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Abstract

We study one-parametric perturbations of finite dimensional real Hamiltonians depending on
two controls, and we show that generically in the space of Hamiltonians, conical intersections of
eigenvalues can degenerate into semi-conical intersections of eigenvalues. Then, through the use
of normal forms, we study the problem of ensemble controllability between the eigenstates of a
generic Hamiltonian.

1 Introduction

Controlling parametrized families of quantum systems with a common control signal is a critical
task for many applications in quantum control (see [16] and references therein), notably in Nuclear
Magnetic Resonance [17].

For a general closed quantum system under the action of a control v and depending on a parameter
z, the corresponding controlled equation is of the form

d

IS0 = Hlu(t), 2)p(0), () € H, 1)

with H (u, z) self-adjoint on the complex Hilbert space H for every value of u and z.

The parameter z can be used either to describe a family of physical systems on which acts a
common field driven by u or a physical systems for which the value of one parameter is not known
precisely.

The controllability properties of systems of this form has been studied both for discrete and
continuous sets of parameters. The case of a finite set of systems is characterized in [14]. In [10]
the asymptotic ensemble stabization is studied for countable sets of parameters. In [22], [5] a proof
of a strong notion of ensemble controllability has been obtained for a two-level system. Numerical
ensemble control in the case of a continuum of parameters has been throughly studied for two-level
systems [32, 9, 29].

Adiabatic control is a powerful technique which can be used to handle perturbations and uncer-
tainties. One of its main advantages is that it provides explicit and regular control laws. It has hence
been successfully applied to obtain control strategies such as the chirp pulses (see, for instance [8, 28])
for spin 1/2 systems with dispersed Larmor frequency. Another nowadays classical application of adi-
abatic control to ensemble controllability are the so-called counterintuitive pulses for the STIRAP

*CMAP, Ecole Polytechnique, Institut Polytechnique de Paris

TCNRS

Hnria Paris

$Sorbonne Université, Inria, Université de Paris, CNRS, Laboratoire Jacques-Louis Lions, Paris, France



process [15, 27]. A generalization of this approach has been proposed in [21]. These techniques use
in an explicit or implicit way the existence of conical intersections between the eigenvalues of the
Hamiltonian corresponding to each of the systems of the ensemble. A conical intersection (also called
diabolic point) is a cone-like singularity of the spectrum of H (u, z), seen as a function of the control
u (see Figure 1). They are generic in the sense that they are the least degenerate singularities of the
spectrum of a Hamiltonian and have been studied since the beginning of quantum mechanics [33].
They play an important role in the context of semiclassical analysis [12, 13|. Adiabatic paths through
conical intersections can be used to induce superpositions of eigenstates, as shown in [7] and to obtain
tests for exact controllability when H is finite-dimensional and for approximate controllability when
H is infinite-dimensional [6]. Results for ensemble control beyond the quantum control setting can
be found in [2, 20, 23, 26].

In our paper [4] we proposed a framework for the adiabatic ensemble control of a continuum of n-
level systems with real Hamiltonian, driven by two controls and having conical intersections between
the eigenvalues. The main idea was that, if a system corresponding to a fixed parameter has conical
intersections between two eigenvalues, then a small perturbation of the parameter yields a curve of
conical intersections, each point of the curve corresponding to exactly one value of the parameter.
One can then follow adiabatically such curves in the space of controls and obtain a population transfer
between the two levels for the whole ensemble of systems.

The argument sketched above works under the assumption that for all values of the parameter
eigenvalue intersections remain conical and follow a smooth curve. These assumptions are satisfied for
generic small parametric perturbations. For generic large perturbations it may happen that conicity
of eigenvalue intersections is lost at isolated points of the curve. The goal of this paper is to extend
the analysis to this case. In particular, we

e characterize typical non-conical intersections and give normal forms for them;

e study the evolution of the system corresponding to adiabatic paths in the space of controls
passing through such intersections;

e conclude on the ensemble controllability of generic one-parameter systems presenting typical
intersections (conical and non-conical).

The results of this paper concern n-level systems with a real Hamiltonian and they can be gener-
alized to systems evolving in an infinite-dimensional Hilbert space. As explained in Section 6, thanks
to the adiabatic decoupling, their study can be reduced to the case of zero-trace two-level systems.
Consider then an equation of the form

dy
i) = B0, w0 € (b)) € B, )
with
fl(uuv) fQ(U’U) ) 2 2
H(u,v) = ) = (f1, € C(R*,R?).
oy = (flee B = () e crm2RY

As in [4], we restrict our attention to real Hamiltonians, which are relevant in many physical sys-
tems, for instance for Galerkin approximations of the Schréodinger equation idyp(z,t) = (—A +
V(z) + u(t)W(z))y(x,t), where x belongs to a bounded set of R” and V,W are regular enough
real functions. The spectrum of H(u,v) is {£+/fi1(u,v)2 + f2(u,v)?} and, in particular, it is de-
generate if and only if f(u,v) = (0,0), that is, if (u,v) is an eigenvalue intersection. Denote by
M (u,v) = /fi(u,v)2 + fo(u,v)? the largest eigenvalue of H(u,v) and notice that the gap (denoted
Gap(u,v)) between the two eigenvalues of H(u,v) is equal to 2\T (u,v). An eigenvalue intersection
(u,v) is said to be conical if

X(f) = det(Vf1,V f2)



is nonzero at (u,v), where V denotes the gradient with respect to the variables u and v, and semi-
conical if V fi(u,v) and V fa(u,v) are collinear, are not both zero, and the directional derivative
Opx(f) along n = (=02 f;(u,v), 01 fj(u,v)) is nonzero if j € {1,2} is such that n # 0. The direction
spanned by 7 is called the non-conical direction at (u,v). If (u,v) is a conical intersection, then

%”(Ulﬂ/) = (u,v)]| < Gap(u',v') < C||(v',v") = (u, )] (3)

for some C' > 0 and for all (v/,v’) in a neighborhood of (u,v). If, instead, (u,v) is a semi-conical
intersection, then an inequality of the type (3) holds along any line passing through (u,v) in a
direction transversal to the non-conical direction. Along the non-conical direction 7 we have

1
6t2 < Gap((u,v) +tn) < Ct?

for some C > 0 and for all ¢ in a neighborhood of 0.
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Figure 1: Conical intersection as a func- Figure 2: Semi-conical intersection of
tion of the controls (u,v) € R2. eigenvalues as a function of the controls
(u,v) € R2.

Intersections with the previous properties appear for instance in STIRAP processes with two

E u 0
succesive states having the same energy, that is, when, for (u,v) € R?, H(u,v) = (v E v |,
0 v F

where E < E’. On Figure 3, we have plotted the spectrum of H(u,v) as a function of (u,v) for such
a Hamiltonian. We notice graphically that there is a semi-conical intersection between the first and
second levels, and two conical intersections between the second and third levels.

Let us now consider a one-parameter family of two-level systems as above, that is, the Ensemble
Schrodinger Equation
dy 2 2
PSR = Hu(t) o(0), 2)0(0), () € C (u(t), (1)) € B, (4)

with

f2(u7v7'z) —fl(U,U,Z)

The spectrum of H(u,v,z) is {\(u,v,2) = £/f1(u,v,2)2+ fo(u,v, 2)2} and, in particular, it is
degenerate if and only if f(u,v,z) = (0,0). In order to extend the definition of conical and semi-
conical intersections for a one-parameter Hamiltonian, we need to add to the previous definitions

Ao = (fn s B = hp e o R,
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Figure 3: Semi-conical intersection for the STIRAP as a function of the controls (u,v) € R2.

some regularity assumptions with respect to the perturbation parameter z. Let (u,v,z) be a point
such that f(u,v,z) = (0,0). It is said to be conical for the family (F-conical) if (u,v) is conical for
f(,-,2z) and 03 f(u,v,z) # (0,0). It is said to be semi-conical for the family (F-semi-conical) if it is
semi-conical for f(-,-,z) and f is a submersion at (u,v,z). The requirement that f is a submersion
guarantees that the set

Z(f) = {(U,U,Z) ‘ f(u,v,z) = (070)}

is a smooth curve in the neighborhood of a semi-conical point. In the following we denote by Zp.(f)
the set of non-conical intersections in Z(f). The following lemma is a consequence of the results in
Section 3.

Lemma 1.1. Let (u,v,z) be a F-semi-conical intersection. Then (u,v,z) is isolated in Zn.(f), Z(f)
is a smooth curve locally near (u,v,z), whose tangent is not vertical. Moreover, the tangent at
(u,v) to the projection on the plane (u,v) of such a curve coincides with the non-conical direction
corresponding to (u, v, Z).

We focus in what follows on generic properties for systems of the type (4). This means that we
look for properties which hold for all f in a subset of C°°(R? R?) with “small” complement. For a
precise definition, we refer to Section 2.1.

Theorem 1.2. Generically with respect to f € C*°(R3,R?), for any connected component v of Z(f),
(i) 7 is a one-dimensional submanifold of R3;
(ii) The projection w(7y) of v on the plane (u,v) is a C*° embedded curve of R?;

(115) (Z(f)\ Znc(f)) N7y is made of F-conical intersections and Zne(f) N~y is made of F-semi-conical
intersections only.

The following theorem resumes the main properties of the control strategy that we study in the
paper.

Theorem 1.3. Assume that Z(f) has a single connected component . Assume moreover that



1. ~ satisfies properties (i)—(iii) of Theorem 1.2;
2. 7(7y) has no self-intersections.

Take two conical intersections (ug, vo, 20), (u1,v1,21) in v with zg < z1. Consider a reqular C* path
(u,v) : [0,1] — R? such that (u,v)(to) = (uo,v0), (u,v)(t1) = (u1,v1) for some 0 < tg < t; < 1.
Assume, moreover, that (u,v)(0) = (u,v)(1) =: (@,0), that (u,v)(t) € w(v) if and only if t € [to,t1],
that z € [20,21] for every z and t such that (u(t),v(t),z) € v. For every z € [20,21], let ¢ and ¢7
be two normalized eigenvectors of H(u,v,2) corresponding to A\~ (u,v,2) and X\ (1,0, z), respectively.
Then there exists C > 0 such that for every z € [zo,z1] and every € > 0, the solution v of ip(t) =

Hy(u(et),v(et), z)v(t), ¥(0) = ¢%, satisfies

1 .
o (3) -

for some £ € R, possibly depending on € and z.

1
< Ces,

Figure 4: A curve (u,v) as in the statement of Theorem 1.3

The paper is organized as follows: In Section 2 we provide normal forms for the Hamiltonians
yielding the different types of eigenvalue intersections introduced above. In Section 3, we prove
Theorem 1.2 and we study the singularities of the projection 7(f) of Z(f) on the control plane. In
Section 4, we study the dynamical properties of an isolated semi-conical intersection of eigenvalues
and we prove Theorem 1.3. Then, in Section 6, we extend Theorem 1.3 to systems with more than
two levels.



