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LONG-RANGE ORDER IN QUANTUM
LATTICE LINEAR OSCILLATOR SYSTEMS

IAJIEKUH ITOPSAIOK Y KBAHTOBHX
TPATKOBUX CUCTEMAX JIITHIMHUX OCHUJIATOPIB

Existence of ferromagnetic long-range order (Iro) is proved for equilibrium quantum lattice systems of linear
oscillators whose potential energy contains a strong ferromagnetic nn (nearest neighbor) pair interaction term
and a weak nonferromagnetic term under a special condition on a superstability bound. It is shown that Iro is
possible if a mass of a quantum oscillator and a strength of a ferromagnetic nn interaction exceed special values.
A generalized Peierls argument and a contour bound, proved with the help of a new superstability bound for
correlation functions, are our main tools.

[ls151 piBHOBAa’KHUX KBAHTOBUX I'DATKOBUX CHCTEM JIIHIMHUX OCHMJISATOPIB, MOTEHIia/IbHA €HEPrisl IKUX Mic-
TUTb CUJIbHY (PEpOMarHiTHY 4YaCTUHY MAPHOI B3aeMOIii 0JIM3bKMX CYCi/liB i CJ1a0Ky HedpepoOMarHiTHy 4aCTUHY,
[IOBE/ICHO iCHYBaHHsI (DEpOMArHiTHOrO JaIeKOro NOPS/IKY NPH MEeBHii YMOBi HA HEPIBHICTh CYNEPCTIHKOCTI.
IMoka3aHo, 1110 AAJICKMii MOPALOK MOXKE MaTH Miclie, AKIIO Maca KBAHTOBOI'O OCLIMJIATOpA Ta cuJla chepomar-
HITHOI B3aeMO/1ii OJIM3bKUX CYCi/liB MEPEeBUILYIOTh MEeBHi 3HaYeHHs. [Ipu IbOMY BUKOPUCTAHO y3arasjibHeHUIt
npuHuun Iaiiepsica Ta KOHTYPHY HEPiBHICTb, I0BE/IEHY 3 IOTIOMOI'0l0 HOBOi HEPIBHOCTI CYNepCTiKOCTI /114
KOpPEJIALINHUX PYHKILIA.

1. Introduction and main result. Let’s consider Gibbs quantum systems of one-dimen-
sional oscillators on the d-dimensional hypercubic lattice Z¢, with the potential energy
U(ga) = U(—qa) on a set A with the finite cardinality |A|, where g, is an array of
(¢z,xz € A), g, is the oscillator coordinate taking value in R. The potential energy is
assumed to be a growing function at infinity. It is invariant under the simplest discrete
symmetry, namely Zo, which is realized as a transformation of changing of all the signs
of the oscillator variables.
The Hamiltonian of the considered quantum system is given by

1
HY =~ 3" 02+ Ulqn),
i zEA

where 0, is the partial derivative in ¢, and U is the potential energy

Ulga) =Y _ulga) + > 6(qarqy) +U'(an), (1.1)

TzEA (z,y)EA

(z, y) means nearest neighbors, the external potential u is a bounded below polynomial of
the 2n-th degree, the pair potential ¢ is a polynomial equal to zero at coinciding arguments
and a finite-range U satisfies a special superstability and regularity conditions [1—4],
written down below, which allow to pass to the thermodynamic limit.

If Fx is the operator of multiplication by the function F'x(gx) then the quantum
Gibbs (equilibrium) average is given by

N A A
(Fx)a = Zy'Tr(Fxe P17) = Z! / Fx(qx)e """ (qn;qa)dgn =

:/FX(QX)PA(QX|qx)qu, Zy = Tr(e=PH"),

where the second function under the sign of the first integral is the kernel of the semi-
group generated by the Hamiltonian and the integration is performed over RIAI, RIXI,
respectively.
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Ferromagnetic long-range order (Iro) occurs in the systems if for ' > 0 independent
of A either

<O'ny>A > a/’ U;L'(q/\) = {4z, T,y &€ Aa (12)
or
(sz8y)n > a',  sa.(qa) = |Z—x|. (1.3)

It is believed that Iro occurs if minima of the potential u are sufficiently deep and rare.
In this paper we prove (1.3) for d > 2 with the help of the generalized Peierls argument
based on an application of a new version of the Ruelle superstability bound (ferromagnetic
superstability bound) given below.

For pair short-range potentials and high temperatures there is a decrease of corre-
lations [5]. This should mean existence of phase transitions for such the systems. For
d > 3 and the case of the pair nn(nearest neighbor) quadratic interaction potential poten-
tials was derived in [6] with the help of the swc(spin wave condensation) method. For
translation invariant U’ having a small nonferromagnetic term and the quadratic nn-pair
interaction (1.3) was claimed to hold in [7]. The technique of this paper was based on the
conventional superstability bound.

The proposed here superstability Peierls argument is very general (the potential energy
is more general than in [7]) and was introduced for nonequilibrium systems of interact-
ing Brownian oscillators close to or far from an equilibrium [8] whose time dependent
correlation functions have the structure of reduced density matrices of quantum oscillator
systems with a three-body and pair interaction potentials. In this paper we reformulated
and generalized our arguments from [7] proving the abstract ferromagnetic superstability
bound. Its formulation and proof for quantum oscillator systems does not differ essen-
tially from the case of nonequlibrium systems of interacting Brownian oscillators since
the Winer integrals over unclosed paths in the latter have to be changed by Wiener inte-
grals over closed paths (loops) in the former. In both cases Feynman — Kac formula has to
be employed for its proof.

