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Abstract. We study a three-particle Schrodinger operator H for which none of the
two-particle subsystems has negative bound states and at least two of them have
zero energy resonances. We prove that under this condition the number N(z) of
bound states of H below z < 0 has the asymptotics N(z) ~ Uy|log|z|l as z > — O,
where the coefficient 2, depends only on the ratio of masses of the particles.

1. Introduction

We are going to discuss the following remarkable phenomenon of the spectral
theory of the three-body Schrédinger operators, known as the Efimov effect. Let h,,
o = 1, 2, 3, be Hamiltonians describing two-particle subsystems of a three-particle
system with the internal short-range potentials v,(x), x € R3. Suppose that none of
h, has negative eigenvalues and at least two of the hamiltonians h, have zero energy
resonances. Then the three-particle operator H will have infinitely many negative
eigenvalues accumulating at zero. Below we denote by N(z), z < 0, the number of
eigenvalues of H lying on the left from the point z. For the first time the Efimov
effect has been discussed in [4]. An independent proof on a physical level of rigor
has been also given in [2]. The first rigorous proof has been presented in paper
[12]. An alternative approach for spherically symmetric potentials v, has been put
forward in [10]. The growth of N(z) as z —» — 0 has been studied in paper [1] for
the symmetric case. Namely, the authors of [1] have found the exponential
asymptotics of eigenvalues corresponding to spherically symmetric bound states.
This result is consistent with the lower bound

lim inf |log|z[|"!N(z) > 0, (1.1)

z= -0

established in [11] without any symmetry assumptions.
The aim of the present paper is to study the asymptotics of N(z) as z > — 0. We
do not assume that the pair potentials v, are symmetric but suppose that v, < 0.
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Our main result is the asymptotics (see Theorem 3.1)

lim inf |log|z||"*N(z) = U, , (1.2)
z—>—0
where the coefficient U, does not depend on the pair potentials v, and is a positive
function of the ratios m; /m,, m,/m3 of the masses of three particles under consid-
eration. The explicit formula for 2 is given in Sect. 3. Note that (1.2) confirms the
sharpness of the bound (1.1).

Let us give a sketch of the main ideas of the proof of (1.2). As in [12], we reduce
the problem to the study of the compact selfadjoint operator A(z) acting in LY (RN)
(I is the configuration space of the three-particle system) which is a symmetrized
analog of the operator entering the Faddeev equations (see [6] and also [7]). We
rely upon the relation (see Theorem 4.1)

N(z, H) = n(1, A(2)) , (1.3)

where n(u, B) denotes the number of eigenvalues of the compact selfadjoint oper-
ator B lying on the right from the point u > 0. To study the behaviour of A(z) for
small z we establish the asymptotics of the resolvent r,(z) of the two-particle
operator h, as z— — 0 under the condition that h, has the zero energy resonance
(see Lemma 2.2). To that end we use a simplified version of the technique developed
in [9]. Lemma 2.2 enables us to single out the leading term of the operator A(z) as
z— — 0. It proves to be unitarily equivalent to a compact integral operator Sg,
R = 1/2|log|z||, with a Toeplitz type kernel, acting in L,((0, R), LY (S?)). This
allows to find the asymptotics of n(1,Sg) as R - oo by employing a standard
argument known as the calculation of the canonical distribution of a Toeplitz
operator (see [8]). As the result we get (see Theorem 4.5):

lim (2R)™'n(1,Sg) = Uy ,

R-
which in combination with (1.3) yields (1.2). The plan of the paper is as follows. In
Sect. 2 we obtain the asymptotics as z - — 0 of the two-particle resolvent assum-
ing the presence of the zero energy resonance. The precise formulation of the main
result (Theorem 3.1) and its discussion are given in Sect. 3. In Sect. 4 we establish
the relation (1.3), study the operator A(z) as z — — 0 and prove Theorem 3.1. Some
technical material is collected in Appendix.

Throughout the paper we adopt the following conventions. We say that an
operator valued function is continuous if it is continuous in the norm sense. The
scalar products in L,(+) and R® are denoted by (*,*) and (-, - ) respectively. The
integrals with no indication of the limits imply the integration over the whole
space. By C and ¢ we denote various positive constants whose exact values are of
no importance.

2. Two-Particle Schrodinger Operator

In this section we study a two-particle system. Let hy = — (2m)™'4, h = hy + vin
9 = L,(R3). Here m > 0 is the reduced mass of the system, v is a real-valued
potential, satisfying the condition

o) < C(L+|x)7% b>3. @.1)
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By ro(z), r(z) we denote the resolvents of hy and h respectively. Note the identity

F=TFg— FoUF =TFqo — FUFg . 2.2)
Denote v? = v|v| %,

w(z) =1 — |v]¥r(z)v?. (2.3)

Then (2.2) immediately yields

w(z) = (I + |v]*ro(z)v?) 1. (2.4)
Recall the explicit expressions for the kernel of ry(2):
iV2Zmz|x—x'|

me

ro(x, X'; 2) , Im./z=0. 2.5)

T [x — x'|

In what follows we need an asymptotic resolution of the operator |v|*ry(z)v2,

z= —k? k>0, near k = 0. Denote by G,, G, the operators with the kernels
2n |x — x|
’ m% 1 e e
Gi(x, x') = B [o[*(x)v*(x') . (2.6)
i

We have the following

Lemma 2.1. Let v satisfy (2.1). Then for any positive 6 < min{l, (b — 3)/2} the
relation holds

[v]Ero( — k*)v* = Gy — kG, + k' T°GP (k) , 2.7

where G (k) is continuous in k = 0.
Proof. Setf(t;s):= (4nt)"* (e ' — 1 + st),t > 0, and introduce the operator G, (k)
with the kernel

2mo () £ (x = x'; ky/2m)v? (x')
In view of (2.5) we have formally

[v|*ro( — k?)v? = Gy — kG + G, (k) .

Since f(t; ) £ Css* 2t for any 6 € (0, 1], the kernel of G,(k) does not exceed

Cok! o2 () lv2(c") (Ix]° + [x']°) .

Choosing § < (b — 3)/2, we see that G, (k) is Hilbert—Schmidt and the operator
GP(k) == k~'7°G,(k) is continuous in k 2 0. [

From now on we suppose that v < 0, so that v* = — [v|%. All our arguments in
this section go through for arbitrary v as well but in the next sections we look at
nonpositive potentials only.

