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Abstract We consider Schrodinger operators on possibly noncompact Riemannian mani-
folds, acting on sections in vector bundles, with locally square integrable potentials whose
negative partis in the underlying Kato class. Using path integral methods, we prove that under
geodesic completeness these differential operators are essentially self-adjoint on C3°, and
that the corresponding operator closures are semibounded from below. These results apply
to nonrelativistic Pauli—Dirac operators that describe the energy of Hydrogen type atoms on
Riemannian 3-manifolds.

1 Introduction

A classical result from B. Simon’s seminal paper [27] states that a Schrodinger operator of
the form —A + V in the Euclidean space R, with V: R”™ — R a locally square integrable
potential, is essentially self-adjoint on C§°(R"™), if the negative part of V' is in the Kato class
IC(R™). Note here that this fact is closely related to quantum physics, in the sense that the
Coulomb potential V(x) = —1/|x] is in the above class. Having in mind that all of the above
data can be defined on any Riemannian manifold, we are interested in the following question
in this paper:

To what extent can Simon’s result be extended to Schrodinger type operators acting on
sections in vector bundles over possibly noncompact Riemannian manifolds?
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332 B. Giineysu, O. Post

Apart from a pure academic interest, this question is also particularly motivated by the
observation that it is possible to model [9, 16] nonrelativistic atomic Hamiltonians on any
nonparabolic Riemannian 3-manifold (which have to be spin©, if the electron’s spin is taken
into account; in particular, the vector-valued case becomes particularly interesting from this
point of view, see Sect. 3 below). This abstraction is desirable from the physics point of
view, since one would like to understand deeply which properties of the Euclidean space R>
actually guarantee certain spectral properties of quantum systems, or other important results
such as the stability of matter [23]. In these situations, the corresponding potential terms
are always locally square integrable, and with some control on the underlying Riemannian
structure, their negative parts are in the underlying Kato class, so that we basically are in the
initial situation.

Before we can formulate our main result, we have to introduce some notation:

Let M denote a smooth connected Riemannian manifold without boundary. The geodesic
distance on M will be written as d(x, y), and K, (x) will stand for the open geodesic ball
with radius r around x, and

(Oa OO) XM xM— (07 OO), (t7-xa y) I p(tv-xa )’)

will stand for the minimal positive heat kernel on M.

If F — M is a smooth Hermitian vector bundle, then, abusing the notation in the usual
way, |e|, stands for the norm and the operator norm corresponding to (e, e), on each (finite-
dimensional) fiber Fy, and the scalar product and norm corresponding to the Hilbert space
I'2(M, F) will be written as (e, ) and | e||, respectively, that is,

o fo) = / (A1), Fale)avol(@o), || £I12 = / () 2ol (dx). ()
M M

If F — M is a second bundle as above and if
P: Toxe(M, F) —> T (M, F)

is a linear differential operator, then we denote with PT the formal adjoint of P with respect
to (1). In particular, the Laplace—Beltrami operator on M is given in this sense as —A = d'd.
The symbol V™ will denote the Levi-Civita connection, and if nothing else is said, the
(co-)tangent bundle of M will be equipped with the Hermitian structure corresponding to the
underlying Riemannian metric of M. These data will be implicitely complexified, whenever
necessary.

Let E — M be asmooth Hermitian vector bundle, let V be a Hermitian covariant derivative
in E and let V: M — End(E) be a potential, that is, V is a measurable section in End(E)
such that V(x): E, — E is self-adjoint for almost every (a.e.) x € M. Furthermore, let
KC(M) denote the class of Kato functions' on M. Our main result reads as follows:

Theorem 1.1 Let M be geodesically complete, let |V | € L120c (M) and assume that V admits
a decomposition V.= V| — V; into potentials V; > 0 with |V,| € KK(M). Then the operator
ViV /2 4 V is essentially self-adjoint on I'cee (M, E) and its closure is semibounded from
below.

Note that the decomposition V' = V| — V, into nonnegative potentials need not be the
canonic one given by V = VT — V=, which can be defined through the fiberwise spectral
calculus of E.

I See Sect. 3.5 for the definition of JC(M) and for criteria for functions to be in X(M).
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Before we explain the strategy of the proof of Theorem 1.1, some remarks are in order:

Remark 1.2 (a) Theorem 1.1 is disjoint from the various results on essential self-adjointness
for operators of the form VTV /2 + V that have been obtained in [1]. The point here is that, in
general, Kato potentials need not satisfy the inequality (2.2) from [1], i.e., for every compact
K C M there are numbers 0 < ax < 1, by > 0 such that

1/2

/IVz(X)Iﬁlu(X)Izvol(dX) < ag|[Aul| + bi|[ull @
K

for any u € C{°(M). However, it should be noted that the main strength of the results
of [1] lies in the fact that the authors have considered arbitrary first order elliptic differential
operators instead of V. It would certainly be an interesting problem to see to what extent our
probabilistic techniques below can be extended to cover the latter situation, which has first
been considered in [22].

