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I. INTRODUCTION

The “He three-atomic system is of considerable interest in various fields
of physical chemistry and molecular physics. Studies of the helium dimer and
trimer represent an important step towards understanding the properties of
helium liquid drops, superfluidity in *He films, and so on (see, for instance,
Refs. [1-3]). Besides, the helium trimer is probably a unique system where a
direct manifestation of the Efimov effect [4] can be observed since the binding
energy €y of the *He dimer is extremely small (~ —1mK [5-7]) even in the
molecular scale. For this reason, the helium trimer is certainly of interest for
nuclear physicists, too. Moreover a theoretical study of the *He trimer is based
just on the same methods of the theory of few-body systems that are used in
solving three-body nuclear problems.

From the standpoint of the general theory of few—body systems, the 4He
trimer belongs to three-body systems that are most difficult for a specific in-
vestigation, first, owing to its Efimov nature, and second, because it is neces-
sary to take into account the practically hard core in the interatomic He- He-
interaction [8-11]. At the same time the problem of three helium atoms can
be considered as an example of an ideal three-body quantum problem since
the *He atoms are identical neutral bosons with zero spin and the analysis
of this problem is complicated neither by separation of spin-isospin variables
nor by taklng into account the Coulomb interaction.

There is a great number of experimental and theoretical studies of ‘He
clusters. However, most of the theoretical investigations consist merely in com-
puting the ground states energies of clusters of that sort, mainly on the basis
of variational methods [12-16]. Besides, the methods based on hyperspherical
expansions of the Schrédinger and Faddeev equations [17-19] in the coordi-
nate representation were used. Also, the Faddeev integral equations in the
momentum representation were employed in Refs. [20,21] while the results of
Ref. [22] are based on a direct solving the two-dimensional Faddeev differential
equations in configuration space. From the experimental studies we would like
to mention those of Refs. [5-7,23] where clusters consisting of a small number
of noble gase atoms were investigated.

Though much effort was undertaken for studying molecular clusters various
problems related to the *He trimer remained beyond the scope of thorough



consideration. In particular, the elastic scattering phases of a helium atom
on a helium dimer and breakup amplitudes (at ultralow energies) have been
calculated only recently [24-26]. These computations were preceded only by
the computation of characteristics of the He-He; scattering at zero energy [20]
and estimation of the recombination rate (1 +1+1 — 2 + 1) [27].

As a matter of fact, we have already pointed out basic reasous for compu-
tations of excited states and scattering being especially difficult in the ‘He,
system. First, this is a low energy of the dimer ¢y which necessitates to con-
sider very large domains in the configuration space with a characteristic size
of hundreds of A. Second, a very strong repulsive component in the He-He
interaction produces large errors in the standard approximation of the three-
atomic Hamiltonian at short distances between atoms. The capacities of mod-
ern computers do not yet allow one to reach dimensions of grids that would
remove both the above-mentioned reasons and would provide stable results
with the use of the conventional methods.

The present paper is a sequel of studies of the *Hez system undertaken
in the papers [24-26] within an approach that is capable, as we think, to
resolve both the above-mentioned numerical problems. In these papers the
repulsive component of the He~He interaction at short distances between atons
is approximated by a hard core. This allows one to investigate the *Hes system
within a mathematically rigorous method of solving a three-body problem in
the Boundary-Condition Model developed in [28,29]. An important advantage
of such an approach that essentially diminishes computational errors is the
necessity to approximate, inside the core domains, only the Laplacian operator
instead of the sum of this operator and a huge repulsive components of the He-
He- potentials (see [26]). In [24-26], such an approach has been successfully
applied for calculating not only scattering but also binding energies of the
ground and excited states of the helium trimer. Investigation made in [24--26]
has shown that the method proposed in [28,29] is well suited for performing
three-body molecular computations in the case where repulsive components
of interatomic interactions are of a hard core nature. ‘

There is a series of works [18,21,26] showing that the excited state of the
“He trimer is initiated indeed by the Efimov effect [4]. In these works the
various versions of the Aziz *He-*He potential were employed (HFDHE2 [g],
HFD-B [9], and LM2M2 [10]). However, the basic result of Refs. [18,21,26]
on the excited state of the helium trimer is the same: this state disappears
when the interatomic potential is multiplied by the “amplification factor” A of
order 1.2. More precisely, if this potential is multiplied by the increasing factor
A > 1 then the following effect is observed. First, the difference e4(A)— EM ()
between the dimer energy e;()) and the energy of the trimer excited state
Et(l)()\) increases. Then the behavior of this difference radically changes and



with further increase of A it monotonously decreases. At A = 1.2 the level EM
disappears. It is just such a nonstandard behavior of the energy Et(l)(/\) as
the coupling between helium atoms becomes more and more strengthening,
points to the Efimov nature of the trimmer excited state. And vice versa, when
A slightly decreases (no more than 2 %), the second excited state E,(Z) appears
in the trimer {18,21].

This paper is aimed at elucidating the fate of the trimer excited state upon
its disappearance in the physical sheet when A > 1 and at studying the mech-
anism of arising of new excited states when A < 1. As the interatomic He - He
potential, we use the potential HFD-B [9]. We have established that for such
He - He - interactions the trimer excited level £ merges with the threshold
€4 at A & 1.18 and with further decreasing A it transforms into a virtual level
of the first order (a simple real pole of the analytic continuation of the scatter-
ing matrix) lying in the unphysical energy sheet adjomning the physical sheet
along the spectral interval between ¢, and the three-body threshold. We trace
the position of this level for A increasing up to 1.5. Besides. we have found
that the excited (Efimov) levels for A < | also originate from virtual levels of
the first order that are formed in pairs. Before a pair of virtual levels appears.
there occurs a fusion of a pair of conjugate resonances of the first order (sim-
ple complex poles of the analytic continuation of the scatiering matrix in the
unphysical sheet) resulting in the virtual level of the second order.

As it will be clear from the further exposition (see Sect. 111}, the above-
mentioned resondnces are not, generally speaking, genuine resonances of the
1Hes trimer since they are situated outside of the energy domain for which
we can rigorously prove the applicability of the method we are using for com-
puting the resonances. We will call the resonances found outside the range of
guaranteed applicability of the method the (quasi)resonances.

The paper is organized as follows.

