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SUPERSYMMETRIC MEASURES AND MAXIMUM
PRINCIPLES IN THE COMPLEX DOMAIN.
EXPONENTIAL DECAY OF GREEN’S FUNCTIONS

By J. SIOSTRAND anp W.-M. WANG

ABSTRACT. — We study a class of holomorphic complex measures which are, in an appropriate sense, close to a
complex Gaussian. We show that these measures can be reduced to a product measure of real Gaussians with the
aid of a maximum principle in the complex domain. The formulation of this problem has its origin in the study
of a certain class of random Schrodinger operators, for which we show that the expectation value of the Green’s
function decays exponentially. © Elsevier, Paris

REsuME. — Nous étudions une classe de mesures holomorphes complexes, proches d’une gaussienne complexe.
Nous montrons que ces mesures peuvent étre réduites a un produit de gaussiennes réelles a 1’aide d’un principe
de maximum dans le domaine complexe. Notre principale motivation est I’étude d’une classe d’opérateurs
de Schrodinger aléatoires, pour lesquels nous montrons que I’espérance de la fonction de Green décroit
exponentiellement. © Elsevier, Paris

1. Introduction

We study in this paper a class of normalized complex holomorphic measures of the
form e~¥»(®)d?"z in R?", where 1, (z) is holomorphic in z and Ret, > 0 and grows
sufficiently fast at infinity, so that the integral is well defined. It is not presumed that
e~¥=(#)d?"x is a product measure. Moreover we assume that e~%~(*) is “close”, in some
sense, to a complex Gaussian in certain regions of the complex space. Assuming that f
does not grow too fast at infinity, we are interested in estimates of integrals of the form

[t @,

which are uniform in n. So that eventually we can take the limit n — oo. Assume (for
argument’s sake) |f(z)|cc = O(1), then if ¢, (x) were real, we would immediately have

/ f(@)e ¥Pd*g = O(1)

uniformly in n. However it is clear that, in the case where 1, (z) is complex, the same
argument will not give us a bound which is uniform in n. Since typically,

/le"”"(z)ldznx — 00
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348 J. SIOSTRAND AND W.-M. WANG
as n — oo, even though
/ U@y = 1,

for all n.

In the following, we show that under appropriate conditions (convexity, domain of
holomorphicity etc.), this class of measures can be reduced, uniformly with respect to
the dimension of the space, to a product of real Gaussians. Hence the usual estimates of
integrals with respect to positive measures become applicable.

The initial inspiration for this paper comes from random Schrddinger operators, where
the expectation values of certain spectral quantities can be naturally expressed as the
correlation functions of some normalized complex measures in even dimensions. Other
examples of complex measures arise, for example, from considerations of analyticity of
certain quantities in statistical mechanics. However for concreteness, we only state our
results in the random Schrodinger case, although it is our belief that the method presented
here should prove to be of a general nature, with possible applications to other fields.

We now describe the discrete random Schrodinger operator on £2(Z4):
H=tA+V, (0<t<1) (1.1)
where ¢ is a parameter, A is the discrete Laplacian with matrix elements

Ai,j—‘:]. Ii—jllzl,
=0 otherwise (1.2)

where i, j € Z%, |- |, is the £! norm; V is a multiplication operator, (Vu)(j) = vju;,
with v; € R. We assume that the v; are independent random variables with a common
distribution density g. We use ( ) to denote the expectation with respect to (w.r.t.) the
product probability measure. Such operators occur naturally in the quantum mechanical
study of disordered systems. (See e.g. [FS,Spl.). i

For small ¢, the spectrum of H is known to be almost surely pure point with
exponentially localized eigenfunctions. (See e.g. [AM,DK,FMSS].) This is commonly
known as Anderson localization after the physicist P. Anderson, who first realized the
importance of the phenomenon [A]. Another related quantity of interest, which provides a
necessary condition for the existing mechanisms for proving localization, is the density of
states (d.o.s.). Roughly speaking, d.o.s. measures the number of states per unit energy per
unit volume. More precisely, d.o.s. is the positive (non-random) Borel measure p such that

(tef (H)) = / f(E)dp(E)

for all f € Co(R). It is known generally that if g is smooth, then for ¢ small enough or F
large enough, p is also smooth. (See e.g. [CFS,BCKP].) In the continuum, one can prove
similar results [W2], and moreover obtain an asymptotic expansion for p [W1].

Let A be a finite subset in Z¢. Let A, be the corresponding discrete Laplacian defined
as in (1.2) for ¢,j in A. Define

Hy=tAy+V, (1.3)
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SUPERSYMMETRIC MEASURES AND MAXIMUM PRINCIPLES 349

on ¢2(A). For E real, (assume E € o(Hy) as.), let
GA(E +in) = (Hy — E — in) ™", (1.4)

be the so called Green’s function. We denote by G4 (i, j; £ + in) the matrix elements of
GA(F + in). Then we have the following representation

E)= lim lim Im(G,(0,0; F 4+ .S.
p(E) = lim lim Im(GA(0,0: B +im) ~ a.s

In this paper we study (G (u,v; E +1in)) for t sufficiently small or E sufficiently large.
Our aim is to obtain estimates which are uniform in 7, A, so that we can pass to the limit:

G(u,v; E +i0)) := lim limI L E +in)).
(Gluvi B +140)) = i T Tn(Ga(p, v; E + in))

The existence of the limiting function can be obtained directly [SW] and we will not enter
into the details here. Although the present method can give that too.

Assuming ¢ is sufficiently smooth, using the supersymmetric representation of the
inverse of a matrix, which was first used in this context in [BCKP], we can express
(Ga(p,v; E 4 i0)) as a correlation function of a normalized complex measure. (See sect.
2 and also appendix A.) Let

ar) = [ e go)an

denote the Fourier transform of g. Assume for example that g(r) = e *(") # 0 for
7 € RT; then (after taking the limit 7 \, 0)

(Galp,v; E +i0)) = ,
Z’/ggu -z, [det(iMA)e_z(ZU—kIl:l tzj'xk_zj Exj'zj_iz:j k(zj’zj))] H &, (1.5)
jen T
where z; € R?, z; - z is the usual scalar product in R? and
My = tA, — E — idiag (K'(z; - z;)), (1.6)

where diag (k'(z; - z;)) denotes the diagonal matrix whose jj-th entry is k'(z; - z;).
We notice the appearance of the Fourier transform of the original probability measure
in the above induced measure. We believe that this is the main accomplishment of the
supersymmetric representation here. After an integration by parts, (see appendix A or B,)
we have further:

(Ga(pyvs E +140)) =
/MXI(IL, v; E) [det(iMA)e"i(Z tajoap—y  Bajaj—iy k(wi'zf)] H d%z;. (1.7)
jeA
Note that if the measure in the square brackets in (1.5), (1.7) were positive, then we would
have immediately obtained that

(Gl v EN| < IMS (1,75 B)|oo

where the sup-norm is w.r.t. z. Hence the main idea is to make a change of contours in
(C%)A, so that on the new contour the measure becomes real positive. In order to do that
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350 J. SIOSTRAND AND W.-M. WANG

we assume that g is such that g is holomorphic in a region of C which includes the convex
cone bounded by R* and e ®R*, where 6(E) = arg(1 +iE) C] — %, Z[. Moreover we
need to assume that g is € (0 < € << 1) “close” to

1

9o = 71'(1 +'U2),

so that there exists an open neighborhood Q(E) C C of €*(E)[0, co[ which is conic at
infinity and in which g is e-close to go. (See (3.7).) For the precise conditions on g, see
(2.26)-(2.28). Note that assuming ¢, € small, then the final contour where the phase becomes

real should be “close” to ((e =~ R)2)A. (Recall that z; € R2.) Therefore in sect. 3, before

we embark on the real work, we first rotate the contour from (R?)* to ("2 R)2)A.
Using the assumptions on g, the measure then takes the simple form in (1.5), (1.7). Define

¢=Z Z tiL‘j'.’L‘k—ZE.’I}j'ﬂIj—iZk(.’L‘j'Ij)
J J

li—k[1=1

The change of contours is accomplished in two steps. In sect. 4, we look for a first vector
field v; (holomorphic both in x and t) in (C?)* such that

8t(e_(ﬁ) + vm(e_(b) cU = Oa (18)
or equivalently
at¢+vw¢"l)t =0. (].9)

where

v- V¢ = Z(’l}j,laij(ﬁ + vj,2afvj,2¢)'
J

Using the flow of the vector field to change variables, we get rid of the “interaction” term
> tz; - x. The main difficulty here (as opposed to the case ¢ real) is to find v, such
that the corresponding flow stays in the appropriate region in (C2)* for ¢ small enough
so that the resulting integral is well defined and that the measure has no zeros there. This
is achieved by using a cutoff function and solving (1.9) in some appropriate weighted
space. Sect. 5 studies the corresponding flow, while sect. 6 expresses the resulting measure
on the new contour.

Unfortunately, after this operation, the coupling between z; and z, (j # k) still persists
in the Jacobian of the above “change of variables”. Writing the measure as e~L [ d%z;
(with L holomorphic as the measure has no zeros there), in sect. 7, we look for a second
vector field v; (holomorphic in x and t) such that

e+ Va(e™) - vy + e Edive = 0.
or equivalently
(9tL + V$L Vg — div Vy = 0. (110)

We use a maximum principle in tube domains in the complex space to solve (1.10) under
the condition that ReHess L > ¢ > 0 and some additional conditions on VL, which
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ensures that the resulting flow stays in tube domains around the real axis. This is in fact
why we need to find the first vector field v; to ensure that the new phase L is such that
VL has the required properties. (See sect. 7, appendix C.)

Under these two changes of contours, the final measure takes the simple form

. 2.
e Z]. zj2j H d*z;

T

J

We then obtain in sect. 8 that for ¢/(|E| + 1) sufficiently small and F in the appropriate
range (depending on g), (Ga(u,v; E + in)) decays exponentially in |p — v| for all A
sufficiently large, by using weighted estimates on MXI(;I,,I/; E). The precise estimate is
formulated in Theorem 2.1 in sect. 2.

We should mention here that the region of analyticity in ¢ is uniform in A. The
construction above does not depend on the fact that we have a nearest neighbour Laplacian
(1.2). It works the same way if A is replaced by any other symmetric matrix with
off-diagonal matrix elements decay sufficiently fast.

As we have seen earlier, (G) can be expressed as a correlation function of a normalized
complex measure. In fact (1.5) shows clearly the link between the present problem
and problems in statistical mechanics. (1.7) is special to the present problem. Our main
constructions however do not depend on these special equalities arising from the symmetries
of the present problem.

Before the first in a series of the works of B. Helffer and J. Sjostrand [HS], where the
equation (1.10), to our knowledge, first appeared in the context of statistical mechanics,
one of the main tools to study correlation functions was cluster expansion—an algebraic
way of rearranging the perturbation (e.g. in ¢) series. (1.10) provides an alternative way
of treating such problems. The advantage, in our opinion, is that there is no combinatorics
involved. The mathematics involved is purely analytical and self-contained. Moreover the
convexity condition on L that one meets is the natural one.

Another general, but more probabilistic, approach to statistical mechanics is by using
semi-groups or heat equations. It seems interesting to us to understand what would be the
analogue of the construction presented here.

Although, as mentioned earlier, the inspiration for the present paper comes from quite a
different source-random Schrodinger operators, in the end, the work presented here should
be seen as a logical extension of the works of B. Helffer and J. Sjostrand [HS,S1,S2] in
statistical mechanics. (The work presented below might also be useful for the study of
Feynmann formula.) Indeed one can take the standard example of studying the correlation
function for the measure

- te;- 2
e 2 kenis—kiy =1 B0 Ijea e *@)dy;

z; €R
— te; k(a2 ' I ’
fe Z:;vkew—knﬂ “ kHjEAe k(””a')dxj

assuming that k is such that the measure is well defined. It seems clear to us that under
appropriate conditions on k, which essentially amounts to assuming & analytic and k£ # 0
on R*, k does not grow faster than linearly at infinity and some convexity conditions on
k (See Lemma 3.1.), the analyticity of the correlation function in ¢ for small ¢ should be
a direct consequence of the constructions here.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



352 J. SIOSTRAND AND W.-M. WANG
2. The supersymmetric representation and statement of the main result

Let ¢t €]0,1] and let H be the discrete Schrodinger operator on ¢2(Z?) defined earlier
in sect. 1. For convenience, we recall it here:

H=tA+V, (2.1)
where A is the discrete Laplacian with matrix elements '
A;; =1, when |i — j|; =1, and = 0 otherwise. (2.2)

V is a multiplication operator, (Vu)(j) = vju;j, with v; € R and | - |; is the £! norm. We
assume that the v; are independent random variables with a common distribution density
g. For real E, we consider the inverse operator

GE+in)=(H - E —in)™*, (2.3)

and more specifically, we are interested in the expectation value of the kernel (i.e. matrix)
of G(E + in) (the so called Green’s function): (G(u,v; E + in)) in the limit n \, 0.
We will write,

(G, v; B +40)) = Hm(G(u, v; E + in)), (24)

n

if the right hand side (RHS) exists.

We proceed by taking A C Z¢ to be a finite set or to be a large discrete torus of
the form (Z/NZ)%. The corresponding discrete Laplacian A, on A is then defined as in
(2.2), with 4,5 in A. Define

Hy =tA A+ V, (25)
on £2(A). Let
Gr= (Hy - E)7H, (2.6)

for complex E, whenever the inverse is well-defined. We also consider the expectation
values (G(p,v; E +1in)) for E € R, n > 0, and the corresponding limits when 7 \ 0.
The aim of the game is of course to have estimates which are uniform in A, and in this way
we get information about (G) whenever we can take the infinite volume limit A — Z.
(The possibility of taking this limit can be obtained by [SW] and we will not enter into
the details in this paper, even though the present methods can give that limit too.)

We use the supersymmetric formalism to express (GA). In order not to make too
much of a digression, we will only write the few lines that are necessary to reach the
representations (2.18,22,25), and we refer to appendix A and references therein for a
more complete discussion. Using Gaussian integrals ((A.9) in appendix A), we have the
following expression for the Green’s function:

Ga(p,v; E +1in) = i/:r“ -z, det[s(H — (E +in))] X (2.7)
. . dsz'j
exp | =iy (H = (E+n));sz; 7| [[ ;
.k jen T
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where z; € R?, u,v € A and we sometimes drop the subscript A and write H instead
of H A-

Let |A| be the number of points in A. We use the Grassmann algebra of 2|A| generators
to express det[i(H — E)]. This algebra is generated by 2|A| anticommuting variables &;,
1, © € A satisfying the relations:

(&, ;] = &mj +m;& =0, (2.8)
[6:,65] = &&5 + €56 = 0,
[7i,m3] = mim; + nymi = 0,

with [a,b] = ab + ba the anti-commutator. It is denoted by A[£,, 7, .., &4, M 4] Gf we
identify A with {1,..,|A|}). From (2.8), we see in particular that £2 = n? = 0.“C*
functions” F'(&;,n;) of these anticommuting variables are defined by Taylor’s formula at
(0,0) which contains a finite number of terms because of nilpotency. In this way F'(£,n)
becomes an element of the Grassmann algebra. For example if

F(&,m) = em, (2.9)

then s
F(&n) =14+ A j&n;. (2.10)

This is the function that we need in writing the determinant. We also need to define the
notions of differentiation and integration. Define:

0

o
3—m(m =1 (2.12)

We also require that these differentiations be linear operators and that Leibnitz’ rule hold.
We can then define integrals (with respect to J) as follows:

/1d5,~ =0, /g,-dgi =1, /ldm =0, /n,-dm =1. (2.13)

A multiple integral is defined to be a repeated integral. For example,

/ &inyd&idn; = — / n;&d&dn; = — / n;dn; = —1. (2.14)
Using (2.10), (2.14), we get

detli(H — E —in)] = /e—izj,keA(H—E‘—in)j,kﬂjEk H(dﬂjdgj)- (2.15)

JEA

We illustrate (2.15) in the case where i(H — F —in) := M is a 2 X 2 matrix, using
(2.8)—~(2.14). The integrand in the RHS of (2.15) is

&7 D M H (1 — M;kn;é),

7,k=1,2

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



354 J. SIOSTRAND AND W.-M. WANG

where we used the commutativity of e=™s#7i¢ and (2.10). Doing the integral in the RHS
of (2.15) upon using (2.13) and (2.14), we obtain

RHS = M11M22 - M12M21 = detM,
as expected.
Combining (2.7) with (2.15), we obtain the following expression:
G(u,v;E+in) =i / , cpy e Dprea H Xy X 1T @2x;. (2.16)
JEA
where
Xj L= (xjagjanj)a
1
X - Xp:=zj -2 + 5(77]'& + mé;5),

2
:diL'j

us

d2Xj : dnjdﬁj. (217)

Hence,

(G(p,v; E+1im)) = i/xﬂ .a:,,e_i(zj,kez\,u—kn:l th’Xk“ZjeA(EJ’iT’)Xj’Xj)x (2.18)
H e~ Wi XX H g(v;j)dv; H d*X;
JEA

_ Z/:L'# ) ;L'Ve_i(zj’kél\»lj—kh:l th~XIc_ZJ.(E+i7’)Xj~Xj) H/g\(X] . X]) Hd2Xj’
J J

where

9(X; - X;) = g(=; -z +n&5) = 9(=; - 75) + G (x5 - 35)n5&5, (2.19)
is the (super-)Fourier transform. Assume that § is in S away from 0. Then the above
integral is well defined. We can take the limit 7 ™\, O and obtain

(i B +i0) =i [ a, -, C 0L E [T gx, . X5) [[ 42X,
J

(2.20)
Note that by using (2.17), the integrand in (2.20) is a sum of terms of the form

Fivodnkrtn (@) &y -, (0 <A,

where the f’s are called coefficients. Note that apart from the factor z,, - z,, the integrand
in (2.20) is only a “function” of the X; - X;. Such “functions” are called supersymmetric
functions. Using Theorem A.2 in appendix A, we have:

/6‘i‘21j—kll=ltXf’X’“'ZEXj'Xj)H?(Xj-Xj)Hd2X,-=1, -~ (221)

for all A, all ¢. Hence (G (u, v; E+10)) can be seen as a correlation function associated to the
normalized supersymmetric “measure” in (2.21). By integrating out the anti-commutative
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variables &, 7, this measure can be further reduced to a (normalized) complex measure.
Assume for example that g(7) = e~*(") £ 0. Then using (2.15), (2.17), we obtain:

(G(p,v; E +10)) = \
i/x“ . x,,[det(iM)e_’(Zlf—“Fl tz]'oa:k—zj Exj-x;—i Zj k(wj-xj))] H _dﬁ’ (222)
™

JEA
where
M =tA - E — idiag (K'(z; - z;)). (2.23)
We note also that by using (2.21)
) s LT 2.
det(iM)ef’(zlf—k|1=1””"'””"_Zj Beya; =i}, k(wyes) 11 %x—’ =1, (2.24)

JEA

for all t.
Using an integration by parts, established in Proposition A.3 in appendix A or
equivalently (B.19) in appendix B, (2.22) can be further put in a more transparent form:

(G(u,v; E +140)) =
/ M~ (u,v; E) [det(iM)e"'(Z tejak—y ) Baja;—iy ’“(wf"”f)] H d%z;. (2.25)
JEA
In appendix B, we give direct proofs of (2.22, 24,25) without using supersymmetry. The
rest of the paper will be essentially devoted to the study of the resulting complex measuer
as defined in (2.24) in an appropriate region in (C?)A.
Note that if g is the Cauchy distribution, go(v) = £ 1=, then k(7) = |7| fo real 7 and
we have corresponding holomorphic extensions from each half axis (and we shall only use
the one from the positive half axis, which is given by k(7) = 7). Using (2.25), we then
obtain another derivation of the fact that

(G(u,v; E)) = (tA — E —i)~* (2.26)

m,v?
for the Cauchy distribution. (A more direct proof based on the Cauchy formula can easily
be found either as an exercise or by looking in [Ec]).

