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Summary

This is a Habilitation thesis on eigenvalue estimates for Dirac and Schrodinger type ope-
rators, i.e. operators of the form H = Hy + V where Hj is a self-adjoint differential or
pseudodifferential operator and V' is potential. We are particularly interested in the case
where V' is a complex-valued (or non-hermitian matrix-valued when Hy is the Dirac opera-
tor), which renders the operator H non-self-adjoint. In this setting, neither the variational
principle nor the spectral theorem are available, and one usually has to resort to much
more rudimentary tools such as the Birman-Schwinger principle. The latter reduces the
spectral problem of H to the study of the compact operator |V|Y2(Hy — 2)~'VY/2. In
order to handle unbounded potentials it is thus pertinent to have a good understanding
of mapping properties of the free resolvent (Hy — z)~! between LP-spaces with p # 2. In
contrast to bound state problems with real-valued potentials the usual Sobolev inequalities
are inadequate here due to an unfavorable dependence of the estimate on z. A major part
of the effort will thus be spent on proving resolvent estimates that are uniform in z.

The thesis consists of the articles [C1) [C2, [C3] [C4, [C5l [C6, [C7, [C8] (reprinted in
Chapter 2), together with a short overview in Chapter 1. With the exception of [C7] and
[C3], all publications are concerned with non-self-adjoint operators in one way or another.
A more complete list of topics would roughly include the following.

e Dirac operators and graphene,

e Lieb-Thirring inequalities,

e Non-self-adjoint operators,

e Magnetic Schrédinger operators,
e Embedded eigenvalues.

A schematic picture showing the relation between these topics and the articles of the thesis
is depicted on the next page, followed by a bibliography.
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Chapter 1

Overview

1.1 Motivation

An important paradigm in the realm of spectral theory of differential operators is that
functional inequalities give rise to eigenvalue inequalities. One of the most successful
incarnations of this paradigm is the stability of matter in quantum mechanics. The relevant
functional inequalities in this case are Sobolev and Hardy inequalities. These may be
seen as manifestations of the uncertainty principle and provide an elegant solution to the
problem that, classically, electrons would collapse on top of the atomic nucleus.

Let us consider the hydrogen atom. The energy of an electron with wave function ¢ in
the presence of an attractive nucleus of charge Z =1 is given by

E] :/|V¢(x)|2dx—Z/%dx. (1.1)

Using the sharp version of the Sobolev inequality (see Lieb-Loss [52, Theorem 8.3])

[1v0@Pas = w2 [1oere)”, (12)

R3

we arrive at the minimization problem

Ey = inf £[¢)] > inf ((w/2)4/3(/|¢(x)|6)1/3—Z/ |¢|(§|)|2dx>, (1.3)

where the infimum is taken over all L?-normalized wave functions. Splitting the Coulomb
potential 1/|z| into a short-range and a long-range part, one obtains, after a standard
application of Holder’s inequality, that Ey > —Z2/3. This is remarkably close to the true
ground state energy Ey = —Z?/4. The fact that the ground state energy is bounded
below is called “stability of the first kind” E] By the variational principle (see [61], Theorem

'Roughly speaking, “stability of the second kind” says that the total energy of a quantum mechanical
system of N electrons and M nuclei is bounded from below by —C'(N 4+ M), where C' > 0 is some universal
constant. We refer to the textbook of Lieb-Seiringer [53] for background on the stability of matter.



XIII.1]) we know that Ej is the in fact the lowest eigenvalue of the Schrédinger operator
—A — Z|z|™.

We now consider a general Schrodinger operator —A + V on L*(RY), d > 1, on the
Hilbert space H = L?(R?), where V is a (possibly complex-valued) potential in L4(R?) for
some ¢ € [1,00]. Our goal is to obtain eigenvalue bounds that depend only on the L%-norm
of V. Here and in the following we use the abbreviation

1/q
Vil = WVl = ([ 1V@lraz) ™
R4

with the obvious modification for ¢ = oco. Since —A + V is no longer self-adjoint, we
cannot use the variational principle. Instead, we appeal to the Birman-Schwinger principle:
z € C\ [0,00) is an eigenvalue of —A + V' if and only if —1 is an eigenvalue of the Birman-
Schwinger operator |V[Y/2(—A — 2)7'V¥/2. Here we define V/2 := V/|V|}/2. If —1 is an
eigenvalue of an operator, then that operator must have norm at least 1. Put differently,
we have the inequality

LS VIYA(=A = 2) "V 2 e e < VI (=A = 2) 7 o (1.4)

whenever 1/p — 1/p’ = 1/q. Here p’ is the Holder conjugate of p, that is 1/p+ 1p' = 1. In
the second inequality of we used that, for multiplication operators A, B, || A|| . 2 =
|Allag and || B||z2—z» = || Bll2q by Holder’s inequality. In our case A := |V|"/2 and B :=
V12 Here and henceforth, ||A| z»_, ;- denotes the operator norm of A : LP(RY) — L"(R%).

For simplicity, we momentarily return to d = 3. In this case the integral kernel of the
free resolvent (Hy — z)~! is given by (4n|x — y|)~'e'VZ*=¥l where we use the branch of the
square root on C \ [0, 00) with positive imaginary part. Hence, this kernel is bounded in
absolute value by (4w|z — y|)~!, for arbitrary z € C \ [0, 00). Hence, a routine application
of the Hardy-Littlewood-Sobolev inequality (see Frank [16]) yields

4 23 1 1 2

||(—A — Z) ”LG/E)(RS)HLG(RB) S W., if ]—) — ]7 = g (15)

Combining this bound with (|1.4)), we conclude that —A + V' cannot have any eigenvalues

in C\ [0,00) unless [|[V||3/2 > 327;#/33 For g # 3/2 the estimate (|1.5)) is considerably more

delicate if one insists on bounds that are uniform in arg(z). In view of (1.4)), an upper
bound of the form

1 1 1
A =2 Yoy <C(2), with = — ==, 1.6
I ) s (2) PR (1.6)
would immediately imply that C(z2)||V]|, > 1 if z € C\ [0, 00) is an eigenvalue of —A+ V.
A naive estimate yields
—A+1
—A—z

C(z) < Sd,q

, (1.7)

L2—L2

where ¢ > d/2 and S, is the best constant in the Sobolev embedding inequality

I(=A+ D) o < Sag (1.8)




The estimate (1.7)) is uniform if z lies outside some arbitrary but fixed sector since
—-A+1

sup{ "A—+“ :|arg(2)] > @, |2 > (5} <Cus, if 6>0, 0<yp<2m
—A—z

However, the constant C, s blows up as ¢ — 0 or ¢ — 27 (or 6 — 0).

A fundamental insight of Frank [16] was to replace the standard Sobolev inequality
by a much more refined uniform Sobolev inequality due to Kenig-Ruiz-Sogge [45]. A
special case of the latter can be stated as

1
—A—z) )< Caglzia, i ——— < == -
12 =) < Cagleli7, i g < ==

IA

2
-. 1.9
)
In contrast to (1.8 the estimate (1.9)) is uniform in the argument of z. The same estimate
(up to the endpoint ¢ = (d + 1)/2) was proved independently by Kato-Yajima [42]. In
their terminology, any multiplication operator A € L4(R?) is “super-smooth” with respect

to Hy = —A. In general, if Hy is a self-adjoint operator on a Hilbert space H, an operator
A is called Hy- smooth if

|(Im Ry (2)A*u, A*u)| < wal|ull3;, wue€ D(A*), Imz#0 (1.10)
and Hy- super-smooth if
|(Ro(2)A*u, A*u)| < 7allul3;, u€ D(A*), Imz#0. (1.11)

for some constant a > 0. Here and in the following we set Ro(z) := (Ho— z)~'. It is known
(see e.g. Reed-Simon [61, Theorem XIII.25]) that A is Hy-smooth if and only if

“+oo
/ | AeHoy|2dt < 27al|ul|?, w e H. (1.12)

The property is called the smoothing effect of the propagator o since it implies
that e"oy € D(A) for almost every t € R. In the case of A € LY(R?) the smoothing corre-
sponds to a gain of integrability and is closely related to the so-called Strichartz-estimates.
The equivalence of and is the reason that uniform resolvent estimates also
play a crucial role in scattering theory. In this context, a resolvent estimate that is lo-
cally uniform in z up to the positive real axis, say for z in some compact subinterval of
(0, 00), is called a limiting absorption principle. Related ideas, based on harmonic analysis
techniques, were used by Schlag et al [28, [36], see also the recent overview of Schlag [65].

To get a sense of the strength of condition , consider the following implication. If
V' = BA (not necessarily real-valued) and A, B are Hy-smooth, then By Kato’s theory [39]
Theorem 1.5] (see also Simon [67, Section 14]) the operator —A + eV is similaif] to —A if
¢ is sufficiently small. Moreover, if V' is real-valued, the wave operators QF(—A + V, —A)
exist and are unitary, so that —A + V" has purely absolutely continuous spectrum.

2This means that there exists a bounded and boundedly inverticle operator W on L?(R<) such that
W(—A+ V)W~ = —A. In particular, —A + eV has the same spectrum as —A.




1.2 Caricature of the main problem

Motivated by the previous example we now discuss some of the main questions addressed
in the thesis. In an attempt to describe the overarching theme the exposition starts out
quite general, but becomes more specific in subsequent sections.

