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ANALYTICITY OF RELATIVE FUNDAMENTAL
SOLUTIONS AND PROJECTIONS
FOR LEFT INVARIANT
OPERATORS ON THE HEISENBERG GROUP

By Linpa Preiss ROTHSCHILD (Y)
and Davip S. TARTAKOFF (?)

1. Introduction

We show that for certain classes of unsolvable, non-hypoelliptic differential operators
on the Heisenberg group there exist left (respectively right) inverses modulo the orthogonal
projection onto the L2 nullspace of the operator (resp. the adjoint of the operator). We
also show that these relative inverses and the projections preserve analyticity locally.

Let G be the Heisenberg group and let X, X,, ..., X5, T be a basis for the Lie algebra
$=%,+%, of G with X,, X,, ..., X;, a basis of ¥;, ¥, spanned by (T) and
[%1, 91]=9,=the center of 4. A left invariant differential operator L on G is said to
be homogeneous of degree d if there is a homogeneous non-commutative polynomial p
such that L=p(X,, X,, ..., X,,). L is elliptic in the generating directions if
p(0/0x,, 0/0x3, ..., 8]0x,,) is elliptic on R?",

Our main result is the following,

(1.1) THEOREM. — Let L be a homogeneous, left invariant differential operator on the
Heisenberg group G elliptic in the generating directions. Then there are distributions k, and
k2 such that:

(1.2) Lfxk,=f-II,f
(1.3) L(f*k:)=f-I.f

Jor fe C§ (G), where I1; and TI, are orthogonal projections onto the L? nullspaces of L and
L* respectively, and * denotes group convolution. Furthermore, the operators f — f* k; and
S=10,f, i=1, 2, all preserve analyticity locally.
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420 L. P. ROTHSCHILD AND D. S. TARTAKOFF

CoroLLARY. — Ifu, fe C§ (G) and:
(1.4 Lu=f in U,

U open, then u, =(1—T1,) u is analytic in every open subset of U where [ is. and u, is again
a solution of (1. 4).

Proof. — If Kv=vxk,, then:
(I-TI)) u=K f+K(Lu—f).

By Theorem 1. 1, the right hand side is analytic in U.

Theorem 1. 1 was proved by Greiner, Kohn and Stein [4] for the case where L =7, the
boundary Laplace operator. The analyticity of the projections IT; and IT, was proved
by Geller [2], who also proved the existence of distributions ki, k% satisfying (1.2) and
(1.3) and preserving local smoothness. The general result was conjectured by
Stein [2]. For the general case, Métivier, by the methods in[11], obtained a proof
(unpublished). However, our method is a direct reduction to the hypoelliptic case.

A differential operator D is called C* hypoelliptic (resp. analytic hypoelliptic) in U if
Du=fin U with f smooth (resp. analytic) in any open subset V = U implies u is smooth
in V (resp. u is analytic in V if u is smooth in V). Tartakoff [16], [17] and Tréves [18] have
shown that for homogeneous left invariant differential operators on the Heisenberg group,
analytic hypoellipticity is implied by C® hypoellipticity. For C* hypoellipticity, necessary
and sufficient conditions for operators of the above type on groups with dilations have
been given by Rockland [14] and Helffer and Nourrigat [6].

2. The self adjoint case

One can easily reduce the proof of Theorem 1. 1 to the case where L is self adjoint and
of large homogeneous degree d, with d/2 even. Indeed, suppose the result is known for
(L*L)"=L, and (LL*)"=L,. Then there exists k3 such that:

(2.1) Lo (f*k3y)=f—I12 f,

sinceker L,=ker L*, Sinceforany left invariant vector field X we have X (f* k)= f % X k,
from (2.1):

L(f*L*(LLY" ' k3)=f—TI,

so that (1.3) follows with k;=L*(LL*)""'k%. Furthermore, if convolution with k%
preserves local analyticity, so does convolution with k,. (1.2) is obtained similarly
from L;.

Theorem 1.1 is then a consequence of the following, which is partly based on an idea
of Beals and Greiner [1].
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RELATIVE FUNDAMENTAL SOLUTIONS 421

(2.2) TueoreM. — Let L be a self adjoint operator satisfying the hypotheses of Theorem 1.1
and of sufficiently high degree divisible by 4. Then there is a closed contour T" around Q in
C such that L,=L—o(—iT)¥? is hypoelliptic for all aeT. There exist distributions k.,
satisfying Lokqa=3, with o.— || DP(f % k,)||L,, bounded on T for all multi-indices and any
feC&(G). Hence define: :

K,S: C¢(G)-C*(Q)

by:
Kf=—l—,J.a‘1f*k,da,
2mi -
Sf=—1—-_J.(—iT)"2f*k,da.
2wi -
Then:
(2.3) LKf=K*Lf=f-Sf, feC§(Q),

and S=TI1, the orthogonal projection onto the L? kernel of L. Furthermore, K and II
preserve local analyticity.

The proof of Theorem2.2 will proceed as follows. First, one must construct
the k.. For this we use the construction given by Métivier [11] for a single operator and
check that the k, vary well with o.  The first equality in (2. 3) is an immediate consequence
of the self adjointness of L and TI, while the second is easily obtained by writing
L=L,+a(—iT)¥%. The proof that S=IT will be obtained by applying the irreducible
unitary representations of G to both operators and then using the Plancherel theorem
for G.

