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Hadamard property of the in and out states
for Klein-Gordon fields on asymptotically static spacetimes

Christian GERARD & Michal WROCHNA

ABsTrRACT. We consider the massive Klein-Gordon equation on a class of
asymptotically static spacetimes (in the long range sense) with Cauchy surface
of bounded geometry. We prove the existence and Hadamard property of the
in and out states constructed by scattering theory methods.

1. INTRODUCTION & SUMMARY

1.1. Hadamard property of in/out states. The construction of quantum states
from scattering data is a subject that has been studied extensively in various
contexts in Quantum Field Theory. Let us mention for example the wave and
Klein-Gordon fields on Minkowski space, in external electromagnetic potentials
[Is, Lu, Ru, Se|, or on curved spacetimes with special asymptotic symmetries,
[Wal, DK1, DK2, DK3, Mol]. On the physics side, the primary motivation is to
give meaning to the notion of particles and anti-particles and to describe quantum
scattering phenomena.

From the mathematical point of view, the problems often discussed in this con-
text in the literature involve existence of scattering and Mpgller operators, the
question of asymptotic completeness, or specific properties of states such as the
ground state or thermal condition with respect to an asymptotic dynamics, see
e.g. [Dr, DD, DRS, GGH, I-R, Ni| for various recent developments on curved back-
grounds.

In the present paper we address the question of whether the so-called in and out
states on asymptotically static spacetimes satisty the Hadamard condition [KW].
Nowadays regarded as an indispensable ingredient in the perturbative construction
of interacting fields (see e.g. recent reviews [HW3, KM, FV2|), this property ac-
counts for the correct short-distance behaviour of two-point functions. It can be
conveniently formulated as a condition on the wave front set of the state’s two-point
functions [Ra] — a terminology that we explain in the paragraphs below. It is known
that in the special case of the conformal wave equation, one can study the wave front
set of the two-point functions quite directly in the geometrical setup of conformal
scattering on asymptotically flat spacetimes [Mo2, GW3| (cf. [DMP1, DMP2, BJ|
for generalizations on the allowed classes of spacetimes). Furthermore, propagation
estimates in b-Sobolev spaces of variable order were used recently to show a similar
result in the case of the wave equation on asymptotically Minkowski spacetimes
[VW], drawing on earlier developments by Vasy et al. [BVW, HV, Val, Va2]. The
two methods being however currently limited to a special value of the mass param-
eter, our focus here is instead on the proof of the Hadamard property of the in
and out state for the Klein-Gordon operator P = —0O, + m? for any positive mass
m, or more generally for P = —O, + V with a real-valued potential V € C*(M)
satisfying an asymptotic positivity condition.

2010 Mathematics Subject Classification. 81T13, 81120, 35505, 35S35.
Key words and phrases. Hadamard states, microlocal spectrum condition, pseudo-differential
calculus, scattering theory, curved spacetimes.
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1.2. The model problem. We first consider the special case of a 1+d-dimensional
globally hyperbolic spacetime (M, g) with Cauchy surface 3 and metric of the form
g = —dt? + hs, with h; a Riemannian metric smoothly depending on t. The Klein-
Gordon operator can be written in the form

(1.1) P =0 +r(t)0; + a(t,x,0x),

where 7(t) is the multiplication operator |h|~28;|hs|2 and a(t,x, Dy) € Diff*(%)
has principal symbol k- h; *(x)k (where ¢ = (7, k) is the dual variable of 2 = (t,x)).
Now, supposing 3 is a manifold of bounded geometry (see Subsect. 3.1), there exist
uniform pseudodifferential operator classes ¥"*(X) due to Kordyukov and Shubin
[Ko, Sh1] that generalize the well-known pseudodifferential calculus of Hérmander
on R? and closed manifolds. Here in addition, in order to control decay in time, we
introduce t-dependent pseudodifferential operators \P:&’J(R; Y)) as quantizations of
t-dependent symbols a(t, x, k) that satisfy

102020] a(t,x, k)| < Cup, ()2~ (k)™ N 0 eN, 8,7y e N,

1

where (1) = (1 +12)%, (k) = (14 |k|?)%, and the constants C ., are uniform in an
appropriate sense. This allows us to state a hypothesis that accounts for asymptotic
ultra-staticity of (M, g) at future and past infinity. Namely, we assume that there
exists 6 > 0 and aous, ain € U2(X) elliptic such that on R* x ¥,

-5
(t a’(ta X, Dx) - aout/in(xa DX) S \Ilféi (Ra E)v
r(t) € U TTO(R; ;).

In practice, in our main cases of interest aqy;/in(x, Dx) will simply be the Laplace-
Beltrami operator of some asymptotic metric hgyug/in plus the mass or potential
term.

On top of that, an important condition that we assume is the strict positivity of
Aout/in (X, Dx), namely:

aout/in(X;Dx) > m2 > 0.

This condition has two consequences. First of all, it ensures that the vacuum
states w?a¢ Jin for the Klein-Gordon operators Py in = 02 + agut /in(x, , Dx) have
covariances given by pseudodifferential operators (in the uniform classes U™ (X)).
Secondly, it allows to control the differences of fractional powers a(t,x, Dx)* —
Aot /in (X, Dx)® when t — oo, see Prop. 3.10. This control is an important technical
tool in Sect. 4.

Let now % (t,s) be the Cauchy evolution of P, i.e. the operator that maps
Cauchy data of P at time s to Cauchy data at time ¢. In this setup, what we call
time-t covariances of the out state are the pair of operators defined by
(1.2) Et) = lim ()T U (1)

ty—+oo

out out

+,vac

whenever the limit exists (in a sense made precise later on), where ¢_;

1
C:I:,vac _ 1 11 iaou2t
M2 \4az, 1)

out

equals

To elucidate the interpretation of ¢=:Y* let us point out that ¢ ¥*° is the spectral

projection on R* of the generator! of the Cauchy evolution %, (t, s) corresponding
to the asymptotic Klein-Gordon operator P, := 8t2 + aout- On the other hand, to

LThis generator is selfadjoint for the energy scalar product.
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cEvae ¢ we can associate pairs of operators AZ Y AL 02(M) — O (M)
by

Aivvac(t, S) = :Fﬂ-O%out (t, O)Cg:dt\;/ac%out(oa S)va

out
A(Tut (t’ S) = $7T0%(t’ O)Cétut (O)OZ/(Oa S)ﬂ-fa
where we wrote Aoiu’;’ e A(jfut as operator-valued Schwartz kernels in the time variable
and 7; : C°(¥)? 5 <§0> — fi € C°(X) are the projections to the two components
1

of Cauchy data.
In QFT terms (strictly speaking, using the terminology for charged fields), the

operators Afu’: 2 AL, are two-point functions, i.e. they satisfy
+,vac __ A £,vac . +,vac —,vac __ - +,vac
POHtAout - Aou‘n Pour = 0, Aout - Aout = 1Gout, Aout >0,
+ _ A% _ + - +
PAout - AoutP =0, Aout - Aout - IG’ Aout =0,

where Goyt, G are the causal propagators for respectively Poy, P, i.e.
Gout(t, 8) = iMoot (t, $)77, G(t,s) =ime (t, s)77.

As a consequence, using the standard apparatus of algebraic QFT one can associate
states wyat, wout on the corresponding CCR C*-algebras: wyas is then the very well
studied ground state associated with Pyt and wqy is the out state that we study.

jEOur first result can be expressed as follows in terms of the two-point functions
Aout'

Theorem 1.1. Assume (td). Then the limit (1.2) exists and wout s a Hadamard
state, i.e. the two-point functions Affut satisfy the Hadamard condition:

(1.3) WF'(AL,) € NEx NE,

out
where N7, N~ are the two connected components of the characteristic set N' C
T*M \ o of P.

Above, WF'(AZ =

out) stands for the primed wave front set of AJ;, i.e. it is the image
of the wave front set of the (full) Schwartz kernel of AL, by the map (z, €, 2/, ¢') —
(x,& 2", —&"). We recall that the wave front set of a distribution characterizes the
location (z,2’) of its singularities, as well as the responsible directions (£,¢’) in
Fourier space, see [H0| for the precise definition and basic properties, cf. [BDH] for
a concise introduction. The characteristic set of P is by definition N' = p~1({0})
understood as a subset of T*M \ o (where o is the zero section of the cotangent
bundle), where p(z,&) = ¢ - g~ (2)¢ is the principal symbol of P.

The essential feature of the Hadamard condition (1.3) is that it constraints
WE'(AZ ) to the positive/negative frequency components N'* x N'* (rather than
merely to N x N, as would be the case for very general classes of bi-solutions).
Thus, on a very heuristic level, the plausibility of this statement can be explained
as follows. In a static situation, cfu’z’ % are interpreted as projections that single out
Cauchy data that propagate as superpositions of plane waves with positive/negative
frequency, and thus with wave front set in A/*. On a generic asymptotically flat
spacetime it is not immediately clear what the analogous decomposition at finite
times is, but instead one can try to use the decomposition given by coiu’;’ % at infinite
times: this is what indeed motivates the definition of AZ . The crucial difficulty is

however to control the wave front set of the infinite time limit (1.2).

In addition to the statement of Thm. 1.1, we get in a similar vein a Hadamard
state wi, by taking the limit analogous to (1.2) with ¢ — —oo instead of t; — +00
V¢ instead of ¢V, This is the so-called in state.

and Cin out
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1.3. General asymptotically static spacetimes. Our results extend to a more
general class of asymptotically static spacetimes M = R x ¥ with metric of the
form

g=—A(x)dt? + (dx" + b’ (2)dt)hij(x)(dxd + ¥ (x)dt),

where (X, h) is a manifold of bounded geometry and ¢, h, b as well as their inverses
are bounded with all derivatives (with respect to the norm defined using a reference
Riemannian metric). By asymptotically static we mean that there exist Riemannian
metrics hgyg/in and smooth functions ¢y iy on X, such that on R* x %,

h(l‘) - hout/in(X) € Si'uv

bz) € 7, and ¢(z) — cout/in(x) € S

(ast)

for some p > 0, ¢/ > 1; in a similar vein the potential V is required to satisfy
V() = Voutyin(x) € S™H for some smooth Vg, /in. Above, the notation f € S7#
means symbolic decay in time, i.e. d%f € O((t)"#~Iol) for all @ € N'*¥; we refer
to Subsect. 5.1 for the precise formulation.

In this more general situation, the Klein-Gordon operator is not necessarily of
the form (1.1) considered so far. However, under a positivity assumption (pos) on
Vout/in, it turns out that there are natural coordinates in terms of which the Klein-
Gordon operator is very closely related to an operator (1.1) satisfying (td), i.e. one
is obtained from the other by conjugation with some multiplication operators. This
allows us to give a very similar definition of the out/in state W,y in and to prove
a direct analogue of Thm. 1.1.

