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Abstract

This paper is devoted to inequalities of Lieb-Thirring type. Let V be a nonnegative
potential such that the corresponding Schrédinger operator has an unbounded sequence
of eigenvalues (\;(V));en+. We prove that there exists a positive constant C(7), such
that, if v > d/2, then

S (V)T <) / Vi~ e ()

d
iEN* R

and determine the optimal value of C(y). Such an inequality is interesting for studying
the stability of mixed states with occupation numbers.

We show how the infimum of A\;(V)7 - [pa V2= da on all possible potentials V,
which is a lower bound for [C(v)]~!, corresponds to the optimal constant of a subfam-
ily of Gagliardo-Nirenberg inequalities. This explains how (x) is related to the usual
Lieb-Thirring inequality and why all Lieb-Thirring type inequalities can be seen as
generalizations of the Gagliardo-Nirenberg inequalities for systems of functions with
occupation numbers taken into account.

We also state a more general inequality of Lieb-Thirring type

S FPN(V) =Tr[F(-A+V)] < / G(V(z))dzx (%)
iEN* Rd

where F' and G are appropriately related. As a special case corresponding to F(s) =
e~ (xx) is equivalent to an optimal euclidean logarithmic Sobolev inequality

d
/ p log p dx + 5 log(47r)/ pdx < Z v; logv; + Z yi/ |Vq/)i|2 dx
R Re ieN* ien» /R

where p =Y,y Vi |il?, (Vi)ien+ is any nonnegative sequence of occupation numbers
and (;)ien~ is any sequence of orthonormal L?(R?) functions.
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1 Introduction

Lieb-Thirring type inequalities are well known in the context of the stability of matter
in quantum mechanics. Let i = h/27 > 0 and m > 0 be respectively Planck’s constant
and the mass constant. Given a smooth bounded nonpositive potential ¥ on R¢, if we
denote by

the finite sequence of all negative eigenvalues of the Schrodinger operator
h2
Hy=——A+4+V,
2m

then it is possible to bound the sum Zf\il |Ai(V)[” in terms of [|V'[| v+a/2(ray whatever
N is. The inequality

N da
>IN < Curly) [ VI da (1)
i=1 )

is known as the Lieb-Thirring inequality. Here we denote by Cprr(v) the smallest
possible positive constant which is independent of V. For v = 1, the sum Zf\il [A: (V)]
is the complete ionization energy, which is the physically relevant quantity for studying
the stability of matter. Considerable efforts have been made to understand further the
Lieb-Thirring inequality and in particular to find the optimal value of Crr (7). Up to
now a few facts about the sharp constant in the Lieb-Thirring inequality are known.
It was proved in [1] for d = 1 and later generalized to arbitrary d in [22] that for
~ > 3/2 the sharp constant is given by the semiclassical constant, i.e. the constant
corresponding to the limit problem when letting 2 — 0, after an appropriate scaling.
Among many other open problems, the Lieb-Thirring conjecture asserts that in d =1

AV

VeEDR) fplVHede
V<0

Crr(y) = O (7) =

This has been worked out for the case v = 1/2 in [21]. Also see [18, 17, 24, 20, 2, 27]
for further results on (1).

What we study in this note is a somewhat different problem, where V is a non-
negative, unbounded potential on R%, such that the eigenvalues of Hy form a positive
unbounded nondecreasing sequence (A\;(V));en+. Our main result is the

Theorem 1 For any v > d/2, d € N*, and for any nonnegative V€ C*®(R?) such
that V4/2=7 ¢ LY(R?),

> VI <c0) [ vETdr. e
ieN* )

The value of the sharp constant C(7y) is given by the Weyl asymptotics, i.e. by its value
in the semiclassical limit:

m )d/2 [(y—d/2)

C) = (27Th2 T'(y)
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Although the result is quite simple and arises as an immediate consequence of the
Golden and Thompson inequality, it is to our knowledge new. Some partial estimates
have been obtained in [8] in case of quadratic potentials. We refer to [3, 30, 23, 13]
for earlier results in this direction. The semiclassical formula stems from prescribing
h¢ phase space volume to each bound state of the Schrodinger operator. Using this
heuristics, we can estimate the series by

> ! <p2 + V(:v))7 dpdz

N~
ieN* h Rd xRd 2m

which is easily seen to yield the right hand side of (2). If one considers h as a parameter,
then as h gets small the two sides in the above relation are asymptotically the same. A
rigorous proof of this fact relies on the Weyl asymptotics, that we will establish later
in this paper for a specific potential V.
We may notice that all physical constants can be adimensionalized. A simple scaling
indeed shows that for any ¢ € N*,
NP = A (1 ()

2m

5

so that in (2),

/2 4
CO i m = (2h2> CONp=t,m=1/2»  CONip=1,m=1/2 = M .

From now on, we assume for simplicity that & = 1,m = 1/2.

Theorem 1 is motivated by the study of the dynamical stability of mixed states
with respect to minimizers of variational problems with temperature in quantum me-
chanics. Inequality (1) appears in the context of atomic and molecular physics, where
it is natural to consider isolated systems for which the potential V is asymptotically
zero at infinity. Computing the full ionization energy is then a completely relevant
question. Requiring that V' grows at infinity makes sense in a different context, e.g., in
solid state physics, where the potential is not necessarily created by the system under
consideration itself, but can be imposed by external devices (for instance a doping pro-
file) or by a given electrostatic field (applied voltage). In that case, collective effects
are fundamental and it is interesting to investigate how mixed states converge in a
semi-classical limit to a classical system. At the kinetic level, the behavior of the clas-
sical system is now reasonably well understood. For instance one knows in which sense
special stationary solutions are stable, see [4, 5]. At the quantum level, many particle
systems are not so well understood. A first attempt in this direction has been made
in [28], in a nonlinear case, but the result relies on a rather weak notion of stability
and the exchange term is neglected. For a linear system, we will see in Section 3 that
an appropriate functional for studying the stability of a mixed state, i.e. a sequence
(v, %) = (vi,¥i)ien- € RY x (L2(R?))Y" made of nonnegative ordered occupation
numbers v; and wave functions 1);, is the free energy functional

