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Abstract. Using the ‘exact semiclassical analysis’, we study the spectrum of a one-parameter
family of complex cubic oscillators. The P7 -invariance property of the complex Hamiltonians and
the reality property of the spectrum are discussed. Analytic continuations of the spectrum in the
complex parameter and their connections with the resonance problem for the real cubic oscillator
are investigated. The global analytic structure of the spectrum yields a branch point structure similar
to the multivalued analytic structure discovered by Bender and Wu for the quartic oscillator.

1. Introduction

Quantum systems characterized by non-Hermitian Hamiltonians are known to be of particular
interest in theoretical physics, e.g. quantum field theory and nuclear physics (see [1,2] and
references therein). The purpose of this paper is to contribute to the subject, with a conjecture
of Bessis and Zinn-Justin [3, 4] and recent works on complex operators with real spectra ([5],
for instance) as a more precise motivation.

A large class of examples of one-dimensional Schrédinger Hamiltonians H = p+ V (q),
p = —id/dq with complex-valued potentials V (g) but exhibiting real spectra are now known.
Most of these examples (cf [1, 3, 6-9]) share the property of enjoying P7 -invariance§, where
P :(p,q) — (—p, —q) is the parity operator and 7 : (p, q) — (—Pp, q) is the time-reversal
operator, i.e. the potential satisfies the functional equality V(—g) = V(g). It is commonly
believed that the existence of real spectra for such Hamiltonians proceeds directly from the
‘PT -invariance property.

Such a belief may be enforced by the works of Caliceti ef al [11, 12] (see also [13]), and
more recently [14], where a class of odd anharmonic oscillators Hg = p? +¢* + Bg*N*! (N is
a positive integer) is studied, indeed P7 -symmetric for pure imaginary 8. When Im(8) > 0
(respectively, Im(8) < 0), Hg has acompact resolvant (and hence has no continuous spectrum)
and, furthermore, has a non-empty spectrum, with real eigenvalues when g is pure positive
(respectively, negative) imaginary, at least for |8| small enough. This last result was also
proved (using a different method) in [4] in the N = 1 case, which corresponds to the Bessis—
Zinn-Justin conjecture.

§ Nevertheless, P7 -symmetry is not a necessary condition (see [10] for instance).

0305-4470/00/488771426$30.00 © 2000 IOP Publishing Ltd 8771



8772 E Delabaere and D T Trinh

Following the announcement of the note [4], our purpose is to keep on our investigation
of this last Bessis—Zinn-Justin case. However, instead of working with the above Hamiltonian
Hg (and N = 1), it will be more convenient to work with the family of Hamiltonians

Hy = p* +ig® +iag 0)
which is P7T-symmetric for real «. It appears that the situation is quite different depending
on whether « is positive or not. To the case « real positive (Jo| large) in this representation
corresponds B = i(3a)~>/® pure positive imaginary (|8| small) in Caliceti et al’s model:
from [4, 13] and for o > 0O large enough, considering the Hamiltonian H,, as an operator in
the Hilbert space L2, we thus obtain a discrete spectral set of real eigenvalues, with analytic
dependence with respect to «. As we shall see, such a property is actually destroyed when
o becomes negative, where pairs of (real) eigenvalues degenerate before becoming complex
conjugate: as noted in [15], the P7 -symmetry property is not a sufficient demand to ensure
real spectra.

This result becomes more understandable when some analytic continuations are performed
in the complex a-plane. A particular interesting feature occurs when the phase of « reaches the
F4 /5 values, which corresponds to 8 real in Caliceti et al’s perturbative model: the analytic
continuations of the eigenvalues are directly related to resonance values (or their complex
conjugate, depending on the sign F) of the real cubic oscillator. As pointed out in [11], this
yields a natural notion of resonance, viewed as analytic continuations of bound states.

The investigation of the quantization condition near the top of the cubic barrier gives the
key to a beautiful multivalued analytic structure of the analytic continuations of the spectrum,
in complete analogy with the complex branch point structure discovered by Bender and Wu
[16] for the quartic oscillator and much analysed since [17-19]: the eigenvalues are only
determinations of a sole multivalued function with a quasi-lattice of square root branch points
for its singularities.

This multivalued analytic structure can be investigated by the same techniques as those
used in [19] to analyse the conjecture of Bender and Wu. Considering « as a large (complex)
parameter, we shall make constant use of the ‘exact WKB analysis’ developed in [20, 21], after
ideas introduced by Voros [22, 23] and Ecalle [24]. The efficiency of this powerful tool has an
unfortunate counterpart: from the theoretical side, our analysis will only be valid for |«| large
enough. Nevertheless, our belief is that the ‘unknown zone’” where our method does not apply
does not hold particularly surprising phenomena. Some of the following claims (section 2) are
derived from this belief. We shall make precise in the following sections (section 4 and 5) to
what extent these claims can be considered as rigorous results.

2. Main claims

We start with @ > 0 and consider H,, as an operator in the Hilbert space L?(R). Then:

Claim 1. For « positive real, the spectrum of H, consists in a discrete set of eigenvalues
E,(a), n € N depending on « as real analytic functions.

Consequently, we claim that the Bessis—Zinn-Justin conjecture is true, at least when
positive real « are concerned. For any positive integer n, the eigenvalue E, («) is asymptotic

to %oﬁ/ 2 when a — +00, and more precisely:

Claim 2. Foralln =0, 1, ..., the eigenvalue E,, is asymptotic to the Rayleigh—Schrodinger
series

2 o0
E (@) ~ —=a*? +a'/* E, pa k4
33 ,Z:;



where
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Conversely, this Rayleigh-Schrodinger series is Borel resummable with respect to «>/*, and

its Borel sum is exactly the eigenvalue E,,.

Investigations along the negative real axis give a quite different situation, showing that
PT-symmetry is not a sufficient demand to give a real spectrum: figure 1 shows that E,
have some degenerate points where E, cross by pairs before splitting into pairs of complex

conjugate eigenvalues. Precisely:

Claim 3. Forallk € N, Ey(«) and Ey4q (@) can be extended analytically along the negative

real axis up to a common crossing point .