In Sect. II, we describe the method of search for resonances in a three-
body systemn on the basis of the Faddeev differential equations. The idea of
the method consists in calculating the analytic coutinuation of the component
So(z) (see formula (6)) of the scattering matrix corresponding to the (2+1 —
241) process, in the physical sheet with the use of tliese equations. A particular
attention in this section is paid to the description of the parabolic domain on
the physical sheet where one can analytically continue the function So(2) by
numerical solving the coordinate space Faddeev partial equations. For the
potentials we use, the three-bady resonances (including virtual levels) lving
in the unphysical sheet of energy = plane adjoining the physical shect along
the interval (¢q,0) are the roots of the function Se(z) in the physical sheet.
We have earlier employed this method for computing resonauces as roots of
So(z]) in the three-nucleon problem [30].



In Sect. III. we first briefly describe the numerical method we use to solve
the (241 — 2+ 1: 1+ 1+ 1) scattering problem for the *Hes system with
going out into the domain of complex energies. Then we describe the results
of our calculations.

Some notation used throughout the paper is as follows: by C we denote the
complex plane; /z stands for the main branch of the function z'/2, Im \/z > 0
for any z € C; the symbol R2 is used for the quadrant 2 > 0, y > 0; by
L2(R%) we understand the Hilbert space of complex-valued functions which
are integrable on R% with the absolute value squared; the symbol Z stands for
the complex number conjugated to z.

II. METHOD FOR SEARCH OF RESONANCES IN A
THREE-BODY SYSTEM ON THE BASIS OF THE FADDEEV
DIFFERENTIAL EQUATIONS

A. Faddeev partial differential equations in the case of smooth
potentials

In this paper, we will consider the *Hes system in the state with the total
angular momentum L = 0.

First we consider the case where the interatomic interactions are described
by conventional smooth potentials that include no hard-core component. In
this case, the angular partial analysis reduces the initial Faddeev equation
for three identical bosons to a system of coupled two-dimensional integro-
differential equations [31]

(Hoy — 2] Fi(z,y) = =V(z)¥i(z,y). (1)
Here, z,y stand for the standard Jacobi variables, z > 0 and y > 0, and
&? 82 1 1

for the partial component of the kinetic energy operator. Functions from the
domain of Hp,; are assumed to obey the boundary conditions

E(zay) Izzozoa Fl(‘T’y) ly:OsO' ’ (3)

which are quite standard when the expansions over bispherical basis are used.
The potential V(z) is assumed to be central. In our paper, the energy z can
get both real and complex values. At L = 0 the partial angular momentum /
corresponds both to the dimer and an additional atom. The momentuml can
assume only even values, [ = 0,2, 4,



The partial wave functions ¥;(z,y) are expressed through the Faddeev
partial components Fi(z,y) by the relations :

. +1
lI’z(l,y)=Fl(1:,y)+Z/l dnhll'(x>y’77)1?l'(z,’y’) (4J
[
where
,/_1232\/5, /_\/3212’\/§
a—\/4$+4y 5 YT, Yy = 4x+4y+2f$y77,

and —1 € 5 < 1. The explicit form of the functions Ay can be found, e.g.,
in Refs. [31,32] (see also [26]). Here we only deal with a finite number of
equations (1), assuming that ! < [nay where [,y is a certain fixed even number,
lmax > 0. The condition 0 < { < {may is equivalent to the supposition that the
potential V(z) only acts in the two-body states with { = 0,2,...,lnax The
spectrum of the Schrodinger operator for a system of three identical bosons
with such a potential is denoted by o35.

It is well known (see, e.g., Ref. [31]) that if the potential V(z) is smooth
and decreasing as z — 0o together with its derivatives not slower than =>~%,
€ > 0, then the asymptotic conditions as p — co andfor y — oo for the
partial Faddeev components of the (2+1 — 2+ 1; 141+ 1) scattering wave
functions* for z = £ +1i0, £ > 0, read

Fi(z,y;2) = botha(z) {sin(v/z = eay) + exp(iv/z — ez y) [ao(2) + o (1)]}

+?§—I)(7_\F)/@[A1(z,0) +o(1)]. | (5)

We assume that the *He; dimer has an only bound state with an energy €4,
€4 < 0, and wave function 94(z). This function is assumed to be normalized so
that for all z > 0 values of ¢4(z) are real. The notations p, p = /22 +y?, and
6, 6 = arctg _y_’ are used for the hyperradius and hyperangle. The coefficient

T .
ao(z), z = E 410, for E > ¢, is the elastic scattering amplitude. The functions
A(E +10,8) provide us, at £ > 0, the corresponding partial Faddeev breakup
‘amplitudes. Note that for z = E+i0 the correction terms o(1) in coefficients of

outgoing waves exp(iv/z — eay), E > €a, and exp(i/zp)/,/p, E > 0, in (5) are

*Here we speak about the wave functions usually denoted by sign “(4)”. The as-
ymptotics of these functions in the total three-body configuration space R® contains,
apart from the incident wave, only the so-called ‘outgoing spherlcal waves (see, e.g.,

(31]).



of the form, respectively, o{y /%) and o{p~*/?). This property ensures unique-
ness of the solution of the boundary value ploblem (1-5) for real scattering
energies £ > ¢4 [31].

The {2+ 1—2 + 1) component of the s-wave partial scattering matrix for
a system of three helium atoms is given for real z = E + 10, £ > ¢4, by the
expression '

So(z) = 1 + 2iag(2) (6)

while the (2 +1 — 2 4 1) scattering phases read
1 .
So(p) = §Im InSp(eq + p* +i0), p>0,

where p stands for the momentum conjugated to the Jacobi variable y.

B. Holomorphy domains of the Faddeev components Fi(z) and
scattering matrix Sq(2)

Our goal is to study the analytic continuation of the scattering matrix
So{z) into the complex plane (the physical sheet). As it follows from the re-
sults of Refs. [33,34], roots of the function So(z) in the physical sheet of energy
-z plane correspond to the location of the three-body resonances situated in the
unphysical sheet connected with the physical sheet by crossing the spectral
interval (€4,0). This statement is a particular case of more general statements
regarding the three-body resonances obtained in [33,34] for the case of two-
body potentials decreasing in the coordinate space not slower than exponen-
tially. We assume that V(z) is just a potential which falls off exponentially
and, thus, for all z > 0

|V (z)| £ Cexp(—puz), (7)

with some positive C' and u. For the sake of simplicity we even assume some-
times that V() is finite, i.e., V(z) = 0 for z > 7, 7o > 0. Looking ahead,
we note that, in fact, in our numerical computations of the *Hes system at
complex energies we make a “cutoff” of the interatomic He-He- potential at
a sufficiently large radius ro.

