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SINGULAR PERTURBATIONS OF ELLIPTIC OPERATORS

E. DYACHENKO AND N. TARKHANOV

This paper is dedicated to our teacher L. R. Volevich.

ABSTRACT. We develop a new approach to the analysis of pseudodifferential
operators with small parameter € € (0,1] on a compact smooth manifold X.
The standard approach assumes action of operators in Sobolev spaces whose
norms depend on e. Instead we consider the cylinder [0, 1] x X over X’ and study
pseudodifferential operators on the cylinder which act, by the very nature, on
functions depending on ¢ as well. The action in € reduces to multiplication by
functions of this variable and does not include any differentiation. As but one
result we mention asymptotic of solutions to singular perturbation problems
for small values of e.
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1. INTRODUCTION

An excellent introduction into asymptotic phenomena in mathematical physics
is the survey [Frib5] which remains to be of current importance.

Most differential equations of physics possess solutions which involve quick tran-
sitions, and it is an interesting task to study those features of these equations
which make such quick transitions possible. A case in point is Prandtl’s ingenious
conception of the boundary layer. This is a narrow layer along the surface of a
body, traveling in a fluid, across which the flow velocity changes quickly. Prandtl’s
observation of this quick transition was the starting point for his theory of fluid
resistance, see [Pra05].

A large class of discontinuity phenomena in mathematical physics may be in-
terpreted as boundary layer phenomena. There was never any doubt that the
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boundary layer theory gave a proper account of physical reality, but its mathe-
matical aspects remained a puzzle for some time. Only when this theory is fitted
into the framework of asymptotic analysis, does its mathematical structure become
transparent.

In such a systematic approach one may develop an appropriate quantity in powers
of a parameter €. This expansion is to be set up in such a way that the quantity
is continuous for € > 0 but discontinuous for e = 0. A series expansion with this
character must have peculiar properties. In general these series do not converge.
The idea of giving validity to these formal series is classical and it goes back to
Poincaré [Poi86].

The boundary layer in linear differential equations has been studied in detail in
[VL57]. On using this method it is possible to describe the iteration processes that
formally yield an asymptotic representation of the solution for small €. To prove this
asymptotic representation one needs a priori estimates for solutions of boundary
value problems in function spaces with weight norms. The well-known method of
construction of such estimates (see [Kon66, S. 4] makes it possible to obtain them
from uniform estimates of boundary value problems with a small parameter in the
higher derivatives.

The asymptotic phenomena of ordinary differential equations have also been
studied in connection with nonlinear equations. An interesting problem concerns
periodic solutions of a differential equation of the form eu” = f(u,u’). The ques-
tion is what happens with these periodic solutions as ¢ — 0, in particular if the
limit equation f(u,u’) = 0 has no periodic solution. Of course there could be no
boundary layer effect in the strict sense since there is no boundary. What happens
is that the limit function, if it exists, satisfies the equation f(u,u’) = 0 except
at certain points where the derivative v’ has a jump discontinuity. Strong results
on asymptotic periodic solutions have been obtained by Levinson since 1942, see
[Lev50].

2. LOSS OF INITIAL DATA

In this section we demonstrate the behaviour of solutions of the initial problem
to a first order ordinary differential equation as the parameter € tends to zero. This
question is extremely elementary, but nevertheless leads in a natural way to the
boundary layer phenomenon.

To wit,
{ eu/(z) + q(x)u(x) f(z) for =z € (a,b),

w(@) = o, (2.1)

where ¢ and f are continuous functions on the interval [a,b) and ¢ a small positive
parameter. We prescribe an initial value ug for the solution of our differential
equation at the point a and ask how the solution of this initial value problem
behaves as ¢ — 0.

Note that for ¢ = 0 the differential equation reduces to the equation of order
zero qu = f in (a,b). One may therefore wonder whether the solution of problem
(2.1) approaches the solution

f(x)

q(z)
of the equation of order zero. Now the solution of the zero order equation is already
determined and one cannot expect that the initial condition will be satisfied in the
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limit. This question and related questions can easily be answered with the aid of
explicit formulas.
An elementary calculations shows that

u(z) = exp ( - i/j q(ﬁ)dﬁ)uo + é /aﬂﬂ exp ( - i/j q(ﬁ)dﬂ)f(z’)dx’

for © € [a,b). The first term on the right-hand side satisfies the homogeneous
differential equation e’ + qu = 0 in (a,b) and the initial condition u(a) = ug. If
q is positive in (a,b), then this term converges to zero uniformly away from a, as
€ — 0. The second term on the right-hand side is a solution of the inhomogeneous
solution eu’ 4+ qu = f in (a,b) and satisfies the homogeneous initial condition
u(a) = 0.

If the solution of the zero order equation is continuously differentiable in [a, b),
then one can transform the formula for the solution u of problem (2.1) to elucidate
the character of convergence of u for ¢ — 0. Namely, on integrating by parts one

obtains
u(z) = /@) + exp ( - i/: q(ﬁ)dﬂ) (uo — f(a)>

q(x)
P Loy
for all = € [a, b).

Assume that ¢ is positive in the interval (a,b). Then the second term on the
right-hand side of (2.2) converges to zero uniformly in z € (a,b) bounded from a,
when ¢ — 0. Moreover, this term vanishes for all « € [a,b), if the solution of the
zero order equation takes on the value ug at a. The last term on the right-hand side
converges to zero for each = € [a, b), as ¢ — 0, which is due to Lebesgue’s dominated
convergence theorem. From what has been said it follows that under appropriate
conditions the solution of the initial problem converges to the solution of the zero
order equation in (a,b) indeed. This solution fails to assume the initial value. The
process of losing an initial value takes place through nonuniform convergence. If
the parameter ¢ is small enough, the solution will run near the limit solution except
in a small segment at the initial point a where it changes quickly in order, as it
were, to retrieve the initial value about to be lost. Thus a “quick transition” is
found to occur. It must occur since an initial condition is about to be lost, and
this loss in turn is necessary since the order of the differential equation is about to
drop, cf. [Fri55].

