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Abstract

For multi-level time-dependent quantum systems one can construct superadiabatic
representations in which the coupling between separated levels is exponentially small
in the adiabatic limit. Based on results from [BeTe;] for special Hamiltonians we
explicitly determine the asymptotic behavior of the exponentially small coupling term
for generic two-state systems with real-symmetric Hamiltonian. The superadiabatic
coupling term takes a universal form and depends only on the location and the strength
of the complex singularities of the adiabatic coupling function.

As shown in [BeTey], first order perturbation theory in the superadiabatic represen-
tation then allows to describe the time-development of exponentially small adiabatic
transitions and thus to rigorously confirm Michael Berry’s [Ber| predictions on the
universal form of adiabatic transition histories.
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Introduction and the main result

1) € C? described by the Schrédinger equation

in the adiabatic limit ¢ — 0. The Hamiltonian H(t), t € R, takes values in the real-

(ied; — H(t))y(t) =0

symmetric traceless 2 x 2-matrices of the form

cosf(t)  sinf(t)
H(t) =3 < sinf(t) —cos6(t) > '



This is the prototype of all adiabatic problems in quantum mechanics and the “Adia-
batic Theorem” states that if H(-) € C?(R) the system (1) can be decomposed into two
scalar equations which are decoupled up to errors of order €. Under further regularity
assumptions on H (t) the error bound can be improved and for suitable real analytic H(t)
it is even exponentially small in % This adiabatic decoupling is at the basis of under-
standing a large number of physical phenomena related to the separation of time scales,
ranging from the classical Stern-Gerlach experiment for the measurement of spin to the
dynamics of molecules; see [PST, Te| for recent reviews. Despite its asymptotic smallness,
the exponentially small coupling that generically remains has itself important physical
consequences such as the non-radiative decay in molecules. In the scattering limit the
exponentially small non-adiabatic transitions are quantified by the Landau-Zener formula
and its generalizations, with rigorous justification given in [JKP, Jo]. In this work we treat
the problem of explicitly determining the exponentially small non-adiabatic coupling for
arbitrary finite times ¢ in order to obtain a complete understanding of the nature and
the time-development of non-adiabatic transitions. Our main result is the construction
of a family of unitary maps Ul**(¢) that brings (1) into almost diagonal form (6) with
off-diagonal elements < (¢) that are exponentially small in € and are explicitly given at
leading order. The construction works under assumptions satisfied for “generic” Hamil-
tonians in a sense to be made precise. Our work was motivated by results of Berry [Ber]
(see also [BerLi, LiBe]). He argues that the time-development of non-adiabatic transitions
is determined solely by the complex singularities of 6'(t) closest to the real axis, which
are “generically” first order poles. For such generic poles the transition histories then
have the universal form of an error function. Despite substantial progress in adiabatic
theory during the last decade, e.g. [JoPf, Ne, Sj, Mal, a rigorous justification of Berry’s
conjecture for the generic case remained an open problem until now. We are aware only of
two results [HaJo, BeTe;|, which both deal with special and “non-generic” Hamiltonians.
However, the present work is a continuation of [BeTe;| and relies on techniques and results
developed there. We also refer to [BeTe;| for a more detailed introduction and a guide to
the literature on adiabatic theory in quantum mechanics.

Before we describe our result in detail let us shortly comment on the special form of
the Hamiltonian (2), whose eigenvalues are equal to i% independent of ¢. Berry and Lim
[BerLi] observed that the Schrédinger equation

(icds — H(s))(s) =0 (3)

for any traceless real-symmetric Hamiltonian H (s),
~ [ Z(s) X(s) \ _ cosf(s)  sinf(s)
6= (X0 2500 ) =2 (i) —wemiih ) @

with eigenvalues pi(s) = +p(s) = £/ X2(t) + Z2(t) that satisfy py(s) —p_(s) = 2p(s) >
g > 0 for all s € R, can be brought into the form (1) & (2) through the invertible
transformation to the natural time variable

t(s) =2 /OS p(u)du. (5)
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While our main result is formulated for (1) and (2), the difficulty of the problem stems
in parts from the fact that our assumptions must be general enough to be satisfied by
Hamiltonians (2) that arise from generic analytic Hamiltonians of the form (4) through
the transformation (5). E.g., it turns out that these assumptions prevent the use of
standard Cauchy estimates. Note that, as was observed by Berry [Ber], Equation (1) with
a complex-hermitian Hamiltonian is unitarily equivalent to a similar equation with a real-
symmetric but e-dependent Hamiltonian. Our results on (1) & (2) are sufficiently uniform
to also apply to this case and thus cover generic analytic self-adjoint 2 x 2-Hamiltonians,
cf. [BeTey].

It is well known (see [BeTe;] for details and references) that for all n € Ny there is
basis transformation such that in the n'® superadiabatic basis the off-diagonal elements of
the Hamiltonian are of order e"*1, i.e. there is a unitary U(t) such that

UL (#) (120, — H(£) UD(8) U (#)(t) = (e, — HE(£))0"(£) = 0

with

p(t)  c2(t)
H™(t) = . ) =0E"TY, and  @"(t) = UMN)p(t). (6
(t) (ag(t) —pg(t)> (t) =0("™) P (t) (t)w(t).  (6)

Here p(t) = 3 + O(¢?). Note that UP(¢) =: Up(t) is the orthogonal transformation that
diagonalizes the symmetric matrix H(t). It is independent of € and maps to the adiabatic
basis. However, in general, lim, . |c?(t)| = oo for all € > 0 and the coupling can not
be eliminated completely for fixed € by going to higher and higher superadiabatic bases.
Instead, for each € > 0 there exists an optimal n. = n(e) for which n — |cZ(¢)| attains it
minimum |¢<(t)|. This defines the optimal superadiabatic basis. In order to determine n.
and ¢ (t) it is necessary to understand precisely the asymptotic behavior of the coupling
c(t) as n — o0.

As in the case of Berry’s non-adiabatic transition histories one expects that for large
n the superadiabatic coupling function ¢l(¢) is determined by the singularities of the
adiabatic coupling function 2(t) = £¢'(t) and thus has a universal form. From the
abstract asymptotic analysis point of view this universality is just another manifestation
of Darboux’ Principle, which in its original form says that the late coefficients in the Taylor
series of an analytic function are determined by the convergence limiting singularities, see
Theorem 5. Dingle [Di] realized that the same idea also applies to various divergent series
arising for example from asymptotic expansions of integrals. In our case the coefficients
c(t) are determined by a non-linear system of recurrence relations starting with 16'(¢) and
involving differentiation, integration and multiplication of terms. We show that Darboux’
Principle can be applied also to this system of recurrence relations, i.e. that the large n
asymptotics of the coefficients ¢ (t) depend solely on the convergence limiting singularities
of #'. As to be discussed in Section 2, our system of recurrence relations can be interpreted
as the formal asymptotic expansion of the solutions to a system of ODEs. It might well be
that established techniques of asymptotic analysis can be used to determine the asymptotic
behavior of ¢ (t) as n — oo by studying this system of ODEs, but this is far from obvious.
Instead, our proof is based on a direct analysis of the recurrence relation using a family of



norms tailored to Darboux’ Principle and introduced in Definition 1 below. One merit of
our approach is that, in principle, it can be applied also to more complicated recurrences
as arising, e.g., in the context of constructing precise coupling terms between different
electronic levels in molecular dynamics, see [BeTes].