2 Basic facts and normal forms

2.1 Generic families of 2-level Hamiltonians

Consider a smooth function f = (f1, f2) : R? x Rl — R? with [ = 0 or [ = 1. Denote by (e1,...,e2.;)
the canonical basis of R2*!. Given a vector n € R**! and a smooth function g : R**' — R, ¢ € N,

we write d,g for the directional derivative of g in the direction n and 9; for 0,,, i =1,...,2 +[. For
r € R?* and h € T,R**! ~ R** denote the differential of f at x applied to h by D f(h).
In the following, we study generic situations in the cases | = 0 and [ = 1. The coordinates

(21, x2) play the role of controls, and are denoted by (u,v), while—in the case | = 1—the coordinate
r3 is a parameter and is denoted by z. The space C°(R** R?) is endowed in what follows with
the C>°-Whitney topology. We say that a property satisfied by f € C®°(R**!R?) is generic if it is
satisfied in an open and dense subset of the space C>(R?*! R?).

2.1.1 The single system case [ =0

Consider a two-dimensional real Hamiltonian of the form

([ filw,v)  fa(u,v)
Hy(u,v) = (fZ(u, v) —fi(u, U)) ’

where f1, fo : R? — R are smooth functions depending on 2 control variables (u,v) and f = (f1, f2).
Denote by x(f)(u,v) the Jacobian of f. Notice that the eigenvalues of Hf are AT = \/f + f7 and

A" = —/JT+ 3. Define Gap = At — A~ =2,/f7 1 [3.

Definition 2.1. Consider f € C*®(R? R?) and let (@, v) € R? be such that f(u,v) = (0,0). We say
that the eigenvalue intersection (u,v) is

e conical in the direction v € R? if 9, f(u,v) # (0,0);
e conical if x(f)(u,v) # 0;

e semi-conical if Vfi(u,v) and V fa(u,v) are collinear, are not both zero, and the directional
derivative of x(f)(u,v) along n = (=02 f;j(u,v), 01 fj(u,v)) is nonzero if j € {1,2} is such that
n # 0. The direction spanned by n is called the non-conical direction at (4, ).

Remark 2.2. The definition of conical intersection for f € C®(R2,R?) given above is equivalent to
the one used in [7], namely, a point (u,v) such that f(u,v) = (0,0) and there exists ¢ > 0 such that,

for every n € R? of norm 1 and 6 > 0 small enough, we have w > c.

The following proposition states that semi-conical points are isolated zeros of f. Although the
proof could be deduced rather straightforwardly from the definition, we postpone it for simplicity to
Section 2.3, where we base it on normal forms.

[f(u,v) #(0,0).

We introduce here the transversality argument used in the following of the section to prove
genericity of several properties. As an illustration, we recall how such an argument can be used to
prove that conical intersections are generic. Denote by J'(R2?,R?) the space of 1-jets of functions
from R? to R2. For every (u,v) € R? and f € C*(R?, R?), we write j(f)(u,v) € J'(R? R?) to denote
the 1-jet of f at (u,v). Define

S, = {71 (£)(0) | f € C(R2,R?) £(0) = 0, rank(Df(0)) =7}, r=0,1.



It is easy to check that Sy, S7 are two submanifolds of J!(R?, R?) of codimension 6 and 3, respectively.
One can easily show that the algebraic subset Sy U S7 of J!(R?,R?) admits a Whitney stratification
(see [19] Part I, Chapter 1) whose strata have codimension strictly larger than the dimension of RZ.
By Thom’s transversality theorem (see, e.g., [18]) used in combination with [19, §1.3.2],

U={feC®®R,R%) | (f)R})N(S1US2) = 0}
={f € C*(R%R?) | j (/)R N Sy =0} N {f € C¥(R%,R?) | 5'(f)(R®) N Sz = 0}

is an open and dense subset of C*°(R? R?).

2.1.2 The ensemble case [ =1

Consider a two-dimensional real Hamiltonian of the form

_ (hwe,z) fafuv,2)
Hy(u,v,2) = <f;(u,v,z) —;1(U7U7Z)) ’

where fi,f> : R3> — R are smooth functions depending on two control variables (u,v) and one
parameter z. Define the smooth function f = (fi, f2) : R® — R% An eigenvalue intersection is a
point (u, v, z) such that f(u,v,z) = (0,0).

Definition 2.4. For i,j € {1,2,3}, let x;;(f) be the Jacobian of the restriction of f to the plane
parallel to span(e;, e;), i.e.,

.. _ 3if1(u,v,z) a‘f1(U,v,z)
Xij (f)(u,v,2) = 9 ol v, 2) 8;172(“’”’7:) .

By a slight abuse of notation, we set x(f) = x12(f)-

In order to extend the definition of conical and semi-conical intersections to parametrized Hamil-
tonians, we need to add to the previous definitions some regularity assumptions with respect to the
parameter z.

Definition 2.5. Let (u,v,z) be a point such that f(u,v,z) = (0,0). It is said to be conical for the
family (F-conical) if (u,v) is conical for f(-,-,z) and 03 f(u, v, z) # (0,0). It is said to be semi-conical
for the family (F-semi-conical) if it is semi-conical for f(-,-,z) and f is a submersion at (u,v, z).

Proposition 2.6. Generically with respect to f € C°(R3,R?), f is a submersion at every point of
Z(f) and the set Z(f) = {(u,v,z) € R® | f(u,v,2) = 0} is a submanifold of R of dimension 1.
Proof. Define

2= {71 (N)(0) € JHR’,R?) | f € C(R*,R?), f(0) =0, rank(Df(0)) =7},  r=0,L

Notice that ¥y and 31 are smooth submanifolds of J!(R? R?) of codimensions 8 and 4, respectively.
One can easily show that the algebraic subset ¥oU X1 of J'(R3?,R?) admits a Whitney stratification
whose strata have codimension strictly larger than 3. Transversality theory then allows to conclude
that U = {f € C®°(R3,R?) | j1(/)(R®)N(XgUX1) = 0} is a an open and dense subset of C*°(R3, R?).
Hence, f is generically a submersion at every point (u,v,z) € Z(f). The proposition is proved. [

In the next two propositions we provide a geometric description of the curve Z(f) and we show
its links with the conicity properties of f.



Proposition 2.7. A point (,v,z) € Z(f) is conical for f(-,-,Z) if and only if f is a submersion
at (a,v,z) such that Z(f) is locally near (u,v,z) a one-dimensional submanifold transversal to the
plane of R? of equation z = %.

Proof. Let (u,v,z) € Z(f) be conical for f(-,-,z). By definition, we have x(f)(w, v, Z) # 0, hence f is
a submersion at (@, v, z). It follows that Z(f) is locally near (@, ,z) a one-dimensional submanifold
of R3. Fix t € R and a local smooth regular parametrization c(t) = (u(t),v(t), 2(t))er of ¢ C Z(f)
such that ¢(t) = (4,0,2). Assume for the sake of contradiction that Z(¢) = 0. Differentiating the
condition f(c(t)) =0, we have

u(t)or f1(u, v, 2) + ()02 f1 (1, v,
W(t)0r fo(u, v, 2) + ()02 fa(u, v,

I8y}

) (5)

)

I\

Hence x(f)(u,v,z) = 0, that is impossible.

Conversely, consider a submersion f at (@, v,Z) such that Z(f) is locally near (u,v,Z) a one-
dimensional submanifold transversal to the plane of R? of equation z = z. For the sake of con-
tradiction, assume that (@, o, Z) is non conical for f(-,-,Z). By definition, there exists a direction
n € R%\ {(0,0)} such that 9,0 f(@,0,2) = 0. Fix £ € R and a local smooth regular parametriza-
tion ¢(t) = (u(t),v(t), z(t))ier of ¢ C Z(f) such that c¢(t) = (u,v, z). Differentiating the condition
f(c(t)) = 0, we have (u(t), (), 2(t)) € ker Df(5 5 5. Since f is a submersion at (u, v, Z), we deduce
that (a(t),v(t), 2(t)) is collinear to (n,0). Hence we get Z(t) = 0, which is impossible. O

Proposition 2.8. Assume that f is a submersion locally near (u,v,z) and that (u, v, Z) is non-conical
for f(-,-, 2) in the direction n € R%\ {(0,0)}. Fiz t € R and a local smooth reqular parametrization
c(t) = (u(t),v(t), 2(t))ter of ¢ C Z(f) such that c(t) = (u,v,z) and 2(t) = 0. Then we have the
equivalence

z(f) =0 = a(n,O)X(f)(ﬂvﬁa z) =0.

In particular, if (u,v,z) is F-semi-conical for f then Z(t) # 0.

Proof. Without loss of generality, we can assume (@, v,2z) = (0,0,0). Under the assumption that f
is a submersion, we have (01 f1(0),02f1(0)) # (0,0) or (91 f2(0),02f2(0)) # (0,0). Without loss of
generality, assume 0 f1(0) = 7 cos(#) and 02 f1(0) = rsin(f) where » > 0 and 6 € [0, 27]. Define the
—sin(f#) —cos(d) 0
matrix Rg = | cos(d) —sin(@) 0 |. For every (u,v,z) € R3, define f(u,v,2) = (f o Rg)(u,v, 2).
0 0 1
By simple computations, we have d; f(0) = 0 and 8, x(f) = In,0)x(f). Hence, it is sufficient to prove
the proposition for n = (1,0).
Notice that

011/1(0) 02f1(0) (6)
011f2(0) 02f2(0)|’

dix(f)(0) =

O11.f1(0) 82f1(0)'
011f2(0) 02f2(0)

where we used that 9 f1(0) = 9 f2(0) = 0.

Since f is a submersion at 0, the equality %f(c(t))!tzE = 0 implies that ¢(t) = ae; for some a # 0.

The equality j—;f(c(t)) = 0 can be rewritten as D f,;) (é(t)) + D? foy(é(t), é(t)) = 0, that is, for t = £,

01 f1(0) 321f1(0)‘
01/2(0) a1 f2(0)

{y‘@azfl(m + (8)03£1(0) + a*d11 £1(0) = 0,
§(£)02£2(0) + £(£)05 £2(0) + a*dn1 f2(0) = 0,



which can be rewritten as

811f1(0) 82f1(0) a2 =
(o) o) (sip) = 50070 g
Since f is a submersion at 0 and 01 f(0) = 0, we have that 03 f(0) is nonzero. The conclusion
then follows from (6) and (7). O

Remark 2.9. If (u, v, 2) is F-semi-conical and (u(t),v(t), z(t))ier such that (u(t),v(t), z(t)) = (u, v, z)
is a smooth and regular local parametrization of Z(f), then 2(t) = 0 and 2(t) # 0. In particular,
F-semi-conical intersections are isolated in R3.

The following two propositions guarantee that for a generic f, all intersections are either F-conical
or F-semi-conical.

Proposition 2.10. For a generic f € C®(R3,R?), for every (u,v,z) € R? such that (u,v,z) is a
conical intersection for f(-,-,z), we have that (u,v,z) is a F-conical intersection for f.

Proof. The set Q = {j1(f)(0) € JY(R3,R?) | £(0) = 0,05f(0) = 0} is a Whitney stratified subset of
JY(R3,R?) of codimension 4. By transversality theory the set {f € C°(R3 R?) | j1(/)(R})NQ = 0}
is an open and dense subset of C°°(R3 R?). O

Proposition 2.11. For a generic f € C®(R3,R?), for every (u,v,z) € R? such that (u,v,z) is a
non-conical intersection for f(-,-,z), we have that (u,v, z) is a F-semi-conical intersection for f.

Proof. Set

Sj = {2(N)(0) € AR, R?) | £(0) = (0,0),01£;(0) = 02£;(0) =0}, j=1,2.

