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Abstract. We derive semiclassical upper bounds for the number of bound

states and the sum of negative eigenvalues of the one-particle Hamil-

tonians h=f(—iV)+ V(x), acting on L?*(R"). These bounds are then used
N

to derive a lower bound on the kinetic energy ) <y, f(—iVy) for an
j=1

N-fermion wavefunction . We discuss two examples in more detail:
f()=|p| and f(p) = (p*> + m*)"/> — m, both in three dimensions.

1. Introduction

In this paper we present upper bounds for the number of bound states N(V),
and the absolute value S(V) of the sum of negative eigenvalues for the single
particle Hamiltonians f(—iV)+ V(x), acting on L?(R". These bounds are
then used to derive a lower bound for the kinetic energy, associated with
f(—iV), of a system of N fermions.

In the case where f(p) = p?, these bounds are well-known. One has (see e.g. [1],
XIIL3 for a review)

N() £ C,[dx|V(x)"?, (n=3) (1.1)
SW) S Cofdx| Vx|t T2, (n< 1) (1.2)

A bound of type (1.2) was first obtained in [2]; later several different and
independent proofs for (1.1) were given [3—5]. The best value for the constant C,

was obtained in [4].
Using a technique given in [2, 6], one can derive from (1.2) the following lower

bound on the kinetic energy of an N-fermion-system:
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N
.Zl Yo (= A > 2 (/2)(L+ n/2) =~ 2M(qCl) 2 fdx[py(x) ] F 2, (1.3)

where g is the number of possible spin states for the fermions, and where
q
py(X)=N Y JIx, X550y XN5 05 o) Pdx,. . dxy,
a;i=1

with (> =N~ d'xp,(x) = 1.

Bounds of type (1.3) are important for the proof of the stability of matter [2, 6].
One immediately sees from (1.3) that in order to make the kinetic energy small, the
one-particle density p,, has to be “spread out.” In this sense (1.3) can be regarded as a
mathematical formulation of the physical “uncertainty principle.” The derivation of
(1.3) uses explicitly the fermion character of the particles (i.e. the asymmetry of ),
which is the reason why (1.3) is actually a more constraining inequality than the
familiar “uncertainty principle inequality” {¢,(— 4)¢> = (1/4)[d>x|d(x)|*|x|™ 2.
Unlike (1.3), this last inequality would not be sufficient to establish the stability of
matter. (For a detailed discussion, see [6]).

We derive here inequalities analogous to (1.3), but for “generalized” kinetic
energy, i.e. for f( — iV), where f(p) need not be p?. Qur motivation arose again from a
stability problem. As an approximation to the study of stability of matter in a
relativistic framework, the operator

N N K
YU=4;+m)?—ml =Y ¥ Zlx;—R| '+ Y lx,—x;| 7!
j=1 j=1k=1 j<i
+ ) ZZ&* | R~ R|7?
k<l

was studied elsewhere [ 7]. The problems arising for the case N = 1 were solved in
[7]; for the general problem it seems useful to have a precise bound of the type (1.3)
for the kinetic energy operator ( — 4 + m?)'/? —m, and the closely related, simpler
operator ( — 4)!/? (obtained by setting m = 0). A simple transcription of the p>-proof
for stability of matter will not work for this case, however, due to the behavior of the
lower bound in the kinetic energy in | p*/? (see Sect. 3, and [7]). Nevertheless, we
hope that the bounds presented here will be useful for solving at least part of the
problem.

The paper is organized as follows. In Sect. 2, we use the technique of [4]
to derive bounds on N(V), S(V) for kinetic energy operators f(—iV). For our
derivation we require that f(p) should be a positive, strictly increasing
function of |p| omly, with f(0)=0,lim f(p)=oc0, and such that f(—iV)
generates a positivity preserving se;}ligroup. This includes the functions
Ip*(@ < 2), and (p? + m?)V2 —m. The restriction « <2 on |p|* arises from the
condition that f( - iV) should generate a positivity preserving semigroup. For the
special case | p|* this condition can be dropped, if the desired bounds are derived by
the method of [5], which leads however to much larger constants C,, C, (see Remark
3 at the end of Sect. 2).