The leading symbol which controls the asymptotic behaviour of the solution of
initial problem (2.1) for € — 0 proves to be

o(z, €, €) i=1e€ + a(x)
regarded for (x,&) € T*[a,b) and € € [0,1). We get
0%(2,6,0)] = (?€]* + la(2)?)
> (&) (2.3)

where ¢ is the smaller of the numbers 1 and inf |a(x)|, the infimum being over
all z € [a,b). From (2.3) it follows that o%(z,&,¢) is different from zero for all
(x,€) € T*[a,b) and € € [0,1), provided that inf |a(x)| > 0. And vice versa, if (2.3)

1/2
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is fulfilled with some constant ¢ > 0 independent of (z,£) € T*[a,b) and ¢ € [0,1),
then inf |a(z)| > 0.

The first order ordinary differential equations satisfying condition (2.3) are called
small parameter elliptic. This condition just amounts to saying that the equation
is elliptic of order 1 for each fixed ¢ € (0,1), and it degenerates to a zero order
elliptic equation when € — 0.

The results discussed in connection with the simple equation of the first order
are rather typical and they may frequently serve as a guide in understanding other
asymptotic phenomena.

3. A PASSIVE APPROACH TO OPERATOR-VALUED SYMBOLS

Pseudodifferential operators with small parameter are most obviously introduced
within the framework of operator-valued symbols. We describe here the so-called
“passive” approach to operator-valued symbols which was used in [FST02] for edge
and corner theory. In this case it proves to be equivalent to the usual theory
based on the edge and corner Sobolev spaces with group action k). However,
it is more convenient to deal with. The passive approach allows one to reduce
pseudodifferential operators with operator-valued symbols to the case of integral
operators in L?-spaces, so that the calculus of operator-valued symbols becomes
quite similar to that of scalar-valued symbols. To the best of our knowledge it goes
back at least as far as [Kar83].

The term “passive” comes from analogy with transformation theory. Recall that
a geometrical transformation y = f(x) may be treated either from “active” or
“passive” point of view. According to the “active” approach the transformation
moves geometrical points « — y = f(x) while in the “passive” approach the points
are fixed and we change only the coordinate system. For example, a linear change
Yt = aémj (we use the Einstein summation notation) may be thought of as a linear
transformation of the space R™ or as a change of a basis in this space. Of course,
both descriptions are equivalent.

We demonstrate this approach by calculus of pseudodifferential operators on a
product manifold. Consider M = X x ), where X', ) are smooth compact closed
manifolds with dimX = n and dim) = m. Suppose we work with the usual
symbol classes S* on M and corresponding classes of pseudodifferential operators
L* acting in Sobolev spaces H*(M). We are aimed at describing these objects
using a fibering structure. That is, we would like to introduce appropriate classes
of operator-valued symbols on X with values in pseudodifferential operators on )
to recover the classes S* on M. Moreover, we would like to represent H*(M) as
L2 -spaces L?(X,H*(Y), | ||¢) to recover the action of pseudodifferential operators
from L£* in the spaces H*(M).

A symbol a(z,y,£,n) on M is treated as a symbol on the fiber ) with estimates
depending on the base covariable £. To any appearances the estimates might include
a group action k) in function spaces on ). Our present approach is based on a
“passive” treatment of the group action k). The k) does not act on functions,
instead we introduce a special family of norms in H*())). In more detail, consider
the Sobolev space H*(Y) with a family of norms || - ||¢ depending on a parameter
£ eR™,

)2 =3 [ 1< &> Gutnfan (3.1)
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Here {V,} is a coordinate covering of ), {t;} a subordinate partition of unity,
< v > is a smoothed norm function, i.e., < v >:= f(|v]) where f is a C*° function
satisfying

feh > 1,
f(l) = Jol for |u] =1,

and < &,n >= f(v/|€]> +|n|?). The norm (3.1) depends, of course, on s but we
drop it in the notation.

Next, consider a function u(z) on X' with values in H*()) equipped with the
family of norms | - ||¢ given by (3.1).

Definition 3.1. By L*(X,H*(Y),||-|l¢) is meant the completion of C> (X, H*(Y))
with respect to the norm

lu()|* = Z/R [Bu(é)|lz de. (3.2)

Once again {¢; } is a partition of unity on X subordinate to a coordinate covering
{U;} of this manifold. Roughly speaking, (3.2) is an L?-norm of the scalar-valued
function |77 (€)]le.

We now are in a position to define the desired symbol classes X on X with
values in pseudodifferential operators on Y.

Definition 3.2. A smooth function a(z,§) on R™ x R™ whose values are pseudodif-
ferential operators on Y is said to belong to X'* if, for any o, € Z2,, the operators

ag‘D?a(x, €): H(Y) — H***B(Y) are bounded uniformly in & with respect to the

norms || - ||¢ in both spaces H*(Y) and H* #+P(Y). That is, there are constants
Co.p independent of &, such that

105 D a(z,&)]l¢ < Cap- (3-3)

Any symbol a(z,y,£,n) € S* defines a symbol a(z,&) € X* on X with values in
pseudodifferential operators on ).

