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Abstract: For a model of atoms and molecules made from static nuclei and non-
relativistic electrons coupled to the quantized radiation field (the standard model of
non-relativistic QED), we prove a Mourre estimate and a limiting absorption princi-
ple in a neighborhood of the ground state energy. As corollaries we derive local decay
estimates for the photon dynamics, and we prove absence of (excited) eigenvalues and
absolute continuity of the energy spectrum near the ground state energy, a region of
the spectrum not understood in previous investigations. The conjugate operator in our
Mourre estimate is the second quantized generator of dilatations on Fock space.

1. Introduction

According to Bohr’s well known picture, an atom or molecule has only a discrete set
of stationary states (bound states) at low energies and a continuum of states at energies
above the ionization threshold. Electrons can jump from a stationary state to another
such state at lower energy by emitting photons. These radiative transitions tend to render
excited states unstable, i.e., convert them into resonances. Exceptions are the ground
state and, in some cases, excited states that remain stable for reasons of symmetry (e.g.
ortho-helium). In non-relativistic QED, the instability of excited states finds its math-
ematical expression in the migration of eigenvalues to the lower complex half-plane
(second Riemannian sheet for a weighted resolvent) as the interaction between electrons
and photons is turned on. Indeed, the spectrum of the Hamiltonian becomes purely abso-
lutely continuous in a neighborhood of the unperturbed excited eigenvalues [5,7]. The
ground state, however, remains stable [4,5,16]. The methods used to analyze the spec-
trum near unperturbed excited eigenvalues have either failed [7], or not been pushed
far enough [5], to yield information on the nature of the spectrum of the interacting
Hamiltonian in a neighborhood of the ground state energy. The purpose of this paper is
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to close this gap: we establish a Mourre estimate and a corresponding limiting absorption
principle for a spectral interval at the infimum of the energy spectrum. It follows that the
spectrum is purely absolutely continuous above the ground state energy. As a corollary
we prove local decay estimates for the photon dynamics.

In non-relativistic QED (regularized in the ultraviolet), the Hamiltonian, H, of an
atom or molecule with static nuclei is a self-adjoint operator on the tensor product,
H = Hpax ® F, of the electronic Hilbert space Hparx = /\1N= 1L2(1R3; C?) and the
symmetric (bosonic) Fock space F over L>(R?, C?; dk). It is given by

N
H = Z(—iVx, +a* 2 A(ax;))? + V + Hy, (1)

i=1

where N is the number of electrons and & > 0 is the fine structure constant. The variable
x; € R? denotes the position of the i electron, and V is the operator of multiplication

by V(x1, ..., xy), the potential energy due to the interaction of the electrons and the
nuclei through their electrostatic fields. In our units, V (xq, ..., xy) is independent of «
and given by

N M 7 |
V(xl"“’xN):_sz—R”+Z )

i=1 =1 i<j i — x|

The operator H ¢ accounts for the energy of the transversal modes of the electromagnetic
field, and A(x) is the quantized vector potential in the Coulomb gauge with an ultraviolet
cutoff. In terms of creation- and annihilation operators, a; (k) and ay (k), these operators

are
Hy = Z /d3k|k|a;‘(k)ak(k),
A=1,2
and )
K 1 —ik-x %
A(x) =A_lez/d3k|k|l/zs,\(k) {e‘k'xa,\(k)+e k ak(k)}, )

where A € {1, 2} labels the two possible photon polarizations perpendicular to k € R>.
The corresponding polarization vectors are denoted by ¢, (k); they are normalized and
orthogonal to each other. Thus, for each x € R3, A(x) = (A1(x), Az(x), A3(x)) is a
triple of operators on the Fock space F. The real-valued function « is an ultraviolet cut-
off and serves to make the components of A(x) densely defined self-adjoint operators.
We assume that « belongs to the Schwartz space, although much less smoothness and
decay suffice. We emphasize that no infrared cutoff is used; that is, (physically relevant)
choices of «, with

K(0) £ 0 3)

are allowed. The spectral analysis of H for such choices of « is the main concern of
this paper. Under the simplifying assumption that |« (k)| < |k|?, for some g > 0, the
analysis is easier and some of our results are already known for § sufficiently large; see
the brief review at the end of this introduction.

The spectrum of H is the half-line [E, oo), with E = inf o (H). The end point E
is an eigenvalue if N — 1 < Zl Z; [6,16,20], but the rest of the spectrum is expected
to be purely absolutely continuous (with possible exception as explained above). For
a large interval between E and the threshold, X, of ionization, absolute continuity has
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been proven in [6,7]; but the nature of the spectrum in small neighborhoods of E and £
has remained open. There are further results on absolute continuity of the spectrum for
simplified variants of H, and we shall comment on them below.

Our first main result concerns the spectrum of H in a neighborhood of E. Under
the assumptions that « is sufficiently small and that e; = inf o (Hpyy) is a simple and

isolated eigenvalue of Hpyt = — vazl Ay, +V, we show that o (H) is purely abso-
lutely continuous in (E, E + egap/3), Where eqap = €2 — e and e is the first point
in the spectrum of Hp,y above eg. It follows, in particular, that H has no eigenvalues
near E other than E. Our second main result concerns the dynamics of states in the
spectral subspace of H associated with the interval (E, E +egyp/3). If f € C5°(R) with
supp(f) C (E, E + egyp/3), then

1

I(B) e " F(H)(B) ™Il = O =73),

(t = 00), “)

where B, is the second quantized dilatation generator on Fock space, that is,
1
B =dI'(b), b:E(k~y+y«k). ®))

Here y = iV} denotes the “position operator” for photons and (B) = (1 + BH)1/2,
Estimate (4) is a statement about the growth of B under the time evolution of states in
the range of f(H)(B)~*. Since growth of B requires that either the number of photons
or their distance to the atom grows, (4) confirms the expectation that, asymptotically as
time tends to oo, the state of an excited atom or molecule relaxes to the ground state
by emission of photons, provided the maximal energy is below the ionization threshold
[10,14,25]. In the course of this process the atom or molecule (not including the photons
that were radiated off) will eventually wind up, energetically, in a neighborhood of the
ground state energy E. Hence the importance of understanding the spectrum of H and
the dynamics generated by H in spectral subspaces of energies near E. We remark that
the details of the form of interaction between matter and radiation as given in (1) and
(2) are essential for our results to hold, but that our methods are applicable to other
models of matter and radiation as well, and our corresponding results will be published
elsewhere.

Our approach to the spectral analysis of H is based on Conjugate Operator Theory
in its standard form with a self-adjoint conjugate operator. Our choice for the conju-
gate operator is the second quantized dilatation generator (5). The hypotheses of con-
jugate operator theory are a regularity assumption on H and a positive commutator
estimate, called Mourre estimate. Concerning the first assumption we show that s —
e"IBS f(H)e'BSy is twice continuously differentiable, for all ¥ € H and for all f
of class Cgo on the interval (—oo, X) below the ionization threshold ¥. Our Mourre
estimate says that, if « is small enough, then

En(H — E)[H,iB|Ex(H — E) > %EA(H—E), ©6)

for arbitrary o < egap/2 and A = [0/3,20/3]. As a result we obtain all the standard
consequences of conjugate operator theory on the interval (E, E + egap/3) [23], in par-
ticular, absence of eigenvalues (Virial Theorem), absolute continuity of the spectrum,
existence of the boundary values

(B)*(H — 1 +i0)""(B)™ )
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for A € (E, E +egap/3), s € (1/2,1) (Limiting Absorption Principle), and their Holder
continuity of degree s — 1/2 with respect to A. This Holder continuity implies the local
decay estimate (4).

The idea to use conjugate operator theory with (5) as the conjugate operator is not
new and has been used for instance in [7]. It is based on the property that

[Hy,iB]l = Hy

and that H s is positive on the orthogonal complement of the vacuum sector. There is an
obvious problem, however, with the implementation of this idea that discouraged people
from using it in the analysis of the spectrum close to E: if o3/?W = H — (Hpart + Hy)
denotes the interaction part of H, then

[H,iB] = Hy +a’/?[W,iB], (8)

and the commutator [W, i B] has no definite sign. It can be compensated for by part of
the field energy Hy so that Hy + a/?[W, i B] becomes positive, but only so on spectral
subspaces corresponding to energy intervals separated from E by a distance of order o
[7]. For fixed & > 0 no positive commutator, and thus no information on the spectrum
is obtained near E = inf o (H). For this reason, Hiibner and Spohn and, later, Skibsted,
Dereziniski and Jaksi¢, and Georgescu et al. chose the operator

N 1 N N N k
B=—-dI'tk-y+y-k), k=—,
> (k-y+y-k) ]
or a variant thereof, as conjugate operator; see [9, 13,19, 24]. It has the advantage that, for-
mally, [Hy, i B] = N, the number operator, which is bounded below by the identity oper-

ator on the orthogonal complement of the vacuum sector. It follows that [H, i é] > %N s
for « > 0 small enough, and one may hope to prove absolute continuity of the energy
spectrum all the way down to inf o (H). The drawback of B is that it is only symmet-
ric, but not self-adjoint, and hence not admissible as a conjugate operator. Therefore
Skibsted, and, later, Georgescu, Gérard, and Mgller developed suitable extensions of
conjugate operator theory that allow for non-selfadjoint conjugate operators [13,24].
Skibsted applied his conjugate operator theory to (1) and obtained absolute continuity
of the energy spectrum away from thresholds and eigenvalues under an infrared (IR)
regularization, but not for (3). For the spectral results of Georgescu et al. see the review
below. Given this background, the main achievement of the present paper is the discovery
of the Mourre estimate (6). We now sketch the main elements of its proof.