In Sect. 3 we apply the bounds on S(V) to derive uncertainty inequalities of type
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(1.3) for generalized kinetic energies f(— iV). We calculate explicitly the constants
for the case n=3, f(p) =|p| or (p> + m?*)'* —m,

2. Semiclassical Bounds for Hamiltonians with Generalized
Kinetic Energy

We derive in this section semiclassical bounds on the number of negative
eigenvalues, and the sum of these eigenvalues, for operators of the form H = f( — iV)
+ V(x), acting on L*(R").

The semiclassical approximations for these quantities are given by respectively
the volume of phase space where H(p, x) = f(p) + V(x) is negative divided by (2x)" (in
units where # = 1, a “cell” of volume (27)" in 2n-dimensional phase space is supposed
to correspond to one quantum state), and by the integral of H over this volume.

NV, =@m)~"[d"x[d"pO[ —f(p) — V(x)],
S, =[XleN],e =@m)~"[d"x[d"p0[ —f(p) — V()] f(p) + V(X),

where we use the notation 6(t)=1ift =0, (1) =0 if t < 0.

We shall assume throughout this section that ¥ is negative: the bounds we shall
obtain for V< 0 can easily be translated into bounds for general V by replacing — V
in our formulae by max (0, — V). Moreover, we shall always assume f(p) to be a
positive, strictly increasing and differentiable function of | p|, with inverse function
(from R, to R,) denoted by f~*. For later use, we also assume f(0)=0, and

lim f(p) = o0.

p— ©

Under these assumptions, the expressions for [N(V)], . and [S(V)],. can be
rewritten as

[NW)),. =k, Jad"<[f ~ (WE)T", 2.1
W(x)
SN, =k,Jd"x | dulf~'@)]", (2.2)

0

where W= — V, and k,=[n2""'z"?I'(n/2)]~ .

Our aim here is to show that, provided f satisfies some technical conditions, the
real N(V) and S(V) are bounded by these semiclassical approximations, multiplied
by a suitable constant (depending on f and on n, but not on V).

Our proof proceeds along the same lines as E. Lieb’s proof [4] for the case
f)=r>

Defining the analogue of the Birman—Schwinger kernel as
K,=W'2[f(=iV)+y]7 W2, (eR,),
we have the usual property that
N (V) = number of bound states of f(—iV)+ V(x) of energy less than —y
= number of eigenvalues of K, > 1. (2.3)

(we assume Ve CJ for the time being, which ensures that V is relatively compact with
respect to f(— iV), since lim f(p) = co; we shall later consider larger classes for V).

| 2ndd
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Bounds on N(V), S(V) follow from combining the above property of K, with
“Lieb’s formula” [4]:

Tr[F(K,)]= ? dtt~ le"j'd”xj'd;tx,x;,(w)qS(j{ ds| V(a)(s))l), 24)
0 0

where ¢ is a positive, lower semicontinuous function on [0, co), where F is defined by
F(x)={dyy ‘e ?$(xy), and p_ ., is the measure generated by the semigroup

0
exp[ —tf(—iV)], starting at x at time 0, and pinned at y at time .

E. Lieb’s proof of (2.4) (constructed for the case f(p)=p?, where the asso-
ciated measure is a Wiener measure) still works for the general case (the
special properties of the Wiener measure were not used), provided f(—iV)
generates a positivity preserving semigroup (this is needed in order to cons-
truct u, ., as a positive measure; the normalization of this measure, i.e.
fdy(du, . =1, then follows from f(0)=0).

This will therefore be one of our “technical conditions” on f.

Combining (2.3) and (2.4), and using the monotonicity of F, we obtain

N,(V) £ [F()]7 ' THF(K,)]
= [F()]™* [ det™te™ fdrx dux,x;,(ww( f ds| V(w(sm). (2.5)
0 (V]

Settingy = 0, this yields a bound on N(¥);a bound on S(V)is obtained by using S(V)
=Y lejl=[dyN (V).
0
As in [4], we specialize now to the case where ¢ is convex. By Jensen’s in-
t t
equality we have q&(j W(cu(s)))ds St [ p(tW(w(s))ds.  After  inserting
0 0

this into (2.5), we can define w(s) = @(s) + x ; the measure on the paths & is then g ..
For each s, we translate the x-variable by d@(s), after which the s- and y-integrals
become trivial, yielding