It is well known that different representations of the same holomorphic
function (for instance, either by a series or by an integral) allow one to describe
this function only in some parts of its Riemann surface. The description [33,34]
of the holomorphy domains for different truncations of the total three-body
scattering matrix in the physical sheet was based on the use of the Faddeev
integral equations in the momentum representation. In this paper, we make use

6



of the Faddeev equations in the configuration space. Therefore it is necessary
to perform an investigation, independent of [33,34], of domains in the physical
sheet where we can analytically continue the Faddeev components Fi(z.y; )
and the amplitudes ag(z) and Aj(z,8) just with the use of the configuration
space techniques.

Let us list briefly the main results of this investigation obtained by us
for the *He; system under the assumption (7). To formulate these results we
distinguish the following three domains in the complex plane C.

The domain IIY) where the Faddeev components Fj(z,y;z) {and.
hence, the wave functions ¥,(w,y; z)) can be analytically continued in z so
that the differences

Oy, y;2) = Fila,y; 2) — dwia(x) sin(v/z — €a y) (8)

at z € 1M\ o35 turn out to be elements of L-Z(R'i). The domain Tt is
described by the inequality

Im — g < mm{ \/_\/?d—} (9)

For fixed .,y the functions ®;(z.y:z) are continuous in = up to the rims of
the cut along the continuous spectrum [eq, +oc0).

2°. The domain I where both the elastic scattering amplitude ag(z)
and the Faddeev breakup amplitudes 4;(z,8) can be analytically continued
in z, = € o3, provided that the functions Fi(x,y;z) obey the asymptotic
formulas (5). This domain is described by the inequalities

1 3
Im /= + 3In1\/:—ed<—\()——\/|€d|. (10)

3
Im\/2+1111\/z~cd<\(7_;t. (11)

3°. And finally, we distinguish the domain I1'®), most interesting for us,
where the analytic continuation in z, = ¢ o3, can be only done for the elastic
scattering amplitude ag(z) (and consequently, for the scattering matrix So(=)):
the analytic continuabilty of the amplitudes 4,(z,6) in the whole domain
%) is not required. The set 11 is a geometric locus of points obeying the
inequality

1 3 |
Imy/z — ¢; < min {73_)- leals —\‘/2——,[1.} . (12)

-1



For the domains IIM) | T1Y), and M%), the following chain of inclusions
A < 1169 1,

is valid.
Note that the type (9) or (12) condition,

ImvVz=a< Vb, acR,b>0, (13)

is equivalent to the inequality
1
Rez>a~b+%(lmz)2. (14}
Therefore, for it < 21/|eq| the set II%) is the domain bounded by the parabola

3 1
Rez > ~|cd[—zu2 W(Imz)z‘ (15)

For pu > 24/|eq| this set coincides with the domain

Re.c > 4I6d|+ 12l6dl(1m~) . - (16)

Analogously, if u < Z./les| then the domain T1%) is described by the inequal-
ity (15); whereas for > 2,/|eq| by the inequality

Rez>——iled{+-———(1mz)2.' (1n
3 4|6d’

As to the curves bounding the domains (10) and (11), we only notice that their

order with respect to the variables Rez and Im z is higher than the second

order. It is easy to check that each of these curves is connected, symmetric with

respect to the Re z axis and crosses the latter only once. For the first curve this

intersection-occurs at z = %cd, the slope angle of the tangent at the:point of

intersection being independent of ¢4, %  : :I:laé AsRez — +oc, the

Im2=%0 . s
boundaries (10) and (11) are asymptotically approximated by the type (14)
parabolas with coefficients ¢ and b which can be computed explicitly.
To prove the assertion 1° concerning the domain IIY) we note that the
functions ®(x,y; 2) given by the formulas (8) satisfy the equations

8



[HOJ + V(:IZ) - Z] @1($,y; Z) +V(£IZ) Z/+1 dT] hIl’(:anaT]) q)l’($’>y,>z)
p /-1
= xiz,y;2)  (18)

where
+1
xi(z,y;2) = —‘/(93)/_1 dn hio(z, y,n)tpa(z’) sin(+/z — €ay') .

Obviously, for z € II¥) the functions x;(z,y; 2) fall off exponentially as p —
00. Moreover, for all the directions 0 < 8 < 7/2 the uniform estimate

xi(e,y;z) = O(eXP(—ap)>

is valid with o = mln{ —Im+/z =€, 2 \/Z 1Im \/ZTE;} Conse-
quently, if the condition ( ) holds then the 1nh0mogeneous terms xi(z,y; z)
considered as functions of the variables z and y at fixed z, are elements of
L,(RZ%). At the same time, the vectors x;(z) turn out to be holomorphic func-
tions of z € II") with respect to the L,(R2) norm.

In the problem under consideration, the spectrum of the Faddeev matrix
operator defined by the L.h.s. of Egs. (18) and by the boundary conditions
(3) in the Hilbert space constituted of the vectors & = (®o,®,,...,%,..),
®, ¢ Lz(Ri), coincides with the spectrum o3g of the corresponding three-
boson Schrédinger operator with two-body potentials V(z) only acting in
the states with { = 0,2,...,/max. This means that for any energy z € II(¥)
lying outside of the spectrum o3, the inhomogeneous system (18) is uniquely
solvable in the class of the functions ®;(z) € Ly(R2%), [ =0,2,..., lnax. Since
outside of the set o35 the resolvent of the Faddeev operator is a holomorphic
operator-valued function of the variable z, each of the components ®;(z) of
the solution of Eqgs. (18) also is a holomorphic function of z € II¥)\ o35. The
bound-state energies of the three-boson system under consideration turn out
to be poles of the first order for ®;(z). Thus, the Faddeev partial components
Fi{z,y; z) admit the analytic continuation in z in the form (8) into the domain
H(\I’) \ J3B-