Then S; and Sy are smooth subspaces of J?(R? R?) of codimension 4. Define
n = (=02£1(0),01/1(0),0),
S3 = {5*(£)(0) € AR, R?) | £(0) =0, (91£1(0),02£1(0)) # 0, X(£)(0) = 0, yx(f)(0) = 0}

and
S = {5°(£)(0) € JA(R®,R?) | £(0) =0, x(£)(0) =0, d,x(f)(0) =0} .

We are going to prove that S3 is a smooth submanifold of J?(R3 R?) of codimension 4, that
is, that the equalities f(0) = 0, x(f)(0) = 0 and 9,x(f)(0) = 0 define independent equations in
J?(R3,R?) under the condition (9;f1(0),d2f1(0)) # 0. The equality f(0) = 0 is clearly independent
from the two others. Using the property that 01 f1(0) # 0 or d2f1(0) # 0, one easily establishes that
x(f)(0) = 0 and 9, x(f)(0) = 0 define independent equations in J?(R3,R?).

One then can easily prove that the algebraic subset S = S7;USs U S5 =51 USyUSs of J2(R3,R?)
admits a Whitney stratification whose strata have a codimension strictly larger than 3. By transver-
sality theory we get that O = {f € C°(R3 R?) | j2(f)(R?®) NS = ()} is an open and dense subset of
C>®(R3,R?). O



2.2 Admissible transformations

The aim of this section is to define admissible transformations in order to get normal forms for the

Hamiltonians H; = <f1 f2 > defined for f € C*(R% R?) and f € C*(R3 R?). Consider the

fo —h
Schrédinger Equation, defined for f € C°°(R?,R?) by
drp(t
D . o, v e ®)
and the Ensemble Schridinger Equation, defined for f € C°°(R3,R?) by
dy(t
MO (o)., 900, e e 0

The control functions u, v are in L (R, R) and the perturbation z belongs to [z, z1] where zg, 21 € R.
The three transformations correspond to equivalent representations of the dynamical systems (8)

and (9) achieved, respectively, by time-reparameterization, state-space diffeomorphism, and indepen-

dent diffeomorphic transformations of both the space of controls and the space of perturbations.

Definition 2.12. We say that two elements f and f of C(R? R?) (respectively, CW(RB,RQ)) are
time-equivalent at 0 if there exists a nowhere-vanishing function ¢ € C®°(R? R) such that f(u,v) =

E(u,v) f(u,v) (respectively, f(u,v,z) = &(u,v)f(u,v,2)) in a neighborhood of 0.

Remark 2.13. A time-equivalence as introduced in Definition 2.12 with & > 0 corresponds to a
time-change in Equation (8). As for the case & < 0, consider f € C®(R?,R?), 1g,¢1 € C? and
a control path (u(-),v(:)) such that the solution v : [0,T] — C? of Equation (8) with 1¥(0) = 1o
satisfies (T) = 1. Then the solution ¥ of Equation (8) associated with (w(T — -),v(T — -)) such
that 1(0) = 1y satisfies ¥(T) = vy (where we denote by T the complex-conjugate of & € C2). Hence
the equations (8) and

dy(t
P o). e e,
have the same controllability properties. Hence time-equivalence is justified for a function £ €

C>®(R?,(—00,0)). The same argument is also valid for f € C*(R3,R?).

Definition 2.14. We say that two elements f and f of C°(R3,R?) or C®(R2,R?) are left-equivalent
if there exists P € O2(R) independent of u,v, z such that Hy = PHJ;Pfl.

Remark 2.15. Let f be in C®(R3,R?) or C*°(R% R?). Considering

)
_ [cos(8) —(sin(0)
Foc = (sin(G) ¢ cos(0) > € O2(R),

where 6 € S* and ¢ = +1, the associated left-equivalence transforms f = (f1, f2) into

f = (cos(20) f1 — sin(26) fa, ( cos(20) fo + sin(20) f1).

Remark 2.16. Let f be in C®°(R3,R?) or C*°(R2?,R?). Ift — (t) is a solution of Equation (8)
or (9) associated with f and with initial condition ¥(0) = 1o, then t — Y (t) = Pi(t) is a solution
of Equation (9) associated with f satisfying Y(0) = Pvy. Hence, transitions for Y between the
etgenstates of Hf = PHfP*1 correspond to transitions for 1 between the eigenstates of Hy.

Definition 2.17. We say that two elements f and f of COO(RZ,R?) are right-equivalent at 0 if there
exists a diffeomorphism ¢ € C*°(R% R?) such that ¢(0) = 0 and f = f o ¢ in a neighborhood of 0.
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Definition 2.18. We say that two elements f and f of C>(R3,R?) are right-equivalent at 0 if there
exists a diffeomorphism ¢ € C™(R3,R3) of the form ¢ : (u,v,2) = (91(u, v), p2(u,v), P3(2)), where
b1, 2 € C°(R2,R) and ¢p3 € C°(R,R), satisfying $(0) =0 and f = f o ¢ in a neighborhood of 0.

Combining the previous three definitions we introduce the following notion of equivalence.
Definition 2.19. We say that two elements f and f of C>(R2,R?) are equivalent at 0 if there exists
(¢,0,€) € C°(R%R?) x St x C®°(R%, R\ {0}) with ¢ as in Definition 2.18, and ¢ = 1 such that for
every (u,v, z) in a neighborhood of 0,

f1(u,v) = &(u, v)(cos(20) f1 o p(u, v) — sin(20) f2 o G(u, v)),
Fo(u, 0) = £, v)(51n(26) f © B, v) + C c05(20) f2 0 6(1, ).
Definition 2.20. We say that two elements f and f of C*(R3,R?) are equivalent at 0 if there exists
(¢,0,€) € C®(R3,R3) x St x C®°(R%, R\ {0}) with ¢ as in Definition 2.18, and ¢ = +1 such that for
every (u,v, z) in a neighborhood of 0,
f1(u, v, 2) = E(u,v)(cos(20) f1 0 p(u, v, z) — (sin(20) f2 0 ¢(u, v, 2)),
fa(u,v,2) = &(u,v)(sin(20) f1 0 G(u, v, 2) + € cos(20) fo o p(u, v, 2)).

An essential feature of admissible transformations is the following proposition, which is obtained
by a direct application of the definitions.

Proposition 2.21. o Let f,f e C>(R?,R?) be equivalent. Then 0 is conical for f if and only if

it is conical for f and 0 is semi-conical for f if and only if it is semi-conical for f.

o Let f,f € C®(R3,R?) Then 0 is F-conical for f if and only if it is F-conical for f and 0 is
F-semi-conical for f if and only if it is F-semi-conical for f.

2.3 Normal forms for the single system case

2.3.1 Conical intersection

Define f € C°°(R?,R?) such that x(f)(0) # 0. In this case, f is a diffeomorphism in a neighborhood
of 0. Hence f is right-equivalent to Id : R? — R2. The normal form provides the well-known

u

Hamiltonian H(u,v) = , for u,v € R?.

2.3.2 Semi-conical intersection

The main result of this section is the following theorem.

Theorem 2.22. Assume that 0 is semi-conical for f € C°(R% R). Then f is equivalent to (u,v) —

<ZLL(_:_L)UUQ> where h : R — R is a smooth function satisfying h(0) = 1.

Remark 2.23. As claimed in Proposition 2.3, it follows from the normal form of Theorem 2.22 that
semi-conical intersections are isolated (as eigenvalue intersections) in R2.

The algorithm that we will refer as (A) to get the normal form is the following:

e STEP 1: By a left-equivalence we transform fi and f into two functions f1 and fy such that
Vf1(0) =V f2(0) # 0.

e STEP 2: By a right-equivalence, we bring the non-conical direction to span(es).

e STEP 3: By a further right-equivalence then a time-equivalence we transform f into the
announced form.

11



2.3.3 Proof of Theorem 2.22: STEP 1

Proposition 2.24. Consider f € CW(I@Q,R2) having a semi-conical intersection at 0. Then there
exists f left-equivalent to f such that V f1(0) = V f2(0) # 0.

Proof. Without loss of generality, we can assume Vf1(0) # 0. Define a € R such that Vf,(0) =

aV f1(0).
Denote by f the function obtained by applying to f the left-equivalence associated with § € S*
and ( =1 as in Remark 2.15. Hence,

V1 = cos(20)V f1 —sin(20)V fa,  Vfo = cos(20)V fa + sin(20)V fi.

x - . . cos(20) 1—« _ : .
We have Vf1(0) = Vf2(0) if and only if <<sin(29)> , (_(1 +a)>> = 0. It is clearly possible to
choose @ € S! satisfying the previous condition, the proposition is proved. O

2.3.4 Proof of Theorem 2.22: STEP 2

Proposition 2.25. Assume that 0 is semi-conical for f € C>(R2,R?). There exists a right-
equivalence ¢ : R? — R? of f such that f = f o ¢ satisfies

92f1(0,0) = 02 f2(0,0) =0

and B B
01f1(0,0) # 0, 01f2(0,0) # 0.
Proof. Consider 1,72 # 0 and ;1 € [0, 27] such that

02f1(0,0) = r1 cos(B1), O1f1(0,0) = rysin(B1), 02f2(0,0) = racos(B1), 01f2(0,0) = rasin(fBy).

Introducing the right-equivalence ¢(u,v) = <:(Sjg;((gll)) f:i&?éi)) <Z> and f = (fod),

we have Df(0,0) = (_:1 8) O
—T2

Propositions 2.24 and 2.25 lead us to consider the next condition:
f(0) =0, 02f(0) =0, 01f1(0) = 91 f2(0) # 0, F2x(f)(0) # 0. (SC)

2.3.5 Proof of Theorem 2.22: STEP 3
Proposition 2.26. Let f € C°(R% R?) satisfy Condition (SC). Then there exists h € C*°(R,R)
satisfying h(0) = 1 such that f is right-equivalent to (u,v) <h(u)u2) or (u,v) — <h(u)%>

u—+v uU—v
Proof. Because of the condition 0 f1(0) # 0, the map @ : (u,v) — (fi(u,v),v) is a diffeomorphism
in a neighborhood of 0 and g = f o &~ ! is right-equivalent to f. Locally near 0 we have
gl(ua U) =u, QQ(U’ U) = fZ(G(u’ U)?”)?
_ 82f1 (G(u,v),v)

where G is a smooth function satisfying 01G(u,v) = m and 02G(u,v) = Bh(Cwo) D)
Hence,

a192 (uv U) = alfQ(G(uv v)? U)alG(u) U),
Oago(u,v) = 01 fo(G(u,v),v)0G(u,v) + 02 f2(G(u,v),v).
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The condition 0 f1(0) # 0 # 01 f2(0) implies that d1g2(0) # 0. Moreover,

02292 (u, v) =022G (1, v)0 fo(G(u,v),v) + daa fo(G(u,v),v)
+ 9oG (1, v)?011 f2(G(u,v),v) + 205G (u, v)d12 f2(G(u, v), v).

