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Essential self-adjointness of symmetric linear
relations associated to first order systems

Matthias LESCH

Abstract

The purpose of this note is to present several criteria for essential self-
adjointness. The method is based on ideas due to Shubin.

This note is divided into two parts. The first part deals with symmetric
first order systems on the line in the most general setting. Such a symmetric
first order system of differential equations gives rise naturally to a symmetric
linear relation in a Hilbert space. In this case even regularity is nontrivial.
We will announce a regularity result and discuss criteria for essential self-
adjointness of such systems. A byproduct of the regularity result is a short
proof of a result due to Kogan and Rofe-Beketov [8]: the so—called formal
deficiency indices of a symmetric first order system are locally constant on
C\ R. The regularity and its corollary are based on joint work with Mark
Malamud. Details will be published elsewhere.

In the second part we consider a complete Riemannian manifold, M, and
a first order differential operator, D : C§°(E) — C§°(F), acting between
sections of the hermitian vector bundles E, F. Moreover, let V : C®°(E) —
LY (E) be a self-adjoint zero order differential operator. We give a sufficient
condition for the Schrodinger operator H = D'D + V to be essentially self-
adjoint. This generalizes recent work of I. Oleinik [11, 12, 13], M. Shubin
(16, 17], and M. Braverman [2].

We essentially use the method of Shubin. Our presentation shows that
there is a close link between Shubin’s self - adjointness condition for the
Schrodinger operator and Chernoff’s self-adjointness condition for powers of
first order operators.

We also discuss non-elliptic operators. However, in this case we need an
additional assumption. We conjecture that the additional assumption turns
out to be obsolete in general.

The criteria we are going to present in the first and second part of this
note are very closely related. In fact, after we had done the second part, we
saw that the theory can be extended to symmetric linear relations associated
to symmetric first order systems.
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1. First order systems on the line
Let I C R be an interval. We consider a first order system

df

J(z) ==+ B(2)f(z) = #(z)g(2), (1.1)
where
J € AC(I,M(n,C)), J(z) =—J(z)*, detJ(z)#0, forz €I,
B € L, (I, M(n, C)), B(z) = B(z)* — J'(z), forz € I, (1.2)
H € LL.(I,M(n,C)), H(z) = H#(x)", H(x)>0, forzel

Here, M(n, C) denotes the set of complex n x n matrices and AC(I, M(n,C)) the
set of absolute continuous functions with values in M(n, C).

We need some more notation: we equip Cy(/,C"), the space of continuous C"-
valued functions with compact support, with the (semidefinite) scalar product

fog)r = / £ (2)" 2 (x)g()d, (1.3)

and denote by .£% (I) the completion of Cy(I,C") with respect to the semi-norm
induced by (1.3). Alternatively, %2 (I) can be described as the set of Borel-
measurable C"-valued functlons satlsfvmg (f, D = [, F( z)f(z)dr < oo.
e vl e puts Lo (1) 23, (VAT € S8 U N L) L2 () oo Hitber
space. For a function f € .#2 (I) we will denote by f the corresponding class in
L%, (I). If #(z) is invertible a.e. then a class f contains at most one continuous
representative, hence if J# ia:) is invertible a.e. and f is continuous we will not
distinguish between f and f.

Assume for the moment that #(z) is invertible for almost all x € I and
H(x)~t € L}, .(I,M(n,C)). Then (1.1) induces a symmetric operator

L= " (Ji+B) (1.4)
dz

in the Hilbert space L%, (I) with domain 2(L) = AComp(I,C"). The symmetry is

implied by B = B* — J' and J#* = . However, the interesting case is the one

where #(z) is singular. If 7 (z) is singular then (1.1) will in general neither define

an operator nor will it be densely defined. Rather it will give rise to a symmetric

linear relation, whose definition we recall for the reader’s convenience:
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Definition 1.1. Let $ be a linear space equipped with a positive semidefinite her-
mitian sesqui-linear form (-,-). A linear subspace . C $ x § is called a symmetric
linear relation (s.L.r.) if for {f;,g;} € #,j = 1,2, one has (f1, g2) = (f2, q1)-

For example, the graph of an (unbounded) symmetric operator in §) is a s.L.r.
The system (1.1) defines a symmetric linear relation, i, in £%(I) as follows:
{f,9} € Fminif and only if f € ACcomp(I,C*),9 € L% cop(I) and Jf'+Bf = #g.

