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ON THE EXISTENCE OF SMALL-TIME HEAT
EXPANSIONS FOR OPERATORS WITH IRREGULAR
SINGULARITIES IN THE COEFFICIENTS

CONSTANTINE J. CALLIAS

The asymptotic coefficients in the expansion of Tre *H as t — 0+,
for H a positive elliptic differential operator of even order, with smooth
coeflicients, on a compact manifold, are spectral invariants of H given
by integrals of local functions of the coefficients of H [S, Gi|]. They are
of proven value in computations of indices [ABP, Gi| and determinants
[CT, e.g.] and in inverse spectral problems [Gu, OPS]. They are also, in
general, notoriously intractable. For large classes of differential operators
with singular coefficients, certain expansions of a rather different type still
exist but the complications seem to be compounded. If H is positive elliptic
of order d on a manifold, with coefficients that can have singularities on
submanifolds, characterized by asymptotic expansions to all orders (as in
Section 1 below), the typical result is: For ¢ a multiplication operator by
a smooth function of bounded support,

(1) Troe™™ o > up(@)t L NNy (@)t (Int)?

keZ,y keCjeZ,

as t — 0, where uy, wy; are distributions, with the ws; supported on the
singularities of the coefficients of H and wy; # 0 only for a sequence of
k’s with real parts increasing to co, and only finitely many j’s for each
k. Such expansions for the “distributional trace,” as Seeley first referred
to the left-hand side of (1), have been established by various authors for
different operators with regular singularities [Ch, C1, CU, BrS]. As we
explain briefly in Section 2, the mere existence of the expansion (1) is
often helpful in index problems, while for inverse spectral and determinant
problems laborious computations of asymptotic coefficients are normally
required. It appears in fact that in all of these kinds of problems for
singular operators, crucial information is often easier to extract than in
the smooth case.
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One would expect similar results for operators with irregular singulari-
ties, but the methods used in the regular singular case do not seem directly
applicable. What we show in this note is that, seen from the right point
of view, this too is simply a problem in “regular singular asymptotics.” In
Section 3 we give some concrete computations in dimension 1 that illustrate
the main points of the proof for general irregular point-like singularities.

1. Interior estimates and boundary behavior
of functions near a corner [C3]

As the following elementary results show, expansions of the form (1)
can be established for a function f(¢) in C°°(0,00) by suitable bounds on
combinations of the derivatives of f(t) for t > 0. Similar ideas are included
for functions of several variables. Some of the tools that we have developed
for this purpose lead to a generalized notion of smoothness near a bound-
ary with corners—“anomalous smoothness”—and are truly elementary in
nature but provide very elegant solutions to many asymptotic problems,
as in Proposition 2 below.

An expansion of the type we are after is characterized by a multiplicity
function or asymptotic character, by which we mean an S : C — Z, such
that » . S(2) < oo for each k € R. Given such an S, define the degree
of Sasm =m(S) =3, S(2). For f : (0,00) — Cwesay f € I'*(0, 00) if
feC™(0,00) and 9; f(t) = Zngm Zo§j<s(z) f2;0¢[t*(In t)J]—i—O(tkMk_S)
as t — 0+, for all k£ € C with S(k) > 0, all integers s with 0 < s < m
and some § > 0. Let I'°(0,00) = Ug,n(s)=c0 '9(0,00). If S is an
asymptotic character and z € C, let P,[S] be the differential operator
[Tnercn. (28, — 2')5) on C°(0,00). Let P.[S] = P.[S](x0, — 2)5*).

2/ #z

W;é assume in the sequel that all asymptotic characters are of infinite
degree to simplify the statements.

Proposition 1. Suppose m(S) = co. f € I'°(0,00) iff f € C>°(0,00) and
P.[S]f(t) = O(t*=¢) for all z € C and € > 0.

