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Abstract: The problem of stability of positive diatomic molecular ions with the
nuclear charges Z; and Z, and N electrons in a homogeneous magnetic field B is
studied for Z;,Z,,N,B — oo. The conditions of instability are obtained for different
relations among Z;,Z;, N and B. A new version of the HVZ theorem for systems
in a homogeneous magnetic field is proved.

1. Introduction

It is well known [5] that a positive diatomic molecular ion with N electrons and
nuclear charges Z, and Z, is unstable for large Z; and Z,. It means that for every
positive N there exists a constant Z¢ >0 such that whenever both Z; > Z¢ and
Zy > Z¢, the hamiltonian of the system (after the separation of the center of mass
motion) has no discrete spectrum. Furthermore

lim z°N~ ' <2. (1.1)
N—oo

In this paper we discuss a generalization of this result to molecules in a magnetic
field. This case is more complicated for the following reasons. First we cannot
use the standard definition of stability, because the center of mass motion cannot
be separated in a homogeneous magnetic field in a standard sense. A key to this
problem is a new version of the HVZ theorem for the hamiltonian on the subspace
of functions with fixed rotational SO(2) symmetry which is proved in Sect. Al (see
Appendix). The idea of fixing of the type of the SO(2) symmetry as a substitute
for the separation of the center of mass motion for the HVZ theorem was suggested
earlier by G. Zhislin and the author [6]. But in [6] the HVZ theorem was proved
only for the case when either all the charges of the particles have the same sign or
the magnetic field B increases at infinity.

In this paper we consider molecular ions consisting of positive nuclei and neg-
ative electrons in a homogeneous magnetic field and the results of [6] can not be
applied.
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Furthermore the physical intuition (and the idea of the proof) for the HVZ
theorem to hold in this case are different than in [6].

Another problem is the estimation of the energy of the system in a region where
the distance between nuclei is small. For this goal, the “united atom estimate” was
used in [5], but in a magnetic field this estimate is not optimal. To solve this
problem some additional decompositions of the electron’s configuration space and
some new estimates are suggested in this paper.

Notice that a magnetic field can play an important role in stability, because it
tries to localize particles in two dimensions. We take it into account in our study by
choosing all the sizes of subregions of the configuration space to depend not only
on the nuclei charges as in [5], but also on the magnetic field.

The main result of this paper is the statement that if the magnetic field B is
“weak” in the sense that for some ¢ > 0,

(BZ; Y 2[In(1 + BZ; )PP+ < 7y (1.2)

and Z, = Z;, then inequality (1.1) for critical charge Z¢ holds in the magnetic field
case. We estimate also limits of stability in cases where (1.2) does not hold.

2. Definitions and Results

Let D; be a quantum system consisting of two nuclei (with charges Z; and Z, and
masses M) and M,) and N electrons. The mass of an electron is +1 and the charge
is —1. The hamiltonian of the system D; in a homogeneous magnetic field has the
form

| N+2 1 . B
H = 2} EIMJ I(IVj +Aj)2 + 233 z(zV, +Aj)2 -|-le2|7‘12| !
J= Jj=
2 N42 1 N+2 1
SO D D117 S DI ¥ .1)
j=1 s=3 s,t=3;5<t

where ; = (r},r7,7}) are the coordinates of the j™ particle,
s = (rs —7; 4,=8702 1 0) j=1,2
rJS—’(rS rj)’ I= 3 ](rj’ 7, ) j=12,

B
4; = EZj(—rf,r},O) jz3 B>0.

The hamiltonian # does not contain a spin part because of reasons to be de-
scribed later. We assume that Z; + Z, > N (positive ions) and Z, = Z;.

For B =0 one can separate the center of mass motion in the operator 5. The
system D, is stable (for B = Q) if the resulting operator Hy has discrete spectrum on
the subspace of functions with permutational symmetry satisfying the Pauli principle.

If B30 we can separate the center of mass motion only in the direction of the
magnetic field (the 3™ axis). So, for this case we need to modify the definition of
stability.

Let us rewrite the operator # in the form

H=T+V, (2.2)
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where T is kinetic energy and V' is potential energy;

2 N+2
T =3 12M7'GV; + 4,0 + 3 126V, + 4;), (2.3)
j=1 Jj=3
V = Z1Zy|r| ™" Z Z Zlris| ™"+ Z Zilrg| 7" 2.4)
Jj=1 5=3

S<t

Operator V' depends only on the coordinates of the particles. Let

2 , N2 2 -
{3 = EMJ""]""Z”;' | XM +N
j=1 =3 j=1

be the 3™ coordinate of the center of mass position vector of our system. Operator
T can be rewritten in the form

2
1 d

T=Ty—1/2(M, +M, +N)~ W (2.5)
c3

where operator Ty depends only on the coordinates in Ro3

Ry = {r[r =(r1,...,FNg2) € RPN, ZMr + Z r = 0} (2.6)
=

Operator
2

diZ,

corresponds to the kinetic energy of the motion of the whole system in the direction
of the magnetic field. Let

__(Ml + My +N)'—-

Hy=To+ V.

The stability of the positive molecular ion is determined by the spectral properties
of the operator .

3. HVZ Theorem for the Operator ) and the Definition of Stability

Let S be the group of permutations of identical particles in the system D; (electrons
and also nuclei if they are identical), «a—be a type of irreducible representation of
the group S.

The operator #} is invariant under the actions of the group G = S x SO(2) x W,
where SO(2) is a group of two-dimensional rotations around the direction of the 3
axis, W is a group of reflections of the 3™ axis.

Let m be the weight of an irreducible representation of the SO(2) group and
o = %1 is a parity. We shall denote by S the restriction of the operator
onto the subspace of functions with symmetry o = (o, m, w). It is clear that #) =
Za @ ’}fg

The important property of the operator S is that the HVZ theorem holds for
it without any additional separation of the center of mass motion.
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The essential spectrum of # is defined by decompositions of the system into
clusters.