1. As an auxiliary operator we introduce an IR-cutoff Hamiltonian H, in which the
interaction of electrons with photons of energy w < o is turned off. It follows that H,
is of the form

Ho—:HU®1+1®Hf,ow

with respect to H = H® @ F,, where F, is the symmetric Fock space over L2(|k| <
o:C¥ and H .0 18 dI'(w) restricted to F;. We show that the reduced Hamiltonian H?
does not have spectrum in the interval (E,, E, + o) above the ground state energy
E, = inf o (H,) = inf 0 (H?). It follows that, for any A C (0, o),

En(Hy — Eq) = P° ® EA(Hy,), 9

where P? is the ground state projection of H?.
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2. We split B into two pieces B = B, + B?, where B, and B’ are the second
quantizations of the generators associated with the vector fields 77(27 (k)k and n° (k)zk,
respectively. Here n,,n° € C®(R?) is a partition of unity, n2 + (n°)? = 1, with
ne (k) = 1 for |k| < 20 and n° (k) = 1 for |k| > 4o. It follows that B = B° ® 1 with
respect to H = H° ® Fo, and that [H, B°] = [H?, B°] ® 1. Thus (9) and the virial
theorem, P°[H?, B°]1P° = 0, imply that

Ex(Hy — Eq)[H,iB?|EA(Hy — Eq) = 0. (10)

3. The first key estimate in our proof of (6) is the operator inequality
) o
EA(Ho — Eg)[H,iBo1EA(Ho — Eg) = gEA(HU — Eo5) 1D

valid for the interval A = [0/3,20/3] and o < 1, with « independent of o. This
inequality follows from

[Hf,iBy]=dlU(n2w) > Hyy (12)

and from
Ea(Hy — E)[@?*Hy +&**W, i B, 1Ea(Hy — E;) > O(@*?0).  (13)

Indeed, by writing Hy = (1 — a3/2)Hf + oe3/2Hf, combining (12) and (13), and using
(9) we obtain

EA(Hy—Eg)[H,iBs1EA(Hy—Ey) > ((1 —a3?)inf A + 0(a3/2o)) EA(Hy—Eg).

(14
For A = [0/3, 20/3] and « small enough this proves (11).
4. The second key estimate in our proof of (6) is the norm bound
| fa(H — E) = fa(Hs — Eo)|| = 0(@*?0) (15)

valid for smoothed characteristic functions fa of the interval A = [o0/3, 20/3]. The
Mourre estimate (6) follows from (10), (11), from B = B, + B and from (15) ifo < 1,
with « independent of o.

We conclude this introduction with a review of previous work closely related to this
paper. Absolute continuity of (part of) the spectrum of Hamiltonians of the form (1), or
caricatures thereof, was previously established in [2,4,6,7,13,19,24]. Arai considers the
explicitly solvable case of a harmonically bound particle coupled to the quantized radi-
ation field in the dipole approximation. Hiibner and Spohn study the spin-boson model
with massive bosons or with a photon number cutoff imposed. Their work inspired
[24] and [13], where better results were obtained: Skibsted analyzed (1) and assumed
that |k (k)| < |k|>/2, while, in [13], [ (k)| < |k|?, with B8 > 1/2, is sufficient for a
Nelson-type model with scalar bosons. The main achievement of [13] is that no bound
on the coupling strength is required. Papers [6] and [7] do not introduce an infrared
regularization but establish the spectral properties mentioned above only away from
O (a?)-neighborhoods of the particle ground state energy and the ionization threshold.
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2. Notations and Main Results

This section describes in detail the class of Hamiltonians to which we shall apply our
analysis, and it contains all our main results. For clarity and simplicity of the presentation
of our techniques and main ideas, we shall restrict ourselves to a one-electron model
where spin is neglected. Our analysis can easily be extended to the many electron model
presented in the introduction, and spin may be included as well.

The Hilbert space of our systems is the tensor product

H=L*R dx)® F,

where F denotes the symmetric Fock space over L?(R?; C?). The Hamiltonian H:
D(H) C ' H — H is given by

H=T?+V+Hr, T=-iVy+a?A(ax), (16)

2 (R3). We assume
that V is A—bounded with relative bound zero and that ey = info(—A + V) is an
isolated eigenvalue with multiplicity one. The first point in o (—A + V) above e; is
denoted by ey and egyp := ez — ey. The field energy Hy and the quantized vector
potential have already been introduced, formally, in the introduction. More proper def-
initions are Hy := dI'(w), the second quantization of multiplication with w (k) = |k|,
and Aj(ax) = a(Gy,j) +a*(Gy, j), where

where V denotes multiplication with a real-valued function V € L?

Gk, X) = \/(7_)|8 (kye texk,

and ¢ (k), A € {1, 2}, are two polarization vectors that, for each k # 0, are perpendic-
ular to k and to one another. We assume that ¢ (k) = €, (k/|k|). The ultraviolet cutoff
k : R® — C is assumed to be a Schwartz-function that depends on |k| only. It follows
that

|G (k, 1) — Golk, V)| < alk|"?|x| |k k)], (17)

|k|‘—G (k. )| < a(x) k72 f (k) (18)

d|k|

with some Schwartz-function f that depends on k and V. For the definitions of the
annihilation operator a(h) and the creation operator a*(h), where h € L2(R3; C?), we
refer to [21,26].

The Hamiltonian (16) is self-adjoint on D(H) = D(—A + Hy) and bounded from
below [18]. We use E = inf o (H) to denote the lowest point of the spectrum of H and
¥ to denote the ionization threshold

Y = lim ( inf (o, Hgo)), (19)

R—o00 \peDp. [lpl=1

where Dg := {¢ € D(H)|x (x| < R)p =0}.
Our conjugate operator is the second quantized dilatation generator

B =dI'(b), b:%(k-y+y~k), (20)
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where y = i V. By Theorem 8 of Sect. 4, the Hamiltonian H is locally of class C2(B)
on (—oo, X). That is, the mapping

s> e B F(H)el B (21)

is twice continuously differentiable, for every ¢ € H and every f € Ci°(—o0, X).
This makes the conjugate operator theory in the variant of Sahbani [23] applicable, and,
in particular, it allows one to define the commutator [H, i B] as a sesquilinear form on
Uk Ex (H)H, the union being taken over all compact subsets K of (—oo, ¥). We are
now prepared to state the main results of this paper.

Theorem 1. Suppose that a < 1. Then for any o < egyp/2,
EA(H — E)[H,iB]EA(H — E) > f_OEA(H —E),

where A = [0/3,20/3].

Given Theorem 1, the remark preceding it, and the fact that, by Lemma 16, ¥ >
E + egyp/3 for a small enough, we see that both Hypotheses of Conjugate Operator
Theory (Appendix B) are satisfied for 2 = (E, E +egap/3). This implies that the conse-
quences, Theorems 24 and Theorem 25, of the general theory hold for the system under
investigation, and, thus, it proves Theorem 2 and Theorem 3 below. Alternatively, the
first part of Theorem 2 can also be derived from Theorem 1 using Theorem A.1 of [7].

Theorem 2 (Limiting absorption principle). Let « < 1. Then for every s > 1/2 and
all o, ¥ € 'H the limits

lim (@, (B)~*(H — . & ie) 1 (B)"Syr) (22)

exist uniformly in A in any compact subset of (E, E + egap/3). Fors € (1/2, 1) the map
A (BYS(H —A+i0)"1(B)™S (23)
is (locally) Holder continuous of degree s — 1/2 in (E, E + egyp/3).

As a corollary from the finiteness of (22) one can show that (B)™* f(H)(H —
2)~' f(H)(B)™* is bounded on C4 forall f € Cy° (R) with supportin (E, E +egyp/3).
This implies H-smoothness of (B)~* f (H) and local decay

/R I{B) ™5 f(H)e Hg|dr < Cllg]l*.

See [22], Theorem XIII.25 and its Corollary. From the Holder continuity of (23) we
obtain in addition a pointwise decay in time (cf. Theorem 25).

Theorem 3. Let a < 1 and suppose s € (1/2,1) and f € C3°(R) with supp(f) C
(E, E +egyp/3). Then

I(B) e ! f(H)(B)™*|| = O( (t — 00).

ts—l/Z)’
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3. Proof of the Mourre Estimate

This section describes the main steps of the proof of Theorem 1. Technical auxiliaries
such as the existence of a spectral gap, soft boson bounds, and the localization of the
electron are collected in Appendix A.

The proof of Theorem 1 depends, of course, on an explicit expression for the commu-
tator [H, i B]. By Lemma 29 and Proposition 10, we know that for f € C(‘)’O(—oo, ),

iBs _ 1
e—] f(H)
S

f(H)[H.iB]f(H) = lim f(H) [H,

= f(H) (Ar@) = o*2¢(ibG.) - 11 = ¥ 11 - $(6G)) f(H),
4)

where the limit is taken in the strong operator topology. Therefore we may identify
[H, i B], as a quadratic form, with dT" () —oc3/2¢ (ibGy)-TI—o/211 -¢p(ibGy). One of
our main tools for estimating (24) from below is an infrared cutoff Hamiltonian H,, o
as in Theorem 1, whose spectral subspaces for energies close to inf o (H, ) are explicitly
known (see Lemma 4). A second key tool is the decomposition of B into two pieces, By
and B?. We now define these operators along with some other auxiliary operators and
Hilbert spaces. As a general rule, we will place the index o downstairs if only low-energy
photons are involved, and upstairs for high-energy photons. The fact that this rule does
not cover all cases should not lead to any confusion.