Finally, to prove that K and S preserve analyticity, it suffices to obtain local estimates
for derivatives of f 4k, independent of . For this we use the methods of the second
author [16], checking that the constants obtained in the L? estimates can be chosen
independent of o.

3. Unitary representations and the Plancherel formula for G

We summarize some facts about the irreducible unitary representations of G which will
be used in the construction of k, and in the proof that S=II. Let Xi, X{’, i=1,2, ..., n,
T be a basis for ¢ with [X;, X;]=38;; T, all other commutators zero. ForeveryAeR— {0},
let 7, be the irreducible unitary representation of G on L?(R") defined by:

(3' 1) nl(xr’ x”, l)f‘(u)=ea‘((sgn MMM X ut kA x- .r"IZ]f(u — IMUZ x').
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422 L. P. ROTHSCHILD AND D. S. TARTAKOFF

Here (x’, x”, t) are the coordinates given by:
(x', x”, )eexp (x'. X' +x”. X"+t T),

n
where x’- X’'= Z x; X and exp denotes the exponential map.
i=1

These induce the following on %:
15y (T) =i 7\.,
m (X) =22
i auj’

m (X7) =isgn A |A 12w

If eC& (G), let m, () be the bounded operator on L2(R") given by:

m(cp)=fq>(g) m (g~ du(g),

where du(g)=dx’ dx” dt is a Haar measure on G. If LeU(%), the universal enveloping
algebra of ¥, then:

(3.2) T (L @)=m, (L), (¢),
where:
m: % — End(L%(R")

is the corresponding representation of %.

It will be useful to know the distribution kernel a1 (4, v) of the operator m.(9). By
direct calculation, for feL?(R"):

. () f(u)=J.(p (!, x”, t)e tOn-utn - ni2¥M) £y ) dx dx’ dt

where x; =| A |12 x’ and y, =(sgn)) |A|/? x”. Since dx’dx” =(sgni) |A|™" dx, dys:

m(9) f ) =IA"" J 01 (0, Jh, £) e IOM-2TRRIZH £y x, ) dx, dy, dI
where:

(pl(xh s t)=(P(x,, x”’ t)'
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RELATIVE FUNDAMENTAL SOLUTIONS 423

Hence a simple change of variables shows that:

(3.3) a, ;(u, D)=I1A""0) (u—v, ? l),

~

where 2 denotes the Euclidean Fourier transform of @, in the last two sets of
variables. The reader is referred to Métivier [11] for a more detailed account of the above
calculation for a more general class of groups.

We shall need two versions of the Plancherel theorem for G. The first is the following
equality for e C§ (G):

(3.9 o(0) ='f tr(m (@) du (A),
R-{0}

where dp(A)=c|A|"dA, ¢ constant, and tr denotes trace. The second version of the
Plancherel theorem states that 7, extends to a Hilbert space isomorphism:

m: L%(G) » L2 (R—{0}, H-S),

where L2(R— {0}, H—S) is the space of all functions F from R—{0} to the space H—S
of all Hilbert-Schmidt operators on L?(R") satisfying:

J tr(F(M) F(M)*) d\ < oo.
R~ {0}

The norm is:

IF () 122 @-(01.1-5) =I tr (F(A) F(M)*) dp’ A),
R-{0}
where dy’ (\)=c’ | A|"d\, where ¢’ is a constant. In particular, for f, geL?(G);

(3. ;8= j te (ma (1) @) i’ 1.

R -{0)

The reader is referred to Kirillov [8] or Pukanszky [13] for a complete account of the
Plancherel theorem for nilpotent groups.

4. Construction of the fundamental solutions k, of L,

(4.1) LemMA. — Let L be as in Theorem 2.2, and let L,=L—a(—iT)¥%. Thenife>0is
sufficiently small, L, is hypoelliptic for all o, € < |a| < 2e.
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424 L. P. ROTHSCHILD AND D. S. TARTAKOFF
Proof. — By Rockland [14], L, is hypoelliptic if and only if =, (L,) and n_,(L,) are
injective on the Schwartz space % (R"). Now:
My (L) =ms (L) Lo
By Grusin [5], the eigenvalues of n+, (L) are discrete, and so if:

p= min lol,
o eigenvalue of m ;. , (L)
a#0

then any € < /2 will satisfy the lemma.

A family o, of distributions on a manifold M will be called uniformly bounded if for every
compact set K = M there exist C and M independent of o such that:

lo.(p)|=C SUPMID“‘P(X)I

1B =
for all e Cg (K). Our proof of analyticity requires that the k, be uniformly bounded.

(4.2) ProrosiTioN. — Let € > 0 be chosen as in Lemma 4. 1. If d is sufficiently large and
d/2 even, there is a uniformly bounded family of fundamental solutions k,, L k,=3, all 6 eC,
e = |a| £ 2¢, such that S,: C* (G) = C*(G) defined by:

S:( = ( i "'T)‘“z ((P * ’f‘.'x)’

extends to a bounded mapping of L*(G) into itself satisfying the following:

(4.3) IS0l =Clloll,

C independent of o, and

71 (Lae) " 1 (), A>0

(44) Ttl(Sﬂ (p)z{'ﬂ:—1(]_om)_lﬁ]_(q3), 7\'<Oe

Sfor almost all LeR—{0}.