(b) Of course, taking E = M x Cand V =d + i with 8 € Q]}{(M), we can deal with
smooth magnetic potentials within our framework. In this scalar situation, the analogue of
Theorem 1.1 can be easily deduced from (a slight variation of) Theorem 1 in [13], where the
authors can even allow magnetic potentials with possibly strong local singularities. We refer
the reader to [17] for the scalar situation in Euclidean space.

Let us now explain the strategy (which is partially motivated by [27] and [13]) of the proof
of Theorem 1.1, which is given in full detail in the following Sect. 3.5. To this end, we assume
for the rest of this section that V is as in Theorem 1.1. Then by the main result of [14], it
is always possible to define the form sum Hy corresponding to the Friedrichs realization of
ViV /2 and V without any additional assumptions on M (see Theorem 2.6 below). The main
advantage of this observation is that, unlike in usual essential-self-adjointness proofs, instead
of directly proving that VIV /2 4 V is essentially self-adjoint on I'cee (M, E), we will prove
that the latter space is an operator core for Hy (this is the content of Theorem 2.14; Theo-
rem 1.1 itself follows directly from the latter result, which is summarized in Corollary 2.15).
In particular, we will use the full spectral calculus given by Hy .

Having said this, the first step in the proof of this operator core property will be to deduce
the following smoothing property (see Proposition 2.11 below):

For any 1 > 0 one has e ™'V [T'2(M, E)] C T (M, E). 3)
This result will be derived from the path integral formula
e () = B pageon % 177 (B0, @
where B(x) is a Brownian motion starting in x with lifetime ¢ (x), where
I Ex — Ep,(x

is the corresponding stochastic parallel transport with respect to V, //;"71 = /" its inverse,
and where

¥ Ex — Ex
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is the path ordered exponential?

7 -1

=D (=Dt / V57 V(B () J3 o T V(B () [ dsydse (5)
k=1

tAg

(details on these processes and on formula (4), which is one of the main results of [15],
are included in the following section). Again, (3) and (4) are valid without any additional
assumptions on M.

Remark 1.3 Note thatitis not possible to deduce (3) directly by Sobolev embedding theorems
for dim M > 3, which is the main motivation for the introduction of path integral techniques
in this context.

In a next step, we will use finite speed propagation methods to deduce the following result:

The set D(Hy) N {f|f has a compact support}

is an operator core for Hy, if M is geodesically complete. (6)

To be precise, we will actually prove a Davies—Gaffney inequality (see Proposition 2.13)
for approximations of Hy and use the fact that this inequality always implies (is in fact
equivalent) to finite speed of propagation by the results of [3]. Then one can use a variant
of Chernoff’s theorem (see Lemma B.1) to deduce (6). The fact that we use finite speed
propagation methods in this context has been particularly motivated by the scalar situation
that has been considered in [13], where the authors apply this method in a similar way. As
has been noted in [13], this technique avoids the usage of second order cut-off functions,
which do not seem to be available without additional control on the underlying Riemannian
structure.

As a next step one can combine (6) with (3) to deduce the following fact:

The set D(Hy) N F'—ﬁfc (M, E) N {f|fhas a compact support} (7)

is an operator core for Hy, if M is geodesically complete.

Then, we shall use the self-adjointness of Hy to deduce that the elements f of the set (7)
satisfy VIV f € I'2(M, E). Finally, if M is geodesically complete we can use a (local)
result on Friedrichs mollifiers to prove that chc (M, E) is an operator core for Hy, by
showing that I'cee (M, E) is dense in (7) with respect to the graph norm corresponding
to Hy.

This paper is organized as follows: In Sect. 2, we first recall some facts about Kato
potentials. The rest of Sect. 2 is completely devoted to the proof of Theorem 1.1. In Sect. 3, we
apply Theorem 1.1 in the context of Hydrogen type problems on Riemannian 3-manifolds,
which was originally the main motivation for this paper. It seems as if this result has not
been stated yet in this form in the literature even for the Euclidean R? (though it should
be known in this case). Finally, in the appendix, we have included a fact about Friedrichs
mollifiers, an abstract variant of Chernoff’s finite speed of propagation theorem on vector
bundles, and some facts about path ordered exponentials that we will need in our probabilistic
considerations.

2 Here, tAy ={0<s1 <--- <5 <t} C R* denotes the 7-scaled k-simplex for any k € N, r > 0.
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2 Kato potentials and the proof of Theorem 1.1

Let us first clarify that in this section,

M will always be a smooth connected Riemannian manifold without boundary, E — M
a smooth Hermitian vector bundle, V a Hermitian covariant derivative in E, and
V: M — End(E) a potential.