Now we are going to describe the behaviour of the operator w( — k?) as k — 0.
Note that under the condition (2.1) the operator h has finite discrete spectrum, so
that the resolvent r( — k?) and, consequently, w( — k?2), is well defined for small k.
We deal with one of the two following situations.
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(1) The point — 1 is a simple eigenvalue of the operator G, and the corres-
ponding eigenfunction ¢ satisfies the condition jlvl*(x)cp(x) dx + 0. To be
definite we normalize ¢ so that

(p,|v]*)=2%ntm ™%, (2.8)
In this situation we say that zero is a resonance of h or h has a zero energy
resonance. One can prove (see [9]) that the function

) = 12°6)

Ix — x|
is a unique solution (up to a factor) of the Schrédinger equation hu + vu = 0
in L?-space with the weight (1 + x2)™%%, Vs > 1/2,and u ¢ .
Note an important property of ¢. Set

o(x")dx’

Y(k) = 2m) 7 f e~ ™ o) o (x) dx . 29)
This function obeys the estimate
b-3
(k) — Y (0)| < Cslk|°, 0<5<T- (2.10)

Indeed, since |e "% — 1| < |k|’|x|°, we have

1Y (k) — w1 = [kI°(f IxI*[o(x)] dx)* ([ | (x)* dx)* .

The r.h.s. is finite for 6 < (b — 3)/2.
(2) The point — 1 is not the eigenvalue of the operator G,. Then one can prove
that A = 0 is neither resonance nor eigenvalue of h. So it is natural to say
that zero is a regular point of h.

We do not discuss here the other possible cases: zero is the eigenvalue of h or the
eigenvalue and the resonance at the same time.

Lemma 2.2. Let v obeys (2.1) and k > 0 be small enough, so the operator w( — k?) is
defined.

(1) If zero is a regular point of h then w( — k?) is continuous in k = 0.
(2) If zero is a resonance of h then for any positive 6 < 1/2 min {1, b — 3} the
representation

(*, )

w(—k?) =2 Ly Rl 2.11)

is valid, where the operator w® (k) is continuous in k = 0. If, in addition, h = 0
then w( — k?) =0 and

(k) =02 o, el @12)

where the operator w'? (k) is continuous in k = 0.
Proof. (1) Let zero be a regular point. Then according to (2.4) and (2.7),
w(—k*)=I+Go+o(1)) "' =(I+ Go) ' +0(1), k-0,

which gives the desired result.
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(2) Let zero be a resonance. Denote by P, the one-dimensional projector onto
the subspace associated with ¢ and by P, the projector onto its orthogonal
complement, so that P,@® P, =1. Let us write the operator A = A(k) =
I —|v|*ro( — k?)|v|? in the matrix form:

A A
A= < 00 01> ,
A 10 A 11
where Ay = P;APy: P — P;9, k, j = 0, 1. It is more convenient instead of 4 to
consider the operator

B = PAP, P:=<k “ Po O),

0 P,
By (2.7) its entries are

Boo = — PoGy Py + k?PoGO(K) P, ,

By, = — k*Po[G, — KGO ()P, ,

Byo = B, ,

By =P,(I+ Gog)P, — kP,[G; — k‘jG(z‘s)(k)]Pl
with § < min{1, (b — 3)/2}. Therefore B = B® + K, where

g _ [~ PoGiPo 0
0 Py(I + Go)P,

and K = O(k"), y=min{l1/2,6}. By the definition of P, the operator
F = (P,(I + Go)P,) !existsin P, $. Furthermore, taking into account the equali-
ties (2.8) and Py = a~2(*, @)@, one can obtain from (2.6) that

3

— PoG Py = Po—— (0, |v]})?a™% = a™ 2P, .
277

Thus (— PyG,Py)" ! = a*Py = (*, ). Now since B = (I + K(B®)"')B® and

K = 0O(k”) as k —» 0, we have

. 0
B =B 400 =" %) 4 ow.
0 F
Taking into account that w( — k?) = (4(k))"! = PB~' P, we complete the proof of
@2.11).
Let us prove (2.12). Since r( — k%)= 0 for h = 0 we have w(—k?)=1=0.
Further, note that

<(', qo)<p>é (oo
k T ak?

and recall the well known inequality for arbitrary positive operators A, B (see [3]):

|B* — A%|| <||B — A|* .
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In combination with (2.11) it yields

o~ eyt — 2002

1-4
sati.

This gives (2.12). O

We point out that a decomposition of the type (2.11) was proven for the first
time in [13] (see also [12]). The idea of our proof of Lemma 2.2 is borrowed from
the more recent paper [9], where an asymptotic expansion similar to (2.11) was
obtained (see Lemma 4.3 in [9]). However the formula from [9] provides the
asymptotic expansion with further terms up to the order o(k) which calls for the
condition b > 5in (2.1). It is sufficient for us to have much more rough result (2.11)
which is valid for b > 3.

In Sect. 4 it will be convenient to write down the operator (w( — k?))!/? in the
form (2.12) not only for small k but for all k = 0. Namely, let { € C*(R.) be
a function such that {(¢) > Oforallt > 0,{(¢t) = t,t £ 1l and {(¢t) = 1,¢t = 2. Then for
all k = 0 we have

o~k =00 4 ) E w00, a=llol, @19

where the operator w® (k) is uniformly bounded and continuous in k = 0.

3. The Main Result and its Discussion

1. We consider a system of three particles with the masses m;, m,, ms, one of them
may be infinite. We always work in the system with the removed center of mass
motion, so the configuration space is a six-dimensional subspace 3t of R®. In
contrast to the two-particle case we use as a rule the momentum representation,
that is we use one of the three pairs of coordinates (k,, p,) conjugate to the
conventional Jacoby coordinates (x,, y,). The subscript « is equal either to 1 or 2 or
3. Sometimes instead of (k,, p,) we use one of the pairs (p,, ps). Various coordinates
in 9 are related as follows:

P1+P2+p3=0, =+k,=mp(mg+m,) 'p,+ ps. (3.1

Here and below we always assume that « & f§, f + y, « &= 7. The sign “ + ” (or
“ —") corresponds to the case < a (or a < f). For brevity we often use the
notation k, = d,sp, + e,3pp, Where the coefficients d,; and e,; can be expressed
explicitly via m,, m;, m, by means of (3.1). In certain cases it is convenient to use the
“mixed” coordinates (x,, p,). The transition to (k,, p,) is performed by the “partial”
Fourier transform:

(@of ) (ks o) = 2m) 7* [ 5% (x,, ) dx, - (3.2)
The three-particle Schrédinger operator has the form