Another substitute for the separation of the center of mass motion for the operator
H#y was suggested earlier by J. Avron, I. Herbst and B. Simon [1]. They proved that
for the operator with fixed value of the pseudomomentum the HVZ theorem holds.
From many points of view their approach is more general than one used in this
paper. It works both in the neutral and charged cases. It is based on the translation
invariance and does not need rotational symmetry of the potentials. Unfortunately
operators with fixed pseudomomentum are more complicated for studying than those
with fixed rotational symmetry. At the same time the whole set of operators 5 for
all o describes spectral properties of the original operator #, and the considered
physical system as well as the whole set of operators with fixed pseudomomentum.

To formulate the analogue of the HVZ theorem for our case we need to introduce
some additional definitions.

Let D, = (Cy,Cy) be an arbitrary decomposition of the system into two nonin-
teracting clusters,

Ro[Cjl={r|r €Rp, r; =0, i ¢C;}, Ro(D2) = Ro[C1] ® Ro[ (7] .

For subsystems C;, j = 1,2 we define operators #;[C;] by the analogy with the
operator #, for the whole system.

The operator 5#,[C;] contains only variables corresponding to the particles in
the subsystem C;.

Let s#(D2) = #5[C1] + #4[C2]. We denote by S[C;] a group of permutations
of identical particles in C;; S(D,) be a group generated by S[C;] x S[C;] and a
permutation of subsystems C; < C; if they are identical (C; ~ C;).

Let 4,7, be types of irreducible representations of the groups S(D;), SO(2)
and W3 at Z3(Ro(D2)). For C; ~ C; by o we denote a type of one dimensional
irreducible representation of the group S(D,) for which the number —1 corresponds
to the permutation of clusters C; and C; and number +1 to all permutations from
S[C1] x S[C,]. Let —d be the type of irreducible representation of the group S
which is a direct product of the types d and o if C; ~ C, and —d = 4 if C;4C,.
We shall write that the symmetry 6 = (d,7,®) is induced by the symmetry ¢ =
(a,m,w) (6 < o) if one of the next conditions holds

1) the representation 4 is contained at the restriction of the representation « from
S to S$(Dy), m=m and & = w;

2) the representation —d is contained at the restriction of the representation o
from S to $(D,), i =m and & = —w.

We denote by P? projector at .#2(Ry(D;)) onto the subspace of functions with
the symmetry ¢ and let

HE(Dy) = Ho(D)PP,  Ho(o;Dy) = Y #J(D2), w1 = mininf #o(a,Dz) .
d<o

The location of the essential spectrum of the operator #{] can be described by the

next theorem of the HVZ type.

Theorem 1. The essential spectrum of the operator H#j coincides with the half
line [u°,+o00).
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The proof of the theorem will be given in Appendix 1.

The theorem shows that the bottom of the essential spectrum of the operator
is defined by the decompositions of the system. So, bound states with the symmetry
o correspond to the discrete spectrum of the operator 7.

We shall study only the types of symmetry ¢ for which permutational symmetry
o satisfies the Pauli principle.

Definition 1. We shall say that a positive molecular ion is stable if there is at
least one type of symmetry o satisfying the Pauli principle for which the discrete
spectrum of Ky is nonempty.

If for all physically realizable types o the discrete spectrum of the operator Sy
is empty, the positive molecular ion is unstable.

Remarks.

(1) Note that the discrete spectrum of one type of symmetry ¢;, may overlap
the essential spectrum of the other type of symmetry o;. In this case a discrete
eigenvalue of the operator ' corresponds to a stable state of the physical system.
Our definition takes this situation into account.

(2) It is clear from the above definition that to study the stability of the positive
molecular ion one should investigate the discrete spectrum of the operator 7. If
the type of the permutational symmetry « is fixed, the total spin of the electrons
and spin of nuclei are fixed too. We can also consider the states with the fixed
projection of the spin onto the direction of the magnetic field. For such subspaces
the interaction term between spin and magnetic field in the hamiltonian gives only
the shift of the spectrum. The existence of the bound states does not depend on it
and this term may be omitted.

We shall give another definition of stability (which is equivalent to the first one
due to Theorem 1) which makes clear that our first definition describes physical
stability of the system.

Notice that the operator s is invariant under the actions of groups S, SO(2)
and W; and we can consider its restriction #° onto the subspace %° of functions
with the symmetry g. Let

N+2
r= () €RC, gy = 3 Il Q@) = {rlr € BV p0) 2 a)
i,j=

and ,
g __ b : g . —
pi = lim o inf (YY) I
supp{y} €Q(a)
Definition 2. We shall say that a molecular ion is stable if for at least one type

of symmetry a, satisfying the Pauli principle the next inequality holds
inf (A, ) Y] 72 <puf.
Jnf () W7 <

By this definition the system is stable if at least for one type of symmetry, satisfying
the Pauli principle, it has states with small distances among the particles for which
the energy is less than the energy of decomposed system.

According to Theorem 1, this definition is equivalent to the first one and uf = u°.
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4. Main Results

Theorem 2. Let there be such a number &y > 0 that for B,Z,Z, the next inequality
holds
(B-Zy ) [In(1 + BZ; )P £ 73 . (4.1)

Then for any fixed N there exists a constant Z°(dg) such that if Z; = Z° the
positive molecular ion is unstable, and for any fixed dp > 0

lim zN" ' <2. 4.2)

N—oo

Remarks.

(1) Theorem 2 is a generalization of the results of [5] to the case B > 0. Notice
that our definition of stability does not work for the case B =0, but in this case
the statement of Theorem 2 coincides with the statement of [5].

(2) Inequality (4.1) can be considered as a sufficient condition on magnetic field
B to get the same limits on stability as in [5].

(3) If magnetic field B is not too strong B - Z, < le /" more precise estimates
for the limit on stability can be given by the next statement.

Theorem 3. Orne can find such a constant Cy > 0, that if one of the conditions 1, 2,
or 3 holds, the positive molecular ion is unstable

(1) (BZ?) < z7"* and , = (2 + Cozy V)N,
@) z7 < (BZ7Y) < 1 and 7, = 2+ Cozy P (BZ7H) TN,
(3) 1= BzZ;2) < 7" and 7, = 2+ CoZ7 ' (BZ;?)V6)N.
Remark. Theorem 3 can not be applied directly to the case B = 0, but it follows

from the proof of this theorem that if B =0 and Z; = (24 CoZ; YI2)N the positive
molecular ion is unstable.