Proof. The functions x*(Inz)/, for Rk < Nz, 0 < j < S(k), form a
complete set of solutions of the homogeneous ordinary differential equa-
tion P.[S]f(t) = 0. A particular solution of P,[S]f(t) = g(t), when
9(t) = O(t*+), is fo(t) = Q.[S]g(t). where Qy[S] = [Tppr<m T and
Jwo(x) = zF N t=¥'=1o(t)dt (for o for which this integral exists); it is im-
mediate that Q,[S]¢(z) = O(xF+?) if p(x) = O(xF*7) for § > 0 as x — 0.
The Proposition follows in both directions from these statements. []
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Note that the space C*°[0, 00) is just I'¥(0, 00) with S(z) = 1if z € Z
and S(z) = 0 otherwise, and P,[S] = ™9} for any non-negative integer
n.

Proposition 1 leads to a natural definition of I'>°-spaces in several vari-
ables. Clearly, a proper setting for such spaces is a manifold with cor-
ners. A model for such a manifold is Q = (R;)™ x R" ™. For this
Qlet & =(0,...,0,&ms1y---,&n) € 02. We say that f(zq1,...,z,) is in
[(515mio0) () | €), for given asymptotic characters S; with m(S;) = oo,
if there exists a neighborhood N of ¢ in R™ such that

([0 Pzisih( I o) f@) =o( =)
i=1 i=m+1 =1

for all z = (x1,...,2,) € QN N, for all s; > 0, all z; € C and all € > 0.
For other points £ = (5}, .. ,£n) of the boundary, we apply the same
definition to Q¢ = (R4 )™ xR"™™ , where m’ is the number of components
among the &1,...,&, which are equal to zero and the coordinates are
permuted so that these components are labeled 1,...,m’. Globally, we
say f € D(SSmi0)(Q) if f e T 9,0 | €) for each & € 99,
where i1,... %, are the subscripts of exactly those components of the
&1,...,&m which are equal to 0. (The last entry ‘co’ in the superscript of
I" denotes smoothness in the variables z,1, ..., z,.) This definition is not
the most natural but it is the simplest to state and it is equivalent to a
definition that generalizes the notion of ‘smoothness up to the boundary’
[C3], in the sense of the existence of continuous extensions of derivatives
from Q to Q; the latter employs a notion of local derivative operator 9%-7[S]
such that (9%7[S]f)(0+) is the coefficient of z¥(Inz)’ for f € (R, ).
We also note in passing that it is not coordinate invariant, although it does
lead to a coordinate-invariant notion of I'*°, which can then be defined on
any manifold that looks like 2 near each boundary point [C3].

IExplicitly, let

5k’Z[S} = (xk(ln w)ie)_le’g_l . Dk,—S(k)+1Pk [S],

where Dk: = 20y — ]C, Dk:,j = lnka —j, Pk[S} = H%klgmk D:‘/(k ) The 8k’j [S] are
k! £k

just linear combinations of the 9%[S] with coefficients depending on S. These are

the anomalous derivative operators. The natural definition of anomalous smoothness

is then: f € ['(51,--5mi%) () | 0) if there exists a neighborhood N of 0 such that

qTez7 s [T ahr@
=1

i=m-+1

extends to a continuous function on QN N, for all z; € C and j;, s; € Z 4.
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As a simple application of these elementary ideas we have:

Proposition 2. Suppose m(S;) = oo, f(z,y) € T2 (R, x Ry), of
bounded support in the first argument, and

| BE(S1) f (2, y) 1< () hi e (y)

for all k € C,e > 0 and some hy . wzthf hiee(L)9 < co. Let F(t) =
[ f(@, L)4= . Then F € TS152(R ).

T

Proof. Assume first that f(x,y) is of bounded support Now P [S1 +
Sy)F = P,[S1]P.[S5]F = [ P2[S1]PY[S2](f(x,y)) %, where y = L, since
Fis also given by fooo f (%,a:)i—‘” Because f is of bounded support, we find
P.[S1 + So)F = [ O(x*5(L)*=*)% = O(t*==) for all z € C and ¢ > 0.
The result follows from Proposition 1.