Flv, 9] = Z [B(Vi) +v; / (|V1/)i|2 +V\wi|2) d:c] ,
ieN* Rd
where 3 is a given convex function on R;. Under the constraints
(Vi, ¥5) 2 rey = 035 Vi, j €N,

the functional F has a minimizer made of the sequence 1) = (¢;);en+ of the eigenfunc-
tions counted with multiplicity, and the sequence v = (¥;);en+ of occupation numbers
given in terms of the eigenvalues by

v = (B) 7 (=N(V)) -
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However, such considerations are purely formal as long as we dont prove that F|v, 1] is

finite at least for the formal minimizer (v,1)) = (I, ). Such a property is a condition
on both g and V. In case

—(1—=m)m=tm=—mym ifr>0,
Bv) = and m€ (0,1), (3)
400 ifvr <0,
and with v = 7, for any ¢ € N*, we obtain
m 1
vy = —— (N(V)) ™1,
h= o (V)

Bwi) + 7 Xi(V) = (B0 (8)71) (=X(V) + (B) T (=X0(V) (V) = = (V)]

The free energy is well defined at least for the optimal mixed state if the series
>ien-18(@) + 7 Ai(V)] converges, which amounts to require that >, . [Ai(V)] ™
is finite. A sufficient condition is therefore given by Theorem 1.

Section 2 is devoted to a proof of Theorem 1 based on the inequality of Golden
and Thomson (Theorem 2). We also state a more general result in Theorem 3. The
notion of dynamic stability will be explained in Section 3 and illustrated by several
examples. In Section 4, we will come back to the constant C£112 () which appears in
the Lieb-Thirring conjecture and prove that it is related to the best constant in some
special Gagliardo-Nirenberg inequalities in the standard case corresponding to V' < 0.
Such a result is not new, but we also prove that a similar result holds in the case V' > 0
(case of Theorem 1), which is apparently new. We also relate a limiting case to the
euclidean logarithmic Sobolev inequality. In Section 5 we show in which sense Lieb-
Thirring type inequalities can be seen as generalizations of the Gagliardo-Nirenberg
inequalities to systems. This extends to systems of orthonormal functions what has
been observed in Sections 4.1 and 4.2. We formulate optimal inequalities in an abstract
framework and apply the result to the standard case (Corollary 16), to the framework
of Theorem 1 (Corollary 17) and to a limiting case which provides an optimal inequality
of logarithmic Sobolev type for systems. Optimal constants are expressed in terms of
the optimal constants for Lieb-Thirring type inequalities.

2 Proof of Theorem 1

The proof of Theorem 1 is straightforward. It relies on a change of variables in the
definition of the I' function and the following inequality due to Golden and Thomp-
son [16, 37]. See [34, 31] for an introduction to such methods and a proof based on
the Feynman-Kac formula. Here we adopt the presentation of [35] as stated in [34],
Theorem 9.2, p. 94.

Theorem 2 [35, 34] Let V be in Li (RY) and bounded from below. Assume moreover

that e~V is in LY(RY) for any t > 0. Then

Tr (e_t(_AJrv)) < (47775)_%/ e V@) qg (4)
Rd
Proof. For completeness, we give an elementary proof of this result. We do not claim
originality here and we give this result only for the convenience of the reader.
Consider the Green function G of the heat equation:

Gz, t) := (4wt) "% e a0
We will then write

u(-,t) = €' fi=G(t) * f
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if u is a solution of u; = Au with initial data u(-,¢ = 0) = f. By Trotter’s formula,
e~ t(=2+V) is obtained as the strong limit of

i _t n
(en N V)

as n goes to infinity. Then we compute the trace of this last quantity as

t ¢
/ drdzydx,y. .. dsan<,x—ac1> e~ ﬂEl)G( x1—x2> e~ w Vi)
(Rd)n n

4
.G (,xn o:) e w V@)
n

With the notation x = ¢ = z,41, we rewrite this as

n
t £ ~n—
/ dxgdxy dxs ... dz, HG (,.Z‘j —.Tj+1) e~ Tizo Vi@k) |
(Rd)n G=0 n

x

Using the convexity of x — e™", we estimate the exponential term by:

e Tilo Viek) <= Ze—tvuk)

This amounts to

t t n 1 «—
Tr (eerfﬂv) - Z/ dxo dridzxs ... dx, HG( , T — xﬁ_l) e tVizk)
7=0
— (47#)*%/ e tV(@) gy
(R)?

using

drodrydxs ... drg_q1 degyy ... do, HG< xﬁl) =G(t,xp—xk) = (47rt)7%.
(Rd)n—1

O

Proof of Theorem 1. The definition of the I' function gives, for any v > 0 and A > 0,
1 [t
AT = —/ e A lat.
0

The operator —A + V is essentially self-adjoint on L?(R%), and positive, since V is
nonnegative. This implies, by the functional calculus,

Tr((-A+V)™7) = ﬁ /O+OO Tr (e*t(*AJrv)) Yt .