For the quadratic nearest neighbor pair interaction it was proved in [9] that Iro dis-
appears at sufficiently small mass of the oscillators m and appropriate general external
potential and this implies a convergence of the cluster expansion for the Gibbs state at an
arbitrary temperature [10].

We assume that

n—1

u(q) =ng® — g¢>" + > _m;¢* = uolg) — ga®™,  n>no,
j=1
n>1, n; € R.

If the coefficients 7, 7; depend on g > 0O then they should be bounded functions. For
existence of Iro in our approach the following conditions are needed
n—2
m > g2=roim/(g), lim m/(g) = oo. (1.4)

g—0o0

That is, the mass has to be sufficiently large. The pair nearest neighbor potential ¢ is
chosen as follows

__ & _
(ter @y) = 90(€e — 4)°" Q' (G2 @), go =g =275 EER,
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where @’ is an even positive function such that the following inequalities hold:

Q/(qma qy) S O‘O(qin2 + anz), ny +ng < n,

Q (@) > 222" ") 4 g2 g2 ),

the positive constants «g does not depend on g and ne — ny, < ny < no. For such the
choice of @’ the interaction constant gg can be interpreted as the strength of the nn-pair
interaction. It’ll be seen that the condition £ > 0 is needed for occurrence of Iro only if
ng is comparable with n;. For translation invariant U’ the parameter £ may be negative.

The above expressions for u with 1; = 0 and ¢ can be obtained if one starts from the
following expressions (see [11] where this fact is proved):

uw(q) =uo(q),  ¢qe,qy) = —g(@ T @™  + gt FgpeTF), 0<k <no.

Our method is based on a control of asymtotics of the reduced density matrices at
large g and all the conditions in our main Theorem 1.1 are aimed at that. In order to do
this we have to deal with bounded functions g, U, Uy, ¢ in g and re-scale and translate
variables by 2"~ ! and eq, respectively, where e is the deepest minimum of the potential
ug(q). We put

n—1

ug(q) =u(z""q), ¢4(q,q) = (" 'q.2" ), Uglax)=U(z"""qx),
u,(q) = ug(q + eg) — ug(eo), $+(q,q") = dg(q +eo,q" + eo),
Uilax) = Uglax +eo) — [Xug(eo), Uilgx) = Uylax + eo)-

Let W/ (gx;qy) = UL(ga) —Ul(qgy) —Ul(gx), A = X UY. The same relation will hold,
also, between U, and W,.. We require the superstability and regularity conditions to hold

Udgn) 2 D ui(g2),  ui(g) = uilg) — (v°(2"q) — Co, (1.5)
TEA
n—1
Wiaxsar)| < Y ¥ (lz—y) (0%(ga) +°(ay)), °(@) =D ¢¥, (1.6)
rzeX,yeY j=1

where the positive L'-function ¥/, and numbers ¢, ¢y > 0 do not depend on g. The second
and third terms in the expression for u, is a contribution of the negative (nonferromag-
netic) term in U’ which shows that the latter is always small, that is, it depends on positive
powers of g—'. Formulae (1.5), (1.6) allow positive (ferromagnetic) interaction terms in
U to be large. Interaction is stronger for translation invariant potentials. For translation
invariant interaction two conditions for the functions U’, W’ may be postulated in such
the way that they will imply (1.5), (1.6) (see [7]). The following condition

£<2(n—1)n; —2ny (L.7)

guarantees, also, that the nn-pair potential part of U, and U, itself satisfy (1.6) with an
appropriate W (see the appendix A in [11]). Let p2(gx|qx) be the correlation functions
corresponding to the potential energy U.. Then the ferromagnetic superstability bound is
given by
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1410 W. 1. SKRYPNIK

,G(Hf(leIC*(fi))(

pf(QX“]X) <e 4x;qx),

(1.7a)
_ n—1
Hig = (2mg>_1AX + U:_(QX) + Z Uj(%)a mg =mg "7 "0,
zeX

ul(q) = u; (q) = 3e°(q),

where U is the part of U, which is absent in the ordinary superstability bound, generated
by a positive pair interaction potential. Function ¢, (&) does not depend of the oscillator
variables and is a positive continuous function tending to infinity in the limit of vanishing
e. Its analytical structure can be found [8].

Let X7 (4A) = X(0,00) (d2): Xz (41) = X(—0,0) (=), Where X(a.p) is the characteristic
function of the open interval (a, b). The corner stone of the Peierls principle (argument)
is the contour bound whose universal character was demonstrated in [12] for classical
oscillator systems with pair nn interaction (see also [13]) and Heisenberg models

< H XIX@,> < e ITIE (1.8)
( A

z,y)eD

where T is the set of pairs of nearest neighbors adjacent to a contour, i.e., an external
boundary of the connected union of unit cubes centered at the sites of the bounded subset
of the hyper-cubic lattice and E can be made arbitrary large either at low temperatures
or by varying a parameter in an expression of a potential energy (see Remark 4.1). The
generalized Peierls principle proves (1.3) if (1.8) holds. It is not obvious that (1.3) implies
(1.2) (see [12]). Our main result is formulated in the following theorem.

Theorem 1.1. Let (1.4)—(1.7) be satisfied and for the constant in the superstability
bound, corresponding to the potential energy U,, the following equality hold:
glij& 2", (221" = 0. Let, also, the following inequality hold:

&>n—2(ny +n2) + 2(ng — nh)n. (1.9)

Then the contour bound (1.8) holds with E being a function which is growing in g as

g"no 20) . . e .
I} ( o ) at infinity and (1.3) holds if g is sufficiently large.

