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FINITE-SIZE EFFECTS IN RESPONSE FUNCTIONS OF MOLECULAR SYSTEMS

MI-SONG DUPUY*, ANTOINE LEVITT?

ABSTRACT. We consider an electron in a localized potential submitted to a weak external, time-
dependent field. In the linear response regime, the response function can be computed using Kubo’s
formula. In this paper, we consider the numerical approximation of the response function by means
of a truncation to a finite region of space. This is necessarily a singular approximation because of the
discreteness of the spectrum of the truncated Hamiltonian, and in practice a regularization (smooth-
ing) has to be used. Our results provide error estimates for the response function past the ionization
threshold with respect to both the smoothing parameter and the size of the computational domain.
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1. INTRODUCTION

Consider a molecule in its electronic ground state, to which an external time-dependent electric field
is applied. The resulting change in the electronic density can be computed using linear response theory,
resulting in a quantity K (w) describing the response at frequency w. To compute it in practice, the
domain of computation has to be truncated to a region of size L, yielding an approximate response
function K L( ). Since the dynamics on the full space and on a finite reglon of space are quahtatlvely
different, K 1, is qualitatively different from K: in particular, even when Kisa regular function, K L is
always a singular distribution, reflecting the discreteness of the spectrum of the Hamiltonian. Numerical
computations of spectra in quantum chemistry are often regularized, more or less explicitly, with con-
vergence to the true K not always clear [18]. This paper aims to answer on a simple model the following
question: in which sense does K 1, converge to K , and with what convergence rate?

Practical numerical computations for real molecules use approximations to the intractable non-relativistic
full many-body problem. One of the most popular such approximation is the time-dependent density
functional theory in the adiabatic local density approximation. Considering a d-dimensional system of
N electrons in a potential V' created by nuclei and an external forcing potential e f(¢)Vp, this takes the
form (using a system of units where all the constant prefactors are set to 1, and ignoring spin)

i0yy = [-A+V + Vaxc(7),7] +ef () [Vp, ],
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where ¢ is a small parameter, f(t) is a continuous causal function (i.e. f(¢t) = 0 for t < 0), Vp is a
perturbing potential, and the initial state «(0) is a solution of the stationary Kohn-Sham equations

[—A +V + Viaxc(7(0)),7(0)] = 0.

The density matrix v is an orthogonal projector of rank N on L?(IR?). The Hartree-exchange-correlation
potential is given by

Vire)(@) = [ L dy 4 v, @)
s [T — Y|

where p,(z) = v(z,z) is the density associated with the density matrix v, and vrpa(p) is an explicit

function (calibrated on the uniform electron gas). Mathematically, this is a complicated nonlinear integro-

differential equation. Although existence, uniqueness and various properties of this and related equations

has been studied mathematically in various regimes [10, 33, 15, 30], the linear response theory and its

numerical approximation has not, to the best of our knowledge.

The above model is complicated, and for the purposes of mathematical analysis we will consider in
this paper the drastic over-simplification Vixc = 0. We will also take N = 1 for notational simplicity,
although this is not essential and the results of this paper also apply to the case N > 1 (see Section
3.4.3). Then the non-perturbed system is described by the Hamiltonian

with V decaying at infinity in a sense to be made precise. The Hamiltonian H is self-adjoint on L?(R%),
with possible negative eigenvalues and continuous spectrum [0, 00). Assume that there is a simple lowest
eigenvalue Fy < 0, with associated eigenfunction ¢y. The evolution of % is given by the time-dependent
Schrédinger equation

(2) i0yp = Hy +ef(t)Vpy,  4(0) = o

If Vo is a potential representing an observable, to first order in €, we have for all ¢ € R the first order
expansion

(3) (W (1), Vou (1)) = (v, Vorbo) + (K = f)(t) + O(c?),

proven in our setting in Proposition 3.1. The function

(4) K (1) = —if(7) <VO¢07 e_i(H_EO)TVP¢0> + c.c.,

is the response function. For instance, when Vp = —z3 and Vo = z,, then K(t) is the polarizability

impulse response: the dipole response at time ¢ in the direction « of the system to an impulse uniform
field at time O in the direction 5.

Mathematically, K is a continuous causal function of at most polynomial growth, and has a distribu-
tional Fourier transform

(5) K(w)= lim <z/;0,Vo(w+iv7—(H—EO))_lva0>—<z/Jo,Vp(w+i77+(H—E()))_lvowo>,

n—0+

where the limit is taken in the sense of distributions, and n — 07 means the one-sided limit as n
converges to zero by positive values. Using a spectral resolution of H = [, A\dP()), where dP(}) is a
projection-valued measure, one can formally rewrite it as

T (Votbo, dP(N)Vpto) — (Vpibo, dP(A)Voto)
Klw) = hm/]R wtin—(A—FEy)  w+int(h—Ep)

n—0t
The distributional limit (Plemelj-Sokhotski formula)

(6)

. 1 . T .n
im — = lim = — 1
n—0t T +1in  poot 22 47 x? +n?

1
= p.v.— —imwdy,
T

where p.v. stands for the Cauchy principal value, shows that Kisa singular distribution at the excitation
energies w = +(FE,, — Ey), where E, are the eigenvalues of H other than Ey. Past A > 0 however,
the spectrum of H is continuous, and therefore for |w| > —Ep, the nature of K depends on that of
(Voto, dP(Jw| — Ep)Vpibg). Under certain conditions, one can prove that this quantity is regular: this
is one avatar of a limiting absorption principle. Such principles have a long history in mathematical
physics, and are a first step towards scattering theory [1, 31]. Physically, this corresponds to ionization:
the electron, under the action of the forcing field, dissolves into the continuum and goes away to infinity.
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The structure of the response at higher orders might be very complex; see for instance [17] for a case
study of ionization in the non-perturbative regime in a simple model.

The formula (4) and its generalizations (to several particles as well as various thermodynamical en-
sembles) is extensively used in quantum chemistry and solid-state physics, where it is variously known
as the Kubo formula [24], or simply as linear response theory [28]. It can be extended to mean-field
theories such as time-dependent density functional theory, using the Casida or Sternheimer formalism
[13, 36]. In the context of molecules, the response function K contains valuable physical information
and can be used to compute macroscopic properties such as photo-absorption spectra (and therefore, for
instance, the color of chemical compounds), which can be directly compared to experiment. Physically
relatively crude approximations like adiabatic time-dependent density functional theory generally give
good results for photo-absorption spectra of small molecules [6]. Such approximations fail to reproduce
more involved properties or more complex molecules or solids, although these can be corrected in certain
cases using more complicated theories such as the Bethe-Salpeter equation. Computationally, linear
response adiabatic time-dependent density functional theory is non-trivial but tractable for molecules
of small to moderate size, and such computations are routinely performed in quantum chemistry [28].
Practical implementations involve several layers of approximations, with the problem of convergence
of the response past the ionization threshold with respect to the computational domain known to be
particularly difficult [18].