By the usual abuse of notation, we will denote the quadratic form corresponding to a sym-
metric sequilinear form in some Hilbert space with the same symbol. The symbol Hy stands
for the Friedrichs realization of VTV /2, that is, Hy is the nonnegative self-adjoint operator
in I' 2 (M, E) which corresponds to the closure g, of the quadratic form given by the sym-
metric nonnegative operator V'V /2, defined initially on I'cee (M, E). Note the well-known:

Remark 2.1 1If M is geodesically complete, then one has
D(gny) = {fIf € TL2(M, E),Vf eT2(M, EQT*M)}, 3)
1
qn,(f, h) = E/Wf(X), Vh(x))xvol(dx),
M

and cho (M, E) is an operator core for Hy, and one has

D(Ho) = (/1. V'V € T(M, B)), Hof = 5V'V . ©)
Next, we remark that V defines a quadratic form in I' 2 (M, E) by setting
D(gv) = {fIf € TL2(M. E), (Vf. f) e L' (M)},
av(f) = / (VGO £ (1), f () evol ). (10)
M

We will often require a global Kato assumption on some negative part of V. Before
recalling some facts on Kato functions, let us first introduce some notation: Let .# :=
(R, 7, Z,, P) be a filtered probability space which satisfies the usual assumptions. We
assume that .# is chosen in a way such that ./ carries an appropriate family of Brownian
motions

Bx):[0,(x)) xQ— M,x e M,

where ¢ (x) : 2 — [0, oo] is the lifetime of B(x). We will freely use the fact

P{B;(x) e N,t <t(x)} = /p(t,x, y)vol(dy) for any measurable N C M
N

in the following.
Now a measurable function w : M — C is said to be in the Kato class KK(M) of M, if

1

lim sup E /1{S<;(X)]|w(Bs(x))|ds = 0, which is equivalent to (11)

=0+ yepm
0
t
lim sup//p(s,x,y)lw(y)lvol(dy)ds =0. (12)
t—>0+x€M
0 M
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The local Kato class Kioc(M) is defined in the obvious way,

Kioc(M) := {w|lxw € K(M) for all compact K C M} D K(M),
and generally, [Cjoc (M) may depend on the Riemannian structure of M.
For future reference, we note:

Lemma 2.2 (a) One has K(M) C Llloc(M) and L®°(M) Cc K(M).
(b) Forany w € LIIOC(M) and a.e. x € M one has

P{w(Ba(x)) € Lip [0, £(x))} = 1. (13)
(c) Forany w € Kioc(M) and all x € M one has

P{w (B (x)) € Lo [0, £(x))} = 1.

(d) Forany w € K(M), t > 0, one has

sup E [1{t<;(x)}ef<; ‘“’(Bf("))‘ds] < 00. (14)
xeM

Proof Part (a) is an elementary result which is included in [14], and the parts (b)—(d) are
included in Prop. 2.4 and Prop. 2.5 in [15]. O

Let us now point out that [14] that one always has

L®(M) c K(M) C Ll (M),

but with some control on the Riemannian structure of M, one can easily produce a large class

of Kato functions. To this end, we first note the following highly nontrivial self-improvement
result of on-diagonal upper estimates for p(z,x,y), which will be very useful in the
following:

Theorem 2.3 Assume that there is a C > 0 and a to € (0, o0] such that
C
Xs;llpv)lp(t,x,x) < T /2 forall0 <t <ty.
Then there are Cy, Co > 0 such that

Cy _ 2
sup p(t,x,y) < gugpme AN forall 0 < 1 < 1.

x,yeM

The reader may find a proof of this result in [12] (see Theorem 1.1 therein for a more
general result).

Forany p > 1letL”

u.loc (M) denote the space of uniformly locally p-integrable functions

on M, that is, a measurable function v: M — Cisin Lg loc (M), if and only if

sup / lv(y)|? vol(dy) < oo. (15)
xeM

K (x)
Note the simple inclusions

L?(M) c L?, (M) c L? (M).

u,loc loc
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Now one has the following result:

Proposition 2.4 Let p be suchthat p > 1ifm =1, and p > m/2 ifm > 2.
(a) If there is C > 0 and a tog > 0 such that

sup p(t, x,x) < tdimLM/z forall0 <t <1, (16)
xeM
then one has
LP(M) + L>® (M) C K(M). 17)
(b) Let M be geodesically complete, and assume that there are constants Cq, . .., Cg, tyg > 0

such that forall0 <t <ty, x,y € M, r > 0 one has

vol(K, (x)) < C;rdimMeCar

and
C3 —C4d( )2/1‘ CS —Ced( ,)2/,
rdim w72 ¢ AAEIE < p(t, x,y) < 2 6dx )7/t
Then one has
Lg,loc(M) +L®(M) Cc K(M). (18)

Proof (a) Indeed, Theorem 2.3 implies the existence of a C > Osuch that forall 0 < 1 < 1
one has3

C
x,s)lvlepM pt,x,y) < dm M2
Now we can directly apply Proposition 2.8 in [14] (the corresponding proof is elementary
and essentially only uses Holder’s inequality).
(b) We can use Theorem 3.3 from [21] with v := m, 8 := 2, V(r) := C1r™e2, | (s) :=
C3e_c452, Do (s) = C5e_C‘>S2 to deduce the asserted inclusion (keeping L> (M) C K(M)
in mind). Indeed, one just has to note that

° m.Cor ,.m Cer? ®
max(r"e~2", r'")e” "0 2
/ dr = [ e pm1e=Cor"qr < o0, (19)
r
1 1

which is obvious. O

Remark 2.5 Let us note that (16) is satisfied, for example, if M is geodesically complete
with Ricci curvature bounded from below and a positive injectivity radius (see example [21],
p- 110). The reader may find these and several other aspects on Kato functions in [14] and,
particularly, in [21].