Evaluating at 0 and noticing that 0;G(0) = m and 8:G(0) = 0, we get dag(0) = 0 and
1o, 0
92292(0) = 022G(0)01 f2(0) + 022 f2(0) = Z(J(ff()é)) # 0,

since f satisfies Condition (SC). By the Implicit Function Theorem, d2g2(u, v) vanishes on a smooth
curve v = 7n(u) in a neighborhood of 0. By Lemma B.2, there exist two smooth functions m €
C>(R2,R) and fy € C®°(R, R) such that go(u,v) = (v — n(u))?>m(u,v) + fo(u) in a neighborhood of
0. The conditions d1¢2(0) # 0 and d22g2(0) # 0 yield f}(0) # 0 and m(0) # 0, respectively. Applying

first the right-equivalence (u,v) Y > and then (u,v) — (fol(}u))’ we deduce

(v = n(w)y/|m(u, v)|

that f is right-equivalent to (u,v) — (u n &gnE uju (0,0))0? ), for some smooth function A obtained
f1(0)

by inversion of fy. Noticing that the quantity 8 700) is invariant by right-equivalence, this provides

of1(0) _
h(0) = SO = 1. 0

Proof of Theorem 2.22. According to Propositions 2.25 and 2.26, we are left to prove that

Fwoe (100%)

u—"v

is right-time-equivalent to

U+ v

(u,0) > (’3(“”;) ,

where % is in C>°(R,R). Indeed, we can apply the right-equivalence (u,v) — (—u,v), then the
time-equivalence associated with £ = —1. The result follows defining h(u) = h(—u). O
2.4 Normal forms for the ensemble case

Before discussing separately the conical and the semi-conical cases, let us present a useful technical
result.

Lemma 2.27. For every f € C®(R3 R?) such that d3f2(0) # 0, let B(f) = %(0) Then B(f) is
wmvariant by right-equivalence.

Proof. Let f be right-equivalent to f and let ¢; € C°(R2 R), ¢ € C°(R2,R), ¢3 € C*(R,R) be
such that ¢(u,v,z) = (¢1(u,v), p2(u,v), p3(z)) is a right-equivalence between f and f. Then,

Af o) = 2£1(0)¢5(0)
(33f2 83f2(0)¢§(0)

using the fact ¢4(0) # 0 because ¢ is a diffeomorphism. O

= B(f),
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2.4.1 Conical case

Theorem 2.28. Let f € C®(R3,R?). Then 0 is F-conical for f if and only if there exist hi, hy €
C>®(R3,R) satisfying h1(0) = ha(0) = 1, such that f is equivalent to

Proof. By the same argument as in the proof of Proposition 2.24, there exists f left-equivalent to f
such that d5f1(0) # 0, d3f2(0) # 0 and B(f) = 1. Using the fact that f(0) = 0, we deduce that f;
and fg vanish respectively on two smooth surfaces whose equations are of the form z = n;(u,v) and
z = na(u,v), where 11,72 are smooth functions vanishing at (0,0). By Lemma B.1, there exist two
smooth scalar functions (u,v, z) — ¢1(u,v, 2), (u, v, z) — ¢2(u, v, z) such that

fl(u7v’z) = ¢1(u7v’z)(2 - nl(uvv))v f2(uvvvz) = ¢2(uvvvz)(z - TZQ(U’U))'

Differentiating these expressions and evaluating them at 0 we get that x(f)(0) = ¢1(0)¢p2(0)x(n)(0),
where 7 = (11,72). Hence, by F-conicity of 0, ¢1(0) # 0, ¢2(0) # 0, and x(n)(0) # 0. In particular,
7 is a diffeomorphism in a neighborhood of (0,0). Then f is right-equivalent to

et = (e e 5)

where p @ (u,v,2) = (m1(u,v),m2(u,v),2) and hi, hg € C*°(R3,R) satisfy h1(0) # 0 and ha(0) # 0.

By Lemma 2.27 hi(0) _ B(f) = 1. By applying a time equivalence associated with & = 7}“1(0), we
O

’ hQ(O)
conclude the proof of the theorem.

2.4.2 Semi-conical case

Theorem 2.29. Let f € C®(R3,R?). Then 0 is F-semi-conical for f € C®(R3 R?) if and only
if there exist hi,hy € C®(R3 R?) satisfying hi1(0) = ha(0) = 1 and m € C®(R,R) satisfying
m(0) ¢ {—1,0} such that f is equivalent to

hi(u, v, 2)(z — m(u)u)
(u,v, 2) = <h;(u, v,2)(z+u+ v2)> ’

Before proving the theorem, let us make some general considerations and provide an intermediate
result in Proposition 2.30.
First remark that, up to a left-equivalence, we can assume that

01f1(0) # 0, 01f2(0) # 0, 93f1(0) = 93f2(0) # 0.

In particular, 5(f) = 1. In order to impose the non-conical direction to be in the span(ey)-direction,
we use the same right-equivalence of the plane (u,v) as in the first step of the algorithm (A) in
Section 2.3 (see Proposition 2.25). As a result, we end up with f equivalent to f and such that

f(0) =0, 02f(0) =0, 91f1(0) #0, 01f2(0) # 0, 93f1(0) = I3f2(0) # 0,
x13(f)(0) # 0, d2x(f)(0) # 0.

Notice that the condition x13(f)(0) # 0 can then be rewritten as 0 f1(0) # 01 f2(0).

(SCP)
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Proposition 2.30. Let f € C®(R3,R?) satisfy (SCP) at 0. Then there exz’st hi,hy € C®(R3 R)
non-vanishing at 0 and m € C*®(R,R) such that Eog =1, m(0) = giﬁ ¢ {—1,0}, and f is
right-equivalent to
,2)(z = m(u)u)

Jz+u=£ v2)> ’

where the sign depends on f.

Proof. Using the fact that f(0) = 0 and the conditions 95 f1(0) # 0 # J3f2(0), we can deduce that
f1 and f5 are smooth functions vanishing, in the neighborhood of the origin, on two smooth surfaces
whose equations are, respectively, z = 1;(u,v) and z = n2(u,v), where 1,72 : R?> — R are smooth
functions vanishing at 0. By Lemma B.1, there exist two smooth functions ¢1, 2 : R? — R such that

fl(uvvvz> = gbl(u,U,Z)(Z - 771(% U))? f2(u7v7z) - qﬁg(u,v,z)(z - 772(U7U))~

Differentiating these expressions with respect to z, we deduce that ¢1(0) # 0 # ¢2(0). Differentiating
f1 and fo with respect to y, we get then from (SCP) that 9111(0) # 0 # 9112(0) and 9911 (0) =
0am2(0) = 0. Applying the right-equivalence associated with the inverse of (u,v) (771 (Z’U)>, we

get that f is right-equivalent to

w, v, 2 ¢1(G(u,v),v,2)(z = u)
02 () o 2 Gy )

for some smooth function G such that 9;G(0) # 0. Set 77(u,v) = n2(G(u,v),v). Then 7(0) = 0 and
alﬁ(uv U) = alG(ua 0)81772(G(u7 U)7 U), 8277(u’ U) = a1772(C¥(u7 U)v U)82G(u7 U) + 82772(G(u, U)v U)‘

Evaluating at zero, we get that 0;7(0) # 0 and 0277(0) = 0. Differentiating once more and using the
hypothesis dax(f)(0) # 0, we have d227(0) # 0. By the same arguments as in the proof of Theorem
2.22, f is right-equivalent to

hi(u, v, 2)(z — m(u)u)
(,v,2) = <h;( u, )(z—i—u:tvz))

where hi, he € C°(R3,R?) and m € C*°(R,R). Noticing that the quantities alflgo and B(f) are

invariant by right-equivalence, we get Z;Eg; = B(f) =1 and m(0) = gi}z ¢ {—1,0} because f
satisfies .(SCP) at 0. O

Proof of Theorem 2.29. First notice that if f is of the form

‘ hi(u,v,2)(z — m(u)u)
foluv,2) = (h;(u, v,2)(z+u— v2)>

then there exist k1, ho € C°°(R3,R) and m € C®(R,R) such that f is right-time equivalent to

iLl(u, v,2)(z — m(u)u)
(u,0,2) = <i~L2(u, v,2)(z+u+ v2)> ’

Indeed, applying the right-equivalence (u,v,z) — (—u,v,—z) and the time-equivalence associated

with € : (u,v) — —1 the claim follows with h;(u, v, z) = hi(—u, v, —z), i € {1,2}, and m(u) = m(—u).
Theorem 2.29 hence follows from Proposition 2.30. O
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3 Generic global properties of the singular locus

3.1 Proof of Lemma 1.1 and Theorem 1.2

Let f € C®°(R3R?), Z(f) = {(u,v,2) | f(u,v,2) = (0,0)}, and denote by Zn.(f) the set of non-
conical intersections in Z(f). Let 7(f) be the orthogonal projection of Z(f) onto the plane (u,v).

Proposition 3.1. Assume that (4,7, %) is a F-semi-conical intersection for f € C®(R3 R?). Then
w(f) is tangent at (u,v) to the non-conical direction of f at (u,v,Zz).

Proof. By Proposition 2.7, Z(f) is locally near (u,v,Z) a smooth curve that we parameterize by
c(t) = (u(t),v(t), z(t))ier, with ¢(0) = (u,v,%2) and 2(0) = 0. The condition f(c(t)) = 0 implies

_82f1(ﬂ’7672) . s
o1 (1, 5,2) ) which is the

non-conical direction of f at (u,v, 2). O]

that Df.)(¢(t)) = 0. In particular, (4(0),9(0)) is collinear to n = (

Proposition 3.2. Assume that f € C*®(R3,R?) is a submersion at every point of Z(f). Then w(f)
has no cuspidal point.

Proof. Fix a local smooth regular parametrization c(t) = (u(t),v(t), 2(t))cr of ¢ C Z(f). It is
sufficient to show that there exist no ¢t € R such that u(t) = ©(t) = 0. By the same arguments as those
92 f1(e(t)) Osfi(e(t))| _
O2fa(e(t))  Ozfale(t))|

If the two determinants simultaneously

used in the proof of Proposition 2.7, we get that @(t) = 0 implies that

Oufi(e(t)) Osfile(®)| _
O1fa(c(t))  Osfac(t)) '

vanish then f is not a submersion at ¢(t). O

while ©(¢) = 0 implies that

Propositions 3.1 and 3.2, together with Remark 2.9, prove Lemma 1.1. As for Theorem 1.2, it
follows from Proposition 3.2 together with Propositions 2.6, 2.10, and 2.11.

3.2 Generic self-intersections of 7(f)

By a multi-jet version of the transversality arguments already used in the previous sections (see, for
instance, [18, §4, Theorem 4.13]) one can deduce the following result.

Proposition 3.3. Generically with respect to f € C*°(R3 R?),
1. w(f) has no triple points;

2. Let (u,v) and (u,0) be two double points of w(f) and let zy # zo and Zy # Zo be such that
f(u,v,21) = f(u,v,22) = f(4,0,21) = f(a,0,22) =0. Then z; # Z; for every i,j € {1,2};

3. Let (u,v) and z # Z satisfy f(u,v,z) = f(u,v,2) =0. Then (u,v,z) and (u,v, Z) are F-conical
for f;

4. Let (u,v,z) and (4,0, 2) be two non-conical intersections for f. Then z # Z.

4 Adiabatic control through a semi-conical intersection of eigenval-
ues

fi f
fo —f1
(u(t), v(t))ci0,1)- Denote by A~ (u,v) and AT (u, v) the smallest and the largest eigenvalue of Hy(u,v),
respectively.

