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Abstract. We prove the existence of resonances in the semi-classical regime of
2

small h for Stark ladder Hamiltonians H(h, F)= —h’d—2+v+Fx in one-

dimension. The potential v is a real periodic function with period z which is the
restriction to IR of a function analytic in a strip about R. The electric field strength
F satisfies the bounds [[v'|, > F>0. In general, the imaginary part of the
resonances are bounded above by ce™**™""’, for some 0 < x < 1, where pyh~! is
the single barrier tunneling distance in the Agmon metric for v + Fx. In the regime
where the distance between resonant wells is O(F '), we prove that there is at
least one resonance whose width is bounded above by ce™*F, for some a,c >0
independent of h and F for h sufficiently small. This is an extension of the
Oppenheimer formula for the Stark effect to the case of periodic potentials.

1. Introduction

The Hamiltonian for an electron moving under the influence of a periodic potential
and a constant electric field of strength F > 0 in one-dimension is

2
H(h, F) = —h2%+v+Fx. (1.1)
X

The real periodic potential v is assumed to be the restriction to R of a function
analytic in a strip about the real axis. We consider the small electric field regime
Iv" | > F >0 in the semi-classical limit. We prove under these conditions that
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there exists hy >0 such that for 0 <h < hy, H(h, F) has infinitely-many spectral
resonances, the so-called Stark ladder resonances.*

We also prove an upper bound on the width of these resonances. The following
bound is an immediate consequence of our work and standard semiclassical
analysis of tunneling (see [CDKS, HiSi or Sil]). Let z, , be any resonance and let
e, =Rez, . Let h™'py be the exit barrier tunneling distance in the Agmon metric
for v(x) + Fx at energy e, ,, where

Sor(en,k)
pr= [ (v(s)+Fs—e,,)"/?ds, 1.2)
ST(en,k)
Sr(e,;) =min {x|v(x) + Fx=e,,} and S7(e,,) is the next such point to the right.
Then there exist c,, >0 and 0 < <1 such that

Imz, | <c, e Prh (1.3)

We prove: here a more interesting result which explicitly indicates the dependence
of Imz, , on the electric field strength F. Under the condition that resonant wells
at energy e, are sufficiently far apart, we prove that there exists a resonance with
Rez,, == eo+ kFt,7 the period of v and e, the ground state of a single cell
Hamiltonian, for which there exist constants c¢,o > 0 such that

Imz, | < ce™*F (1.4)

for h sufficiently small. The bound (1.4) can be considered as an extension to
periodic potentials of the Oppenheimer formula for the lifetime of a state of the
hydrogen atom in a constant electric field F (cf. [H]). This dependency of the
width on F was conjectured by Avron [Al].

The results of this paper were announced in [CH1] and in the 1989 Brasov
Conference Proceedings [CH2].

Our analysis of Stark ladder resonances follows the general lines of study for
shape and Stark resonances. It is based on spectral deformation methods, multi-well
tunneling effects, and non-trapping properties of the potential in the semi-classical
(small h) regime. Shape resonances in the semi-classical regime were studied by
Combes, Duclos, Klein, Seiler [CDKS], Hislop and Sigal [HiSi], Helffer and
Sjostrand [HS;j1], Sigal [Sil], and Briet, Combes, Duclos [BCD4]. Semi-classical
multi-well tunneling phenomena has been extensively explored in recent years and
we mention the work of Combes, Duclos, Seiler [CDS] in one-dimension and the
work of Briet, Combes, Duclos [BCD3], Simon [S1,S2] and the exhaustive
analysis of Helffer and Sj6strand [HSj2-4] all for the multidimensional case.
Non-trapping estimates on resolvents play a key role in the proof of the existence
of spectral resonances in Stark and shape resonance problems. Originally developed
for complex exterior scaling ([K] and [BCD1]), general quantum non-trapping
conditions and related theorems concerning bounds on resolvents appear in
[Sil, DeBH, N, BCDA4].

