Chapter 2
Transport in Locally Perturbed Tubes

Our next aim is to discuss the systems of the previous chapter from the viewpoint
of particle transport. For simplicity we are going to pay most attention to the two-
dimensional case where €2 is a Dirichlet strip in the plane. The perturbations of the
ideal straight waveguide which we shall consider here are again of a local nature;
this allows us to work in the scattering-theory setting where the time evolution is
compared to an appropriate free asymptotic dynamics.

2.1 Existence and Completeness

The natural comparison operator is that of a straight tube, Hy = —Ag(’. In the
usual scattering theory for Schrédinger operators we most often compare pairs of
operators acting on the same Hilbert space. For waveguides this happens, e.g., if the
perturbation is a potential or a measure in the kinetic term which we have discussed
in Sect. 1.4. In that case the existence and asymptotic completeness of the wave
operators defined as usual by

Qu(H, Ho) := s-lim e'Hie=H p, (Hy)

is easily established (Problems 3 and 4). This is not the case for perturbations of a
geometric nature, however, such a comparison is still possible if we can replace the
Hamiltonian by a unitarily equivalent operator on L% (£2).

A prime example of this is given by smoothly bent planar strips where we can
use the straightening transformation and pass from —A% to the operator H given by
formula (1.7). The scattering problem is then well defined under suitable regularity
and asymptotic straightness requirements on the strip 2.

Theorem 2.1 Let assumptions (i), (ii)z, and (iii)y of Sect.1.1 be valid and
allYlleo < 1. Furthermore, suppose that the functions ~,%*,% are O(|s|~'=%) for

© Springer International Publishing Switzerland 2015 55
P. Exner and H. Kovatik, Quantum Waveguides,
Theoretical and Mathematical Physics, DOI 10.1007/978-3-319-18576-7_2


http://dx.doi.org/10.1007/978-3-319-18576-7_1
http://dx.doi.org/10.1007/978-3-319-18576-7_1
http://dx.doi.org/10.1007/978-3-319-18576-7_1

56 2 Transport in Locally Perturbed Tubes

some § > 0 as |s| — o0. Then the wave operators Q2+ (H, Hy) exist, are complete,
and the singularly continuous spectrum of H is empty.

Proof Using the notation of Sect. 1.6 we can write the difference of the two operators
as —0 (b — 1)y + V = B*A, where the operator A : L*(20) — L*(€0) ® C? acts
as (71.‘:?&) with Ag := |V|'/2, Ay := |b — 1|'/2, and B is the analogous operator
with the coefficients replaced by V1/2 := |V|1/2sgn V and (b — 1)!/2, respectively.
This factorization allows us to employ the smooth-perturbation method similarly as
it is done in the case of one-dimensional Schrodinger operators (see the notes).

Putting o(s) := (14-s2)~U+9)/4 for a fixed € € (0, §], we infer from the curvature
decay assumptions that max{|| A; g_l lloos || Br g_l loo} < o0 holds for [ = 0, 1. The
free resolvent Ro(z) := (Hy—z) ™! then satisfies the estimate

141 (=18 Ro(@) | = 1 Ar™" llow sup | o) (=i0)! (=02 4 v; — )|
J

forl = 0,1, where v; = Ii% j? are the transverse eigenvalues, and the analogous
inequalities hold with B;. The last factor can be estimated by the product of L?
norms of the functions ¢ and p — pl(p? + vj — z)~!, cf. Theorem11.20 of
[RS]. Using the first resolvent identity we conclude that the operator-norm limit of
I —A[BRo(A£in)]|* asn — 0 exists away from the thresholds, i.e. for any A # v;.
In a similar way we derive the inequality

IARo(A £ in)|1> + [ BRoA £ in)||* < e

with some ¢ > 0 for A in any compact interval / which does not contain any of
the points v; (Problem 1). Moreover, since A;, B; € L? by assumption, one can
check that the operator A Ry(z)[ B Ro(z")]* is trace class as a product of two Hilbert-
Schmidt operators, and thus compact for any non-real z, z’. The rest of the argument
proceeds as in the potential scattering case, cf. Theorem 10.5.1 of [Sch], since only a
finite number of transverse modes is involved in expressions containing the spectral
projection E g, (I). We arrive thus at the condition

[ s (V6P + b0 = 1) o) < oo,
R

—a<u<a

which is satisfied for any o > 0 in view of the decay assumptions we made. |

Remark 2.1.1 Inasimilar way one can prove asymptotic completeness for scattering
in a three-dimensional smoothly bent tube (Problem 2), as well as for tubes perturbed
by a potential or a kinetic-term weight (Problems 3 and 4).

An alternative way to prove, under slightly modified assumptions, that a bent
and asymptotically straight tube has no singularly continuous spectrum is to employ
Mourre’s method of positive commutator. Let us sketch its main ideas briefly with
our purpose in mind; for more information we refer to the literature indicated in the
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notes. The method is based on a suitable choice of a conjugate operator: one looks
for an operator A, self-adjoint on L2(Q), such that for a given interval I C o(H)
there is an operator K, compact in L(20), and a positive constant ¢ such that

Ey(I)[H, iAl]Ey(I) > cEg(I)+ K, (2.1)

where Ey (1) denotes the spectral projection of H onto the interval / and the com-
mutator [{A, H] is understood as a bounded operator from HO1 (R20) to its dual
(H(} (R0))*. Inequality (2.1) is referred to as Mourre’s estimate; if it holds with
K = 0 we say it is strictly valid. This estimate has, under certain conditions, con-
sequences for the structure of the spectrum of H in the interval /. These conditions
can be expressed in terms of the regularity of the map

R>¢tr> e (H—i) le 4 (2.2)

from R to B(L?(0)). We say that H € C'(A) if the above map is of class C' in the
strong operator topology; if, moreover, the derivative of (2.2) is Holder continuous
of order o > 0, we write H € C'T(A). Using these notions one is able to state the
following result:

Theorem 2.2 Suppose that !4 leaves the form domain of H invariant and that
H e C'T(A) for some o« > 0. If (2.1) holds true on an interval I C o(H), then
the singularly continuous spectrum of H on I is empty and the interval I contains at
most finitely many eigenvalues of H, each of them being of a finite multiplicity. If, in
addition, (2.1) holds with K = 0, then the spectrum of H on I is purely absolutely
continuous.