H=H0+2Va’
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where
kZ pz
HOf(kw pa) = Ho(kw poz)f(kas pa)a Ho(k5 p) =—+-—.
21,  2n,
Here 1, n, are the reduced masses:
l,=mgm,(mg +m,)" ", ng=my(mg+m,)M™', M=my+m+my. (33)
The interactions V, are given by the operators:
VJZ = ¢avu¢;k b

where v,, o = 1, 2, 3, are multiplications by bounded real valued functions v,(x,)
(pair potentials in the spatial representation). For example, v; describes the interac-
tion of the first and second particles. We suppose that the functions v, satisfy (2.1).
Note that the function H°(k,, p,) in fact does not depend on the particular choice
of 0. We denote by HJ the function H° expressed in terms of p,, p;, ie.
HY%(p, q) = H® (d,4p + €39, q). By means of (3.1) one can easily prove that

2 2

" <pa  q
H? = 4 34
«5(Ds @) 2, + ) + L (3.4

By virtue of (3.3) it follows from here that

2 2

p q
HJ = —. 3.
«5(D> 4) 2 o+ om, (3.5)
Two-particle subsystems are described by Hamiltonians h, = — (21,)"14,,

+v,in L,(IR3). For the other two-particle objects we use the notations introduced
in Sect. 2 but endue them with the subscript o. For example, w, means the operator
(2.3) for the two-particle subsystem o. If the subsystem has a zero energy resonance
we normalize the corresponding function ¢, in agreement with (2.8):

Q)W (0) = (¢, |0,]?) = 2¥m L F, (3.6)

and denote a, = || @,]|.
For z < 0 lying below the bottom of the spectrum of &, we define the following
operator in L,(M):
p2
W,(z) = D, w, <z - —“) oF
2n,
Since w,(z') is bounded in L,(R?) uniformly in z' < z, the operator W,(z) is
bounded in L,(9). One can verify that similarly to (2.3)
W,z)=1—|V,*R,(2)V}
()= 1= V.'RG VS, 67
where R,(z) is the resolvent of the operator H, = Hy + V,. Furthermore, analog-
ously to (2.4) we obtain from (3.7) that

Wi2) = +|Vol*Ro(2) VE) ™" . (3.8)

In what follows we deal with the operators in various spaces of vector-valued
functions L$(+). They will be denoted by bold letters and will be written in the
matrix form. We denote by diag{T, T, T} diagonal matrix-operators with the



108 A.V. Sobolev

entries Ty, T,, T5 on the diagonal, where T, are the operators in L,(*). For
example the notation W(z) = diag{ W, (z), W,(z), W3(z)} implies that

Wiz 0 0
Wi =| 0 Wy 0
0 0 Wi

For a selfadjoint operator B acting in a Hilbert space [y denote by hz(4) = D(B),
A € R, a subspace such that (Bf,f) > A|| f]|? for any f € bg(4) and set

n(4, B) = sup dim hg(4) .
bs(4)

Certainly, for an operator B not having any essential spectrum on the right from
the point /A, the value n(4, B) coincides with the number of eigenvalues of B bigger
than 1. Note the so-called Weyl inequality (see [3]):

n(Ay + 42, By + B;) £ n(4y, By) + n(4,, B,) . (3.9

For the operator H we use the following notation: N(z) = n( — z, — H), z < 0. If
inf 6., (H) = 0 then N (z) denotes the number of eigenvalues of H on the left from z.

The coefficient in the asymptotics of N(z) will be expressed by means of the
selfadjoint integral operator S(4), A€ R, in the space G, ® = L,(S?) whose
kernel depends on the scalar product t = (¢, ) of the arguments &, n € S? and has
the form

S\aa(t;l) = Oa

. 3.10)
- B .., sinh [A(arccos s,st)] (
. — 1 irepd
Sup (5 2) = Q)" tage (1 — s2,%)*sinh (n4) °
where

neng\* 1 (l1s)*

Ugp =Kogl —— | , Tyg=z10g8—, Sup= R (3.11)
g "(10,1,,) P27 T m,

K, being the number such that x,; =1 if both subsystems o« and B have
zero energy resonances, otherwise k,; =0. Because of (3.3) s, <1 so that
arccos s,st < m. Consequently, ||S(4)|| = 0 as |A] = co. Therefore the integral

Ak) = @m)" | n(w SA)dA, u>0, (3.12)

is finite. Denote A, = A(1). Now we are able to formulate the main result:

Theorem 3.1. Let the pair potentials v, satisfy (2.1) and v, < 0. Suppose that H, = 0
for all o and that one of the two following conditions is fulfilled:

(1) Zero is the resonance for all two-particle subsystems;
(2) Zero is the resonance for two-particle subsystems o, 5 and is the regular point
for the system y; m, < .
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Then the operator H has an infinite negative discrete spectrum and the function N (z)
obeys the relation

lim |log|z||™' N(z) = Uy, (3.13)

z=—0
the r.h.s. of (3.13) being positive.

Clearly, the infinitude of the negative discrete spectrum of H follows automati-
cally from the positivity of U, . Note that the asymptotics (3.13) does not depend on
the potentials v,. Furthermore, substituting (3.3) into (3.10) one can check that the
operator S(1) and, consequently, the coefficient 2, depends on the ratios m,/m,
and mg/m, only (for any choice of a, f and y) if m, < oo for all , and on the ratio
my/mg if m, = .

Recall that according to our definition given in Sect. 2 the assumption that the
value A4 = 0 is the resonance for h, suggests that 4 = 0 is not an eigenvalue of h,. As
was pointed out to the author by H. Tamura, the latter condition is automatically
fulfilled, if h, has no negative spectrum! In particular, under condition (1) of
Theorem 3.1 none of the three two-particle subsystems has eigenvalue 4 = 0. Note
also that for spherically symmetric pair potentials v, this fact was observed in [13].

The rest of this section is devoted to the detailed discussion of Theorem 3.1,
while its proof is postponed until Sect. 4.

2. It is convenient to calculate the coefficient 2, by means of decomposition of the
operator S(4) into the orthogonal sum over its invariant subspaces. To that end we
present & as €3 ® 6. Denote by G, = ®, [ = 0, the subspace of surface har-
monics of degree , Y. @ 6, =6, dim®, =2[+ 1. Let 2,;:6 - 6, be the
orthogonal projector onto &,. The kernel of &, is expressed via the Legendre
polynomials Py(*):

i =2 P ).

The kernel of S(1) depends on the scalar product (£, n) only, so that the subspaces
€3 ® G, are invariant for S(4) and

CECTLCLE G.14
where S®(1) are the 3 x 3-matrices with the entries
SH() =2n } Py(2) S,p(t; 2) dt . (3.15)
21
Therefore
n(u, S()) = i @1+ Dn(, SOR), u>0. (3.16)

1=0
Now, relying on this equality we establish a lower bound for 2.