Let x0, Xoo € C®(R, [0, 1]), with xo = 1 on (—00, 1], xoo = 1 on [2, 00), and
x& + Xgo = 1. For a given o > 0, we define y, (k) = xo(lk|/0), x° (k) = xo(lk|/0),
X% (k) =1 — xs(k), and a Hamiltonian H, by

Hy = (p+a>/?A% (ax))*> + V + Hy, (25)

where p = —iV, and A% (ax) = ¢ (x° Gy). Let F, and F denote the symmetric Fock
spaces over L?(|k| < o) and L?(|k| > &), respectively, and let H® = L*(R?) ® F°.
Then H is isomorphic to H° ® F,, and, in the sense of this isomorphism,

Hy, =H°®1+1® Hy,. (26)

Here H° = H, | H° and Hf,, = Hy | F.

Next, we split the operator B into two pieces depending on o. To this end we define
new cutoff functions n, = x25,7° = Xz" and cut-off dilatation generators by = 15b14,
b° = n°bn°. Since n2 + (n°)? = 1 and [, [1s,b]] = 0 = [°, [n°, b]] it follows
from the IMS-formula that b = b, + b°. Let B, = dI'(b,) and B° = dI'(b°). Then

B =B, +B°.
Theorem 8 implies that H is locally of class C%(B), C*(B,) and C*(B%) on (—o0, X).
By Lemma 16, ¥ — E > (2/3)eg,p for a sufficiently small. It follows that (—o0, X) D
(=00, E +2/3eg,p) and hence, arguing as in (24), that

[H,iBy] = dT(n2w) — a*?¢(ibyGy) - T1 — &*?T1 - ¢(iby Gy), (27)
[H,iB°] =dT((n°)’w) — o&*?¢p(ib°Gy) - 1 —>*T1 - p(ib° Gy)  (28)
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in the sense of quadratic forms on the range of x (H < E +eg,p/2), if o < 1. Also H?
is of class C1(B?) and

[H?,iB%] = dT((1°)*0) — &*?¢ (6" 3 Gy) - T1 =& - ¢ (b7 17 Gx)  (29)
on x(H? < E +egp/2)HC.

As a further piece of preparation we introduce smooth versions of the energy cutoffs
Exn(H—E)and Ex(Hy — Ey). Wechoose f € C(‘)X’(R; [0, 1) with f = 1on[1/3,2/3]

and supp(f) C [1/4,3/4], so that fa(s) := f(s/o) is a smoothed characteristic func-
tion of the interval A = [0/3, 20 /3]. We define

FA = fa(H —E), Fao = fa(Hy — Eg). (30)
Finally, to simplify notations, we set
/ dk == > / &k
A=1,2
and we suppress the index A in a, (k), aj (k), and G (k, A).
Lemmad. Ifa < 1and o < egyp/2, then
Frao =P°Q fa(Hpo), wrt H=H’ QF,,

where P° denotes the ground state projection of H®.

Proof. By Theorem 18 of Appendix A, H? has the gap (E,, E, + o) in its spectrum if
o < 1. Since the support of fa is a subset of (0, o), the assertion follows. O

Proposition 5. Let [H, i B | be defined by (28). If « < 1 and o < egap/2, then
Fao[H,iB°]FA s =0.

Proof. From b° = b° x°, Egs. (28) and (29) it follows that [H, i B°] = [H?,iB°]® 1

with respect to H = H° ® F,. The statement now follows from Lemma 4 and the Virial

Theorem P°[H?,iB°]P° = 0, Proposition 26. O

Proposition 6. Let [H, i B;] be defined by (27). If a < 1 and 0 < egap/2, then
. o -
FA o[H,iBs1FA 6 > §FA’(}"

Proof. On the right hand side of (27) we move the creation operators a*(ib, G ) to the
left of IT and the annihilation operators a(ib, G) to the right of IT. Since

([T, a*(ibs Gy )] + [alibs Gy, j), T1;]) = O

3
=1

J

we arrive at

[H,iBy] = dT(n2w) — 2a*%a*(ibyG,) - T1 — 20°/*11 - a(iby G).  (31)
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Next, we estimate (31) from below using only the fraction 203/ 2dI‘(n(z,a)) of dl‘(r](z7 w)
at first. By completing the square we get, using (18),

dl"()(ga)) —a*(ibyGy) - T =TI -a(ibyGy)

= /a) [Xga* —o - (ibeGx)*] [X(,a — 0 Y ibxsGy) - H] dk

3
bxoGxn)*(bxeG
. Z /Hn( Xo x,n) (bxo x,m)nmdk
w

n,m=1

3
> —const & »_ T, (x)°TI,,. (32)
n=1
From (31) and (32) it follows that

[H.iBy] = (1 —2/*)dT (njw) — const a*?0 > T, (x)°TL,,. (33)
n

It remains to estimate FA,GdF(n(Z,w)FA,U from below and Fa ¢ >, I, (x)211, FA o
from above. Using that Fa » = P° ® fa(Hf), by Lemma 4, and

o
dh(w) > Hyo,  fa(Hpo)Hyo fa(Hpo) > Zfi(Hf,g),

we obtain
2 9 2
Fpodl(ngw)Fa e = ZFA"" (34
Furthermore, by Lemma 17 and Lemma 15,
sup [[(x)ITE[0,eg,,/21(Hy — Eo) | < 00. (35)

>0

Since E[O,egap/z](H(7 — Es)Fa s = Fa o the proposition follows from (33), (34), and
(35). o

Proposition 7. Let Fa, Fa o be given by (30). There exists a constant C such that for
a L lando < egyp/2,

|Fa — Fa ol < Ca’?o.

Proof. We begin with a Pauli-Fierz transformation U, effecting only the photons with
|k| < o.Let

Uy = exp(ia®?x - Az (0)),  Ag(ax) := ¢ (x5 Gy).
Then
H(g) = UUI‘IU;k

2 2
= (p +ot3/2A(")(ax)) +V+Hy +ax . E,(0) + §a3x2||)(g/<||2,
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where A©) (ax) := A(ax) — Ay (0) and E, (0) := —i[Hy, As(0)]. We compute, drop-
ping the argument ox temporarily,

H(p) — Hy =20°p - (A) — A7)
+ (A + A7) (A — A%) (36)

2
+o?x - E5(0) + goﬂxzuxaxnz,

where (A©)2 — (A%)2 = (A©@) + A%) - (A©©) — A%) was used. Note that A(®) - A% =
A% . A©)_For later reference we note that

A (@x) — A7 (ax) = Ay (@x) — Ay (0) = ¢ (X6 (Gx — G)) (37)
x-Ex(0) =¢(iwxsGo - x). (38)
Step 1. Uniformly in 0 < egyp/2,
I(U; = DFasll = 0@?0), (¢ — 0). (39)
Proof of Step 1. By the spectral theorem
I(UE = DFa sl < 0¥ - Ag(0)Fa o
= |x - ¢ (xeGo) Faol

< 2032|x - a(xo Go) Fa ol + &> X6 Goll - X Fa o -

The second term is of order «>/?¢ as & — 0, because, by assumption on Gy, || xo Goll =

O(0), and because SUP) <5 <egp/2 lx FA o || < cobyLemma 17. The first term is of order

3?0 as well, by Lemma 21 and Lemma 17.
Step 2. Let Fa (o) '= fa(Hw) — E) = Us FAU}. Then, uniformly in 0 < eg,p/2,
IFa@) = Faoll = 0@?0),  (a = 0). (40)
Step 1 and Step 2 complete the proof of the proposition, because
Fan—Fao =U}FA 0)Us — FA &
=W} —DFae+UJFAc(U; — 1)+ U} (FA,((,) — FA,U) Us.