To apply Theorem 2.2 to our problem, consider an open interval separated from the
transverse thresholds, I C o(H) \ T with T = {v;} ;en, and choose

A= —%<s O; + 0,5)

defined initially, say, on C;°(20) and extended to a closed operator on L2(Qo). Itis
not difficult to check that

€ Y, s) = e’/2f(u, e's) for teR and f € L*(Q),

i.e. that A generates the group of dilations in the longitudinal variable. This implies, in
particular, that '’ A leaves HOl (£2p) invariant. Moreover, a direct computation shows
that

7(s)

. _ -2 —_ . 2
(H.i4] = =20,(1 + uy(s) ™ 8 = 2058 =3

Oy —s0sV(u,s), (2.3)
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where V (u, s) is the effective potential (1.8). Under suitable decay assumptions on
the curvature one can check that the difference (H — i)~} — (Hy — i)~ ! is compact
on L?(£2) which yields the inequality

Ey()[H,iAlEg(I) = =282 Ey(I) + K (2.4)

with a compact K. In view of our assumption about 7, it is not difficult to see that the
operator —83 E (1) is strictly positive, hence if one can show that H € C I+a(4)
holds for some o« > 0, Theorem 2.2 could be applied. It turns out that the needed
regularity of the map (2.2) can be demonstrated under appropriate decay assumptions
on the curvature ~y and its derivatives.

Theorem 2.3 Let assumptions (i), (ii)3 of Sect. 1.1 hold. Furthermore, suppose that
Y(s),Y(s) — O holds as |s| — oo and that ¥(s), 7 (s) are ) for some
0> 0as|s| — oo. Then (a) oess(H) = [v1,00), (b)osc(H) =9, (c)op(H)UT
is countable and closed, and (d) o, (H) \ T consists at most of eigenvalues of finite
multiplicity which can accumulate only at points of T .

2.2 The On-Shell S-Matrix: An Example

Full information about scattering requires, of course, more than just checking that
the problem is well posed. The central question is to find the on-shell scattering
operator S(k) which describes scattering at a given energy k2. In general it is not
unusual that the space on which S(k) acts depends on energy. In case of waveguide
scattering this dependence has a characteristic form: the on-shell space dimension is

ng

> Nj(k). (2.5)
j=1

where n, is the number of tubes leaving the scattering region, for example n, = 2 if
2 is a single locally deformed strip, and N; (k) is the number of propagating modes
in the j-th outgoing tube which obviously coincides with the number of transverse
eigenvalues satisfying the inequality V,(,] ) < k?, thus N k) = [kﬁf}] holds if the
outgoing channel is an asymptotically straight Dirichlet strip. ’

Since we consider situations where n, is finite, the operator S(k) can be regarded
as a matrix of the dimension given by (2.5) the elements of which are the reflection
and transmission amplitudes understood in the general sense, i.e. taking into account
that the particle may leave the scattering region in a state whose transverse component
differs from the one with which it entered.

Finding these amplitudes is a difficult task. A class of systems for which it can
be accomplished numerically is represented by those €2 which decompose into a
union of regions where the corresponding Schrodinger equation can be solved by
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separation of variables; the global scattering solution is then constructed using mode
matching similar to that used in Sects. 1.2 and 1.5. We shall illustrate this method
on the example of a pair of window-coupled waveguides having generally different
widths dy, d» which we have introduced in Sect. 1.5.1.

For definiteness let us suppose that the incident wave is in the upper channel,
being of the form X5.+)(y) exp(—ik;Jr)x), where k;i) = k1 Vk2— j2o~UFD are
(F) (F)
Jite L
corresponding reflection and transmission amplitudes to the j’-th transverse mode
in the upper and lower guide. Due to the mirror symmetry with respect to the line
x = 0, we can again consider separately the two parities, writing

used as symbols for channel momenta. We denote by r respectively, the

@ _ ey @b @ _ 1 ( () (a,i))
Tt T 3 (pjj’ T Pjy ) =5 \Piy —riy ) (26
where p(.7;i), o = s, a, are the appropriate reflection amplitudes. In the even case,

which corresponds to the Neumann condition at x = 0, we seek solutions using for
0<x <aandx >a, y € Cy,respectively, the following Ansatz,

s(ipex)
Die 2226222) ne(y)
—ikP (x— +) ik (x—a) +
¢(x, y) = 2;921 (5U/e ! J o a)+p§-j/)el J “ Xj/ )(y) (27)

