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Abstract

We consider the adiabatic regime of two parameters evolution semigroups gener-
ated by linear operators that are analytic in time and satisfy the following gap con-
dition for all times: the spectrum of the generator consists in finitely many isolated
eigenvalues of finite algebraic multiplicity, away from the rest of the spectrum. The
restriction of the generator to the spectral subspace corresponding to the distinguished
eigenvalues is not assumed to be diagonalizable.

The presence of eigenilpotents in the spectral decomposition of the generator for-
bids the evolution to follow the instantaneous eigenprojectors of the generator in the
adiabatic limit. Making use of superadiabatic renormalization, we construct a dif-
ferent set of time-dependent projectors, close to the instantaneous eigeprojectors of
the generator in the adiabatic limit, and an approximation of the evolution semigroup
which intertwines exactly between the values of these projectors at the initial and final
times. Hence, the evolution semigroup follows the constructed set of projectors in the
adiabatic regime, modulo error terms we control.

Keywords: adiabatic approximation, non-hermitian generators.

Résumé

Nous considérons le régime adiabatique de semi-groupes d’évolution a deux pa-
rametres engendrés par des opérateurs linéaires analytiques en temps qui satisfont
I’hypothese spectrale suivante en tout temps : le spectre du générateur consiste en
un nombre fini de valeurs propres isolées, de multiplicité algébrique finie, séparées du
reste du spectre. La restriction du générateur au sous-espace spectral correspondant
aux valeurs propres distinguées n’est pas supposée diagonalisable. La présence de nil-
potents propres dans la décomposition spectrale du générateur interdit a l'opérateur
d’évolution de suivre les projecteurs propres instantanés du générateur dans la li-
mite adiabatique. La technique de renormalisation superadiabatique nous permet de
construire un ensemble différent de projecteurs dépendant du temps, proche des pro-
jecteurs spectraux dans la limite adiabatique, et une approximation du semi-groupe
d’évolution qui possede la propriété d’entrelacement exacte entre les valeurs de ces
projecteurs aux temps initial et final. Ainsi, dans la limite adiabatique, le semi-groupe
d’évolution suit les projecteurs construits, modulo des erreurs que nous controélons.

Mots-clés : approximation adiabatique, générateurs non-hermitien.
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1 Introduction

Singular perturbations of differential equations play an important role in various areas of
mathematics and mathematical physics. Such perturbations typically appear when one
considers problems that display several different time and/or length scales. In particular,
the semiclassical analysis of quantum phenomena and the study of evolution equations in
the adiabatic regime lead to singularly perturbed linear differential equations which are
the object of many recent works. See for example the monographs [14], [11], [13], [29], [40].
The description of certain non conservative phenomena with distinct time scales also gives
rise to non-autonoumous linear evolution equations, which are more general than those
stemming from conservative systems, and whose adiabatic regime is of physical relevance,
see e.g. [32], [33], [41], [35], [36], [37], [2], [3], [1]-

The present paper is devoted to the study of general linear evolution equations in the
adiabatic limit under some mild spectral conditions on the generator. The chosen set up
is sufficiently general to cover most applications where the time dependent generator is
characterized by a gap condition on its spectrum. Let us describe informally our result,
the precise Theorem being formulated in Section 2 below.

We consider a general linear evolution equation in a Banach space B of the form

ieoU(t,s) = H(t)U(t,s), U(s,s) =1, s<tel0,1] (1.1)

in the adiabatic limit ¢ — 07, for a time-dependent generator H(t). This equation de-
scribes a rescaled non-autonomous evolution generated by a slowly varying linear operator
H(t). The evolution operator U(t, s) evidently depends on ¢, even though this is not em-
phasized in the notation.

The generator H (t) is assumed to depend analytically on time and to have for any fixed
t a spectrum o(H(t)) divided into two disjoint parts, o(H(t)) = o(t) U oo(t), where o(t)
consists in a finite number of complex eigenvalues o (t) = {A1(t), Aa(t), -+, A\ ()} which
remain isolated from one another as ¢ varies in [0, 1]. Moreover, the spectral projector of
H(t) associated with o(t), denoted by P(t), is assumed to be finite dimensional. The part
of H(t) which corresponds to the spectral projector Py(t) associated with og(t) can be
unbounded, bounded or zero. In the first case we need to assume H (t) generates a bona
fide evolution operator.

This spectral assumption, or gap condition, is familiar in the quantum adiabatic con-
text where B is a Hilbert space on which H(¢) is further assumed to be self-adjoint, see
[10], [25], [30], [7], [1], for example. Note that it is still possible to study the quantum
adiabatic limit by altering the gap condition in different ways, as shown in [6], [18], [11],
[5], [15], [39], [3], [4].

By contrast to previous studies of similar general problems [12], [32], [28], [23], [1],
we do not assume that the restriction of H(t) to the spectral subspace P(t)B is diago-
nalizable. Such situations take place in the study of open quantum systems by means of
phenomenological time-dependent master equations, [35], [36], [41], [37]. We come back
to the approach of [35] below.
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Therefore, for the part H(t)P(t) of the generator, we have a complete spectral decom-
position
n

H(OP(t) =) Aj(t)Pi(t) + Dj(t), (1.2)

J=1

where the P;(t)’s are eigenprojectors and the D;(t)’s are eigenilpotents associated to the
eigenvalue \;(t) that satisfy

D Pi(t) = P(t), Pi(t)Pu(t) = 6;uP;(t), and Dj(t) = P;(t)D;(t) Py (t). (1.3)
j=1

In case B is a Hilbert space on which H(t) is self-adjoint or if H(¢) is diagonalizable
with real simple isolated eigenvalues only, the evolution U(t, s) follows the instantaneous
eigenprojectors P;(t) in the adiabatic regime in the sense that

U(t,s)Pj(s) = P;j(t)U(t,s) + O(e), as e —0, (1.4)

as shown in [10], [25], [30], [7], [1], and [12], [28], [23], for example. In other words, transi-
tions between different spectral subspaces are suppressed as ¢ — 0. This relation remains
true for certain eigenprojectors if the eigenvalues are allowed to have negative imaginary
parts, [32], [1]. This fact is also well-known and crucial in the study of the Stokes phe-
nomenon appearing in singularly perturbed differential equations [14]: under analyticity
assumptions, one considers certain paths in the complex ¢-plane, called canonical of dis-
sipative paths, along which an equivalent of (1.4) is true in order to get bounds on, or to
compute exponentially small quantities in 1/e stemming from singularities in the complex
t-plane. Such methods are used in [20], [21], [23] and [19], to bound or to compute expo-
nentially small transitions in the adiabatic limit when the relevant eigenvalues are real on
the real axis.