Proof of Step 2. Let j € C3°([0,1],R) with j = 1 on [1/4,3/4] and supp(j) C
[1/5,4/5]. Let ja(s) = j(s/o), so that faja = fa,and let Jo = ja(H — E) and
Jan.s = ja(Hy — E5). We will show that

IFa(0) = Faoll = 0!/, (41)

I(Fa.0) = Fa.o)aol = 0@ 0), (42)
and it will be clear from our proofs that (41) and (42) hold likewise with F' and J
interchanged. These estimates prove the proposition, because
FA,((T) - FA,U = FA,(O)JA,((T) - FA,G'JA,U
=Fao(Un o) = JIne) +(Fa o) — Fao)JIae
+(Fa (0) — Fa,o)UA (o) — JA,0)-
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To prove (41) and (42) we use the functional calculus based on the representation

. 1 y 19f
f(s) =/df(z) ., df(@) = ———f(Z)dxdy, (43)

0
z—S T 0Z

for an almost analytic extension f of f that satisfies |3z f (x +iy)| < const y2 [8,17].
We begin with the proof of (42). From (30) and (43) we obtain

(Fa,0) — Fa,o)In,o
=a—1/df(z) ! (Ho)— Hy — E+Eq) Ja ! .
t—(Hoy— E)jo 7 7 7 — (Hy — Eo)/o
(44)

Since, by Lemma 22, |E — E,| = O (a*/%52), it remains to estimate the contributions
of the various terms due to H(,) — H, as given by (36). To begin with, we note that

[(A®) — A%)Jr o || = O(ac?), (45)
Ix - Eg(0)Ja ol = O(c?). (46)

This follows from (37), (38), (17), and Lemma 21, as far as the annihilation operators
in (45) and (46) are concerned. For the term due to the creation operator in (45) we use

la*(xs (Gx — GoDJa.oll < la(xe(Gx — Go))Jaoll + |1 xo (Gx — Gl oo |

and || x5 (Gx — Go)|l = O(Jx|ac?), as well as sup,-o ll1x|Ja .o | < oo. The operators
pand A©) + A% stemming from the first and second terms of (36) are combined with
the first resolvent of (44): using U pU, = p + o3/2 A, (0) and Lemma 15 we obtain

Iz = (Hey — E)/o) 'pll = Iz — (H — E)Jo) " (p +a*? A, (0))]]
V1 +]zZ]

< const
|yl

)

which is integrable with respect to d f (z). This proves that the first, second and third
terms of (36) give contributions to (44) of order %0, a*o, and «*/?0o, respectively.
Since || xgk |12 = O(c3), (42) follows.

The proof of (41) is somewhat involved due to factors of x. We begin with

FA (o) = Fa,o = Fa 0)IA,0) — FaodAo
= (Fa,(0) = Fa,0)In0 + Fa (o) (UA (0) — IA,0)-

32

The first term is of order «”/“o by (42). The second one can be written as

o' / d f(2)R)(2)Fa, o) (Ho) — Ho — E + Ex) Ro (2), (47)

with obvious notations for the resolvents. We recall that, by Lemma 22, |E — E,| =
O (a’/?6%). As in the proof of (42) we need to estimate the contributions due to the four
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terms of H,) — H,; given by (36). We do this exemplarily for the second one and begin
with the estimate
IFa,0) (A7 + A7) - (A — AR, ()|

< 1 Fa o) (x) (A + A7) |[{x) T (A — A7) (Hp + D)TV2||I(Hp + D)2 Ry (D).
(48)

For the second factor of (48) we use
1)~ (A — A% (Hp + D7V = 11(0) T o (X6 (G — Go))(Hyp + 1712
< 25up (x) %6 (Gx — Go)llw
X

= O(aaS/z),

which is of the desired order. In the first factor of (48) we use that U, commutes with
(x), A and A°, as well as Lemma 14, Lemma 15 and Lemma 17. We obtain the
bound

[ Fa.)(x)(A@ + A%)|| = | Fa(x) (A + A)||
< IFaC)(Hy + D'2IIHy + 1724+ 4%))

< const | Fa((x)? + Hy + 1) < oo.

Finally, for the last factor of (48), Lemma 15 implies the bound

1+ |z]

I(Hy + 1)'2R, (2)]| < const o
’ y

which is integrable with respect to d f (z). In a similar way the contributions of the other
terms of (36) are estimated. It follows that (47) is of order O («?/205'1/2) which proves
(41). This completes the proof of Proposition 7. O

Proof of Theorem 1. Since (n°)? +n2 = 1 and b, + b® = b, it follows from (27) and
(28) that C := dI'(w) — /2 (ibGy) - T1 — &>/?11 - ¢ (ibGy) = [H,iB,]+[H,iB°].
Thus Propositions 5 and 6 imply that

FooCFr o > 2 F2
Ao Ao = 3 A,o°

We next replace Fa s by Fa, using Proposition 7 and noticing that C Fa » and FAC are
bounded, uniformly in o. Since, by (24), C = [H, i B] on the range of F)x we arrive at

FA[H,iB]F > %Fg + 0 0).

After multiplying this operator inequality from both sides with Ex (H — E), the theorem
follows. O
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4. Local Regularity of H with Respect to B

The purpose of this section is to prove that H is locally of class C>(B) in (—oo, X), where
¥ is the ionization threshold of H, and B is any of the three operators dI"(b), dI" (b, ),
dI'(b7) defined in Sect. 2. Some background on the concept of local regularity of a
Hamiltonian with respect to a conjugate operator and basic criteria for this property to
hold are collected in Appendix B. To prove a result that covers the three aforementioned
operators we consider a class of operators B that contains all of them and is defined as
follows.

Let k — v(k) be a C®-vector field on R? of the form v(k) = h(|k|)k, where
h € C*®(R) such that s” 9" h(s) is bounded for n € {0, 1, 2}. It follows

lvk)| < Blk|,  forallk € R, (49)

for some B > 0, and that partial derivatives of v times a Schwartz-function, such as «,
are bounded. We remark that the assumption that v is parallel to k is not needed if a
representation of H free of polarization vectors is chosen.

Let ¢ : R3 — RR3 be the flow generated by v, that is,

d
E%(k) =v(ps(k)),  ¢olk) =k. (50
Then ¢ (k) is of class C*° with respect to s and k, and by Gronwall’s lemma and (49),
e PBk| < g (k)] < PBlIk|,  fors e R. (51)

Induced by the flow ¢; on R? there is a one-parameter group of unitary transformations
on L%(R3) defined by

fs(k) = f(¢s(k))y/det Do (k). (52)

Since these transformations leave C3° (R3) invariant, their generator b is essentially
self-adjoint on this space. From bf = id/ds fs|s—o wWe obtain

b:%(v-y+y-v), (53)

where y = i V. Let B = dI"(b). The main result of this section is:

Theorem 8. Let H be the Hamiltonian defined by (16) and let ¥ be its ionization thresh-
old given by (19). Under the assumptions above on the vector-field v, the operator H is
locally of class C*(B) in = (—o0, ¥) for all values of a.

The proof, of course, depends on the explicit knowledge of the unitary group gener-
ated by B, and in particular on the formulas

e P Hpe'B = dT (e P we'™) = dT'(w o ¢y) (54)
e BIAM)E B = (e G = ¢(Giy) (55)

with G ; given by (52). Another essential ingredient is that, by [15], Theorem 1,
ll¢x)? f (H)I| < o0 (56)

for every f € C(‘)’O(Q). We begin with four auxiliary results, Propositions 9, 10, 11,
and 12.
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Proposition 9. (a) Foralls € R, eiBsD(Hf) C D(Hy) and
IHpe' (Hy + D71 < PP,
(b) Foralls € R eB*D(H) c D(H) and
|He'BS(H + i)~ < const 15l
Proof. From e~BS er"BS =dI'(e " w) = dI'(w o ¢5) and (51) it follows that
IHse' Pl = AT (@ o ¢)ell < || Hpgpl|

forallp € fo(Cgo), which is a core of H ¢. This proves, first, that et Bs D(Hy) C D(Hy),
and next, that the estimate above extends to D(H ), proving (a).
The Hamiltonian H is self-adjoint on the domain of H® = —A + H - Therefore

the operators H O H +i)~! and H(H© +i)~! are bounded and it suffices to prove
(b) for HO in place of H. The subspace D(A) ® D(Hy) is a core of HO, By (a) itis
invariant w.r. to ¢/5% and

IHQe B || < |Agll + | HpplleP ! < V25| HO ).

As in the proof of (a), it now follows that ¢3S D(H®) ¢ D(H®) and then the estimate
above extends to D(H (0)). O

Let By := (¢!B% — 1)/is. Then, by Proposition 9, [ By, H] is well defined, as a linear
operator on D (H). The main ingredients for the proof of Theorem 8 are Propositions 10
and 12 below.

Proposition 10. (a) Forall ¢ € D(H),
i lim (x)"'[H, Bslp=(x)"" (dF(Va) )= 2P (ibG,) - TI—TI -¢(ibe)a3/2) ®.
Naed

(b)

sup [[{x)"'[Bs, HI(H +i)~"|| < occ.

0<ls|<1

Proof. Part (b) follows from (a) and the uniform boundedness principle. Part (a) is
equivalent to the limit

1 . .
i Tim (x)~' = (e*’BsHelBS _ H) p
s—0 S
being equal to the expression on the right hand side of (a). By (54), for all ¢ € D(H),
: 1 —iBs iBs : 1
lim (e Hye'Bs — Hf) ¢ = lim ~dF(@o ¢ — w)p = dI'(Vo - V)¢,

where the last step is easily established using Lebesgue’s dominated convergence
Theorem. The necessary dominants are obtained from Is N wops —w)| < |s|~ (Pl —
Dw, by (51), and from the assumption ¢ € D(dI" (w)).
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It remains to consider the contribution due to Hiy = 20>/2A(ax) - p+ a3 A(ax)?.
Let AGy s := Gy s — Gx. By (55),
e iBs HinteiBS — Hint
=20"2¢(AGy ) - p+a’P(AG.s)  ¢(Gx) +&¢(Gry) - 9(AGy ), (57)

a sum of three operators, each of which contains AG, ;. By Lemma 13 at the end of
this section, for each x € R3,

1 1
—AGy 5=~ (Gy5—Gy) > —ibG,, (s = 0) (58)
s s
in the norm || - ||, of L, (R3) (see Appendix A), and
sup (x) " [bG |l < 00 (59)
xeR3

by the assumptions on G . Since the operators p(H r + D'2(H+i)~""and Hy(H+ i)~!
are bounded by Lemma 15 and since, by Lemma 14, [|¢ (f)(Hy +1)""2| < || f|l,, and

o (o) (Hy + D7 < 8| fllwliglle for all £, g € L2(R?), it follows from (57),
(58), and (59) that

1 ‘B iBs
lim <x)71; (eile IiintelBA - Hint) %

s—0
= ()7 (20¥29(=ibG.) - p+ PP (=ibG.) - $(Gr) +*B(G) - p(=ibG)) ¢
= - (x)7! (¢(ibG,) - TT+ 11 - ¢(ibG.)) @
forallp € D(H). O
Proposition 11. For all f € C°(R),
sup [|[Bs. f(H)]| < oo.