We now describe our main result in detail. Since our construction is local in time, we
can restrict our attention to a compact interval I C R. A sufficient condition for our main
theorem is that the singularities of the analytic continuation of §’ are of the form

0'(2 — 20) = + Z z—20)"hj(z — 2) (7)

Z— 20

where [Imzg| > 0, v € R, o; < 1 and h; is analytic in a neighborhood of 0 for j = 1,..., N.
Following arguments of Berry and Lim [BerLi] we show in Section 4 that this condition is
fulfilled for generic Hamiltonians of the form (4). However, in all but a few non-generic
cases, —a; ¢ N for at least one j. The technical problem arising from this fact is that
by removing the leading singularity one does not obtain a function which is analytic in
a larger region. As a consequence, it is not sufficient to use standard Cauchy estimates
to show that the remainder terms are asymptotically smaller than the contribution from
the leading singularity. Instead we introduce the following norms tailored to Darboux’
Principle.

Definition 1. Let ¢ > 0, @ > 0 and I C R be an interval. For f € C*°(I) we define
.otk

‘m<oo (8)

17000y = supsup 210

and

FaroD) = {£ € C%(1) < |l g an) < 0}

The connection of Definition 1 with (7) is given by Darboux’ Principle, Theorem 5,
which allows to translate the information about the complex singularities of 6 into infor-
mation about the late coefficients of the Taylor expansion of #’ on the real line. Taking
I = {t} we obtain

MNa+k
1£lly.at = C <00 = \f(k)(t)\SC% Wk €N, )

Consequently ||fH({t},a,tC) < oo for some a > 0 implies that f is analytic at ¢ and that
the Taylor series at ¢ converges at least inside the disk Dy (t) of radius t.. Suppose that
the Taylor series has finitely many singularities on 0Dy, (t), all of them being of the form
(z — 20) " hy(z — 2p), hi analytic near the origin, o > 0, then Theorem 5 implies

> .
I/l o0y <00 & B> maxay

Remark 1. One might be tempted to think that for functions f that are analytic in
Dy, (t) the norm || f||(11,a,¢.) 18 equivalent to

(te — 2"
f Ca“dg = sup |f(t+ 2)| ——~"—
1G5y = e 15+ S



However, standard Cauchy estimates only yield

- MNa+k+1
NG, <00 = 1xwwﬂwméci7ﬁfl

({thate Vk €N, (10)

which is larger than (9) by a factor of k 4+ «. There may be ways to improve, but not up
to equivalence of the norms: for the elliptic theta function 03(z) = > 7, 2"2, obviously
1031|(0,0,1) < o0 if and only if & > 1. On the other hand, an elementary estimate shows

that HHng&“g'i') < 00. The reason of the discrepancy is that the Taylor coefficients of

functions with a dense set of singularities on the boundary of the disk of convergence (as
05 has) have worse asymptotics than those of functions with isolated singularities. In many

problems of asymptotic analysis this lack of preciseness of || - |72 . | plays no role, since
Lo o (hate) :
the leading singularity is isolated. Then one can subtract the leading singularity and the

remainder is analytic on a slightly larger domain. In that case Cauchy estimates applied
to the larger domain yield sufficiently small error terms. However, in our case the form
(7) of the function near the singularity requires the use of the precise norms || f[/; 4.,
since subtracting the leading singularity does not increase the domain of analyticity.

The norms HH( Laste) have very convenient mapping properties under differentiation,
integration and multiplication of functions, which are summarized in Proposition 1 and
Proposition 2. These mapping properties are the key ingredient for our analysis of the
recurrence relations defining ¢Z(t), of which we will now give precise assumptions and
results. For ~, t;, t. € R let

1 1
0p(t) =i -
o(t) w<t—tr+itc t—tr—itc>

be the sum of two complex conjugate first order poles located at ¢, £it. with residues Fi~.
Then, as to be discussed in Section 4, for zy = ¢, + it condition (7) generalizes to

Assumption 1: On a compact interval I C [ty — te,ty + tc] with t, € I let
0(t) = O(t) + 0L(t) with OL(t) € Fug, (1) (11)
for some v, te,t, e R, 0 < a < 1.

It turns out that under Assumption 1 the optimal superadiabatic basis is given as the

th superadiabatic basis where 0 < 0. < 2 is such that

Ne

t
Ne = ——1+o0. is an even integer. (12)
€

Our main result is the leading order asymptotics of ¢Z<(t) for ¢ € I. For times ¢ that do
not belong to an interval satisfying Assumption 1 we establish bounds on ¢« (¢) which are
exponentially smaller than the exponentially small leading order terms near the singular-
ities. For this we assume



Assumption 2: For a compact interval I and some T > t. let 0'(t) € Fy .(I).

The case of degenerate I = {t}, t € R, is explicitly allowed. Assumptions 1 and
2 are formulated in such a way that, in principle, #’ need only be known on the real
axis. However, in practice we will check these assumptions by analyzing the complex
singularities of the analytic continuation of #’, cf. Section 4.

In our main theorem we do not only control the asymptotic behavior of the Hamilto-
nian in the optimal superadiabatic basis, but we also obtain constants which are uniform
on compact intervals of the other parameters t., o and . This makes the formulation
somewhat involved, but is necessary, e.g., for the study of hermitian but not symmetric
Hamiltonians and for the study of the scattering regime.

Theorem 1. Let J;, C (0,00), Jo C (0,1) and J, C (0,00) be compact intervals.

(i) There exists g > 0 and a locally bounded function ¢o : RT — RT with ¢o(z) = O(x)
as © — 0, such that for all H(t) as in (2) satisfying Assumption 2 with t. € Jy., for
all € € (0,e9] and all t € I the elements of the optimal superadiabatic Hamiltonian
(6) and the unitary U< (t) with ne as in (12) satisfy

1 _te nr
pe(t) - 5‘ SEQ%(HGIH(M,T)) L) < VEeT £ tc)¢2<”‘9'H(1,1;)> (13)

and
Juz= () = Uo)ll < 22 (10l 1.1.0)) - (14)

(ii) Define

) ] e (t—tp)? B it )3
ce(t) = 211/7?—2 sin (%) e ee 2 CoS <—t stf — —(361;2 + i—f) .

There exists eg > 0 and a locally bounded function ¢y : RT — RT with ¢1(z) = O(z)
as x — 0, such that for all H(t) as in (2) satisfying Assumption 1 with t. € J;_,
a€Jy, v € Jy, foralle € (0,60] and all t € 1

e (1) — e (t)] < £7 %< ¢y (M), (15)

where M = max {||9’||(I717tc) , HG;H(Lth)}.

Remark 2. Assumption 1 implies Assumption 2 on the same interval I with 7 = t..
Hence, Assumption 1 implies also (13) and (14) with 7 = .. Furthermore this shows
that in this case the bound on ¢Z< in (13) is optimal with respect to the dependence on ¢.
Again, this is only possible since we use the precise norms Hf”([,a,tc) instead of standard
Cauchy estimates.

Remark 3. Note that the explicit term in (15) is asymptotically dominant only if [t—¢,| =
O(y/e). Since typically 7 > t. in Assumption 2, for all other times ¢ the bound given in
(13) is asymptotically smaller than the error term in (15).



