™ UNIVERSITA
»2] DEGLI STUDI DI BARI
ALDO MORO

DIPARTIMENTO INTERATENEO DI FISICA
MICHELANGELO MERLIN

DOTTORATO DI RICERCA IN FISICA - XXXVIII CICLO
Settore Scientifico-Disciplinare FIS/02

THESIS FOrR THE DEGREE OF DoOCTOR OF PHILOSOPHY

Quantum Symmetries and the
Robustness of Dynamics

Supervisor Candidate

Prof. Paolo Facchi Vito Viesti

Coordinator
Prof. Vincenzo Spagnolo

Final Exam 2026






A mia madre
A mio padre

A mua sorella






Contents

Introduction

1

Conserved quantities and symmetries

1.1 Conserved quantities . . . . . . . .. ... ...

1.2 Commutation with the Resolvent Operator . . . . . . . . ..

1.3 The commutant of a self-adjoint operator . . . . . . . . . ..
1.3.1 A privileged subalgebra: the bicommutant . . . . . .

1.4 Symmetry transformations in quantum mechanics . . . . . .
1.4.1 Projective representations . . . . . . ... ... ...
1.4.2  Connection with conserved quantities . . . . . . . ..

Robustness of quantum symmetries against perturbations
2.1 Perturbations . . . .. ... ... ... L
2.2 P-robustness . . . . .. ...
2.3 Robustness against a single perturbation . . . . . . . . . ..
2.3.1 Eternal Block-Diagonal Approximation . . . . . . . .
2.3.2 Fragile and robust components of a symmetry . . . .
2.3.3 Proof of Theorems . . . ... ... ... ... ....
2.4 ‘P-robustness and complete robustness . . . . ... ... ..
2.4.1 Symmetry-restricted perturbations . . .. ... ...
2.4.2 Completely robust symmetries . . . . . . . ... ...
2.5 Quantum adiabatic invariants . . . . . ... ... ... ...

Wandering range of Quantum Adiabatic Invariants

3.1 Wandering range and adiabatic invariants . . . . . .. . ..

3.2 Eigenvectors of the Hamiltonian and finite-rank symmetries

3.3 Bounded perturbations . . . . .. ... oL
3.3.1 Strategy of the proof . . . . . ... ... ... ....

Quantum KAM Iteration

4.1 The Homological Equation . . . . . ... ... ... .....

4.2 KAM Iteration . . . . . .. .. ...
4.2.1 Convergence of the formal expansion . . .. .. . ..
4.2.2  Proof of (izi) and (vi) of Theorem 4.2.1 . . . . . . ..

Trotter Product Method

5.1 Trotter KAM Iteration . . . . . . . .. .. ... ... ....
5.1.1 Formal construction . . ... .. ... ... .....
5.1.2 Estimates . . . . . . . .. ... ...

-

© g ot

12
13
14
15

18
19
21
23
26
28
29
34
35
37
38

40
41
45
49
o1

53
93
o8
62
66



5.1.3 Proof of (vi) of Theorem 5.1.1 . . . . . . ... .. ... ... ... ..
5.1.4  Proof of (#ii) of Theorem 5.1.1 . . . . . ... ... ... ... ... ..
5.1.5  Advantages of the Trotter formulation . . . . . .. .. ... ... ..

6 Quantum KAM Iteration Beyond Discrete Spectrum: The Band Case
6.1 Hamiltonians with band structure . . . . . . . .. ... ... ... .. ....
6.2 Band spectrum: homological equation and Quantum KAM Iteration . . . . .

6.2.1 The Homological Equation for Band Hamiltonians . . . . . . . .. ..
6.2.2 Formal construction: KAM Iteration . . . ... ... ... ......
6.2.3 Convergence of the formal expansion . . . . . . .. ... ... ...

7 Differential Approach
7.1 Kato’s Perturbation Theory

7.1.1 Perturbation of the Resolvent Operator . . . . . . . .. ... .. ...
7.1.2  Perturbation of the Spectral Projections . . . . . . ... ... .. ..
7.2 Similarity transformations of spectral projections . . . . . .. ... ... ..
7.2.1 Formal series expansion of U(z) . . . . .. .. ... ... ... ....
7.3 Unitary Equivalence in Kato’s Framework . . . . . ... ... ... ... ..
7.3.1 Block-diagonalization via W(e) . . . . ... ... ... ... ... ..

7.3.2  Proof of point (vi) .

7.3.3 Domain preservation of Wi(e) . .. ... ... L.

Conclusions and outlook

A Catalan numbers

A.1 Catalan numbers . . . . ..
A .2 Modified Catalan numbers .

B Sylvester Equation
B.1 Formulation of the problem

B.2 Integral representation and basic estimates . . . . . . . .. ... ... ...

B.3 Optimization of the constant

C Resolvent Operator
C.1 The Resolvent . . . . .. ..
C.2 Singularities of the Resolvent

Bibliography

87
87
91
91
95
97

100
100
101
103
105
109
111
111
112
116

122

125
125
127

129
129
130
132

133
133
134

137



Introduction

The construction of a quantum computer represents one of the major scientific and techno-
logical challenges of our time. However, building such a machine is extremely demanding,
and current technology is still far from achieving this goal. One of the main applications
of quantum computers is quantum simulation |1, 2|, namely the ability to reproduce the
dynamics of complex (not necessarily quantum) systems that cannot be efficiently studied
using classical computation.

When a quantum simulation is used to reproduce the behavior of a complex system,
approximations are unavoidable. The simulated dynamics cannot coincide exactly with
those of the target system; they will inevitably represent a slightly modified version. For
instance, it is common to implement Trotter dynamics to approximate the evolution of a
quantum system within a simulation [3-5]. As a consequence, only those features of the
target dynamics that remain stable under small modifications can be faithfully observed.
Therefore, when studying a physical system, it is essential to identify the properties that

exhibit robustness against perturbations.

This problem is broader than quantum simulation and is intrinsically connected to the
modeling of physical systems. Whenever we attempt to provide a mathematical description of
a system—whether quantum or classical—approximations are inevitable. To obtain explicit
predictions, one must simplify the interactions. For instance, the behavior of a ferromagnet
is often described by the Ising model, which neglects long-range couplings. This makes the
model tractable, but in a real material such interactions are not exactly zero. This naturally
raises the question: how reliable are the predictions of such models under perturbations?
For short times these effects may be negligible, but over sufficiently long times perturbations

can accumulate and produce significant deviations.

A famous example from classical mechanics is the dynamics of the Solar System. One
can study the Earth—Sun system in isolation, neglecting the weaker interactions with other
planets. This reduced model is exactly solvable, and the Earth follows a closed elliptical orbit.
When the neglected interactions are reintroduced, the full system is no longer integrable, and
a natural question arises: is the Solar System stable? This problem was famously addressed
by Kolmogorov, Arnold, and Moser in the celebrated KAM theorem [6, 7|. They proved
that many of the stable orbits of the simplified model survive in the full system, although
slightly deformed. This illustrates a general lesson: to connect mathematical models with

the real world, it is not enough to identify exact solutions of an idealized system; one must



also determine whether these solutions persist when the model is perturbed.

A powerful way to address this question in quantum systems is through the study of
symmelries, or equivalently, conserved quantities associated with the Hamiltonian [8, 9.
Quantum mechanics teaches us that symmetries correspond to the operators that commute
with the Hamiltonian [10]. Once the Hamiltonian is known, its conserved quantities can,
at least in principle, be identified. However, as mentioned above, in a quantum simulation
only those symmetries that persist under perturbations can be observed. If a symmetry
survives—perhaps slightly deformed but still effective—it is said to be robust; if it breaks
down, it is fragile [11, 12]. Fragile symmetries are accidental: they are artifacts of the
simplified model and disappear once more realistic effects are taken into account.

In this work, we analyze the problem of the long-time stability of conserved quantities

under perturbations. The thesis is organized as follows:

e Chapter 1 introduces the conserved quantities of a quantum system and discusses
their algebraic characterization in terms of the Hamiltonian. It is well known that
conserved quantities are the operators that commute with the Hamiltonian. However,
when the Hamiltonian is unbounded, the meaning of “commutation” must be clarified.
In this chapter, we define what it means for a bounded operator to commute with
an unbounded one and present several equivalent formulations of this concept. This
naturally leads to the notion of the commutant of a self-adjoint operator. In the final
part of the chapter, we introduce the concept of symmetries in quantum systems and
emphasize their connection with conserved quantities through a quantum version of

Noether’s theorem.

e Chapter 2 investigates the long-time stability of quantum symmetries against pertur-
bations of the system’s Hamiltonian. We begin by introducing the notion of relatively
bounded perturbations and show that a self-adjoint operator remains self-adjoint when
modified by a sufficiently small relatively bounded perturbation (Kato—Rellich theo-
rem). We then define robust and fragile symmetries against an arbitrary class of rel-
atively bounded perturbations. Robust symmetries remain close to their initial value
throughout their entire evolution, despite the perturbation of the Hamiltonian, while
fragile symmetries exhibit large deviations from their initial value after sufficiently long
times. Next, we provide an algebraic characterization of symmetries that are robust
against a single perturbation, for Hamiltonians with discrete spectra. We show that
every relatively bounded perturbation induces a family of subprojections of the spec-
tral projections of the unperturbed Hamiltonian, and that the robust symmetries are
precisely those commuting with this family of subprojections. Building on this single-
perturbation analysis, we then determine which symmetries remain robust against an
arbitrary set of perturbations P. A particularly interesting physical situation arises
when the perturbations themselves commute with a certain symmetry of the Hamil-
tonian. For instance, in a rotationally symmetric system, one may require that the

perturbations respect the same symmetry. In Theorem 2.4.2, we show that in such



cases the set of robust symmetries acquires a natural algebraic structure. We then
investigate the symmetries that are robust against all possible (relatively bounded)
perturbations. In Theorem 2.4.3, we show that they coincide with the bounded func-
tions of the Hamiltonian, a result previously established for finite-dimensional quantum
systems [11, 13|. Finally, we introduce the concept of a quantum adiabatic invariant,
defined as the continuous deformation of a robust symmetry into a new symmetry of

the perturbed Hamiltonian.

e Chapter 3 focuses on the wandering range of a robust symmetry, which provides a
quantitative measure of its deviation from the initial value under the perturbed dy-
namics. In particular, we study how the wandering range depends on the perturbation
strength €. In Example 2.1.1, we show that, in general, the wandering range is not
necessarily of order €. The chapter is devoted to identifying the conditions under which
this scaling holds. We prove that the wandering range, when evaluated on an eigenvec-
tor of the unperturbed Hamiltonian or for a finite-rank symmetry, is indeed of order &.
In the last part of the chapter, we analyze in detail the wandering range of completely
robust symmetries against bounded perturbations. In this case, we are able not only
to establish that the wandering range is of order €, but also to derive an explicit es-
timate for its value in terms of the perturbation norm and the minimal spectral gap
of the Hamiltonian. The proof relies on Theorem 3.3.2, the detailed analysis of which

constitutes the core of the following chapters.

e Chapter 4 provides a first proof of Theorem 3.3.2, based on an iterative procedure
known as Quantum KAM iteration. Throughout this analysis, we assume that the
Hamiltonian H is self-adjoint with a purely point spectrum and non-vanishing spectral
gap. In the first part, we introduce the main tool employed in the iteration—the
homological equation. We discuss its solution and derive an upper bound in terms of
the spectral gap of the Hamiltonian. We then explicitly construct the intertwining
operator W (e) and the transformed perturbation V(g) of Theorem 3.3.2 as formal
series expansions, and prove their convergence by exploiting the recursive combinatorial

properties of a famous sequence: the Catalan numbers.

e Chapter 5 presents an alternative approach to the construction of the intertwining
operator W (e), known as the Trotter approach. In this framework, W (e) is expressed
as an infinite product of unitary operators rather than as the exponential of a power
series. As in the previous chapter, we assume that H is self-adjoint with a purely point
spectrum and non-vanishing spectral gap. We first develop the formal construction of
the relevant operators and then prove their boundedness, obtaining explicit estimates
in terms of the spectral gap of the Hamiltonian. Finally, we discuss the numerical
advantages of this formulation, which provides a computationally efficient scheme for

the approximation of the effective dynamics.

e Chapter 6 extends the analysis of the previous chapter to quantum systems whose



Hamiltonian exhibits a band spectrum, as typically occurs in periodic structures. We
investigate the robustness of quantum symmetries in this setting and show that the
symmetries belonging to the bicommutant of the band projections are completely ro-
bust against bounded perturbations of the Hamiltonian. The proof is once again based
on the Quantum KAM Iteration, which can be naturally generalized to this broader

class of Hamiltonians.

e Chapter 7 proposes an alternative strategy for the construction of the operators W (e)
and ‘7(8) introduced in Theorem 3.3.2, for Hamiltonians with purely point spectra and
non-vanishing spectral gap. We begin by briefly recalling the main elements of Kato’s
Perturbation Theory and then show that the operator W(e) can be obtained as the
solution of a suitable differential equation. We construct its solution as a formal power
series and prove its convergence by introducing a new sequence of numbers, which we
call the modified Catalan numbers. Finally, we compare the resulting estimates with
those obtained through the Quantum KAM Iteration.

Several results presented in this thesis are based on and extend the analysis developed in
Refs. [12, 14, 15].



Chapter 1

Conserved quantities and symmetries

In this chapter, we introduce the algebraic framework underlying conserved quantities in
quantum mechanics. We begin by defining the notion of commutation between a bounded
operator and an unbounded self-adjoint Hamiltonian, clarifying how it can be formulated in
terms of the resolvent, spectral projections, and bounded functions. This leads to the defini-
tion of the commutant of a Hamiltonian, which provides a rigorous algebraic characterization
of conserved quantities.

In the second part, we connect this notion with the theory of symmetries, showing that
continuous symmetries correspond to one-parameter unitary groups whose self-adjoint gen-
erators commute with the Hamiltonian. This establishes the quantum version of Noether’s

theorem.

1.1 Conserved quantities

Let H be a complex separable Hilbert space. We focus on isolated quantum systems, whose
evolution is described by a one-parameter strongly continuous unitary group {U(t)};cr sat-
isfying

U(t) = e H, t €R, (1.1)

where H = H' is the (possibly unbounded) self-adjoint Hamiltonian of the system, defined
on a dense domain D(H) = D(H') C H [16].
We adopt the Heisenberg picture, in which states remain fixed while observables evolve

in time. For every bounded operator A € B(H), its time evolution is given by
tER+—— A :=Ut)TAU(t) = "™ Ae™™ ¢ B(H), (1.2)

where A; denotes the observable at time ¢ [10].
Among all observables, some play a special role: the conserved quantities. They are those

operators that remain constant under the Heisenberg evolution (1.2).

Definition 1.1.1. A bounded operator S € B(H) is a conserved quantity of the Hamiltonian



6 1.1. Conserved quantities

H if
et Ge 1t — g Vit eR, (1.3)

that is, if S is invariant under the Heisenberg evolution generated by H .1

Equivalently, S is a conserved quantity if and only if it commutes with the evolution

group:
[S, e ] .= Se~tH _ o7t g — VteR. (1.6)

If H is bounded, this condition can be expressed directly in terms of the Hamiltonian itself.

Theorem 1.1.1. Let H = H' € B(H). Then a bounded operator A € B(H) is a conserved
quantity if and only if
[A, H] = 0.

Proof. For any A € B(H), its Heisenberg evolution is
Ay = e Ae71HH teR. (1.7)

Since H is bounded, the map t — A; is norm-differentiable, and

d
Hence,

d
A=A — —A,=0 (1.9)

dt
<~ [A, H] =0 (1.10)
— A Hje7"™ =0 (1.11)
<~ [A,H| =0, (1.12)
where we used A; = et Ae=1tH O

This motivates the following algebraic definition.

Even though we will deal only with bounded conserved quantities in this thesis, it is worth to define
the unbounded conserved quantities.

Definition 1.1.2. Let S be an unbounded operator with dense domain D(S) C H. We say that S is a
(unbounded) conserved quantity, if and only if

e D(S) = D(9) (1.4)
et ety — Gu), (1.5)

for all ¢ € D(S).
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Definition 1.1.3. The commutant of a bounded operator H is the set of all bounded oper-

ators commuting with t:
{H} :={A € B(H) : [A, H] =0}. (1.13)

If H is bounded, the set of conserved quantities coincides exactly with its commutant.
This provides an algebraic characterization of conserved quantities, independent of the ex-

plicit time evolution.

The situation becomes more delicate when H is unbounded. In this case, the commutator
[A, H] may fail to be well defined on the whole Hilbert space, since AH is defined on D(H)
while HA acts on the (generally different) domain D(HA) = {¢) € H : Ay € D(H)}. Thus,
the expression [A, H|tp = AHy — H Ay might not make sense even for all ¢ € D(H).

To extend the algebraic notion of commutation to unbounded operators, we must require

that both compositions are well defined on a common domain.

Definition 1.1.4. Let H be a (possibly unbounded) operator with domain D(H) C H. A
bounded operator A € B(H) is said to commute with H if:

e AD(H) C D(H);
o AHY = HAY for ally € D(H).

In the next section we show that Definition 1.1.4 can be expressed in terms of the resolvent

operator of H when it is densely defined and closed.

1.2 Commutation with the Resolvent Operator

Let H be an unbounded closed operator with dense domain D(H) C H. In this case,

commutativity can be characterized in terms of the resolvent of H.

Theorem 1.2.1. Let H be a (densely defined) closed operator, with domain D(H). Then

the following statements are equivalent:

(i) A commutes with H;
(ii) [A, R,(H)] =0 for all pn € p(H), the resolvent set of H, where R,,(H) = (H — ul)™".
(iii) (A, R,(H)|] =0 for some p € p(H).

Proof. (i) = (ii). Assume that A commutes with H, that is,
AD(H) C D(H), AHY = HAY V1 € D(H). (1.14)
Let p € p(H) and ¢ € H, and consider

Ry, (H)Ay. (1.15)
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Since R,(H) is a bounded operator, it is defined on the full Hilbert space #. Hence,
Ran(H — ul) = D(R,(H)) = H. (1.16)
Hence, there exists ¢ € D(H) such that
¥ = (H — pl)e. (1.17)
Substituting this into (1.15) gives
R,(H)AY = R, (H)A(H — pl)p = R,(H)(H — pl) Ay, (1.18)

where the last equality follows from (1.14). Since R,(H) = (H — ul)™' and ¢ = R, (H),

we obtain
Ru(H)AG = AR, (H)Y, (1.19)
for all ¢ € H, and therefore [A, R,(H)] = 0.
(ii) = (iii). Trivial.
(111) = (1). Assume now that
AR,(H) = R,(H)A, (1.20)
for some p € p(H).

Step 1. AD(H) C D(H).
Let ¢ € D(H). Since Ran(R,(H)) = D(H), there exists ¢ € ‘H such that

o= Ru(H)Y. (1.21)
Using (1.20), we find
Ap=AR,(H)Y = R, (H)Ay. (1.22)

Because the range of R,(H) equals D(H), it follows that Ay € D(H), and hence AD(H) C
D(H).

Step 2. AHp = HAp for all p € D(H).

We can equivalently show that
A(H — pl)p = (H — pl) Ap, (1.23)

for some (and hence all) i € p(H). Using (1.21) and the identity (H — pl)R,(H) = I, we
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have

A(H — ul)p = A(H — pl)R,(H)$ = AY, (1.24)
(H — p)Ap = (H — p) R, (H) A = A, (1.25)

where the last equality follows from (1.20). Thus (1.23) holds for all ¢ € D(H), and the

proof is complete. [

The equivalence proven above shows that the algebraic condition HA C AH can be com-
pletely reformulated in terms of the resolvent of H. The resolvent family {R,,(H)},cpm) thus
serves as a bounded representative of the algebraic and spectral properties of H: although
H itself may not be directly accessible due to domain issues, its resolvents fully determine
its structure. For self-adjoint operators, these properties are encoded even more transpar-
ently by the spectral theorem, which associates to H a unique projection-valued measure
{Pr () }aenm)-> This will be the topic of the next section.

1.3 The commutant of a self-adjoint operator

Let H = H' be a self-adjoint operator on the domain D(H) = D(H'). According to the

spectral theorem, there exists a unique projection-valued measure { Py () }oecpr) such that

Hy = /R)\dPH(A)w, ¥ € D(H). (1.26)

This family of projections contains the complete spectral information of H and provides the
foundation of the functional calculus, allowing one to define Borel functions of H.

Indeed, given a measurable function f : R — C, one defines

iy = [ OV aPa(n) (1.27)
for all ¥ € D(f(H)), where
D(s() = {v e s [ IR dn < +oc | (1.2
and
() = [Pu(Q)]?, Qe B(R), (1.29)

is the spectral measure associated with the vector 1.
The functional calculus makes it possible to restate commutation with H in terms of

its spectral projections or any bounded function of H. The following theorem collects the

2Here B(R) denotes the Borel o-algebra on R.
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equivalent formulations of this condition.

Theorem 1.3.1. Let H = H' be a self-adjoint operator on H and A € B(H). Then the

following statements are equivalent:
(1) [A,R,(H)] =0 for all p € C\ R;
(ii) [A,e ] =0 for all t € R;
(i11) [A, Py (2)] = 0 for all Borel sets 2 C R;

(w) [A, f(H)] =0 for all bounded Borel functions f.
Proof. (i) = (). Assume that [A, R,(H)] = 0 for all p € C\ R. We recall that the

exponential of a self-adjoint operator can be expressed through the formula:

e Hy) = lim (]I—l—itg) W, V) € H, (1.30)

n—oo

as shown in [17].

Moreover, for each n,

(H+it%>n _ (%)n Rug ()" (1.31)

Hence, for every ¢ € H,

A, e )y = lim (5) T Rus ()"} = 0, (1.32)

n—oo n

since by hypothesis [A, Ru (H)] = 0 for all n. Thus [4, e H] = (.
(ii) = (iii). Assume that [A,e "] =0 for all t € R. We first show that this implies

[A, f(H)] =0, (1.33)

for all bounded Schwartz functions f € S(R).
Let f € S(R) and denote by f its Fourier transform,

f(s) = / FO) e da, (1.34)
R
Then the inverse transform reads
O =55 [ Fo)ed (1.35)
=5 A s S. )

By the spectral theorem and Fubini’s theorem, this identity extends to the operator level:

FOH) = % /R F(s) e ds, (1.36)
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where the integral converges in the strong operator topology [16]. Then
1 A .
A () = 5 [ o)A ds =0, (1.37)
21 R

since [A, e*] = 0 for all s.

Now we show that this implies
[A, Pp ()] =0, (1.38)

for all Borel sets 2 C R. Recall that Py () = xo(H), where xq denotes the characteristic
function of €2,

1, AeQ,
Xa(A) = (1.39)
0, Aé¢ Q.

The characteristic function can be approximated point-wise by a sequence of uniformly
bounded Schwartz functions f,, € S(R):

xa(d) = lim (). (1.40)
By the functional calculus, this implies
fo(H) 2225 Py(Q) (1.41)

in the strong operator topology [16]. Since [4, f,(H)] = 0 for all n, passing to the limit gives

A, Py(9)] = 0. (1.42)

(111) = (iv). This follows directly from the spectral theorem and functional calculus. For
any bounded Borel function f,

J(H) = / £V dPa(V). (1.43)

If [A, Pg(2)] = 0 for all Borel sets €2, then by linearity of the integral with respect to the

projection-valued measure,

A, f(H)] = / V)[4, dPa(N)] = 0. (1.44)

(iv) = (i). Trivial, since for every p € C\ R,

R.(H) = fu.(H), (1.45)



12 1.3. The commutant of a self-adjoint operator

where f,()\) = ﬁ is bounded because

1

5N < T

(1.46)

where Im ;1 denotes the imaginary part of the complex number .
Therefore, if [A, f(H)] = 0 for all bounded Borel f, it holds in particular for f = f,, and
hence [A4, R,(H)] = 0.

This completes the proof. n

This theorem provides a rigorous algebraic characterization of the conserved quantities
of a closed quantum system.

A bounded operator S € B(H) is a conserved quantity if and only if
[S,e” =0, VteR. (1.47)

The equivalences established above show that this condition can be reformulated in several
equivalent algebraic ways, involving any of the operator families associated with H: the
resolvent R, (H), the spectral projections Py (£2), or the bounded Borel functions f(H).
Accordingly, for a (possibly unbounded) self-adjoint Hamiltonian H, we define its commu-
tant as the set of bounded operators that commute with all spectral projections (equivalently,

with all bounded Borel functions of H or with the evolution group e i)

{H} = {Py(Q) : Q C R Borel}’ (1.48)
={f(H): f:R— C, f bounded Borel} (1.49)
= {e " t € R} (1.50)

Here, for any subset S C B(H), we denote by S’ its commutant,
S :={Ae€e B(H):[A S =0forall S e S} (1.51)

The set {H}' is a von Neumann algebra: it is a unital *-subalgebra of B(H) that is
closed under the strong (and equivalently, weak) operator topology. Among its elements, a
particularly important subclass is given by those belonging to the bicommutant {H}", which

form the von Neumann algebra generated by H and will be discussed in the next subsection.

1.3.1 A privileged subalgebra: the bicommutant

Once the commutant of H has been introduced, it is natural to consider its commutant

again, namely the bicommutant {H}". Using the previous definition, we can write

{H}Y' ={f(H): f:R—=C, f bounded Borel}". (1.52)
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This set consists of all bounded operators that commute with the entire commutant {H}’.
Elements of {H}" are therefore special conserved quantities: they commute not only with

the Hamiltonian H itself, but also with all other conserved quantities of the system.