Consider now the case of strong magnetic field (BZ,)**[In(1 + BZ; 2)]’ =
Z;. In this situation an ability of the magnetic field to localize the system in two
dimensions may be large in comparison with coulombic interaction between nuclei.
So, for instability we should have nuclear charges many times greater than the
number of electrons. Theorems 4 and 5 give conditions of instability for this case.

Theorem 4. Let the next inequality hold for some dy € [0,5],
(BZ;2Y[In(1 + BZ; )P ~% < 7, .

Then one can find a number Cy which does not depend on Z,,Z,,N, ¢ such that

for
8,
Z, > Go[In(2 + BZ;»)]3N

the positive molecular ion is unstable.
Theorem 5. One can find a constant Cy such that if the inequality
Z1 > Co[In(2 + BZ; )N

holds the positive molecular ion is unstable.
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5. Proof of Theorems 2-5

5.1. To prove the theorems it suffices to demonstrate that under their conditions the
inequality

L) = 1|y (5.1)

holds for any ¢ € C}(Ry) such that P\ =, where P° is the projector in
LH(R*W+2)) onto the subspace of functions with the symmetry o. Due to the in-
equality (2.5) relation (5.1) holds if and only if

Y z w7y (52)
for Viy € C3(R*W+2)), Poy = . Our goal is to verify the inequality (5.2).

5.2. Following the strategy of [5], let us separate two regions in the configuration
space of the system: the large internuclear distance region and the small internu-
clear distance region. Estimates for the lower bound of the quadratic form of the
hamiltonian are different in these regions.

Let u(t), v(t) € CHRL), W? +v* =1, u(t)=1for t <1, u(t)=0 for t > 2.
It is obvious that

(H, ) = Lilyu(|ri|c " Z)] + Lilyo(|relc ' 2],

where
Liy] = (#°Y,4) — ex > Z3 x|

¢ depends only on u(¢) and v(¢), y — is a characteristic function of the region

KZ, I < [ri2] < 2xZ; ! k is parameter which will be chosen later. To prove the
inequality (5.2) it suffices to show that

Lilyu(ralx ' 22)] = 1|y (5.3)

and
Lilyo(lralc™' 22)] = w||y|* . (5.4)

Function yu has a support in a region where the distance between the nuclei is
small, function v has a support in the large internuclear distance region.

5.3. Large internuclear distance region (lower bound for Li[yv]). Similar to the
case B =0 [5] we shall decompose this region into subregions with the following
properties:

(1) each subregion corresponds to a decomposition of the whole system into
two subsystems C; and C, such that C; contains the first nucleus and C, contains
the second one;

(2) the effective interaction between C; and C, is positive and large enough to
compensate the localization error.



716 S. Vugalter

Let g(t) € C*°(R.) and (see [5])

a) 0=g@) =1 WV

b) g(¢) =0 for ¢ < (1 + 2¢),

c) g(t) =1 for t < (1+42¢)71,

dFO+geH=1 W,

e) 0 < g'(t) £ coe™!,
where c¢y—is a constant and a number ¢ >0 will be chosen later. For i >2 let
u; = g(|rillrail =), w2 = g(|rail|ri|1). It is obvious that w3, +u3, = 1.

Now we can define a partition of unity for the large internuclear distance region.

Let Dg be an arbitrary decomposition of our system into nonempty subsystems
C; and C; such that the particle 1 belongs to C; and the particle 2 belongs to Cs.

For this decomposition we denote by %(D{ ),

D)= T1 wii 1 w2p - (5.5)
1E€C] PEC
%1 pP¥2
It is easy to see that .
S U (D)) =1 (5.6)
D’

and

Lilyvl =Y {LI[WD{ Yl — M7 |Vi(D3)| - yol 2

D
—M; |||V (D))|ol? - > 11V, 2(D3)| - ¢v||2} BN X))
p>

The last three terms in the right-hand part of (5.7) are so-called “localization
error.” Let us estimate them.
It is obvious that for some constant ¢; >0 and p > 2,

IV, 2(D})| < cre™?|rn| 72, (5.8)
and
S Vi) = 3 {|Viun? + [Viua*}
i>2

D;
< Neae a2 (5.9)
So, for some constant ¢3 > 0,
5 (M V@D ol +157 (VA OOWoIPY + ST ODl ol

< Nese™|[yolra] 717 (5-10)

Taking into account that .
S uDy) =1,

j
DZ
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we get from (5.7) and (5.10) that
Lilyvl 2 & Llyvu(D)],
DI

where
Lo[¢] = Li[¢] — csNe2||p|ria| 71> .

5.4. Let us estimate now the lower bound of Lz[l//v%(D{ )]. Let ¥4 = l/fv%(Dg ),

Lo[Yh] = (Ho(D)n, th) + <{ - lezp >yl
=0 t*’}ff:tl,z

+22Z 1o = kT2 2y — 03N8_2|712|_2}¢1,'//1)~ (5.11)

The function Y4 has the symmetry 6 with respect to the actions of the group
S(D;y) x SO(2) x W3 which is induced by the symmetry ¢ (¢ < ¢ see Sect. 3), so

(AHo(DI W) = 1Yl - (5.12)
We shall prove that at the support of the function 4 the next inequality holds:

h==X Z, ¥ |l +Zizafro|™ = k722 — e3Ne 7 |ria| 2
p=1,2 i€C

0. (5.13)

Notice that at the support of Yy for p=1,2; i€ C,, t£p, i*+p,
ripl ™' < 201+ &)|ria| 7" .