In the complementary case where f(x,y) is zero for y near 0, we have

P.[S\F r—\/ fau) ™|

< / | P25 () |

B
_ dx
< / ()™ h o ()
0

X

B/t d
Z—E y
_— / hoe(1) Y
0 Y

< C-t"75(1 + Int),

since h, .(y) can be chosen bounded for y < 1. §; < 51 + Sa, 51+ Sz is
also an asymptotic character for F. [

This proof completely bypasses the question of the evaluation of the
asymptotic coefficients of F'(t) ast — 0+. An equally simple argument can
be given using Mellin transforms, but in the present context the hypotheses
on f are much more transparent. Formulas can be written down using
either the present calculus [C3] or Mellin transforms, but this is a more
complicated affair. Other examples of applications are given in a lengthier
article.

2. Examples of applications of singular heat expansions

Even though the overall expansion (1) is far more complex than in the
smooth case, it turns out that, somewhat surprisingly, some crucial terms
in the wy;(p) are far easier to compute to all orders than the ‘classical’
ug(¢). This was done in [C5] for a Schrédinger operator on the circle, with
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one isolated singularity at x = 0 with respect to a local coordinate, near
which the potential is of the form ¥ (|z|)/|z| 4+ ¢1(x), with ¢ € C*°|0, ),
1 € C®(R) and wgk) (0) = 0 for all k. The spectral information so
obtained is sufficient to prove that ¥(*)(0) are determined for all k by the
spectrum of the Dirichlet operator if 1(0) # 0.

In [C5] it is conjectured that similar results hold for operators with one
irregular singular point. The proof would require calculations of asymp-
totic coefficients for the expansion that we discuss in Section 3.

As a simple example of an index problem where it is enough to know just
that (1) exists, consider L = i0, + i1)(x) on the interval (0, 1), with ¢ (z)
a hermitian matrix of smooth n x n functions, such that ¢ (z) = A,(x)/
|z —y|*v for x near y when y is 0 or 1, for some o, > 1, and matrices A, (x)
such that By, = lim,_,, A(z) exists and is a nonsingular matrix. Suppose
that we know that (1) exists for operators of the form H = —92 + v(z)
on (0,1) with v(x) in I'* at 0 and 1, the singularities at 0 and 1 being
irregular; this is true, according to the next section. (L*L and LL* are of
the form of such H.) Suppose further that these heat expansions are local,
in the sense that

IfU is an open set and Hy = Hy on C>(U), while ¢ € L>
and suppp C U, we have Tro(e 1 —e~tH2) = O(t*) for
all k,

which is also true, as might be expected by what is well-known for classical
expansions [Gi]. Then one can prove by a short argument that the index of
L, which can be defined as a closed operator, is given by %(sgn By—sgn By),
where ‘sgn’ denotes the signature of a matrix, i.e., the number of negative
minus the number of positive eigenvalues. To sketch the argument, use
the notation (Dy;f) (a) for the coefficient of |z — a|*(In|z — a])/ in the
asymptotic expansion as  — a for a function f which is in I'*° at a, the
latter being an endpoint of the interval of definition of f. For an operator
H of the kind described above, the local nature of the heat expansion
implies that

DaoTre*tH ‘t:O = F ({Dk,j”(o)}kec,jem)

+F ({Dk,jv(l)}kecdez"') '

Hence, by the well-known formula for the index in terms of heat invariants,

index L = Tr (e_tL*L — e_tLL*) = & <{Dk,jA0(0)}ke<C,jeZ+>

+®, ({Dk,jAl (1)}kec,jez+) :
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By the invariance of the index under small perturbations it follows that,
in fact, ®, = @, ((Do,04,)(y)), if we deform L to constant A,(x) in suf-
ficiently small neighborhoods of the points y (see Proposition A.1 for the
required estimate). Apply the index formula above to the two operators
Lj =10, + iv;(z), where

By 1,

Yo(z) = ] Trao Xo(z) + m)ﬁ(ﬂﬂ),
1, By

i(z) = ] Tiac Xo(@) + WM(@

(where xo € C§°[0, 3), with xo = 1 near 0, and x; € C§°(3, 1], with x1 =1
near 1) and compute the index directly by solution of decoupled first order
linear differential equations to obtain

1
5(72 + sgnBo) = indexLo = q)o(Bo) + @1<1n)

1
—5(71 + SgnBl) = indexLl = CI)l(Bl) + @0(171)

Adding, we obtain index L = $(sgn By — sgn By), if we use the fact that
Dy(1,) + ®1(1,) = 0, again by a direct index calculation.