1.4. Outline of proofs. The importance of our result stems from the fact that it
brings together for the first time methods from scattering theory and the analysis
of Hadamard states. The main technical ingredient that we use in the proof of our
theorem is an approximate diagonalization? of the Cauchy evolution by means of
elliptic pseudodifferential operators, derived in detail in [GOW] and based on the
strategy developed successively in the papers [Ju, JS, GW1, GW2|. Specifically, its
outcome is that the Cauchy evolution of P can be written as

(1.4) U (s,t) =T )% (t,s)T(s)""
where T'(t) is a 2 X 2 matrix of pseudodifferential operators (smoothly depending on

t) and % *4(t, s) is ‘almost diagonal’ (hence the superscript ad). Namely, % 24(s, t)
is the Cauchy evolution of a time-dependent operator of the form i9; + H2d(t),

where (0 0
= (70 )

modulo smooth terms (more precisely, modulo terms in C*°(R? W~>°(%) @ C?),
where W™°(X) are the operators that map H~"(3) to H™(X) for each m € N),
and e*(t) are elliptic pseudodifferential operators of order 1 with principal symbol
+(k-hy 1k)% . Now, because of this particular form of the principal symbol, solutions
of (i710; + €T (t)) propagate with wave front set in N'*. This allows us to prove
that if we fix some t; € R and set

ci,f(to) = T(to)n=T (o), where 7t = (é 8) , o= (8 2) ,

20n a side note, let us mention that a different diagonalization procedure was proposed by
Ruzhansky and Wirth in the context of dispersive estimates [RW, Wi|; in their method it is the
(full) symbol of the generator of the Cauchy evolution that is diagonalized (rather than the Cauchy
evolution itself).
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then A;tef(t, s) = q:wo?/(t,to)c;tef(to)%(to, s)m} have wave front set only in N'F x
N+ and therefore satisfy the Hadamard condition (1.3). As a consequence, to prove

the Hadamard condition for A* it suffices to show that

in/out

+ + — 2
cin/out — Cref eW OO(E) ® B((C )

To demonstrate that this is the case, we use assumption (td) to control the decay in

time of various remainders in identities ‘modulo smooth’. The most crucial estimate

here is

%
(1.5) H(3) — (“(? a(()t)%) € Vo 10(R; 3) @ B(C?)
for large t, which then yields time-decay of various commutators that appear in
the proofs. We obtain (1.5) by revisiting the approximate diagonalization (1.4)
using poly-homogeneous expansions of pseudodifferential operators in \Ilzz’_é(R; Y)
in both m and §; more details are given in Sect. 4.5. This requires us to study the
classes \I/Zﬁ’_é(R; Y)) carefully, in particular we employ a variant of Seeley’s theorem
on powers of pseudodifferential operators elliptic in the standard ¥ sense.

1.5. Plan of the paper. The paper is structured as follows.

In Sect. 2 we fix some basic terminology and recall the definition of two-point
functions and covariances of states in the context of non-interacting Quantum Field
Theory.

Sect. 3 contains a brief overview of the pseudodifferential calculus on manifolds
of bounded geometry. We then introduce the time-dependent pseudodifferential
operator classes \Pﬁ’a and study some of their properties.

In Sect. 4 we recall the approximate diagonalization of the Cauchy evolution
used in [GOW] to construct generic Hadamard states. We then give a refinement
in the setup of assumption (td) by showing time decay of various remainder terms.

Sect. 5 contains the construction of the in and out states and the proof of their
Hadamard property in the case of asymptotically static spacetimes (assumptions
(ast) and (pos)). The key ingredients are the reduction to the setup of assumption
(td) and the estimates obtained in Sect. 4.

Various auxiliary proofs are collected in Appendix A.

2. PRELIMINARIES

2.1. Notation. The space of differential operators (of order m) over a smooth
manifold M (here always without boundary) is denoted Diff (M) (Diff™(M)). The
space of smooth functions on M with compact support is denoted CS°(M).

The operator of multiplication by a function f will be denoted by f, while the
operators of partial differentiation will be denoted by d;, so that [0;, f] = 0; f.

- If a, b are selfadjoint operators on a Hilbert space H, we write a ~ b if
a,b>0, DomaZ = Domb%, ¢ <a < b,

for some constant ¢ > 0.

- Similarly, if I C R is an open interval and {H;}+es is a family of Hilbert spaces
with H; = H as topological vector spaces, and a(t),b(t) are two selfadjoint op-
erators on H;, we write a(t) ~ b(t) if for each J & I there exist constants
1,7, ¢2,7 > 0 such that

(2.1) a(t),b(t) > 1.5 >0, cayb(t) <a(t) <cyjb(t), te
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2.2. Klein-Gordon operator. Let (M, g) be a Lorentzian spacetime (we use the
convention (—,4+,...,+) for the Lorentzian signature). We consider the Klein-
Gordon operator with a real-valued potential V € C*°(M)

P = -0, + Ve Diff*(M),

Since V is real-valued we have P = P* in the sense of formal adjoints with respect
to the L?(M, g) scalar product, canonically defined using the volume form.

For K C M we denote Jy(K) C M its causal future/past, see e.g. [BF1, Wa2].
Let C(M) be the space of smooth functions whose support is future or past
compact, that is

CP(M)={feC®M): suppf C J+(K) for some compact K C M}.

We assume that (M, g) is globally hyperbolic, i.e. admits a foliation by Cauchy
surfaces® (in the next sections we will impose more restrictive conditions on (M, g),
but these are irrelevant for the moment). It is well known that P has then unique
advanced /retarded propagators, i.e. operators Gy : C (M) — C (M) s.t.

(2.2) PG =1 on C(M).

A standard duality argument that uses P = P*, (2.2), and the fact that C$°(M)N
C>(M) = C (M) on globally hyperbolic spacetimes, gives G7 = G_ as sesquilin-
ear forms on C°(M). The causal propagator (often also called Pauli-Jordan com-
mutator function) of P is by definition G := G4 — G_, interpreted here as a map
from C°(M) to C° (M) + C>°(M), the space of space-compact smooth functions.

2.3. Symplectic space of solutions. In what follows we recall the relation be-
tween quasi-free states, two-point functions, and field quantization. The reader
interested only in the analytical aspects can skip this discussion and move directly
to equations (2.6)—(2.8), which can be taken as the definition of two-point functions
in the present context.

By a phase space we will mean a pair (¥, ¢) consisting of a complex vector space
¥ and a non degenerate hermitian form ¢ on #". In our case the phase space of
interest (i.e. the phase space of the classical non-interacting scalar field theory) is

_ Cx()
(2.3) V= pemany

where (+|-) is the L?(M, g) pairing. The sesquilinear form ¢ is indeed well-defined
on the quotient space C°(M)/PC2(M) because PG = GP = 0 on test functions.
Using that G* = G_ one shows that ¢ is hermitian, and it is also not difficult to
show that it is non-degenerate.

Note that in contrast to most of the literature, we work with hermitian forms
rather than with real symplectic ones, but the two approaches are equivalent.

uqu = i(u|Gv),

2.4. States and their two-point functions. Let ¥ be a complex vector space,
¥* its anti-dual and Ly, (¥, ¥*) the space of hermitian sesquilinear forms on ¥ If
q € Ly(¥,7*) then we can define the polynomial CCR x-algebra CCRP°/(¥7, q)
(see e.g. [DG2, Sect. 8.3.1]) “. It is constructed as the span of the so-called abstract
complez fields ¥ > v+ 1(v),1*(v), which are taken to be anti-linear, resp. linear
in v and are subject to the canonical commutation relations

[ (v), d(w)] = [P"(v), " (w)] = 0, [(v),d"(w)] = vgwl, v,we ¥,

3Let us recall that a Cauchy surface is a smooth hypersurface that is intersected by every
inextensible, non-spacelike (i.e. causal) curve exactly once.

43ee also |[GW1, Wr| for remarks on the transition between real and complex vector space
terminology.
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Our main object of interests are the states® on CCRP°/(¥, q).
The complex covariances A* € Ly(¥,7*) of a state w on CCRP°(¥,¢) are
defined in terms of the abstract field operators by

(2.4) TATw = w(Y)Y*(w)), TA w=w(P*(w)P(v)), v,we ¥

Note that both A* are positive and by the canonical commutation relations one
always has AT — A~ = ¢. Conversely, if one has a pair of hermitian forms A* such
that AT — A~ = ¢ and A* > 0 then there is a unique quasi-free state w such that
(2.4) holds. We will thus further restrict our attention to quasi-free states and more
specifically to their complex covariances A*.

In QFT (at least for scalar fields) the phase space of interest is the one defined in
(2.3). In that specific case it is convenient to consider instead of complex covariances
a pair of operators A* : C°(M) — C°°(M) such that

(25) (IATw) =w(P@)y* (W), @A w) =w(@ (w)P(©)), vweCE(M).

We call A* the two-point functions of the state w and identify them with the
associated complex covariances whenever possible. Note that because (-|A*:) has
to induce a hermitian form on the quotient space C2°(M)/PCS° (M), the two-point
functions have to satisfy PA* = A*P = 0 on C°(M). By the Schwartz kernel
theorem we can further identify A* with a pair of distributions on M x M, these
are then bi-solutions of the Klein-Gordon equation.

In QFT on curved spacetime one is especially interested in the subclass of quasi-
free Hadamard states [KW, Ra|. These can be defined as in the introduction, i.e. by
requiring that the primed wave front set of the Schwartz kernel of A* is contained in
NEXNZE (cf. e.g. [Ra, SV, Sa for a discussion of various equivalent formulations),
N C T*M \ o being the two connected components of the characteristic set of P
(and o C T*M the zero section). To sum this up, specifying a Hadamard state
amounts to constructing a pair of operators A* : O (M) — C°°(M) satisfying the
properties:

(2.6) PA* =A*P =0, AT - A" =iG,
(2.7) A >0,
(2.8) WEF/(A%) c NE x N2

Existence of two-point functions as above was proved in [FNW], and an alternative
argument was given in [GW1], followed by the construction of a very large class of
examples in [GOW]. The importance of Hadamard states is primarily due to their
pivotal role in renormalization on curved spacetimes [BF2, HW1, HW2, Da], see
[FV2, KM, HW3] for recent reviews.

Here we will be interested in showing (2.8) for specific two-point functions with
prescribed asymptotic properties, motivated by the conceptual need for distin-
guished Hadamard states whenever allowed by the spacetime geometry.

2.5. Cauchy data of two-point functions. We will need a version of two-point
functions acting on Cauchy data of P instead of spacetime quantities such as A*.
To this end, let {Xs}scr be a foliation of M by Cauchy surfaces (since all X are
diffeomorphic we occasionally write ¥ instead). We define the map

OsU ‘= (u, iilnavau)rE

s

acting on distributions u such that the restriction [y, makes sense, where n® is the
unit normal vector to X;. It is well-known that gs o G maps C°(M) to C°(Xy)

SLet us recall that a state w is a linear functional on CCRP®(¥,q) such that w(a*a) > 0 for
all a in CCRP°Y(¥, q), and w(1) = 1.
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and that there exists an operator G(s) acting on C2°(3) ® C? (not to be confused
with ) that satisfies

(2.9) G =: (0sG)" 0 G(s) 0 0sG,

where (0,G)* is the formal adjoint of gs o G wrt. the L? inner product on ¥, LI 3
respective to some density (that can depend on s, later on we will make that choice
more specific). We also set
q(s) =i"'G(s),
so that ¢(s)* = q(s).
The next result provides a Cauchy surface analogue of the two-point functions
A% f. [GW2] for the proof.