O<|s|<1

Remark. By Proposition 27 this proposition implies that f (H) is of class C'(B) for all
feCFE).

Proof. Let F = f(H) and letadp (F) = [By, F].If g € C§°(R2) is such that ¢ = 1 on
supp(f) and G = g(H), then F = G F and hence

adB_Y(F) = GadBS(F) + adBS(G)F.

The norm of adp (G)F is equal to the norm of its adjoint which is —F*adp_ (G*),
where F* = f(H) and G* = g(H). It therefore suffices to prove that

sup [|Gadp (F)| < oo (60)

0<|[s|<1

forall f,g € CgO(Q). To this end we use the representation f(H) = fdf(z)R(z),

where R(z) = (z—H) ™' and f is an almost analytic extension of f with 9z f (x+iy)| <
const|y|?, cf. (43). It follows that

Gadp, (F) =/df(Z)R(Z)G[Bs,H]R(Z),
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which is well-defined by Proposition 9, part (b). Upon writing [Bs, H] = (x)(x)~!
[Bs, H1R(i)(i — H) we can estimate the norm of the resulting expression for Gad g, (F)
with 0 < [s| < 1, by

[Gadp (F)|| < sup ||(x>_1[Bs,H]R(i)llIIg(H)<X>II/Idf(Z)IIIR(Z)IIIl(i—H)R(Z)H.

0<|s|<1

Since

I — HYR(z)|| < const (1 + |Irnl(z)|) , 61)

the integral is finite by choice of f. The factors in front of the integral are finite by
Proposition 10 and by (56). O

Proposition 12.

sup [|(x) [ Bs[Bs, HNN(H +i)~'|| < 0.

0<|s|<1
Proof. By Definition of H,
[By, [Bs, H1l = [By, [Bs, Hfll+&*/?[By, [Bs, p - $(G)]]
+a[By, [Bs, ¢(G)?1l.

We estimate the contributions of these terms one by one in Steps 1-3 below. As a prep-
aration we note that

adp, = ieiBSl(W(s) -1, (62)
N
ad} = — e2ilez(W(s) — 1)’ = —eZiBSlZ (W(2s5) —2W(s) + W(0)), (63)
’ N N

where W (s) maps an operator 7' to e BsT el BS Tn view of Egs. (54), (55), we will need
that for every twice differentiable function f : [0, 2s] — C,

1
S—zlf(ZS) =2f(s)+ fO)] = | \SHZIT | Lf" (@) (64)
H=<2|s
Step 1.
sup lladg (Hp)(Hy+ 17| < oc.
[s|<1 ‘
By (63) and (54)

a1
adj (Hp) = —*'P = dl'(w o ¢o; — 2w 0 ¢ + o). (65)
$ s

Thus in view of (64) we estimate the second derivative of s — w o ¢ (k) = |¢,(k)|. For
k #0,

92 1 V(g (k))
—lgs ()| = — s (k), (s (k) + ———=
8s2|¢ (9] |¢s(k)|<¢ (k), v(gs (k)™ + 6 (0|
1
+

o D bok)ivi,j (s (k))ps (k) ;.
A) l,j



630 J. Frohlich, M. Griesemer, I. M. Sigal

By assumption on v, v; ; € L™ and [v(¢s (k)| < Blés (k)| < ePI|k]|. It follows that

1
= (@ o o5 — 2w 0 ¢ +w) (k)| < const e’Flar (k),
N

which implies

1
§2

By (65) this establishes Step 1.

AT (w o g5 — 2w 0 ¢ + w)(Hp + 1) | < const P!,

Step 2.
sup sup (x) *[ladg (¢(Gy) - p)(H +i)~'| < oo.

Is|<1xeR3

Since p(H s + 1)!/2(H +i)~" is bounded, it suffices to show that

sup (x)?[ladg ($(G))(Hp + 1)~ < occ. (66)
[s|<1, x :
By Eq. (55)
1 1
—(W(s) = D*(@(Gy)) = S ¢(Gyos — 2G5+ G), (67)
S S
and by (64)

by .
0725 [6(Gras =261 + G+ 172

82

1 _
< (x) 2s—2||Gx,zs—2Gx,s+Gx||w < (x)7? oyl

Gx,x

w

For k # 0 the function s — G (k) is arbitrarily often differentiable by assumption on
v and

- iaa—sz,s(k) = (v- VkGy)s (k) + %(diV(U)Gx)s(k)a (68)

820 k) = Vi?Gy) (k) + (di ViG 69

—5Gus(0) = (v V’Gx) (0 +[@ivEw)v- ViGo)s (69)
1 1

43 2 (Widid;0))Ga) + (aiv?c,) - (70)

i,j

By part (a) of Lemma 13 below, it suffices to estimate the qu—norm of these four contri-
butions with s = 0. By our assumptions on v, div(v) and v; ;9 v; are bounded functions.
This and the bound |G| < [|Goll, < oo account for the contributions of (70), and
for the factor div(v) in front of the second term of (69). It remains to show that the
Li—norms of

()" V)G, and (x) 2 (v- Vi)?G,

are bounded uniformly in x. But this is easily seen by applying v - Vi to each factor
of Ge(k, 1) = g, (k)e ** ¥k (k)|k|~1/? and using that v - Ve, (k) = 0, v - Ve~ tkx —
—iv - xe” ™ and that v - V|k|~!/? is again of order |k|~'/? by assumption on v.
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Step 3.

sup (x)*[ladg ($(G)P)(Hy +1)7'|| < o0.

[s|<1,x

By the Leibniz-rule for adp,

ad} (¢(Gx)?) = ady (#(G1) - ¢(Gy) +¢(Gy) - adg (9(Go))
+2adp, (¢(G))adp, (¢(G)). (71)

For the contribution of the first term we have

(x)"*ladg (#(Gx)) - p(G)(Hy+ D7
< (x)2lladg ($(G))(Hyp + D72 |1p(Go)(Hf + 1)~

which is bounded uniformly in |s| < 1 and x € R3? by (66) in the proof of Step 2. For
the second term of (71) we first note that

|
$(Goadp, ($(G) = $(Ge ™ (W(s) = D*($(Gx)

. 1
_ eZ’B‘Yqb(Gx,s)s—z(W(S) — D2($(Gy)),

and hence, by the estimates in Step 2, we obtain a bound similar to the one for the
first term of (71) with an additional factor of ¢2f15! coming from the use of Lemma 13.
Finally, by (62) and (55),

e Gyos — Gy Grs — Gy
adp, (#(G.)adp, ($(G) = ¥ (%) ¢ (7) ’

which implies that

2 -1 -1 2
(¥) ladz, (PG )ad, @G)Hy + DT = sup ()7 1,Gaslo) -

|s]<2, xeR3
This is finite by (68) and the assumptions on v and G,. O

Proof of Theorem 8. By Propositions 11 and 28 it suffices to show that

sup [lad (f(H))|| < oo (72)

O<s<l1

forall f € C8°(§2).Letg € C(C)’O(SZ) withgf = fandletG = g(H), F = f(H). Then
F = GF and hence

adg, (F) = ady (GF) = ad} (G)F +2adp, (G)adp, (F) + Gad, (F).

From Proposition 11 we know that supy | ladp, (G)|| < oo, and similarly with F" in
place of G. Moreover

(ad3, (G)F)" = Frad}_ (G"),
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Thus it suffices to show that for all g, f € C;°(£2),

sup [Gadg, (F)| < oc. (73)

0<|s|<1

To this end we use F = [d f (z) R(z) with an almost analytic extension f of f such
that |32f(x +iy)| < const |y|*. We obtain

Gad%S(F) = Z/df(Z)R(Z)G[Bs, HIR(2)[Bs, HIR(2) (74)
+/df(z)R(z)G[BS, [Bs, H]IR(2). (75)

Since, by (56), |G (x)?|| < oo the norm of the second term is bounded uniformly in
s € {0 < |s| < 1} by Proposition 12. In view of Proposition 10 we rewrite (74) (times
1/2) as

/df(Z)R(Z)GOC)[Bs,H]R(Z)(X)fl[Bs,H]R(Z)

—/df(Z)R(Z)G[OC),[Bs,H]R(Z)] (x)"'[By, HIR(2).