Zmin induces a symmetric linear relation, Spin, in L%, (I) in a fairly straightfor-
ward way: {]7, G} € Smin if and only if there exist representatives f € f,g € § such
that {f, 9} € Zmin-

Looking at first order systems seems to be rather special. Therefore, it is impor-
tant to note that an arbitrary symmetric n‘*-order system is unitarily equivalent to
a symmetric first order system ([8], [14]). In most cases, however, the Hamiltonian
H of this first order system will be singular. As an example we show how a second
order Sturm-Liouville equation can be transformed into a system of the form (1.1):

Example 1.2. We consider a Sturm-Liouville type equation

4 (4 Lu(e)) + V@) = @) (1.5)
where A,V, 5 € L. .(I,M(n,C)) and A(z) is positive definite for all z € I. The
system (1.5) defines a symmetric linear relation as follows: {u,v} € S, if and only
if u € ACcomp(I,C"), A7 Lt € ACcomp(I,C*), v € L5 (omp({) and (1.5) holds. As
before, let Siin := {{©, 0} | {u,v} € Fmin}-

Note that if v € 25 . (I) then, since # € Ly, (I,M(n,C)), v belongs to

Léomp(/{f"). Consequently, {(u,iA™"£u), (v,0)} is in the symmetric linear rela-
tion, Fnin, induced by the system

G @ 2)@)-=(T06) oo

Conversely, if {(f1, f2),(91,92)} € 3’7:,;1 then {f1,91} € Fmin- It is also clear that
H

the Hilbert spaces L?, (I) and Li?(I ) H = ( 0 8), are canonically isomorphic.
Hence the s.1.r. Spin and Spin in L%, (I) resp. L?/?(I ) are unitarily equivalent.

If /#(z) is invertible and ()" € Lj,.(I,M(n,C)) then Sui, is (the graph of)
a densely defined symmetric operator in the Hilbert space L?, (I). However, J#(z)
is singular everywhere.

The following example shows that the domain of the s.l.r. Sy, can be rather
small:

-1 0 00
then fj = g1, f] = 0, and since f is absolute continuous with compact support we

infer f; = 0. Hence ##f = 0 and thus f = 0. Thus, the domain of Sy, is {0}.

Example 1.3. Let B=0,J = ( 0 1) ,and J#(z) = (1 0). If {f,g9} € Zmin
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The system (1.1) can be simplified further and put into canonical form. Details
of the construction can be found in [8, Sec. 1.3] or [10]. For the moment denote
by &#(J, B, ) the s.l.r. induced by the system (1.1). A ”gauge transformation”
U € AC(I,GL(n,C)) induces a unitary map

Uy LL() - LAD, fo UV, #:=UH#U, (1.7)

and a simple computation shows that

o~

Uy.#(J, B, )}, = F(J, B, #), (1.8)
where
J=U*JU, B=U*JU +U*BU, # =U"#U. (1.9)

It can be shown that the gauge transformation U can be chosen in such a way that
J is constant and B = 0. Such a system is called ”canonical”.

Pick zo € I and let Y(.,A) : I — M(n,C) be the solution of the initial value
problem

J(@)Y'(z,\) + B(z)Y (z,A) = A (2)Y (z,)), Y(zo,)) = I,,. (1.10)

Here, I,, denotes the n X n unit matrix. The existence of Y follows from the inte-
grability assumptions in (1.2).

Definition 1.4. The system (1.1) is said to be definite on I if there exists a compact
subinterval Iy C I such that the matrix

/ Y (2, ' (2)Y (z, \)do (1.11)
Io

is invertible for a A € C.

If the system is definite then (1.11) is invertible for all A € C [8, Theorem 1.1].
The property of a system (1.1) to be definite is gauge invariant. There is a simple
criterion for definiteness: namely, if there exists a compact subinterval Iy C I such
that [ 1, € is invertible, then the system is definite. For a canonical system (B = 0)
this criterion is also necessary. In general, the definiteness will also depend on J
and B.

Some bibliographic comments are in order, however we do not claim to give a
complete historical account: A standard reference for symmetric linear relations
arising from symmetric first order systems is the thesis of Orcutt [14], which un-
fortunately has not been published. Other references are [1], [9], [4]. First order
systems have been studied extensively in [8]. Canonical systems are discussed in
great detail in [5].
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1.1. Regularity of the maximal relation

We consider again the system (1.1), (1.2).