The proof that the condition for ¢, () in this theorem is true for finite range interaction,
determined by U’, can be given following arguments from [8] and bounds given in this
paper. The growth at infinity of 3~ E coincides with the minimum z~"u° of the external
potential u, with n; = 0. Remark that 2" and 22("~)" behave at large g like ¢; ' and
ey 2(”71), respectively, Conditions (1.7), (1.9) mean that the nontranslation invariant part
of the nn-pair potential is not arbitrary and that the strength gy of the nn-pair interaction
has to be correlated with the depth of the deepest minimum e of the external potential .

Inequality (1.9) arises from an application of (2.1) for the product of the characteristic
functions in (1.8) and the necessity of a suppression of the first unbounded term in the
expression 4 in it (¢4 in (2.10) does not allow the strength of the nn ferromagnetic
interaction gg be arbitrary small). This suppression is more complicated for quantum than
for classical systems (see [11]). In our method an important role is played by the integral

/e—ﬁ(u*(q)—cw“(z"q)—bf"("*“v“(q))dq (1.10)
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LONG-RANGE ORDER IN QUANTUM LATTICE LINEAR OSCILLATOR SYSTEMS 1411

We show that its asymptotics are the same for v° = 0 and n; = 0 (this fact is more
profound than the statement of the one-dimensional Laplace method). The proof is based
on application of the inequalities (4.2), (4.3) or (3.6), (3.7), easily verified for n; = 0. Our
result can be generalized for the potential u obeying these inequalities. The bound for the
integral is given in the third section and it is used later in a proof of our main bounds.

The expression for E is given in Theorem 2.1. The main term in it is given by the
integral

L27) = [ ntdasde ) exo{~5r. e, ),

where 1(dgdq') = exp{ — Buf(q) — (my/28)(q — ¢')*}dadd', Du(quy,dl,) =
= —Q*(%Qy) + ¢*(q/$’ q;)’

Qula ) = €5 [~ 0)? + 3 (4a(0s + 2600 + b+ 2e0)])

The polynomial @, is determined in the inequality (2.1) for the product of the characteris-
tic functions in the contour bound (1.8) and m is the rescaled mass. The last polynomial
has the remarkable property: Q. (—¢z, —¢y) = Q+(¢z — 2e9,qy — 2ep), which will be
employed by us in a special way in the proof of Theorem 4.1.

Estimates of the above integrals are based on the control of the behavior of all the
functions in the neighborhod of the deepest minimum e of u, based on application of
(4.2), (4.3).

Our paper is organized as follows. In the second section we derive the expression for
E in the contour bound (1.8) in terms of ¢, and I,(2;r) (Theorem 2.1). In Theorem 2.2
we establish the character of asymptotics of this integral proving Theorem 1.1 in this
way. In the third section some properties of the minima of the re-scaled external potential
ugy are established (its higher derivatives tend to zero in the limit of infinite g) and the
estimate of the integral in (1.10) is obtained. In the fourth section Theorem 2.2 is proved.
The proofs of the Peierls principle can be found in [8, 9].

2. Contour bound and superstability. Derivation of the contour bound (1.8) is based
on an application of the ferromagnetic superstability bound and the bound for the product
of the characteristic functions whose more complicated version appeared for the first time
in [14] for a continuum (classical) system of oscillators, corresponding to an interacting
two-dimensional Euclidean quantum boson field. This bound (its proof can be found in
[8, 11]) is given by

[T @)X (@) < exp{-Bleoll] - Qyar)] }, )

(z,z")el

where

Qg(QF) = Qg(‘]zaQy)a
(

x,x’)el’

_ 4
Qulae ) =i |~ ) + 3 (2 = 1+ 163 - 3.

The exponent with the ferromagnetic part of the potential energy in the ferromagnetic
superstability bound has to compensate a contribution of the first translation-invariant
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term in the expression for ¢);,. The mechanism of a compensation leads to (1.9) and
in quantum oscillator systems is more complicated than in classical oscillator systems
and nonequilibrium systems of interacting Brownian oscillators explained in [11] and
[8], respectively. In order to realize it we have to generalize the Golden—Thompson
inequality. The main result of this section is formulated as follows.

Theorem 2.1. Let the conditions of Theorem 1.1 be satisfied and
ex(9) = (221 be determined by the superstability bound (1.7a). Then E in (1.8)
is represented by

2mALL(2;0)

E = —e(g)—(2d—1)"tInT,(2:2d — 1) +1
Beo — ex(g) — ( )7 In I ( ) +1n m,

if I.(2;0) > 1. If 1.(2;0) < 1 then the inequality holds without I,.(2;0).
Proof. Using the fact that the scaling does not change the product of the characteristic
functions and that Laplacian is translation invariant we derive

<<H XIX§> :< 11 Xix;> : 2.2)

a,y) el A Mager A

where the Gibbs average in the right-hand side corresponds to U,. Let’s insert (2.1) into
the right-hand side of (2.2). Then (2.1) and the ferromagnetic superstability bound yield

< H X;Xy> Se*(ﬁere*(g))ll“\f*(p)_ 2.3)
(

z,y)er A

It’s clear that

f*(F) — Tr [ef@r exp {—ﬁ l—(?mg)_lAr + Z (a:_x + ﬁ’:y + é*(m-,y))] } )
(z,y)eT
(2.4)

where the operators with the hats correspond to the operators of multiplication by the
functions depending on the variables indexed by the indices of the operators and Ar is
the Laplacian in ¢, ,, «,y € I'. Now we have to apply the generlized Golden—Thompson
inequality formulated and proved in the following proposition.

Proposition 2.1. Let A be the d-dimensional Laplacian and a , U the operators of
multiplication by real valued continuous functions F' > 0, v such that v is bounded form

below, v € L?(R?, e_H‘IHqu) and/F(q)e“’(‘I)dq < 00. Then

Tr(ﬁet(@m)’m%)) < (7”(27#)—162)(1/qu(q)/dqle—%l\q—qlHzetv(ql)7 (2.5)

where ||q|| is the Euclidean norm of the vector q.