Proposition 2.1. For any s € R the maps:

(2.10) NE(s) = A = (0.G)" A (5)(0:G),
and
(2.11) AF = M (s) == (05G(5)) A (05G(9))

are bijective and inverse from one another.

It is actually convenient to make one more definition and set:
(2.12) cF(s) = £(iG(s)) T E(s) : C=(2) ® B(C?) — C*(X) ® B(C?).
We will simply call ¢*(s) the (time-s) covariances of the state w. A pair of operators
c*(s) are covariances of a state iff the operators A* defined by (2.10) and (2.12)
satisfy (2.6)-(2.7), which is equivalent to the conditions
(2.13) ct(s)+c (s) =1,
(2.14) ME(s) >0,

where we identified the operators A* (s) with hermitian forms using the same pairing
as when we took the formal adjoint in (2.9). Note that (2.13) can also be expressed
as AT(s) — A7 (s) = q(s).

Additionally, a state (recall that we consider only quasi-free states) is pure iff
its covariances c¢* (s) extend to projections on the completion of C°(3) ® C? w.r.t.
the inner product given by AT + A~. In practice it is sufficient to construct ¢*(s)
as projections acting on a space that is big enough to contain C2°(¥) @ C?, but
small enough to be contained in the Hilbert space associated to AT 4+ \~.

2.6. Propagators for the Cauchy evolution. Recall that we have defined the
operator G(s) via the identity
(2.15) G =: (0sG)* 0 G(s) 0 psG.

A direct consequence is that the operator G*psG(s) assigns to Cauchy data on X
the corresponding solution. Similarly, for ¢, s € R the operator

(2.16) U (s,t) = 0sG"0; G(1)

produces Cauchy data of a solution on ¥, given Cauchy data on ;. We will call
{% (s,1)}s.1er the Cauchy evolution of P. A straightforward computation gives the

group property
(2.17) Ut t) =1, Us, U t)=U(s,t), t €ER;
and the conservation of the symplectic form by the evolution

(2.18) U (s,t)q(s)% (s,t) = q(t).
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These identities allow to conclude that the covariances ¢*(t) (and two-point func-
tions AT (t)) at different ‘times’ of a quasi-free state are related by
NE(L) = U (5, )" NE(s)% (3, 1),
() =U(t,s)cT(s)% (s,1).
Notice that this induces a splitting of the evolution in two parts:
U (s,t) = U (s,t) + U (s,t), with %E(s,t) = U (s,t)cE(t).
If the state is pure then ¢*(¢) are projections for all ¢ and the operators % * (s, t)
obey the composition formula
UE(s, YU t) = Ut (s,t), Ut(s,t)UT{H,t)=0, t' €R.

Let us stress that % *(¢,t) is not the identity, but rather equals ¢*(¢). Furthermore,
if the state is Hadamard then % (s,t)c* (t) propagate singularities along N'* (see
the discussion in [GW2]). In Sect. 4 we will be interested in the reversed argu-
ment, namely we will construct covariances c*(t) of pure Hadamard states from a
splitting of the evolution % (t, s) into two parts that propagate singularities along

respectively N7, N'~.

(2.19)

3. PSEUDODIFFERENTIAL CALCULUS ON MANIFOLDS OF BOUNDED GEOMETRY

3.1. Manifolds of bounded geometry. In the present section we introduce man-
ifolds of bounded geometry and review the pseudodifferential calculus of Kordyukov
and Shubin [Ko, Sh1|, making also use of some results from [GOW].

Let us denote by 6 the flat metric on R? and by By(y,r) C R? the open ball of
center y and radius 7.

If (X, h) is a d—dimensional Riemannian manifold and X is a (p,q) tensor on
Y, we can define the canonical norm of X (x), x € X, denoted by [|X]|x, using
appropriate tensor powers of h(x) and h™'(x). X is bounded if sup,,y, [| X||x < oo.

If U C ¥ is open, we denote by BT (U,0) the Fréchet space of (p,q) tensors
on U, bounded with all covariant derivatives in the above sense. Among several
equivalent definitions of manifolds of bounded geometry (see [Shl, GOW]), the one
below is particularly useful in applications.

Definition 3.1. A Riemannian manifold (X, h) is of bounded geometry iff for each
x € X, there exists an open neighborhood of x, denoted Uy, and a smooth diffeo-
morphism

Uy 1 Ug =5 B4(0,1) c R?
with 1y (x) = 0, and such that if hy == (Y 1)*h then:
(C1) the family {hy}xex is bounded in BTS(B4(0,1),6),
(C2) there exists ¢ > 0 such that :

clo<h <ed, xeX.

A family {Ux}xex resp. {x}xex as above will be called a family of good chart
neighborhoods, resp. good chart diffeomorphisms.

A known result (see [Shl, Lemma 1.2]) says that one can find a covering ¥ =
U,en Ui by good chart neighborhoods U; = Uy, (x; € ¥) which is uniformly finite,
i.e. there exists N € N such that (,.; U; = 0 if §I > N. Setting 1; = 1)y, we will
call the sequence {U;, 1;}ien & good chart covering of 3.

Furthermore, by [Shl, Lemma 1.3] one can associate to a good chart covering a
partition of unity:

1= X%, xi€CE(U)
ieN
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such that {(1; ')*xi}ien is a bounded sequence in C£°(By(0,1)). Such a partition
of unity will be called a good partition of unity.

3.2. Bounded tensors and bounded diffeomorphisms.

Definition 3.2. Let (X, h) be of bounded geometry. We denote by BT} (X, h) the
spaces of smooth (q,p) tensors X on X such that if Xy = (exploe,)* X, where
ex 1 (RY,8) — (T3, h(x)) is an isometry, then the family {Xy}zex is bounded in
BT}(Ba(0,5),0). We equip BT (X, h) with its natural Fréchet space topology.

We denote by Cg°(R; BT} (X, h)) the space of smooth maps R € t — X(t) such
that Of X (t) is uniformly bounded in BT} (X, h) for n € N.

We denote by S°(R; BTY (X, h)), € R the space of smooth maps R € t — X (1)
such that (t)=°TmOP X (t) is uniformly bounded in BTH(X, h) for n € N.

It is well known (see e.g. [GOW, Subsect. 2.3]) that we can replace in Def. 3.2
the geodesic maps exp”oe, by ¥ !, where {¢}ex is any family of good chart
diffeomorphisms as in Thm. 3.1.

Definition 3.3. Let (X, h) be an n—dimensional Riemannian manifold of bounded
geometry and x : ¥ — X a smooth diffeomorphism. One says that x is a bounded
diffeomorphism of (X, h) if for some some family of good chart diffeomorphisms
{Ux, ¥x }xex, the maps

Xx = ’l/)x(x) oxo 1/};17 X;l = ’l/)xfl(x) © Xil © "/)x : Bn(oa 1) — Bn(oa 1)
are bounded in Cg°(By(0,1)) uniformly with respect to x € X.

It is easy to see that if the above properties are satisfied for some family of
good chart diffeomorphisms then they are satisfied for any such family, furthermore
bounded diffeomorphisms are stable under composition.

3.3. Symbol classes. We recall some well-known definitions about symbol classes
on manifolds of bounded geometry, following [Sh1, Ko, ALNV].

3.3.1. Symbol classes on R"™. Let U C R? be an open set, equipped with the flat
metric § on R%.
We denote by S™(T*U), m € R, the space of a € O (U x R?) such that
<k>7m+m|0§‘8£a(x, k) is bounded on U x R%, Vo, € N",
equipped with its canonical semi-norms || - ||,,qa,3-
We set
ST(TU) = () S™(T*V), S*(T*U):= | s™(T*V),
meR meR
with their canonical Fréchet space topologies. If m € R and a,,_; € S™4(T*U)
we write a >~ ),y am—; if for each p € N
p
(3.1) rp(a) == a— Y am—; € STPTHTU).
i=0
It is well-known (see e.g. [Sh2, Sect. 3.3]) that if a,,—; € S *(T*U), there exists
a € S™(T*U), unique modulo S™(T*U) such that a ~ ),y tm—i-.

We denote by S["(T*U) C S™(T*U) the space of a such that a(x,\k) =
A"a(x, k), for x € U, [k| > C, C' > 0 and by ST} (T*U) C S™(T*U) the space of a
such that a ~ ),y am—; for a sequence a,, ; € S=HT*U) (a is then called a poly-
homogeneous® symbol). Following [ALNV] one equips SPL(TU) with the topology

6These are also called classical symbols in the literature.
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defined by the semi-norms of a,,—; in S™~(T*U) and r,(a) in S™"P~YT*U), (see
(3.1)). This topology is strictly stronger than the topology induced by S™(T*U).
The space ng](T*U)/S;ffl(T*U) is isomorphic to S{"(T*U), and the image of
a under the quotient map is called the principal symbol of a and denoted by op.(a).
If U = B,,(0,1) (more generally, if U is relatively compact with smooth bound-
ary), there exists a continuous extension map E : S™(T*U) — S™(T*R%) such that
Ea|r«y= a. Moreover E maps ST} (1*U) into ng](T*Rd) and is continuous for the

topologies of S (T*U) and S&(T*Rd), which means that all the maps
av (Ea)m—i, av ry(Ea),

are continuous.

3.3.2. Time-dependent symbol classes on R%. We will also need to consider various
classes of time-dependent symbols a(t,x, k) € C°(R x T*U). First of all the space
C>®(R; S™(T*U)) is defined as the space of a € C*°(R x T*U) such that

<k>7m+m|8z6§‘6£a(t,x,k) is bounded on I x U x R, Vo, 3 € N*, v € N,

for any interval I € R. We denote by C°(R; S™(T*U)) the subspace of symbols
which are uniformly bounded in S™(T*U) with all time derivatives.

Furthermore, anticipating the need for some additional decay in ¢ in Sect. 4.5,
we denote by S°(R; S™(T*U)) the space of a € C°(R x T*U) such that

<t>75+7<k>7m+m|8?8§‘8,fa(t,X, k) is bounded on R x U x R%, Vo, 3 € N", v € N,
The notation @ ~ Y. aym—; and the poly-homogeneous spaces
O (R; SpL(T*U), - S°(R; Sy (T™U)),

are defined analogously, by requiring estimates on the time derivatives of the a,,—;
and 7, in (3.1).

3.3.3. Symbol classes on .. Let (X, h) be a Riemannian manifold of bounded ge-
ometry and {t¢x}xex a family of good chart diffeomorphisms.

Definition 3.4. We denote by S™(T*X) for m € R the space of a € C>*(T*X)
such that for each x € 3, ay = (Y )*a € S™(T*B,(0,1)) and the family {ay}xes
is bounded in S™(T*B,(0,1)). We equip S™(T*X) with the semi-norms

lallm.a.6 = sup [lax|lm,a.p-
xeX

Similarly we denote by SHi(T*%) the space of a € S™(T*%) such that for each
x € %, ax € SI(T B, (0,1)) and the family {ax}xes is bounded in ST}, (T By (0,1)).
We equip Sp (T%) with the semi-norms

lallm.i,p,0,8 = sUp l|axl|m,ip,a,8-
XEX

where || - |[m,i,p,a,8 are the semi-norms defining the topology of ST} (T B, (0,1)).
We also set ST, (T%) = Uper Sion) (T*Y).