We now specify the class of densities g that we shall allow. We assume that g is of
the form:

9(v) = (14 O(€))go(v) + e(v), (2.27)
where
1 1
90() = 23T

and r. has the following properties:
(a) r. is smooth and real on R and satisfies

'6’“7‘E
ovk

for some fixed constants Cy, C1,.. .

| < Cye for all k € N, (2.28)

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE
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(b) There is a compact e-independent set K C C, symmetric around R with 7 € K, such
that 7. has a holomorphic extension to C \ K (also denoted by r.) with

re(v) = O()———— in C\ K. (2.29)

1+| |2

The O(e) in (2.27) is determined by the requirement that [ g(v)dv = 1. Assuming also

that € > 0 is small enough, as we shall always do in the following, we notice that it
follows that g(v) > 0 and hence is a probability measure.
Remark. As it was mentioned in the introduction and as it will become clear later in the
proof, the conditions for our constructions to be valid are rather on the Fourier transform
g of g. But for concreteness, we shall state our main theorem only for the class of
densities above. '

For all A > 2d, introduce the convex open bounded set

d
W(A) := {n €R% 2 coshn; < A}. (2.30)
1
Let
pa(z) == sup z-7 (2.31)
neW(X)

be the support function of W () so that p,(z) is convex, even, positively homogeneous of
degree 1. Moreover py(z) > 0 with equality precisely at 0. In other words py(z) is a norm.

In sect. 8, by using weighted estimates, we show that there exist Cyp > 1, C; > 0, such
that if |E| > C2, F < lg—ol and V = diag (v;), with |v;| < F, then

Ci(1+ F)
st )

(A+V = E)™(u,v)| < Crexp (‘P!El(ﬂ -+ |E]|

(2.32)

A special case of this is that if £ € R, V = diag(v;) with |v;| < € > 0, t €]0,1],
t/|E +1i << 1, ¢/|E +i] << 1, then

E+:1
t

-1
(a+3v =) () = 0@emp (—presetu =) + 0@ =S - 1),
B+l
(2.33)
for all u,v € Z4.

Moreover, we show in sect. 8 that (2.33) is likely to be optimal by studying the inverse
of A — E on ¢%(Z%), when E € C, |E| >> 1. After a suitable Fourier transform we see
that this operator is unitarily equivalent to the operators of multiplication by §(£) — F on
L?(T?), where §(¢) = 2 cos§; and T? = (R/27Z)? is the standard torus. By Bochner’s
tube theorem we know that the largest open connected set of the form R? + ;W containing
R? where §(¢)—E # 0, is of the form R¢+iW (E), where W (E) C R is an open convex
neighborhood of 0. In sect. 8 we shall see that W(F) is bounded, and we also note that
W (FE) is symmetric around 0 since ¢ is an even function. As in the case F real, we define

pe(z):= sup z-7 (2.34)
neEW(E)
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- to be the support function of W (E) so that pg(x) is convex, even, positively homogeneous
of degree 1. Moreover pg(z) > 0 with equality precisely at 0. In other words pg(z) is
a norm. :

In sect. 8, we shall see that

pe(z) = pig(z) + 0<|—;~le|), (2.35)

d
W(|E|) = {n € R%; 2ZCOShT’j < |E|}, (2.36)
(A =~ B) ™ ()] < O(1)e Mo T, (2.37)

uniformly in E, u,v, when |E]| is large enough.

Equip the extended line R := {—~oco} UR U {+oo} with the natural topology (i.e.
the one induced from the topology on [—1,+1] under the map f : R — [—1,1], where
f(£oo) = %1, f(z) = z/V1+ 22, € R). We define a subset £ C R in the following
way (see the figure at the end of this section):

When E € R, we say that E € £ if and only if (iff) the following holds: The line Lg
through —¢ which is orthogonal to the vector F + 7 (the direction of the segment joining
—i to E) does not intersect K_ := {z € K;Imz < 0} and separates K_ from F, in
the sense that if P, is the open half-plane containing E with boundary Lg, and P_ the
opposite open half-plane, then K_ C P_.

When E € {+o0}, we say that E € £ iff the above holds with Lg = iR.

Note that a necessary condition for £ to be non-empty is that —i does not belong to the
convex hull of K_. It is also clear that £ is open and connected.

Let dg|(u,v) be the distance on A associated to the norm p (4 — v), so that

dis) (1, ) = Py (1 = v)

when A is a finite set and

dp(p,v)=_ _ inf pig|( — V),
meny (), very ()

in the case when A is a torus, with 7, : Z¢ — A denoting the natural projection.
We can now state the main theorem of this paper.

THEOREM 2.1. — For every £ CC &, there are constants ty > 0, €9 > 0, such that if
0<e<eyte€]0l], Eef, ﬁ < to, then for A sufficiently large we have uniformly
int, e E:

. 1 t+
(G (v B+ i0))] < = exp( —diparye(ps, v) + O oot ) o, v) ), i, € A, (2.38)
t |E + 1

Here p denotes the standard Euclidean distance in A.
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3. Rotation of coordinates

We make the assumptions of Theorem 2.1. Then for £ € £ N R, we have

(G(u,v; E +i0)) = i / 2, - 2,6 (0NN B N) T (X, - X;) [] X5 (3.1)

The corresponding normalized “measure” is

e~ it X =) L EX; X;) Hg(Xj - X;) Hd2Xf' (3.2)

where g(X; - X;) is as in (2.19). Our aim in this section is to make an appropriate change
of contour, so that on the new contour, after integrating out the anti-commutative variables,
the phase of the normalized complex measure is almost real.

Recall from the preceding section that,
9go(o) = e 7, for Reo > 0, (3.3)
and if we replace g by go in (3.1), (3.2), we are naturally led to consider the factors,

GE-Dzjz; _ e—(l—iE)xj'mj’ (3.4)

(Recall that X;-X; = z;-z;+ 1 (m:&;+n;&;); see also (2.22), (2.25) with k(z;-z;) = z;-3;.)
which in some sense can be expected to be dominant when ¢ > 0 is small or E is large.
With ¢ = x; - ;, this factor becomes real after the change of variables,

oy, LHiE

g=e T L+ iE|

s, where (F) = arg(1 +iFE) € ]—g, % [

Put f(+o00) = +Z.

LemMA 3.1. — Let E € & and let S(E) be the closed convex sector in the complex
plane bounded by the two half-lines [0,+o0[ and €?®E)[0, +o00[. The function §(o) has
an entire extension from the positive half-axis, that we also denote by g, which has the
following properties:

(@) If E # 0 and |E| < oo, then for every v € [0,1] and for all k, N € N:
9;9(0) = On (o) Ve #me), (3.5)

where ¢ € S(E) and (o) = (1 + |o|?)}/2
(b) If E € {+00,—00}, then there exists €g > 0, such that for every § > 0

O¥G(0) = Onpslo) N (e colmel 4 o=(1=Reoy 5 ¢ G(E). (3.6)
(¢) Recall that g = g.. For every &' CC &, there exists an €y > 0 such that if E is
confined to &' and 0 < € < €y: There exists an open neighborhood Q(E) C C of
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e®(E)[0, +o00|, which is conic near infinity, and a holomorphic function k on Q(E)
such that

Glo) =e ) k(o) =0+ O(e), 0 € UE). (3.7

Proof. ~ If ¢ > 0, then in the defining integral,
§(J)=/ e~ g(x)dz
R

we may replace the real axis by a closed curve v in {Im z < 0}, which in the case when
E is finite stays on the opposite side of the line Ly (introduced in the definition of the
set £ in the preceding section) from FE, except in an arbitrarily small neighborhood of —q.
We then get the entire extension from |0, 4+oo[ by:

g9(0) = [/e_iz"g(z)dz, (3.8)
so for every N € N, s
§(0)] < Cn (o)~ Ve @), (3.9)
where
H,(o)= igg Im (z0). (3.10)

Now consider the situation in (a) and assume in order to fix the ideas that £ > 0. It
is straight forward to study H, and we see that for every sufficiently small § > 0, we
can choose v as above such that:

H,(0) < —Reo +é|o|, §(FE) — 6 <argo < O(E) + 0, (3.11)

H,(o) < ——é—lm o, when 0 < argo < §(E) — 6. (3.12)

Note that Reo = £Im o when argo = (E). From this, we get part (a).

For part (b), we may assume for instance that £ = +oco. Then Lg is the imaginary
axis, and we can choose -y confined to the intersection of the lower and the left half-planes
except in a small neighborhood of —i. Then there exists €y > 0, such that for any small
6 > 0, we can choose v such that (3.11) holds and

H,(0) < —¢glmo when 0 < argo < 0(E) — 6. (3.13)

Part (b) follows.

In order to get part (c), we use the decomposition (2.25) and (3.3) as well as the fact that,
if we represent 7. as in (3.8), then the contour can be pushed across —7 and consequently,

[7.(0)] < O(e)e Reo=0lol in Q(E), (3.14)
if 6 > 0 and Q(F) are small enough. |
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In the various integrals involving the density (3.2), we want to replace the integration

variables z € (R?)*, by z = €'*/2y, with y € (R?)* and @ = 0(E). As mentioned earlier
in sect. 2, the integrand in (3.1) is a sum of terms of the form

Fivderooken (@)1 - Gy - Mk, (0 < JA]), (3.15)
which is a polynomial in &, 7 and where the f’s (coefficients) are holomorphic functions in
z. For the purpose of change of contours in z, we can view &, ) as mere “parameters”. (See
appendix A. for a more formal presentation of this simple fact.) The change of contours can
be justified by means of the Stokes’ formula, if we can show that the coefficients f decay

fast enough on all the intermediate contours = = e**/2y, y € (R?)%, for 0 < a < 4(E),
(where we assume for simplicity that £ > 0).

Using (2.19), f is proportional to

e_i(ztzj'wk_ZExj.wj) th(ﬂf] . :L’]), (3‘16)
J

where h; = g or h; = §'. Assume E € £. Using (3.5) and without uniformity w.r.t.
A, we have that

|f] < On(1) (etzUHl:l fm (25:25) 1_[((:pJ . mj)_Ne—‘Y(E+1/E)Im (zj-wj))) ,
J

where Oy (1) also depends on ¢, E. Here Im (z; - zx) = (sina)y; - yx, and we get

115 Oxexp [(sina) (#1412 (B-+ 5 ) J1?| [T

Since F + 1/E > 2, and since we can choose «y arbitrarily close to 1, this quantity is
On(1)I1;{y;) " uniformly in a, when

tAll <2, (3.17)
or when
0 <t<1and E is large enough. (3.18)
Stokes’ formula can now be applied and we obtain
(Gl i B+ i0)) =1 [ @, -, (R0 T 85 ) [T50x; - ) [T €2,
’ (3.19)

where z € (e?P)/2R?)A and ¢;, n; are the corresponding Grassmann algebra generators.
(See (A.4) in appendix A.)

From (c) of Lemma 3.1, we notice that for every compact subset £’ C &, there exists
€0 > 0, such that k(o) = k(o) = 0 + 7(o) is holomorphic with r.(c) = O(e) in some
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neighborhood of €*(¢")[0, +oc0[, which is conic near infinity. Let m = |A|. Integrating out
the anticommutative variables, we get for E € £:
(G(p,v; E +10)) (3.20)

2m
— Z/ T, Ty det(iM)e—i((tA—E)ww—iZk(xjmj))d_w
¢i0(E)/2R2m T

am

2m
= / (M~1) det(iM)e_i((tA_E)w'E—iEk(wj~a:j))d z
€i6(B)/2R2m v

where M (z) = tA —idiag (k'(z;-z;)) — E. (See appendix A.6 for the integration by parts
leading to the second equality.) The corresponding normalized complex measure becomes:

. . 2m
i (det M)e=i((ta=B)za—i k(a2 4T (3.21)
ﬂ-m

We now specify the domains where we shall work. For «, 3 > 0, we introduce the
neighborhood Q(E, a, ) of the half line €**(®)[0, +oo[ asymptotically conic near infinity,
by

[Im (e ") 7)| < aRe (e B 7) + 3. (3.22)
Then with £, £ as above, £’ connected and with «, 8 > 0 small enough, we have

k() =7 +r(71), r(r) = O(e) in UE', , B), (3.23)

where we have put (&', a,8) = Ugee Q(E, o, ).
After the rotation of variables,

z; = B2y, (3.24)

the density (3.21) becomes,

‘ . ~ ~ 2m
14 iE|™ det (1 + tA + diag (7' (y; - y; e IHEBI (v +idyy+ T(yj’y"))d—y, 3.25
J J

7l-'m
where y
’ ~ )
t= A=E)’ (3.26)
(1) = 6(E)
T(T) T iE] r(e®¥)r), (3.27)
so that
7(7) = O(€) for 7 € (0, 2, B), (3.28)
where
~ €
e—————————ll_’_iEl. (3.29)
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4. Elimination of tA: The deforming vector field

We consider the density (3.25) together with (3.26-29). From now on we drop the
superscripts “~” and write “z” instead of “y”, so that the exponential in (3.25) can be
written as e~ 1T EIQu(=)  where

Q:(z) =x~x+tA:c-x+Zr(xj S Zj). (4.1)

We look for a complex change of variables z = x+(y), generated by a t-dependent vector
field v = v(z) - %, holomorphic in %, z:

2 ) = w(zv), o) =, (1.2
such that
Q(z:(y)) = Qo(y)- (4.3)
Differentiating this equation with respect to ¢, we get
0tQt + Vo Qi - v, = 0. (4.4)
Letting m X m matrices act on C?™ in the natural way, we have
V. Qi = 2(I + tA + diag (v'(z; - z;)))z. (4.5)

Note the appearence of the same matrix as in the determinant in (3.25).
Looking for v = v; of the form v(z) = B(z)x where B is a (t-dependent) m x m
matrix, and using that 0,Q.(z) = Az - z, (4.4) becomes

—(Az,z) = 2((I + tA + diag (r'(z; - z;)))=z, B(z)z), (4.6)
and it suffices to find B(z) such that

—A ="B(z) o (I +tA + diag (r'(z; - z;))) + (I + tA + diag (r'(z; - z;))) o B(z).
(4.7)
We shall take B = By(z; - 21,...,%m « Tm). (Note that this gives more choice for B then
requiring *B(z) o (I + tA + diag (v'(z; - z;))) = A/2.)

A possible choice would be B(z) = —1(I + tA + diag (r'(z; - z;))) A, but it turns
out that the corresponding vector field is not sufficiently small in some components, and
that we cannot exclude that the corresponding flow will take us out of the region where
r is well-defined. A better vector field can be constructed by means of a certain cut-off
function, and before doing so, we specify in which region in (C?)*, we want to work.

For a €]0,1[, b > 0; let V(a,b) C CZ, be the neighborhood of R?, given by
(Imz;)? < a(Re :c]-)2 +0, (4.8)

where (Imz;)?> = (Imz;;)? + (Imx,2)? and similarly we define (Rez;)2. From simple
estimates, we see that the map C? 3 z; — z; - z; € C, takes V(a,b) into Q(0, o, B), if

L ova ., 2Jab b
a_l—a’ﬂ_l—a_‘_\/ﬁ’

and we can have «, § as small as we like by taking a, b, b/+/a sufficiently small.