Let us consider f € C*°(R? R?), its associated Hamiltonian Hy = ( ), and a control path
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In the following, we denote by ¢_(u(t), v(t)) (respectively, ¢4 (u(t),v(t))) a real normalized eigen-
vector of Hy(u(t),v(t)) associated with A_(u(t),v(t)) (respectively, A (u(t),v(t))). If f(u(t),v(t)) #
0 then A_(u(t),v(t)) and Ay(u(t),v(t)) are simple and the choice of ¢4 (u(t),v(t)) is unique up
to multiplication by —1. If (u(t),v(t))ic0,1) does not cross Z(f) then ¢t — ¢i(u(t),v(t)) and
t +— AF(u(t),v(t)) can be chosen with the same regularity as (u(t),v(t))eepo,1)- It is a classical
fact that this may not be the case when (u(t),v(t))¢cpo,1) crosses Z(f). However, we are going to
prove the existence of a C* basis of eigendirections of Hy along a C*+2 path (u(t), v(t))selo,1) Passing
through a semi-conical intersection in a conical or a non-conical direction.

4.1 Adiabatic dynamics

Let f € C*(R? R?). Consider a smooth regular control path (u(t),v(t ))iejo,1] such that there exist
P € C?([0,1],802(R)) and A € C*([0, 1], R) such that {A\(t), —A(¢)} is the spectrum of Hs(u(t),v(t)),

and the columns of P form a basis of eigenvectors of H(u(t),v(t)) for every t € [0,1]. We can write,
_ (cos(6(t)) —sin(0(1)) 9
for every t € [0,1], P(t) = <sin(0(t)) cos(9(1)) where 6 € C*(]0, 1], R).
Let us study the dynamics of
dwe "
) Hufet), v(et)lt), 14(0) = T (10)
where ¢ € [0, 1] and 4y is independent of e.
Defining Y (7) = P(7)¥c(%) for every 7 € [0, 1], we have
dY(T) L/X1) 0 0  if(r)
_ (1 : Y.(r). 11
" <e ( 0 —am) i o (r) 1
B e% fOT A(s)ds 0
Thanks to the further change of variables Y,(7) = i T Y.(7), the dynamics
0 . Jo Ms)ds
are transformed into
dY. (1) 0 () Jo Mo)ds )
—( o Yi(r). 12
dr <_Z‘9(7)e—2€ Jo Ms)ds 0 (7) (12)

Based on Corollaries A.3 and A.7, one gets the following result.

Theorem 4.1 (Adiabatic Theorem). Let k € N and assume that A : [0,1] — R is C*¥ and 6 : [0,1] — R
is C2. Let 1. : [0,1] — C? be the solution of Equation (10). Assume that there evists ¢ > 0 such that

/ fo dxds
0

Then Y.(1) = Y.(0) + O(e?) uniformly w.r.t. 7 € [0,1]. In particular, if o = <C9S(9(0))>, then

sin(6(0))
¢e(%) = el (Z?ﬁ((g((i))b + O(e’c%l), where 1 possibly depends on €.

< e/ vt eo,1]. (13)

4.2 Regularity of the eigenpairs along smooth control paths

The main goal of this section is to study the regularity of eigenpairs of H; along smooth curves passing

through a semi-conical intersection for f. Using the normal form obtained in Section 2.3, we can

uh(u)

restrict our attention to the case where f has the form f : (u,v) — <u " 1)2>’ where h € C*°(R,R)

is such that h(0) =
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4.2.1 Conical directions

We recall here the following regularity result which is a special case of [11, Proposition 3.1] and [4,
Lemma 3.2].

Proposition 4.2 (Eigenpairs in the conical directions). Consider a Hamiltonian Hy where f :

(u,v) — (;Llj_(l;)?) and h € C®(R,R) is such that h(0) = 1. Let £ € N, to € (0,1), and
(u(t),v(t))eepo,1) be a C**1 path such that (u(t),v(t)) = 0 if and only if t = to and u(ty) # 0.
Define Ao, A1 : [0,1] = R by

Ao(t) = A_(u(t),v(t)), Ai(t) = As(u(t),v(t)), fort < to,
Ao(t) = Ap(u(t),v(t)), Ai(t) = A_(u(t),v(t)), fort > to.
Then \g and A are C**1 on [0,1]. Moreover, there exist &y, 1 € C*([0,1],R?) such that ®;(t) is

a normalized eigenvector of Hy(u(t),v(t)) corresponding to the eigenvalue \;(t) for j € {0,1} and
te0,1].

The following proposition states that the limit eigenvectors along a C? curve crossing conically a
semi-conical intersection do not depend on the choice of the curve.

Proposition 4.3 (Limit eigenvectors along a conical direction). Consider f, (u(t),v(t))icp0,1); to,
and Do, D1 as in Proposition 4.2, where the latter are uniquely defined up to multiplication to —1.

Then @y(tyg) and D1(to) depend only on the sign of u(ty). More precisely, Po(ty) = \/11? (}1> and
1 (tg) = \/117 <‘1/> with V = —(1 + sign(i(tg))Vv2).
Proof. By definition of &g, 1, we have
Do (t) = d—(u(t),v(t)), P1(t) = b+ (u(t),v(t)), for ¢ < {o.
Hence, up to multiplication by —1,
B 1 -1 _ 1 V(t)>
@O(t) - m (V(t)) ) @1(t) 1+ V(t)2 < 1 ) for t < to,
where V() = 0 if u(t) + v(t)? = 0 and
V() = —u(t)h(u(t)) + v/u(t)*h(u(t)? + (u(t) + v(t)?)?
B u(t) + v(t)?
otherwise. Then, as t — ¢,
v —u(to)h(0)(t — to) + o(t — to) + \/u(to)Q(t —t0)2(h(0)2 4+ 1) + o((t — t9)?)
(t) = .
u(to)(t — to) + O(t — to)
_a(to)(t —to) + |t — tollu(to)[v2
ilto) (£ — 1) Fotl

= —(1 + sign(u(tp))V2) + o(1).

Since @y, 91 are continuous on [0, 1] by Proposition 4.2, the conclusion follows. O
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4.2.2 Non-conical direction

Proposition 4.4 (Continuity of the eigenstates in the non-conical direction). Let f be as in Propo-
sition 4.2. Let £ € N, to € (0,1), and (u(t),v(t))iep1] be a C2 path such that (u(t),v(t)) = 0 if
and only if t = to and u(tg) = 0 (i.e., (u(t),v(t)) passes through O in the non-conical direction at
t = to as on Figure 5). Then there exist Ao, \1 € C*T2([0,1],R?), &g, 1 € CY([0, 1] Rz) such that

Ao(t) = A-(u(t), v(t), A(t) = Ay (u(t), v(t), Po(t) = ¢—(u(t),v(t)) and P1(t) = ¢4 (u(t), v(t)) for

every t € [0,tg) U (to, 1]. Moreover, defining 5 = L;O) + 0(t0)?, we have @o(tg) = 1+V2 <

1
7
[V _ it) _ [t0)? | g2
@1(t0):m<1>,wh6r6V:— 2 ﬁ4 if B#0. If B =0, we have ®y(to <>

1 (to) = (?)

Proof. The condition u(tg) = 0 provides u(t) + v(t)? = (t — to)z(ﬂ;o) + 9(tp)?) + o((t — t9)?) =
B(t —t9)? + o((t — tg)?) when t — t,.
By direct computations, we show that Pre@ho®) — 4 B2+ i(to)? + o(1) when t — t.

dt?
Hence t +— A+(u(t),v(t)) can be extended in a C? function at t = ty by fixing W =

2 +ii(tg)2. The C'*?2 regularity follows by higher order analog computations

Define, for every ¢ € [0,1] such that u(t)+v(t)? #0, V(t) = sl QLICIOVadVAT! Z))in?()t))2+(u(t)+v(t)2)2

Reasoning as in the proof of Proposition 4.3, we must prove that V can be extended as a C¢ function
at to by setting V (tg) = V.
First case: 8 # 0. Assuming that 5 # 0, we have, as t — £,

0 (¢ — )2 — /U= ii(10)2 + B2t — to)! + o((t — to)?) Do) — |l | g
Vo=~ Bt — o) + o{(t — o)) = 5 Foll).

The continuity of V is proved in the case 8 # 0. The same computations show that V is C* at tg if
(u(t), v(t))iefo. is CF2. )

Second case: 8 = 0. In the case § = 0, consider the left equivalence f of f associated with
¢ = 7% and ( = —1 as in RNemark 2.15 , so that, we have Hy = Py cHyP, LI f = (f, fo) €
C™(R2,R?), then we have f = (fa, f1). Define, for every ¢ € [0,1] such that u(t)h(u(t)) # 0,

V(t) = —(whl +\/u( )Z(hu(zl)))) OO We have easily limy_,;, V(t) = —1. Hence we can

define continuous eigenvectors @y and &, of H 7 along (u(t),v(t))tepo,1), respectively equal, up to
1 -1
1 1 _ . :
phases, to 7 <1> and 7 ( 1 ) at t = tp. Knowing that the eigenvectors of Hy are equal, up to

phases, to Pg,gfﬁj, for j € {0,1}, we can deduce the continuity of @y and @1 at t = tp, and that
Qo(to) = <(1)> and @1 (to) = <(1)> O

4.3 Dynamical properties at semi-conical intersections of eigenvalues

By using the previous results, we get the following adiabatic approximations along curves going
through a semi-conical intersection, either along conical directions (Proposition 4.5) or along the
non-conical direction (Proposition 4.6).

Proposition 4.5. Let f and (u(t),v(t))ieo,1) be as in Proposition 4.2. Consider a solution 1. of
Equation (10) such that ¥y = ¢_(u(0),v(0)). Then (he(2), o—(u(1),v(1))) = O(Ve).
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Proof. First notice that A\_ and A, are C? separately on [0,%y] and [to, 1]. Moreover, Corollary A.7
proves that they satisfy (23) with & = 1 on [0,to] and [to,1]. By Proposition 4.3, moreover, there
exists a O2 basis of eigenvectors defined on [0, 1] with limt_>t0— o+ (u(t),v(t)) = limt_)tg o+ (u(t),v(t)).
By applying Theorem 4.1 on the interval [0, o], then on the interval [to, 1], we get the result. O

Proposition 4.6. Let f and (u(t),v(t))ie[o,1] be as in Proposition 4.4 with | > 2 (see Figure 5). Con-
sider a solution . of Equation (14) such that ¢¢(0) = ¢_(u(0),v(0)). Then (e(1), ¢4 (u(1),v(1))) =
O(/?).

Proof. Let Ag be as in Proposition 4.4 and define (1) = [ Ao(s)ds for 7 € [0,1]. Notice that Ag is at
least C? by Proposition 4.4 and that ¢ satisfies p(tg) = ¢'(to) = " (to) = 0 and ¢® (to) # 0. Hence,
by Lemma A.4, )\ satisfies the estimate (23) with k& = 2. The result follows by applying Theorem 4.1
in combination with Proposition 4.4. O
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Figure 5: A control path passing at a semi-conical intersection in the non-conical direction as a
function of the controls (u,v) € R2.

5 Control of an ensemble of systems

The main goal of this section is to prove the controllability result stated in Theorem 1.3.