However, when eigenilpotent are present in the spectral decomposition (1.2), the re-
lation (1.4) cannot hold in general, even for real valued eigenvalues \;(t). Indeed, the
transitions between spectral subspaces P;(t)U(t,0)P;(0) are typically exzponentially in-
creasing as € — 0, rather than vanishing as €. An explicit example of this fact is provided
at the end of the Introduction. We come back to this mechanism below.

In this context, our main result reads as follows. We construct a different set of
time-dependent projectors P]q*(g) (t) which approximates the eigenprojectors P;(t) in the
adiabatic regime ¢ — 0. And we show that the evolution U(t,s) can be approximated
by a simpler evolution, V7" () (t,s), which exactly follows the constructed approximations
P;-]*(E) (t) of the instantaneous eigenprojectors. In other words, we restore the expected
adiabatic behaviour by trading the instantaneous eigenprojectors for other nearby projec-
tors in the limit ¢ — 0. Note that since the eigenvalues need not be real in general, we
also have to take into account the contributions stemming from the “dynamical phases”
e~ Ji MW du/e which can be exponentially increasing or decreasing as € — 0. In case
H(t) is unbounded, we assume the part H(t)Py(t) generates a semigroup bounded by
le~? J<do(w) du/e| for some function Ag(t).
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More precisely, for all j = 1,--- ;n and for any 0 < ¢ < 1, we construct perturbatively
a set of projectors close to the spectral projectors of H(t), see Section 5,

POt = Pi(t) + O(e), and B D) =1-Y P! ). (1.5)
j=1

Let W7 () (t) be the intertwining operator naturally associated with the projectors P,g* ©) (1),
k=0,---,n introduced by Kato [25], such that

Wq*(e)(t)Pg*(e)(O) _ Plg*(e)(t)m/q*(s)(t)7 k=0, n. (1.6)
The approximation is then defined by
V@ E (t,0) = WO ()7 (¢, 0) (1.7)

where ®7°() (¢, 5) commutes with all the P,g*(s) (0), k =0,---,n for any ¢ and satisfies a
certain singularly perturbed linear differential equation, see (6.17) below, which describes
the effective evolution within the fixed subspaces PZ*(E) (0)B. Therefore, the following
exact intertwining relation holds

Vq*(a)(t,O)P]Z*(E)(O) = P]g*(a)(t)vq*(a)(t70)7 k= 07 e, N (18)

Introducing w(t) = maxg—g. ... n, SAk(t) to control the norm of the “dynamical phases”, we
prove the existence of x > 0 such that for any 0 <t <1

U(t,0) = VI E(t,0) + O(te™ /= elo ww du/ey (1.9)

where ||[VZ(©)(t,0)| = O(efg w(w) d“/EeD/aﬂ), for some D > 0 and 0 < 3 < 1. Note that the
leading term is always meaningful with respect to the exponentially smaller error term.

In case B is a Hilbert space and H(t) is self-adjoint, both the evolution and its ap-
proximation are unitary and D can be chosen equal to zero. The intertwining identity
(1.8) and (1.9) show that the transitions between the different subspaces p]‘?*(f)(())[g are
exponentially small in €, instead of being of order € between the spectral subspaces of
H. Constructions leading to approximations V¢ (¢) of this type with exponentially small
error term go under the name superadiabtic renormalization, according to the terminol-
ogy coined by Berry [9], in this quantum adiabatic context. The first general rigorous
construction of this type appears in [31], but we shall use that of [22]. The statement
(1.9) is thus very similar to the Adiabatic Theorem of quantum mechanics [25], [30], [7],
[1]... and, more precisely, to the subsequent exponentially accurate versions in an analytic
context provided in [21], [31], [22], [24], [16], [17]... or variants therof. However, while the
improvement of the error term in (1.9) from O(g) to O(e"/¢) by considering ij*(a) in
place of P; in the adiabatic context is just that, improvement, in case there are non-zero

()

nilpotents in the decomposition (1.2), it becomes necessary to consider ij* and achieve

exponential accuracy to get a result.
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This can be understood as follows. As ®.(¢,0) commutes with all the Pg*(a) 0), k =
0,---,n for any t we can write

ZP" 0)29" ) (,0) P (0 Zcbq (1.10)

The operator @?*(a) (t,0) describing the evolution within the fixed subspaces P;.I* (©) (0) B
satisfies for j > 1,

ie0, @1 ) (£,0) = (\ (1) PL©(0) + Dy (t,€) + 0(e)) ¢ ©(¢,0),

q*(¢) _ pat(e)
7 (0,0) = P (0), (1.11)

where 15j (t,e) denotes the nilpotent ﬁj(t, €)= W‘I*(E)_l(t)Dj (YW ) (t). We can write
&7 (1,0) = e~ < fo MWdug T Oy 0), (1.12)

where the operator \II?*(‘E) is essentially generated by a nilpotent. Such adiabatic evolutions
generated by perturbations of analytic nilpotents are studied in Section 4. We show that
\II? (5), typically grow when € — 0 as

\P?*(E)(t,O) ~ ec/aﬁj, with 0 < 3; <1, (1.13)

wheras \I!?* ©) (,0) remains bounded as & — 0 iff D;(t) = 0. The growth in e'/% of adia-
batic evolutions generated by certain nilpotents is already present the works [42] and [38].
Hence, to compensate the exponential growth in 1/e% of the \I’?*(E) (t,0)’s which induces
transitions between the instantaneous eigenspaces of the same order, see the example be-
low, it is necessary to push the estimates to exponential order, see (1.9), by trading the

Pj’s for the PJQ*(E). This requires analyticity of the data, see Section 5. Analyticity is
also essential in Section 4 where the properties of nilpotent generators and the adiabatic
evolutions they generate are studied.

Let us finally comment on the paper [35]. It addresses, at a theoretical physics level,
the evolution of master equations describing open quantum systems in which the compo-
nents of the Lindblad generator are slowly varying functions of time. Mathematically, this
corresponds to a particular case of problem (1.1) with a generator containing nilpotents
in its decomposition (1.2). The authors argue under certain implicit conditions on the
evolution, that it is possible to approximate U(t,0) by some operator V¢(t,0) which sat-
isfies the intertwining relation (1.8) with the instantaneous projectors P;(t) in place of the

approximate projectors ij*(e) (t) = P;(t) + O(e). However, as we prove, such a statement
cannot be true in general. It does hold, however, under the hypotheses of [1], that is
when the nilpotent part of the generator in the corresponding subspace P;(t)B is absent,
together with an a priori bound on the evolution (see also remark iii) at the end of the
Section). Or, when the considered spectral subspace P;(t)B is always decoupled from the
others, otherwise the error term becomes too large due to the growth (1.13). An example
of this sort is indeed provided in [35].
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The paper is organized as follows. We close the introduction by the example alluded
to above and then provide the precise hypotheses and the mathematical statement corre-
sponding to our main result. The rest of the paper is devoted to the proof of it. The main
steps consists in Section 4 which studies adiabatic evolutions generated by (perturbations
of) analytic nilpotents. The iterative scheme providing the adiabatic renormalization of
[22] is shortly recalled in Section 5. The approximations and its properties are presented
in Section 6.