The proof of the assertions of 2° and 3° regarding the domains 1) and-
I1¢4) is rather cumbersome. This is why we here only outline its main steps.
Note that the proof is based on the integral equations method and it is quite
standard (see, for instance, Ref. [31], Chapter V). First, the equations (18) are
rewritten in the form of the Faddeev partial integral equations. To do this, 1t
suffices to reverse the operators Ho; + V — z in (18). Since the variables z and
y in Hy, are separated, the kernels RY(X, X'; 2), X = {z,y}, X' = {z’,¢'}, of



the respective resolvents R{)(z) = (Hoy+V — )~ are explicitly expressed in
terms of the two-body problem. Analytic properties in the variable z and coor-
dinate asymptotics of the kernels R{)(X, X’; z) are well known (see Ref. [31],
Chapters IV and V). Iterations first “improve” and then stabilize the as-
ymptotic properties of the iterated kernels and inhomogeneous terms of the
Faddeev equations. (In the case under consideration, this stabilization requires
only three iterations.) Further, it turns out that, for z ¢ [e4, +00), the iterated
kernels are represented by sums of exponentially decreasing terms admitting,
in certain domains of the configuration space, an explicit asymptotic factor-
ization with respect to X and X’. Since we are working in the domain where
xi(z) € La(R%), the corresponding asymptotic factors of these terms, along
with the asymptotics of the iterations of the inhomogeneous term, determine
the coordinate asymptotics of the functions ®;(z,y; z). Therefore, finally we
are able to determine the geometric locus of the points z in the complex plane
for which there exists a (non-empty) set in the configuration space such that
the leading term of the coordinate asymptotics of the function ®,(z,y;z) in
this set represents a term of the form ag(2)¥q(z) exp(iv/z — €4 y), and thus, for
these z the scattering matrix Sp(z) is well defined. This geometrical locus is
just the domain I1*). In this domain, as y — co and/or p — oo, the functions
®;(z,y; z) admit the asymptotic representation

O)(z,y; 2) = Sioalz) {exp(ivz — eay) [ao(z) + o(1)] + fo(y; Z)} (19)
+ S}S—)—(\l/—}—(@ [Ai(z,8) + o(1)] + Fru(z,y;2)

with

foly;2) = O (e_""(z)y) and Fii(z,y;2) p_zmoO (e"“‘(z)p) (20)

.’y—HX)
where

ag(z) = 3/2—§\/[—;d—|—% Im+/z — eq, (21)

ar(z) = min{ao(z),' —\—/2—5/1 ~Imvz — ¢, Im\/Z} . o (22)

In a parabolic neighborhood of the y-axis, the functions F; ,(z,y; 2) are also
subjected to the asymptotic estimates

Fiz,y;2) = O<exp(—ao(z)y)> (23)
Yy — 00

T <y

10



where v is an arbitrary fixed number smaller than unity, v < 1.

As to the domain II{4)| the leading asymptotic term of each of the functions
Fia(x,y;2) for = € T4 is a spherical wave exp(i\/zp)/,/p with the amplitude
A)1,4(0) being a differentiable function of the angle 8. Therefore, for = € II*®) the
term F) (., y; z) in the r.h.s. of the formula (19) can be added to the asymp-
totic term with a spherical wave preceding F),. In the domain IT*%), and hence.

in a narrower domain II4) the condition fo(y::)yfooo(exp(i\/z—edy)>

holds. Consequently, for z € 4, the Faddeev components Fi(z,y:z) do
obey the standard asymptotic conditions like (5).

Therefore, for any v < 1 the dominant term of the asymptotics of
the function @o(z,y;z), = € I\ o3p, in the domain r < y” reads as
ao(2)wa(x) exp(iy/z — eqy) as y — oo. This nieans that, for z € 119\ g3p, it is
always possible by solving the equations (1) to separate explicitly the elastic
scattering amplitude ag(z) and, thus, to construct the analytic continuation
. of the scattering matrix So(z).

Outside of the domain I1¢) the numerical construction of Sp(z) by solving
the Iaddeev differential equations is. in general. impossible since for &+ < y*
and v < 1 both fuuctions fo(y; =) and Fig(x,yi2), = & O, include terms
decreasing slower than exp(i\/z — ¢ y) as y — oo.

B. The partial Faddeev differential equations in the case of potentials
with hard core

In the case of potentials with hard core, the partial Faddeev differential
equations for a system of three identical bosons at L = 0 acquire the form

[Hos — 2] Fi(e, y) = { —L/(;l?)(l]l:l(:l?,y)s : Z E’ (24)

where ¢, ¢ > 0, is the core size. The partial wave functious ¥,(x,y) are ex-
pressed via Faddeev partial components Fi(x,y) by the formulas (4). The
components Fi(x,y) satisfy the standard boundary couditions (3). The two-
body central potential V'(z) acts only beyond the core domain. i.e. only where
2 > ¢. We assumne as before that V'(z) falls off not slower than exponentially
as r — oo and, hence, it satisfies the conditiou (7) for some " > 0 and ;2 > 0.

A main difference between the model with hard core and those with smooth
potentials is that the functions Fj(a,y) in this model satisfy the auxiliary
boundary conditions

[
=t

T +1 ) ’ '
Fi(e,y) + Z/l dy hy(c,y,m) Fo(a',y') = 0 (:
i -

11



requiring that the wave functions ¥;(x, y) vanish on the boundary = = ¢ of the
core domain. [t can be shown that in fact the conditions (25) force the wave
functions (4) to vanish also inside the core domain at all energies except for a
certain countable set of real values of = (see Ref. [26] and references therein).
Asymptotic conditions for the partial Faddeev components Fi(z,y;z) of
the (241 — 24 1:1+ 14 1) scattering wave functions as p — co and/or
y — oo are again of the form (5). The only difference is that the dimer wave
function ¥y (z) is considered as zero in the core domain, i.e. for 0 < x < c.
, In the hard-core model, all the assertions of Sect. [1 B regarding the holo-
morphy domains of the functions @;(x,y; ) and the scattering matrix So(z)
in z still hold true.