The following result is also included in [14]. It shows that, remarkably, one can always
define the form sum of Hp and V under the following very weak assumptions on V':

Theorem 2.6 Let V be such that there is a decomposition V. = V| — V, into potentials
Vi = 0with |Vy| € LIIOC(M) and |Vo| € K(M). Then one has
D(gm, +qv) = D(gn,) N D(gv,). (20)

and qu, + qv is a densely defined, closed and semibounded from below quadratic form in
T2(M, E).

3 Of course this inequality can also be deduced with an elementary argument.
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In the situation of Theorem 2.6, the form sum Hy + V will be denoted with Hy, that is,
Hy is the self-adjoint semibounded from below operator corresponding to gp, + qv .

Remark 2.7 1In the situation of Theorem 2.6, assume that M is geodesically complete. Then
Proposition 2.14 in [14] states that cho (M, E) is a form core for Hy.

Let us add the following simple observation:

Lemma 2.8 Ler |V| € L]ZOC(M ) and assume that there is a decomposition V. = V| — V;

into potentials V; > 0 with |V2| € IC(M). Furthermore, let I:Iv’min denote the operator

VTV /2 4+ V with domain of definition cho (M, E), and let Hy min := I:IV,min~ Then one has
HV,min - HV-

Proof Since Hy is closed, it is sufficient to prove ﬁv,min C Hy.Butif f € cho (M, E),
h € D(qu, ), then f € D(gp, ) and we have

1
quy, (f,h) = E(VTVf, Ry +(Vf, h), 1)

so f € D(Hy)and Hy f = 3ViVF 4+ Vf. O

As we have already remarked in the introduction, an essential step in the proof of Theo-
rem 1.1 will be to deduce an L? ~~ L1, smoothing property of the Schrodinger semigroup

(e"M)20 C Z(T2(M, E)),

which will be deduced from a path integral formula for e~V . In order to formulate the latter
formula in our geometric context, for any # > 0 the stochastic parallel transport with respect
to (B(x), V) will be written as a pathwise unitary map

/it Ex — EB,(x), definedin {r < £(x)} C Q.
Now Theorem 2.11 in [15] states the following Feynman—Kac type path integral formula:
Theorem 2.9 In the situation of Theorem 2.6, for a.e. x € M, there is a unique process
7*: [0, ¢(x)) x Q —> End(Ey)
which satisfies
d7;*
dr
pathwise in the weak sense, and for any f € I'\'2(M, E), t > 0, a.e. x € M one has

= =1V BN, T =1 22)

e f(x) = [1{,<§(x),7/,x JE! f(B,(x))]. (23)

Remark 2.10 The set of x for which 7~ exists is, by definition, equal to the set x for which
one has (13) for w = |V/|, and if x is in this set, then the asserted formula (5) from the
introduction follows from Lemma C.1.

We will use (23) to deduce:
Proposition 2.11 In the situation of Theorem 2.6, one has

eitHV[l"Lz (M, E)] C 1"|_ﬁ)oC (M, E) foranyt > 0. (24)
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Remark 2.12 Note that Lemma 2.2, Theorem 2.6, Theorem 2.9, and Proposition 2.11 are all
valid without any further assumptions on the Riemannian structure of M.

Proof of Proposition 2.11 We define scalar potentials v; : M — [0, 00), v : M — R by
vi(e) :=mino (Vi(e)), va(e) := max o (V2(e)), v(e) := vi(e) — v2(e).

Let x be such that (13) holds for w = |V;| and w = |V;|. Then ¥* exists, and V > vl,
Lemma C.1 and —v < vy imply

<e [ot U(BJ(X))dsl{

177 ke <z o) 1<¢(0))

< ef(; UZ(BS(X))dS1{t<§(x)}P-a.S. forany r > 0,

so that for any ¢ > 0 one has
B[ temccorrs 157 r@]|.

t
< B [1<cqoel 509 £ (B, () 1,0

< \/IE I:l{,<§(x)}ez Jo UZ(Bs(x))d“:I\/]E [1{t<§(x)}|f(Bt (X))|23,(x)]