As a matter of fact this set of crossing points is only the emerged set in the real part of a
quasi-lattice of singularities embedded in the complex «-plane. The complete picture reveals
a Bender and Wu-like complex branch point structure!

Claim 4. E, (@) extend analytically in the a-complex plane as branches of a sole multivalued
analytic function E(a), with no singularities in C other than square root branch points.
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Figure 2. Westbound description for Ey (top) and E; (bottom).

The Riemann surface of E(«) can be understood by describing its different (infinite number
of) sheets. This essentially means defining the different determinations E,(«) of E(x) as
univalued functions defined in convenient cut planes. The simplest choice of cuts is given by
what we call the ‘westbound’ description as shown in figures 2 and 3, with almost horizontal
cuts asymptotic at infinity to the negative real axis.

In order to specify this choice of cuts, let us denote by E" the ‘west’-determination of
(the analytic continuations of) E,: in figures 2 and 3, the reference [7, j] near a branch point
means that this branch point is a common degenerate point for both E iW and EJW
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Figure 3. Westbound description for E5 (top) and E3 (bottom).

From these two figures, one can easily infer the following general rule: the nth west sheet
has a set of 2n + 1 cuts, where n (respectively, n + 1) of these cuts emanate from branch points
which are common for £V and EY | (respectively, EW and E" ).

Now projecting onto the complex plane the whole set of branch points, one obtains a
quasi-lattice of singularities, shown in figure 4, which is symmetric with respect to the real
axis (as a consequence of the reality properties of E,(«)), which is confined within a single
sector:

Claim 5. The projections of all branch points belong to a sector of aperture arg(a) €
147 /5, 6t /5[ mod 2.
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Figure 4. The quasi-lattice of singularities.
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Figure 5. South-westbound description for E3.

Returning now to E, («), one has the following property.
Claim 6. Each E,(a) can be analytically continued in a whole sectorial neighbourhood of
infinity S, of aperture 121 /S5,
Sy :={z=|z|lexp(@id) € C, —67/5 < 6 < 67/5, |z| > r,(0)}
where r, is a positive function, depending on n. Moreover, E, is asymptotic to its Rayleigh—
Schrodinger series at infinity inside the sector S,,.

At first sight, compared with claim 5 or with our description of the Riemann surface
of E, this claim 6 may appear surprising. To understand this result, one has to keep in
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mind that the description of a set of sheets is a matter of choice of cuts: for instance, our
‘westbound’ description may be changed into the ‘south-west’ description as exemplified in
figure 5, a suitable description when one wants to perform analytic continuations anticlockwise
around the origin. We shall denote by ESY the ‘south-west’ determination of (the analytic
continuations of) E,, the reference [i, j] near each branch point in figure 5 meaning here again
that this branch point is a common degenerate point for £;" and E f W,

Such a ‘south-west’ description (however, equivalent to the ‘west’ description) is now in
perfect agreement with our claim 6: each E>" reveals an infinite number of cuts emanating
from a set of branch points which lie asymptotically at infinity along the direction of phase
6 /5. The symmetric picture occurs for the ‘north-west’” description, thus giving claim 6 in
its complete form.

3. Method of investigation

As pointed out by Simon [17], interesting information can be derived from the scaling
(Symanzik) properties of the operator (0). Indeed, starting with the Sturm-Liouville equation

2

d
—— &+ (ig° +iag)® = E® 1))
dg?

the change of variables
Gresc = hz/sq Olh4/5 = ei@ E = h6/5E

yields the following equivalent Schrédinger equation (with the abuse of notation of replacing
Gresc by g for simplicity):
2 & s 3 a0 In
—h-—V + (ig” +ie"q)¥V = EWV. 2)
dq?

Now thinking of « as a large parameter in equation (1) makes the scale parameter 7 appearing
as a small parameter of the singular perturbation in equation (2). This makes the use of the
(complex) WKB method possible, or more precisely its ‘exact semiclassical’ version [22] for
which we shall refer to [20, 21].

Let us introduce some notation. For a given value of (6, E) we shall denote by L, g the
(complexified) Lagrangian curve in the phase space, i.e. the curve in the (p, ¢)-plane defined
by the equation p? +ig> +ie'q = E. With the projection on the complex g-plane, L, g can
be considered as a twofold covering of C, ramified at the furning points where p = 0.

For the formal side, we shall make constant use of the so-called WKB expansions. Defined
locally on the above covering, the WKB solutions are formal solutions of equations (2) of the

form
1 q
P(q. 7%~ exp (%/ P, %) dq/>
q.

o

where

P(q, 7% = p(q) + pi(@h* + pa(@)h* + - -- 3

is a formal power series in 712, Such a WKB solution is, however, defined only up to an
arbitrary normalization factor. Therefore, analytic continuation along any closed path y of
the covering multiplies them by a factor which does not depend on the initial normalization
point g,: we call it the monodromy factor of y.
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R
Figure 6. An example of a cycle y.

Such a closed path, which can be thought of as a cycle by forgetting the base point g,, has

been drawn in figure 6. Assuming that the turning points are simple, i.e. are 51mple zeros of

— (ig> +ieg), and noticing that analytic continuation along y multiplies P (g, h?)~'/? by
—1, one sees that the monodromy factor of y reads as —aV, where

a’ = exp (%Qy> Q, = / P(q,h?*)dg = w, + O(h?). “)
Y

The (formal) WKB expansion a” is called the Voros multiplier of the cycle y (cf [22]), while
w, = [ , P dq is the action integral over the cycle y.

It is well known (cf [25] or [26], for instance) that these WKB expansions can be viewed
as the asymptotics (with respect to i — 0) of analytic functions, at least locally in ¢ when
the WKB solutions are concerned. As a matter of fact, a stronger property holds: the WKB
expansions enjoy the property of being resurgent (with respectto 1/ — 00)7. Asexplained in
[21], this means that the WKB expansions are an exact encoding of analytic functions through
the summation process, Borel-resummation or more generally some extensions of this Borel-
resummation such as the lateral resummations (which coincide with the Borel-resummation
in the case of Borel-summability) or median resummation.