NWV)S[F(D]™ ! ? dtt~ e exp[ — tf(—iV)](0,0) f d"xp(tW(x)).
0

Using exp [ — tf(—iV)](0,0) = (2r) " [d"pe /P, this finally leads to

N(V) <k, [d"xg, (W(x), §),

2.6)
S(V) <k, [d"xg,(W(x), §),

where

k,=[2" t +”/2F(n/2)(2n)"/2]" 1= nk,, 2.7)
and

oW, $)=[F()]™" | det™ | dppteTO(e).
0 0

The inequalities (2.6) have to be compared with (2.1), (2.2).
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We shall restrict ourselves from now on to a one-parameter family of ¢ — s:

usa

¢a(u)={2_ S s

a uza

with associated F,=F(¢,;1)=ae™* [dyyy + 1) 'e ™.
0
We denote the associated g;(W, ¢,) by g;(W,a), and we show below that
9:(W,a) < C\(a)Lf T (W) ]

and
w
9,(W,a) < Cy(a) | dBLS 1 (B)T" 2.8)
0

which then implies that N(V), S(V) are bounded by K,[N(V)]
K,[S(V)],.. respectively.

It is obvious that ¢,(0,a) =¢,(0,a)=0. Since ¢, (u)=0 for u<a, and
¢,(u)=1foru> a, we have (it can be checked that the g; are differentiable provided
the integrals below converge)

s c.?

d g](Wa)—(l/Fa) I dtt—1+15dpp” 1o=1f(p)
a/W

=(1/Fa)fdpp"'l[f(l’)]j_2 f drt™ " e 2.9
0

af(p)|W

For j=1 this leads to

m‘gl (W,a)=(1/F)) :f dp[p"~'/f(p)]e”“/PIW

or
© w
9:(W,a)=(1/F,) | dp[p"~"/f(p)] | dpe /PP,
0 0
Substituting u = af(p)/f and inverting the order of the integrals, this reduces to
9,:(W,a) = (a/nF,) [ due™ u™[f ~(Wu/a)]".
0
For j=2, (2.9) leads directly to
Wgz(W a)=(nF,)~ fdue"‘u"l[f (Wu/a)]".

Define  y(y)=sup[f~'(xy)/f"'(x)].  Replacing  f~'(Wu/a) by

fiwyw s(u/a) obviously leads to upper bounds of the type (2.8) for the g;, which
then in turn imply

N(V)=K [NV, S(V)=K,[S(V)] (2.10)

s Cc sc?
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with

K; = inf (a’le“{ojodue‘““u‘“f[npf(u)]"}{ofdue"‘“u(u+ 1)‘1}—1> (2.11)
0 0

a>0

Inequality (2.10) bounds N(V), S(V) by their semiclassical approxima-
tions, which was our aim. We have taken V in C7, and assumed the following pro-
perties for f: f(p) is a differentiable, positive function only depending
on |p|, strictly increasing in |p|, with f(0)=0, lim f(p)= 0; moreover

P> ©
f(—iV) generates a positivity preserving semigroup, and Y (y)=
sup[f ~*(xy)/f ~*(x)] should be such that the integral in (2.11) converges for at least

x>0
some a.

Remarks

1. Of the conditions on f, the restriction that f has to generate a positivity
preserving semigroup seems the least easy to verify. Actually, there exist
several criteria to verify this property: see e.g. [1], p.209-222. Also,
once a positive function f is given which generates a positivity preserving
semigroup, the composition Fof of any positive C*-function F on R,, satis-
fying (= 1"*'F®™(x)=0, n=1, 2,..., with f, will again generate a positivity
preserving semigroup (see [8]; one can check this easily by verifying that the
condition on F implies that e~ ¥ is completely monotone, and then applying
Bernstein’s theorem to e~ F). In particular, since ¢4 is positively pre-
serving for all n, the functions f,(p) = |p|% «€[0,2] and k(p) =[p*+ m*]"* —m
generate positivity preserving semigroups, for all n.

2. For these functions f,, k, one has z//fa(y)=y‘/"‘, Y (y) = max(y''%,y)
(for f,, this is trivial; for k it follows from an easy calculation). Hence K,
is finite for both f, and k in all dimensions n; K, is finite for k only if n> 3,
and for f if n>a, ie. forall a if n=3,for a <2 if n=2, and for a <1 if n=1.
Since all the other conditions hold for f, and k, the bounds (2.10) hold for
these functions.