Proof. Let H denote the operator under the sign of the exponent in the left-hand side
of (2.5). The first condition for v implies that the Trotter formula holds in L?(R?): et =
= st lim (ezmw2en?)" (see Theorem X.51, Exercise 3.X in [15, 16]). This implies

n—oo
that the function (ezm=2ex?)" f, f € L?(R?), converges almost everywhere to the limit
function on a subsequence of positive integers.  This means that I;(Fl|v) =
= lim I;(F|v,n), where the limit is achieved on some subsequence of positive inte-
n—oo

gers and
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Ii(F|v,n) = /qu(q) / dqy ... dqnpf{f1 (g — ql)etnflv(‘h) X

n —1 —1,
< [ et (4 — gj—1)e™ "906(q — qn),

where §(q) is the point measure concentrated at zero,

ph(q) = \/ ma(2mt)~de ™ 2.

1413

Now, lets apply the generalized Holder inequality for a measure p on arbitrary mea-

sure space (the usual Holder inequality and induction are used to prove it)

/jﬁfjduﬁﬁ [/|fj|"dur,

taking R¥("+1) a5 the measure space and putting f;(q,q1,...,qn) = ew?(a),

(2.6)

71
du(dq. a1, -, an) = F(q)dgdas - .. dgnpl (¢ — a1) Hpt —qj-1)3(q — qn).

From the semigroup property of p it follows that (p3(q) = §(q))

I(Flv,n) < H [/qu /dq1p0 (q— q1)e™@p, o (1 —q)}

d(2nt)~ H l( =7 ) /qu(q)/dqle (85 + mtnzy)la—al? t“@l)] X

X [ / dqF’ (Q)et”(q)pé(q,q)} ' <
< [m(%ﬁ)_1 ((ZQ';) ;r [/ qu(q)/dqle—%Iq—qllzetv(ql)]
x [/ dgF(q)e™ ' pf(q, q)} ’ :

Hence

n—oo

n n n

n—1

Here we used the elementary inequalities — > , - >
7 n—1 n—j n—1mn-—

1

1
n

lim I,(F |v,n) < (m(2xt)~" ) /qu(q)/dqle—%\\q—qll\zetu(ql)_

> 1 and

2n n
the formula lim ((n_) < €2, This formula follows from the Stirling inequality

n—oo

n!)?

n

n! > n"e " 27n.

The proposition is proved.
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1414 W. 1. SKRYPNIK

Remark that (2.5) is useful if its right-hand side is finite. The additional condition
/e_%“q”zF(q)dq < 00, t € RT, guarantee this (see (4.7)). For F' = 1 (2.5) results in

Tr(eH(@m) 1 A+9)) < (m(m)flez)d/dq/dqlefganqlmm(ql) _

d - )
= (m(2mt)~'e")? /dqet“(‘” = % Tr(et?m) lAet”).

This bound coincide with the Golden — Thompson inequality if 2 is dropped in the right-
hand side. We’ll apply this proposition for the case of an unbounded F'.
As aresult (2.3)-(2.5) ford = |T|

L.(T) < (my2r8) 1) L(T),  1.(1) = I.(T; 1),
2.7

I*(T;T)=/ I #(dawdd,)(dg,dq,)exp {—Bra.(¢ay. d,,)}-
(z,y)eT

Now, we show how to bound this integral in terms of the integral I, (2; ) coinciding with
I.(T;r) when T is one pair adjacent to a corresponding face. In other words we have
to decouple the variables in the integral. The contour I', which the set of near neighbor
(nn)-pairs adjacent to the contour, contains overlapping pairs. The corners of the con-
tour creates the crossing. Let’s recollect that the contour is the external boundary of the
connected (by faces) union of unit cubes centered at the sites of the bounded subset of
the hyper-cubic lattice. A set of the nn-pairs is a union of the nonoverlapping set I'~ of
nonintersecting nn-pairs and the set ' which is a disjoint union of connected sets I‘f of
intersecting nn-pairs. Its clear that

L) = (L) (2.8)

L(T) = L(07) [ 1.(T})). (2.9)
1

Our main tool of the decoupling is the generalized Helder inequality (2.6). In the case of
the d-dimensional hypercubic lattice no more than 2d — 1 contour nn-pairs can intersect.
Let’s describe the decoupling inductive process for it. Let the nn-pair (1.2) be the bound-
ary nn-pair and 1 is the site which does not belong to other nn-pairs associated to Fz+~
Let’s apply (2.6) for n = 2d — 1 in s variables: a variable, indexed by 2, and the variables
j=1,3,s, s < 2d, which are linked with the site 2 in other nn-pairs. 2d — 1 — (s — 1)
functions coincide with 1 and the other with exp{—(®,(2 )}, j = 1,3,...,s. Hence,
instead of the integral in (g, ¢’)1,... s, We obtain the product

s(2d—s)+(s—2)(s—1) ,
2d—1 s—1—|T5|

(/M(d(q, q’))> (1:(252d = 1)) *7

_1
<11 [/ u(d(g, ¢ )2)e 24082 (@a)2n) |7
JETY
where I'y C (3,...,s) is the set of nn-sites which are linked with other nearest neighbors.
Then this operation one has to employ for any site from I', once more. Among the
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LONG-RANGE ORDER IN QUANTUM LATTICE LINEAR OSCILLATOR SYSTEMS 1415

functions f; in (2.6) there will be functions represented by the integrals in the right-hand
side of the last inequality. Thus moving from one site to the next we’ll fulfil the procedure
of the decoupling of all nn-pairs for I‘f. After that we have to use (2.8), (2.9) and the
Holder inequality for I, (2;1) withn = 2d — 1