Counsider now the set
Ay ={f(H): f:R— C, f bounded Borel}. (1.53)

One can show that Ay is an abelian von Neumann algebra [18]. Then, by the von Neumann

bicommutant theorem,
= An. (1.54)

The algebra Apg is called the abelian von Neumann algebra generated by H. Hence, we
conclude that the bicommutant of H coincides with the von Neumann algebra generated by
H:

{H}Y = Ay ={f(H): f:R — C, f bounded Borel}. (1.55)

The operators in Ay thus form a distinguished class of conserved quantities. Each of
them acts proportionally to the identity within every spectral subspace of H, and therefore
cannot lift the degeneracies of the Hamiltonian. As will be shown in the next chapter, this
property will be the key ingredient in establishing their robustness against perturbations.

In the next section, we turn to symmetry transformations in quantum mechanics and

clarify their connection with conserved quantities.

1.4 Symmetry transformations in quantum mechanics

In quantum mechanics, the physical state of a system is not represented by an individual vec-
tor of the Hilbert space H, but by a ray—that is, an equivalence class of normalized vectors
differing only by a global phase. Explicitly, for every unit vector ¢» € H, the corresponding

ray is
Ry={ep:0cR}. (1.56)

All vectors in R, describe the same physical state, since overall phases have no observable

meaning. The set of all rays forms the projective Hilbert space
P(H) = {Ry ¢ € 1. |¢| = 1}.

Physical predictions depend only on rays. In particular, the transition probability be-
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tween two states is given by
2
P(Ry = Rg) = [(&]9)[", (1.57)
which is independent of the choice of representatives in each ray.

A symmetry transformation is a bijective map on the space of rays that preserves all
transition probabilities [19]. If a transformation T" sends Ry + R;, and Ry — Rj, then

P(Ry = Ry) = P(R, = R)). (1.58)

Such transformations represent the fundamental symmetries of the theory, since they preserve

all physically measurable relations among states.

1.4.1 Projective representations

Wigner’s theorem establishes that every symmetry transformation between rays is repre-
sented in Hilbert space by either a unitary or an antiunitary operator [9]. That is, for each
transformation Ry, — R;;, there exists an operator U such that, if ¢ € Ry, then Uy € R,

Depending on the nature of U, one has:

if U is unitary: (U|U@) = (h|@), Ulag + B) = aU¢ + UY,  (1.59)
if U is antiunitary: (Up|U@) = (W|o)", Uladp+ By) =a*Up+ UY.  (1.60)
The set of all symmetry transformations forms a group. If T} and 715 are symmetries,
their composition 757} is again a symmetry, and each transformation 7" has an inverse 7'~!.
According to Wigner’s theorem, one can associate with each transformation 7" an opera-

tor U(T) acting on H. The composition of symmetry operations corresponds to operator

multiplication, but only up to a phase factor:
U(Ty)U(Ty) = €1 ((T,Ty), (1.61)

where ¢(Ty,T1) € R. Such a family {U(T')} defines a projective representation of the sym-

metry group.

The associativity of operator multiplication implies a constraint on the phase factors:
o(To, Th) + ¢(T3, 15Ty) = ¢(T3,To) + ¢(T313, 1Y), (1.62)
known as the two-cocycle condition. If the phase function can be written as

o(T1,T3) = a(ThT3) — a(Ty) — a(Ty), (1.63)
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then the condition (1.62) is automatically satisfied. In this case, redefining the operators as
U(T) := D U(T) (1.64)

removes the phase in (1.61), yielding an ordinary representation:

U(T2)U(Th) = U(T2Th). (1.65)

Distinct projective representations differing by a redefinition of the form (1.63) belong to the
same two-cocycle class. If the class contains the trivial cocycle ¢ = 0, the representation can
be made exact, and all symmetry operators may be taken as unitary or antiunitary. From

now on we will assume this to be the case.

1.4.2 Connection with conserved quantities

Let us consider a one-parameter continuous group of symmetry transformations acting on
the space of rays. Formally, this is a group homomorphism from the additive group (R, +)

to the group G of symmetry transformations:

T.9eR— T(0) € G, (1.66)
T(61 + 02) = T(61)T(02) = T(62)T(61), (1.67)

and we choose the parametrization such that 7°(0) is the identity transformation.

According to Wigner’s theorem, to each symmetry transformation 7'(6) one can associate
a unitary or antiunitary operator U(7'(f)) acting on the Hilbert space #H, such that if ¢ €
H represents the ray Ry, then U(T(0))y represents the transformed ray T'(#)R,. Since
the transformations 7'(f) are continuously connected with the identity (and the identity is
represented by a unitary operator), all elements of this one-parameter group are represented

by unitary operators.

Thus, for every 64,65 € R,
U(T(01 + 02)) = U(T(61)) U(T(02))- (1.68)

Let us denote S(0) := U(T(0)). The family {S(0)}scr is therefore a one-parameter

unitary group on H:

S(01 + 65) = S(61)S(6), (1.69)
5(0) =1L (1.70)

To ensure continuity of the symmetry action, one requires that S(6) be strongly continuous,
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namely,

lim S0}~ =0, Vi eH (L.71)

By Stone’s theorem, there exists a unique self-adjoint operator @) (the generator of the

symmetry) such that
S(O) =e9 gk (1.72)

We will show that @ is a conserved quantity whenever the Hamiltonian H admits S(0) as a

symmetry.

Let H be the self-adjoint Hamiltonian of the system, generating the time evolution e~
If the system admits S(f) = e as a continuous symmetry, the expectation value of the

evolution group must remain unchanged under the transformation

Y — e 99, (1.73)
for all ¢ € H. This requires that
(Yle™™y) = (e ple™ e Cy) . Yy e M. (1.74)
Equivalently,
lfQp ™1t 7100 — o —itH Vo eR (1.75)

which means that [e7199 e *H] = (0. Tt is easy to show that this implies that

¢""D(Q) = D(Q) (1.76)

and that for all ¥ € D(Q)

SHH Qe itH )y — Qup. (1.77)
Then @ is a conserved quantity (in general unbounded). See [17].

Conversely, if we start from a conserved quantity Q = QF, we can define a continuous

unitary group
S(0) = e™99, (1.78)

which represents a continuous symmetry of the system. This connection between continuous
symmetries of the Hamiltonian H and conserved quantities, found in a quantum mechanical

context, is actually a more general result, related to the Lie-algebra structure, that works
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also in classical mechanics, where it is known as Noether’s theorem [7].



Chapter 2

Robustness of quantum symmetries

against perturbations

In the previous chapter, we introduced the main tools for describing a quantum system: in
particular, we discussed the Heisenberg evolution of observables and defined the conserved
quantities. We showed that conserved quantities are intimately related to the continuous
symmetries of the system. In what follows, we shall use the terms “conserved quantity” and
“symmetry” interchangeably.

In this chapter, we study the long-time stability of conserved quantities against perturba-
tions of the system’s Hamiltonian. We will see that some conserved quantities largely deviate
from their initial value—the fragile symmetries—while others remain close to it—the robust
symmetries. A precise algebraic characterization of these two behaviors will be provided.

We begin by introducing perturbations of self-adjoint operators, with particular attention
to relatively bounded perturbations. Then, we establish a classification of robust symmetries
by analyzing their stability with respect to an arbitrary family of perturbations. In partic-
ular, we address the following question: given a relatively bounded perturbation, which
symmetries remain uniformly stable under the perturbed dynamics?

We will show that each perturbation induces a family of subprojections of the spectral
projections of the unperturbed Hamiltonian. In Theorem 2.3.2, we prove that the robust
symmetries are exactly those that commute with these subprojections. This result will then
be used to study robustness with respect to an arbitrary set of perturbations P. In particular,
when P coincides with the set of relatively bounded operators commuting with a symmetry
of the unperturbed Hamiltonian, the corresponding set of robust symmetries acquires a well-
defined algebraic structure. We will also discuss the case of completely robust symmetries,
i.e., conserved quantities that remain stable under all relatively bounded perturbations, and
we will prove that they are precisely the bounded functions of the Hamiltonian. Finally,

we introduce the concept of Quantum Adiabatic Invariants. The results presented in this

1Strictly speaking, this correspondence holds between continuous symmetries and self-adjoint conserved
quantities. Nevertheless, throughout this thesis the term “symmetry” will also be used to refer to non-self-
adjoint conserved quantities.
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chapter form the core of the work reported in [12].

2.1 Perturbations

First of all, we need to define the notion of perturbation. We are interested in continuous
modifications of the Hamiltonian that preserve its self-adjointness. This requirement is
crucial, as we aim to study the stability of quantum symmetries under perturbations that do
not compromise the unitarity of the evolution. One of the most natural types of perturbations

is the linear one, namely

H(e)=H +¢V. (2.1)

However, the perturbation operator V' cannot be arbitrary. In infinite-dimensional settings,
even if V' is self-adjoint, this does not guarantee that H(e) is self-adjoint. In fact, it may
happen that D(H) N D(V) is not dense in #H, or even trivial.

A well-known class of perturbations that ensures self-adjointness is that of H-bounded

operators, which we define below.
Definition 2.1.1. A linear operator V- on H is said to be H-bounded if
e D(H)C D(V);
e there exist nonnegative constants a,b > 0 such that for all ) € D(H),

IVl < all Hy|| + bl (2.2)
The greatest lower bound ay of all admissible constants a in (2.2) is called the H-bound of
V.

An equivalent condition to (2.2) is given by
Vel < o [ Hy|* + 2 |elI* Vo € D(H), (2:3)

where the constants a’, b’ are in general different from a,b in (2.2).
The Kato—Rellich theorem ensures the self-adjointness of the perturbed Hamiltonian

H+¢eV, provided that V is a symmetric H-bounded operator and ¢ € R is small enough [20].

Theorem 2.1.1 (Kato—Rellich). Let V' be a symmetric and H-bounded operator with H-
bound ay. Then for all ¢ € R such that |e|lay < 1, the operator H + €V is self-adjoint on
D(H).

Proof. To prove the self-adjointness of H + ¢V, we use the standard criterion: it is enough
to show that there exists A € R such that

Ran(H + eV +iM) = H, (2.4)
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provided that H + ¢V is symmetric [10].

Clearly, H + ¢V is symmetric with domain D(H). Since V is H-bounded, there exist
constants a,b > 0 such that

IV|? < a?|Hp||* + V[[¢l]°, Vo € D(H). (2.5)

Now observe that
a*|HY|]” + 0*[|¢||> = [|(aH F ib)y?, (2.6)

so that (2.5) implies
[Vl < |[(aH Fib)yll, V¢ € D(H). (2.7)

Let ¢ = b/a, and fix ¢ € H. Since H is self-adjoint, the operator H F ic is surjective, so
we can find ¢» € D(H) such that

¢ = (H Fic)y. (2.8)
Inverting this, we get
Y= (H Fic) . (2.9)
Plugging (2.9) into (2.7) yields
IV(H Fic)" ol < alll], (2.10)

which implies that the operator By := V(H Fic)~! is bounded with

1B+ < a. (2.11)

Then the operator I — By is invertible for all ¢ € R with |¢|a < 1, and hence maps H

onto itself.

Now, observe that

H+ eV Fic=(I—-¢eBy)(H Fic), (2.12)

so that for all ¢ € H,
¢ =(H+¢cV Fic)a, (2.13)

with
a=(HFic) ' (I—eBs) "¢ (2.14)
Therefore,

Ran(H + €V Fic) = H, (2.15)
and H + ¢V is self-adjoint on D(H). O

FExample 2.1.1. Let H be the Hamiltonian of a one-dimensional harmonic oscillator with
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mass m = 1 and frequency w = 1 on the Hilbert space L*(R),

1
H=-(p"+4° 2.16
5 (0" +2°), (2.16)
with domain D(H) C H?*(R), * where p = —i-L is the momentum operator and & is the

position operator. The Hamiltonian H has a discrete spectrum with simple eigenvalues

1

Let us consider the self-adjoint perturbation
V =p, (2.18)

with domain D(V) = H'(R).
We show that V' is H-bounded and that its H-bound is 0. Indeed for all ¢ € D(H) and
0 > 0, one has

150N = (Bvlpw) = W[p*Y) < (Y] + %))
= 2(Y|Hy) < 2 ||¢|| |Hy|

<& HYI + 5 II@/)II +2[[¢ll [ HY|

(meu i1 ku) (2.19)

By taking the square root, one gets

1
ol < SNl EY + 5 11l (2.20)

for all positive ¢ arbitrarily small. Then

ay = (ISI>1£(5 = 0. (2.21)

Obviously, if a symmetric operator V' is bounded (which is always the case in finite-
dimensional Hilbert spaces), then it is automatically self-adjoint, has H-bound zero, and the

Kato—Rellich theorem applies for all € € R.

2.2 ‘P-robustness

Consider a set P of symmetric operators with H-bound less than 1. Then, H + €V is self-
adjoint for all || < 1 and V € P. We want to classify the symmetries in terms of their

2Here H'(R) denotes the Sobolev space of order /, that is, the space of functions ¢ € L?(R) whose weak
derivatives up to order ¢ also belong to L2(R).
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large-time evolution with respect to the family of perturbed Hamiltonians
H(e):=H+¢€V, ee(—1,1), (2.22)

with V' € P, according to the following definition.

Definition 2.2.1. Let S € {H}' be a symmetry of the Hamiltonian H, and let the set P of

perturbations of H be a set of H-bounded symmetric operators.

e S is P-robust if for all V € P and for all ) € H:

sup H (eit(H+€V)Sefit(H+EV) _ S) wH 0, ase— 0. (2.23)
teR

The set of all P-robust symmetries is denoted with Rp(H). It contains the set Rp(H)

of P-unbroken symmetries, for which e*+eV) Ge=itlH+eV) — g

e S is P-fragile if it is not P-robust, i.e. if there exists a perturbation V € P and a
vector 1) € H such that

limsup |sup || (M V) G it V) _ g ¥||| > 0. (2.24)
e—0 teR

o [fP contains only one element, namely P = {V'}, we say that S is V-robust.

o [f P s the set of all symmetric and H-bounded operators, that s, if S is V-robust
for all symmetric H-bounded perturbations V', we say that S is a completely robust
symmetry. The set of all completely robust symmetries is denoted by R(H ).

it(H+eV) Ge=it(H+eV)y), yemains close, for

In other words, a symmetry S is P-robust if e
small ¢, to its unperturbed value e Se=1Hq) = S for every time ¢t € R, for every possible

perturbation V' € P and for every possible state ¢ € H, that is
HUHHEV) Go=itH+eV) o 5 for |e| < 1,  uniformly in time ¢. (2.25)

In particular, S is P-unbroken if it remains a symmetry of all the perturbed Hamiltonians,
namely e (H+eV) Ge=it(H+eV) — G for all times ¢ € R and perturbations V € P.

On the other hand, S is P-fragile if, however small ¢ is, there is a perturbation V € P
and a vector 1) € H such that e*(H+eV) Ge=itH+eV)y), drifts away from S and their distance
accumulates over time.

In the next section we will study in detail the robustness of a symmetry against a single

perturbation.
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2.3 Robustness against a single perturbation

In order to perform our analysis on the symmetries, we introduce an assumption on the
unperturbed self-adjoint Hamiltonian H: we assume that H has compact resolvent, i.e.
(H — z)~! is a compact operator for some z € C. In such a case the spectrum of H consists

entirely of isolated eigenvalues with finite multiplicity and its spectral decomposition reads

Hy = mPap, V€ D(H), (2.26)

k>1

where {hy}r>1 € R are the distinct eigenvalues of H and {Py}x>; are its finite-rank eigen-

projections:

Pl =P, PP =06uP,, VkL>1 Y Pap=1¢, Ve (2.27)

k>1

A paradigmatic example that can be kept in mind is the Hamiltonian of the (n-dimensional
isotropic) harmonic oscillator. Obviously, if the Hilbert space H is finite dimensional all
Hamiltonians have compact resolvent.

Now we recall an important result on the spectral properties of the family {H(¢)}.c(-1,1)
of perturbations of H [20].

Theorem 2.3.1 (Kato). Let H be a self-adjoint operator with compact resolvent and
spectral resolution (2.26). Let V' be a symmetric operator with H-bound less than 1.
Then,

1. for all e € (—1,1), the perturbed Hamiltonian H(g) in (2.22) has compact resolvent

and its spectral decomposition reads

H(e)p =Y ha(e)Pule)y, Vi) € D(H), (2.28)

n>1

where {hp(€)}n>1 are the eigenvalues of H(g) and { P, (g)}n>1 are its finite-rank eigen-

projections;

2. for alln > 1, the maps € € (—1,1) = h,(c) € R, and ¢ € (—1,1) — P,(c) € B(H),
are analytic, with hy(€) # hm(€) for n #m and £ # 0;

3. the family {P,(0)},>1 is a family of subprojections of {Pg}r>1, namely for alln > 1
there is a unique k > 1 such that P,(0)P, = P,P,(0) = P,(0), so that Ran(P,(0)) C
Ran(Py).

We are ready to give a complete algebraic characterization of all the V-robust symmetries.

Theorem 2.3.2. Let H be a self-adjoint compact-resolvent operator and V be symmetric
and H-bounded. Consider a symmetry S € {H}'. Then
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1. S is V-robust if and only if
(S, P,(0)] =0, foralln>1, (2.29)

where { P,(€)}n>1 are the eigenprojections of the perturbed Hamiltonian H + £V;

2. if V. commutes with H and is self-adjoint, then S is V -robust if and only if S € {V}/,

1.e. S is V-unbroken.

Furthermore, the set of V-robust symmetries

Rivy(H) = {Paf0) 10 > 1Y (2.30)
18 a von Neumann algebra with
{H}" C Ry (H) C{HY}. (2.31)
and, if V= VT,
{H,V}' C Ryvy(H). (2.32)

Remark 2.3.1. In point (i) of the previous theorem the expression V' commutes with H
means that the evolution groups they generate commute, i.e. [e e!*V] =0 for all ¢, s € R.
Clearly in such a case it is crucial that V' be self-adjoint, and not simply symmetric, in order
to define the evolution group generated by V', as well as its commutant {V'}’ (see Chapter 1,
Sec. 1.3).

Remark 2.3.2. In the case under consideration of a pure-point Hamiltonian H the bicommu-
tant {H}"” in (1.52) reduces to the von Neumann algebra generated by the eigenprojections

of H, namely,
{HY' ={P,: k>1}" = {Z ap Py (ag)r>1 € foo}a (2.33)

k>1
where the convergence of the series is in the strong topology.

The symmetries of the Hamiltonian H are the bounded operators which commute with
the Hamiltonian H, or equivalently with (the Abelian von Neumann algebra { H}"” generated
by) the family of its eigenprojections { P }x>1. On the other hand, the V-robust symmetries
are the ones which commute with (the larger Abelian von Neumann algebra generated by)
the subprojections {P,(0)},>1 of {P}x>1 induced by V.

The robust symmetries form a von Neumann algebra: thus the product and the linear
combination of robust symmetries is still robust and so is the (strong) limit of a sequence of

robust symmetries.

Theorem 2.3.2 is a corollary, via Kato’s Theorem 2.3.1, of the following more general
result concerning the stability of symmetries against a broader class of continuous self-
adjoint deformations of H. We refer to such deformations as admissible, and we define them

below.
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Definition 2.3.1. (Admissible deformation) Let H be a self-adjoint operator with purely
point spectrum. Let I be a real neighborhood of 0. Let € € I — H(g) be a deformation of H.
We say that H(g) is an admissible deformation if

1. H(e) =), 51 ha(e) Pu(e)y, for allp € D(H) and all € € I;

2. € = hy(e) are continuous real-valued functions, with h,(c) # hy(g) for n #m and all
eeI\{0};

3. {P.(€)}n>1 is a complete orthogonal family of projections, and there exists a strongly

continuous family of unitary operators U(e) such that

P,(¢) = Ul(e) P,(0)U(e)T foralle € 1. (2.34)

The following theorem generalizes Theorem 2.3.2 to admissible deformations.

Theorem 2.3.3. Let H be a pure-point self-adjoint operator. Let I be a real neighborhood
of 0. Let e € I — H(g) be an admissible deformation of H,

Let S be a symmetry of H, i.e. S € {H}. Then,

sup || (@ Se HE — 8) || -0, ase—0, (2.35)
teR
for all iy € H, if and only if
S e {P,(0):n>1}. (2.36)

When (2.35) holds, we say that the symmetry S is robust against the deformation H(e).

Remark 2.3.3. Here we consider deformations H(e) of a pure-point Hamiltonian H (not
assumed to have a compact resolvent), which are not necessarily of the form (2.22), whence
H(e) are no longer guaranteed to have a compact resolvent. However, their spectrum is
still required to be pure point, but the eigenvalues can have finite accumulation points and
infinite degeneracy. Finally, the eigenvalues and the eigenprojections are only required to be

continuous.

The proofs of Theorems 2.3.2 and 2.3.3 are postponed to Subsection 2.3.3, after proving
two preliminary lemmas. The first one deals with the construction of an eternal block-
diagonal approximation of the deformed Hamiltonian H (¢) in Theorem 2.3.3, which generates
a unitary group commuting with the one generated by H (and then block-diagonal), and
approximating the group generated by H(e) uniformly in time (eternally). The second
lemma regards the splitting of the perturbed evolution of a symmetry in two parts: a fragile

component and a robust one.
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2.3.1 Eternal Block-Diagonal Approximation

Consider a continuous deformation ¢ € I — H(e) of a pure-point self-adjoint operator H, as

in Theorem 2.3.3. For all € € I define the self-adjoint operator

H(e) = UE) HEU(E) = Y ha(e) Pal0), (2.37)

—itH(e)

on the domain U(e)'D(H), and consider the unitary group t + e it generates. We

—itH(e

now show that this group is an approximation of ¢t — e ) uniform in time.

Lemma 2.3.1. Let ¢ — H(e) be an admissible continuous deformation of a pure-point
self-adjoint operator H, as in Theorem 2.3.3. Then, for all Y € H,

sup H (e_itH(E) — e‘itﬁ(5)> wH —+0, ase—0. (2.38)

teR

Proof. Let ¥ € H and t € R, we have that

e — mniny |~ |[(Ule)e  HOU ) - e 1)y
= ||e HEOU ()t — U(e)te HHHE) (2.39)
- [e*itﬁ@,U(g)T]wH (2.40)
- e
< Wie) - Dl + || -me @y, (@24n)

where in the step (2.39) we use the invariance of the norm under unitary operator, in step
(2.40) the fact that the identity operator commutes with everything and in the step (2.41)
the triangular inequality.

Since H(e) is an admissible deformation, by property (iii) of Definition 2.3.1 we have
that ||(U(e) — I)¢|| — 0, as e — 0. Let us consider the second term of (2.41) and the
resolution of the identity applied to 1):

V=" Pu(0)¢.

n>1
For all N € N*, we can write
Y =Y<n + PN, (2.42)
where
N +o0
Yoy =Y _Pu(0), o= > P0), (2.43)
n=1 n=N+1
and

|Ysn|| =0, as N — oo, (2.44)
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since the series has to converge. By plugging (2.42) into the second term of (2.41), we get:

|wE —DeOy|| = |[U() ~De ™ O ey + v
< |we) —ne | + 10 T lwsnll (245)
< | we) —De mOpen| + 2wl
N
< |WE =D OY” RO + 2]
n=1

N
= |D e ™ OU(e) = P(0)| + 2 It vl

=1

< D U () =D P0)] + 2 [[¢s v

where in step (2.45) we have used that
1U(e) =T < [[U@E)Il +1=2, (2.46)

since U(g) is unitary.

Let n > 0, then by (2.44) there is Ny > 0 such that

n
sl < 2,

Moreover, by the strong continuity of € — U(¢), there is € > 0 such that for all € € I, with
le| < g, and for all n =1,..., Ny:

I(U(e) = P (0)y] < 31%,

and
IU(Ee) - Dyl < 7.

Then for all |e| < e¢:
|0 — ety | < Wie) -l + | e) — De |

< NUE) =DY)+ DU E) = DP(0)4] +2[9s o

n n n

< LN 4o
3" %Mf%3

_ ., n. n_
53tz ="

This proves the limit (2.38). O
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Remark 2.3.4. The proof of Lemma 2.3.1 is based on the property

suﬂg H(U(s) —T) e_itﬁ(a)wu — 0, ase—0, Vi € H. (2.47)
te

For this property to hold the assumption of pure-point spectrum of H(e), and thus of H(e),
is crucial. Indeed, if the Hamiltonian has a pure-point spectrum, the orbit of a generic ¢ € H
has a compact closure (see e.g. [17]). In such a case a vector, during its evolution, spends
most of the time, apart a small error uniform in time, in a finite-dimensional manifold. Then
the operation of taking the supremum over time does not span the full Hilbert space, but
just a finite-dimensional submanifold, where (2.47) is trivially satisfied because of the strong
continuity of {U(g)}.e;. On the other hand, when the spectrum is not pure point such

property is not in general satisfied.

2.3.2 Fragile and robust components of a symmetry

In the following lemma we split the evolution of a symmetry with respect to the perturbed

dynamics in two parts: a fragile component and a robust one.

Lemma 2.3.2. Let H and H(c) be as in Theorem 2.3.3 and H(e) be as in (2.37). Let
S € {H} be a symmetry of the Hamiltonian H. Define for alle € I andt € R

Alt,g) = etHE) [S, e—itH(s)} 7 (2.48)
B(t2) i ) [S, oitH () _ e—itH(e)} 7 (2.49)
so that
eltH (e) Go—itH(e) _ g — A(t,e) + B(t,e). (2.50)
Then for all ¢ € H,
sup [[B(t. )¢ =0, ase 0. (2:51)
teR

Remark 2.3.5. As Eq. (2.51) makes clear, the operator B(t, ) describes a robust component
of the perturbed evolution of S. Indeed, its contribution is negligible, uniformly in time, for
e sufficiently small. On the other hand, as we will see, A(t,¢) is responsible for a possible
non-negligible divergence of the symmetry from its initial value. For this reason it represents

a fragile component of the evolution of S.