3. Heat asymptotics for an operator with an
irregular singular point on R

The machinery outlined in Section 1 can be used to tackle the ques-
tion of the existence of (1) for semibounded uniformly elliptic differential
operators of even order with isolated irregular singularities, when each co-
efficient is of the form b(|x — y|, (Ii:ZI)) for x in the neighborhood of the
typical singular point y, with b(r,6) a function in T'*°(R, x S™~1).

As an example we will give the salient points of the proof of the existence
of a power-log asymptotic expansion for a model operator with an irregular
singularity, H = —92 + 2~ %(k +v(x)) on Ry where a > 2, k > 0, v(x) is a
real-valued function in I'S°(Ry) and v(0) = 0. Under these assumptions,
H is essentially self-adjoint on C2°(0, 00) [RS], so that it extends uniquely
to an unbounded self-adjoint operator on L?(R.), also denoted by H
The heat semigroup e *# can be defined by the spectral theorem and it
is easy to show that it is represented by a kernel function, K;(x,y), which
is smooth in (¢,z,y) 6 (R1)3, by solving a heat equation. Using the
inequality H? > 84 + =& — B on C§°(0, 00) for some constants ¢ > 0 and
B € R, we can show that, for each ¢ > 0,

2) |2 PRy ||l= O(| A|7F5+%) as | A|— oo for RA<e| S|
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where Ry = (A— H)~', || - || denotes operator norm on L?(0,c0) and 2 +
%l < 1. Further, using a comparison of the resolvents of H and —d? (which
is possible because of the essential self-adjointness of H on C$°(0,00)), we
can show that

(3) | 6B las< C- | A |71 ¢ |l

for X\ as in (1), with || - ||gs denoting Hilbert-Schmidt norm and ¢ €
L?(0,00). (Details of the proofs of these estimates are given in the ap-
pendix.)

The following theorem is the main application of the machinery of Sec-
tion 1 that we include in this note.

Theorem 1. There exists an asymptotic character S of infinite degree
with S(z) =0 for Rz < L such that, for each ¢ € C°[0, ),

/ Tty (@) (nty

zeC  0<5<8(»)

/O " (@) K (2, 2)d ~

4rt)2
for some u,; € D'(R) with suppu,; C [0,00).

The asymptotic character S depends of course on the potential v. In
special cases S can be simply determined as a corollary of the following
type of theorem.

Theorem 2. Let f(§,n) = fu(&,n) be defined for &€ > 0, n > 0 by
f(E 2) = tze M (x,2). For Hyoq = —02 + % on L*(Ry), £ > 0,

a > 2, feT%2 (R, xRy), where Si(ja) =1 = So(j(5 — 1)) for
j=0,1,2,..., while S1(z) = S2(z) = 0 for other values of z. Furthermore,
| P[5

1f(€,m) |<C - (&n)®* for each z € C.

S II

Theorem 1, for H = H, ,, is then an easy corollary of Theorem 2, if
Proposition 2 is used. S in this case is S; + So where

g' z) = max Sa(z — 7).

2(2) e 2(2 — J)

For general H, Theorem 1 is again a corollary of a result like Theorem
2, but we will limit ourselves to H,,  here, because the computations are
quite a bit longer in the general case. The procedure would be identical
for arbitrary H—we would just have more terms to keep track of.
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|~

Sketch of the proof of Theorem 2. Let £ = %, n = x. Then nd, = atd; +
10y, £0¢ = t0;. We compute P,[Ss]f. For z = § — 1, P,[S] = nd,. Use
the fact that, if K is an integral operator with smooth kernel K(z,y),
0K (x,x)/0x = [0, K](z,x) and [x0,, K|(x,z) = K(z,x) + z[0s, K|(x, ).
Applying t(?t directly under the integral sign in the well-known formula

e = [ B e~tAR, (where C is a cone shaped contour enclosing the

positive real axis), we find

-

dA
WonTEn) =5 [ SO (S Ry QRAH R -+ (00 RA (0.1,

It is in no way clear that this is O(n2~!). The trick that makes the
calculation work is writing

(4) H= —%[:L‘&E,H] + %(2 — a)r/zc.