We mention two features of the Stark ladder problem which distinguish it from
the shape resonance and atomic Stark problems. First, the electron always
experiences the periodic potential v. So, despite the force of the constant electric
field, it is a priori unclear that the electron moves off to minus infinity. That the
electron does eventually escape to minus infinity is the content of the non-trapping
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condition proved in Sect. 3. Second, it has been discussed (cf. [A1] and references
therein) that for small electric field strength F, the lifetime of Stark ladder
resonances is a sensitive function of F. Using the ideas of multi-well tunneling,
our analysis verifies this result (see Sect. 7). These fluctuations in the lifetime are
due to the fact that various potential wells become resonant or non-resonant as
F varies and this changes the tunneling probability and hence the lifetime.

There is a large physics literature concerning Stark ladder resonances and we
refer to [A1] for additional references. We mention in particular the work of Avron
[A1] on the width of these resonances. He discusses the sensitivity of the lifetime
to small changes in F and presents physical arguments for some of the results of
this paper. In an earlier paper, Avron and Zak [AZ] discuss the spectral
concentration for the Hamiltonian (1.1). They show in a solvable, single band
model that the spectral density

P(E)= —n~'Im(H(F)— E —i0)~!

is a continuous function of F concentrated in the band. This indicates a type
of “stability of bands” for F > 0. Indeed, if the interband matrix elements of H(h, F)
are neglected, the spectrum of H(h, F) in each band subspace is pure point [A2]
(these eigenvalues correspond to the real parts of resonances). We also mention
the numerical work of Bentosela, Grecchi, and Zironi [BGZ] who compute the
lifetime of resonances for a semi-infinite lattice with a Kronig-Penny potential.
Their results are in agreement with the conjectures of Avron [A1] and results of
this work.

There are fewer rigorous results on Stark ladder resonances. Agler and Froese
[AF] gave the first proof of the existence of Stark ladder resonances for large F
(and not in the semi-classical region). Their proof is based on a Birman—-Schwinger
principle and is quite different from our work. We mention that when F > ||v'|| ,
the potential wells disappear and our analysis no longer holds whereas [AF]
establishes the existence of resonances in this case. These must be located far in
the lower-half complex plane. Bentosela [B] obtained estimates on the long-time
evolution of e ™Fhy, which suggest that the resonance width is at most linear in
F for small F. Nenciu and Nenciu [NN] pursued the analysis based on the fact
that H(h, F) restricted to the (F = 0) band subspace has pure point spectrum and
studied the perturbation given by the interband matrix elements.

During the course of our work, two other groups obtained results on (1.1) in
different regimes and using different methods. Buslaev and Dimitrieva [BD 1-2]
studied the asymptotics of (1.1) with h=1 as F —0. They obtain the existence of
ladders of resonances and an asymptotic expansion in F for the resonance width
whose leading coefficient is e “** for some « > 0, which is explicit. Bentosela and
Grecchi [BG] have studied another slight variant of (1.1) in which they set h = ¢h,,
F =¢F,, and consider ¢—0 with h, >0 fixed and F, >0 fixed but sufficiently
small. In this limit, they obtain results on the existence and width of the resonance
similar to ours. Their approach gives rigorous justification of the tilted band
picture of Zener.

This paper is organized as follows. In Sect. 2, we describe the model and an
approximate Hamiltonian Hy(h, F). The Hamiltonian H(h, F) is considered to be a
perturbation of this operator. The non-trapping property of the potential
V =Fx+v is proved in Sect. 3. This requires the construction of a particular
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vector field f with support in the region where a classical particle with energy e,
behaves like a free particle. Analytic families of operators H,(h, F) and H, ,(h, F)
are constructed in Sect. 4 using this vector field f and standard spectral deformation
methods (see [Hz]). In Sect. 5 we prove a crucial resolvent estimate for H, ,(h, F),
Im¢ > 0, using the non-trapping result of Sect. 3. The existence of the Stark ladder
resonance is proved in Sect. 6 and the crude upper bound (1.2) on the resonance
width is given. Section 7 is devoted to proving the refined estimate (1.3) in the
case when the resonant wells are separated by a Euclidean distance O(F ~ ). Finally,
we conclude with the two appendices. In the first, we sketch the proof of a decay
result on a localized resolvent based on [BCD3]. In the second, we discuss a
factorization trick (see also [BCD3]), which simplifies tunneling analysis.