The exact WKB method allows us to cover the (E, o)-space by various analytic charts
in each of which exact analytic quantization conditions are given in terms of new ‘model
variables’, related to the former (E, «) by (Borel or lateral) summable WKB expansions.

The necessary background is widely described in [20] in a ‘do it by yourself” spirit, the
theoretical point of view being more precisely discussed in [21].

4. Sketch of proofs

Searching for bound states amounts to finding those values E of (1) such that the subspace
of wave solutions decaying at —oo coincides with the subspace of wave solutions decaying at
+00. Let us translate this condition in terms of the representation (2) in a useful manner. We
recall (cf [21]) that Stokes lines are defined in the same way as in Dingle [27]: hanging from
turning points, these are level lines of Re ( [ p(q") dq’) in the g-complex plane (when the
positive direction of summation is considered). In our case, the Stokes pattern has exactly five
asymptotic directions at infinity, distributed according to the phases arg(q) = 37 /10+2kn /5,
k =0,...,4. Consequently, the property for a wave solution to decay at —oo (respectively,
+00) is equivalent to the property for its (right or left) WKB symbol to be recessive (cf [20,21])
along the Stokes line asymptotic to arg(g) = 117/10 (respectively, —m/10) at infinity.

4.1. First (critical) chart

First, we focus on what happens for positive real ¢, thus we set & = 0 in equation (2).
Looking for the quantization condition, some investigations show that it is convenient to
localize E near the relevant critical value 2 /3+/3. For E=2 /3+/3 the pattern of Stokes lines,
drawn in figure 7, has a double turning point (at ¢ = —1/ V/3). This double turning is the
crossing point when E—2 /3+/3 of a pair of simple turning points, symmetric with respect to
the real axis when E is real and greater than 2/3+/3. To this pair of coalescing simple turning

+ For an introduction to the resurgence theory, see for instance [28].
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Im(q)

Figure 7. Critical Stokes pattern (real positive direction of summation).

points corresponds a cycle y, like the one drawn in figure 6, called a vanishing cycle: this
cycle, as well as the action integ£a1 wy,, vanishes when E 2 / 34/3.

The dependence of 2, on E is analytic (and even regular, in the sense of [21]) near the
critical value 2/3+/3, allowing us to substitute E= 2/3+/3 +hE, into 2,,. Defining

1 Q -
S(Er,h)=—§+ﬁI(E=2/3\/§+hE,)

we obtain the so-called (critical) monodromy exponent of the double turning point: it is a
resurgent formal (WKB) series expansion, uniquely defined up to the orientation of the cycle
y. Itis convenient for our purpose to choose this orientation so that s = B~ V4E.—1) /2+0(h)
(an algorithm to obtain s is described in detail in [20]).

Using the same reasoning as in [20, section I11.4], one easily obtains

1

F(-s)
for the secular equation. To see that equation (5) gives an exact quantization condition through
resummation is a bit subtle: since the double turning point is tied to the simple turning point
by a bounded Stokes line (figure 7), the monodromy exponent s is not Borel resummable,
therefore the meaning of equation (5) may depend on which resummation (right, left, etc) is
concerned. Nevertheless, as explained in [4], the solutions of equation (5) are the same for
all choices (the same phenomenon as this one described in [20, section V.1.2] occurs here) so
that:

&)

e Solving equation (5) formally, which is also a Bohr—Sommerfeld-like equation s = n for
n € N, one obtains a power-series expansiont,

E} =) Eult ©)
k=0

+ For this purpose, an algorithm can be found in [20].
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Figure 8. Domain of analyticity for the nth bound state in the
a-complex plane for arg(a) = 0.

which is resurgent with respect to 1 /7 (as a consequence of the implicit resurgence theorem
[21]) and Borel-resummable, and whose Borel sum is precisely the exact solution of the
secular equation (5);

o it follows from the P7 -invariance property and its very definition that s is real. Therefore,
the reality property is true for the series expansion (6), and consequently, for its Borel-sum
also.

Returning to the « variable, we obtain a slightly weaker version of claim 1:

Theorem 4.1 (See [4,11,14]). There exists a domain of the form o > G(E), E € C, with G
a positive continuous function of E, in which the spectral set of H, consists of a disjoint union
of real analytic curves E, = E,(«),n =0, 1, ....

In particular, the right-hand side of figure 1, which has been drawn by summing the
Rayleigh—Schrodinger series to the least term, is valid for « large enough. More precise
evaluations could be obtained by appealing to the hyperasymptotics [29-31].

E, (a) have, however, a wider domain of analyticity. Arguments developed in [20, 21]
and general nonsense in resurgence theory show that the Borel-transformed

Sk

BMhE) () = E,,
kg; “Th+1)

of the series expansions 71 E” (h) extend analytically in the cut plane C\]—oo, —231/ 1%, with
arate of growth at infinity less than an exponential function of order 1 inside all subsectors of
this cut plane. Therefore, the Rayleigh—Schrodinger series (6) are resummable for an argument
of direction of summation é running on ]—s, +7[. The Borel-sum

E. (o) = a2 (% N fo T e g e @) dé)

is thus analytic in a sectorial neighbourhood of infinity S, of aperture ]—6m/5, 67 /5[ =
Uae]_n,+ﬂ[]—2(n + 268)/5,2(m — 26)/5[ (see figure 8), the asymptotics at infinity being
governed by the Rayleigh—Schrodinger series we started with: this is exactly claim 6. This
property is also proved by independent means by Caliceti [14], while the Borel-summabilty
of the Rayleigh—Schrodinger series was first proved in [11].

Remark. Furthermore, to enlarge the domain of analyticity, one is led to analyse the Stokes
phenomena occurring for the directions of summation § = 7. When § < —x for instance,
- : 2i/\/3
PE33li= 2 [T

depending on the orientation of the cycle.

p dg is the action period of the cycle running between the two turning points, with the sign
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it may be shown that the bound states E, («) can be encoded by a series of ‘multi-instanton’
expansions [20, 34]. However, their Borel-sums only converge in sectorial neighbourhoods of
infinity of aperture |—2(w + 268)/5, 6r/5[, so that nothing is gained. We return to this point
later (section 4.3).