Definition 1.5. We denote by S the closure in L2, (I) x L%,(I) of Syin and by

Smax = S* = {{f,9} € L% (I) x L% (I)|(f,v) = (g,u) for all {u,v} € S} the
adjoint of S. Moreover, let

ymax = {{f7g} l f,gEfgf(I),fEAC(I,(C"),Jf’-{-Bf:jfg}

The notation Smax is deliberately chosen: if S is the graph of a symmetric
first order operator as in (1.4) then it is well-known that each pair {f,g} has
representatives {f, g} € Fmax. It is exaggerating but true that this follows from

elliptic regularity. For the system (1.1) the same statement holds true, although it
is less obvious:

Theorem 1.6 (Regularity Theorem). Let {f,3} € Smax. Then for each repre-
sentative g € g there exists f € f such that {f, g} € Fmax-

For definite systems this has been proved by Orcutt [14, Thm. I1.2.6 and Thm.
IV.2.5]. Another proof for (not necessarily definite) 2 x 2 canonical systems was
given by 1.S. Kac [7] in the deposited but unpublished elaboration of [6]. The proof
of a more detailed version of Theorem 1.6 will be published in [10, Sec. 2].

We present an application of the regularity theorem: Let

E(S) ={fe L, (I)NACU,C") | Jf' + Bf = X\#f}, (1.12)

and denote by A4(S) := dim &4;(S) the formal deficiency indices of the system
(1.1). Furthermore, for a symmetric linear relation A in the Hilbert space ) we
denote by

Ex(A)={feh | {f AfteAa},  ANeC, (1.13)

the defect subspace and by N4 (A) := dim F;(A) the deficiency indices of A. It is
well-known that

dim E15(A) = Ni(A), AeC,:={z€Z|Imz>0}. (1.14)

Namely, the relation A* — X is semi-Fredholm for A € C\ R. Thus dim F)(A) is
locally constant on C \ R and therefore dim F1,(A) = dim E4;(A) for A € C;..

The same statement for the dimensions of the formal defect subspaces &)(S) is
true but less trivial. The only proof we know of is due to Kogan and Rofe-Beketov
[8, Sec. 2]. It uses methods from complex analysis and is rather technical. Using
Theorem 1.6 we can give a painless proof of this fact:

Theorem 1.7 ([8, Theorem 2.1], [10, Sec. 2]). Let S be a general symmetric
system (1.1), (1.2) on an interval I C R. If the system is definite or if the interval
is half-closed, i.e. I =1[0,a), then

dim &4, (S) = dim &4;(S) =: AL(S), for AeC,.
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Proof. 1. We assume first that the system S is definite. Then the quotient map
é\(S) — Ex(S), f — f is bijective.

Indeed, the injectivity follows immediately from the definition of definiteness. To
prove surjectivity, consider f € E)(S). This means {f,A\f} € Snax and in view of
Theorem 1.6 there exists f € f, f € AC(I,C*)N.%2 (I) such that Jf'+ Bf = A\Jf.
Thus f € E,(S). This proves surjectivity.

Now we have dim &)(S) = dim E(S) and in view of (1.14) we reach the conclu-
sion.

2. If S is not definite but J = [0,a) we replace S by H = A+ xIn, WhereAZ(

is the characteristic function of an interval [0,e) C I. The system S = S(J, B, )
is definite on I and 1. applies. To complete the proof it remains to note that we
obtain a linear isomorphism, ®, from &)(S) onto &)(5) as follows: for f € &\(S5) let

® f be the solution of the differential equation Jy' + By = Ay with f | [¢,a) =
f 1 [e a). O

1.2. Essential self-adjointness

In this section we study the system (1.1) on the real line and discuss criteria for
essential self-adjointness. As a motivation, let {f, h} be in the "square” of Huin,
that is there is a g € £2 (I) such that {f,g} € Fmin and {g,h} € Finin. This is
equivalent to the equation

ENE-6 2O oo

with f,g € ACcomp(I,C"),h € L% omp(I). A second example is the system dis-
cussed in Example 1.2. These examples lead us to consider a first order system

Jf + Bf = #y, (1.16)

~ 0 J ~ V B —~ (0
=N B=(5 B A0 anm
A is assumed to be nonnegative. V may be viewed as a "potential” added to

Fmin- 1t is clear that L2(I) is canonically isomorphic to L%, (I). We put Frin =

54 (j B, j% For simplicity we will consider the interval R only. For a function
fe .Z’%(]R) we denote by fi, fo the first resp. last n components.