(4.9)
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We assume that a, b, b/\/a, a, § in (4.9) are small enough, so that

1
7€ Q0,a,8) = [1+7] 2 S+ r]), [argL+7)] < 3, (4.10)

1
z; € V(a,b) = |1 +z; - 3;| > 5(1+|a:j|2). (4.11)

For z; € V(a,b) we can define in a natural way (z;) = /1 + z; - z;, and combining
(4.10), (4.11), we see that for z; € V(a,b): .

1 T
—\/—i(lle) < Keil < (lzsl), Targ(z;)| < o (4.12)

Here (|z;]) = y/1 + |z;|? is of the same order of magnitude as 1 + |z;|. It follows from
(4.12) that for zj,z € V(a,b):

3} + Gl > 5 (1) + L)) (413)

Put .
x(t,8) = s (4.14)
Xi,j(x) = X(<$j>v (xk))7 Zj, Tk € V(aa b) (415)

Notice that x; i + X%,; = 1 and that

@) < 7 el g (4.16)

z;)| + Ken)| ~
by (4.13).

Let x(z) denote the m x m matrix (x; ;(2))1<ij<m and let x denote the operation of
elementwise multiplication of m X m-matrices: (a*b);, = a;jxbj . We look for a solution
B(z) of (4.7) of the form

B(z) = x(z) x A(z), z € V(a,b)™, ©(4.17)
with A(z) symmetric. Then *(x x A) = *x x A = A x*x, and (4.7) becomes

A= (4.18)
(Ax"x) o (I +tA +diag(r'(z; - 7;))) + (I +tA + diagr'(z; - 7;))) o (x * A)
=D(z)(4) +tR(z)(A), (4= A(z)),

where
D(z)(A) := (Ax"x) o D(z) + D(z) o (x * A), D(z) := I + diag (r'(=; - x;)), (4.19)
R(z)(A) = (A% 'x) 0 A + Ao (x x A). (4.20)
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Write D = D(z) = diag (d;(z)). On the level of matrix elements, D(z) is the map
ajk = (diXjk + dkXr,j)a,k, (4.21)
and we contemplate the multiplier:
diXik + diXig = 1+ X7 (25 - 25) + X7 (Tk - Th).- (4.22)

Combining (3.23) (where the superscripts have been dropped), with the Cauchy inequality,
we see after a slight decrease of a, b, a, (3, that

Ir'(z; - z;)| < Ce, z; € V(a,b), (4.23)

where C' = C(4.23) depends on a, b, a, f and on how much we decreased V'(a, b). Using
this in (4.22) with (4.16), we get

|djixik + dixr,; — 1] < 4Ca23)€. (4.24)

Clearly (4.24) imples the invertibility of the map D(z) and we shall introduce weighted
£>°-norms on the m X m-matrices, for which (4.18) can be solved by a perturbation
argument. Let p : A X A — R be a symmetric function: p(j, k) = p(k, j), satisfying

lp(51, k1) — p(d2, k2)| < 851 = J2l1 + k1 — k2l1), (4.25)

for some § > 0, where |- |; = | - | is the £! norm in Z¢. The smallest possible 6 will be
denoted by ||p||Lip- If B = (bj ) is an m x m-matrix, we put

1Bllese = max @b . | (4.26)
° 3
Then according to (4.16):
lIx * Allege, 14 * “Xlleze < 2[|Alleze, (4.27)
and (4.24) implies that
‘ 1
D w gy < 14 4C, D(z) e ) £ . 4.28
I (QU)”z:({p ) S 14404236, ID(2) ”C(l,, £2) =72 4Ca23)€ ( )
In order to estimate the norm of R(z), write
(AoB)jk= 3 by,
li—€l1=1
ep(j,k)(A oB)jx = Z ePUR)=p(LF) op(LE)p, ks
[—el=1
and conclude that
1A 0 Bllge < 2dell?llve|| B|, (4.29)
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where we recall that d is the dimension of the lattice. Similarly,
1B o Allge < 2dell?lue||B|g.. (4.30)

Combining this with (4.27), we get

IR(@)ll c(ese o) < Sdlellelivie, (4.31)
Write (4.18):
~A=Do(I+tD7'oR)(A). " (4.32)
Assume from now on,
4C (4.23)€ < %, 32|t|de < 1, (4.33)
and choose p with
32|t|dellFluir < 1. (4.34)

Then [|[D7H|cqem ey < 2, (DT R|| ez ) < 3, and (4.32) has a unique solution
A = A(z), satisfying

lAlleze < 41| A]lee- (4.35)

Naturally, we may replace A in (4.32), (4.35) by any symmetric matrix.
Below we sum up the discussion of the existence of a deforming vector field:
ProrosITION 4.1.
(1) For a,3 > 0, define (0, a,8) C C as in (3.22) to be: If 7 € Q(0, 0, 3) C C, then

Im7| < aReT + .

(ii) For a €]0,1[, b > 0, define V(a,b) C C? as in (4.8) to be: If z; € V(a,b) C C?,
then
(Imz;)? < a(Rex;)? +b.
(iii) For a, B, a, b satisfying (4.9), C? 3 zj— z;-z; € C, takes V(a,b) into Q(0, o, 3).
Let V(a,b) be sufficiently small, so that (4.10), (4.11) hold.
(iv) Assume
|r'(z; - z;)| < Ce, z; € V(a,b),
|r(z; - z;)| < Ce, z; € V(a,b).
(as in (3.28), (4.23) with the tilde dropped), where € satisfies (4.33).

Then there is a holomorphic vector field v = v;(z)-Z, defined for t € C, |¢| < 1/(32de),
z € V(a,b)™, which satisfies (4.4). v(x) is of the form v(z) = B(z)z = x(z) * A(z)=,
where x(x) is as defined in (4.14), (4.15) and A(z) is the unique symmetric m X m-matrix
satisfying (4.18). If p is such that

32|t|delPlLie < 1
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as in (4.34), then
1 Allese < 4[[A]l e
as in (4.35).
In the remainder of this section, we shall derive various estimates on A and v under

the assumptions of Proposition 4.1. According to (4.33), (4.34), a possible choice of p in
(4.35) is p(j, k) = |7 — k|1. (4.35) then gives

laji(z)] < 4t (4.36)
which implies that
e+ 1\¢d
P < .
IA@leeen) < de(55) (4.37)
for every p € [1,00].
We apply this with p = oo to the expression
vi(2) = a; k(@)X k(@)Tk, (4.38)
k
together with the estimate which follows from (4.16), (4.12):
2|(z;)| |k 2[(z;)[{|zxl)
X5,k (z) k]| < . < (4.39)
O S T 1] = T+ o)
<22 ()| [{z)] < 2v2|(z; ,
E
and conclude that
e+ 1\4
|v;(@)] < 2V2/(2;)] D lajr(x)] < 8\/56(6 — 1) I{z5)]- (4.40)
k

This estimate implies that if 0 < o’ < a, 0 < b’ < b, y € V(a/,b')™, then for |¢| small
enough depending on a, b, o/, ¥, d, we have z:(y) € V(a,b)™. It was in order to have
this property that we introduced the “cutoffs” x; ; in (4.14), (4.15).

We now go on to estimate higher derivatives of A and v in a systematic way. The
estimates are to be summarized in Lemmas 4.2, 4.3. We use (4.18). We first estimate
derivatives of .

As can be seen from the Cauchy inequalities, we have

102,05, x((x;), (@) < Capral(m;) 71| (r) |7, (4.41)
where we use standard multi-index notation, so that

(9;.']_ =951 992 | |a| =)+ o, = (al,ag) € N2, T; = ((L‘j’l,.’lljyg) (S V(a,b)

Tj,1 75,2

For j € A, let II; be the orthogonal projection onto the corresponding copy of C? in
(C?)". When differentiating the matrix x = (x((z.), (z,))) with respect to z;, we see
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that we get zeros except on the j:th line or on the j:th column. Hence (with constants
depending on «,a,b):

a5 x = I 0 O((z;) 71! + O((a;) 1) o 11, - (442)
where the O’s refer to the *°-norms for matrices. For k # j, a # 0 # 3, we get

8,08, x =11 0 O((z;) %N a) 711) o Ty, + Iy 0 O((z;) 1N as) ) o 1. (4.43)

x

Fork#j#L#k a#0,B8#0,v#0, we have 9,02 87, x = 0.
For D(z) in (4.19), we can also use the Cauchy inequalities, and obtain after a slight
decrease of a,b in V(a,b):

9, D(z) =1 0 O(e(z;)~ 1N o H]-,va #0, (4.44)
83,05 D(z) =0, when j # k, a« # 0 # 8. - (4.45)
From (4.42)—(4.45), we get
0z ("x(w) o D(2)) = I 0 O({z;) 1) + O((z;) 1) o II;, @ £ 0, (4.46)
07,07, ("x(z) o D(z)) = (4.47)

I1; 0 O({z;) 71N (@) 1) o Ty + T, 0 O({z;) 71N (zy) TN o IL, j # k, @ # 0 # B,

82,05,01,("'x(2) o D(z)) = 0, j £ k # L #j, a #0, 70,7 #0. (4.48)

We can now study the derivatives of D(x) + tR(z) in (4.18). If C is an m x m-matrix,
let S(C) = C + 'C. Then,

D(z)(A) = S((A*"x(x)) 0 D(z)) = S(A * ("x(z) 0 D())), (4.49)

R(z)(A) = S((A* x(z)) 0 A). (4.50)

If py, po are symmetric weights, then for all symmetric A’s in the three cases in
(4.46)—(4.48):

102, D) (@) (Allegy = OW) ()™ Al » if (4.51)
p2 < pron L(j) := ({j} x ) U (A x {j}),

195,02, D) (@) (Allegg = O(1)(z;)~"*Nak) 71| Allege , if (4.52)
P2 S p1 on {(.77 k)7 (k7.7)} = L(]) n L(k)a

(9208 07 D)(z)(A) = 0. (4.53)

J
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We have the same estimates for the map A — A x *x(z), and if we assume in addition
that ||p1||Lip, [lp2lLip < 7, then

1105, R) (@) (A)lley = O(e){aj) " | Allesz, if & # 0, and p2 < py on L(j), (4.54)

192,02, R)(@)(A)llegy = O(e") ;)1 *Wan) 771, j £ k, a £ 0 # 5, (4.55)
if p> < p1 on L(j) N L(k),

(62,02,02,R(2))(A) =0, j £ k£ L, a0, F£0,7#0. (4.56)
If we assume,
tle” = 0(1), (4.57)

then (4.51)—(4.53) are valid with D replaced by £ := D + tR, but now with the restriction
llp1llLips |P2llLip < 7. For a given such p;, the optimal choice of p; in (4.51) (with D
replaced by &) is

= mi b — bly.
p2(a) Jin, p1(b) + rla = bly
Similarly, the optimal choice of py in (4.52) (with D replaced by &) is
i b —bly) > i b by —b by — =: .
beLg.l)lrﬁlL(k)(Pl( )+rla—bl1) 2 bleL(gl,lbI;eL(k)(pl( 1) +7[b1 = ba|1 +7[ba —al1) =: p2(a)

We shall now differentiate the equation (4.18), that we write as

&E(z)(A) = A. (4.58)
Let » > 1 satisfy
32|t|de” < 1, (4.59)
so that according to (4.35):
||A||,g:3<|)__“I1 <4.2de" (4.60)
We use the remark after (4.35), on the differentiated equation, with 7;,...,jny pairwise
distinct and with a; # 0:
E()(0z) ... 05 A) = a linear combination of terms (4.61)

(9 £(@))(02), . 955" ... 027 A) and of terms
(2% 02 £())(9), ... 058~ ... 0~ .. 92X A),

Tjp Tin

with 0 < o), < ay, for the first kind of terms and with k # £, 0 < o}, < ax, 0 < o) < ay
for the second kind.
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Using the observation after (4.57) and an induction argument based on (4.61), we get

16 ... 02N Alles = O(e"){ag,) 1 () 71, (4.62)
(where O(e") comes from [|Allee = O(e"),) when ji, ..., jn are distinct, g, ..., an #0
and
p(u’ V) - rwGPertlnn(yrll,...,jN) bNEIIIzl('l’fI(lJ'N)) (l(u’ V) - lel (463)
b1 €L(x(i1))
by Ediag (AXA)
+lby —bn-1li + ...+ b1 — bol1).
Here Perm (j1,...,jn) denotes the group of permutations of (jq,...,7n). For given 7
and b, by,...,by as in (4.63), we write by = (bg,1,bk2), so that

[(p,v) = bnli + |bn —by_1|1 + ...+ b1 — bol1 =
| — byt + bvy —bvorai + .-
+ |b1,1 — boal1 + [bor — b1o|1 + [b1,2 = ba2li + ...+ [bno12 — byt + [y — V]h.

Here for each k > 1, one of by 1,bk2 is equal to 7(j,) while the other component “is
free”. by 1 = by 2 is also free. Taking the infimum over the free components, we get

lw—=7(GN) L +17GN) = TN-D)l + ..+ 7)) — v,

for some new permutation (which can be arbitrary, when varying = and the choice of free
and unfree components). We then arrive at the simpler expression for p in (4.62):

p(p,v) = TﬂePerlfnn(fllw’N) I — .]7r(N)|l + ']ﬂ(N) - ]w(N—l))ll +...+ |]7r(1) - 1.

(4.64)
We may say that p is r times the ¢! distance from y to v, when passing through the points
J1,---,Jn in the shortest possible fashion. With this description of p it is quite obvious

that we can drop the assumption that j;,...,jy are distinct in (4.62).
We have proved:

Lemma 4.2. — We make the assumptions of Proposition 4.1 and choose p as in (4.64)
with 32|t|de” < 1. Then

2 .. 82% Allex = O(e) g1 .y ) 1.

Tin

We now go on to estimate v. It is easy to get the corresponding estimates for the matrix
B in (4.17). We start by sharpening (4.41) by using the middle bound in (4.16) and the
Cauchy inequalities, to get

sa(o)] < 2min (1, (2 (4.65)
02,08 x50(0)] = 0@ min (1, B Yyl (aso)
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Combining this with (4.62), (4.60), we get

G102 b () = O(e") min (1, }E—ﬁj—i{)e-mv"><xh>-'m' @), (467)

with p given by (4.64). (We always have the option of replacing r by a smaller value
in (4.64), (4.67).)

Recall that we have already estimated the vector field v in (4.40). We now estimate the
derivatives. For |a| = 1, consider

agv Zbgu@)wn = bjx(z) + Z D)r..  (468)

Here the first term can be estimated by means of (4.67) and we use (4.67) also for the
last sum in (4.68):

Zazk(b], (z))z Zo me
{5) § e p=rlli=kh k=) — o1y 884D g y=rli=kh
”O(l)@:k); e + (1)< e ,

==kt g

where in the last estimate, we first assume a strictly positive lower bound on r. Writing

the Jacobian matrix —Z = (g;)’ g:i is a 2 X 2-matrix, we obtain
dv; () i
—L = O(1)—LLere ik, 4.69
S = O se'e e

It follows that if ||p||Lip < 67, where § € [0, 1] is some fixed constant, then

Ov
”é—) °© 3z ° (@)l cgem emy = O(e7), (4.70)

for 1 < p < oo. Here we write (z) = diag ((z;)).
We next generalize (4.69) to higher derivatives. Let N > 1 be fixed and let
ki,...,kn € A. With a slight abuse of notation, we have

aﬁckl : IkN Z(aﬂvkl e ka J7lt )LL‘# + Z aﬁﬂkl te Ikl tee 8ﬂka bj,kz (CL'),

(4.71)
where the hat indicates the absence of the corresponding factor. From (4.67), we get,

Oy, -+ Ony  bju(T))T)) = 0(1)m%—>e"e_f’(1#), (4.72)

where

pu =6 min ‘_kﬂ' +kﬂ- —kﬂ' — ++k - MU|1.
(J, ) wEPerml(l,‘..,N) |] (N)ll | (N) (NV 1)‘1 | m(1) |1
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It follows that the first term of the RHS in (4.71) is

N C2)) "= PUiik k)
OOy o) ’ (474)

where

p(], kl, e ,kN) =
or wGPerIr{lli(lll,...,N) 7 = k)|t + [kx(vy = kx(v—n)| + -+ + [Er(2) — kw(l)(|41-75)

Every term in the last sum in (4.71) is also of the form (4.74), so the same holds for
Oy, -+ O vj. We did not assume k1,...,ky to be distinct, and the resulting estimate
can therefore be given the apparently more general form, which we state as:

LEMMA 4.3. — We make the assumptions of Proposition 4.1 and choose p as in (4.75),
with 0 < 0 < 1 fixed. Assume also that 32|t|de” < 1. Then

o 9N Jliy. = O(1 <xj>1—|ﬁj| r,—p(Jsk1,...kN) 4.76
wkl-.. Tk a:j’UJ_ ( )<xkl>[°‘1|...<$kN)|°‘N|e e 5 ( . )
when |aa), ..., |lax| > 1.
It follows that when |ay|,...,|an| > 1:
8;‘:1 . 8;% dive = O(l)(l‘kl)_lall ce (:L‘kN)_lo‘Nlere—P(klam’kN), (477)
where

= i kx — ka(N— kr2y — kx . 4.
p(k1,. .. kn) 9Tﬂeperglll(lllwm(| ) w-pl+ -+ ka2 - (4.78)

Note that there is no reason to expect some nice (i.e uniform in A) estimates for div v
itself. We notice the special cases:

92 dive = O(1)(zy) ", when |af =1, (4.79)

8§jafkdivv = O1)(z;) Hzg) " tee " Fh | when |a| = |8 = 1. (4.80)

5. Elimination of tA: The flow of the deforming vector field
In this section we shall study the flow of the vector field v = v, constructed in the
preceding section. The constructions of that section extend to sufficiently small complex ¢,
and we shall work here with complex ¢ satisfying |¢t| < To < 2, with
32Tpde™ < 1. (5.1)
Here r is some number > 1. (5.1) ensures that Proposition 4.1 is at our disposal. Further
we will work in a domain of the form V' (a,b)™ with V(a,b) as in Proposition 4.1, and as

we observed after (4.40), if 0 < o’ < a, 0 < b’ < b, then there exists Ty > 0 depending

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



372 J. SIOSTRAND AND W.-M. WANG

only on a,b,a’,b’,d (but not on r in (5.1)), such that if y € V(a’,b)™, |t| < To, then
z+(y) € V(a,b)™. Moreover, there is a constant C' > 0 depending only on a, b, d, such that

()
e W =<

In order to estimate the differential and higher order derivatives (w.r.t. y) of
z(t,y) = x:(y), we shall give a slightly weakened variant of (4.76). Introduce

(5.2)

d(j; k1., kN)=7r€Pe{nn(i{l,...,N)(|j — krvyl + |krvy = krev—)| + - -+ |Er2) — Er)])s
(5.3)

so that p(j;kl,...,kN) in (4.76) is of the form rd(j;k1,...,kn). Fix 6 €]0,1[. We
claim that

1
— (VM ®...07n)|| < Cne” H i (5.4)
” (z) ' V3 (z)
€ (CH), if p,p1,...,pn € [1,+00], == —+...+ —
p p1 PN
provided that the weights p, p1,...,pn : A — R satisfy
p(])serd(]7k177kN)+pl(kl)++pN(kN)’ ]7k157kNEA (55)

Here Cy is independent of the weights and the exponents and we recall the notations:
(z) = diag((z;)), 1/(z) = (z)~'. VYv is the symmetric tensor of the N:th order
derivatives of v. To see (5.4), write with 7, = (7,.1,...,Tum), 8 = (S1,...,5m), and with
a slight abuse of notation (since 7, ;, s; are 2-vectors and not scalars):

(s, (Vivv,ﬁ ®...07N)) ZZ 231(8” .. :ck Vj)Tiky TNy =
J

Z Z ON(l)eTe”(]) Td(J,kl,---,kN) Pl(kl)—...—pN(kN)((xj>3je_p(j))X
JEA kKEAN
ePr(k1) ks ePN (kN) kn

(Tr,) T (Tky)

Here the exponent is

— (L= 0)rd(j; k1, ..., kn) — (Ord(j; k1, ..., kn) + p1(k1) + ... + pn(kn) — p(5))
—(1 - 0)7‘(1(], kl, .. .,kN).
It is easy to see that Z(") e~(1=OrdGikL,kn) = ON(1), v = 0,..., N, where 3

denotes the sum over all the variables j, k1, .. ., I;,, ..., kn (with the exception of k,) and
with the convention that ky = j. It follows that

(5,(Viv,m®...0 7)) = On(D)e"lIsller lImllers - Nl7wllezy,
for ¢,p1,...,pn € [1,+00] with 1 = 1/¢+ 1/p1 + ... + 1/pn, first in the case when
precisely one of the ¢,p;,...,pny is = 1 and the others = +o0, then by interpolation in

the general case. The last estimate is equivalent to (5.4), since £% , 18 the dual space to l’,;.
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If p1,...,pn are given, then the optimal choice of p in (5.5) is given by

,0(]) = Re"‘,N(plv“',pN)(j) = (56)
b Ord(Gike, . kn) + pa(Rd) 4+ o (k).
ProprosITION 5.1. — Assume that
ij < Or for every K C {1,...,N}. (5.7)
jEK

Lip
Then Rern(p1,--.,pN) = p1+ ...+ pn.

Proof. — Tt suffices to prove that Ry, n(p1,...,pN) > p1+ ...+ pn, since the opposite
inequality is obvious. We have the proposition in the case N = 1. Assume we have proved
the proposition with N replaced by N — 1, for some N > 2. Let 7 € Perm (1,2,...,N).
Then if #(N — 1) = v, 7(N) = w

Or(lj — kx| + kr) = kx| + -« + [Br(v_1) = kx@)) + p1(k1) + ... + pn(kn)

> 0r(lj = kel + -+ kav-2) = Bev-n) + D pi(ks) + (o + p) (ko)
jg{"»l"}

Here {7(1),...,7(N —=1)} = {1,...,,..., N}, so the last expression is

Z R()T,N—l(ply'-'vpv +pua-"7ﬁ;7--~apN)(j) 2 (pl + +PN)(J)

Now consider (4.2) and differentiate once w.r.t. y € V(a’,b')™:

o (Vya(t,4),m) = (Vewn(a (), (Vya(t,9),m)) (55

(Vyz(0,y), 1) = T1.

Here 71 € (C%)* is independent of ¢. If ||p1||Lip < O, then we get from this (5.2), (5.4)
and Proposition 5.1, that for p € [1, 0]

1
@ (Vyx(t, y)7 Tl)

Here, we also used that if ¢ — 2(¢) € B is a C'-curve in a Banach space B, then
t — ||2(¢)||s is Lipschitz and the a.e. defined derivative satisfies
dz(t)

dt

<0(1)e"

a1
—|-—=(V,z(t,y), T 5.9
at”<y)< Y ( y) 1) Zgl [1;1 ( )

d
| 10ls

< ’

B

Also recall that for Lipschitz functions, we have

16 - 16) = [ Fioyao
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Combining the differential inequality (5.9) and the initial condition in (5.8), we get

1 r 1
—(V,x(t,y), T < 0TIt _—_ 7 5.10
| vty . " (5.10)
This can be reformulated as
Hi o Os(t,y) o < QeI (5.11)

(Compare with (4.70).)

Considering also (5.8) with initial condition at some fixed ¢ instead of at ¢t = 0, we get
an estimate for the inverse of the differential in the same way:

1 ox(t,y) . or
o () oy < OEID, (5.12)
Y Y £, 82,
Differentiating (5.8) N — 1 times, we get for N > 2:
0
a(Vﬁ’x(t,y),n@.“@TN) W
—{((Vv)(z(t,9)), (Vévx(t, Y), 1 ®... 0 TN)) =
a linear combination of terms of the type > (5.13)

((Vij’l)t)(li(t, y))a(vﬁylea ® Tk) ®...0 (VgKL$7 ® Tk))a
kEK, kEK]
with L >2, K;U...UK, ={1,...,N}, K,nK,=0forv#pu, K, #0. )

The initial condition is now:
(Vyz(0,y),7;) = 75, V3 z(0,y) =0 for M > 2. (5.14)

Let p1,...,pn : A — R be weights satisfying (5.7). Using (5.4), Proposition 5.1, (5.13),
we get by induction over N:

, (5.15)

N

1
H@(V?]frﬂ(t,y),ﬁ®..-®m) SC'N€T|75|H 5
1 P

1
£I€1+~~+PN <y) ’ ¢
for N > 2 and for weights p1,...,pn : A — R satisfying (5.7) and for exponents
P1,---,PN,D € [1,00] satisfying
1 1 1

-—= — 4+ ...+ —. (5.16)
P N PN

The constant C'y in (5.15) only depends on # in (5.7) and not on the choice of the
p1s--- PN and pr,...,pN.
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6. Elimination of tA: The end

We start with some formal considerations about how to transform integrals, to be
justified in each case by convenient choices of contours along which the integrands decay
fast enough near infinity. All functions are assumed to be holomorphic in x and sufficiently
smooth in ¢ where ¢ varies in some interval. (The case of complex ¢ with holomorphic
dependence on ¢ works the same way.) Let A be some parameter # 0 and let v; be a
(holomorphic) vector field such that

0 1 .. 1
% + Ut(¢t) - Xle (Ut) + XT’t = 0, (61)

where 7, is a remainder and ¢; a phase.
Then

%/ft(»’”)e_/\qﬁtmdﬂf = / (88—? + 7o f -I—vt(ft(a:))) e M@ dy, (6.2)

where we used an integration by parts in the next to the last integral. We conclude that
the integral [ fi(z)e ***(*)dz is independent of ¢, if

of, ~
W + 'Ut(ft) + ,rtft =0. (63)

Let t — x:(y) be an integral curve of v;: Opx+(y) = vi(z4(y)). Writing u(t) = fi(z+(v)),
(6.3) amounts to

%u(t) + re(ze(y))u(t) = 0,

SO .
U(t) — U(O)C_f() 7‘5(7L‘s(?l))C13~

In other words, the solutions of (6.3) (at least locally) are of the form f;(x), with

folze)) = foly)e™ Jo o@D, (6.4)

The way we have set up things, f; is given for some ¢ and we look for f;, so we
rewrite (6.4):

foly) = edo =W g0 (), (6.5)
leading to the identity,
/ fi(@)e @0 dg, = / Fulao(y))e o0y e gy, (6.6)

Let
My(z) := 1+ tA + diagr'(z; - z;),
which first appeared in (3.25). Note that in V' (a,b)™, det M; # 0. log det M, is therefore
holomorphic. We apply (6.6) with ¢:(z) = Q:(z) — (1/A)logdet M;, where Q; is as in
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(4.1) and X = |1 + ¢E|. Let v, be the vector field constructed in sect. 4. Let f(z) be a
holomorphic function on V'(a,b)™ of at most polynomial growth at infinity. We also recall
that |t| < Tp, with Ty so small that x:(y) € V(a,b)™ when y € V(a',b')™, for some
fixed o/,b" with 0 < a’ < a, 0 < b < b.

If a, b are not too large, e~ *%:(*) will decay exponentially when |z| — oo, z € V(a,b)™
and by contour deformation (based on Stokes’ formula) we first see that

/ f(x)e_w‘(’”)d:c:/ f(x)e 2@ dg (6.7)
(RZ)/\ .’I)t((RZ)A)

_ “Ao)+ [ (o (e )ds) ((d2e(y) ) 4

[ Hte (%) 0.

where z;((R?)*) denotes the image of (R?)* under the flow z;. Using now ¢,(z) =
Qs(z) — (1/X)logdet M and the fact that

d 0
d_;Qs - %Qs + vs VQS - 07

(which is just (4.4),) we obtain that

/ f(x)e @ de = / Flaa(y))e P Eaveam@isg, (g gy
(R2)A (R2)A

where
sdive : = dive — tr M,
M:=Ao M+ 2diag (r"(z; - x;)z; - v;) o M1,

and where f(z:(y)) is holomorphic of at most polynomial growth in V(a’,b')™, while
fot (sdiv v, )(x5(y))ds is holomorphic and bounded in the same set. Formula (6.8) represents
the final elimination of tA from the exponent. Unfortunately this does not mean that we
have decoupled the various x;-variables in (3.25). Such couplings persist in the determinant
and have appeared in the integral in the exponent in (6.8).

As a preparation for the final decoupling in the next section, we estimate derivatives
in the transformed measure (3.25):

p(y) i= Ame AW [, (sdivv.) (. (y)ds dy

t 2
m A vt Y )+ [ sdives o ))ds T ( Y3
=) H(1+7"(yj-yj))€ (X ws vt rwsv))+ [, sdiv v, (ws(y H( FJ)_ (6.9)
J J
We first make a (separate) change of variables in each y;. For every j, let
J

~ (Y5 - Y5)
Ui =414+ 2Ly, 6.10
! i Yi (6.10)
in C2. Since r(0) = 0, 7(1) = O(e)|r|, the above change of variables is well defined for
e small enough and we have y; € V;(a,b), if y; € V;(a’,). It is easy to check that the
Jacobian of the above change of variables is precisely

T+ w0 (6.11)

J

4° SERIE — TOME 32 — 1999 — N° 3



SUPERSYMMETRIC MEASURES AND MAXIMUM PRINCIPLES 377

We therefore obtain in the new coordinates:

— ey i sdiv v (z ) s d2~'
p(g) — /\me AEUJ yj+j;) d. s(zs(y(y)))d H ( WyJ ) . (612)
J

As in the proof of (5.4) and Proposition 5.1, we see from (4.77), that if the weights
p1,--, pn on A satify the condition (5.7) and 0 = p;+---+pn, 1 =1/p1+---+1/pn, then

N
(VNdivo, 1 ® ..@ 7n) = On(1)e" H l|(w)_17'j||££,:, (6.13)
1 ’ ’

(Here we first treat the case when one of the p;’s is 1 and the others +oco, and then
use interpolation.)

Similarly, we obtain for the same system of weights:

(VVtrM, 71 ® .. ® Tv) = On(e) HH(x T,]lepj, =pl1+..+1%, (6.14)

‘where we also used the fact that VN M is bounded for the same weights. Define z;(y) :=
z¢+(y(¥)). Using (6.10) z; satisfies similar estimates as x;. Using the analogue of (5.15) for
7, we can estimate VVsdiv (vs(Z¢(y)). It suffices to write (VN sdiv v:(Z:(7)), 1 ® .. ® tn)
as a linear combination of expressions

(V¥sdiver) 0 5., (VHZ,, Q) m) @ - @ (VI T, ) ),

keK, keEK pm

with K; # 0, K, N K, = 0 for v # p, K1 U..U Ky = {1,..,N}. It follows that if
p1, .-, pn satisfy (5.7), then

N
(VN (sdiv vy (Z(7)), 11 ® .. ® Tn) = On(1)(e” + ) [ | ||<g)-17j||£,;§, (6.15)

1 1 .
1<p;j<o0, 1= E+..+p—N, P15 -, pn as in (5.7).

This implies,

(v ([ stivontantu@is ) m & 07 ) = Ox(1)( + ) ﬁ I s

(6.16)
with p;, p; as in (6.15).
Let

Ri(y) = SditV ve(w:(y(9))),
Ru(@) = /O R, (5)ds. (6.17)
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Summing up our estimates, the “measure” p in (6.9), can be written as

p(l‘) — Om)\me—)\(w-x-}—j;) R(w))dme, = V(a', bl)m, (618)

where R = R, .(z) is holomorphic in z and satisfies for every N > 1:

) H || Tj”g‘f;a (619)

for all ; € (C?*)A, p; € [1,00], with 1 = 1/p; + .. + 1/pn, and py,..,pn : A — R,
satisfying (5.7), for some fixed 6 €]0, 1[. Here Oy (1) is uniformly bounded not only w.r.t.
7j, but also w.r.t. p;, p; (and A).

(VIR (2),71 ® .. @ Tn) = On 1)(

7. The final decoupling

Let Rq(x) be the function defined in (6.17), and put § = }(e" + €), where we assume
that 7 > 1, A > 1. We assume that ¢ is such that |¢]6 is sufﬁcwntly small. Put

¢e(z) =z -z + Ry(x). (7.1)
We shall work in tubes around (R?)* of the form
UT) = (R*)* +iBe= (0, T), (7.2)

where By (0,T) denotes the open ball of radius 7 in (R?)* for the ¢ norm:
lIslle= = supjeq Is;l.
In view of (6.1), (6.6), we look for a vector field v = v; in Q(T), such that
0 1., 1
0+ u(80) — div (v) - B =0, (73)

where F, is a constant. We look for v; of the form v; = Vu; for some holomorphic
function u; on Q(T), so that (7.3) becomes:

—A'U:t + )\V¢t . %Ut — Et /\% —ARt(fE), (7.4)

where R:(z) is as defined in (6.17). Taking the gradient, we get

—~A(Vuy) + AV, - ——(Vut) + Ad) (2)(Vug) = —AVR(z). (7.5)
The LHS is P(Vu;), where P = —A 4+ v(z, 5) + V(=) is of the form (C.29) in appendix
C, with
0 0 0 0
1/(:1:, %> = AV, - e /\(2:1: g + VR(z) - 633) (7.6)
V(z) = M (z) = M2I + R"(x)). (7.7)

In the following we shall work with some fixed T' > 0, and write 2 = Q(T"). Using
appendix C, we have the following estimates for the solution to (7.4).
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PROPOSITION 7.1. — Fix 6 €]0, 1], and let t be such that |t|6 = %(e + e") be sufficiently
small. Then (1.4) has a solution u = wu;, with Vu € C°(Q) N Hol. Moreover, for
N € {1,2,...} there exists Cn > 0, such that

N
”V u”(ef,’}@..@eﬁx)* < Oné, (7.8)
for all weights p1,...,pn : A — R satisfying (5.7), p1 + p2+ ---+ pn = 0 and all

exponents p1,...,py € [1,+00] satisfying 1 = p% + ...+ 1%‘

Remark. — Those readers who wish to delay reading the proof of the proposition, could
go directly to the paragraph after (7.33).

Proor oF ProposiTION 4.1. — To verify the above proposition, we first check that the
assumptions of Theorem C.8 are satisfied, when ¢ is small enough:
Let z € 0%, so that |z;| < T with equality for some j = jo. The jo:th component of v is

A(2zj, + Vi, R(2)) = M2zj, + O(6)).

For the corresponding real vector field vg, we therefore have vg(|zj,|) > O at the
point under consideration. The outgoing condition (C.32) follows. The conditions (C.25)
and (C.31) are clearly fulfilled, and the vector field v therefore satisfies all the required
conditions.