To prove Proposition 4.2 we shall follow a similar construction in Métivier [11] (where
one of the ideas is attributed to Lion [9]), keeping track of the dependence on o.  We let
B.={aeC:e=|o| =2}

(4.5) Lemma. — For oeB, let I, ,(u, v) be the distribution kernel of the operator
m, (L,) "' : L*(R") = L*>(R"). Then if d is sufficiently large 1,

2 o I8 continuous and satisfies,
for n/2<k<d—n/2;

(4.6) | I.a(v, )| S G140 )27 45 (1 4+ u )2~

for some constant C independent of o.€ B,, where g,=(—1)*"*
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RELATIVE FUNDAMENTAL SOLUTIONS 425

Proof. — The estimate (4. 6) is given in [11] for o fixed in B.. Let
H={feL*(R"):uPD} feL?  all |B|+|y|=k}
withnorm || /lI>.= > |luPDf|I?,.andlet H ™ ¥ be the dual space. By Grusin [5], each

1B+ sk
n.,(L,)”" is bounded from L? to Hi.e., there exists C’ such that:

(4.7) N lya S Climea(La) Sl

with C’ dependent on . An easy perturbation argument (see [15], for details) shows that
one can choose C’ independent of « for o varying in B, From (4.7) one obtains for
each j

IS lly, € Collmes (La) ™ Sl .,

for all jeZ, as in [11], Lemma 12.
Now the proof is exactly as given in [11].

Proof of Proposition 4.2. — We shall follow the construction given in [11] for a more
general class of groups. Put o@=0@E™"), ¢eC§(G). First

tr(m. (Lo) ' m () =J‘Ix, (0, u) g, (u, v)dvdu,

for a.eB,, where a; , (4, v) is the kernel of 7, (@), which by (3. 3) is given by
(4.8) ag, @, 0)=|A""(@)" (v—u, —(u+0v)/2, =}).

Putting.
. u u
Jl,u(u’ v)=J‘e—w.§ILG (5 —E.” - 5 —f:)dg
we obtain

tr(m (L) ' m (6))=|M""J-k.:. (u, v) @3(u, v, —\)dudbv,

where @; denotes the Fourier transform in the t variable. Finally, let =\,
vy =(sgn)) | M|~ Y2p, ur=|A|Y2u, o*=(sgn)) |A|?v and put

Ki. o, )=J1 (u, v).
In view of (3.2) and (3.4) we want to estimate tr (nl(L,)"nk((p)). By the above we
have

tr(m, (L,) " nx(‘b))=J‘K;..a(“m v,) @ (y, vy, —A)du, dv,
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426 L. P. ROTHSCHILD AND D. S. TARTAKOFF

by the definition of ¢,. It is easy to check that.
' Kl.a (ua U)= | A I-d/2 Keh.c (u;’a vl)'

We shall need to show.

(4.9) |Ke, o (@, )] = C,
all xeB,, u, v. By definition

u* —u

sz.a(ula vx)':-]q.a(uls i'})= e?l‘v‘ﬁlcl‘a(? =&, 'Tl _é)dé

nf2 —d +k d.
) (‘*l'?“@

Hence by (4. 6)

'y
(4.10) |K,, o0 )| = CoSllp(l+|§|)"“(1+

u
?—ﬁ

)nfz -k

for n/2 <k <d—nf2. Choose k to be the smallest integer larger than (3n/2)+1." Then
for d > 3n+4, k is in the range n/2 < k <d—n/2. Now for any aeR -

(4.11) (1+|8)) S sup((1+|a—E)), (1+] —a—E&])).
Then (4. 11), together with (4. 10), proves (4.9).

Hence, if % (u, v, X)'e.S" (R2"*1), with ¥ (u, v, A) vanishing in A to order at least d/2—n
at A=0, the integral '

j|Kx,u(u, v)| [xu, v, \)|dudvd\

exists and is bounded, independent of aeB,.

To handle the singularity near A=0 we proceed as in [11]. Let Yy eCg (R) be chosen
with

{1 for |A|Z1/2,
‘HM_{O for |A|21.

Let Z: & (R) - £ (R) be defined by

N=fM-v() T ”(a)kfo
ZfO)=f )— (= .
fo=fo-vw T (5] o
Then

TIN=F0) for (M2 1,
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RELATIVE FUNDAMENTAL SOLUTIONS 427

and A
Z f () vanishes to order d/2—n at A=0.

Now define k,, ; by:

ka1 (@)=c I K o( 5, D Z 0" (4 0, —A)| AP dudodh,

with ¢ as in (3.4). Then k,,, is a uniformly bounded family of distributions for a€B..