The definition of S™(T*¥), S} (1*%) and their Fréchet space topologies are
independent on the choice of the family {¢x}xes of good chart diffeomorphisms.

The notation a >~ . am—; for a,_; € Sg}l_’(T*E) is defined as before. If
a € ST} (T*Y), we denote again by ap,, the image of a in ST}, (T*E)/ng;l(T*E).

The spaces CF) (R; Sy, (T75)), S°(R; 8™\ (T*Y)) are defined as in 3.3.2 and

. i ) (ph) (ph)\*
equipped with their natural Fréchet space topologies.
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3.4. Sobolev spaces and smoothing operators. Using the metric h one defines
the Sobolev spaces H™(X) as follows.

Definition 3.5. For s € R the Sobolev space H™(X) is:
H™ () = (=Ap)""2L3(%),
with its natural Hilbert space topology, where —Ay, is the Laplace-Beltrami operator
on (3, h), strictly speaking the closure of its restriction to C°(X).
We further set

H¥(3) == Npez H"(2),  H™>(X) := Uz H™(2),

meZ meZ

equipped with their Fréchet space topologies.
We denote by W~°(X) the Fréchet space B(H (%), H* (X)) with its Fréchet
space topology, given by the semi-norms
lallm = HGHB(H*’"(E),H"L(E))a m € N.
This allows us to define C&2 (R; W™°(%)), S (R; W~°°(X)), the latter consisting

(b)
of operator-valued functions a(t) such that

187 a(t)|m € O((£)°™7), Vy,m € N.

3.5. Pseudodifferential operators. Starting from the well-known Weyl quanti-
zation on open subsets of R%, one constructs a quantization map Op for symbols in
S™(T*X) using a good chart covering of ¥ and good chart diffeomorphisms. More
precisely let {U;, 1; }ien be a good chart covering of M and

St
ieN
a subordinate good partition of unity, see Subsect. 3.1. If
(¢, 1)*dg = midz,

we set

T,: L*(Ui,dg) — L2(Bn(0,1),dz),
wes mi (U7
so that T; : L?(U;,dg) — L?*(B,(0,1),dx) is unitary. We then fix an extension map
E: S (T*Bq(0,1)) — SiH(T*RY).

Definition 3.6. Let a = a(t) € C*°(R; ST} (T"M)). We set

Op(a) := Z xiI; o Op™(Ea;) o T; X,

i€N

where a; € SP}(T*Ba(0,1)) is the push-forward of a|r-u, by i and Op™ is the
Weyl quantization.

If Op’ is another such quantization map for different choices of U;, 4, x; and E
then

pn(T78) = W™= (%)
Op—Op': Ci)(R; SEL(T7E)) — CF) Ry W™ (X)),

S°(R; S (T*8)) — SY(RyW™(X)),



Hadamard property of the in and out states on asymptotically static spacetimes 13

are bounded. Then one defines the classes

(%) = Op(Spy (T7%)) + W= (%),

) (R; w™ (X)) := Op(CF) (R; S, (T7X))) + Cy (Ry W™ (X)),
S°(R; U(X)) = Op(S°(R; W (TE)) + S°(R;W™2(X).

Thanks to including the ideal W~>°(X) of smoothing operators, the so-obtained
pseudodifferential classes are stable under composition, for example

T™(D) 0 UM (X) C WM (),

Note that S°(R; U™ (X)) = (t)°SO(R; ¥™ (X)) and similarly with ™ (%) replaced
by W~°°(X) so in what follows one can assume without loss of generality that § = 0.
The spaces W™(%), C) (R; W™(X)) and S%(R; W~>°(%2)) have natural Fré-
chet space topologies. If necessary we equip the spaces U™ (%), C’(Cf) (R; ¥™(X)) and

SO(R; ¥™(X)) with the quotient topology obtained from the map:
(¢, R) — Op(c) + R

between the appropriate spaces.
If a € U™ (X), the principal symbol ope(a) € SP*(T*X) is defined in analogy to
the case ¥ = R®. The operator a is elliptic if there exists C' > 0 such that

(3-2) lope(a)] = ClE[™, k[ =1,

uniformly in the chart open sets. If a € C°(R; U™ (X)) we say that a is elliptic
if a(t) is elliptic for all ¢ € R and the constant C' in (3.2) is locally uniform in t.
For a € C°(R; ¥™(X)) or SY(R; U™ (X)) there is also a corresponding notion of
ellipticity, where we require C' to be uniform in t.

As shown in [GOW], the pseudodifferential classes ¥ (%) fit into the general
framework of Ammann, Lauter, Nistor and Vasy [ALNV], and consequently they
have many convenient properties that generalize well-known facts for say, pseudo-
differential operators on closed manifolds, such as the existence of complex powers
for elliptic, bounded from below operators.

We state below a particular case of Seeley’s theorem for real powers, partly proved
in [GOW, Sect. 5] and based on a general result from [ALNV].

Theorem 3.7 (Seeley’s theorem). Let a € C(R; (X)) be elliptic, selfadjoint
with a(t) > ¢(t)1, c(t) > 0. Then a® € C®(R;¥"*(X)) for any a € R and
opr(a®)(t) = opr(al(t))”

The same result holds replacing C*°(R; ¥ (X)) by CoH (R; ™(X)) or also by
SO(R; U™(32)) if one assumes a(t) > col for co > 0.

Proof. The Céf) cases are proved in [GOW, Thm. 5.12|, by checking that

the general framework of [ALNV] applies to these two situations. The S° case
can be proved similarly. The only point deserving special care is the spectral
invariance of the ideal S°(R;W~°°(X)), which we explain in some detail. Let
T oo € SO(R; W~°(X)), considered as a bounded operator on L?(R; x X,). The
spectral invariance property is the fact that if 1—r_ . is invertible in B(L?(R; x %))
then (1 —7r_o) ™' =1 -7 _ for 71 _oo € S(R;W~°°(X)). This can be however
proved exactly as in [GOW, Lemma 5.5]. O



Hadamard property of the in and out states on asymptotically static spacetimes 14

3.6. Egorov’s theorem. If b(t) € C°(R; ¥ (X)) (or more generally, if b(t) is a
square matrix consisting of elements of C°°(R; U™ (X)) and H ~>°(X) is tensorized
by powers of C accordingly) we denote by

Uy(t,s) : H-2(S) — H (%)

the evolution generated by b(t), i.e. the Cauchy evolution of d; — ib(t), or put in
other words, the unique solution (if it exists) of the system

LU (t,s) = ib(t) (L, s),
(3.3) %%b(t, s) = —i%(t, s)b(s),

U(t,s) = 1.
The existence of %,(t, s) can typically be established if b(t) defines a differentiable
family of self-adjoint operators on a Hilbert space, or a small perturbation of such

family. Specifically, consider b(t) € C°°(R; ¥!(X)) such that b(t) = bi(t) + bo(t)
with b;(t) € C*(R; U¥(¥)) and:

(E) b1(¢) is elliptic and bounded from below on H*(X), locally uniformly in ¢.
Using [ALNV, Prop. 2.2| it follows that b(¢) is closed with domain Domb(t) =
H(X). Moreover the map R 3 ¢ +— b(t) € B(H'(X), L?(X)) is norm continuous.
It follows that we can define % (t, s), using for instance [RS, Thm. X.70]. In the

present setup one can prove a result known generally as Egorov’s theorem, we refer
to [GOW] for the details and proofs.

Lemma 3.8. Assume (E). Then:

(1) %(t,s) € B(H™(X)) for m € R or m = +oo0.

(2) if r € W™2(X) then % (t, s)r, r%(s,t) € C(R ,,W™>(%)).

(3) if moreover b(t) € S°(R; WL(X)) and b(t) — b*(t) € S~ 5(R, V(%)) for 6 >0
then Uy(t,s) is uniformly bounded in B(L?(X)).

)
Theorem 3.9 (Egorov’s theorem). Let ¢ € U™ (X) and b(t) satisfying (E). Then
c(t,s) == U(t, s)cW(s, 1) € CF(R{ ,, T"(X)).
Moreover

opr(€)(t; 8) = ope(c) 0 (s, 1),
where ®(t,s) : T*X — T*X is the flow of the time-dependent Hamiltonian opy (b)(t).

3.7. Some auxiliary results. For the sake of having a slightly more short-hand
notation, for (X, k) of bounded geometry we set:

TR 2 == SO(R; U(X)).
for pseudodifferential operator classes with time decay (td) of the symbols.

3.7.1. Difference of fractional powers. We now state an auxiliary result about frac-
tional powers of elliptic operators that will be needed later on.

Proposition 3.10. Let a; € \Ilf(’io(R;E), i =1,2 elliptic with a; = a} and a;(t) >
col for some ¢y > 0. Assume that a1 —as € \Ilfé_é(R; %) with 6 > 0. Then for each
o € R one has:

aff —ay € UOTO(R; ).

Prop. 3.10 is proved in Subsect. A.1.
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3.7.2. Ressummation of symbols. We now examine the ressummation of symbols.
One can think of this as a statement about the uniform symbol classes on R?, after
applying a chart diffeomorphism.

We denote \Ilt:ioo’fa(R; ¥) =

m,—0 /.
meR \Iltd (]Ra E)

Lemma 3.11. Let 6 € R and let (m;) be a real sequence decreasing to —oo. Then
if a; € \I/:;j’*g(R; %) there exists a € U~ °(R; X), unique modulo ¥, °(R; %),
such that

00 N
a ~ Zaj, ie. a— Zaj € \IIZEN“’fJ(R; ¥), VN e N.
=0 =0
Proof. By introducing the new variable s = f0t<o>*1da (so that (t)0; = 0s) and

putting the extra variable s together with the x variables we can reduce ourselves
to the situation covered by the standard proof (see e.g. [Sh2, Prop. 3.5]).0

4. PARAMETRIX FOR THE CAUCHY EVOLUTION AND HADAMARD STATES

4.1. Model Klein-Gordon equation. We fix a d—dimensional manifold > equipped
with a reference Riemannian metric k such that (X, k) is of bounded geometry. We
equip M = Rx X, the elements of which are denoted by = = (¢,x), with a Lorentzian
metric g and a real function V such that:

g = —dt* + hy;(t,x)dx"dx7
(4.1) he C®(R,BTY(Z, k), h™' € C°(R; BT5(%, k),
Ve C®(R;BTH(Z, k).
Although the first assumption may look restrictive, we will give in Subsect. 5.2 a

reduction procedure that will allow us to treat more general cases.
In this setup, the Klein-Gordon operator P = —0O,+ V equals

P = |h[~%0,|h|33, — |h| "2 9K |h|38; + V

(4.2) s _ _
=0, +r(t,x)0 + a(t,x, 0x),

where _ o
a(t,x,0x) = —|h|720;hY|h|20; + V(t,%)
is formally self-adjoint with respect to the t-dependent L?(3, |h|%d:c)—inner product
and . .
r(t,x) = |h[72 0 (|h|?)(t, ).
Note that the above function is closely related to the extrinsic curvature of ¥ in
M.
In the sequel we will often abbreviate a(t,x, dx) by a(t) or a.

