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1. INTRODUCTION

Let © be an open domain in R? and consider the Dirichlet Laplacian —Ag defined in

[} [}
the form sense on the form domain H!(Q). If the embedding H'(Q) — L?(Q) is compact,
for example, if the domain 2 is bounded, the spectrum of —A is discrete. It consists of a
non-decreasing sequence of positive eigenvalues A\; accumulating at infinity, which we repeat

according to their multiplicities. Let
n(Q, A) = card{\g| \p < A}

be the corresponding counting function.
In 1912 Hermann Weyl proved the famous asymptotic formula [17]

n(Q2,A) = (14 o(1))n(2, A) as A — 400.

where 7(£2, A) denotes the respective classical phase space volume

dx - df wq
n(Q, A) / / = L& vol(MAY2, g = .
veq Jeeragp<n (27)° davol() 04 (2m)d

Here wy stands for the volume of the unit ball in R
Along side with the counting function we shall discuss the eigenvalue means

A
Sea(Q,A) = Z(A ) = 0'/ (A —7)"n(Q,7)dr, A>0, 0>0,
n 0
N 0o
Se.d(,N) = Z)\Z = O’/ 7NN —n(Q,7))edr, o >0.
k=1 0

Inserting (1.1) and (1.2) into the integral (1.3) one obtains the Weyl asymptotics
Soa(QA) = (14 0(1)S54(2,A) as A — +oo,

where

. s dzr-d . -
Se4(Q,A) / Q/5 g —€¢)?)% G )5 L vol(Q)AT /2
S €

Here we make use of the well-known Lieb-Thirring constants

I'(o+1) d
LYy = =oB (0,143 ) Lf
o,d 2d7Td/2F(1 +o+ d/2) o <U’ + 2) 0,d

A similar computation for the expression (1.4) implies
s0a(N) = (1+0(1)s54(%N) as N — oo,

with the classical quantity

20

<y N) = o /OOO LN (7)), dr = c(o,d) (vol(Q))"F N1+ F

o= () o (58) - )

where

(1.1)

(1.2)

(1.3)

(1.4)



It is an important question, whether the semi-classical quantities in the Weyl type formu-
lae can serve as universal bounds for the corresponding spectral quantities of the Dirichlet
Laplacian as well. In particular, one is interested in the validity of the following inequalities

S (A=) =80a( @A) < r(o,d)SLy(RA), A>0,0>0, (1.7)
k
N
SN =554 N) > plo,d)sdy(N), NeN,o>0, (1.8)
k=1

and in the sharp values of the constants (o, d) and p(o, d) therein. From the Weyl asymptotics
(1.5), (1.6) follows that at the best r(o,d) > 1 and p(o,d) < 1.

Berezin showed in [2] that (1.7) holds with r(o,d) =1 for all d € N and all o > 1. If one
applies the Legendre transformation to (1.7) for the case o = 1, one finds that

s1.4(Q,N) > sgfd(sz, N).

The later result has independently been obtained by Li and Yau [12] by other means. By
Holder’s inequality we have

- 1 1
STa(QN) < s1a(QN) < sl QNN — 4 S =1 (1.9)

From this follows that (1.8) remains true for o > 1 with the estimate

plowd) = (e(1,0) felod) = 2270 ()

on the constant. If we pass in (1.9) to the limit ¢ — oo, we obtain the bound

d
m(Lg{dvol(Q))—%N% <My, NEeN.

This is equivalent to
n(Q,A) <r(0,d)n(,A), A>0,

with the estimate 1 < 7(0,d) < (1 + 2d~)%? on the constant (0, d), which corresponds to
the case 0 = 0 for the inequality (1.7). From here, for example, one can conclude by the
Lieb-Aizenman trick [1] that r(o,d) < (14 2d=1)¥? for 0 < o < 1.

Pélya showed in 1961 that for all tiling domains € one has in fact r(0,d) = 1, see [14]. The
famous Pdlya conjecture suggesting that (0,d) = 1 for general domains, remains unresolved
so far. For certain improvements in this direction see [8, 9]. Recently it has been shown that
Pélya’s conjecture fails in the case of a constant magnetic field [15].