This first chart gives also claim 2 directly, apart from the asymptotic estimate for the
general term of the Rayleigh—Schrodinger series for the nth energy level. This estimate (and
even a hyperasymptotic series expansion), already announced in [4], can be derived (we leave
it to the reader) from the resurgence structure of the monodromy exponent s, exactly in the
same way as the one described in [20, section V.1.2] for the quartic oscillator (the rule played
be the ‘seen’ singularity —%31/ 4 or ‘adjacent’ singularity in terms of hyperasymptotics, can
be guessed in the given asymptotic estimate).

Note that there exists another way to compute the asymptotics for the coefficients of the
Rayleigh—Schrdodinger equation. For an even oscillator, it is known that part of the resurgence
structure can be recovered from a dispersion formula, yielding the method developed in [32].
Under a natural assumption, Bender and Dunne show in [33] how such a dispersion relation can
also be formulated for the P7 -symmetric cubic oscillator, and derive the asymptotic estimate
of claim 2 (up to an easy rescaling).

We end this subsection with two remarks. From the fact that the analytic continuations of

2

the bound states E, () behave like moﬁ/ 2 when |o| goes at infinity with arg(e) = %, one

can infer that:

e the E,(«) are multivalued functions: singularities can be expected for the analytic
continuations;

e for each fixed n, E,(«) cannot provide real eigenvalues for negative real o with |«| large
enough.

4.2. Second (generic) chart

We now look for bound states for negative real «, and thus consider equation (2) with 6 = 7
and E > 0. Applying the general methods developed in [20], one easily obtains

1 —2eYsin(s) =0 @)

for the quantization condition, where

U- L P(q, E,h)dg = x (u(E) + O(x™?))
2n vty
_ 1.1 P Ehydg = —+ + 2 (w(B) + 06 ) "
s = 2 27-[71 ey qv ) CI - 2 2]_[ w X

with x = 1/h = (—a)>/*.

The symmetric cycles y and y*, and their difference y* — y, have been represented in
figure 9. Both U and s are resurgent Borel-resummable WKB expansions, and it follows from
the P7T -symmetry property that:

Lemma 4.1. The WKB expansions U and s are real.

It may be checked that, for E large enough, u(f ) is a positive real function. Solving
equation (7) formally thus means as a first step solving the equation s = n, where n is an
integer: this is the generic analogue of the Bohr—Sommerfeld-like equation (5). This is,
however, forgetting some small exponentials, which can be understood as ‘multi-instanton’
contributions [20, 34].
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* Figure 9. The cycles y, y* and y* — y. The full circles are
fy ,y the three turning points.

Figure 10. Secular equation (7): real solutions in the (U, s)-plane.

To gain a deeper understanding, one has to keep in mind that the quantization condition
(7) is indeed an exact quantization through the Borel-summation process, with a main
consequence: up to the (resurgent, Borel-resummable) isomorphism

(E,a) < (U,s)

between domains to be made precise later, equation (7) can be understood as a model equation
in the sense of [19], i.e. an exact quantization condition in terms of the new variables (U, s),
whose real solutions have been drawn in figure 10, revealing a branch point U = — In(2) when
s is understood as a function of U.

As a matter of fact, equation (7) describes a connected complex analytic curve in the
C2-space of the variables (U, s), and figure 10 is just its real trace. We would now like to
understand this analytic curve as a Riemann surface over the «-complex space (for |«| large
enough).

The key remark to going further is the following lemma, which derives from general
properties on elliptic functions (roughly, y* + y and y* — y are independent cycles, and
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Im(q)

3t

Figure 11. Anti-Stokes pattern for E= Eo.
the period lattice generated by fy, y dg/p and fy,iy dg/p is non-degenerate, see [35] for
instance).
Lemma 4.2. There exists a unique E= Eo € [0, +oo[ such that M(E) = 0. Moreover, EO is

a simple zero ofu(E).

Remark. To such a value Eo of E corresponds a degenerate anti-Stokes pattern (i.e. when the
direction of summation of argument +7/2 is considered) with a pair of symmetric bounded
anti-Stokes lines (see figure 11). Computations give Ey = 0.352268.. ..

Along with lemma 4.2, it will be convenient to introduce some notation:

du ~ d ~ -~ o~
uy = —=(Eo) = lif AIE = E, wy = w(Eo)
14

dE " 2 | 2p
=Sy = [ ‘E g
wy = —= = -— = .
T4’ v oy 2P °

These constants u, wy, w;, are real (by P7-symmetry), and, in fact, positive: computations
give ug ~ 1.9548, wy ~ 2.571 34 and wj, ~ 3.1956.

The idea is now to confine U in a bounded domain of the complex plane: both functions
U and s are regular in E near Eo, and we set E — Eo = E,/x with E, in a compact set C and
we define

Ux, E,) = U(x, E) = uyE, + h(x, E,)

~ 1
2(x, E) =sx, E) = 7 (xwo — 7 + W E,) +k(x, E,)
T

where /1 and k are small resurgent functions in x with a regular dependence on E,. The implicit
resurgent function theorem [21] allows us to think of (i, z) as new variables, the inverse map
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being given by
u
E.(z,U) = i H(z, U)
0 9)
2 ; (
e t) = e - oy K@)

wy  wy  wolly

where H and K are small resurgent functions in z with a regular dependence on ¢/ in a compact
set D.

This means localizing (E, @) in a neighbourhood of the analytic curve E = Eo(—a)%2 for
|e| large enough, and arg(—«) € ]—2m/5, 2 /5[ when the positive real direction of summation
with respect to 1/ = (—a)** is concerned. In such a range of (E, ), translating figure 10
yields the left-hand part of figure 1.