We can actually stop at this point. All of what follows is a simple consequence
of generalization of these definitions. As mentioned, in a more general context
of pseudodifferential operators with operator-valued symbols these techniques was
elaborated in [Kar83].

It is easy to see that the norms || - ||¢ in H*(Y) are equivalent for different values
¢ € R”, but this equivalence is not uniform in £. More precisely, on applying
Peetre’s inequality one sees that the norms vary slowly in &.

Lemma 3.3. There are constants C' and q such that
lule ¢ o < — g >0 (3.4)
e,
for all &,& € R™ and smooth functions u on Y. (In fact, we get C = 21| and
q=|s|.)

On the other hand, the norm || - ||¢ is independent of the coordinate covering and
partition of unity up to uniform equivalence.
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Lemma 3.4. The embedding v : H*2()) — H**()) for s1 < sy admits the following
norm estimate

elle < C <& >%17%2 (3.5)

Proof. Since

[[w; e V)€

/ | < &> @ (n)Pdn

= [ I<en>m m@P < g >
estimate (3.5) follows readily from the fact that

<ENSTTE o~ (TP )/
(L [Py
~oE >R

IN

for 51 — 59 < 0. O

Theorem 3.5. Let a(x,€) € X*. If u < 0, then a(x, &) : H5(Y) — H*(Y) is a
bounded operator and its norm satisfies an estimate

la(z, §)[le < C <& >F.

Proof. By definition, the mapping a(z,§) : H*()Y) — H* #*()) is bounded uni-
formly in . On applying Lemma 3.4 we conclude moreover that H® #()) is
embedded into H*(Y) with estimate |¢[|¢ < C < & >#. This gives the desired
result. O

This result plays an important role in parameter-dependent theory of pseudodif-
ferential operators.

Lemma 3.6. For each s € R, it follows that
L2, H (V) || - lle) = H¥ (X x D).
As usual, the norm in H*(X x ) is defined by

)= [ I <€n>* Gubguten)? acan
i.j xRm

For symbols a(x,£) € Y™, we introduce a quantization map a — A = Q(a) by
setting

Qa) = Zsoi(:c) Op (a(z, €)) @i().

Theorem 3.7. For a(z,§) € X™, the operator A = Q(a) extends to a bounded
mapping
A L2(X H (V) - Nle) = LA H (), - le)-
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Proof. In Fourier representation f = Au gives
fo = [ ate—¢.¢raea
whence
1)l rre-nv) .6

< / (€ — €, €)aE") | ren (e dE”
Rn
< O [ <E=€ >0 fale — €N ey e d€’

< C < =& > a€ =&, ) s ),z @) 10E) s ()60 dE’

c / O(< & — & >) ()| - (v ¢ €.

So, we have reduced the problem to the boundedness of integral operators in L?
with kernels O(< § — ¢’ >7°°). This is evident. O

Obviously, the results of this section make sense in much more general context
where the spaces H*(Y) and H* #()) on the fibers of X x ) over X’ are replaced
by abstract Hilbert spaces V and W endowed with slowly varying families of norms
parametrised by £ € R™. In this way we obtain a rough class of pseudodifferential
operators on X whose symbols take their values in £(V, W) with uniformly bounded
norms and which map L?*(X,V,| - ||¢) continuously to L*(X, W, || - ||¢). In Section
6 we develop this construction for another well-motivated choice of Hilbert spaces
V and W.

4. OPERATORS WITH SMALL PARAMETER

In this section we apply the “passive” approach on the product manifold X x ),
where X is a smooth compact closed manifold of dimension n and Y = {P} is a
one-point manifold.

Our purpose is to describe a calculus of singularly perturbed differential opera-
tors on X. They are locally in the form

A, D,e) = Y aa;(x)e D, (4.1)

lal—j<nu

lol <m
where x = (2',...,2") are coordinates in a coordinate patch on X, D is the vector
of local derivatives —19,1,...,—10zn, € € (0,1] a small parameter and we use the

standard multi-index notation for higher order derivatives in z. Moreover, u is
an integer with 0 < p < m. If g = 0 then (4.1) reduce to the so-called h-
pseudodifferential operators which belong to the basic techniques in semiclassical
analysis, with h = ¢.

Singular perturbations is a maturing mathematical subject with a fairly long
history and a strong promise for continued important applications throughout sci-
ence, see [Pra05], [Bir08], [VL57], [Was66], [MR80], [Fra79b, FW82, FW&4], [Fra90],
[Hue60], [Naz81], etc. Volevich [Vol06] was the first to present the small parameter
theory as a part of general elliptic theory.
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Operators of the form (4.1) are given natural domains H™*(X) to be mapped
into H"~™57#(X), where r, s are arbitrary real numbers. Seemingly these spaces
were first introduced in [Dem?75]. More precisely, H™*(X) is the completion of
C*>°(X) with respect to the norm

S G R

[[u

where {¢;} is a partition of unity on X subordinate to a coordinate covering {U;}.
By the very definition, H™*(X) is a Hilbert space whose norm depends on the
parameter .

Remark 4.1. The space H™*(X) is locally identified within abstract edge spaces
H?*(R™,V, ») with the group action 3 on V = C given by s u = A*""u for A > 0,
see [STO05].

One easily recovers the spaces H™*(X) and H" =™ #(X) as L*(X,V,] - ||¢) and
L2(X, W, ]| - |l¢), respectively, where V' = C and W = C are endowed with the
families of norms
(&)™ (€)ul,

(&)=l (g)smn f|

Il
1flle

parametrised by & € R".