5.1 Ensemble adiabatic dynamics

Let f € C®(R3,R?). Consider a smooth regular control path (u(t),v(t))eepo,1)- In analogy with
the previous sections, denote by AL (u(t),v(t)) the eigenvalues of H(u(t),v(t),z). Similarly, let
% (u(t),v(t)) be two real normalized eigenvector of Hy(u(t),v(t),,z) at (u(t),v(t)) associated with
AE (u(t),v(t)), uniquely defined up to a sign.
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Let Z = [z0,21] be a compact interval of R. Assume that for every z € Z there exist P, €
C'([0,1],S02(R)) and X, € C1([0, 1], R) such that {\,(t), —A.(¢)} is the spectrum of Hs(u(t),v(t), z)
and the columns of P, form a basis of eigenvectors of Hy(u(t),v(t),z) for every ¢t € [0,1]. We can

cos(6(t)) —sin(@(ﬂ)) where 6, € C1([0, 1], R).

write, for every t € [0,1], P,(t) = <Sin(92(t)) cos(0.(1))

Let us study the dynamics of

Z’Chﬁ(ﬂ = Hy(ulet), v(et), 2)9Z(1),  $Z(0) = ¥, (14)

where t € [0, ] and ¢ is independent of e.
Defining Y?(7) = P.(1)¥Z(Z) for every 7 € [0, 1], we have

S (05 (G B o

. Lo A=(s)ds
Thanks to the further change of variable Y2(7) = e i TO YZ(7), the dynamics
0 et Jo Xz(s)ds
is transformed into
Yz 10, (T)e Jo A=(9)ds\
O e O ) ), (16)
dr —i0,(T)e" Jo Az(s)ds 0

Based on Corollary A.8, one get the following result.

Theorem 5.1 (Parametric Adiabatic Theorem). Let k € N. For every z € |29, z1], assume that
A, 2 [0,1] = R is C* in [0,1] and 0, is C? in [0,1]. Let 1*(t) be the solution of Equation (14).
Assume that there exists ¢ > 0 such that for every t in [0, 1], and for every z € [z, z1],

1

t
/ e Jo A(@)de gl < CceFHT Ve > 0, (17)

0

and that (t,2) — 0,(t) and (t,2) — 6.(t) are uniformly bounded with respect to (t,z) € [0,1] X [20, 21].
~ ~ 1
Then we have Ye(7) = YZ(0) + O(e*+1), uniformly w.r.t. T € [0,1] and z € [20, z1]. In particular, if

~ (cos(6,(0)) en we have 1A(1) — ¢ cos(6,(1)) Y. wniformle wort. 2 € [
Y= <Sin(02(0))>’ then we have ¥e(:) "<sm(ez(1))>+0( ), uniformly w.r.t. z € 20, 1),

where 1 1s possibly depending on €, z.

5.2 Controllability properties between the eigenstates for the normal forms

Z;EZ:Z:Q%;?&&;), where hi,h; € C®°(R3 R) and m € C®(R,R) satisfy

h1(0) = ha(0) # 0 and m(0) ¢ {—1,0}. Recall that f has a F-semi-conical intersection at 0.
Consider a compact neighborhood S of 0 in R? on which the product hihs does not vanish and m

is different from 0 and —1. Assume that S writes S = U X [29, 21, where U is a compact neighborhood

of 0 in R? and 29 < 0 < z1. Define C = Z(f) NS and, for every (u,v,z) € S, h(u,v,z) = b (u,,2)

Let f: (u,v,2) —

ha(u,v,2) "

Notice that (u,v,z) € S is in C if and only if m(u)u = z = —u — v2. Up to restricting U, we can
assume that u — (m(u) + 1)u is monotone, so that

(m(u) + 1)u = —v? (18)
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defines a smooth submanifold of U which contains the projection 7(C) of C onto the plane of controls
(u,v) € R,

Without loss of generality, assume that m(0) > —1 (the case m(0) < —1 being analogous).
According to (18), this means that 7(C) lies in the intersection of U with the left half-plane. Notice
that the sign of z = m(u)u on C is the opposite as the sign of m/(0).

5.2.1 Uniform adiabatic estimates when (u(t),v(t)):cp,1) C 7(C)

Assume that (u,v) : [0,1] — U is a regular C™° control path satisfying the following conditions,
referred to as (C):

* (u,v) C7(C)
o (u,v)(0) = (up,vo) where (ug, vo, 20) € C is a F-conical intersection for f;

e (u,v)(1) =(0,0).

Under the previous assumptions, for every z € [zp,0], we can consider ¢, as the unique element in
[0,1] that satisfies (u(t;),v(t;),z) € C. On the other hand, for z € (0, z1] there exist no ¢t € [0, 1]
such that (u(t),v(t),z) € C. By the regularity of (u,v), the application [z9,0] > z — t, is C.
Moreover, as a direct consequence of equation (18), which holds on C, we have fi(u(t),v(t),z) =

h(u(t),v(t), z) fo(u(t),v(t), z) for every t € [0, 1] and z € [z, 21].

Definition 5.2. For any z € |[z0,21], define V, : [0,1] — R as follows: if z € [20,0), let V,(t) =
—(h(u(t),v(t), 2)—/1 + h(u(t),v(t), 2)2) fort < t, and V,(t) = —(h(u(t),v(t), 2)++/1 + h(u(t), v(t), 2)?)
fort>t,;if 2 € [0,21], let Vo(t) = —(h(u(t),v(t),2) — /1 + h(u(t),v(t), 2)?) for every t € [0,1].

By Propositions 4.2 and 4.4, we get the following result on the regularity of eigenpairs.

Proposition 5.3 (Regularity of eigenpairs for a control path (u,v) C 7(C)). Let (u,v) satisfy (C).

For z € [0, 21], define, for every t € [0,1], §G(t) = ¢—(u(t),v(t)), Pi(t) = o4 (u(t), v(t)), A5(t) =
N (u(t),v(t)), and Xi(t) = Ni(u(t),v(t)). For z € [20,0), define A\§, A} : [0,1] — R by

Ao(t) = AZ(u(t), v(t)), A
Ag(t) = A3 (u(t), v(t)), A

and ®F, 7 : [0,1] — R? by

Bi() = 67 (u(t), o(t)), Bi(E) = 6L (u(t),0(t),  fort<t.,
Bi(t) = 63 (u(t), v(t)), Bi(t) = 6% (u(t)v(t),  fort=t..

() = AL (u(t),v(t),  fort <t
() = AZ(u(t), v(t),  fort=>t.,

Then, for every z € (20, z1], A§, Af and @§, @7 are C* on [0,1]. Moreover, & and 7 can be written as

.1 -1 .1 V. o . . iy
Pf = e (VZ and &5 = 7ozl ) where V, € C*°([0,1],R) is defined as in Definition 5.2.

A direct corollary of Proposition 5.3 is the following.

Proposition 5.4. For any z € |20, 21], let 0, = arctan(V;) € C*°([0, 1], R), where V; is defined as in
Definition 5.2. Then (t,z) — 0,(t) and (t,z) — 0,(t) are bounded w.r.t. (t,z) € [0,1] X [29, 21].

Proof. By definition of V., for every (t, z) € [0, 1]x [z0, 1], #.(t) and 6. (t) depend only on %h(u(t), v(t), 2)
and j—;h(u(t),v(t),z), which are uniformly bounded w.r.t. (t,z) € [0,1] x [29,21] because h €
C>(S,R). 0
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Remark 5.5. In the particular (non-generic) case in which h is constant, the curve (u,v) is non-
mizing for all z € [29,21], in the sense developed in [7]. Non-mizing curves are characterized by
an enhanced adiabatic approrimation with respect to general curves passing through an eigenvalue
intersection.

Proposition 5.6. The functions A\§, A}, defined as in Proposition 5.3, satisfy (17) with k = 2.

Proof. As a first step of the proof, let us show the following local estimate: There exist t; € [0,1), a
nonempty compact neighborhood W C [z, z1] of 0, and C; > 0 independent of z such that for every
t € [t1,1], j € {0,1}, and z € W we have

¢ 2% (S yz
/eefo )‘j(T)deS

t1

< Cle%, Ve > 0. (19)

According to Corollary A.8, it is enough to prove that there exist ¢t and W as above such that

@) >, VzeW, telt, 1]\ {t.} (20)

where ¢ > 0 is independent of 2 € W. Notice that A, (¢) = |z—m(u(t))u(t)|/h1(u(t), v(t), 2)2 + ha(u(t), v(t), 2)2.
By hypothesis (C), u(1) = 4(1) = 0 and (1) = 0. Hence,

d t t =0 7d2 t t = 0))u(l
5 (2~ m(u(t))u(?)) T (z = m(u(t))u(t)) T (z = m(0))i(1),
and, in particular, for z = 0 we have
.| .
;12% ﬁ&(t) . = |m(0)u(1)| > 0.

Inequality (20), and hence the required local estimate (19), follow by a continuity argument. Notice
that, up to restricting W or increasing t1, we can assume that {t, | z € W N [29,0]} = [t1,1].

Let us now extend (19) to z € [z9,21] and t € [0,1]. For z € [0,2] \ W, there exists ¢; > 0
(independent of z) such that [A§(t)] > ¢; > 0 for every ¢ € [0, 1]. Hence, by applying Lemma A.9, we
have \fot el A5(dr s| < Cle, where C; > 0 is independent of (¢, 2) € [0,1] x ([0, z1] \ W).

For every z in [29,0) we have Xg(tz) # 0. By continuity of the applications z +— t, and (t,z) —
X (t), there exist a, ca > 0 such that [\3(t)| > ca > 0 for every z € [z, 0] such that t, < (t;+1)/2 and
every t € [t,—a,t,+a]. By continuity of the application (¢, z) — A§(t), moreover, we get the existence
of ¢3 > 0 such that [A§(¢)| > ¢z > 0 for every z € [20,0] \ W and every ¢ € [0,1]\ [t, — o, T, + @], also
for every z € [20,0] N W and every t € [0,t1] \ [t. — a,t, + a].

For z € [20,0] \ W and t € [0, 1], we write

t ) ) .
/eﬁﬁmm%h:/ e?ﬁ%mmﬁ+/“ o2 I3 N g
0 (0,]1[0,¢1—al (0,6 [t1—avt1 +0

+/ o2 5 No(rdr g
[0,t]Nt1+a,1]

and we conclude, up a change of time variable, by applying Corollary A.8 (on [0,¢] N [t1 — «, t1 + a,
with k = 2) and Lemma A.9 (on [0,¢] N [0,t; — a] and [0,¢] N [t1 + «, 1]).

We conclude similarly for z € W N [z, 0], by splitting [0, 1] in the intervals [0, min(¢1,t, — )],
[min(t1,t, — «), t1], and [t1, 1] and by applying Corollary A.8, Lemma A.9, and (19). O

Proposition 5.4 and 5.6 allow us to apply Theorem 5.1 and deduce the following ensemble adiabatic
approximation result.
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Theorem 5.7 (Semi-conical case). Let (u,v) be a reqular C°° control path satisfying condition (C).
Let ¢? be the solution of Equation (14), where 1§ = ¢* (u(0),v(0)) for every z € (2o, 21] and ¥° =
limy o+ 62 (u(t), v(t)). Set Te(z) = [(WZ(3), 3 (u(1),v(1))|. Then

_ [0 ifze[0,21]U{z0},
lgr(l)Te(Z) - { 1 ifze (2070)7

the convergence being uniform w.r.t. z € [z20,21]. More precisely, we have Ti(z) = O('/3) for
z€[0,21]U{20}-

5.3 The control path (u,v) exits from =« (f).

By similar arguments as those developed in [4], we get the following proposition.