Hence
> Z, ¥ Tt £2(14€)ZNrp| . (5.14)
p=1.2 t#;fxgl,z
Moreover
XK"ZZZZ < 2K—1Z2|712| , (5.15)
SO
oI 2 o ' {20 + )N — 2k —esNe ™2k + 21} . (5.16)

Notice, that the inequality (5.16) holds for all ¢ € (0,1/4) and k > 0 and due to it
and relation (5.7),
Lilyv] z p7llyol®

for all ¥k >0 and ¢ € (0,1/4) for which
(=2(1 + )N — 2k ' —e3Ne 2k~ ' +Z1)>0. (5.17)

5.5. Partition of unity for the small internuclear distance region and preliminary
estimates. Let us estimate the lower bound of L;[yu]. First of all, notice that

W <infT-P°, (5.18)
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where P° is the projector onto the subspace of functions with the symmetry ¢ and
T is the kinetic energy operator (see (2.2)). The inequality (5.18) follows from
Theorem 1 if we consider the decomposition D, into subsystems C; and C, such
that both nuclei are in the subsystem C; and all the electrons are in C,. Obviously

inf TP° = (ZiM;' + ZoM; ' + N)B ,

and hence
Y S (ZiMT + M+ N)B. (5.19)

5.6. Our next goal is to decompose the small internuclear distance region into sub-
regions corresponding to different decompositions of the whole system into two
clusters (Ci,C}) such that both nuclei are in one cluster C}. In such subregions
for electrons from the subsystem C) (inner electrons) the potential energy of the
interaction with the nuclei is small relatively to the potential of the internuclear
interaction. For the electrons from the subsystem C! it is not small, but all these
electrons are localized in a small region of the configuration space and their kinetic
energy is large.

Let 7y = (rnM, +rMy)(M; + My)~! be the position vector of the center of
masses of nuclei, rjo = r; — ro, u(t) and v(¢) are the same functions as in Sect. 5.2.

Denote

ujo = u(|rjolxy 'k 7'2y),

where the number x; will be chosen later. Let vjo = (1 — ufo)l/ Z,

For an arbitrary decomposition D5 such that C; and C, are nonempty and both
of the nuclei belong to C; define

uwb)=[1 ujo IT vpo, (5.20)
JjeCy peC,
J>2
UDy) = [T uo - (5.21)
j>2

It is easy to see that ‘
Y UADy) + UMD =1,
D,
and for j > 2 ‘
S IVUDYP + [VUD)P < exi?c7°Z3 (5.22)
D,
where ¢ is a constant depending only on the function u(¢). Thus we have

Lilyu] = LilyuU(D)] + X Li[yuU(D))], (5.23)
o

2

where
Ls[@] = Li[¢] — e >k 2 Z3N ||o|* .

Let us estimate L3[yuU(D})] for some fixed decomposition D}. We will prove that
LylyuU(DY)] 2w [[puU(D)| - (5.24)

The inequality
Li[yuU(Dy)] 2 p°|[yulU(Dy)| (5.25)

can be proved similar.
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5.7. Assume that C; contains electrons with the number j=3,...,p+2. Let
Y = YyuU(D)). Thus we have

2 N+2
L[] = (T, ) + Z1 Zo(|ra| ™ s ) — Zl 23 Zi(|rs| " t)
Jj=1 s=
~ek P ZE P — exTR TN |l (5.26)
Notice, that at the support of the function ; for outer electrons (s > p +2) and
J =12, |rjs| > rjo| = |r12] = x(x1 — 2)22_I and |rpp] < ZKZZ—I. Let x; = 34, then

2 N2
> 3 Zillrl T ) S 167 kT ING P < 167 T 2 ZwlP . (5:27)

j=1 s=p+3
On the other hand the lower bound for the positive term describing the internuclear

interaction is
ZiZo(|ris| ™ "W li) = 27T 2022 || (5.28)

Let us pick x > ko = 16¢, then
ck '<167'Z, and cxl”lrc_lN <1671z .
From the relations (5.26) to (5.28) it is clear that for k > x,

1 2 pt2
L] 2 (o) + 3223 Tl = 35 52 sl ). (5:29)

Jj=1 s=3

Summarizing the results of Sects.5.1-5.7 we can say that to prove Theorem 3 it
suffices to show that the parameters ¢ € (0,1/4) and x > xy may be chosen such
that (5.17) holds and at the same time

1 2 pt2
(M) + 722 I = 3 5 20l ™) > w0l (530)
Jj=1 s=

where ; is the function described above.

5.8. Proof of Theorem 3. Now we are going to use our preliminary estimates for
proving the theorems. Notice that for BZ; > < le/ 7 the statement of Theorem 2
follows from Theorem 3. Let us start from this case.

Let us pick & = Z; /' if condition 1 of Theorem 3 holds, & = Z; /*'(BZ; )"/
if condition 2 holds and ¢ = Z; "/*'(BZ;%)"/6 if condition 3 holds; « = & - &>, The
parameter & > 0 will be chosen later (see Sect. 5.11). Notice that the lower bound
of g is defined by the condition x > K.

It is clear that for any fixed & we can take Cy at the conditions of the theorem
such that the inequality (5.17) holds. So, we should verify only the inequality (5.30)
for k > K.

5.9. Let 6 € (0,1] and 6, € (0, 1] be some positive numbers, which will be chosen
later,

pt2 pt+2 p+2
T=T-8% (V;+4;> +861 3 (iV; +4;)> + (1 —81) 3. (iV; +4,)* .
j=3 5=3 j=3

(5.31)
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It is obvious that
p+2
([T—é 23 iV +A,~)2} w) = [MiZ]' + MyZs ' + (1-8) p + (N — p)1B| s
j=

= (u” — 0B p)llval* - (532)
By the corollary of the diamagnetic inequality [2]
(V) + A4 h) 2 1911 -

Thus for ¢t = 1,2 we have

inf {%Mlavj +4;) — Z,lrjtl_l} = inf {—%5514,,, ~ Z,[rj,|_'}

1 1
= —55—15;12,2 > —55—15;1222. (5.33)

It follows from the relations (5.30)—(5.33), that
pt2
Laly] 2 p [Well* = OB pIill* +0(1 = 81) 32 (G +4))*Yivh)
j:
x4~ 2k Wl)? - poT 6T Z Il - (5.34)

5.10. Let us consider now a subsystem C, consisting of electrons with the numbers
j=3..,p+2 The subsystem C1 is localized in a small region of the conﬁguratlon

space. The term 1_3 ((zV + 4;)* )i, ¥;) corresponds to the kinetic energy Ci. To

estimate it, notice that all the particles in C; are identical and we can separate its
center of mass motion. Define

pt2

(=) =p™' 5 r;
J:
=(r (1),.2) (3))_,, -,

]0 ]0 jO

p+2
Vio=V; - p~ Z Vi,

then
22 2 2 2
Z GV, +4;) =@V +Ag) + Z (iVjo +Aj()) Z (iVjo+4;0)°, (5.35)
j— j—

where

B 2 B 1
Aj():{ 2 10’2 jO’O}

AC: {_gcza gclao} .