— ik(.T)(xfcz) —
S5 A TN )

where p; is the same as in (1.37). The exterior part can also be written as

oo

1/}()6, y) = Z (5mm’ e_ikm(x_a)"'pmm/eik)n/ (e ) gm’(y) s

m'=1

where &, are elements of the ordered basis corresponding to (1.36),

. P;-j-_/)”-am:jvem’:j/
Pmm’ ‘= - 0 — i 0, — iyl
Pijr v Um =17, Um =] 0
and k, = k;i) for 0, = j, j Q_l, respectively. Matching the functions (2.7)

smoothly at x = a we arrive at the equation

o0
> (ike + p tan(ippa)) Ee, ) amr = 2ikebme (2.8)

m'=1

where the index m corresponds to the incident wave and the overlap integrals (&¢, 7,,,7)
are the same as in (1.38); in the odd case corresponding to the Dirichlet condition at
x = 0 one has to replace tan by — cot. The reflection amplitudes are then given by
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o0
+ +
p,(n[) = —Ome + Z ar(n/) (gﬂ, nm’) ;

m'=1

they determine the original quantities via (2.6). In a similar way one finds the reflec-
tion and transmission amplitudes in the case when the incident wave is in the lower
channel and by that the full on-shell S-matrix; convergence of the truncating approx-
imations is checked as in Proposition 1.2.3.

Often it is not the S-matrix itself but a quantity derived from it which is of primary
physical interest. When perturbed waveguides are used to model systems of quantum
wires coupled to macroscopic reservoirs we are concerned with conductance (or its
inverse quantity, resistance) between a given pair of leads, which is given by the
Landauer-Biittiker formula. Suppose, for instance, that we deal with the incoming
current in the upper right guide and the outgoing one in the lower left, then the
conductance (measured in the standard units e?/ k) is given by

Ny (k) N_(k) k(—)

Grer-0 = 20 2 5 I GOP, (2.9)

j=1 j=17j

where k and the current-carrier momenta k;i) are determined by the Fermi energy

and chemical potentials of the reservoirs and N4 (k) = [lml_jlt] are the number of
propagating modes in the considered channels; analogous expressions can be written
for conductances between other pairs of leads.

=
S \
o SN
3 ,'l,';';;::;z::::. = \
LSR8 S SN B
SR V0020620525 SN .
25 AN r‘.lll I[;'ll';"if'..:.,.;:ss e s,
B : SN 25 SN SNNN/n¢ .
S N G
\ N/ LRSI /ISR
2 ==y, I[II SN
"ozoxssvé’%/ﬂ;,';z;;?fzzéssz:zr-"l:,,,,lll"'Il,,';':';;:fti:sss‘:ztiiiaiti%?iiizizm
N == 2] il =
o\ =2 P KSR 75T
g15 3 S Illi}“.,lllll’ll;;".;"é“g’:‘ié%si:‘k‘
s TR I LIRS SIS
SRR 73 II l' NSRRI
1 e o o2
Y ”Illn;;;z;‘lll"ll,,;;;&:zzggz.
RSSSITIRs 73 I N
0.5 Nessasm e ="
. SIS IIIQ“‘: _
R RIEIRIIIRIRINT L7953 N
0"0,%,0 SN L53 N
0 = Uptossssss=s=xilin,
‘.‘:3:2\' I (I ERREEIIIR L7755
sl 0SS ISIIIIIIIN
S, QRIS
1 SR
iz ] o ¢
<l

sl s
Mﬁ;;ggggs::::.!llll,zll,;"

s

Fig. 2.1 A conductance plot for an asymmetric coupled waveguide system
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As an illustration, we show in Fig.2.1 the conductance plot for transport from the
upper right to the upper left channel for dj = 7 and a = 1 as a function of the
momentum k and the lower channel width d5. If the window was closed, the conduc-
tance G;— ,—(-) would simply be a step function with a jump at every threshold. The
general steplike pattern is preserved, being modified by the coupling, in particular,
we observe pronounced resonances, the positions of which change with the channel
width ratio.

2.3 Resonances from Perturbed Symmetry

One of the conspicuous effects in waveguides are scattering resonances, which we
are going to discuss in this and the next section, because they typically entail sharp
changes in transport properties. There are different mechanisms which can create res-
onances. The simplest one is based on symmetry violations. If a waveguide supports
an eigenvalue embedded in the continuous spectrum which owes its existence to a
particular symmetry, it is natural to expect that this eigenvalue turns into a resonance
once the symmetry in question is perturbed.

Before discussing this mechanism in more detail, one has to make sure that its
basic premise is not empty, i.e. that embedded eigenvalues can exist.

Examples 2.3.1 (a)LetQ :={X e R?: —g(x) <y < g(x)} bea symmetric strip
with a protrusion. Specifically, suppose that g is a piecewise continuous function
with g(x) > %d and that there are sets U C C C R, respectively open and compact,
such that g(x) > %d forx € U and g(x) = ldforx eR \ C. By Theorem 1.4 we
have o (—A%) = [eg4, 00). At the same time the operator decomposes into the even
and odd part with respect to the strip axis, y = 0, the latter being unitarily equiva-
lent to the Dirichlet Laplacian in the halfstrip Q4 = {¥ e R? : 0 < y < g(x)}.
Consequently, if —A%’ has an eigenvalue in (g4, 4€4), it is an embedded eigenvalue
of the original operator (Problem 6).

(b) Let €2 be a pair of strips from Sect. 1.5.3 crossing at a right angle. The operator
—A% has an embedded eigenvalue &~ 3.72¢, (Problem 7).

(c) Similar conclusions can be made about local perturbations of the Neumann Lapla-
cian —A%O in the straight strip having Uess(—A%O) = [0, 00). The operator H,
obtained by imposing an additional Neumann condition at a segment of the strip axis
of length 2a has embedded eigenvalues for any a > 0 (Problem 3.2b).