Using the fact that [0, R\] = —Rxz&%r Rx (note that the factors can be
grouped into subproducts that form bounded operators), we find

1- ¢«
Ry+ R}\M
e

1 [ dA _ o oK
Ny f(&,m) = t2 /%6 tA[—(l—g)waxaH Ry](n,n).

Finally using xRy = Ry + 2R\0, R, we arrive at?

6) 0. =anta -2t} [ 2 A

1
5 e N (RAO, Rx——7 ) (0, ).
71—

This formula will give the required estimates; we integrate against a ¢(n) €
L', write p = golcpg, with p; € L%, and apply (2) and (3) to get | P7[Ss] f(&,n)] <
C- \ &n |7, forz = 2 —1.3 We proceed to apply 70, —j (3 — l) successively
for j =1,2,... to obtam the same result for arbitrary z. There are techni-
cal problems, but it all works out within the same scheme. An outline is
given below.

2The value of the computations that lead to (5) lies, in part, in the fact that they
can be localized in z; if we only assume, for example, that v(z) = 0 for z < a, without
even smoothness assumptions for x away from 0, we can use x(x)xd, in (4) instead of
x0; (with suitable modifications in the other terms), with x € C§°[0,a/2], and x(z) =1
for x near 0, and obtain, instead of (5),

dX

noy f(€.m) = ana — 2t / 5o N (Bax(@)0e Bax(@) g Bx)(m.m) + O(tF), k.

potl
when n < a/2. The same can be done in higher dimension and systematically to all
orders.

3See also [E2], where this idea is applied to obtain uniform estimates, with respect to
parameters, for singular Green’s functions that arise in the linearization of the equations
for the harmonic map between asymptotically hyperbolic manifolds.
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The estimates for the ¢-derivatives of each of PJ[S3]f(&,n) can be re-
duced to classical heat expansions for operators with smooth coefficients.
One way to make this explicit is to use a local version of (4), with z0, on
the right-hand side replaced by x(z)z0,, when x = 0 is now thought of
as the typical point where the coefficients of H are smooth, and with x a
Cg° function which is identically 1 near x = 0 and has support that does
not extend as far as the nearest singularity. This approach gives sharp
estimates on the {-derivatives.

The higher 7n-‘derivatives’. In the formula for the general P,[S2] we
will encounter operators of the form

(6) =Tl (a,... o)) =2 9N Ry ..o~ 9% Ry

where each d; is 0 or 1 and Ra; < 0. We call a formal expression of the
form (6) a resolvent product. We will also use this term for the operator
given by (6) if the actual product in the sense of operators is defined as a
bounded operator on L2. It is clear that II is a bounded operator if, for
each j, % + % < 1. Less obvious is the following fundamental result:

Proposition 3. The operator (6) is a bounded-operator-valued holomor-
phic function of aq, ... ,ai for Roy; > 0,1 < j <k, and Ri(II) > 0, where
i(I1) is the decay index of 11, defined by i(I1) = k — Z?Zl(% + 22). For A
sufficiently large in R\ < |SA| (for any given € > 0), the operator norm
of TI(A) is O(| A |~ %),

The proof is not difficult; the exponents a; are redistributed by com-
muting factors of the form x~" through the R,)’s. The operator norm
estimate follows from (2). (A more formal treatment of resolvent products
and details of the proof of Proposition 3 are given in the appendix.)

Lemma 1. Let IT = II(\) be a resolvent product with i(II) > 0. Then

D=

[atdy + 20, — a(i(IT) — 1)t 5

/ D =110 (1,)
C

is a linear combination of terms of the form [, %e_”‘ﬁ()\)(n,n) where
(TIN) = (1) + 5 — L.