For the norm of the first integral we get the bound

/ ldF@IR@ING x)2N1(x) " [Bs, HIRG G — H)R@)?,

which is bounded uniformly in s, by Proposition 10, the exponential decay on the range
of G = g(H) and by construction of f. The norm of the second term is bounded by

/ [dF@UIR@N g H) I (x) ™" [(x), [By. HIR@] | [1(x) ' [Bs. HIR()II.
(76)
The last factor is bounded by ||(i — H)R(z) ||, uniformly in s € (0, 1], by Proposition 10.
For the term in the third norm we find, using the Jacobi identity and [ By, (x)] = 0, that

(x) 7" [(x), [Bs, HIR(2)]=(x)"" [By, [{x), H]] R(z)+(x)"'[By, HIR(2)[(x), HIR(2),
(77)
where
(), H] = 202 (p+ A+ = 4
’ x) (x)  (x)?
Since (78) is bounded w.r.to H, the norm of the second term of (77), by Proposition 10,
is bounded by || — H YR(2) | uniformly in s. As for the first term of (77), in view of
(78), its norm is estimated like the norm of (x)~!'[By, H]R(z) in Proposition 10, which
leads to a bound of the form const||(i — H)R(z)||. By (61) and by construction of f it
follows that (76) is bounded uniformly in |s| € (0, 1]. O

(78)

We conclude this section with a lemma used in the proofs of Propositions 10 and 12
above. For the definition of Li(R3) and its norm see Appendix A.

Lemma 13. Let f > f; = e~ f on L2 (R?) be defined by (49), (50) and (52). Then
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(a) The transformation f +— f; maps Lf)(]R3) into itself and, for all s € R,

sl < 172 fllo.
(b) The mapping R — L?U(R3), s — fs is continuous.

(c) Forall f € L2(R?) forwhich |k| — f(|klk), k € R?, is continuously differentiable
on Ry and Jody f, wdy f € LHRY),

L2 — lim l(fs—f)=v-Vf+1div(u)f.
s—0§ 2

Remark. Statement (c) shows, in particular, that f € D(b) and that —ibf = v -V f +
(1/2)div(v) f for the class of functions f considered there.

Proof. (a) Making the substitution g = ¢ (k), dg = det D¢, (k)dk and using (51) we
get

umﬁ=/mrwnuwmmﬁm0@mwk

=/wﬁ@W+mﬂw%quWma

(b) For functions f € Lz)(R3) that are continuous and have compact support
| fs — fllo — O follows from lims_q f;(k) = f(k), for all k € R? by an appli-
cation of Lebesgue’s dominated convergence theorem. From here, (b) follows by an
approximation argument using (a).

(c) By assumption on f,

fi=v-Vf+ %div(v)f e L:(RY).
Using that
.mm—ﬂm=AQAQML k0

and Jensen’s inequality we get

2

- 1 /5 . -
us%ﬁ—n—fﬁ=/ﬁmm1+nkAme—ﬂMMr

s/ﬂw”ﬂﬁ/s
s Jo
1s~~2
=—/nﬁ—fnm,
s Jo

which vanishes in the limit s — 0 by (b). O

~ ~ 2
fitky = feo| ar
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A. Operator and Spectral Estimates
Let Lz)(R3, C?) denote the linear space of measurable functions f : R? — C? with

LFs = > /lf(k, W2k + DdPk < oo.

A=1,2

Lemma 14. For all f, g € L2 (R3, C?),

la*(HYHy+ DT < fllo,
la*(fra* (@) (Hp + D7 < 201 flloligllo,
where a® may be a creation or an annihilation operator:

The first estimate of Lemma 14 is well known, see e.g., [4]. For a proof of the second
one, see [10].

Lemma 15 (Operator Estimates). Let ¢, (k) = [ |« (k)|?|k|"~> d°k forn > 1. Then
(i) A()* < 8ci(k)Hy +4ca(k),
8
(i1) —§C1(K)Ol3p2 <2p- A(le)a3/2 +Hy,
(iii) p? <2117 + 20> A(ax)>.

If+V < ep?+b, foralle > 0, and ife € (0, 1/2) is so small that 16g03c1 (k) < 1,
then

1
——(H + b, +8scc2(k)),

. H2
(@v) 1—2¢

IA

() Hy< (H + b, + 8c0°c2()),

1 — 16ga3cy (k)

wi) AR)? < ——a1®)

3
= m([{'}'bg + 8ex Cz(K)) +4C2(K).

Proof. Estimate (i) is proved in [16]. (ii) is easily derived by completing the square in
creation and annihilation operators, and (iii) follows from 23 p - A(ax) > —(1/2)p? —
20 A(ax)?.
From the assumption on V and statements (i) and (iii) it follows that
H>T?—¢p? — b+ Hy
> (1 —26)[1% — 2ea®A(x)* + Hy — b,
> (1 —2e)1? + (1 — 16ea’c; () Hy — 8ea’ca (k) — b,
which proves (iv) and (v). Statement (vi) follows from (i) and (v). O

Let E;, = info(Hy) and let £, = limg_, o X4 g be the ionization threshold for
H,, that is,

)Y = inf , Hy @),
o.R weDMwH:l(w o P)

where Dr = {¢ € D(Hy)|x(Ix| < R)p = 0}.
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Lemma 16 (Estimates for E, and X, ). With the above definitions
1. Forallo >0,
E, <e +4cz(/c)a3.
2. Ifei(k)a® < 1/8 then
Yo.g = €2 — 0og(1) — c1(K)a’C, (R — 00),
where C and og (1) depend on properties of Hyuy only. In particular
Yo > ey — (/c)cx3C
uniformly in o > 0.

Proof. Let yr| be a normalized ground state vector of Hput, so that Hpat1 = e,
and let Q € F denote the vacuum. Then

Es < {1 ® R, Hy¥ @ Q)
=1+ (Y1 ® Q, A(ax)*Y1 @ Q)
< e +4cz(/<)oz3

by Lemma 15. To prove Statement 2 we first estimate H, from below in terms of Hpart.
By Lemma 15,

Hy = Hpar +2p - A(oe)c)oe3/2 + A(owc)zot3 +Hy

\

8
Hpart — gcl (K)Ol3p2.

Since p2 < 3(Hpart + D) for some constant D, it follows that
Hy > Hpan(1 — 8c1(1)e”) — 8¢y (k) D’

By Perrson’s theorem, (¢, (Hpae ® 1)¢) > e2 — og(1), as R — oo, for normalized
¢ € Dp, with ||¢|| = 1, and by assumption 1 — 8¢ (k) > 0. Hence we obtain

ro = (e2 —or(1))(1 — 8¢y (k)a’) — 8¢ (k) Do’
= ey — or(1)(1 — 8c1(K)a®) — 8ci (k) (ex + D),

which proves the lemma. O

Lemma 17 (Electron localization). For every A < e; there exists ) > 0 such that for
alla < ay and alln € N,

sup [||x]" E;.(Ho) || < oo.

o>0
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Proof. From [15, Theorem 1] we know that ||e£|"|EA(H(,)|| < ooif A +62 < T,
Moreover, from the proof of that theorem we see that

sup [lef¥E; (Hy) || < 00

o>0

if R > 0 and § > 0 can be found so that

C
zﬂ,R—Fz“g%a (79)

holds uniformly in o. Here C is a constant that is independent of the system. Given
A < ez, pick @) > 0 so small that ey — ¢ (K)oz;C > A with C as in Lemma 16. It then
follows from Lemma 16 that (79) holds true for some § > 0 if R is large enough. O

Theorem 18 (Spectral gap). If « < 1 then
o(Hy | HO)N(Es, Es +0) =0
forallo < (ey —e1)/2.
Remark. Variants of this result are already known [3,12].
Proof. From [16] we know that
inf o5 (Hy | H) > min(E, +0, Zy).
On the other hand, by Lemma 16,
T — Eq 2 2 —e1 — &’ (Ce1(k) +4c2(k) = 0

under our assumptions on « and o. This proves that

inf o,5s(Hy | H°) > E; +o0.
From Proposition 19, below, it follows that H, has no eigenvalues in (E,, E, +0). O

In order to complete the proof of Theorem 18, we need a further commutator estimate
and a corresponding Virial Theorem. We define B =dI (l;) +a32x P b %% Gy), where
b= (12 “y+y- 12) /2 and k=k /|k|, and begin with a formal computation of the commu-
tator [Hy, if?]. To this end we set I[1, = p + a3/2A”(ax) so that H, = Hg +V +Hy.
It follows that

[Hy,iB] = My[M,,iB]+[My,iBl, +[Hy,iBl,

where _ A
[Hf,iBl =N — o x - ¢(wb3’ Go)

and

[M,.iB] = [M,,idl(5)] + [ng, i3 ?x ~¢(iI;)Z”G0)]

—a?2P(ib37Gy) + > ?P(ib37Go) — 20 Re (3° Gy, xb%% Go)
= —a2Pp(ib3° AG,) — 20> Re (39 G, xb5° Go). (80)
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Here AG, = G, — Gy. The resulting expression for [Hy, i B is our definition of this
commutator as a quadratic form on RanE (g )(Hy — E5), where o < 1and 0 < 0 <

€gap /2 are assumed. The reason for the contribution o®/%x - ¢ (zb X% Go) to the operator

B is that in Eq. (80) it leads to ¢(sz"AGx) rather than ¢(leUGX) The more reg-
ular behavior of AG, (k) as k — 0 is essential to get estimates that hold uniformly in
o € (0, egap/2).

The following proposition completes the proof of Theorem 18.

Proposition 19. Let [H,,iB] be defined as above and suppose that o<1 and
0 <o < egp/2. Then

- I
E(O,U’)(HO' - EO')[H01 lB]E(O,o)(Ha - Ea) = EE(O,U')(HO' - Eo),

and moreover, if Hyo = E@ with E — E, € (0, 0), then (¢, [Hy, ié](p) =0.