Embedded eigenvalues can also be generated by a potential perturbation of a
straight waveguide of the type discussed in Sect. 1.4. We shall now use this example
to illustrate how the resonances emerge. We start from the unperturbed operator
—Ag(’ referring to the straight strip 29 = R x (—a, a) and put

Hy =AY+ V) +AU@), (2.10)
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where V, U are real-valued functions on R and €2, respectively, such that

(i) V is attractive, V(x) < 0, and it does not vanish everywhere. Moreover, it
is short-range, |V (x)| < const (x)™27 for some & > 0, and it extends to a
function analytic in the sector M, := {z € C : |argz| < ag} for some ap > 0
and obeys the same bound there,

(ii) U is nonzero with similar properties, |U (X)| < const (x)~279 for some § > 0
and all ¥ = (x,y) € , and U(-, y) extends for any fixed y € (—a, a) to an
analytic function in M, and satisfies the same bound there.

Here (x) := ~/1-+xZ; since the potentials are by assumption continuous and bounded,
the right-hand side in (2.10) is well defined. The unperturbed operator Hy admits a
separation of variables and the longitudinal part 2" := —(9)% + V(x) has in view of
(i) a nonempty and finite discrete spectrum,

< pp <---py <03

the normalized eigenfunctions ¢, € Lz(R), n=1,...,N, associated with these
simple eigenvalues are exponentially decaying. On the other hand, the transverse
spectrum consists of the eigenvalues v; = /{? = (7j/2a)?, j € N, corresponding to
the eigenfunctions (1.10), hence the spectrum of Hj consists of the continuous part,
Oess(Hp) = 04c(Hp) = [v1, 00), and an infinite family of eigenvalues,

op(H) ={pn+vj:n=1...,N, j=12..}.
Among these a finite subset is isolated, while the rest satisfying the condition
Vi < pnt+viFEuv, k=2,3,..., (2.11)

are embedded in the continuous spectrum away from the thresholds. We rewrite the
Hamiltonian (2.10) as an infinite matrix differential operator {H;(\)} on L*(R)
with the elements

HjxN) = T ATk = (hV n uj) Si + AU ji(x) (2.12)

where in the lastterm U jx (x) := ffa Ux,y) X (y)xx(y) dy and we use the embed-
dings Ji : L*(R) — L?(S) and their adjoints J;* : L?(€0) — L*(R) which act

as
a

(Tew)(x,y) =u@) k(). (JEH@= [ fl x> dy.

—a

Speaking of resonances we have in mind the most common definition which is based
on analytical continuation of the Hamiltonian resolvent across the cut(s) associated
with the continuous spectrum into a domain on another sheet of the corresponding
energy surface, conventionally to the lower complex halfplane. A resonance is then
identified with a pole in this analytic continuation; it is physically important if the
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pole is close to the real axis and the respective residue is not negligible. This concept
naturally requires a sort of analyticity hypothesis, for instance such as we have made
in the above assumptions.

One of the most efficient methods to determine resonances of Schrodinger oper-
ators is based on the so-called complex scaling. With a small modification this
technique can also be applied to waveguides. In this case one has to scale only the
longitudinal variable as we shall now illustrate on the example in question. We begin
with the family of unitary operators

Sp: (So)(x, y) = eye?x,y), 6eR, (2.13)

on L%(R) and extend this scaling transformations analytically to M. This is made
possible by assumptions (i), (ii) according to which the transformed Hamiltonians
are of the form

Hp ) :=SgH\S, ' = Hyo+ \Up,
Hyo:=e"2"(=07) — 0} + Vy(x) ,

where Vy(x) := V(e®) and Uy(x, y) := U(e’x, y). The operators Hy o with 0 €
My, clearly constitute a type (A) analytic family of m-sectorial operators. It is
straightforward to check that Uy is relatively bounded with respect to Hy g, thus the
operators Hp ) with the same 6 and |A| small enough constitute again a type (A)
analytic family. The free part of the transformed operator still separates variables,
hence its spectrum equals

o ) = U {0 ()]

where h(‘; = —e 2 8% + Vp(x). Since the potential V is dilation analytic by assump-
tion, the discrete spectrum of £ g is independent of 6; we have

U(h(;/)=e_2€R+ U {ut,....pony U {pr.p2, ... 1.

Here 1, are eigenvalues of 2" which will turn into resonances as a result of the
perturbation. On the other hand, the p, are the “intrinsic” resonances, i.e. complex
poles of the resolvent of & X uncovered by the rotation of the essential spectrum; in
view of assumption (i) there is at most a finite number of them in any finite part of the
lower complex halfplane (see the notes). The two pole types are easily distinguished
by their behavior in the limit A — 0 because only the former ones tend to the real
axis as the perturbation is removed.

The main insight of the complex scaling method is that moving the essential
spectrum we turn the embedded eigenvalues into isolated ones whose perturbation
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can be treated by usual methods; it is easy when the perturbation is relatively bounded
as in our case. Any fixed eigenvalue ¢g = p, + v; of Hy o has a neighborhood
containing none of the points px + v in which we choose a contour encircling it;
for the sake of simplicity we consider only the non-degenerate case, i.e. we suppose
that i, + v # p,y + vj» holds for different pairs of indices.