=\/E[lu<ax>}e”0 (B s | / [f P, x, y)vol(dy). (25)
M

Since for any & € L' (M), the function

M — C,z+—— /h(y)p(t, z, y)vol(dy)
M

is in C®°(M) (see Theorem 7.19 in [11]), we can use (14) with w = v, to deduce that for
any compact K C M one has

sup E[l{t<¢(z>}62f° ”Z(BS(Z))‘“]/If(y)lf,p(t,z,y)vol(dy) < o0,
zeK
M

so that, in view of (25), the assignment

x> B Lo /7 £ Bi)]

defines an element of F'-ﬁ,oc (M, E), and (24) is implied by the path integral formula from
Theorem 2.9. O

Next, we are going to deduce a finite propagation speed result, which will be used later on
to prove that the compactly supported elements of D(Hy ) are an operator core for Hy under
geodesic completeness. The essential observation is that finite speed of propagation is always
implied by a Davies—Gaffney type inequality, through a Paley—Wiener type theorem [3]. As
we have already remarked in the introduction, we have borrowed this method from [13].

Proposition 2.13 Let M be geodesically complete.

(@) If'V is bounded, then there is a constant D > 0 such that for all open sets Uy, Uy C M,
all fi, f» € I'2(M, E) with supp(f;) C U;j and all t > 0 one has

_ . 2
e HY £y, fa)] < ePe WLV @0 £ £y (26)
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(b) Let V be as in Theorem 2.6 and assume Hy > 0. Then for any compactly supported
fel2(M, E)andanyt > 0, the section cos(t~/Hy) f has a compact support.

Proof (a) Under the assumption that V is bounded and nonnegative, we are going to prove (26)
with D = 0, which of course proves the assertion. To this end, we are going to use the well-
known exponential-weight method, that goes back to [10] (see also [3]): Letg: M — Rbea
bounded Lipschitz function with |dg| < C a.e.in M. For any f € Fc(o)o (M, E), Lemma 2.8
and the Sobolev product rule

V(eXe ™V f) = de? @ e AV f 4 e2Ve ' HV f 27
imply
d _
3 llete v f)®
= —2W(VIVe "V f, 2 MV £y — 2(ve MV £ e2e Y f)
= —2R(e?Ve 'V f eldg @ eV ) — 2||eI Ve HY £|?
—2(Ve HV f o2 HY £y, (28)

Using Cauchy—Schwarz on the fibers for the first term and V > 0 for the last term, the latter
expression can be estimated by

<2 / @ Ve v f(x)],e1™|dg (x)[le Y f(x)],vol(dx)
M
—2)le?ve Y £)12, (29)

which, using XY < X2+ Y2/4, is

1 _ c?
< S lle?ldgle™ ™ fIF < —-flete T £ |2, (30)
Thus, setting &4 (1) := |le?e™ Hy 12, putting everything together and using Gronwall, we
arrive at
2
Erq(t) < e 1284 ,(0). (31)

Now let Uy, U, be disjoint, let f € cho (M, E) with supp(f) C U, and leta > 0. Then the
function g := ad(e, U3) is bounded and Lipschitz with |[dg| < a a.e. in M and (31) implies

—tHy )2
[Ty e £l

< e—ad(Ul,Uz)eazt/ngq(O)

_ efad(ULUz)eazf/z/ |f(x)|)2cead(x’U2)V01(dx)
Uz

= oW e £ 2, (32)
so that by choosing a appropriately
o™ f) < e WU E0) gy (33)

which carries over to f> by a density argument. Finally, we have
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e Y £, o) = 1 fi, Ly, e~ AV fo)] < e~ dWLUD 0| £ o (34)

by Cauchy—Schwarz and (33), and everything is proved.
(b) It is sufficient to prove that for any U;, f; asin (a) and any 0 < s < d(Uy, Us) one
has

(cos(sv Hy) f1, f2) = 0. (35)

Indeed, the latter implies that if supp(f) C K, (x) forsomer > 0,x € M, then foranys > 0
one has

supp(cos(t+/ Hy) f) C Ky 44 (x), (36)

and the latter set is compact by the geodesic completeness of M. It remains to prove (35).

If V is bounded and Hy > 0, then (35) follows directly from (a): Indeed, one can use the
same arguments as those in the proof of theorem 3.4 in [3] to see this. Essentially, one has
to use a variant of the Paley—Wiener theorem, which has to be applied to an appropriately
rescaled version of the analytic function z — (e 2V f1, £,), Rez > 0.

Next, we assume that V is locally integrable and bounded from below with Hy > 0. Then
putting V,, := min(V, n) for n € N (in the sense of the fiberwise spectral calculus of E) we
find by the above that (35) is satisfied for V replaced with V,,, but monotone convergence of
quadratic forms (see the proof of theorem 2.11 in [15]) gives Hy, — Hy as n — oo in the
strong resolvent sense, which implies (35).