Let us prove Lemma 2.3.2.
Proof. Let e € I, t € R, and ¢ € H, then

eitH(s)SefitH(s) -5 = eitH(s) [S, efitH(s)}
QitH () [ s, e—itl}(e)i| 1 GitH () [ S, e itHE) _ o—ith ()
= A(t,e) + B(t,e).



2.3. Robustness against a single perturbation 29
Moreover,
HB(t,é‘)@bH _ eitH(a) [547 e—itH(a) . e—itﬁ(a)] w”
_ [ S, e itH(E) _ efitfl(s):| wH
< s (e—itH(e) _ e_itﬁ(e)> wH I H <e—itH(s) _ e—itﬁ(s)) S¢“
< ||S|| H (e—itH(e) . e—itH(e)) wH + H <e—itH(a) _ e—itﬁ[(a)) S’g/)” )
Thus, by using Lemma 2.3.1, we get the thesis (2.51). O

2.3.3 Proof of Theorems

We are now ready to prove the two main theorems of this section. We start with Theo-

rem 2.3.3, and then we will prove Theorem 2.3.2.

Proof of Theorem 2.3.3. We want to prove that if S is robust against the admissible de-
formation H(e), namely if (2.35) holds, then S commutes with P,(0) for all n > 1. We

prove the negation of such implication, namely we assume that there exists n > 1 such that

[S, P,,(0)] # 0 and show that this implies that S is fragile, i.e. (2.35) does not hold.
Since [, P,(0)] # 0, there exists an integer m # n such that P,,(0)S

P,(0) # 0 or

P,(0)SP,,(0) # 0. Let us assume, for definiteness, that the first inequality holds, and thus

that there exist two unit vectors v, € P,(0)H and v, € P,,(0)H, such that

(Y [ Stn) # 0

Let e € I and t € R. By Lemma 2.3.2 we have that

H (eitH(s) Se—ltH

with

On the other hand, by

[A(E; €)¢onl

¢n” = ||(A<t,€)+B(t,6))@/)nl|

> A €)dnll = 1B(E e)¢nlll

sup ||B(t, )] — 0, ase— 0.
teR

(2.48),

— eitH(s) |:S —itH(e ] wn

_ <eltH £) Go—ith(e ) n
_ < itH (e) githn(e) _ )1%

<¢’ <eitf{(s) —ithn(e) _ ) ¢n>

= sup
ll$ll=1

Y

_ H[ 7e—itﬁ(6)i| on

where we made use of H(£)1),, = hy (). By using the properties of the supremum and the
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equality H ()t = Ry (), We get

JAG 2l 2 | | (&0 E>Se nl®) _ §) )
eilhn(E)-n (@) 1} l ¢m |0

sin <t<hm<€> = )\ (| S}

= 2

2

Now,

sup

for all e € I'\ {0}, by property (i7) in Theorem 2.3.3. Therefore,

lim inf sup || (e ith(e) ge—ith(e) — 8) || = 2[(dm | S¥n)| # 0,
e—0 teR
and S is fragile against the deformation H (¢).
Now we prove the converse implication. Suppose that [S, P,(0)] = 0 for all n > 1. Then
we get that A(t,e) =0 for all e € [ and ¢t € R. Therefore, by using Lemma 2.3.2, we have:

sup H( iLH(2) go=ith(e) _ S) wH =sup ||B(t,e)y|| — 0, ase— 0,
teR teR

for all ©» € H, i.e. S is robust against the deformation H (). O
We end this subsection by finally proving Theorem 2.3.2.

Proof of Theorem 2.3.2. The theorem is a corollary of Theorem 2.3.3.

In order to prove (i), we will prove that H(e) = H+¢V is an admissible deformation of H,
that is, we will show it satisfies the properties of the Definition 2.3.1. This is a consequence
of Kato’s perturbation Theorem 2.3.1.

Indeed, the property (i) of Definition 2.3.1 is the spectral resolution given in Theo-
rem 2.3.1(7).

Moreover, by Theorem 2.3.1(74), € — h,,(¢) are analytic for e € (—1,1) and h,,(g) # A, ()
for n # m and ¢ # 0. Therefore, they are continuous and there exists an interval I C (—1,1)
with 0 € I such that h,(g) # hp(¢) for e € I'\ {0}, and (i7) of Definition 2.3.1 is satisfied.

It remains to prove that Definition 2.3.1(4i7) holds too. For all € € (—1,1) consider the

= Pu(e)P,(0

n>1

operator

implementing the following transformations between the spectral projections P,,(¢) and
P, (0): for all m > 1
W(e)Pn(0) = P(e)Ppn(0) = P(e)W (e).

In general W (e) is not a unitary operator. However, following Kato |20, Secs. 4.6 and 6.8|,
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we can define the operator

where
Ry(2) = (Pu(e) — Pa(0))?
and o
(I— Rn(e))" V% = Z (_j/ )Rn(s), (2.52)

which is well defined for ||R,(g)|[<1. The operator R,(¢) commutes with both P,(¢) and
P,(0). Indeed

Rn(e)Pa(0) =

+
Po(e)Pn(0) + Pu(0) — Pu(e) Pu(0) — P, (0) Py (g) Pa(0))
— Py(0) = Py(0) (=) P (0)

(0)F(€) Pa(0) = F(0) Pu(e) + F(0) Pa(e)

By proceeding in the same exactly way, one can show that R, (¢)P,(¢) = P,(¢)R,(¢). It is

possible to prove now that U(e) is a unitary operator. Indeed
U@E)U() = Y Pa(0)Pu(e)(I = Ru(2)) /(L= Ryn(e)) /2 Pu(€) P (0)

= Z(H - Rn(5)>_1/2(]1 - Rm(g))_1/2Pn(0)Pn(5)Pm(5)Pm<O)

n,m

= Y (I Ru(2) ' Pu(0)Pu(e) P 0),

n>1

where we have used the fact that R,(¢) commutes with both P,(0) and P,,(¢) and the
orthogonality of {P,(¢)}. We can show now that

(I — Ro()) L P(0)Po(e) P, (0) = Po(0), (2.53)

which is equivalent to
P,(0)P,(e)P,(0) = (I — R,(¢)) P, (0). (2.54)
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Let us evaluate the right hand side of the previous equality.

([ = Ru(€))Pu(0) = (T—(Pu(e) — Pu(0))*) Pu(0) (2.55)
= (I—P,(e) = Po(0) + Po(c)Pn(0) + P, (0)Pu()) Po(0)  (2.56)
= Po(0) = Po(€)Pn(0) 4 Po(e)Pn(0) + Po(0)P,(2) P, (0)  (2.57)
= P,(0)P,(e) P, (0). (2.58)

Then
Ue)'U(e) =Y Pal0) =1, (2.59)

n>1

since the P,(0)’s form a resolution of the identity. Similarly, one can obtain U(e)U(e)" = L.

Then U(e) is a unitary operator. Furthermore,
U(e)P,(0) = (I — R, () 2P, () P,(0) = P, ()U(e) (2.60)
Then, since U(e) is a unitary operator, we have
P,(e) = U(e)P,(0)U(e)'. (2.61)
It remains to prove that U(e) is strongly continuous at € = 0, that is,
lig(l) |(U(e) —D)y|| =0, for all ¢ € H. (2.62)

Let ¢ € H. Using the resolution of the identity associated with the family {P,(0)},>1, we

write

Y= P.(0)¢, (2.63)

n>1

with convergence in norm. For every N € N*, define

N 00
Yoy =Y _Pu(0)y,  doyi= > P0), (2.64)
n=1 n=N+1

so that
Y =Yy + Usn. (2.65)

Since the series converges, we have

[ nd U (2.66)
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We now estimate

IV () ~ Dl < [(U(e) = Dbenll + U () — Do (2.67)
< IW(E) = DPO)E] + 2| (2.68)

Using the definition

we obtain

(U(e) = DPu(0)y = [(L = Ru()) ™ *Pu(e) Pa(0) = Po(0)] . (2.69)

By Kato’s theorem 2.3.1, both P,(¢) and R, () := (P,(¢) — P,(0))? depend analytically on
e, and hence

[[(T = Ru(€)) /2 Pu() Pa(0) = Po(0)] ¥]| — 0. (2.70)

e—0

Therefore, for every n > 0, there exist £ > 0 and Ny € N such that for all || < ¢ and
1 S n S N07
[~ Bu(e) 2 Pale) Pa0) = PuO)] 0] < 53 (2.71)
and

n

sl < 2. 27

Then, for all such e, we conclude

No
n n_n. n
“(U(g)_]l)wnSZTM"‘Q‘Z:E'FE:U, (273)
n=1

which proves the desired strong continuity.

Therefore, H(¢) = H + ¢V is an admissible deformation of H and by Theorem 2.3.3 one
gets (7).

Now we prove (ii). Since V and H commute and are both self-adjoint, we have that for
alle € I and t € R:

eitH(a) _ eit(H—i-EV) _ eitHeitaV _ eitaVeitH'
Hence for all ¢ € H
sup H (eitH(s)Se—itH(a) . S) ¢H = sup || (eitaveitHSe—itHe—itSV . S) ¢H
teR teR
= sup || (eitsVSe—iteV o S) w”
teR
= sup H (ei‘rVSefiTV o S) wH
TER
— a6 ]
TER
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which is e-independent and vanishes for all ¢ if and only if S € {V}'.

The last assertion is a direct consequence of (i) and definition (1.50), by noting that in this
case the bicommutant of H is the von Neumann algebra generated by the eigenprojections
P,, and that {H,V}' = 7A2{V} is the set of V-unbroken symmetries. ]

Remark 2.3.6. According to Definition 2.2.1 a symmetry S € {H}' is V-fragile if

lim sup sup || (eHHHV) GemitlH ) _ g ¥[| >0, (2.74)
e—0 teR
for some 1) € H. However, looking at the proof of Theorem 2.3.3, one gets that S is V-fragile
if and only if

lim inf sup H (eit(H+£V)Se_it(H+EV) ) wH > 0, (2.75)
e—=0  teRr

for some ) € H.

2.4 ‘P-robustness and complete robustness

In Section 2.3, we have studied in detail the set of the symmetries robust against a single
perturbation. In this section we want to characterize the set of the symmetries robust against
an arbitrary set P of symmetric H-bounded perturbations.

As a consequence of Theorem 2.3.2 we have the following result:

Theorem 2.4.1. Let P be a set of symmetric H-bounded perturbations and S € {H}' be a
symmetry of the Hamiltonian H. Then, S is P-robust if and only if

(S, PY)(0)] =0, foralln>1andV €P, (2.76)
where {P,&V) (€) }n>1 are the eigenprojections of the perturbed Hamiltonian H+¢cV. Therefore,

Rp(H) = (| Ryvy(H), (2.77)
Vep

with Ryvy(H) = {P}LV)(O) : n > 1}, is a von Neumann algebra of bounded operators

containing the bicommutant {H}".

As in the case of a single perturbation, the set of robust symmetries Rp(H ) forms a von
Neumann algebra, thus it is closed with respect to the algebraic operations, as well as to
taking the adjoint and taking strong limits. However, for a generic set P of perturbations
Rp(H) is no longer the commutant of an Abelian algebra and has a more complex structure,
which depends on P.

In the following two subsections we will look at the fine structure of the set of robust
symmetries in the mathematical (and physical) interesting situation where the set of pertur-

bations has itself a natural algebraic structure.
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2.4.1 Symmetry-restricted perturbations

We want to analyze some interesting classes P of perturbations of the Hamiltonian H. There
are plenty of physical situations where, by fundamental reasons, the dynamical laws of the
system must be invariant under some symmetry group. Paradigmatic examples are given
by the isotropy of space which implies rotational symmetry, or by the principle of relativity
which implies relativistic invariance, etc. Those protected symmetries restricts the class of
possible dynamics and thus of possible Hamiltonians H and their perturbations P.

Let us consider n protected Hermitian symmetries Jy, Ja, ..., J, € {H}’, that in general
are not assumed to commute among themselves. In the above physical examples, these can
be, e.g., the generators of the rotation group, or, in relativistic systems, of the Lorentz group.

What happens when the set of perturbations is made by the Hermitian operators of
{J1,Joy ..., J,}'? This is exactly the largest set of perturbations that leave the above n
symmetries unbroken. We are going to prove that the set Rp(H) of robust symmetries
against this kind of perturbations has a very nice algebraic structure.

We first consider the situation of a single protected symmetry. Let J € {H}’ be a
Hermitian symmetry of H and consider as set of perturbations P = {J}}, the Hermitian
elements of the commutant of J, which is the largest set of perturbations which keep J
unbroken. This would be, for example, the case of a system with cylindrical symmetry
where, say, J = J, is conserved. In such a case the set of robust symmetries (against this

kind of perturbations) acquires the algebraic structure of a bicommutant.

Lemma 2.4.1. Let H be self-adjoint with compact resolvent and J € {H}' be a Hermitian
symmetry of H. Let P = {J}},, where {J}} are the Hermitian elements of {J}'. Then, a
symmetry S € {H} is P-robust if and only if S € {H, J}", where

(H,JY' ={Q) : k>1}" (2.78)

15 the bicommutant of H and J, with Q)i being the common eigenprojections of H and J.
Therefore,
Rp(H)={H,J}" (2.79)

Proof. We start by proving that if S is a P-robust symmetry then S € {H, J}".

Notice first that, by von Neumann’s bicommutant theorem

(H DY ={Q : k>1} = {Zaka : (ag)rs1 € em}, (2.80)

k>1

where the convergence of the series is in the strong topology. Consider perturbations in
V =Vte{H,J}. Then V¢ = > i1 QeV @i, for all ¢ € H. Since V' commutes with H,
by Theorem 2.3.2(i7), we get that

(S, V]=0, forallV=V'e{H J}. (2.81)



36 2.4. P-robustness and complete robustness

By choosing V' =}, ., (1/k)Qy we get

S = QrSQs

k>1

in the strong topology. By choosing for any k > 1 the perturbation in the form V = QW Q.
with arbitrary W = WT we get

[QkSQk, QkWQk] =0, forall W= wi S B(H),

which gives, according to Schur’s lemma, Q;SQr = spQk, for some s, € R with [sg| < [|S]].
We conclude that

S = ZSka S {H, J}”.

k>1

Now we prove that if S € {H,J}" then S is a P-robust symmetry, with P = {J}}.
According to (2.80), there is a sequence (si)r>1 € £ such that

S = Z Skaa

k>1

in the strong topology.
Let us fix a perturbation V' € {J}}. Since both H and V commute with J, then the
same has to be true for H(¢) = H + ¢V, with ¢ € I. This clearly means that

[Qk, Pu(e)] =0,

fore € I, ¢ # 0 and n,k > 1. By taking the limit ¢ — 0 and by using the continuity of
P,(g), we get
[Qr, Fr(0)] = 0.

Thus, for all n > 1 and ¢ € H,

(S, Pa(0)] ¥ = sk [Qr, Pa(0)] 00 = 0,

so that S is V-robust by Theorem 2.3.2(i7). By the arbitrariness of V' we get the thesis. [

We are now ready to tackle the generic situation of an arbitrary family of protected

symmetries.

Theorem 2.4.2. Let H be self-adjoint with compact resolvent. Let P = J;, with J C {H}),

being a family of Hermitian protected symmetries of H. Then
Rp(H)=({H}UJ)". (2.82)

Proof. We are going to prove the double inclusion. First of all let us prove that Rp(H) 2
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(LY
Let Py = {J}}, for J € J. Since P = J; = (,c; Ps, every Pj-robust symmetry is also
P-robust, that is

U Re, (H) € Rp(H).
JeJg

Now, by the previous theorem we get that Rp,(H) = {H, J}", whence

UJ{H, 7} S Rp.
JeJ
Taking the bicommutant of both members, considering that Rp is a von Neumann algebra,

ie. R, =Rp , we get

(U, J}”)" C Rp.

JeJ

By using the properties of the bicommutant we can compute the left hand side
" " "
(Utmy) = (U y) =qHyug)’
Jeg Jeg

Then we have proved that
{H}UJ)" € Rp.

Now we are going to prove that Rp C ({H} U J)". Consider S € Rp. We have to show
that [S,B] =0, for all B € ({H} U J)". Let us decompose B as

B =V +iVy,

where

9 =

B + Bt B — Bt
Vi = Vi .
! 9 21

Since H and J € J are self-adjoint operators, ({H} U J)" is a von Neumann algebra. Then
since B € ({H}UJ)', also Bf € ({H}U J) and then V; € ({H}U J), for i = 1,2. Then,
since S is P-robust and Vi, V5 € P commute with H, by Theorem 2.3.2(ii) we have that

[Sv Vﬂ = [S, ‘/2] =0,

that is [S, B] = 0. Therefore,
R'P C ({H}UJ)”7

and the theorem is proved. O]

2.4.2 Completely robust symmetries

Finally, we provide a characterization of the completely robust symmetries of H, that are

robust against unrestricted perturbations.
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Theorem 2.4.3. Let H be self-adjoint with compact resolvent. Let S € {H}' be a symmetry
of H. Then S is a completely robust symmetry if and only if S € {H}", where {H}" is the
bicommutant (2.33) of the Hamiltonian H. Therefore,

R(H) = {H)". (2.83)

Proof. 1t follows from Lemma 2.4.1 with J = L. O]

The characterization of completely robust symmetries as the elements of the bicommutant
of H, that are the bounded functions of the Hamiltonian, was proved in [11] for finite-
dimensional quantum systems. Theorem 2.4.3 generalizes this result also to unbounded

Hamiltonians with compact resolvent in an infinite-dimensional Hilbert space.

The extension of the validity of this characterization to unbounded Hamiltonians could
have been anticipated. Indeed, heuristically, the long-time dynamics is expected to be unaf-
fected by the ultraviolet (i.e. high energy) behavior of the Hamiltonian. And the assumption
of compact resolvent, which allows the application of Kato’s perturbation theorem and en-
sures the stability of the pure-point spectrum, is an infrared (i.e. low energy) condition on

the spectrum of H.

2.5 Quantum adiabatic invariants

When the Hamiltonian of a quantum system is continuously deformed, a symmetry is in
general no longer a conserved quantity with respect to the perturbed dynamics. However, if
a symmetry is robust against the perturbation, it is possible to continuously deform it and

obtain a new symmetry of the perturbed dynamics, called an adiabatic invariant.

Theorem 2.5.1. Let H(e) be an admissible deformation of H as in Theorem 2.3.3 and let
{U(€)}cer be the corresponding strongly continuous family of unitary operators. Let S € {H}'
be a robust symmetry against the deformation H(e). We define for all e € 1

S.:=U(e)SU(e)'. (2.84)

Then S. is a symmetry for the system with Hamiltonian H(e), i.e. S. € {H(e)}, for all
eel.

Proof. Let € € I. Since S is a robust symmetry, according to Theorem 2.3.3, S commutes

with all the projections { P, (0)},>1, hence S commutes with H () in (2.37). Moreover, since
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H(e) = U(e)H(e)U (), then

GHHE) g omitH(E) — HHE 7 () ST () e HHE)
Ul(e)e O ge tHE (£)f
U(e)SU(e)!
S,

£

O

Remark 2.5.1. Equation (2.84) is just one possible definition of an adiabatic invariant. In-

deed, it is enough to define for all ¢ € I
S. .= U(e)S.U(e)T, (2.85)
where S. is any operator in { H(¢)}’ such that
Sap — S, ase—0, Vi) € H. (2.86)

Such construction works if and only if S is a robust symmetry. This suggests an alterna-
tive definition of a robust symmetry: S is robust against the continuous deformation H(¢) if
it can be continuously deformed in such a way it is conserved with respect to the perturbed
dynamics generated by H (¢).

From this point of view a robust symmetry can be viewed as a symmetry which is not
broken by the perturbations, but instead is only bent by them. In classical mechanics this

is indeed the way in which one defines the invariant KAM tori [21].



Chapter 3

Wandering range of Quantum Adiabatic

Invariants

In the previous chapter, we defined robust symmetries against perturbations and provided
a precise algebraic characterization for admissible deformations of the unperturbed Hamil-

tonian.

In this chapter, we introduce the concept of the wandering range of a robust symmetry.
Roughly speaking, this quantity measures the maximal deviation of a given robust symmetry
throughout the entire perturbed evolution. It depends on the strength e of the perturbation
and vanishes as ¢ — 0. However, in general, this dependence is not linear in ¢, as will be

illustrated by an explicit example.

We then address the following question: under which conditions is the wandering range
of a robust symmetry linear in the strength of the perturbation? This behavior may clearly
depend on the specific symmetry under consideration, on the nature of the perturbation,

and/or on the particular state on which the wandering range is evaluated.

In the first part of the chapter, we study the wandering range on eigenvectors of the un-
perturbed Hamiltonian and for finite-rank symmetries. In both cases, we show that—under
the assumption of admissible perturbations and an additional technical hypothesis—the

wandering range is of order ¢.

In the final part, we examine the wandering range of completely robust symmetries
under bounded perturbations. Also in this setting, we find that the wandering range is of
order €. Remarkably, in this case, it is not necessary to assume admissible perturbations:
it is sufficient for the unperturbed Hamiltonian to have a purely point spectrum with a
spectral gap, without imposing any specific condition on the spectrum of the perturbed
Hamiltonian [14].
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3.1 Wandering range and adiabatic invariants

According to Definition 2.2.1, a symmetry S is V-robust if, for all ¢ € H:

1t(H+aV) Se—zt (H+eV)

dmiev(S; @) = sup H ng — 0, ase—0. (3.1)

teR

Here we want to discuss the speed of convergence of the above limit.

For this purpose it would be useful to have an explicit upper bound of the divergence
duvev(S; @), which physically represents the wandering range of the perturbed evolution of

it(H+eV) Sefit(Hﬂ:‘V)

the symmetry e around its unperturbed evolution S.

For finite-dimensional systems the following uniform bound for robust symmetries holds:

14vdA||V]||S
sup Hezt H—‘raV)S —it(H+€eV) _ SH < \/_H |||| ” |5|7 (32>
Ui

teR

where d is the number of distinct eigenvalues of H and 7 is its minimal spectral gap [11].

A natural question arises from the bound obtained for finite-dimensional systems: given
a V-robust symmetry S € {H} and a unit vector ¢ € H, one can ask whether it is possible
to find a constant C, > 0 and €, € (0,1) such that for all € € (—¢7,¢}):

sup || 1t(H+sV)Seflt (H+eV) ()OH < C |€| (33)
teR
Or, even more, whether the above bound holds in operator norm, i.e. for positive C' and *
independent of ¢. If this were the case, one would have that the wandering range d v (S; ¢)

of the robust symmetry S is of O(e) (and uniformly in ¢ for a bound in operator norm).

The answer to the above question is negative (when H is infinite-dimensional): in general,
the convergence (3.1) is not uniform in ¢ (with ||¢|| = 1), and hence it does not hold in
the operator norm. Moreover, there exist vectors ¢ such that the wandering range is of
order O(|e|”), with v > 0 arbitrarily small. This behavior is reminiscent of the phenomenon

of Arnold diffusion in classical mechanics [22]. This is illustrated in the following example.

FExample 3.1.1. Let H be the Hamiltonian of a one-dimensional harmonic oscillator with

mass m = 1 and frequency w = 1 on the Hilbert space L*(R),

1
H = 2 (p* + %), (3.4)
with domain D(H) C H*(R), where p = —i-L is the momentum operator and & is the

position operator. The Hamiltonian H has compact resolvent and its spectrum is discrete

with simple eigenvalues

1
hn:n+§, neN (3.5)
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and normalized eigenfunctions

1 1\ e
bule) = m(ﬁ) 12 H, (z), (3.6)

where H,(x) are the Hermite polynomials.

Let us consider the self-adjoint H-bounded perturbation (see Example 2.1.1)
V =p, (3.7)
with domain D(V) = H'(R).

