For practical purposes, we consider the associated quadratic bilinear operator (not symmetric) which writes
for f = f(v), g = g(v), smooth functions of v € R?
v — U1
—_— W 2.1
(|U—Ul|’ )D’ @

ata = [ [ dndo(eeh) - s} (jo-ul.

where the notations are those of Section 1.
We recall that the collision kernel B is given as

— 1
B(lv_vlh’(&yw)’) El’U—’Ul |’Y oo N (22&)
o= (=20)]

and the critical parameters are defined by

s—5 s+ 1

VZ’Y(S)ZHWZV(S)Z (2.3)

and we always assume s > 2.
The formulation of ) announced in the Introduction is given by

Theorem 2.1. Let Q be the Boltzmann 3D non linear operator given by (2.1), with B, v and v given by (2.2a)
and (2.83). Then, one has the decomposition

Qf)(w) == [ dagla-+o) [a [ S(@).D " (o)

+CLI). [ dala PP S@.D P ()l +0)

s (oo (2))

v w

Above, we used standard pdo notations. C% is a fived constant depending only on s, and given through (2.19)
and (2.23). S(a) denotes the orthogonal projection operator over Ey o, the hyperplane through 0 and orthogonal
to a, and

B° <|v—v1|,

V=0 1 v
<|v y “’)D = o = P [ =0 PYE o =0 4],

o | o
One has B >0, B¢ € L}, .(R* x S?), and more precisely
1 1

{1- | (=2,0) P | (=) [

B(,)<Clvy—v]|”
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Remark 2.1. Note that the last term behaves ezactly like a Boltzmann operator with cutoff, cf. the papers

mentioned in Section 1. -

Remark 2.2. Let us comment on the first term of the decomposition given by Theorem 2.1. There are at least
two ways to consider this term. One may integrate in « first, then in &, or reverse the integrations. In the first
way, setting

zwfw=/dauuﬁﬂwa+w|smkv*,

[ is clearly homogeneous with respect to the variable £. Furthermore, if we assume g > 0, (1+ | v |*)g € L*,
then [ is well defined, and one has a bound as

0<1(v,6) <O 1+ ] e [)g l) A+ [v P) [ €77

The bad point is the lack of control on derivatives of [, and thus the standard pdo theory does not apply.
In the second way, we fix a, and introduce a cutoff around the singularity | S(«)¢ |, that is a function ¢,
smooth and such that

¢:RT —[0,1],=0 fort>1,=1 for t <1/2.

Then, we split | S(a)¢ |[¥~! as

| S()¢ ["71=] S(a).£ "1 o(] S(@).£ )+ [ S(a)-& [ {1~ ¢(] S(e).£ )}

Now, the first term is bounded, while the second one has no singularities, for fixed «, and is still homogeneous
for large | S(a)€ |.
In fact, we can say more. From

| S(@)-D "7 6(] $(e)-D (£)(v) = /R d¢ | S(a).£ |71 ¢(] S(a)-£ ) f(&)e s,

[0

let us consider a basis of R3, with first vector Tal’ and express £ and v in these coordinates. Then the term

above writes as

v—1

[ deadsa |6+ 1 0016+ 100,62, 60)e 1),

where f2’3 denotes Fourier transform with respect to the last two variables. Now, as ¢ has compact support,
we get that | S(a).D |~ ¢(] S(a).D |)(f)(v) is well defined.

Furthermore, we see that | S(a).£ |[*~1 {1 — &(] S().€ |)} is a good symbol, as in particular it is supported
outside the set | S(«).£ |[> 1/2. But this method is difficult to apply in the non linear setting of the Boltzmann
equation, when assuming the usual entropic bounds.

One full correct way is explained in [5] and makes a deep use of results from [28,29] and references therein,
producing renormalised solutions for the Boltzmann non homogeneous equation. Other applications of Theorem
2.1 (or method of proof) are also given in the linear (or linearised) context, see for instance [1,2,6]. O

Remark 2.3. One may allow other kernels B. We just mention the following one, which is used in [5,7], as it
leads to the easiest mathematical analysis. Assume that we take

1

B(,.)=x(| v = |)m, (2.2b)
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with the same exponent v and where x is a positive (say smooth) function. Then the method of proof of
Theorem 2.1 applies again, and in that case, we get

Q(f,9)(v) = —C; /R3 dag(a+v)x(| o |) [a || S(a).D "7 (f)(v)

+Cef(v) /RS dax(|a]) [a || S(a).D ["~! (9)(a+v). (24)

Note that we have only two terms compared with the previous assumption (2.2a).