2 The Model and Approximate Hamiltonian

We consider the Hamiltonian H(h, F) in (1.1) with h>0 and F =20 satisfying
||, >F =0. We write V =v+ Fx for the full potential. We will occasionally
omit writing h and F for convenience. Also, we let ¢ denote a generic constant
(independent of h) whose value may change from line to line. We assume the
following condition on v:

(v1) v, a real-valued non-constant periodic function with period t, is the
restriction to R of a function v(z) analytic in a strip S, = {zeC||Imz| <n#} for
some 5 > 0.

For F>0 and any e, let S;(e) = min {x|Fx + v(x) = e}, the classical turning
point for energy e. Note that V'(Sy(e)) = 0. We distinguish two cases: the threshold
case (TH) when V'(S1(e)) = 0, and the non-threshold case (NTH) when V'(Sz(e)) > 0.
We will only consider the NTH case in this paper. (Of course, by varying F slightly,
this can always be achieved.) Let v, =max v(x). For any e, let G(e)= { x| V(x) —e>0},

the classically forbidden region for energy e.

It follows by an application of the theorem of Lavine and Faris [RS1] that
H(h,F) is essentially self-adjoint on Cy(R) for F=0. The following lemma
summarizes the spectral properties of H(h, F) for F = 0.

Lemma 2.1.

(@) F=0, o(H(h0) =0, = O B,, where B,={a,,p,} is the n™ band and
oy <PiSo,<f, - and a; g"rsnzlx v(x).

@) F >0, o(H(h,F))=0,=R.
Proof. Results (i) is standard; cf. [RS2]. For F #0, this is a result of [BCDSSW]:
o.(H) = & is proved using Mourre theory [CFKS] with conjugate operator A = ;lix

and a clever compactness argument; o,,(H(h, F)) = & follows from a theorem
in ODE’s; e (H(h, F)) =R is demonstrated by constructing a Weyl sequence by
the WKB method for each AeR. [J

We now introduce our approximate Hamiltonian H(h, F ). We will always
consider F> 0 fixed and F < ||v'| 4. Let Vo= V|[s,s + t), where s is any value
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such that v(s) = v,. By a unit cell of V, we mean any interval of the form [s,s + 7].
We extend V, in a continuous, monotonically increasing manner to a potential
V0 on R such that hm Vo(x) + o0 and Vy(x)= 0(|x|). Let hy = h?p? + V on

|x] =

I*(R), p= — zd—, so o(hy) is discrete and all multiplicities are one. The operator
X

7;0 is a single-cell Hamiltonian. Let &, be the lowest eigenvalue of ho. In the
semi-classical regime of small h, &, is insensitive to the extension of V.
We define S1(&,), the classical turning point for particles with energy &,, by

S1(8o) = min {x|Fx + v(x) = &} 2.1)

for the NTH case. We fix the energy scale and the x-coordinate by choosing (via
a linear change of coordinates) x =0 to be s+ 7, where s is any point satisfying
v(s) = v, as above; then V(0) = v(0) = vy. The number of unit cells between x =0
and x = S1(&,) <0 is given by

N =[(vo— &)(Fr)" '], (2.2)

where [a] is the largest integer less than a.

By the continuity of V, for any &, >0 sufficiently small, we can choose
0<n, <#n, sufficiently small such that (V —é&,)|[S;+#,,Sr+n,]1> ¢ (more
conditions on #; will be given below). Let W;=(—o00,S4&y)+n,], W,=
[ST(eo) +1n,,00)and Q= W, nW,. (See Fig. 2.1.) We define a symmetric operator

H(h, F) on L*(W,) with domain Cg(W,) by

(H (h, F)g)(x) = (h*p* + Fx + v(x))g(x).

It is easy to check that H 1 is limit point at — oo and limit circle at S + 1, and
hence has defect indices equal to one. We define H,(h, F) to be the self—ad_]omt
extension of H, with Dirichlet boundary conditions at x = S r+17z 0n LA(W)).