For all € € R the perturbed Hamiltonian reads

2

H(e)=H+eV = % (p* + 2% +2ep) = = ((p+e)* + %) — %11, (3.8)

1
2
with domain D(H (¢)) = D(H), that is the Hamiltonian of a harmonic oscillator with shifted

momentum, with spectrum
hn(e) =h,— =, neN (3.9)

and eigenfunctions

Vn(m,8) = e 1y, (2). (3.10)

An easy computation shows that the family of unitary operators {U(e)}.cr in Lemma 2.3.1
is given by
Ule) =e“*, e€R. (3.11)

Indeed, by using the Dirac notation, since the eigenvalues are non-degenerate,

Po(e) = [u(@,€)) (Wu(@, )| = 7 [t (2)) (Yn(@)] 7 = 7 B (0)e', (3.12)

where we have denoted with P,(¢) and P, (0) the spectral projections of H(e) and H respec-
tively.!
Then, the eternal block-diagonal approximation (2.37) reads

_ 2

H(e) = e H()el = H — %H. (3.13)

This means that H and H (¢) share the eigenprojections for all £ € R, hence all the symme-
tries of H are V-robust, namely for all S € {H}’ and for all ¢ € L*(R),

Sr(e)(S;9) = sup H(eitH(s)Se’itH(e) — S| =0, ase—0. (3.14)

teR

n general P,(0) do not coincide with the projections of the unperturbed Hamiltonian. However, this
is true when there is no degeneracy.
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We want to construct a (robust) symmetry S of H and a vector ¢ of the Hilbert space
L*(R) such that (3.3) is not true. Consider the following symmetry of H

I—-1I
§=—— (3.15)

where II is the parity operator, Il¢)(z) = ¢ (—=x), for ¢» € L*(R). Notice that the parity

operator can be written in the following way:
I = ie ™, (3.16)
Indeed since {¥,(z)},>0 form an orthonormal basis for L?(R), we can write

Y(x) = cnthu(x) (3.17)

n>0

for every ¢ € L*(R). Then, by recalling that

(g ) (2) = (=1)"¢n(2), (3.18)

we have

() (x) = Y ealllihn) (@) = Y (=1)"cathn() (3.19)

n>0 n>0

=3 e e (z) =1 Y e ey, (2) (3.20)
n>0 n>0

= iZe_ih"”cnwn(as) = (ie7™y) (). (3.21)
n>0

Consider now the family wave functions

1

m, T € ]R, (322)

Ya(x) =
with o > 1. Since S, = 0, we have that for all € € R:

sup H (eitH(s)SefitH(s) o S) waH = sup HSefitH(s)waH
teR teR

. A s _ 2 s ~
— sup Hselaxe it(H—e /2)e 1sx¢aH
teR
= sup HSelszefltHeflsxwaH
teR
> S iex —imH  —ieZ
> |[See ™ e ),

= || -iSe* ey, ||, (3.23)
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where in the last equality we used (3.16). For all € € R,

(- 1S e~ laxzﬂa) = (- 1SemH)( mwa(a:))
= (—15e"") (e ¢y (x)) (3.24)
= (- )(GQIEWa(x)) (3.25)
- (3.26)

= sin (2ex)Yo (), = €R,

where in (3.24) and (3.26) we have used that ¥, (—z) = ¥, ().
Then, we have that

H—iSeiE”ACHe’i"ﬁ”waH2 = /Rsin2 (2ex) \wa(x)\2 dr = / ?1111_1_(;32)3)
a1 sin? (2x)
= —dx
€ / (e2 +22)2

a-1 [ sin® (2z)
> |l /(1+x2)0‘ : (3.27)

where the last inequality is true for |¢| < 1. Therefore, for all € € (—1,1):

Or(e)(S;%a) = sup || iLH(2) go—ith(e) _ S) waH > ca\el%l, (3.28)

teR

Co = (/ (Sllri—(i@dx> 2 < 400, (3.29)

because o > 1. Therefore, (3.3) cannot hold if o € (1,3). In fact, the speed of convergence

where

can be arbitrarily slow for a ~ 1.

This example also shows that the convergence cannot be in operator norm. Indeed, since

Ca/lall = 1/V/2, as a | 1, then

sup HeltH Se™ itH(e SH > HemH Sefin(s) . SH
teR

> sup || (eiﬂH(s)S —imrH (e ¢a H

||wa|| > 5 6

We would like to see now, in which cases instead, the wandering range has a linear

dependence on ¢ and when the uniform topology can be used.

This can depend on several factors: on the particular state on which the wandering
range is evaluated, on the symmetry under consideration, or on the chosen perturbation.
In the following sections we analyze three specific cases: when 1 is an eigenvector of the

unperturbed Hamiltonian H, when the symmetry in question is of finite rank, and when the
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perturbation is bounded.

3.2 Eigenvectors of the Hamiltonian and finite-rank sym-

metries

Let H = H' be our unperturbed Hamiltonian. As usual, we assume that it has a purely

point spectrum. Its spectral decomposition reads

Hy = mPap, V€ D(H), (3.31)

k>1

where {hy}r>1 C R are the distinct eigenvalues of H and { Py }x>1 are its spectral projections:

Pl =P, PP =06ub, Vk(>1, Y Pu=1, VpeH (3.32)

k>1

In the following theorem we will show that for particular states and /or particular symmetries,
the wandering range is of order e. We will consider an admissible deformation of H, defined

in 2.3.1, by adding a particular regularity condition on the operators U ().
Theorem 3.2.1. Let H be a self-adjoint operator with purely point spectrum, and let H(e)
admissible. Assume that for all n > 1, there exists C,, > 0 such that
1(U(e) =D P(0)]] < Crle]®, (3.33)
for e sufficiently small and some o > 0.
Let S be a robust symmetry for H(e). Then the following statements hold:
(i) If ¢ € H is an eigenvector of H, belonging to an eigenspace of finite dimension, then

there exist €y € (0,1) and Cy > 0 such that for all € € (—ey,ey):

sup ||(e ith(e) G ith(e) S| < Cyle]; (3.34)

teR

(i) If S is a finite-rank operator, then there exist €* € (0,1) and C' > 0 such that for all
£ € (—e*,€e):
sup HeltH ) GeitH(E) — 5[] < Cle|*. (3.35)
teR

Then, we have a linear wandering range when the property (3.33) is satisfied with « > 1.

Proof. The proof of (i) is based on the following claim:

sup || (e Se " HE) — SYP,(0)]| < 4|S| Cy el (3.36)

teR

where C,, is the positive constant of (3.33).
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Let us introduce the following family of self-adjoint operator

H(e) = Ue) HEUE) = Y hale) Pal0), (3.37)

which we referred to in the previous chapter as the eternal block-diagonal approximation of

H(e).

Since S is robust against H(e), according to the Theorem 2.3.3, [S, P,,,(0)] = 0 for all
m > 1. Hence [S,e ™(®)] =0 for all t € R and ¢ € I. Therefore, for all t € R and ¢ € I

|| (eitH(s)SefitH(s) . S)Pn(()) H _ HeitH(s) |:S, efitH(s)} Pn(O) ||
— H |:517 e—itH(a) . e—itﬁ(a)i| Pn(O)H

< 2|I8|| H (e—i“ﬂa) - e_itH(E)> Pn(())H (3.38)
< 4[S[[I(U(e) = 1) P, (0)]] (3.39)
<4S|Cplel- (3.40)
where in (3.38) we used that
H(e) = U(e)H(e)U(e)' (3.41)

and in (3.39) we have applied (3.33).

Now we prove (7). Since v is an eigenvector of H there is k > 1 such that ¢ = Py.
Since, by hypothesis, P, has finite rank, there exist 1 < d; < oo such that

Y =P = P.(0), (3.42)

n=1

where we have used that the P,(0)’s form a family of subprojections of the Py’s.

Then
dy,

sup H(eitH(a)Se_itH(a) — S)@Z)H < Z H(eitH(a)Se_itH(E) — S)Pn(O)@Z)H ) (3.43)
n=1

teR

Hence, the bound (3.34) follows immediately by (3.36), with

di.
Cy = 4|18 ¢l Y Cn. (3.44)
n=1

Now we prove (iz). Since S is a finite-rank robust symmetry, then there is d > 1 such that

S=> Pu(0)SP,(0).

m=1
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We have that for all ¢t € R:

H(eitH(a)Se—itH(a)) _ S)H _ H [S, omitH () _ e—itf[(a)] H

< HS <efitH(s) _ efitfl(s)) H 4 H (efitH(s) _ emﬁz@)) SH _

Therefore,

d
sup H(eltH(s)SefltH(s) . S)H < 2“5” Z sup H (efltH(s) . efltH(s)> Pm(O)H
teR “— ter

<481 S W) 1) Pa(0)].

hence (3.35) follows immediately by (3.33), with

d
C=4)51Y Cn (3.45)
m=1

The previous theorem implies the following corollary for linear perturbations.

Theorem 3.2.2. Let H be a self adjoint operator with compact resolvent. Let V' a H-bounded

perturbation and S be a V -robust symmetry. Then the following propositions are true:

(i) if ¥ € H is an eigenvector of H, which belong to an eigenspace of finite dimension,
then there is ey € (0,1) and Cy > 0 such that for all e € (—ey,ey):

Su]}g H(eit(HﬁeV)Sefit(HJrsV) _ S)z/;H < Oy lel; (3.46)
te

(i) if S is a finite rank operator, then there is €* € (0,1) and C' > 0 such that for all
€ € (—e*,e*):
sup [[eHHeV)Ge HHTV) _ || < C'e]. (3.47)
teR

Proof. In order to prove the theorem, we need to show that H(e) = H + €V satisfies the
hypotheses of Theorem 3.2.1, namely that it constitutes an admissible deformation fulfilling
condition (3.33), with & = 1. We have already shown in the previous chapter that H(e) is
indeed an admissible deformation of H; therefore, it remains to verify that condition (3.33)

holds. Let us recall that, in this case, the operator U(e) is given by
U(E) = Z(H - Rn(g))_lﬂpn(e)Pn(O)a (348)

n>1

where R,(c) = (P.(¢) — P,(0))
have already proved that U(e) defines a family of unitary operators satisfying P,(¢) =

and P, (e) denote the spectral projections of H(g). We
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U(e)P,(0)U(e)". Tt remains to prove (3.33), with a = 1. We have

1(U(e) =T) Pu(0)[| = [|(T— Ru())™"/?Pu(e) Pa(0) — Pa(0)|| (3.49)
< [T = Ru()) 2 Pu() Pa(0) — Pa(e) P (0) (3.50)
+ (| Pa(e) Pa(0) = Pa(0) (3.51)
< ||Pa(e) = Po(0)]| + ||(1 = Ru(e)) % —1J|. (3.52)

According to Kato’s Theorem 2.3.1, the projections P,(¢) depend analytically on € and, in

particular, are differentiable. Hence, there exist constants k, > 0 such that
[Pa(e) = Pa(0)]] < Kalel, (3.53)

for all sufficiently small ¢.

Let us consider now the norm
(I — R,(e)"2 —1]. (3.54)

By considering the Neumann series for (I — R, (¢))~"/? and by applying the triangular in-
equality, we get
(T = Ru(e)™2 = 1|| < dn |, (3.55)

for € sufficiently small.

[(I— Ru(e))™2 = 1| =

Notice that

K_l'/Q)‘ =122 - =12 —

J 7!
1/2-3/2---(2j —1)/2
= i
1325 -1) (25 —-1)Y
N 21 4! 412
By using the known identity
. (25)!
—_ 1N =
(25 — D! 127 (3.56)

we get
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Then

=0

j>1

- moy -1 < 3 (V) |2

j>1

where = ||R,,(¢)/4||. The sum of the right hand can be evaluated analytically for = < 1/4:

Z (%)x] _1- m.

) Nieyr (3.57)

j>1
The sum of a convergent power series in = (vanishing at x = 0) is clearly of order x. Then
[T = Ra(e)) ™2 = 1T|| = O(|Ra(e)])) = O Pa(e) = Pa(0)]*) = O(E?). (3.58)
We conclude that there exists C,, > 0 such that
[(U(e) =T) Po(0)]| < Colel, (3.59)
for ¢ sufficiently small. m

In this section, we have seen particular classes of vector and/or symmetries for which the
wandering range is of order €. In the next section we want to analyze instead, a particular
class of perturbations for which the wandering range is linear. These are the bounded

perturbations.

3.3 Bounded perturbations

Let H be a self-adjoint operator with purely point spectrum. Its spectral decomposition

reads

Hy =Y WP, (3.60)

k>1

where {hy}r>1 are the distinct (increasingly ordered) eigenvalues of H, and { P }x>1 are the
corresponding orthogonal spectral projections.

We focus on a particular class of symmetries, namely the elements of the bicommutant
{H}" ={f(H): f:R — C Borel bounded}, (3.61)

which consists of all bounded Borel functions of H. Any operator S € {H}" can be written

as

S = Z sk Py, (3.62)

k>1
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where (s;)g>1 is a uniformly bounded sequence of complex number.

We have shown in the previous chapter that {H}" is the set of completely robust sym-
metries for Hamiltonians with compact resolvent.

In this section, we show that this class of symmetries remains robust against all bounded
perturbations also for some Hamiltonians without compact resolvent.

Consider a family of perturbed Hamiltonians
H(e) :=H+¢eV(e), (3.63)

parametrized by ¢ € I C R. We say that the perturbation is (uniformly) bounded if there

exists a constant C > 0 such that
IV(e)]| <C foralle € I. (3.64)

The goal of this section is to show that, under this class of perturbations, the wandering
range of a symmetry S € {H}” remains uniformly of order . This is made precise by the

following result.

Theorem 3.3.1 (Robust symmetries against bounded perturbations). Let H be a self-
adjoint operator with purely point spectrum {hy}r>1. Let (V(€))eer be a family of pertur-
bations of H, and let S € {H}' be a symmetry of H. Assume that:

1. H has a positive minimal spectral gap, i.e.

n = llcr;fe |y, — he| > 0; (3.65)

2. (V(€))eer is uniformly bounded, i.e. there exists C > 0 such that for all e € I:

V(e < C; (3.66)
3. S s in the bicommutant of H, i.e.
Se{H} ={AeB(H):[A,B]=0 VBe{H}'}. (3.67)
Then,
sup |[e!tH(©) SeitHE) _ SH < %HSHM, (3.68)
teR n

for some >0 and € sufficiently small.

Remark 3.3.1. Assumption (ii) guarantees that the right-hand side of inequality (3.68) is of

order ¢, confirming the linearity of the wandering range of S in the perturbation.
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Remark 3.3.2. The deformations considered in this theorem are not necessarily admissible.
Indeed, we are not making any assumption on the spectrum of the perturbed Hamiltonian
H(e).

Remark 3.3.3. The Hamiltonian H is not necessarily assumed to have a compact resolvent.
It is required to have a purely point spectrum and a non-vanishing spectral gap, although

its eigenvalues may, in general, exhibit infinite degeneracy.

3.3.1 Strategy of the proof
The proof of Theorem 3.3.1 is based on the following auxiliary result.

Theorem 3.3.2. There exist two families of operators W (e) and V(¢) with the following

properties:
1. V(e) = V(e)! commutes with H.
2. W(e) is unitary.
3. W(e)D(H) C D(H).
4. W(0) =1

5. The operators H + €V (¢) and H + €V (¢) are unitarily equivalent through W (e):
W () (H +eV(e)W () = (H + eV (e))ah, (3.69)

for ally € D(H).

6. W(e) satisfies the following inequality:

C
[W(e) =1T|| < o el (3.70)
for all € such that
n
el < = 3.71
< & (3.71)

for suitable constants 3, p > 0.

Remark 3.3.4. The operators W () and V(¢) are not uniquely defined, and different strategies
can be employed for their construction. In the following chapters, we present two such
approaches: the Quantum KAM Iteration, discussed in two variants (Chapters 4 and 5),
and Kato’s perturbative method (Chapter 6). The specific values of the parameters 5 and
p depend on the chosen strategy.

We postpone the proof of the previous theorem, which involves the explicit construction
and estimation of the operators V(E) and W (e), to the following chapters. Assuming this
result, we now proceed to prove Theorem 3.3.1.
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Proof of Theorem 3.3.1. Let S € {H}”. We have

Helt (H+eV (e )Se—lt (H+eV (e SH H [eit(H+5V(5))’ S} H (372)
_ H [eit(HJreV(s)) HH+eV (e } H (3.73)
iH(H+eV(e) _ Git(H+eV(e))

‘ I

where in step (3.73) we used that S € {H}", i.e. S commutes with all the operators in {H}’,
in particular with V().

By using the unitary equivalence above, we obtain

Helt H+V (€)) g-it(H+eV (2)) SH it(H+eV(e) W(g)eit(HJrsV(e))W(S)TH (3.74)
=215l [elt HAVE) W(e) —1|| (3.75)
< 4|S]HW(e) -1 (3.76)
<4ls185 ll,
Ui
where in step (3.76) we used (3.70). O

Remark 3.3.5. In the proof of Theorem 3.3.1, and in particular in step (3.76), we established
the estimate

Helt H+V (¢)) git(H+eV (e — S| < 4|IS|[[W(e) —T|. (3.77)
On the other hand, the trivial bound
Helt H+€V(s))S —it(H+eV (e SH <2 ||S|| (378)

is always valid. Therefore, when proving the auxiliary theorem, we can restrict to those

values of € such that

1

W) =1j < 5, (3.79)

since otherwise the trivial bound already implies the claim.



Chapter 4

Quantum KAM Iteration

In the previous chapter we have analyzed some particular cases in which the wandering
range of a robust symmetry is linear in the strength of the perturbation. In particular, at
the end of that chapter we have seen that this is the case for functions of the unperturbed
Hamiltonian, when subject to bounded perturbations.

The proof of this last property is based on the validity of Theorem 3.3.2, namely on the
existence (with suitable properties) of a family of unitary operators W (e) and self-adjoint

operators V(g) such that
H+eVie)=W(e)(H+eV(e)W(e), (4.1)

with V() € {H}".

In this chapter we present a first strategy for proving this claim. We shall search for the
operators V(g) and W (e) in terms of formal power series in ¢, and determine them order
by order through an iterative construction. At each order the procedure reduces to solving
a commutator equation, known in the literature as the homological equation, which will be
analyzed in detail in the first section.

This recursive procedure is called Quantum KAM Iteration, since it closely mirrors the
iteration scheme of the Kolmogorov-Arnold-Moser theorem in classical mechanics [6, 7).
We will prove the convergence of this quantum iteration by making use of a celebrated
combinatorial sequence, the Catalan numbers (see Appendix A). Finally, we will show that

the operators constructed in this way satisfy all the requirements of Theorem 3.3.2 [14].

4.1 The Homological Equation

In this section we introduce a key lemma concerning the so-called homological equation, also
known as the commutator equation. This equation will play a central role in the proof
of Theorem 3.3.2. We shall first fix some notation, then present the formal solution and

establish quantitative estimates. Let H = HT be a Hamiltonian with purely point spectrum.
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Then, its spectral decomposition reads

Hy =Y mDPap W € D(H), (4.2)

k>1

where {hy}r>1 is the set of distinguished eigenvalues of H and {Py}>1 is the complete set
of spectral projections. We assume that the spectrum of H has a non vanishing minimal

spectral gap, 1.e.
- 1 f . 4'
n i]lg’hk hg’ >0 ( 3)

Given an operator A € B(H), we define its block-diagonal part with respect to the Hamilto-

nian H as

[A] =) PAP;, (4.4)
k>1

where {P,} are the spectral projections of H. Conversely, the off-diagonal part of A is

defined as
{A} =A-[A]=> PRAP. (4.5)

k0

Lemma 4.1.1 (Homological Equation). Let H be a self-adjoint unbounded operator, with
purely point spectrum and a non-vanishing minimal spectral gap n > 0. Let B € B(H) be
a bounded operator. Then, there is a unique operator X € B(H) satisfying the following

conditions:
(i) XD(H) C D(H);

(i1) For all ¢ € D(H),
i[X, H]¢ = {B}y; (4.6)

(iii) The block-diagonal part of X wvanishes, i.e.,

[X] =0 (4.7)
and it 1s given by
) P.BPF,
X=i) . (4.8)
= e — e

Moreover, if B is self-adjoint then X is self-adjoint. Finally, the following estimates hold:

X< —=_|IB 4.9

111 < 15 (4.9)
v

X < (2|w|| ; f—?’nuﬂwu) 1B, v e D(H). (4.10)

Equation (4.6) is known in literature as homological equation.
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Proof. Let 1 € H. Since equation (4.6) must hold for all ¢ € D(H), it must in particular
hold for ¢ = v, := Py, for any ¢ > 1. In this case, we obtain

i(heXP,— HXP)y ={B}Pp. (4.11)
By left-multiplying both sides by P, with £ > 1, we find
(hig — he) P X Ppp = iP{B}Pn. (4.12)

For k =/, the equation is automatically satisfied for any choice of X, while for k # ¢ it gives

P.BP,

P, XPp) =
WX Ppip = lhk—hg

Y. (4.13)

Summing over all £ # ¢ and removing the dependence on 1), we obtain the operator identity

{(X}=i)_ }Z’“l_gpf (4.14)
k0

Thus, the homological equation determines only the off-diagonal part of X, leaving its
block-diagonal part arbitrary. Therefore, the solution is unique up to the addition of a block-
diagonal operator. By fixing the block-diagonal part to zero, i.e., by imposing [X]| = 0, we
select the unique solution:

X = Z P’“BP@ (4.15)
=,
Furthermore, if B = BT it is straightforward to verify that (formally) X = XT.

Clearly, it is necessary to verify the convergence of the series defining X. Let ¢ € H.
Using the orthogonality of the projections Py, we obtain:

P
ol < pEY Y A (1.1

0>1 kAl

Exchanging the order of summation gives:

IXvl* < (1BI* Y 1P Z

E>1 é;ék

We now use the fact that H has a non-vanishing spectral gap n > 0. Since the eigenvalues

{hx}x>1 are ordered increasingly, we have:

\hie = he| =k = £]. (4.17)
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Applying this bound yields:

IX9|* < (4.18)
k>1 Z;Ak
Changing variables in the second sum by setting j = ¢ — k, we find:
B
ot < LS e v L Z—
k>1 =gt ?
| B
- IS e (Z + )
k>1
|B|| m
< > IR Z 7 t
k>1 j=1
2’ HBH 3
= 1P ||
k>1
2
B
- ” L oy (1.19)
Hence,
T
X1 < 730 1Bl (4.20)

We now derive the bound (4.10). Let ¢» € D(H). Using the explicit expression (4.8) for X,

we write:

—iHX¢ = ; P hEPkBPw (4.21)
h — he + hy
= ") P.BP 4,
g&;( — ) W B Py (4.22)
= ) PBPy+ Z PkBPgw (4.23)
k0 k0
= (B} —iXH. (4.24)

Taking the norm of both sides and applying the triangle inequality gives

IHX || < [{BYI + [ X[ Hpl- (4.25)

Indeed, without loss of generality, assume k > £. Then:

‘hk — hg| = hy — hy (hk — hk71) + (hk,1 — hkfz) + -+ (h[+1 — hz)

n+n+-+n=(k-=0On=nlk-1.

AV
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Since
I{B}HI = 1B = [B]I < [[Bll + [IB]l (4.26)
and
IBIIl < sup ||BE[| < | Bl (4.27)
we obtain
I{B}I < 2[1B]- (4.28)

Substituting this bound into (4.25) yields
IHX D < 2Bl [9[l + 1 X | H]- (4.29)

Finally, using the estimate (4.20) for || X||, we conclude:

v
XY < (mu s f—gnuﬂwu) 18] (4:30)

]

Remark 4.1.1. The homological equation depends only on the off-diagonal part of the oper-
ator B. Indeed, one can always replace B with B+ [A], for any A € B(H), without affecting

the solution. This freedom allows for an optimization of the norm estimate:

IX|| < —= inf |B+[A]]. (4.31)
377 AeB(H)
The infimum is not necessarily attained by choosing A = —[B], as it may happen that
|1B — [Bl|| = [{B} > || BI| (4.32)
For instance, consider
-1 7 1
2
B = 1 —% 1 , (4.33)
1 1 -3

for which it is straightforward to verify that
3
KB} =2> (Bl = 3, (4.34)

where the off-diagonal decomposition is taken with respect to 1-dimensional blocks, that is,

{B} =

_ = O
— O

1
1. (4.35)
0

See [23].
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4.2 KAM Iteration

We are now ready to state the main theorem of this chapter. This is a reformulation of
Theorem 3.3.2 of the previous chapter, but with explicit quantitative constants. We consider
perturbations of the form

H(e)=H+¢<V(e),

where V'(¢) is a bounded operator satisfying the uniform estimate
sup V()] < €.
3

Then the following theorem holds.

Theorem 4.2.1. There exist two families of operators W (e) and V(¢) with the following

properties:
1. V() is self-adjoint and belongs to the commutant of H, i.e. V(e) = V()" € {HY.
2. W(e) is unitary.
3. W (e) leaves the domain of H invariant: W(e)D(H) C D(H).

4. W(0) =1.

R

The operators H + £V (¢) and H + €V (¢) are unitarily equivalent through W (e):
W (o) (H + eV (e))W(e)e = (H + V() (4.36)
for all p € D(H).

6. W(e) satisfies the bound

C
[W(e) —1|| < ﬁg!el, (4.37)
for all € such that
Ui
gl < —.
< &
The constants B and p are given by
4 1
= 2T (em — 1) , 4.38
5= (1.38)
Ao

(4.39)

where a == 4.79 s the unique positive solution of the transcendental equation

(a+1) (e%—1> =3,
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The idea of the proof is the following. We first construct two operators W (e) and V(e)

as formal series in ¢, and then establish their convergence.

Condition (v) of Theorem 4.2.1 requires that W (e) and V(e) satisfy
W () (H + V()W (e = (H + eV (e)), (4.40)
for all ¢ € D(H). To guarantee unitarity, we parametrize
W(e) = X, (4.41)

where K(¢) = K(¢)" and K(e)D(H) C D(H). With this choice, the above condition is
equivalent to
KO (H + eV (€)e® = H 4+ V(). (4.42)

This relation can be rewritten in the form
e KO(H + 2V (e)) = H + £V (e), (4.43)
where
RE)Y) = [K@E) Y], v, (4.44)

denotes the adjoint action generated by K (¢).

We seek K () and V(g) in the form of formal power series:

K(e) =) 'K,(e), (4.45)

s>1

Vie) =) eVile), (4.46)

s>0
with K(0) = 0, so that W(0) = e&© =T

Inserting the expansions (4.45)—(4.46) into (4.43) and comparing terms of equal order in
e yields a hierarchy of equations for the coefficients Ky(¢) and V;(g). This recursive scheme
is referred to as the Quantum KAM Iteration, as it closely mirrors the classical procedure of

Kolmogorov—Arnold—Moser. The result is summarized in the following lemma.