We will use several times that if J#(z) and A(z) are invertible then we can
estimate, for £,n € C,

& Jn| = || A(2) 7€l Alz) 2 () A (2) 2 () 20|

where

1.18
< | A(@) V2 (2) ()" A) PEN | o (2) 20| (119
Thus we put
ofz) = {IiA(x>“/2J(x)%”<:v)"/2IL det(A@# ) £0. o
00, otherwise.
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The self-adjointness criterion we are going to present will depend also on V. We
assume that there exists an absolute continuous function ¢ > 1 on R such that

V> —q#. (1.20)

Lemma 1.8. Let f € L. (R), f(z) > 0, be a non-negative locally integrable func-
tion. Assume in addition that

+oo

+ (z)dz = +o0. : (1.21)

Then there 1s a sequence of functions X, € ACcomp(R) satisfying
1
0<xa <1, [xpl<=f(2), limxn(z)=1, z€R (1.22)
n n—o0

Proof. Let x € C§°(R) with 0 < x < 1, x(z) = 1 in a neighborhood of 0 and
|X'| < 1. Then

(@) =x(;; [ rls)as) (129

does the job. O
Lemma 1.9 ([16, Lemma 3.1], cf. Proposition 2.8 below). Assume that

too 1
ﬂ:/(; sz—)dx =00,
and that |£q7'/%(z)| < C/ec(x). Let {f, g} € Fmax. Then ¢"V2f, € L2(R) and
la™2falla < 2((1+ 263115+ 1711 Algl 7))

Proof. By Lemma 1.8 there are absolute continuous functions x, with 0 < x, <1,
lim x,(z) =1, and
n—o0o

, 1
IXn(z)] < o) (1.24)
Put ¢, := x»q~/?. We have
., 1 |

Then
lonfall’s = / W(2)f3 (@) (T + Bf)(2)da

- / (I (@) fo(x) + B(@) fole))" () — 2 / Ba(@)0(2) folz)* T () (@)
R R

- / G221 (2) H(2) f1 () — / ba(@)? fol2) V(@) fy (2)d
R R

9 / B ()0 () ful2)" T (2) f () de (1.26)
R
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Note that in view of (1.25) the matrices A(x) and S#(x) are invertible if ¢}, (z) # 0.

Combining (1.18), (1.20), (1.25), (1.26) and the well-known estimate 2|ab| < a®+b?
we obtain

lnfalld < [(W3f, 9) 7 + 1¥na" 2 Fill3 + 2Cullvnfollall fll

) ) (1.27)
< ALAlgll 7+ (L + 28111 + §||¢nfzI|A,
or
lnfolls < 2((1 + 2C)1F1I%+ £l Algll 7)- (1.28)
Letting n — oo we reach the conclusion. O

Theorem 1.10 ([16, Theorem 1.1], cf. Theorem 2.3 below). On the interval

R let J, B, # be as in (1.17) with A > 0. Let ¢ > 1 be absolute continuous and
V > —qs#. Moreover, assume that

‘ -12(g C_
— c(z)

+o0 1
2) *+ —_— dr =
@ % =
Then S = S(j, E,ﬁ?) is essentially self-adjoint.

Proof. By Lemma 1.8 there are absolute continuous functions x, € ACcomp(R),
0<xn<1, lim x,(z) =1, and

1
ne(z)g'/?(z)

Note that, again, x,(z) # 0 implies that A(z) and J#(z) are invertible. In view of
the regularity Theorem 1.6 it suffices to show for {f, ¢}, {u,v} € Fmax that

(f;v) = (g,u). (1.30)

By dominated convergence we have

lim ((xnf,v) = (xag,u)) = {f,0) = (g,u). (1.31)

n—00

IXn(2)| < (1.29)

Integration by parts shows that

(Ouf,0) — (xngo ) = — /R ¥ (@) f(2)* T(@)u(e)de

(1.32)
= [ @) (1) T @ualo) + fola) Ty ()
Using (1.18) and Lemma 1.9 this can be estimated by
1
|(Xnf,0) = (xng, u)] < E(”fl” wlla™Puslla + g™ 2 follallun |l ), (1.33)
and we reach the conclusion. O
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Remark 1.11. We emphasize that Lemma 1.9, Theorem 1.10 and their proofs are
adapted from a method due to M. Shubin [16] who proved essential self-adjointness
for certain Schrodinger type operators on complete manifolds. A generalization of
Shubin’s method is presented below in the second part of this paper.

We single out some special cases of the previous theorem.

Corollary 1.12. Consider the system Syin = S(J, B, ) as in (1.1) on I = R.
Put

(z) = {W(x)_I/QJ(xW(x)_l/ 2|, det(#(2)) #0,

} (1.34)
0, otherwise.
Assume
+oo 1

+ / ——dzr = +00. 1.35

e (1:3)

Then Spin and S2,, are essentially self-adjoint, i.e. Smin = Smax and S2,, =
(5%)max-

This corollary generalizes a result of Sakhnovich [15].

Proof. The essential self-adjointness of 52, follows, in view of (1.15), from Theorem
1.10 with V =0,¢ =1 and A = 57.