We will now construct a uniformly bounded family k,, , of distributions such that
ko, 1 +ke, 2 is a fundamental solution for L,, i.e.,

L. (ku. 1+ ka. 2) =4.

For this, let r, be the distribution defined by
—Tq=Lgky 1—8.
Clearly r, is a uniformly bounded family, and we must find k,, , satisfying
Lokg, 2=70
As in [11] we note that since T*r,=0 for s 2 d/2—n we may write r, in the form:

Ta= Y, Tey(x, x")
il Sd/2-n

where r, ;(x’, x”) is a uniformly bounded family of distributions on R>". Let L°
be the constant coefficient differential operator elliptic in R2", corresponding to the
principal symbol at 0 (in  the classical sense) of L, [ie,
L=p(9/dx), ...,8/0x,,8/0x}, . ..,08/0x]). See the definition of *‘elliptic in the generating
directions” on the first page. Note that L° is independent of o, since the parameter
occurs as a coefficient of a term of lower degree.] Now we may seek to find k., in the
form

ke 2= Y W ;(x, x)t.

jisdi2-n

The W, ; may be found by downward recursion by writing.

&
L= Lo + Z L,‘ Fryr]
0< atj
jisd
and solving recursively for W,, ; satisfying
j+k)!
4.12) LW, ;(x’, x)+ Y Lax 9——)w,,_ jk="a, j

il
k>J J
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428 L. P. ROTHSCHILD AND D. S. TARTAKOFF

with the convention that W, ;+,=0 for j+k > d/2—n. We must still show that (4. 12)
can be solved with W, ; a uniformly bounded family. For this we use the following
modification of [7], Theorem 3.6.4.

(4.13) LEMMA. — Suppose that { f,} is a uniformly bounded family of distributions on an
open set Q = RN which is strongly convex for the constant coefficient differential operator
P(D). Then there exists a uniformly bounded family u, on Q such that

P(D) u;= fa.

The proof of Lemma 4.13 is an easy modification of [7], Theorem 3.6.4, where the
result is proved for fixed o.

Now we may complete the proof of Proposition 4.2 by verifying (4.3) and (4.4). For
this, note that since T is bi-invariant, (—i T)¥? (@ % k,) =((—i T)¥? @) * k,. One easily sees
by the definition of &, , that (—iT)**¢)xk, ,=0. Hence

Sa@=(—iT)"* (¢ * ky, 1).
Now
T (S, 0)=m, (=i T)? o %k, ;)=m, (L,) ' m (=i T)"*m ()
=n2| k|"""2'n£‘ (L) ! my(@)=m (L,) " m (), since /2 is even,

which proves (4.4).
To prove (4.3) it suffices, by (4.4) and the Plancherel Theorem (3.5), to show that

7, (L) ™' (@) [y -5 = C'lI T (@) llgy s

where H—S denotes the Hilbert Schmidt norm. This follows immediately since
n+1(Ly) "' is bounded on L2 This completes the proof of Proposition 4.2.

5. Proof that S=TI1.

(5.1) ProrosiTion. — Let k, be defined as in Proposition 4.2. Then the operator:

Sf=(2m')"[(—iT)“fz(f*ka)doc, feCF(G)
r

extends to a bounded operator on L? and S=TI, the orthogonal projection onto the nullspace
of L.
The proof of Proposition 5.1 requires some preliminaries.

(5.2) LeMMA. — For almost all he R—{0}, for all fe C¥ (G),
m (T1f) =P, m ()

where P, is the orthogonal projection onto the nullspace of m,, (L).
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Proof. — This is very similar to Goodman [3). First, it is clear that

Imm, (T1f) < kerm, (L) =ker =, (L).

Furthermore, if heker L, then Imm, (h) < ker m, (L) and hence m, (h) = P, m. (h).

suffices to show that if g L ker L, then Imm, (g) = (kerm, (L))*.
Now if g L ker L, then by the Plancherel formula (3.5),

(5.3) | _[tr(nx (N m (@)% dp ()=0

forall feker L. Let {@;} bean orthonormal basis of L?(R") such that @, @,, . .
... isabasis

basis of ker . ; (L) (which is of finite dimension by Grusin[5]),and @g 4 1, Pn+ 25
of (ker m,,(L)) . Then

¢.4) tr(m () (8)*)= -; M) i m(8)9:)

429

Hence it

., Pyisa

for any feL2(G). Let the indices i and j be fixed with 1<j<N and let
c(A) e L (R'— {0}, du())) be arbitrary with support in R*. Then by the second version

of the Plancherel formula define h;e L?(G) by

c(Mduwe; 15isN,

o i) cpk={ . =<

Then

tr(m, (h;;) 7, (8%))= Y (m, (1) @ T (8) @ )=cA) (@) T, (8) @)
X

By (5.3), since h;;eker L

fc ) (@5 T (2 90) d () =0.

Since ¢ (A) is arbitrary with support in R*, (@, 7 (g) ;) =0 for almost all > > 0, all i. The
proof for A <0 is the same, obtained by using a basis adapted to the decomposition

kern—; (L) +(kern—,(L))*. Hence m (g) ¢; L kerm, (L) as claimed.
From now on, I' will denote a fixed simple contour in C lying in B,.

(5.5) LEMMA. — 1:1(‘[ S, fd )=J 7, (Se Ndo  for almost all Le R—{0}.
r r

Proof. — Suppose geL?(G). Then by the Plancherel Theorem (3.5)

(LS"f o g)=j “(”k (I 5. da)m (g)*) dp(h).