J @t < ( [ 111 )(/u(dw))n"l. .10

s(2d—s)+(s—2)(s—1) 2(s—1)
=s— <2(s—1
2d — 1 ST %a—1 =
we proved the following proposition.
Proposition 2.2. The following formula is valid for the integral defined in (2.7)

Since

[T

L) < (1.(2;0) " (1.(2;2d — 1)) 77 2.11)

if 1,(2;0) > 1. If 1,(2;0) < 1 then

L(T) < (I.(2; 2d—1))“ T

Inequality (2.3) and (2.8), (2.9) and the last proposition complete the proof of the
theorem. It is not difficult to see that

, 2 23 —But |2
1,(2;0) = /u(dqdq) = —[le™™ [ (2.12)
g

In the next section we’ll show that the norm in the right-hand side of the last inequality
is bounded in g (see (3.12)). Then Theorem 2.1 and the following theorem together will
prove Theorem 1.1 since e, (g) grows at infinity weaker than eg.

Theorem 2.2. Let the conditions of Theorem 1.1. Then for arbitrary positive §,
there exists a positive constant C, independent of g such that the following inequality
holds for sufficiently large g

L(2;7) < C,ePd=c0.

3. Potential minima. The main result of this section are formulas (3.8), (3.12). In
order to prove them we have to introduce the new potential i and describe properties of
the minima of u4 and v in terms of its minima.

u(z7lq) =27"hq),  uglq) =u(z""lq) = 27" h(z"q)

where
h(q> _ ann _q2no +h1(q), ZTI ZQ(n 7) 2] _ ZQn 1( 1(])-

Let €'(j), 1(j), e(j) be the minima of u, h, ug, respectively. The deepest among the
sequences will be denoted by e, u, eg, respectively. Then

—-n

() =2"u0),  e()=2"n0). 3.1)

It is so since for the equations for the minima we have
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1416 W. 1. SKRYPNIK

ou(z"tq) = 0h(q) = 0, Oug(q) = Oh(z"q) =0, 0= 6%
It is not difficult to check that
Ouy(q) = =2 R("g), DPuy(q) = Ph(z"g). (3.2)

Equalities (3.1), (3.2) yield

Pugle(d) = =P RWG)),  Pugle(i) = Phin().  (33)

This implies that the derivatives of 0°u, at the minima of u, tend to zero if ¢ tends to
infinity and s > 2. This fact will play a significant role in our further consideration.
There is only one root y of 9h which converges to the unique positive root u° of Oh°

ho(q) =ng™ —g*™,  9h°(q) = 2¢*™ " (ng®" ") — ng)

when z tends to zero. It is simple and an analytical function of z in the neighborhod of
zero (see the first section in [15]), that is

no \Zo 7o)
p=p0 Yy, u = (—O> : (G4

n
k>1 n

It is the deepest minimum of / since other roots 1; of Oh converge to zero for vanishing
z. For these roots there is the following convergent expansion in the neighborhod of
zero [15]

k.
pG)=> zpey, Y le=2ng—1, 1<1;<2n— 1. 3.5)
k>1 s

1
We’ll restrict z to the neighborhod of zero, i.e., the interval [0, zo], z0 < 1, where 3 uo <

1
<p<2ul, 0= 1 Ir[uno] 9?h(p) > 0. The last inequality is possible since 92h°(u®) >
z€[0,z

> 0 and h, p are continuous in z.
The Taylor expansion for A is given by

h(q+ p) = h(p Z 8hs

Then one can choose § < 1 such that (h is symmetric function)
hg=+p) = h(p) > 0¢%, gl < dp. (3.6)

Both numbers p; and h(u;) tend to zero for vanishing z, that is p; are shallow minima
with respect to the deepest minimum g, and for sufficiently small § we have

W) = h(p) > 05, g € R\[(1 = &)p, (1 +8)u]\[ = (1 + ), —(1 = d)ul,
(3.7)
6, = min (h((1 +0)) — h(u), h((1 = S)p) — h(,u)) > 0.

2€[0,29]

This is obvious for the case h! = 0. We end this section my deriving a bound for the
integral which will be used in the next section.
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Proposition 3.1. Let e = 22"~V and = € [0, 2°] then for arbitrary positive num-
bers a, b there exists a positive number R independent of z such that

/ =Bl (@=ar(="0)=ber® (0)) gy <

< [VABH 4+ (0.0) 5 Ru 4 (a0)"H ]t @ten gy

a

where k = sup \/ae™ %
a>0

Proof. Let us rescale the variable in the integral by z~", use the inequality
ev?(27"q) < v°(q) and translate the variable by —. As result the integral is less than

o / B2 (@)= h(0) (@ +6)2" 0" (a-1) g (3.82)

Let’ put ¢ instead of § in (3.6), (3.7) and let R > 0 be such that
h(g) = h(p) = (a+b)0°(g — p) > ¢°, gl > R>1.