Remark 2.4. On the formulation given by Theorem 2.1, the link with the Landau operator, see [30-32] for
instance, is more clear. O

The rest of the section is devoted to the proof of Theorem 2.1.

Proof. (of Theorem 2.1).

/ — —
Firstly, since v = v+ (v1 — v, w)w, we have | v | = <| el | ,w) w. In particular, one has the relation
v — U v — v
() e ] (25)
w)|= : .
v —v |’ [ v — v
1 _ v
It follows that — = [v=v | and
| (pmpqow) |7 (v =
[lv—v1]?

dvidw

Qf,9)(v) = /Rzl sz {f(W)g(vy) = fv)g(vi)} [ v —w1 7T v —v ] (2.6)
Note that v+ v = 2(88:12) > 0 as s > 2. Next, we write (2.6) as
QW= [ [ 709 - Fge)} | (=) + 07 =) [ S (27)
RS Js2 v —w |
Noticing that (v; — v).(v' —v) = 0, we deduce that
Q@ = [ [ 00— s o - P oy S o
s Js2 | v =
that we split as
Q(f,9)(v) = Q1(f,9)(v) + Q2(f, 9)(v), (2.9)
with
duvrd
Qmﬂmuozﬂg [ U(0) = f@)gon)} o =/ P 2 (2.10)



580 R. ALEXANDRE

and

Qo)) = [

3
vy

y{ﬂUM@D—f@M@ﬂ}

atv dvidw
x[{|v1—v’|2+|v’—v|2}2 _ Ul_vlv+u]|v/1v|u
Our next task will be to analyse each of these two terms.
Let us begin with @2, and set
v—u _ 1 /2 ’ 2\ /v
BC(|’U’U1|,(W,W)‘>W[{|’01’U| +|'U*’U|}2 7|’U1*’U|7 V].

ytv
B¢ depends on the same variable as B, as {|vi —v' [ + | v/ —v |2}72V =|v —wv; |77 and

o1 — o/ Pl o — v 2 {1— () |2},

|v—1

Of course B¢ > 0. Next, consider the function

aytv
jiteRt S {JaP+t)
for all « € R® — {0} fixed. Then

1

S 2 ’YT_Wfl
|atj |—C{|Oé| +t} SO|O[|27(’Y+V))

Yy+v  s—2 y+v
d = ,0<
and as 5 p— 5

< 1, we deduce that

1 1

Be(.,.) | < BS (.- :
| (7)|— (7) |’017'U/|27(’Y+V)|’UI_U|V_2

max

C

Since (2.5)

1
v — v v—v 2
@) | and |v1—v'|=|v1—v|{1—|<—1|,w>|2} ,

v —v|=lvi —v]|( o0

|v—w1 |
we get

1 1
() 72

B (,)=Clv,—v ]| —
1 2 v—vq?
{1- 1 (B=2.0) 12} o=uil

max

y+v

Recall that 0 < 1 — (

max

(2.11)

(2.12)

(2.13)

(2.14)

)<1,-1<v—2<1and -3 <+ < 1. Note also that B¢, and therefore B¢ is

integrable over S2, for fixed v; — v. In conclusion, we have shown that Q2 given by (2.11) behaves exactly like

a Boltzmann operator with a cutoff type kernel, and this is one part of Theorem 2.1.

Next, we consider ()1 given by (2.10). We first transform it using the Carleman representation, see [13,34].
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Lemma 2.1. Assume (2.2a) and (2.3). Then Q1 given by (2.10) writes

Qo) = [ e [ U= mata+o) = fE)gla+v—h} a7 o

Proof. We perform the same transformation as used recently by B.Wennberg [34], which transforms the integral
over S? of (2.10) into an integral over a plane. In fact, this idea goes back to Carleman [13].

The important difference with [34] is that we keep in the computations the loss term — f(v)g(vy).

Let us go into the details, referring to [34] for some geometrical insights and for some earlier references.