It is sufficient to consider a purely imaginary scaling parameter, § = i3 with
8 > 0. Let Py be the projection onto the eigenspace associated with such an €¢p and
let Ry(z) := (Hg’()—z)_l, then we set

S([’) . 1 Rﬂ (Z)

27i Je (g — 2)P
for p > 0, in particular, Py = —S;O) and S(gl) = I@e(eo) is the reduced resolvent

value at the point €y. The assumption (ii) implies the existence of a positive cg such
that max,cc ||UgRg(2)|| < cp, and it follows that

[Uos?] = o 11 C] 1 [aist ¢, )] 7

holds for any p > 0. Thus we can justify the existence of the perturbation expansion,

o0
€N =t +vi+ D em(N), (2.14)
m=1
where
N m
em(\) = > St H UgS
m

prt++pm=m—1

because €, (A) = O(N") and the convergence of the series (2.14) is checked in the
same way as in Problem 1.28.

Let us next determine what the leading terms in the expansion look like. The
first-order correction, €1 (\) = tr (AUy Pyp), is real-valued,

er(\) = (cbf, ® Xj» \Up &) ®Xj) = (¢n ® Xjs N\Ubp @ Xj) = A (. Ujjbn)

where ¢,, is the eigenvector of 1" associated with /1,,. Thus, as usual in such situations,
itdoes not contribute to the resonance width. The second-order term is conventionally
computed by taking the limit 5 — 0. In this way we get

e¢]

2N = =Nt (PaURi = i0) UP) = =7 3 (Ui ReUsidn)
k=1
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where P;, is the projection onto the subspace spanned by ¢, ® x; and 7%1( is
the shorthand for the reduced resolvent obtained by subtracting the pole term from
(hV—eg+1x—i0)~!. We are interested primarily in the imaginary part of €3 (\) which
determines the resonance width in the leading order.

Notice first that the imaginary part of the last series is in fact a finite sum. We put
k(ep) := max{k : €y — v > 0}; if the unperturbed eigenvalue is embedded we have
k(eo) > 1, otherwise the set is empty and we put k(¢p) = 0 by definition. It is clear
that R* Rk holds for k > k(ep), hence we have

k(eo)
mex() = =\ 3 (Ujkdn AmR) Ujid ) -
k=1

To write the right-hand side explicitly we need to express Im Ry. The imaginary
part and the relation between the free and full resolvent can be rewritten using the
resolvent identities; in this way we get for any € > 0 the formula

Im (hY — e —i0)™" = w(e +i0)* Im (=92 — € — i0) "' w(e 4 i0) (2.15)
(Problem 8) in which w(z) := (I + V(=02 — 2)~1) ™" is the inverse to

Vi(x)
ENG

By assumption (i) which ensures, in particular, that 2" has no positive eigenvalues,
the operator w(e + i0) is well defined. Furthermore, we have

W@ (VT @) () = dx )+ V0 ’ﬁ'H" P(x')dx’ .

Im (—0% —c—i0)"' = 2%/2 ; 70 (6)* 7y (€) (2.16)

for any € > 0 where 7,(¢) : H'(R) — C on the right-hand side is the trace map
acting as 7, (€)¢ = ¢(o/€) with ¢ being the Fourier transform of ¢ (Problem 8).
The above discussion can be summarized in the following way.

Theorem 2.4 Assume (i), (ii). Moreover, let eg = i, + v be a simple eigenvalue of
Hy satisfying conditions (2.11). Then ¢ is also a simple eigenvalue of the operator
Hy o and a weak potential perturbation AU (X) in (2.10) moves it to €(\) with

A2 k(o)
™ . 2 3
Ime(\) = —— To(eo—p) w(eg—ve+i0) Uiy |” + ON),
/;1 UEi NCEST |70 (c0— vk 0—Vk kbn|

as A — 0. Ifthe second-order coefficient is nonzero, then e(\) describes a resonance
of the operator H).
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Remarks 2.3.1 (a) The imaginary part given above is non-positive for small A. It may
happen, of course, that ¢ persists as an eigenvalue. A trivial example is represented
by a potential which preserves the symmetry, U (x) = Uj(x) + Uz (y) with suitable
functions of which Uj can be added to the potential V'; notice that k(ep) < j so the
diagonal elements of the matrix potential do not contribute. The leading coefficient
may also accidentally vanish for potentials which do not decompose, however, then
higher terms of the series may be nonzero.

(b) Notice that the w introduced above is in fact a wave operator for the pair (7 v, —8%).
It follows that the squared numbers in the above formula can be formally written as
| (4 Woe=rt U jk¢k)|2, where 1, is the generalized eigenfunction of hY with the
momentum m. This shows that the leading term of the resonance width expansion is
in this case given by Fermi’s golden rule.

2.4 Resonances in Thin Bent Strips

The symmetry violation is not the only mechanism which can give rise to resonances.
Let us now return to one of our basic examples, a curved planar strip, and discuss it
from the present point of view; the role of the perturbation parameter will be played
by the strip width d. To explain the idea, we express the Hamiltonian H introduced in
Sect. 1.1 in terms of the transverse modes, similarly as we did earlier in Theorem 1.6
where, however, we only singled out the lowest transverse mode, or in the previous
section using the embedding operators 7; and their adjoints.

If the strip is asymptotically straight, i.e. the curvature decays fast enough, the
spectrum of —92 — 4—11 ~(s)? consists of a continuous part which is the positive halfline

S
and a nonempty family {)\, } of simple negative eigenvalues. Let us define the operator

HY .= A—9?