Let’s decompose the positive half-line into three sets (the first set is the set in the round
brackets)

R = ([0, (1 — &)l (JI(X + &), RD I =€), (1 + )] | J[R. o]

change sign of ¢ in the integral in (3.8a) and make estimates of the integral over these
sets. For the integral over the second set we have

(1+e)p
o= [h(q)_h(u)—zQ"(a+b)v°(q—M)]dq =
(I—e)p

:
_ f =B 2 (@) ~h() —=" (@ D) (a+20)] g <
L,
ep
< (Blatb)®(6u°) / =822 (h(a+)=h(w) gy

—En

where we used p < 2u°. Inequality (3.6) implies that the last integral is less than

ep
[ oo g e g = (oo (3.9)

e
The integral in (3.8a) over the first set is less (due to (3.7)) than

n

Relatbn® (Re2u0)e 20" (3.10)

The integral in (3.8a) over the third set is less than
z—"/e—ﬁfz"‘qu = B 3/T. (3.11)
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1418 W. 1. SKRYPNIK

Combining (3.9)—(3.11) we obtain the needed bound. Making the above decomposition
for the right half-line and repeating the same arguments we prove the needed bound.
For a = (, b = 3 we have

He—ﬁui”l < B0 CeBCH3)(6n"+R) (3.12)

4. Proof of Theorem 2.2. In this section we derive a bound for the integral I,.(2;r).
The main result is formulated in the following theorem which proves Theorem 2.2.

Theorem 4.1. Let all the conditions, except the condition for the mass m, of The-
orem 1.1 be satisfied, g be such that z € [0,2°], Ry = /30, — 127‘661 > 0, Ry =
= 1—24r3*(mgyeo) ™t > 0,0, = u= 20 and 0 determined in (3.6). Then there exists
positive numbers Cs, s = 1,2, 3, independent of g, m, such that the following inequality
holds for an arbitrary positive number J,

I.(2;7) < I(m,g)elo-coefio, Ry = 16mg_17"263R2_1,
i(m,g) = {C1 +my [Co(1 + R + O35 )

From the equalities

—n n—1
1

2—7 n
myt < g g () = g2 m! ()™ = eo(um' (9)) 7

(eomg) ™" = (um'(g)) ™,
where 11 is bounded in g, it is seen that Iy is uniformly bounded for large g, e, 'Ry tends
to zero in the limit of infinite g, that is the conditions of Theorem 1.1 are satisfied for
sufficiently large g (R, is also uniformly bounded at large g since ey !'is small). This
concludes the proof of Theorem 2.2.

Proof of Theorem 4.1. Let the integral in prime variables in in the expression for
I.(2;7) in (2.7) be denoted by I(q1,g2). The main idea of our bounds is to determine
the behavior of the function I(g;, ¢2) in a neighborhod of the critical point (—2eq,0),
(0, —2eq) of u.(q1) + u«(g2) and outside. We decompose the range of integration in this
integral into several subsets S;; covering R? which are related to the behavior of . near
the critical points (see (4.2), (4.3)). The restriction of the integral to the sets is denoted
by Is;,. We’ll show that these integrals are bounded by the products Gi(q1)Gr(qz2),
Gi(q1 + 2e0)Gr(g2 + 2e0), Go(q1 + 2e0)G’ (g2 + €0), k, 1 = 0,1, 2,3, of exponentially
decreasing at infinity functions G, G’ with special coefficients (the coefficient before the
last product decrease exponentially in g at infinity). Then after translating the variables
by —2eq (in the last two cases) we apply the bounds

eBreg (m=a2)* < p2Breg’ (ai+a3) efreg las(as2e0)l < pBreg (@f+2e0laiDl - (4.1)

and estimate the integrals

I = /Gj(q)eﬁr(3881q2+2lql)dq’ I = /G/(q)eﬁr(3€81q2+2lql)dq.

In this way we derive the left-hand side of the condition for ¢ in Theorem 1.1 which is
needed to make a contribution of the set Sz ; in the asymptotics of I,.(2; ) in g moderate.

In order to simplify integrals we’ll omit = in them keeping in mind that gq is propor-
tional to > 1. From (3.6), (3.7) (h is a symmetric function), the equalities
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un(z7"q) = 277 (h(g+ p) — h(p)), eo=pz"

we derive
2 _ -2

u*(q) > g*ueoa (|q + 2€0| > 560) ﬂ (|Q| > 660)3 e*p =K 9*; (42)
us(q) 2 0,0%,  la| < deo. (4.3)

For brevity we’ll omit the index g in 6, € in the formulae of this section.

Let’s decompose the space of integration in g7, g5 into four sets S;, j =1,...,4,

g1 + 2e0| < deo, lg5 + 2eo| < deo; g1 + 2e0| > deq, lg5 + 2eo| < deo,
g1 + 2e0] < deo, g5+ 2e0] = deo; gy + 2e0| = deo, gy + 2e0| = deo.

Every set S;, j > 2, will be, also, decomposed into subsets S;; with the help of the
inequalities

i=2, 1=1, |¢i+e| 20  1=2]q) +eol <

j=3, 1l=1, |¢+eol>5; 1 =2,|g5 + el <6
j=4, 1=1, |¢|<deo, g5 <deo;  1=2, |qi|>beo, |g5| < deo;
j=4, 1=3, |¢i| <deo, |go| >deo; 1=4, |¢i|>deo, |g5] > deo.