Using (4), since V27 € LY(R%), we get

—+oo
Tr((-A+V)™") < / / (4mt)~Z2e V@ =Ly dt
Rd

g
% Vie)Nz Y dx.
<4>2<>/Rd[<”

We define C(y) := % and obtain the announced inequality.
4m)2(y
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The optimality of the constant is established by the following example. Consider
the potential V. = 1in (0,e 71 7)¢ = Q. C R4, V. = 400 in Q¢. Such a potential can be
approximated by smooth potentials V* such that V2* =1 in Q. and lim,_,o V' (z) =
+oo for any @ € Q¢. The eigenvalues of —A + V. on R? are the same as the ones of
—A + V. on Q. with zero Dirichlet boundary conditions on 9f),:

d
14+¢2 n?, n e N*
3 1, N2 ... Ng )

j=1

so that

d
Tr ((—A+VE)7“’) = Z 1+¢e2 an ,
=1

ni, ng ... ngEN*

which behaves asymptotically as € tends to zero as

> Ny g

2 d 2\
s e my1<a; <n,; 1+€ le )! (2¢) L [x]?)

Jj=1,2,..d

|Sd—1| ee} ,’,.d—l

T et TEm

This is precisely the right hand side of Inequality (2) as can be checked using (7 /¢)¢ =
fRd Ved/Q_y dz and

N\Q-

1) = 2

< i Th-HTE)
and /0 (7dr— ] .

(g) 1+172)7 2F2(7

|

From the above proof, it easy to see that the result of Theorem 1 can be generalized
as follows. Let f be a nonnegative function on R, such that

/OOO 7o) (1+097) % < 00 (5)

and define
F(s) = foe“f(t)‘ff and  G(s) = /OOO 13 (4 )2 f(t)% (6)

Notice that if d is even, (—4)(%/2) d(¥/2 G /ds(@/?)(s) = F(s). In the case of Theorem 1,

- L(yv—4 d_
F(s) =s77 and G(s) = —2—s277.
) )= tmTre

Theorem 3 Let V be in LL _(R?) and bounded from below. Assume moreover that

G(V) is in LY(RY). With F and G defined by (6), if f satisfies Asssumption (5), then
S O FN(V)=Tr[F(-A+ V)< [ G(V(x))de.
h R4
ieN*

Proof. The above inequality follows from the definition of F':

dt

Te(P(-A+ V)= | T (2 p 2
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Inequality (4) and the definition of G. O

As an example, if we apply Theorem 3 with F(s) = e™*, f(s) = d(s — 1) and
G(s) = (4m)~ %2 e~ we get

=i (V) —V(x)
Ze )d/2 /Rde dx . (7)

1EN*

In the special case V(z) = A? |z|? + B, eigenvalues are explicitly given as

d
B—i—Z(an—&—l)A7 niy, Ny ...Ng €N,
j=1
and we can compute
—Bt
Tr (e—t(—A+V)) e—tNi(V) _ Bt e~ @nj+n At | _ .e _
; H % 2 sinh(AL)]?

(®)
On the other hand,

1 / V() e’
—75 (& der = ——
(4m)4/2 Jga (24)¢

Putting these estimates together in the case ¢ = 1 shows that the upper bound in (7),
namely

1 AN T e MW 1
(4m)d/2 \ sinh A Jpae V@ dx = (4m)d/2 7

is achieved in the limit A — 0.

Identity (8) is also useful in the case F'(s) = s~7 considered in Theorem 1. Using
Tr((-A+V)™) = F('y) f+oo Tr (e7t(=2+Y)) t7=1dt, we obtain in the special case
V(z) = A% |x|? Jr B the identity

o 1 +00 e~ Bt - B B~ [t et -
(2 = | gm0, et

with s := B/A. Under the additional restriction v > d, we get

/ Vi dp = i g—d g L= d)
R I(y-9)

With C(v) = %, this shows that

Tr((-A+V)™") s ~pet
7) Jra Virde  T(y—d) / (sinh(st))? dt =:q(s) -

It is easy to check that the function s — ¢(s) bounded by 1 and achieves 1 in the limit
S — 0+.
3 Stability for the linear Schrodinger equation

In this section we come back to the physical motivation of Theorems 1 and 3 with more
details than in the introduction and state a list of examples corresponding to various
functions F.
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3.1 Notations and assumptions

Let E[Y] := [pa([VY|*+V [¢]?) d2 and assume that V is a potential such that the oper-

ator Hy := —A+V has an infinite nondecreasing sequence of eigenvalues (A;(V))ien+:
Xi(V) = inf sup E[¢] .
F C L*(RY) verF
dim(F) =4

Here the eigenvalues are counted with multiplicity, and to each \;(V), i € N*, we can
associate an eigenfunction 1; such that ¥ := (¢;);en+ is an orthonormal sequence:

(i ) r2may = 63 Vi, j € N,

As in Section 1, we also define 7; := (')~ (=X;(V)) for any i € N*, v := (#;);en+. The
free energy of the mixed state (v,%) = ((ti)ien, (¥i)ien-) € RY x (LAH(RI)N is

Flv, ] = Z Bvi) + Z vi B[]

1EN* 1EN*

for some given function 8. If the potential V is such that —A 4+ V has an unbounded
sequence of eigenvalues, it is easy to see that Flv, ] is defined only if lim; ., v; = 0.
This allows us to re-order the sequence (v,) in such a way that (v;);en+ is a non
increasing sequence converging to 0, and we may restrict the domain of the free energy
F to S x (L2(RY)Y", where S denotes the set of non increasing sequences in R
converging to 0, such that ), . B(v;) is absolutely convergent. Notice that whenever
it is finite, ) ;. B(vs) is absolutely convergent by the assumption lim; . v; = 0.

We shall say that Assumption (H) holds if 3 is a strictly convex function with
£(0) = 0, which is C! on the interior of its support and if the potential V' is such that
—A + V has an unbounded sequence of eigenvalues (\;(V));en+ for which

> Bw) > wh(V)

1EN* 1€EN*

< oo and < 00,

where ; == (8)71(=X\;(V)) for any i € N*. As seen in Section 1, Assumption (H)
is a consequence of the Lieb-Thirring type inequalities of Theorem 1 if f(v) = —(1 —
m)™~tm=m ™ m € (0,1) (see below Example 2 for more details). In the framework

of Theorem 3, F(\) = —B(v) — Av with v = (8')71(=)).