Proposition 5.8 (Conical exit). Let f € C°°(R3,R?). Let (u1,v1,21) be a F-conical intersection for
f. Let N be a neighborhood of (u1, vy, z1) in R3 such that Z(f) NN is made of F-conical intersections
only and ©(Z(f) N N) is a C™ submanifold of R%. Let (ug,vo,20) € Z(f) N N be such that 2o < z1.
Consider a regular C* control path (u(t), v(t))sepo,1) and a time t; € (0,1) such that (u(0),v(0)) =
(u077}0)7 (u(t1)7v(t1)) = (ubvl): (u(t)7v(t)> S W(Z(f) N N) fort e [O,tﬂ, and (u<t>7 U(t)) ¢ W(f) for
t > t1. For every z € R, consider 0, € C?([0,1],R) and X, € C*([0,1],R) as in Theorem 5.1. Then
(t,2) = 0.(t) and (t,z) — 0.(t) are uniformly bounded with respect to (t,z) € [0,1] x [20, 21], and
there exists ¢ > 0 such that for every z € (2o, z1] and for every t in [0,1],

t
21 S 1
/ e Jo A=(@)dz g < cez, Ve > 0.

0

Corollary 5.9. Let f,(u,v) as in Proposition 5.8. Define 1Z as the solution of (14) with Pg =
@7 (u(0),v(0)) for z # 0 and ¥5° = limy—,0 ¢ (u(t),v(t)). Then for every z € (20, 21] and for every t
in [0, 1],

(L e), 6% (1), (D)) = 1+ O,

Moreover, for every z < zy, we have, uniformly w.r.t. z € [z, zo],
(W2 (1), ¢ (u(1), (1)) = O(e/?),

5.4 Proof of Theorem 1.3

Proof of Theorem 1.3. Consider a regular C* control path (n(t));cjo1) = (u(t), v(£))sef0,1] such that
n(0) = n(1), n(to) = (uo,v0), n(t1) = (w,v1), n(t) € m(y) for t € [to,t1], and n(t) ¢ =(f) for
t ¢ [to,t1]. Under these hypotheses, we can define, for every z € R, 6, € C?([0,1],R) and X, €
C?([0,1],R) along the path 7, as required in Theorem 5.1.

For t € [to, 1], the hypothesis of non-existence of self-intersections for m(y) guarantees that we
can apply the same arguments as those used in the proof of Proposition 5.6 for the normal form in
order to get

t s
/ e% Jo As(r)dr g < Ceé, Ve >0

to

where C' > 0 is independent of (t, z) € [to,t1] X [20,21]. Moreover by Proposition 5.4, (t,z) — 6.(t)
and (t,z) — 0,(t) are bounded on [to, t1] X [20, z1].

Under the assumptions that z € [zp, 21] for every z and t such that (u(t),v(t),z) € v and that
(u1,v1,21) is a F-conical intersection, we can apply Proposition 5.8 and get that (¢,z) — Hz(t) and
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(t,z) = 0.(t) are uniformly bounded with respect to (t,z) € [t1,1] X [20, 21], and there exists ¢ > 0
such that for every z € [z, 21| and for every ¢ in [t1, 1],

b s
/e€f0 )xz(a:)da;ds

t1

1
< ce2, Ve > 0.

By similar arguments for ¢ € [0,%o], we obtain that on the whole interval t € [0,1], (¢,2) — 0.(t)
and (t,2) +— 0,(t) are uniformly bounded with respect to (,z) € [0,1] x [20, 1], and by triangular
inequality, there exists C' > 0 such that for every z € [zg, z1] and for every ¢ in [0, 1],

b s
/eef() )\z(x)d:cds

0

< C’e%, Ve > 0.

We get the expected result by applying Theorem 5.1. O

6 Extension to n-level systems

The goal of this section is to extend Theorem 1.3 of ensemble controllability between the eigenfunc-
tions to the case of n-level systems.

6.1 Generic assumptions on n-level Hamiltonians and adiabatic decoupling

In this section, we show that the study of a n-level real Hamiltonian can be reduced locally to the
study of a 2-level Hamiltonian in the adiabatic regime and that such a transformation preserves the
codimension of the generic conditions expressed in Section 2.1. Such a reduction allows us to define
a semi-conical intersection model for a n-level real Hamiltonian.

For every H € Sy(R) denote by (\;j(H))j_; the spectrum of H, where j — X;(H) is the
nondecreasing sequence of eigenvalues of H repeated according to their multiplicities. We write
($1(H),...,¢n(H)) to denote an orthonormal basis of associated eigenvectors.

Next lemma is a classical result of continuity of the spectrum (see, for instance [25]).

Lemma 6.1. Let Hy € Sy,(R) and j € {1,...,n—1} be such that \j(Ho), \j+1(Ho) are separated from
the rest of the spectrum of Hy. Then, there exists a neighborhood V' of Hy in Sy, (R) and a Jordan curve
c in C separating {\g(H) | g € {j,j+ 1}, H € V} from Upgcy (Spectrum(H) \ {\;(H), X\j+1(H)}).

From now on, we consider Hy, j, ¢, V verifying Lemma 6.1. For all H € V', we consider Pj j11(H) =
5= J.(H — §)7'd¢. Notice that, Pj;1(H) is a real matrix because H is real. By construction
of ¢, V.5 H — Py is smooth. Up to reducing V, for every H we can consider an orthogonal
mapping I(H) : R? — Im(P; j+1(H)) such that V' 3 H + I(H) is smooth. For every H € V define

7 j+1(H) = Im(P; j+1(H)), I"'(H) as the inverse of I(H) on ; ;+1(H) and
F(H)=1YH)HI(H) € S3(R).

Notice that I-*(H) = (H).

Consider H € C®(R*, S,,(R)) such that H(0) = Hy, and denote by W a neighborhood of 0 in
R* such that H(u) € V for every u € W. Define h € C®(R¥, S3(R)) such that for every u € W,
h(u) = (F o H)(u). We say that h is a reduced Hamiltonian for H. Notice that if ¢ € C? is an
eigenvector of h(u) associated with the eigenvalue A € R then I(H(u))¢ is an eigenvector of H(u)
associated with the same eigenvalue A. We deduce from this, as it has been already used in [4], that
the regularity of the eigenpairs of H with respect to v € W can be deduced from the regularity of
those of h.
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Proposition 6.2. F is a submersion from V to Sa(R).
Proof. Consider A € V. Define 11 = I(A)ey, s = I(A)es where (e1,e3) is the canonical basis of C2.

e Define H = hij1t11 + haothaa + hiothi1fe + hiotay with hiq, hoo, hia € R. By direct
computations, we get

hiz  hao
Hence, the application S,(R) 2 H — T(A)HI(A) € S2(R) is surjective.

T(AVHI(A) = <’“1 hl?) |

e For H € S,(R) such that A+ H €V,

F(A+H)="T(A+ H)(A+H)I(A+ H)
= F(A) +T(A)HI(A) + 'DIA(H)AI(A) + T(A)ADIs(H) + o(H).

Hence, VH € S,(R), DF4(H) = Y(A)HI(A) + 'DIs(H)AI(A) + T(A)ADI4(H). Let us
consider H = h111/11t¢1 —l—hgzlﬁg%z +h12¢1t1/12+h121/12t¢1. Then, we have DFy(H) = tI(A)HI(A).
Hence, F' is a submersion.

g
Using classical facts on the composition of k-jets (see [24]), we obtain the following result.

Proposition 6.3. Consider F : J?(W, S,(R)) — J2(W, S2(R)) such that for everyu € W, j2(h)(u) =
F(52(H)(u)). Then F is a submersion.

It follows that if S is a codimension ¢ smooth submanifold of J2(W, S2(R)), then F~1(9) is a
codimension ¢ smooth submanifold of J?(W, S, (R)). This can be used to deduce generic properties
for H € C*°(W, S,,(R)) from generic properties for h € C*(W, S3(R)).

6.2 Adiabatic decoupling

We present here some results of adiabatic decoupling, adapted from [31].

Theorem 6.4 (Adiabatic decoupling). Let H € C*®°(R¥, S, (R)) and j € {1,...,n — 1} be such that
{N(H()) | q€{j,j+1}} is separated from Spectrum(H (w)) \ {\g(H (w)) | ¢ € {j,j+ 1}} for w in a
neighborhood W of 0 in RE. Define, for every uw € W, I(H(u)) and h(u) as in Section 6.1. Consider
a C? regular path u : [0,1] — W such that there exist £ € N and C* functions Aj, Aj+1 : [0,1] — R
such that for every t € [0,1], {A;(t), Aj41(t)} = {N\j(H (u(t))), Aj+1(H (u(t))} and that h admits C*
eigenvectors along u.

Assume that there exists ¢ > 0 such that

t
/ e oW @=M@)de gl < T, Yt [0,1). (21)
0

Let o € C2. Then the solutions ¥, and v, of, respectively,

A
Yar

H(u(et)), 6(0) = I(H((O)do, and i = hu(et)d, $(0) = do,

are such that 1(1/€) is O(e“%l)—close to T(H (u(1)))the(1/e).
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Proof. Define for ¢ € {1,2}, and for every u € W, ¢4(u) = I(H (u))eq, where (e1, e2) is the canonical
basis of C2. Define 1/ (¢) as the solution for ¢ € [0, 1], of

RA0) . 0
i (““(“” <<wj+1< (1)), o (u(et))

with ¢¢(0) = 4o.
By [31, Theorem 1.4, there exists C' > 0, such that, for every t € [0, %],

lpe(t) = I(h(u(et)) )0 (t)]| < Ce, Ve >0

Under the assumptions of the theorem, we can consider a C? basis of eigenvectors of h along u. Hence,
by the same arguments as those used in Section 4.1 in order to prove Theorem 4.1, there exists ¢ > 0
such that, for every ¢ € [0, %],

(Pj(u(et)), gj—i-l(u(d))))) (1), (22)

le(t) — (@) < ce™T, Ve > 0.
We get the expected result by triangular inequality. =

In the ensemble case, using estimates that are uniform with respect to the parameter z, we get
the following extension of Theorem 6.4.

Theorem 6.5 (Adiabatic decoupling for parametric systems). Let H € C®(RF*! S, (R)) and
je{l,...,n—1} be such that {\;(H(u,2)) | q € {j,j+1}} is separated from Spectrum(H (u, z)) \
{N(H(u,2)) | q € {j,j+ 1}} for u in a neighborhood W of 0 in R* and z € [20, 21]. Define, for every
(u,2) € W x [20,21], [(H(u, 2)) and h(u, z) as in Section 6.1. Consider a C? regular path u : [0,1] —
W and ¥ € C2, for every z € [z, z1]. Let £ € N and assume that for every z € [z, z1], there exist C*

functions A%, A% 4 0 [0,1] = R such that for every t € [0,1], {AZ(¢), AZ, 1 (6)} = {\3(u(?)), A5y (u(?)}

and that, for every = € [z0,z1], h(u(-), z) admits C? eigenvectors &5, &%, such that (t,z) > "% and

2p=z
(t,2z) — d i‘g(t) are bounded uniformly with respect to (t,z) € [0,1] X [z0, 1], for every q € {j,7 + 1}.