Lemma 4.2.1. Let W(e) = ¢X©), and assume that K(¢) and V(¢) admit the expansions
(4.45) and (4.46). Then equation (4.43) holds on D(H) if and only if, for all s > 1,

Vi-1(e) = Bs(e) —i[K(e), H], (4.47)
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where By(g) is defined as

Bi(g) = V(e), (4.48)
B(e) = (—nl')” K3, -+ K, (H)
n=2 " |f|=s
5 “j?n K, -+ K5, (V(9)), (4.49)
n=1 Tlg=s—1

where K& - K2 (A) = [Ky, (), -+, [K, (), A] -+ for any suitable linear operator A. We
(451 ln 1 n
eN" and |€] =01+ -+ {,,.

use the multi-index notation £ = ({y,...,0,)

Proof. We insert the expansions (4.45) and (4.46) into equation (4.43), obtaining:

Z eV (e) = )+ Z Z Z ’Cel (H)

>0 s>1 n=1 ! le|=s
s : —1)" o I
+) ety % > K5 K5 (V(e)). (4.50)
s>1 n=1 |€)]=s

Matching the coefficients of each power of ¢ we find at the first order:

Vo(e) = V(e) — iKi(H)
= V(e) —i[Ki(e), H], (4.51)

which coincides with equation (4.47) for s = 1. At higher orders s > 2, we obtain:

n=1 |€|=s
O S KR, (152)
n=1 ’ [e|l=s—1

Isolating the term with n = 1 in the first sum, we write:

Z

Z/cgl K5 (H), (4.53)

l€|=s
which, substituted into (4.52), yields the recursive identity (4.47). O
We now solve equation (4.47) by imposing the main requirement of the construction:

V(f—:) € {H}'. Imposing this condition order by order leads to explicit expressions for both
Vi(e) and Ky(e), as stated in the following result.
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Lemma 4.2.2. Equation (4.47) admits a unique solution under the constraint [K¢(e)] = 0,

given by the self-adjoint operators:

Viii(e) = Y PuBi(e) Py, (4.54)
Kie)=1)_ P]'ZB%(??, (4.55)
k£l

Proof. Fix s > 1. According to Lemma 4.2.1, the operators V;_(¢) and K(¢) must satisfy
Vs—1(e) = Bs(e) —i[K,(e), H. (4.56)
We impose that V;_1(¢) € {HY}, i.e., that it commutes with H. This is equivalent to requiring

Vi (e) = [Vica ()] := Y BVica () P (4.57)

k>1

Let us take the block-diagonal part of both sides of (4.56). The block-diagonal component
of a commutator with H vanishes. Indeed,

Hence,
Vii(e) = [Bu(e)] = > PuBi(e) P, (4.59)

which proves equation (4.54). Next, we determine K (¢) by taking the off-diagonal part
of (4.56):
i[Ks(e), H] = {Bs(e)}. (4.60)

This is a homological equation of the type considered in Lemma 4.1.1, whose unique solution

under the constraint [K(¢)] = 0 is given by
. PkBs (g)Pé
KS<€> :lZﬁ, (461)
kA0 ¢

as stated in (4.55).

It remains to prove that the operators V;_;(¢) and K,(e) are self-adjoint, in order to
complete the argument. It is sufficient to show that B(e) is self-adjoint. We proceed by

induction on s. For s = 1, we have

By(e) =V (e), (4.62)
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which is self-adjoint by hypothesis. Suppose now that
Bj(e) = Bj(e)! forall j=1,...,5s— 1. (4.63)

Then, the corresponding operators K;(e) are also self-adjoint for all j = 1,...,s — 1. Now

consider the definition (4.49) of B,(e): it is a linear combination of terms of the form

(="K, - K, (A) = (—1)"[Ke (o), -+, [Ke, (), A] - -], (4.64)
where A= H or V and ¢; < s—1foralli =1...,n. Hence, all these terms are self-adjoint
operators. ]

4.2.1 Convergence of the formal expansion

The construction in the previous subsection was purely formal. The operators By(e), K (e),
and V;(e) were defined through infinite series, and their convergence has not yet been estab-
lished. Similarly, the operators K (g) and V() were introduced by formal expansions in ¢,
whose convergence still needs to be proved. It is therefore necessary to show that these series
converge in a nontrivial neighborhood of € = 0.

To this end we make use of a well-known combinatorial sequence, the Catalan numbers,

defined recursively by

dl = 17
s—1

dy = deds_p, for s > 2. (4.65)
=1

For background on Catalan numbers and their applications, see Appendix A and [24].

We begin with an explicit estimate for the operators B;(e).

Lemma 4.2.3. For all s > 1,

fi&?nBs(e)n < o, (4.66)

where

b:=—C, (4.67)

and o = 4.79 is the unique positive solution of the transcendental equation
(@+1) (e% - 1) — 3. (4.68)

Proof. We proceed by induction on s. For s = 1, inequality (4.66) holds trivially, since

(e

\/—_3?7||Bl(5)||

- \/_LBnHV(s)H < \/_LBnO = b = a’d;b. (4.69)
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Let s > 2 and assume that

™ . .
—|1B;@)|| £ &’ d;, forallj=1,...,5s—1. (4.70)
V31

We show that the same holds for j = s. From the definition (4.49) and the triangle inequality

we obtain

\/— —=Bs(e II_\f Z > NKG, K (H)]

=" Clel=s

Z > K - K (VI (4.71)

nl " e|=s—1

From the homological equation

{[KL(c), H] = {B.(o)). (4.72)
together with
B} < 2Bl (4.73)
we deduce
T, 7, ) < 211 (flgnane)n), (4.74)

where we used Lemma 4.1.1 to bound || Ky, (g)[|. Since £; < s —1 for all j, we may apply the

inductive hypothesis, obtaining

2 " SIS
IG5 () < (3) vy oo, (@.75)
A similar estimate yields
m e e 2 " s—1zs
—\/gnWCel K VE S L) ot by ey, (4.76)

Combining the previous bounds, we get

. s 1 9 n
\/—_377”Bs(5)|| < [O‘;ﬁ (a) Zdhdfn

€]=s

s—1 n
1 2 s—13s
+§ E(E) § dgl---dgn]oz pe. (4.77)

n=1 |[€|=s—1
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Using the recursive property (A.2) of Catalan numbers, we have
> dy, - edy, < (4.78)
[|=s
Hence, by extending the sum to oo yields
m =1 /2\" =1 /2\"
—||Bs(e)]| < — (=) ds — =) de_r| @'V 4.79
T lIB(o)] < [a;n! (2) e+2a(3) 1]a (4.79)

Since ds_1 < dg, this gives

s 2
T IB,()]| < [(oz 1) (ea - 1) - 2} dy a1, (4.80)
V3
By the definition (4.68) of «, the bracket equals 1, which proves the desired bound. This
completes the induction step, and hence the proof. O

By using the estimates for the operators B,(e) established in Lemma 4.2.3, we can prove
that the operators V(g) and K(g) are bounded for sufficiently small values of . As a
preliminary step, we show that the coefficients appearing in the expansions of these operators

can be themselves bounded in terms of the norms of the By(e).

Lemma 4.2.4. For all s > 1, the operators Vs_1(e) and K,(e) constructed in Lemma 4.2.2
satisfy the bounds:

Veer (@)l < [ Bs(e), (4.81)

1K (o)l < \/——3n!\35(€)ll- (4.82)

Proof. To estimate the norm of V;_;(¢), observe that for any unit vector ¢ € H,

2
IVeer(e)9l* = ||D PeBa(e) Pt (4.83)
k>1
= ||P:By(e) Pe|? (4.84)
k>1
< BB () Pe|)? - || P (4.85)
k>1
< sup || PeBs(e) Pil* - > 1Py (4.86)
E>1 =1
< ||Bs(e)II?, (4.87)

hence

Vea () < [[Bs(e)]l- (4.88)
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The bound (4.82) for ||K,(e)|l follows directly from Lemma 4.1.1, since K(e) is the

solution of the Homological Equation. O

Now we are ready to prove the boundedness of the operators K () and V(e).

Lemma 4.2.5. Let K(g) and V (€) be the operators defined by the expansions (4.45) and (4.46).
Then, for all ¢ € R such that

n
el < = 4.89
<& (189
the following bounds hold:

1K (e)|| < [e] bD(ale]b), (4.90)
IV ()|l < CD(alelb), (4.91)

where the function D s defined as

1—v1—4y

Dy) = ——= 4.92
() = —5—~ (192

that s, the generating function of the Catalan numbers. Finally, we recall the defini-

tion (4.39) of p:
4o

p= Nk (4.93)

Proof. We start by estimating the norm of the operator K (g). Using the bound (4.82) and

Lemma 4.2.3, we obtain

Il <Y lel Il Ke() < lelb Y delarlelp) (4.94)

>1 >1

It can be shown that, for all |y| < 1,

S dy' = Dly). (4.95)
>1
Hence
1K (e)[| < [elbD(elelb), (4.96)
provided that
1 V3n
< - =L 4.97
el < 4dab  AmaC  pC (4.97)
The bound for V(¢) follows similarly. Using the bound (4.81) we can write
VE < el Ivi@l < Y el Be@)ll- (4.98)

£>0 >0



66 4.2. KAM Iteration

Using the estimate of Lemma 4.2.3

V3
[Bea(@)ll < o't s = C(ab)'dr
we get, after shifting the index of sum

V(o) < C Y de(alelp) ™! = CD(alelp),

>1

again under the same condition |e| < n/(Cp).

This concludes the construction of the operators K (¢) and V(e).

4.2.2 Proof of (iii) and (vi) of Theorem 4.2.1

In the previous subsections, we have explicitly constructed the operators W (e) =

~

iK(e)

(4.99)

and

V (e) appearing in Theorem 3.3.2. We now verify that they satisfy the required properties.

Properties (7), (i7), (iv), (v) follow directly from the construction. It remains to prove prop-

erties (7i7) and (vi). We begin with property (iii), namely that for all ¢» € D(H), we have

|HW (e)¢]| < 4o0. In fact, we can prove a more quantitative bound in terms of the Catalan

generating function.
Lemma 4.2.6. Let W(e) = %@, Then, for all y € D(H),

2\/_77

W ()| < el=IPPtell) <IIH@/}H + [e[bD(a |€|b)l|@/}ll> :

for el <n/(pC).
Proof. Recall the expansion

= ZsSKS(s)

s>1

where the coefficients K(g) are solutions the homological equations
i[Ks(e), H] = {Bs(e)}

By Lemma 4.1.1, they satisfy the bound

|H K ()] < (2||w|| + iuwn) IB,(s)|, ¥ € D(H).

V3
This yields

|HE()v] < (mwu ; Tuﬂwn) S EFIB

(4.100)

(4.101)

(4.102)

(4.103)

(4.104)
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Using the bound

\/_77 s~ ldbs

[Bs(e)l < — (4.105)

we find, for |e| < n/(Cp)
\/_n
[HE (e)pll < | [HPll +2——=[1®]l | [e[bD(exl]b), (4.106)

where D(y) is the generating function of Catalan numbers. This shows that K(¢)D(H) C
D(H). We now prove by induction that, for all n > 1,

n \/_77 n
[HK (e)" | < (HHW + 2n——|1¢]l | (le[bD(e]b))" . (4.107)
We have already shown the case n = 1. Suppose the estimate holds for n = s — 1:
s—1 \/_77 s—1
IHE () Il < [ 1HY[ +2(s = )=—=[¢]| | (|e]bD(ale]b))" . (4.108)

Then, since K ()i € D(H), we can apply (4.108) to ¢ = K(£)1), obtaining:

|HE ()] = || HE () K ()| (4.100)
< (nm«awu +2(s - 1>ﬂuK< >¢u) elD(ale)
< (nwu +2sf”|w||) (Ie[bD(alelb))’ (4.110)

where we used Theorem 4.2.5 and (4.106).

We are now ready to estimate ||HW ()] for all ¢ € D(H):

[HW ()] = [He + HW () 1| (a.11)
< |lHY] + HZ*"TT@%H (4.112)
< || H|| +Zw (4.113)
< |lHy] + Z <||ku o f”uwu) CERICERL (1.114)
= Dl (uw v 2f"b|e|z><a|e|b>||¢||) (4115

valid again for |e| < n/(Cp). O
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The last point to verify is property (vi) of Theorem 3.3.2. We first prove the following

lemma.

Lemma 4.2.7. Let W(e) = ¢5©) . Then

W (e) = I|) < elslbPelel) 1 for|e| < Ci (4.116)

P

Proof. We estimate:

W(e) =TIl =

o) = |

n>1

IKEN" _ ke
<> 1 ¢ -1

n>1
< elslbDlalslt) _q (4.117)
for all |e| < n/(Cp). The last step follows from Theorem 4.2.5. O
Let us define
falz) := e"Pl®) 1, (4.118)

A direct analysis shows that, for x < t,

falz) < 4a(ei —1)z. (4.119)
Setting x = |¢|b, we obtain
WE -1 <5k, for | < L. (1.120)
n Cp
where At , o
B = W(e% -1). (4.121)

This completes the proof of property (vi).
Alternatively, f,(z) may be approximated by a quadratic upper bound,

fo(@) < 2+ ca?, (4.122)

where
¢:= (4a)% (e — 1) — 4a. (4.123)

A comparison between f,(z), its optimal linear bound (4.120), and the quadratic upper
bound (4.122) is shown in Fig. 4.1.
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010
0.08 -
0.06 - — fa(x)
—— Linear
—— Quadratic

0.04 -

0.02
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Figure 4.1: Comparison of fo(z) = ¢*P(@*) — 1 with its linear bound (4.120) and quadratic upper
bound (4.122), as a function of x = || b, with b = 7C/(1/3n).



Chapter 5

Trotter Product Method

In the previous chapter, we constructed the unitary operator W (e) as the exponential of an
imaginary bounded self-adjoint operator K (¢), itself defined as a convergent power series.
In this chapter, we adopt an alternative strategy inspired by the Trotter product formula.
This formula is widely used in quantum physics to approximate the exponential of a sum
of two or more non-commuting operators by a product of exponentials [3-5|. Following this
idea, we replace the single exponential representation (the power-series definition of K(¢))
with an infinite product of unitary factors of the kind e'Ke where each K, is a bounded
self-adjoint operator. This construction automatically guarantees the unitarity of W (e) and
provides a framework that is particularly advantageous from a numerical perspective, as will

be discussed at the end of this chapter.

5.1 Trotter KAM Iteration

Let us again consider the conjugation equation
H+eV(e)=W(e) (H+eV(e)W(e), (5.1)
where we use for V(a) the same expansion as in the previous chapters:

V(e) =) eVile), (5.2)

s>1

and require it to be block-diagonal in the spectral representation of H.

In the previous chapters, we parametrized W (e) through the ansatz
W(e) = X, (5.3)

and expanded K (¢) in powers of €. We now adopt a different strategy, inspired by the Trotter
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product formula: we express W (e) as an ordered product of exponentials,
Wie) = Heig%, (5.4)

where the arrow indicates that factors with smaller indices appear on the left. With this

approach, we can state the following theorem.

Theorem 5.1.1. Let H be a Hamiltonian with purely point spectrum {hg}tr>1 and non-

vanishing minimal spectral gap

n= iﬁiﬁ |hi. — he| > 0. (5.5)
Then, there exist two families of operators W (e) and V (¢) satisfying the following properties:
1. V(e) is self-adjoint and belongs to the commutant of H, i.e. V(e) =V (e)l € {H}'.
2. W(e) is unitary.
3. W(e) leaves the domain of H invariant: W(e)D(H) C D(H).
4. W(0) =1
5. The operators H + &V (¢) and H + €V (¢) are unitarily equivalent through W (e):
W) (H+eV(E)W(E) = (H+eV(e)y, Vi e D(H). (5.6)
6. W(e) satisfies the bound
IW(e) 1) < B, 6.7)

for all € such that

The constants B and p are given by

where a &= 4.79 s the unique positive solution of the transcendental equation
2
(@+1) <ea —1) — 3.

In order to prove the theorem, we proceed as in the previous chapter: we first construct
the operators V(¢) and W (e) formally, and then establish their convergence and correspond-

ing bounds.



72 5.1. Trotter KAM Iteration

5.1.1 Formal construction

Since the operators K do not commute in general, expression (5.4) is not equivalent to (5.3).
Nevertheless, (5.4) always defines a unitary operator whenever the K, are self-adjoint, and

therefore it can be consistently inserted into equation (5.1):

(H e_iEZK‘> (H + eV (e)) (H ei5%> , (5.10)

>1 0>1

where H;zz—l denotes a product ordered from right to left.

Using the definition of the adjoint action, the above expression can be rewritten as

H+eVie)= ﬁe—ia"@(fl + eV (e)), (5.11)

£>1

where I@ denotes the adjoint action of K.

The infinite product in (5.11) is to be interpreted in a formal sense. At any finite order
in €, only finitely many factors contribute. More precisely, to determine all terms up to
order £°, it is sufficient to truncate the product to its first s factors. Indeed, each exponential
factor satisfies

e—iaZKz(E) =TI+ 0(86)’ ¢ > 27

and therefore affects the expansion only starting from order £f. This observation will be

crucial for deriving the recursive relations below.

Lemma 5.1.1. Assume that V() admits the expansion (5.2). Then equation (5.11) holds
on D(H) if and only if, for all s > 1,

Vi_1(e) = Bs(e) — i[Ks(e), H], (5.12)
where Bg(e) is defined as
Bi(e) =V(e), (5.13)
(_1)|n| - Ns— - ni
By(e) = Z n! Kot K" (H) (5.14)
e,
(_1)|n\ o Ns— o n
+ > ot (SRR ¢ H(V(e)), (5.15)
neNs—!
sn=s—1
with the multi-index notation n = (ny,...,nge 1) EN*! |n|=ny+---+n,1 and s-n =

ny+2ns+ -+ (s — 1)ng_y.

Proof. As noted above, it suffices to consider only the first factor in the product defining

W (e) to determine the first order of equation (5.12). Hence, to fix the operator Vy(e), it is
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enough to study
e KU H 4+ eV(e)) = H + eVy(e) + O(2), (5.16)

where Vj(e) coincides with the first term of the expansion (5.2).

Expanding the left-hand side of (5.16), we find

e KUH 4 eV(e)) = H+eV(e) + Z (_7;')”5”/61(1-1) + Z #8"“761(‘/(5)) (5.17)

= H +¢(V(e) —i[Ki(e), H]) + O(e?). (5.18)
By imposing equality in (5.16) at order €, we obtain
Vale) = V(=) —ilKi (o), H], (5.19)

which coincides with equation (5.12) for s = 1.

To derive the generic order s, we consider the first s factors of the operator W(e).
The operator V;_;(g) will then correspond to the coefficient of order . Expanding the

exponentials, we obtain

—iesK, —iek1 . E : § : (_i)n5+~~-+n1 SNng+-+n1 pns 11
(_l)m| sm pns 1
=2 ety K (H + 2V (9). (5.20)

neNs

where we have introduced the notation

n=(ny,..., ng), ( )
s=(1,2,...,s), (5.22)
=yt (5.23)
nl=mny!---ngl, (5.24)

(5.25)

s m=mny+2ny+ -+ sns.
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Expanding each power of €, we get

i)l

e*issles__.efiEﬁl<H+8V(8)) H+eV(e +Z Z IC”S l@’l“(HJrsV(s))

>1 nENSE

(5.26)

LKM(H)  (5.27)
>1  neNs
sn_ﬁ

ey O kv (5.29

>1 'nfENS[

We then identify V;_(¢) with the coefficient of £° in the expansion above, namely

—i)lnl _ - —i)Inl _ -
vs,l(g):z< ) Kieo K (H) + ) (=) Krs o K (V(€)). (5.29)

n! n!
neNs neNs
s n=s sn=s—1
In the first sum we separate the contribution of the multi-index n = (0,...,0,1). Indeed,

this is the only multi-index with ny > 1 compatible with the constraint s-n =s: if ny, > 1

and some n; > 0 with j < s, then s-n > s+ 1. Thus we can write

[n| -
Veale) = il m Y SOk Ky (5.30)

+ > (=™ KO- K (V(e)). (5.31)

neN?®
sn=s—1, ns=0

The condition s-n = s—1 in the second sum forces n, = 0 as well, since otherwise sn, < s—1

would be violated. Hence in both sums we have n, = 0, so that K2 = T and the multi-indices

can be identified with elements of N*~!. Renaming n = (n,...,n,_1), we obtain
Viei(e) = Bs(e) — i[K(e), H], (5.32)
where
B Y (‘i’,"' R K o (533
neN ! v

+ Z T KV (). (5.34)

neNs—1
sn=s—1

This is precisely equation (5.12) for s > 1, and the proof is complete. O

We now solve equation (5.12) by imposing the main requirement of the construction:
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~

V(e) € {H}'. Imposing this condition order by order leads to explicit expressions for both
Vi_1(e) and K,(e), as stated in the following result.

Lemma 5.1.2. Equation (5.12) admits a unique solution under the constraint [K ()] = 0,

given by the self-adjoint operators:

Vii(e) = Y PBi(e) Py, (5.35)
= P.B.(2) P,

Kye) =1y 222t (5.36)
c gﬁ; I — hy

Proof. Equation (5.12) has the same structure of equation (4.47) (with B;(e) defined differ-
ently). Then, we can follow the same steps of the proof of Lemma 4.2.2 in order to get the

thesis. Notice that also in such a case K,(¢) is the solution of the homological equation
i[K,(e), H| = {Bs(e)} (5.37)
and then satisfies the estimate

1K (e)]| < flgn 1B, (&)l - (5.38)

5.1.2 Estimates

The construction in the previous subsection was purely formal. The operators Bg(e), Ks(¢),
and V() were defined through infinite series, and their convergence has not yet been estab-
lished. Similarly, the operators W(e) and V(¢) were introduced, respectively, as an infinite
product and an infinite sum, whose convergence still needs to be proved. It is therefore

necessary to show that these series converge in a nontrivial neighborhood of ¢ = 0.

As in the previous analysis, we will use the Catalan numbers, defined recursively by
dy =1,
s—1
dy=> dydey,  fors>2. (5.39)
=1
In order to perform the forthcoming estimates, it is convenient to rewrite the operators B;(e)

in a form that makes explicit their combinatorial structure. This representation will allow

us to count and bound systematically all contributions appearing at each order in €.
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Let us compute their explicit expression for the first few orders:

Bi(g) = V(e), (5.40)
Bae) = L ki~ 1Kav(9)), (5.41)
Bs(e) = (_31!)3 K3(H) + (;1)!3 KoKy (H) + <_21)2 K2(V(e)) —iKy(V(e)). (5.42)

From these examples, one sees that every term in Bg(e), with s > 2, in which H appears,

has the general structure

(;:Z: Ko, - Ko, (H), (5.43)

where €] = s, 1 < 03 < --- < /{,,2 <n <s, and my is a multiplicity vector defined as

follows. If £ is an ordered multi-index, it can be written as

£=(a1,...,a1,09,...,G9, ... Gp, ..., 04p), (5.44)
~ N ~ ——
m1 times mo times m, times

where 1 < a; < ay < --- < a,. Then we define
my = (my,...,m,), (5.45)

that is, the multiplicity vector describing how many times each distinct index appears in £.

Accordingly, we set

my! = Hmi!, (5.46)
i=1

which compensates for the overcounting due to identical indices, in complete analogy with

the multinomial coefficients. Similarly, the terms in B,(e) which contain V' (¢) have the form

C0R, R (VEE)) (5.47)

with [{|=s—1,¢; <--- </{,,and n > 1.
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As a result, we can write

Bi(e) = V(e), (5.48)
po= ¥ Elk, ok
" €1‘§£"":§8€n
+i > (,,:; Ki, - Ko (V(e),  Vs>2, (5.49)
n=1 |f|=s—1 ’
6 <<ty

where £ = ({q,...,¢,) with ¢; > 1. As in the previous chapter, the Catalan numbers will
naturally arise in bounding the total number of admissible operator products in (5.49). They
provide a recursive control of the combinatorial growth of terms at each order s. We now

derive an estimate of the operators Bg(e) in terms of the Catalan numbers.

Lemma 5.1.3. For all s > 1,

fignwa)u < o, (5.50)

where

bi=—2C, (5.51)

and o = 4.79 is the unique positive solution of the transcendental equation
(a+1) (e% - 1) —3. (5.52)

Proof. We proceed by induction on s. For s = 1, inequality (5.50) holds trivially, since

Bi(e)] = —=—|V(e)|| € —=-C = b= a’dsb. (5.53)

Nl V3 NG

Let s > 2 and assume that

s . .
—|B;(e)|| €&/ Wd;, forallj=1,...,5s—1. (5.54)
V31

We show that the same holds for j = s. From the definition (5.49) and the triangle inequality

we obtain

\/— 1B ||_\/— Z > —||’Ce - Ko, (H)|

n=2 |f]=s

1< <Z
+Z > —H/Ce Ko (VED]. (5.55)
n=1 |f|=s—1

0 <--<Up,
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From the homological equation
i[Ks(e), H] = {Bs(e)}, (5.56)

together with
{Bs(e) I < 2l Bs(e)ll; (5.57)
we deduce, using Lemma 4.1.1 to bound || Ky, (¢l
T e - " 7r
—|\K - K (H)|| <27 — || Be. (e . 2.58
ks ) < 2 T (- 15 (53%)

Jj=1

Since ¢; < s — 1 for all j, we may apply the inductive hypothesis, obtaining

_7T < € 2 " S1.8
\/gnH’Cel K, (H)]| < <a> a’b’dy, - - - dy,. (5.59)
A similar estimate yields

T
V31

Combining the previous bounds, we get

m L /2\" 1
Bl < 2> (2) Y —dy -
\/§77|| <€>|| = [a — (a) E! 0y dfn

N _ 2\ "
1K, - KZ, (V(e)]| < (a) @y, - - dy,,. (5.60)

|€|=s
Lo\ 1
+ = ——dy, - dy, | 5.61
> (3) T g o)
Consider the sum
1
> —=dy e dy, (5.62)
e—s My!

The product dy, ---d,

to all (not necessarily ordered) multi-indices produces an overcounting by a factor n!/m!.

is invariant under permutations of the indices. Extending the sum

n

Therefore,
T By(2)| < O‘il 2 nzd cood
NE - n! \ « s t
LY S e (5.63)
n! \ « ! "
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Using the recursive property of Catalan numbers,

> dy, - dy, <, (5.64)
[|=s
and d,_1 < d, we get
m 2
o < s - s—1 s )
75 1B < [(oz 4 1) <e 1) 2} d, o 1b (5.65)

By definition of «, the bracket equals 1, which proves the desired bound. This completes
the induction step, and hence the proof. O

As a direct consequence of the previous lemma and of (5.56), we have that
K (e)]| < @ Hdsb®, (5.66)

for all s > 1.