4.2. Construction of parametrix. Following [GOW]| we now explain how one
obtains a parametrix for the Cauchy evolution for the model Klein-Gordon operator
(and a splitting of it) by means of an approximate time-dependent diagonalization.
We will then adapt it to the setup of scattering theory.

The first step consists of observing that the Klein-Gordon equation (97 +r(t)9; +
a(t))p(t) = 0 is equivalent to

(4.3) iT0(t) = H(t)y(t),  where H(t) = (a?t) ir%t))’
by setting

(4.4) v(t) = <i—1%(t2(t)> '
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Let us denote by % (s,t) the evolution generated by H(t), cf. (3.3). Recall that on
Cauchy data on X5 = {s} x 3, we have a symplectic form induced from an operator
G(s), defined by:

G = (0sG)" 0 G(s) 0 (0sG).
Here the formal adjoint will always be taken with respect to the L2(X, |h|2 dz)-inner
product. We have also introduced the hermitian operator ¢(s) = iG(s). It is well
known that with these choices, ¢(s) equals specifically

(15) )= (3 o)

in particular it does not depend on s (we will thus simply write ¢ instead). Fur-
thermore,

(4.6) U (t,s)qU (t,s) = q,
(the Cauchy evolution is symplectic).

4.2.1. Riccati equation. The approximate diagonalization of % (s,t) will be based
on solving the Riccati equation

(4.7) i0;b — b* 4+ a +irb = 0,

modulo smoothing terms, where the unknown is b(t) € C*°(R; ¥1(X)). By repeating
the arguments in [GW1, GW2] this can be solved modulo terms in C*°(R; W~ (%)).
Concretely, supposing for the moment that a(t) > c(¢)1 for ¢(t) > 0, upon setting
€= a%, b = € + by one obtains the equations:

by = %(eilate + e tre) 4+ F(b),

1
F(bO) = 56_1(1&5[)0 + [6, bo] + irby — b%)

These can be solved by substituting a poly-homogeneous expansion of the symbol
of by, yielding an approximate solution of (4.7) in the sense that

(4.8) 100 —b> +a+irb=r_o € C°R; W™ >(%)).
Set
(4.9) bt =b, b =-b"

Taking the adjoint of both sides of (4.8) with respect to the ¢-dependent inner
product L2(2, |h|2dx) and using that

(0:D)* = 9 (b") + rb* — b*r,
we obtain
(4.10) 10,65 — b2 4+ a4 irb*t = r*

with 1t =r_, 717 =17 € CX(R;W™()).

In general we can find a cutoff function ¢ € C°(R) such that a(t) + ¢(a(t)) >
c(t)1 for c(t) as above, using the locally uniform ellipticity of a(t). Since ¢(a(t)) is
a smoothing operator, replacing a(t) by a(t) + ¢(a(t)) is a harmless modification.

A redefinition of b(t) involving a cutoff in low frequencies as in [GW2, GOW]|
gives then control of the norm sufficient to obtain in addition

(4.11) (bF () = b (6) 7" = C)e(t) !

for some C(t) > 0, while keeping the property that b*(t) = +e(t) + C(R; ¥0(%)),
and with (4.10) still valid for some 7= € C*°(R; W~>°(%)).

[oon)
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Observe now that the Riccati equation (4.10) implies the following approximate
factorization of the Klein-Gordon operator:

(4.12) @0 +ibE(t) + (1) 0 (B, — ib=(t)) = 8. + 18, +a —rt

—0o0

Such a factorization of the Klein-Gordon operator was already used by Junker [Ju]
and Junker and Schrohe [Ju] to construct pure Hadamard states in the case the
Cauchy surface X is compact.

Here we use (4.12) to diagonalize (4.3) by setting

a0 = (50 e

A direct computation yields then ¢(t) = S~ (t)(t) with

(4.13) Sl(t)i<_2:rg; }) S(t) =i (bf(t) _b_l(t)> (B = b (1),

where well-definiteness and invertibility of S(¢) rely on the fact that b () — b~ (¢)
is invertible by (4.11). We obtain from (4.12) that

— 2 —
O +1ib~ +r 0 ~ 0 +a+1rds —r_

— . t)=1_ _ o t
( 0 5t+lb++7‘>¢() <af+a+7"at7’+oo>¢()

- (i g)sws= (52 ZEz)er-ie

Therefore, ﬁ(t) solves a diagonal matrix equation modulo smooth terms. More
precisely, we have 9 (t) = %p(t, s)i(s) for

(4.14) B(t) = B(t) + R_ (1),
(4.15)
B(t) = (bo+ " —b+0+ ir)  Reoo(t) = (E: E:) v =677,
Ultimately, we can thus conclude that
(4.16) U(t,s) = St)Up(t,s)S(s)" .

4.3. Improved approximate diagonalization. It is convenient to modify S(t)
to obtain a simple formula for the symplectic form S*(¢)q(¢)S(t) preserved by the
almost diagonalized evolution. Namely, setting

NI

T(t) =SB —b7)3 (1) =i (zﬁ bl) (b —b7)

-b- 1
bt 1)

we find that for ¢ defined in (4.5) one has:

(4.17)

W=

T'(t) =it —b7)~

(4.18) T*(t)qT(t) = <1 0 > — g,
0 -1
We now define

(4.19) U(t,s) = T)%™(t,5)T(s)",



Hadamard property of the in and out states on asymptotically static spacetimes 18

s)*q % 24(t,s) = ¢*!. Furthermore, the generator of

and we obtain that %/24(¢,
A(t, 8)}e.ser is:

the evolution group {%*
(4.20)

H(t) = (b7 —b7)"ZB(t)(b* —b7)% —idy(bt —b7)~

(b 0 ot v (T T o
_( 0 —b++7";r) (b b ) (TJr _rJr )(b b ) ’

where r£__ € C°°(R; W~>°(%)) are the remainder terms from (4.10), and

(4.21) o =ir4 (0T —b7) 73,0 ) — 0,6 —b7)"E(b —b7)E € VO(R).

This way, denoting by H<¢ the diagonal part of H2d(¢), using that H*d(¢)*¢*! =
¢ H*(t) we have:

(1) = B (1), Hd(t)(e+(t> 0 )

N
—
=
+
i
~—
W=

N
N

0 et
where
et = —bF 4] + C®(R;W™>2(R)),
and H*(t) = HY(t) + V2L (t), where V24 (t) € C°(R; W~>=(X) ® B(C?)). The
evolution % 4(t, s) generated by HY(t) is diagonal, in fact:

(4.22) 2(t,s) = (%*ét’ 2 " fgt, S)) .
Moreover:
— ad s s —1

=Tt % (t,s)T(s)"" + C®°(REW™2(D)).

This is shown by an ‘interaction picture’ argument explained in detail in [GOW];
we omit the proof here.

Remark 4.1. One casily sees that S(t) is an isomorphism from L*(X) @ L*(X) to
HY(X) @ L*(X) (the so-called energy space of Cauchy data of (4.3)), while T(t) is
an isomorphism from L2(3)® L2(X) to Hz (X))@ H~2 (%) (this is the charge space
that appears naturally in the quantization of the Klein-Gordon equation).

4.4. Splitting of the parametrix and of the Cauchy evolution. Let us set

(4.24) e (é 8) - <8 (1)) .

Since % 4(t, s) is diagonal we have:
Ut s) = w(t,s)nt + U, s)m™,

with % 4(t, s)m* propagating with wave front set contained in N'* (this follows
from b* being ¢ modulo terms of lower order). This suggests that at least modulo

smoothing terms, the splitting of % (¢,s) at time s should be given by a pair of

operators c;tef(s) defined as follows. We first fix a reference time ¢y, € R.

Definition 4.2. We set:
_ F(bt —b)" 1T +(bt —p)7 !
o) =TT = (0 G0

Then c;tef(to) is a 2 x 2 matrix of pseudodifferential operators and
Crag(t0)? = Crog(f0), €os(to) + cop(to) = 1.
We set:
(4.25) U*(t,s) == U (t, to)cror(to) % (Lo, 9),

ref
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so that
(4.26) U(t,s)=U (t,s)+ U (t,5).
This splitting has the following properties (see [GOW]):
Proposition 4.3.
W) UE, UL (s, V) = UE(L, 1),
(4.27) i) (0y —iH@)%*(t,s) = %~ (t,5)(Ds +1H(s)) = 0,

iii) WE(%E(t,s)) = {(X,X') e T*S x T*Y : X = &% (t,5)(X')},

where ®F(t,5) : T*X — T*Y is the symplectic flow generated by the time-dependent
Hamiltonian +(h" (t, X)kikj)% .

If we set for ¢t € R:

(4.28) UE(t, ) = cE(t) = U (t,to)cEp(to) % (to, 1),
then
c;if(t)Q = c;tef(t), c:;f(t) + () =1, c;tef(t) = U (t, s)c;tef(s)%(s,t).

Moreover from (4.18) and the fact that iqad ot > 0, we obtain that

+ +
Aoe(t) = £qoc (t) > 0.
As a consequence ¢ (t) are the time-t covariances of a Hadamard state [GOW].

In general, we say that a state is a reqular Hadamard state if its time-t covariances
differ from ¢ (t) by terms in W~>(¥) ® B(C?), and one can show that it suffices

ref

to check that property for one value of ¢t [GOW]. In summary:

Theorem 4.4 ([GOW]|). The pair of operators ¢ (t) defined in (4.28) are the
covariances of a pure, reqular Hadamard state.

We stress that in general cfef(t) are not ‘canonical’ nor ‘distinguished’, because

they depend on the choice of the reference time tg and on the precise choice of
the operators b* (t) (to which one can always add suitable regularizing terms). On
the other hand, in Sect. 4.5 we will construct covariances ¢ (t) and ¢, (t) of the
distinguished in and out states, and the operators cif(t) will play an important
role in the proof of their Hadamard property: a suitable sufficient condition for

that is in fact that
(4.29) cE (1) — cE(t) € W (D) ® B(C?)

out/in

for some (and hence all) ¢ € R.

4.5. Further estimates in scattering settings. In what follows we give a re-
finement of the constructions in Sect. 4 for the model Klein-Gordon equation in a
scattering situation, corresponding to a situation when the metric g, resp. the po-
tential V converge to ultra-static metrics g, /in = —dt? + hout in,ij (x)dx"dx?, resp.
to time-independent potentials Vi in as t — d0o. We start by fixing two classes
of assumptions on the model Klein-Gordon equation (4.2).

We will often abbreviate the classes \I/ZZ";(R; ¥) (introduced in Subsect. 3.5-3.7)
by \11273’5. We make the following assumption:

a(t,x, Dx) = Gout/in(%, Dx) + U257 °(R; T) on R* x B, § > 0,
(td) r(t) € OO (R 3,
out/in (X, Dx) € U2(%) elliptic, Aout /in (X, Dx) = Gout/in (X, Dx)* > Coo > 0.
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The assumption § > 0 corresponds to a long-range setup (as opposed to the
more narrow short-range case when § > 1).