Consider a box [~ L, L]¢ with Dirichlet boundary conditions, giving rise to a (semi-)discretized operator
Hj,. In practice, this box is further discretized onto a grid for instance; however the convergence as a
function of the grid size is a different, more standard problem, which we do not consider in this paper.
From Hj, we can define a response function K, and its Fourier transform K L, similarly to the definition
of K and K in (5). Note that Hj has compact resolvent and a discrete set of eigenvalues, tending
to infinity. Therefore K. is a singular distribution, reflecting the fact that complete ionization is not
possible in a finite system. A smooth function can be obtained by computing K L(w +in) at finite
nonzero 7, which blurs the discrete energy levels into a continuum, and physically corresponds to adding
an artificial dissipation. This however results in a distortion of the true response function. In physically
relevant three-dimensional computations, for instance using time-dependent density functional theory,
obtaining converged spectra requires a manual selection of an appropriate n parameter. Furthermore,
only moderate values of L can realistically be taken, and convergence is often slow and unpredictable
[18]. The main contribution of our paper is to clarify in which sense K 1, converges to K , and to quantify
sources of error due to finite n and L.

The mathematical and numerical analysis of ground state properties of molecular systems is by now
relatively well established. At finite volume the convergence of a number of numerical methods for
various mean-field models has been established [8]. Finite-size effects have been studied mathematically
in periodic systems [21, 22, 7]. However, although a number of authors have focused on establishing
the validity of linear response theory [5, 4, 35, 12], and studying its properties [11, 29], work on the
numerical analysis of response quantities remains scarce. In particular, we believe our work to be the
first to address rigorously the important question of ionization in this context.

The Kubo formula, the limiting absorption principle and the locality estimates we use are all es-
tablished mathematically; the main contribution of this paper is to use these tools in the numerical
approximation of response functions on unbounded domains, which has never been addressed rigorously
before. When possible, we present explicit and self-contained proofs in the hope of making this paper
accessible to numerical practitioners. We mostly follow the classical paper of Agmon [1] to show the
required limiting absorption principle.

The outline of this paper is as follows. We introduce our notations and assumptions in Section 2
before stating our main results in Section 3, and illustrating them numerically in Section 4. We then
show the Kubo formula (3) in Section 5, study the limiting absorption principle and the properties of K
in Section 6, and its numerical approximation in Section 7. The appendices contain standard trace and
resolvent estimates.

2. NOTATIONS AND ASSUMPTIONS
We work in d space dimensions. Following conventions usual in quantum mechanics, we use

flw) = / el (dt, (Ff)(q) = / e f(2)da

Rd
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for the Fourier transforms in time and space respectively. The unusual sign in the time Fourier transform
is done so that the elementary solution e ~*F* to the Schrodinger equation has a Fourier transform localized
on {E}.

For k € N,0 < a < 1, C** denotes the space of k times continuously differentiable functions with a
Holder a continuous k-th derivative. We denote by L?(R?) the Lebesgue space, by H*(R?) the Sobolev
space, by S(R?) the space of Schwartz functions and by S’(R?) the space of tempered distributions.
When left unspecified, || - || refers to the L?(R?) norm. For a weight function w : R? — (0, 00), we denote
by

L*(w) = {¢, pw € L*(R%)}

H*w) = {¢, ¢w € H*(R?)}
the weighted spaces, with naturally associated Hilbert space structure. We use the Japanese bracket
convention (x) = /1 + |z|2 for the regularized norm. Spaces of particular interest are L?({z)"), the space
of polynomially decaying functions of exponent n, and L?(e®(*)) and exponentially decaying functions
with rate . We will use in proofs only the notation a < b to mean that there exists C' > 0 such that
a < Cb, where the dependence of C' on other quantities is made clear in the statement to be proved.

We first assume a strong regularity on V.

Assumption 2.1 (Smoothness of V). The potential V : RY — R is smooth (infinitely differentiable)
with bounded derivatives of any order.

This strong assumption is only required to establish the existence of a propagator in Proposition 3.1,
using the results of [19], and of the linear response function K given by the Kubo formula (Equation (9)).
It could significantly be relaxed for the other results in this paper, as our focus is on the properties of

~

K, which are related to the behavior at infinity of the potential.
More important are the decay properties of V.

Assumption 2.2 (Decay of V). There is € > 0 such that |z|*T¢V (z) is bounded.

This assumption is to establish the differentiability of the resolvent on the boundary; see remarks
after our main result for possible extensions to potentials decaying less quickly.

Under these two assumptions, as is standard, H has domain H?(R%), and continuous spectrum [0, c0);
in particular, there are no embedded eigenvalues in [0, 00) [32, Theorem XIII.58].

Assumption 2.3 (Non-degenerate ground state). There is at least one negative eigenvalue. The lowest
eigenvalue Eq is simple. We denote by v the unique (up to sign) associated normalized eigenfunction.

We establish our results for the ground state for concreteness, but this is not crucial: the same results
would be valid for any simple eigenvalue.

Assumption 2.4 (Observable and perturbation). The observable Vo : RY — R and perturbation Vp :
R? — R are infinitely differentiable and sub-linear: for all |a| > 1, 9*Vio and 0“Vp are bounded.

In particular this allows the potentials x;, in which case the response functions are the dynamical
polarizabilities. Again this is to establish the existence of a propagator in Proposition 3.1. Our results
from then on only require potentials growing at most polynomially, and could also be extended to
accomodate more general operators (such as the current operator).

3. MAIN RESULTS
3.1. Kubo’s formula. We first give Kubo’s formula in our context and define the response function K.

Proposition 3.1 (Kubo). For all causal functions f € L*(R) (i.e. f(t) =0 for allt < 0), for all
0 < e <1, the Schridinger equation

i0p = HY +ef(O)Vph,  9(0) =tho
has a unique strong solution for all times. Furthermore,
(7) (W (t), Voo (t)) = (tho, Votbo) + e(K * f)(t) + Re(t)
with
[R=(t)] < C2[| £ (1 + [t1%)
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for some C > 0 independent of t,e. The response function K is defined by
(8) K (1) = —if(7) <VO¢07 e_i(H_EO)TVP¢0> + c.c.,

where z + c.c. is a notation for z + Z, and 0 is the Heaviside function. It is continuous, of at most
polynomial growth, and causal.

The proof of this proposition is given in Section 5. The expression for K results from a Dyson
expansion, and the bound on R, (¢) from a control of the growth of moments of 1(¢) using the commutator
method.