Finally, if V is as in Theorem 2.14 and Hy > 0, let us set V,, := max(—n, V). Then each
Vi is locally integrable and bounded from below with Hy, > 0 and again everything follows
from the above and monotone convergence of quadratic forms (this is also included in the
proof of theorem 2.11 in [15]). O

Now we are in the position to prove the main result of this paper:

Theorem 2.14 Let M be geodesically complete, let |V | € L2 (M) and assume that V has

loc

a decomposition V. = V| — V; into potentials V; > 0 with |V,| € K(M). Then chc (M, E)
is an operator core for Hy and one has

D(Hy) = {fIf. (VIV+V)f e T2(M, E)}. 37)

Proof We have to prove that FCOOO (M, E) is dense in D(Hy) with respect to the graph || e || ,, .
This will be proven in four steps:
M If x € C°(M) and f € D(Hy), then x f € D(Hy) and

1
Hy ((f) = xHv [ = Viapif = 580, (38)

Here, (dx)* denotes the vector field corresponding to the 1-form dy (with respect to the
underyling Riemannian metric).
We first note that the Sobolev product rule

Vx ) =W f+xVf (39)

[which is applicable in view of (8) and (20)] shows that  f is in D(¢#,, ), so that in order to
prove xf € D(Hy), it is sufficient to construct a u € I' 2(M, E) such that

quy (X foh) = (u, h) (40)
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for all i € D(gp, ), where then Hy (x f) is given by u. To this end, we calculate
qHy (va h)
1
= EW(Xf)’ Vh) +(V(xf), h)
1 1 1
EWf’ V(xh) — EWf’ (dx) ® h) + 5((dx) ® f,Vh) +(Vf, xh)

1
= (Hy f, xh) = (Vayy:f. h) + §<(deX)f, h),

where we have used (39) in the second equality, and f € D(Hy ) together with an integration
by parts formula (Lemma 8.8 in [1]) and the Sobolev product rule

Vie® f)=da)f —Vuf

for (sufficiently) smooth 1-forms « in the third equality. In particular, we found a candidate
u in (40) and it has the desired form as in (38). O

(I1) The space
D°Hy) := D(Hy) N {f|f has a compact support}
is dense in D(Hy) with respect to | e|| g, .

Proof By adding a constant, we can assume that Hy > 0. But then the result readily follows
from combining Proposition 2.13 with Lemma B.1. O

(IIT) The space

D toc (Hv) :=D°(Hy) N T (M, E)
is dense in DY(Hy) with respect to o]l fy, -

Proof Let f € DY(Hy) and take r > 0, y € M with supp(f) C K,(y). Furthermore,
pick a x € Cgo(M) with x = 1 in K,41(y) and set f; := xe_’HVf for any t > 0.
Then Proposition 2.11 implies f; € D(oJo,loc(HV) and clearly || f; — fIl = Oast — O+.

Furthermore, (I) implies Hy (x f) = Hy f and also
_ _ 1 _
Hy(fi = f) = xHye "™ f = Vigupe™ M f =S80 f = xHy f

1
+V(dx)jf + E(AX)f

Now it is easily seen that || Hy (f; — f)|| = Oast — 0+. O
Iv) chc (M, E) is dense in Dgo 1oc (V) with respect to || e || g, and one has
D(Hy) = {fIf. (VIV + V) f e [2(M, E)}. 41)
Proof Let f € Dgo,loc(HV)' By Lemma 2.8 and the self-adjointness of Hy we have Hy C
Hé}’min, but it is well-known that (see for example p.644 in [1])

D(H} in) = (fIf. (VIV+ V) f € T2(M, E)}.

In particular D°_ . (Hy) c D(H} . ) implies w := VIV f 4+ Vf € I'2(M, E). As

00,loc V,min

f 1is locally bounded with a compact support, one also has Vf e I''2(M, E), so that
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ViVf = w — Vf e I'2(M, E). But now the assertion follows directly from Proposi-
tion A.1, which is in fact a local result (and which again heavily uses that f is locally
bounded with a compact support).

Finally, (41) simply follows from the essential self-adjointness of f]v, min, Which follows
from(II) and the by now proven fact that cho (M, E) is an operator core for Hy . m}

We immediately get:

Corollary 2.15 Theorem 1.1 holds, that is, under the assumptions of Theorem 2.14, the
operator V'V |24V is essentially self-adjoint on Fo(o)o (M, E), and its closure is semibounded
Jfrom below.

Proof Combining Theorem 2.14 with Lemma 2.8 immeadiately gives Hy min = Hy ;) =
Hy. o

3 Application to Hydrogen type problems on Riemannian 3-manifolds

In this section, we shall explain a typical application of Theorem 1.1: The essential self-
adjointness of nonrelativistic Hamiltonians corresponding to hydrogen type atoms, with the
electron’s spin is taken into account. To this end, let us first explain what the analogues of
the Coulomb potential and the Pauli operator are in a general curved setting. Here, we are
going to follow [16] closely.

Throughout Sect. 3, we will assume that M is a smooth connected Riemannian
3-manifold without boundary.