3.2 Minimizers of the free energy

Proposition 4 Assume that 3 and V' are such that (H) holds. Then there erists a
minimizer (0,1) € S x (L*(RH))N" of F under the constraint

(i, ) 2ray = 635 Vi, j € N*.
Moreover,
i = (6) 7 (N (V))

and if U; is positive for any i € N*, the sequence ¥ = (1;)ien+ is unique up to any
unitary transformation which leaves all eigenspaces of —A+V invariant. In particular,
any 1; can be multiplied by an arbitrary constant phase factor, so that we may assume
that ; is real.

To prove this result we first prove some results about finite mixed states : given any
n € N*, we can define the projection P, of a mixed state (v,) € S x (L?(R%))Y" onto
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the n-finite mixed states by P, [v, ] := (9,%) with #; = v; for any i =1, 2,... n and
vi=0forany i >n+1. Let F,, :== F o Py:

n

Falvs ] =Y (Bw) + vi Bwi])

i=1

Notice indeed that 5(0) = 0, so that 3(7;) = 0 for any ¢ > n + 1. We may decompose
F, into an entropy and an energy term as follows.

Lemma 5 Under Assumption (H), for any (v,¢) € S x (L*(RH))N" such that 1 =
(1;)ien+ i an orthonormal sequence,

n n

Falv, ) = Fulo = Y (804) = B03) = B 2)(vi = 70) ) + Y v (Elwi] - EI)) -

=1 =1

Proof. An elementary computation gives

B'(7;) (vi — ) + vi B[] = =XN(V) (v — i) + vi (V) = 7 , (V) = 0 B[]

We are now going to study independently the two terms of F, [v,¥] — F,[7, ¥] and
start with the entropy term.

Lemma 6 Assume that infsq3”(s) s> P = a > 0 for some p € [1,2]. For any
sequence (v;)ien= € RY | if 3, o B(vi) and Y-, vi B'(7;) are absolutely convergent,
then (v; — U;)ien+ € € and

> (B1) = B@:) = 8 @) (v — 7)) = 277 ally = B, - min { w5, |25} -

1EN*

See [5] for a continuous version of this inequality. We may also refer to [19] in the
case of B(v) = vlogr — v and von Neumann algebras, and to [38] for a review of the
so-called Csiszar-Kullback inequalities. For the completeness of the paper, we give a
short proof of this result.

Proof. For any i € N*, let ¢; € [min(v;, 7;), max(v;, 7;)] be an intermediate nonnegative
point such that

1 o
N — B(:) — B (: 7)) == e 5.2 = P=2(, _ 5.)2

> (B) = B) = B @) - ) = 5 3 B —m)? 2 5 Y - )

: : -2
1EN* 1EN* 1EN*

Let Z C N*. Using

2/p (2-p)/p
—p ~p(P—2)/2 ,p(2—p)/2 p—2 —\2 P
Z|Vi_Vi| G G SZQ (vi = )" ZCZ )

i€ = €T
we get
2/p 1-2/p
ZCZP_Q(W—Z')Q 2 <ZVi_Vi|p> : <ZC£U> -
i€T ieT i€T
OnZ = {i € N* : v; > i} (respectively T = {i € N* : v; < 1;;}), we estimate ), ¢¥

from above by -, 7 v¥ (resp. by >, 7 7¥). Using the inequality (a+b)” < 27! (a"+b")
for any a, b > 0 and 2/p = r > 1, we completes the proof. O

Next, we turn our attention to the energy term and recall a result given, for instance,

in [27]:
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Proposition 7 Let V be a potential such that the sequence of eigenvalues (A;(V))ien+
of Hy is unbounded, and choose any n functions ¥1,...,%, that are orthonormal in

L?(R%). Then ,
DB =) xn().

We extend this property to orthogonal families:

Lemma 8 Assume that V' is a potential as above. For any orthogonal family (¢i)1<i<n
in L?(R%), with ||¢;||* = v; and vy > ... > v, we get

n

S E[gi] = vidi(V).
i=1

i=1

Proof. We prove this result by induction on n. The case n = 1 is trivial. Suppose
that the result holds for any orthogonal system of n functions, and take (¢;)1<i<nt+1
with nonincreasing squared norms (or occupation numbers) v1 > ... > v, > 0. If
VUn+1 = 0, then the induction assumption directly gives the result. Assume next that
Vp+1 > 0. By Proposition 7, we have

n+1 ¢ n+1
E|-= i .
2 {II@IIF; ")

Multiplying by v,,41, we obtain

n+1 v n+1
n+1
; V:r El¢i] > z_; Unt1 Mi(V)

hence

n+1

Z El¢:i] > Z [VZVI:TLH Elpi] — (Vi — Vny1) )\i(V)} + Z vi \i(V). (9)

i=1
Since v; > vy41, we can define the family (1; ¢;)1<i<n With g == (“=2252)1/2 which
is orthogonal. By the induction hypothesis we get

n n

Z % El¢;] = ZE(/%‘ bi) = Z s a1 X (V) = Z(Vi —nt1) Ai(V) -

i=1 v i=1 i=1

In Inequality (9), the first sum of the right hand side is then nonnegative. For the
system of the n 4+ 1 orthogonal functions, we obtain

n+1 n+1
SOElg] =Y vih(V),
i=1 i=1
which completes the proof of Lemma 8. ]

Proof of Proposition 4. By Lemma 8 we get

n

Falvsw] 2> (80 + v (V).