Since K is causal and of at most polynomial growth, one can define its Fourier transform in two
different senses: as a tempered distribution K (w) on the real line (defined by duality against Schwartz
functions), and as a holomorphic function K () on the open upper-half complex plane (defined by the
convergent integral f0+oo K(7)e**dr). Since K(7)e™"" converges towards K at  — 0 by positive values,
in the sense of tempered distributions, both these definitions agree in the sense that

I?(w) = nl_igl+ [A((w +1in)

in the sense of tempered distributions.
Using for n > 0

too i
/ ez(w—i—zn—)\)‘rd,r _ :
0 w+in— A

and functional calculus, it follows that

) K(w)= lim <vo¢o, (w-+in— (H - Eo)>_1V7>¢0> - <vao, (w-+in+ (H - Eo))_1Vo¢o>

n—0t

in the sense of tempered distributions.

3.2. The limiting absorption principle. When |w| ¢ o(H) — Ej, K defines an analytic function in a
neighborhood of w. When |w| = E,, — Ey for E,, an eigenvalue of H, lim,_,o+ K(w + in) diverges, and

the distribution K is singular at w. When |w| > —FEy, i.e. above the ionization threshold, we have the
following result.

Theorem 3.2. The tempered distribution K isa continuously differentiable function for |w| > —Ejp.
Furthermore, for all such w there is C > 0 such that for all 0 <n < 1,

(10) K (w +1in) — K(w)| < C.

The proof of Theorem 3.2, in Section 6, involves the study of the boundary values of the resolvent
(2 — H)™! as z approaches the real axis in the upper half complex plane. This resolvent diverges as an
operator on L?(R?) as z approaches the spectrum of H. When z approaches an eigenvalue of H, this
is a real divergence and the resolvent can not be defined in any meaningful sense. However, when z
approaches the continuous spectrum from the upper half plane, the divergence merely indicates a loss
of locality in the associated Green’s function and, under appropriate decay assumptions on V', the limit
exists as an operator on weighted spaces. This fact is known as a limiting absorption principle, with a
long history in mathematical physics; the proof we use follows that of [1].

3.3. Discretization. We now discretize our problem on a domain [—~L, L]¢ with Dirichlet boundary
conditions. The corresponding approximations Hy,, o 1, and Ey 1, give rise to an approximate response
function K, (see exact definitions in Section 7). Our main result is then:

Theorem 3.3. K converges towards K in the sense of tempered distributions. Furthermore, for all
w € R there are o > 0, C' > 0 such that for all0 <n <1, L >0,

6*04771/

(11) \Kp(w+in) — K(w+in)| <C 7

The proof of this theorem is given in Section 7. When |w| < —Ej is not equal to a difference of

eigenvalues, the function K is analytic, and our scheme of proof combined with the estimates in Lemma,

7.1 imply that there exist C,a > 0 such that |K(w + in) — K (w + in)| < Ce=L for all  small enough.

The convergence of K, towards K in the sense of distributions (i.e. when integrated against a quickly

decaying function of time) can be heuristically understood in as follows: since the initial condition g is
5



localized close to the origin, for moderate times (compared to some power of L) finite size effects are not
relevant; only for longer times (damped by the test function) will the reflections against the boundary
affect the value of K. To obtain (11), we note that at a fixed 7 > 0, the resolvent (A +in— H) ! is a
well-defined operator, and its kernel G(z,y) decays exponentially for large ||z| — |y||, with a decay rate
proportional to 7. Since vy is exponentially localized, the quantity K (w + in) only involves quantities
localized on a region of space of size of order 1/7, and can therefore be computed accurately when
L > 1/n, leading to our result.

It follows from the two results above that one can approximate K (w) for |w| > —Ey by taking the
limit L — oo (at finite n) then n — 0, but not the reverse. At a fixed box size L, the optimal 7 is the

one that minimizes the total error e_:;L + n. This results in a total error of order arbitrarily close to

1
L1—¢

one: for instance, by taking n = for € > 0, we obtain a total error of order ﬁ

3.4. Remarks.

3.4.1. Decay of the potential and regularity ofl?, Our assumption that |z|>*V (z) is bounded guarantees

that |IA( (w+in) — K(w)| is of order n. We actually show in our proof the stronger result that, if
|z|tTh+atey (1) is bounded for some k € N, a € [0, 1], > 0, then

Ke Ck’D‘(((—oo, Eo) U (—Eo, +00)) + [0, +oo]),

For instance this shows that if |x[1T%*¢V(z) is bounded for some o € [0,1],& > 0, then Theorem 3.2
holds with the error bound Cn®. However, long-range potentials (decaying like 1/|z|) are not covered by
the results in this paper. This originates from a limitation in Agmon’s argument that we follow closely
(see Section 6). Total potentials originating from semilocal density functional theory in molecules decay
like |#|~2 and are therefore covered by the results in this paper.

Limiting absorption principles can also be obtained using Mourre theory [26] which relies on the local
positivity of the commutator i[H, A] where A = - p+ p - x is the generator of the dilations. With this
approach, it is possible to deal with potentials with slower decay - e.g. V € L?(R%) + L>(R?) suffices-
provided that additional conditions on the derivatives of V are known, i.e. - VV € L*(R%) + L°(R?)
would be sufficient and (x - V)2V is a bounded operator from H?(RY) to H~2(R?). Local regularity
of the boundary value operator can also be proved [23], assuming that higher derivatives of V' have a
fast enough decay. For instance, differentiability of the boundary value operator is ensured if (x - V)2V
is a bounded operator from H2?(R?) to L?(R%) and (z - V)?V is a bounded operator from H?(R?) to
H~2(R%). Compared to Agmon’s approach which is detailed in Section 6, the same result is achieved by
assuming a fast enough decay of the potential itself and not of its derivatives. The interested reader may
refer to the monograph [2] for a thorough exposition of the commutator estimates and Mourre theory.

The reason we use the “classical” theory rather than Mourre’s method is that the clasical theory is
simpler, allowing fully self-contained proofs and being easier to extend to other contexts. Furthermore,
it defines the boundary value of the resolvent through an explicit Fredholm integral equation, a useful
starting point to design numerical methods.

3.4.2. Higher order approximations. In the common case where Vo = Vp, it follows from the Plemelj-
Sokhotski formula (6) that the imaginary part of K (- +in) is the convolution of the imaginary part of
K with a Lorentzian profile of width n and height 1/7, an approximation of the Dirac distribution. In
general, if ¢ is a Schwartz function of integral 1, ¢, (z) = ¢(z/n)/n and if f is of class CP™! near w, then

(f * dn)(w) = f(w) + O ™),

where the order p of ¢ is the smallest integer such that [ 2 ¢(x)dz = 0 for all 0 < p/ < p (see for instance
[7, Section 5.1]). Since the Lorentzian kernel is even, we would naively expect an error proportional to
n?; however, the Lorentzian kernel has heavy tails (decaying like 1/22) and therefore the error is only of
order n in general.