Let us estimate the right-hand part of (5.35). Obviously

1
(Vo + 4j0) ¥, ) = = VoWsl® — [l 40l W4l - (5.36)



Stability of Positive Ions 721

At the support of s,
|4j0| < 2Brixz;!.

Thus we have
B2 2 1242 2 2.2 252 2
Z; ((iVj0 + 4jo) i, ) = —23 IViolill* — 4 pB rix”Z,y ~ |||
j= j=

= —(do¥i, %) — 4pB*i3 K> Z; 2|l (5.37)

where 4y is Laplacian on the subspace Ry of the relative motion of the subsystem C,
pt2
Ry = {r|r =(r3,...,7p42) € R??, Yo = O}‘
=3

The function y; as a function of 73,...,7,4> has a symmetry satisfying the Pauli
principle and according to Lemma A2.1 (Appendix 2) for sufficiently small y > 0,

— (o) 2 ypP k2wl (5.38)
By the relations (5.34)—(5.38),
L] Z #IWall” + {yp P2k 728(1 — 0)23 + 47 212!
—0Bp — 48(1 — 81)pB Ik Zy 2 — pd 6 Z2 Il . (5.39)

5.11. 1t follows from (5.39) that to prove the theorem it suffices to show that under
its conditions for x; = 34 and k > x the next inequality holds

o(1 — 51)yp5/31cl_2k_22§ + 4_IZIZ§K_1 — 0Bp
—46(1 — 8) pBH3K*Z 2 — pd~167'23 = 0. (5.40)

First, notice that if the number of electrons p in C; is small (p < Z;) inequal-
ity (5.40) should hold, because the largest term in this case is the term 4=!Z;Z3x ™!,
At the support of the function i; the internuclear distance is less than 2x~! and this
term corresponds to 1/2 of the potential energy of interaction between the nuclei.

On the other hand, if p is very large the kinetic energy of electrons increases
as p> and all negative terms as p. So in this case the inequality (5.40) holds too.

Let BZ, l<z 1_1/ 4 (condition 1 of the theorem holds). In this case k = Z i/ ‘,
We pick 6 =1/2, 6; = 1/2, po = 8(3)/ °zZ ?/ . Suppose for a moment that we can pick
& sufficiently small. Then for p < py,

4712123k = 6Bp +46(1 — 1) pB* ki’ Z3 + pd'67' 23, (5.41)
and for p > py

yp PP KTZ35(1 — 81) = 6Bp +40(1 — 81) pB*iiK*Z3 + pd o7 2% . (5.42)
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Let & be a value of g such that for g = & the inequalities (5.41) and (5.42)
hold for p < py and p > py respectively. Recall that k = Soz:/4 and to satisfy
the condition x > k) we must pick g > KoZl_l/ 4 Let us show that if the number
Cy in the theorem is greater than K(1)3/ 350_ 13/ 3, the minimal value of the charge Z;,
satisfying the condition Z, = (2+ CoZ;/'*)N is large and & > «Z; . Really,
for all N = 1 we have Z; = C(}Z/BN”/13 > k38, *. Consequently k = &Z }/4 > K.
Hence both the inequalities (5.40) and x > % hold, which completes the proof of
the theorem for BZ,2 < Z 1_1/4.

Let us proceed to the case Z 1_1/ 4 < (BZ; 2) < 1. For this case we pick 6 = 1/2,
81 = (1 — &), where 8, = min{1/2,(BZ;2)"2k™2}, k = &Z ) (BZ72)"3" py = (Z)
k(1 — 8;)~1)*3. Then the inequalities (5.41), (5.42) hold for &, small enough. Sim-
ilar to the case BZ;? < Zl_l/4 for any fixed ¢ we can find such a large number
Co that the inequality x > ko is fulfilled, which completes the proof for BZ; 2<1.

If1<(BZ;))<Z f/ 7 and condition 3 of the theorem holds, the inequalities
(5.41), (5.42) are fulfilled for &; = (1 — &;), &, = min{1/2,(BZ;*)"'k"2%}, 6 =
1/2(BZ; )2 py = Z3P195(BZ 72/ and i = Z /" (BZ;?)~/2. The theorem is
proved. [

5.12. Proof of Theorem 2. To prove the theorem it suffices to consider only the
strong magnetic field case (BZ, 2>z %/ 7). Let & >0 be a fixed number, Z; >
(2 + &)N. We should show that if N is large enough the inequality (5.1) holds.
Let us pick ¢ = 4~ 'e; and x > max{c; 'e73,xo}. According to (5.16) we have

I = |ra|Z2{47"eosN — 27¢c36} > 0

for sufficiently large N, depending on &;.

Recall that the function I; was defined in Sect. 5.4. It follows from the above
inequality that L;[yv] = u°||yvl|%.

The strategy of estimating of the lower bound for L;[yu] is the same as in
the case of weak magnetic field (see Sect. 5.11). We shall consider separately two
different cases: when p (the number of electrons in C,;) is large and when it is
small. The difference between the strong magnetic field case and the weak one is in
another estimate for kinetic energy of the electrons (see Appendix 3) and another
lower bound of the energy of Hydrogen atom (see (5.44)).