Below, we give estimates on the solution of the Riccati equation, taking now into
account the decay in time that follows from (td). To simplify notation we simply
write a1 (t) = as(t) + \Pz’é(Ri; %) when aq (t) = a(t) + \I/Z;"S(R; ¥) in RT x ¥, We
also abbreviate \Ifzz’é(Ri; Y) by \I/:Zi"s when it is clear from the context whether the
future or past case is meant.

From hypothesis (td) we deduce that there exists ¢(t) € C2°(R) such that a(t) +
c(t)1 ~ gyt /in, uniformly in ¢ € R*. By functional calculus we can find ¢ € C°(R)
such that a(t) + sa(lzgg) ~ Qout/in, uniformly in ¢ € R*. The error term gp('zg;)
belongs to C°(R; W~ (X)).

We can hence replace a(t) by a(t) + w(%) in the Riccati equation (4.7) and

assume that
a(t) ~ Gout/in uniformly in ¢ € R*.

If €qut/in = afut/in, then from Prop. 3.10 we deduce that if (td) holds then
(4.1) €(t) :=a(t)

Proposition 4.5. There exists b(t) = e(t)+\IlS(’fl*5(R; Y) = eout/in+\11t1(’f§(Ri; Y)
that solves

N

1,—46
= €out/in + \Iltd .

00— 0%+ a+irb e U0 TR D).
The proof is given in Appendix A.2.

Proposition 4.6. Assume (td) and let rif be defined in (4.21) and r*
Then

in (4.10).

oo

rE e TR Y, rE e U0 T TR ).

The proof is given in Appendix A.3.

5. THE out/in STATES ON ASYMPTOTICALLY STATIC SPACETIMES

5.1. Assumptions. In what follows we introduce a class of asymptotically static
spacetimes on which we will construct the in and out states and prove their
Hadamard property. One of the key ingredients is the reduction to a model Klein-
Gordon operator that satisfies the assumptions (td) considered in Subsect. 4.5.

We will use the framework of manifolds and diffeomorphisms of bounded geom-
etry introduced in Defs. 3.2, 3.3.

We fix a d—dimensional manifold ¥ equipped with a reference Riemannian metric
k such that (X,k) is of bounded geometry, and consider M = R, x X, setting
y=(t,y), n=1+d. We equip M with a Lorentzian metric g of the form

(5.1) g=—)dt* + (dy" + b (y)dt)hi;(y)(dy’ + V' (y)dt),
Where we assume:
by € CR(R;BTY(S, ), 1! € CEe(R BT3(S, 1),
(bg) b€ C*(R;BTo(%, k),
¢, ¢l € CR(R;BTY(Z, k).

We recall that € C*°(M) is called a time function if Vt is a timelike vector field.
It is called a Cauchy time function if its level sets are Cauchy hypersurfaces. By
[CC, Thm. 2.1] we know that (M, g) is globally hyperbolic and ¢ is a Cauchy time
function.
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We will consider the Klein-Gordon operator on (M, g):
(5.2) P=-0,+V,

with V€ C°(R; BTH(X, k) a smooth real-valued function. We consider two static
metrics

Yout/in = _C?)ut/in (.Y)dtQ + hout/in (.Y)dy2
and time-independent potentials Vi /in and assume the following conditions:

h(y) = houwt/in(y) € S7H(R*; BTH(, k),
b(y) € S™* (R; BT((X, k),

c(y) = Cout/in(y) € STH(RE; BT(X, k),
V(Y) = Vourin(y) € STH(R*; BT((S, k),

(ast)

n—2 2 2 2

(pos) 4(n—1) Rc;uzt/inhout/in B Cout/inRgout/in) * Cout/in Vout/in = 1M,
for some p > 0, ¢/ > 1 and m > 0. Above, R, resp. Rj, denotes the scalar curvature
of g, resp. h.

Condition (ast) means that g, resp. V are asymptotic to the static metrics g,y /in
resp. to the time-independent potentials Vi /in as t — £oo. Condition (pos)
means that the asymptotic Klein-Gordon operators 5? + aout /in(x, 0x) introduced
in Lemma 5.2 below are massive.

It follows from (bg) that Ague/in € BTY(Z, k), h

out/in
Vout/ins Vot Jin € BTY(Z, k).

ou

€ BT%(%, k), and that

5.2. Reduction to the model case. In this subsection we perform the reduction
of the Klein-Gordon operator P to the model case considered in Sect. 4.5. We
start with the well-known orthogonal decomposition of g associated with the time
function ¢. Namely, we set
g ldt
vi= =
dt - g~ tdt
which using (bg) is a complete vector field. Furthermore, we denote by ¢; its flow,
so that

= 5,5 + bigyi,

where y(t, s,-) is the flow of the time-dependent vector field b on 3. We also set
(5.3) X:RxX3(tx)— (t,y(t,0,x)) e R x X.
Lemma 5.1. Assume (bg), (ast). Then
§:=x* g ==, x)dt> + h(t,x)dy?, V=1,
where: .
¢ e, Ve CR(R; BTY(S, k),
he C(R:BTY(S,R), b € g (R BT2(S, k).
Moreover there exist bounded diffeomorphisms yous/in of (£, k) such that if:

hout/in = yzut/in hout/ina

5 U U
Cout/in *=— yout/in Cout /in> Vout/in = yout/in Vout/ina

then we have: )

]A—Lout/in € BT(Q)(Ev k)a hout/inBT(Q)(Ev k)a

Vout/in € BTY(S, k),

A o
Cout/in> Cout/in’
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and furthermore,
b hous/in € SO7HM) (RE, BTY(S, K)),
& — Coutyin € ST RIA—H W (RE BTY(S, k),
V— Vourjin € STH(RE, BTY (X, k).

Lemma 5.1 is proved in Appendix A.4.

Writing P as —O +4( n_2 ) Ry+W for W= V- ( )Rg, and using the conformal

invariance of —0O, + 4(7;21)}% and the estimates in Lemma 5.1, we obtain the

following result, Wthh completes the reduction to the model case.
If P € Diff (R x ) we denote by x* P the pullback of P by y defined by (x*P)uo

X = (Pu)ox.
Lemma 5.2. Assume (bg), (ast), (pos) and consider the Klein-Gordon operator
P in (5.2). Let h, e, V be as in Lemma 5.1 and set:

P _ X*Pv P _ élfn/2P61+n/2, §= 672‘@, ﬁ: A

o
>

Then L, _ _
=0, +r(t,x)0: + a(t,x, dx),

for

1

a(t,x,0y) = —A~t +V, r= |ht 7§at|ht|§
V= 1-=25(Rg — @Ry) + V.
Moreover a,r satisfy (td) with § = min(u, ' — 1) a
_l’_

aout/in(X; ax) =—A;

hout/in

out/ln( )

where
~ n—2 9 9
Vout/in = (4(TL _ 1) (Rc;ﬁ/mhout/in - Cout/inRgout/in) + Cout/in Vout/in) © Yout/in-

Note that condition (pos) simply means that Vout Jin > m?2 > 0.

5.3. Cauchy evolutions. In this subsection we relate the Cauchy evolutions of P
and of the model Klein-Gordon operator P.
The trace operator for P associated to the time function t is given by:

(5.4) op = <i_1n1{(tV’%5)(t, -)> ’

where n is the future directed unit normal to ;. The corresponding trace operator

for P = X*P is:
~ o ¢(ta )
019 = <i_1 é_lat(b(ta )> ,

so that denoting x*¢ = ¢ o x, we have:

~ * * « (U Uup ©
00X 0 = X; 00 for X <u(1’> = <u2 Oii) ,

and y,(x) = y(t,0,x), see (5.3). Finally the trace operator for P as in Lemma 5.2

is wo= (550

so that if ¢ = /2714 is the conformal transformation in Lemma 5.2, we have:

209 = RO, or R0 =2 (o Y ).
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Let us denote by % (t,s) the Cauchy evolution for P associated to g; and by
%*(t,s) the almost diagonal Cauchy evolution introduced in Subsect. 4.3 for
the model Klein-Gordon operator P. The following lemma follows from the above
computations and (4.19).

Lemma 5.3. Let Z(t) := (x;) ' R()T(t), where T(t) is defined in (4.17). Then
(5.5) U(t,s) = Z(t) U™ (t,s)Z71(s).

We have a similar reduction for the asymptotic Klein-Gordon operators:

n—2
POUt/iH = 7Dgout/in + 4(71 1) Rgout/ln + VOut/ln;

for gout/in = _C?)ut/in(.Y)dtQ + hout/in (.Y)dy2, where hout/ina Cout /in> Vout/in were in-
troduced in (ast). The associated trace operator is

O e
Qt,out/in(b* i—le -1 atd)( )

out/m

We also set

* Up\ _ [Uo OYout/in L A(d—1)/2

Xout/in <U1) - <U1 O.YOut/in> ) Rout/ln = Cout/in 1,
1

and for €qy/in = agut/in:

1 1

2 2
€ . —€ .
. out/in out/in o * —1
out/ln - (1\/_) 1 / 1 ; Zout/in - (Xout/in) Rout/inTout/im
6ou‘n/in 6out/in

so that the Cauchy evolution of Py /i, is given by

(56) %out/in(tv S) = Zout/ln %out/m( ) o Zc;llt/in7
where 02/0?3 Jin stands for the evolution generated by

_ [ €out/in 0
(57) Hout/m - < 0 Gout/in) :

The following fact will be needed in the sequel.

Lemma 5.4. We have:
Zﬁl(wzout/in 1, 27

out/in

Z(t) —1— 0 in B(L*(X) ® C?) as t — +oo0.

Proof. From Prop. 4.5 we obtain that T_ t/in T(t) — 1 tends to 0 in norm as
t — 4o0o0. By Lemma 5.1, R(t) tends to Rout/m in norm. Finally, from the proof
of Lemma 5.1, see in particular (A.12), we obtain that (x
norm. This implies the lemma. O

Out/ln) Ly tends to 1 in

5.4. Construction of Hadamard states by scattering theory. In this subsec-
tion we construct the out/in states wyyt/in for the Klein-Gordon operator P and
show that they are Hadamard states. We assume hypotheses (bg), (ast), (pos).

By the positivity condition (pos), the asymptotic Klein-Gordon operators Py /in
admit vacuum states (that is, ground states for the dynamics %y /in) WiaS Jin* In
terms of ¢ = 0 Cauchy data their covariances are the projections:

+,vac __ 1
Cout/in — ZOUt/inTr Zout/m’

where 7+ are defined in (4.24). Clearly we have
%out/m(t S) ovac %out/m(s t) i T

out/m out/m’
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vac
out/in
the projections:

EE(0) == % (0,0)cEYE U (t,0)

ie w are invariant under the asymptotic dynamics. For ¢ € R we now consider

(5 8) out/in out/m
= U0, 6) Uows in (£, 0) g v Yot /i (0, 1) % (1, 0).
By taking the t — o0 limit of cou’t/m(O) we obtain the time-0 covariances cfut/in(O)

of a state woyt/in (for the Klein-Gordon operator P) that ‘equals wY2¢ Jin asymptoti-
cally” at ¢ = £oo. The main new result that we prove is that wqy¢/in are Hadamard
states.

Before stating the theorem let us recall that the Sobolev spaces H™(X) are
naturally defined using the reference Riemannian metric £ on 3. The charge space
Hz(X)® H™ 2 (%) is the natural space of Cauchy data in connection with quantized
Klein-Gordon fields.