Consider a self-adjoint differential or pseudodifferential operator Hy on L?(R?) and a
decaying potential V. Later H, will be either the Laplacian, the Dirac operator, the fracti-
onal Laplacian, the harmonic oscillator or a magnetic Schrédinger operator. A significant
difference to the hydrogen example is that we allow the potential V' to be complex-valued.
This means that H = Hy + V will generally not be a self-adjoint operator.

From the point of view of mathematical physics an important motivation to consider
non-self-adjoint operators comes from the study of resonances. In fact, the complex sca-
ling method introduced by Aguilar-Combes [2] identifies resonances with eigenvalues of
a complex dilation of the Hamiltonian. Another method to investigate resonances, also
relying on non-self-adjoint operators, is that of complex absorbing potentials. We refer
to Riss-Meyer [62] for an introduction and to Zworski [76] for a mathematically rigorous
treatment. A large range of other applications of non-self-adjoint operators may be found
in the book of Embree-Trefethen [72].

Assume that we can make sense of the sum H = Hy + V as a closed operator and
that the essential spectra o.(Hp) and o.(H) coincide. Then the discrete spectrum oq(H)
consists of at most countably many isolated eigenvalues of finite algebraic multiplicities
that can accumulate only at o.(Hp). We are interested in quantitative bounds on the
location and the distribution of these eigenvalues that depend on V' only through its L9-
norms. In anticipation of the results ahead let us introduce a subset 7(Hy) of the spectrum
o(Hyp). In our applications 7(Hy) will either be the set of critical values of the symbol of
Hy (when Hj is translation-invariant) or the set of eigenvalues of Hy (when Hy has pure
point spectrum). Let &, ¥ : C — [0,00) be continuous functions (not identically zero)
that vanish on 7(Hp). Given ¢ € [1,00] we want to find the best possible (i.e. as large as
possible) choice for ®, ¥ such that the following two questions have an affirmative answer:

(Q1) Does there exist a universal constant Cy, > 0 such that the inequality

B(2) < Cl, / IV (2)9dz (1.13)

holds for every z € oq(H) and for every V € L4(R%)?

(Q2) Does there exist a universal constant Cy, > 0 such that the inequality

(2 \IJ(Z)C“)l/a < od,q/|V(x)|qu (1.14)

z€04(H)

holds for every V € L1(R?), for some o > 07

3If U is fixed, then (1.14) would be stronger the smaller « is since the left hand side of (1.14)) is the
¢*-norm of ¥ over the countable set oq(H), and £~ C £? for a < B.




By “universal” we mean that the constant Cy, is independent of z and V. These two
questions lie at the heart oif_fJ [C6, IC1L [C2], IC3], [C4] and are somewhat peripheral to [C5| C8].
Clearly, if ¥ = @, then ([1.14)) is stronger than (1.13)). However, in a non-self-adjoint setting,
® and V¥ will usually not coincide. The third question asks whether or not we can have
®(2p) =1 in (Q1) for some fixed zg € C\ 7(Hyp). In other words:

(Q3) Given zy € C\ 7(Hy), does there exist a constant Cy, ., > 0 (possibly depending on
29, but not on V') such that

Cg.z / V(x)|%de <1 = 20 ¢ a(Ho+V).

R4

This question is central to [C3]. Closely related to the last question is the following:

(Q3’) Fix some sufficiently “nice” potential V. Does Hy+eV have an eigenvalue in C\ o (H)
for arbitrary small € > 07 If so, what is its leading asymptotic behavior as ¢ — 07
Is it possible that Hy + €V has infinitely many eigenvalues for any € > 07

This question is important in [C7], [C8].

1.3 Non-self-adjoint Schrodinger operators

To make the discussion of the previous paragraph more concrete let us consider the case
Hy = —A. This will serve the dual purpose of illustrating the basic problems as well as
describing the state of the art of the subject. The sharpest results in this direction have
been obtained by Frank [16, [17], Frank-Sabin [22] and Frank-Simon [24]. In connection
with the first question (Q1) it was shown in [16] that, if v < 1/2, all eigenvalues of the
Schrodinger operator —A + V' on L?(RY) lie in a disk whose radius is bounded by the
LY 2+7—nor of V. More precisely, any eigenvalue z € C satisfies the bound

2" < Da, / V()2 da (1.15)
R

fory=1/2ifd=1and any 0 <~y <1/2if d > 2, and with a constant D, independent
of V and z. The bound for d = 1 with the sharp constant D, ;/, = 1/2 is due to Abramov-
Aslanyan-Davies [I]. Similar estimates for Schrodinger operators on the half-line, where
the constant 1/2 has to be replaced by 1, were established by Frank-Lieb-Seiringer [21]. In
the case of the half-line operator with Dirichlet boundary conditions, the sharp estimate

|Z|1/2 <

N | —

g(cot(6/2)) / |V (z)|dz (1.16)

4The articles [C1]-[C8] that are the subject of the thesis, are listed on page ix.
°Tt is customary to write ¢ = d/2 + v where v > 0.




holds, where z = |z|e’ and g(b) := sup,~,|e"™ —e™¥| € [1,2]. Originally, the bound
was stated for z € C\ [0, 00), but it was later realized [24] that embedded eigenvalues can
also be accommodated. In [I7] this bound was extended to “long-range” potentials, i.e. to
the case v > 1/2. The result is that

5(=) 1222 < €y, / V() 2d (1.17)
R

for d > 1 and v > 1/2, with §(z) := dist(z, [0, 00)). Changing variables ¢ = d/2 + v and
restricting our attention to d > 2, we thus see that (1.13]) holds with
3(2) |z|a—4/2 ifd/2<q<(d+1)/2,
z) =
§(z)a(d+D/2|4)1/2 if (d+1)/2<q.
We note that the origin is the only critical value for the symbol |£[* of the Laplacian,
i.e. 7(Hp) = {0} here. The second question (Q2) was addressed in [22] for v < 1/2 and

in [I7] for v > 1/2. The situation here is less well understood and the results are more
complicated to state. The simplest bound from [22] is

2y
d(2) d
<L v - d>2 1.1
Z |2[1/2 = dﬁ/]V(a:)] dz, 0<v< 22d—1)’ d=> (1.18)
z€oq(H) Rd

This is of the form (T.14) with W(2)® := §(2)|z|~/? and 1/a := 27y. Observe that the
estimates f are scale-invariant. We will briefly explain what this means. Given
A > 0 consider the scaling transformation (Ux¢)(z) := A~%?y(Az). Then the operator
Hy := A\2U} HU, again takes the form of a Schrodinger operator Hy = —A + V), where
Vi(z) = A2V (A\"lz). Since U, is unitary on L*(R?), we have o(H) = o(\?H,), and
similarly for o4(H), etc. Hence, applying — to H) yields unchanged inequalities
for z, after cancelling a common factor on both sides. If this were not the case, we could
improve the inequalities simply by rescaling. Therefore, scale-invariant inequalities are of
particular importance in analysis.

The inequalities f are motivated by the self-adjoint case (i.e. when V is real-
valued) where they are completely understood (up to the important question of optimal
constants). In this case the estimate for the lowest negative eigenvalue z and |V (z)|
replaced by V_(z) := max(—V (z),0) was first proved by Keller [44] for d =1, v > 1/2 and
later generalized by several authors to the so-called Lieb-Thirring inequalities

>l < Ldﬁ/V(a:)wd/Qda:, (1.19)

z€0q(H) Rd

where v > 1/2ifd=1,v>0ifd=2and y>0ifd > 3. Fory > 0and d > 2 or
v > 1/2 and d = 1 the estimates can be proved with the methods developed by
Lieb-Thirring [54, 55]. The case v = 1/2 and d = 1 is due to Weidl [73]. The case v = 0
and d > 3 is a bound on the number of negative eigenvalues and was independently proved




by Cwikel [7], Lieb [51] and Rosenblum [63]. The right hand side of is proportional
to the phase space integral [ [o. pa(|€]* — V_(x))" (dzfgﬁ In fact, if one assumes that
V € L¥**(R%) and replaces V by aV/, then becomes an equality (modulo lower
order terms) in the semiclassical limit o — oo, where Lg, is replaced by the semiclassical
constant g = (2m)% [L..(|€]* —1)7d¢. This is known as a Weyl type asymptotic formula.

Comparing (|1.19)) to (1.15)—(1.18|) one notes that the former is in general much stronger.
This begs the question whether the latter can still be improved, or if there are counterexam-
ples that rule out such improvements. Laptev-Safronov [50] conjectured that holds
for 0 < v < d/2. For radial potentials the conjecture was proved by Frank-Simon [24].
In the same paper the authors provide evidence that the conjecture is false for non-radial
potentials if v > 1/2. In fact, their counterexamples show that the range v < 1/2 is sharp
for embedded eigenvalues. Bogli [5] showed that is false for v > d/2. Actually, her
example shows that the failure is rather dramatic since, even for a single potential with
arbitrary small L%?*7-norm for fixed v > d/2, eigenvalues may accumulate at every point
of the positive real axis. The conjecture is still open in the non-radial case. It is less clear
what the conjectured result should be in the case of eigenvalue sums as in . The
reason is simply that, for negative z, one has §(z) = |z|, so one can come up with different
generalizations from the the self-adjoint model . A possible modification, proposed
by Demuth-Hansmann-Katriel [I1], is as follows:

v+d/2
> Sa) 7 < Cdﬁ/|V(x)\d/2+7dx. (1.20)
R4

|Z’d/2
ZGO’d(H)

The proof or disproof of was left as an open problem. Related inequalities were
obtained in [I9, 9] I0]. We also mention the remarkable paper [20] where a bound on
the number of eigenvalues of Schrédinger operators with exponentially decaying complex
potentials is proved in all odd dimensions. Recent generalizations of ((1.15)), (1.17]) or (1.18])
were obtained by Mizutani [58] for non-self-adjoint Schrodinger operators with inverse
square potentials and by Guillarmou-Hassell-Krupchyk [29] for non-self-adjoint Schrédinger
operators on conical manifolds with non-trapping metrics.