We now return to our quantization condition (7), which also reads as

U = — In(2sin(irz)) mod 2imw (10)

and analyse the singular locus. Differentiating (10), we obtain
t .
gz = - g, (11)
b1

while (9) yields

dx = nfi(z,U)dz — fo(z, U) dU (12)
with

2 )
filz,U) = —+0(z7)
o

@ —1
fz,U) = - +0(z7).
wold

It follows from (11) and (12) that the tangent curve is thus given by

dx = —(fi(z, U) tan(zz) + fo(z, U)) dU. (13)
As the resurgent function f) is invertible, we introduce the quotient
fa @y -1
U ==, U) = +0
[z, U) f1(z ) 2, @)
and the function
/
®(z,U) = arctan( f (z, U)) = arctan <2a)0/ > +o(z,U) (14)
Uy

with ¢(z, U) a small resurgent function. Formula (13) becomes

fi

dx = ———— i + &) di 15
o cos(mz) cos(d) sin(rrz ) (15

and yields ( f; being invertible)
T=m meN m large enough 16),,

as a condition for the singular locus, where
/
@y
!
2uy,

1 1
r:z+d>/n:z+—arctan< >+—<p(z,U).
b1 b4
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From the implicit resurgent function theorem, this last equality can be inverted, giving z as a
resurgent function in t with a regular dependence on U € D:

1 W)
z=1— —arctan | — | + ¥ (7,U)
b4 2uy,
with v a small resurgent function. It then follows from (16),, that the branch points are
solutions of the fixed-point problems

/

z=m— —arctan [ — ) + ¥ (m, U(2))
T 2

Uy

with U/(z) given by (10). Remembering the condition &/ € D, this yields

‘ 1 ) .
2y =m— —arctan | —- | +O(m™")
2u

!

T 0
17)k
k 2w . -1 (m
U, =—1In —kri+O(m™")
w62 + 414()2
where In denotes the usual determination of the logarithmic function and
(m,k) € 2N x 2Z+ 1) or (m,k) e QN+ 1) x 27Z (18)
with m large enough and |k| < Cste(D).
Translating these results in the x-plane by (9), we obtain the critical values
2 / / 2 /
x,’,‘l =(2m+ l)l — — arctan (a)_o/> + wo, In % +kriy +Om™h)
wy o 2uy, wol, /%2 + 4%2
(195

with (m, k) given by (18). It is straightforward to check on (15) that these singular points are
square root branch points.

Riemann surface structure. 'We now describe the Riemann surface. On the z complex plane,
we first consider an even, large, positive integer m. In order to think of In(sin(;rz)) as a
univalued function, we begin to draw two cuts ]—o0o, m] and [m + 1, +oo[. In what follows,
we choose the determination of the In function so that In(sin(r z)) is real for z € Jm, m + 1[.
We now define the function X (z) by substituting &/ = —In(2sin(wz)) — kxi, k € 27Z
(formula (10)) into the function x (z, /) of formula (9), and consider the ‘steepest-descent’ arcs
of Re(X), hanging from the critical points z* k+1 and 8-, whose image by X are horizontal

m+1> Zm
: i) : k k+1 k-1 :
half-lines (counted twice) in the x-plane, hanging from x x,t and x, " respectively, and

m+1° *m

going along the positive real direction. These smooth arcs define the boundaries of a deformed
vertical cut strip which will be called the (m, k) z-strip (see figure 12). This strip maps
conformally onto the horizontal (m, k) x-strip of the x-complex plane, as shown in figure 13.

However, we have to take into account that everything has been done for ¢/ in a compact
set D. This implies considering z (respectively, x) only in a compact set deprived of an open
neighbourhood of the logarithmic singularity z = m (respectively, in a compact set); see
figures 12 and 13.

Starting from the (m, k) z-strip and turning around the logarithmic singularity m (along
the path § of figure 12, for instance) amounts to adding or subtracting an even integer to k.
Through the conformal mapping, this means that each (m, k) x-strip can be glued with its
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x-plane
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// I o _x_m- Vi
;7 - > .
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7 . /
v ’ — 0 v
o \k=0 0. 2

7 7
/ o /
s ——— = L
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L, 7 X m L, 7
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e k=-2 2 s
e 3 Xm+l e
A Mg .

Figure 12. The (m, k) z-strip for even m. Figure 13. The (m, k) x-strip for even m and

k = —2,0,2. The path A (respectively, §) drawn

in figure 11 with k = 0 is mapped onto the path
A (respectively, §) in this figure. Forgetting the
horizontal dotted lines, one obtains the mth sheet.

neighbouring (m, k £ 2) x-strip, to give what will be called the mth sheet (see figure 13). One
defines the sheets for odd m in a similar way.

Starting from the mth sheet, m even, and crossing the cut issued from the branch point
x,’;H (respectively, x,’jlil), one merges into the (m + 1)th sheet (respectively, (m — 1)th sheet).
The proof is just an easy translation from the z-plane to the x-plane. For the same reason, if m
is odd, the cut issued from the branch point x¥ (respectively, xr’;ﬂ) is the borderline between

the mth and the (m — 1)th sheet (respectively, (m + 1)th sheet).
Translating these results in terms of the « variable, we thus obtain:

Theorem 4.2. For every m, € N large enough, there exists a bounded neighbourhood C(m,)
of —((2mu + 1)50)4/ > in the a-complex plane such that the quantization condition, restricted

to a neighbourhood of the analytic curve E = Eo(—a)3/ 2, describes a connected Riemann

, , 4/5
surface over C(m,) with only square root branch points at otfn = —(x,’fl / ),
T 2 w, w, 20, .
xf = (@2m+1)— — — arctan (2—0/> +—0 [ —=0 | +kxit +Om™)
wo wo Uy wold w(/)Z +4“62

with (m, k) € 2N x 2Z + 1) or (m, k) € QN+ 1) x 27Z.

Theorem 4.2 gives partly the westbound description of section 2: each mth sheet of the
x-plane is conformally mapped onto an mth sheet in the a-plane as exemplified in figures 2
and 3, where a real eigenvalue E)" can be defined. The relationship between the E s through
analytic continuations are in perfect agreement with our claim 4 and its comments, apart from
the fact that our results are essentially local and, consequently at this stage, we have no reason
to interpret the mth west bound state E,ZV (av) as analytic continuations of the mth bound states
E,, () obtained from the first chart. To complete the drawing one thus needs to resort to other
charts.
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Im(q)

N
o1
1L

5 > i : 5 —Re(q)
a1

L+Oo

L
2]
|
Figure 14. Critical Stokes pattern for ¢ = —1 (real positive direction of summation).