Let E, ./ —, for the plane normal to v’ — v and containing v, v" describing R3. We write v’ = qw + v. For
fixed w and v, we may also express v1 as v1 = qw + v], so that dv; becomes dvjdq. In the same way, expressing
v’ in polar coordinates with origin at v, dv’ becomes ¢g>dgdw (recall we are in 3D). Therefore, we get

1
dvydw = dvjdgdw = —dvydv’,
q

where dv] denotes the usual Lebesgue measure on E,, ., and dv’ the Lebesgue measure in R3.
1

As v — v = qw, we have also v; = (v —v) + v, and as ¢? =| v/ — v |?, we get also dv;dw = K |
v —v

sdvydo’.
Finally, using the relation | v’ — vy |=| v] — v |, we obtain the following expression for @
2dv’ ’ / / / / +v /
Qf 9)(v) = o To—o 2/, {f(W)g(v1) = f(0)g(W —v+v1)} | vy — v [T doy.

s | v —w |2
'U/

v, v—v

For v’ fixed, we make the change of variables v — a = v} — v/, that is v] = a + v/, and we find that it also
writes

2 !
/ %/ {f(vl)g(OéJrvl) — f(’t))g(v' —v +a+v’)} | a+v —v |’y+u da,
Rﬁ/|U'_U|”Jr E, o

then, again @ = o + v — v/, getting (change o’ to the notation « at the end)

2dv’

Arow = [ o [ U0sta ) = folgla+ )} [ [ da,

and making the change in ', h = v — v/, noticing (a, h) = 0, we conclude the proof of Lemma 2.1. O

Next, we introduce the

Definition 2.1. For u € 2, v € R3, let
By (u,v) = / gla+v) | a |’ da.
EO,u

We set Q1 = Q1,1 + Q1,2 where

Quil.9)0) = [ | s U= h) = 7)) By(5m.0),

R | h[Y

2dh h h
Qualf,0)(v) —/ o {ﬁg<m,v>ﬁg<m,vh>} < f(v).

Now, we can start with (1,1, for which one has
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Lemma 2.2. Let Q11 be given by Definition 2.1. Then, there exists a fized constant C! depending only on s

(or v) such that

Quilf.9)0) = =C. [ dagla o) |a [ S(@D [ (o)

o

The value of C. may be found below.

O

Proof. According to Definition 2.1, 84(—u,v) = B4(u,v), so that making the change of variables h — —h, one

finds
dh h
Qualf.9)0) = [ s (@ =0+ flo+ ) =200} 5y (oo )
e Th ] B
-, . . . h
Writing h in polar coordinates, h = rw, with r =| h |, w = —, we get also

| bl
+oo
Qi) = [ dr [ Ao (f(w ) + fo = 1) - 2/ (0) By(w,0).
0 sz T
Next, letting f(€) denote the Fourier transform of f, (2.16) writes
+oo
Quiran = [ acfee [ e {[7 5 eres pemes ).

By classical homogeneity arguments, one has

dr, ,
/ _(ezrf,w + efzrg.w _ 2) = _Cs | E-w |u71’
0

TV

Cs = /000 %(276” —e'y).
Turning to (2.17), we have obtained
Quilha)) = =C. [ def(©” [ dulon) "
Next, again from Definition 2.1, one has
Buw.t) = [ daduo glat o) a7,

according to which (2.20) transforms into

Quilfa)w) = ~C. [ acfe)es [ aw [ dodoemaglat o) a gl
3 w o

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)
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that is also
RE R3,

Quif.9)) =~ [ d [ daf©cga+ o) o[ {cs /. 0dw|§.w|“}, (223)

and again, we define the constant C’ as

{C’S/ dw | Ew |”_1} =C | S(a). ", (2.24)
52 w.a=0
Getting back to (2.22), we find

Quilf.a)(w) ==CL [ d¢ [ daa ™ glato) | S() 1 f(e)e (2.25)
3

R3

which is nothing else than the expression given in the statement of the Lemma. |

In the same way, one has the following result concerning Q1 .

Lemma 2.3. Let Q12 be given by Definition 2.1. Then, with the same constant C. as in Lemma 2.2, one has

Qualf.0)) = CLA(). [ dala ™| S@.D " (g)a-+ o).
Proof. As in the proof of Lemma 2.2, we find first
+oo 2
Qo)) = ) [ dr [ o {Bywn0) = By(oro =)
0 w
and introducing Bg (w, &) for the Fourier transform of B4(w,v) with respect to the variable v, we get
+oo 2 . ) )
Quaf9)) = o) [ ar [ dw [ ae B et 1o o).
0 52 R T
Shifting w into —w, one finds also
N ) +oo dr . .
Qatt.a)w) = 10) [ o [ aghgeee{ [ G- et (2:26)
52 RS 0 r
The curly brackets term is nothing else than Cy | £.w |71 as given by (2.19) and (2.23), so that

Qualf.0)(0) = +Cefw). [ o [ dghy(w. e [ 6w (2.27)
b E
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Next, we express Bg (w, &) in terms of §,, and we have the following computations, where we use the same trick
as in (2.21)