1.4 Non-self-adjoint Dirac operators

In this section we summarize the main results of the papers [C6], [C1], [C2], [C§| in the
thesis.

The free Dirac operator on R? is a first-order matrix-valued differential operator given
by (in units where i =c=1)

d
Hy = —1)_ a;0; +mp. (1.21)
j=1
Here, m > 0 is the mass and a1, ..., aq, agy1 = 0 are n X n matrices (n can be chosen as

24/2 if d is even and 2(@+1/2 if d is odd) satisfying the Clifford algebra relations

ajag + gy = =201k, Jk=1,...,d+ 1 (1.22)




In dimensions d = 1 or d = 2 one may take a; = o, where

oy = ((i (1]) oy = (? Bi>, o3 = ((1) (D (1.23)

are the standard Pauli matrices. We consider (1.21)) as an unbounded operator on L?(R%; C")
with domain the first order Sobolev space H(R%;C"). From (1.22) it readily follows that

o(Hp) = (—o0, —m] U [m, 00).

For this section we define

Ve = / IV(2)%de, 1< g< oo,
Rd

with the usual modification for ¢ = co. Here, ||V (x)]| is the operator norm of V(x) on C".
We also abbreviate LI(R% Mat(n x n;C)) = L9, ie. V € L1 < ||V, < oc.

1.4.1 Dimension d =1

The article [C6] treats the Dirac operator on the whole real line and focuses on question
(Q1). The first result of [C6] is the analogue of the bound (1.15]) in one dimension for the
Dirac operator. Consider the Dirac operator Hy with mass m > 0 in L*(R; C), given by

Hy = —i0,,01 + mos. (1.24)

Theorem 1.4.1 (Theorem 2.1 in [CO]). Let d = 1, m > 0, and let Hy be the Dirac
operator (1.24) on L*(R;C?). If V € L' with ||V|}y < 1, then all eigenvalues of Hy+V lie
in the union of two closed disks in the complex plane,

od(Ho + V) C By (mag) U By (—miag), (1.25)

where

_ JIVIE=2VIf+2 1 _ JIVIE=2VIE+2 1
xo 1= 3 t+5, Toi= 2 ’
A1 = [IVII7) 2 A1 = [IVII7) 2

and By, (£mxg) = {z € C : |2 F mao| < mro}. Moreover, if m =0 and |V, < 1, then
the discrete spectrum of Hy + V' is empty.

The smallness assumption ||V]|; < 1 is natural since L' is scaling-critical for the Dirac
operator. This means that |Vy||; = |V||; if Va(z) = A7'V(A"1z). Tt is somewhat surprising
that the free Dirac operator can accomodate L' potentials since Hy is of the same order
as the Riesz potential (—A)'/2. One would perhaps expect that the minimal condition for
defining a closed operator Hy + V should be V € LP for some p > 1. The reason that
the endpoint p = 1 is allowed here is that the resolvent kernel of Hy is bounded, due to
cancellations from positive and negative energies. In contrast, the kernel of (—A)~!/2 has
a logarithmic singularity at the origin in one dimension.




The original formulation of Theorem excluded embedded eigenvalues. However,
these can be included using the same argument [24], Proposition 3.1] as for the Schrédinger
operator. An explicit example with a delta potential shows that is sharp and that no
spectral estimate can be obtained solely in terms of the L' norm if ||V||; > 1. However, for
purely imaginary potentials V' = il¥ with W > 0 the estimate (|1.25)) can be improved [CG,
Theorem 3.2]. This remains true for all subsequent estimates where complex potentials
are considered (see e.g. Theorem [C1, Theorem 6.3]), and we will not mention this special
case separately.

In the massless case, the resolvent estimate in |C6] shows that |V|'/* is Hy-smooth in
the sense of Kato [40] if V € L'. Tt follows from Kato’s theory that Hy + V is similar
to Hy. The absence of non-real eigenvalues is a consequence of this similarity. If V' is an
electric potential, i.e. V' = ¢I with a function ¢ : R — C, then the operators are similar
even without the smallness condition [|[V]|; < 1 [C6, Remark 2.3]. The second result of
[C6] concerns slowly decaying potentials V' € L'+ L5°. This means that V' = V; + V5 with
V e L' and V5 € L3°. Here, LY is the space of bounded (matrix-valued) functions that
vanish at infinity.

Theorem 1.4.2 (Theorem 4.3 in [C6]). Let Hy be the Dirac operator (1.24), V € L'+ Lg°
and define the positive, decreasing convex function

|1/2

—sup/HV Ve slevldz, s> 0.

yeR

Let z € C\ 0(Hy). If
1 |z|> + m?
— 1+ = F (I V22— 2) 1,
\/§ +|z2—m2| v lmvz me) <

then z ¢ o(Hy+V). Moreover, if the equation Fy(p) = /m has a solution py € (—m,m),
it is unique and o(Ho + V) N (—/m? — pd, /m2 — ui2)

An application of the previous results to resonances is given in [C6, Theorem 5.3].

We now turn our attention to the half-line case that was studied in [CI]. Here the
action of Hy is again given by (1.24), but now considered as an operator on L*(R.,C?)
subject to separated boundary conditions at zero

1(0) cos(a) — Yo (0) sin(a) =0, «a € [0,7/2].

Theorem 1.4.3 (Theorem 2.1 in [C1]). Let Hy be as above, and let |[V||; < 1/v/2. Then
any eigenvalue z € C of Hy + V is contained in the disjoint union of two closed disks in
the complex plane,

o4(Hy + V) C By (mag) U By, (—mag),
where
2|V |1
1=2|V|{’

— IVIIE

=1 i | 1 s
fom i V|

2HV||1

Moreover, if m =0 and ||V ||; < 1/v/2, then the discrete spectrum is empty.

SHere, 1 = —12"31/) and 1y = —1;”3 .




In [C1] we were also interested in the nonrelativistic limit [C1l, Proposition 3.1]. In fact,
if one restores the speed of light in subtracts mc? from Hy and sends ¢ — 400, then
one recovers the result for the Schrodinger operator. Similarly, the bound for
the whole-line case (d = 1) is recovered from Theorem |1.4.1}

For Dirichlet boundary conditions the result of Theorem [1.4.3] may be obtained from
the whole-line case by a suitable reflection of the potential about the origing. This is
a well-known trick for Schrédinger operators; for Dirac operators the parity operator is
involved. Theorem [1.4.3|is an improvement over this simple argument. The upshot is that
disks are no longer optimal in the half-line case. Instead, the spectrum is located in some
tear-drop shaped region as in (|1.16)).

To complete the discussion of the one-dimensional Dirac operator we state two theorems
from [C8] that complement Theorem m Here one needs to assume some additional LP
integrability of the potential, e.g. V € L' N L? for some p > 1. For simplicity we only
consider p = 2. The first theorem of [C8], related to question (Q3’) on page 5, concerns
the weak coupling limit,ﬂ i.e. the case when the potential V' is replaced by €V, where ¢
tends to zero.

Theorem 1.4.4 (Theorem 2.2 in [C8]). Let Hy be the Dirac operator (1.24) with m > 0
on L*(R;C?), V € L' N L?, and consider the 2 x 2 matriz U := [; V(x)dz. If ReUy; <0,
then, for all sufficiently small e > 0, there ezists an eigenvalue z, (g) of H + €V satisfying

2 (e) =m — %Uﬁﬁ Yo?), =0+, (1.26)

Similarly, if ReUsyy > 0 then, for all sufficiently small ¢ > 0, there exists an eigenvalue
z_(e) of H + €V satisfying

z_ () =—m+ %UQ%EQ +o(e?), e—=0+. (1.27)

The asymptotics ((1.26)—(|1.27)) show that the estimate ([1.25)) is sharp in the weak cou-
pling regime since the latter can be stated as

|z Fm| < %62HVH§ +o(e?), e—=0+.

Hence, if we fix V with Uy; < 0 and Uy, > 0 and replace €V by eV, with 6 € [0,7/2),
then z (e, 0) parametrize two half-circles in the upper half-plane. Reversing the sign of V'
gives the corresponding half-circles in the lower half-plane. The second result of [C8] that
we state is a special case of [C8 Theorem 2.4]. It addresses question (Q2) on page 5 in the
case of the massless Dirac operator on the whole line.

Theorem 1.4.5 (Theorem 2.4 in [C8]). Let Hy be the Dirac operator (1.24)) with m = 0.
Then the eigenvalues z € C\ o(Hy) repeated according to their algebraic multiplicity satisfy

oz
G o viIvE, (1.28)
(EER
ZEO'd(H0+V)

where 6(z) := dist(z,0(Hy)). The constant C > 0 is independent of V.