Remark 4. It was shown in [BeTe;] how to derive from Theorem 1, using first order
perturbation theory in the optimal superadiabatic basis, the universal transition histories
predicted by Berry [Ber].

For generic analytic Hamiltonians the whole real line can be covered by intervals satis-
fying either Assumption 1 or Assumption 2. Under additional conditions on the location
of the singularities of #’, we can also consider the scattering problem and recover the well
known Landau-Zener formulas for the adiabatic transition amplitudes. Then the decay of
the exponentially small coupling for large times can come either from [|¢'[|;; ;) or from
the 7-dependence of the exponent in (13).

Our paper consist of two parts. The main part and the key mathematical point of our
work is the proof of Theorem 1. Our proof relies on our previous results in [BeTe; ], where
we established Theorem 1 assuming ¢'(t) = 6((¢). In Section 2 we recall the necessary
tools and results from [BeTe;| and prove Theorem 1, postponing the proofs of the key in-
equalities to Section 3. The main mathematical challenge is to determine the asymptotic
behavior of the solutions of a system of recurrence relation, which, as shown in [BeTe;],
yield the couplings ¢Z(t). This is done in Section 3 and the analysis heavily relies on map-
ping properties of the norms |- ||(7 a,s.), which we believe are of independent mathematical
interest. In Section 3 we also use a combinatorial lemma, whose rather involved proof is
postponed to the Appendix. In Section 4 we finally discuss several issues concerned with
the transformation (5). In particular we present the argument of Berry and Lim [BerLi]
showing that Assumption 1 is “generically” satisfied. A more detailed analysis of this
point as well as an analysis of interesting non-generic cases and of the scattering problem
are postponed to [BeTes|. This is because the mathematical problems involved are of a
completely different type from the main problem solved in this paper.

Acknowledgements: We are grateful to Vassili Gelfreich for several helpful remarks.
We also profited from discussions with Gero Friesecke, Alain Joye and Florian Theil. V.B.
thanks the Mathematics Institute of the University of Warwick for hospitality and the
Symposium “Mathematics of Quantum Systems” organized by G. Friesecke for financial
support.

2 Superadiabatic representations and optimal truncation

In this section we prove Theorem 1. The mathematical object to control is the Hamiltonian
(6) in the superadiabatic representation. This can be achieved by studying superadiabatic
projections. In the simple model at hand, our understanding of these projections and
their relation to the unitary is rather complete and has been described in [BeTe;]. For the
convenience of the reader, we give a synopsis here.

The n'* superadiabatic projection

™ = Zwkak (16)
k=0



is the unique operator (which is a 2 x 2 matrix in our case) with

(7M)?2 — 7" = O(e™*)  and (17)
[ieat _H, W)] = 0" (18)

for all n € N. Here, [A, B] denotes the commutator of the matrices A and Bj; mg is the
adiabatic projection, i.e. the projection onto the eigenspaces of H. m; can be constructed
recursively by using the basis

X:<(1) _01), Y=-2H Z=-Y/)0, W=1

of R?*2 and making the Ansatz
T =2 X +ypY + 2.2 + wiW .

It turns out that wp = 0 for all k, while the remaining coefficients fulfill the recursive
differential equations

xr] = —%9/, y1=2=0 (19)
and
Ty = —i(z)_1 —0yn_1), (20)
n—1
Yn = (_xjxn—j + YjYn—j; + ijn—j)a (21)
j=1
2y = —izl_, (22)

In addition, the differential equation
y; = _H,Zn (23)

holds for each n € N.
In [BeTe;] we construct a unitary matrix UZ(t) which diagonalizes the self-adjoint
matrix 7(™ (t) and achieves

UD(t) (120 — H(2) U™ (t) = ied, — ( pE(t) () )

cr(t) —pE(t)
with
pE(t) =1/2+0O(?) and 2 (t) =" (@1 (t) = 21 (1) 1+ O(e)).  (24)

In Theorem 3 we will prove that under Assumption 2,

n 1

ena (O] lania O] < 27 9] (expla201]5)) - 3) (25)
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where [[6/[| ;) = [|0'](11,7)- Note that the right hand side above is O([|0'| 1) as [|¢/[| ;) — 0
uniformly in 7 > ¢, > inf J;. > 0. Using (25) and the corresponding inequality for y, 1
from Theorem 3 in the explicit formulas given in Section 3 of [BeTe4], it is not difficult to
see that (14) holds, and that (24) can be sharpened: there exists a locally bounded function
¢ with ¢(x) = O(z) as x — 0, such that for all H(¢) as in (2) satisfying Assumption 2
with t, € J;, and for all t € 1

o) = 1/2] < 26(|6/]| 1) (26)
and
|2 (1) = " (@na1 () = 20r1())] < €2 (i1 () + [zar1OD S([6]] 1)) (27)

Combining (25) and (27), we obtain

1.
2] < ™ 58010 1.1,

where ¢ has the same properties as ¢, uniformly in the class of Hamiltonians just discussed.
To arrive at (13), we take n. = t./e, use Stirling’s formula and analyze the asymptotics
of the terms involved. The procedure is performed in detail in [BeTei], and from the
calculations there it is again obvious that uniformity in the Hamiltonians is not lost. The
only trivial difference is that since we do not truncate at the optimal value 7 /e of n but
rather at t./e, we obtain in (13) only a factor of exp (— & (1+In +)) instead of exp (— ).
Thus we have shown part (i) of Theorem 1.

As for part (ii), let M be defined as in Theorem 1. In Theorem 4 we will show that
there exists a locally bounded function ¢ with ¢1(z) = O(x) as x — 0, such that for all
H(t) as in (2) satisfying Assumption 1 with t. € J;,, a € Jo, v € J,, and for all t € I

n! 2sin(y7m/2) n~1ton)

. Re (14t t -l _
Tpy1(t) — 1thrl - el1+ l—tc < 7752“

¢1(M) (28)

provided ¢’ fulfills Assumption 1 and n is even; 2,11 = 0 in that case. Now (27), (28) and
optimal truncation show (15), and the proof of Theorem 1 is finished.

Remark 5. In [BeTe;], we used (23) and converted the nonlinear recursion into the linear
but nonlocal recursive integro-differential equation

t
—Zngo = 20 4+ (0)2 2, + 9"/ 0z, ds. (29)

—00

Since we treated the special case where #. = 0 in Assumption 1, the calculations were
rather explicit and we obtained the analogue of Theorem 1 with even better error bounds.
In the general situation, there is no way to avoid the nonlinear recursion (but even so,
(29) will be useful). As an added bonus of not resorting to (29), all our results are local.



Remark 6. As pointed out to us by Vassili Gelfreich, (19)—(22) is connected to the set of
singularly perturbed algebraic-differential equations

X (e, t) = ieZ(e,t),

hZ(e,t) ieX (e, t) — 0 ()Y (e,1),
Y(e,t) = e(—X%(e,t) +Y?(e,t) + Z%(e, 1))

with the initial condition X (0,¢) = 6'(¢), Y (0,t) = Z(0,t) = 0. Indeed, consider the formal
series expansion for X, Y and Z, i.e.

oo
X(e,t) = Z e Tpa,
k=0

with similar expressions for Y and Z. Then (19)-(22) are just the equations for the
coefficients of the expansion. This opens the possibility to treat the problem using e.g.
Borel summation, but it is not clear to us whether this would be successful. On the other
hand, given the connection above, it may well be that our approach, to be presented in
the following section, can be used successfully in the theory of singularly perturbed ODE.