Let 6 =1/2, 6; = 1. According to (5.31), (5.32),

p+2
(T, W) = p|Isl|* — 1/2Bp||sl|* + 1/2 23 GV + 4" ) - (5.43)
j:
Let us consider the operator
h= (’VJ +Aj)2 - Z,|rj,|_l

in Ly(R3) for t = 1,2,7, is fixed. It is unitary equivalent to the operator.

hy = iV + 4;) — Zi|ri| "
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Recall that we consider the case when N — oo, Z; —oco and BZ, 2>7 %/ T 0.

According to [1] for large BZ, 2,

1
infh = infh; = B — Ethlnz(BZt_z) ) (5.44)
Thus we have
1 212 ) pi2 - -1 2.2 pry—2
3 S VA4 - Y Y Zjrg|T' = 47 Bp — 8pZ3In* BZ 2. (5.45)
=3 t=1,2 j=3

From the relations (5.43), (5.45) and (5.30) it follows that
2 AL 2
L[] = pllall” + 47 23((1'Vj +4;) ¥, ¥)
J:

+47' 22567 ill* — 47 Bpllill* — 8pZ 310> (BZ?)|1ual)* . (5.46)

Let k >xo be fixed. For p<2~°k~'ZIn"?(BZ;?) the lower bound Ls[y;] =
1°||¢x]| holds, because inf(iV; + 4;)* = B. Thus it suffices to consider only the case
p =275\ ZiIn"3(BZ2).

According to Theorem A3 (see Appendix 3), there is such a constant y, >0,
that

p+2
> (V) + 4, i) = min{2Bp, Bp + 1 p°B i - kS Z8}wel? . (5.47)
j=3
If Bp > 9,0 B k8- k8285 it follows from (5.46) and (5.47) that
La[i] 2 0l + 47" Bpllwill” — 8pZ3m*(BZ3%) - [ill* . (5.48)
Recall that BZ,” = Zf/ 7 and Z; — co. Consequently B> 32Z 3In*(BZ;?) and

La[yi] = w ||l
Let us assume that Bp <y, p°B >k %k 8Z5. By the inequalities (5.46) and
(5.47),
L[y = w Il + {02 p’B 70" -1 °Z3 — 8pZ3In*(BZ3™)} - [l
K [lal?
for large N, because x; and x are fixed, p = const - ZiIn"*(BZ 2 ), Zy >N and
(B-Z;*y[In(BZ;*)PP*% < Z;. Theorem 2 is proved. [J

v

1\

5.13. Proof of Theorems 4 and 5. The main ideas of the proof are the same as
in Theorems 2 and 3, but in Theorems 2 and 3 we made the small internuclear
distance region large relative to Z, 2. In Theorems 4 and 5 Z;/N > 1 and to get
the optimal bound we pick the large internuclear distance region greater.

Let us take in (5.17), e =471, Co>25%(c3 +4)ey", k = &x[In BZ;*]~%/5 for
Theorem 4 and k = &[InBZ; 21=! for Theorem 5. The number ¢ will be chosen
later.

In this case the inequality (5.17) holds and it suffices to verify only (5.30) and
the inequalities (see Sect. 5.7)

ek '<Z and ex;'kT'N <1677 . (5.49)
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If the conditions of Theorem 5 hold Z; > Co(InBZ )N and k = &(InBZ 2 21,
Hence for fixed & > 0, k; >0, ¢ > 0, we can choose Cy such that (5.49) holds. Let
us check (5.30). As in the proof of Theorem 2 we have inequality (5.45). For small
& >0,

4712,23k7 1 > 47'Co(In BZ 7 2)*Z3Ne; ' > SNZZn*(BZ ;%) . (5.50)

It follows from (5.50) and (5.45), that
1 o ) 2 pt2 .
(Tho) + 3227 Wl = £ 3 20l ™)
Jj= =,

+2
> 4 {z v, +A,)2w,w>—3p||wn2} S 11 S VA CRR I

Theorem 5 is proved.

Let us assume now that the conditions of Theorem 4 hold. In this case
Z1 > Co[ln BZ;1)%5N, K = &;[InBZ;*]7%/. As in the proof of Theorem 2 the
inequality (5.30) holds for p <273k~'ZjIn"*(BZ;?) and it suffices to consider
only the case p = 273k~ 'ZjIn"*(BZ;?). For this case (5.48) holds and it is easy
to see that under the conditions of the theorem

120°B 38 k828 — 8pZ2[InA(BZ;2))* >0 (5.52)

for fixed k; and sufficiently small &,. Hence for small &, > 0 (5.48) implies (5.30).
Moreover, for chosen & >0 and fixed ¢ and x; we can pick Cp such that the
inequality (5.49) holds also, which completes the proof of Theorem 4. [

Appendix 1.

Proof of Theorem 1. To prove the theorem it suffices to show that:

1. any A € [u°,+00) is a point of essential spectrum of the operator #7;
2. there is no A < u’ such that 4 is a point of the essential spectrum.

The first statement can be proved by analogy with the HVZ theorem in the case
B=0[3, 7]

The main idea of the proof of the second one is also the same as in the case
B =0, but for B+0 we separate the center of mass motion and for any fixed 4,
the region in the configuration space where all the distances between the particles
are less than 4 is compact. Because of this compactness for any fixed level of
energy only a finite number of orthogonal states with the energy less than this level
supported in this region may exist.

In the case B+0 we separate the center of mass motion only in the direction of
the magnetic field and the obtained region is not compact. Nevertheless the following
important lemma holds.
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Lemma Al.1. Let T = ToP° be the restriction of the operator Ty onto the sub-
space of functions with the symmetry ¢ = (a,m, ), x(r) € C§°(Ro3), xa(r) =1 if
lri—rj| S afori,j=12,...,N+2, go(r) =0 if 3(i,j) that |r; — r;| = 2a. Then
for any ¢ >0 and a >0 one can find a finite dimensional subspace M such that
for any ¢ € P°%2(Ry3), @ LM the next inequality holds

TS 120, @) = c||xa0l)* - (A1)

Proof. By analogy with y,(r) let us define functions y, 3(r) and x, ,(#). For any
ri=(rLr2,rd), let p; = [(r})? + (r})*]1V2. We shall use for y,3 and x,, the same
definition as for y, but in it we replace r; by r}, i=1,...,N +2 to obtain the
function y,3 and r; by p;, i=1,2,...,N 42 to obtain the function y, ,.