3. The restriction that f, has to generate a positivity preserving semi-
group prevents us from going beyond o =2 for the f,-functions. Actually this
restriction only arises because our method of proving (2.10) uses a path
integral; with other methods one can show that a nontrivial (i.e. with finite
constant K,) bound of type (2.10) holds for N(V) for f(p) as long as « < n, with-
out any other restriction on a. (The fact that for « = n such a bound does not
exist is the generalization of the familiar nonexistence of this bound for
p>+V(x) in 2 dimensions. In n dimensions also, the Hamiltonian p" + V(x),
where V is a square well, always has bound states, however shallow the well.)
One such proof is provided by Cwikel’s estimate [5]: any A =f(x)g(—iV),
with fel”, geL? with 2 < p < o0, is a bounded operator with singular values u,(A4)
obeying

1/2

A D, f 11,1 9117 k™2, (2.12)
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where D, , =2+ ((2r)”"2°[1 —2~#~2]~1)¥2, This allows one to give an upper
bound on the number of eigenvalues of |V |'/2|p| =% V |/ which are larger than 1,
hence a bound on N(V):

N(V) S [D gy n)*"*Q2ry' IN(V)], ., (2.13)

For a <2 we can compare this constant with (2.11) for the special case f=f:

© -1
K,(¢,n)=I'(— 1+ n/x) inf |:a“"/“‘( | due™*(u— a)u“) }
a>0 a
For n=3, 0 =2, K,(«) is a much better constant than the one in (2.13) (E. Lieb’s
proof was constructed to treat this case; the bound he obtained is still the best bound
at present); from numerical calculations for some other values of (n, «) it seems that
this will be generally true for o < 2.

It turns out that a suitable modification of Cwikel’s proof for (2.12) can
also handle the case k(p)=(p% + m?)'/> —m. The bound for N(V) obtained in
this way is of the following type: N(V) < C[d"xG(|V(x)|), where G(x) ~ o”,
G(@) ~ C'a™?. This is also what we obtain by our method. Again however, the

a—0
constant C obtained in this way seems to be at least two orders of magnitude larger
than with the path integral method.

4. The method leading to the bounds (2.10) on N(V), S(V) can also be used
to derive bounds on other momenta of the eigenvalues, ie. ) |e;[°, with s#0

or 1. Explicitly, one obtains
Ylel < CJdxG(W(x)), (2.14)
with

G(W) = g apLs = BTt (s> 0),

C,=TI(s)[2" 'n"2I'(n/2)]"* inf[( oj?dt(t - a)t“e“>_l
© Ys(t/a)
<§dtt‘se" | duu"‘lqbf(u)s'l)],
0

0
where we have introduced another auxiliary function: ¢ (y)=sup[f(xy)/f(x)].
x>0

In the case f(p)=|p|>, (2.14) reduces to bounds of the type ) |e|' <
C, Jdx|W(x)[*=.

5. We have restricted ourselves, in the derivation of the bounds (2.10), to Cg
potentials. Of course (2.10) will generally be valid for larger classes of potentials, and
ideally, we would like it to be true for all potentials for which the semiclassical
approximations (2.1) and (2.2) converge. For f(p) =|p|* one can indeed show this is
the case. Inequalities (2.10) or (2.13) can then be written as

for VeCy, V<0:N(V)<K.[d'x| V()™ (2.15)

For any nonpositive ¥ in L%, one can then find ¥, in Cg’ such that | V,,— V|, — 0
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and |V,|<|V| a.e.. One can then check that |p|*+ V,, —|p|*+ V in the norm
resolvent sense, which implies traceclass convergence of the spectral pro-
jections of these operators on (oo, E] for any E <0, which in turn then implies
(2.15) for V (with the same constant K]). An analogous argument shows that for
k(p)=@*+m?)Y*—m, the bound N(V)SK[d"x[|V(x)|(|V(x)|+2m)]"
is valid for all nonpositive ¥ in L">~L". Analogously one proves that the
bound on S(V) in (2.10) holds for all VeL'*"= if f(p)=|p|%, for all
VEL1+"/20L"+1 if f(p) = (pz + m2)1/2 —m.