The integral 1. (2; r) will be denoted by I..s; , (2; ) if the integral (g1, g2) is replaced
by Is, ,(q1, g2). The most simple estimate is obtained for S; neglecting a dependence on
positive ¢,

2
Is, < /He—(2ﬁ)*1mg(q;—qg‘)Qe—Buf(Q})dq} <

g, =1
N 2
< H Go(Qj + 260) (/ (:’_ﬁu*g(Q)dq) , 4.4)
j=1

where Go(g;) = e~ 29 my(la51=3¢0)* 4\ +(5ey — |q,]). Here we used the inequalities
2
(a5 — 4))* = ((g; + 2e0) — (d} +2€0))” > (la; + 2¢0| — deq)?,
lqj + 2e0| < deq, lg; + 2eo| > deg.
Formulae (4.4) and (4.1) lead to after translating variables by —2eq

Byt 112
I*Sl(Q;T) < He Pux 11625

(4.4a)

I(/) < /637"660_1q2eQrﬁ\q|67(26)_1mg(|q\7560)2dq+5eoeﬁreo(352+25) <

< 2erﬁeo(362+25) /e3rﬁeglq2eQrﬁqe—(Zﬂ)flmgtqu + deg.
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Here we shifted the variables in the integrals over the right half-line by deq. Hence

L, (2;7) < 4”67&**+

fEQTﬁeg(362+25) 2Wﬂm;1R516R0 4 526g:| , (45)
where we used the elementary inequality (a + b)? < 2(a? + b?) and the formula

o2
/EiquGaqdq 4 /bflﬂ'eﬂ, a, b> 0. (4521)

That is, I.s, (2;7) satisfies the main theorem bound (see (3.12)). Inequality (4.3) and the
definition of u, vT (see Theorem 2.1) for the case j = 4,1 = 1 yield

2
Is,, < H 67(2»8)*17”9(q}fq_f)zefﬂui(q})dq; <

L
O ARSI

2 2
< e e T / e B maai=ai)” =509 gt < P70 TT Gy (gy),
j=1

j=1
(4.6)
Gi(g) = =9 mye? /67ﬁ9q2dq+ef4‘lﬁ0q2 /67(2ﬁ)‘1mgq2dq_
Here we used the inequality for two monotonic functions f, h
/f(\q = d'Dh(ld')dg" < f(27 al) IRl + R (27 al) 1 £l 4.7)

To derive it we decomposed the range of integration into two sets |¢’| > 27Y|q|, |¢/| <
< 27!{¢| and took into consideration that the functions are monotone.

For j = 4,1 = 4 let’s add and subtract in the exponent the polynomial 167 3e, ! (02 +
+0'?], o(q) = g, and then apply (4.2) together with the Schwartz inequality in primed
variables. This leads to

2
Is,, <e P ] / ¢~ (20) " my(4-0,)? =80t (@)= $ue () g <
Jj=1

: }
_ +_ 1, —1_2 _ 2 a1 N2 _anpg.—1.2
< ||€ 2B(ul —zu.—16rey o )”16 BO.ef H/e B~ mg(q—qj) e 32rBey q dq

Jj=1

From (4.7) we deduce that

2
1—5474 < He—zﬁ(uj—%u*—mmalgz)Hle_ge*eg H Gz(qj),
5=1 (4.8)

G3(q;) = e~8rBeq ' d] /e—ﬂflmg'qu_,_ e~ (48) " mgd] /6—32r5e51q2dq_
For Sy, I = 2,3, we have to use both (4.2), (4.3)
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Is,, (g1, qo) < eV (09 B0.e] /6*(23)’1mg(q§7q1)267ﬂ(ui(q§)*%u*(Q))dqix
“ /e—(zﬂrlmg(q;—qz)?e—ﬁeq'ﬁdqé <

— 1
< I (00 gm0 || 20l S 16 ) | 2 Gy ()G (ga). (49)

Here we applied the same arguments as in the case j = 4, [ = 4. The same inequality
holds for Ig, ,(q1,q2) with the permuted variables. From the definition of ¢, we derive
putting

b(q1,02) = 62" (a1 + €0), 2" (g5 + €0)) >
> 2= Dmtn2) (g — gy x
<[ (a1 + €02 (gh + €0) 7% + (gh + €0)*" (g} + €0) 227 .
As aresult for ¢, g5 € S21 we have (1 — & > ¢)
G+ (g1, 42) >

> (|} + 2e0] — 8eq)™ [272775) (1 = 8)e) ™™ + 8275 (1 = 8)eo) "™ ] >

)2"12:1’

> (|¢} + 2eq| — deo

21 = Z2(n71)(n1+n2)52n2 egnlz
This yields after applying the Schwartz inequality
I52,1 (qh Q2) <

< [l

1GO(QZ + 260) /@_(25)717”9(q/_‘h)ze—ﬂrzl(‘ql+260|—560)2"1 e—ﬁuj(q/)dq/ S

< e oo

2G0(l]2 + 260) X

1

« ( / e—ﬁ1mg<q/—q1)2e—ﬁv-zl<|q/+zeo|—a>2mdq/>2 <

< e oo

,Go(g2 + 2¢0)Gs(q1 + 2eq),
(4.10)

G%(q) = (6_57"21(271‘(”_550)2"1 + X+(660 _ 2—1|q|) /e—(Qﬁ)ilmgq/qu/_’_
e (39 mas® (/ e=Bra(la’|=5e0)*™t g +560) .

Here we applied (4.7) once more and put

fq) = e—(Qﬁ)flmg(Q’—q)Z,
—Brz —8ep)?™
h(q) = e~ Prarllal=0e)™ ¥ (Jg| — Geg) + xF (Seo — |ql).
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Here h is a monotonic function. For S5 5 we derive
Is, ,(q1,q2) <

<l

1G0(Q2 + 260) / 6_(25)717%(‘1,—(11—eo)ze—ﬁuj(q/—eo)dq/ <

lg'| <6

< ||e—ﬁUI||leﬁ(u9(eo)+v+(eo+5)) < / e—ﬁug(q’)dq'> Go(Qz + 260)6"(Q1 + 60),
lg’'|<6
4.11)

G'(q) = (e a0 3 F (g + eo| +9)).

Function ug4 is a bounded in g, hence the integral in the second line in (4.11) is bounded
in g > 1. Here one has to check that u, tends to a finite limit when g tends to infinity.