i=1

hence a minimization of 7, under the constraint (;,%;)12ra) = 0;; directly gives, for
any [v, 9] € S x (L*(R)"",

fn[V,¢] an[ﬂ,’l)b]
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Assumption (H) gives the absolute convergence of the series in the definition of

F(p,1). Suppose now that there exists (&,%) € S x (L*(R%))N" such that F (&, ) <

F(v,1p). This implies the existence of a N € N* such that

ZN: (6(%) + i E[iﬁi]) < ZN: (ﬁ(ﬂi) +u Ewi]) :

i=1 =1

which contradicts the result on finite mixed states. O

3.3 Stability

As a consequence of the conservation of the energy E[-] under the evolution according
to the Schrodinger operator i 0; — Hy, we obtain the conservation of the free energy.
Notice here that all above computations have been done with functions taking real
values and need to be adapted to the case of complex valued functions as soon as we
consider solutions to the time-dependent Schrodinger equation.

Proposition 9 Assume (H) and consider an initial mized state (v,4°) € le X
(L2(RY)N". If (v,4(t)) is the mized state where each of the components evolves ac-
cording to the linear Schrédinger equation

i@tz/)j:—ij—&—ij, xERd,t>0
with initial data zb? for any j € N*, then
Flv, )] = Flv,9’] Vt>0.

To state a dynamical stability result, we have to impose a decay property of the sequence
of occupation numbers as in Lemma 8. From Lemmas 6 and 8, and Proposition 9, we
deduce the

Corollary 10 Consider an initial mized state (v,4") € S x (L*(R))N" with a nonin-
creasing sequence of occupation numbers v. Under the assumption of Lemma 6, if (H)
is satisfied, then for any t > 0,

27207 [lp = I - min {15, 12157+ 3 v (Ba()] - M(V)) < Flv, 9],

iEN*

where both terms of the left hand side are nonnegative.

3.4 Examples

We conclude these comments on stability results by a list of examples of various func-
tions § and by the corresponding Lieb-Thirring type inequalities given by Theorem 3
with —F(s) = (B0 (8)7 1) (=s) + s(8')"1(—s). We refer to [10, 11] for a similar dis-

cussion in a non quantum mechanical context.

Example 1. Let m > 1 and consider B(v) := (m — 1) 'm~™y™. With #'(v) =
(m—1)m"tml=mym=l = X and m = 17, we get: —(B(v) + Av) = F(A) = (=),
which corresponds to the setting of the standard Lieb-Thirring inequality (1). The case
v € (0,1) is formally covered by B(v) := —(1 — m)™ |m|=™v™ with m € (—o0,0),
m = =5 again and F(s) = (—s)?, but in this case, ( is not convex and the free energy
F cannot be defined as above.

Example 2. As seen above, for m < 1 and B(v) :== —(1 —m)™ tm="v™ with §'(v) =
—(1=m)m=Iml=mym=l = _Xand m = we get: F'(\) = A™7, which corresponds

v
. T
to the setting of Theorem 1.

11
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Example 3. If (v) := vlogr — v, then '(v) = logr = —A. According to Theorem 3,
the corresponding inequality is

=2 (V) —V(x)
Z e 73 / dr .
1€N* 47T) /

This case can formally be seen as the limit case m — 1 in Examples 1 and 2. Here
F(s)=e*, G(s) = (4m)~¥2 e,

Example 4. If 3(v) := vlogv + (1 — v)log(1 — v), then 3'(v) = log (1%;) = —A and
F(s) =log(l+ e~*). According to Theorem 3, the corresponding inequality is

Z log (1 + e_)”'(v)) < G(V(x)) dx

iEN~ R

where G is given in terms of I by (6).

In all the above examples we have to assume that lim; . A;(V) = 400, except
in Example 1 where \;(V) <0, lim;_,o0 A\i(V) = 0 and we adopt the convention that
Ai(V) =0 for any ¢ > N if there are only N negative eigenvalues.

4 Lieb-Thirring and Gagliardo-Nirenberg inequali-
ties

In this section, we will focus on consequences of Theorems 1 and 3, when one takes
only partial sums, and especially when only the first eigenvalue is considered.

4.1 Optimal constant in the Lieb-Thirring conjecture

We begin with a remark on the connection of the best constant in the Lieb-Thirring
conjecture and its extension for d > 1:

AV

V e DRY) Jpa V' do
Vgo

O () =

with the best constant in some special Gagliardo-Nirenberg inequalities. Such a result

has already been established in [2, 39] (also see [15, 32, 36] for earlier references). We

give it here for completeness and in order to insist on some interesting scaling properties.
Define the function set for the potential V' by

Xy ={verti®y) : v<o, V£oae}

and note that by density of D(R?) in L7+ (R%), it holds that

M (M|
C&) () = sup 7| 1(7_,?'1 .
Vv c X7 fRd ‘V‘ 2 dd?
VZ0a.e.

By definition of A\ (V'), we have

M) =g elVeP et f ViePde
ue H(RY) Jpa [ul? dz
uZ0a.e.
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Let
2y +d

2y +d-—2

and consider the optimal constant Cgn(y) of the Gagliardo-Nirenberg inequality cor-
responding to the embedding of H!(R?) into L?¢(R?):

| u||L2(Rd)”uHL2(Rd)

CGN(’Y) = inf . (10)
u € HY(RY) l|wl| 20 (ray
u# 0 a.e.
Notice that for v > max(0,1 — d/2),
2d
g>1 and 2¢< T 5

Theorem 11 Let d € N*. For any v > max(0,1 — 4),

@) = () [Conn] ™"

b

where

2 d N\t d

Moreover, the constant C’](}f) (7) is optimal and achieved by a unique pair of functions
(u, V'), up to multiplications by a constant, scalings and translations.