4.3. Third (critical) chart

We return to equation (2) and now set § = g4 /5, ¢ = &£, which means centring the phase of
o on g4 /5. Remembering from claim 6 (or chart 1) that the analytic continuations of each
2 32

o

E, () are asymptotic to EWG at infinity, we start by considering the critical Stokes pattern
2

for E = 37 exp(e6ir/5) + O(h), as drawn in figure 14. It is interesting to note that, up to
a small rotation, figure 14 is exactly the Stokes pattern of a cubic barrier when one localizes

near the bottom of the well. Indeed, performing the change of variables
Q — esiﬂ/loq E — ef&‘iﬂ/SE (20)

in the Schrodinger equation (2), one obtains

2
—hzdd—chb +e(0°— Q)b = ED 1)

with E = —% + O(h). At first sight, such a result may appear confusing: to equation (21)

corresponds the Hamiltonian p? + ¢(Q3 — Q), which is not a self-adjoint operator (when
defined on its maximal domain); it admits infinitely many self-adjoint extensions, each one
with a pure point spectrum, thus leading to the non-uniqueness of the quantum dynamics (see
[11,36])!

Fortunately, as our change of space variable (20) now induces a rotation in the complex
domain, one has to take care of the fact that considering solutions of (1) in the Hilbert space
L?(R) does not mean considering solutions ® € L*(R) for equation (21).

e The ¢ = —1 case. The L? solutions of equation (2) can be characterized by their
exponential decay at infinity along the two Stokes lines L_, and L., drawn in figure 14.
Translating this requirement of equation (21) means looking for exponentially decaying
functions at infinity along the two Stokes lines L_ and L, drawn in figure 15. This
amounts to finding the (complex) values of the energies E such that an incident wave
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Figure 15. As for figure 14, but with equation (21).

coming from the right has a vanishing reflected component: this is exactly looking for the
resonance values (compare with [11, 14]).

e The ¢ = +1 case. Since this case can be derived from the previous ¢ = —1 case by
complex conjugation in «, here we are thus looking for the complex conjugate of the
resonance values.

The resonance values of a cubic barrier near the bottom of the well have already been
studied in [20] from the viewpoint of an exact semiclassical analysis. Translating (part of)
these results here, one deduces from the existence of a bounded Stokes line in figure 14 that the
eigenvalues E, (o) cease to be the Borel sums of their Rayleigh—Schrodinger series expansions
for the range of « considered here (o € |—6m/5, —27 /5[ or |27 /5, 67 /5[, depending on &),
as announced in the remark of section 4.1.

The properties of the resonance values for a cubic barrier near the top of the well are less
known but, from what we know for a double well for instance (cf [37, 38]), one can guess an
interesting microlocal concentration (in the semiclassical limit) for the resonances values near
the top of the cubic barrier. Moreover, it has been shown in [19] that this phenomenon for a
double well was nothing but the real trace of an exponentially close singular structure in the
complex domain.

Thus, being interested here in the singular behaviour of the spectrum, we shall localize
our study near the top of the cubic barrier, which means considering large quantum numbers
for large |«|. We thus set

E = i +hE, (so that E ~ —ia3/2>- (22)
3.3 ' 3V3

Choosing ¢ = —1 (say) in (21), arguments based on [20] again show that the (exact)
quantization condition simply reads

l+a=0 (23)
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where a is a “critical Voros multiplier’ associated with the (connection) oscillator cycle. It is
a Borel-resummable WKB expansion whose computation can be done to all orders (cf [21]),
yielding
_ e/ <£>1U/2ﬂ aico/lgiD
I (3 +iU/27)
The constant w = %(31/ 4) is the action integral over the oscillator cycle, while ¢ = 96(3!/4) =
60w is the so-called critical action multiplier [20, 21]. The real WKB series expansion

1/4 1 7 455 385 3
U(E, 1) =327 (W3 B+ (553 = G5B+ (55 Er + 52555 V3ED?) + Or)

is related to the (critical) monodromy exponent s of the double turning point through the
equality s + % =1U/2m, and D is a small real WKB series expansion:

14 ((_12 47 15911 11947 3\42 3
D(E,.h) =3V ((mﬁ wa B )h ( Tiosoz Er + 331776*/§Er)h )"'O(h )-

From now on, our analysis will follow the spirit of [19], allowing us to be rather sketchy.
Instead of working with the variables (E,, /1), we study our quantization condition in terms
of variables (U, X), where X is the ‘model variable’ defined implicitly by

V2mel/t XiU/27 oiX
I (3+iv/27)
and whose existence is guaranteed by the resurgent implicit theorem [21]:

24 U? <47 In 60

U
XWU,h) =1+ —1n60 — — AT +on? 24
W h)y=A+ o in (205n280+4>>+()()
with
w
A= —.
h

One can thus write the quantization condition (23) in the form
I (5+iU/2m)

explif) = - V2mel/4

(25)
where

U

0 =X+ —In(X).

2
The secular equation (25) gives immediately the nth bound state in terms of an analytic relation
between X and U:
r?(4+iU/27)

o (26)n

U
X+2—1n(X) = @n+Dr +itU — iiln
T

Noting that F(% +1U/2m) is a meromorphic function with a lattice of simple poles located at
up = 2im (k — 1) k € N\{0}

running clockwise around one of these poles results in adding 1 to the quantum number n in
equation (26),. Thus, the analytic relations (26), actually describe different branches of a
single complex curve in the space C? of the variables (X, U), which will be seen as a Riemann
surface S over the X-complex plane.
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We now want to analyse, for | X| large enough and | arg(X)| < 7/2, this Riemann surface
S. Differentiating equation (26),, yields

U InX i 1 1 iU
l+ — )dX=-———+-+—V|-+—])dU 27
2 X 2 4 2w 2 2n
where ¥ (z) = i InT"(z) is the digamma function. Adding the condition dX = O to this
equation (27), we obtain

1 iU 1.
'Y §+g =1I1X—§17T (28)

for the ramification condition.
For Re(In X) > 1, equation (28) implies that % + iU /27 necessary stands in a

neighbourhood of a pole of the digamma function, i.e. U near u; = 2in(k — %), k € N\{0}.
Precisely, solving (28) yields a sequence (Ui (In X))en joy of holomorphic functions of In X,