When V decays sufficiently rapidly, the above analysis suggests the possibility of using different kernels,
such as a Gaussian kernel, or even a higher-order one. We refer for instance to [16] in the general context
of the computation of spectral measures of generic self-adjoint operators.
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3.4.3. Sewveral electrons. We have here considered a one-electron model. Our results can straightforwardly
be extended to the case of several non-interacting electrons. Under the assumption that Fn_1 < Ey,
we can consider the equation

Oy = [-A+ VAl +ef)[Ve, 1],
with v(0) the projector onto the first N eigenstates Fy, ..., En—_1 of —A + V. Then it holds that
Tr(Voy(t)) = Te(Voy(0)) + (K * f)(t) + O(¢?)

with

N—1

K(r) = =it(r) > (Votu,e Vo, ) +cc,

n=0
Then K is simply a sum of terms of the type we consider in our statements, and the results generalize
easily. The case of interacting electrons (for instance using time-dependent density functional theory

with an adiabatic exchange-correlation potential) requires more care, and would be an interesting topic
for further research.

3.4.4. Periodic background Hamiltonians. We have here considered a Hamiltonian —A+ V', with the aim
to model a molecule. We could also consider models of the type H = Hy + V with more general Hy.
For instance, one can think of periodic operators Hy = —A 4 V,¢, or lattice models acting on EQ(Zd),
both of which can be used to model crystals, and are analyzed using the Bloch transform. Extending our
results needs two ingredients. The first is the error analysis of the effect of truncation on eigenvectors,
which is complicated by the possibility of spectral pollution (see [9]) but holds for states lying below
the continuous spectrum. The second is a limiting absorption principle for Hy. This can be established
following the method of Section 6. The crucial point to establish a limiting absorption principle is to
show regularity of the projected density of states (see the proof of Proposition 6.1), which now involves
an integral on isosurfaces of the dispersion relations (Fermi surfaces). This can be done at frequencies
for which bands do not cross or have a zero gradient, so that the Fermi surface is a smooth manifold.
We refer to [20, 7] for details.

3.4.5. Boundary conditions. We here use Dirichlet boundary conditions; this is done for conceptual
simplicity, and because Dirichlet boundary conditions yield a conforming scheme (in the sense that the
eigenfunctions obtained at finite L are valid trial functions for the whole-space problem). Using Neumann
or periodic boundary conditions would presumably yield a similar result, but the mathematical analysis
is slightly more involved.

More interesting is the use of “active”, frequency-dependent boundary conditions, designed to better
reproduce the continuous spectrum. Such boundary conditions are widely used in scattering problems
(absorbing boundary conditions, perfectly matched layers [3]) and in the study of resonances in quantum
chemistry (complex scaling [14, 34]). They are however often less flexible than the approach presented
here of an imaginary shift (and the closely related complex absorbing potential [27]), which is simpler
and does not require any specific structure on the problem, generalizing trivially to time-dependent
density functional theory. We have focused in this paper on the simplest method; the use of active
boundary conditions or other techniques to lessen boundary effects in realistic computational models is
an important topic for future research.

4. NUMERICAL ILLUSTRATION

We illustrate our results with a simple model: a discrete tight-binding model, set on ¢?(Z), with the
Hamiltonian H given by the matrix elements

(12) Hpyp = 6m,n+1 + 6m,n71 + Vém,n(sn,o-

The first two terms (“hopping terms”) are analogous to a kinetic energy and describe the motion of a
particle to neighboring sites. The third term is an impurity potential on site 0. The free Hamiltonian
(corresponding to the first two terms of (12)) is unitarily equivalent through the Fourier transform to a
multiplication operator on L?([—m,n]) with multiplier A(k) = 2cosk. Since the third term is a compact
perturbation of the free Hamiltonian, H has continuous spectrum [—2,2]. We choose V' = —4, which
leads to a single negative eigenvalue Fy ~ —4.47. We choose both for the perturbing potential Vp and
for the observable V» the operator with coefficients d,,,,0,0, localized on site 0.

This model is shown for illustrative purposes only and is not strictly covered by our results above. It
was chosen only for numerical simplicity (since, unlike continuous models, it only involves a truncation in
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space, not a further discretization), and as the simplest model in which the phenomenon discussed in this
paper occurs. The ionization region, which was |w| > —Ej in the continuous case (since the continuous
spectrum in that case was [0, +00)), becomes |w| € [-2 — Ep,2 — Ey| (since the continuous spectrum
is [-=2,2]). The extension of our methods of proof in the discrete setting is possible (see Section 3.4.4
above), and shows that K is smooth everywhere except at the band edges +(—2 — Ey) and +(2 — Ej),
at which points the Fermi surfaces become degenerate.

To compute K, we truncate the Hamiltonian to a finite set of 2L +1 sites {—L, ..., L}, with Dirichlet
boundary conditions and diagonalize the resulting Hamiltonian Hj, to obtain the eigenpairs (¢, 1, En. 1)
for n =0,...,2L, with v, 1 orthonormal, ordered by increasing eigenvalue. The expression for K and
K 1, can be expanded in this basis, turning into “sum-over-states” formulas

2L
Kp(r) = —i6(1) Z e~ En L= B0 )T (Vioapy 1y, 1) (.1, VP¥o,L) + c.c.,

n=0

and a similar expression for K (w).

— L=30
0109 | L=1000

W,«\,MV/\V MU“'A\]’\"‘VA'AVA'AVA V,

0.05 1

0.00 1

—0.05 4

—0.10 4

—0.15 4

FIGURE 1. Time response function K, (7).

We plot in Figure 1 the response function Ky, (7) for different values of L. The exact response function
K (1) decays to zero, as the initial disturbance propagates to infinity. However when observed on a finite-
sized box for long times, spurious reflections at the boundary introduce non-decaying oscillations.

This same phenomenon can be seen in frequency space in Figure 2, where we plot the frequency
response function K 1(w + in) for different values of n and L. We plot the region w € [0,9], which
contains the region [—2,2] — Ey corresponding to ionization; not represented is the other ionization
region Ey — [—2,2]. When 7 is small and L < 1/, the discrete nature of the spectrum is evident,
and the response function is composed of individual peaks. When L > 1/7, these peaks are blurred
into a continuous function. Higher 7 result in more accurate functions at moderate L, at the price of
over-smoothing.