"In fact, the weak-coupling limit and the nonrelativistic limit are in some sense equivalent, see [C6].
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Note that the estimate is not scale-invariant. A scale-invariant estimate could
be obtained by similar arguments as in [C8], but at the expense of increasing the power of
d(z) on the left hand side.

As a corollary of one can obtain upper bounds for the number of eigenvalues Ny
of Hy+ V in compact subsets K of C\ o(Hj) such as

Nizn < CO7H(1+ R+ VIRV,

where K5p = {z € C : 6(2) > 0, |2| < R}. Similar but more complicated bounds were
proved in [C8| for m > 0. These bounds improve previous results by Dubuisson [13].

1.4.2 Graphene waveguides

The above results on the one-dimensional Dirac operator were applied to the damped wave
equation [C8, Theorem 3.1] and to armchair waveguides in graphene [C8, Theorem 3.6].
Here we only discuss the latter as it relates to question (Q3’) on page 5. The operator Hy
defined below can be viewed as an intermediate case between one-dimensional and higher-
dimensional Dirac operators. We consider an infinite two-dimensional straight graphene
waveguide 2 = (—a,a) X R and the corresponding Dirac operator

07 0 0
o= |7 0 0 in L2(Q;CY) (1.29)
0 0 0 0 - ) 9 .
0 0 —7 0
where 7 := —i0; + 05 and 7* := —i0; — 0 is the formal adjoint. The domain of H, consists

of spinors 1 € H'(Q; C?) satisfying so-called “armchair boundary conditions”:

%(_a,@) = ¢i+2(_a:$2)> %‘(%332) = €i®¢i+2(a,l’2), 1=1,2,

where 0 < © < 27 depends on the geometry of the waveguide. Freitas-Siegl [25] proved
that Hj is self-adjoint and that its spectrum is given by

mTm 0

0(Hy) = 0o(Hp) = (—o00, —Ey| U [Ep,0), Ep:= min 50 1a

nez

Set & := O/(4a). Theorem 3.6 in [C8] establishes the weak coupling asymptotics

zi(e) = F& £ %(ui)ﬂa2 +o0(e?) ase— 0+,

where, for sufficiently small € > 0, 21 (¢) is the unique eigenvalue of Hy + V', provided that
+Rewuy > 0. Here uy are solutions of a quadratic equation involving the matrix elements
of V. In the simplest case, where V' = diag(vy,vs,v3,v4) with v; = v;(z2), j = 1,...,4,
and a = ©2/(8sin?(6©/4)), one has

ut=u" = —(/ Tr(V(zs)) dag) ™"

R

11



1.4.3 Dimension d > 2

We summarize those results of [C2] that pertain to Dirac operators. A crucial difference to
the one-dimensional case is that the free resolvent does not remain uniformly bounded as
an operator from LP to L¥ for any p as |z| tends to inﬁnity. This is obvious from scaling
since the Dirac operator is of order one. It is also the reason why the results for Dirac are
weaker than for Schrodinger.

The first two theorems below concern estimates for individual eigenvalues, i.e. are con-
nected to question (Q1) on page 5. In contrast to the one-dimensional case, eigenvalues
need no longer be confined to a compact set. It is thus of particular interest to know how
large the confining set can effectively be and what its boundary curve looks like asympto-
tically as |Rez| — oo. Naive estimates would give |Imz| < C|Rez|, i.e. a double sector
in C. Theorem below improves this. Since the estimates for the massless (m = 0)
and massive (m > 0) case only differ in the vicinity of +m, the distinction between these
cases is of no consequence in the asymptotic regime. Therefore we restrict ourselves to the
massless case here. The following theorem is an improved version of [C2, Theorem 6.1 b)],
for the special case s = 1 there[)

Theorem 1.4.6 (Version of Theorems 6.1 b) in [C2]). Let d > 2, and let Hy be the massless
Dirac operator (1.21)) on L*(R%;CY). Assume that d < q < oo, and write ¢ = d+-, v > 0.
Then every eigenvalue z € C of Hy + V' satisfies

[ 25 2|75 < Cuy

14 s (1.30)

where the constant Cq~ > 0 is independent of V' and z.

In particular, as |z| — oo inside a fixed sector, say |arg(z)| < /8, then |z| may be
replaced by |Rez| in (1.30). For v > 0 we have that 8 := (d —1)/(2y+d — 1) < 1, and
has the asymptotic form |Imz| < M|Rez|’ (where we absorbed the norm of the
potential into the constant M).

We now describe the results of [C2] for the Dirac operator in relation to question (Q2).

Theorem 1.4.7 (Theorems 2.3, 6.8, 6.9 in [C2]). Let d > 2, m > 0, and let Hy be the

Dirac operator (1.21) on L*(R% CN). Then, for any V € LN L% and e > 0, we have
the estimates

Y )+ z) <00 (m=0) (1.31)
z€o4(Ho+V)
and

ST 62— T A [2]) M <00 (m > 0). (1.32)
z€oq(Ho+V)

In particular, if (z,), is a sequence of discrete eigenvalues of Ho + V' that converges to
a point z* in the essential spectrum of Hy (if m > 0 we assume that z* # +m), then
(6(2n))nen € LH(N). Moreover, if |Vl + ||V l(as1)/2 is sufficiently small, then Hy+ V has
no eigenvalues.

8We repeat that p’ is the Holder conjugate of p, that is 1/p + 1p’ = 1.
9However, it follows from the resolvent estimates proved in [C2].
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It would be desirable to have an effective bound for the left hand sides of (1.31])-(1.32),
i.e. a bound that only depends on the L¢- and L+ -norms of V', but not on V itself. Such
bounds can be obtained if one replaces the scaling-critical L?-norm by an Li-norm with
q > d. The arguments are analogous to those of [C2, Theorem 6.6], where we considered
the fractional Laplacian.

1.5 Other non-self-adjoint operators

In this section we will summarize the results of [C5l [C4] as well as those of [C2] that we
not already discussed. We will focus on question (Q1) here and only discuss some special
cases related to (Q2). We will consider the following operators Hy:

e Fractional Laplacian (—A)*/2, s > 0 [C2],
e Schrodinger operator with constant magnetic field [C5, [C4],

e Harmonic oscillator [C5].

The fractional Bessel operator (1 — A)*2 — 1, s > 0, is also considered in [C2], but we

will not discuss it here. We begin with an improved version of Theorem 6.1 in [C2] for the
fractional Laplacian['Y]

Theorem 1.5.1 (Version of Theorem 6.1 in [C2]). Let d > 1, Hy = (—A)*?, s > 0 and
¢ > qs, wherd”]

d/s if s < d,
g =41+  ifs=d, (1.33)
1 if s > d.

We also write g = d/s + v, where v > 0.

(i) Let ¢ < (d+1)/2. Then any eigenvalue z € C of Hy + V satisfies

d/s
2" < Casn V115500 (1.34)

(i) Let % <s<dandV € LY*RY). If |V| - is sufficiently small, then Hy+ V is

similar to Hy and thus has no eigenvalues.

(iii) Let ¢ > (d+1)/2. Then any eigenvalue z € C of Hy + V satisfies

d_dt1, | s(d+1)—2d d/s+
O(z) e 2| SCd,s,vHv||d;s+37 (1.35)

where §(z) = dist(z, [0,00)). The constants Cy s~ > 0 are independent of V and z.

0The improvement primarily lies in the second part of the theorem (the “long-range” case ¢ > (d+1)/2).
Observe that if s < 2d/(d 4 1), then one is always in the long-range case since (d 4+ 1)/2 < gs.
We recall that 1+ means 1 + ¢ for arbitrary but fixed £ > 0.
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The proof of (1.34]), (1.35]) hinges on the resolvent estimates ([1.70]) and (|1.71)), respecti-
vely.

The following theorem gives an answer to (Q2) when Hj is the fractional Laplacian. It
is a generalization of the bound (1.18]) of Frank-Sabin [22]. For simplicity we only state
the special case corresponding to the sets Al and A5 in [C2, Theorem 6.6].

Theorem 1.5.2 (Special case of Theorem 6.6 in [C2]). Let d > 2, Hy = (—A)%/2, ﬁdl <

§ < % and % <q< %- Then, with v = q — d/2, we have the estimates
o)\
0(2) .
> S| <k [ V@ (1.36)
ZGO’d(Ho—‘,-V) Rd

where L., 45 > 0 is independent of V.