Acknowledgement: The author would like to thank C. Ogabi, R. Rebolledo and D.
Spehner for useful discussions.

1.1 About the effect of nilpotents

We consider here an explicitely solvable model defined by simple generator with two real
valued distinct eigenvalues possessing a nilpotent in its spectral decomposition. We show
that this nilpotent induces exponentially increasing transitions (in 1/e%, 8 < 1) between
the instantaneous eigenspaces, thereby underlying the necessity to use superadiabatic
renormalization to achieve our result. We also identify the approximated projectors ij* ©
that the evolution follows.

Let H be a constant 3 x 3 matrix in canonical basis {e1, e, e3} defined by

0 a O
H=10 0 0 (1.14)
0 0 1

0 0 —k
L=|-k 0 0 |, (1.15)
0 0 0

where the non-zero scalars a, k will be chosen later on. We set

S(t) :=e "L H(t) := S(t)HS (1), (1.16)
and consider the adiabatic evolution U(¢,0) defined for any t € [0, 1] by

icU'(t,0) = H(t)U(t,0), U(0,0) =1. (1.17)
The spectrum of H(t) is {0,1} and its decomposition reads

H(t) = S(t)(0Py + Do + 1P1)S™(t) = 0Py(t) + Do(t) 4+ 1Py (t). (1.18)

where Py = ej(e1] + ea(ea|, Pi = ez(es] and Dy = a eq(e2|. Here {(e;|};j=1,2,3 denotes the
adjoint basis of {e;};j=1,23.
The operator Q(t) := S~L(t)U(t,0) satisfies

ieQ'(t) = (H —eL)Q(t), = Qt) = e tH==L)/e, (1.19)
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The matrix H — €L is now diagonalizable and its spectrum is
{1, +Veak, —Veak} = {1, \s(g), = A (e)} = {1, AL (e),A\_(¢)}, (1.20)

where /- denotes any branch of the square root function. The corresponding spectral
projectors are denoted by P;(¢), P+ (¢) and P_(¢) and they are given by

0 0 lfjak
Piie)=(0 0 £ |, (1.21)
00 1
A+ (e) a At (e)ek
. MEOAE NQATE EA P ED 2
+e) = A+<s)6A-(s> A+<s)6A-(s> (A+(s)fx-(6))(A+(s)fl) ’ (122)

and P_(e) has the same expression as Py (¢) with indices + and — exchanged. Note that
Py (e) ~ +a/Veak as ¢ — 0. Whereas the projectors

Pi(e) = Pi+0(e) (1.23)
Py(e) = Pi(e)+P_(e) = Py+O(e) (1.24)

admit expansions in powers of €. Hence
U(t,0) = S(t)(e 2P (e) + e+ E/Ep, () 4 e~/ p_(¢)), (1.25)
so that, as ¢ — 0,

Ut )] = (e VEeRE — itVEekre) (1.26)

which diverges, whatever the nonzero value of ak is.
We now choose ak < 0 and Ay (g) = iy/elak| € iR, for definiteness. Since
Py(t)U(t,0)P;(0) = S(t) P (t) P, j, k € {0,1},

where S(t) is independent of ¢, it is enough to compute P(t)P; to get the behaviour in
¢ of the transitions between the corresponding instantaneous subspaces. We get for ¢ > 0
and P1 = €3<63‘,

_¢€k

PQt)P, = etVIakl/vE ;83/;12 (es] +O(e), as € —0 (1.27)
0

Plg(t)Po = 0 (128)

The first formula thus implies that the evolution U(¢,0) does not follow the instantaneous
eigenprojector Pj(t), whereas the second formula simply reflects the non-generic fact that
Py is invariant under H — €L in our example, see the remarks below.
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The model being explicitly solvable, we can readily identify the approximated projec-
tors the evolution follows. Setting for j = 0,1

Pi(t,e) :== S(t)P;(e)S~(t) = Pj(t) + O(e), (1.29)
we compute by means of (1.25) and (1.23)
U(t,0)P;(0,e) = P} (t,e)U(t,0). (1.30)

Thus the evolution U(t,0) exactly follows the projectors (1.29) whereas the transition
from P;(0) to Py(t) are exponentially large in 1/4/e.

Remarks:

i) If the product ak € C\ R*, a similar result holds. We took ak < 0 for simplicity. If the
product ak is positive, the transition does vanish in the limit ¢ — 0. This is due to the
fact that the spectral projector Py corresponding to the unperturbed eigenvalue 0 of H is
of dimension 2. For the natural generalization of this example with dim Py = d, d > 2, the
following holds. Generically, the splitting of the unique eigenvalue zero of the nilpotent
PyH by a perturbation of order ¢ yields d perturbed eigenvalues \;(e) =~ ael/dei2in/d,
j=0,---,d—1, a € C, see [26]. Hence, one of them has a non vanishing imaginary part
that produces exponentially growing contributions as € — 0.

ii) As already mentioned, this example is non-generic in the sense that Py is invariant
under Q(t), see (1.28). The choice of non-generic L (1.15) was made to keep the formulas
simple. However, as should be clear from the analysis, a generic choice for L implies an
exponential increase as € — 0 for both P1Q(t) Py and PyQ(t) Py, when ak € C\ R™.

iii) The real unperturbed eigenvalues 0 and 1 can be replaced by any different complex
numbers A\g and A\ without difficulty. The main consequence is that the exponents in
(1.25) have to be changed according to At (g) — Ao+ A+(e) and 1 — A;. One can assume
without loss that \; < 0, 7 = 0,1. Observe that if Ag is real and SA; < 0, conclusions
similar to (1.27) can be drawn. In case SAg < 0 and \; is real, the transition PyQ(¢) Py is
of order ¢, ¢ — 0. This is a case where the results of [1] apply, since the evolution (1.25)
becomes uniformly bounded in € due to the exponential decay stemming from S\ < 0.

2 Main Result

Let us specify here our hypotheses and state our result.

Let a > 0 and S, = {z € C | dist(z, [0,1]) < a}.

Hi:
Let {H(z)},c5, be a family of closed operators densely defined on a common domain D
of a Banach space B and for any ¢ € D, the map z — H(z)p is analytic in S,.