1
. 2 0 0 2
- A=—-0:4+V", V =—ny(s) (2.17)
acting on the Hilbert space H = L%(R x (0, d), ds du) with Dirichlet conditions at
u = 0, d. Since the spectrum of the transverse part of H is discrete with the eigen-
values v; = n?, J € N,itis clear that forany j > 2 and d small enough the numbers

An+v; are eigenvalues embedded in the continuous spectrum of H 0. If we regard
the original operator —A% as a result of perturbing H°, as we did when discussing
the discrete spectrum in Sect. 1.6, one expects that these embedded eigenvalues can
turn into resonances provided we impose suitable analyticity assumptions on the
curvature, for instance,

(i) - extends to an analytic function, denoted by the same symbol, in M, :=
{zeC: Jargz| < ag or |Imz| < no} with ag < 7/2 and 19 > 0,

(ii) to each a € (0, ap) and 7 € (0, 1p) one can find positive ¢, and J such that
the inequality |y(z)| < ca,,](1+|z|)_l_5 holds in M. 5-
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Proceeding as in the previous section, we can then derive an expansion for the res-
onance pole position and to estimate the first nonzero contribution to its imaginary
part, i.e. the resonance width (cf. Problem 10 and the notes).

Theorem 2.5 Let H be given by (1.7). Suppose that the strip Q does not intersect
itself and assumptions (i), (ii) are valid. Then for all sufficiently small widths d each
eigenvalue N\, +v; of H with j > 2 gives rise to a resonance €j.n(d) of H the
position of which is given by a convergent series,

o0
cinld) = +vi+ > e (),
m=1

where 65,{ " (d) = Od™) as d — 0. The first-order term is real-valued and the
second-order term satisfies the estimate

0 <Im egj’")(d) <y e 2mV2j=1/d

for any n € (0, no) and some positive ¢, ;j depending on 1 and j.

The second claim of the theorem shows that e,(nj’") (d) may tend to zero much faster
than the O(d™) rate which such a straightforward argument gives. It is not a priori
clear whether the lowest order term are dominant as d — 0, however, one can prove
similar bounds on the total resonance width:

Theorem 2.6 Suppose that the strip Q2 does not intersect itself and assumptions (i),
(ii) are valid. Then for any n € (0,m9), j > 2, and n = 1, ..., N there exists a
¢n,y > 0 such that

0 < —Ime;,(d) < ¢, ;e W2~/ (2.18)

holds for all d small enough.

Sketch of the proof: As in the previous case, to demonstrate Theorem 2.6 one has to
treat the resonances of H as perturbations of a suitable operator with eigenvalues
embedded in the continuous spectrum; we write therefore H = H 0+ W, where H°
is given by (2.17) and W is the perturbation. The spectrum of the operator H? is of
the form

o(H") = {)\—i- E: XNeo(A), Ec U(_az%)} )

where

o0

a(A) = (A V10,000, a(=0) = (v}, ,
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withv; = K2, K j :=mj/d. Since Q is not straight, v # 0, the discrete spectrum of
A is nonempty and the eigenvalues \; are simple. Moreover, from assumption (ii)
it follows that their number N is finite. Then the eigenvalues

0
Ej,n =)\n+yj

with j > 2 are embedded in the continuous spectrum of H° for d small enough and
we expect them to give rise to resonances of the full operator H.

We pass to the unitary equivalent operator by performing the inverse Fourier
transformation in the s variable, denoted by F, !. We introduce

pi=Flidg Fy, D:=—id,=F 'sF,

N

and with a slight abuse of notation we shall employ the usual symbols for all other
transformed operators,

H=pbD,u)p— 9>+ V(D,u). (2.19)

As in Sect.2.3 above, we are going to use a complex scaling, this time an exterior
one defined as

t if teQ:=(—w,w)
po(t) = B (2.20)
tw+tel(tFw) if teQ=R\Q;

where w is a positive number to be determined later. First we consider € R and
associate with a given closed operator T the family of operators

_ 1/2
Ty:=UsTU; "', Ugp:=py*vo py.

If the function 6 — T has an analytic continuation to some strip {§ € C : | Im 0| <
a}, we are able to define complex deformations of 7. In particular, the family of
complex deformations of the Hamiltonian (2.19) is given by

Hp=H)+ Wy, H)=Ag@I+1® (=3, (2.21)
where

Wy = po(b — Dgpg + (V = V).

Under the premises of the theorem the operators Hy and He0 form self-adjoint analytic

families of type (A). From now we set for simplicity 8§ = i with 3 > 0. It is not
hard to check that the spectrum of Hl% equals
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o(HY) = {A+yj SN e ({An}fle UQUU(pizﬂ)),j:],Z,...}, (2.22)

where ¢ denotes the (possibly empty) set of resonances of the operators A; 3.

As before the resonances of H are identified with the complex eigenvalues of the
non-selfadjoint operator H; g, and their positions can be estimated with the help of
the regular perturbation theory, where the role of the unperturbed operator is played
by Hl% and the perturbation is represented by W;3. We choose a fixed eigenvalue

E,?,j =M\ +vj, j>20f Hl% and define
1
P=f{reC:lz—E)jI=r}. r=3distO o)\ D)

to be a circular contour around £, 0 such that no other eigenvalue of Hl% lies within

I'. It is convenient to use the transverse mode decomposition of H, [3’

HYy = > GHY T with HY = FEH)T in LR, dp)
k>1

where the 7 ’s are the natural embedding operators introduced in the previous section.