Uk(lnX):uk+%+~-e(C{lnX}. 29)x
Substituting (29); in (26)6n, one finally obtains the fixed-point problem
X = Fi(X) (30)ix
with
Fil.X)=Qntk+1)m — —Uk(zln X) In(X) +iUk(1;1 X) _ %i rajzs i;];(ln X)/27)

where n is an integer, and the determination of the logarithm is chosen to be real along the
positive real axis.
It follows from (28) that
d Ur(In(X))
— Fl (X)) = ———
ax [0 2 X

For | X| > C with C chosen large enough, one can assume that U, (In(X)) (given by (29))
satisfies

U —url < <m (3D

hence |Uy| < 27k, and we obtain

d n
— e (X)

k
< =<1
dXx C

under the condition 0 < k < C, i.e. F}, is a contractive map. To ensure that our fixed-point
problem (30)", has a unique solution, it remains to check that the domain is stable under F7,.
Introducing ¥ = In(X), our domain is now defined by

Re(Y) > In(C) and —n/2 <Im(Y) < m/2
and the fixed-point problem becomes

Y =In(GL (Y))
with

UY) . U(Y) . T2 +iU(Y)/2m)
Y +1 — 51 .
2 4 27

G (Y)=Qntk+1)m—
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With the range of U; considered here, the In term on the right-hand side of our last equality
can be written as

201,
—Liln it Hgk(Y)/zn) = —iln(Y) + B(Y)
T

where By is a bounded function. Furthermore, using (31), we obtain

GL(Y) = (2(n + 3k) — Sk +2)m —i(k — Y —iln(Y) + Di(Y)

with Dy a bounded function, say | Dy| < dy. It is now clear that a necessary condition for the
domain to be stable is to impose

—nm/2 <Im(Y) <0
which corresponds to the condition
—m/2 <arg(X) <0

for the variable X. Note here that this result is in agreement with our claim 5 and its consequence
in the X-variable: no singularities were expected in the domain 0 < arg(X) < 7 /2 and |X|
large enough.

One easily checks that the demand |G’L, (Y)| > C (hence Re(In(G',(Y))) > In(C)) will
be satisfied if

3
mtk—k+2)m>Ct—2 +d,. (32)
2 21n(C)

Under this condition, we can apply the fixed-point theorem to (30)”,, which provides a unique

branch point of U (X), denoted by X Z/j;k/ ?, with the value U L /izk/ : given by (29),. The square

root nature of the branch point obviously follows from (28). In summary:

Theorem 4.3. For any positive integer K, there exists a constant Cg such that the quantization
condition describes a connected Riemann surface S over the domain {|X| > Cg, —m/2 <
arg(X) < 0, with only square root branch points at (XZ/izk/z, U,:Z/izk/z) withk =1,2,...,K

and n any positive integer larger than a constant depending on k. Moreover; for fixed k,

1
Re(X[57) = (201 % 1) — L+ 3) +o<m>

Im(X;;3"%) = —(k = })Inn — In(Inn) + O(1)

(corresponding to U = U,:l/izk/z ~ uy ) asymptotically withn — +oo (n € N).

Addendum. Our theoretical result (33) shows that the fixed-point problem (30)’, converges
when n — k is positive and large enough, and, consequently, the quantum number 7 is a (large
enough) positive integer as it might be. Numerical evidence shows that our iteration scheme
(30)"}, converges as soon asn — k > 0.

In order to understand the sheet structure of our Riemann surface, we return to the
quantization condition (26), for a given quantum number n € N large enough. Starting with
a U close to zero, let us climb up the imaginary U-axis along paths avoiding the singularities
up (k =1,2,...) by small half-circular detours as shown in figure 16, (top). Their conformal
images (by (26),) are drawn in figure 16, (bottom) (please ignore the vertical half-lines).
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Figure 16. The right (respectively, left) path in the U-plane (top) is conformally mapped onto the
left (respectively, right) path in the X-plane (bottom) through the analytic relations (26), (here
n=4).

When U approaches the singularity u;, Im(X) goes to —oo, while U turning around the

quadratic point U ,:'f;k/ 2 (with & = — for the right-hand path and &+ = + for the left-hand path),

close to u; when 7 is large, makes X turn around the corresponding branch point X Z/ﬂ;k/ 2,

Each of the vertical half-lines LZZ]‘/ * drawn in figure 16 (bottom), hanging from X,'('/j;k/ %,

which will play the role of cuts, is the image (counted twice) of two smooth arcs, close to
the imaginary U-axis, running from U,f/j;k/ to uy and ug,, respectively. We call the resulting
cut plane the nth sheet, on which a univalued function U, (X) can be defined as the nth
determination of the multivalued function U (X).
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Noting that crossing (uy, ug+1) from left to right increases the quantum number n by k in

(26),,, one sees that Lzzk/ % is a common frontier between the nth sheet and the (n & k)th sheet

(which corresponds to adding and subtracting the superscript and subscript of XZZ]‘/ 2): our

knowledge of the Riemann surface S is now complete.

Nevertheless, translating our previous result in terms of the («, E) variable requires a
slight modification as in [19], section 3.3. Since the model variable X actually depends on
U (cf (24)), this results in a small distortion in the projection. Precisely to obtain the branch
points of the projection on the complex «-plane, one should rewrite dX in terms of dA and dU
in equation (27), thus obtaining

L, iU i U (47 60\ >
v X —Z 60+ — X '+0(X) (28)
2 2 20772

in place of (28) for the ramification condition.

This modification does not change our concluding theorem 4.3 and its comments. From
the numerical point of view, the effect is small indeed, even for small values of the quantum
number n. All computations have been done with this modified equation (28') (and (30)%,
modified accordingly).

Translating each nth sheet (respectively, each determination U, (X)) in the «-plane yields
what we can call the ‘north-west’ nth sheet (respectively, the nth ‘north-west’ spectral function
ENW(a)). From the numerical side, this requires:

e to compute A = w (@™ Px)* as a resurgent (resummable) series expansion in terms of

our model variable X. This can be done algorithmically from its definition (24):

24 U471
A—X—ziln60+< U—<7 In6

+ — 4+ X '+o(x2 33

205 72\ 80 4 )) X (33)

e to compute its Borel-sum. We have done it rather crudely, just using the first few terms of
its asymptotics (33). For a more precise numerical resummation, one may appeal to the
hyperasymptotic theory as detailed in [29-31].