Let i = (my,...,my42) and P™ be the projector onto the subspace of functions
possessing symmetry of the weight m = (m,...,my42) with respect to the group

SOQ2) x --- x 8SO(2),  Ti* = T,P"

(N+2) times

It is easy to see, that for any multi-index 7 the operator y, 37, 5’7 Xa,3 has pure discrete
spectrum. So, to prove the lemma we can show that there is only a finite number

.. n . N+2
of multi-indexes i = (m,...,my12) for which >, ‘I m; = m and

(XZa,pT(;ﬁXZa,p(Pa )< CHXZa,p(p“ (A2)

for at least one ¢ € C3(Ro), P"¢ = ¢.

Let us prove that there is such a number myg that if |m; | > mo, for some j, €
[1,...,N + 2], mj, € m inequality (A.2) does not hold.

For this goal we will use the next observation. Let M = max{M;,M,}. For any
j€[1,N +2] and ¢ € C2(Ry) we have

) 2
(T¢p.0) 2 M~ {Ilco,,,ll2 ((% +qj|B|pj> Wp)} ' (A3)

It is clear that the kinetic energy is small only if all the particles are localized not
far from the corresponding Landau orbits. These orbits have radiuses

pj = |mj|"2|B| ™2 q;| 2.

But if the total charge Q is nonzero, m is fixed and my — oo the difference between
the largest and the smallest Landau radiuses tends to +oo. So the kinetic energy
can not be small for all particles if the distances among particles are bounded.

Let b > 0 be a positive number, g;—be the charge of the particle with the number
i a=2Z, j=12,qi=—1for j>2; v(t), u(t) € C}(R}), P+ =1, u=1if
te[0,b], u=0if t>2b; u; =u(|p; — |m;|"?|g;| =V |B|~12|), v; = (1 — u})"2.
It is easy to see that for any Y € C3(Ry),

(T3, W) = (T§us Yuy) + (Tg s, h;) — il — ey, (A4)

where ¢; = max,{u/?(t) + v/*(¢)}. If the number b > 0 in the definition of the func-
tion u is large, the second term of the right-hand part of (A.3) is large for ¢ = yv;.
Thus for large b > 0 we have

Tev, o) — e[y [1* = clly;* (A5)
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Let U = [[2u; and ¥ = (1 — U?)2. 1t follows from (A.4) and (A.5) that

Jj=1
(T, W) = (TG Uy U) —cr [ U2 +clly V> (A.6)

Denote by i the function xz, ,¢, where ¢ is a function for which (A.2) holds. At
the support of the function yz,,¢ - U we have

lpi—pjl S4a i=1,...,N+2 (A7)

and
lpi — |mi||q;|~'2B| 7] < 2b. (A.8)

It follows from (A.7) and (A.8) that either P"yy U = 0 or for some a > 0, which
does not depend on y, all i =1,2,...,N + 2 and large m;,.

mi| = alm,| = om . (A9)
Hence if my is large and m; q;, > 0 for at least one number iy € [1,N + 2],
(TEYUYU) 2 (c+e) YU, (A.10)

which completes the proof for this case.
Let us assume that m;q; <0 for Vi € [1,N + 2]. At the support of the function
X24,pU according to (A.7) and (A.8) we have

[lmil "% |qi| =2 1B — |myy | 1qs) 72 |BI V) < b+ a), (A.11)
i=12,...,N+2. So
Imig " —mjuq;,'| < 8(a+b)|B|'? - mjy|P1q;,| 7 + 16(a + 5)*|B] . (A12)
It follows from (A.12) that
m;oq;, g — 8(a+ b)|B|"? [m;y|"*|q;|~"q; — 16(a + b)* | Blgi
< mi < mygy,'gi + 8+ b) B[ my[2g| g
+16(a + b)*|B|q: (A.13)
for i =1,2 and
mjoq;,'qi + 8(a + b)|B|"* |mj,|*|q;,| "7 q; + 16(a + b)*|Blg;
< m < myyq;'qi—8(a+ b)|B|" |my, | o]~ q:
—16(a + b)*|B|g; (A.14)

for i > 2, because ¢; >0 for i = 1,2 and ¢; <0 for i > 2. Taking a sum of inequal-
ities (A.13) and (A.14) over i = 1,...,N + 2 we get

mfoq/;IQ - czlmjoll/z —c=m= mjoqj_olQ+02lmjo|1/2 +cs, (A.15)

where Q = Z; + Z, — N is the total charge of the system and constants ¢, and c3
do not depend on . It is clear that if m;, large enough, Q+0 and m is fixed the
inequality (A.15) does not hold. So in this case ||y U|| = 0 and the statement of the
lemma follows from (A.6).

Lemma is proved. O
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Appendix 2

Let C be a system of p identical particles, »; i = 1,2,..., p be position vectors of
these particles in the center of mass system of coordinates, Zl’; 11 = 0; 4o be the
Laplacian on the subspace

p
Ry = {rolr() = (rl,...,rp), Z?‘,’ = 0} 5
i=1

1
¥ € Ci(Ro); supp{y} C Q= {rolro € Ry, |ri| < FLi= 1,-~,P} :
Denote by S the group of permutations of the particles.

Lemma A2.1. Let us assume that the function  transforms according to an irre-
ducible representation of the group S corresponding to a Young diagram with one
or two columns. Then one can find numbers py >0 and y > 0 (independent of V)
such that for p> py,

—(do¥,¥) = yp L7y

Proof. Letr € R®, f(t) € C}[0,1], fol 22)dt = (4n)~!, |/ (0)| £ c1, W(riro)
= Y(ro) f(|r|-L7"). By lZ(fl,...,er) we denote the function y/ as a function of
Fi=ri+r i=1,..., p. Function y has the same permutational symmetry as  and
for it we have (see, for example, [4])

— (M) =y pPL73 YR, (A.16)

where 4 is the Laplacian in R, 7, > 0.
Due to the equality
-4 = _AO - p_lAr s

we get
—(A0. )+ 172 = = (o) - [y 72
+p IV LD LAz (A.17)
By the properties of function f
IfCr-27 Y =2

and
IV, fCrL™D? < L.
Hence
— oY, W™ = (np”? = p7' L2 (A.18)

The statement of lemma follows from (A.18). O
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Appendix 3

In this section we obtain some estimates for the lowest eigenvalue of the kinetic
energy operator for a system of p particles localized in a compact region in a
homogeneous magnetic field for p — oc.