Next, we consider the harmonic oscillator
Hy=—A+ |2 (1.37)

and, when the dimension d = 2n is even, the Schrodinger operator with constant magnetic

field
n 0 1 \? Lo 1Y
HOZZK—%‘W) *(‘la_yﬁéfj) ] )

=1

Here we denoted the independent variable by (z,y) € R?*". This operator, often called
the Landau H amz’ltom’anB is one of the in mathematical physics. In contrast to the cases

considered so far, the spectra of ([1.37)—(1.38)) are pure point,
o(Hy) = 2N+ m(d),

where m(d) = d in the case of (1.37) and m(d) = d/2 in the case of (1.38). We note that
in the case of the Landau Hamiltonian every eigenvalue has infinite multiplicity, but this
will not play a role here. Concerning our question (Q1) the best one can hope for in the
present situation is that the complex eigenvalues of Hy+ V' lie in a neighborhood of o (Hy).
In other words, the set 7(H,) featuring in (Q1) is now the entire spectrum 7(Hy) = o(Hy),
whereas before we had 7(Hy) = {0} or 7(Hy) = {£m} (for the massive Dirac operator).
The following is a simplified version of [C5, Theorem 5.1]. It says that all eigenvalues of
Hy + V must lie in a neighborhood of o(H,) whose size depends only on the L9-norm of
V. For ¢ = oo this follows from standard perturbation theory [41, V.3.5]. It is thus the
case ¢ < oo that is mainly of interest. The hard part is to prove that the imaginary part
of a sequence of eigenvalues (z,),en remains bounded as Re z, — +o0o. One of the main
concerns of [C5] was to also allow gradient perturbations A - V. This will be discussed in

Subsection [1.8.2]

12As pointed out by Pushnitski-Rozenblum [59] the “Landau levels” were computed by Fock [15] two
years before Landau [49].
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Theorem 1.5.3 (Version of Theorem 5.1 in [CH]). Let d > 2 and let Hy be either the
harmonic oscillator (1.37)) or the Landau Hamiltonian (1.38) (when d is even). Let q >
max(d/2,14+) and let a > 0 be fized. Then every eigenvalue z € C of Hy+V with |Im z| > a
satisfies

_d
Tm 2|20 < CygallV, (1.39)

The constant Cyq, > 0 is independent of V and z.

A similar estimate holds for the Pauli operator [C5, Corollary 5.3]. In d = 2 dimensions,
the latter is given by

(—iV + A(z))? + By 0
Ho = ( 0 (—iV + A(z))? — BO> (1.40)

on L?(R? C?). Here, A(z,y) = 22 (—y, ).

For the Landau Hamiltonian, estimate was refined in [C4]. Roughly speaking,
the refinement concerns the size of neighborhoods of the k-th Landau level A\, = 2k +n €
o(Hy) where eigenvalues of the perturbed operator may be located. More precisely, for

n=d/2 €N, k € Ny, let

Ap:={z€C: | —Rez| <1}, M\:=2k+n. (1.41)
We define
4 _ ifd < g<dtl
d) = { 2a 2 2 1.42
V(qv) {_QL fd SC]SOO ( )
q

Theorem 1.5.4 (Theorem 2.1 in [C4]). Let d = 2n, n > 1, and let ¢ > max(d/2,1+).
Then there exist K,C > 0 such that for k > K we have

o(Hy+ V)N A, C{z€C:62)<C|V] A"}, (1.43)

where 0(z) := dist(z,0(Hy)). Moreover, the estimate is sharp in the following sense: For
every k as above there exists V € LY(R?), real-valued and V < 0, such that

o(Hy+ V)N {z € R: CHV [ AT < |2 — M\ < OV AP} £ 0. (1.44)

1.6 Dipoles in graphene

In this section we return to the Dirac operator , but this time with a hermitian
potential, i.e. we will deal with self-adjoint operators. In [CT], we considered the two-
dimensional Dirac operator H. on L*(R?; C?), initially given on the dense domain C§°(R?\
{—xg,20}; C?) as

H’Y = HO + ’YV,
Hy := —io -V +mo3 (1.45)
V(z) =z —zo| " — |z + a7
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Here, 2o € R?\ {0} is an arbitrary point, v > 0 is a coupling constant, ¢ = (01, 03) and
01,095,035 are the standard Pauli matrices . The operator H., serves as an effective
model for an electron in a sheet of strained graphene in the presence a dipole potential V'
(see [§]). The main results of [CT7], motivated by an article of De Martino et al [§], are
summarized in the following theorem.

Theorem 1.6.1 (Theorems 1-3 in [CT]). Assume thaty < 1/2. Then there ezists a unique
self-adjoint extension of H., with domain contained in H'Y?(R?, C2) For any v >0, H,
has infinitely many eigenvalues (E,)en in (—m,m). Moreover, these eigenvalues cluster to
the edges £m of the spectrum faster than any power, i.e.

Z(m —|E,)? <00 for any § > 0. (1.46)

n=1

Let us mention some generalizations of Theorem [1.6.1] The proof of existence of a
distinguished self-adjoint extension in |C7, Theorem 1] can accommodate finitely many
sub-critical (v < 1/2) Coulomb singularities, not just two. A quantitative bound for the
right hand side of was proved in |[C7, Theorem 3|, involving the best constant in
Herbst’s inequality [31]. The number of bound states depends on the long-range attraction
of the potential rather than on its singularities. In fact, for a potential V' generated by
a nice charge distribution p we proved [CT, Theorem 4] that the non-vanishing of either
the total charge or the dipole moment of p is necessary and sufficient for the existence
of infinitely many bound states. Regarding , De Martino et al [§] in fact predicted
exponential clustering of eigenvalues at the band edges £m. Rademacher-Siedentop [60]
proved this for a dipole potential without Coulomb singularities. Later, Dorsch [12] proved
exponential clustering for the potential V' in ((1.45)).

1.7 Birman-Schwinger principle reloaded

The proofs of virtually all known results surrounding question (Q1) in the non-self-adjoint
case conspicuously rely on the Birman-Schwinger principle . In this section we com-
ment on a version that is suitable for question (QQ2). Before we do so, we recall that in the
self-adjoint case, the Birman-Schwinger principle is usually stated in the following form
(see e.g. [61, Theorem X.II1.10]): Suppose that Hy = —A and that V' is a nice enough
potential, say V € C®(R?). If Ng(V) denotes the number of bound states of Hy + V
below £ < 0 and n(Q(E); 1) denotes the number of singular values (s;);en of the compact

operator Q(F) := V?(Hy — E)~'V"? above 1, then
Ne(V) <n(Q(E);1).

The important observation is that, for any o > 0,

=) 1< ZS QE) & = Tr[Q(E) Q(E)*2. (1.47)

s;>1

3By abuse of notation we will continue to denote this self-adjoint extension by H,.
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The space G = G%(H), with H = L?(R?) here, is called the Schatten space of order a.
It is an ideal (called a “trace ideal”) in the space &> of all compact operators on H with
| - |le= being the operator norm. Note, in particular, that implies that Ng(V) =0
whenever ||Q(F)||le~ < 1. Hence, in the self-adjoint case, is a generalization of
the simple version of the Birman-Schwinger principle . It lies at the core of several
estimates for the number of bound states of self-adjoint Schrédinger operators (see e.g. [61,
Section XIII.3]). The simplest proofs of the Lieb-Thirring inequalities also rely on
the Birman-Schwinger principle (1.47) (see e.g. [52]).

The proof of relies on the monotonicity of Q(-). In the non-self-adjoint setting,
E < 0isreplaced by the complex number z € C\o(Hy) and hence this method breaks down.
An alternative is furnished by complex analysis arguments in the following fashion (we refer
o [10] for details): Set Q(z) := |V|"2(Hy — z)~'V'¥/2, and suppose that Q(z) € &*. The
main idea is that eigenvalues z € C\ o(Hy) of Hy + V correspond to zeros of the analytic
function

C\ o(Hy) 2 z+ h(z) := Detrq1(1 4+ Q(2)) € C, (1.48)

see [66], 22]. Here, [«] is the smallest integer which is > « and Det,,, n € N, is a regularized
Fredholm determinant, defined for A € &™(H) by

n—1

(14+ A(A)) exp ( 157N, (A)? )

Jj=1

Det,(1+ A) =[]

k

see e.g. [66, Chapter 9]. Here (Ax(A))ren are the eigenvalues of A. This observation opens
the possibility to use classical theorems in complex analysis on the distribution of zeros
of analytic functions in the quest of solving (Q2). The most basic estimate is Jensen’s
inequality which states that if A is a bounded analytic function on the unit disk, then

> (1-z]) < 0.

h(z)=0

There are two obstacles when trying to apply Jensen’s inequality to the funtion A in (1.48] -

First, this function is not defined on the unit disk but on C\ o(Hy). Second, h will usually
not be bounded. The first obstacle can be easily dealt with by a conformal mapping, at
least if C \ o(Hp) is simply connected. Note that o(Hy) is mapped to the boundary of
the unit disk. The second obstacle is more serious. A pivotal result in this area is a deep
theorem due to Borichev-Golinskii-Kupin [6] on zeros of analytic functions that may blow
up at the boundary@ This theorem is sensitive to the rate of blowup at “non-generic”
points of the boundary. By virtue of the bound (see e.g. [14, Lemma XI1.9.22])

log[h(z)] < Ta[Q(2)llg, (1.49)

it is clear that Schatten norm estimates for Q)(z) that are uniform in z dramatically improve
the output of the Borichev-Golinskii-Kupin theorem.

4 Their result is stated in the paragraph preceeding (5.9) in [CI].
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1.8 Uniform resolvent estimates

As already emphasized, a crucial input for the Birman-Schwinger principle to work its
magic are resolvent estimates for Hy that have a good behavior in the spectral parameter z.
In the case of (Q1) one needs LP — LP resolvent estimates since these immediately imply
L? — L? estimates for the Birman-Schwinger operator. In the case of (Q2) one needs
stronger trace ideal bounds, as discussed in the previous section. The latter were first
established for Hy = —A in the pioneering work of Frank-Sabin [22] for “short-range”
potentials and later by Frank [I7] for “long-range potentials”m Their results may be
viewed as special cases of Proposition below for s = 2.