Assume now that E = E,, ; is the resonance arising from ES ; and that ¢; 5 is the
associated eigenfunction,

Hig ¢ip = E ¢ip . (2.23)
This equation is equivalent to the system
(PjHigP; = PiWigRL(EYWis Py) 615 = E Pjos,
Qj dis = —RI(EYWisP;dis,

A~ —1
where P; == J;J}, Qj =1 — Pj, and Rijﬁ(E) = Q;(Qj(Hip— E)Qj)  Qj.
Moreover, it is easy to see that the first equation is further equivalent to

(H, = BIE)) o]y = Edly. BI(E) = TiWigRI(EYWisT; (2.24)

in L2(R), where H i = P;H;3P; and ¢{ﬂ := Pj ¢;p. Taking the imaginary part of
equation (2.24) we get

Im E ||¢],]1> = (Im (H}; = BJ,(E) . 61,)- (2.25)

Using next the identity Im (ABA) = 2Re (Im (A)BA) + A*Im (B)A in combina-
tion with the resolvent equation, we can write Im Bijﬁ as
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Im By = Zis +1m E |R},Wi.7;1*
Zip = T} {2Re (Im WisRI W) — Wi (R Im (0, His ) R, Wis ) 7).
Inserting this into Eq.(2.25) we obtain
Jj 2 pJ T 2Y ) 2 ) 2 2
im E (116/,12 + 1R, WinTs6l112) = 1 Pioislly, + 105 0is13, = loisl,
and since the eigenfunction ¢; 3 is supposed to be normalized, we arrive at
Im E = ((Im H}); — Zig)gb{d, qs-,.’ﬂ). (2.26)

This equation will yield the desired bound (2.18); to this end we need a couple of
definitions. We choose w in the scaling relation (2.20) to be

w = gmj— D1 —&d).

where £ is a positive parameter. Moreover, we define the function

max{0, p}
p(p) :=n / X, () dt,
min{0, p}

where Q. = (—p4, p«) and p, is a suitable positive constant independent of d. Then
one can prove (see the notes) that there exists a number C;; such that

[(p) e (m Hy — Zig)(p) ' ™| < Cpe ) (2.27)
where
(ph = (p?+ 02 ri=sup{lle” VI + 18] < ao] .
Since Im E cannot be positive, insertion of (2.27) into equation (2.26) gives
0=—ImE < G (Ipe’ el I2 +7le" sl yI7) . (228)
At this point we have to take into account the exponential decay of the complex

scaled resonance eigenvectors gi){ 5 Indeed, with our definition of the function p we
have

Ipe” $lal> <2, lle” ¢l4l1° <2 pu,
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see again the notes for more details. Using now the fact that

2
e 2P = exp [—% V2j =T+ o@d»] as d —0

we get the upper bound (2.18) from (2.28). |

2.5 Notes

Section 2.1 The smooth perturbation method used in the proof of Theorem 2.1 is
due to Kato [Ka66]—see, e.g., Sect.8.7 of [RS], or [Sch], Chap. 10. The abstract
result we refer to here is contained in Theorem 10.2.2 of [Sch].

Mourre’s method naturally does not require the Hilbert space to be L?(£2p). The
idea to use positive commutators is based on an analogy with the classical Poison
bracket of some coordinate g and the Hamiltonian H. If one can show that for some
trajectory {q, Hc1} = 0rq > & > 0, then the motion along this trajectory is extended
in the coordinate g. The simplest application in quantum mechanics yields a criterium
for the absence of eigenvalues. Indeed, if 1 is an eigenfunction of the Hamiltonian
H, then by the virial theorem (¢, [iT1, H]) = 0 holds for any self-adjoint operator
IT satisfying certain regularity properties. E. Mourre proved in [Mou81] that under
yet stronger regularity assumptions the positivity of the commutator implies not
only op,(H) NI = { but also the absence of the entire singular spectrum of H
in the interval I, that is, the version of Theorem2.2 with o = 1. For a proof and
further generalizations see the monographs [ABG,CFKS]. Theorem 2.3 is taken from
[KrTO4], where the result is also extended to bent tubes in any dimensions provided
0 is large enough. Mourre’s method has also recently been applied to the analysis of
scattering in twisted three-dimensional waveguides, see [BKR14] for details.
Section 2.2 It is a matter of convention whether we regard threshold states, i.e.
those with 1/,(/ ) = k2, as propagating modes in the definition of N j (k). The example
discussed here comes from [ESTV96], in a similar way one can treat scattering in
a double waveguide separated by a leaky barrier of Sect.1.5.2 (Problem 5). Many
other examples of waveguide scattering treated by mode matching can be found in
[LCM].

The relation between the conductance of a perturbed channel and the correspond-
ing quantum mechanical scattering problem was first formulated by R. Landauer
[La70], later extended by M. Biittiker [Bi88] to systems with an arbitrary finite
number of outgoing channels. In practical applications one usually adds a factor of
two which accounts for the spin states of the electron, in other words the right-hand
side of (2.9) is multiplied in the standard units by 2e?/ k. A rigorous derivation of the
Landauer-Biittiker formula together with a bibliography can be found in [CJMOS5].
Let us add that such a description of transport contains two simplifying assumptions.
First, it supposes that the potential difference between the heat baths connected by
the waveguide is infinitesimally small—one usually speaks in this connection about
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linear response theory — and secondly, the transport occurs at temperature zero. More
generally, the current flowing through the guide is expressed by the formula

2 2
I= % R [f5k* = p2) = f5(k> — pp) ] 11 (R)1Pdk>

where fj3(e) = (eﬂ‘ + 1)~ is the Fermi-Dirac distribution function at temperature
67N n ;j are the chemical potentials in the reservoirs, and for simplicity we left
out the factor describing the possibly different incoming and outgoing velocities;
differentiating this expression and putting 5 = oo we get the conductance mentioned
above.