The scaling invariance can be made clear by redefining
1
{CI(}T) (’y)] ! = sup sup R(u,V)

VeX, u € HY(R?)
VZ0a.e. uZ0a.e.

where ) )
Rlu.V) = _f]Rd V|ul? dz + [ |[Vul? dz
7 2 +35 .
fealil? e IVITE

Note indeed that A;(V) < 0, and R(u, V) is invariant under the transformation
(V)= (= u(A), Va =22V (A))
ie., R(ux, Vi) = R(u, V) for any A > 0.

Proof of Theorem 11. By Hélder’s inequality,

L VIR do < Ay with A= V]

Let 7 := [[ul|p2a(ra)/[|u||L2(re). The Gagliardo-Nirenberg inequality (10), namely
Con(y) Nl aaqeey < 19000 gy N300,

with 0 = 5 can be rewritten as
’Y+d

D=

V’U, 2 (Rd
IVl £z (ray . [CGN('Y) T]

||UHL2(JRd)
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Putting these estimates together, we obtain
AT? — [Con(0)]? 78

R(u,V) < piE=

An optimization on 7 shows the bound of Theorem 11, which is independent of A, and
gives the expressions of k1(7) and ka(7y).

The estimate is achieved since all above inequalities can be saturated by considering
VPRV = o eV =Vi= —fulmEe = o0 (11)
where u is a solution of
Au+ [u* T YDy —u=0 in R?.

Up to a scaling, these two equations are the Euler-Lagrange equations corresponding to
the maximization in V' and u respectively. Because of the second equation, the relation
with the Gagliardo-Nirenberg inequality is straightforward. In other words,

R(u,V) < R(u,V,) = Je |uf*7 dz — Jra [Vul?* dz — Jra |ux|*? dz — Jpa [Vux[* da
Jga |u|? da (fRd |u|2a dg;)W (fRd luy |29 da:)7

1 a1
where uy = A7-Tu(X\-) and AE—7) = |l L2(ra), sO that [|uxllL2eaey = 1,

72 — [Con(7)]? 78

R(u,V) < e :
T
and the result holds by optimizing in 7 = [[ux||2e(r4)- O

Remark. The optimal function in the Gagliardo-Nirenberg inequality (10) is given as
the nonnegative solution of (11) in H*(R?). The existence of a minimizer of (10) was
established for the first time in [40] by Weinstein in order to prove a sharp condition for
global existence of a solution to the nonlinear Schrédinger equation. This minimizer is
radial, positive, decreasing, and unique up to translations, multiplication by constants
and scalings. See for instance [33] for uniqueness results of radial solutions, and refer-
ences therein for earlier related results. Optimal function are not explicitly known in
general but are easy to compute numerically as well as the optimal constants, see for
instance [29, 39].

4.2 Theorem 1 and Gagliardo-Nirenberg inequalities

In this section, we adapt the remarks of Section 4.1 to the case V > 0 of Theorem 1.
The interpolation of ||u| p2q(ray, With 1 < g < d/(d—2), d > 3, between ||Vul| 12(gay and
[l £2(ray of the previous section is a standard case of Gagliardo-Nirenberg inequalities,
but there is also another interesting case in Gagliardo-Nirenberg inequalities, which
is somewhat less standard. It corresponds to the interpolation of ||ul|;2ge) between
[Vullp2gay and [oq [u[*? dz for some ¢ € (0,1). See [9] for a similar setting, where
both cases have been taken into account. What we establish in this section is that
these less standard inequalities are related to the estimate of [A\;(V)]™7 in terms of
Jga V2= dg.
Consider now a nonnegative smooth potential V' € C*°(R?) such that
lim V(z) =+o0
|z]—+o00

and denote by A (V), Aa(V),...the positive eigenvalues of —A + V. By density we
may extend this set of potentials to the set

Y, = {v%—7 EL'RY : V>0,V #+oo a.e.} .
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Let
2y —d

2(y+1)—d

and define an optimal constant of a second type Gagliardo-Nirenberg inequality by

q:= € (0,1)

e H0-2)
, IVl 2 gy (S [l )27
Cénly) = inf G

u€ HYRY), u#0 a.e. l[ull 22 (ra)
Jga [ul?? dz < 0o

(12)

Theorem 12 Let d € N*. For any v > d/2, there exists a positive constant C(l)('y)
such that, for any V €Y,

M) <V | vETdr.
R

As in Theorem 11, the optimal value of CV)(v) is such that

)

() =) [Can] "

d d
2¢)7 "2 (d(1—q)) 2
where k1(y) = W

is achieved by a unique pair of functions (u,V), up to multiplications by a constant,
scalings and translations.

and  ky(y) = 2v. Moreover, the constant C()(v)

Notice that ¢ < 1, and 2¢ > 1 if and only if v > 1+ d/2. The best constant in the
above inequality is

A(V)) =7
= sy V) 1(iz]'y '
Vey, Jpa VETT da
V#0a.e.