5. THE KUBO FORMULA
We begin by studying the eigenfunction v, associated to the eigenvalue FEj.
Lemma 5.1. There is ag > 0 such that 1y € H?(e0(*)),

Proof. Since V decays at infinity, for all € > 0, we can write V = V. 4 V_ with V. compactly supported
and ||V.|| oo (ray < €. Then, for e < —Fy/2 we can write

Yo = —(—A+ V. — Eo) ™ Voo

Since V, is compactly supported, Vi is in L?(e*(*)) for all a > 0, and so by Lemma 9.2, 1y belongs to
H?(e20{*)) for some ap > 0 small enough. O

Note that this estimate is not sharp since the actual decay rate of ¥ is v/—Ep (which can be obtained
by sharper Combes-Thomas estimates), but this will be sufficient for our purposes.
We now prove Kubo’s formula.



L=30, n=0.02 L=1000, n=0.02

—— Re 0.075 { —— Re
0.2
— Im 00504 — Im
0.0 4 0.025 +
0.000 -
M
—0.2 1 ~0.025
~0.050
-0.4 -
—0.075
—06 4 ~0.100
T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
w w
L=30, n=0.5 L=1000, n=0.5
0.04 Re 0.04 Re
0.02 Im 0.02 Im
0.00 0.00
M
—0.02 A -0.02 -
—0.04 - ~0.04 -
—0.06 - —0.06 -
T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
w W

FIGURE 2. Frequency response function Kr (w +in).

Proof of Proposition 3.1. Let Uy(t, s) = e~ (t=5) be the unitary propagator of the unperturbed Hamil-
tonian H = —A+ V', and U.(t, s) that of the perturbed Hamiltonian H.(t) = —A+V +¢f(¢)Vp, whose
existence is guaranteed by Lemma 9.1. By the Duhamel/variation of constant formula,

t

B(t) = e B0ty —ie / Uo(t, ) (£ VU (¢, 0)bodt’
H/_/ O

400 (1)

ephe(t)
Iterating this formula, we obtain the first-order Dyson expansion

WHE() = —i / FEUo (6, )WVpUo (', 0)bodt! —e / / Ut 4) F (1)U (£, ) F(E VU (&, 0)tbodt'dt” .
0 0 0

YhO(t) e (t)
From () = 9%0(t) + ept0(t) + e24p?=(¢t) it follows that

(W (1), Vorh (1)) = (o, Vorko) + & ((¥0(8), Vou (1) + (1), Vo (1))
22 (W5(0), Vou " (8) + (W°0(1), Vo™ ) + 20 (1), Vo (1))

Re(t)

The first-order term can be computed as

t
@%0(t), Vo (1)) + c.c. = <61‘E0tvowo, —i / f(t’)e"'H“‘”Vpe—"EO’wodt’> +ec
0

t

= —i/ F(t) (Vorby, e " H=E) =)y yhdt + c.c..
0

= (K = f)(1).



Since |Vo(x)| <1+ |z| and vy € L?(e®0(®)),

[Re()] S > (@)1 + 11+ |zDw "  @)]l.
Using |Vp(x)] £ 1+ |z| and Lemma 9.1, we get

[ S @+t sup  [[Uo(t, ¢ )VpUo(t', t")VpU.(t", 0)oll
t'€[0,t],t" €[0,t]

SA+P) sup (L4 [2)Uo(t, 1) VRUL(E", 0)¢||
t’€[0,t],t""€[0,t]

S+ sup (114 hVeULE",0)val + [V (VRUL(E", 0}
€0,

S+ sup (Il 0000l + VUL, 0ol + 1ol
t'€0,t

< @+ ) (Mol + A%l + |z @ Vaoll + [[4oll)
The bound on R.(t) then follows by establishing a bound on ||(1 + |z|)%°(¢)|| by the same method. [

6. PROPERTIES OF THE RESPONSE FUNCTION K

Theorem 3.2 is a consequence of a limiting absorption principle for the Hamiltonian H = —A + V
stated in Proposition 6.2. Our proof is a simplification of the one in Agmon [1], with a careful tracking
of the regularity with respect to the spectral parameter.

The general idea in Agmon’s proof of the limiting absorption principle is to use the explicit formula of
the resolvent of the free Laplacian (z+A)~!, for z in the open upper half space and show that it admits a
boundary value (A4 A +i07)~! from L?((z)*) to H?*((z)~*) for s > 5. This can be extended to nonzero
potentials V using a resolvent identity. In doing so, we need at first the invertibility of 1 — (z + A)~1V

1

in L?({x)~*), which translates into a decay condition on V, i.e. V decays faster than -

We begin the proof of the limiting absorption principle by studying the free Laplacian.
Proposition 6.1 (Limiting absorption principle for the free Laplacian). Let s = % +k+a forkeN
and a € [0,1]. The resolvent (z + A)~! defined for Im z > 0 extends to an operator of class C** on the
semi-open set (0,+00) + [0, +00), in the topology of bounded operators from L?* ({z)*) to H? ({x)~*).

Proof. Let \g > 0. Let x be a smooth cutoff function, equal to 1 in [Ag/2,2Xo] and to zero outside of
[Ao/3,3Xo]. Let ¢ € L2((z)*), and ¢ belong to the L2-dual of H? ({z)~*).

Let M, be the multiplication operator in Fourier space defined by F(M,)(¢q) = x(|¢|*)F(¢). Then
by spectral calculus, (2 + A)~1(1 — M,) extends to a C* operator on a set [A\g — &, \g + €] + i[0, +o0)
for ¢ small enough, in the topology of operators L?(R?) to H%(R?). Therefore, it is enough to consider
the term

o 1 x (l91?) Fo(q)* Fi(q)
_ [ Dgy(N)

with the projected density of states
Dyy(A) = (271r)d
Since F(M z¢) and F(M 1) are in H*(R?), by Lemma 8.1 Dy, is in H*(R).
We can compute by contour integration the inverse Fourier transform of the function Z% for Imz > 0:
/1t
2 f z— A
Therefore, by the Parseval formula,

(¢, (2 + A) M) = 27ri/ €™ Dy (7)dr.

R+

N ) [ PO/ Fe(/ i
e AN = if(—T)e =T

27 it follows from
198 (21) = 9 (2)] S |21 — 22| |7

and the Cauchy-Schwarz inequality that (¢, (z — A)"1M, ) is C* on (0, +00) + i[0, +00). O
10

Letting g-(z) = e



For A > 0, we denote by

A+i0T +A)" = lim (A +in+A)~!
n—0+

the boundary value of the free resolvent. Its action can be explicitly computed using the spectral
representation (13) and the Plemelj-Sokhotski formula (6). Note in particular that it differs from (A +
i0~ 4+ A)~! by the sign of its anti-hermitian part.