3 Solving the functional recursion

In this section we examine the recursion (19)—(22) and prove, in particular, the estimates
(25) and (28). The main ingredient to our proofs is the family of norms from Definition 1.
Recall that for ¢. > 0, o > 0 and a compact interval I we defined
i thJrk
::supsup‘(? t ‘cigoo 30
It = supsup 0440 e (30)

and

Fot. (1) = {f € C%) 1 fllir,a0) < oo},

Often t. and I will be fixed, and then we will simply write ||.|,) and F,. The following
mapping properties of H||( o) are crucial.

Proposition 1. Let t. > 0 be fixed, a,0 > 0 and t € R. Then

Na+k
o sup 0 7(0)] < FEE Il sy Vo0

b) Hf,H(I,a+17tc) < Hf”([,oz,tc) :

¢) Let B(a,3) =T(a)T'(B)/T(a + B) denote the Beta function. Then

1f9llr.a4p.0) < Bl B) [ fllir,00) 19l (1,20) -
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Proof. a) and b) follow directly from the definitions. Turning to ¢), for £ > 0 we have

\(8’“fg)(t)\ < i(?) ‘Blf(t)Hak’lg(t)‘g
=0

Fla
| H(M;!fi\ B)Z( ) JL(B +k — 1),

We thus have to investigate the sum in the last line above and relate it to I'(a 4+ 5 + k).
To do so, we use a nice trick, which is presumably well known. For —1/2 <t < 1/2 let

ho(t) = T(5) (ﬁ)ﬁ (31)

Then 0"hg = hgy,. Now consider 9*(hohg). Then on the one hand,

_ D) L
0" (hahgp) = ma ( (a+0) <1 — t> > = B(a, B)hat g1k

=hatp
On the other hand, of course
k L
F(hahg) = ZZ; ( ) haO*hg = lzg <l> hatihprk—1-

Now we take t = 0 and use hg(0) = I'(3). Then the above calculations give

k

Bla, )T (a+B+k)=>_ (’;) Do+ DT(B+k—1).

1=0
Inserting this in the calculations from the beginning of the proof of d), we find

r k
(@ 59)0)] < 171 Il ) oo Bl )

for each k£ > 0, and consequently

1£9llas) < Bl B) 1 £l 9l 5 -

By taking g = 1 in ¢) we arrive at

['(a)
1l (ratp,t) < tcﬁm 17 ete) - (32)

We will also need the following somewhat more special property of the norms:
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Proposition 2. Let s € [ and o > 1. If f € Foy (1), then t — [I f(r)dr € Fo_1,.(I),

and
a—1)|t
Smax{%,l} T
) fe

In case a > 2 and |t — s| < t. this simplifies to

<(a =D [ fll@

(al

Proof. We have

I'a
| <le= sl < 1ol 22,
and for £ >1
k ok k teth
04 [ g as| i = s [0t s = Wl

The claim now follows from the definition of ||-||,_;) and the fact I'(a) = (a = 1)I'(ar — 1).
O

Remark 7. The intuition behind the norm || f||; , ;) is that when it is finite, the function

f behaves equally good or better than the function ¢ — € when taking derivatives.

1
ite+)°
The amazing and useful fact stated in Proposition 1 ¢) is that multiplication not only
leaves this property intact, but even furnishes a factor that becomes small when either «

or 3 become large. It is this property that gets all our estimates going.

Theorem 2. Suppose that Assumption 2 holds, and write

HH/H(U = HGIH(I,LT) < 0.
Then for each n € N,

1

lZnll(gnmy < HHIH(U (exp(42 HHIH?U) - 5) ’ (33)
1

lenliann < 190 (ctazlly) - ). (34)

1
lnllrary < == (exptaz]|é/|lf) 1) (35)

Remark 8. The Douglas-Adams-constant M = 42 comes out of our proof in a natural
way. Numerical calculations suggest that Theorem 2 holds with M = 1, but this is
probably much harder to prove. There is also numerical evidence that the asymptotic
behavior for large ||9’||(1) is not optimal. It appears that exp(M HH’H?{?) is still an upper

bound, while exp(M [|6"[[ 1)) is not.
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Proof of Theorem 2. We define C,, and D, recursively through Cy = [|/||4) /2, D1 = 0

and

C, = '
Cn,1+||(i!(11))Dn,1 for n odd,

{ Ch_1 for n even,

D — Zz;i B(k,n — k)(CxCyp_k + DxD,,_) for n even,
L 0 for n odd.

We now show that for each n € N,

Han(I,nﬂ') S Cn7
||ZnH(I,n77') S Cn?
||ynH(I,n,T) < Dn

(39)
(40)

This is checked directly for n = 1 and n = 2. Suppose it holds for n — 1. If n is even, then

xn, = 0 so (38) trivially holds, and (22) implies

V2l y = 7]y = I#n—tllu_1) < Cat = Cin.
(n)

Proposition 1 c), (21) and the fact that either x,, = 0 or z,, = 0 at any given n € N yield

i
L

lnlly < D2 (lezn-rll iy + 19e9n—ell iy + I2zn—sll ) <

1T
I

i
L

If n is odd, it follows from (20) that y,, = z, = 0, and

lnlley < ol + 10 %n-ll <

< Wentlony + g [y By < Gt 4 A0
= n—1l(n—1) n—1 (1) Yn—-1ll(n—1) = bn-1 n_1 n—1-
This proves (38)—(40). From (36) it follows immediately that
16" 16" 16
Cn = Cpa+ W Dy 1=Cyh 2+ W Dy + W Dy o =
n—1 n—1 n—2
n—1 n—1
D; 1 D;
= =l 2 T = Wl (34 2
J=2 J=2

Thus it is sufficient to control the D;. We claim:

Lemma 1. For M > 42 and all even n € N,

n/2 1927 J
1 H9 H(1)M
D, < .

j=1

J!

13



The proof of this purely combinatorial fact is somewhat involved and deferred to the
appendix. From (42) and (40) it now follows immediately that

exp(M [0']}) ~ 1

n—1
for all n € N. Using (38) and (41) we obtain
) 1 2 n—1 1
9 1
= H9'H(1) (eXP(M HQIHQ)) - §> ,
and the same estimate applies to ||zp||(,). The proof is finished. O

Proposition 1 a) now immediately implies
Theorem 3. Suppose that Assumption 2 holds and write

Ha/Ha) = HHIH(LLT)'
Then for each n € N and each t € R, we have

(n—1) 2 1
igylwn(t)l = TH9/H(1> (eXp(42”9'H(1>)_§>,
(n— 1) 2 1
wpla®l = T 1l (eXp(42 161y 5) ,
(n—2)! 2
el < T (eXp(42 16°1cy) = 1) '

It is interesting that although the inequalities in Theorem 3 were derived using some
seemingly rather crude estimates, they are optimal up to constants in the two most im-
portant asymptotic regimes: For large n and each [|0|| ;) as well as for small |[¢/[| ;) and
each n the results in [BeTe;] are an example that displays exactly the asymptotic behavior
predicted by Theorem 3.

Surprisingly, the accurate asymptotics of the recursion (19)—(22) under Assumption 1
are not difficult to obtain from the results of [BeTe;] once we have the uniform bounds of
Theorem 3 and use our norms.