The scaling invariance can be made clear by writing

O] = sw sup R, V)
Vex, wueHYRY
V#0ae  u#0ae.

where

2=

Jga [ul? da (f]Rd Ve dx)
Jpa IVUl? dz + [o. V |ul? do

is invariant under the transformation

R(u,V) :=

(0, V) — (uA = u(\), Vi = A2V(A.)) :

ie., R(ux, Vi) = R(u, V) for any A > 0.
Proof of Theorem 12. By Hélder’s inequality,

q 1—q
/ w2 dx = / WV VT dy < ( \% |u\2 dx) (/ VT da:) .
Rd Rd Rd Rd

With 4 = (fpa y—e/(1=q) daz)i(liqwq = (fpu yd/2= d:L‘)Q/(277d), this means that

/ Viu?de> A </ |u2qu>q .
R R4
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We may therefore estimate R(u, V) as follows:

||u||%2(Rd) Al_Q’Y

R(u,V) <
IVull72gay + A (fpa luf?e da)

Q=

An optimization under the scaling A — A~%2u(-/\), which leaves the L?(R%)-norm
invariant, shows that

2=

2 2 T 2 T s -
IVullZs ey +A l[ullp2gay = VUl 20 ga) (/Rd |ul* dw) AT (k1(7))
using m =1- %. Using the Gagliardo-Nirenberg inequality (12), we get

* 2 _ 4 _1
IVul72gay + AllulFzmay > 1CENOIT NulFz@ay AT (k1(7)77

which proves that C(V(v) < ky(7) [Can ()] 772, It is moreover easy to check that
the equality holds in Hélder’s inequality if ve-r-lig proportional to |u|?. By taking
a minimizer of (12), this completes the proof of Theorem 12. O

Remark. Notice that optimal functions are not explicitly known, unless d = 1. So-
lutions to the Euler-Lagrange equations have compact support and minimal ones are
radially symmetric and unique up to translations, see [7]. Also see [9] for more details.

4.3 General case

We may try to generalize the approach used for power laws to general nonlinearities
like the ones of Theorem 3. However, this is not as simple as when evident scaling
properties are present. We may indeed write

W) _ oy L A(V))
TP vy a =

where the above supremum is taken on an appropriate space. Assuming that F is
. . . 1
nonincreasing, we may characterize wa) as

F </R (1Vo12 + v 16l?) dx)

Cg) = sup )
V.o Jza GV (2)) dx
Jga |p|* dz =1

so that the optimal value is at least formally given by

F( [ (190 + 1o (@) (elof?)) a

C(l) _ .
T semmy Joe (G o (@) (w101 do
fRd ‘¢|2 dr =1

where k is given in terms of ¢ by

o= () ([ (90 1o @) slo) )

This indeed results of the optimization with respect to V', which amounts to

kloP - G'(V) =0.
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This strategy is however easy to implement in one more case: F(s) = e *. In
this case,
" e~ Jra(IVOP+VI¢]?) da
Cr’' = sup —i73 — .
V, ¢ (4m) Jpae™V dax
fRd |¢|2 dr =1
The optimization with respect to V' gives
V = —log(|¢*)

up to an additive constant such that fRd e™Vidr = fRd |¢|? do = 1, which plays no role
because its contribution to the numerator and to the denominator cancel. Summing up
the inequality is therefore simply equivalent to the usual logarithmic Sobolev inequality:
for any ¢ € H'(R?) such that [, |¢]* dz =1,

(47T>d/2
/Rd |6 log(|6[*) dz + log <C(D> < /R Vol da .

F

From standard results on logarithmic Sobolev inequalities, see for instance [6], it is
known that optimal functions ¢ are gaussian, which allows to determine the value

of Cg): .
1 2

We will see later an alternative approach which allows to state the following interpola-
tion inequality.

Proposition 13 Under the assumptions of Theorem 3, if F' and G are related by (6),
if F' and G’ are invertible and if we define

s 0
B(s) ::—/0 (F')"Y(=t)dt and H(s) ::/ (G (—t) dt

then for any ¢ € HY(RY), the following interpolation inequality holds:

2 2 2
[voraes ([ jopas) = [ H(oP) ar.

This result will appear as a simple consequence of Theorem 15, where we take 11 =
f]Rd |¢|? do and v; = 0 for any i > 2. We will see that the result holds not only in the
framework of Theorem 3 but also in the case where lim;_,, A\;(V) < 0o as it is the case
for standard Lieb-Thirring inequalities.

4.4 Further results

The analogue of the Lieb-Thirring conjecture does not hold in the context of Theorem 1,
i.e. for potentials such that lim;_, ., A\;(V) = 4o0.

Proposition 14 With the notations of Sections 1 and 4.2, for any d € N* and vy > d/2,
c(y) <C(y).
Moreover, if F' and G satisfy the assumptions of Theorem 3, then

N su Z1§i§n F()\l(V))
Vo GV (@) da

forms a strictly increasing sequence.

=:C"(y)
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Proof. The infimum CM)(y) is achieved by a function u, with support in a ball B(0, R)

for some R > 0, and a potential V, = cuy/@T20HD) 4y B(0, R) for some constant
¢ > 0, and V, = 400 outside. The sequence of eigenvalues of —A + V, is therefore
given by the one of —A + V, in B(0, R) with zero Dirichlet boundary conditions on
0B(0, R). It is then straightforward to realize that

D VT > (V)T =W ().
ieN*

The general case follows from similar reasons. O

5 Interpolation inequalities

Assume that V is a potential on R? such that the operator —A + V has an infinite
sequence (A;(V))ien~ of eigenvalues. Let F and G be two functions such that the
inequality
S FNWV)=Tr[F(-A+ V)< [ G(V(x))da (13)
iEN Rd

holds (see for instance Theorem 3 for sufficient conditions). Let A := lim;_ oo A\;(V)
and assume that

Spectrum(—A + V) N (=00, A) = {\(V) : i € N*}.

Note that this includes the standard case of Lieb-Thirring inequalities, which corre-
sponds to A = 0 when V is such that —A 4V has infinitely many eigenvalues, and the
case considered in Theorems 1 and 3 A= +oo

Define o(s) :== —F’(s) and B(s) := — [ 0~ (t) dt. We may notice that

A A
F(s):/ o(t) dt:/ (3 (—t) dt .

We assume that F is convex on (—oo,\) and C! on (—oco, \) whenever it takes finite
values. This implies that 3 is C', convex and we get

F(s) = —min[3(v) +vs] .