Proposition 6.2 (Limiting absorption principle for H = —A + V). Let s = % +k+a for k € N and

€ [0,1]. Let V : RY — R be a continuous potential such that (x)?*T¢V is bounded, for some ¢ > 0.
The resolvent (z — H)™' defined for Imz > 0 extends to an operator of class C** on the semi-open set
(0, +00) + 40, +00), in the topology of bounded operators from L? ((z)*) to H? ({x)~*%).

Proof. We use the following resolvent inequality:
(14) (z—H)'=B()(z+A)"!
with

B(z) =1-(z+4)7'V,

valid for 2z € C with Imz > 0. Since V is bounded from H?((z)~*) to L?({z)*), it follows from Proposition
6.1 that B(2) extends to an operator of class C** on the semi-open set (0, +00)+i[0, +00), in the topology
of bounded operators on H? ((z)~%).

We will show that for all A > 0, B(A +i07) is invertible on H? ({(z)~*). This shows that B(z)~!
C* on the semi-open set in the topology of bounded operators on H? ({x)~*), which implies our result
by (14) and Proposition 6.1.

Let A > 0. Since (z)2**¢V is bounded, the multiplication operator V is compact from H?((x)~*) to
L2({z)*). Tt follows that (A +i0" + A)~1V is compact on H? ({x)~*%). By the Fredholm alternative, it
is then enough to show that there are no non-zero solutions of

(15) u=(A+i0" +A)"'Vu

in H? ((z)~*). Let u € H?((z)~*) be such a non-zero solution. We will show that u € H? ((z)*!),
which by a bootstrap argument on s will imply that « € H?(R?).

Testing the equality (15) against Vu and taking imaginary parts, we obtain from the Plemelj-Sokhotski
formula (6) that

0 = Im((Vu,u)) = Im{(Vu, (A +i0" + A)"'Vau) = — | F(Vu)(q)|? dg.

™
QX/X |q\:\/x

By assumption on V, Vu € L?((z)®) thus F(Vu) € H*(R?) and with zero trace on the sphere |¢| = VA

by the equation above. By Lemma 8.2, this means that }—(YTQ € H*~Y(R%). We then have

27 (Vu)(a)

@ Fuig) = m (@700 e

w0 X iy — [gf?

=(q)

in the sense of distributions. This shows that Fu belongs to H*"!({(¢)?), and therefore that u €
H?({x)*~!). More generally, the argument above shows that if u e H?((z)*) with s > —s, then
w e H2({(z)¥+25-1). By a bootstrap argument, since s > % 1, it follows that u € H*(R?), and therefore
that A is a positive embedded eigenvalue, which is 1mp0851ble O

Proof of Theorem 3.2. By Theorem 3.1, the response function is given by

(16) K(w)= lim <wo,vo(w+m (H—Eo>)_1vao>—<wo,vp(w+z’n+(H—Eo))_lvowo>.

By the exponential localization of the ground state wave function g, and the assumptions on the

potentials Voo and Vp, Vot and Vpihg belong to every L?({z)*) for s € R. Since by Assumption 2.2 the

function (z)27€V is bounded, the result follows by Proposition 6.2 in the case k = 0,a = 1. O
11



7. TRUNCATION IN SPACE

Consider the domain Q;, = [~L, L]? with Dirichlet boundary conditions. We define H, the operator
—A + V with domain D(Hy) = {¢p € H2(Q1),¢]aq, = 0}, self-adjoint on L2(Qz). This operator is
bounded from below and has compact resolvent.

We now define the operator Hy, on L2(R%) in the following way: if 1 € L2(R%) and |q, € D(Hy),
then

(Hp)lo, = Hrla,

and (Hp1)|ga\o, = 0. This defines an operator on L*(R?), self-adjoint with domain D(Hy) = L*(R® \
Q1) @ D(Hp), and with spectrum o(Hy) U{0}. Let tho ;. be an L:normalized eigenvector associated to
the lowest eigenvalue of Hy.

Note that by adapting the proof in Lemma 9.1, the estimates shown there for e~* on L?(R%) are
also valid for et on L%(Q), with constants independent of L. Similarly, the estimates of Lemma 9.2
for (z— H)~! on L2(R%) and L2(e*®)) are also valid for (z — H;)™! on L*(Qy) and L2(e*®); Q) =
{4, e*®)qp € L2(Qy)} with natural norms, still with constants independent of L.

We can now define K, analogously to K:

(17) K,(7) = =i8(7) Voo, e =B Vo 1 ) + c.c.,
and
= . . _1
(18) Ki(w) = lim <1/10,L, Vo (W +in— (Hg — Eo,L)) VP¢0,L>
n—0+

- <¢0,L, Vp (w +in+ (Hp — EO,L)) _1V0¢0,L> .

The operator H and Hj, have the same action, but H has domain D(H) = H?(R%), whereas H has
domain D(H) = {¢ € L}(R%),4|q, € H?(QL),¥|sq, = 0}. These different domains do not even share
a common core, making the direct comparison of K and K difficult. However, we will prove and use
the fact that, when evaluated on localized quantities, their resolvents

(19) R(z)=(: = H)™', Rp(z) = (=~ Hy)™"

and propagators e *H* and e*Htt both defined on L?(R%), are close. To that end, we let y : R? — R
be a smooth truncation function equal to 1 for |z|, < 1/4 and to 0 for |z|s > 3/4, and

xr(r) = x(z/L).

Note that, as a multiplication operator, xr maps D(H) U D(Hy) to D(H) N D(Hp).
Furthermore, this truncation is exponentially accurate on exponentially localized functions: by direct
computation, for all k € N there is Cy, > 0 such that, for all 0 < a; < ap < 1, for all i) € H*(e*2{*))

(1= X2)P e earcory = 1€ (1 = x1)e** || i ay < Cre™ @27 DL 4] oz o)
Lemma 7.1. There are ¢ > 0,C > 0 such that, for all z € C and L > 0 such that d(z,0(H)) > g and
liminf d(K,0(Hy)) > g with g > 0, for all 0 < a < o' < ¢g,

1\? 8 (oo
||RL<z>—R(z)||L2<eaf<$>)%2<ea<m>)sc<1+g) (14 [2])Pe (@ L,

Proof. Because of the aforementioned domain issues, we cannot directly use the resolvent formula R(z)—
Rr(2) = Rp(2)(H — Hp)R(z). However, we can approximate any 1 € L2(R?) by R(z)"txR(2), for
which

(R(2) = Rr(2)) R(2)"'XLR(2)¥ = Re(2)(H — Hp)xL R(2)¢ =0,

12



where we have used that H¢ = Hp¢ for all ¢ € D(H)ND(H). Therefore, using the estimates of Lemma
9.2 for both H and Hp,

I(R(2) = Re(2)¥ ]| 2(entry = [(R(2) = Re(2))(R(2) "' (1 = XL)R(2)¥)l| 12 (eatwr)

1 _
S (1 N d(z,0(H)) * d(z,0(Hp)) (L4 12DI1R(2) 7 A = X2 )R(2)¥ | 2 enio)

)
S <1 * d( 1 + : > (14 [21)2)1(1 - XL)B(2) Y| 2 (oot
)

—_

z,0(H)) d(z,0(HL))
1 1
< (1 TG om) T dG o(Hr))

Using this we can compare the eigenpairs of Hy and H.
Lemma 7.2. There are C,ay,as > 0 such that, for all L large enough,
(20) |Eo,1, — Eo| < Ce™ ok
(21) 10,2 = Woll g2 (eor @y < Ce™2F
where the sign of Yo 1, is chosen such that (Yo, 1,10) > 0, and where ag is the constant in Lemma 5.1.