As a consequence, the resolvent R(z,\) = (H(z) — A\)~! is locally analytic in z for
A € p(H(z)), where p(H(z)) denotes the resolvent set of H(z).

H2:
For t € [0, 1], the spectrum of H (t) is of the form o(H(t)) = o(t) Uop(t), and there exists



A. Joye — General Adiabatic Evolution with a Gap Condition 9

G > 0 such that
inf dist(o(t),o0(t)) > G.
t€[0,1]
Moreover, o(t) = {A1(t), Aa(t), -+, An(t)} where A\(t), j=1,--- ,n, n < oo, are eigenval-
ues of constant multiplicity m; < oo such that

inf dist(\;(t), A\x(t)) > G.
it dist (1), A1) > G
i#k

Let I'; € p(H(t)) be a loop encircling A;(t) only. The finite dimensional spectral
projectors corresponding to the eigenvalues \;(t) are given by

P;(t) = —% g R(t,\)d\ and we set Py(t) =1— in(t) =1- P(t). (2.1)
J j=1

The loop I'; can be chosen locally independent of ¢. It is a classical perturbative fact,
see [26], that H2 also holds for the spectrum of H(z) with z € S,, provided a is small
enough, and that the eigenvalues are analytic functions in S,. By this we mean that
the inf,c(g 1) can be replaced by inf;es, in H2. Hence, (2.1) also holds for z € S, and
z +— Py(z) is analytic in S, for kK = 0,...,n. Consequently, the eigenilpotents given by
Dj(z) = (H(z) — A\j(2))Pj(#) are analytic in S, as well.

We now state a technical hypothesis needed to deal with evolution operators generated
by unbounded generators. In case one works with bounded operators only, this hypothesis
is not necessary.

H3:
Let Ho(t) = Py(t)H(t)Py(t). There exists a C' complex valued function t +— A\g(t) such
that for all ¢ € [0, 1], Ho(t) + Ao(t) generates a contraction semigroup and 0 € p((Hy(t) +

Ao(t))-

In other words, H3 says that the solution T'(s) = e~ “0®)se=iHo(®)s to the strong
equation on D i0,T'(s) = (Ho(t) + Ao(t))T(s) satisfies ||T'(s)|| < 1, for all s > 0. By Hille-
Yoshida’s Theorem, H3 is equivalent to the following spectral condition for any ¢ € [0, 1],

1
[0,00) C p(—iHo(t) —iXo(t)) and |(iHo(t) 4+ iXo(t) + N) 7Y < N VA > 0. (2.2)
This hypothesis implies that the equation
1€ Up(t, s)p = Ho(t)Up(t, s), Up(s,s)p=¢, s<tel0,1], YpeD, (2.3)

defines a unique strongly continuous two-parameter evolution operator Uy(t, s). It means
that Up(t, s) is uniformly bounded, strongly continuous in the triangle 0 < s <t¢ < 1 and
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satisfies the relation Uy(t,s)Up(s,r) = Up(t,r) for any 0 < r < s < ¢t < 1. Moreover,
Uo(t, s) maps D into D, also satisfies

1€0sUo(t, s) = —Up(t, s)Ho(s)p, Yo € D, (2.4)

and is such that Hq(t)Ug(t,s)(Ho(s) + Xo)~! is bounded and continous in the triangle
0 < s <t<1. Moreover, see [34], Thm X.70., the following bound holds

U, s)|| < els SModu/e g < ¢ e 0, 1]. (2.5)

Since H(t) = Ho(t) + P(t)H(t)P(t) where P(t)H(t)P(t) is bounded and analytic in
t, Hypothesis H3 also implies existence and uniqueness of a bona fide evolution operator
U(t, s) associated with the equation

ieU(t, s)p = H@)U(t,s)p, U(s,s)p=1p, s<tel0,1], YpeD, (2.6)
see [27], Thm 3.6, 3.7 and 3.11.

Theorem 2.1 Assume H1, H2 and H3 and consider U(t,0) defined by (2.6). For
k=0, ,n, let PTO(t) = Pe(t) + O(c) be defined by (5.7), (5.11) and VT ©)(¢,0) =
W E) (D9 () (¢,0) given by (6.1), (6.10), (6.12) and (5.11). Define w(t) = maxj—g....
SNk (t). Then, there exists a constants k > 0 such that for any 0 <t <1

o J§ w(u) du/aU(t, O)P]g*(g)(()) — e Jo w(u) du/ey/q"(e) (t, O)Pg*(a) (0)

+O(te™/ sup [|e= o @ du/eya @ (s 0)PT (o)),
0<s<t

with
veOw0 R 90 = FTOOVrO0), k=0 0.

Moreover, for all k > 0 there exists 0 < B, < 1, ¢ > 0, and di > 0, with dy = 0, such
that
||VQ*(5) (t, O)Pg*(e) (O)H < Ckedk/aﬂk e% fot )\k(u)du/e7

with dj = 0, if and only if D;(t) =0, j € {1,--- ,n}, in (1.2).
As a direct

Corollary 2.1 Under the hypotheses of Theorem 2.1, there exists kK > 0, 0 < 5 < 1, and
D > 0 such that

U(t, ()) = V‘Z*(E)(t, 0) + O<t€—n/£€fg w(u) du/a)’
where V() (t,0) = O(ef(f w(u) dU/seD/aﬁ).
Remarks:

0) The equivalent results hold if the initial time 0 is replaced by any 0 < s < ¢, mutatis
mutandis. See Subsection 6.1.
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i)

ii)

iii)

iv)

As is obvious from the formulation, the natural operators to control are
e JEw(w) du/EU(t’ 0)

and
e~ Jo @ du/zyat @) (4 ).

As particular cases of Theorem 2.1, we recover the results of [12], [32], [28], [23], [1].

In case k is sufficiently large, the different components of the leading order term
have amplitudes whose instantaneous exponential decay or growth rates in 1/ may
change with time. More precisely, assume that

t t
/ Sk (u) du > / w(u)du — k, Vte[0,1], and Vk=0,---,n. (2.7)
0 0

This can be achieved by perturbating weakly a generator for which all A\; are real
valued, for example. Then, for any initial condition

o= PrO0)p=Y ¢ eD, (2.8)
k=0

we get

n
U(t, 0)p = Z e—ifot )\k(u)du/gqu*(e) (t, O)SOk(é‘) + O(te—n/aefot w(u) du/a)7 (2.9)
k=0
where the error term is exponentially smaller than the leading terms. Each term of
the sum decays or grows as € — 0 with an instantaneous exponential rate given by
%fot Ak(u)du/e. Depending on the functions ¢ — %fg Ak (u)du/e, the index of the
component which is the most significant may vary with time.