Lemma 3.2. If the condition (1) of Theorem 3.1 is fulfilled then the lower bound

1
9, glog2+§log Uy Up3lsg (3.17)
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holds. If the condition (2) of Theorem 3.1 is fulfilled then the lower bound
72 Ay 2 log uyy (3.17")
holds. In particular, Ay, > 0.
Proof. By (3.16) it suffices to prove (3.17') and (3.17") for the integral
% [ n(1,89 1) dA.

0

Let us first calculate the entries (3.15):

uge™* 1 sinh [A(arccos s,pt)]

sinh (n4) _jl (1 — sZt?)*

SO = dt . (3.18)

The integral here equals

L ! sinh Axdx = 2 sinh 17:_1 sinh| A r_ arccos s, .
A 2 2 /

Sap  arccos Sap Sap

Taking into account the identities sinh(nd) = 2sinh(n4/2)cosh(n4/2) and

g — arccos x = arcsinx, x € [0, 1], we obtain from (3.18):

uaﬂei'«ﬂl sinh (ﬂ, arcsin Sap) (3 19)

SO =
o () 7l
Sap4 cosh >

Suppose first that the condition (1) of Theorem 3.1 is fulfilled. In this case we use the
following simple argument.

Let S be a Hermitian 3 x 3-matrix such that det S > O and tr S = 0. Then S has
an eigenvalue = (4 det S)*/3.

Since

sinh (4 arcsin s,4) >1

Sap A
we have

2uq2uq3Us3

aA\3 "’
(cosh 7)

Therefore, the operator S‘®(4) has at least one eigenvalue not less than

detS©(2) = 281 (1) S5 (W) ST () =

wi]

1
2(uqauq3un3)’e” 2 .

Thus
[ n(1,8O(2)di = mes {4 2uy,urau3) e~ > 1} .

This gives (3.17"). The positivity of U, follows from the fact that u,; = 1, which is
a simple consequence of (3.3) and (3.11).
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Suppose now that the condition (2) of Theorem 3.1 is fulfilled. The matrix
S©(}) has only two non-trivial entries: S‘g’(l) and S(O)(l) S(O)(l) so the only
positive eigenvalue of S©© (1) equals |S (0’(/1)| Therefore it has the lower bound

aal
Ugpe ™
This yields (3.17"). Note that 2, > 0 since u,; > 1 under the condition m, < oo.
The proof is completed. [

3. It should be mentioned that the cases (1) and (2) in Theorem 3.1 are qualitatively
different. Namely, according to (3.17’) in case (1) the coefficient A, is always
separated away from zero for any choice of m,, m,, ms;

log2
€Ay = —EZ
s

On the contrary, the r.h.s. of (3.17”) is positive only for m, < oo . We shall show
that in the case when only subsystems o and f have zero resonances and m, = 0,
the coefficient 2, equals zero (so that we can not even say that the negative discrete
spectrum of H is infinite). Indeed, as in the proof of Lemma 3.2 all the entries of S(4)
equal zero except for Sa,, () and S,,a (4) = S (A). Evidently

Ugp =1, Typ =—log@, S =0.
Thus the kernel of Sa,, (4) does not depend on ¢, so that S®(J) =0,1= 1. According
to (3.19) the only positive eigenvalue of S(4) is (cosh w4/2) 1. It is less than 1 for all
A#£0,s0 Uy, =0.
4. Now we are going to obtain an upper bound for U, . Since ||S®(J)|| =0 as
- o0 or|A] = oo, in view of (3. 16) we have for any p > 0:

() = (4m)”~ Z L+1) j n(p, SO (1)) dA

for L=L(p) < o, R=R(p) < oo large enough. Together with the inequality
n(u, SP(A)) < 3 this immediately yields:

() < 5 RO + 17 (3.20)

Thus to estimate 2, from above it suffices to obtain upper bounds for R(1) and
L(1) . From now on we assume yx = 1 and omit u from the notations.
First we estimate L. Applying the equality
sinh 0 =2 _. 1

[ e —— dx, 0<f<m, (3.21)

sin 0 sinh A - 2 cosh x + cos 8

established in Appendix I, we see that

- @ . 1
. — -2 irg A —iAx -
Sap(t; 4) = @m) " usge _joo ¢ coshx + syt
Recall that (see [5])

1

[ e=0""P@dt=20i(2), z¢[—11],

-1
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where Q,(z) is the Legendre function of the second kind. Taking into account that
0i(—2)=(— 1)"*1Q,(2), z > 1, we obtain from (3.15) that

o)

S"’(/I) —n tupetrt syt j e” " Qy( — s;3" coshx)dx

[eo]
=(— 121" uge™rsy | cosix Qs coshx)dx .
0

Since (see Appendix II)

iz + (22 — )7

<
|Ql(z)| = (22 — 1)*(21 + 1)% , Z> 1 s (3'22)
we have
S0 5 20~ gt |40 A g
2p (a2 + (5”2 — 1P 1C°%

= ntsh 20+ 1) (@ — 1)}(* — sgp)?
Since z > 1 we find that

Sep' 2 + (55722 — D 2 z[s5" + (s> — 1)2].
Furthermore, using the inequality

© Z_(H-b 1 (£+4)d < 8
% I(z—1) =3+ )

we arrive at the bound

S0 < 16,5 (525" + (55 — 1)¥] 74D < 16u,5[505" + (s> — 1)*] 7
af =

n¥3ish (20 + 1) = n¥3% 20 + 1)?
(3.23)
Now, it follows from here and from the obvious inequality
ISP@I = max YISO, (3.24)
* B
that
" 16[s™* +(s72—1)*] 'u
U] < = =
IS = = HICTETE: . ou mjlx%ua,,, s:=max{s,} .
Thus [|S?(A)|| £ 1if [ = L where
16u
log —— 33
(3.25)

" log[s ¢ +(s‘2— 04
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Now we estimate the number R in (3.20). To that end we obtain an upper bound
for the norm of the operator S():

1
IS £ 2nmax Y. [ [Sy(t; A dt = max Y |SP ()] . (3.26)
“ g -1 L]

According to (3.19)

| §(2) )| = u,p sinh(4 arcsin s,;) < 1y arcsin s, cosh(4 arcsin s,p)
a, = a,
i S, A
SapA cOSh 5 = cosh >

< Mo cosh(Z arcsin s,)

=2 A
cosh 5

é n.uapelll(arcsinszﬂ—’z‘) .