Proof. Since by Lemma 5.1 ¢y € H?(e*(*)),

(XQL

(1= x)voll rzrey S €™
and (20) follows from the variational principle

(xz%o, HXxLY0) 12 (R4)

< Ep+ Ce~ oL,
(Xz%0, X£¥0) £2(r4) 0

Ey < Epr <

for some C > 0.

Let Fy 1, and E; be the second-lowest eigenvalue (or zero if there are no second eigenvalue) of Hy, and
H respectively. From the min-max principle, E ;, > E; and therefore for L large enough there is a gap
g > 0in o(Hy) above Ey . Let C be the circle with center Ey and radius g/2 in the complex plane,
oriented trigonometrically. Then, by Lemma 7.1 there is ag > 0 such that

1— (Yo, %0,0)° = <¢0> (|¢o><¢o| - WO,L><¢0,L|>¢0>
= o= b (W0, (R(=) — Ru2))o) d=
c

11 — (Yo, %0,0)?| S e 2k
Then

1
§||¢0 - ’(/)O,L ‘%Z(Rd) =1- <w05w0,L> =1-— <w05wO,L>2 5 e—ozzL.

Now, as in Lemma 5.1, let V = V. + V. with V.. compactly supported and ||V, ||pec(ray < —Eo/2. Let
Hp.=—-A+V, on Q, extended as before to act on L2(2). For L large enough so that the support of
V. is contained in Q, we have

VoL = (Eor — Hre) 'Vetbo 1.

Arguing as in Lemma 7.1, there are oy, @’ > 0 such that (Eo  — Hy .)~' converges exponentially quickly
to (Eg — H)™! as an operator from L2(e® () to L2(e®(*)). Furthermore, because V, is compactly
supported, we have

IVetbo,L = Veboll pa(earory S 1o, — toll2may S e 2%
and the result follows. O
With this we can now prove the convergence of K, (w + in) for positive 7.
Theorem 7.3. There are ag > 0,C > 0 such that for all0 <n <1, w € R,
C(1 +w)3 p—canL

K1 (w+in) — K(w+in)| < -

13



Proof. Since 1)y, converges exponentially towards 1 in L2(e“<7”>) for some a > 0, and Vp» and Vp
have at most polynomial growth, Vot . and Vpi)g 1 converge exponentially quickly in L2?(RY) towards

-1
Voo and Vpipg respectively. Ep j, converges exponentially towards Ey and (w +in — (Hp — Ey, L))

is uniformly bounded by 1/7 as an operator on L2(R?). It therefore follows that we can reduce to terms
of the form

(w1, (Ro(w = Bo+in) = R(w — Eo +1n) ) )
with v, € L? (e®(*)) for some a > 0 independent on w,n. We can then conclude using Lemma 7.1. [

Finally, we conclude the proof of Theorem 3.3.
Theorem 7.4. K converges as a tempered distribution towards K.

Proof. We will prove that, for all f € S(R),
0 . 0 .
/ (Voo e =Bty 1) f(1)dt — / (Vorbo, e "= F Yy ) f(t)at.
0 0

Since o, — o in H?(e*(®)),
|Votbo,r. — xLVotbo|| — 0

and similarly for Vp. It is therefore sufficient to prove that

—i i P(t
(e — ey Vool < 0

for some polynomial P. Let
o(t) = e MxLVpiho, ¢r(t) = e X Vg
To estimate xr1,(¢(t) — ¢r.(t)) we compute

i0xr(¢— ér) = Hxr¢ — Hoxror + [xo. Hlo — x5, HL) o1
= Hxr(¢—¢r) + [xr, Hl¢ — [xr, HL]oL

and therefore by the Duhamel formula

Xz (@(t) = r(t)) = —i /0 e MO (g, HIG(t) = [xe, Hilgr (1)) dt

IxL(o(t) — o)l < tt/ilfg)t] 1Dz, Ho(t") =[xz, Hlon ()] -

Since [xr, H]¢ =2V xr - Vo + Axr¢ is zero for |z|s < L/4, by Lemma 9.1 we have
!/ ]‘ /
Ixz, Hlo() < 71X+ =) [xz, H]o(t)||
]. 12 / /
S 7 (lz@ Vo) + Vel + (X + |z)e)l)

4
< 141
~ L
and similarly with [xr, Hp]ér(¢'). The result follows. O

8. APPENDIX: TRACE THEORY IN SOBOLEV SPACES

We will need the following lemma on the regularity of traces on surfaces with respect to variations of
the surface.

Lemma 8.1. Let x : R — R be a smooth function with support [Ry, Ra], with Ry > 0, and 1,82, $
nonnegative real numbers such that sy + so = s. Then for all u € H*(R?), the function

r = (T = x(r)u(re))

is in H** (R, H*2(S91)).
14



Proof. We first treat the case of the restriction to a hyperplane: if u € H*(R9), then
vy sy = (2 = u(zg, 2h))
is in H*1 (R, H*2(R?~!)). Indeed, denoting for clarity by F; the one-dimensional Fourier transform, we
have by the Parseval formula on L?(R?~!) that for all ¢; € R,
IFiouta) ooy = Gmyrr [, @0 Fular )Py
and therefore

1 S 1 S
”UuH%[Sl(]R,H%(Rd*l)) = %/}R@ly 1|\]:1Uu((11)||§152(ﬂzd—1)de1 < (27T)d/]w<€!>2 | Fu(q)*dg = Hu”?'-IS(]Rd)'

To lift this property to the sphere S%~!(R) of radius R, we use a classical “flattening” argument. Using
spherical coordinates, we can construct a cover of the annulus of inner radius R; and outer radius Rs
by open sets {X;};=1,... n not touching zero with the property that, for every i € {1,..., N}, there is a
smooth diffeomorphism ®; from a an open set R; x T; C R x R?~! to X; such that, for all (r,6) € R; x T;,

(I)i(T, 9) =T 91(9)

with ©; having values on the sphere S¢~!. One can then construct a partition of the unity ¢; : R? — R
where, for each i € {1,..., N}, ¢; is supported inside X;, and Zf\; ¢; = 1 on the annulus. Then, for all
(IS Hs(Rd), |£L'| € [Rl,RQ],

X(W)U(w):ZX<|$|)Q<$)U($>: Y wi(@ (@)

i, t€X;

where

wi(r,0) = x(r) Gi(r0(0)) u(rO;(0)),

defined on R; x T;, extends on the whole R? to a H*(R?) function. It follows from the hyperplane case
that

x(u(re) = 3 wi (67 (2))

is in H* (R, H*(S41)). O

Note that from the fact that Hz*e (R), € > 0, functions are continuous, we recover the classical trace
theorem that traces of H5+2+¢(R%) functions are H* on surfaces.