In case all A\g(t) arereal, k =0, - ,n, and H(t) is diagonalizable, we can take d = 0
for all k =0,---,n, and w(t) = 0. The evolution U and its approximation V(e
are then uniformly bounded in ¢ and differ by an error of order e~"/¢. Theorem 2.1
thus generalizes Thm 2.4 in [23] in the sense that we allow permanently degenerate
eigenvalues \;(t), whereas they were assumed to be simple in [23].

3 Preliminary Estimates

We start by recalling a perturbation formula for evolution operators that we will use
several times in the sequel.

Let {A(f) }1e[0,1) be a densely defined family of linear operators on a common domain
D of a Banach space B, and assume t — A(t) is strongly continuous. Let B(t) be linear,
bounded and strongly continuous in ¢ € [0, 1]. Assume there exist two-parameter evolution
operators T'(t,s) and S(t, s) associated with the equations

10T (t,s)p = A@)T(t,s)p, T(s,s)=1, (3.1)
i0:S(t,s)p = (A(t)+ B(t))S(t,s)p, S(s,s)=1,
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for all o € D and s <t € [0,1]. Then, for any ¢ € D, and any r < s < t € [0, 1],
i0s(T'(t,5)S(s,m)) =T(t,5)B(s)S(s, 1), (3.3)

so that by integration on s between r and ¢,

St,rye=T(t,r)p — Z/ dsT(t,s)B(s)S(s,r)e. (3.4)

Iterating this formula, we deduce the representation

t S1 Sn—1
S(t,r) :Z(—z)”/ dsl/ dsz'--/ dsp,
X

n>0

T(t,s1)B(s1)T(s1,52)B(s2) - B(sp)T(sn, 7). (3.5)
Further assuming that 7T'(¢, s) satisfies the bound
I7(ts) < Ml <o, (3.6)
for a constant M and a real valued integrable function u — w(u), we get from (3.5)
1S(t, 5)|| < Melr @@+MIB@I)du, (3.7)

As a first application of (3.7), we get from (2.5) a first estimate on U(t,s) that we will
improve later on

Ut 5)|| < s Gro@HIP@H@PwWI) du/e (3.8)

4 Nilpotent Generators

For later purposes, we study here the adiabatic evolution generated by an analytic nilpo-
tent, in a finite dimensional space. We assume

N1:
For any z € S,, N(z) is an analytic nilpotent valued operator in a linear space B of finite
dimension such that for a fixed integer d > 0, N(2)? =

The detailed analysis of the properties of analytic nilpotent matrices is performed in
Section 5 of the book [8]. It is shown in particular that such operators have the following
structure. For any nilpotent N(z) satisfying N1 in S,, there exists a finite set of points
Zy C Sy, with @’ < a, and, there exists a family of invertible operators {S(2)}ze5,0\20
such that for any z € S,/ \ Zp,

N(z) = S7H2)NS(2) (4.1)

with S(z) and S~1(2) meromorphic in Sy and regular in S, \ Zy. The set Zy where N (2)
is not similar to the constant nilpotent N is called the set of weakly splitting points of
N(z). At these points, the range and kernel of N(z) change.
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We consider Y (¢, s), defined as the solution to
edY(t,s) = N(t)Y(t,s), Y(s,s)=1, Vs, tel0,1], (4.2)

and estimate the way Y'(¢, s) depends on ¢, as ¢ — 0. Note that we don’t need to impose
s < t since we deal with bounded generators.

In case N is constant, with N9~1 £ 0, Y (t,5) = e(*=)V/¢ behaves polynomially in
1/e, i.e. like ((t — s)/e)4"!, as € — 0. When N(t) is not constant, one may expect that
Y (t,s) explodes less fast than e/¢, which is the worst behavious as ¢ — 0 for bounded
generators. In such cases, however, Y (¢,s) grows typically faster than polynomially in
1/e, as the following example shows. For N(z) given by

No=(p ), (43)

we get that the solution Y'(¢,0) to (4.2) reads

B cosh(ﬁ) 7 lnh(\f)
Y(t,0) = (tcosh(\k) - \@sinh(ﬁ) cosh( =) — smh(\[)> ’ (4.4)

which behaves as et/ \@, when € — 0. The growth is nevertheless slower than exponential
in 1/e. We show that the characteristic behaviour of Y generated by an analytic nilpotent
operator is similar. For later purposes, we actually consider generators given by an order
€ perturbation of a nilpotent.

Proposition 4.1 Suppose the nilpotent N(t) satisfies N1 and let {A(t)}eq) be a C°
family of operators on B. Then, there exist ¢ > 0 and 0 < 8 < 1 such that the solution
Y(t,s) of

Y (t,s) = (N(t) +€A(t))Y(t,s), Y(s,s)=1, Vs, tel0,1], (4.5)
satisfies uniformly in t,s € [0,1]
1Y (t,)|| < ce/”.

Remarks:

i) Asymptotic expansions as € — 0 of solutions to such equations are derived in [42], [38],
in the neighbourhood of points which are not weakly splitting points for N(z).

ii) In case both 0 and 1 are not weakly splitting points, it is possible to take g = (d—1)/d,
which is the optimal exponent, see the example. As we shall not need such improvements,
we don’t give a proof.

iii) The adiabatic evolution generated by an analytic nilpotent does not have to grow
exponentially fast in 1/e%, as ¢ — 0. Consider for example (4.3) and (4.4) along the
imaginary t-axis. However, such evolutions cannot be uniformly bounded in €, as the next
Lemma shows, under slightly stronger conditions.

iv) It is actually enough to assume ¢ +— ||A(t)]| is uniformly bounded on [0, 1].
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Lemma 4.1 Assume {N(t)}eo,1] s @ C! family of nilpotents and {A®) hejoq is a ct
family of operators on B. Consider Y (t,s) the solution to (4.5). Then

sup ||Y(t,8)]| < oo <= N(u) =0 Vs <u<t.
e>0

Proof of Proposition 4.1: The proof consists in two steps. First we prove the result
for generators with more structure and then, making use of the results of Section 5 in [§]
on the detailed structure of analytic nilpotents, we extend it to the general case.

Lemma 4.2 Assume N(t) = S71(t)NS(t) where N satisfies N¢ = 0 and where {S(t) beejo
is a C' family of invertible operators. Let {A®) }ejo be a C° family of operators and
set B(t) = S(t)A(t)S™(t) + S'(t)S~L(t). Then, there exists ¢ > 0 such that the solution
Y (t,s) of (4.5) satisfies

— c ¢ c u u/e(d=1)/d
1Y (t,8)]| < ||S l(t)HHS(s)Hg(d_l)/defs(lJr 1B (w)l1)du/ , Vs<telo,1].