In view of (3.26) this yields

IS(A)|| £ nue!Haresins, =3
Therefore ||S(4)|| < 1 if [4] Z R, where

log (nu)

R = (3.27)

T .
— —arcsin s
2

Putting together (3.20), (3.25) and (3.27) we obtain the upper bound

2

o 16u
o < 3 log(m 83t .
°=onn . Jlog[s™! 4 (s72 — 1)F] ’
E—arcsms

U=Tax Y Uy, S=max{s}.
= p

5. Let us consider the important particular case: m; = m, = m;. Now we can
calculate the coefficient 2, explicitly. Let 4, be the unique positive solution of the
equation
., TA
sinh 3
A=24"k.37% , k=1,2.
cosh m
2

Then we have

Theorem 3.3. Let m,; = m, = my and one of the conditions (1) or (2) of Theorem 3.1
be fulfilled. Then W, = A, /(2w), where k = 1 for the condition (1) and k = 2 for the
condition (2).

Proof. Note first that n(1, S®(4)) = 0 for I > 1. Indeed, since

-1 -_
uaﬁ=2'3 iKaﬁ, Saﬂ=2 1, r,,,,=0,
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using the first inequality (3.23), we see that ISAA)| < 1/2 for 1= 1. Thus (3.24)
yields [|S®(A)|| < 1, I = 1. Consequently, it remains to study the matrix S©(J).

Suppose first that all two-particle subsystems have zero resonances. Then in
view of (3.19),

01 1
SO =a(A)I,, J=|1 0 1],
110
where

sinhn—}L
a(}) =4-37% .
TA
/lcosh7

The eigenvalues of J; are 2, — 1, — 1, so the only positive eigenvalue of S© (1) is
2a(4). Hence

. 1
A, 41 [n(1,890)di=— [ di _h

T 4T 20> 1 2n

Now suppose that only the subsystems 2 and 3 have zero resonances. Then

0 0 0
SO =a(A)J,, J,=|0 0 1
010

The eigenvalues of J, are — 1,0, 1, so the only positive eigenvalue of S (1) is a(J).
Hence

Lok

A, d/l—zn.

4T 4y> 1
The theorem is proven. [

Note that the case of identical masses was considered in [7] as well.
6. In conclusion we prove the continuity of U(u) in u which will be necessary when
proving Theorem 3.1.

Lemma 3.4. The function W(u) is continuous in u > 0.

Proof. We need only to prove the continuity of the integral

[ n(x,S®())da
for fixed L. The matrix S®(1) is analytic in a neighbourhood of the real axis, so we
can numerate its eigenvalue branches w, (1), k = 1, 2, 3, in such a way that they are
analytic as well. In combination with the fact that ||[S®(4)|| -0, |4| > oo, this
implies that the number of points 1, 45, ..., 4,, where at least one of the eigen-
values p,(4) coincides with p, is finite. Clearly, outside of 4, k = 1, ..., r, we have
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lim, ., n(¢’, S?(A)) = n(x, SY(4)). Now the desired continuity follows from the
dominated convergence theorem. [
4. Proof of Theorem 3.1

1. In our analysis of the spectrum of H the crucial role is played by the compact
integral operator

A =A(z) = (W(2)'*K(2)(W(2)? (4.1)
in the space LY (M), where K = K(z) has the entries
K, =0
o« > 4.2)
Ka[i = ‘ VuITRO(Z)I Vﬂl%'}

The following statement relates the spectra of H and A(z).

Theorem 4.1. Let V, <0 and H, = 0. Then for z < O the operator A(z) is compact
and continuous in z and

N(z) = n(1, A(2)) . 4.3)
We start the proof of Theorem 4.1 with two elementary lemmas.
Lemma 4.2. For any bounded operator B
n(A, BB¥) = n(, B*B) .
Proof. Let us show first that
n(4, B* B) < n(4, BB*) . 4.4)

To that end we present B in the polar form B = U|B|, where |B|*> = B*B and U is
the operator such that UU* =P, U*U = Q, P and Q being the orthogonal

projectors onto R(B) and R(B*) respectively. Suppose that

(IBI*£.f)> A 117 (4.5)

Since |B|? = Q|B|?>Q one may take f= Qf. Therefore f= U*Uf= U%*g, g = Pg.
Consequently (4.5) yields

(UIBI?U*g, g) > AllU*g|1* = Zllg|I* .

Taking into account that BB* = U|B|>U* we obtain (4.4). To get the opposite
inequality it remains to switch B and B*. [

LetZ;,j=1,2,...,v,v < o, be aset of bounded operators acting from g to b.
Let M:=) | Z}Z;:g—gand

Z\Z¥ Z,ZF ... Z,Z¥
Kt < Zz?i“ Zz?i“ Zz??‘
Z, 2% Z,Z¥ ... Z,Z¥

be the operatorin .*_ @ .
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Lemma 4.3. For any 1 >0

n(A, M) = n(A, M) . 4.6)
Proof. Denote by I the v x v-matrix
1 1 1
1 1 1
1 1 1

and consider the operator M := M1 acting in Z (—B g. Since I has a unique
non-trivial eigenvalue (which equals v), we have

n(A, M) = n(vi,M). , N 4.7)

Direct calculation shows that M and M have the form M = Z*Z and
M = v~ 1ZZ* respectively, where

Z, Z, ... Z,
| %
zZ, Z, ... Z,

Applying Lemma 4.2 to Z*Z and ZZ*, we get (4.6) from (4.7). O
Proof of the Equality (4.3). First we verify the identity
N(@@) = n(1, R5(2) |V|R5(2) - (4.8)

Suppose that u € h_yx( — z), i.e. (Hu, u) < z(u, u). Then (Hy — z)u, u) < (| V'|u, u)
and consequently,

(1Y) <(VIR}@)y,R3(2)y), y=(Ho—z2)*u

Thus N(z) < n(l, Rg(z)l VIRg(z)). Reversing the argument we get the opposite
inequality, which proves (4.8).

Since V="V, +V,+ V; the operator in the r.h.s. of (4.8) has the form
Y > Z¥Z, where Z, = |V,|} R’(z) Thus by Lemma 4.3 it follows from (4.8) that

a=1
N(z) = n(1, M),

where M = M, + K, K being defined by (4.2) and M, = diag{Z, Z¥,Z,Z%,Z5Z%)}.
In view of (3.8) the operator I — M, is invertible and (I — M,)~ ! = W. Direct
calculation shows that

n(l, M) = n(1, W*KW?) .
The operator in the r.h.s. coincides with A(z). O

To check the compactness and continuity of A(z) for z < 0 we first look at
a more general operator, whose properties will be useful in what follows.
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Let { € C*(R ;) be the same function as in (2.13). Let I',(z) be the multiplica-
2

tion by ( (2%' — z> and let I'(z) = diag{I';(z), I'2(z), I's(z)}. Set
K®*V(z) = (I'(2) " K@)('(2)~" . (4.9)

Lemma 44. Let v,, o = 1,2, 3, satisfy (2.1). Then the operator K“)(z) for z < 0 is
continuous in z and compact for all v=0 and p=20. If v=<1/4, u<1/4 and
U+ v < 1/2 then K¥V(z) is continuous up to z = 0.