Q1a(/,9)(0) = +Co.f(0). /R e [ dw [ ks, ke SRS e

52 RS
=+4+Cs.f(v). / d¢ dw/ dk dag(a + k) | a7 bq.moe” SRV | £ VT
R? 52 RS

R RY, s

3
Rk

dw | Ew |”_1} )

2 —
2,w.a=0

which, in view of (2.23), yields
Qualf.9)) = Cufe) [ [ Ja Pt et S [ drglas beear. (2.28)
R? JRZ, R3
Finally
Qualfog)(v) = +C.f / doy / a | o [ Ge)eE @) | S(a).€ |, (2.29)

and we recognize the expression settled in the Lemma.
Collecting all the above results, the proof of Theorem 2.1 is ended. O

Remark 2.5. We would like to produce a second formulation of @, although we have not found a rigorous
functional framework in order to use it.

This formulation is still based on the Carleman transform as used in Lemma 2.1. But this time, we proceed
directly from (2.1). Then, one can show that

Q(f, fHw) = /R3 da/R3 %5&}1_0 {fo=h)fla+v)— fO)fla+v—h)}x|a+h|"Tda.  (2.30)

In this integral, for fixed v, we make the change of variables in a as o + v = w, that is & = w — v, getting

= o Jy e

w

O(v—w).h=o Lf (0 =R)f(w) = f)f(w =R} x | v —w+h [T dw. (231)

Noticing | v —w+h |["T=| v —w — h 7" as (v — w).h = 0, we split (2.30) as

Q(f7 f)(’l)) = Ql(faf)(v) + QQ(faf)(v)a

where
2dh
Ql(faf)(”):/ dh|h|u+26(v w).h=0% (2.32)
{Ff=n)f(w) [v—w—h|"" —f@)f(w)|v—w[*},
and
2dh
QQ(f7f)(U) = /}R3 dw dh| h |u+25(” w)-h=0% (2.33)

{F) f(w) | v—w [+ *f(v)f(w h) [v—w+h["T}
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Now, note that in (2.31), we have a difference operator of step h applied to the function of v: v — f(v)f(w) |
v—w |7 while in (2.32) it applies to the function of w: w — f(v)f(w) | v—w |7, with w and v respectively
fixed.

Then using the ideas of proofs of Lemma 2.2 and Lemma 2.3, one obtains

Qf.9) = ~C: [ dw| S(o=w).Dy "7 (Flglw) [v=w["*)

+ CQ /]R?» dw | S(v — w).Dy, |V*1 (f(w)g(w) | v —w |7+u)’ (2.34)

with the same constant C? as in Theorem 2.1.

Note that this second formulation seems easier to handle than the previous one, but it turns out that the
mathematical analysis appears to be more involved. In particular, the pdo acts also on the weight function,
while in the formulation given in Theorem 2.1, this one was part of the symbol. Yet, one advantage over the
first one is that we can consider more general kernels B (see Remark 2.3). Here is one important example.
Assume that B is given by

v — U1 1

B(lv—wv1 || ( W)|)£X(|”*”1|)|”*”1Pm' (2.2¢)
lv—vy]?

|v—wv1 ]|

where x is a given positive (say smooth) function. Then (2.33) holds true, provided the moment | v —w |71 is
turned into | v —w |7 x (] v —w |). a

3. COULOMB DECOMPOSITION

In the following, let again f be a smooth function. The Boltzmann Coulomb operator is given (essentially)
by

= Y fF)) = F(0)f(v)} | v — v 5t }
ane = | / Mzt ozl AT ) = J@SE0) [0 =0 17 s (3.1)

fo=v1l? [v—v1]?

Above, § > 0 and § << 1 is a fixed constant.
The main result of this section is given by

Theorem 3.1. The Boltzmann-Coulomb Q given by (3.1) may be written as

Q(f)(v) = Q1(f)(v) + Qa2(f)(v),

with
QNE) = (v, DY) alv.8) = [ o+ vamx(lans]),
Q@0)0) = £0) | [ x| AEDFOE ) (0 = 50 + (),
C [T  sin?r c 1 [
Su(t) = 3 /ﬂt drSl?3 T,Sﬂ(t) = 30 ), sin? rdr,
where C is a fived > 0 constant, p = —2— and t > 0. ]
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Remark 3.1. The above result is only but a preliminary step in the construction and study of associated
solutions. For instance, it should provide at least small solutions, as shown in the non cutoff case in [6]. Note
that a weak formulation is already sufficient, see [9], but, and again as in Section 2, we expect that it will prove

useful, at least for regularity questions or in a linearised context.