Mode matching also offers other insights into the scattering process. Using the
Ansatz (2.7) with the coefficients obtained by solving the matching conditions (2.8)
we find what the generalized eigenvectors at energy k> look like. Then one can
compute, in particular, the probability flow distribution f()’é) = —izﬁ(f)ﬁw()?), for
examples see again [ESTV96], [EKr99], [LCM]. The flow patterns can reveal some
features of the scattering, for example, a pronounced vortex suggests the existence
of a resonance. On the other hand, vortices in transport of charged particles give rise
to a nonzero magnetic moment which is in principle measurable [ESSF98].
Section 2.3 The embedded eigenvalue in the crossed strips of Example 2.3.1b was
noticed first in [SRW89]. On the other hand, the conclusion of Example 2.3.1c
extends to a class of more general symmetric obstacles in Neumann waveguides
—see [ELV94] and [DP98] where some conditions for the nonexistence of such
eigenvalues were also derived. Resonances coming from mirror symmetry viola-
tions in strips with rectangular protrusions were investigated by mode matching in
[AVDY5], the analogous question for obstacle-induced eigenvalues in a Neumann
waveguide was addressed in [APV00]. For an analysis of resonances coming from
symmetry breaking associated with twisting of a three-dimensional waveguide we
refer to [KSO7].

The resonance system with the Hamiltonian (2.10) is a modification of Nockel’s
model [N692] which will be discussed in Sect.7.1.3; the material is taken from
[DEMO1]. Similar conclusions can be made if a hard-wall strip is replaced by a “soft”
waveguide in which the confinement is due to a transverse potential (Problem 9).
The most common definition of a resonance used here, in terms of poles of an
analytically continued resolvent, is discussed in many places—see, e.g., Chap.3 of
[Ex] and the bibliography given there. Alternatively one can associate resonances, for
instance, with poles of the analytically continued scattering matrix. Since the former
definition expresses a property of the Hamiltonian alone while the latter concerns a
pair of operators which we compare, it is clear that the objects they describe are in
general different. On the other hand, it is true that for a “natural” choice of the free
and full dynamics both types of resonances usually coincide, but this is a fact which
one has to check it in each particular case.

The complex scaling method was formulated in the paper [AC71]. With several
modifications and generalizations, cf. Chap. 8 of [CFKS], it developed into a power-
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ful method for treating resonances in atomic and molecular systems—for a review
with a bibliography see [M098]. The application of longitudinal complex scaling to
resonances in waveguides was proposed in [DES95]. For the definition and proper-
ties of analytic operator families see Chap.7 of [Ka]. The “intrinsic” singularities
coming from resonances of 4" do not accumulate in M, ; under the assumption (i)
this follows from [AC71] or [Je78]. The method used here to evaluate the second-
order coefficient in Theorem 2.4 is standard—see, e.g., Sect. 8.6 in [RS].

Section 2.4 Theorem 2.5 comes from [DES95]. The bound on the imaginary part
of the pole positions corresponds to the heuristic semiclassical picture — see [LL],
Sect. 7.51—according to which the rate of exponential decay is proportional to

i10 2
2Im /O (\/e — Vo () — \/e _ vo,j_l(g)) ¢ = ”7"0\/2]' 1+ 0@,

where Vp ; = %72 +vjand e = A\, +v; + O(d). Theorem 2.6 showing that the total
resonance width has the same exponential bound as the lowest nontrivial term in the
expansion of Theorem 2.5 comes from [DEM98], an analogous result was proved in
[Ne97]. We refer to these papers for some technical statements made in the proof.

2.6 Problems

1. Fill in the details of the proof of Theorem 2.1.

Hint: Compute the integral [~ p*[(p* + ) 4+ n*]'dp.

2. Modify Theorem 2.1 for the case when H refers to a bent tube in R? satisfying
Tang’s condition (1.18) together with the other assumptions of Sect. 1.3.

3. Let H be the self-adjoint operator associated with quadratic form (1.24). Suppose
that the potential V satisfies the assumptions of Proposition 1.4.1 and in addition,
that |V (X)| < c|x|~'7¢ holds if |x| > xq for some positive ¢, xo, and . Then the
wave operators Q21 (H, Hy) exist, are complete, and oy (H) = 0.

Hint: Proceed as in the proof of Theorem 2.1.

4. Check the asymptotic completeness for the pair H, Hy where H is associated
with the form (1.26) and the function p(-) —1 has a compact support.

5. Find by mode matching the on-shell S-matrix for double waveguides of
Sect.1.5.2.

Hint: Modify the argument of Sect. 2.2—cf. [EKr99].

6. Suppose that the protrusion in Example 2.3.1a is of rectangular shape, g(x) =
%dl € (%d,d) for |x| < %L and g(x) = %d otherwise. Check that —A% has an
embedded eigenvalue whenever L > dd,/, /all2 — d?. Show that to a given n € N
one can find a protruded strip €2 such that —Ag has at least » embedded eigenvalues.
Hint: Use bracketing estimates.

7. Prove that the crossed strips of Example 2.3.1b support an embedded eigenvalue.
Hint: Use the symmetry of the problem and Proposition 1.2.3.
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8. Prove relations (2.15) and (2.16).

Hint: For the latter use the momentum representation.

9. The conclusions of Sect. 2.3 can be modified to the case of a potential confine-
ment, i.e. for the operator Hy := —A + V(x) + W(y) + AU (X) on L?(R?), where
U, V are similar as before and W satisfies, e.g., the inequality W (y) > cy? for some
c>0.

10. Prove Theorem 2.5. _

Hint: To estimate the imaginary part of eé’ " (d) use the analytic continuation of the
group of shifts in the longitudinal variable—cf. [DES95].
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