Theorem 4. Let Jy, C (0,00), Jo C (0,1) and J, C (0,00) be compact intervals. There
exists a locally bounded function ¢ : RT — RT with ¢1(x) = O(z) as x — 0, such that
for all H(t) as in (2) satisfying Assumption 1 with t. € Jy,, « € Jo, v € Jy and all t € I

we have
—1)! t—t\ "
xn(t)—ic,y(ntn)Re<<1—i " ) >

14




2sin(ym/2
where M = max{HQ’H(I,LtC) , HG;H(LQ,IEC)} and ¢, = %

Proof. Let &y 0, yn,0 and z, o be defined via the recursion (20) - (22) started with z; 9 =
i6(/2. This is the situation where 6’ just consists of a pair of simple poles, and Theorem 3
of [BeTe;] implies (43) and (44) for =, 0, yno and z,0 and any o < 1. Uniformity in
the parameters v and t. is not spelled out there, but again it is easy to derive from the
estimates given. Let us now write

&n = Tp — Tn,0s T = Yn — Yn,0 and ¢, = 2z, — Zn,0-

The proof will be done as soon as we show

_ |
&l Jcal < P vag, () (45)

= T
for some ¢ with the properties given in the Theorem, uniformly in the parameters « and
te. Without loss we assume ¢, = 0, and we write F}, instead of Fj, ¢ (I) etc. The main step
is

Lemma 2. §, € F, 1,4 and , € F,_1.4 for each n € N, and there exists ¢ : RT — RT
with ¢(z) = O(x) as © — 0 such that

16l 10y < SOD) and [€all gy 4ay < G(M)
for all n € N, uniformly in o € Jg, tc € Jy..

Proof of Lemma 2. We first prove the assertion for the (,. For odd n, {,, = 0 and there is
nothing to prove, so let n be even. Since (s = 6/ /2, the assertion is true for n = 2. Using
(23) along with the recursion, we find

t
—Zny2 = 20+ (6')22n + 6" </ 0z, ds + yn(0)> , (46)
0

which is obviously just another way to write (29). We decompose (46) into terms which
contribute to 2,420 and those that do not, with the result

¢
Znt2 = Zno+ (00)*2n.0 + 00 </ 04 2n.0 ds + ymo(O)) + (47)
0
=Zn+2,0
(o + (0')%Co + (200, + (67)%) 200 + (48)

¢ ¢ ¢
—i—é?"/o 0'C, ds + (96'/0 Hézn,o ds + 6?;//0 H/zmo ds + 0"y, (0) — Hgymo(O). (49)

The terms in (48) and (49) contribute to (,, 12, and we are going to estimate the ||.|| (n+1+a)"
norm of each of them, using Propositions 1 and 2. Starting with (48), we have

HC”H(nJrlJra) = HCH(n—l—I—a) ’ (50)
102 Call iy < B@n—140a) [(0)?] o) Il nosa) <
1 2
(n+a)(n—1+a) 161y STl a1 (51)

15



and

12000, + (00 2n0ll 10y < B+ ) |00+ 0| 140 2000
I'(@)l'(n)
“tmtarnl¥lq (186l + 116"l 1) Hzmolly-

Turning to (49), let us first note that

t
/ 0'¢, ds
0

< (n -1+ Oé) HGICWH(n—i—a) < HGIH(D ch”(nflJra) :

(n—1+4a)

Similarly,

t

/ 012n,0 ds < (n—1+a)B(a,n) HG;H(Q) 12,00l (y =
0 (n—1+4a)
L))
I'(n—1+a) H‘gru(a) 12,01l

and

< HH/H(l) [

t
/ H/zmo ds
0 (n)

n

With these estimates we obtain

t
1 / 1 ! 2
’ /0 Pnds (n+1+a) = m+a)(n+a-—1) 1o H(1) I6nlln-140)
t I'(a)'(n)
n / / !
90/0 Orzn,0 ds (n+1+a) = T(n+1+a) HHOH(U H91””(01) HZ”’OH(")’
t
0! | 0z, 0ds < B+ a,n) |[6]] o 110 1) lzn0ll ) -
0 (n+1+4a)
Finally,
16"y, (0)| O o]
nMntre) = WG T ) @)
_ I'(n)
14+«
< e m HH’H(I) Hy””(n) ’
and
I'(n)

" —14a /
Haoynvo(o)u(mua) S e I(n+1+a) HHOH(I) ||y"70H(n) :
Now we collect all the estimates from (50) through (57) and obtain
Knsallonnnen < (14— Gallin 1) +
nt2ll(ntlta) = n+a)(n—1+a) mli(n—1ta)
18,00y T()
F'n+1+«)

tcl+ar(n)
Tn+1+a) (111 Ty + 186y ol ) -

16

<2F(a) H%H(l) + (T(a) +T(1 + ) HHIH(l)> ”zn,OH(n) +

(56)

(57)



This shows (49 € Fiu414o- The above calculations and the bounds from Theorem 2 now
imply the existence of a locally bounded function ¢ : RT — RT with ¢(x) = O(x) as
z — 0, such that with M = max{||0'|| ;) [|6;[|)} and Q = #(M) we have

Q I'(n)
[Cnt2ll nrivay < (1 + ﬁ) 16l 14y + mQ'

Moreover, since
T
lim n?® L)
we™ T+ 5)

for each § > 0 and nﬁr( (—Ti)ﬁ) <1 for each n € Nand 8 > 1 (cf. [AbSt], 6.1.46 and 6.1.47),

the sequence (|[Call(,4q—1))nen is bounded by the sequence (ay)nen defined through

2Q) Q
An4+2 = Qnp <1 + F) + nlta

l(14a) < < |6 l(@)- @n is increasing, and so either (Q + 1)an, < @ for all n

—1 (58)

with ag = HCQ
(then a, < @), or eventually nf?m < a"n(fﬁl), and then

2 +1 3(Q+1
an+2§an<1+_?+%>§an<l+w>
n n

n1+a

This shows

n/2

1 9]
n+2 <a2H ( 2615 _1{_+a)> < HHIIVH(Q) exXp < Q+1 Z 1+a>
k:l

where the infinite sum is bounded uniformly in « > inf J, > 0. The last inequality above
follows by taking the logarithm of the product above and using In(1 + |z|) < |z| in the

resulting sum. Thus we obtain
oo
rH(a)eXp< M) +1) Z 1+a>}’
k:l

Gnt2ll 140y < max {(ﬁ(M)

and the claim for (, is shown.
Turning now to the &,, (20) implies

fn = _i(C:@—l - 0677n—1 - H;yn—l)a (59)
and (23) gives
t
Th—1 = _/ (91,«21171 + 96<n71) ds — yn71(0) + ynfl,O(O)- (60)
0
The claim now follows in a very similar way as above from Propositions 1 and 2. U
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By the Lemma and Proposition 1 a),

I'n+1—-«
Gl < 1610y i) < ()

2 ().

Now (58) implies
- 1)!
Gl < o)t

with
Nn+1-a)
c= sup —————

11—«

n < 00
1— )
neNaeJ, tC ar(n)

and (44) is shown. The same reasoning applies to &,,, showing (43) and finishing the proof.
U

4 General Hamiltonians

Our main result Theorem 1 is formulated for Hamiltonians (2) with constant eigenvalues
satisfying Assumptions 1 or 2. In this section we show that these assumptions are satisfied
for a large class of Hamiltonians after transformation to the natural time scale.