Remarks:

0) The constant ¢ depends on N only.

i) If s > t, the same estimate holds with [;* || B(u)||du in the exponent.
ii) This Lemma also holds in infinite dimension.

Proof of Lemma 4.2: Let Z(t,s) = S(t)Y(t,5)S™!(s). This operator satisfies by
construction

e Z(t,s) = (N +eB(t)Z(t,s), Z(s,s)=1, Vs, tel0,1]. (4.6)
Let us compare Z(t,s) with
Zo(t,s) = eNE=9/e st e0,1] (4.7)

by means of (3.5). We get

t S1 Sn—1
Z(t,r):Z/ dsl/ d52~--/ dsp,
n>0"" T r

X  Zo(t,s1)B(s1)Zo(s1,52)B(s2) - B(sn)Zo(sn,r). (4.8)
Consider now
Zs(s) = N5 for 6> 0. (4.9)
This operator is such that there exists a ¢ > 0, which depends on N only, such that
1Zs(s)|| < /641 Vs >0, and 0<d<1. (4.10)

Indeed, on the one hand, we have for s > sg, with sq large enough || Zs(s)| < Ke 955?71,
where K is some constant which depends on N only. Maximizing over s > 0, we get
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e 9gd=1 < el_di(dgdlﬁil. On the other hand, for all 0 < s < sg, we have || Zs(s)|| < eIVl
so that if 0 < § < 1, (4.10) holds with ¢ = max(e* NI K((d —1)/e)?1).
Coming back to (4.8) in which we make use of the relation

Zo(t, s) = Zs((t — s)/e)et5)/e, (4.11)

and (4.10), we get

t S1 Sn—1
Z(t, )] < eé(t—r)/EZ/ dSl/ d32.../ ds,,

n>0
x[|Zs((t = s1)/e)B(s1)Zs((s1 — s2)/e)B(s2) -+ B(sn) Zs((sn — 1) /)l
cedt=r)/e 5 (c [ B(s)| ds /3%ty

= ga-1 n!
n>0

o(t—r)/e B
— %Tgf: [1B(s)ll ds/5%~ " (4.12)
The left hand side is independent of &, which we can chose as § = /%, so that we

eventually get
c ¢ (d-1)/d

1Z(t,r)| < WGIT(HC”B(S)HMS/E ) (4.13)
from which the result follows. B

Let us go on with the proof of the Proposition. If ZyN[0,1] = 0, Lemma (4.2) applies
and Proposition 4.1 holds. If not, there exist a finite set of real points {0 < t; < ty <
-+ <ty < 1} and a finite set of integers {p;};=1,... m such that

max([[S@)[l, ST @) 1S (OST )] = O/ (t = t;)7), as t—t;. (4.14)

Since Y is an evolution operator, we can split the integration range in finitely many
intervals, so that it is enough to control Y (¢, s) for s < ¢ € [v,w] C R where [v, w] contains
one singular point only. Call this singular point ¢y and the corresponding integer py.

Assume to start with that v < tg < w. Let § > 0 be small enough and v < s < tg <
t < w so that we can write

Y(t,s) =Y (t,to+ )Y (to + d,t0 — 0)Y (to — 0, ). (4.15)

The first and last terms of the right hand side can be estimates by Lemma 4.2, whereas
we get for the middle term

L[0T ||N (u)+eA(u) | du

1Y (to + 8, to — 8)|| < e Jro-s (4.16)

Altogether this yields

1Y (£, 9)| < IS @ISt + &)|IS~ (to — 6)||||S(s)]| /2@ /4

s U0 By el Bl du/ed DI L 0T NG A g 1y
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By (4.14), there exists a constant ¢ (that may change from line to line) which in dependent
of € such that the pre-exponential factors are bounded by c/§%P°. Also, since N(t) is C*
and A(t) is C° on [0, 1],
to+4 t
/ |N(u) +cA(u)| du < ¢§ and / | B(uw)| du < ¢/P° (4.18)
to—0 to+0

and similarly for fsto_(s ||B(u)||. Hence, Y (t, s) satisfies the bound
[V (2, 8)|| < ceoadTate) /(520 2d-1)/d) (4.19)

1
Choosing § = d(¢) = ¥®o+D in order to balance the contributions in the exponent, we
get with a suitable constant ¢

(otDd—1 5 4(p+1)-1)

IV(t,s)|| < ce/s " Je™ oD (4.20)

(po+1)d—1

orDd < Bo < 1, we get for yet another constant ¢

Picking
1Y (¢, 5)|| < ce/™. (4.21)

A similar analysis yields the same result in case tg = u or tg = w. As there are only
finitely many weakly splitting points to take care of, taking for < 1 the largest of the
Bj, for j =1,--- ,m, we get the result. B

Remarks:

i) The proof is valid in arbitrary dimension, assuming only (4.14) at a finite number
of points.

ii) The exponents p; > 0 in (4.14) need not be integers.

Proof of Lemma 4.1: Let Y(¢,s) be a solution to (4.5) and assume N(u) = 0 for

all s < wu < t. Then ||Y(t,s)] < eli | Aldu - which shows one implication. We prove
the reverse implication by contradiction. Assume there exists ug € [s,t] such that the
nilpotent N(ugp) # 0 and [|Y(¢,s)|| < ¢, uniformly as ¢ — 0, forall 0 < s <t < 1. We
compare Y (t,s) with

Zo(t, s) = eN(wo)(t=s)/e (4.22)
and get the following estimate from (3.4) and (3.5)
1Zo(t, 8)|| < ceJs IN@W=N(uo)+eAw)] du/e, (4.23)

By Taylor’s formula, there exists a § > 0 such that t — s < § implies

/ IN (1) — N(uo) + e A(w) || du < (5 + ), (4.24)
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for another constant c. Hence, if t — s < §, with § small enough,

1 Zo(t, s)|| < ce®/e, (4.25)
for some c. On the other hand, if t — s = § and ¢ < §, we have for some c,

1 Zo(t, )| = e(3/)*". (4.26)

Thus, by letting § and ¢ tend to zero in such a way that 62 << ¢ << §, we get a contradiction
between (4.25) and (4.26), which finishes the proof of the statement.

5 Iterative Scheme

We present here the iterative construction which leads to the construction of V4 (¢) (¢, s)
developed in [22], to which we refer the reader for proofs and more details. The first
general construction of this kind is to be found in [31].

Assume H1 and H2 with a > 0 small enough so that H2 holds in S,,.