The proof of the limiting absorption principle for the nonzero potential case requires the following
Hardy-type inequality.

Lemma 8.2. Let s > 0, and u € H*(RY) such that u is zero on the sphere of radius a (in the sense of
traces). Then the function v(xz) = ‘J;if)az is H~1(RY).

Proof. Using as before a smooth cutoff function and a partition of unity of a neighborhood of the sphere
of radius a, it is enough to show that for u € H*(R?) with u(0,2") = 0 for all 2’ € R4~!, then v(z) = %gf)
is Hs~1(R41).

Proceeding by density, we can assume that Fu € C2°(R?).

Using the fact that [ Fu(qi,q’)dg: = 0 for all ¢ € R%~1, we have that Fv € C(R?), and Fu(q) =
—z%]q: 1” (¢). By integration by parts and the Cauchy-Schwarz inequality, we have the following Hardy
inequality, for ¢ = (¢1,4’) and o € R:

/|F” (@)™ dar 3 /|f” ) Fulg)l{g >(“’1)+°‘dq1§/|fU(Q)|2<ql>2“dq1-
R

In the case s > 1, we have (¢)20~1) < (g1)2¢=D 4 (¢")2¢~Y and so

ol 5 [ [ 1Fo@P (@020 + @)% dand
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By using the Hardy inequality with « = s for the first term and o = 1 for the second, we get

ol S/Rd [Fulg) () dq+/Rd Fulg)2(q)2(¢)25D dg

< [ Fu@P @ do < ul

In the case 0 < s < 1, we have (g)2*=1) < (¢;)2¢=Y and we can repeat the above argument. O

9. APPENDIX: LOCALITY ESTIMATES ON RESOLVENTS AND PROPAGATORS

We prove in this appendix results on the locality of the resolvents and propagators of Schrédinger
operators. This appendix is independent from the rest of the paper.

Lemma 9.1 (Properties of the propagator). Let W : R x R? — R be a measurable real-valued potential
such that, for allt € R, W(t,-) is C* and, for all multi-indices a with |a| > 2, the function

M, (t) = sup |[W @ (t,z)| + sup |[W(t,z)]

z€Rd |z|<1

is bounded on compact intervals.
Then there exists a unitary propagator U(t,s) such that if s € S(RY), U(t, s)s € S(R?) satisfies the
Schridinger equation

Furthermore, there is Cy > 0 not depending on W such that, for all t,s € R, € L*(R%),

(22) lzU (t, s)s|| + VU (2, 8)s|| < C1(t, s) (ls | + [[Vabs || + [|19s]])
(23) 22U (t, s)s|| + AU (t, s)s|| < Ca(t, s) (x> vs]| + | Ahs| + [l @ Vb + [[0s])
where

Cult,s) = Co(1+ |t - s])? <1+ sup VW<t'>>

t'€t,s]

Calt,5) = Co(1 + |t — s])? <1+ sup [V (#)]? + sup |v2W<t’>|>

t'elt,s] t'eft,s]

Note that these estimates are natural in the case W = 0. In this case, (F)(t, q) = (Fu)(s, q)e 1=l
and so O0g(F)(t,q) = 0g(Fu)(s,q)e 19" (=9) — 2iq(t — s)(Fup)(s,q)e 1" (=) which is in L2(R?) if
s € L2((x)) N H (RY).

Proof. The existence of the propagator is obtained using the results of [19], and our hypotheses are the
same as in that paper.

We will obtain these inequalities by the following standard commutator method. Let A be an operator,
and v, € L?(R?). Then, if 1(t) = U(t, 5)1s, we have

0 (AY)(t') = AH(t) (') = H(t')Ap(t) + [A, H(t)][y(t)
and therefore by Duhamel’s formula,
t
AY(t) = U(t, s)Ap(s) — z/ Ut, t)[A, H(U ', s)dt'.
We compute the following commutators

[V, H(t)] = VWV ()

[z, H(t)] = 2V
Since VW is a bounded operator, we obtain

VU, s)s|| < [[Vs | + [t — s e VW ()l |
'€(s,

[2U (¢, s)hs|| < [lzps]| + 2]t — s sup, IVU(t', s)us||
t'€(s,t

< lzgps|| + 2/t — 5] (IIV%II + [t — s sup, IVW(L")III%>
t'els,t
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and (22) follows. Similarly, from the commutators
[VE H(t)] = VW +2(VIV (1)) @ V
[t@V,H(t) = -2V + 2@ VIW()
[z, H(t)] =20V + 21
we obtain (23). O

Lemma 9.2 (Properties of the resolvent). Let W : R? — R be a bounded function, and R(z) = (z —
(—A+W))~L. Then there are ¢ > 0,C > 0 such that, for all z ¢ o(H),

IRz @) 2y < OO+ [2]) <1 * d(ol(H))>
1
d(z,0(H))

Proof. The first inequality is classical (see for instance [25] Lemma 3.6).
The second is a (non-sharp) Combes-Thomas estimate, which we prove for completeness here. Denote
by

(24) Hy = e (A + W)e @) = (A + W) + —2aV(z) - V + a?A((z)) .

aB,

[R(2)] L2(e0 o)) o2 (eatmy < C(1+ |2]) <1 + ) Vo < ay := cd(z,0(H))

Let R(z) = (2 — (—A + W))~. We have that
BoR(2) = (—2V(z) - V 4+ aA({z)))(1 — A) 7' (1 — A)R(z)

is bounded as an operator on L%(R%) by C/d(z,c(H)), for all a < 1, for some C > 0. It follows that, for
a <d(z,0(H))/(20)

(z— Hy) ' = R(2)(1 + aB4R(2))™!

is bounded from L?(RY) to H?(R?) with norm smaller than d(#EH)) for some C’ > 0. Then, for all
w c L2(6a<z>)’

!

— (T C
||R(Z)¢HH2(ea<w>) = |[(z — Ha) Lo >1//||H2(]Rdl) < WMJHL%@MM)
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