Definition 3.2 applies immediately to specify the corresponding spaces X."™#
of operator-valued symbols a(z,&,e) on T*R™ depending on the small parameter
e € (0,1]. We restrict ourselves to those symbols which depend continuously on
e € (0,1 up to € = 0. To wit, let S™* be the space of all functions a(x,&,¢) of
(2,€) € T*R™ and ¢ € (0,1], which are C* in (z,¢) and continuous in & up to
¢ = 0, such that

05 Dfa(z,€,€)| < Cap (€)™ (€)1 (42)
is fulfilled for all multi-indices a, 8 € Z%,, where the constants Cy g do not depend
on (z,¢) and e.

Note that in terms of group action introduced in Remark 4.1 the symbol esti-
mates (4.2) take the form

|5 605 D alw, &, €) (g | < Caaypp ()7

for all o, 8 € 2, and § € R™ uniformly in € R™ and ¢ € (0,1], cf. [ST05]. Given
any fixed € € (67 1], these estimates reveal the order of the operator-valued symbol
a(z,&,€) to be u. Moreover, they give rise to appropriate homogeneity for symbols
a(x,&, ). To this end, choose a = 0, f = 0 and substitute £ — A and € — /X to
(4.2), obtaining

|a(z, A, e/A)| < Co,0 (£6)™ (A"

for all A > 1, which reduces to
IAN"Fa(z, A, e/A)| < Coo (&)™ (A2 + €)M/ (4.3)

(we use tacitly an equivalent expression /1 + |£]? for (€)). If A — oo then the
right-hand side of (4.3) tends to a constant multiple of (&)™ #|£|H.
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Lemma 4.2. Suppose the limit
ot(a)(x,&,€) = lim A"Ha(z,A§,e/A),
A—00
exists for some x € R™ and all £ € R™, ¢ > 0. Then o*(a)(x,&,€) is homogeneous
of degree p in (£,e71).
It is worth pointing out that o#(a)(x, &, €) is actually defined on the whole semi-

axis € > 0.

Proof. Let s > 0. Then
ot (a)(x, s e/s) = Alim A Ha(x, AsE, e/ Ns),
—00
and so on setting X' = \s we get
ot(a)(x,s€,¢e/s) = )\lim sPN THa(z, NEe/N)
' —00
= slo(a)(x,§ 9),

as desired. 0

In particular, Lemma 4.2 applies to the full symbol of the differential operator
A(z, D, €) given by (4.1).

Example 4.3. By the very origin the full symbol a(z,§,€) of (4.1) belongs to the
class S™*# and

ot(a)(x,&,€) lim )ﬁﬂ( Z (o j(2)E% )\MH)

A—00 -
laf—i<p
| <m

Z ao“j(x)éo‘ej

la|—j=p
|| <m

is well defined.

In fact, the full symbol of any differential operator A(x, D,¢) of the form (4.1)
expands as finite sum of homogeneous symbols of decreasing degree with step 1.
More generally, one specifies the subspaces S;;l‘g in S™*# consisting of all polyho-
mogeneous symbols, i.e., those admitting asymptotic expansions in homogeneous
symbols. To introduce polyhomogeneous symbols more precisely, we need a purely
technical result.

Lemma 4.4. Let a be a C™ function of (x,€) € T*R™\ {0} and € > 0 satisfying
\8§D§a(ac7§, D] < Cop (&)™ 181 for |€] > 1 and a, B € Z%. If a is homogeneous
of degree pi in (€,e71), then xa € S™H for any excision function x = x(§) for the
origin in R™.

Proof. Since each derivative 0% D? a is homogeneous of degree p — |3| in (&,e71), it

suffices to prove estimate (4.2) only for & = = 0. We have to show that there is
a constant C' > 0, such that

IX(§a(z, &) < C ()™ ("
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for all (z,£) € T*R™ and € € (0,1]. Such an estimate is obvious if £ varies in a
compact subset of R™, for x vanishes in a neighbourhood of £ = 0. Hence, there is
no restriction of generality in assuming that |£| > R, where R > 1 is large enough,
so that x(¢) =1 for || > R.

We distinguish two cases, namely € < (§)~! and € > (£)~!. In the first case we
immediately get

la(z,&,6)] = (©)"alz,£/(8),£(6))]
< ",

where C' is the supremum of |a(x,&’,¢")| over all x, 1/v/2 < |¢/| <1 and &' € [0,1].
Moreover, ()™ # is bounded from below by a positive constant independent of
¢ and ¢, for ¢ < 1. This yields |a(z,&,e)] < C' (&)™ #(£)* with some new
constant C’, as desired.

Assume that ¢ > ()71, Then 71 < (¢) whence

la(z,&,6)] = [e7"a(z, 6, 1)
< Cet(Ee™
= C{)m M (e H )"
with C' a constant independent of z, £ and e. If u > 0 then the factor (e~1(e&))
is estimated by
(72 + |2 < 202 ().