Along with his formula on the main high energy term for the counting function n(, A)
Weyl conjectured that for the Dirichlet Laplacian the following two term formula holds true

n(Q,A) = L§ vol(Q)AY? — iLgfd_1|8Q|A(d_l)/2 +0o(AD/2) a5 A — oo, (1.10)

Here |09Q2| denotes the d — 1-dimensional measure of the boundary of €. This formula fails in
general, but it holds true under certain restrictions on the geodesic flow in the domain [7, 16].
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If we insert (1.10) into (1.3) and (1.4) we obtain the following two-term formulae for the
eigenvalue means

1
Spa(QA) = L& vol(Q)AT+H2 - ZLg{d_l\amAaﬂd—U/? + o(ATHE=D/2) (111
S0 N) = clo,d) (vol(Q)) ™7 N'FF
—1—20—-1
Li{d—1(L3{d) = ‘ o |09 14201
A% + o) (vol(Q2))
Of course, the sign of the second terms support the sharp inequalities stated above.
In view of these two-term asymptotics one can ask, if it is possible to find universal bounds
on the spectral quantities, which hold true for all values of A, contain the sharp first Weyl

term and reflect the contribution of the second order term?
Note that a straight-forward generalisation of the Berezin bound by just adding the second

Fo(NYF#) . (1.12)

asymptotic term on the right hand side
Spa(@,A) < SLY(QA) — C- [N must fail,

Indeed, without further restrictions the r.h.s. in this bound can just be negative for fixed
values of A. Therefore, any improvement of sharp one-term bounds must invoke a suitable
replacement for the surface volume |0€2].

A first step towards this goal has been made by Melas [13]. Refining the result by Li and
Yau he found that

vol(©2)
J(Q)

N
> M =51.4(QN) > s5,(Q,N) + M(d)
k=1

N. (1.13)

Here

= mln/ |z — y|?dx
€Rd

is the momentum of  and the constant M (d) depends only on the dimension d. This bound
is remarkable, since it improves the Li-Yau inequality which corresponds via the Legendre
transformation to the endpoint o = 1 of the scale, where r(o,d) = 1 is known to be true. On
the other hand, comparing (1.13) with (1.12) we find, that the additional term of order N on
the r.h.s. of (1.13) does not capture the correct order N 1+3 of the second Weyl term.

In the present note we give with (2.2) in Theorem 2.1 an improvement of a Berezin type
bound (1.7) for ¢ > 3/2. The result is based on the application of sharp Lieb-Thirring inequal-
ities with operator valued potentials [11, 10] to spectral estimates of the Dirichlet Laplacian
in domains, see also [4, 5]. In fact, we simply raise the explicit remainder term for the second
derivative with Dirichlet boundary condition on one-dimensional intervals to the Dirichlet
Laplacian on domains in arbitrary dimensions. Although the proof is straightforward, we
find (2.2) noteworthy, since

e it contains a correction term of the order of the standard second term in the Weyl
asymptotics,

e it improves even the first term by taking only the volume of a suitable subset Q5 C 2
into account,



e it is applicable even for certain domains 2 with infinite volume,
e it generalises without change of constants to Dirichlet Laplacians with arbitrary mag-
netic fields.

However, our result does not touch the endpoint ¢ = 1 of the scale where the sharp one-
term Berezin bound is known. Hence, it does not imply an improvement on the best known
estimates on the counting function. The question, whether (2.2) can be generalised in some
way to 0 = 1 or whether the Melas bound can be improved with a correction term of the
second Weyl term order, remains open.

The structure of the paper is as follows. In section 2 we state the main result and comment
on the improvements which we gain compared to the one-term bound. The proof of our result
will be sketched in section 3.

2. STATEMENT OF THE RESULT

Notation. First let prepare some notation which shall be of use below.

Let Q be an open subset of R?. We fix a Cartesian coordinate system in R? and for € R¢
we shall also write z = (2/,t) € R*! x R. Each of the sections Q(z') = {t € R|(2/,t) € Q}
consists of at most countably many open intervals Ji(z') C R of length I (2’). For given
and A let (2, A) C N be the subset of all indices k, where I (z') > Iy := mA~/2,

If vol(Q,) is finite, the sets x(z’,A) are finite for a.e. z’ and we let s(2’, A) denote the
number of the elements of these sets. We shall assume that this function is measurable in 2.