T'. Resonances and virtual levels as roots of the scattering matrix Sy(z)
in the physical sheet '

We have already noticed that the roots of Sg(z) in the physical sheet of
energy z plane correspond to the location of the three-body resonances in the
unphysical sheet adjoining the physical sheet along the spectral interval (e4,0).
In the case under consideration, this statement is an immediate consequence
of the unitarity of the scattering matrix Sp(z) for z = F +10, ¢y < £ <0,

SolE +i0)So(E +10) = 1. (26)

Indeed, as we have established, the functions ®(z, y; z) are holomorphic func-
tions of z € I\ &3p. Since the boundary value problem (1 -5) is uniquely
solvable, one easily verifies that the boundary values ®{x,y; £ +i0) and
®,(z,y; £ —10) for these functions on the rims of the cut along [eg4, +c0) are
related to each other as

®)(z,y; £ +10) = —®(z,y; £ —10) (27)

since, on the one hand, their asymptotics (19) as y — oo and/or p — oo has
the same structure and, on the other hand,

xi(z,y; E+10) = —xi(z,y; E — i0) = —xi(=,y; E — i0),

since
sin(\/E —eg +i0y) = —sin({/E — ¢4 — i0y) = —sin(y/E — ¢4 — 10y).
Consequently,

ao(E +i0) = —ao(E — 10) (28)

12



and
So(E +i0) = So(E —10), E > €. (29)
Therefore, it follows from Eq. (26) that for e < £ <0
So(E +10) = [So(E —i0 ! and So(E —i0) = [So(£ +i0)]7!

This means that the function So( £+i0) is continued through the cut [eq, 0] into
the domain Im z < 0 as S3'(2). In a similar manner, So( E — i0) is continued
into the domain Imz > 0, again as S5'(z). All this signifies that the scattering
matrix So(z) admits analytic continuation at least into the domain II{5) of the
unphysical energy sheet connected with the physical sheet by crossing the
interval [e4,0], the value of the continued function So(z) at z € II(®) in the
unphysical sheet coinciding with the value of S5'(2) at the same z but in the
physical sheet.

Recall that those points z on unphysical sheets are called resonances where
the analytically continued scattering matrix possesses poles. The resonances z
with zero imaginary part Imz = 0 and Re z < ¢4 are called the virtual levels.

Thus, we have here presented a simple proof of the fact that the resonances
including the virtual levels corresponding to poles of the analytic continuation
of the scattering matrix So(z) in the unphysical sheet connected with the
physical one by crossing the spectral interval [e4, 0] are the roots of this matrix
in the physical sheet. At the same time, the poles of the function Se(z) in the
physical sheet correspond to bound states of the three-boson system under
consideration.

Concludmg the subsection, we note that it follows frorn Eq. (28) that

(z) ao(%) and, hence, ‘

5o0) = So(2) B €

for any z € I1¢®). This means that the roots of the function Sy(z) are situated
symmetrically with respect to the real axis.

I1I. NUMERICAL METHOD AND RESULTS OF COMPUTATIONS

In the present work we make use of the Faddeev equations (24) considered
together with the boundary conditions (3), (5) and (25) to calculate the values
of the *He; scattering matrix So(z) in the physical sheet. We search for the
resonances including the virtual levels as roots of So(2) and for the bound-
state energies as positions of poles of So(z). All the results presented below
are obtained for the case /. = 0.

13



Ta6nuna I. The parameters for the HFD-B *He—%He potential.

K) 10.948

A) 2.963
A 184431.01
o 10.43329537
g

Cs

Cs

~2.27965105

1.36745214

0.42123807

Cro 0.17473318
D 1.4826

In all our calculations, A2/m = 12.12 K A%. As the interatomic He - He-
interaction we employed the widely used semiempirical potential HFD-B con-
structed by R. A. Aziz and co-workers [9]. This potential is of the form

Viro-o(e) = ¢ {Aexp(-ac +6¢) - |24 S Sl pa)
where ( = @ /r.,. The function F(¢) reads

_Jexp[—(D/¢ 1), (<D
F(O_{l,p if(>D.

For completeness the parameters of the potential HFD-B are given in Table 1.

The value of the parameter ¢ (the core “diameter” of particles) is chosen to
be so small that 1ts further decrease does not appreciably influence the dimer
binding energy ¢; and the energy of the trimer ground state E, Unlike
papers [24-26], where ¢ was taken to be equal 0.7 A, now we take ¢ = 1.3 A.
We have found that such a value of ¢ provides at least six reliable figures of
¢4 and three figures of E,(O)‘

Since the statements of Sect. I are valid, generally speaking, only for the
potentials decreasing not slower than exponentially, we cut off the potential
HFD-B setting V(z) = 0 for z > ry. We have established that this cutoff for
ro > 95 A provides the same values of ¢; (¢g = —1.68541 mK), E© (Et(o) =
—0.096 K) and phases do(p) which were obtained in our- earlier calculations
[24-26] performed with the potential HFD-B. Comparison of these results
with results of other researchers can be found in Refs. [24-26]. In all the
calculations of the present work we take ro = 100 A. Note that if the formulas
from Sect. II including the parameter u are used for finite potentials, one
should set u = 4co.
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Before making numerical approximation of the system of equations (3),
(24), (25) at lnax = 0 we rewrite it in terms of a new unknown function
®q(ir,y; z) that is expressed via the Faddeev component Fp(x,y:z) by the
relation (8). Note that for = € II'Y)\ a3p the function ®¢(x, y: =) is square in-
tegrable in z,y (see Sect. 11 B). Therefore. this function is uniquely determined
by the asymptotic condition

®g(a,y:2) — 0 (32)

p—ro0
that can be easily approximated and p’rogra.mmed.‘ One could, for instance.

require ®g(a,y:z) = 0 at a sufficiently large pmax and look
V22 = pmax

for a numerical solution of the system (3), (24). (25) satisfying this condi-
tion. Further, for = € %), one could, going sufficiently far from ppa.y into
the domain of smaller (but nevertheless, providing the asymptotics (19))
values of p, separate the elastic scattering amplitude ag(z), putting, e.g.,
ag(z) = ®o(x,y; z) exp(—iy/z — €2 y). where the value of = corresponds to the
maximum of the function y,(2). Such an approach is, however, not eflective
in view of a relatively slow decrease of the exponentials exp(—\/m.z‘) and
exp(—Im /z = eqy) as well as of the function exp(—Im /= p) in tlie energy
domain of interest for us in I1t%), For a proper approximation of the condi-
tion (32), very large values of pnay are to be taken. This is just a reason why
one should take into account the asymptotics of the function ®o(x,y;z) as
2 — oo and/or y — oo. Though the asymptotic formula (5) only holds for
z € 114 we employ it also for z € 115V \ [14), Indeed, when = € 1165 \ T4,
the leading term of the asymptotics of <I>0(1 y:z) as y — oo and r < y".
v < 1, is given by the same expression ap(s)exp(iy/z — eay) (see Sect. [IB)
as in Eq. (5). Outside of the parabola & < y*, it suffices to require the con-
dition (32) to be satisfied. The presence, in Eq. (5), of the spherical wave
exp(iy/z p)/+/p does not contradict this requirement. Therefore, the use of
asymptotic condition (5) is justified even if = € I1t5) \ T1(4),

A “detailed description of the numerical method we use is presented in
Ref. [26]. Here we only mention main steps of the computational scheme [26]
helpful for understanding our results.