Let us consider

(ieds — H(s))ib(s) = 0 (61)

for the traceless real-symmetric Hamiltonian

o= (50 5 ) o (e i) @

If X? 4+ Z? > 0, then for each s, € R the transformation
S
(s) = 2 / /P20 du (63)
Sr

takes the equation (61) with Hamiltonian (62) into equation (1) with Hamiltonian (2) with
0 =607 L. Berry and Lim [BerLi| found that under very general conditions on X and
Z the singularities of # have the form of a first order pole plus lower order singularities.
Then, as to be explained, by the Darboux’ Principle Assumption 1 resp. Assumption 2
are satisfied pointwise on the real line. More precisely, the n'" derivative of ¢’ at t € R
behaves like I'(n)r~™ as n — oo, where r is the distance from ¢ to the nearest pole; the
corrections have derivatives going like I'(n — a)r~™ as n — oo for some a > 0, and thus
are in Fi_q .

The task is now to make this discussion rigorous, and we start with giving a version
of Darboux’ Theorem. While this theorem in various forms is certainly well known [He,
Bo, Di], we were unable to find a statement in the precision and generality we need in the
literature. The proof given in the Appendix uses Cauchy’s formula and explicit integration
near the singularities. This strategy was suggested to us by Vassili Gelfreich.
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Theorem 5 (Darboux’ Principle). Let f be analytic on Dp = {z € C: |z| < R}, and
assume that f is analytic also on ODpg except for finitely many points. Assume that there
exists N € N and (zj,aj,9j)j<n with the properties:

(i) For each j, z;j is one of the singularities of f on 0Dpg;
(i) a; € R\ {0,—1,-2,...};
(iii) the function g; is analytic in a neighborhood U; of z = 0;

() When zy is a singularity of f on ODg and A, :={j : zj = 2}, then

f(z) = Z (z—20)"% gj(z—20) on ﬂ (Uj + 20) N Dg. (64)

JEAz, JEAz

Then

) . najfl
e SO (1o (1) (65

In words, Darboux’ Theorem says that when f has finitely many algebraic convergence-
limiting singularities, each of those contributes to the growth of the derivatives of f with
a term of absolute value |g(0)|T'(n + «)/R" ™ depending on the strength g(0), order «
and distance R of the singularity, and a phase depending on its strength and location.
It is now clear that any function fulfilling the assumptions of Theorem 5 is in Fy, r({0}),
where o = max; oj. We have to prove this for the analytic continuation of ¢, and for this
purpose put the following assumptions on the Hamiltonian H:

Assumption XZ: X and Z are meromorphic in an open set U C C containing some
point sy on the real axis. X and Z fulfill

p2(s) = X?(s) + Z%(s) > ¢ >0 Vse RNU. (66)

By convention, we do not lift removable singularities of p?, so the critical points of p*
consist of its zeros and the poles of X and Z. For s close to such a critical point sq of p?,
we require

X(s) = (5= 50)" f(s = s0) [1 + (s = 50)"gx (s = 50)];

(67)
Z(s) = =i(s — s0)™ f(s — s0) [1 + (s — 80)"9z(s — s0).]

where 0 <n € N, m € Z and Qm% > —1; the functions f, gx and gz are analytic in a
neighborhood of so, and K :=|f2(0)(gx (0) — gz(0))| > 0. The set of critical points has no
accumulation points in U.

The class of X and Z fulfilling Assumption XZ is smaller than the universality class

considered in [BerLi]. It is not our ambition here to investigate just how large we can
take our class while still giving a mathematically rigorous proof; but note that (67) does
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Figure 1: The boundaries of the sets C.. for various situations; the black line is the boundary
of Cr. In (a) and (b), p> =1+ 52, and s, = 0 in (a) while s, = 0.5 in (b). The branch
cuts are on the imaginary axis. In (c), p?> = (1 + s*)? and s, = 0; examples (b) and (c)
show why it is necessary to consider the connected components.

contain the generic case of analytic X and Z and a simple zero of p?, i.e. m = 0and n = 1,
along with many others.

By (66), the map s — 1/p(s)? is analytic and invertible on UNR, but may have critical
points in the complex plane. For each such critical point so for which a branch cut By, of
\/? is needed, we choose the branch cut such that it points away from s;, and define Uy
to be the connected component of U \ |J,, Bs, containing s,. Then 7 as given in (63) is
well-defined and analytic in Uy. We define

Cr(sy) :={s €Uy :|r(s) — m(sy)| <1},

denote by C) o the connected component of C, containing s, and put

R = R(s;) ==sup{r > 0: Cyo(s:) C Up}.

Figure 1 shows some typical cases.

We restrict the discussion to the case where C,(s;) hits the boundary of Uy at critical
points of p? as r grows to R. When U is large enough, this is the generic case, provided one
has put the branch points By, in a sensible way. We distinguish two cases corresponding
to our Assumptions 1 and 2 on 6’

Assumption R1: Let s, € R be a point where a Stokes line of T, i.e. a level line of
Re(7(s)), emanating from a critical point sq of p? crosses the real axis. Assume that
OCR(sy) N OUy = {so,50}, which means that T(sg) is closer to T7(s;) than the T-image of
any other critical point of p>.

Assumption R2: 9Cg(s,) N OUy = {s1,... s}, where the s;j are critical points of p*.

Theorem 6. Let H, p and 0 be defined as in (61) with X and Z fulfilling Assumption XZ.
Define 0 = 0 o =% with T given by (63), and to = 7(s0).

(i) If Assumption R2 holds, then 0" € Fy p({t.}), i.e. Assumption 2 is fulfilled at t,.
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(ii) Suppose that Assumption R1 holds, and that X and Y are given by (67) at so. Then

with v = 2m$++2 there exists a closed interval I > s, such that on I,

0'(t) =iy < ! 1_> +0.(t).

t—ty t—1o

where 0, € F, r(I) for each a € (0,1) with o > 23{1:12

Proof. Let Assumption 2 hold; without loss we assume s, = 0. Then 7 is analytic on Cg,
while on 0CR there are finitely many singularities. Let sg be a singularity, and let Ay be
the class of functions h which are analytic in a neighborhood of 0 with ~(0) = 0. Then for
s close to s,

p(s) = 2K (s — 50)*™ " (1 4 ha(s — s0))

with h; € Ay. Consequently

7(s) —7(s0) = 2 /S(r — 50) @M H/2 OK (1 + hy(r — s0)) dr =

S0

- R e s ) o
with ho € Ag.

Since by construction 7 has no critical points inside Cp, it is locally analytically in-
vertible there. Since D := 7(Cgr) is the disc with radius R and center 7(s;), global
invertibility follows. Thus 7 is one-to-one from Cr onto Dp with analytic inverse.