Put

Qa(z) = U Jp(@') Cc Q@) CR and Qp = U {2’} x Qp(z") C Q.
ker(z!,A) o/ €Rd—1

That means 25 is the subset of {2, where the intervals in ¢-direction contained in €2 are longer
than [5. The set 25 is monotone increasing in A.
We shall also make use of the quantity

dr(Q) = / Ay
' €RI=

which is an effective measure of the projection of Q25 on the a’-plane counting the number of
sufficiently long intervals.

A basic estimate. Consider the function
A 1 s B2\
k=1 +
which is continuous in A. Since

A < 1 +00 2\ * 00 2\ M
—B 1+u,—>=/ <1——> dt > <1——> )
the function f,(A) takes positive values for A > 1. Moreover, it is not difficult to see, that

. 1
AEI—II—IOOJCM(A)_i7 w>0.



Thus, the minimum

e = min fu(4) >0

exists and
> E\" A 1
Z(l—ﬁ> §§B<1+u,§>—au, A>1. (2.1)
k=1 +

The cases A =1 and A — +oo ensure that

1
2€M§min{1,B<1+,u,§>} .

Theorem 2.1. There exists a positive constant v = v(o,d), such that for any open domain
QcRY o> 3/2 and any A > 0 the bound

Main Result.

Ld .
A= 2)% = S, a(A) < L vol(Q)ATFE — u(0,d) 2271 d, (Q) AT+ 2.2
+ ) O',d 4
k

holds true. The optimal constant v = v(o,d) satisfies

—-11
de, a1 <v(o,d) < 2min{1,B <1 +o+ d—,—)} . (2.3)

T3 2 2

Comments.

Remark 2.2. The correction term in (2.2) reflects the correct asymptotical order O(A“’d%l)
of the standard correction term in the Weyl formula.

Remark 2.3. The first term on the r.h.s. of (2.2) takes only the volume of the part Q5 C € into
account, that is only the part of the original domain where it is sufficiently wide for a Dirichlet
bound state below A to settle in t-direction. Therefore, we have already an improvement in
the first term of the Berezin bound. In particular, the inequality (2.2) is applicable to domains
Q of infinite volume, as long as for given A the volume of €, is finite.

Remark 2.4. Numerical evaluations which can be made rigorous by elementary means show
that the lower bound on v(o,d) is reasonable. For example, if d = 2 and o = 3/2, then

1.91<u<§,2> <2.

The upper bounds. At this point let us discuss the upper bounds on v(o, d) more in detail.
First of all, consider a long, thin rectangle of width w and height h = dw, which is parallel to
the coordinate axes. For sufficiently large A we have Q = Qy, dy = w and [09] = 2(1 + §)d).
The asymptotical formula (1.11) in comparison with (2.2) yields that v(o,d) < 2(146). Since
0 can be chosen arbitrary small, one finds that v(o,d) < 2.

Now take again a rectangle of width w and height h = (1 — )l for some small positive ¢.
Then dy = w, 2 = Qy and vol(Qy) = (1 — §)7A~ dy. The r.h.s. of (2.2) turns into

dA (AT T <(1 —&)rLdy — ”(2 9 Lg{d_1> .
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Since this expression has to be non-negative for the bound (2.2) to make sense, we find that

V(U,d)§47TL (Lgd 1) —2B< 1+o —i—d%)

Actually, this condition ensures that the r.h.s. of (2.2) is non-negative for arbitrary €.
Indeed, since the total width of Qx(z') exceeds s¢(2/,A) - Iy > wA~Y25¢(2’, A), the volume of
Q can be estimated from below by

vol(Q2y) = / s(@,A) - lada’ > wATV2dp ().
x’'€RI-1

Thus, the expression on the r.h.s. of (2.2) satisfies

devol(QA)AU"'% (J d)

PO O ey da (@A T > dp (AT < rLdy - v(0.d) ;e > > 0.

3. THE PROOF OF THE MAIN RESULT

The proof proceeds in two steps We start with a variational argument, which transforms
our initial problem into a spectral estimate on the negative eigenvalues of a Schrédinger type
operator with operator values potential. Our result follows then from an operator valued
Lieb-Thirring bound [11, 6, 10].

Step 1: A variational argument. We use the notation introduced in section 2. Moreover,
by V' and —A’ we denote the gradient and the Laplacian in the first d — 1 dimensions of
RY =R xR > (2/,1).