By perturbation theory in z € Sg, if 29 € Sq and I'j € p(H(20)), j = 1,--- ,n are simple
loops encircling the eigenvalues Aj(zp), there exists 7 > 0 such that for any z € B(zg,r),
where B(zp,r) is an open disc of radius r centered at zy, I'; € p(H (%)),

For z € B(zg,r), we set

) = —g= [ HE =N =P, R = ). (51)
K'z) = i) PY(2)P)(2). (5.2)
k=0

The operator K° is bounded, analytic and we define the closed operator
H'Y(z) = H(z) —eK°(2) on D. (5.3)

For ¢ small enough, the gap hypothesis H2 holds for all z € B(zp,r), and we set for
small enough

Pl(z) = —% (H'(z) = N)7Ldn, P&:H—ipj(z) (5.4)
e Jr; j=1

E'(z) = i) PY(2)PL(2). (5.5)
k=0

Note that H', Pkl, k=0,---,n,and K! are e-dependent and strongly analytic in B(zg, 7).
We define inductively, for € small enough, the following hierachy of operators for ¢ > 1

Hi(z) = H(z)—eK7(z2) (5.6)
Pl(z) = —% F(Hq(z)—)\)*ld/\, P =1-) Pi(2) (5.7)
J j=1

Kiz) = iy Pl'(z)Pl(2). (5.8)
k=0
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It is proven among other things in [22], see also [23], that the following holds:

Proposition 5.1 There exists e > 0, b > 0 and g > 0 such that for all ¢ < ¢*(¢) = [g/€]
and all z € B(zo,7), K9(z) is analytic in Sy, and

1K) — K97\(2)]| < byt (g) (5.9)

[K(2)]| < b. (5.10)

Remarks:

i) As a corollary, for

q=q () =lg/el, (5.11)
we get the exponential estimate

|7 E) (2) = KTOz)| < ebel, (5.12)

ii) The values of g9 and g which determines the exponential decay above only depend
on
sup [[(H(2) = A\) 71| < oo,
z€B(zo,r)
/\EU?:1F]~
see [22] for explicit constants.
iii) Since S, is compact, at the expense of decreasing the value of a, we can assume that
proposition 5.1 holds for any z € S,;, with uniform constants g,eq and b.

Before we go on, let us recall a few facts from perturbation theory applied to our
setting, that will be needed in the sequel.

Assume ¢ < ¢*(¢) and let A € U_,I'; C p(H(20)) and z € B(z,7). We can write for
e <€
(Hi(z) =N = (H(2) =K' (2) = A) 7!
= (H(5) N e(H () - VK HIE) - )T (5.13)
= ([ —e(H(z) = N)TEKH(2)) " (H(z) = A) 7
Hence, for any j =1,--- ,n,
PIG) = Py(o) = ooy [ (H() = N7 K ) () - 1)y
L

211

(5.14)
= Pj(z) — eRj(2)

is analytic in z and the remainder is of order ¢, together with all its derivatives. Moreover,
making use of

(H(z) =N 7! = (H(2) = o) I = (A= Ao)(H(2) = M) (5.15)



A. Joye — General Adiabatic Evolution with a Gap Condition 19

for Ao in p(H(z)), we can write
H(2)P{(2) = H(2)Pj(2) + eF}(2) (5.16)

where F}/(z) given by

HEHE) =207 [ (= 0= 20 E) =) )E @) =37 5 (65.17)
The identity

H(2)(H(2) = M) =T+ N(H(2) — M)}, (5.18)
shows that qu(z) is uniformly bounded as ¢ — 0 and analytic.

As a consequence, we have

Lemma 5.1 Let F} be defined by (5.17). Then

HI(2)PI(z) = H(2)Pj(2) +e(F () — K\ () PY(2)) (5.19)

H(z)Pj(z) = Ho(2) +e(Fg(2) = K97 (2) Py (2)), (5.20)

where Fyf(2) = — >0 F(2).

6 The Approximation

Let ¢ < ¢*(¢) and consider V¢, defined as the solution to

20 VAL, s)p = (HI(t) + K1)Vt s)p,
peD, Viss)=1 0<s<t<1. (6.1)

As H? = H — ¢ K97 we get that
H(t)+eK9(t) = Ho(t) + Z Pj(t)H(t)P;(t) + e(K4(t) — KT 1(t)) (6.2)
j=1
is a bounded, smooth perturbation of Hy(¢). The results of [27] guarantee the existence

and uniqueness of the solution to (6.1). Moreover, as is well known [26], [27], V¢ further
satisfies

Vi(t,s)Pl(s) = PL(t)Vi(t,s), Yk=0,---,n, 0<s<t<1. (6.3)

In order to show by means of (3.7) that V¢, with ¢ = ¢*(¢), is a good approximation
of U, we need to control the behaviour of the norm of V7 as ¢ — 0. We split V¢ into
components within the spectral subspaces of P,g . Set

Vit s) =Vt s)Pi(s) st Vits) =) VIts). (6.4)
k=1
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Since the projectors { P{(s)}k=0,.. » have norms uniformy bounded from above and below
in s € [0,1] and € > 0, there exists a positive constant v such that

77 max V(e s)] < VIt s)] < 5 max V(9. (65

=0,---,n ;1
We have,

Proposition 6.1 There exist constants Cj, > 0, k =0,1,--- ,n,d; >0 and 0 < 3; <1,
j=1,---,n such that for all e < gg, and all ¢ < q*(¢),

IVE (9l = [Vt ) P(s)| < Coe e dolwidu/s (6.6)
VI )l = VIt )PI(s)| < Cpetil= S Sixtdu/e (6.7)
Moreover, (6.7) holds with d; = 0 if and only if D;(t) =0 in (1.2).
Proof of Proposition 6.1:

We first consider Vi (, s), the part of V¢ corresponding to the infinite dimensional subspace
Pg. Because of (6.3), it satisfies for 0 < s <t <1 and any ¢ € D

20 Vi (t, s) = (H(t) + eKU(0) P (1) Vi (£ s)p, V' (s, 8) = Fi(s)- (6.8)

Lemma 5.1 shows that the generator of V{!(¢, s) is equal to Hy(t) plus a smooth bounded
perturbation of order e. We can thus compare V' (¢, s) and U(¢, s) P{(s) by means of (3.7).
The fact that the initial condition is Pj(s) instead of the identity simply multiplies the
estimate by || P (s)]|, so that we get

[Vt 5)P(s)]| < [P (s)]je3 e dodu/ocy < 3T dolwdu/e . (6.9)

where Cjy and Cy = Cjysupsejo 1) || P (s)] are uniform in e.
e>

0
The control of the remaining components is conveniently done by taking advantage of
the intertwining relation (6.3) as follows.
Let W7 be the bounded operator satisfying the equation

W) = KUOWL), W) =L (6.10)