Firstly, we want to point out that “nonparabolicity” is the appropriate setting that admits
natural analogues of the Coulomb potential:
Definition 3.1 The Riemannian manifold M is called nonparabolic, if one has
00
/p(t,x, y)dt < oo for some (any) x, y € M with x # y.
0
Then

[e.¢]
G:MxM— (0,0],G(x,y) ::/p(t,x, y)dt
0
is called the Coulomb potential on M.
It should be noted that nonparabolicity always implies noncompactness. The essential
point for the interpretation of G as the Coulomb potential is that M is nonparabolic, if and
only if M admits a positive Green’s function, and then G is the minimal positive Green’s

function (see [16] and the references therein for these facts). The following criterion can be
easily deduced from Theorem 2.3:

Lemma 3.2 Assume that there is a C > 0 such that for all t > 0 one has

sup p(t,x,x) < Ct /%, (42)
xeM
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Then M is nonparabolic and there is a C > 0 with

Gx,y) =
d(x, y)
Next, we will explain the natural analogues of the Pauli-operator in our general setting.
To this end, we give ourselves a Pauli—Dirac structure (c, V) on M in the sense of [16], that
is, with a smooth Hermitian vector bundle E — M withrank E = 2,

forall x,y e M. (43)

c: T"M — End(E)
is a Clifford multiplication*and V is a Clifford connection® with respect to c.

Remark 3.3 The existence of a Pauli-Dirac structure on M is a topological restriction,
namely, M admits a Pauli-Dirac structure, if and only if M is a spin® manifold. This fact
has also been explained in [16].

The Pauli-Dirac operator %(c, V) with respect to (c, V) is defined by
9(c.V) :=coV: Tcx(M, E) — Teee (M, E),

which is a linear first order differential operator with Z(c, W = 9(c, V). If (ej) is some
smooth local orthonormal frame for TM, then one has Z(c, V) = > j c(e}'f)Ve - Furthermore,
P(c, V)? is a generalized Laplacian on M which is given by the following Lichnerowicz
formula:

Lemma 3.4 The differential form tr[V2] /i€ Q2(M) is real-valued and closed, and one has

P(c,V)? =VIV+ %scal(o)l + % > V2, ej)elef)eed). (44)

i<j

The last lemma makes it plausible [see also Remark 3.6 (b) below] to call Z(c, V) :=
9(c, V)? the Pauli-Dirac operator with respect to (c, V).

Clearly, if one has (42), then G (e, y) exists and is locally square integrable for any y € M,
and for any such y and ¥ > 0 one can consider the operator

H(c,Vik,y) = P(c, V) —kG(e, y)1

in '\ 2(M, E) with domain of definition I'cee (M, E), which gives rise to a symmetric oper-
ator. Let us furthermore define the smooth potential

Vic,V):= %scal(o)l + % Ztr [VZ] (ei, ej)c(e;‘)c(e;‘f). (45)

i<j

4 A Clifford multiplication ¢ is a morphism of smooth vector bundles such that for all « € Q!(M) one has
(@) = —c(@)*, c@)*c(@) = |af?.

5 A Clifford connection is a Hermitian connection with the following property: for all « € Ql(M) and all

X elcoo (M, TM), y € I'coo (M, E) one has

Vx (@) = c(ViMa)y + c(@)Vxy.
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With these preparations, Theorem 1.1 has the following important consequence:

Theorem 3.5 Assume that M is geodesically complete with (42) and that V (¢, V) admits a
decomposition

Ve, V) =Vi(c, V) = Va(c, V)

into potentials V;(c,V) = 0 with |Va(c, V)| € K(M). Then for any k > 0 and y €
M, the operator H(c, V;k, y) is essentially self-adjoint and its closure H(c, V; K, y) is
semibounded from below.

Proof Using (43) and Proposition 2.4 (a), one easily checks that Theorem 1.1 can be applied
with

V= %scal(o)l + % D ulV21(ei, ej)clef)e(er) — kG(e, y)1,

i<j
which proves the claim. O
Remark 3.6 (a) Let
2
1 1
S, V) := / Zseal@)1+ > ;tr[vz](ei, epc(ed)e(es) || vol(dx) € [0, ool
M X

where ||| o |||, stands for the fiberwise Hilbert—Schmidt norm. Using | e |, < ||| e |||, and
Proposition 2.4 (a), one sees that the assumption on V (c, V) in Theorem 3.5 is obviously
satisfied under (42), if S(c, V) < oo. This variant of Theorem 3.5 has been deduced in [16]
with completely different methods, namely, using results of [1] (which rely on pure PDE
methods).