The symmetric ‘south-west’ nth sheet (respectively, the nth ‘south-west’ spectral function
E3Y (a)), deduced from its ‘north-west’ version by complex conjugation, is exactly what is

drawn in figure 5 (with n = 3): each singular p01nt X, /2 being a common branch point

+k/2

for U,(X) and U, (X), its corresponding point o, /o is thus a common branch point for

E SW(a) and En ¢ (@): the branch point ak P k/2 (respectively, a; /2/ ) is much conveniently
denoted by the bracket [n, n — k] (respectively, [n + k, n])) in figure 5.

Drawing all the branch points a"/i ”? withn € N, k € N\{0} and n — k > 0, yields
figure 4. It may be checked numerically that the sequence of real branch points is exactly
described by the sequence a:'; Jf?;/lz)/ *neN (or equivalently by the brackets [2n + 1, n] with
the convention of figure 5).

To conclude this section, we summarize the main ideas we used for deriving theorem 4.3.
We started with the fact that any bound state E,(«) obtained from the first chart can
be analytically continued in a convenient sectorial neighbourhood of infinity centred on
arg(o) = +4m/5, and behaves like —== [ a2 when |a| goes to infinity in the sector. To obtain
information concerning the s1ngu1ar1t1es for large |/, it was thus necessary to consider large
enough quantum numbers n. Comparisons with resonance values of the real cubic oscillator
led us to choose this range of (n, «) such that n = O(Ja>/*) (cf theorem 4.3 and (33)), while

E, (o) ~ —%oﬁ/z.



8794 E Delabaere and D T Trinh
5. Conclusion

Our set of charts is now (almost) complete, giving convenient information over the whole
a-plane, except of course for the neighbourhood of the origin which are beyond the scope of
our tools.

To obtain a complete portrait of the global ramification, all we have to do is to match
together this set of information. We saw from our first chart that the eigenvalues E, («) can be
analytically continued in a full sector S, of aperture | arg(e)| < 67 /5 where E, (&) ~ ﬁgoﬁ/ 2
when |a¢| — oo. The third chart completes this first approach. From theorem 4.3 and the
remark ending section 4.3, we deduce that the E, («)s extend as a sole multivalued analytic
function, with a quasi-lattice of singularities in a subsector of arg(«) € 147 /5, 6 /5[ mod(2r).
Our theorem 4.3 translates into a concrete qualitative and quantitative insight for the branch
point structure (south-west or north-west sheets), which is consistent with our comments
following claim 6, up to the following restriction: considering for instance the south-west
description, one should keep in mind that, for a given quantum number n, theorem 4.3 provides

valuable asymptotic information concerning a priori only a finite set of singularities otZ/j;k/ 2,

near which E, (a) ~ —%cﬁ/ 2 corresponding to a finite number of integers k. The fact that
k)2

the set of branch points oz,'z;z cannot accumulate but indeed goes to infinity in the direction

of argument 657 /5 (where E, () ~ %oﬂ/ 2) for any n-south-west sheet, which means letting
k go to infinity, thus has no theoretical support but only a numerical one.

Starting from the collection of south-west and north-west n-sheets (n € N), one can
deduce the equivalent but simpler west representation, as exemplified in figures 2 and 3, which
is a more suitable representation to understand the analytic continuations along the real axis
for instance. To compare with what we know from the second chart (theorem 4.2), we consider
the nth south-westbound description (figure 5) and straighten out the cuts to put them almost
horizontal, asymptotic at infinity to the negative real axis (the distance between the cuts and the
real axis behaving like O(1/|«|) when || — oo, for instance). Along the deformation, some
of the branch points appear (respectively, disappear) from (respectively, into) other sheets. A
little thought (using our knowledge on how the different south-west and north-west sheets are
connected) yields the following conclusion; the nth west sheet has a set of 2n + 1 cuts: n of
them, hanging from aZ/_zk/ 2, k=1,...,[(n+1)/2] (where [a] denotes the integer part of a)
and their complex conjugates, are common boundary cuts with the (n — 1)th west sheet, while
n+ 1 of these cuts, hanging from oe,':;'zl &/ 2, k=1,...,1+[n/2] and their complex conjugates,
are common boundary cuts with the (n + 1)th west sheet. This qualitative result is in complete
agreement with what we obtained from the second chart with, again, a warning: the above
reasoning is partly based on the addendum following theorem 4.3; we thus did not take care
concerning the theoretical prescriptions on the quantum numbers n and the labels k. As a
matter of fact, the ‘median’ second chart gives rigorous information in a neighbourhood of the
singularity a,f/_zk/ 2 withk = [(n+1)/2] near the negative real axis (where E, (&) ~ Eo(—a)3/?),
hence for a label k half as large as the quantum number n. Consequently, even if numerical
computations give us good reason to think that our charts two and three overlap, this has not
been proved.

From a rigorous point of view, and apart from the above technicalities, the very nature of
our (exact semiclassical) asymptotic tools prevents us from giving the global ramification in its
full extent, our collection of (west, south-west or north-west) n-sheets being only valid for «
large enough (and E large enough accordingly). For instance the broken curves plotted in the
central part of figure 1 are nothing but bid interpolating curves between what we know from
the right-hand part (first chart) and left-hand part (second and third chart) of the picture! It thus
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remains an ‘unknown zone’ (as called in [19]), corresponding to an open set | E| = o(|t|*/?)
in C?, where other methods should be apply. One of them could be the new quantization
approach developed by Voros [39, 40].

Nevertheless, the good convergence of our numerical schemes, even for small |«/|, as well
as the consistence of our Riemann surface structure, suggests that this unknown zone does
not hold any surprising phenomena. Taking this for granted, our present work thus reveals,
in a somehow circuitous way, some properties of a still unknown special function attached to
a triple turning point, and thus new universal properties in asymptotic theory in the spirit of
[19,41].
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