This is proved by using the ideas that led to the derivation of the formula
(5) for noy f(&;n).
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From this lemma it follows that (Hf;g 0y —3(3 =) f(& n) is alinear

combination of terms of the form t2 [ e~ I(N) (n, n) with i(II(N)) =

k(3 — 1)+ 1. Now we can use (2) and (3) to show that if ¢ € L*,

| /So(x)(Rx\H(A)RA(x,x)dx 1<C ol -] A |—%—z‘(n)

for | A |— 0o, RA > e- | SN |. It follows easily that, for z = ak - (

);

1
2

Q=

/ PISo (€ m)p(n)dn < C- || @ || 41
so that | PI[So]f(&,n) |[< C-| &n [obG=2)=C- | ¢en . O

4. Extensions and discussion

The example that was discussed in detail in Section 3 is not just a model
for an irregular singularity, it is also the building block for the analysis of
operators of the form —92+ A/x*, where A is a differential operator. Such
operators arise as Laplacians on manifolds with cusps. Following the ideas
of [C2], this problem is reduced to the study of the behavior of Tr e~ =
as a function of ¢ and s [C4] for H, = —02 + & (o > 2). This question
in turn can be tackled by employing the calculus of Section 1.

Besides operators with irregular singularities at finite points, the method
outlined in this proof also covers operators on R™ with an irregular sin-
gularity at oo, which would include, in particular, operators of the form
A, +o(z) | x |¥, (with v(z) > ¢ > 0 for | | near o) where v(x) is
bounded, with sufficient smoothness conditions at co. Details will appear
elsewhere.

The calculus of Section 1 is developed in more detail in [C3]. The calcu-
lation of the asymptotic coefficients of Tr et —which entails evaluating
(5) at n = 0, for instance—requires a whole new bag of tricks. This is
done in the longer version of this paper, although the main ideas are in
[C4].

We conjecture that operators of the form —A,,+v(z)/p(x), where v(z) €
C§°(R™) and p(z) is a polynomial, have heat asymptotics similar to the
operators discussed here. Some progress has been made for special p(z).
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Appendix A. Proofs of the technical lemmas

Resolvent Estimates. In this Section we will give proofs of some of the
operator norm and trace ideal estimates on the resolvents of the operators
studied in this paper. The fundamental estimate is

Lemma A.1. Let k > 0 and o > 2 be fized and let Hy, o be the operator
C(0,00) 3 o — Hy np = —¢" + ka™%p € C5°(0,0).
There exists constants ¢ > 0 and B € R such that
| Hpal? 2 11050112 + ¢ - [le™%][* = Bllgl|?
for all p € C§°(0,00).
Proof. We start with the operator identity

2
(HH’Q)Q = ai — 2/4389512_0‘896 — M K

$a+2 @'
Proceeding a little further, we write
— 0,27 %0, = x7 2 (=9%)x/? + %(% +1)z™2,

Now use the classical Hardy inequality [|0,¢|[> > ||z | for ¢ €
C§°(0,00) [C2] to obtain

K _a_ _
| He,atp|? > (10301 + 5= a?)|z7 = ol P + Rzl P
Since 2772 < e-272% + B,, for o > 2, the estimate of the lemma fol-

lows. [
From this a priori estimate follows:
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Proposition A.1. Let Fma denote the unique self-adjoint extension of
the operator Hy  of Lemma A.l, viewed as an unbounded operator on
L?(0,00). For fized  and o, let Ry = (A — H, o)~ %, the resolvent of H,
for A € C\[0,00). Let 3 > 0 and d = 0 or 1 or 2, and suppose that
g + % < 1. Then the operator

Bﬁ}dy)\ = l'_ﬁagR)\,

which is defined on the dense domain (\—H , o,)C§° (0, 00), extends uniquely
to a bounded operator on L?(0,00) and the operator norm satisfies

||Bg,axl| < C- - |)\\_1+§+% for RA < e|ImA| — e.