We extend V|W, in a continuous manner to potential V2 on R such that
=0(lx]) and V,—»>00 as x— —oo and for some &,>0, ¢ =¢,>0,
(Vy—éo)l(—o0,Sr+n,)]>e,>0. Let H,(h, F) be the self-adjoint operator on

LXR) with symbol h%p? + V, and core Co(R); 6(H,) is purely descrete and each
eigenvalue has multiplicity one.

Fig. 2.1. The Stark ladder potential V and regions W,, W, and Q2
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The approximate Hamiltonian Hy(h, F) is defined to be the direct sum
H,(h, F)® H,(h,F) on the Hilbert space #,=L¥W,)® L*(R). It follows as in
Lemma 2.1 that ¢(H,) =R for F >0 and that H, has infinitely many embedded
simple eigenvalues. We need an estimate on the spacing of the eigenvalues of H,
below the energy V(0) = v(0) = v,.

Lemma 2.2. Let éoea(fzo) as described above. Then there exists an interval
I=[I",1"] such that é,el and if F >0, we have dist(I*,a(H,)) > cFh*** for any
£>0, and o(H))n 1 # &.

Proof. Let N be the number of unit cells between x =0 and x = S;(&;) as given
in (2.2). For each cell located in I, =[ —kt, —(k— 1)t], k=1,...,N — 1 we define
a single-cell Hamiltonian h, as follows.

Let Vk = V|I, and extend Vk in a continuous monotonically increasing way to
a potential Vk on R such that lim V,(x) = oo and V,(x) = O(]x|). We can arrange
things such that e

V,=V,—kFt, k=0,...,N—2, (2.3)

where V, is defined above. For the N*™ unit cell, let Vy—1 be a potential on R
such that Vy_,|(— 00, S(8o) + 2] = Vs, Vy_ 1|[ST(e0)+i12, —(N— l)r] V, and
Vy_, is monotonically increasing on [ —(N — 1), o0). Let h, = h?p* + V, on L*(R).
It follows from (2.3) that a(hy) = o(he) — kF1, k=0,...,N — 2. Let Ny(v,) be the
number of eigenvalues of h, below v,. By the Bargman bound [RS2], we obtain:

N (vo) £ ch™%t*(vy + kF1), k=0,...,N—1
- N-1 N-1
for some ¢ > 0. Letting H = (—D h on @ L*(R) we obtain the number of eigen-
values of H below vy, N(vo): = i=0
N(vo) £ ch™2t*(Nvo + AN(N — 1)F7)
Z c(h*F)71, 24

where we used (2.2) and the fact that 7 is independent of h and F. Now suppose
there are no points I* as in the lemma but for A rather than H,. This 1mplles that

for energies less than v, the spacing of eigenvalues for H must be less than 1cFh**e
for any & > 0. This implies a lower bound on N(v,) given by:
cF~th= %9 < N(v,) (2.5)

which, for all h sufficiently small, contradicts (2.5). Finally, we note that by [BCD3],
the existence of an interval I =[I7,17] about &, satisfying the properties of the
lemma for H implies the existence of an eigenvalue e, in I for H,. Moreover, the
width of the gaps, dist (6(H,) N I, 6(H,)\I), shifts at most by a small O(exp (—ch™ ),
¢ >0, from that for H. This proves the lemma. [

Note that the total multiplicity of a(H,)n I is the same as o(H)n1 [BCD3],
which is finite. Let Y = I be the smallest closed interval such_that o(Hy))n1c Y.
For later use, we call a unit cell I, resonant at energy e, if o(h)NY # &.
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3. Non-Trapping Property of the Potential

We assume that v satisfies conditions (v1) and we consider a non-threshold energy
e, i.e. one for which V'(Sp(e)) > 0. By continuity, there exists a small interval
Io=[1;,1;]2esuch that V'(SH{E)) 2 n > 0 for all Eel,, and some n > 0. We prove
that the potential V =v+ Fx with F >0 is non-trapping for all energies in a
possibly smaller interval I, about e on (— o0, S7(e) + d, ], where d, > 0 is determined
below. We use the formulation of quantum non-trapping due to [BCD4] (see also
[DeBH, N and Sil]).