When solving the boundary-value problem (3), (5), (24); (25) written
terms of the function ®q, we carry out its finite-difference approximation in
polar coordinates p and 6. The grid is chosen in such a way that the points of
intersection of arcs p = p;, i = 1,2,..., N, and rays § = 6, j = 1.2.... Ny,
with the line & = ¢ turn out automatically to be its knots. The p; points are
chosen according to the formulas ’

pizmp—;:———lc, i=1,2,...,N¥,



Pintn =\ +yt i=12.. N,— N¥

where N!#) stands for the number of arcs inside the core domain and
7
i N, — Nc(p)

The nonlinear monotonously increasing function f(7), 0 < 7 < 1, satisfying
the conditions f(0) = 0 and f(1) = | is chosen in the form

f(T):{QgT . T € [0, 7]

oy T+ 70T € (70,1

The values of ag, ap > 0, and ay, a; > 0, are determined via 1y and v from
the continuity condition for f(7) and its derivative at the point 7¢. As a rule,
we took values of 75 within 0.1 and 0.2. The value of the power v depends on
the cutoff radius ppax = pn, = 50-- 4100 A its range being within 2 and 4 in
our calculations.

The knots #; at 7 = 1,2,...,N, — N/?) are taken according to 6§, =
arctg(y;/c). The rest knots 6, j = N, — NI?) 1, .. Ny, are chosen equidis-
tantly. Such.a choice of the grid is prescribed by the need to have a higher
density of points in the domain where the functions ®(x,y; z) are most rapidly
changing, i.e. for small values of p and/or = and lower in the asymptotic do-
main. In this work, we used the grids of dimension Ny = N, =600— 1000.
The number of the last arc knots in 8 lying in the core domain was usually
equal to N{?) = 5.

The finite-difference approximation of the integro-differential equations
(24) and boundary conditions (3), (25) for . = 0 reduces the problem to
a system of V,Ny linear algebraic equations. The finite-difference equations
corresponding to the arc ¢« = N, include initially the values of the unknown
function ®(z,y;2) from the arc 1 = N, + 1. To eliminate them, we express
these values through the values of ®(z,y;2) on the arcst = N, and s = N, —1
by using the asymptotic formula (5), just in the manner described in the con-
cluding part of Appendix A of Ref. [26]. In [26], this approach was only used
for computing the energies of bound states. Now we extend it also on the
scattering problem. (Note that the formulas (A10) and (All) in [26] related
to the described approach contain misprints. The values Cjy_in these formulas
should be replaced with inverse values 1/Cy .) The matrix of the resultant
system of equations has a block-three- dlagonal forrn (see Ref. [26], Appendix
A). Every block has the dimension Ng x Ny and consists of the coefficients
standing at unknown values of the function ®{z,y;z) in the grid knots be-
longing to a certain arc p = p;. The main diagonal of the matrix consists of
N, such blocks.
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In contrast to [24-26], in the present paper we solve the block-three-
diagonal algebraic system on the basis of the matrix sweep method. This
allows us to dispense with writing the system matrix on the hard drive and to
carry out all the operations related to its inversion immediately in RAM. Be-
sides, the matrix sweep method reduces almost by one order the computer time
required for computations on the grids of the same dimensions as in [24-26].

We searched for the resonances (roots of the function So(z) on the physical
sheet) and bound-state energies (roots of the function S5 (2) for real z < €;) of
the helium trimer by using the complex version of the secant method. Within
this method, the approximation 2, to a root of a holomorphic function f(z)
is constructed from the two previous approximations z,_; and z,_, according

to the formula
f(zn——l)(zn—l - Z-n—2)
f(zn-1) = f2n—2)) ’

As the relationship (30) implies the symmetry of properties of the scatter-
ing matrix So{z) with respect to the real axis, we performed all the calcula-
tions for So(z) only for Imz > 0 (except the tests of the code). We start with
a study of graph surfaces of the real and imaginary parts of the scattering
matrix So(z) in the domain of its holomorphy M) \ o35. The root lines of
the functions Re So(z) and ImSp(z) obtained in the case of the grid parame-
ters N = N, = 600 and prax = 600 A are depicted in Fig. 1. Both resonances
(roots of Sp(z)) and bound-state energies (poles of Sp(z)) of the *He trimer
are associated with the intersection points of the curves ReSy(z) = 0 and
ImSo(2z) = 0. When the roots or poles are simple, these curves intersect each
other at the right angle. Note that for real z < e, the function Sy(2) is real
and, thus, ImSe(z) = 0. In Fig. 1, along with the root lines we also plot
the boundaries of the domains II®), I® and M. One can observe that a
“g0od” domain I) includes none of the points of intersection of the root
lines Re So(z) = 0 and ImSp(z) = 0. Nevertheless, as we will see below, the
going beyond this domain. is of an interest, even-though the asymptotic for-
mula (5) is not valid for z'€ C'\ II*®) and the function Sp(z) calculated there
cannot be interpreted as the scattering matrix. The caption for Fig. 1 points
out positions of the four “resonances”, the roots of So(z), found immediately
beyond the boundary of the domain II®). As one could expect, the values of
the function Sp(z) at z € C \ II®) and positions of its roots in € \ I® turn
out to be unstable and strongly depend on the value of the cutoff radius pmay,
whereas the dependence on the number of knots is weak. In particular, for
Pmax = 400 A a (quasi)resonance, closest to the real axis, is situated at the
point (—1.95 +11.81) mK, if Ny = N, = 300, at the point (—1.90 +11.85) mK,
if Ng = N, = 520, and at the point (—1.89 +11.86) mK if Ny = N, = 800. The
same (quasi)resonance in Fig. 1 (calculated for pmax = 600 A) is situated at
the point (—2.34 +10.97) mK. If Ny = N, = 600 is fixed, the increase of pm,yx