The kinetic energy operator for this system has the form:

2 2
P 0 2) 1, M &
j or; (1) Brj(.2) / 6rj(.3)2
where r; = (r(l) (3)) are the coordinates of electrons. Let each electron be
localized in a ball w1t{1 the radius d/2:
d .
|rj|§§ j=12,...,p; d>0. (A.20)

We shall study the operator T(p) in the space £,(R*) with the Dirichlet
boundary conditions at |r;| = d/2. Let us assume that the magnetic field is strong:
d>2B712,

Denote by S the group of permutations of electrons, a be a type of irreducible
representation of the group S, satisfying the Pauli principle. Let o = (o, m, w), where
m is a weight of the representation of the SO(2) group and w is a parity with respect
to reflections of the third axis. We denote by P the projector in .#,(R*) onto the
subspace of functions with symmetry o.

Theorem A3. One can find a number y, >0 such that the lowest nonzero eigen-
value A° of the operator TP in the region |r;| < d/2 with the Dirichlet boundary
conditions for all p > 0 satisfies the inequality

A° = min{2Bp, Bp + y2p°B~3d "8} . (A21)

Let
2
2= ey erpop+por < T

0 0
1 _ 2 1
T (ZT _Br( )) + (ZT +Br( ))

be the operator in 2 with the Dirichlet boundary conditions at

d
mp . @pye _ 2
(PP + @Ry = 2,

N(A) be the number of eigenvalues of the operator T} (with regard to their multi-
plicity) which are less or equal to A. The proof of Theorem A3 relies upon.

Lemma A3.1. The next inequality holds
N(4B) < 52Bd* . (A.22)
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Proof of Lemma A3.1. Let us make a partition of the region £ into subregions Q
by the lines .
D =BV f=0,+1,42,... i=12,

the number of such regions is not greater than 44d%B.
Let Qg, be a fixed subregion. It follows from variational reasons that to prove
the lemma it suffices to construct 13 functions ¢y, ..., @13 such that

D) gir)y=0forr ¢ Qg I=1,...,13;
2) for any ¥ € C3(Q), YLy 1=1,...,13,

_ 2 oy ’
JWI = Qfo{ =~ i~ }dQ
> 4B [ |ydQ. (A.23)

Qs
Let the region Qg be given by inequalities
1

M _ ) < —_p-172 2 _,2) < 13—1/2
| ro | £ 3 , | ryl £ 3 ,

(r$,7$P) be the center of the region and ¥y = ¥ - exp{iB(r{"r® — rPrH}. It is

easy to see that
JW1 =],

where
Al = J l W B - ‘”)n//[ l +B(H" — L
e, D or (2)
s ¥ 2 2
> 2QSO{ 3D +l@r }dg BB~ Q{0|¢| dQ . (A24)

Let ¢9,...,¢% be the first 13 eigenfunctions for the Laplacian in the region Qs,
with the Neumann boundary conditions. If 1//1J_(p‘,) I=1,...,13, we have

| ‘awl 1. 2
—= i = 10B [ |\|*dQ, (A.25)
Q{; { or(H or® Q{O
and according to (A.24),
Jiln] = 4B [ [l? dQ. (A.26)
s,

Hence the inequality (A.23) holds for
o= ¢?- exp{—iB(r((,l)r(z) - r(()z)r(l))} .

The lemma is proved. [J

Proof of Theorem A3. Let ri- = (r},r?) be the projection of a vector 7; onto the
plane orthogonal to the direction of the magnetic field, 7° be the operator defined
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by (A.19) in the region

3 d
ERES- N

N &

(A.27)

with the Dirichlet boundary conditions.

Notice that the region (A.27) contains the ball (A.20). Thus the lowest eigen-
value 1§ of the operator 7°P° may be only less than the same one for TP°. Let us
estimate the lower bound for AJ.

For an arbitrary eigenspace of 7° functions ,

p
Y= HI @5y (rr ) £y ) (A.28)
=

where ¢y;) are the orthonormalized eigenfunctions of the operator 7! and f; are
the orthonormalized eigenfunctions of the operator

62
Ar)

in the region |r®)| < d/2 with the Dirichlet conditions may be chosen as a basis.
Let us prove that if for some A, a corresponding eigenfunction Y of the operator
TO satisfies the inequality P°Yy = 0, then

A = min{2Bp, Bp + y, p°B3d "%} . (A.29)

Notice that function Y is a linear combination of functions (A.28). Consequently
among these functions there is a function ¥ such that 7% = Ay and P’y % 0.

Assume that among the function @) at the representation (A.28) for i there
are at least p/2 functions corresponding to the eigenvalues of the operator T} which
are greater than 4B. Then 4 = 2Bp.

Contrarily, let the function ¥ has at least p/2 functions ¢y;), corresponding to
the eigenvalues of 7| which are less than 4B, in its representation (A.28). Due to
Lemma A3.1 operator 7| has less than 52Bd? such orthonormalized eigenfunctions.
Hence to satisfy the Pauli principle (the condition P?y =% 0) the function  must
have at least 47! p(52Bd?)~! different functions fy;) in (A.28). It is easy to see
that for small y, > 0, the sum of 208~ !pB~1d~2 lowest eigenvalues of the operator

82
)%

with the Dirichlet boundary conditions at [#®)| = d/2 is greater than y, p>B—3d 8.
Notice that inf 71 = B and consequently 4 = Bp + y, p*B~3d~8, which com-
pletes the proof of the theorem. O
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