®R—-{0) r
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Now et {¢;} be an orthonormal basis for L2(R"). Then

5.6 | o | msuna m(0) )i )= J 2(] .10 oo, (Pi)du(?»).

- Now since the infinite sum in the right hand side of (5.6) converges absolutely, by the
dominated convergence theorem:

(5.7) j tr(j o (S f) damy (g)*)du(x)
r

= j .[ tr(m (S« /) (g)*) dodp (2)
r

- f f tr (my (S2 /) )¥) du(x)da=J' (S f, 8)dot
rYr-{0} r

= (J S, fda, g) = Jtr (nl (JSG fdoc) T, (g)*) dp(M).
r .
Since g is arbitrary, (3.5) implies

J nL(S,f)da=n,'<J‘ SJda)
r r

for almost all A by the Plancherel Theorem. This proves Lemma 5.5.
We may now prove Proposition 5.1. By Lemma 5.2, it suffices to show that

(5.8) T, (SN)=P,m, (f) for @eCF(G).
By Lemma 5.5 and (4.4)
(5.9) ul(Sf)=Lnx(S,f)da=Lnel(L,)‘lnl(f)da.
Suppose A>0. Then from (5.9)
mEf)=2=i)™" J;_nl(L,)" () da=(2ri)"! L(nl (L)—a)™ ' m, (f) da.
Since zero is an isolated point of the spectrum of =, (L) by [5],

@Qmi)? I (m;(L)—a)~ ' da=P,.
T

A similar argument holds for A <0. Hence (5.8) is proved.
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6. Analyticity

In this part we complete the proof of Theorem 1.1 by proving.
(6.1) THEOREM. — The operators K and S constructed above preserve local analyticity.

(6.2) LemMA. — Let u.=K.f, feC(G). Suppose that for any bounded open set Uy in

which fis real analytic and any Vo with compact closure in U there exists a constant C such
that

(6.3) " sup|Du,(x)| SC"'+y]|!

xeV,

Jor all multi-indices v and all |o|=¢€. Then K and I1 preserve local analyticity.
Proof. — Suppose f is analytic in Ug. Then since L, K, f=L,(f* k.)=/,

sup | DY(K,f)(x)| C"*!|y] !

xeV,

and hence

SupID’J“"K,fdal éj la| ™! sup| D"(K, f)(x)|da s C' CM* |y ]!
r r

xeV, xeV,

Hence K fis analytic in Vo. The proof for IT is the same.
We shall now prove (6.3). For this we shall need the maximal estimate

(6.4) N Xi, X, X, vll2 £ Cl Lavligz+livllL.)

for all ve C§ (Uy), some constant C, which may be chosen independent of a, |a]=¢. For
each fixed o, | o:| small but nonzero, the estimate (6.4) follows from the hypoellipticity [6]
of L. and is clearly preserved under sufficiently small changes in o on the circle
ja]=¢. Hence (6.4) follows by compactness for some C independent of a.

7. Proof of the uniform estimates on high derivatives

To demonstrate local bounds of the form:
|IDPu,(x)| S C'BI*1B! VB, xeV,
it is sufficient to obtain analogous L? bounds:

IDPu,|l, .., <CP+B|!  with VyceV,

LYV, =
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and, as Nelson has shown, we may use the vector fields X; and T instead of ordinary
partial derivatives. Thus we write X,=X;, X,... Xi (or X!', abusively, for short) and
shall show the bounds

X, Tt I,y SCH#H+1(11] +5) !
for all I and b, uniformly in o for |o|=¢. Equivalently, we show:

(7.1) X/ T2u, 5, SCY#* NI+

L}V, =

uniformly in o, |a|=¢, N, I and b subject to |I|+b < N, since Stirling’s formula yields
NN < CYN!

What follows is an extension of [16], but we feel much easier to read, to d = 2 with
attention given to the dependence of all estimates on o.

Clearly [see the a priori estimate (6.4)], estimating T derivatives is harder than
estimating X derivatives, though one cannot, it appears, do one without the other. To
use (6.4) effectively, we should at each stage try to retain at least d X’s in our expressions,
and yet this is no limitation, since high, pure T derivatives can yield the required X’s by
use of the commutation relations between the X’s (d/2 times) and it is easy to see that if
one has the desired bounds for |I] = d, one also has them (with a different constant) for
all smaller I.

To localize high T derivatives is not simple, for [X;, ¢ T?] exhibits insufficient gain in
p (at most a gain of 1/2power, while a whole derivative lands on the localizing
function). One could repeatedly replace X derivatives consumed in this fashion, but to
do so would eventually transfer the p T-derivatives into derivatives of order 2p on ¢, and
this will not yield analyticity.

To overcome this obstacle, we introduce a rather complicated (looking) localization of
T?, i. e., a differential operator of order p, equal to T? in any open set where ¢ =1 and zero
outside the support of ¢. First, however, we must pick a new basis for 4,. An analytic
change of coordinates allows us to pick the basis:

X;=Xj=0/dx;, j=n,
Xjen=Xj=0/0y;+x;0/0t, j=n,
T=d/dt,

where the X still generate ¢,, and T generates %,.