1.8.1 Translation-invariant operators

We now summarize the main results of [C2] concerning uniform resolvent estimates for a
translation-invariant operator 7'(D) (a Fourier multiplier), acting as

o — ~

T(D)f(§) = T()f(E)- (1.50)

Here T : R? — R is a polynomially bounded function and

~

7o) = / e () da

is the Fourier transform of f € L.

In applications, Hy := T(D) plays the role of the kinetic energy for the generalized
Schrédinger operator H = Hy + V on L*(R?). In this case Hy is defined on its maximal
domain

D(Hy) == { € L*(RY) : T(D)y € L*(RY)} (1.51)

and V € LY(R?). For simplicity we also assume that V is bounded, so that H may be
defined as an operator sum. Other examples of kinetic energies, besides the ones already
considered, that play a role in mathematical physics are

o T(6) = (m? + |¢5)",
o T(§) = X5, (1 = cos(&y)),
o T(9) = (1§ — Wit

The first is the symbol of the relativistic kinetic energy of a particle of mass m, the second
is the symbol of the discrete Laplacian on the cubic lattice Z¢, and the third is related
to the BCS (Bardeen-Cooper-Schrieffer) theory of superconductivity (here § > 0 is the
inverse temperature and p > 0 is the chemical potential), see e.g. [18].

15We recall that in the present case “short-range” means V € L9(R?) with ¢ < (d + 1)/2, while “long-
range” amounts to ¢ > (d+1)/2.
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Fix A € R and consider the Fermi surface at energy A:
My = {€ € R T(€) = \}. (1.52)

We will assume that 7" is a smooth function in a neighborhood of M,. The key technical
result in [C2] is Lemma 4.3 there. It yields uniform estimates in Schatten spaces for a
frequency-localized resolvent. The frequency-localization cuts out a precompact neighbor-
hood of the Fermi surface M) where X is, roughly speaking, the real part of the spectral
parameter. Since we are only interested in frequency-localized estimates here, by modi-
fying T away from M,, we may restrict our attention to globally smooth functions. A point
€ € R4 is called a critical point if VT'(€) = 0. The set of critical values of T is defined as

K(T) = {\ € R: 3¢ € R¥such that T(¢) = \, VT'(£) = 0}. (1.53)

The set of reqular values is the complement in R of x(7T"). If X is a regular value, then
M, is a smooth d — 1 dimensioanl submanifold of R? (a hypersurface). Fix & € M. By
normalizing 7', we may assume without loss of generality that |VT'(&)| = 1 on M. The
principal curvatures of M)y at &, are the eigenvalues k1, ..., k41 of the curvature form

d
0°T (&)

R? 35— i € R,
"2 e
restricted to the tangent space of My at &. The Gaussian curvature of M) at & is the

product K1 - ... Kg_1.
For completeness we recall some basic facts about the spectral theory of T'(D) (see e.g.
[3, Section 7.6.2]):

1. 0(Hy) = T(R?), and Hy has purely a.c. spectrum in o(Hp) \ (7). It is purely a.c.
if T71(k(T)) C R? has measure zero.

2. By Sard’s theorem (see e.g. Guillemin-Pollack [30]), x(7") C R has measure zero. If
T is analytic, then x(7T') is discrete. If T is a polynomial, then (7' is a finite set.

3. Assume that
T+ |[VT(&)] — oo if ] — oc. (1.54)
Then x(T") C R is closed.

We state here a slight generalization of [C2, Lemma 4.3]. It will be convenient to have
this version available in view of the discussion in Section below. The original version
corresponds to the special case k = d — 1, that is the case where the Fermi surface M) in
has everywhere non-vanishing Gaussian curvature.

Proposition 1.8.1 (Generalization of Lemma 4.3 in [C2]). Lef T € C*(R%R) and let
X € C®(RY) be such that T has no critical points in supp(x). Assume that M, has at

16The assumption in [C2, Lemma 4.3] is that T is C2?. This is enough to define curvature of My, but
one needs a bit more regularity to make the stationary phase argument work. This does not affect the
results of the paper since in all applications T is smooth near the Fermi surface M.
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least k < d — 1 nonvanishing principal curvatures at every point in some neighborhood of
Mynsupp(x). Let1 < q < (k+2)/2. Let Hy := T(D) with domain given by (L.51)), and set
Ro(2) := (Hy — 2)~Y. Then there exists a constant C > 0 such that for all A, B € L*(R?)
and all z € C\ 0(Hy) we have the estimate

[AX(D)Ro(2)Bllgea < C|All24[| Bll2g; (1.55)
wherd™
2d—1—k/2) o d k42
L d—q q7 Zf d—k/2 S q S %7
Oéq - qk+ fl < < d
—d(g—1)’ U1>4< g%z

Since Proposition is local in Fourier space it does not depend on ellipticity of T
The dependence on T is only via the local geometry (curvature) of the Fermi surfaces M.
On the other hand, if T" satisfies the weak ellipticity assumption , then M) is compact,
and one can sum up the local estimates. In combination with the standard Kato-Seiler-
Simon inequality [66, Theorem 4.1] this then yields bounds for the full resolvent Ry(z).
Note that, in the complement of a compact neighborhood of M), the symbol T'(§) — z is
nonzero, uniformly for z near A, so that (7'(-) — 2z)~! will have uniformly bounded LP-norm
for suitable p.

The estimate is the main ingredient in the proofs of Theorems [1.4.6] [1.4.7] |1.5.1|
above. The proof of relies on a factorization of the symbol T'(§), stationary phase
estimates (this is where the curvature assumption comes in) and a suitable version of Stein’s
interpolation theorem for analytic families of operators [68], see also [70, Section IX.1.2.5].

In their proof, Frank-Sabin [22] used a pointwise estimate from Kenig-Ruiz-Sogge [45]
on complex powers of the resolvent kernel of (—A — 2)~!. This estimate is derived from
an explicit formula for the Fourier transform of a quadratic form in terms of modified
Bessel functions[™| Such an explicit formula is not available in the case considered here.
As a replacement, the following stationary phase lemma, which is a formalization of the
arguments in the proof of [C2, Lemma 4.3], is used:

Lemma 1.8.2 (Pointwise bounds on complex powers). Let h : R" — R be a smooth
real-valued function and let ¢p € C*°(R™). Assume that

/eixh(”)w(n)dn =O(|z|™), asr — £oo, (1.56)
R”L

for some r > 0. Givena € [1,1+ 7], t € R, define the tempered distributions

u,(€.m) =™ () (€ — h(n) £i0)°, €eR, neR™ (1.57)

Then the (n + 1)-dimensional inverse Fourier transform U;t’t = f‘luit satisfies the point-

wise estimate

1+r— +
sup  sup (L4 [a] +[y])"" oz (2, y)| < oo.
teR (z,y)eERxR™
1"We recall that the Schatten norms || - ||g~« were defined in (1.47) and that gk+ = gk + ¢ for arbitrary
but fixed € > 0.
18See formula (2.21) in [45] or pages 288-289 in Gelfand-Shilov [26].
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We sketch the main steps in the proof of Proposition [1.8.1] above: First, by the
Phragmén-Lindeléf maximum principle (see e.g. [64, Section 5.3]) it is sufficient to prove
the claim for the incoming or outgoing resolvents

(T(D) — (A +i0)) " = el—iglo(T(D) — (A Eig)) L. (1.58)
These are defined, when A is a regular value, as maps from C®(R?) to S'(R?) (see e.g.
[34, Lemma 6.2.2]). The estimate ([1.55|) is trivial for A outside a compact neighborhood of
T(supp(x)) == {T(¢) € R: £ € R} C R, so we may concentrate on a fixed A € T'(supp(x)).
Set p(§) := T'(§)—A. By a partition of unity argument we may assume that either [p| > 1/C
or else that |Vp| > 1/C. In the first case, the estimate ((1.55)) easily follows from Young’s
inequality. We turn to the second case. For each &, € supp(x) there is a j € {1,...,d}
such that [9;p(€)| > 1/(v/dC). By a linear change of coordinates we may always assume
that j = 1. By the implicit function theorem, we may then assume that the Fermi surface
M, (see (1.52))) is given as the graph of a smooth function h,

My =A{(h(¢),§) : & e U}, (1.59)
where U C R4™1. Then we have the factorization
p(€) = e(©)(& — (), (&,€) eRxUCRY, (1.60)
where e(¢) # 0. By [33, Lemma 6.2.2] we have that
(p() £10) " = e(§) 7 (& — M(E) £10)™" in S'(RY). (1.61)

We pick 1 € C>®(R!) such that 1(¢') = 1 whenever £ € supp(x), and thus x(£) =
X (&)Y (¢'). Discarding of x/e by means of Young’s inequality, it remains to prove that

1A(D') (D1 = W(D') £10) "' Blleea < C||All2q]| Bll2g-

Let do be the induced Lebesgue measure on My and let 8 € C>°(R%). Then du := Bdo is
a compactly supported measure on M), with Fourier transform

Ti(z) = / e Edu(a).

My

In particular, if supp(f) C R x U, then

dp(x) = / T B((h(E), €))/T+ [Vh(E)PdE.
U

Littman [56] proved that
Tu(a)] < C(1+ o)+

This implies ([1.56) with r = k/2, n =d — 1. Lemma thus yields the kernel bound

sup [ “H (D) (Dy — (D) £10)" (@, )| < C(L+ o —y)) 2 (1.62)

teR




Consider the family of operators
T, := A%™ (D) (D, — h(D') £i0)*B*, 0<Rez <1+ k/2.