We have

0'(s) 1 d ({) (s) = X'7Z - Z’X(S)’

/

0'((s)) = 29(s) ~ 2p(3) ds arctan 2
and taking s = 771(t), t € Dg, shows that @’ is analytic on the circle D, fulfilling the
first assumption of Darboux’ theorem. Note in particular that X’Z — Z’X is non-singular
on Dg by our convention of not lifting removable singularities of p?. For the behavior of
0" near a singularity so at the boundary of Dpg, we revisit the calculation of Berry and
Lim [BerLi], paying special attention to the error terms that arise. We have

(X'Z — Z'X)(s) = £inK (s — s9)*™ ™ (1 + ha(s — s0)),
with hg € Agy, Ag as above. Writing 0 = s — sg we now obtain

+inKo?™ 11+ hy(0)) +in(1+ h3(0))
22K 02m+n)3/2(1 + hy(0))3/2 42K o2m+n+2)/2(1 + hy (0))3/2
+in (1+ h3(0))(1 + he(0))
(2m +n +2)(7(s) — 7(s0)) (14 hi(0))3/?
+in
= Gm a2 sy L T )

0'(r(s)) =
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with hy € Ag, where we used (68) in the second line. It remains to find the form of 71
near the singularity 7(so). First note that since 7 is an integral, 7(s) —7(so) = 7(0). From
(68), T7(0) = Ko®(1 + ha(o)) with the obvious K and «. The function

o o KY(1 4 hy(o))/®

is invertible in a neighborhood of ¢ = 0, and the inverse function hs(c) is an element of

Ap. We then find

2m—+n—+2 )
h4(0') — h4 o h5 <T(U)2/(2m+n+2)) = Z 7—(0-) 2m-|2»]n+2 g](T(O'))
j=1

with analytic functions g;. Putting things together and writing t = 7(s), to = 7(s0) we
obtain

0'(t) = el 1+2m§+2<t t0) T g (t — to) (69)
T @mtnt2)(t—t) < 0 gitt— o

in a neighborhood of ¢3. This has exactly the form (64), and thus Darboux’ Theorem
shows (i). As for (ii), note that when Assumption R1 is fulfilled, by continuity of 7 still
OCR(s) N AUy = {sp,50} for all s in a real neighborhood of s,. All the above calculations
only need information from the singularities, so they are valid without change, and the
proof is finished. U

Example 1. (Landau Zener transitions): In the Landau-Zener model, X (s) = s, Z(s) =
d and consequently p(s) = /0% 4+ s2. The critical points of p are at +id, and

J o
R(0) = 7(id) = 2/0 V2 —s2ds =

2

3/2

Moreover, at s = £id the functions X and Z have the form (67) with m = 0, n = 1,
f==i0, gx = Fi/é and gz = 0. Thus

0'(t) = im (14 (716 g1 (7 i0) + (¢ F16)* P ga(t F19) ),

where g1 and go are analytic near £+id. Thus

i i

0 = —
07 3t—i  3t+id

and 0, = 0" — 0 € F/35(I) for some I D {0}. In the simple situation at hand, it is easy
to see that in fact 6 € Fy35(1) for every finite interval I. When p? has more that one
critical point on each side of the real axis, the situation is more involved and we refer to
[BeTes].
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Appendix

Proof of Lemma 1

We start by converting (36) and (37) to a recursion for the D,, alone by plugging (41) into
(37). The result, in a somewhat expanded form, is

[
D, = — > B(k,n—k)+ (70)
k=1
HQ/H%I) n—1 k=1 o n—k—1 D.
-\ B _ = =
> (kyn—k) | > =+ > o)t (71)
k=2 j=1 j=1
) n—1 k—1 n—k—1 D
j l
+ HQIH@)ZB(’ﬁ"—k) 73 7 (72)
k=2 j=1 I=1
n—2
+ Y B(k,n — k)DyDp_y. (73)
k=2

To show (42), we will of course proceed inductively. Direct calculation yields that (42) is
true up to n = 10 (even for M = 1). Let us now suppose that n € N is an even number
and that (42) holds up to n — 2. We will show that (42) also holds for n and for this
purpose treat each line of (70) through (73) separately. We start with (73). Using the
induction hypothesis, we get

n—2 k/2) i [(n—k)/2]
ll6"]1%, 7 o124, art
(13) <> Blhkyn—k) | 5 > —4 = >, | =
k=2 j=1 =1
n—2 k/2) o L(n—k)/2)
le'ne, M7 o1, art
= G Blh-ln—k-1) ) —F— > =)
k=2 j=1 I=1

We sort this triple sum by powers p of HH’H%I), i.e. take p = j + 1. The scheme is the
following;:
p=2: j=1 = I=1, k=23,....,n—2.
p=3: j=1 = =2 k=23,....n—4
j=2 = I=1, k=4,5...,n—2

so for given p < n/2 (which is the highest power of |6’ H?n that occurs) we have j running
form 1 through p — 1, and for this j we have [ = p—j and k = 25,25+ 1,...,n—2(p — j).
This gives

n/2 ) p—1 n—2p+2j
(#1) = mZHQIH(f)Mp Zm > Blk-ln—-k-1)| =
p=2 j=1 k=2
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p—1n—2p .
Z ||0'|\(1)MP (2 +k—1,n—2j—k—1)
(n— 1 (n—2) Z Z < > ilp — )

s '(p =)

p(n,p)

We will prove that ¢(n,p) is bounded uniformly in n and p < n/2. We use the integral
representation

1
B(n,m) = /0 u™ (1 —u)" " du (74)

of the Beta function, and obtain

1p 1n— 2p ‘ ‘
w(nJ?) — / ( ) u2j+k*2(1 _ u)n72jfk72 du =

7j=1 k=0
1 [p—1 ‘ ‘ n—2p
= / Z <p> P21 — u)?P=9) 2 Z uF(1—u)"" 2% ) du.
o \j= k=0

The sum in the second bracket above is bounded by 2 uniformly on [0, 1], and thus ¢ (n, p)
is shown to be bounded provided we are able to prove

/ ( > uP72(1 — u)2P=) 24y < 5. (75)

To see (75), first note that the terms with j = 1 and j = p — 1 are equal to p/(2p — 3)
and thus bounded by 2 since p > 2. For the remaining terms, we use u*~2 < «/ and
(1 —u)?P=9)=2 < (1 — u)P~7.We then obtain

5(0) < (oo

Jj=2

by the binomial theorem. This proves (75), and we obtain

n/2 191120 agp n/2 1p/2P Agp
5 167117y M 1 16°]] 1y M
< E < E
(73) < (n—1)(n—2) = p! ~2(n-1) = p! (76)

since n > 12. We now turn to (72), and start by proving

Lemma 3. For m < n we have

[m/2] (m —2+ 1) ||9/H?i) M!
(2[ — !
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Proof. We use the induction hypothesis to calculate

m m j [ m l m
S0 L f 19'1% " Lf mM g1
. P . . _ ' - ' . . _ .
= Tzl — N A
The claim now follows from
“ 1 1 1 m—j+1
= —_ e = . 78
kgjk:(k—l) j—1 m m(G-1) (78)
O
Using (77) we get
S L e —29) 1o/, 2
72) < o no
( ) = H “(1);_2(k_1( ]Z:; 2]_1)'

—k—
L (n =k — 20) 0')[2, M

2
; 20— 1)l

=: (x2).