Proof. Let D = (A—H . o)C5°(0,00) and o € D, so that ¢ = (A\— H o)
for some 1) € C§°(0,00). Then ||Bg axg||? = (¢, 0%272P9dp). If d = 2, we
must have 8 = 0, and

1Bs.axell® = (,039) < ||Hyatl|* + B - |||,
by Lemma A.1. The estimate follows in this case, since
| He o¥|]? = |[He.aRap|]? < cel|@]?, when RA < & - [Im)| — ¢,
by the spectral theorem. So assume now d = 0 or 1. Use the commutator
0,272 = —d - 28 27?71,
to write

1Bsarell? = R, 0%072P9dy)
= R(a e, 0%Np) —2d - - R(z2P~ 14, 0%4)

For d = 0 use the inequality

a

(W 2g) <52 eg)p v 57 - 0y
(03 (03

(which follows from ab < ‘%} + %, with p~! 4+ ¢~ = 1, if we choose p =
5 a= §1/Pg=28 b = §=1/P). We have already shown that ||z~%||? <

ce - ||¢]|? and, since |[1]|? < c. - [A]72 - ||¢]|?, if we choose § = 55 N2,
we obtain
(4, 270) < e A0,

This is turn yields

_14+8
1B.ax¢ll < Ce - IXT = - el
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which proves the estimate in this case as well. The result also follows along
similar lines for § = 0, if we use

1
(0, 050) < S 1070l + 0 I¥I%),

the estimate of the Proposition for d = 2, and choose § = |A|~1/2.
For the remaining general case, with d =1 and 8 < 5, use

|Bg,axell® < (6 ||Bagoaell” + 67 - [|Bozael?) + || Bss1,0n¢|?

| =

which follows from A.1 for any J > 0, the estimates just established for
the cases # = 0 and d = 0, and choose § = |\|~2%/ot+d O

The following Proposition provides a convenient tool in establishing
some of the operator estimates needed for our problem. It gives a com-
parison of the resolvent of H, , to the resolvent of the “free” Laplacian
H, = —0?2 on R, for which the resolvent is an integral operator with kernel
function

(A= H,) " (z,y) = %eﬁlwl (RV=A > 0)

Because the operators of interest to us act on functions on (0, 00), we need
the projection

IT: L*(—00,00) 3 f + flj0,00) € L*(0,00).

Proposition A.2. Let R§ =1I- (A= Ho) 'L Let Quan =K -27 %\ —
H o)1, which is defined as a bounded operator by Proposition A.1. Then

R)\ - ()\ - ﬁn,a)_l = i + RKQK,O(,)\

Proof. Let D = (A — H,_)C§°(0, 00), which is dense in L?(0, c0). For ¢ €
D we have ¢ = (A\—H , o,)3 with ¥ € C§°(0,00). Let Dy = (A—Hy)C°(R),
which is dense in L?(R) because —0? is essentially self-adjoint on C§°(R).
Let ¢g = (A — Hp)p be an arbitrary element of Dy. Then

(o, Rag) = (II(A — Ho)vo, ).
Integrating by parts twice, we obtain

(Mo, Rap) = (Mtho, (A — Hy,a)®)
(I, —¥).
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Adding and subtracting ~% causes no problems because ¢ = 0 near x = 0.
Now 21 = Qk,a, 2@, by the definition of Q) o, so that

xT

(o, Rap) = (IL(X— Ho) "o, )
+<H : (X - HO)_1§007 Qn,a,)\so)'

The resolvent comparison formula follows. [
The main application of this formula will be the Hilbert-Schmidt esti-
mate of Proposition A.3 below. First we do the estimate for Hy:

Lemma A.2. Let f denote a multiplication operator by a function f(z) €
L3(R). For A € C\[0,00), f-(A—Hg)~! is Hilbert-Schmidt and its Hilbert-

Schmidt norm satisfies
1f- A= Ho) Mo < Ce-||fllp2 - AT for RA < e|ImA| — &,

given € > 0.