Definition 3.1 A4 potential VeC'(R) is non-trapping at the energy E and on the
region 2 = R if there exists eq > 0 and a vector field f € C'(IR) such that for all xe £,

Se(f, %) = 2" ()(E — V(x)) = f(x)V'(x) 2 & > 0. (.1

Theorem 3.2. Assume that v satisfies (v1) and that F >0. Let e be such that
V'(S1(e)) > 0. Then there exists an interval I,>e such that for any E€l,, there exists

a bounded vector field f e C*(R), depending on E, with f' bounded, f-R -R ™, and
constants d,,&, > 0 such that for any Eel, and xe(— o0, St(e) + d,]:

Se(f,x) Z €9 >0. (3.2
Moreover, supp f < (—c0,Sy(€) + 6], 6; <n, (defined in Sect. 2).

Proof. We define two vectors fields f, and f,. Let I, =[I;,I; ]2e be as above.
Let xo < Sz(Ig), xo will be fixed below, and for Eel, define for x < x,:

1 X
f1x)= E[E = V()17 | as)[E-V(s)] 'ds (3.3)
St(ly)
for any real bounded function a(s) > 0. We also define
f2(x)=x (34)
(recall that x =0 is fixed in Sect. 2). 12\Jote that f, and f, are non-positive for x <O0.

The vector field f has the form f = Z g.f; for asuitable pair of functions 0 < g; < 1,
i=1

i=1,2, satisfying g, + g, =1 on (—00,S7(I5) + do], where J, is defined below.

Upon computing the virials (3.1) for f;, we obtain (dropping the subscript E which

is fixed):

S(f1,%) = a(x), (3.5)
S(f2,x) = =2V (x) — E) — xV'(x), 3.6)
and
2
S(fsx)= % 9ix)S(fis x) + E(x), (3.7

where &(x), the error term, is given by

E(x) =2E — V(x))g,(X)(f2(x) — f1(x)). (3-83)

By the assumption on I, we can find a possibly smaller interval I, = [1,I; ]e(by
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Sr(e) —o, Sr(e)  St(e)+o, Sr(e)+9,

T T
Fig. 3.1. Geometry for construction of the vector field f

taking |I,| sufficiently small) and 0,5, >0 such that for some &, >0 and Eel,,
S(f2,91[Sr5), Sr5)]1 Z &,
S(f2,%)|[Sr(e) —01,Sr(e) + 0,12 ¢,/2,
V'(X)|[Sr(e) —01,S1(e) + 0,1 2 1/2

and o, <7y (defined in Sect. 2). We choose x, such that Sp(e) — o, <xo < S7(I;)
and g,eC*(R), 0= g, <1 such that supp g, =[Sp(€)— a1, xo JU[S1(€) + 75, Sr(e) + 6, ],
where 0, <6, <ny, and g,|[x,Sr(e) + 0,1 = 1. Then g, is fixed by the condition
that g, + g, =1 on (— o, Sr(e) + 6,] (see Fig. 3.1). Consequently, for any a(x) =0,
the summation term in (3.7) satisfies the bound:

2

'Zl gi(x)S(fia x)l(- ,S1(e) +a2] Z_ min (a(x)gl(x) + (81/2)gz(x))|(_ w,S1(e)+a2]" (39)
It remains to show that we can choose a(x) such that (3.9) is strictly positive
and such that &(x)>0 on (— o0,S7(e)+a,]. By construction of g,,suppg,n
(— 0,S7(€) + 0,] = [Sy(€) — 01, X,]. In this region E — V(x)>0, Eely,g,(x) =0,
so it suffices to choose a(x) such that f,(x) — f;(x) =0 on this region where

(f200) = f1(x))|[S1(e) — 61, X0] 2 (Srle) — 01) + | f1(x)]- (3.10)

We choose a(x) such that

a(x)=aV'(x)=0, a>0 (3.11)
for xe[St(e) — a4,S7(I,)] and such that
a(x)—ag >0 (3.12)
as x —» — oo. It then follows from (3.3) and (3.11) that
E—1I; \'?
Ifl(x)|=a<1—<E_V(°x)> )gouc>0 (3.13)

on [Sy(e) — 04, xo] where k > 0. Hence we choose o=k~ !|Sy(e) — g, | so by (3.8),