Note indeed that, at a formal level,

% (W(”) + VS]\V:(ﬁ’)—l(—s)) =(8) " (=s) = 0(s).

Inequality (13) can therefore be rewritten as

Z”z/ (IVil® + V [0il?) da+ > B(w) /G ) dx >0

1eN* 1EN*

for any sequence of nonnegative occupation numbers (v;);en+ and any sequence (1; );en-
of orthonormal L?(R?) functions.

Let us proceed as in Section 4 and optimize on V for fixed v = (v;)ien+, ¥ =
(1;)ien+. Assume further that G’ is invertible. Let

Ky, 4] := Z v [Vihi|* and pi= Z vi lil
iEN* iEN*

and define
H(s) = = [Go(G")H(~=5) +5(G") ' (~s)] -
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It is straightforward to check as above that

dH N
) = (@) (),

and write 0
1) = [ (@) v

provided (G’)~! is integrable on a neighborhood of s = 0.
The optimal potential V' has to satisfy

GV)+p=0,

so that
iEEN* v; /Rd V|| da + /Rd G(V(z)) dx = » H(p(z)) dx

Summarizing our computations, we have proved that (13) can be rephrased as

Theorem 15 Under the above notations and assumptions, the following inequality
holds:
Ky, ]+ Y Bw) > | H(p)dw (14)
iEN* Re
with p =, cn- Vi |12, where (v;)ien~ is any nonnegative sequence of occupation num-
bers and (1;)ien- is any sequence of orthonormal L?(RY) functions.

Written with such a generality, the result is maybe not as striking as when it applies
to the various examples of Section 3, for which all the assumptions made above can
be verified. To keep the generality of our result, we will not try to give sufficient
conditions on 3 and V for which all these assumptions can be established and prefer
to state three applications corresponding to the function g for 8(v) = Const - v™ with
m € (—00,0) U (1,400), B(v) = —Const - v"™ with m € (0,1) and f(v) = viogr — v.

Example 1. Let m > 1, which corresponds to the setting of the standard Lieb-Thirring

m—1,, —

inequality (1), and consider B(v) = cm V™, ¢y := (m —1)" " m™"™, m = 25, F(s) =
(—s)7 and G(s) = Cpr(7)(—s)T42. Define

2y +d _ d\1""
=TT and K 15:Q|:CLT('7) (’Y+2)] .

Corollary 16 With the above notations, for any m € (1,+00), the following optimal
inequality holds:

K[V,’l,b]-l—cmZVZmZIC pldr .
ieN® Rl

Using the scaling invariance, we can reformulate this result as follows. If we replace
¥i(x) by A=%24);(x/\) and v; by A¥1 =1/ 9y, the right hand side of the above inequality
is invariant. An optimization of the left hand side shows that

0 (1-6)
(K[u,w]) (Z y;n> >L [ pldr,
; Rd

where 0 = WM and £ can be explicitly computed in terms of I, d and ~.
The case m = ~15 € (—00,0), which corresponds to v € (0,1) and B(v) := cp ™,

Cm = —(1 —m)™ Ym|™™ is formally covered with the same constants, but does not
enter in our framework for infinite systems (see Example 1, Section 3.4). Notice that

19
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q varies in the range (1,1+ 2) for m > 1 and (1+ 2, 45) if m < 0. The case y = 1,
q=1+ % is not covered.

Example 2. If m € (0,1), which corresponds to the setting of Theorem 1, and G(v) :=
m F(\) = A7 and G(s) = C(y)s¥?77.

m—1,,—m

—Cn V™, e = (1= m)™ Im ’m:Tll’
Define

= 2(72:Y|—1)d—d €(0,1) and K li=g {C(v) (7 - g)]q_l .

Notice that due to the restriction v > d/2, the range of m is reduced to the interval
(74 1)-

d

Corollary 17 With the above notations, for any m € (TH’

inequality holds:

1), the following optimal

K K[ ptde>cn S v,

iEN*

Using the scaling invariance, we can also reformulate this result as follows. If we replace
Yi(x) by A\=%24);(x/X) but dont change v;, the right hand side of the above inequality
is of course invariant. An optimization of the left hand side shows that

(K[Vﬂb])e (/deq dm>(1—9) ZﬂZyZm7

1EN*

where 6 = and £ can be explicitly computed in terms of I, d and 7.

d
2(v+1)

Example 3. If 3(v) := vlogv — v, then §'(v) = logrv = =\, F(s) = e % and G(s) =
(47)~4/% e=*. Inequality (14) is a logarithmic Sobolev inequality for systems:

Corollary 18 With the above notations, the following optimal inequality holds:
d
Ky, ¥+ Z v;logy; > plog p dz + - log(4m) pdx .
ieN® R 2 R

As above, an optimization under a scaling preserving the L2 norm of ¢ and leaving v;
invariant allows to write

d e K[va]
Jvastez 3 s s s (55 12L) [ s

1EN*

Note that we immediately recover the Gagliardo-Nirenberg inequalities of Section 3
by taking 11 = 1, v; = 0 for any ¢ > 2, in case of Examples 1 and 2, but with a priori
non optimal constants, at least in the case of Example 2. The proof of Proposition 13
follows for the same reason.

Remark. We notice that the limit case v = 0 for d > 3 is not covered. For v; =1, for
1 =1, 2,...N, and v; = 0 otherwise, a Sobolev type inequality for orthonormal func-
tions has been given in [26, 25] in the case which corresponds to the critical Sobolev
embedding H'(RY) «— L2?¥/(4=2)(R4). By taking the occupation numbers v; into ac-
count, we always achieve optimal inequalities which are related in a natural way to
some corresponding optimal Lieb-Thirring inequalities as long as ~y is positive. To a
large extend, this improves the known results for orthonormal and sub-orthonormal
systems [26, 14, 12].
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