Proof. Set @ = diag{®, , @,, P53}, where P, is the Fourier transform defined in
(3.2). It suffices to study the operator

K@) = K®V(2) = ¥ K®V(2)d .
The kernel of K,;(z) equals

|Da(X)‘%eie'ﬂplx e~ idppx’ |vp(x')|% R

T pZ M p/2 v R ’
|:C<5l: - Z)i' [C(znﬂ - Z):I [Hap(p,p') — 2]
where x = X,, X' = X, p = p,, P = pg. Denote by ¢¥ the multiplication by the

characteristic function of the ball {p € R3||p| < R}. Then, clearly,
K@) =Z*2) + YR(),

d,; pX

1
(2m)?

where
ZR(2) = ERK (@) ER + (I — ERVRop(2) ER + ERK () (I — EF),  (4.10)
YR(z) = (I — EKopx) I — EX) . (4.11)

We shall show that the kernel of the operator (4.10) is square-integrable over its
arguments, so that Z®(z) € ©,. In combination with the continuity of the kernel in
z < 0 this will give the continuity of Z®(z) in z < 0. Let us consider the first
operator in (4.10). For z < 0 its inclusion in the Hilbert-Schmidt class is obvious.
Suppose that p +v < 1/2, u < 1/4, v £ 1/4 and z < 0. In view of (3.5) we have

Hgy(p,p') Z cp™(p')*™, k+x'=1. (4.12)
Thus the kernel of Z®(z) does not exceed
[0a(X)[FER(p)p ™2 (p') 20D ER () [op(x") %

It remains to choose x and x’ in such a way that u + x < 3/4, v + k' < 3/4. Using
the same argument one can prove that the second and the third operators in (4.10)
belong to the Hilbert—Schmidt class and are continuousinz < 0if u < 1/4,v < 1/4
and u + v < 1/2. For example, the second operator is Hilbert—Schmidt since its
kernel is bounded by

12 -V
1 — 14 ' ANES
Cloa(91* [1 = EX(p)]p 2(27,, ~ z) ERp)op ()1
The norm of the operator (4.11) is bounded by CR ™2 for all z < 0 since

EX(p[HY(p, p') — 21 ER(p') = cR?
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by (3.5). Therefore || Z*(z) — Izaﬂ(z)[[ —0 as R— oo. Hence the continuity and
compactness of K ,4(z) (and consequently, K% " (z)) follow from those of ZR(z). O

The end of the proof of Theorem 4.1. Comparing (4.1) and (4.9) we see that
A(z) = WEK©9(z) W%, The desired compactness and continuity follow from
Lemma 4.4. O

2. As we shall see later, the discrete asymptotics of the operator A(z) as z » — 01is
determined by the integral operator Sg in L,((0, R), &?®), ® = L,(S?), with the
kernel S,p(x — x'; <& 1)), n, £ € S%, where

Saa(x; t) =0,

Unp (4.13)

S.s(x; ) =(2m) "2 ,
(% 1) = (27) cosh(x + ryp) + sypt

and u,g, r,pg, Sqp are defined in (3.11).
Let the function (- ) be defined by (3.12). First of all we establish the following
Theorem 4.5. Let Sy be the operator defined in (4.13). Then for any p > 0,

lim R~ !n(y Sg) = 22(y) . (4.14)

R-

The proof of Theorem 4.5 is based on a simple Toeplitz type argument. Namely,
let us consider the selfadjoint integral operator Ty in the space L (0, R), d = 1,
with the kernel T,5(x — x’),

Top(x) = Tﬂa( —Xx), Type Li(R)Nn Ly(R).
Let T(4) = {T s(A}) be the matrix with the entries

Ty = [ Typ(x)e™**dx.

Let (1) be the eigenvalues of the matrix T(4) numerated in non-increasing order
counting multiplicity. Clearly, they are continuous in A. Denote M (p) = M(w; T)

= Uk{l t(A) =

Lemma 4.6. Let Ty be as defined above and p >0 be fixed. Suppose that
mes M(y) = 0. Then we have

2n lim R 'n(y, Tg) = }o n(w, T(A)di . 4.15)

R—

This lemma is a trivial generalization of a corresponding result for the case
d = 1, which can be found in [8]. In the language of Toeplitz operators it provides
the so-called canonical distribution for the kernel T,4(x). Below we denote by || K|,
the Hilbert—Schmidt norm of the operator K.

Proof of Lemma 4.6. By Riemann-Lebesgue Theorem n(u, T(4)) = 0 for || = M
with M > 0 large enough, so that the equality (4.15) is equivalent to

27 lim R~ 1n(yu, Tg) = ]}4 n(u, T(A)dA . (4.16)
-M

R—©
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Let us define in L (0, R) the operator T g with the kernel
Top(x; A) = Toy(x) x(x/4), A=R/2,

where y means the characteristic function of the interval [ — 1, 1]. Then, obviously,

ITe = T4rll3 SRY, [ |Tu0x)|*dx. (4.17)
ap x|z 4
Further, let
Tyx; A)= Y T.(x + Rn; A) (4.18)

be a periodic extension of the kernel Tj(x; A) with period R. Denote by T} ¢ the
operator in LY (0, R) with the kernel (4.18) and estimate the Hilbert-Schmidt norm

R R 2
ITor—ThrIE=Y[dx' [dx| Y T,(x—x + Rn; A)
af 0 0 n+0
In fact, the r.h.s. contains only summands with n = — 1, n = — 1. All the others
equal zero for x, x" € [0, R]. Therefore
R R
ITar —T4rIZS2) [dx' [ dx{|T,s(x — x" + R)|?
af O 0

+ | Tp(x — x" — R)|*}

2R—x

R ,
< 22{ [ dx | dx|Tux)?
afp UR—A R—x'

A -x’
+ fdx |
0 —R—

X

dx |Taﬂ(x)]2}

S44Y (I Tylli, -
af
Combining this estimate with (4.17) we obtain
Tk — T4 &3 < R(A) + CA,

lim x(4)=0.