Theorem 5.5. Assume hypotheses (bg), (ast), (pos). Then

(5.9) lim it (0) =t ¢4, (0) = ¢ (0)+ WT(E), in B(H? (£)@H™2(5)),

where cif(()) = Z(0)7*Z~1(0). The operators cg:ut/in(()) are pairs of projections
defining a pure state Wout/in for the Klein-Gordon operator P. Moreover Woys /in 18
a Hadamard state.

Proof. From (5.5), (5.6) we obtain:
%out/in(ov t)%(ta 0) - Zout/in( )%out/ln(o t)Z b (t)%ad(t7 0)Z71(0)5

out/in

(5.10)
%(07 t)%out/in(ta 0) = Z(O)%ad(o’ t)Zil(t)ZOUt/in%out/ln(t 0) out/ln

It follows that:
%LJ@ZZ@%Mmﬂ27U<mm%mm@m
x ¥ 0,0)Z-1 . Zt)Z*(t,0)Z71(0).

out/ln out/in

(5.11)

Since Z(0) : L2(X) ® C2 — H2(X) @ H~2(X) is boundedly invertible it suffices to
show the existence of the limit

di - tilgl %ad(ovt)Zil(t)Zout/inaz/?i/in(t,O)Wi

out/in o

X %out/m(o t)Zoult/m (t)%ad(tao)
in B(L*(Z) ® C?).
By Prop. 5.6 (1) below we know that #24(¢,s), 2!, (t,s) are uniformly

out/in

bounded in B(L?(¥) ® C?). Hence using Lemma 5.4 we can replace Z_l(t)Zout/in
and Zc;u/m (t) by 1 in the rhs of (5.11), modulo an error of size o(t°) in B(L?(X)®

C?), i.e. we are reduced to prove the existence of the limit

di hm %ad(o t)%ut/ln( ) +%0ut/1n(0’t)%ad(t70)

out/in =
=, i Wougin (1 ) Wo_ut/m( ),

where Wy /in (t) = 220,t)%24 . (t,0). By Prop. 5.6 the limit exists in B(L?(X)®

out/in
C?) and equals 7+ +)WW~°°(X). The limit operators dOut Jin A€ projections as norm
limits of projections. It follows that
(5.12) - (0) = Z(0)dE

out/in out/in

Z(0)7H+ WD) = ¢ (0) + W (X))
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+

out/in

is a projection. The conditions (2.13), (2.14) are satisfied by ¢

fui /in(O) for each finite ¢. Therefore ci[ut Jin are the covariances

of two pure states Wyt /in for P. Finally as in [GOW]| we obtain from (5.12) that
Wout/in are Hadamard states. O

(0) since they
are satisfied by ¢

In the proof of Thm. 5.5, the crucial ingredient is the following proposition.
Proposition 5.6. Let Had(t),Hggt/in be as in (4.20), (5.7). Then:
(1) w4 . (t,5) and %*(t,s) are uniformly bounded in B(H™(X) @ C2), for all

out/in
m € R.
(2) Let Wougin(t) = %240, )% Jin(t;0). Then

t—l)ler Wout/in(t>7T+Wout/in(t>_1 =nt + W_OO(E) ® L(CQ>5 in B(L2(E) ® CQ)

Proof. Proof of (1): we can assume without loss of generality that s = 0. The

statement for %o?i/in(tv 0) is obvious since Hg‘st/in = <6°“6/i“ _eoout/in>' Let us
prove it for %24(t,0). We have:
(5.13)
—b=(¢) +ir, (¢) 0 —00,—1—6
ad _ b s . 2
H*(t) = < 0 o) + i (1) + W (R;X) ® B(C*)

0 —e(t)

by Props. 4.5, 4.6. Since €(t) is selfadjoint, this implies that % 24(¢,0) is uniformly
bounded in B(L?(X)), which proves (1) for m = 0.

We now note that [|ul|gm sy ~ [|€™(t)ul|L2(x), uniformly for ¢ € R, since €(t) is
elliptic uniformly for ¢ € R. Therefore to prove (1) it suffices, using the uniform
boundedness of % #4(t,0) in B(L?(X)), to show that

(5.14)  2*40,t) (e(t)™ ® Lc2) Z*4(t,0) (€(0) ™™ ® 1¢2) is uniformly bounded
in B(L*(X)). We have by (5.13):
U (0,1) (e(t)™ @ 1) Z2(t,0) (e(0)™™ @ 1¢2)

—(V _Ly) e e s,

= %*(0,1) (€™ (t) ® 1cz + i[H(t), €™ (t) @ Lc2]) Z*(¢,0) (€(0) ™™ @ 1¢=2)
= %*(0,1) (O™ (t) ® 1cz + i[H(t), €™ (t) @ Lc2]) (e(t) ™™ @ 1) Z*(¢,0)
X U*0,1) (e()™ @ 1e2) Z2(t,0) (e(0) ™™ @ 1¢2)

=: M(t)%*(0,t) (e(t)™ @ Lc2) Z*(¢,0) (e(0) ™™ ® 1¢e2) .

By (td) and Prop. 3.10 we see that O.e™(t) € \11:3’_1_6, and by (5.13) that
[Had(t),em(t) ® 1@2] S \111?1’7176. Therefore ||M(t)||B(L2(Z)®(C2) S O(<t>7175).
Hence, setting

F(&) = 11240, 1) (e()™ @ 1c2) Z(2,0) (e(0) ™™ © 1e2) | p(z2(m).

we have f(0) = 1, |0, f(t)] € O({t)~179) f(t). If f(t) # +oc for each ¢, an application
of Gronwall’s inequality would immediately imply (5.14). If m < 0 the use of
Gronwall’s inequality is justified by applying the above time dependent operator to
a vector u € H™(X). If m > 0 we replace the unbounded operator A = €(t)®1¢2 by
the bounded operator As = A(1 +16A), for 6 > 0. For the corresponding function
fs(t) we obtain that f5(0) < 1, |0 f5(t)] € O((t)~'=%) fs(¢) uniformly for 0 < § < 1.
Then (5.14) follows using that || A" u|| = supg.s<q [|AT u]|.
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Proof of (2): note first that [77, A] = 0 for any diagonal operator A. Therefore:
Wout /in(1)7 Wout/in (8) " = % (0, )7 % (1,0),
and by (5.13)
O (Wous /in ()7 Wougjin(t) 1) = —i% (0, ) [H*(t), 7| % (t, 0)
= U (0,0)[R_0o(t), )% (1,0), R_oo € U, 7> ' 7°(R; %) @ B(C?).

By (1), this implies that 0y (Woug /in ()7 Woue/in (1) 1) € \11;100’7175(]1%; ¥)® B(C?),
hence:

(5.15)

lim Wout/in (t)ﬂ-+ Wout/in (t)

t—+o0
+oo
= 7T+ + / at(I/Vout/in(ﬁ)Tr—i_VVout/in(ﬁ)_l)dt in B(LQ(Z) ® (C2)
0

The integral term belongs to W~>°(X). O

APPENDIX A

A.1. Proof of Prop. 3.10. To prove Prop. 3.10 we first need an auxiliary lemma
about parameter-dependent pseudodifferential calculus.

We start by introducing parameter dependent versions of the spaces U™ (%),
SOR; w™(%)).

We define the symbol classes §m(T*E) for m € R as the space of functions
c(x,k,\) € C®°(T*X x R) such that:

03020 c(x,k, X) € O((k) + (M) 1177, a, e NY, 7 €N,

as usual understood after fixing a good chart cover and good chart diffeomorphisms,
with uniformity of the constants with respect to the element of the cover. The
standard example of such a symbol is c(x, k, \) = (a(x, k)+(\)™), for a € S™(T*X)
elliptic and positive. _

The subspaces of symbols poly-homogeneous in (k, A) are denoted by ST (7*%).
We define VNV_OO(Z) as the set of smooth maps R 3 X\ — a(\) € W™°(X) such
that:

[0xa(M B(z-m(s),5m(2)) € OUN) "), Ym,n,y €N,
and we set .
U™ (%) := Op( gﬁ(T*Z)) +W™>(%).
We also define the time-dependent versions:

SO(R; S{y (T78)), SO(R; W™2(%)), S°(R; U™ (%)),
in analogy with Subsect. 3.3. For example c(t,x, k, \) € SY(R; §m(T*Z)) if
0P 93020 clt, x, k, A) € O((t) ™" ((k) + (W)™ ¥177), a, B € N%, y,n e N.

Lemma A.1l. Let a(t) € S°(R;¥%(X)) such that a(t) is elliptic, selfadjoint on
L2(%) with a(t) > col, co > 0. Then (a(t) +A?)~! € SOR; ¥2(%)).

Proof. The proof is based on a reduction to the situation without the parameter
A. We first present the argument in the time-independent case.

Step 1. Let us denote by [ € R the dual variable to A\. We consider the manifold
of bounded geometry ¥ x R; equipped with the metric h;;(x)dx’dx? +dI*. As good
chart covering we can take U; =U; x R, Ji(x, 1) = (¢i(x),1) where {U;,1; }ien is a
good chart covering for (X, k). A subordinate good partition of unity is X;(x,1) =
X ().
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The classes ST}, (T*(X x R)) are then defined as in Subsect. 3.3. Denoting
ada B := [A, B], one sets and one sets:

(A1) WS xR)={A :adJA € B(H ™ x R), H™(Z x R)),m,y € N.},

This choice of the ideal W~ (X x R) is dictated by the definition of WW=°°(X). We
set then U (X x R) = Op(S7 (T (2 x R))) + W~>(2 x R), where Op is defined
as in Subsect. 3.5 with X replaced by % x R. Note that because of our choice of
the chart covering af) is the usual Weyl quantization w.r.t. the (I, \) variables.
Step 2. In step 2 we describe the link between ¥ (X x R) and ¥ (%). We note

that B

(1Y) = {ce SpL(T* (X x R)) : dic =0},
and denoting by 7; the group of translations in [ we have

[11,0p(c)] =0,¥ € R & ce ST(T*Y).
Equivalently, if % is the Fourier transform in [ we have

¢ € SRH(T*(E xR)), [T1,0p(c)] = 0

(A.2) . @ B
& FO0p(e)F ' = / Op(c(A))dA, for ¢() € SH(T*S).
R
Let now w € W~>°(2 x R) with [w,T;] = 0. We have:
@
(A.3) FwF = / w(\)dA.
R

Since ad)w € N,,ey B(H™™(X x R), H™(X x R)) we obtain that:

meN
/R " 3w (NN |2 @A < Cp / N a2 sy @A, Vrom,p €N,

or equivalently
53]
/ N (=Ap + 1)P20]w(N) (=Ap, + 1)P/%d\ € B(L*(Z x R)).
R

By Sobolev’s embedding theorem this implies that
13 w(M Br-r/2(s),mrr2(55y) € ON) ") Vy,m,p €N,

hence w(\) € W_OO(E). Conversely, if w(\) € 17\7_"0(2) it is immediate that w
defined by (A.3) belongs to W~°°(X x R). Hence we have shown

weW (X xR), [w,T;]=0

(A4) ® —
o FuF! = / wVdA, for w(}) € W—=(x)).