(7.2) DEerINITION. — Let the X, T be defined as above. Then let:

(T7),=T2= ¥ (—1)°

|
BT XX Q)X TX AT
r=|p+y1Sp R
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(7.3) LemMa. — With TZ defined as above, then modulo CP terms of the form
@P*VXPIB1 y! where |B+v|=p;

(Xj Ta1=0,
7 TB1= (TP Yy X5

Proof. — From (7.2) and the obvious commutation relations [Xj}, X" =B; terms, each
X"’8=e'T, where e; is the multi-index of length one whose only non-zero entry is a 1 in the
Jjth position,

(7.4) -
-1
xm= T S xexre) XX e

|
r=|p+yisp p!

(- 1)I’I

+
r=|B+yl Sp [3 !

Bl(xlﬂxny(p)xlyxu[} e, TP— IB— r,+‘y|

Note that in the second sum, r = 1, since for r=0, all B;=0. But each term in the first
sum, except those with r=p, is cancelled by a term in the second; a term in the first with
B=PBo, Y=7o is cancelled by a term in the second when B=fo+e; vY=vo unless
|Bo+7Yol=p. Only terms from the first sum with r=p remain, and there are fewer than
(2n)? of them.

For the second part of the Lemma, a similar cancellation takes place (with a shift of the
v index this time), the change of sign coming not from the power of —1, as it did with a
shift of B. but from the observation that [Xj, X'*X"?] consists of y; terms each
Xr-eX"#[Xy, Xj and [X}, X]]=-T. The more significant difference, however, is
that in the first term in (7.4) the extra X sits beside the other X' derivatives on @, with
X7 it will be on the extreme left, whlle the others will sit beside ¢. Thus what was
hteral cancellation for the first part of the Lemma will be a commutator here. To be
precise:

[ T= % (;,1) (X7 XX @) XX T

I1B+rl=p

(="

+
r=|B+ylSp-1 ﬁ !

BT, 7 K7 XX @)X X BT b

18]
i y,(ﬁ.) (XPX" @)X~ e X/ PP IBer=el
r=1B+vI3p

The last term may be rewritten, replacing y—e; by v, noting that this term is missing when
r=0 (since then all y; are zero):

_ Z ( 1) I(xlﬂxuy )leX”ﬁTP 1B+7|

r=|p+y|Sp-1 B !
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so that we have:
1
%= T S xyxxerg xrxes
IB+yl=p B-'Y
+ Z (=18l (X7, X"B] X" @) XX ”/BTP1B+7]

r=ip+yisp-1 B! Y!

The first term above is the same type of error term as was discussed in proving the first
part of the Lemma. 1| The second term above may be written as:
(- l)iﬂl
=T T BXTeX T XX I T it Xy
r=|p+yl=p-1

- ¥ b ik T (XEXYT @)XV X BT IBH o X
r=|B+y|Sp-1 B!y

(replacing B—e; by B). But this last is nothing but (T? ')y, o X7
Let N be fixed for now. We nest [[log; NJ] open sets:
Vv, =AWO ccW,cc...cc W, n1=Up
(where [[log; N]] denotes the integral part of log, N), and choose functions V;, @;, and X
in C®(W;4+,) with {;=1 near Wj, ¢;=1 near supp Y;, and ;=1 near supp @; with
specified bounds on their derivatives up to order 2N; where

N;=N/2'.

Namely, we choose the W; in such a way that if d=dist(V,, U{™), then
d;j=dist(W;, W§¥P)=d/2’*!. Then the {;, @; and y; may be chosen (cf. [16]) so that

DY (U5, @5 0rx) | S (KA7HTINMif |y]S2N,

with K independent of N (but depending on V, and Uy). These families of cut-off
functions are just dilations of those introduced by Ehrenpreis and used by Hormander,
Andersson, and others.

Since Yo=1 in V, (=W,), for a+b less than N, but a > d, we estimate
IX*Ttalla,, by (XX T ualy,
and use the a priori estimate (6.4) on this. On the right there will be fewer X’s:

(7.5) ProrosITION. — There exists a constant C depending on f but independent of a, |a|=¢

and N so that if a+b = Ny,
1X°T thal,, W, ,/Nﬁﬂ' SCNo(dy ' (14 supremum || X7 T u, |l , INE+¥),
d+b' SNy
d'sd
b -bS(a—d)/2

(supp Vo)
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Proof. — Using (6.4) we have
(7.6) IX4WoX* T uylly S C(ILaVo X TP tielly + Yo X T uall2)
S C(lYo X T? LattallLz + 11 Yo X* ™/ T tha |,

+ Y (ci+cilal) 11X Yo X T ually )-

I1|=d

Here we have written (non-uniquely)

(7.7) L= ) (ciXi+c'aX))

11]=d

with constants ¢} and cy. Next
[X4, Yo X~ =[X%, Yol X* ™4+ Yo [X?, X7

consists of terms of the form X‘ {5 X*~i~! (i < d, one for each ) arising from the first term
on the right above and at most d times a—d terms Yo X°~2T from the second. To avoid
constantly commuting X’s to the left, we note that for i < d:
d-1
WX Yo X T uall , S NX Yo X TP uall , + X IX WX ™™ T el
j=0

Thus we may generalize (7.6) to:

(7.8) X IX WX T uall,, < Cl o X T f I,

isd

+ Z llxi‘pg)xa~i-lTbua"l-z_'_c(a_d) z Hxi\lloxa—i—z'rb+luu”LZ)

i<d isd

with a new constant C (depending on d, but uniform in |a|=¢), and now X° may denbte
any X, with |[I| Ze. :

We iterate this process (with a replaced by a— 1, Yo by Y5, or with a by a—2 and b by
b+ 1) on each term which still has at least d+ 1 X’s, [except the first term, of course, since
once a term contains f (x), there is no need to iterate further]. One type of term, after
a iterations, will be (bounded by) I

Ca(a_d)k z ” XJ' "lg)xa—r—Zk—in+k uﬁl[h_Zl
isd
for some k, r with a—r—2k < d, and there will be at most (2d+'1)® such terms.

The other terms will all contain f. These, again at most (2d)° of them, will be of the
form

Ca(a_d)k ” wg)xa—r-—lk-d'rb-f-kfllllz‘l‘
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In view of the bounds on derivatives of \,, and the real analyticity of fin U,, then,
(7.8) yields:
Z ” Xr’ ‘I“U sz*i-l-h”r2 ” s
isd
(7.9) =C" supremum a* (Kdy ')y Ni|| X T Ry, ||
p 0 0

0=a—-2k-r=d'sd

+C* supremum a* (K dy ') Ny K4~ "5 7440+ g p—k —d+ b) !

2k+rsa—d

L2 (supp {ry)

(The value of C. it should be clear by now, will change from estimate to estimate, but
remain uniform in o, |o.| =€ and independent of @, h and N as well as f.) This leads
quickly to (7.5) since in the first term on the right in (7.9) we may observe that
a*NpNg @D < Ngrk—a=b < Ng9" b= % if ¢'=a—r—2% and for the second term on the
right in (7.9) we use @*Nj(a—r—k—d+b)! Ng? b X Nitrta-r-d+b-a-b < |  The
strings of constants that build up, C°K" for the first term in (7.9) and
C*K"K§ 7 *74*P*1 for the second, are both bounded by C™™e for a suitable new constant
uniform in o, |a&|=¢, a, b, and N.

For d’ < d, further iterations of this type will be. useless in proving analyticity, since
effective use of (6.4) requires essentially the presence of at least d X’s. Using (7.2),
however, we may continue profitably. For we have:

(7.10) [l L7 O =T i WY

since o =1 near supp Yo, so (T*),, =T in supp Y.

(7.11) ProposiTioN. — There exists a constant C depending on f but not on o, |o|=¢ or N
so that if a+b < Ny:

d b b +d
supremum || XT u"”ﬁ(sllppl],\,}/ 0
d'=d
b +dsN,

0Zb'—bZ(a—d)/2 .
SC%(dy N1+ supremum || X< u,||
a”"Sbh+d+la—d),2

INY)

L (supp 9,)

Proof. — Since Xj = —X,, integration by parts allows us to improve (6.4) by including
terms with fewer X derivations on the left:

(6.4) > IX ol . SCUIL,vll .+ llvll.),  veCF(Ug).
d=d
If we apply this to v=(T"),, u,, we obtain, uniformly in a,

(7.12) © 3 1 XE (T ), el s S C (L (T 12l 11T g, )

d=d
SCUIT" )y Ll ML (T* Vot 2+ 11 (T Vg, 1850
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The commutator may be expanded using Lemma (7.3) and (7.7):

[La (Te]= Y. (ci+ci’ @) [Xi (T%)g, ]
1=d

and an application of Lemma (7.3) gives:

X, (TY)od =[Xi, X, - - - Xip (T¥)g,]

d-1
(7.13) =Y Xipoo Xy Ky (Ted X - X,
j=0 -
-1 d-1
=—AY, X,-l...X,-j(T""‘)T%X,-m...X,-‘+C"'terms Y XI@¥+hXdmim1+b p
j=o0 j=o

where A may be 0 or 1, depending on whether X;,,, is an X’ or an X”. We shall assume
that A =1 below; when it is zero, that term just doesn’t appear. Now to continue to use
(6.4) or (6.4)" on the right hand side above we would have to commute all X’s to the left
of (T¥ “!)ye,, This would introduce more terms of the same type, with X’s on both
sides. So we choose to estimate generally all divisions of the X’s; i.e., we choose to
estimate Y, ||X'(T¥)q, X? ~{y |l In doing so, we first attempt to bring all X’s to
isd'sd

the left [and then use (7. 12)] —the above expansion of the bracket will yield an error which
can be estimated by such a sum (over i < d’) but with smaller b’, together with terms free
of T altogether and then of course the right hand side of (7.12) followed by another use
of (7.13). This gives:

(7.14) T IX(T)eeX thell, SCC T IX (T 10 X¥ kel

isd*sd isd’'sd

+ (T)g, £+ T g, Il , +C¥ Y IX QG VXTI /0"
jsd

We want to iterate this to reduce b’ still further. But first we must handle the third
term on the right. By the definition;

(T¥)gy=(T" "), T+C" terms (@& +VXP [b'Y)
=2 terms (T* " 1)y, X2+ C” terms (¢f ¥ X /b'!).