5.1.3 Proof of (vi) of Theorem 5.1.1

Using this result, we can bound W (e) — I. This is the content of the next lemma.

Lemma 5.1.4. Let W(e) be defined as the infinite product

W(e) =" (5.67)
>1
Then
() T < a(es = 1) e[ pDlalelb),  or |o] < &, (5.68)
where D(x) is the generating function of the Catalan numbers:
1—+v1—-4
D(x) = —x’ (5.69)
2z
defined for |x| < 1/4 and
2T

p = Nk (5.70)

Proof. 1t is convenient to expand each exponential in the product as a power series:
E)TL[

W(e) = <Z (n—>,K) (Z (TK> (5.11)

n12>0 ne>0 ’
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Repeating the same combinatorial reordering used above, we obtain

W) -I=> > > ;—Z!K@n--.ml = Y A, (5.72)

s>1 n=1 |f|=s s>1

Here we defined

Ag=> "> %Kgn---ml. (5.73)

By the triangle inequality,

i 1
HASHSZ Z m—e,HKanmHKellk (5.74)

n=1 |£‘:5
b 2>l

As before, extending the sum to non—-ordered multi-indices and dividing by n!/m,! to avoid

overcounting yields

1
| As]] < Z;Z 1 Ko, || - - || Ky |- (5.75)

n=1 |€|=s

Using (5.66),

4] < (ad)? Z% G) > dy, - dy,. (5.76)

n=1 |Z|:3

By the property

D dyy e dy, < d, (5.77)

€]=s

and extending the outer sum to infinity (all terms are nonnegative), we get
1Al < (en — 1) d, (ab)*. (5.78)
Therefore,

W(e) =TI < D lel* 4]l < (e = 1) D dylale] b’ (5.79)

s>1 s>1
= (ex — 1) D(ae| b) afe|b, (5.80)

where we have used that

D(x) =) da" (5.81)

s>1
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for |z] < 1/4. O

In Fig. 5.1 we compare this bound with the corresponding bound obtained in the previous
chapter.

We can use this lemma in order to prove the point (vi) of the Theorem 5.1.1. Since
D(x) < 2 for all x < 1/4, we obtain

IW(e) — 1| < 2afes —1) || b, (5.82)
for |e]b < 1/(4a). Recalling b = - C, we arrive at
V3
2moy 1 C
Wie)— 1] < =2 (o5 = 1) = ), (5.83)
| V3 1
for all € such that
V31
< . 5.84
el < dra C ( )
This concludes the proof.
0.12f
0.10 -
0.08 -
— KAM
0.06 |-
Trotter KAM
0.04
0.02 -
T 0.01 l l 0.02 l l 0.03 l l 0.04 l l 0.05 - X

Figure 5.1: Comparison between the bounds (4.116) and (5.68) on ||IW(¢) — I||, obtained via the
KAM and Trotter-KAM schemes, respectively. The horizontal axis is = b, with b = 7C/(v/3n).

5.1.4 Proof of (iii) of Theorem 5.1.1

It remains to prove properties (iii), namely that for all ¢» € D(H), we have |[HW ()¢ <
+o00. In fact, we can prove a more quantitative bound in terms of the Catalan generating

function.



82 5.1. Trotter KAM Iteration

Lemma 5.1.5. For all ¢y € D(H),

2\/_77

LW ()| < e"ePiell) <||H1/)H le[D(a |€|b)|!¢||>, (5.85)

for [elIV(e)l <n/p.

Proof. In the previous paragraph we have seen that

(6)-I=) ¢ Z Z m—K@ Ky = ) A, (5.86)

s>1  n=1 |g]= s>1
PRSRN

where the coefficients Ky(¢) are solutions the homological equations. By Lemma 4.1.1, they

satisfy the bound

|H K ()| < (2||¢|| + fignuﬂwu) IB.(s)l, Ve € D(H), (5.87)

which can be put in the form

[HE(e)d]| < <HH¢H + 2\/_77 WH) Vi € D(H), (5.88)

\/——3n||Bs(€)||,

We now prove by induction that, for all n > 1,
\/_77 Gl —n gttt
[HKy,(e) - Ko ()0l < | [[HY| + 2n—|0]| | de, ... dp,cx b , (5.89)

for all the multi-indices £.

The case n = 1 is a direct consequence of (5.88) together with the bound

s
—\/gnHBel (&)l < a"7'dy, b (5.90)
Suppose the estimate holds for n = j — 1:
; \/_77 T B PY E e S
[HK, () - Koy (@)l < | HY[| 4200 = D)— ¢l ) dey - -+ de, @ ’ b .

(5.91)
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Then, since Ky, ()Y € D(H), we can apply (5.91) to ¢ = Ky, (¢)¥, obtaining:

K@)+ Kyl = 1K 6) - Koy, (Ko, ()0 592
: (HHK@(e)wu 2= )Y, wH) R A
(HHwH +2j f”nwu) oy - dgy @I, (5.93)

where we used that

T
| K] < N |Be, | (5.94)

and the inequality (5.90). Let us estimate now ||H(W (e) —I)||. By applying the triangular
inequality and the inequality (5.89), we get, for all ©» € D(H),

IHW(e) -Dp| <> e Z > —||HKE,L Ky (5.95)

s>1  n=1 |e]=s

l1>- >Z
" 1
< (alelb)? Z( ) > m—ddgl---dgn. (5.96)
s>1 |€|=s
5122%

Following a similar procedure to the one used in the previous sections, we can extend the

previous sum to the non ordered multi-indices if we divide for ":l—e We get

1HOW(E) - Dl < 3 (arle] )’ Z( ) %(nﬂwuwn@wn)de---d&,

s>1 |€|=s

(5.97)

By using the property of Catalan numbers

> dyy ey, < d, (5.98)

€]=s
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and by extending the sum in n to +o00, we get

IHOV(E) - Dol < Slalelved. 3 () %(nfwn +on f”wn) (5.99)
! 7 \/_77 L\t

— ale|bD (alel) (uwru o2 e Lty () )

(5.100)

= aelbD (alel) (wau (et = 1)+ 2Y2 g —ec«) (5.101)

We are now ready to estimate ||HW ()] for all ¢» € D(H):

W) = [+ HOWV(E) — Dol (5.102)
< ) + | HW(E) - Dy (5.109)
< | HE| + e 6D (<] 0 (nfwn (et 1)+ 227y —ea) (5104
< (1+alelbD(alelb) (e — 1) el (5105
valid again for |e| < n/(Cp). O

5.1.5 Advantages of the Trotter formulation

The Trotter formulation yields bounds analogous to those obtained with the single-exponential
method. However, it offers a crucial numerical advantage: it produces a hierarchy of block—
diagonal dynamics that are not eternal, but remain accurate over progressively longer time

scales.

Previously, we considered the operator W (e) defined in (5.4),

—
W(e) =[] e=" @ H Wer, (5.106)
>1 >1

and searched for a block-diagonal operator V(e) such that
H+¢eVi(e)=W(Ee)(H+eV(e)We). (5.107)
We then introduced a series expansion for V(g),

=> 'Vile), (5.108)

>0

and obtained an iterative solution for each Vj(e).



5.1. Trotter KAM Iteration 85

Let us now consider only the first factor of W (e) and analyze its action on H + eV (¢):
WL (H +eV(e))Wey = H + eVy(e) + O(?). (5.109)

The subsequent factors W, 4, for all £ > 2, cannot modify the order—¢ contribution in (5.109),

since
W.,=T1+0(", (5.110)

and thus contain no terms of order . Therefore, the operator Vj(¢) appearing in (5.109)
coincides with the one in (5.108).

This procedure can be generalized as follows:
— — n—1
( 11 WJ,z) (H+2V(e) < 11 WE”) = H+Yy i(e) + 0. (5.111)
1<t<n 1<t<n =0

Defining

H,(e) := < ﬁ Wjjg> (H +eV(e)) ( ﬁ Wg,g> : (5.112)
we can write

H+eV(e) = Hy(e) + O(™). (5.113)

We now show that the evolution generated by H,(e) provides a good approximation of
the one generated by H + €V (¢). Consider their difference:

it(H+eV(e)) eitﬁn(e)” < Qlt(H+eV(e) _ eit(H-‘,—eV(s))” + eit(H—l—eV(e)) .

@ (5.114)

e

For the first term, using the unitary equivalence

H+eV(e)=W(E) (H+eV(e)W(e), (5.115)
we obtain
eit(H-i—eV(s)) . eit(H-i—eV(a))” _ eit(H+aV(5)) . W(€)Teit(H+€V(€))W(E)H (5.116)
= || W(e) =T, eV (5.117)
<2[[W(e) —I|| = O(e), (5.118)

where in the last step we used (5.68).



86 5.1. Trotter KAM Iteration

For the second term in (5.114), we write:

GHHAV () _ JiTa(e) _ _ it=s)(H4eV () gisTa(e)|*™" (5.119)
s=0
t a R _
_ _/ o <ei(t—s)(H+sV(a)) ols Hn(£)> ds (5.120)
o Os
t . . o =
=i / I HTVE) (4 eV (e) — Hy(e)) e E)ds. (5.121)
0
Therefore,
eit(H+E‘7(8)) N eitﬁn(a)” <t ||H + EV(E) _ Hn(g)H = O(t 5"+1)7 (5.122)

where we used (5.113). Combining this with (5.118), we conclude
||eit(H+aV(a)) B eitﬁn(a)H _ 0(6) + O(t gn-i-l). (5.123)

Thus, the dynamics generated by H,(¢) approximates the evolution under H + ¢V () with
O(e) accuracy up to times t = O(¢~"), as shown in Fig. 5.2.

o o) o}

Figure 5.2: Comparison between the dynamics generated by H+<cV and its Trotter approximations
Hp. The deviation 6 77, remains of order O(¢) up to times ¢ = O(¢™"). The horizontal axis is
in logarithmic scale.



Chapter 6

Quantum KAM Iteration Beyond
Discrete Spectrum: The Band Case

The results obtained so far rely on the assumption that the Hamiltonian has purely point
spectrum with a strictly positive spectral gap. This setting allowed us to characterize com-
pletely robust symmetries as elements of the bicommutant {H}” and to establish uniform
bounds on their wandering range under bounded perturbations.

It is natural to ask whether these conclusions extend to more general situations, in which
the spectrum of the Hamiltonian is not purely discrete but organized in bands, as is often
the case in condensed matter physics. In such a scenario, the complete characterization of
robust symmetries no longer applies, and additional difficulties arise from the continuous
structure of the bands.

Nevertheless, we shall demonstrate that a distinguished subclass of symmetries, namely
those belonging to the bicommutant of the band projections, retain robustness under bounded
perturbations. In fact, the Quantum KAM Iteration admits a natural extension to the setting

of Hamiltonians with band structure, which will be developed in this chapter [15, 25].

6.1 Hamiltonians with band structure

We begin with a rigorous definition of the band decomposition of a Hamiltonian.

Definition 6.1.1 (Band decomposition). Let H = H' be a self-adjoint operator on a Hilbert

space H. A band decomposition of H is a partition of its spectrum

o(H) = Uak, (6.1)

into closed, pairwise disjoint subsets {oy}r>1, called bands. For each band oy, the associated
spectral projection is
Pk = PH(Uk)7 (62)
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where Py (-) is the spectral measure of H. These projections satisfy

PiPy = 6 131«, 13,4T = ]31«, Z P, =1 (strongly). (6.3)
k>1
Accordingly,
k>1 k>1

with U(Hk) = 0.

We do not impose any restriction on the spectral type of each Hy: it may contain point,
continuous, or even singular components. In particular, a spectrum consisting of continuous
bands is the typical situation encountered in solid-state physics. We will assume that there
exists a minimal gap between the bands. More explicitly,

n = inf dist(o;, 0;/) > 0. (6.5)
J#y
As is clear from the following example, every Hamiltonian with purely point spectrum and

strictly positive spectral gap satisfies these hypotheses.

Ezxample 6.1.1 (From pure point spectrum to arbitrary band decompositions). Assume that

H has purely point spectrum with spectral resolution

H=> WP, 1n:= ]igﬁg |hy, — hy| > 0,

k>1

where {P}r>1 are the spectral projections onto the eigenspaces of H. Let {I;};c; be any
partition of N into disjoint (finite or countable) index sets (indexed by a countable set J).

Define the band projections

~

ﬁj = Z Py (strong operator convergence), H; = jHﬁj = Z hy Py..
kel kel;

Then {]3]} jes C {HY} is a family of pairwise orthogonal projections with

Pl=P;,  PPp=byP, Y P=I,

jedJ

and gives a band decomposition

H=> H; oH)=|JoH)=J{h:keIL}.

jeJ jed jed

Moreover, the inter—band separation is strictly positive and bounded below by the global
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gap:
n = inf di H; H.)) = inf — > )
n ;ledlst(a( i), 0( ])) kelgléelj/ \hg —hel > 1 >0
J#J’

In particular, any finite or countable regrouping of eigenvalues yields a valid band structure

with uniform inter-band gap at least 7.

This class of Hamiltonians is more general than the one considered in the previous chap-
ter. In this case it is no longer possible to provide a precise algebraic characterization of
robust symmetries. However, we shall prove that those symmetries belonging to the bicom-
mutant of the band projections remain robust against bounded perturbations, and that their

wandering range is linear in the perturbation strength.

Theorem 6.1.1 (Robust symmetries for band Hamiltonians). Let H = HT be a self-adjoint

operator admitting a band decomposition {0y }x>1 with non-vanishing interband separation

0= il;éfz dist(oy, 0¢) > 0. (6.6)

Let H(e) = H + €V (g) be a uniformly bounded perturbation, i.e.

sup [V ()| < C. (6.7)

eel

Then, for every symmetry S in the bicommutant of the band projections,
Se{P,) ={AeB(H):[A,B]=0 VB e {P}}, (6.8)

the following bound holds uniformly in t € R:

. . AC B ||S
sup HeltH(e)Se—ltH(s) . SH < BA“ H |€|7 (69)
teR n
for || <7/(Cp).
The constants B and p are defined as follows
B = 4ma (ei — 1> (6.10)
p = 4ma, (6.11)
where o /= 4.79 is the unique solution of the transcendental equation
(a+1) (e% - 1) —3. (6.12)

This theorem proves that the symmetries belonging to the bicommutant of the band
projections are robust, and that their wandering range is linear in the strength of the per-
turbation. The strategy for proving this theorem is very similar to the discrete case. It is

based on the following generalization of Theorem 3.3.2.
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Theorem 6.1.2. There exist two families of operators W (e) and V(e) with the following

properties:
1. V() =V(e) e {BY.
2. W(e) unitary
3. W(e)D(H) C D(H).
4. W) =1
5. The operators H + eV (¢) and H + eV (¢) are unitarily equivalent through W (e):
W () (H + V()W () = (H +eV(e))h, (6.13)

for all p € D(H).

6. W(e) satisfies the following inequality:

~C
[W(e) =1 <hz el (6.14)
for all € such that )
Ui
el < —=. 6.15
< o (6.15)

The constants 3 and j are defined in Eqs. (6.10) and (6.11).

As in the discrete case, we postpone the proof of the previous theorem to the next section
(See Subsections 6.2.2 and 6.2.3).

Proof of Theorem 6.1.1. Let S € {ﬁk}”, we have

IV (E)) gemt(HAeV(E)) _ || = || [eH+<V (D 5] (6.16)
= H |:eit(H+€V(5)) _ eit(H+€V(s))’ S} H (6.17)
< 2|9 it (H+eV () _ Git(H+eV (e)) ‘ 7

where in step (6.17) we used that S € {P;}”, i.e. S commutes with all the operators in
{P,}, and then with V(e).

By using the unitary equivalence above, we obtain

HHFEVE) _ (o) VW ()| (6.18)
= 2||S||[|[e" "+, W (e) - 1] (6.19)
<4|S| W) 1| (6.20)

e HHEV(E) G iHTVE) _ G|l < 28]

~C
S4HS||65|€|,
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where in step (6.20) we used (6.14).

Remark 6.1.1. Theorem 6.1.1 shows that a special class of symmetries — those in the bi-
commutant of the band projections — are robust even in the band spectrum case, with a
linear wandering range. The structure of the proof is essentially the same as in the discrete
case, though the constants differ slightly. This result highlights a genuine extension of the

notion of robust symmetries beyond the purely point spectrum setting.

6.2 Band spectrum: homological equation and Quantum
KAM Iteration

In this section we extend the construction of the families W (e) and V(¢) to Hamiltonians
whose spectrum is organized in bands. The key input is a band—version of the homological
equation with sharp bounds; once this is available, the Quantum KAM iteration follows the

discrete case, with constants adapted to the band gap 7.

6.2.1 The Homological Equation for Band Hamiltonians

Given A € B(H), we write its block-diagonal and off-diagonal parts with respect to { P}

as

[A]:=> PAPR,  {A}=A-[A]=) BAP, (6.21)

E>1 kA

In the previous sections we proved, for Hamiltonians with purely point spectrum and a
non-vanishing spectral gap, the existence of the families W (e) and V(e) via the Quantum
KAM Iteration, whose key ingredient is the solution of the homological equation (Lemma 4.1.1).
We now show that the homological equation admits a band-version with analogous sharp

bounds.

Lemma 6.2.1 (Homological Equation). Let H be an unbounded self-adjoint operator with
band decomposition {0 }r>1 and non-vanishing minimal interband gap 1 > 0. Let B € B(H)
be a bounded operator. Then, there is a unique operator X € B(H) satisfying the following

conditions:
(i) XD(H) C D(H);

(ii) For all ¢ € D(H),
i[X, H] = {B}y; (6.22)

(111) The block-diagonal part of X wvanishes, i.e.,

[X] =0; (6.23)
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and it 1s given by

X =i / oH { BYoitH f(1)dt, (6.24)
R
where f is any real function in L'(R) such that its Fourier transform is given by
r —its 1
f(s) = [ e ™ f(t)dt = —, (6.25)
R S

for all |s| > 1. Moreover, if B is self-adjoint then X is self-adjoint. Finally, the following

estimates hold:
T
[ X < =[IBl], (6.26)
n
T
[HX || < (2||1/J|| + EHHf/fH) IBl, V¢ € D(H). (6.27)
Proof. Let 1» € H. Since equation (4.6) must hold for all ¢ € D(H), it must in particular

hold for ¢ = vy := Pp, for any ¢ > 1. In this case, multiplying from the left by ISk and

removing the dependence on 1), we obtain

H.P.XP, — P.XP,H, =i P,BP,. (6.28)

For k = ¢ we obtain
[ﬁkXﬁk,Hk] —0. (6.29)

Since, by hypothesis, [X] = 0, we have P.XP, = 0, and therefore the previous equation is

automatically satisfied.

For k # {, we obtain
H.P.XP, — P,XP,H, =iP,BP,. (6.30)
Thus, P, X P, (for k # () satisfies an equation of the form
AZ —ZB =Y, (6.31)

in the unknown 7, with A = H,, B = H, and Y = iﬁkBﬁg. This equation is known
in the literature as the Sylvester equation. It admits a unique solution provided that
dist(o(A),0(B)) > 0, ie. if the spectra of A and B are disjoint (See Theorem B.2.1).

This condition is satisfied here by assumption, since

0= ix;fe dist (o, o¢) > 0. (6.32)
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The solution can then be written in the following way:

P.XP =i / e Hx P, B f(1)dt (6.33)
R

=i / e " P BP,e" f(t)dt, (6.34)
R

where in the last step we have used the identity
HH P, = Hittn P, (6.35)

and f is any real function in L'(R) such that its Fourier transform is given by
¢ —ist 1
f(s):= [ ft)e ™dt = -. (6.36)
R S
Finally, summing over k # ¢, we obtain
(X} =X =i / e {BY oM F(1)dt, (6.37)
R

where again we have used the fact that [X] = 0. Then, at least formally, the solution holds.
We now have to show that the integral is convergent. Taking the operator norm of the

previous expression, we obtain
IXT < 21BN 1 21 ) (6.38)
for all f € F;, where
Fo={fe ') f5) = Vsl =0}, (6.39)

Optimizing over f € F;, we deduce

10 < 211BI| it 111l ) - (6.40)
It is known (see [26]) that
: T
flen]% ”fHLl(R) = 2% (6.41)
Therefore,
T
X1 = = 1Bl (6.42)

Moreover, we have to prove the bound

IEX ) < (20l + Z1EV) 1B, v e D). (6.43)
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Take ¢ € D(H). Using the explicit expression of X, we can write

AHXei/Hb“HﬂﬂﬂHﬂwm
=> / Hye ™ B BP,e™ f(t) dt

Py,

where in the last step we have use the decomposition

H=> H,. (6.44)

k>1

The operators Hj, can be regarded as operators on P,H. Since they are self adjoint, we can

consider their spectral decomposition

H,, = / AP, (A), (6.45)

where {P,,(\)} is the projection-valued measure canonically associated with H,,, which

satisfies
P, = / AP, (\). (6.46)

By inserting this decomposition in the previous expression, we get

—HX =) //Uk/ Ae "N dPy(N) BdPy(p) €™ f(t) dt

k£l

=S / / AdP,(\) BdP,(1) /R e AT f(4) dt

Y

_Z/ / AdPy(N) BdP,(11) f(\ — 1)

k0

_Z//—de ) BdP,(p)

k£l

where we have used the definition of f and that, in particular,

: (6.47)

for |s| > 7. By summing and subtracting p at the numerator, we get
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LiHX = Z//A MJF’udP()\)BdPg(u)
3 / | SRy BaR)

kAl
/ / dPy(\) BdP,(pn) +
k0 Y Ok O kA0

=Y BBP+Y / dPp(\ / pdPy() f (X — 1)

kL k£l

—{B}+Z//%/W eTNAP(N) B dPy(p) ™ (1)

k£0

={B}+ [ Y e P BPH ™ f(t)dt
R p2e

— (B} + /R e { BYeitH (1) H dt
— (B} —iXH.

Applying the triangle inequality and using the previous norm estimate for X, we obtain,
for ¢ € D(H),

|EX 6] < 2B 9]+ 1 X || (6.48)
< (2 ZHw)) 1B 6.49
< (200 + 2 1)) 131 (6.49)

This proves that, also in this case, XD(H) C D(H), and therefore the commutator
[X, H] is well defined on D(H). O

6.2.2 Formal construction: KAM Iteration

We are now ready to prove Theorem 6.1.2. We aim to construct two operators W (e) and
V(E) € {ﬁk}’ satisfying the properties of Theorem 6.1.2. In particular, we require that for
all v € D(H),
W () (H +eV(e)W(e) = (H + EV(&‘))w. (6.50)
We seek W(e) in the form
W(e) = X, (6.51)

where K(¢) = K(¢)" and K(¢)D(H) C D(H). In this case, the equation above can be
rewritten as

e TKEOH 4+ eV (€)X = H 4 eV (). (6.52)
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As in the discrete case, we look for K(¢) and V(e) as formal power series in e:

K(e) =) e Ki(e), (6.53)

s>1

Vie) =) &Vile), (6.54)

s>0
with K (0) = 0 to ensure that W (0) = ¢%(®) = 1.
From now on the strategy is very similar to the discrete case.

Lemma 6.2.2. Let W(e) = ¢X©), and assume that K(¢) and V(¢) admit the expansions
(6.53) and (6.54). Then equation (6.52) holds on D(H) if and only if, for all s > 1,

Viei(e) = Bs(e) — i[K(e), H], (6.55)
where Bg(e) is defined as
Bi(e) =V (e), (6.56)
- —1)" e o
BS(S) = ( n|> ]Cgl : &L(H)
n=2 T lel=s
s—1 (_1)71 ~ ~
D K, i, (V(E), (6.57)
n=1 e|=s—1
where ICZI - I@jn(A) = [Ky(e), -+, [Ko,(€), A] - -] for any suitable linear operator A. We
use the multi-index notation £ = ({y,...,0,) € N*, and |€] = {1+ --- + {,,.

Proof. See proof of lemma 4.2.1. O]

We now solve equation (6.55) by imposing the main requirement of the construction:
V(e) € {P,}. Imposing this condition order by order leads to explicit expressions for both
Vi(e) and Ky(e), as stated in the following result.

Lemma 6.2.3. Equation (4.47) admits a unique solution under the constraint [K¢(e)] = 0,

giwen by the self-adjoint operators:

Vii(e) = Y PiBu(e) P, (6.58)
Ky(e) = i /R eI { B (2) Ve £ (1), (6.59)

where f(t) is any L*(R) real function such that

f(s) = /R F(#)e-itdt — é (6.60)

for |s| > n.
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Proof. Fix s > 1. According to Lemma 6.2.2, the operators V;_;(e) and K,(e) must satisfy
Vi_1(e) = Bs(e) — i[Ks(e), H]. (6.61)
We impose that Vi_1(¢) € {P;}'. This is equivalent to requiring

Vici(e) = [Viea(2)] ==Y BiVioa(e) B (6.62)

k>1

Let us take the block-diagonal part of Equation (6.61). As in the discrete case, the block-

diagonal part of the commutator vanishes. Indeed,

~

PyK,(e), H|P, = [P.K,(¢) Py, Hy] = 0, (6.63)
since ﬁkKs(e)ﬁk = 0. Then, we find

Viei(e) = [By(e)] = > PuBi(e) Py, (6.64)

k>1

which proves equation (6.58). Next, we determine K (¢) by taking the off-diagonal part
of (4.56):
i[K, (), H] = {B,(e)}. (6.65)

This is a homological equation of the type considered in Lemma 6.2.1, whose unique solution

under the constraint [K,(¢)] = 0 is given by

Kq(e) = i/Re_itH{Bs(s)}eitHf(t)dt, (6.66)

as stated in (6.59). The proof of the self-adjointness of V;_;(g) and K(¢) is identical to the

one of lemma 4.2.2. O]

6.2.3 Convergence of the formal expansion

The construction presented in the previous subsection is purely formal. The operators B;(e),
K(¢), and Vi(e) are defined through infinite series, and their convergence must still be
proved. The proof of the convergence is exactly the same as in the discrete case. The only
difference is in the bound of the homological equation. We have shown in the previous

paragraph that K,(e), for s > 1 is the solution of the homological equation
i[KS(S),H] = {Bs(g)}, (6-67)
In the fine-grained case, we have shown that

1K, (e)]| < fl?m 1B ()], (6.68)
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where 7 is the fine-grained spectral gap. On the other hand, in the coarse grained case, we

have
T
| Ks(e)|l < 7 1Bs(e)]l, (6.69)

where 7) is the inter-bands minimal spectral gap.
Then, the bounds found in the fine-grained case are still valid in the coarse grained case,

if we make the replacement
1 R 1
Van

According to this observation, we can enunciate the generalizations of the lemmas 4.2.3,4.2.4,4.2.5

(6.70)

to the bands case. The proofs are identical to the discrete case.