It is easy to see that, as in the case of a symmetric operator, the essential
self-adjointness of the square of a s.l.r. in a Hilbert space implies the essential self—

adjointness of the s.l.r. itself. However, the essential self-adjointness of Sy, can
easily be seen directly:

According to Lemma 1.8 let x, € ACcomp(R) with 0 < x,, < 1, lim x,(z) = 1,
n—o0
and
1

ne(z)’

IXn(2)] < (1.36)

For {f, g} € Smax we choose, according to Theorem 1.6, representatives {f, g} €
Fmax and put f, 1= x,f. Since x|, vanishes if 5#(z) is not invertible the function
X, (x)"1J f is well-defined. Moreover

6 T < [ X H @) @) () T (2) (@)
< sup(xn(2)e(@) 11123,

1 2
< ﬁ”f”L'ZX,(R)a

hence X\, #(z) ' Jf lies in #% (R) and it converges to 0 in .#% (R). Finally, we
calculate

Jfo +Bfo=xa(Jf' + Bf) + xpJf
= H(Xng + X' Jf)
=: Hg,.

Thus {f.gn} € Fmin and lim {fn gn} = {f, g} and the claim is proved. d
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Corollary 1.13. Let Smin be the symmetric linear relation in L2, (R) induced by
the Sturm-Liouuville type equation
d ., d

_E(A(x) %u(a:)) + V(z)u(z) = H#(x)v(z). (1.37)

That is, {u,v} € Smin if and only if there ezist u € u,v € v such that u, A"lﬁu €
ACeomp(R,C"),v € L omp(R) and (1.37) holds. Here, we assume that A,V, # €
L} . (R,M(n,C)), A(z) is positive definite for all x € R, and that there exists an
absolute continuous function ¢ > 1 such that V' > —q#. Let c(x) be defined by
(1.19). Moreover, assume that

(1) |£q2(2)| < S5

+oo 1

Then Smin s essentially self-adjoint.
Proof. This follows immediately from Theorem 1.10, (1.5), and (1.6). a

Proposition 1.14. Under the assumptions of Theorem 1.10 the system S = S(j,
B, H) is definite.

Proof. Consider f € £%(R) N AC(R, C*") satisfying

Jf'+Bf =0, /f*jz;f:o. (1.38)
R
We have to show that f = 0. (1.38) translates into
Jfi+Bfi— Afa =0, (1.39)
Jfs+Bfa+Vfi=0, (1.40)
/fl*%”ﬂ =0. (1.41)
R

Note that condition (2) in Theorem 1.10 implies that A(z) and 5#(x) are invert-
ible on a set of positive Lebesgue measure. Consequently, the systems .%(J, B, A),
S#(J, B, 5#) are definite.

From Lemma 1.9 and (1.41) we infer ||f2||l4 = 0. Hence Af, = 0 a.e. Since
L (J, B, ) is definite we infer from (1.39) and (1.41) that f; = 0. In view of
(1.40) and Af, = 0 a.e. we may apply the definiteness of #(J, B, A) to conclude
that f2 = 0. O

2. First and second order operators on complete Riemannian

manifolds

Let M be a connected complete Riemannian manifold. Furthermore, let F be a
hermitian vector bundle over M. We denote by L*(FE) the Hilbert space of square
integrable sections of E' with respect to the scalar product

(1) = / (o) vl9)) vl ), (2.1)
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Note that (2.1) is well-defined also if u is only locally square integrable and v has
compact support, or vice versa. L{, (E), L%, .(E) denote the space of sections of E
which are locally square integrable resp. square integrable with compact support.
Sometimes it will be convenient to consider distributional sections of E. We denote
by C~°(E) the (anti)dual space of C{°(E) with respect to the anti-dual pairing
(2.1).

Next we consider a second hermitian vector bundle, F', and a first order differ-
ential operator

D : CP(E) —s CX(F). (2.2)

Note that we do not assume D to be elliptic. We denote by D! the formal adjoint
of D, i.e. for compactly supported sections u € C§*(E),v € C§°(F) one has

(Du,v) = (v, D'u). (2.3)

Thus D, D! extend to maps on distributional sections of E, F' and we will write
Du, D'v also if u,v are distributional sections of E, F, resp. (mostly u,v will at
least be locally square integrable).

Furthermore, let D be the principal symbol of D. Then for u € C~*(F) and
# € C®(M) one has

D(¢u) = D(d¢)u + ¢Du. (2.4)

Remark 2.1. (2.4) holds whenever all ingredients make sense, in particular if u €

L% (E),Du € L% (E) and ¢ is a locally Lipschitz function.