If 1 < 0 then this estimate is obvious, even without the factor 2#/2. This establishes
the desired estimate. (]

The family S™7#~J with j = 0,1,... is used as usual to define asymptotic
sums of homogeneous symbols. A symbol a € §""* is said to be polyhomogeneous
if there is a sequence {a,—;};=o0,1,... of smooth function of (z,&) € T*R™ \ {0} and
¢ > 0 satistying |8§D?a#,j(x,£, )| < Cop (€)™~ 18l for |¢] > 1 and o, B € Z%,
such that every a,_; is homogeneous of degree u — j in (£, ') and a expands as
asymptotic sum

CL(SU, 57 5) ~ X(é-) Z Qy—j ({IJ7 ga 5) (44)
j=0
N
in the sense that a — XZau_j e SmN-Lu=N=-1l {5 all N =0,1,....
§=0

The appropriate concept in abstract algebra to describe expansions like (4.4) is
that of filtration. To wit,

o0

ST @ (Sﬁ;j’”‘j S Sm—j—Lu—j—l) .

phg phg
j=0

Each symbol a € S;'];’; possesses a well-defined principal homogeneous symbol
of degree p, namely o#(a) := a,. To construct an algebra of pseudodifferential
operators on X with symbolic structure one need not consider full asymptotic ex-
pansions like (4.4). Tt suffices to ensure that the limit o#(a) exists and the difference
a — xot(a) belongs to S™~1#~1. For more details we refer the reader to Section

3.3 in [Fra90].
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The class of polyhomogeneous symbols S;';”l; with ¢ < 0 gains in interest if we
realise that

a(xz,& ) ~e Hy ZajaH _j(z,e€,1)

where a,_;(z,£,1) are homogeneous functlons of degree 0 in (£,e71). Thus, any
symbol a € ngl’g“ with p < 0 factors through the power e~# which vanishes up to
order —p at € = 0.

We may now quantise symbols a € S™* as pseudodifferential operators on X in
just the same way as in Section 3. The space of operators A = Q(a) with symbols

a € 8™ is denoted by U™ H(X).

Theorem 4.5. Let A € U™H(X). For any r,s € R, the operator A extends to a
bounded mapping

A:H(X) = H ™™ 7HX)
whose norm is independent of € € [0, 1].

Proof. This is a consequence of Theorem 3.7. O

Let W1 (X) stand for the subspace of ¥ #(X) consisting of those operators
which have polyhomogeneous symbols. For A € W;ﬁg(?( ), the principal homo-
geneous symbol of degree p is defined by o#(A) = o*(a), where A = Q(a).
If o#(A) = 0 then A belongs actually to 47;?1;1”‘_1(%). Hence, the mapping
A: H™(X) — H"~ ™" #(X) is compact, for it factors through the compact em-
bedding

Hr7m+1,sf,u+1(X) N Hrfm,sfu(X)'

Theorem 4.6. If A € W)}"(X) and B € W7 (X), then BA € W™ (X) and
oltV(BA) = o (B)o*(A).

Proof. See for instance Proposition 3.3.3 in [Fra90]. O

As usual, an operator A € P} (X) is called elliptic if its symbol o*(A)(, ¢, €)
is invertible for all (z,&) € T*X \ {0} and £ € [0, 1].

Theorem 4.7. An operator A € Wm’“(X) is elliptic if and only if it possesses
a parametric P € @p he X)), i.e. PA =1 and AP = I modulo operators in
Pmoomo (X)),

Proof. The necessity of ellipticity follows immediately from Theorem 4.6, for the
equalities PA = I and AP = I modulo ¥~°7°°(X) imply that o~ #(P) is the
inverse of o#(A).

Conversely, look for a parametrix P = Q(p) for A = Q(a), where p € Sphg“
has asymptotic expansion p ~ p_,, +p_,—1+.... The ellipticity of A just amounts
to saying that

o"(A)(@,&,€) = c ()" H[¢)"
for all (z,§) € T*X \ {0} and ¢ € [0,1], where the constant ¢ > 0 does not
depend on z, ¢ and . Hence, p_, := (c#(A))~! gives rise to a “soft” parametrix

PO = Q(xp_,) for A. More precisely, P(¥) € lpl;g’_“(X) satisfies PO A = I and



12 E. DYACHENKO AND N. TARKHANOV

AP© = T modulo w—1=1(Xx). Now, the standard techniques of pseudodifferential
calculus applies to improve the discrepancies P(WA — I and AP — I, see for
instance [ST05]. O

To sum up the homogeneous components p_,_; with j = 0,1,..., one uses a
trick of L. Hormander for asymptotic summation of symbols, see Theorem 3.6.3 in
[Fra90].

Corollary 4.8. Assume that A € nglg‘()() is an elliptic operator on X. Then, for
any r,s € R and any large R > 0, there is a constant C > 0 independent of €, such
that

[ullr,s < C (| Aullr—m,s—p + llull-r,~r)
whenever u € H™*(X).

Proof. Let P € ¥;"""(X) be a parametrix of A given by Theorem 4.7. Then we
obtain

lullrs = [1P(Au) + (I = PA)ul,s
< IP(Aw)lrs + 1(T = PA)ullr,s

for all u € H™*(X). To complete the proof it is now sufficient to use the mapping
properties of pseudodifferential operators P and I — PA formulated in Theorem
4.5. |

5. ELLIPTICITY WITH LARGE PARAMETER

Setting A = 1/e we get a “large” parameter. The theory of problems with large
parameter was motivated by the study of the resolvent of elliptic operators. Both
theories are parallel to each other. Substituting ¢ = 1/ to (4.1) and multiplying
A by \™H yields

A@,D,N) = Y a,(x)N D"

la|+5<m
J<m—p

in local coordinates in X'. For this operator the ellipticity with large parameter
leads to the inequality

| D Gag@NE = e\ O™ e,

|| +j=m
JS<m—p

which is a generalization of the Agmon-Agranovich-Vishik condition of ellipticity
with parameter corresponding to p = 0, see [AV64], [Vol06] and the references given
there.