This follows from the fact that the coefficient before ¢2™° in the expression for ug is equal
1_nom=1 _ (ng=Dn

tog o =g "o ng > L

The same bounds are obtained for s, ,, Is, , by permuting variables in the bounds
(4.10), (4.11) for Is, ,, Is, ,. Now we can estimate I.s,,(2;7). For j = 4,1 = 1 from
(4.6), (4.5a) and

—12rey ' + 80 = Ry > 0, —243%r(egmy) ' +1=Ry >0 4.12)
it follows that
Lis,, (257) < 112 < 4167 (0my) " Ry tef 4 272 6m 'Ry e PR (413)
For j = 4, = 4 from (4.8) and the first inequality in (4.12) it follows that

Log,,(27) < [|le=200 —hua—16reg o™ o=00.cE 112

< QHe—zﬂ(uj—%u*—mreglaz) Hle—ﬁe*eg %

2
X [@ (/erﬂ(e°1q22|q|)dq> +7eqmy (8rRy) te™ | (4.14)
My

Here we used the inequality v/a + b < v/a + Vb, (a + b)? < 2(a® +b?), a, b > 0 and
(4.5a). By Proposition 3.1 the norm in this inequality behaves as exp{aep},a > 0. The
same is true for the integral inside the square brackets. This and the dependence of m,
on g mean that I, g, ,(2;r) is bounded in g. The analog of (4.14) is easily obtained for
Ls,,(2;7),1=2,3,
L, (2;7) < 2e7 %<0 112 4 1,?].

From (4.13), (4.14) it follows that the integrals I,s, , (2;7), 1 = 2,3, are bounded in g.
For j = 2,1 = 1 we have (see (4.10))

1*5'2,1 (2; T) < QHe_ﬂu*g

My

[1fle™ e

|2 [162 + IZ:}Z]v

2
67“5(360102+2|’1|)dq> +

lg|<28e0
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2
+eZﬁ(3<32+26)60 (</eﬁrz1(2_lq)2"1 65(3651q2+2¢1)dq> +

+R;16302(5ml)*ﬁ / e—q’z"ldq’)] ) (4.15)

Here we performed the operations, given at the beginning of the proof, and applied the
formulas

vai +az+az < y/ar ++/az ++/as,
(a1 + az + a3)® < 2%(af + a3 + a3)

translated, rescaled and translated the variable by 4-23¢ in the integrals (over RT) cor-
responding to the last and first terms, respectively, in the expression for G3. The second
integral in the right-hand side of (4.15) can be estimated by taking the product of maxi-
mums of two exponents, depending on the quadratic and linear terms, multiplied by the
root of the third order of the first exponent. Hence, it is less than

9 [ maxe=3 Brai( 19)*" 26q )
q2>0

% (max =3 Braegt (27 )" Gng) (3*167'21)7"711 /67‘1'2"1 dq'.
q>0
In the second round bracket we rescaled the variable by ,/eq. The firsts and the second

=T 1 . .
terms grow in g as the exponent of z; “"* 7", (z1e(*)” ™11, respectively. This growth has

to be weaker than the growth of eg, i.e. z~". Thatis, —§ + 2(n — 1)(n1 +n2) — 2n4n <
< (2’{7/1 — 1)’[’L,

—£+42(n—1)(n1 +n2) — 2n4n —nin < (ng — L)n.

Both conditions are identical to the condition of Theorem 4.1. The second and last terms
in (4.15) grow as eg to some power. Thus I.g, , (2;7) satisfies the theorem main bound
(provided (4.12) holds). For the case 7 = 2, ] = 2 we obtain with the help of (4.1)
and (4.11)

Lis,,(2;7) < |le=

1€ﬁ(u9(€0)+v+(50+5)) ( / e‘ﬁ“g(‘/)dq/) X
lg’1<6

%9 [[62 + /e(Qﬂ)_lmg(qureo5)26Tﬁ(3651q2+2IQ|)dq)2} ) (4.16)

After translations of the variables in two integrals the term in the square brackets is less

than
} . @417

Both integrals were estimated considering the case j = 1. From (4.5) and (4.16), (4.17)
it follows that I, g, ,(2;r) is bounded in g > 1 since uy(eg) = 2~ 2"h(p) = egpu~2h(p),

2
e32rBeo {I(f 1 4emP(65°+20) K / e(2ﬁ)_1mgq261"ﬂ(3651q2+2q)dq> + 62
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h(p) < 0and v+ (eg + ), vT(epd) are bounded in g. Moreover, the norms in (4.10) are
bounded in g >> 1. It implies, also, that the norm in (4.14) grows at in infinity in g as
e#32(61°)%e0 Hence all 1 +s,.(2;7) satisfy the theorem main bound. This implies that the

theorem is proven since I, (2;7) = Z . ILis,,(2;7) and it is not difficult to calculate
j :

C, from (4.5), (4.13), (4.15)—(4.17): (4.11) and the bound after (4.14) , i.e., bounds for
Ls,,(2),j=2,3,and I,s, ,(2;7), 1 = 2, 3,4, generate the expression for Cy; (4.5), i.e.,
the bound for I,s, (2) gives expressions for Cy, Cs (e is less than e’+¢0 multiplied by a
coefficient depending on d.); (4.13) and (4.15), i.e., bounds for I.s, , (2;7) L.s, ,(2;7),
respectively, give expressions for Cy, C's.

Remark 4.1. In a general case a depth of the polynomial external potential is con-
trolled by n — 1 parameters. The different subsets of this space can be described with the

n—1
help of one parameter g and the representation u(q) = ng*" — Z s g™ q**. To deal
with this case one has to find an appropriate re-scaling reducing the polynomial to a sum

of a polynomial with easily calculated minima and an additional polynomial depending
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