If we (abusively) now write @; for T g, X g, Or @ itself, this expansion of (T*),, allows the
third term in (7.14) to be absorbed by the first and fourth terms (with a new constant):

(7.15) % IX(T)6 X ull, SCC T XTI g Xt

isdsd isd sd

(T g, SN +CT L NXT @ XTI 1,/
j5d
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Now we may iterate (7. 15) by subjecting the first term on the right to (7.15) again, with
b’ reduced by one and @, replaced by @5. After at most b’ iterations, we obtain C*'
terms, each either

(7.16) CH||(T¥*) S Nl s o CHC¥' T (| XI @ +1) Xe=I=145~ky || /(b —k) !

Jj&d

for some k £ b'.
For the first type [in (7.16)] we have {see Definition (7.2) where we have
IB+yl=r < p=b'—k]

(T¥ ~*)pf =C¥~* terms, each @f " X" T*~*~" f/p !

for some multi-index p with |p|=r, r £ b’—k. Since X derivatives of f have the same
type of bounds as ordinary partial .derivations,

IXi T £ < K3 (o +(11) !
in a compact set (despite the coefficients in the X’s) we have:

CHIT? Mgw S 11, SC¥ sup (Kdg ')t P NETTKE* (b —k) !/r! S(CKK,dg 'Y+ NY

k+rsb

[recall that r+k <b' so that (b'—k) !/r 1SCY N§~*" for b’ < Ng].
Thus we obtain, from (7.16) and the above,

(7.17) > |IX"(T”')_%uallL,g(CKK,d;‘)”"”N‘(’,'

d<sd

+C%sup Y |IX4 @f XTI || L /(b —k) !
ksb jsd

To bring this last term into a clearer form we commute @f * ! to the left and bring it
out of the norm. Since [X/, @f *]=C’ terms, each @ *!* X'~V j' <j we have:
Cb' ” Xj (ng+ 1)xd—j— 140" -k U "Lzl(b,_k) !

< i+ sup (K dg ;)‘b' FLEPNE LA | Xd-F-140 -k, Iz (‘wpp ool (b’ —K)!
' Fsi

§CN° (K do—l)NONS'-l-d" Xd-i—1+b -k uc”l.’(supp:po.)/‘Ng_J'_ 14b'—k

since N'{) +1+j Ng—j'— 1 +b’—k/N%'+d(b1___k) 1 é eNo if b’+d_s_ No-
Together with (7.10) and (7.17), this proves rroposition (7.11), since
b —b < (a—d')/2 implies d+b'(—j'—1—k) £ d+b+(a—4d)/2. '
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- Next, we once more reduce X derivatives. Actually, this could all have been done at
once, as in [16], but breaking it down into three stages should render the proof more
readable; this third stage is needed to reduce the total order by half. An application of
(7.5) to the right hand side of (7.1!) gives:

(7.18) ProposiTioN. — There exists a constant C depending on f but not on o, |a|=¢ or N
so that if a+b £ Ng:

supremum || X4 T% 4, ll 2 qupp v/ Ng*+
dsd
b +dsN,
b —bSla-d)/2 éCN“ (do l)zN., (l + supremum I X< Tt u“”L’(supp xu)/Nli +d')
dsd
b'=b+d+@-3d)/2)/2

Combining (7.18) with (7.5) gives, for aq+by<2N,

INg* " <CNe(dg '™ (1+ supremum [|X@Thull  /N3*h)
a,+b, Sd+(ag+b,)/2

(7.19) || X%Tu,||

L¥(W,)

Actually, one calculates a, +b, S(2b,+a,+ 3 d)/4, but d+(a,+b,)/2 will suffice.
(7.20) ProposiTION. — There exists a constant C, depending on f but not on &, || =¢ or N
such that for j<[[log, N]] and for a;+b;<2N;:

b
“ X9 TbA u, “ L’(W,)/N?+ /]

éCN’(dj— 1)3N,(1 + Supl'emum ” X% 'I‘Ii”I u, ” /Na“‘."bl” )

a0 +byo S+ Hb)/2 LW,
Proof. — Exactly the same proof as the proof of (7.19) applies, everything starting with
a;, b;, W, N, d;, etc. instead of ag, by, Wo, No, do, etc.
If we now start with apo+bo < N and apply (7.20) repeatedly, we obtain:
supremum || X% Tt u, || s ., /NG 20 ST (dy PN (1 + S (7 PN (14 TN (d5 PN (14 .
a,+b, SN,
+(1 4+ C?(djos, )M 8 Msupremum || X T u, || u,) - - -)

at+b<2d+1
SQCENII(E; PN (14 supremum || X TP u, |l 2w, »
a+bs2d+1
la}=¢

-

since (... ((((ao+bo)/2+d)/2+d)[2+d)...)[2+d £ 2d+1 after [[log, No]] iterations.

Only in this last line does a supremum over «, | |=¢ enter. Now L N; < 2N and we
also have the bound:

n (d]_ 1)3Ni é CN

since [1(2/)"/# < C. The supremum over |a|=cand a+b < 2d of || X* T u||2 (u,) is easily
seen to be finite in view of the uniform boundedness of the k, (see the definition following
Lemma 4.1), and this finishes the proof of (7.1).
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