This operator enjoys a certain number of properties. As K9 is smooth and bounded,
the solution is given by a convergent Dyson series, and W(t) interwines between Py (0)
and P!(t). Morerover, W and its inverse map D into D, see [21]. Finally, by regular
perturbation theory and Proposition 5.1, K¢ = K° + O(e) so that

sup |[W(t)| < oo. (6.11)
te(0,1]
O<e<1

Therefore, the bounded operator defined by

DU(t,s) = WI(t) ' VI(t, )Wi(s), 0<s<t<1 (6.12)
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satisfies by construction
[@9(t,s), PI(0)] =0, VEk=0,---,n VO<s<t<l1. (6.13)
We can thus view

(I);]'(tvs) = I, S)P;‘Z(O)a J=1--,n, (6.14)
Bi(t,s) = @t 5)PI(0) (6.15)

as operators in the finite dimensional Banach spaces P;(0)B, for j > 1 and in the infinite
dimensional Banach space Py(0)B. Moreover, thanks to (6.11), there exists a constant C
such that, uniformly in 0 < s <t <1ande >0,

CHVIE s)ll < N1 @f ¢t s)ll < OVt o)l k=0, m. (6.16)
The operator @g(t, s) satisfies for any ¢ € D
iac‘)tCI)?(t, s)p = WIt) THI(t)VI(t, s)Wq(s)P]‘-l(O)ég(t, s)
q -1 q q q
PHOYWA(t) " H(t) P (E)W(t)) P} (0)®} (L, s) (6.17)
ags q
Hj (t)q)j (t,8)ep,

where the generator I:qu(t) is bounded, see Lemma 5.1. In a sense, @g(t, s) describes the

evolution within the spectral subspaces. Let us further compute with P]q = (Pf)2 and
(5.14)

HA()P(t) = Pq(t H(t)P]() (Ff t) — K9 1( 1) P} (t)

J ) (
~ Mr 710 ](t)Pf( ) 619

)
+eP () (At )Rj(t) +F](t) — KT7H() P (1)

= PI0)(A\;(t) + D (1)) P} (t) + e T} (1).

The last term is bounded, analytic in ¢ and of order . We will deal with it perturbatively.
Equations (6.18) suggests to decompose <I>;1-(t, s),j=1,---,n, as
BY(t,5) = e~ Nl d/eg (g ) (6.19)
where Wi(t, s) : P{(0)B — PJ(0)B satisfies
i£0WI(t,s) = PUO)WIt) (D (t) +JI(E) W) PLO) Wi(t, 5), (6.20)
vi(s,s) = Pj(0),

where, in the leading part of the generator,

D;(t) = Wa(t) ™ D, (t)W(t) (6.21)
is analytic and nilpotent with D, ()™ =0, with m; = dim P;(t). However, the restriction

of Dj(t) to P{(0)B, P{(0 )D,(t )Pq(O), is not nilpotent. Nevertheless, Wi(t, s) satisfies the
same type of estimates an evolution generated by a perturbed analytic nilponent does:
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Lemma 6.1 Let \I/?(t,s) be defined by (6.19), for j = 1,--- ,n. Then, there exist 0 <
B; <1 and d; >0, c; > 0 such that

19t )| < cjes/=”. (6.22)
Moreover, the estimate holds with d; = 0 if and only if D;(t) =0 in (1.2).

Proof of Lemma 6.1: Equations (5.14) and (1.3) allow to get rid of the projectors PJQ(O)
in (6.20) up to an error of order ¢,

PIO)D;(H)PI(0) = WI(0) ™ PIO D () PLOW(E) = Dy (1) +Li(0) (6.23)

where

L9(t) = ~w(t) " (RIOD; (0P () + Py () Dy () RI(Y)

- eRg(t)Dj(t)Rg(t)) W) (6.24)

is analytic and of order 0. Since W4(¢)*! is analytic and uniformly bounded, the nilpotent
Dj(t) satisfies N1 uniformly in ¢ > 0, and (6.20) and (6.24) show that the generator of

\I/;?’(t, s) satisfies the hypotheses of Proposition 4.1, which yields the estimate. The last

statement stems from Lemma 4.1 . B
It remains to gather (6.16), (6.19) and Lemma 6.1 to end the proof of Proposition 6.1.
|
6.1 End of the Proof
Given Proposition 6.1, we can finish the proof of our main statement as follows.
Applying (3.4) to U and V4, we get
t
Ut,r)=Vi(t,r) —I—i/ Va(t,s)(K9(s) — KT Y(s))U(s,r) ds. (6.25)
Let ¢ — w(t) be the continuous function defined by
w(t) = | nax Sk (t). (6.26)
Applying (6.25) to P/ (r) and multiplication by e~ S wis)ds/e gives with (6.4)
o= OB (U ) — V(1) P
t
< [l Fetmieya s s - K7 )| (6.27

x (lle= It mlE (U (s, 1) = Vs, ) PEG |+ [l 7 <0092V (s, )] ) ds.
Proposition 6.1 and the definition of w(t) yield for any 0 <r < s <1

e [2w(u) d”/Equ(S,T)H < Ckedk/sﬁk’ (with do = 0). (6.28)
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Further taking ¢ = ¢*(¢), (5.12), (6.5) show the existence of constants B > 0and 0 < k < g
such that
e S 0 /2y O 1) (RO 5) — KO s)|
< ebCeP/e"em9/5 < Ber/e. (6.29)

Hence, we get using 0 <t —s <1,
e Jrwtdu/z(g 2, > — VIO ) PO ()]
< Ber/e / e~ @ du/ey (s )|l ds (6.30)

+Be /e sup [lem IO (5,7 — VIO (s, PE O (1)

r<s<t

from which we deduce that if ¢ is so small that Be /¢ < 1/2,

sup [~ I @ d/= (s, r) — VI E(s,0) PEE ()|

r<s<t

< 2Be ™ (t — ) sup |le” I @Al E (g by (6.31)
r<s<t

In particular, our main result follows. For € small enough, for any 0 < r <t <1, and for
al k=0,---,n

e f:w(u)du/aU(t’ S)Pg*(e)( ) —e f du/avq (5)(t T’)
+O((t —r)e ™% sup ||e™ I @ d/ey @ g ) (6.32)

r<s<t

We chose to estimate the difference U — V4 (€) applied on the projectors, because the
norms of the different components qu*(a) vary with k. Of course, (6.32) also holds with
Pg*(s) removed and V7 () in place of qu*(s).

Making further use of (6.28) in the error term of (6.32), we get (lowering the value of
0<Kk<g)

Ult,r) = VIOt r) + O((t — r)e /el ww) du/e), (6.33)
where VI ) (t,r) = O(ef: w(w) d“/EeD/EB), for some 0 < 8 <1, and D > 0. B
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