6. ANOTHER APPROACH TO PARAMETER-DEPENDENT THEORY

In this section we develop another approach to pseudodifferential operators with
small parameter which stems from analysis on manifolds with singularities. In this
ares the role of small parameter is played by the distance to singularities and it has
been usually chosen as a local coordinate. Thus, the small parameter is included
into functions under study as independent variable and the action of operators
include also that in the small parameter. Geometrically this approach corresponds
to analysis on the cylinder C = X x [0, 1] over a compact closed manifold X of
dimension n, see Fig. 1. Subject to the problem its base ¢ = 0 can be thought
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1

n—1

Fia. 1. A cylinder C = X x [0,1) over X

of as singular point blown up by a singular transformation of coordinates. In this
case one restricts the study to functions which are constant on the base, taking on
the values 0 or oo. In our problem the base is regarded as part of the boundary
X x {0} of the cylinder C, and so we distinguish the values of functions on the base.
The top X x {1} is actually excluded from consideration by a particular choice of
function spaces on the segment ) = [0, 1], for we are interested in local analysis at
e=0.

Basically there are two possibilities to develop a calculus of pseudodifferential
operators on the cylinder C. Either one thinks of them as pseudodifferential opera-
tors on X’ with symbols taking on their values in an operator algebra on [0,1]. Or
one treats them as pseudodifferential operators on the segment [0, 1] whose symbols
are pseudodifferential operators on X'. Singularly perturbed problems require the
first approach with symbols taking on their values in multiplication operators in
L(V,W), where

V. = L*0,1],e7%),
W = LZ([Oa 1]75727)
with v € R.

Any continuous function a € C[0, 1] induces the multiplication operator u — au
on L?([0,1],727) that is obviously bounded. Moreover, the norm of this operator
is equal to the supremum norm of a in C[0, 1]. Hence, C[0, 1] can be specified as a
closed subspace of L(V, W).

Pick real numbers p and s. We endow the spaces V' and W with the families of
norms

lulle = 14€)* gy ull L2(po.11.6-20),
I flle = ||<§>57“%<_5f||L2([o,1],g—2w)
parametrised by £ € R™, where
(enu)(e) = A7HZy(Ne),

Ganf)e) = A2 ()
for A < 1.
The space L2(X,V,| - ||¢) is defined to be the completion of C*°(X,V) with

respect to the norm
lull, = /R 1Pvull2de,
i n

where {g;} is a C'° partition of unity on X subordinate to a finite coordinate
covering {U; }.

Remark 6.1. The space L?(X,V,| - |¢) is locally identified within abstract edge
spaces H*(R™,V, 5¢) with the group action s on 'V = L?([0,1],e727) defined above,
see [STO5].
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In a similar way one introduces the space L?(X, W, || - ||¢) whose norm is denoted
by [ - [[s—puy- Set
H>7(C) = LAX, V.| - ),
He=m(C) = LX(X, W, |- [le),
which will cause no confusion since the right-hand sides coincide for 4 = 0, as is
easy to check. We are thus led to a scale of function spaces on the cylinder C which
are Hilbert.

Our next objective is to describe those pseudodifferential operators on C which
map H*7(C) continuously into H*~#7(C). To this end we specify the definition of
symbol spaces, see (3.3). If a(z,&,¢) is a function of (z,£) € T*R™ and ¢ € [0, 1],
which is smooth in (z,£) and continuous in ¢, then a straightforward calculation
shows that

|07 Dgala, & 2)leqvawye = (€7 sup (97 DFa)(r.&</(€))
holds on all of T*R™. We now denote by S* the space of all functions a(z, &, ¢) of
(z,€) € T*R™ and ¢ € [0, 1], which are smooth in (z,&) and continuous in ¢ and
satisfy

(95 D{a)(x,&,2/())] < Cas ()1 (6.1)

for all multi-indices a, 8 € Z%,, where C, g are constants independent of (z,€) and
E.

In terms of group action introduced in Remark 6.1 the symbol estimates (6.1)
take the form

|56 02 D a(, &, €)s2(¢) | 222 ((0,17.-27)) < Clayp ()17

for all (z,£) € T*R™ and «, B € ZY,, cf. [ST05]. In particular, the order of the
symbol a is u. Moreover, using group actions in fibers V and W gives a direct way
to the notion of homogeneity in the calculus of operator-valued symbols on T*R™.
Namely, a function a(z, €, ), defined for (x, &) € T*R™\ {0} and € > 0, is said to be
homogeneous of degree y if the equality a(z, A, €) = Minza(x, &, e)s " is fulfilled
for all A > 0. It is easily seen that a is homogeneous of degree p with respect to
the group actions » and 3 if and only if a(z, A, e/\) = Ma(z,§,e) for all A > 0,
i.e. a is homogeneous of degree p in (£,e71). Thus, we recover the homogeneity of
symbols invented in Section 4.

Lemma 6.2. Assume that the limit
ot(a)(x, & €) = )\lim A H5 Pz, N €) 50
—00
exists for some x € R™ and all § € R™ and ¢ > 0. Then o (a)(x,&,¢€) is homoge-

neous of degree L.

Proof. Let s > 0 and let u = u(e) be an arbitrary function of V. By the definition
of group action, we get

ot(a)(z,s&,e)u = )\lim A H5 Pz, NS, €)sau
—00
= s“ifs( lim (X)_”f{;,la(x,)\'f,a)%x)%s_lu,
A =00

the second equality being a consequence of substitution A = As. Since the expres-
sion in the parentheses just amounts to o*(a)(z, &, €), the lemma follows. O
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The function o#(a) defined away from the zero section of the cotangent bundle
T*C is called the principal homogeneous symbol of degree p of a. We also use
this designation for the operator A = Q(a) on the cylinder which is a suitable
quantization of a.

Example 6.3. As defined above, the principal homogeneous symbol of differential
operator (4.1) is

o (A)(z,&,e) = lim A‘“( Z Ao, (x) (X)) (k;laj%,\))

A—00
la]—i<p
|a|<m
o i
= E Qa,j ($)§ '3y,
lal=j=n
Jo| <m

cf. Example 4.3.