For simple functions f,g the map z — (f,T.g) is bounded and continuous in the strip
0 <Rez <1+ k/2 and analytic in its interior. Moreover, for any t € R, we have
[Tualles < CIAI sa B sa , 1<a<1+k/2, (1.63)

d—1—k/2¥a

I Tylle~ < C. (1.64)

The first bound ([1.63]) follows from ([1.62) together with the Hardy-Littlewood-Sobolev
inequality (see e.g Lieb-Loss [52] Theorem 4.3]). The second bound (1.64) follows from
Plancherel’s theorem. Let 6 = %8 and aiq = é +6 (% — é) ie 0 ==, oy = 2a. Complex

interpolation between (1.63|) and (|1.64)) (see e.g. Gohberg-Krein [27, Theorem 13.1]) yields
ITilles < CIAI% soa [ BII% su
d—1—k/2F

d—1—-k/2¥a

Changing variables

2ad q(d—1—£k/2)
1S —k21a T d—q (1.65)
and observing that
d
1<a<14kEk/2 <14+£k/2
<a<l4k/2 < T k/2 +k/
yields the claim (L55)) for ¢ as in (1.65). The proof for the case 1 < g < % 73 relies on
the bound
[A(D)AE(A)¢(D)Bller < C[|All2| B2, (1.66)

where dE()) denotes the spectral measure associated to the operator T'(D). To prove
(1.66)), one writes dE(X)/d\ = R(A)*R()N), where R(\) is the Fourier restriction operator
to the Fermi surface M),

-~

RS = flu,,  fe€SRY.

The operators Ap(D)R(A)* and R(A)¢(D)B are Hilbert-Schmidt since their kernels, given
by (27)"4A(z)¢(€)e®® and e 1 €¢(€) B(x), respectively, are in L2(R? x R%). Since [|¢||s <
C, the Hilbert-Schmidt norms are bounded by C||Al|s and C||B||2, respectively. Holder’s
inequality in trace ideals (see e.g. [66, Theorem 2.8]) thus implies (1.66). Next, write

Ro(z)" = /()\ _ )P MAE(), 2eC\R 0<b<l.

R

Using the local integrability of (- — 2) 7~ (uniformly in z) and (1.66]), we then obtain, for
0<b<1,

IAG(D)Ro(A £10)""¢(D) Bllgr < Ce™ (1 = b) 7| All[| B]- (1.67)
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By , we have the Hilbert-Schmidt bound
| AG(D) Ro(A  10)"+/2+16( D) Bllsz < Ce™ | Als]| Bl (1.68)
For fixed 0 < b < 1 consider the analytic family
2+ AP(D)Roy(A £i0)*¢(D)B, b<Rez<1+k/2.
Complex interpolation between and yields
[AG(D)Ro(A +10)¢(D) Bller+ < C[| Al Bll2- (1.69)

We repeat that 14+ means 1 + ¢ for any € > 0; of course, the constant C' depends on «¢.

Estimate ((1.55) for 1 < ¢ < ﬁ now follows from interpolation between (|1.69)) and the

the part of (1.55]) for ¢ > d_;‘,iﬂ already proven.

We now state the relevant part of [C2, Theorem 3.1] for the full resolvent of the fracti-
onal Laplacian.

Proposition 1.8.3. Let d > 1, Hy = (—A)*?, s > 0 and let ¢ > q,, where q, is defined in
(1.33). Then the following estimates hold for Ry(z) := ((—A)*/? — )71

(i) If ¢ < (d+1)/2, then we have the estimate

d_ 1 1 1
IRoirsr < Canalel57 2= o= (70
(1) If ¢ > (d+1)/2, then we have the estimate
_ d—s(d+1) 1 1 1
1Ro(2) |1y o < Ciangd(z) Fo040m || 2505w | = — — = (1.71)
p P q

The constant Cy 4 > 0 1s independent of z.

Proof. By scaling we may assume that |z| = 1. Let x be a bump function adapted to the
unit sphere Sdil Since the latter has everywhere non-vanishing Gaussian curvature we
may apply Proposition with & = d — 1. This yields with x(D)Ro(z) instead
of Ry(z). The estimate for (1 — x(D))Ro(z) follows from Sobolev embedding, together
with standard estimates for the Bessel potential (1 — A)%/2, see e.g. [69, Section V.3]. The
same argument yields for that part of the resolvent, and it remains to prove
for x(D)Ro(z). This follows by interpolation of with d = (d + 1)/2 and the trivial
estimate || x(D)Ro(2)||z2-r2 < 0(2)7L. O

YFor example y € C*°(R?) with supp(x) C {£ € R?:1/2 < |¢] < 3/2} and x (&) = 1for 3/4 < |¢] < 5/4.
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1.8.2 Magnetic Schrodinger operators

We now turn to the resolvent estimates of [Chl [C4] where Hj is no longer translation-
invariant. In fact, Hy will be an electromagnetic Schrodinger operator

Hy = (=iV + Ag(2))* + Vo(z) (1.72)

on L*(R?) with d > 2. Here, 4y : R? — R? is the vector potential and V; : RY — R is
the electric potential. The perturbed operator H will also be of the form , but with
Ay, Vp replaced by A := Ay + A1,V := Vi + V4. In fact, the techniques in [C5] are general
enough to allow for more general “gradient perturbations”, i.e.

H=Hy+L, L=a-V+U.
Of course, in the case above, we would have

The “background potentials” Ay, V are assumed to be smooth but may be unbounded at
infinity. The “perturbation potentials” Aj, V; are assumed to decay at infinity in a suitable
sense but may be rough.

The aim is to prove L? — L (p < 2) resolvent estimate for H that are uniform
away from the spectrum. We will state these estimates in the form

.l (1.73)
p p q
where ¢ > max(d/2, 14) and the constant is supposed to be uniform for dist(z,o(H)) > a,
with a@ > 0 fixed. We will only be dealing with self-adjoint operators here, so o(H) C R.
For simplicity, we will assume |[Im z| > a. Since H may have eigenvalues it will generally
not be possible to obtain a limiting absorption principle as in the previous subsection, i.e.
the estimates cannot be uniform up to the spectrum. Indeed, if z is an eigenvalue with
corresponding eigenfunction u, then the right hand side of is zero. If Re 2z is bounded
from above or if z lies outside some fixed sector, a routine application of the diamagnetic
inequality (see e.g. Lieb-Seiringer [53, Theorem 4.4]) and Sobolev embedding would prove
for 1/p —1/p’ < 2/d. The case where Re z is large and positive and |Im z| = O(1)
is much harder. It may be viewed as a semiclassical problem with semiclassical parameter
1/Rez.

The precise assumptions on A,V are as follows. In the following, ¢ > 0 is a yet
undetermined constant that will later be chosen sufficiently small.

[ully < CI(H = 2)ullp,

(A1) Ay € C®(R%RY) and for every a € N, |a] > 1, there exist constants C,, g4 > 0
such that

|0%Ag(2)] < Cu, 0*Bo(x)| < Colx) 7%, =z € R% (1.74)
Here, (z) := (1 + |z|*)"/? and By = (Bo,jk)}r=1 is the magnetic field, i.e.
BO,j,k(x> = (%‘AQ*;(ZL’) - 8;«404- (x)

20To be consistent with the previous subsection we change the notation from [C5l, [C4] from ¢ to p and
from r to q.

24



(A2) Vo € C°(R%R) and for every a € N |a| > 2, there exist constants C,, > 0 such
that

10°Vo(z)| < Cy, x € R (1.75)

(A3) A; € L®(R?% R?) and there exists 6 > 0 such that
|Ay(x)] < elz)™'7°  for almost every z € R%

Moreover, assume that one of the following additional assumptions holds (with § > 0
as above):

(A3a) A, is Lipschitz and

VA (z)] <ex)™'° for almost every = € R%.
(A3b) There exists & € (0,6) such tha (z)1T9 Ay € W22 (R RY), with
) 7 Aull e < e
(A4) Vi € LY(REGR), with ||V4]|, < e, for some ¢ > max(d/2, 1+).

One of the main challenges in proving LP — LP resolvent estimates is the presence
of the gradient perturbation a - V. It is well known, even for Hy = —A, that uniform
LP — L* resolvent estimates with a gain of a full derivative cannot hold (see e.g. [4] and
[37]). This is a major obstacle for proving perturbatively. One way to circumvent
the problem is to combine the L? — L estimates for the free operator with weighted L2
estimates. The local smoothing effect allows one to gain a full derivative.

In order to state the resolvent estimates it is convenient to introduce the following
spaces: Let 1/, be the Weyl quantization of the symbol |(z,£)[/2. The space X is defined
to be the completion of C2°(R?) with respect to the norm

s 2]
lllx = flulla + [1(2) ™= Ejaulla + [ully,

where 0 < < § (§ > 0 from (A3)) is fixed and 1/p — 1/p’' := 1/q, with ¢ > max(d/2,1+)
as above. The topological dual of X is the space of distributions f € D'(R?) such that the
norm

14p

W= it (Il + ey ¥ Bl + 15l

f=fi+fo+fs

is finite.

Theorem 1.8.4 (Theorem 2.2 in [CH]). Assume that A, V satisfy Assumptions (A1)-(A4)
with Ag, Vo fixed. Moreover, let a > 0 be fixed. Then there exist constants C,eq > 0 such
that if € < e, then we have the estimate

I(H—2)"xwx <C (1.76)

for all z € C with [Imz| > a. The constants C, ey depend on d, q, u, 0, a and on finitely
many seminorms Cy, in (1.74)) and (1.75)).