Note that the defining relation (2.4) for the principal symbol implies that

~

D'(¢) = —(D(), ¢€£eT;M. (2.5)

We consider D as an unbounded operator from L?(E) into L?(F). We denote
by Dmin the closure of D and by Dpax = (D')* = ((D')min)*. In general one has
Diin g Diax. Actually, Dyin = Dy 1S equivalent to the essential self-adjointness

of the operator
0 D!
) o)

Next we consider the Schrodinger operator
H:=D'D+V, (2.7)

where 17" € LY (End(F)) is a locally bounded self-adjoint (i.e. for each p € M the
endomorphism V(p) : E, — E, is self-adjoint) potential.

H is a symmetric operator in L?(E) with domain C{°(E). As for D we denote
bv H, the closure of H and H,,, = H* = H*

min*
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Definition 2.2. Let M be a complete Riemannian manifold and let 0 < o < 1 be
a locally Lipschitz function. We write

/ ods = 00, (2.8)

if [0 '(t)]dt = oo for any parametrized curve v : [0,00) — M satisfying
tll)m 7( ) 0. The latter limit is taken in the one-point compactification of M, i.e.
oo

v(t) eventually leaves any compact subset K C M.

Finally, put ¢(z) := max(1, |D(z)|). ¢(z) is an upper estimate for the propagation
speed of D. Now we can state the main result of this section:

Theorem 2.3. Let ¢ > 1 be a locally Lipschitz function such that V > —q. More-
over, assume that

(1) cd(¢~/)| < C,

* ds
2 — =00,
@[
(3) if u € D(Hmax) then Du € LE (F).
Then the operator H is essentially self-adjoint on C§°(E).

We comment on the assumptions and discuss some special cases:

Remark 2.4. 1. We emphasize, that the method presented here is essentially the
one of Shubin [16, 17], modulo necessary changes due to the more general class of
operators under consideration. We found it however worthwhile to show that in
principle all operators of the form D!'D + V can be dealt with in a unified way,
going much beyond the class of Laplace type operators.

Note also the similarity between Theorem 2.3 and Theorem 1.10. Theorem 1.10,
in fact, was inspired by Theorem 2.3.

2. The assumption (3) is automatically fulfilled if D!D is elliptic, or, more
generally, if D!D is elliptic on a ”sufficiently large” subset (see Proposition 2.9
below). We tried hard to prove the following conjecture:

Conjecture 2.5. Let T : C°(E) — C§°(FE) be a first order differential operator
on a Riemannian manifold and assume that T? is essentially self-adjoint. Let u €
L3 (E),T?u€ L} (E). Then Tu € L (E).

Let us first comment on why this conjecture is conceivable. If T? is essentially

self-adjoint then T is also essentially self-adjoint and T =T Hence, if u €
L*(E),T?*u € L*(F) then

ue 9(T?) ={ve L*E) | T e L*(E)}

=9(T)={velL*E) | Tv,T% € L*(E)}. (29)
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Consequently, Tu € L*(E). So, if we remove the "loc” subscripts then the state-
ment of the conjecture holds. Now, since T is a differential operator, it is hard to
believe that the validity of the conclusion depends on global properties of u. If one
believes that the statement is a purely local one then it should be true even without
the essential self-adjointness assumption on T2, since every symmetric first order
differential operator T can be altered outside a compact set in such a way that
all powers become essentially self-adjoint (cf. the proof of Proposition 2.9 below).
Maybe it is possible to prove (or disprove) the conjecture by micro-local methods.
This we did not try too hard.

In Proposition 2.11 below it is proved that the conjecture in conjunction with
condition (2) implies condition (3).

3. Let V =0 and ¢ = 1. Then we obtain the essential self-adjointness of DD
if [*1 = oo. This is exactly Chernoff’s condition 3, Thm. 1.3]. Note that if D*D
is elliptic then our method of proof is independent of Chernoff’s paper. If D'D is
non-elliptic we have to use Chernoff’s results in the proof of Proposition 2.9 (and
also in the proof of Proposition 2.11). It is an interesting question whether this
Proposition could be proved by more elementary means.

If D is a generalized Dirac operator then D is elliptic and ¢ = 1. Hence we obtain
the essential self-adjointness of D? (and thus of D, too). In this case, however, our
proof is very similar to the one of Wolf [18].

4. If ¢ = 1 then Theorem 2.3 contains the main results in [11, 12, 13, 16, 17,
2] as special cases. Note that loc. cit. mostly deal with cases where D'D is a
generalized Laplace operator. In this case, the integrand of (Hu,v) — (u, Hv) can
be expressed explicitly in terms of a divergence. These explicit divergence formulas
are used in an essential way. We emphasize that our method works without such
explicit formulas. The substitute for them is a more elaborate use of the calculus of
unbounded operators in Hilbert space.