Zn = Zp—-1 —
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Puc. 1. Root locus curves of the real and imaginary parts of the scattering matrix
So(z). The solid lines correspond to ReSo(z) = 0, while the tiny dashed lines, to
ImS¢(z) = 0. The Numbers 1, 2, 3 denote the boundaries of the domains I1¢¥,
1) and {4, respectively. Complex roots of the function Sy(z) are represented by
the crossing points of the curves ReSo(2) = 0 and Im Sg(2) = 0 and are located at
(—2.34 +10.96) mK, (~-0.59 4+ i2.67) mK, (2.51 +14.34) mK and (6.92 4+ 16.10) mK.
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Ta6auua II. Dependence of the difference ¢4 — E") (mK) between the dimer
energy ¢q and the trimer excited state energy E.'’ on the grid parameters. The
values of pmax are in A,

Ny, N, (Ng = N,) 600 ( 800 l 1000
pmax
400 0.7752 0.7661 0.7625
600 0.7809 0.7695 0.7649
800 0.7852 0.7723 0.7669

up to 800 A shifts this point to the point (—2.44 4 10.65) mK.

All the aforesaid regarding the instability of the function Sg(z) values and
positions of its roots beyond the domain IS bears no relation to its pole
at the point z = EM = —2.46 mk, corresponding to a trimer excited-state
energy, even though this energy does not belong to TI5). The point is that
the position of the pole of 5¢(z) is only determined by the position of the
root of :the determinant of the linear algebraic system we solve, whereas the
inhomogeneous term of the system plays no role. Therefore, the search for
the poles.of the grid function Sp(z}) is equivalent to the search for the binding
energies of the trimer. The grids we have used turn out to be quite sufficient
for this purpose. The convergence of our results for EM with respect to the
parameters Ny, N,, pmax and their accuracy can be judged from the values of
the difference ¢4 — fl) obtained with different grids and shown in Table II.

We would like to stress that we do not consider the roots of function Se(=)
drawn in Fig. 1 as genuine resonances for the "Hez system since they are
situated beyond the domain I1(®) where the applicability of our method is
proved. We should rather consider them as artifacts of the method. However
it is remarkable that the “true” (i.e., getting inside II®)} virtual levels and
then the energies of the excited (Efimov) states appear just due to these
(quasi)resonances when the potential V/(x) is weakened. This is the object of
our further consideration. A o

Following [18,21,26], instead of the initial potential V() = Virp_p(z). we
will consider the potentials :

' V(.l) =X Vi—IFD-—‘B(I)‘-

To establish- the mechanism of formation of new excited states in the *He
trimer, we have first calculated the scattering tmatrix So(z) for A < L. In
Table T for some values-of A from the interval between 0.995 and 0.975.
we present the positions of roots and poles of Sp{z). we have obtained at
real = < ¢(A). We have found that for a value of A slightly smaller than
0.9885, the (quasijresonance closest to the real axis (see Fig. 1) gets on it
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Ta6nuua {II. The dimer binding energy ¢4 and the differences ¢, — EW - EX

¢~ EF" and ¢g— EX (all in mK) between this energy and the trimer exited-state

. A1 (2 . . A(2)a e 2)ee .
energies F1), 17 and the virtual-state energies 157, E depending on factor

A

| A o €q — I ca— B L = B o — EPY paax (A)
0.995 | —1.160 0.710 - - 723
0.990 | —0.732 0.622 - - - 910
0.9875 —0.555 0.573 0.473 0.222 - 1046
0.985 | —0.402 0.518 0.4925 0.097 - 1298
0.980 | —0.170]  0.39616 0.39562 0.009435 - 1890
0.975 | —0.036] 0.259367:1545| 0.2593674502| - 0.00156 | 4099

and transforms into a virtual level (the root of S¢(2)) of the second or-
der corresponding to the energy value where the graph of Se(z), z € R,
z < eg, is tangent to the axis z. This virtual level is preceded by the
(quasi)resonances z = (—1.04 +10.11) mK (z/]eg| = —1.58 +10.168) for A =
0.989 and z = (—=0.99 +10.04) mK (z/]eq] = —1.59 +10.064) for A = 0.9885.
The originating virtual level is of the second order since simultaneously with
the root of the function Sg(z), also the conjugate root of this function gets on
the real axis. With a subsequent decrease of A the virtual level of the second
order splits into a pair of the virtual levels B and EP™, E* < E®™ of
the first order which move in opposite directions. A characteristic behavior of
the scattering matrix Sg(z) when resonances transform into virtual levels is
shown in Fig. 2. The virtual level Et(z)" moves towards the threshold ¢; and
“collides” with it at A < 0.98. For A = 0.975 the function Sy(z) has no longer
the root corresponding to E®** Instead of the root, it acquires a new pole
corresponding to the second excited state of the trimer with the energy Etm.
- Note that though the virtual levels E®" and E& appear beyond the domain

(9, already at A = 0.985 the point E{™** turns out to be inside this domain.
Therefore, it should be considered as a “true” virtual level of the trimer. We
expect that the subsequent Efimov levels originate from the virtual levels just
according to the same scheme as the level Etm does.

The other purpose of the present investigation is to determine the mech-
anism of disappearance of the excited state of the helium trimer when the
two-body interactions hecome stronger owing to the increasing coupling con-
stant A > 1. It turned out that this disappearance proceeds just according to
the scheme of the formation of new excited states; only the order of occurring
events is inverse.

The results of our computations of the energy E™ when A changes from
1.05 to 1.17 are given in Table IV. In the interval between A = 1.17 and
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15+ — A =0.9880 1
- —- A=0.9885
. X = 0.9890
10 ¢ i
5t 4
- TR _""‘4—‘-“-....\“
0
-5 L L - L . — I
-1.90 —-1.75 -1.60 —1.45 -1.30 —-1.15% -1.00

Z/|€d|

Puc. 2. Graphs of the function Sy(z) at real z < ¢, for three values of A < 1.
The notations used: E* = E2"/|eq|, E™ = EP" /|eq).