Let B = £5° with ||p||Lip < 0r. Then as a special case of (6.15):

IR ()] (e 050y = O(0). (7.9)
We then get (C.33) with “6” there equal to A:

If x € Q,u € B, v e B* and Re (ulv) = |Ju|||v| 5+, (7.10)
then Re (V(z)u|v) > A|ul|s||v|

B*-

It follows that if v € Cy(f2) N Hol(Q2), then there exists u € E (the space defined in
Theorem C.8) such that

0
—Au+ AV, - U A (z)u = v, (7.11)
and 1
sup [[ulleze < 5 sup f[ollez- (7.12)
9] )

We also recall from the proof of Theorem C.8, that if v € S(Q) N Hol, then u is in
the same space.

We shall use next the maximum principle as in appendix C, to estimate the derivatives
of u, when u,v € S(Q2) N Hol. To simplify the notations, we divide (7.11) by A and then
take the scalar product with the constant vector 7:

A7)+ (Va, V), 7) + (9,0, 7) = (3,7, (7.13)
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Now differentiate (7.13) in the constant direction s, using the identity
51(8x) 0...085(0)u = (VFu,8, ® ... ® si), (7.14)

when si,...,s, are constant directions:

- %A«W, s),7) + (((V?u,5), V§), 7) + ((Vu, (V29, 5)), 7) + ((V29, (Vu78)>;f)

= $U(Tv,5),7) = (T, 8), ), 7).

The second and third terms of the LHS can be rewritten, and we get,

—§A<<vu, $),7)+ V- .%((Vu,s)ﬂ') + (V2. 8, (H(Va), 7))+ (7.15)

(92, (T, 5)),7) = $((T0,8),7) = (T8, ), w, 7).
Let B = £5° with ||p||Lip < 07, so that (7.10) holds with V' = AV2¢. Let zo € Q be

a point where ||Vu|| g 5y (= [I(VU)llz(- 5-)) is maximal =: m, and choose s € B,
T € B* normalized, such that

<(V'u’(x0)v S)vT> = <5a (tvu(l'o), T)) =m
= 1V utao), Mslirlls- = lsls]|(Vuzo), )]

B*?

so that 2 3 7 — Re ((Vu(z), 7),s) attains its maximum (m) at zo. Hence the real part
of the first term in (7.15) is > 0 at £ = z, and the same holds for the second term by
the outgoing condition. In view of (7.10), the real parts of the third and the fourth terms
in (7.15) at x = x, are both > m, so we end up with the estimate

1 )
2sup | Vulle(,p) < 3 Sup IVllccs,B) + sup ”V3¢”(3®E®B*)*”UI|E, (7.16)
Q Q Q

where E ~ (C?)? is any Banach space with (C2)* as the underlying vector space and
IV38||(eEswB~)- denotes the norm of V3¢ as a trilinear form on B x E x B*.

Notice that u is the gradient of a holomorphic function in  iff Vu is symmetric. The
same holds for v of course, and we now rewrite (7.15) in the form:

—%AV’U, + (Vqﬁ . %) (V) + Vuo V2 + Vo Vu+ (V3 u) = :1\-Vv. (7.17)

Here (V3@,u) is symmetric, so if we transpose the last equation and then take the
difference between (7.17) and its transpose, we get

| ——;—\A(Vu —'Vu)+ V¢ - %(VU — V) + (Vu — 'Vu) o V¢+ (7.18)

V2o (Vuu - 'Vu) = %(w —tvy).
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The maximum principle (used after going back to an equation of the type (7.15)) shows that

1
2sup [|Vu — tvu”[,(B,B) < 5 sup Vv - tV”“c(B,B)' (7.19)
a o

In particular, if v is a gradient, so that Vv — *Vov = 0, then the same holds for w.
In this case, if u = Vf, v = Vg, we see that the LHS in (7.11) is the gradient of
—Af + AV, - 2 f and we get

d
—Af+ AV o f ~ Ei =g, (7.20)

where E; is a constant.

We now want to estimate higher derivatives and we start from (7.20) with Vf, Vg €
S(Q) NHol(Q). Let sy,...,sy be constant directions, and apply $1(0;) o ... o0 sy(9x)
to (7.20): .

1 o}
—XA(sl(aﬁ) 0...08N(0z)f)+ Vo 5;(31(3,,) o...08n(0:)f)+

N
> V(5i(0:)9) - V(s1(Ds) 0 5i(Da) 0 0 58 (9) )+

> V<(H s,.(a,:)) ¢) -V<H sk(az)f)
JUK={1,..,N},JAK=0,fJ>2 J K

1
— _Xsl(az) 0...0 SN(ax)gv

with the convention that ], sx(9;) = 1, when K = (). This can also be written

a .

—/\A<VNf, 51Q...Q 8N> +Vo- —a—;<va, 851 Q0...Q SN> (721)

N

+D (V24,50 (VV,51®...5... @ sy)) =

j=1
1
(VY518 ®sy) - > (VL) se), (VT 6, (X 5)).

JUK={1,..,N},JNK:0,§J>2 keK j€J

Let py,...,pn : A — R satisfy (5.7), and put px = Y, cx Pr» When K C {1,...,N} is
non-empty, and pg = 0. Let py,...,py € [1,+00] satisfy

1 1
l=—+...+—. (7.22)
b1 PN '
If K C {1,...,N}, define px € [1,+00], by
1 1
— = —, for K #0, pp = +c0. (7.23)
Pr Tk Pk
Let zp € Q be a point where
sug||VNf(a:)”(£g}®m®em)* =:m, (7.24)
EAS
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is attained, and observe that HVN f(a:)“( 71 (defined as after (7.16)) is also the
P1

®..0LN)*
N . ) ry qj
norm of V¥ f(z) as a multilinear map: 5! x ... £ ... X €N — (7

Py where g; is the
conjugate index to p;: =+ .- = 1, so that ¢; = P, 5.~y (When N = 1, we interpret

5 O T
x4y .. x LY as C and our identification remains valid trivially.) The latter norm
will be denoted

N
“V f(.’L‘)“12(25}@”.[2”@[5%;g"_jpj)'
Let s; € £, be normalized vectors with
<va(ZEO), 510...0 SN> =1m. (725)

We notice here that (7.9), (7.10) remain valid, if we replace “co” there by some arbitrary
p € [1,00]. Since
m = Re (s;, (VN f(20),51 ®...5; ... ® sn))
= ||Sj||e§;j (VN f(zo),51®...55...© 3N>”g"_dp_,

J

(7.26)

and ﬁ‘l_jpj is the dual of Eﬁj?, it follows from the above mentioned extension of (7.10), that

Re ((V2p(x0), 85, (VN f(70),51 ® ... 5} ... ® sn)) > m. (7.27)

(When N = 1, we use the convention: (VY f(z),s1,...5;...® sy) = Vf(z).)
Taking the real part of (7.21) and putting x = z¢, we can apply the maximum principle
as before, and get

1
Nig_g”VNf“(zﬁ;@-@eﬁg)* < XiggHVN9||(#;;®...®2£;§)*+ (7.28)
. 1+4K 1+4J )
JUK:{I,...,N;]ﬁKzﬂ),ﬁJ22n;f i‘ég (“V f”z:(@m{ ARl ”V ¢||c(®jy¢§; ;e’i{,))’

where we also used that 1/px + 1/p; = 1, so that (¢5%)* = £% . If we also have
p1+ ...+ pn = 0, then a natural choice for p, to bound the infimum above, may be
p = pk, since then —p = pj.

We return to the equation (7.4). Approximating R; by the functions e‘“th(w) €
S(92) NHol (22), we see that (7.4) has a solution u = u; with Vu € C£°(Q2) N Hol () and
such that the estimates we made for the equation (7.20), can be applied with ¢ = —AR,,
f = u

Let p1,...,pn : A — R be a system of weights which satisfies (5.7) for some fixed
# and assume, '

Let p1,...,pn € [1,400] satisfy (7.22). We shall derive estimates for V™ u, which depend
on 6 in (5.7), but not on the choice of p; and p; satisfying (5.7), (7.29) and (7.22). If
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0 # K C {1,...,N}, then pi, k € K, —pg satisfy (5.7), (7.9) with N replaced by
1+ §K, and if gk is the exponent conjugate to pg, then pi, k € K, qx satisfy (7.21):
>k ik + QLK = 1. Using this remark, we can make an “induction over N”: Let m(N) be
the infimum of all constants C = C; such that

|(VN’LL,7'1 R... ®7‘N)| S 0”7'1”2’1:% “TN”lgx, (730)

for all 7; € C?, p; € [1,+0o0] satisfying (7.22), p; satisfying (5.7) (where 6 is fixed)
and (7.29).

In (7.28) we choose p as in the subsequent remark, and get

N
Ns%p”V u”(zﬁ}@...@zz%)* < (7.31)
N
Sgp“V Rlee. ey *
Z m(1 + §K) sup ||V1+W¢“£(®V 2y
JUK={1,..,N},JNK=0,§7>2 Q jes rirves
Now recall (6.19):
N < Oy =C
IV Rt”(zﬁ}@)...@e’;x)* = Nx(e +¢) =Ch,
and that 6 = O(1), by assumption. It follows from (7.1), that
N
”V ¢“(z§}®...®e,’jg)* < Cws
SO
1+4J
| vt ¢||£(®j61£§§;£§§) < Cryy-
From (7.31), we get with a new constant Cy:
N-1
m(N) < Cy (5 +3 m(k)), (7.32)
1
so with a new constant Cpy:
m(N) < Cpnb. (7.33)
Hence the Proposition. O

We now establish that the second deforming vector field Vu,; depends holomorphically
on ¢ for ¢ such that |¢|6 is sufficiently small.

Let v; be a holomorphic function in (¢,z), more precisely v; € S(Q2) N Hol (2) and is
holomorphic in ¢ for ¢ sufficiently small. Let u; be the solution with Vu, € S(2) NHol (©2)
of

1 0 .
_XAUt + V¢t . %’U,t - Et = U¢.
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Return to the equation for the gradient:
‘—XAVUt + VqSt . %Vut + \% ¢tVut = V’Ut. (734)

Let us first show that Vu, depends continuously on ¢ in a slightly smaller tube ' = Q(7"),
T < T:

1 o)

—XA(Vutz —Vug,) + Véy, - %(Vutz — V) + V3¢, (Vug, — Vuy,) (7.35)
)

+(V¢t2 - Vqﬁtl) . %V'Uztz + (V2¢t2 - V2¢t1)Vut2 = V’Ut2 - V’Utl.

Here the supg, || - |le= of the last two terms on the LHS and the RHS are O(ty — t;),
(where we do not require any uniformity w.r.t. the dimension,) and it follows that

Sglp Ve, — Vg, [|je = O(|t2 — ta).

Dividing (7.35) by t, —t; and letting t, — t1, we see that 2 5; Vg exists in S (Q’ )NHol (')
and that

1.9 9
(v¢t) VUt + t(V2¢t)Vut = %v’l}t in Q/.

These arguments also work, when we let t be complex while keeping ¢ sufficiently
small, and (7.36) remains valid with 5 replaced by %. Hence %Vut =0, ze Q.
Letting 2’ ' (2, we conclude that Vu, is holomorphic in (¢,z) (€ C x Q) for ¢ such
that |¢|6 is sufficiently small. The Cauchy inequalities w.r.t. ¢ now allow us to take as
many t-derivatives as we like and all the estimates that we have obtained for V™,
extend to (%)kVNut.

Finally, if v € Cy(Q2) N Hol, we approximate v narrowly by v. € S(2) N Hol and we
see that the limiting solution of (7.41) depends holomorphically on ¢, and that all estimates
for VN, are also valid for (%)kVNut.

In terms of the deforming vector field Vu = Vu,, (7.8) can be written,

“VNv“”z:(e';;@..@egg;e';)

< Cpn416, N >0, (7.37)
when pq,...,pNy € [1,+00], % = pil+...+l—)1;,p=p1+...+pN and py,...,py satisfy
(5.7). This is analogous to (5.4) (except that we have lost the gain in powers of (z), since
the Cauchy inequalities do not produce such a gain when working in a tube). The argument
leading to (5.15) now gives an analogous result for the (new) flow Z(¢,y) of the (new)
vector field Vu.(z), for ¢ such that § is sufficiently small.

1Z(t, y) = yllp= < Ciltl6, (7.38)
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o0z(t
’ gilty) _ g < Colt]s, (7.39)
dy L(€2,e7)
when 1 < p < oo, ||plly;, < 6,
N~
“vy ‘/E(ta y)“ﬁ(@ﬁ}®m®zgx 9] < C'N+1|t|5 (740)

for N > 1 and pj, p, p;, p as in (7.37). We observe that by (7.38), if 0 < 7" < T, then
for ¢ such that |t|6 > O small enough,

7, = 3(t,) : T — UT). (7.41)

We fix such a T".
The final decoupling can now be carried out: We recall that the RHS of (6.8) is of the form

/ g(z)e @ dz, (7.42)
®)A

where ¢, is givien by (7.1), and where g(z) = f(x(x)), with z; here denoting the earlier
v-flow, so that g is holomorphic and of at most polynomial growth in the tube (7). Using
Stokes’ formula, we replace (R?)* in (7.42) by Z;((R?)™), then a second application of
Stokes’ formula gives us as in sect. 6, that the integral (7.42) is equal to

[ atye ™ P,
®A)A

Here we also use that the vector field in Proposition 7.1 is holomorphic in ¢.
Using finally that [ e **?dz = [ e ?¢(*)dz,, (see (2.24) and also appendix B,) we
see that fg E.,ds = 0. The RHS of (6.8) is then of the form

/ f(zy 0 Zy(x))e ™ "da. (7.43)
(R2)A

8. Exponentially weighted estimates and end of the proof of Theorem 2.1.

We consider weighted estimates for A + V — E, where E € C; Let

d
q(n) := ZZcoshnj. (8.1)

We then have
€7 Ae™O| £ g2.2y < q().

Writing
eNA+V —E)e O =V — E+el)Ae 01, (82)

we observe that [v — E| > |E| — |v|o everywhere on Z¢. Let 2d < A < |E|. Assume
q(m) < A
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Passing to the matrices, and using that every entry of a matrix is bounded by the norm
of the matrix in L£(¢2,£%), we get from (8.2):

(A+V = B )] < e (5.3)

Define the convex set
W) ={neR% qn) <Ak
We introduce the support function of W (\):

pa(z)= sup z-7m, z € RL (8.4)
neEW ()

Then p, is even, continuous, convex, positively homogeneous of degree 1, and py(z) > 0
for z # 0. In other words, py is a norm on R%. Varying n € W()) in (8.3), we get

1

A+V-E) Y )< o
[ 7 S FR

e~ Pr(n—v) (8.5)

We now assume |E| >> d. In order to get a precise control on py, we first consider
(A — E)~! on ¢*(Z?), when E € C and |E| >> 1. Let T = R/27Z. The Fourier
transform F : (*(Z4) — L?(T¢, ﬁd&) given by:

Ful€) = Y eu(j), (8.6)
JjeZd
is unitary and has the inverse,
Fl(j) = L / ey (€)dE. (8.7)
(2m)1

Conjugation by F shows that A is unitarily equivalent to the operator of multiplication
on L*(T%) by

d
p(&) =2 Z cos¢;. (8.8)

Whenever convenient, we view p as a (2wZ)%-periodic function on R? and it will be
natural to consider p also as a function on C%:

d d
p(¢) = 22003 ¢ = QZ(cosﬁj coshn; — isin¢; sinhn;), (8.9)
1 1
with ¢ = & +1inp € C%

We are interested in points where p(¢) — E # 0. Our analysis will be based on a certain
approximate translation invariance. Observe that

1 1
coshn; = 56‘"" + O(e'™), sinhp; = g(sgn n;)emil + O(e=nil), (8.10)
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so that
d .
p(¢) = Ze—z(sgnw)ﬁjelml + 0O(1). (8.11)
1

Here sgnn; = +1, when 7; > 0, and = —1, when 7; < 0. (The choice for n; = 0 is
unimportant.) Put

s(n) = (sgnm, . ..,sgnna). (8.12)

Then uniformly for t € R:

p(€+ts(n) + in) = e 'p(¢ +in) + O(1). (8.13)

For E € C\[-2d,2d), let (E) = R¢+iW(E) be the largest connected open tube (i.e.
set of the form R? + W) containing R¢, where p(¢) — E # 0. Bochner’s tube theorem
implies that W(FE) is convex.

When E > 2d, this coincides with the earlier definition:
d
W(E) = {n € R% 2Zcosh77j < E} (8.14)
1

This is so because if 7 belongs to the RHS of (8.14), then for every ¢ € R%:

d d
Ip(¢)] < 22 | cos & coshn; — ising; sinhn;| < 2Zcoshnj < E,
1 1

so p(¢) # E and hence n € W(E). On the other hand, if 22‘11 coshn; = E, then
p(in) = E, so n ¢ W(E), and (8.14) follows. As in (8.4), we introduce the support
function of W(E):

pe(z) = sup z-7, z € R
neW(E)

If q(n) = 22? coshn;, as before, we notice, from (8.10), that

IVamle = a(n) + O(1). (8.15)

It follows that for E, > E; >> 2d:
E
1

(The first inclusion holds more generally for Fs > E; > d.)