In particular, we wanted to include all Dirac type operators. For those, of course,
the explicit divergence formulas could be worked out, although it would be somewhat
tedious.

The magnetic Schrodinger operator considered in [17] is a priori not covered by
Theorem 2.3 if the magnetic potential is not smooth. However, if D'D is elliptic,
our proof can easily be adapted to the case that the Oth order part of D is only
Lipschitz. For the sake of a simpler presentation, however, we will confine ourselves
to the case of an operator D with smooth coefficients.

2.1. Some Preparations

(2.3) holds in greater generality:

Lemma 2.6. Letu € Z(Dmax) L% (E) andv € LY (F) such that D'v € L, (F).
Then u € D(Dyin) and

(Du,v) = (u, D'v). (2.10)

Proof. u € P(Dpnin) follows easily by means of a Friedrich’s mollifier constructed in
a neighborhood of the compact support of u.

X-13



Next choose a cut-off function ¢ € C§°(M) with ¢ = 1 in a neighborhood of
suppu. Then, ¢v € 2(D:,,,) and hence

(Du,v) = (¢Du,v)
(Drmintt, ¢v)
= (u, Dpyaxv) (2.11)
= (u, —D(d¢)*v + ¢D'v)
= (u, D'v),
since supp d¢ N supp u = §. a

Lemma 2.7 (cf. Lemma 1.8). Let 9o > 1 be a locally Lipschitz function on M
with [* d—; = 0o. Then there is a sequence of Lipschitz functions (¢,) with compact
support satisfying

1
0<¢n <1, |[dgn|< o lim ¢o(z) =1, z€ M. (2.12)

Proof. Denote by d, the distance function with respect to the metric g, = 072g.
Then fix o € M and put P(z) = d,(z,z0). As in [16] one concludes lim P(z) = co
T—00

and |dP| < o7'. Now choose a cut—off function x € C°(R) with 0 < x <1, x =1
near 0, and |x'| < 1. Then put

). (2.13)
¢, obviously has the desired properties. O

Proposition 2.8. Assume that [* % = oo and c|d(g7/?)| < C. Let u € 2(Hmax)
and Du € L} (F). Then we have ¢~"/>?Du € L*(F) and

loc
lg™/2Dull < 2( (1 + 20 ull® + Julll|Hul)). (2.14)

Proof. Let 0 < 1 < ¢~'/2 be a locally Lipschitz function with compact support and

put C= sup,epr ¢(p)|dy(p)|-
Using Lemma 2.6 we find

(¢ Du, v Du) = (D'*Du, u)
= 2(y DY (dv) Du, u) + (2 D' Du. u)
= 2(YDYdy)Du, u) + (YHu, u) — (Viou, Yu) (2.15)
< 20 |ull[wDull + l[ull| Hull + [lvq/ul]?
< 2C|ull [ Dl + [full || Hull + [Jul®.

Using 2|ab| < a® + b* the latter can be estimated

9 DulP < (1 + 282 ull + 3 9 Dull + [l (216)
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and thus
leDull® < 2((1+ 283wl + jull| Hel ). (2.17)

We apply Lemma 2.7 with ¢ = ¢ and obtain a sequence (¢, ) of Lipschitz functions
¢ which satisfy (2.12) with ¢ = c. Putting ¢, = ¢,q"'/? we have 0 < 1, < ¢~1/2
and

cldipn| < cq~H?|dpn| + dncld(gV?))|

2.18
<Z+c (215)
n

Since ¥, (p) — q¢"Y/?(p) as n — oo we reach the conclusion by invoking the domi-
nated convergence theorem. O

2.2. Proof of the Main Theorem 2.3

Let u,v € 2(Hpmax) and let 0 < ¢ be a Lipschitz function with compact support.
Since ¢ > 1 the condition (2) implies for any curve v : [0,00) as in Definition 2.2

oo 1 ) 0o _—_1——— , .
A C(’Y(t)) |7 (t)ldt > /0 c(’y(t))\/(;(_tjhl (t)ldt = ’ (219)

hence we can apply Proposition 2.8 and find that qY2Du,q"'/?Dv € L*(F). More-
over, since ¢ has compact support, we have D(d¢)u € L2, (F). Also, since V is
locally bounded, D!Du, D'Dv € L% _(E). Finally, the latter implies in view of

loc
D'¢Du = —D(d¢)*Du + ¢D'Du € L*(E). (2.20)
Using Lemma 2.6 and Remark 2.1 we calculate
(¢u, D'Dv) = (D¢u, Dv)

. (2.21)
= (D(d¢)u, Dv) + (¢ Du, Dv),
and, similarly,
(D'Du, ¢pv) = (Du, D(d¢)v) + (¢Du, Dv). (2.22)
Taking differences we obtain
|(¢u, Hv)—(Hu, $v)| < |(D(d¢)u, Dv)| + |(Du, D(dg)v)] .