Lemma 6.2.4. For all s > 1,

%IIBS(E)II < a* 1, (6.71)
where
b:="C (6.72)
7’7 )

and o = 4.79 is the solution of the transcendental equation
(a+1) (e% - 1) —3. (6.73)

Lemma 6.2.5. For all s > 1, the operators Vs_1(g) and K4(e) constructed in Lemma 6.2.3
satisfy the bounds:

IVaia(e)ll < |IBo(e)]], (6.74)
1K, ()] < %nBs(s)n. (6.75)

Lemma 6.2.6. Let K(g) and V() be the operators defined by the expansions (4.45) and (4.46).
Then, for all e € R such that

~

Ui

< 6.76
<5 (6.76)
the following bounds hold:
1K (e)|| < [e]b D(elelb), (6.77)
IV ()|l < CD(ale|b), (6.78)
where the function D is defined as
1—+/1—-14
D(y):= — 7, (6.79)

the generating function of the Catalan numbers.
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As direct consequence of the previous lemmas, one can prove, following the same steps

of the fine grained case, the following theorem.

Theorem 6.2.1. Let W(e) = ¢X©) and V() defined before. Then

O A

IW(e) =T < 5ol or lel < o, (6.80)
|HW ()| < Pk (uwu + 27%|eu><a|s|6>nwu) (6.81)
IV (e)]| < CD(alelb) (6.82)

This theorem concludes the proof of Theorem 6.1.2. Indeed, properties (i), (i7), (iv) and
(v) hold by construction. Estimate (6.81) establishes property (iii), while estimate (6.80)
yields property (vi).



Chapter 7
Differential Approach

In the previous chapter, we constructed the operators W (e) and V(e) so that
W(e) (H +eV(e))W(e) = H+eV(e), (7.1)

with V(¢) € {H}’, by means of the Quantum KAM iteration. As already noted in Chapter 3,
however, the definition of these operators is not unique, and alternative strategies can be
employed to obtain the same result.

In this chapter we develop a differential approach, based on Kato’s perturbation the-
ory [20]. The central idea is to formulate a differential equation for the operator W (e), solve
it as a formal power series, and then prove its convergence. The resulting transformation
will again satisfy the requirements of Theorem 3.3.2.

Unlike the Quantum KAM scheme, which is discrete and combinatorial, the differential
approach offers a continuous analytic framework based on the perturbation theory of spectral
projections. We begin by recalling the relevant aspects of Kato’s perturbation theory, and
then apply this framework to construct the unitary transformation W (e) and establish its

convergemnce.

7.1 Kato’s Perturbation Theory

Let H be a separable Hilbert space, and let H = HT be a self-adjoint operator. Suppose

that H has purely discrete spectrum. Then, the spectral decomposition of H reads

H=> hP, (7.2)

k>1

where {hy}r>1 are the distinct (increasingly ordered) eigenvalues of H, and { P }x>; are the
corresponding orthogonal spectral projections.

We assume that the Hamiltonian has a non-vanishing minimal spectral gap, i.e.,

n = iI;éfE |hi, — he| > 0. (7.3)
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We now investigate how the resolvent operator of such a Hamiltonian is modified when
the Hamiltonian is subjected to a perturbation.

7.1.1 Perturbation of the Resolvent Operator

We start by recalling the definition of the resolvent operator R.(H). For every ¢ ¢ {h}i>1,

we set
Re(H) = (H —¢I)™, (7.4)

which defines a bounded operator on the Hilbert space. Throughout this chapter, for brevity,

we will adopt the shorthand notation
Re(H) = R(Q), (7.5)

omitting the explicit dependence on H when no confusion arises.
We aim to study how the resolvent operator is modified when the Hamiltonian is subjected

to a perturbation of the form
H(e)=H+¢€V(e), (7.6)

where V(g) = V(¢)! € B(H) is a generic bounded self-adjoint operator, uniformly bounded
in g, i.e.

sup |V (e)[| < € < oo,
eel

and e € I CR.
In order to use Kato’s perturbation theory, it is convenient to consider a broader family

of perturbations, parametrized by a complex variable z € C:
H(ze)=H+ 2V (e). (7.7)

Here V(¢) is kept fixed, while the dependence on z allows us to exploit analyticity in the
complex parameter. The original perturbed Hamiltonian is recovered by setting z = ¢ € R.
In the following, to simplify notation, we shall often write H(z) instead of H(z;¢), and V
instead of V' (¢), tacitly keeping in mind the underlying dependence on e.

For all z € C, we define the perturbed resolvent operator as
R(¢,2) = (H(z) =<7 (7.8)
We now prove that R((, z) is analytic in a neighborhood of z = 0.

Theorem 7.1.1. Let R((, z) be the resolvent operator of the perturbed Hamiltonian H(z) =
H + 2V. Then R((,z) is analytic in a neighborhood of z = 0. In particular, it admits the
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expansion
R(¢,2) =) z"R™((), (7.9)
where _
R™(() = R()(-VR(Q)", n=0. (7.10)

Proof. Let ¢ belong to the resolvent set of H, so that R(¢) = (H — ¢I)~* € B(H). Then,
H(z)—CI=H —(I+ 2V =1+ 2VR(Q))(H — CI), (7.11)

where we have used the identity (H — (I)R(¢) = L.

Taking the inverse, we obtain

R((,2) = RO+ 2VR()] . (7.12)

We now expand the inverse operator on the right-hand side of (7.12) using the Neumann

series:

([—A)"'=> A" (7.13)

n>0

which is valid whenever ||A]| < 1. Applying it to A = —2V R((), we get

L+ 2VR(Q)]™ =) (—=2VR(()" (7.14)

n>0

This series converges for all z € C such that
2] < IVR(OIIT, (7.15)

which holds for |z| sufficiently small.

Substituting the expansion (7.14) into (7.12), we find

R(C.2) = R(Q)Y (—2VR(Q)" =Y _ 2"R(Q)(-VR())", (7.16)

n>0 n>0

which concludes the proof. n

In the following section, we study how the perturbation of the Hamiltonian affects its
spectral projections. In particular, the expansion (7.9) will be the key tool to derive pertur-

bative formulas for the spectral projectors.
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7.1.2 Perturbation of the Spectral Projections

Let hj be an isolated eigenvalue of the unperturbed Hamiltonian H, with multiplicity m &€

N U {+oc}. The associated spectral projection can be written as

Po=—— [ R (7.17)

27T1 Iy
where T’y is a positively oriented, closed curve (e.g., a circle) in the resolvent set of H
enclosing hj and no other eigenvalues.

Let us now define the perturbed projection operator

Pi(z) = ——— [ R(C.2)C, (7.18)

27 Jp,
where Py(z) projects onto the part of the spectrum of H(z) = H + zV enclosed by T';.!
The analyticity and boundedness of the resolvent R((,z) for |z| sufficiently small (as
proved in the previous section) ensure that no spectral points of H(z) lie on T'y, so the
definition is well posed.
Expanding the resolvent operator using Theorem 7.1.1 and integrating term by term

yields the Taylor expansion

Pi(z) = P+ Y 2"P", (7.20)
n=1
with coeflicients
(n) 1 (n)
i Jr,

Using Theorem 7.1.1, we now compute an explicit formula for the coefficients P,§">.

Theorem 7.1.2. Let Py(2) be the family of spectral projections with Taylor expansion given
by (7.20). Then, for alln > 1,

P = (-t YT sy ygiey), (7.22)

M1+"'+,Ufn+1:n
i >0

'Note that H(z) is not self-adjoint for general z € C, hence Pj(z) is not Hermitian. However, since
H(z)" = H(z*), the same symmetry holds for the projections:

Pi(2)" = Py(2"). (7.19)

For real z, in particular, Py (z) reduces to an orthogonal projection.
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where
- 7.23
S =St for p>1, (7.24)
" Sk=3_ Fe (7.25)
=+ he = h,

1s the reduced resolvent of H with respect to the eigenvalue hy.

Proof. From (7.10) and (7.21), we obtain

P = (—1pr L / R(OIVRO)]dC. (7.26)

2mi

Since hy is an isolated eigenvalue, the resolvent R(() has a Laurent expansion around

¢ = hg. In the Appendix C, we show that this expansion reads

R(¢) =Y (¢ — sy, (7.27)

p=>—1

with S¥*V as defined in (7.23) and (7.24).
Inserting (7.27) into (7.26) and expanding the product yields

n 1
Pk( ) — (_1)”“% Z / (¢ — hk)“1+"'+“"“S,(CMH)VSIQMH) - Vslgunﬂﬂ)dg
Py int1>—1 D
(7.28)
Let us now evaluate the integral
I = / (C—hp)Pd¢, peZ (7.29)
|y

Case p > 0: the integrand is holomorphic inside I'j, so by Cauchy’s theorem,
(p)
LY =o0.

Case p < 0: the integrand has a pole of order —p at ( = h,. By the Cauchy Residue
Theorem, it is easy to show that
I = 2xi6, ;. (7.30)

Then, from (7.28), only the terms with pq + -+ + p,+1 = —1 contribute. We obtain

P’gn) _ (_1)n+1 Z S£“1+1)VS,(€“2+1) . VS,i“”“H). (7.31)

p1ttpnp1=—1
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Finally, we shift the summation indices p; — p; — 1, yielding the claimed result:

P]gn) _ (_1)n+1 Z S}iﬂl)vsli#ﬂ . VS;SunH)- (732)
p1ttppr1=n
13 =0
[

We now introduce the multi-index notation:

o = (1, - oy fom), (7.33)
|| = pi1 + -+ + e (7.34)

Then the coefficients can be written compactly as

P}gn) = (—1)"*! Z S,E“I)VS,?‘Z) .. VSIg“"“)_ (7.35)

[nt1]=n

Let us now compute explicitly the first two coefficients:

First-order term:

Pl = > sy (7.36)
p1+po=1
— 5Oy st 4 5y g (7.37)
= — (P.V Sk + S,V Py). (7.38)
Second-order term:
PP =— 3 smlvskys (7.39)
p1t+p2+pus=2
= —(SVP.V P, + P.VS;VP, + P.VPVS; (7.40)

In the next section, we construct a similarity transformation that maps the unperturbed

projection Py to the perturbed one Py(z).

7.2 Similarity transformations of spectral projections

This section follows the classical strategy of Kato’s perturbation theory. The central idea
is to construct an operator family U(z) that intertwines the perturbed and unperturbed

spectral projections. In particular, for all £ > 1,

e U(z) is invertible, and its inverse U(z)~! is holomorphic;
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o U(2)P(0)U(2)7! = Py(2).

We start by introducing a lemma about the differential properties of the spectral projec-
tions Py(z).

Lemma 7.2.1. Let Py(z) be the spectral projections defined in the previous section. Then
Py(2) = [Q(2), Pi(2)], (7.42)

where P, (z) denotes the derivative of Py(z), and

Q(z) =Y _ Pi(2)Pi(2). (7.43)

k>1

Proof. Since P,(z) is a projection, it satisfies Py, (z)? = Py(z). Differentiating both sides and

using the Leibniz rule, we obtain
Pu(2)P((2) + P(2)P.(2) = Pi(2). (7.44)

Summing over k > 1, we have
> (Pu(2)Pil2) + Pi(2)Pi(2)) = (Z Pk(2)> =0, (7.45)

since the projections form a resolution of the identity. Thus,

Qz) =Y P(2)Pi(z) = =) Ful2)P(2). (7.46)

k>1 k>1
Let us now compute the commutator of Q(z) with Py (z). Using (7.46), we obtain:

[Q(2), Pr(2)] = Q(2) Pu(2) — Pu(2)Q(2)
= Pp(2)Pu(z) + Pi(2) Pe(2) = Py(2),

where the last equality follows from (7.44). H

We are now ready to address the problem of finding the operator family U(z). In partic-
ular, we will formulate a differential equation that U(z) must satisfy, and in the next section

we will solve it.

Theorem 7.2.1. The operator U(z) is the unique solution of the differential equation

X'(z) = Q(2)X(2), (7.47)

Uz)™t =U(2), (7.48)
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meaning that for z € R, the operator U(z) is unitary.

Proof. The differential equation (7.47) is linear, and thus has a unique holomorphic solution
(in a simply connected domain) for a given initial condition X (0). Let U(z) denote the
solution with X (0) = I. Then the solution with a generic initial condition X (0) is given by

X(2) =U(2)X(0). (7.49)

Y'(2) = =Y (2)Q(z). (7.50)

This also admits a unique holomorphic solution with given initial condition. Let W (z) denote
the solution with Y'(0) = L.

We now prove that U(z) and W (z) are inverse to each other. Indeed:

(W (2)U(2)) =W'(2)U(z) + W(2)U'(2) (7.51)
=-W(2)Q(2)U(z) + W(2)Q(2)U(z) = 0. (7.52)

Thus, W(2)U(z) is constant and

W()U(2) = W(0)U(0) = L. (7.53)

To prove U(z)W (z) = I, consider:

(U)W (2)) =U'"(2)W(z)+U(z2)W'(2) (7.54)
= QU)W (2) U ()W (2)Q(2) = [Q(2), U(z)W (2)]. (7.55)
So R(z) := U(2)W (z) satisfies:

R(z) = [Q(2), R(z)],  R(0)=1. (7.56)

Since the identity operator solves this Cauchy problem, and the solution is unique, it follows
that
Uz)W(z) =1L (7.57)

Hence, W(z) = U(z)~%.

Let us now prove that U(z) satisfies the intertwining property for the projections:

P(2)U(z) = U(2)P(0), V-=. (7.58)
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Differentiating the left hand side of the previous expression, we get

(Pu(2)U(2)) = Pi(2)U(2) + Pu(2)U'(2) (7.59)
= [Q(2), Pu(2)]U(2) + Pi(2)Q(2)U (2) (7.60)
= Q(2)P(2)U(2) = Q(2)(Pr(2)U(2))- (7.61)

This implies that R(z) := P(2)U(z) satisfies:
R'(z) = Q(2)R(z), R(0) = Px(0), (7.62)
and by formula (7.49) and uniqueness of the solution,
Pi(2)U(z) = U(z)Px(0). (7.63)
Multiplying both sides on the right by U(z)~! yields:
Pu(2) = U(2)P.(0)U(2) " (7.64)

We now prove that U(z*)" = U(z)~!. From the differential equation

U'(z") = Q(z)U(z"), (7.65)
taking the adjoint gives:
(U =UE)Q(). (7.66)
We now compute Q(z*)!. Using the identity Py(2*)" = Py(2) (from (7.19)), we obtain:
T
Q=)' = (Z Pé(z*)Pk(Z*)> = P(:)F(2) (7.67)
E>1 k>1
=—Q(2), (7.68)

so Q(z) is skew-Hermitian. Therefore,

(U)1) = -U()'Q(2), (7.69)

which is the same equation (7.50) satisfied by U(z)™!, and both satisfy the same initial

condition at z = 0. Hence, by uniqueness,
Uz =U(2)"" (7.70)

]

This concludes the proof of the existence of the operator U(z). In the next section, we

will find its explicit form via a formal expansion, and subsequently study its convergence.
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7.2.1 Formal series expansion of U(z)

Rather than solving directly the differential equation for U(z), we consider the family of oper-
ators Uy(z) := U(z)P,(0), for each k € N. The full operator U(z) can then be reconstructed

via the resolution of the identity:

U(z) =) Ui(2). (7.71)

k>1

Let us now derive the differential equation satisfied by Uy(z). Taking the derivative, we

obtain:

Ur(2) = U'(2) P:(0) = Q(2)U(2) P (0) (7.72)
= Q(2)Pu(2)U(2) Pr(0) = Pi(2)Uk(2), (7.73)

where we used the definition of @Q(z) from (7.46). Thus, each block Uy (z) satisfies the

differential equation:
Ur(2) = Pi(2)U(2), (7.74)

with initial condition

Uk(0) = Py (7.75)

Theorem 7.2.2. The solution of the equation (7.74) admits a formal series expansion

U(z) =Y 20", (7.76)
n>0
where the coefficients satisfy
v~ p, (7.77)
n - m— m 1 2 m—+1 n—m
Uy = Zl(—n 1%2 SEIVSEIY Ly g g, (7.78)
m= H|l=m

Proof. Recall the expansion of Py(z):

Pi(2) = Z z"Pk(n), (7.79)
n=0
with
PO _ p,. (7.80)
P = (-1t N gvsiey . yge), (7.81)

|Hnt1|=n
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Differentiating term-by-term,

Pl(2) = Z(n +1)z" Py (7.82)
n=0
Seeking U(z) in series form
U(z) = P+ Y 2"UL", (7.83)
n=1
and substituting into (7.74), we get
Z(n + 1)Z”U,£n+1) = Z(m - 1)zm+€P,£m+1)U,££) (7.84)
n>0 m,f
=3 "> (m+PMIU™. (7.85)
n>0 m=0

Equating coefficients term-by-term for each n > 0, and shifting index n + 1 — n,

n—1
nUM =3 " (m+ 1Py, (7.86)

m=0

Replacing Pé”) by their explicit expressions,

n—1
1 —1-m
U =3 S sEvsv syl (7.87)
m=0 lppm+2|=m~+1
=Syt ST sevsEy Ly s g, (7.88)
m=1 lpmt1]=m
O

As a direct consequence of (7.71), the full operator U(z) admits the formal expansion

U(z) = Z U™ where UM = Z U, (7.89)

n>0 E>1

Although convergence has not yet been established, the operator U(z) is formally unitary
for real values z = €. When restricted to z = ¢ € R, we shall denote it by W (¢), in agreement
with the notation introduced in the previous chapters. In the next section, we shall prove

convergence and show that W (e) satisfies all the properties of Theorem 3.3.2.
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7.3 Unitary Equivalence in Kato’s Framework

We now state the main result of Kato’s method, which guarantees the existence of a unitary
operator W (e) reducing the perturbed Hamiltonian to a block—diagonal form commuting

with H, together with quantitative bounds.

Theorem 7.3.1. There exist two families of operators W (e) and ‘7(8) with the following

properties:
(i) V() is self-adjoint and commutes with H.
(i) W (e) is unitary.

(111) W(e) leaves the domain of H invariant:

W(e)D(H) C D(H).

(iv) W(0) =1T.
(v) The operators H + eV (¢) and H + £V (¢) are unitarily equivalent through W (e):
W (o) (H + V(€)W (e) = (H +V (o)), (7.90)
for ally € D(H).

(vi) W (e) satisfies the bound

C
[W(e) -1 <8 m e, (7.91)
for all e € R, where
2
2
V3+m
fi= 5 (7.92)
g V34T

7.3.1 Block-diagonalization via W (¢)

The operator W (e), constructed in the previous section, intertwines the spectral projections
of the perturbed Hamiltonian H(e) = H + ¢V with those of the unperturbed one. As
a consequence, it transforms the full Hamiltonian H(¢) into a new operator H + eV(¢)

commuting with H. We define

H+:eV(e):= W) HEeW(e). (7.93)
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We claim that H + 5‘7(5) is block—diagonal in the spectral decomposition of H. Indeed,

; P.(H +V(e)) P, = ; PW (e) H(e)W (¢) P, (7.94)
_ = ; W (e) P(e)H (g) Prp()W (e) (7.95)
= W(e) H(e) (Z Pk(5)> W(e) (7.96)

= W(s)TH(e)Wk(Zsl) — H+eV(e), (7.97)

where we have used the intertwining property W(e)P, = Pi(e)W(e), together with the

completeness relation ), Py(c) =L

Hence, H 4V (¢) commutes with all spectral projections of H. It follows that V(¢) itself
commutes with all spectral projections of H, and therefore with H. This establishes point ()
and (v) of Theorem 7.3.1. Properties (ii), and (iv) follow directly from the construction of
the operator W (e).

7.3.2 Proof of point (vi)

To prove the convergence of the series constructed in the previous sections, we introduce
a sequence of rational numbers closely related to the Catalan numbers. Their recursive

definition reads
co =1, (7.98)

" /2m\ m
Cn = Z ( o >  Cnem- (7.99)
m=1

We refer to these as the modified Catalan numbers. Further details on this sequence can be
found in Appendix A.

Let us consider again the formal expansion of the operator We):

WE) =1+ Y W =1+ e"w, (7.100)

n>1 k>1 n>1

where we have introduced the notation

W =", (7.101)

k>1

To prove convergence we estimate each coefficient in the expansion, both at the block

level W,En) and in the full operator W™ . We now present a lemma giving such estimates.
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Lemma 7.3.1. For alln >0,

HW;") < b, (7.102)
1 ™
wm| <= <1 + —) cnb”, 7.103
el <5 (1+ 2 (7.103)
where vl
p="1"1. 7.104
; ( )

Proof. Let us proceed by induction. For n = 0, recall that

wl = P, (7.105)
and then
HWIEO)H = 1Pl = 1 = cob”. (7.106)
Now suppose that forallm=1,...,n—1,
HW,ET”)H < enb™. (7.107)

Using the recursive definition of W,En), we obtain

HW,E”) <y= 3 Hs,gﬂl)vs,g“”v---vsli“m+1)w,§”‘m))] (7.108)
m=1 |mt1]=m
- m 1T m—+1 m n—m
<Y DL ST v HWé )H (7.109)
m=1 |mt1|=m
- m m m n—m
<D S VI ™™ D71 (7.110)
m=1 [Hm1|=m
" m [(2m
<N = e b 111
<> () = 1)

where we used the identity

o= (2;:) (7.112)

[Hmt1]=m
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Let us now estimate W™ . By the triangle inequality,

LD SEDS

> SEvSEv .y s p

m=1 " |uga|=m |21

= % Z Z P, <W,§n_m)>T Slg,umﬂ)v o VS,(;“)

3

where

Let ¢ € H. Then

eSS

k>1

n—m 2 2m 2(m—
<>l v s
k>1

1 2
S ——

2
it

174 2m Cor BT 2 2
< VI« ) ZHSIEM)@”H '
k>1

772(m_M1)

If p1 =0, then S,g’“) = —P, and

DBl =)

k>1

If 11, > 0, then S = §# and

S spl® < e I)Zuswu < 3772,“ lo)1*.

k>1 k>1

Thus,

v v
?72—m5“170 + 772(m7‘u1) (1 i 0)3 201 ‘W”

1Z320])" < (cammb™™)?

2

= [fno+ 0= )| 2t I

Taking the supremum over [[?)|| = 1 and then the square root, we obtain

Zm | < {(1 — l) 5 i} b
H nm” — \/§ “170+ \/§ ¢

(7.113)

(7.114)

(7.115)

(7.116)

(7.117)

(7.118)

(7.119)

(7.120)

(7.121)

(7.122)

(7.123)

(7.124)
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Inserting this into (7.115), we get
wml < S [(1 = l) S0+ l] Cnm” 7.125
I mZ - |Zm 75 ) ot (7.125)
T " m T " m
<({l——)0" —Cn—m +—=b0" —Cp— 1. 7.126
() LR X R b T
m=1 [em |=m m=1 [Hem1|=m
Since
2m —1 1/2m
1= = - 12
=m0 raem
[ |=m
2
Y o1= ( m), (7.128)
m
|[mt1]|=m
we have
|| < F (1 = i) + i} b Xn: D (2m> _! (1 + l) b (7.129)
=12 V3 V3 “—~n m 2 V3
O
We are now ready to provide an estimate for W(e) — L.
Theorem 7.3.2. Let W (e) be the operator defined above. Then
W () —T|| < & (1+ n ) (C(eb) — 1) (7.130)
=9 \/g ) .
where
Clz) = o < ! 1) (7.131)
x) =exp| —— — :
P\Vicee )
is the generating function of the sequence {cp}n>0, and
p o IV (7.132)
n
with n = infj_e |hy, — he| > 0 the minimal spectral gap of H.
Proof. We have
1 us
W) =1 <) "W < —<1+—>cn5b” 7.133
W (e) H_; I H_;Q 7 (eb) (7.133)
1 T
=—|14+—=] (C(eb) —1). 7.134
(14 7% teten - 1) (7.134)
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A comparison with the bounds obtained in the previous chapters is shown in Fig. 7.1.

We are now ready to complete the proof of point (vi) of Theorem 7.3.1.