(b) In the situation of Theorem 3.5, the operator H (c, V; k, y) can be interpreted [16] as
the nonrelativistic Hamiltonian corresponding to an atom with one electron and a nucleus
with ~ « protons, where the electron’s spin has been taken into account and the nucleus
is considered as fixed in y with respect to the electron. Here, in view of Lemma 3.4, the
underlying magnetic field is given by tr[V?]/i € Q?(M). In particular, the above mentioned
assumption S(c, V) < oo is reasonable from the physics point of view, for it corresponds in
a certain sense to a “finite magnetic self-energy” [it is essential for this interpretation to take
the Hilbert—Schmidt norm in the definition of S(c, V)].
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self-adjointness in the past three years, in particular, for bringing the reference [13] into our attention (which
helped us to remove an unnecessary assumption from the original version of Theorem 1.1). Both authors kindly
acknowledge the financial support given by the SFB 647 “Space-Time—Matter” at the Humboldt University
Berlin, where this work has been started.

Appendix A. Friedrichs mollifiers
We record the following result on Friedrichs mollifiers here. Let M be a smooth connected

Riemannian manifold without boundary, E — M a smooth Hermitian vector bundle, V a
Hermitian covariant derivative in £, and V: M — End(E) a potential.

@ Springer



346 B. Giineysu, O. Post

Proposition A.1 Let |V| € L?
ported with VIV f e FLz (M, E) in the sense of distributions. Then there is a sequence
(fwhnen C Tege(M, E) such that

lim || f, — fIl =0,

n—oo

lim VIV, —VIVF| =0,
n—0o0

lim |Vf, —Vf|=0.

n—oo

(M) and assume that f € F|_oo (M, E) is compactly sup-

loc

Remark A.2 Note that one indeed has f € ' 2(M, E), which follows from f € F'-ﬁfc (M, E)

and the fact that £ has a compact support. Furthermore, VIV f € I'\2(M, E) follows from
Vivs e I‘le (M, E) and the fact that VTV f has a compact support.

Proof of Proposition 4.3 Since most of the arguments should be well-known, we only sketch
the proof. Let m := dim M and let d be the fiber dimension of E. Since f is compactly
supported, we can use a partition of unity argument to assume that f is supported in a
relatively compact coordinate domain U C M (which is identified with an open subset
of R™) such that there is a smooth orthonormal frame for E over U, and we denote the
components of f in this frame with £, ..., f@. Now take some 0 < j, € C3*(R™) with

j(z) =0for|z| > 1 and
/j(z)dzz 1.

]Rm
Forr > Olet j, € CG°(R™) be given by j, (z) = r~™"j(r~'z). Letr > 0 be small enough in
the following such that the functions
X /jr(x -nfOmdy, i=1.....d, (46)
Rn’
define an element
Jr € Tge(U, E) C I'gge(M, E).
Since the sections f, — f and VIV f, — VTV f are compactly supported, the convergence
lim [|f, = =0 (47)
r—0+
follows from Lemma 5.13 (ii) in [1], and
lim |[VIVf —VIVF|=0
r—0+
follows from the leoc-version of Proposition 5.14 in [1], which can be proven with analogous
arguments. Note that so far we have only used that f is locally square integrable with a
compact support.
The local boundedness assumption on f comes into play as follows: Namely, this assump-

tion combined with the compact support assumption implies that f is actually bounded and
so (46) implies

Ifr@)]x < I flloo forall x,r. (43)
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Since [in view of (47)] we may assume that f, — f a.e.in M, and since f, has a compact
support, the required convergence

lim [Vf, — Vfll=0
r—0+

now follows from (48) and dominated convergence. ]

Appendix B. Finite speed of propagation

The following lemma is usually referred to as Chernoff’s finite speed of propagation
method [2]. Let M be a smooth connected Riemannian manifold without boundary, and
let E — M be a smooth Hermitian vector bundle.

Lemma B.1 Let S be a self-adjoint nonnegative operatorinI' 2 (M, E). Assume furthermore
that DO(S), the compactly supported elements of D(S), are dense in I'2(M, E) and that for
any f € D%(S) and any t > 0, the section cos(t~/S) f has a compact support. Then D°(S)
is an operator core for S.

Proof The proof is a straightforward generalisation of the proof of Theorem 3 in [13]. O

Appendix C. Path ordered exponentials

In the following lemma, we collect some known facts about path ordered exponentials for
the convenience of the reader:

Lemma C.1 Let J7 be a finite dimensional Hilbert space, let T € (0,00] and let F €
Llloc([O, T), L (I)). Then the following assertions hold:

(a) There is a unique weak (= ACioc) solution Y : [0, T) — L () of the ordinary initial
value problem

%Y(t) =Y(@)F(t),Y(0) =1. 49)
(b) Forany 0 <t < T one has
Y@ =1+ / F(s1) ... F(sp)dsy ... dsg. (50)

k=1 0<s|<..<sp<t

(c) If F(e) is Hermitian a.e. in [0, T) and if there exists a real-valued function ¢ € LllOC [0,T)
such that for all v € S it holds that

(F(o)v,v) ¢ < c(@)lv|% ae in[0,T),
then one has
1Y) lle < el @3 forano<r <T.

Proof See [7] and the Appendix C of [15]. O
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