A—

Now it follows from the inequality n(s, 4) < s~ 2||4]|3, s > 0, and the Weyl inequal-
ity (3.9) that

n(iua TR) é n(” - 5> Tﬁ,R) + n(é, TR - Tﬁ,R)
< n(u— 3, T &) + 07 2(Ri(4) + CA),
n(u Tr) Z n(u + 8, T§ ) — 67 *(Rrc(4) + CA) ,
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for any p > 0, 6 > 0. Consequently,

limsup R ™ 'n(p, Tg) < limsupR™*n(u — 6, T4 ),
R-oo V6>0, (419
liminf R ™ *n(y, Tg) = liminf R *n(u + 6, T§ ¢),

R— o0

where limits in the r.h.s. are taken as R - o0, A - 00, 4/R - 0.
We shall prove that for any ¢ > 0 and some é = J(¢), the relation holds:

M
2nlimsup R™1n(m, T5 ) £ | n(uw, T(A))dA+Ce, v=p—5. (420)
M

The eigenvalues of the operator Tj r can be calculated by means of the Fourier
series:

n(v, T4,x) = 2. n(v, TT%) , (4.21)

m

where T{"; is the matrix with entries
A Cm
[ Top(x)e™2Fdx . 4.22)
—A

By condition of lemma for any ¢ > 0 one can find an open set M, (x) (which is
a union of a finite number of open intervals) such that
M(w) = M (w), mesM,(w) <e.
Let us define the number 6 = d(¢) in (4.20) by the requirement
[(A) — pl 2 26, VA¢M(p) . (4.23)
We split the sum in (4.21) into two parts:
YT = Y am TP+ Y a0 TR . (4.24)
" 2mrean, (u) 2mrg o, (u)

Since the first term in the r.h.s. is bounded by Rd(27)~ ! mes M, (), its contribution
to the asymptotics (4.20) does not exceed Ce. Further, according to (4.22) we have

rmer(y)

? T
Since v=p — 6, in combination with (4.23) this tells us that n(v, Tﬁ{f‘}g =
n(u, T(2mn/R)) for large A if 2mn/R ¢ M, (u). Therefore the second sum in the r.h.s.

of (4.24) equals
R 27 ~(2m

2Zmre [~ M, M1\, (1)

-0, A- .
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where M is the same as in (4.16). Since the function n(u, T(4)) is continuous in
A ¢ M, () the sum (4.25) considered as the integral sum, converges to the integral

[} n(u, T(2)) dA .
[—M, M1\, (1)
To obtain the relation (4.20) it remains to recall once again that mes I, (u) < e.
Since ¢ > 0 is an arbitrary number, the inequalities (4.19) and (4.20) yield:

M
2nlimsup R~ *n(p, Tr) < [ n(p, T(1))dA .
-M

R— o0

In the same way one can establish a similar lower bound for lim inf R~ n(u, Tg).
Together they prove (4.16). [

Proof of the Equality (4.14). Similarly to (3.14) we have
SR= z @(Sg)®'@1)a
1=0

where SQ are the operators in L (0, R) with the kernels

1
SHx —x")=2n | Py(t)Spp(x — x'5 1) dt . (4.26)
-1
Consequently,
n(w Se) = 3, @1+ n(u, SR) . (4.27)
1=0

Now, comparing the definitions (3.10), (4.13) and applying the equality (3.21), we
see that

0

aﬂ t i) j Tidx Sa[f X, t) dx .
By (3.15) and (4.26) this yields
S(l J‘ e —iix S(l) (x)

As it was mentioned in the proof of Lemma 3.4, the matrix S®(J) is analytic in A in
a neighbourhood of the real axes, so that mes M (u;S®)=0 for any > 0.
Applying Lemma 4.6 we find that

27 lim R~ n(u, SY) = j n(w SO(A)) da .

R— 0
It remains to take into account (4.27) and (3.16). O

3. Let us proceed to the study of the operator A(z). Below we always assume z < 0.
Our aim is to prove

Theorem 4.7. Let the conditions of Theorem 3.1 be fulfilled. Then for any p > 0 we
have
lim |log|z|| ™' n(u, A(z)) = A(y) . (4.28)

z—>—0

When proving this theorem we rely upon the following two lemmas.
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Lemma 4.8. Let T, T, be bounded operators. If A & 0 is an eigenvalue of T, T, then
A is an eigenvalue for T, Ty as well of the same algebraic and geometric multiplicities.

This lemma is well known and its proof is omitted.

Lemma 4.9. Let T(z) = To(z) + T1(z), where Ty (T ) is compact and continuous in
z < 0(z < 0). Assume that for some function f(*), f(z) > 0, z > — O there exists the
limit
lim f(z)n(4, To(2)) = 1(2) ,
z—> -0
continuous in A > 0. Then the same limit exists for T(z) and
lim f(z)n(4, T(z))=1(A).
z—> -0
Proof. According to the Weyl inequality (3.9) for any ¢ € (0, 1) we have
n(4, T(z)) < n(A(1 — &), To(2)) + n(de, T1(2)) ,
n(4, T(z)) 2 n(A(1 + ), To(2)) — n(de, — T1(2)) .
Since T'(z) is continuous up to z = 0, we have
I(A(1 + ¢)) S liminff(2)n(A, T(2)) < lim sup f(2)n(4, T(z)) £ I(A(1 — ¢)) .
z—>—0 z—>—0
Now the desired result follows from the continuity of I(+). O

Proof of Theorem 4.7. Since U(+) is continuous in u (see Lemma 3.4), according to
Lemma 4.9 the perturbations of the operator A(z) which are compact and continu-
ous up to z = 0, do not contribute to the asymptotics (4.28). We shall use this fact
throughout the proof without further comments.

First we prove the theorem under the condition that all two particle subsystems

have zero energy resonances.
2

Let I',(z) be the multiplication by C(% - z) and I1, be the operator such that

a

(I, f) (ks D) = a5 M (Paa) (k) [ f (ke Pa) (P 0a) (ko) dE, -
It follows from (2.13) and from the definition of W,(z) that

(Wa(@))* = ([2) T, + (1) % W)

= M(LL@) " + WO T (4.25)

where

o

2
WO(z) =& W“”<z _ Pa ><p*
a aWa 2 o
is bounded and continuous in z £ 0. Thus
-6 o
(W) = ([(2) " HI + ([(2)~ 5 WO()

-0
5

(@) *+ WORI (@) +
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where I'(z), W ®(z), IT are diagonal matrices with the entries I',(z), W (z), I,. It
follows from here that A(z) = A°(z) + Y(z), where

A%(z) = DIK® Y ()11 ,

Y(z) = OK®V(2)WO(z) + WO KOP(2) T + WO () KV () WO (z) .
Here u=1/4, v=(1 — 6)/4. By Lemma 4.4 the operators K®*(z), K™ "(z),
K®")(z) are compact and continuous in z < 0. Thus, by virtue of Lemma 4.9 Y(z)
does not contribute to the asymptotics (4.28).