Consider a function u from the form core C§°(Q) of —AL. For the quadratic form of
—Ag — A we have the identity

9 2
2 2 _ 1,112 / /
IVulF2 () = Allullfz) = IIVull72(0) + /R e /Q o ('au«c 1)

Note that Q(z’) = UgJi(2"). The functions u(a’, -) satisfy Dirichlet boundary conditions at
the endpoints of .J;(2'). The lowest Dirichlet eigenvalue of —d?/dt? on Ji(2') equals 721, *(z').
éu(a:’ ,1)

Hence,
/Jk(w') ot

In particular, for all k& ¢ x(2’, A) we have

9
—u(z',t
2 ) o
— Alu(2',t)] ) dt > / <‘_u(a;/7t)

ker(x!',A)

— Z <Vku(x,7')7u(x/7.)>L2(Jk(:c’))

ker(x!,A)

- A|u(:17',t)|2) dt .

2 2
dt>l2( )HU( T2 -

2
— A\u(a:’,t)\2> dt>0.

It follows that

/Q(x’) (‘%u(m',t)

2

— A\u(a:',t)\2> dt

v
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where the operators Vi, = Vi.(2/, A) denote the negative parts of the Sturm-Liouville problems

—% — A with Dirichlet boundary conditions on L?(.J;(2')). Put

W(2',A) = (Bren ) Vi(@,A) @0 on  L*(Qa() & L*(Q(a') \ Qa(2')).

This operator is bounded on L?(2(2’)) and for any u € C§°(Q) it holds

||VUH%,2(Q) - AHUH%Q(Q) > ||V/u||%2(ﬂ) B /Rdl <W(l‘/, A)u(x/, ')7 ’LL(QL‘/, )>L2(Q(x’)) dx’ .
In a last step we study now the function f = w + v where both functions v € C§°(£2) and
v € C$°(12) are extended by zero to R? and where Q) = R%\ Q. Since ||VU||2L2(Q) > ||V,U||2L2(Q)
we have

HVU|’§/2(Q)+HVUH%2(Q)—AHUH%Z(Q) 2 HV/fH%2(Rd)_/Rd1 <Wf(x/, '), f(gj/, ')>L2(R) daj‘/ . (31)

Here we extend (in a slight abuse of notation) W = W (a’, A) by an orthogonal sum with
0|, (R\G@) 1o a bounded operator on L3(R).

The inequality (3.1) holds true for f € C$*(R?\ 99), which is a form core for (—Ag ) @
(—AF — A) corresponding to the expression on the Lh.s. The semi-bounded form on the r.h.s.
is closed on the larger domain H*(R4~!, L?(R)), where it corresponds to the Schrédinger type
operator —A’@I—W (z', A) on L2(R4~! L2%(R)). Due to the positivity of —Ag the variational
principle implies that

YA - M) = (A8 - A7 = ((—Ag) ® (AR - A))i
k
< tr(-A'®@I-W(',A)7 . (3.2)

Step 2: Sharp Lieb-Thirring bounds. We are now in the position to apply a sharp Lieb-
Thirring inequality for operator valued potentials (Theorem 3.1 in [11]) in the dimension d—1
with o > 3/2. In our setting it reads as follows

tr (—A'®@I—W(2',A))7 < Lf,{d_l / tr W0+%((L’,, A)dz' . (3.3)
Rd-1
The eigenvalues of the operator W (a’, A) are known explicitly and the non-zero ones equal

pir=A—j2m2 % (2) for k € k(z/,A) and j = 1,2, ..., [lx(2')I}"]. If we insert this into (3.3)
and (3.2) we obtain

[l (213 ] 1
2A-MT < Loa / > (A = P12 ()7 da
k R pcn@ A =1
Ld=1 g [l (2)ix "] j2 ot+41
O+ —F— C ,
< A2 Lg7d_1 /d1 1-— l2(x’)l_2 dz' . (3.4)
ker(z',A)  j=1 k
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Since for k € k(x’, A) we have I(z)Iy* > 1. From (2.1) it follows that

[l ()] 9 o+dzt
j Le ()3 d—1 1
< /4 2 & _ B
: (1 l2( )l 2) < 5 B 1+U+ 5 2 Eo+d21,

what together with (3.4) amounts to

, A°FS d—1 1 o
Z(A—)\k) S 27‘( B<1+U+? §> Lo’d 1/[%(11 Z lk(ZE )d$

k ker(z',A)

d—
Eo-}-%AUJ’_ od 1 / Z (35)

k‘En(w’ A)

Note that 3¢, (v ) le(z’) stands for the total width of €, in t-direction and

/ Z dz’ = vol(Qy) . (3.6)

k‘Ef{ (2’

Moreover, we have

/ S 1 = /R e A = da(©). (3.7)

' ken(a'A)

A straightforward computation shows that

1 d—1 1 .
5B <1+O’+T —> L, =12, (3.8)

Inserting (3.6)-(3.8) into (3.5), we complete the proof.