2117224 (R4 RY) is the homogeneous Sobolev space (—A)~1/4(L24(R?; RY)).
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Note in particular that (1.76]) contains the LP — L" estimate. The corresponding esti-
mates for Hy (see ([1.72)) are a consequence of Strichartz estimates for the inhomogeneous
Schrodinger equation

0 — Hyu = f,  ulmo =uo, (t,x)€[0,T] xR,

where T" > 0 is sufficiently small. These, in turn, follow by the abstract Keel-Tao argument
[43] and the following short-time dispersive estimate

[0 e < CEY2 £ < T,
due to Yajima [75] The smoothing estimate
E _ 14w
@)™ Eypa(Ho — )7 Byjala)™ 5 |1o < € (1.77)

is proved by means of a positive commutator argument (see [C5, Lemma 3.2]). The latter
is proved by pseudodifferential operator techniques (a suitable version of the sharp Garding
inequality). Having established for Hy, the corresponding estimate for H is proved
perturbatively. The main tool here are commutator estimates for pseudodifferential opera-
tors with limited smoothness, in the spirit of the Coifman-Meyer theorem, see e.g. Taylor
[71], Section 4.1].

For the Landau Hamiltonian (T.38)) we have an improvement of the L” — L bound of

Theorem [1.84]

Proposition 1.8.5 (Proposition 2.2 in [C4]). Let d = 2n, n > 1, and let Hy be the Landau
Hamiltonian (1.38)). Let ¢ > max(d/2,14+) and 1/p — 1/p" := 1/q. Then we have the
estimate

I(Ho = 2) Moo pwr < Cag(1+ [Rez|)?®P)(1+6(2)7Y), (1.78)
where
L1 if2<p < (d“),
p(p') = {52 2 Ca paen ! (1.79)
D

and 6(z) = dist(z,0(Hy)). The constant Cqqy > 0 is independent of z.

The main advantage of (L.78) over (I.76)) is that, in the range 2 < p’ < 2d/(d — 2)F}
the exponent p(p') is negative, and hence the right hand side of (1.78)) tends to 0 as

Rez — +o0.

The proof of Proposition [1.8.5]is based on spectral projection estimates of Koch-Ricci
[46] and dispersive estimates of Koch-Tataru [47]. The latter have a local character, but
since the Landau Hamiltonian is translation-invariant up to a phase shift, the local esti-
mates may be glued together to yield a global estimate (see |[C4, (2.14)]).

The resolvent estimate is optimal in the sense that the exponent p(p’) cannot be
improved. This follows from the optimality of the spectral projection estimates of [46]. It
is noteworthy that the resolvent estimates and may be used to prove spectral
projection estimates as the following exemplary result shows. For simplicity we assume
that d = 2n > 4, but the d = 2 case may be proved along the same lines.

22This is where Assumptions (A1)-(A2) come from.
23This corresponds to d/2 < ¢ < co in the assumption of Proposition
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Corollary 1.8.6. Let d = 2n > 4. Under the assumptions of Proposition |1.8.5 consider
H = Hy+V where V€ LY(R?) is real-valued. Then there exists C' > 0 such that for A > 1
we have the spectral projection estimates

112 1) (H) | ooz < Cagh?®). (1.80)

Proof. By a result of Frank-Schimmer [23, Lemma 10] the spectral projection estimate is
implied by the resolvent estimate

ICH = A+ 1)) s < NP (1.81)

By interpolation it is sufficient to prove (1.81]) for the endpoints p’ = 2, p’ = 2(d+1)/(d—1)
and p’ = 2d/(d — 2) ] The estimate for p' = 2 is trivial. The estimate for p' = 2d/(d — 2)
follows from (1.76)). It remains to prove (1.81)) for p’ = 2(d+1)/(d —1). By (1.78]) we may

assume that X is so large that ||V||,||(Ho — (A +1)?)7|| < 1/2. The resolvent identity and

(1.78) then yield

ICH = A+ D) o < NHo = A+ D) oy DIV (Ho = A+ I o

k>0

< 2|[(Ho — (A + 1)) Mgy < ONPED. =

1.9 Embedded eigenvalues for generalized Schrodinger
operators

We return to the study of generalized Schrédinger operators H = T'(D) + V' with T(D)
given by (L.50). To motivate the results of [C3], we start with a classical result of Kato
[38] on the absence of embedded eigenvalues of Schrodinger operators with short range
potentials. More precisely, assume that |V (z)] < C(1 + |z|)~'7¢ for some ¢ > 0. Then
—A+V has no embedded eigenvalue. This is sharp®| in view of the Wigner-von Neumann
example [74].

We would now like to trade pointwise decay of V' at infinity for some average decay. In
the Li-scale, larger ¢ means less decay. It is therefore of interest to find the largest ¢ such
that V € LY(R?) implies the absence of embedded eigenvalues. Koch-Tataru [48] proved
that —A + V has no embedded eigenvalue if V € L (R?). This is also shar in view of
an example of Tonescu-Jerison [35].

There is no hope that a generalization of the Kato or Koch-Tataru result might hold
for general Hy = T'(D). For example, it is well-known (see e.g. Herbst-Skibsted [32]) that
there are compactly supported potentials V' such that A% + V has embedded eigenvalues.
Therefore, we ask the following question, related to (Q3) on page 5. Assuming that A €
R\ (7T) is a fixed regular valud’’| of 7', what is the largest g. € [1,00) such that the
following holds:

24The assumption d > 3 is only used in this interpolation argument.
25In the sense that the conclusion fails for € = 0.
26In the sense that the conclusion fails for ¢ > 442

2"In the terminology of Section 7(Ho) = &(T). See (1.53)) for the definition of x(T").
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1. Jeg such that [V, + |V« < €0 implies A ¢ o,(Ho + V),
2. 3(Vp)nen such that for all ¢ > ¢.: lim,, oo [|V,,||; = 0 and A € o,(Hp + V,,).

Here, o,(H) denotes the point spectrum of H, i.e. the set of eigenvalues. Note that we
did not assume that V is real-valued. The case of real-valued V' will only be considered
for a specific T'(D) (the Chandrasekhar-Herbst operator). For simplicity we only consider
bounded potentials here, i.e. V € L*(R?). Under additional ellipticity assumptions on T
one can easily allow local singularities of V.

Frank-Simon [24] proved that for Hy = —A one has ¢, = <.

In the following we will assume that d > 2. The statements are still true for d = 1 but
yield nothing new.

Theorem 1.9.1 (Theorems 1.1 and 1.2 in [C3]). ¥| Let d > 2, and let T : R? — R be
smooth and polynomially bounded, and let X € R be a reqular value of T'. Denote by M,y
the Fermi surface ([1.52]).

(i) If My has at most k < d — 1 non-vanishing principal curvatures at some point, then
k42 | d—1—k
one has the upper bound q. < “3= + .
(i1) If My has at least k < d — 1 non-vanishing principal curvatures at every point, then
one has the lower bound q. > k—;“?

Assume that M, has ezactly k non-vanishing principal curvatures at every point. In
the case k = d — 1 the upper and lower bounds of Theorem [1.9.1] match up and we get
Ge = %. If £ < d—1 there is a gap between the upper and the lower bound. This means
that the vanishing or nonvanishing of principal curvatures is not enough to determine q.
completely in this case. Instead, one would also have to take into account the order of
vanishing. For instance, if T(§) = & + ... 4+ &, where k < d — 1 (i.e. T depends on
less than d variables), then for any A > 0 the Fermi surface M), is a cylinder. Using the

methods of [C3] one can construct potentials V;, such that
Vi(2)] < Cru(n 4|21 P+ oo a]? + e |™ o g™ + o) !

for arbitrary positive m. Then V,, € L4(R?) for all ¢ > (k +2)/2 + (d — 1 — k)/m. This
shows that the upper bound ¢. < (k 4 2)/2 is in general optimal. The problem for the
lower bound is probably much more difficult.

The assumptions on the kinetic energy in Theorem [1.9.1| are too general to allow for
counterexamples with real-valued potentials. The minimal assumption seems to be that T’
is time-reversal symmetric, i.e. T'(§) = T'(—¢). This implies that generalized eigenfunctions
of T(D) can be chosen real-valued, see [C3, Lemma 4.1]. We conjecture that this assump-
tion is sufficient. At present, we only have examples for specific kinetic energies. The
following theorem generalizes a recent result of Lorinczi-Sasaki [57] on the Chandrasekhar-
Herbst operator to nonradial potentials.

28Part (ii) follows from Proposition
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Theorem 1.9.2 (Theorem 1.4 in [C3]). Let d > 2, and let Hy = vV—A+1—1 be the
Chandrasekhar-Herbst operator with mass 1, and let A > 0. Then there exists a sequence
of smooth potentials V,, : R — R, n € N, satisfying

Vi(2)| < C(n+ |z + ..+ |waer [P+ |za)) 7, (1.82)

such that X is an eigenvalue of Hy + V,, in L?*(R%), for every n € N. The constant C' > 0
1s independent of n, but may depend on .

In comparison with the radial potential of [57], which decays like 1/|x|, the (non-
radial) potential in Theorem exhibits this decay only in a parabolic tube about a
single coordinate direction.
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