R
Let us now consider the time-dependent situation. If we define the time-dependent
classes C°(R; S™(T*Y)), Co°(R; W—(X)) and C°(R; ™ (X)) in the obvious way,
then
¢ € G (R; S (T™(2 x R))), [Th, Op(c)(8)] = 0

& ﬂaf)(c)(t)ﬂ’l = ’ Op(c(t,\)dA, c(t,\) € C2°(R; S™(T*%)),

(A.5) N

w e CP(RW™(E x R)), [w(t), T;]=0

& Fuwt)F = /® w(t, \)dA, w(t, ) € Cp°(R; VNV_OO(E)).
R
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The same results hold also if we replace C2°(R; A) by S?(R; A) for A = SPh(T™ (X x
R)), S™(T*%) ete. In fact it suffices to note that c(t) € SO (R; A) iff (£)~0+"drc(t) €
C°(R; A) for all n € N,

Step 3. Let now a(t) € S°(R; ¥2(X)) be as in the lemma and let A(t) = a(t)+ D?
acting on L?(X x R). The operator A(t) is elliptic in SO(R; ¥2(X x R)), selfadjoint
on H2(X x R) with A(t) > ¢o1 for ¢g as in the lemma.

We would like to apply Thm. 3.7 for o = —1 to the class SY(R; U (X xR)) to ob-
tain that A(t)~! belongs to S°(R; U=2(ZxR)). Note that the ideal SY(R; W~ (X x
R)) is smaller than the one used in Subsect. 3.5 for the manifold ¥ x R, because
multi-commutators ad; A appear in (A.1).

However we can still apply the abstract framework in [ALNV] to this situation,
see [GOW, Subsect. 5.3.4| for a concise summary. We choose as Hilbert space
H = L?(R; x Xy x R;). As injective operator in S°(R; W~>°(X x R)) we choose
eAn+Di+1 The only point which differs a little from the situation in Subsect. 3.5
is the spectral invariance of SY(R; W=>°(% x R)), see the proof of Thm. 3.7: if
R € SO R; W~°(E x R)) and (1 + R) is boundedly invertible in B(#), then we
have

(1+R)'=1+R;, Ri=-R+R1+R)'R.

We have Ry = [ R_1(t)dt, for
(A.6) Ri(t) = —R(t) + R(t)(1 + R(t)) ' R(t).
We have to check that
l0fad) R_1(t)|| B(rr-»(sxr),Hr(=xRr)) € O((t)™"), ¥y,n,p € N.
This follows from (A.6) using the Leibniz rule for 9; and ad; and the identities
01+ R(t) ™ = —(1 + R(®) 1RO + R(t) ™!
ad;(1+ R(t))"! = —(1 + R(t))tad;R(t)(1 + R(t)) .

In conclusion we can apply Seeley’s theorem and obtain that A(¢)~! belongs to
SYR; ¥~™(% x R)). We have then:

©®
FAW T :/ (a(t) + A2)~Ldx,
R

which by (A.5) implies that (a(t) + A2)~! € SO(R; ¥~2(%)). This concludes the
proof of the lemma.O

Proof of Prop. 3.10. In view of the identity
at® —ay™® = (a1 — az)af + az(af —as),

we see that it suffices to prove the proposition for 0 < a < 1. We will use the
following formula, valid for example if a is a selfadjoint operator on a Hilbert space
H with a > cl, ¢ > 0:

“+o0
(A.7) a® = Ca/ (a+s)"ts%ds = Ca/(a + A% I a R,
0 R

where the integrals are norm convergent in say, B(Dom ™, H) for m large enough.
We have for r(t) = a1(t) — az(¢):

(a1 (t) + X*) 71 = (az(t) + X)X+ r(H)(ar (t) + X))
= (az(t) + X)) 71+ (az(t) + X*) 2 (az(t) + X)r(t)(ar (t) + A*)
= (az(t) + A°) 7"+ (az(t) + A*) 2ag(t)er (£, N)
= (a2(t) )~ )

as(t +)\2
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where using Lemma A.1, ¢; (£, ) € S79(R; U0(X)) and cy(t, A) € S (R; U—4()).
From (A.7) we obtain that:

(A.8) af (t) — a3 (t) = Caaz(t)/R@(t, A)AZFLGN

We now write ca(t, \) as Op(da(t, \)) + wa(t, \), for dy € STO(R; §;h4(T*E)) and
wa(t,\) € STO(R; W’OO(E)). Using that

[+ oy tkatian i,
we first obtain that )
/R da(t, VN TTdX € STO(R; S 2 (%)).
Similarly we obtain that [ wa(t, \)A2*+1dA € S7°(R; W~>°(X)). Using (A.8) this
implies that a$(t) — ag(t) € S7O(R; U2*(%)), as claimed.
A.2. Proof of Prop. 4.5. We follow the proof in [GW1]. The out and in cases

are treated similarly. We set ag = %(6_1&56 + e_lre),

1 1
F(c) := 5671 (i0rc + [e,c] + irc — ¢*) = G(c) — 567102.

and look for b(t) as €(t) 4+ ¢, where ¢ € \118&_1_6 has to satisfy ¢ = ag + F(c). Let us
start by studying some properties of the map F. First if ¢ € \118(’17“ then:

Gle) € U0 s W tmr b0 s @l g BOwd 10 s gl
e e? e \Ilt_dl’_Q“,
hence
0,— —1,-
(A9) ceV it = Fle)eW "
Secondly, if c1,co € \118&_“ and c¢; —cy € \Ilt_dj’_“ then:
G(Cl) — G(Cg) = G(Cl — 02)

10 qg—d—1=n =10 o gt o g-10 o q0—1=6 . q—ir—pt
€Wy X Wy + W XU T+ X W x Wi,
e_l(c1 —c3) = e_lcl(cl —c2)+ 6_1(01 —ca)Ca

-1,0 0,—p —J—u -1,0 —J,—K 0,—p
EWym X Wy T X W T AW X W x Weg

hence

0,— - —je1,—
(A.10) c,eo e Wt ci—cel " = Fla)—Fle)e¥, "
We also have
1
2

1,0 1,-1-6 1,0 0,—1-6 1,0 0,—1-§
eV x Wy + W x W x Wy C Wy :

ap = = (e 'O + e re)

We now follow the proof in [GW1, Lemma A.1]|, namely, we set co = ag, ¢, =
ag + F(cn—1) and obtain by induction that ¢, — ¢,,—1 € \I/t_d"’_l_é. We then set

oo
0,—1-46
CNaO+§ Cnfcnfle\ptd ;

n=1

0

where the \118&_1_ membership follows from Lemma 3.11. We obtain that

90— b +a+irbe w070
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By construction we have b(t) = e(t) + w2~ 7°

(R; ). Applying Prop. 3.10 we get
€(t) = €ont/in + U1 °(R;X) on RE x X

d

A.3. Proof of Prop. 4.6. From Prop. 4.5 we first obtain that b™ —b~ = (b+b*) =
2e + U TR B). Tt follows first that (6% — b7)2 = 4a+ Wl ' "°(R; ) and then

by Prop. 4.5 that
(b+ _ b—)a _ ((b+ _ b—)2)a/2 _ {(26)5 1+ ql&lﬁ;/;(ﬁ%i?% a =
(2¢)72 + W /7 (R; %),

We obtain again by Prop. 4.5 that:
(b —b7)=2,b%] = [(26)72 + U2 (R, ), e + W TTO(R; 1))
€U AR ),
By(bT —b7)"E(bT —b7)E = (9,(20) 2 + U P TPTORE)) X WE(R; X))
= 0,207 x VIR, 2) + 0P O(R D).

Since by Prop. 3.10 (26>_% = (Qeout/in)_% + \Iltfdg/z’*g(]Ri; Y), we have

812077 e U PTIORE) = (bt —b7) 2T —b7)7 € UV TRy YD),

Since by hypothesis (td), r € \Ilgc’flf‘s(R;E), we obtain that Tg[ € \118517175(]1%; Y).
Finally we obtain immediately from Prop. 4.5 that r*__ = id;b* — (b*)? +a+irb* €
U oT R YD), O

A.4. Proof of Lemma 5.1. Let us fix two good chart coverings {U;, ¥; };en and
{U;, v }ien with U; € U;. Since b € O2°(R; BT4(2, k), we obtain easily by trans-
porting b to B,(0,1) using #; that there exists t; . > 0 such that y(t,s,-) is a
bounded diffeomorphism of (X, k), uniformly for |t — s| < ¢4 .. By the group prop-
erty of the flow we can replace ¢4 . by any t; > 0, keeping the above uniformity
property.

Moreover if b; := (¢, ')*b we obtain from (ast) that b; € S~°(R; BTg(B,(0,1))),
uniformly in ¢ € N. If y;(¢, s, -) denotes the flow of b; we obtain that:

t
Y’L(tasax) =X+ / bi(aa yi(O',S,X))dO'.
S
From this we obtain that there exists ¢4 > 1 such that

yi(£t, £ty ) : By(0,3) = By(0,1)

for all t > ¢, and moreover

+oo
lim yi(t, £t4,y) = / bi(o, yi(o, £ty,x))ds =: yi(+0o0,t4,%).
t—+oo i,

We can also choose ¢ large enough so that if we set
(A.11) y(£o0, £t1,x) =, oy;(do0, £ty ) oi(y), x € U;

then y(£o0, +t4, ) is well defined, and is a bounded diffeomorphism of (%, k). We
now set:

Yout/in ‘= y(:l:OO, +tq, ) © Y(itJra 0, ')7
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which is also a bounded diffeomorphism of (X, k). We also obtain from (A.11) and
the previous estimates on y(t, s, ) for |t — s| < ¢t that {y(¢,0,-)}+er is a bounded
family of bounded diffeomorphisms of (X, k). Moreover from (A.11) we obtain that

(A12)  yi(t,0,X) = ¥iout/in(X) € gr=e (R; C5°(B(0,1))), uniformly in ¢ € N.

Let us now consider the metric x*g.
Since v - dt = 0, x*g = Dx(go x)Dx = —&(t,x)dt? + h(t,x)dx?. Using (A.12)
we obtain that

&t,x) = cft,y(t,x)) + S72 (R; BTJ(X))
= Cout/in(y(t,x)) + S~ MR (RE, BTY (%))

= Cout/in(Yout/in(X)) +S° min(1=6".6) (Ri; BT(O)(E))
Similarly,

h(t,x) = 'Dy(t,x)h(t,y(t,x))Dy(t,x)

Dy (t, %) hout /in (y(£, %)) Dy (t,x) + S~ (R*; BTH (X))

= tDYOut/in(X)hout/in(YOut/in(X))DYOut/in (X) +57 min(1-8",3) (Ri; BTg(E))a
XV =1, y(t,%)) = ouryin(v(t, %)) + S0 (R*; BT((X))

= Vout/in(Yout/in(X)) + 57 min(1-¢',9) (Ri; BTg(E))
Since by definition

* ~ * *
hout/in = yout/inhout/ina Cout /in = yout/in Cout /in>» Vout/in = yout/in Vout/ina

we obtain the assertion. O
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