Proof. We first show that [H,;, i E] — N between spectral projections E(g ) (Hy — E5)
is O(a’/?) as @ — 0. To this end we set A = (1/4)e; + (3/4)e; and prove Steps 1-3
below. Note that, by Lemma 16, E; + 0 < A for 0 < egap/2 and 2C2(K)Ol3 < egap/4.

Step 1.

sup || E5 (Hy )x - p(wh%° Go)E; (Hy)|| < o0.

o>0
One has the estimate
I Ex(Ho)x - p(0b3° Go) Ex(Ho) || < | Es(Ho)x | |lwb i Gollwl(Hy + 12 E; (Hp),

where each factor is bounded uniformly in o > 0. For the first one this follows from
Lemma 17, for the second one from |wbx° Go(k)| = 0(|k|’1/2) and for the third one
from sup,, ||(H; + 1)!/2(H, + )™!| < oo, by Lemma 15.

Step 2.

sup || E;. (Ho )Ty - ¢(ib5° AGy) Es(Hy)|| < o0.

>0

This time we use
| Ex(Ho) Ty - ¢(ib3° AG ) Es(Hy) ||
< | E;(Ho) T, || (sup () bR AG, ||w) I{x)(Hy + DY2E, (Ho)Il.  (81)
X

Since

K (k)

MSA(k)

biTAG (k1) = i (a‘k‘ + |k|—1) 79 (e~Tkx 1y
= O()kI™?), (k= 0),
while, as k — o0, it decays like a Schwartz-function, it follows that

sup (x) 6% AGy |l < 0.

X,0
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The first factor of (81) is bounded uniformly in o > 0 thanks to Lemma 15, and for the
last one we have

1) (Hy + D2 E3(Ho) | < 1(0)? Ex(Ho) | + | (Hy + D Ex(Ho)l,
which, by Lemma 17 and Lemma 15, is also bounded uniformly in o.
Step 3.

sup || E5. (Hy )T, - Re (3% Gy, x - b7 Go)E;.(Hy)|| < 0.
o

This follows from estimates in the proof of Step 2.
From Steps 1, 2,3 and N > | — Pgq it follows that

E;(Hy)[Hy,iBlE;(Hy) > E;(Hy)(1 — Po)Es(Hy) + O(a®?). (82)

In Steps 4, 5, and 6 below we will show that £ 5)(Hy — E;)PoE0,0)(Hy — E5) =
O (a/?) as well. Hence the proposition will follow from (82).

Let Ppyt be the ground state projection of —A + V and let PpJ;rt = 1 — Ppa. Recall

that Py 18 a projection of rank one, by assumption on e; = inf o (—=A + V).
Step 4.

I(Psiy ® PQ)Es(Hy)| = O(®?).

part

Let H® denote the Hamiltonian H with @ = 0 and let f € C3°(R) with supp(f) C
(—o00,e2) and f = 1 on [inf(,gegap Es, A]. Then E; (H,) = f(Hy)E)(Hy), (P;ért ®
Po) f(HY) =0and

f(Hy) — f(H)
= /df(z) IH (20{3/2p A% (ax) + a3A”(ax)2)

Z— Mg

- HO ~ 0@).

It follows that
(Pt ® Pe) Ex(Ho)ll = | Pyt ® Pe) [ £ (Ho) = f(H) | Es(Ho )
< | f(Hy) = fFH) = 0.
Step 5. Let P, denote the ground state projection of H,. Then
| Ppart ® Po — Po || = O (/).

Since 1 — P < N1/2 we have

1= Pyt ® Po = 1 — Po+ Py ® Po
N2+ P ® Po

IA

where || (P ® Po) P || = O(a*?) by Step4and | N'/? P, || = O («’/?) by Lemma 20.

It follows that [|(1 — Ppart ® Pg) Ps|l = O(e*/?). Hence, for o small enough, P, is of
rank one and the assertion of Step 5 follows.
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Step 6.
E0.0)(Hy — Eo)(1 ® PQ)E0.0)(Hy — Eq) = O(’?).
Since Py E(0,0)(Hy — E5) = 0, it follows from Step 4 and Step 5 that

I(1® PR)E.0)(Hs — Eq)|l = |(1® Pq — Ps)E0.0)(Hy — Eo)|
< (Ppart ® Pa — Po)E0,0)(Ho — Eo) || + | (Ppgy ® P)E(0,0)(Ho — Eo)|
= 0(*?).

In order to prove the Virial Theorem, (¢, [Hy, i B lo) = 0, for eigenvectors ¢ with
energy E € (E,, E, + o) we approximate B with suitably regularized operators B,
& >0, that are defined on D(H,), and converge to Base — 0, in the sense that
[Hy, il}g] — [Hy, i1§] weakly as & — 0. The Virial Theorem for [ H,, iBg] then implies
the asserted Virial Theorem. The infrared cutoff o is crucial for this to work. For more
details, see, e.g., [11], Appendix E. O

Lemma 20 (Ground state photons). Suppose H, P, = EsP,, where ¢ >
E, = info(Hy), and P, is the ground state projection of Hy. Here Hy—o =
Let Ry(w) = (Hy — Ey +w)~ L. Then

0,
H.

Q) a(k)P, = —iad? [1 — WRy () — 2Ry () (T, - k) +ozRg(a))k2] x-G. ()P,
—20*? Ry (0)k - Gy (k)* Py

There are constants C, D independent of o, a € [0, 1] such that

.. 3/2
i) NatPol <o s,

327
(iii) |lxa(k)Py|| < PES

Proof. We suppress the subindex o for notational simplicity. By the usual pull-through
trick

(H— E+o()ak)P = [H,a(k)]p +wk)ak)P
= —a>/?211 - G, (k)*P.

Since 211 = i[H,x] = i[H — E, x], and (H — E)¢p = 0, we can rewrite this as

i(x_3/2a(k)§0 =R(@)[(H — E)x —x(H — E)] Ggx (k)*P
= (1 —wR(@))(x - G (k)*)P — R(w)x[H, Gax(k)*1P.  (83)

For the commutator we get

[H,G(k)*] = (IT- k)G (k)* + Gy (k)" (I1 - k)
=2(I1- k)G, (k)* — ak? G, (k)*,

and hence, using x(IT - k) = (IT - k)x + ik,

X[H. G, (k)*] = [2(11 k) — akz] X+ Gy (k)* +2ik - G (k). (84)
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From (83) and (84) we conclude that
ia=2a(k)P = [1 — wR(@w) — 2R (w)(I1 - k) + aR(a))kz] x- Gy (k) P
—2iR(w)k - G (k)* P.

(ii) First of all sup,~ [|xP|| < oo by Lemma 17 and |G (k)| < const|k|~!/? by def-
inition of G, (k). Since ||R(w)| < |k|~! and ||R(w)I1|| < const(l + |k|~') we find
that

H[l — WR(®) — 2R(w)(TT - k) +ozR(a))k2] H < const fora, k| < 1.

This proves (ii). To estimate the norm of xa(k) P we use (i) and commute x with all
operators in front of P so that we can apply Lemma 17 to the operator x> P. Since

[x, R(w)] = =2i R(w) TR (w)

the resulting estimate for ||xa(k)P|| is worse by one power of |k| than our estimate (i)
for |la(k)P||. O

The following two lemmas are consequences of Lemma 20.

Lemma 21 (Overlap estimate). Let P° ® fa(Hyo) on H? ® Fo and x, be defined
as in Sect. 3. For every p > —1 there exists a constant C,,, such that for all a € [0, 1],
SJorall o € [0, egap/2] and for every function h, € L%(R3), depending parametrically
on the electron position x € R3, with |hy (k)| < |k|"*(x),

la(xoh) P® @ fa(Hpo)ll < Cua™3/2|1(x) P
Here (x) = /1 +x2.

Proof. Let ¢ € H® ® F, with ||¢|| = 1. By construction of .,

a(xohx) P’ ® fa(Hpo)p = / Xo (K)hx(kK)a(k) P’ @ f(Hyo)pdk

o<|k|<20

hy(k
t [ W P o I et e dk
k| <o k|1

Using |xshx (k)| < |k|*(x), I fa(Hfo)ll < 1, and the Cauchy-Schwarz inequality
applied to the second integral we obtain

la(xohy) P’ ® fA(Hf,a)(p”
12
< / K41 x)a k) PO | dk+( / k2t dk) 1) PN Y2 £ (H o)l
o =|k|=20 |k|<o

1/2
,0

The lemma now follows from Lemma 20 and || H /', f(Hf,o)|l < o2, o
Lemma 22. There exists a constant C such that
|E — Ey| = Ca’/?0?

forallo > 0and o € [0, 1].
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Proof. Let ¥ and ¥, be normalized ground states of H and H, respectively. Then, by
Rayleigh-Ritz,

E — EO‘ = (WUv (H - HO')WO’% (85)

Es —E < (Y, (H, — H)Y), (86)
where H — H, = I1? — T12 and

2 2 3/2
M — 112 = 2a%%p - (A(ax) — A (ax))

+o [A(ax) + A% (ax)] - [A(ax) — A% (ax)]. 87)

To estimate the contribution due to (87) we note that

[A(ax) + A% (ax)] - [A(ax) — A% (ax)] = [A(ax) + A (ax)] - a(xsGx)
+a*(xoGx) - [A(ax) + A% (ax)]

2 / G (02 (88)
The last term in (88) is of order o2 and from Lemma 20 it follows that

oGVl lalxeGx 503/2/ G (B ——dk = 0(a*5?). (89
la(xo G)VYoll, lla(xe GV = Ca |k|§2<7| ()|\/W (« ). (89)

Moreover, by Lemma 15,

lpYoll, I[A(ax) + Ay (@x)]s || < const.