The magnetic case. Here we consider the magnetic Dirichlet Laplacian (iV+ A(z))? defined
in the forms sense from a form core C§°(Q) for A € L{ (Q,R?) for d > 3 and A € L;°(Q,R?)
for d = 2 and some € > 0. It turns out that the bound (2.2) holds with the same estimates on
v(o,d) in the magnetic case as well. The proof uses the idea of induction in dimension in the
magnetic case, see [11] section 3.2, an argument due to Helffer. We sketch it for the benefit

of the reader.

First assume for simplicity that the vector potential A is continuous. For z = (x1,...,24)
let © = (2}, %) with 2, = (z1,...,2;) and 27 = (zj41,...,24). We put
g
() = (o) € Rz = (af,af)} € Q.

This is an open set in R4~/ and let (V] + A" (2" ))? be the magnetic Dirichlet Laplacian on it.
In a first step we can chose a gauge A(x) = (0, A} (2], «!)), where the first component of A(x)
vanishes. Using a variational argument similar to the one above and a sharp Lieb-Thirring
bound in the dimension one, we find that for o > 3/2

1
> (A=) =tr((iV + AX))? = A)7 < LY / tr((iV) + Al (2, 2/))2 — A 2 day .
3 R
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We apply now the same argument to the operator (iV} + A7 (z},27))? on Q(x}) an so on.
Decreasing dimensions one by one we get in the (d — 1)st step

Ldo1
" . d B 2 g 2
> (A= M)] < Lfrl,lLfrl+%,1 a LZIJFﬂ, /Rd1 tr ((Zd—l‘d + A:i/(x:i—lv$d)> - A) dry .

& 2

With the notation flg we take into account, that the explicit expression for the vector potential
changes at each step due to the necessary gauge transformation.

We avail at a family of one-dimensional Sturm-Liouville problems, where the magnetic field
simply can be gauged away. That means we can make use of the same arguments for the
operator in t = z/;_,-direction as above and avail at

d—1

[lk(m/)l/\ ] j2 ot
E o+dz1 cl 2 : § : /

k T ker(z',A) j=1

Since L¢, --- L9

o d=2 = Lg{ 4—1» We complete the proof in the same way as above and find

cl

L _
tr((iV + A(z))? = A)7 < L& vol(Qa)A7F2 — v(o, d) C’ZH dA(QATTE (3.9)

Since the estimates! on the constants v(c,d) do not depend on the magnetic vector poten-
tial, we can close the result to non-smooth A by a standard argument.

For this let just note that in the case of a counter example, even if A is an accumulation
point of the spectrum, already a finite partial eigenvalue sum will fail the bound (3.9). Thus,
it suffices to study the quadratic form [, [(iV + A)?u[*dz on the finite-dimensional subspace
of u spanned by the corresponding eigenfunctions. In fact, one can reduce oneself to a finite-
dimensional subspace of the form core. Since A can be approximated by continuous A in Ll .
we have a uniform convergence [, |(iV + A;)*ul*dz — [ [(iV + A)?ul*dz on normalised u
from this subspace. Variational arguments give a contradiction to the counter example.

This line of arguments will always works, if we have an approximation of the vector potential
by continuous ones in terms of the convergence of the forms on any finite dimensional subspace
of a form core in C§°(Q2). In particular, it applies to the minimal extensions of theAharonov-
Bohm type operators for d = 2.

In conclusion we remark, that the standard one-term Berezin bound

tr((iV + A(x))? = A)7 < L jvol (Q)A72 (3.10)

holds true with the semi-classical constant for constant magnetic fields if ¢ > 1 [3]. It fails
even in this special case for o < 1 [15]. The question, whether (3.10) holds true (or can even
be improved by a suitable correction term) for general magnetic fields for o € [1,3/2) remains
open.

IThis does not mean that the constants v(o, d) itself are necessarily independent of A.
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