Now one introduces the subspaces Sghg in S* consisting of all polyhomogeneous
symbols, i.e., those admitting asymptotic expansions in homogeneous symbols. To
do this, we need an auxiliary result.

Lemma 6.4. Let a be a C* function of (z,§) € T*R™\ {0} and ¢ > 0 with a =0
for|x| > 1. If a is homogeneous of degree p, then xa € S* for any excision function
X = x(&) for the origin in R™.

Proof. Since each derivative 8§D? a is homogeneous of degree p — |3], it suffices to
prove estimate (6.1) only for o = 8 = 0. We have to show that there is a constant
C > 0, such that

152, (x(€)al(z, &, €)) 26yl (2 (o11,6-2)) < C(E)"

for all (z,£) € T*R™ and ¢ € [0,1]. Such an estimate is obvious if £ varies in a
compact subset of R™, for y near £ = 0. Hence, we may assume without loss of
generality that |{| > R, where R > 1 is sufficiently large, so that x(¢) = 1 for
|€] > R. Then

152 (X(©)a(@,€,€)) el erzon)e-2yy = llal@, & /(€D ez,
< C©*,

where

C= sup |la(z,§/(€),e)llcza(o),e-2v))-
(z,§)€T*R"
From conditions imposed on a it follows that the supremum is finite, which com-
pletes the proof. O

In contrast to Lemma 4.4 no additional conditions are imposed here on a except
for homogeneity. This might testify to the fact that the symbol classes S* give the
best fit to the study of operators (4.1).

The family S#~7 with § = 0,1,... is used in the usual way to define asymptotic
sums of homogeneous symbols. A symbol a € S* is called polyhomogeneous if there
is a sequence {a,—;}j=0,1,.. of smooth function of (z,£) € T*R™ \ {0} and ¢ > 0,
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such that every a,_; is homogeneous of degree p — j in (§,e7') and a expands as
asymptotic sum

G(I, 57 E) ~ X(g) Z Ap—j (1’7 ga 5) (62)
§=0
N
in the sense that a — Xzau—j eSHN-1lforall N=0,1,....
j=0

Each symbol a € S, admits a well-defined principal homogeneous symbol of
degree p, namely o/ (a) := a,. We quantise symbols a € S* as pseudodifferential
operators on X similarly to Section 3. Write W*(C) for the space of all operators
A = Q(a) with a € S*.

Theorem 6.5. Let A € W*(C). For any s,y € R, the operator A extends to a
bounded mapping
A:H>(C)— H*M(C).

Proof. This is a consequence of Theorem 3.7. (]
Let Wg‘hg(C) stand for the subspace of W#(C) cousisting of all operators with

polyhomogeneous symbols. For A = Q(a) of Wr‘fhg(C), the principal homogeneous
symbol of degree p is defined by o/ (A) = o#(a). If o#(A) = 0 then A belongs to
!Z/I‘;};; (C). When combined with Theorem 6.6 stated below, this result allows one to
describe those operators A on the cylinder which are invertible modulo operators
of order —co.

Theorem 6.6. If A € W} (C) and B € W}, .(C), then BA € WI’)‘}E’(C) and
o't (BA) = o¥(B)o"(A).

Proof. This is a standard fact of calculus of pseudodifferential operators with oper-
ator-valued symbols. O

As usual, an operator A € ¥/ (C) is called elliptic if o/ (A)(x,§,€) is invertible
for all (z,&,¢) away from the zero section of the cotangent bundle T*C of the
cylinder.

Theorem 6.7. An operator A € !I/I’)‘hg (C) is elliptic if and only if there is an operator

Pe W&é(C), such that both PA =1 and AP = I are fulfilled modulo operators of

U—>=(C).
Proof. The necessity of ellipticity follows immediately from Theorem 6.6, for the
equalities PA = I and AP = I modulo ¥~°°(C) imply that o~ #(P) is the inverse
of o#(A).

Conversely, look for an inverse P = Q(p) for A = Q(a) modulo ¥~°°(C), where
pE Sp_h’; has asymptotic expansion p ~ p_, +p_,—1+.... The ellipticity of A just
amounts to saying that

o (A)(z,& ) = cl¢”
for all (z,£) € T*X\{0} and € € [0, 1], where the constant ¢ > 0 does not depend on
z, € and e. Hence, p_,, := (o#(A))~! gives rise to a “soft” inverse P(*) = Q(xp_,.)
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for A. More precisely, P(9) ¢ W 1t (C) satisfies POA =T and AP©® = I modulo
operators of ¥~1(C). Now, the standard techniques of pseudodifferential calculus

applies to improve the discrepancies P(YA — I and AP — I, see for instance
[STO05]. O

We avoid the designation “parametrix” for P since the operators of ¥ ~°(C) need
not be compact in H*7(C).

Corollary 6.8. Assume that A € Q/I’)‘hg((,’) is an elliptic operator on C. Then, for
any s,v € R and any large R > 0, there is a constant C > 0 independent of €, such
that

Hu”sn <C (HAUJ”S—M,"/ + HUH—RKY)

whenever u € H>7(C).