(8.16) is all we need to have a precise control on py in (8.5). However for completeness
we now go on to consider the case of complex E. We first recall the estimate obtained
in the proof of (8.14):

[p(¢)| < E, when E > d, ¢ € R¢ +iW(E). (8.17)
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Consider now the case of general £ € C \ [—2d,2d]. It follows from (8.17) that
Ip(O)] < |E] for ¢ € R? +iW(|E]), so

W(|E|) Cc W(E). (8.18)
In the other direction, we have:
ProposITION 8.1. — There exists a constant C > 0, such that
[p(O)| < |E| + C for all ¢ € R¢ 4+ iW(E). (8.19)
In particular,
W(E) c W(|E|+ C). (8.20)

Proof. — Let ¢ = € +in € R + iW(E) and assume that |p(¢)| = R >> 1. Consider
the closed curve

v: R/27Z 3 t — p(& + its(n) +in) = e "p(¢) + O(1),

which winds once around 0 in the negative direction at a distance > R — C from 0. Since
the set of values of pjp., W (E) is simply connected and contains the image of v, it also
has to contain the closed disc D(0, R — C). By definition of W(E), E cannot belong to
p(R? +iW(E)), so |E| > R — C, and |p(¢)| < |E| + C, as claimed. O

We now go back to estimate (8.5). We assume that |[E| >> 2d and that 1+ |v|e < 1|E|.
Choose A = |E| — |v]|eo — 1. (8.16) gives

|E|
W) c W(E]) ¢ W) + B(0,0(l)log B ho=1)
Here | L+ Jol
v
1eofiths)
|E| = (Jvleo + 1) |E|
so .
W(\) € W(E]) ¢ W) + 3(0,0(1)%).
Consequently,
14 |v|oo

pa(z) < pipi(z) < palz) + o(l)TWL

Substitution into (8.5) gives on Z¢ x Z<:
(A +V = E)~Y(u,v)| < e Po1 =0 5= lu—v] (8.21)

We shall derive similar estimates for (Ay +V — E)~!, when A is a discrete torus or a
subset of Z?. As a preparation, we first establish that,

(log A — log 2d)|z|n < pa(z) < (logA)|z|e, (8.22)

when A >> 1. Recall that p, is the support function of the set W()) in R¢, defined
by 22‘; coshn; < X, so if n € W(A), we have el < X for every j, or equivalently,
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n € By=(0,log A). In the other direction we notice that if |n;| < log A — log(2d), then
2coshn; < 2elnil < %, ) 22‘; coshn; < A and hence n € W (). We have shown that

By (0,log A —log2d) C W(A) C By (0,log A). (8.23)

(8.22) now follows, since the support function of By (0,1) is [z]e.

Let A = (Z/NZ)?, N >> 1 be a discrete torus, and consider Ay + V — E, where
V = diag (vj), j € A. We also view v as an NZ?-periodic function on Z¢ in the natural
way. If 7 : Z? — A is the natural projection, and 7 € Z? some point in the pre-image of v,

(A +V-E) )= Y (A+V-E)7'(%). (8.24)
pen—1(p)
Let
da(p,v)=_  min pa(p—v)

pen=1(p), ver=1(v)

be the distance on A, induced by the norm p,. Observe that in (8,21) we can introduce an
arbitrarily small (but fixed) prefactor in the RHS, by modifying the choice of A by O(1),
which increases the O(1) in the exponent. Using also (8.22), we see that (8.24) converges
as a geometric series and that only a fixed finite number of terms may contribute to the
leading behaviour. It follows that

(Ax+V — E) Y(u,v)| < ¢~ eI )+ = o) (8.25)

where p denotes the Euclidean distance on A.
Consider next the case when A is a subset of Z¢. Let V = diag (v;), v € £>° and let
A, be the discrete Laplacian on A. The observation after (8.1) extends:

||€(.)"AA6_(')"||z:(e2,42) < q(n),

and the argument there shows that

1

ONAN+V = E) e 2 0y € 7o 8.26
lle*”"(Ax + )"e “C(f,e)—,El__)\__',Uloo’ ( )

when n € W(A), A + |[v|o < E, and we get the analogue of (8.20),

1
|(AA +V - E)_l(:u'v V)' S __—C—P)\(Ii_”), (827)
|E] = A = |v]oo
and for |E|, |v|e as in (8.21):

(Ax+V = E) Y(u,v)| < e—P|E|(u—V)+(9(1)—'—1+|l§l°° lp—r| (8.28)

To establish Theorem 2.1, it only remains to combine the above estimates with the
changes of variables in the. preceding sections. The starting point is the identity (3.20),

where
M(z - z) = tA — idiag (K (z; - z;)) — E,

K(zj-z;) =1+ 0(e),
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so that M = tA — (E + i) + diag (O(e)). The subsequent changes of variables lead to
(7.43) (with the X there equal to |1 + iE]|), and we get

((tA +V = (E + ’iO))-l(u, y)> :/f(eig(E)/int ° %t(y))e—|1+iE|y~yH (@d%ﬁ)’
JEA

(8.29)
where

f(z) = M~ (@) (n,v)
= (tA — (E +1) + diag O(e)) " (u, v)

1 E+i . ) !
= Z(A - +dlag0(g)) (1, v).

The modulus of this expression can be bounded by

1 =4 pgi | () + O ST I
_e t

)

and since we integrate f against a positive normalized measure in (8.29), we get the
conclusion in the theorem.

Appendix A. The supersymmetric formalism

We give here a brief account of an algebraic formalism, which amongst its many virtues
is convenient for expressing the inverse of a matrix. For more details, see e.g. [Be,V]. For
the usage of supersymmetry in the study of random Schrodinger operators, see e.g. [K,KS].

1. Terminologies and notations
All algebras considered here are Z- -graded associative algebras, i.e. can be written
A=A ® A

with
.Ai.Aj C .Ai.:,.j for 1,5 € Z,.
The grading of a homogeneous element o is called parity and is denoted by a. The

supercommutator of two homogeneous elements of an associative, graded algebra is
defined as

[a,b] = ab — (—1)%ba.

If the commutator is equal to zero, then the elements commute. If all the commutators are
equal to zero, then the algebra is commutative.

An algebra homomorphism from A to A is even if it preserves the grading, and odd
if it exchanges even and odd elements.
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2. Differential calculus on R™!™ and C"l™

Functions of odd variables
Polynomials are the simplest functions of ordinary analysis. A polynomial algebra with n
generators is generated by n (even) commuting variables z* (a = 1,...,n), and is written
R[zy,...,T,]. (With the above convention, even means that [z¢,z%] = 2%z — zbz® = 0.)
The Grassmann algebra with m generators is analogously generated by m odd
commuting variables &* (4 = 1,...,m) which satisfy the relations

(", &7 =¢rer + €78 = 0.

It is denoted A[¢y,...,&y]. It is natural to consider its elements to be analogues of
polynomials, and in fact of all C*°-functions of even variables. Indeed, in the even case all
functions can be obtained from polynomials by taking limits, but the Grassmann algebra
is complete in itself. We will think of the Grassmann algebra A[¢1, ..., &, as the algebra
of “C*-functions of m anti-commuting variables &, ...,&,,”. The general form of such
a function of odd variables is

F&) = fo+ & fu+ 8" fuypy + -+ & furs (A1)

where all repeated indices are summed over and the coefficients f,,...,, are real and
antisymmetric in g - - - . The parity of the function depends on the number of &V
factors. The space of functions of variables £, u = 1,---,m is a Z, -algebra; it has
dimension 2™, with even and odd parts both having dimension 2™~!. We define f, = f(0)
to be the value of the function at zero.

The algebra C®(R"™)
We will now assume that we consider expressions of the type (A.1) with the coefficients
being C*°-functions of n variables z1,...,x,. The set of all such “functions” is called

C>(R™™). An element of C>°(R™™) is called a smooth (super)-function of the variables
Tiyeees Xy €1yeeey&m. We will write

f(xvé-) = f(xl»- . 7$n,§17- .o 7£m)
= fo(@) + & fr(@) 4+ - €™ frn() + - €9 0 fy (1), (A2)

where the variables z!,...,z™ are the even variables, and the variables £,...,&™ are
the odd variables. The map fo(z) = f(z,0) defined on R™ is called the scalar function
associated to f. We have :

C®(R"M™) = C®(R™) @ A[é1, ..., Em).

C>(R™™) is itself a Zy-graded algebra: C=(R™™) =C>(R"™),&C>(R™™);. Elements
of C=®(R"™), are called even functions, and elements of C=(R"™); are called odd
functions.

Examples
1. m = 0. Then C=®(R"°) is the ordinary C=(R").
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2. n = 0. Then C*(R%™) is the usual Grassmann algebra A[¢1,. .., &)
3. n = m. Then C*°(R"/") is the algebra of differential forms on R™.

In this paper, we are mainly interested in the case n = m. Hence all the algebraic
operations that we describe below can be seen as (perhaps) a more compact way of writing
the standard operations on differential forms.

Non-linear transformations

Assume that we consider two algebras C>°(R™™) and C*(R™!™"), where the variables
for the first algebra are denoted by z%, ¢, and the variables for the second algebra are
denoted by t*, 7¥. Suppose we are given f(z,£) € C(R™™) and n even functions in
C>®(n'|m') : x* and m odd functions £*:

z® = z*(t,7),

& = &8¢, ), (A-3)

We can then define f(z'(¢,7),...,2"(t,7),& (¢, 7),...,E™(¢,7)) by substitution as
follows. If f = f(z,&) is a polynomial (i.e. all the coefficients are polynomials in x), then
the result of substitution (A.3) is obvious. For an arbitrary smooth function the result of
the substitution is determined by Taylor’s formula. The even function x*(¢,7) is separated
into a numerical part z(¢,0) and a nilpotent supplement h*(t,7) = x*(¢,7) — z°(¢,0).
For each coefficient f,, ,,, we can expand

f/lflmﬂk (x(th)) = le--'I‘k- (.T(t,O) + "E(tv’r) - x(t70))
= S (2(2,0)) + dfuy i (2(2,0))(2(t, 7) — 2(¢,0))
4+ ..

Because of nilpotency the above Taylor series contains, in fact, only a finite number of
terms.

Example. sin(t + 717%) = sint + 772 cost.
In this fashion, we define a change of variables. The use of Taylor’s formula to extend

a function from numerical values to all even elements of a Grassmann algebra is called
Grassmann analytic continuation.

From the rules for manipulating power series it follows that substitution (A.3) possesses
the natural property “associativity”: the result of two consecutive substitutions does not
depend on the “arrangement of brackets”. Thus one can deal with non-linear transformations
of even and odd variables just as with changes of variables in classical analysis.
Differentiation

Derivatives with respect to odd variables are defined by algebraic rules:

o]

— (& =1

5©
together with linearity and the super-Leibniz formula (see below). For differentiating with
respect to even variables one differentiates the coefficients in (A.1). We now use collective

notations-we let z# stand for both z* and £*. For simplicity, we let |A| denote the parity
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of 74, ie. |A| = zA. If 74 is even, then |A| = 0. If 4 is odd, then |A| = 1. Let ¢ be a
(numerical) constant. The properties of partial derivatives (in collective notation) are:
(linearity)

o . of K _of g
goacH=cgz ad So(f+9)=35+5.4

(the Leibniz formula)

0ty = O qyaip 99
axA(fg)_axAg_l_( 1) fa.’L'A,

(derivative of the composition of two functions)

0 dyB o
5or 6 = 5o g

(Note the order.) The parity of the derivative is equal to the parity of the corresponding
variable (i.e. 8/0z“ maps even to even and odd to odd, or exchanges even and odd
according to whether z# is even or odd). The partial derivatives commute:

T A (_1)|A||Bl‘92_f
OzA0xB OzBozA’

and Taylor’s formula is valid:

(z) + 1hBhAaz—f(a:) + .. 4 O(RFH)
2 OrAdzB ’

4 0f

flz+h)=flz)+h pyy

(Note the order. The symbol O has its natural meaning.)

By analogy, one can also define the notion of (super)vector fields, which we do not
elaborate here. See however (A.5) for an example of such a vector field.

In general all naturally formulated analogues of the assertions in an analysis course
carry over to the supercase. The most important of them is the implicit function theorem:
the system of equations

FA(z,y) =0

is uniquely solvable with respect to the variables z = (x4) if the matrix of partial
derivatives (9F“/0z®) is invertible (see below). Then the solution (z*) can be expressed
as a smooth function of the variables y = (y¥) (a square matrix is invertible if and only
if its even-even and odd-odd blocks are invertible, see below).

Example ‘
The change of variables

z® = 2%(a’,¢) = z4(2') + O(£"%),
g =gh(a!, &) = €M T (') + O(”).
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The variables z’, £ will be expressible in terms of the variables z, £ if the numerical
matrices (0z3/ dz%") and (T;‘f,) are invertible. (This should be compared with the fact that an
element of the Grassmann algebra of the form g = ¢; + g2, where ¢; is a scalar and g, the
nilpotent part has an inverse, if and only if g; # 0.) Such a change is called non-degenerate.

The algebra H(U™™)

In this paper, we are in fact more concerned with expressions of the type (A.2) with the
coefficients being holomorphic functions of n variables z; - - - z,, in an open set U™ C C™.
Complex odd coordinates are (; = £; + n; and (; = &; — in; where &, m; (j = 1---m)
are the generators of a Grassmann algebra. A holomorphic function, i.e. an element of
H(U™™) is then of the form

f(27C)=.f(zla"'7znagly"'7<m)
= fo(2) + Cfi(2) + - (" fml2) + - (M e CP o (2),

where the coefficients are holomorphic functions of z in U™ C C™. We have therefore
HU™M™) = H(U™) @ Al¢1, -+, G-

Naturally, all the statements that we have made so far carry over with holomorphic
functions replacing C*° functions.

3. The Berezin Integral

The integral for a differential algebra

The definition of an integral with respect to odd variables emerges from the following
general algebraic construction, obtained from a formal variational calculation. Suppose we
have a commutative algebra A with an operator 0 — a ‘differential’ (but not endowed with
any kind of 8% = 0 property). Then the equivalence f mod JA is called the integral of
the element f € A. If 9 is a differentiation of the algebra A, then ‘integration by parts’
works. This construction is used to model the integral of functions of a single variable.

Example

On the algebra of functions of compact support C§°(R), taking O to be the ordinary
derivative, the integral coincides with the ordinary integral over R.

The Berezin integral over R™™

We first consider the algebra C(ROM'). It is spanned by the functions 1 and ¢. The
operator 9/0¢ annihilates 1 and turns £ into 1. The corresponding integral of the function
f = fo + &f1 is therefore equal to the coefficient f; up to normalization. We write:

/Rondg 1=0, /Rwdg ¢=1.

The operation of integration is odd. We assign parity 1 to the symbol d¢. Therefore its
permutation with functions follows the supercommutator rule.
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We define a multiple integral over R™™ to be a repeated integral. To do this we assign
parity 1 to dz in R = R We define

d(:l:,f) = d(xla"‘,xnafl,"'agm)
= dz'dz?. - dg"del- .. dem

for R™™,
Let f € C°(R"™™) be such that all of its coefficients are in S(R"). If the term of
highest degree in £ is £™ - - - £'a(x), we obtain by using the parity conventions for dz, d¢,

| a@of@e =02 [ am)dat e do

n

Let x = (z*) be the collective symbol of (z,£). Let dz denote d(z,£). Let ¢ be a
(numerical) constant. Then the following properties can be verified directly:

(linearity)

/ (f(z) + g(x)) do
Rnlm

/Rn|m cf(z)dz

(differentiation under the integral sign)

o (i ﬁ
8—y/Rn|mf(x,y)dx—( 1) /R L (a1 ds,

(integral of a derivative and integration by parts)
0
— de =0
| gmtfa)dz =o,
of ; dg
Of dp = (—1)Alf / 99
/Rn|m ozA o ( ) RrIm faxA d:lt,

and (Fubini’s theorem-reduction to a repeated integral)

/ do dy f(o,y) = (—1)+mp / do / dy f(z,y).
R"Im xRrle n|m Rrle

Clearly all the above properties hold in the case C™!™ under appropriate conditions on
the coefficients.

/7 f@ds+ [ gw)ds,
o i),
Rrim

In the special case n = m, the Berezin integral can be seen as follows. We consider
an inho/rp\o/geneous differential form on R™ as a function of the variables z¢ and dz?,
where dze = 1:

w(x, da:) = w(o) + w(l) + .o 4 w(")‘

/ w= / w™ = :l:/ w(z, dz )d(z, dz).
n n Rnin
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Change of variables in the integral
Suppose we have a non-degenerate coordinate transformation

xa — .’L‘a(.’lt’,ﬁl)
¢ =&, ¢)

with Jacobian matrix

_ 0(z,&) _ [(oz/ox O¢)OT
T a(at, &) T \Oz/o¢ 9EjoE )

It can be shown (see e.g. [V]) from general algebraic considerations that there exists an

essentially unique scalar function, (i.e. a function which is of degree zero in £), associated

with J, called the Berezinian of J, denoted by Ber J. It is the generalization (counterpart)
in R™™ of the notion of the determinant in R™. Let g; ; (i, j = 0, 1) be the blocks of J, i.e.

1o o gOO("LJag,) g01($/,§/)
J(@',§) = (910(-T',€') 911(27/,6/))'

Then it can be shown by using Gauss’s method that

det(goo(z’,0) — [g01911 910)(=',0))
N
(Ber J)(z') = det g (z,0)

det goo(l’/, 0)

~ det(g11(2',0) — [910900 g01](2',0))”

A8 o o f o)
A, e) =PI =P {aw,e)}'

Define

We then have

THEOREM A.1. — Let the function f(x,&) on R™™ be such that all of its coefficients are
in S(R"). Then we have the equality

[ H@0d(w.€) =sign{det (02/0x') (", O}

/n|m Fol €), 6, €) d(z, §)

d(z',¢’)

d(z',¢).