6. As we pointed out in the introduction, the cases of most interest to us
are n=3, f(p)=|p| or f(p)=(p? + m?)"/> — m. We have therefore calculated the
constants K,, K, numerically for these two cases. The results are:

for f(p)=|p|, n=3: K,=<608; k,K,=<0.103

K, =<6.44; k;K,<.109,

for f(p)=@E*+m*»)""*—m, n=3: K, <1414; kK, <0239
K,<962; k;K,=<.163

(where k,=(6n?)""). Note that one can easily prove that sup([S(V)]/
[S(V)],..)is always smaller than sup ([N(V)]/[N(V)];.. ) (any bound on N(V) gives
a bound on S(V) by simple integration). This shows that the upper bound on K, for
f(p) = |p| above is not very good, since it is larger than the corresponding K , ; in
practical applications, we shall therefore use the above value for K, for bounds on
S(V).

3. Bounds on the Kinetic Energy for Fermions

Once an upper bound of type (2.10) is known for S(V), the sum of the negative
eigenvalues of f(— iV)+ V(x), it is easy to derive from this a lower bound on the
fermionic kinetic energy associated with f(—iV). This is done by means of a
technique which can be found in [2].

Let y(x,,...,xy;04,...,0y) be a normalized wave function for N fermions.
Consider, for suitable negative functions ¥ on R" (V is “suitable” essen-

N
tially if [S(V)],. is finite) the N-partice Hamiltonian Hy= Y h,
i=1

with h;=f(—iV)+ V(x;). Assuming the fermions have ¢ possible spin
states, we have that the ground state E, of H) satisfies E, > q) ,e/(h), where
e(h) are the negative eigenvalues of the single particle Hamiltonian h. If
h has K levels, and N < Kgq, we surely have E, > q) ¢,; if N> Kq, we fill the
available Kq levels, and place the excess particles far away, with arbitrary small
energy, which again ensures E, > q) ¢,.

Hence, using (2.10) and (2.2),

<!//a Lf(- iV,-)!ﬁ> = [d"x|V(x)lp(x) Z Eo 2 — gKk, [d"xF(|V(x)(),
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where

q
PX)=N Y, [IY(x,xp,..., Xn;01,-..,05)%dx, ... dxy

gi=1
and F(s) = [ dt[ f ~*(£)]". This implies that a lower bound on the kinetic energy T,is
(4]
given by
T,= < ¥ f(~ iVj)l//> = [d"xZ(CF)(p(x)), G.1)
i

where C = gK,k,, and where .# denotes the Legendre transform
L(CF)(t) = sup{st —Cfdulf~ 1(u)]"}.
s 0

The maximum in s is reached for s = f[(¢/C)!/]. Using partial integration, this leads

to
t/C

ZL(CF)(t)=C /j du f(u'h).
0

Hence (3.1) becomes

p(x)/C

T,= < . 21 (= iV,-)¢> 2Cld"x | duf('"). (32
j 0
For the special case f(p)=|p|%, (3.2) can be written more explicitly. We have

N
< v, 2 1p; |“w> =2 C, Jdx[p(x)]" ", (33)

where
Con=[1+a/n] ' [gk,K,(n,a)]~ %"

with k, = [n2"~ '2"I'(n/2)]~* and
© -1
K,(n,a) = I'(njar) inf [a‘”’“( [due “(u—au~ 1) ]
a>0 a

For the special case n= 3, « = 1, (3.3) becomes

N
<W, Y |P,~|l//> 2 1.63g7 17 [d>xp(x)*>. (34)
j=1
We can also work out (3.2) for the case n = 3, f(p) = (p* + m*)}/*> — m. It turns out
that

<¢’ Z [} +m*)!/? — me> > [d®xGp(x)],

where G(p) = (3/8)m*Cg[(p/C)**m '] — mp with
gt) =t(1 + )21 +2t3) — In[t + (1 + t?)Y?]
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and C =.163q. It can be checked that G is convex (as it should be); the asymptotic
behavior of G for small, respectively large p is given by

G(p) ~ (3/10m)C~?Pp3B, G(p) ~ (3/4)C~3p*3.

p—0 p— ©

The p*? behavior of G for large p (i.e. small x) reflects the fact that for
large |p|, [p? +m*]?> —m behaves like |p| (we saw in (3.4) that the bound
for T, is in p*> for f(p)=|p|). On the other hand G behaves like m~*p>> if p
is small (ie. for large x), which is due to the fact that for small |p|,

[p? + m*]"* —m ~ p*/2m.
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