Proof. Let P € ![/I;fé (C) be the inverse of A up to operators of ¥~>°(C) given by
Theorem 4.7. Then we obtain

lulls, = [[P(Au) + (I = PA)uls,
1P (Au) |5,y + [[(L = PA)ulls

IN

for all w € H*7(C). To complete the proof it is now sufficient to use the mapping
properties of pseudodifferential operators P and I — PA formulated in Theorem
4.5. O

We finish this section by evaluating the local norm in H*7(C) to compare this
scale with the scale H™*(X) used in Section 4. This norm is equivalent to that in
L2R™, V,| - |l¢), which is

iy = [ A IO ey

1
= /n<§>25+2771/0 6727|ﬂ(f,5/<§>)|2d€d€.

Substituting &’ = ¢/(¢) yields

iz, = [ (] e i i) de

1
Jereran([ o @gpagreamla e e
0 (E)<1/e

1
which is close to / 5_2(7+A7)Hu||%,s,s,M(X)d5 with any Ay € R.
0

Remark 6.9. The modern theory of pseudodifferential operators on manifolds with
singularities allows one to study the problem for compact manifolds X with boundary
as well.
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7. REGULARIZATION OF SINGULARLY PERTURBED PROBLEMS

The idea of constructive reduction of elliptic singular perturbations to regular
perturbations goes back at least as far as [FW82]. For the complete bibliography
see [Fra90, p. 531].

The calculus of pseudodifferential operators with small parameter developed in
Section 4 allows one to reduce the question of the invertibility of elliptic operators
A e W (X) acting from H™*(X) into H"~"™*7#(X) to that of the invertibility of
their limit operators at ¢ = 0 acting in usual Sobolev spaces H*(X) — H* H(X).
To shorten notation, we write A(e) instead of A(x, D, ¢), and so A(0) € Lpghg(é\,’) is
the reduced operator.

Given any f € H"™™* H#(X), consider the inhomogeneous equation A(e)u = f
on X for an unknown function v € H™*(X). We first assume that v € H™*(X)
satisfies A(e)u = f in X.

Since the symbol o#(A(e))(x, &, €) is invertible for all (x,&) € T*X \ {0} and
e € 10,1], it follows that A(0) is an elliptic operator of order p. Hence, the Hodge
theory applies to A(0). According to this theory, there is an operator G € LD;h‘;(X )
satisfying

u = H%+ GA(0)u,

f o= Hf+A(0)GS
for all distributions u and f on X, where H® and H! are L?(X)-orthogonal pro-
jections onto the null-spaces of A(0) and A(0)*, respectively. (Observe that the
null-spaces of A(0) and A(0)* are actually finite dimensional and consist of C*>°
functions.)

Applying G € ¥,/>""(X) to both sides of the equality A(0)u+(A(e)—A(0))u = f
on X we obtain

(7.1)

u—H=Gf—G(A() — A0)) u (7.2)
for each uw € H™*(X). (We have used the first equality of (7.1)). This is a far-
reaching generalization of formula (2.2), for the function Gf € H"~(m=1:5(X) is
a solution of the unperturbed equation A(0)Gf = f, which is due to the second
equality of (7.1). Let u < m. Since the “coefficients” of A(e) are continuous up
to e = 0, it follows that (A(e) — A(0)) u converges to zero in H" ™3 #(X) as
e — 0. By continuity, G (A(¢) — A(0)) u converges to zero in H"~(m~#):5(X), and
so u — H'u € H™*(X) converges to Gf in H™~(m=#):5(X) as e — 0. If p > m
then in the same manner we can see that u — H%% € H™*(X) converges to Gf in
H™*(X) as € = 0.

The solution u of A(g)u = f need not converge to the solution G f of the reduced
equation, for both solutions are not unique. Formula (7.2) describes the limit of
the component v — H% of u which is orthogonal to the space of solutions of the
homogeneous equation A(0)u = 0. This results gains in interest if the equation
A(0)u = 0 has only zero solution, i.e. HY = 0. The task is now to show that from
the unique solvability of the reduced equation it follows that A(¢)u = f is uniquely
solvable if € is small enough.

Theorem 7.1. Suppose that A(e) € W™ (X) is elliptic. If the reduced operator
A(0) : H*(X) — H* "(X) is an isomorphism uniformly with respect to e € [0,1],
then A(e) : H™*(X) — H™*H(X) is an isomorphism, too, for all e € [0,g0] with
sufficiently small ¢.
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Proof. We only clarify the operator theoretic aspects of the proof. For symbol
constructions we refer the reader to Corollary 3.14.10 in [Fra90] and the comments
after its proof given there.

To this end, write I = GA(0) + (I — GA(0)) whence

Ale) = A0) + (A(e) — A(0)) GA(0) + (Ae) — A(0))(I — GA(0))
(I + (A(e) — A(0)G) A(0) + (Ale) — A(0))(I — GA(0))

for all € € [0,1]. As mentioned, the difference A(e) — A(0) is small if £ < 1 is small
enough. Hence, the operator

Qe) = I+ (A(e)—A0)G
= H°+ A(e)G

is invertible in the scale H™*(X'), provided that € € [0, 0] where g < 1 is sufficiently
small.

If the operator A(0) € ¥#(X) is invertible in the scale of usual Sobolev spaces on
X, then the product Q(£)A(0) is invertible for all € € [0,e0]. Hence, by decreasing
go if necessary, we conclude readily that A(e) is invertible for all £ € [0,e¢], as
desired. g

The proof above gives more, namely

Ale) = Q()A(0) +5°),
= A(0)Q(e) + 5'(e),

where S%(¢) and S'(¢) have at most the same order as A(¢) and are infinitesimally
small if € — 0.

From (7.3) it follows immediately that for the operator A(e) to be invertible
for small € it is necessary and sufficient that A(0) would be invertible. Any rep-
resentation of a singularly perturbed operator A(e) in the form (7.3) is called a
regularization of A(g).

(7.3)
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