Again we sort this by powers p of ||9’||?1), leaving the leading HH’H?D out. The scheme is

p=2: j=1 = [l=1,
p=3 j=1 = [=2,
ji=2 = [1I=1,

k=344,...,
k=34,...,
k=5,6,...

n — 3.
n—>5
,TL—?),

and this time the general termis j=1,...,p—1,l=p—7,k=2j+1,...,n—2(p—j)—1.
B(k,n—k B(k—1n—k—1 .
We use = 1()(” k)l) En D=2 ) and obtain
n 2p
A VA Y
(¥2) = ¢(n, p) (79)
(n—1)(n—2) I;
with
p—1n—2pt+2j-1 ‘ _
P\ (k—=2j)(n —k—2(p—j))
d(n,p) = <> ‘ - Blk—1,n—k—-1)=
; kzzzjﬂ i/ @2i-1DE-j)-1)
p—1n—2p—1
k(n—k—2
= > (?) (2._(5(2( _,p)_lB(2j+k—1n—2j—k—1):
= oo \i) @ p—j)—1)
1E P\ w2-1(1—y)2(-i)-1 e k—1 n—2p—k—1
- /OZ j) @ NEEIEY Z k(n = 2p = k)™ (1 —u) du.
j=1
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The second sum above is obviously bounded by (n —2p — 1) >3 kuF~! <4(n —2p —1)
on [0,1/2], and since it is symmetric around u = 1/2, this bound is also valid on [0,1]. On
the other hand, the integral representation of the Beta function yields

1w R (p B2 —g)
/Z< ) &= —a)—l)du‘;<j> 2 - D@p—j) -1

5 <p> (27 -12(p—j—1)) =

J

I

(2p—1 (2p —2) ot

1P 1
(2p 1)( 2p 2) / <§> UZj_Q(l - u)Q(p_j)_Q du
- - 0

The last integral is bounded by 5 due to (75), and thus ¢(n,p) < (32@5(25;_12)) < 5((;:12)).

Inserting in (79) yields
n/2— 2(p+1
5 /Z 0l aere
M1 25 (p+1)

=2

(72) <

(80)

Turning to (71), note first that for j < n — 1, we have

n—1
> B(k,n—k) = B(Gi+1ln—j-1)+
k=j+1
+B(j+2,n—j—-2)+...+B(n-1,1)=
n—j—1
= Y B(k,n—k).
k=1

Moreover, B(1,n—1) =1/(n—1) and B(k,n—k) <2/((n—1)(n—2)) for 2 <k <n-—2,
and thus

n—1

> B(k,n—k) <4/(n—1).

k=1
By symmetry,

n—1 k-1
2 D;
= 2]l 2o Blhn = k) 3= =2l0'], Z Z (ks —
k=2 j= j=1 k=j+1
Iy el Ul /Z (n—2l)H0/H?i> M
- n-1 st j ~ (n=1)(n-2) — (21 = 1)l
where the last inequality is (77). Thus
n/2 1p/12P Agp
16 19111y M
71) < . 81
( )_M(n—l)I; p! (81)
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Finally

2
1012,
n—1"

(82)

n—1
_1 162, S Blk,n — k) <
2 170y
k=1

Combining (76), (80), (81) and (82) we arrive at

4 2 n/2 / 2p
"Tn—-1 1) 2 M 2! «\2 M p!

p=

Choosing M > 42, the proof of Lemma 1 is finished.

Proof of Theorem 5

Let zp be a singularity of f and write U, = ﬂjeAzo(Uj)' From (64) it is clear that the
function z — ZjeAzo (z — 20) 7 gj(2 — 20) is the unique analytic continuation of f from
(U, + 20) N Dg to (U + 20) \ Bz, where B, := {z € C : z = azy, a > 1} is the
branch cut (if necessary). Moreover f is analytic on the closed set D \ U;(U; + 2;), and
therefore analytic in a neighborhood of that set. Putting this continuation together with
the continuations near each singularity, we conclude that there exists § > 0 such that the
analytic continuation of f to Dgigs \ U; B; exists and is bounded on (9Dpg+s) \ U; Bj-
Here we may choose ¢ < 1 and sufficiently small to guarantee Ds € U; and Dsg € U; for all
j. Let ' =0Dp.s U U;VZI C; be the piecewise smooth path that encircles 0 anticlockwise
along the boundary of the disk with radius R + ¢ and avoids the branch cuts B,, by
encircling clockwise the singularities at z; with a circle C; of radius . Then

fmo) 1 fk) 1 f(z /
n! 27w ] Zntl dz = 2mi "*1 27T1 Z z"+1

r ODpys

The first integral is easily estimated through

1 Sup|,|— z
_/ f(iz de| < Dlz|=r+s |/ (2)]
211 Jopg, s 2" (R+06)"

=R"O(n %) VkeN.

For the contribution of the poles, first note that by (64) we may treat each j < N
separately, even if they belong to the same pole. If a; € N, a straightforward computation

shows that ) (0) 1
z _ -1 95(0) n%~ 1
Resz:Zj <ﬁ> - (_1) ’ P((Xj) Z;»H_aj (1 + o (E)) :

Noting that C; is negatively oriented, we conclude that the contribution from poles is the
one claimed in (65).
For the remaining terms let g;(z — z;) = > 7o bk(2 — 2;)*. Then

1 f(2) I & z—zjko‘f
5 | ol = gl b / ST A==
k=0

]

Cj
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1 & —ai—n — 1)k
=0

Cj/z;

where we substituted z = z; (. The remaining integral is shifted to the origin and can
then be solved explicitly in terms of the hypergeometric function F,

(S iy ¢k
/ Cn+1 dC - / (C + 1)n+1 dC

Cj/zj Cj/zj—1
F<1+n,k—aj+1;_6> |
_ k—aj+2 [Zk:fajJrl](S—i_Ol
k—oa;+1 5—0i
F( 1+nk—a;+1 ;_5>
k—aj+2 gk—aj+1 (1- —27riozj)
k—aj+1 ¢ ’

In the second line above we used the power series expansion

J=0

valid for |¢| = < 1. Note also that the branch cut was moved to the positive real axis
through the two changes of variables.

For k < max(a,2— a) we use the asymptotic expansion of the hypergeometric function
(cf. [AbSt], 15.7.2))

F( 1+nk—a;+1

e8] = o a2 (0 ()

which shows that from the first |max(a,2 — a)| + 1 terms in each sum only the £k = 0
terms contribute to the leading order in (65) with

n% 1 T(2 — a;) e ™% sin((1 — o)) ni—leimey

= g;(0)—— .
Oz;‘+“f 1—oy ™ 9 )z;”“f I'(aj)

As to be shown, for k£ > max(a,2 — a) we have

~ o a1 a1
pitmk-atl 5 _o(frautl) _o(k-atl) gy
k:—aj—i—Q 145 n2—oy

n 2

Hence, these terms do no contribute to the leading order in (65). Note that the sum over
k in (83) converges since Dy, | € U;.
To check (84) we use the integral representation of the hypergeometric function,

pf Ttmk—ai+1 0 _ I'2—a;+k) /ldt th=a
k—aj+2 ’ (1 —a; +K)() Jo (1 + 6t)ntt
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_ k i+ 1) /Sdt e +/1dt r
= k- o (L+t)ymtl © Jo T (14 st)ntl

S

sh=es 1 1 1 1
s (ko )< w0 (o0, A1 0s) ka1 )
Sk—aj 1
< k—a;+1
s (kmai+l) no + (14 ds)ntl
1
=7 (k—oj+1 1 1 k—a;+1
O Gl Bt B S =0 praitl).
1) n1+ 3 ] (1 + Tn)nJrl n1+ < J
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