Tabauna IV. Dependeﬁce of the dimer. energy ¢4 and. the difference ¢; — E;

(1)

between this energy and the trimer exited-state energy Ez(l) on the factor A.

A €s (mK) eq — E& (mK) Prmax (A)
1.05 —12.244 0.873 300
1.10 —32.222 0.450 200
1.15 —61.280 0.078 150
1.16 ~68.150 0.028 120
1.17 —75.367 0.006 120 .
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Tabnuua V. Dependence of the dimer energy ¢; and the difference ¢; — Et“"
between this energy and the trimer virtual-state energy EX” on the factor A.

A ¢4 (mK) ¢ — B (mK) Puax (A)
1.18 ~82.927 . 0.001 110
1.19 —90.829 0.016 110
1.20 —99.068 0.057 100
1.25 —145.240 0.588 85
1.30 ~199.457 1.831 70
1.35 —261.393 3.602 70
1.40 ~330.737 6.104 55
1.50 —490.479 12.276 50

A = 1.18 there occurs a “jump” of the level Et(l) on the unphysical sheet
and it transforms from the pole of the function So(z) into its root, E,(l)',
corresponding to the trimer virtual level. The results of calculation of this
~ virtual level where A changes from 1.18 to 1.5 are presented in Table V. For
all the values of A presented in Tables IV and V, the dimer possesses an only
bound state. We have found that the first excited state of the dimer appears
only at A = 6.81.

Note that in the case of finite potentials the geometric characteristics of
the domain II*®) where the function S¢(z) can be calculated reliably, are only
determined by the value of |e4(A)| (see formula (9) for g = +00). When |e4( )]
increases, the domain II5) is enlarged. It is easy to check that the energies
of the excited state level Et(l)()\) and of the virtual level Et(l)*()\) given in
Tables IV and V belong to the corresponding domains II®)(A). For A > 1,
this results in a weak dependence of the calculated values of Et(l)()\) and

t(I)*()\) on the parameters Ng, N, and (this is especially important) on the
parameter pmax- '

In essential, we chose the values of the cutoff hyperradius pmax given in
Tables IIT-V from the scaling considerations. As a matter of fact, we took
the value of piyax following the formula

C
Prmax(}) = ———, (33)
tea(A)]
where the “constant” ) = (\/|ed|pmax)‘ corresponds to an appropriate
A=1
choice of pmay at A = 1. It has been established in [24-26] that such a choice

is ensured if pyax =400--600A. In determining the values of prax(A),
A=1
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indicated in Table III, we followed the formula (33) literally. As the “constant™

(1, we took its value corresponding to the base value of pmay =600 A. The
A=1

values of puax{A) presented in Tables IV and V correspond to the choice of

in the interval within 400 and 800 A. All the results presented in

pmax

A:
Tables iII ~V have been obtained with the grids parameters Ny = N, = 600.
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Konranosa E.A., Mortosunos A.K. E4-98-243
O MexaHH3Me BO3HUKHOBeHUs e(PHMOBCKHX COCTOSIHHI
B TpuMepe renus He

Hccnenyercs MexaHn3M MCYE3HOBEHHUS ¥ BO3HUKHOBEHUS e(PUMOBCKHX YPOBHEH
y TpUMepa renus 4He3 [PH HM3MEHEHHH CWIbl TNApHOrO B3aHUMOAEHCTBHA. YC-
TaHaBIIUBAETCS, YTO 3TH YPOBHH BOZHMKAIOT U3 BHPTYalbHbIX YPOBHEH, KOTOpHIE, B
CBOI0. OUepeib, MOMYYaAITCS M3 (KBa3M)PE30HAHCOB, CAiAlMIMXCS Ha BEHIECTBEHHYIO
ock. [l BBIYMCIIEHUS PE30HAHCOB, BKIIIOYAS BHPTYaNlbHbIE YPOBHH, MCHOJB3YETCA
METOJ, OCHOBaHHBI Ha peLIeHHH NPH KOMIUIEKCHBIX SHEPrUsAX KpaeBoH 3ajauM md
middepeHuMansHpix ypasHeHdl @ammeeBa, OTBevaiolled NpoLeccaM pacCesHHs
2+1—>2+1;1+1+1). Bce pacueTsl IpPOU3BOAATCS C M3BECTHHIM MEXATOMHBIM
He—He-notenunanom Asuza HFD-B. Ouens cunsHag oTTankuBarensHas KOMIOHEH-
Ta 3TOFO NMOTEHLMATa HA MaiblX PacCTOSHUAX MeXAy aTOMaMM Telus annpokK-
cuMmupyercs  TeepobiM  KopoM. Ocofoe BHMMaHHME yAeNeHO OBGOCHOBAHHIO
HCTIONB3YyEMOro METOHA pacyeTa pe30HaHCOB ¥ UCC/IeNoBaHUIo obnacTeii ero mpuMe-
HEHHUs.

Pabora Brinonyena 8 JlaboparopHu BEMMUCIHTE/IBHONW TEXHUKH H aBTOMaTH3alUH
u JlaBopatopuu Teopetrnueckoit ¢usnku uM. H.H.Boromo6osa OHSHU.

TNpenpuut OObeAMHEHHOTO MHCTHTYTA SACPHBIX Hccnenosanuil. [y6ua, 1998

Kolganova E.A., Motovilov A K. E4-98-243
On the Mechanism of Formation of the Efimov States
in the Helium 4He Trimer

A mechanism of dissappearance and formation of the Efimov levels of the
helium 4He3 trimer is studied when the force of interatomic interaction is changed.
It is shown that these levels arise from virtual levels which are in turn formed from
(quasi)resonances settled on the real axis. The resonances including virtual levels
are calculated by the method based on the solution of the boundary value problem,
at complex energies, for the Faddeev differential equations describing the scattering
processes (2+1 —2+1; 1+1+1). All the calculations are performed with the
known interatomic Aziz He-He-potential HFD-B. A very strong repulsive
component of this potential at short distances between helium atoms is approximated
by a hard core. A special attention is paid to the substantiation of the method used
for computing resonances and to the investigation of its applicability range.

The investigation has been performed at the Laboratory of Computing
Techniques and Automation and at the Bogoliubov Laboratory of Theoretical
Physics, JINR,
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