It follows that the contributions of (87) to (85) and (86) are of order «3/%202 and 62, O

B. Conjugate Operator Method

In this section we describe the conjugate operator method in the version of Amrein,
Boutet de Monvel, Georgescu, and Sahbani [1,23]. In the paper of Sahbani the theory
of Amrein et al. is generalized in a way that is crucial for our paper. For simplicity, we
present a weaker form of the results of Sahbani with comparatively stronger assumptions
that are satisfied by our Hamiltonians.

The conjugate operator method to analyze the spectrum of a self-adjoint operator
H : D(H) C 'H — 'H assumes the existence of another self-adjoint operator A on H,
the conjugate operator, with certain properties. The results below yield information on
the spectrum of H in an open subset 2 C R, provided the following assumptions hold:

(i) H is locally of class C*(A) in Q. This assumption means that the mapping
S — e*l‘ASf(H)el'AS(p

is twice continuously differentiable, for all f € C;°(R2) and all ¢ € 'H.

(i) Forevery A € , there exists a neighborhood A of A with A C ©, and a constant
a > 0 such that

Ex(H)[H,iA]EA(H) = aEx(H).
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Remarks. By (i), the commutator [H, i A] is well defined as a sesquilinear form on the
intersection of D(A) and Uk E x (H)H, where the union is taken over all compact subsets
K of Q. By continuity it can be extended to Ug Ex (H)H.

The following two theorems follow from Theorems 0.1 and 0.2 in [23] and assump-
tions (i) and (ii), above.

Theorem 23. Forall s > 1/2 and all ¢, € 'H, the limit
lim (g, (A) " R(A £ie)(A)""¢)

e—>0+

exists uniformly for A in any compact subset of Q. In particular, the spectrum of H is
purely absolutely continuous in <.

This theorem allows one to define operators (A) ™ R(A £ i0)(A)™* in terms of the
sesquilinear forms

(@, (A)RAEI0)(A) ") = lim {p. (A)°RG.£ie){A)*Y).

By the uniform boundedness principle these operators are bounded.
Theorem 24. If 1/2 < s < 1 then

A (AR +i0)(A)™°
is locally Holder continuous of degree s — 1/2 in Q.

Theorem 25. Suppose assumptions (i) and (ii) above are satisfied, s € (1/2, 1), and
f € C (). Then

—s —iHt —s 1
{A) e fF(H)(A)Y "l = O (m) (1 —> 00).
Proof. Forevery f € C°(R) and all ¢ € H,
—iHt . —iAt N1
e f(H)(p:h&};/e f)Im(H — A —ie) ‘pdi (90)

by the spectral theorem. Now suppose f € C;°(2) and set F(z) = 7 A Im(H —
z)~1(A)™*. Then (90) and Theorem 23 imply

(A)=S ™1 F(H) (A) g = / e M FOYF (b +i0)p . 1)

In this equation we replace H by H — &/t with ¢ so large that f (- — m/t) has support
in 2. Then it becomes

(AYSe U f(H — /1) (A) S g = —/e—"“f()\)F(x +/t+i0)pdr.  (92)

Taking the sum of (91) and (92) and using || f(H) — f(H — 7 /t)|| = o1, which
may be derived from the almost analytic functional calculus, see (43), we get

21(A) e T F(HA) T |+ 0™
= / |fIIF (A +i0) — FO.+ 7/t +i0)|dr = O(1/£°~1/3),

where the Holder continuity from Theorem 24 was used in the last step. O
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For completeness we also include the Virial Theorem (Proposition 3.2 of [23]):

Proposition 26. If . € Q is an eigenvalue of H and E(,y(H) denotes the projection
onto the corresponding eigenspace, then

Epy(H)[H,iAlE;y(H) = 0.

In the remainder of this section we introduce tools that will help us to verify assump-
tion (i). To begin with we recall, from [1,23], that a bounded operator 7" on H is said to
be of class C¥(A) if the mapping

§ = efiAsTeiAs(p

is k times continuously differentiable for every ¢ € H. The following propositions
summarize results in Lemma 6.2.9 and Lemma 6.2.3 of [1].

Proposition 27. Let T be a bounded operator on H and let A = A* : D(A) C H — H.
Then the following are equivalent.

() T is of class C'(A).
(i1) There is a constant ¢ such that for all ¢,y € D(A),

[(Ap, Tyr) — (@, TAY)| < cllolllly]l.
(iii) liminfy_o. 1 [e7A5Te! A — T || < o0.

Proof. If T is of class C'(A) then SUP; £ s~ (e~ 45Te!4s — T)|| < oo by the uniform
boundedness principle. Thus statement (i) implies statement (iii). To prove the remaining
assertions we use that, for all ¢, ¥ € D(A),

1 . . —i [* . . . .
;(90, (eflAsTezAs —T)y) = Tl/ dt [(elATAgO, TelATW) _ (elAT(p, TelArAlﬁ)] .
0
93)
Since the integrand is a continuous function of 7, its value at t = 0, (Ap, TY) —
(¢, T AYr), is the limit of (93) as s — 0. It follows that

(Ap, TY) — (o, TAY)| = lim s7'[(p, (74Tl — T)y)|

s—0+

liminfs™ e AT — Tllollly]. (94

s—0+

IA

Therefore (iii) implies (ii).
Next we assume (ii). Then TD(A) € D(A) and [A,T] : D(A) C H — H has a
unique extension to a bounded operator ad 4 (7') on H. The mapping

7> e MATad g (T)e ATy

is continuous, and hence (93) implies that

. . s . .
eI TSy Ty = —i/ e MTad,(T)e' ATy dt (95)
0
for each v € H. Since the r.h.s is continuously differentiable in s, so is the Lh.s, and

thus 7 € C'(A). O
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Let Ay = (¢!4* — 1)/is, which is a bounded approximation of A. Then

Vo .
- (e—lASTe”‘S - T) = —ie"i4ad, (T). (96)
A

Hence, by Proposition 27, a bounded operator T is of class C'(A) if and only if
liminfy ¢4 |ada, (T)|| < oo. The following proposition gives an analogous charac-
terization of the class C2(A).

Proposition 28. Let A = A* : D(A) C ' H — H and let T be a bounded operator of
class C'(A). Then T is of class C*(A) if and only if

lim inf ||ad124v(T)|| < 0. o7
5—0+ s

Remark. This is a special case of [1, Lemma 6.2.3] on the class Ck(A). We include the
proof for the convenience of the reader.

Proof. Since T is of class C L(A) the commutator [A, T] extends to a bounded operator
ad4(T) on 'H and

iae—zAs TetAs(p — e_’ASadA(T)e’Asgp (98)

for all ¢ € ‘H. By Proposition 27 the right-hand side is continuously differentiable if
and only if

I(Ag, adA(T) ) — (@, ada(T)AY)| < cllolllV]l,  fore, ¥ € D(A) 99)

with some finite constant c. To prove that (99) is equivalent to (97), it is useful to intro-
duce the homomorphism W (s) : T + e~'45T¢!4% on the algebra of bounded operators.
By (95)

N
(W(s) — DT = —i/ dry W (zp)ad A (T),
0
and therefore

1 —i [
F (W) - DT = S—;/O dry(W(s) — DW(z)ada(T)

— drl/ doW(t; + 2)[A, ad4(T)] (100)
S 0 0

in the sense of quadratic forms on D(A), that is,

(o, W(t1 + ©)[A, ada(T)]¥r)
= (Agp, W(t1 + )ada(T) ) — (@, W(t1 + 2)ada(T)AY)

for ¢, ¥ € D(A). Since the right-hand side is continuous as a function of 71 + 13, it
follows from (100), as in the proof of Proposition 27, that

1
[{Ag, ada(T)¥) — (9. ada(T)AY)| = lim 5 |(p, (W(s) — D2Ty)|

|
< liminf — [[(W(s) — DT [llelllv -
s—0+ S
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Since, by (96),
1 .
S W) = 1)’T = —e *%ad] (),

condition (97) implies (99). Conversely, by (100) condition (99) implies that sT2(W (s)—
1)2T|| < c forall s > 0, which proves (97). O

Lemma 29. Suppose that H is locally of class C'(A) in @ C R and that ¢4 D(H) C
D(H) for all s € R. Then, for all f € C{°(R) and all ¢ € H,
iAs

e—} f(H)g.

FUH)H,iAlf (H)g = lim f(H) [H, .

Proof. By Eq. 2.2 of [23],

FUD[H,iAlf(H) = [Hf*(H),iA] — Hf (H)[f(H),iA] = [f(H),iAJHf (H),
(101)
where, by assumption, f(H) and Hfz(H) are of class C1(A). Since, by (96)

[T,iAlp = —i lir% ada, (T)e
s—>

for every bounded operator T of class C!(A), it follows from (101), the Leibniz-rule for
ad,4, and the domain assumption A;D(H) C D(H), that

FCH)IH, iA1f (H)g
= i lim (ads, (HF2(H)) — H (Hyada, (f (H)) — ad, (FCH)HF(H) )
= —isli_%f(H)adAs(H)f(H)w-
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