Recall that we are interested (See Remark 3.3.5) only in values of & such that

W (e) =1l < (7.135)

l\DIn—~

The function

f(z) = %(1 + %) (C(z) —1), (7.136)

is continuous and strictly increasing for x > 0, with f(0) = 0. Condition (7.135) is saturated

_ 1 —l—log(ifj”)} -1

4[1 +log<2f:”>}

at a unique positive value

By monotonicity of f(x), we have

fl@) < fla)- =, Vzeloa)

T

On the interval [0, z*], the graph of f(z) lies below the chord joining the points (0,0) and
(x*, f(z*)) = (2*,1/2). Therefore,

flz) < 1$—/2 r = fux, Vael0,z7]. (7.137)

Finally, recalling that = b = €||V|| /n, we obtain
|| I
W (e) = Il < 87— Iel, (7.138)

where

()]
[1 - 10g<2f:f”>r —1

This establishes the desired linear bound.

B = ~ 4.85. (7.139)

7.3.3 Domain preservation of W (e)

The last step is to verify that the transformation W (e) is well-defined on the domain of H,

i.e. the point (i7i) of the Theorem 7.3.1. As in the previous chapter, we want to prove that

W(e)D(H) C D(H).
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0.06 [
0.05 |-
0.04

r — KAM
0.03 Trotter KAM

r Kato
0.02
0.01F

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.005 0.010 0.015 0.020 X

Figure 7.1: Comparison between the bounds on ||[W(e) — I|| obtained via the Quantum KAM
Iteration, the Trotter-KAM scheme, and Kato’s perturbative construction. The horizontal axis is
labeled by x, where x = b (with b = ||[V'||/n).

To this end, we provide an explicit bound for HW (g)v, with ¢ € D(H). The following

technical lemma will be needed.

Lemma 7.3.2. For all p > 0, the following identity holds:
HSY = S + (1= Py) 8,1 4+ 527 (1= 0,00) (1 = 8,01). (7.140)

Proof. We check the cases separately.

If =0, then
HS" = —HP, = —h,P, = hSY. (7.141)

If p =1, then
1S\ = HS, = (H — heI)Sp + hieSi = (I — Pi) + hy, Sy (7.142)

If > 1, then

HSW = HS" = (H — hi])S!" + bt = (I — PSP + hyStt = 517 + by, SW . (7.143)
This proves the stated identity for all u > 0. m

We can now apply the lemma to estimate HW (), for ¢» € D(H).

Theorem 7.3.3. For all ) € D(H),

el < ol + 5 (14 ) ol e (5 + 7 ) ol e - 1. (71
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Proof. Let 1) € D(H). We start by expanding HW (™

n

HW™ =Y " (-1)

m=1 ltm|=m k=1

m—lm

Using the lemma, we decompose:

Hw® — i(_ m— 1m Z Zh S(Ml)v LV Sy (1) Wn m)Pk

" ml=m k21

- m n—m
D Y Y (= PV VSR,

st |=m k>1

+i(— mlm YooY sty vsErwitm By
m=1

P —t
p1>1

The first line can be rewritten as

n

Do S S SV Vs W P,

m=1 |um+1\_m E>1

In the second line, notice that

> = > 1= > 1

|pmt1l=m p2t et pmgr=m—1 |ppm|=m—1

SO we can rewrite it as

n

m n—m
DT Y Y M- BYVS VSR

m=1 ‘um‘:mfl kZl

Altogether, we obtain
HW®™ = wm g

+v§nj(— D DR D S SR Ol 1/
m=1

" 1 k21

_zn:(_ mlm 3 ZPVS’“V Ly gy ine
m=1

"l mm1 k21

+i(—1)m—1% Yo sy s W P
m=1

| 1|=m k>1
pn1>1

Z Z HS®V ... VSIng+1)ng(n_m)Pk-

(7.145)

(7.146)

(7.147)

(7.148)

(7.149)

(7.150)

(7.151)

(7.152)

(7.153)

(7.154)

(7.155)
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For convenience, let us denote

=Y sV vsEwim B, (7.156)
k>1
B = N RVSIIV VST B (7.157)
k>1
Ot =N~ gty oy gy p (7.158)
k>1
Thus,
(n) _ ) ™ (1m) m) (Homt1)
HW®™ =W™H 4+ (1) - S (VAR £ B £ Y ke
m=1 |t |=m—1 |um+ﬂ
p1>1
(7.159)
Taking norms, we find
[HW || < [W| | Hy|| (7.160)
325 vl )+ 5 et o
m=1 lppm |=m—1 lmt1]=m
p1>1
(7.161)
= [|[WO | [[H| + D™ ||y, (7.162)
where
D™ = %( S (VAL + IBE) + > ||C£7$*1)||)- (7.163)
m=1 [ |=m—1 | 1]=m

pn1>1

At this point, we need to estimate the contribution D that appears in the bound for
|HW™4)||. To this end, we proceed in three steps:

Step 1 we estimate separately the norms of the operators Anm , Bﬁf‘ ) and Cfl“ ,ZL“);
Step 2 we combine these estimates to obtain an explicit bound for D™);

Step 3 we plug the resulting estimate into the series expansion of HW (g)v, thus completing
the proof.

Step 1: Estimates of A, B,C.
Take ¢ € H. Then

(B M%H =3 | wiyisEy VS,i“l)@Z)HQ . (7.164)
1
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Using

i

< cib®, HS,E“)

1
7’]#

we get

o] < (B m) >[5t (7160

From the previous section,

(1), || i 2
> (st < g . (7.167)
k>1

Hence,

|ty <— (camb™) 017, (7.168)
SO
| Al || < %cn mb" (7.169)
Similarly,

Bt || < IV enmb (7.170)
|G| < % V]| cnmb™ (7.171)

Step 2: Bound for D™

Plugging these estimates into the definition, we find

CEEIIED K D Sl CN R R S
m=1

[pm|=m—1 |I"m+1‘—m
H1>

(7.172)

This can be rewritten as

D(n):||V||b”—1zn:%cn_m[%< Yoo+ > 1>+ > 1]. (7.173)

m=1 [t |=m—1 [m+1|=m |pm|=m—1
pn1>1
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Now observe that
2(m —1) 1/2m
> 1_(m_1><§<m), (7.174)
[pm|=m—1
1/2m
Yooi< > 1:5(m) (7.175)
lpm41l=m |pm1|=m
H1> ©1>0
Therefore,
D™ < q (1 + i) cob™ (7.176)
2 V3
Step 3: Conclusion.
Recalling
W) < 1 (1 + l) b, (7.177)
2 V3
we finally obtain
| W] < F (1 " i) V2] + (1 + 1) le\] b, (7.178)
2 V3 2 V3
Summing over n > 1,
[HW @)pll < | HY | + <" [|[HW | (7.179)
n>1
1 s 1 s
< ||HY||+ =1+ — ] ||HY| + -4+ — cn(eb)" 7.180
<t + |5 (1 ) bt (5 ) 1 Saer s
= o+ |5 (1 22 ) el 0 (5 + 22 ) Il @en - . (s
= 5 7 {5 7 : :
Thus, W(e)y € D(H), and the transformation W (e) is well-defined on D(H). O



Conclusions and outlook

In this thesis we have investigated the stability of quantum symmetries against perturbations
of the system’s Hamiltonian. We first focused on Hamiltonians with compact resolvent, such
as the harmonic oscillator, characterized by a purely point spectrum and a non-vanishing
spectral gap. Under these assumptions, we obtained a precise algebraic characterization of
the symmetries that remain robust under a fixed perturbation [12]. We showed that ev-
ery relatively bounded perturbation induces a family of subprojections of the unperturbed
Hamiltonian, and that the robust symmetries are exactly those operators that commute
with this family of subprojections. We then extended our analysis to the set of symmetries
that are robust with respect to an arbitrary collection of perturbations P. A key result is
that this set always forms a von Neumann algebra of bounded operators, independently of
the specific structure of P. In particular, when P coincides with the commutant of a sym-
metry of the unperturbed Hamiltonian, the resulting algebra of robust symmetries exhibits
a well-defined and elegant algebraic structure. Finally, we proved that the completely ro-
bust symmetries—those stable against all possible perturbations—are precisely the bounded
functions of the Hamiltonian, forming the von Neumann algebra generated by H, that is, its
bicommutant. This result generalizes to unbounded Hamiltonians with discrete spectrum a

theorem previously known only for finite-dimensional Hilbert spaces [11].

Subsequently, we analyzed in detail the wandering range of robust symmetries, namely
the quantitative measure of their deviation induced by a perturbation of the Hamiltonian.
In particular, we studied the scaling behavior of the wandering range with respect to the
perturbation strength €. We proved that, in general, the wandering range does not scale
linearly with ¢, and we provided explicit examples in which this linear dependence does
hold. A particularly interesting case is that of completely robust symmetries under bounded
perturbations. In this setting, we showed not only that the wandering range is of order ¢,
but also that it admits an explicit bound in terms of the spectral gap of the Hamiltonian
[14]. A remarkable result is that this deviation depends only on the energy gaps and is
completely independent of the system size. This independence of the system size is what
we call scalability. It means that results established for small systems continue to hold as
the system becomes larger, which is a necessary requirement for the practical development
of quantum technologies [27]. We presented two alternative proofs of this result: one based
on an iterative procedure known as the Quantum KAM Iteration (Chapters 4 and 5), and

the other on Kato’s perturbation theory (Chapter 7).
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Furthermore, we showed that the Quantum KAM Iteration admits a natural extension
to the case in which the Hamiltonian has a band spectrum [15]. As a consequence, we
proved that all bounded operators belonging to the bicommutant of the band projections
are completely robust, with a linear wandering range that depends on the interband gap.
This allows us to identify a nontrivial class of completely robust symmetries in the more
general setting of Hamiltonians with band spectrum [15]. However, this result does not
yet provide a complete algebraic characterization of robust symmetries within the general
framework of band-structured Hamiltonians. It would be interesting to determine, also in
this context, all possible robust symmetries against an arbitrary family of relatively bounded
perturbations.

A second possible direction for generalization concerns the role of the spectral gap. In
all the quantum systems analyzed throughout this thesis, the existence of a nonvanishing
gap—between energy levels or between spectral bands—in the spectrum of the Hamiltonian
plays a crucial role. However, there are physically relevant situations in which this assump-
tion is not satisfied. For instance, many atomic and molecular systems are characterized by
a purely point spectrum that possesses an accumulation point, as in the paradigmatic case
of the hydrogen atom.

In such cases, one can certainly apply the results of the Quantum KAM Iteration for band
Hamiltonians by grouping the energy levels into uniformly separated bands. However, as
already mentioned, this construction does not provide a complete algebraic characterization
of the robust symmetries [15]. It would therefore be interesting to investigate the stability
properties of such gapless spectra under relatively bounded perturbations. In this direction,
Ref. |28] studies the stability of a gapless Hamiltonian with a spectrum consisting of simple
eigenvalues accumulating at a point, providing a promising starting point for further analysis.

Furthermore, the Quantum KAM Iteration is not only a powerful tool for estimating the
wandering range of completely robust symmetries, but also proves to be highly valuable in
the context of the Quantum Adiabatic Theorem [13, 29|. The extension of the Quantum
KAM Iteration to unbounded Hamiltonians with band spectrum, developed in this thesis,
provides a natural framework for generalizing the Quantum Adiabatic Theorem to this set-
ting [30]. Beyond its conceptual relevance, the Adiabatic Theorem plays a central role in
several quantum technologies, most notably in Quantum Adiabatic Computation [31] and in
adiabatic quantum state preparation [32].

A further line of research concerns the connection between robustness and quantum con-
trol. The stability results developed in this work naturally suggest the possibility of actively
stabilizing fragile symmetries through suitable modifications of the Hamiltonian [33]. For
example, one may analyze control strategies such as dynamical decoupling, where appropri-
ately designed sequences of pulses effectively average out undesired perturbations [4, 5, 34].
By combining the algebraic classification of robust and fragile symmetries with such control
protocols, it may be possible to derive rigorous criteria for when the stabilization of frag-
ile symmetries is achievable and to quantify the degree of robustness that can be reached.

Beyond the theoretical interest, this analysis has clear relevance for quantum technologies,
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where maintaining selected symmetries is essential for error suppression and coherence pro-
tection.

Finally, an important open direction concerns the generalization of the present analysis
to open quantum systems, in the presence of environmental interactions [35]. All the results
presented in this thesis rely on the fundamental assumption of unitary evolution, which
holds for closed quantum systems but generally fails in open ones. Since every real physical
system is inherently open, it becomes crucial to investigate how the notions of robustness
of symmetries [36, 37| and adiabaticity [38] can be extended to this broader, non-unitary
setting. Several works have explored adiabatic behavior in finite-dimensional open systems
(see, e.g., Refs. [13]), but the extension of such results to unbounded generators acting
on infinite-dimensional Hilbert spaces remains an open challenge of both conceptual and
practical importance. Indeed, as in the case of closed quantum systems, one would like to

obtain results that are independent of the system size, thereby ensuring scalability.



Appendix A

Catalan numbers

This appendix collects the definitions and properties of the Catalan numbers used in the
Quantum KAM estimates, together with a related modified sequence appearing in Kato’s

perturbative construction.

A.1 Catalan numbers

We define the Catalan numbers in the following way [24]:
d1 - 1,

s—1
dy=> dedey,  5>2. (A.1)
/=1

This is the standard recursive definition of the Catalan sequence. In the following, we collect

the main properties of the numbers {d;}s>1, which play a central role in our estimates.

The following lemma provides a bound that is repeatedly used in the estimates of the

iterative schemes developed in this thesis.

Lemma A.1.1. For alln > 1 and all s > 1, the Catalan numbers satisfy

> dy, - edy, < d,. (A.2)

|€|=s
Proof. The proof is by induction on n. For n = 1, the condition |€| = s implies ¢; = s, hence

> di, =d,. (A.3)

|€|=s
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Assume now that (A.2) holds for n = m and let us prove it for n = m + 1:

Z dy -+ dg,yy = i de, i Z dy, -+~ dy,, (A.4)

|£|=s bnt1=1 [|=s—Cm+1

< Y dydi,., (A.5)
£m+1:1
s—1

< > deyy, dag,y, = d. (A.6)
gm_‘_l:l

We now compute the generating function associated with the sequence {d}s>1, which is

used to express the bounds obtained in the main text in a compact analytical form.

Lemma A.1.2 (Generating function of the Catalan numbers). Let {ds}s>1 be the Catalan
numbers defined by (A.1). The generating function, defined by the power expansion

D(x) =Y d,z"", (A7)

s>1

18 given by

1
for |z| < i

Proof. Starting from the definition (A.7), we compute the square of the generating function:

D (x) = Y dyd,, a7 (A.9)

51,521

Introducing the variable s = s1 + s9, we obtain

s—1
D(x) =) 22> dyd,, (A.10)

§>2 s1=1
_ ! st T (A.11)
z §>2
= w (A.12)
i

Hence D(x) satisfies the quadratic equation

2D?*(z) — D(x) +1 =0, (A.13)
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whose solution compatible with D(0) =1 is

D(z) = — -1 (A.14)

A.2 Modified Catalan numbers

In the context of Kato’s strategy, a sequence of rational numbers naturally arises, which is
closely related to the classical Catalan numbers. We refer to this sequence as the modified

Catalan numbers.

Definition A.2.1 (Modified Catalan numbers). The modified Catalan numbers {c, },>0 are
defined recursively by

co=1, (A.15)

" /2
Cp = ( m) m Crms n > 1. (A.16)

— m n

The terminology modified Catalan numbers is motivated by the fact that their definition
explicitly involves the central binomial coefficients (zﬂT), which also appear in one of the

standard definitions of the classical Catalan numbers, namely

1 2m

In this sense, the sequence {c, },>¢ can be regarded as a modification of the classical Catalan

numbers.

We now compute the generating function associated with this sequence.

Lemma A.2.1 (Generating function of the modified Catalan numbers). Let {c,}n>0 be the

modified Catalan numbers defined above, and let C(x) denote their generating function. Then

Clx) = exp(ﬁ - 1) | (A.18)

Proof. The generating function of the sequence {c, },>¢ is defined by the formal power series

Cx) = Z =1+ Z Cpx”. (A.19)

n>0 n>1

Differentiating term by term and using the recursive definition of the coefficients ¢,, we
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obtain

C'(z) = chnmn_l (A.20)

n>1
- 2
Yy m( m) ™! (A21)
m
n>1 m=1
2m n—1

- m( o ) Z CnemT" 7, (A.22)

m>1 n>m

where in the last step we have exchanged the order of summation.

Recall that one of the standard definitions of the Catalan numbers is

d, = %(25?__11)), n>1. (A.23)

Using this identity, we can rewrite the previous expression as

C'(z) = Z m(m+ 1) dpyy 2™t Z Crnomx™ . (A.24)

m>1 n>m

The inner sum coincides with C(x), so that

"

C'(z) =C(x) (x Z dm+1xm> : (A.25)

m2>1
Since
> dpaa™ =D(x) -1, (A.26)
m>1
where
1—+1—-4
D(x) = 2—‘” (A.27)
x

is the generating function of the classical Catalan numbers, it follows that C(z) satisfies the

differential equation

= (2D(x))". (A.28)
Together with the initial condition C(0) = 1, this equation admits the unique solution

Clx) = exp(ﬁ _ 1) | (A.29)

which concludes the proof. O]



Appendix B

Sylvester Equation

In this appendix we recall some basic facts about the Sylvester equation, a classical operator

equation of the form
AX —XB =Y,

whose solutions play an important role in many areas of analysis and mathematical physics.
Its connection with the homological equation was emphasized in the proof of Lemma 6.2.3,
where it appeared naturally in the block—decomposition of operators with respect to a band
structure. For completeness, we present here a short discussion of existence, uniqueness,
and norm estimates of its solutions, generalizing the approach of Bhatia [23] to infinite

dimensional Hilbert spaces.

B.1 Formulation of the problem

Let H be a separable Hilbert space. Let A and B be two self-adjoint operators on the
domains D(A) and D(B), respectively. Let Y € B(H) be a bounded operator. We look for
a bounded operator X € B(H) such that

e XD(B) C D(A);

e for all ¢y € D(B),
(AX — XB)Y =Y. (B.1)

Furthermore, we are interested in obtaining an explicit estimate of || X || in terms of ||Y]].
The key condition ensuring the existence of a solution is that the spectra of A and B are
disjoint,
dist(c(A),o(B)) > 0.
Under this assumption, the solution can be written explicitly, and its norm can be con-

trolled. These two aspects are presented in the next sections: first we establish an integral

representation, then we derive quantitative norm estimates.
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B.2 Integral representation and basic estimates

Under the assumptions stated in the previous section (self-adjoint A, B with disjoint spectra
and bounded Y € B(H)), the Sylvester equation

AX -XB=Y

admits a unique bounded solution. The next theorem provides an explicit integral formula

together with a first norm estimate.

Theorem B.2.1. Let A and B be self-adjoint operators on H with disjoint spectra. Then
the Sylvester equation, understood on D(B),

AX - XB=Y, Y¢eB(H),

admits a unique solution X € B(H) given by

X = / e Y B £(1) dt, (B.2)

R

where f € LY(R) is any function such that

£ —ist 1

fls):= | flt)e™™dt =, (B-3)

R

for all s € 0(A) — o(B). Moreover, the solution satisfies the estimates

IXT < IV 1A 2 ey (B-4)
JAXG < VI (1l 1Bl + el ¥4 € D(B), (B.5)

where
e = [ 1] (B.6)
Proof. A and B are self-adjoint operators. Then, they both admit a spectral decomposition
A = /(A) adPu(a)y, 1€ D(A), (B.7)
By = /(B) bdPg(b)i, Y € D(B). (B.8)

We prove that (B.2) is the solution by a direct substitution in the Sylvester equation. Take
1 € D(B) and any function f such that

. 1
s

f(s)=-, (B.9)
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for all s € 0(A) — o(B).
—itA itB
AXyp = /(A dP4(a / Y "B f(t)dty (B.10)
/ / dP,(a)YdPg(b) a / —ita=b) £(1)dt (B.11)
_ / / APA(a)YdPs(b) a f(a — b) . (B.12)
o(A) Jo(B)
Since a € 0(A) and b € 0(B), a —b € 0(A) — o(B) and then
. 1
f(a—b):a_b. (B.13)
We have
AXy = / " / dP(a)Y dPp (b)- (B.14)
b
/ / dP4(a)YdPg(b ¢+/ /(B dP4(a)Y dPp(b) — ¥ (B.15)
1
= dP4(a)Y dPg(b dP4(a)YdPg(b B B.
/U(A) @y [ apsus [ apsyarse (B.16)
=Y+ / dP4(a)YdPg(D) f(a — b) By (B.17)
(4)
=Y t)d e "dPy(a)Y d Py (b B.
v [soa [ cmaray [ drapym (B.15)
=Y+ / e Y B f(1)dt ¢ (B.19)
R
=Y + XBy, (B.20)

which shows that (AX—XB)y = Y for all » € D(B). This concludes the proof that (B.2) is

indeed the solution. The norm estimates follow directly from the integral representations. []

Remark B.2.1. The second bound ensures that the solution X preserves the domains in the

sense that XD(B) C D(A). Indeed, for any i) € D(B), the estimate

IAXP < V(LA Bl + [121)

shows that X1 € D(A) whenever ¢» € D(B). Hence the Sylvester equation is well posed on

D(B).
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B.3 Optimization of the constant

The bounds obtained in the previous section depend on the particular choice of the function

f appearing in the integral representation. Let
n :=dist(c(A),o(B))

be the spectral separation between A and B. We denote by F, the class of functions f &
LY(R) such that

° 1
fo=2 viszn (B.21)
For any such f, the estimate of Theorem B.2.1 gives
X< 1A ey Y1) (B.22)
Hence the optimal constant is obtained by minimizing || f|| 1) over the whole class F:
X|| < inf Y]l B.23
1XT < Jnf [ flzce 1Yl (B.23)
It can be shown that the minimum value of || f|| 1) is attained, and that
inf | /]| i (B.24)
in = —. :
feF, LI®R) 2n

For further details we refer to Chapter VIL.6 of [23].



Appendix C

Resolvent Operator

In this appendix we study the properties of the resolvent of a self-adjoint operator with
purely point spectrum. We will focus on its analytic structure and, in particular, derive
a series expansion around its singularities, namely the isolated eigenvalues. We follow the

classical approach of Kato [20].

C.1 The Resolvent

Let T = T be a (possibly unbounded) self-adjoint operator on a separable Hilbert space H,

with purely point spectrum

o(T) = {M}r>1, (C.1)

and associated family of orthogonal spectral projections { Py }x>1, such that

T=> MNP, 1=) P (C.2)

k>1 k>1

For ¢ € C, we say that ¢ belongs to the resolvent set of T, denoted by p(T), if the

operator T' — ( is bijective from D(T') onto H, and its inverse
R(T) := (T - ()" € B(H) (C.3)

is bounded. The complementary set o(7) := C\ p(T) is called the spectrum of T'. It contains,

in particular, the point spectrum, i.e. the eigenvalues of T'.

The resolvent operator R.(7") is a bounded operator-valued holomorphic function on
p(T).
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C.2 Singularities of the Resolvent

The singularities of the resolvent R(T") coincide with the points of the spectrum. If \; €
o(T') is an isolated eigenvalue, then R:(T") has a pole at ( = A;. In a punctured neighborhood

of A\ one can write the Laurent expansion

RC(T) = Z An (C - /\k>n7 C eU \ {/\k}u (C4>

n=—oo
where the coefficients are given by

A== [ (€= 2 R(T) A, (©5)

-~ 2mi
and 'y is a small positively oriented contour enclosing only Ax [39].

We now compute the coefficients A,, explicitly for a self-adjoint operator T with purely

point spectrum.

Theorem C.2.1. Let T = T' be a self-adjoint operator with purely point spectrum o(T) =
{ A& }i>1 and spectral projections { Py }x>1. Then the coefficients A,, in the Laurent expansion

of R¢(T) around an isolated eigenvalue \j, are given by

0, n < —2,
An — —Pk, n = —17 (C 6)
Sk”“, n >0,

where Py 1s the projection onto the eigenspace of Ay, and

by
Se=Y_ Y. (C.7)
0: 0k

1s the reduced resolvent.

Proof. By the spectral theorem, the resolvent of a self-adjoint operator with pure point

spectrum admits the expansion

R(T) =Y Akpi : (C.8)
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Substituting this expression into the definition of A,,, we obtain

_ = - —n—1
A= g | (€=M (T A
1 (C—Ag) "t
= P, d
i ; ¢ /F C— N ¢
=N 1"p, (C.9)
>1
where we define
1 _ —n—1
)= —— =A™ dc. (C.10)

Comifr, (=N

Case 1: n < —2. The integrand takes the form

(C _ )\k)fnfl (g - )‘k)inia k=,

g — )\g - (g - )‘k)inil k ;é £7

C—XN

which is holomorphic inside I';, since all possible poles lie outside the contour. Hence I ,5”8) =0
for all n < —2, and therefore A,, =0 for n < —2.

Case 2: n = —1. For n = —1, the integrand becomes

C— A

which has a simple pole inside ['y only when k£ = /. In that case,

L) =—0w, A=Y I ,VP=-P.

>1

Case 3: n > 0. We now distinguish again between k = ¢ and k # /.
(a) Case k = £: The integrand becomes

I
(€ — Ap)nt?’

which has a pole of order n + 2 at ( = A\;. By the residue theorem,

I(n) - _R ! = : I dn_H(l)_O
ki R =)™ (n+1)! O acri ) T
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(b) Case k # (: Here the integrand is
1
(€= A)(C = Ap)m+t

which has a pole of order n + 1 at ( = A\x. Using the residue theorem, we find

1
1™ = — Res,—
T A= A
1 dr 1
nl dC" ¢ — Aefezy,
B 1
o (A — )\k)n-i-l'
Collecting all terms, for n > 0 we obtain
A :ZI(H)PEZZL:STZ—H
n k.l ()‘E _ )\k)n+1 k )

>1 00k

where in the last equality we have used the definition of the reduced resolvent Sy,

(C.11)

(C.12)
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