< sup(|¢/2(p) | D(d9)1) ull(llg™/2Dull + llg~/* Do)
peEM

Finally we invoke Lemma 2.7 with o = cq'/? and choose a sequence of Lipschitz
functions ¢, with compact support satisfying 0 < ¢, < 1, |do,| < =, lim é,(p) =
o0

VLR
1,p € M. Then by dominated convergence we have on the one hand
(¢pnu, Hv) — (Hu, ¢,v) — (u, Hv) — (Hu,v), n — 0o, (2.24)
and on the other hand
1 _ - -
|(6nte, HV) = (Hu. énv)| < ~[lull(llg™""*Dul| + g~/ Du]). (2.25)

This proves the claim.
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2.3. On condition (3) and Conjecture 2.5
Proposition 2.9. Assume that there are compact subsets K, C M such that

(1) Kn C Kn+1¢

(2) G K, =M,

n=1
(3) there is an open neighborhood U, D K, such that D'D is elliptic in U, \ K,,.
Let u € D(Hpax). Then Du € LE _(F).

loc

Proof. 1. We note first that if D'D is elliptic (everywhere) then this is an easy
consequence of elliptic regularity. Namely, if Hu = v € L (E) then D!Du =
v—Vu e L (E) and hence by elliptic regularity this implies u € H2 (E). Le. u is
locally of Sobolev class H? and hence in particular Du € L2 _(E).

2. If D!D is not elliptic everywhere then we have to invoke the hyperbolic
equation method as presented e.g. by P. R. Chernoff [3]. Asin 1. we have D!Du €
L% (E) and hence, by elliptic regularity, u [ U, \ K, is locally of Sobolev class H?,
in particular (Du) [ U, \ K, is locally square integrable.

We now show that (Du) [ K, is square integrable. Choose a large compact set
K D U, and let D be a first order differential operator which coincides with D over

K and which vanishes outside a large compact set L. Now consider the operator

0 Dt
T := (5 0) . (2.26)

T is a formally symmetric differential operator which vanishes outside a compact
set. Hence, T has bounded propagation speed, in particular it satisfies Chernoff’s
condition [*° % = oco. Thus by the hyperbolic equation method (3] all powers of T
are essentially self-adjoint.

Next choose a cut-off function ¢ € C§°(M) with ¢ = 1 in a neighborhood
of K, and supp¢ C U,. Then the commutator [D'D,¢] = [D'D, @] is a first
order differential operator which is supported in Uy, \ K. In particular [ﬁtﬁ, Plu €
HY,no(E) and hence D'D(¢u) = [D'D, ¢lu+¢D'Du = [D'D, glu+¢D'Du € L*(E).

Then
2 ¢U _ Etﬁ(ﬁu
T<O>_( : ) (2.27)

is square integrable. Since T? is essentially self-adjoint, this implies that

(¢“> c 9(T?) = 9(T") = {veX(E®E) | Tv,Tve L*(E®E)}, (2.28)

0
! (dB) - (D(Zm) (2:29)

is square integrable. This implies that (Du) [ K, is square integrable. d

hence
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Remark 2.10. If D!D is not elliptic in the shells U, \ K,, then in the proof of 2. we
face the difficulty that there is no obvious way to construct enough cut—off functions
¢ such that D'D(¢u) € L*(E). It would be enough to show the following: given
u € L}, (E), D'Du € L}, (E) then there is a v € L%, (E), D'Dv € L2, (E) such
that v | K, = u. v does not necessarily have to be of the form ¢u.

Proposition 2.11. Assume that Conjecture 2.5 holds. Then condition (2) in The-
orem 2.3 implies condition (3).

Proof. Since ¢ > 1 the condition (2) implies [ % = oo (cf. (2.19)), hence the
symmetric operator (2.26) satisfies Chernoff’s condition [3, Thm. 1.3]. Thus all
powers of T are essentially self-adjoint. Now, if u € D(Hmax) then D*Du € L2 (F)
and hence

U= (’5) (2.30)

satisfies u € L (E® E),T*u € L3 .(E @ E). Consequently, Conjecture 2.5 implies
(0 )

Ti = (Du) €2 (F®F), (2.31)

and thus Du € L (F). a
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