Remark 3.2. One has the following estimates

. C
| Su(laAE]) [+ 1 Su(langl]) ISM—

Proof. (of Theorem 3.1).
Firstly, we make use of the Carleman’s representation as in Section 2 to get

dvidw
= v

QN = [, [, o MO0 107

AR prp—

as | v — v |=| v} — v’ | and then

2dv’

ANW = [ [ U — @R = v Py

v! —
o v— EH

Here and below, recall that E, s denotes the hyperplan passing through a and orthogonal to 3.

For v’ fixed, make the change o = vj — v’ to obtain

2dv’

v—v’ i v—v

Anw= [ T [ U et ) = SO v et

| Sulang)ISClang .

O

then, for fixed v/ make the change o’ = a — v + v’ and then the change for v’ fixed, h = v — v’ to obtain finally

2dh

e = [ g [ U0 mftetn - et o -y

We split @ according to

Q(f) = 1(f) + Q=(f),

where

Q) = / % /E IR IR (O

|
h\zé’

loo—

2dh
i | h |5 EO,h la—h]=

Q(Ne) = 1) [
Let us first study Q1. Proceeding as in Section 2,

Qi(f)w) = /6 F(€)evSymb(v,£),

{flatv) = flatv—=h)} n 5 -

(3.2)
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where

Symb(v, ) = / F }f(a—f—v){l—cos(h.g)}l B2 s

Tl 41nI2 =
:/ / / daf(a+v){l — cos(rw.§)}1 g2
0 S2 Eo,w I ‘2_” Z
1-— .
f(a+v) / dw / glocoswd),
R3 52 w.a=0 0 r \a\2+v2*

Next, note that, as § > 0 and § << 1, one has denoting p = \/7 >0

152 ;W>5lfandonly1fr>u|a|
Therefore, one obtains

00 142
Symb = C f(a+v)/ dw/ Mdr. (3.6)
R3, S2 w.a=0 e r
Let us set
oo _:..2
a= [ a [ Bllegly, (3.7)
52 ,w.a=0 e r

Actually, note that the sole difficulty arises when a@ = 0. We now study a. One has first, making the change of
variable ' = r | w.£ | that

[e’s) 2 [e’s) <2
1
a:/ dw/ | w [ %dr:—z{/ |ofwe 2 2 dr} -
S2wa=0  Julallwgl r a2 jalwel r

Note the brackets term above is of the form 1, (] a« A ¢ |). Actually, we can push the computations a little
further. Start from
o sin? r
a:/ dw/ |w£ |2 —31r2#‘a||w'§|d7“
52 w.a=0 0 r

2
sin® r
/ dr—; / dw | w.€ [ 1g.¢1<—
e Js2 w.a=0 wlal

< gin?r
:/O dr = /52 Odw | w.S(a)¢ |* 1), S(eel<giar
2 w.a=

Therefore
[e%s} 2
a=l S [ arTh, (35)
0 T
with
_S(e)¢
b= d o - 3.9
52,w.a=0 Wl g e | S(a)€ | "1 - 15taeT | < TSy (39)

Shifting into the usual polar coordinates, one has also

™

b= /2 cos? 0sin 01c050< (3.10)
0

wlallS(a).€]
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If M|0</\E| >1,s0 that r > p | a A& |, then
3 1
b=/ cos? fsinfdl = = -
0 3
Else, if Aandl AE\ < 1,sothat r < p| a A |, then
g 2
b:/ cos” 08in 019> Arcos( =)
0 “lan
%
:/ cos? 0 sin Hd0
Arcos(m)
1 r3
C 3@ lang PP

Finally, we obtain (if | @ A £ |= 0 then b = 0)

1 1 r3
b= 2li>uang + gmlmmam-

Getting back to (3.9), we have finally obtained

2

- sin‘r
a=|S(a) |2/ dr—5=b
3

9 sin?r 1 1 T
)¢ | / dr——{5 1r>maAg\+ W Lr<planel}

1 1 r3
= |a| | /\f| [ r>p|ang| + 3W r<u\a/\§\]
Next, set
1 Y sin? r
Su(langl) =3z lane| dry
plang] r
and
- _ 1 Jangp preed
S/‘(| Oé/\f |) = EWA sin® rdr.
Then
1 1 ~
a:WSu(MAEDJr e Su(langl)-

In conclusion, in view of (3.7), the symbol is given by

Symb(0.6) = C [ flo+0) o S a n € D) + Sl )

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)
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There remains to analyse Q2 as given by (3.5), and in view of the preceding steps and Section 2, it writes as

QN0 = 50)C [ [ omtSu0ng D)+ Sull o ng DO a (3.16)

This ends up the proof of Theorem 3.1. a
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