Change of contours in U™™

Let f(z,¢) € H(U"™™). Let I"™ be an open set in U™. Assume all the coefficients of
f are rapidly decreasing in I'™ so that contour integration in I'” is well defined. The
superanalogue of the usual Stokes’ formula (see e.g. [V]) then allows us to make a change
of contours in U™™, Specifically, assuming R* Cc T™ C U", (¢R)” c T C U" for
some § # 0, we make the following change of contours in sect. 3:

L fe0dm0= [ 060 (A9)

by using the superstokes’ formula.
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4. Supersymmetry on R2"?"

We will now consider the special case of the superspace R2™?". It will be more
convenient to change our notations. We group the 4n (super)commuting variables into 2n

pairs of coordinates: let z; € R% (i = 1,---,n) be the even commuting coordinates; &;,
n; (¢ = 1,---,n) be the odd commuting coordinates:

[€i7 g]] =0

[,r)ia /'7]] =0

[772'7 é-]] =0.

We use the composite notation X; = (z;,&;,n;). We define the (super)dot product:
X; - X; =D(X;, X;)
= fo(zi, z;) + fi(zi, )5 + fo(@i, m5)n;&
=Tz + %(nzfj + ;&)
where x; - £; denotes the usual inner product of z; and z; in R2. Note that when i = j,
Xi-Xi=zi zi + 0.

Supersymmetries are defined to be the set of coordinate transformations that leave the
above dot product invariant. Two obvious transformations that leave D invariant are the
usual rotations O in R2,

z; = 1.0 (t=1,---,n)
and the transformations A € Sp(2) acting on &;, n; (i = 1,---,7n) such that
(51'7 77:) = (é:v U:)A,

where {z/,&!,n}7, is another set of coordinates on R?"/?", z! being the even ones and
7, n; the odd ones. We put X = (z},&/,n}), (¢ = 1,---,n). Aside from these two linear
transformations, supersymmetries also include transformations generated by (super)vector

fields of the type:

v=>V,

0 0

15)
= ; ib) 75— +2(b-2) 57 — 2(a-xi) 57—, .
Do+ + 20 e w0y (A5)
where a, b € R2, and
WO 0D
8.’1)i o 1(91‘2',1 a28xi,2’
0 0 0
R e (A.6)
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(Note that it is the same transformation in all the X;.) As before the above transformation
is to be understood in the algebraic sense. We check that VD(X;, X;) = 0. We check also
that the Berezinian corresponding to such a change of variables is 1.

Let 7 be a supersymmetric transformation. Let X; = 7X] (i = 1,---,n).
DEFINITION. — A superfunction F is supersymmetric if it is invariant under all
supersymmetries:

F(Xla"'an):F(X{)"',X,),

n

for all T supersymmetric transformations.

Clearly, supersymmetric functions belong to a rather restricted class of functions. For
example, in R?2, F is supersymmetric if and only if there exists f: [0,00) — R of
class C*°, such that

F(X)=f(X-X)=f(z-z)+ f(z =)

For the general classification in R?"1?", see e.g. [KS].

Define dX; = (d?z;/m)dn; d&; (i = 1,---,n). One of the most useful properties of the
supersymmetric functions is the following:

THEOREM A.2. — (see e.g.[K]) If F is supersymmetric with all of its coefficients in
S(R?), then

/F(Xl,m,Xn)Xm--- dX, = F(0,---0). (A.7)

5. An Expression for the Inverse of a Matrix

Let A be an operator on £2(A), where A is some finite index set. Let |A| be the number
of elements in A. Assume A = A; 4+ iA,, where A;, A, are real symmetric matrices with
A; > 0. We then have the following well-known Gaussian integrals on R2!A!:

_ T d2z; 1
/e Zi,jeA Aigim; H ——% = (A.8)

en det A
and 5 2 (A‘l)
. =i Ajjxixzj Z; - ab
/ Tamve TS ]1;1[\ T detA (A.9)

where a, b € A. Using the construction made so far in this section, we also have the
following counterpart on ROIZIAD:

/ e Lisen At I] dn; dg; = det A (A.10)
JEA
and
[ gome™ Besen o T dnyde; = (A an(det ) (A.11)
JEA
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Combining (A.5) and (A.6), (A.4) and (A.7), we finally have the following expressions for
the inverse of A, expressed as a Berezin integral:

(A_l)ab = /a:a - The Eia‘e/\ A XX H dX;
JEA

JEA

This is precisely the representation that we used in sect. 2.

6. An Integration by Parts

We now give the details of the integration by parts which led (2.22) to (2.24) in sect.
2. It was first derived by using superanalysis (i.e. using supervector fields etc.). In order
not to venture too far in that direction, we present below a “translated” version which
uses standard analysis. Define

L= i(thj “Tp — ZE:zrj X — sz(:z:] a:])) — log det M(z), ‘

where
M(z) =tA — E —idiag (K'(z; - z;)), (det M # 0),

as in (2.23) in sect. 2. Let (G(u,v; E + i0)) be as in (2.22). Let m = |A|. Then we have

ProprosITION A.3.

d2x;
G(p,v; E+1i0)) =i™ | M~ (u,v; B)e ™) T —2.
(G, v; B +1i0)) =i / (n,v; E)e -

FEA

Proof. — Define

() :i(Zt:ﬂj ~xk—ZEa:j T —z’Zk(:vj z]))

We first look for a vector field v, such that

Te”? =v-V(e?), (A.13)
SO
z, =—v- V. (A.14)
Since
V¢ =2iMz, (A.15)

we look for v of the form: v = Bu, where B is a matrix and uj =1 for all j. Let 7, be
the matrix, such that (7,);; = 6;,0,,. Then (A.14) can be written as

(mu)z = —2i(B* o M)z.
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Therefore .
B = %M'l om,

is a solution. Hence
v = —;—M‘l oMU (A.16)
satisfies (A.14). We now show that v in fact verifies
et =0v-V(e™l) + (divo)e L. (A.17)
Comparing (A.14) with (A.17), we see that we only need to show that
v-(Vlegdet M) + dive = 0. (A.18)
Using the fact that
djlogdet M = —2ik" (z; - ;) (M%) ;;

and the expression for v in (A.16), we easily verify that (A.18) holds. Hence (A.17)
holds. We then have

(G(p,v; B)) =™ [z, - x,e7 1@ H d?z;

JEA

=¢mHl /:vy (v V +dive)e ¥@® H d%z;

JEA

= i"‘/M"l(u,V;E)e_L(“”) H d%z;

JEA

by integration by parts. O

Appendix B. Direct approach to some basic formulas

In this appendix we shall give direct proofs of the normalization property (2.24) and of
the formulas (2.22), (2.25). The main step will be to establish the following proposition:

PROPOSITION B.1. — Let x1, %3, .., X, denote variables in R?, let
2
K: R>™ ) (171, ..,CL‘m) — (:L'j . *'I:k)lgj,kgm eR™. (Bl)

Let u be a probability measure on the space of complex symmetric m X m-matrices with
compact support contained in the open subset of matrices with positive definite real part
and denote by (-) the corresponding expectation value. For 1 € R™2, let

fa(r) = o= Daskrin = AT (B.2)

Introduce the Laplace transform:
i) = [ faouad) = [e47u(an). (B.3)

4° SERIE — TOME 32 — 1999 — N° 3



SUPERSYMMETRIC MEASURES AND MAXIMUM PRINCIPLES 401

Then if d>™x denotes the Lebesgue measure on R>™, we have

d \. d?mz
/ (dét (— 6Tj,k>u) ok —= = 1, (B.4)

(@0 = [ (50 (=55 + Mes (=57 ) [ ) on 5 )
- /xj - (det (—;—7_)/’2(7')) ok d;";“’.

Here Mk,j(—'g;) is the m X m matrix obtained from (—%) = (— 878 ) , by
#ov/1spv<m

replacing —% by 1 and all other elements on the j:th line and on the k:th column by 0.

Notice that the integrals converge exponentially. In fact, if 7 is a point in the image of
k and A belongs to the support of y, then Re (A -7) = (ReA)z -z > c||z||? for some
¢ > 0 independent of 7 and A. Here we let A act on (R?)™ in the natural way.

PROOF AND PRrOPOSITION B.1. — If A = (a;) is a complex symmetric m X m-matrix
with Re A > 0, then

2m
/ det A e~ Lmwrrn Ty (B.6)

7r‘m

which can be written

/ (det (— 82’16) fA> or d:”“’ — £4(0). (B.7)

Let ;(A) be a distribution with compact support on the space of complex symmetric
m x m-matrices A with Re A > 0. Then we can define the Laplace transform fi(7) as in
the proposition, and if we apply p to (B.7), we get

/ (det (— afﬂ)ﬁ) ok d:;”” = 7(0). (B.8)

In the case when p is a probability measure, this reduces to (B.4).

In the general case we notice that 3(7;x + 7&,;)fi(7) is also the Laplace transform of
a distribution with compact support in the space of symmetric matrices with positive real
part, so (B.8) gives:

/ (det (~%) (%(Tj,k + Tk,j)ﬁ» ok d;zw =0. (B.9)

We write this as
0 1, - dZmy
/([det <—8—T>,§(Tj7k +Tk’j)] ,LL) oK vy + (BIO)
1 o\ . d?m g
/ <§(Tj,k +7‘k,j)det (—5;),“) oK om = 07
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or
1 . a . d2m$
/(5(Tj,k+7k,j)d€t (—5;>u) oK — == (B.11)
1 d\. . d2m
/([i(Tj,k‘l'Tk,j)?det (——8—7)]u> 0K —o—.
Put

M]-,k(-%> = [riy,det (-%) ] = [det (-%), .

and notice that M;  is indeed the differential operator in the proposition. Consequently,
by summing over a column:

0 0 0
det (~5;> - ; M (~E> (_ I7j ) ’
and more generally,

0 0 0
(s (-2) ()

7

so if M = (M, ), we obtain:

M(2)o(5)-(2)u(-8)-m(-2)or

Rewrite (B.11):

1 d 0 - 4z
/— Mk =5 ) + Mij( ~= ) Jion =
2 or or T (B.12)
1 a0\ .. 4z )
:/(5(ijk+7’k7j)det (—E>IJJ> oK ﬂ_—m.

9 - aj‘ Tik — (A~ =2 5.kTs,
Mj,k(—5>e 2 ek L= (A )j’ke 2 *det A,

Since

we can apply this to i = fa (so that u is the §-measure at A,) and get with (B.4):

1 0 0 I e U 4™
A—lj,k :/§(Mj,k(_b;> -I-Mk,j(‘*g))e Z 3kTik o K ﬂ_mx (B.13)
0\ _S . ,r d®mg
:/.'Ej 'xk(det (—57—_>e PILI J"°> oK —

If 11 is a probability measure as in the proposition, we get (B.5) by taking the expectation
value of (B.13) w.r.t. p. O
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We now apply Proposition B.1 to get the formulas (2.24), (2.22), (2.25). We will take
m = |A|, R*™ = (R2)A. Let g(v)dv be a probability measure on R, with compact support
to start with. For £ € R, t,n > 0, let u = ¢ p4in(dA) be the probability measure with
support on the set of matrices of the form,

itAp + idiag (v;) —iE +nvj € R, (B.14)

given by [] g(v;)dv,. Then we get the Laplace transform:

ﬁt,E+iT](T) = /e—(itAA—iE+7l+idiag (vj))-r H g(’l)])d'llj
= e~ (=BT T 5(r; ),

where g denotes the Fourier transform.
If (), denotes the expectation value w.r.t. [ g(v;)dv;, we get from Proposition B.1:

1= / <det (”a%) (etiran-isnrs Hﬁ(m))) or [] (difj) (B.15)

((tAx + diag (v;) — (B +1in)) " )y = (B.16)

z/ <<%Mj,k (*6%) + %Mk,j <_§;>) (e(itAA—iE+n)~r Hg(Tj,j))) o K H (djrxj)
oo Y ) 12,

Now replace the assumption that g has compact support by the assumption that
Gjjo,00[ belongs to S([0,00[); the space of smooth functions on [0,00[ which decay
rapidly near infinity together with all their derivatives. Since g is real, we also have
Gl]—c0,0f € S(] — 0,0]). Notice that g is continuous, being the Fourier transform of a
measure of finite mass. Let 0 < x € C§°(R) be even with x(0) = 1, and approximate g by

1
ge = WX(GU)Q(”)»

which is a probability measure with compact support when € > 0 is small enough. Then
~ L1 /-y
ge = 2_‘X(") *g,
me " \e

where * indicates convolution, and g. — g, %@} — %?j pointwise away from 0, when
e — 0. Moreover

67+ |- < O, (B.17)

uniformly in € for every N > 0.

(B.15,16) hold with g replaced by g., and since we never get any higher derivatives
of g in these formulas, we can apply the dominated convergence theorem and (B.17), to
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conclude that (B.15), (B.16) also hold for g. Using again that 9,00 € S([0, 00[), we can
let n tend to O in these equations and get:

() D) o152, o

((tAn + diag (v;) — (E+i0)) 7", )y = (B.19)

(2 2 Tl o< T (52)
=i [y me(det (— 2 ) (22" Tate) ) o T (2.

where by definition the first member in (B.19) is the limit of the first member in (B.16),
when n — 0.

Wherever §(7; ;) = e *(75.4) with k smooth, the integrands in (B.15,16,18,19) become
more explicit:

= e~ itAN=E)7 o= D k(i5) det i(tAn — E — idiag k' (1;,)).

Here

(tAy — E —idiag k' (7;;)) M,

T=k(x) =

where M is given by (2.23). From this we get (2.24), (2.22). To get (2.25) it suffices to
observe that when g(7;;) = e F(723) :

1 B 1 B it A B T~
[593e (~7) + g0 (57 ) [~ o)

= e_i(tAA‘E)'T_Z k(7e,e) det [Z[tAA - E —_ zdlag (k‘l(’rg,g))]]

X {i [tAA _ E —idiag (k'(re,z));;] ] :

Appendix C. An equation in a tube

We start by developping some L2-theory on the real space R, and later we use these
results to study more precise L estimates, using a version of the maximum principle.
It is only in this last part that we make estimates which are uniform with respect to
the dimension.

Let C° = C5°(RY) denote the space of all C*-functions @ on RY such that for every
multiindex o € N¥, there exists a constant C = C,, , such that |0%a(z)| < C on RV,
Here a is a scalar (real or complex) function, but we may similarly define the space of
vector-valued functions Ci°(R™; E), if E is a finite dimensional vector space.
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We consider a differential operator of the form

9 N
P——A+I/(3:,%)+V(:c), ze€RY,

where v = Eiv vj (a:)a%j is a complex but scalar vector field and V' € C°(RY; Mat ,(C))
a function of class C;° with values in the space of complex M x M-matrices. This means
of course that the operator P acts on functions with values in C™. We assume that the
vector field v satisfies: Imy; € C5°, VRer; € Ci°. Here A denotes the usual Laplace
operator, and V the standard gradient.

We start by deriving two basic a priori estimates. Let u, v € S(RN), z = z; +1i2; € C,
and consider the equation

(P+ 2z)u=w. (C.1)

We will assume that z; > C, for some sufficiently large constant Cy > 0. It will also

be convenient to use the notation D, = %5%, so that iv(z,D,) = v(z, Z). Notice that
J

T
the complex adjoint of v(z,D) is given by
v*(z,D,) = —idivv(z) — 2i(Imv)(z,D,) + v(z,D,).

The assumptions on v tell us that the first term to the right belongs to C;° and that the second
term is a vector field with coefficients in Cp°. Write v(z,D,) = v1(z,D,) + tv2(z,D,),

with v; = (v 4+ v*), v = & (v — v*). Then

N o
vy =vmod | C¥ + Ce—
( b 2 b ax]>
al o
v, =0 mod | C° + Crr—1,
2 ( b ; b 8.’1,']>

where until further notice, we write v = v(z,D,) and similarly for v;, j = 1,2.
Similarly, write V(z) = Vi(z) + iV2(z), where Vi, V2 are Hermitian, and P + z =
(Py + 21) + i(Py + 23), where P, = —A — v + Vi(2), P = v1 + Va(z). From (C.1),
we get:

loll? = 1(Prt21)ul >+ |(Pat22)ull>+i( (Pat22)u| (P21 )u) —i((Pr + 21)ul(P + ?2(%“))-
2

The sum of the last two terms can be written (i[Py, PyJu|u); here,

[Pla PZ] =

[“Avyl(x7D$)] + [—'Av V?(x)] - (VQ(vam)Vl(x’Dm) - Vl(x7Dw)V2(x’Dw))

- [V2($7Dm)7 Vz(w)] + Vl(ﬂf) o V1(~’U7 Dz) - Vl(x,Dm) o V1(~’17) + [Vl(x)> Vz(x)]

= (~0a(@, D) + Vi(#)) 0 (2, D2) = 14 (5, D) o (~wa(z, Da) + Va(a)) + 7 Q(z,Ds),

where @ is a second order formally self-adjoint operator with coefficients in C5°(RY).
We rewrite (C.2) as

[0l = [(=A = va(z,Dz) + V() + 21)ull® + [[(v1(z, Dy) + Va(z) + 22)ul|*(C.3)
+ (Q(z,Dy)ulu) + i((v1(z,Dy) + 29)u|(—v2(z,Dy) + Vi(z))u)
—i((—r2(2, Ds) + Vi(2))ul(v1(2, D) + 22)u),
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where we judged it convenient to reintroduce zs.
Since v, has coefficients in Cg°, we can apply a standard a priori estimate to the first
term of the RHS, and using also the famous inequality |la + b||? < 2||a||? + 2||b]|%:

1
51 (@, D) + z2)ull* < [|(11 (2, D2) + Va(x) + z2)ull” + [[Va()ull®,

we get for z; > C, large enough:

1 z 22 1
oll* > allullﬁz + éllullﬁl + C—llllftll2 + 5101 (z,Da) + 22)ul|? (C.9)
— O()|lul® = OM)lullsz|lull = O(V)|(11(x, D) + 22 )ull[efls -

After increasing Cy, C;, we can absorb the last three terms and get the basic a priori
estimate

Culloll® > flullfe + 21llullfin + 2¢llull* + [|(v1(2, Ds) + 22)ul?, (C.5)

for solutions to (C.1) of class S, when z = 21 + iz and z; > Cy with Cj sufficiently
large. In this estimate, we can also replace v; by v, if we so wish. We notice that this
estimate is equally valid when u € HZ  (R").