Let us look at the operator A°(z). Let &(+) be a characteristic function of the
ball {p|lp| <1}, and &, be a multiplication by the function &(p,). Set & =
diag{¢,, &,, &3}. Using Lemma 3.6 one can easily prove that A%(z) — EA%(2)E is
compact and continuous in z up to z = 0.

The following step consists in a reduction of the problem to an operator acting
in the space LY(R?). Let F = diag{F,, F,, F3}: L} (R3) —» L (N) be the oper-
ator with the entries

(Fof ks Pa) = (Do 02) (k) [ (D) -
Then obviously
(FF ) (Pa) = [ (0 9a) (k) f (ks Do) Ay -
The nontrivial eigenvalues of ZA°(z)Z coincide with those of the operator
S(z) := F*EK® ¥ ()5F .
Indeed, by Lemma 4.8 the discrete spectrum of £A°(z)E coincides with that of
EK® P ()52 .

Since 17 = (-, ®,0,)P, ¢, = F,F¥ it remains to apply Lemma 4.8 once again.
One may think that the operator S(z) acts in LY (B,), B, = {|p| < r},r > 0. Its
kernel equals

l/’a(daﬂp + eaﬂq)wﬂ(dﬂaq + eﬂap)
P’ e 7’ £
C(Z;; - Z) (Hop(p, q) — Z)C(z—nﬂ - Z>
where  Y,(k) = (,]v,/* @,) (k). First we replace the functions ,(k) by

Y,(0) = 27547~ 1] 734 (see (3.6)). Then by (2.10) and (4.12) the kernel of the
difference will be bounded by

Ipl° + 1q/°

2 1 2 1
P _ T o _ L _ %
<2na Z) (Haﬂ(pa q) Z) (21’1[3 Z)

for arbitrary x, k', k + ¥ = 1. Choosing « € (1/2, (1 + 0)/2), we see that this
operator is Hilbert-Schmidt up to z = 0. For the same reason we can replace the
functions {(p?/2n, — z), {(¢*/2n; — z) by p*/2n, — z, q*/2nyz — z respectively. Thus

C

S Cp)P 3T E| g TR

+Clp| T2 g
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we arrive at the operator with the following kernel:

. 2 —3/ 2 -3
2"n"2(lal,;)"}<2p7—2) <%—Z> (Hy(p,g) —2)7*.

One can trivially verify that this operator is unitarily equivalent to that with the
kernel

21 -211-%”—2 1_%‘1—2 1_%H° 1)1
g 1) (gt ) @G+

acting in LY (B,), r = |z|~?. The equivalence is performed by the unitary
dilation U, = diag{U,, U,, U,}: LY (B;) = LY (B,), (U,f)(p)=r">*f(r"'p).
Further, we may replace (p/2n,+ 1)7', (¢*/2n; + 1)! and H%(p,q) + 1 by
2n,p~2(1 — £(p)), 2nq~%(1 — &(q)) and H%(p, q) respectively, since the error will
be a Hilbert—Schmidt operator continuous up to z = 0. Then we get the operator in
L (B,\B,) with the kernel

2 2\ -1
27) "2 3 “2jp g (L 4 RO 4 :
( 7'E) (nanﬂ) (ld lﬂ) lp' lq' <21p + m, " 21“

Here we used the formula (3.4) for HY%(p, ). Finally, this operator is unitarily
equivalent to the operator Sg, R = 1/2 |log|z|| defined in (4.13). The equivalence
is performed by the unitary operator M = diag{M, M, M}:L®(B,\B,) -
L,((0, R), ®), where (M f) (x, w) = e>*f(e*w), x € (0, R), w € S%. Now the
relation (4.28) follows from (4.14).

Now suppose that condition (2) of Theorem 3.1. is fulfilled. To be definite we
assume that zero is the regular point for the Hamiltonian A3 and the resonance for
hy, hy. Then by Lemma 2.2 the operator Ws(z) = 0 is continuous in z < 0. Thus
setting @3 = 0 we see that W;(z) satisfies the relation (4.25) where

= (3) 1-4
W (2) = ([3(2)) % Wil2).
After this remark the proof goes as before. [

Now the equality (3.13) follows from Theorem 4.7 and the relation (4.3). This
completes the proof of Theorem 3.1.

Appendix
I. Here we prove the identity (3.21). Denote

1 — 1T —iAx
b oo SR Oi=5 [ e (0 dx, 0<O<m.

f(x,0):=

— 0

Since f'(x, 8) = f(x + 2mxi, 6), we have

o +2xi

Si(h 0) = % [ e = f(x, 0) dx = e2™.4(), 0) . (Al)

— o0+ 2mi
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Further, the function f(x, ) has two poles in the strip Im x € (0, 2%), namely
x; = i(n — 6) and x, = i(z + ). Thus,

F(4,0) = F(4, 9)+2— Y [e i f(x,0)dx, (A2)
k=1,2 li
where [, k = 1,2, means a circle of a small radius centered at the point x,, the
integral over [, being taken in the counter-clockwise direction. Combining (A1) and
(A2), we see that

f(i,@):l—_lem Y ——je"”"‘f x, ) dx . (A3)

k=1,2 2
Taking into account the following expansion at the point x;,

coshx = —cosf + (x — x;)sinhx, +--+, k=12,
we obtain by the Cauchy theorem:

1 " —iAXk

— | e 0)dx = ———F—.

2n ,‘[ e e O)dx = — i sinh x;

Thus, using the equalities — isinhiz = sinz and sin(z + 0) = F sin 6, we derive
from (A3) that

oA m=0) _ pA(n+6)

=(1—= 2nA\—1
F(4,0)=(1—e™) pem
Now it is easy to show that the r.h.s. of this equality equals the Lh.s. of (3.21).

I1. Let us prove now the bound (3.22). To that end we use the following representa-
tion (see [5]) of the function Q;:

Qi(coshy) =27% [ (cosht — coshy) "t e~ ¥ dt, y>0.

y
Since

t
cosht — coshy 2 [ sinht'dt’ 2 (t — y)sinhy,
y
it follows from here that

o0 - (1+4)t

y E—y)?

Qi(coshy) < (2sinh y)~*

. . _ _ [e¢} e—t
= (sinhy) ¥ (2l + 1) 2 e~ H3 (j) th )
Using the identity

e t

—% _tzdt=ﬂ3%,

Ot 8
ObﬁS

we obtain the inequality
0,(cosh y) < n*(sinhy) "3 (21 + 1) F e~ (+

To get (3.22) it remains to substitute z =coshy and take into account that
arccosh z = log[z + (22 — 1)'/?].
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