Proof. The Hilbert-Schmidt norm can be expressed in terms of the integral
kernel:

1f- (A= Ho)7H3 = \f(w)(/\—Ho)_l(w,y)\dedy

= [ @y ety

§|A| GNP

which yields the estimate of the Lemma. [
Applying the formula of Proposition A.2, we obtain

Proposition A.3. For f € L?(0,00), we have the Hilbert-Schmidt esti-
mate

1/~ N =Hya) M2 < Ce - [[fllze - N1 for RA< e[S —e.
O

Resolvent Products. The derivatives of the heat kernel of H, , were
expressed in terms of the operators

Bgyd,)\ = :Ciﬁag()\ — F,ﬁa)il,
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which are defined in Proposition A.1. Given a finite sequence of these
operators, IT = {Bg, 4, A}§:1» we will refer to an operator product of the
form

k
(A.1) rp (I1) = H Bg,.a;
j=1

as a resolvent product.
The operator (A.1) is well-defined if that is the case for each of the
factors, i.e., if

(A.2) 1—<%+%)zo, j=1,... k.

The crucial observation is that (A.1) is defined by holomorphic extension
to values of the 3; beyond the domain defined by (A.2).

Proposition A.4. Suppose each d; is fized to the value 0 or 1. The oper-
ator (A.1) extends to a bounded-operator-valued holomorphic function of
B1,...,0k in the domain

%ﬁj > 0, jzl,...,k‘
(A-3) Ri(Il) >0

where i(IT) is the decay index of II:

(A.4) () = k — Z(% + d—27>

Jj=1

For X sufficiently large in RX < €|SA| (for any given € > 0), we have the
operator norm estimate

(A.5) [l (ID]] < C - [A] 70D,

Proof. The result is immediate from Proposition A.1 when k& = 1. For
arbitrary k, it is reduced to the k& = 1 case in the part of the domain
(A.3) where Ri(II) > k — 1. In fact, when Ri(II) > k — 1, we must have
%—l—%<lforallj.

We will use double induction to prove the existence of the holomorphic
extension with the bound (A.5) in each of the domains

- %ﬂ] > 0, i=1,...,k
Dkﬁ_{ Ri(l) >R

where £k =1,2,... and R > 0. We will do this by writing rp (II) as a com-
bination of resolvent products with fewer factors or of higher decay index.
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The basic step is to commute a factor that contains all the dependence on
1 to the right of the resolvent Ry = (A — H, o)™ in Bg, a1 ¢

B/@l7d1’)\ - :C_%aadR)\x_(ﬂ_%a)

—i—x*%a [x(6¥a), 8d] R

—x’¥°‘8dRA [x(ﬁya),aﬁ} R,.

The last term on the right comes from the commutator with Ry; if ¢ is a
multiplication operator by a function,

[p, Ry] = Rulp, Hy o] Ry = —Ru[p, 02| Ry

We compute the commutators explicitly and find that rp (II) is a linear
combination of the following four operators:

B'I'p <ﬁ</82+/81 - 2_2d1a7ﬂ37"' 7/8/€>>

di-rp (Io(Br — 1, B2, ..., Br))

(A.6)
B'I'p <H0(ﬁl 7(a72)+d1 : %752a"' 7ﬁk>>
B'I'p <H2(ﬁ1 7(a71)+d1 : %’ﬁ%"' 7ﬁk>>
where
) B = a}_ﬁaalex,
(B, ... . 0k) = {Bsa;rtis,

Hd(ﬂl, o ,ﬁk) = {Bﬁj,dj,)\}jzl (With dy = Cl)

The decay indices of the resolvent products in (A.6) are

N —

i(To(Br + 1, B, .+ Ba)) = i(TI) — é v
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where we set d; = 1, because this term is only present when d; # 0,

z’(Ho<ﬂl—(a—2)+d1-%,ﬁg,...,ﬁk>> - z’(H)—i—Z(%—é)
i<H1<61—(a—2)+d1-%,ﬁz,...,ﬁk>> - i(H)+<1—é>—%

The I-term is a resolvent product with k& — 1 factors. For the induction
step assume that the result of the proposition holds for resolvent products
with fewer than k factors in the subset Dy, ;_,, (1_1, of the domain

(A.3) for some integer m such that k — 1 —m(3 — 1) > 0. If Ri(II) >
max(0,k —1 — (m+1)- (3 — 1)), it follows that the conclusion of the

«
proposition still holds, because our decay index calculations above show

that all of the operators (A.6) are covered by the induction hypothesis. [
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