Our second basic L2-estimate will be of semi-boundedness type, and very simple to
obtain: For u € S, we simply notice that

Re((P + 2)ulu) = (—=Aulu) + (=va(z, Dy )ulu) + (Vi(z)ulu) + z1||ul|>  (C.6)
> 1IIU»pr + (21 = OW)|ull® = [Jull [|ul]
> Zlullhs + (21~ Ol

Let H! be the space H' equipped with the norm ||(|D,| + \/z1)u||, and let HZ! be
the corresponding dual space, equipped with the norm ||(|D.| + \/z1) u||. Assuming as
before that z; > Cj, with Cy sufficiently large, we can write the preceding estimate,

lulf < OWIP + 2)ully-

SO
lulla, < CI(P +2)ullm, weS. (c.7)

We have the same estimate for the adjoint:
H’u”m1 <C|(P+ z)*u”m17 u€eS. (C.8)

Using this estimate we now start to consider the existence of solutions to (C.1). Let
v € H!, and consider the antilinear form: £, : S 3 ¢ — (v|$). Then

o ()] < llollaz lglla:, < Cllolly 1 I(P + 2)"dlly-

By the Hahn-Banach theorem, there exist v € H. with |(u||H1 < C||v||H-1, such that
Ly(¢) = (u|(P + 2)*¢), V¢ € S. Consequently, we have shown:
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ProrosITiION C.1. — There exists a constant Cy > 0, such that if z1 > Cy, and v € H;ll,
then there exists uw € H. , such that

(P +2)u =,
in the sense of distributions, and
lullisy, < Collolle=1- (C.9)

Notice that this applies if v € L2, since v then also belongs to H !, and

_ 1
lollgzr < (D] + vz1) 7ol < —[lvll.

21
Consequently, for v € L2, we get a solution u € Hil of (C.1), which satisfies
Vallulla:, < Collvll,
or more explicitly,
z1jull + V1 [[[Daull < O(1)]Jv]|. (C.10)

In order to complete most of the L2-theory, we have to consider the regularity of
H!-solutions of (C.1). Let u € H', v € L? and assume that (C.1) holds. Let x € CZ(RY)
be equal to 1 near 0 and put xg(z) = x(%z), R > 1. Using the fact that v; grow at
most linearly, we see that

[P, xa] = 50(1) 8 < 2+ O(1)

where O(1) indicate functions which belong to some bounded set in C;p°. It follows that
1
(P + 2)(xru) = xgrv + O(E) -0 < dzu + O(1)u, (C.11)

so the RHS is O(1) in L2, Since xru has compact support, the local ellipticity implies
that yzu € H? and we can apply the basic a priori estimate, with v replaced by the RHS
of the preceding equation, and we get:

Ixrullfiz + zillxrullin + 2lIxrull® + |(1 (2, Da) + z2)xrull  (C.12)
<Ol + Nlellf)-

Here (v1(z,D.) + 22)xru = xr(v1(2,D.) + 22)u + O(1)u, so

Ixrullez + Valixrullar + z1llxerull + Ixr(v1 (2, Dz) + 22)ull (C.13)
< OM)(lloll + [lulla)-

Letting R tend to infinity, we see that u € H?, (v1(x,D,) + 22)u € L2, and
lullez + vz llullar + 21llull + [|(v1(2, Dz) + 22)ull < O@)([lvll + flulla)-

Possibly after increasing Cj, we get:

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



408 J. SIOSTRAND AND W.-M. WANG

ProrosiTioN C.2. — There exists a constant Cy > 0, such that if z; > Cy, and
u € H! solves (C.1) in the sense of distributions with v € L2, then we have u € H?,
(v1(z,D,) + 22)u € L2 and

l[ullaz + Vzillullar + zilfull + (21 (2, Do) + 22)ul| < Collv]] (C.149)

Notice that (C.14) implies uniqueness. Summing up, we have proved:

THEOREM C.3. — There exists Cy > 0, such that if z; > Cy, and v € L2, then (C.1) has a
unique solution u of class H*. Moreover u € H?, (v1(x,D,) + 29)u € L2 and (C.14) holds.

When v has more regularity, we can differentiate (C.1). If for instance v € H!, we get
for every a € NV of length 1:

(P - 2)(D*u) = D*v — [P, D"]u, (C.15)

and
[P,D*] = i[v(z,D),D*] + [V,D] € > C*D,, + C5°,

and knowing that u € H2, we see that the RHS of (C.15) is in L2. Since we also know that
Deu € H', the preceding proposition implies that D*u € H?, (vy(z,D) + 20)D%u € L2
By iteration, we get:

THEOREM C.4. — Let Cy be as in the preceding theorem, let m € N, v € H™, z; > C)
and let u be the solution of (C.1), given by the preceding theorem. Then u € H™'2,
(v1(x,D) + z2)u € H™ and we have

lullams> + Vallullamer + zallullam +[1(1 (2, Dz) + 2z2)ullam < Cloljam.  (C.16)

There remains to make two routine extensions. The first one concerns the decay of u if
v decays. Let f : [1,+00[—]0, +oo[ with f, 1/f bounded by some constant that will not
enter into the estimates and assume that f is smooth with f*)(¢) = Oy(1)f(t)t*. Then
f({z))"t o P o f({(z)) has the same properties as P. We can approximate the function
F(t) = t by functions f.(t) = t/(1 +e€t), 0 < € < 1, for which f(F)(t) = Ok (1) f.(t)t™*
uniformly w.r.t. . From this it is easy to see that we can gain power decay for u, if v has
such a power decay. More precisely, we can prove the following theorem, where we let
H*™ for k, m € N denote the weighted Sobolev space of all u € & s.t. (x)*D%u € L2
for |a] < m:

THEOREM C.5. — Same as the preceding theorem after the substitutions: m +— (k,m) € N2,
H™ +— HFm H™H s Hem+l Hm42 o HEm42 eperywhere.

The second extension concerns parameters. Let W C RY be open, and let
v(z,y,0 < dzx) be a complex vector field, V = V(z,y). We assume

V, Imv, VRev € C*(RY x W), (C.17)

Rev = O((z)). (C.18)

Of course, we have the estimate in (C.18) for every fixed y, by (C.17), but the point of
(C.18) is that the estimate holds uniformly with respect to y. It is clear that the preceding
estimates hold uniformly with respect to y. If the function v = v(z, y) depends sufficiently
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smoothly on y, we can also differentiate the equation (C.1) with repect to y, and we get
the following result:

THEOREM C.6. — There exist Cy, > 0 for all k € N such that the following holds: Let
L, k,m € N, and let v = v(z,y) be a measurable function on RN x W, such that
D8y € HE™(RN) with locally bounded norm, for y € W, || < L. Let zy > Cy and
let w = u(x,y), be the unique solution of (C.1) which belongs to H' for every y. Then
Dfu € H*™*2, vy (z,y,D;) + 22)Dju € H*™ for |B| < £ with locally bounded norms
for y € W, and we have

> (IDJullas sz + vz Dy ullasmss + 21| Dy ullse.m+ (C.19)
|81<L
”(Vl(x? Y, Dw) + 22)D5U“Hkvm) < Cf,k,m Z ”nguH’“*ma yew,
|Bl<e

where Cy . m is independent of y.

We return temporarily to the parameter independent situation. By combining Theorem
C.3 and the second important a-priori estimate (C.6), we see that P is a closed unbounded
operator on L2(R”) with domain {u € H?; vju € L2}, such that {z € C; 2; < —Cp} is
contained in the resolvent set and such that for z; > Cg:

1
Zl—Co.

(2 + P) e < (C.20)
We can apply the Hille-Yoshida theorem to conclude that — P is the generator of a strongly
continuous semi-group,

[0,400[> t s T} = e P, (C.21)
with
le™Plleqsy < e (C.22)

Applying Theorem 4 with m = 0, and the observation leading to that result, we see that
e~ *F is also a strongly continuous semigroup on H*? for every k € N, and

||€_tP||£(Hk.0) < ec”. (023)

To obtain this, we consider P as an unbounded operator in H*:* with the analogous domain,
and we identify the two semigroups using a limiting sequence of weights as above. In both
cases, we notice that e~*% is a strongly continuous semigroup on D(P™) for every fixed m.
Playing with k,m, we conclude that if u € S(RY), then e~tFu € C>([0, +oo[; S(RN))
and we have in the classical sense:

(% + P(z, Dx)> (e"Pu(z)) =0 (C.24)

We now consider equations in tube domains and we start by applying the L? theory
above. Let W cC RY be open, connected and satisfy a cone condition, so that if

u € H™(Q), 2 = RV +iW andm > N, thenu € C(Q). Let V(2) € C*(Q; Maty,(C)) be
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holomorphic in (2 and let v(2,0 < 9z) = SV ;(2)d < Bz have holomorphic coefficients
v; which are also of class C*°(2), and which satisfy:

Imv;, VRer; € C2(Q). (C.25)

A typical example of such a vector field is v(z, %) = Zf’ 20 < 0z;. If u is holomorphic
in €, we notice that

0 - 0 .0 0
V(Za 5)’“‘ - V<$7ya %)u - VR<$7y7 %7 6_y>u7 (026)

where we write z = = + 1y, and where

(:c Y, ) Zuj(z) (C.27)

VR<x,y, %, a%) - i::(Re(l/j(z))% + (Imuj(z))a%). (C.28)

VR is the real vector field determined by the direction (v1,..,vy) € CV ~ R2V,
Let H™(Q) = {u € H™(Q);u is holomorphic }, m € N, H(Q) = H’(Q) and more
generally for k,m € N:

HE™(Q) = {u € H™(Q); u is holomorphic, (2)¥D%u € L%(Q), |a| < m}.
Similarly, define
HP™(Q) = {u € H™(Q); (2)*D2u € L3(Q), |a| < m}.

Let 5
=—-Ac+ l/(z, % ) + V(z2), (C.29)

P=—-Ag+7+YV, (C.30)

where Ac = Ziv(%)2’ Ar = Zf’(%)? Notice that our two Laplace operators
have the same action on holomorphic functions. For this reason we shall sometimes
drop the subscripts R, C. Also, when u is holomorphic, Pu = Pu. We can apply
the preceding results and see that P : H°(€2) — H%(Q2) is a closed operator with domain
{u € H*(Q); ¥(z,y, 55)u € H°(Q)} and resolvent set containing the half plane z; < —Cp.
Moreover ||(P — z)~ ' £1/(=Co — 21) for z in that half plane. We have the completely
analogous result for P : HFO — H*O. If v € HO(Q), let u € D(P) be the solution of
(P — z)u = v for z; < —Cy. Notice that = formally commutes with P. If W/ cC W,
' =RN +iW’, then @u e H(®), and we get (P — z)(-a?]u) = 0, implying aT-ju =0
in  and hence in (2 if we take a sequence of ' converging to 2. We have shown that
w is holomorphic and (P — z)u = v. We get

THEOREM C.7. — P : H(Q2) — H(RQ) is a closed operator with domain
{u e H*(Q); v(2,0 < 9z)u e HO ()}
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and resolvent set containing the half-plane z < —Co. Moreover ||(P — z)7!|| <
1/(=Cy — z1) for z in that half-plane. The same result is valid with the substitutions:
HO — HEO, HZ — HF2, Cy — C,.

The Hille-Yoshida theorem allows us to define the strongly continuous semigroup
T, = e : H(Q) — H(Q), t > 0, with ||e™*P||z2() < €', and more generally
lle™* "Nl cer0y < eC*t. Notice also that T acts as a strongly continuous semi-group in the
domain of any positive integer power of P : H¥? — H®0 Tt follows that if u € S(Q) in
the sense that u € C*°(2) and all derivatives tend to zero at infinity faster than any negative
power of (z), and if u is holomorphic in ©, then e~*Fu € C>=([0, +oo[; S(Q) N Hol(f)),
and the heat equation (& + P)e~*fu = 0 holds in the classical sense. Moreover for such
uw’s we also have et Pu = Pe~tPuy.

Finally, we are ready for the L>° estimates, but we will have to add an assumption
about v and an assumption about V.

There is a real vector field in CN with smooth coefficients (C.31)

of at most linear growth, such that po = vr,

If z € Q, then exp(—tu)(z) € 2, t > 0. (C.32)

Now equip C with some norm and view correspondingly CV as a Banach space B,
with dual B*. Let (u|v) be the corresponding sesquilinear scalar product on B x B*. We
view V(z) as a map B — B, and make the following assumption on V:

There exists § > 0, such that if z € Q, uw € B, v € B*, and (C.33)
Re(ulv) = |lul|g||v||5, then Re(V(2)ulv) > §l|ul|zllv]|5-.

Let u(t,z) € C=([0,+o0[; S(Q2; B)) be holomorphic in z, and assume that u solves
the equation:

%u + Pu = 0. (C.34)
Let
m(t) = sup [|u(z)||5- (C.35)
2€Q
Notice that
m(t) = max  Re(u(t, 2)|e), (C.36)

(z,e)GﬁxS(B*)

where S(B*) = {e € B*; ||e||g- = 1}. Let M(t) be the set of points in  x S(B*), where
the maximum is attained in (C.36). It follows that m(t) is a locally Lipschitz function on
[0, +0o[ whose (a.e. defined) derivative satisfies:

m/(t) < sup Re(gu(t,z)le). (C.37)
(z,e)EM(t) ot
Consider,
Re(Pu(t, z)|e)
=—AgrRe(u(t, z)|e)+vr (m, y’a%’a%) Re(u(t, z)|e)+Re(V (2)u(t, z)e).
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If (z,e) € M(t), then w — Re(u(w)|e) has a maximum at z, so —AgrRe(u(t,z)|e) > 0.
On the other hand the assumptions (C.32) imply that vgRe(u(z)le) > 0, and since
Re(u(t, z)|e) = ||u(t, 2)||BllellB~, we have Re(V (z)u(t, z)|e) > 6||u(t, 2)||5lle|| s+ From
(C.34), we get Re(2%|e) = —Re(Pule), so for (z,e) € M(t): Re(Z%|e) < —émf(t), so
(C.37) implies that

m/(t) < —émf(t), (C.38)

and hence that m(t) < e~®*m(0).
Summing up, we have shown that if v € S(2) is holomorphic in 2, then

sup fle"Fu(z)||z < e~ sup [|u(z)||s- (C.39)
€N €N
For the same u’s we have Pe *Fu = e P Pu = — Ze~*Fu, so if we put

we get
9, p
PQu = QPu= - &(e u)dt = u. (C.40)
0
We also have,
1
sup [|Qu(2)|lz < < sup [lu(z)||5- (C.41)
zZ€EN z€N

Put f(t) = 1, and F(z) = f((z/C)) (with (z) = V1+ 2?) where C is large
enough, so that the latter function is well-defined in Q, when 0 < e < 1. Then (C.39)
remains valid if we replace P by F."! o P o F, and § by §/2, provided that € is small
enough. Examining the earlier arguments, we see that (C.41) also holds with @ replaced
by F-1o Qo F. and with § replaced by §/2.

Definition. — Let u;,u € Cy(Q2) N Hol(Q2), for j € N. We say that u; — u narrowly
when j — oo if supg ||u;||p is bounded by a constant independent of j and u; — u
uniformly on every compact subset of {.

Let uj,u € S(ﬁ) N Hol and assume that u; — u narrowly, when j — oo. Then
supg [|F7 Y (u; — u)||g — 0, so supg [|[F. 1 (Qu; — Qu)||p — and we see that Qu; — Qu
narrowly when j — oco. In other words, ) preserves narrow convergence of sequences in
S(Q) with limits in the same space. From (C.40), we then get:

THEOREM C.8. — Let E C Cy(Q) N Hol(Q) be the closure of S(Q) N Hol(Q) for narrow
convergence. Then:

a) Q : E — F is well-defined and (C.41) holds for u € F.

b) If v € E, then PQu = v,

c) Let u € E and assume that there is a sequence u; € S(Q) N Hol () with u; — u and
Pu; — Pu narrowly (so that Pu € E). Then, QPu = u.
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Naturally we want to know if there is a simpler characterization of the spaces that
appear here.

ProposiTioN C.9. — If W is starshaped with respect to y = 0, then E = C;,(2) N Hol(Q2).

Proof. — Let u € Cy(2) N Hol(£2). Then u; — u narrowly, where u;(2) = u(f;z) and
0; =(1- %) Put uj(z) = e~¢/O;(2) € S(Q) N Hol(2), where C > 0 is sufficiently
large and €; \, 0. Then u; — u narrowly. i

We leave the following question open until an answer is needed: Make the assumptions
of the last proposition and assume that 9“u, Pu € Cy(§2) N Hol (£2), for |a| < 2. Is it true
that u satisfies the assumption of c) in the last theorem?
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