Assume that there exists ¢ > 0 such that

1

/ W n@=A @)y < €+ vt € [0, 1], Vz € [z0, 21)- (23)
0

Then the solutions ¥Z and 1[1? of, respectively,

U H (o), 07(0) = I(H((0), )35, and 1% = h(u(er), 21, 5(0) = 5,

are such that 1*(1/€) is O(e@%l)—close to I(H(u(1), 2))0*(1/€), uniformly w.r.t. z € [z, z1].

6.3 Semi-conical intersections for n-level quantum systems

Let H € C*°(R*, S,(R)) and j € {1,...,n — 1} be such that {\,(H(u)) | ¢ € {j,j + 1}} is separated
from Spectrum(H (u)) \ {\(H(w)) | ¢ € {j,j + 1}} for u in a neighborhood W of 0 in R*. Define,
for every w € W, I(H(u)) and h(u) as in Section 6.1. Define for ¢ € {1,2}, and for every u € W,
Yg(u) = I(H(u))eq, where (eq,e2) is the canonical basis of C2. Then we have the identity

h(u) = <<¢1(u)aH(uW1(U)> <¢1(U)aH(U)¢2(U)>>
(P1(u), H(u)pa(u)) (a(u), H(u)pa(u)))
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Definition 6.6. By removing the trace of H(u), define the reduced zero-trace Hamiltonian of H as,

for every u € W,
_ (Ni(u)  fa(w)
hred(u) - <f2(u) _fl(u)> )

with fi(u) = 5 ((¥1(w), H(w)r(w)) = (Yo (u), H(u)v2(u)) and fo(u) = (Y1 (u), H(u)pz(u)).

Assume k = 2. By a slight abuse of notations, write u := (u,v) € U, where U is a connected open
neighborhood of the origin in R2.

Next proposition, which follows by direct computations, states that conicity properties do not
depend on the choice of the unitary transformation I(H (u,v)) : C2 — Im(P; j11(H (u,v))).

Proposition 6.7. Let f € C®(U,R?) and R € C®(U,02(R)). Define f € C°(U,R?) such that

H(u,v) = R(u,v)H ¢(u,v)'R(u,v) for every (u,v) in U. Then

e 0 is conical for f if and only if O is conical for f;

e 0 is semi-conical for f if and only if 0 is semi-conical for f. Moreover, their mon-conical
directions are the same.

Similarly, one can show that in the ensemble case, F-conical intersections and F-semi-conical
intersections are invariant under such a orthogonal mapping, possibly depending on the parameter
z. We define semi-conical intersections of eigenvalues for H(-) € C*(U, S, (R)) and F-conical (re-
spectively F-semi-conical intersections) for H(-) € C*(U x R, S,(R)) (see Section 2.24 for precise
definitions of these notions for two level systems) as follows.

Definition 6.8. Let j € {1,...,n— 1}.

e We say that (u,v) € U is a semi-conical intersection for H € C*°(U, S,,(R)) between the levels j
and j + 1 if and only if there exists a unitary mapping I(H(u,v)) : C* — Im(Pj j+1(H (u,v))),
C*° with respect to (u,v) € U, such that (u,v) is a semi-conical intersection for the associated
reduced Hamiltonian hyeq € C*(U, S2(R)).

o We say that (u,v,zZ) € U x R is a F-conical (respectively F-semi-conical) intersection for
H € C®(U x R,S,(R)) between the levels j and j + 1 if and only if there exists a unitary
mapping I(H (u,v,2)) : C* = Im(Pj j4+1(H (u,v, 2))), C* with respect to (u,v, z) € U xR, such
that (u,v,z) is a F-conical (respectively F-semi-conical) intersection for the associated reduced
Hamiltonian hyeq € C*°(U x R, S2(R)).

By Proposition 6.3, we get that F'-conical intersections and F-semi-conical intersections as defined
in Definition 6.8 are generic for H € C*°(R3,S,,(R)) endowed with the Whitney topology.

Remark 6.9. For j € {1,...,n —1} set Z; = {(u,v,2) € U xR | \j(u,v,2) = N\jy1(u,v,2)}.
By Definition 6.8, we have the expected result (see Proposition 2.8 for the same property for two-
level systems) that if (u,v,z) is a F-semi-conical intersection between the levels j and j + 1, then
Z; 1is tangent to the plane z = Z at the point (4,v,Z2) and, considering a local smooth and regular
parametrization (u(t),v(t), z(t))wcp1) of Z; and t € [0,1] such that (u(t),v(t),2(t)) = (u,v,Zz), we
have 2(t) = 0 and 2(t) # 0.

6.4 Controllability result

We consider the controlled Schrédinger equation in C*, n € N,

i (), v(e), o). (24)
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Definition 6.10. Let zo, z1 € R. We say that system (24) is ensemble approximately controllable be-
tween eigenstates if for every e > 0, j, k € {1,...,n}, and (up,vo), (u1,v1) € U such that \j(uo, vo, 2)
and i (ug, vo, z) are simple for every z € |[z0,21], there exists a control (u(-),v(:)) € L>=([0,T], U)
such that for every z € [20, 21] the solution of (24) with initial condition 1*(0) = ¢3(uo, vo) satisfies
|9*(T) — € ¢z (u1,v1)|| < € for some 0 € R (possibly depending on z and e).

For j € {1,...,n — 1}, let us denote by ~; the set {(u,v,2) € U x [20,21] | Aj(u,v,2) =
Aj+1(u,v, 2)}. Let, moreover, 79 = v, = 0. Denote by 7 the projection 7 : (u,v,2) — (u,v).

Assumption A;. There exists a connected component 7; of ~y; such that

e 4; is a one-dimensional submanifold of R? made of F-conical intersections and F-semi-conical
intersections only;

o There exist (ug,vo) € U and (uy,v1) € U such that (ug,vo, 20), (u1,v1, 21) € 45 are F-conical
intersections for H ;

o m(9;) is a C™ embedded curve of R? without self-intersections, which is contained in U\
(m(vj-1) U (541))-

Using the control strategy proposed in Theorem 1.3 and the result of adiabatic decoupling pro-
posed in Theorem 6.5, we get the following result.

Theorem 6.11. Consider a C* map U X |20, z1] 3 (u,v,2) — H(u,v,z) € Sp(R). Let assumption
A; be satisfied for every j € {1,...,n—1}. Then system (24) is ensemble approzimately controllable
between eigenstates.

A Averaging theorems and estimates of oscillatory integrals

The following theorem is a quantitative version in u(n) of a more general averaging result stated in
[3, Lemma 8.2]. Its proof is similar to the proof of |3, Lemma 8.2| using an explicit inequality that
yields the speed of convergence of order O(e).

Theorem A.1. Consider A and (Ac)eso i C°([0,1],u(n)) and assume that A(7) is uniformly
bounded w.r.t. (1,€). Denote the flow of the equation Z(T) = A(1)z(7) at time T by P; € U(n) and
the flow of the equation # = Ac(7)x(7) at time T by Pt € U(n). If

/A ds_/A )ds + O(e)

Pt =P, +O(e),

both estimates being uniform w.r.t. T € [0,1].

then

Remark A.2. Notice that in [3, Lemma 8.2/, the hypothesis that | A¢|loo is bounded w.r.t. € is not
explicitly mentioned, but it is necessary for concluding that Pf — P as e — 0.

A direct consequence of Theorem A.1 is the following.

Corollary A.3 (Quantum two-level systems averaging). Let v, ¢ : [0,1] — R be two smooth functions
and, for every € > 0, denote by P the flow at time T € [0,1] of

Lo(7)
dX 0 i v(T)e X(r).
Yar © v(r)e «#() 0
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If | fOT v(s)eéﬂ"(s)ds| < cel, where q is a positive real number and ¢ > 0 is independent of €, T, then P
satisfies PS = 1d + O(e?).

We recall a classical result (see [30]) which is useful to estimate oscillatory integrals.

Lemma A.4 (Van Der Corput). Let k € N and ¢ : [a,b] — R be smooth and such that |o®) (z)| > 1
for all x € [a,b]. Assume either that k > 2 or that k = 1 and ¢’ is monotone. Then

b
/ (9@ /< g

In the case k = 1, if ¢/ is not monotone we may lose the uniformity of the estimate with respect
to the phase ¢. However, we can recover by a direct integration by parts the following estimate.

Lemma A.5 (The case k = 1). Let ¢ : [a,b] = R be smooth and such that |¢'(z)| > 1 for all
1

x € [a,b]. Then
b b
/a eiP@)/eqyl < 26+6/a %W dx

By integration by parts we also get the following results.

< Ckel/kv

where ¢y, is independent of ¢ and €.

Corollary A.6. Let ¢ and k be as in Lemma A.4. Let, moreover, v : [a,b] — R be smooth. Then

b b
/ v(z)e? @/ dg| < cpe/* [|v(b)|+/ |v'(a:)|d:v]

where ¢y, is the constant obtained in Lemma A.4.

Corollary A.7. Let ¢ be as in Lemma A.5 and consider a smooth function v : [a,b] — R. Then

b
/ v(z)e? @/ dy

< ce

where ¢ is independent of €.

Corollary A.8. Consider an open subset Z of R. Assume that ¢ : [a,b] x Z — R and v : [a,b] x Z —
R are real-valued and smooth with respect to the first variable x € [a,b]. Assume that there exists

k > 1 such that ]g%f(x,yﬂ >1 for all x € [a,b] andy € Z. Then

1/k b v
< cie lv(b,y)| + \a—x(a:,y)ldx

where ¢y, is the constant obtained in the Lemma A.4 (independent of ¢, y and €). If we assume that
v and % are uniformly bounded on [a,b] X Z, then

b
/ v(z, y)e P @Y/ <y

b
/ v(z, y)eP @Y/ dz| < dype'/*
a

where dy, depends on v and is independent of ¢, y € Z and €.

Next lemma is a direct consequence of Lemma A.5.

Lemma A.9. Consider a compact subset Z of R. Consider two real-valued and smooth functions
¢ :a,b) x Z2 -5 R and v : [a,b] x Z — R. Assume that |g—i(x,y)] > 1 forall z € [a,b] and y € Z.
Then

b
/ v(z, y)eP @/ dx| < de

where d depends on v and ¢ and is independent of y € Z and e.
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B Two useful lemmas

We recall some classical results that are derived from |1, §9].

Lemma B.1. Let n € N and let R xR 5 (z,y) — F(z,y) € R be a smooth function vanishing on
the graph y = n(x), where n : R™ — R is a smooth function. Then for every point xog € R™ there exist
a neighborhood W of (xo,n(xo)) and a smooth function ¢ : W — R such that

V(z,y) € W, F(x,y) = (y —n(z))e(x,y).

R"xR—R . OF o
Lemma B.2. Letn € N and let F': be a smooth function such that Sy s vanishing

(z,y) = F(z,y)
on the smooth hypersurface y = n(x). Then for every point xy € R™ there exist a neighborhood W
of (xo,m(xg)) that can be written as W = Wy x Wy where Wy is an open subset of R™ and Wy is an

open subset of R, and smooth functions ¢ : W — R and fo: W1 — R such that

V(z,y) € U, F(z,y) = (y — n(x))*o(z,y) + folx).
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