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Abstract We discuss the asymptotics of the eigenvalue counting function for partial
differential operators and related expressions paying the most attention to the sharp
asymptotics. We consider Weyl asymptotics, asymptotics with Weyl principal parts
and correction terms and asymptotics with non-Weyl principal parts. Semiclassical
microlocal analysis, propagation of singularities and related dynamics play crucial
role. We start from the general theory, then consider Schrédinger and Dirac operators
with the strong magnetic field and, finally, applications to the asymptotics of the ground
state energy of heavy atoms and molecules with or without a magnetic field.
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1 Introduction
1.1 A bit of history

In 1911, Hermann Weyl, who at that time was a young German mathematician spe-
cializing in partial differential and integral equations, proved the following remarkable
asymptotic formula describing distribution of (large) eigenvalues of the Dirichlet
Laplacian in a bounded domain X C R?:

N = 21) Ywg vol(X)AY?(1 4+ 0(1)) as A — +o0, (1.1

where N() is the number of eigenvalues of the (positive) Laplacian, which are less than
1wy is a volume of the unit ball in R, vol(X) is the volume of X. This formula was
actually conjectured independently by Arnold Sommerfeld [34] and Hendrik Lorentz
[20] in 1910 who stated the Weyl’s Law as a conjecture based on the book of Lord
Rayleigh “The Theory of Sound” (1887) (for details, see [1]).

Weyl published several papers [35-39] (1911-1915) devoted to the eigenvalue
asymptotics for the Laplace operator (and also the elasticity operator) in a bounded
domain with regular boundary. In [38], he published what is now known as Weyl’s
conjecture

1
N = 7)Yy vol(X)24? £ Z(zn)l—dwd,l vol' (3X)A4=D/2 agn — +o0
(1.2)

for Dirichlet and Neumann boundary conditions respectively where vol’ (3 X) is the
(d — 1)-dimensional volume of 3X € %°°. Both these formulae appear in the toy
model of a rectangular box X = {0 < x; < ay,...,0 < x4 < ag} and then N(}) is
the number of integer lattice points in the part of ellipsoid {z% / a% +... —i—zg / ag <))
withz; > Oand z; > 0 for Dirichlet and Neumann boundary conditions respectively.”
H. Weyl returned to this topic in [41] (1950). His paper [40] (1927) was an important
step in the creation of Microlocal Analysis, which became a crucial tool in this problem.

L'N() is called the eigenvalue counting function.

2 Finding sharp asymptotics of the number of the lattice points in the inflated domain is an important
problem of the number theory.
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After his pioneering work, a huge number of papers devoted to spectral asymptotics
were published. Among the authors were numerous prominent mathematicians.

After Weyl, the next big step was made by Richard Courant [6] (1920), who
further developed the variational method and recovered the remainder estimate
O (A4=D/210g 1). The variational method was developed further by many mathemati-
cians, but it lead to generalizations rather than to getting sharp remainder estimates
and we postpone its discussion until Sect. 3.2. Here we mention only Mikhail Birman,
Elliott Lieb and Barry Simon and their schools.

The next development was due to Torsten Carleman [4,5] (1934, 1936) who invented
the Tauberian method and was probably the first to consider an arbitrary spacial
dimension (H. Weyl and R. Courant considered only dimensions 2 and 3) followed
by Boris Levitan [15] (1952) and Avakumovi¢ [2] (1956) who, applied hyperbolic
operator method (see Sect. 1.2) to recover the remainder estimate O(A(d D72y put
only for closed manifolds and also for e(x, x, A) away from the boundary.? See also
[16].

After this, Lars Hormander [9,10] (1968, 1969) applied Fourier integral operators
in the framework of this method. Hans Duistermaat and Victor Guillemin [7] (1975)
recovered the remainder estimate o(k(d —1/2) under the assumption that

Claim 1.1 The set of all periodic geodesics has measure 0.

observing that for the sphere neither this assumption nor (1.2) hold. Here, we consider
the phase space T*X equipped with the standard measure dxd& where X is a mani-
fold.* This was a very important step since it connected the sharp spectral asymptotics
with classical dynamics.

The main obstacle was the impossibility to construct the parametrix of the hyper-
bolic problem near the boundary.> This obstacle was partially circumvented by Robert
Seeley [30,31] (1978, 1980) who recovered remainder estimate O(A(d_l)/ 2); his
approach we will consider in Sect. 4.2. Finally the Author [11] (1980), using very
different approach, proved (1.2) under assumption that

Claim 1.2 The set of all periodic geodesic billiards has measure 0,

which obviously generalizes Claim 1.1. Using this approach, the Author in [12] (1982)
proved (1.1) and (1.2) for elliptic systems on manifolds without boundary; (1.2) was
proven under certain assumption similar to Claim 1.1.

The new approaches were further developed during the 35 years to follow and many
new ideas were implemented. The purpose of this article is to provide a brief and rather
incomplete survey of the results and techniques. Beforehand, let us mention that the
field was drastically transformed.

First, at that time, in addition to the problem that we described above, there were
similar but distinct problems which we describe by examples:

3 Where here and below e(x, y, A) is the Schwartz kernel of the spectral projector.

4 In fact the general scalar pseudodifferential operator and Hamiltonian trajectories of its principal symbol
were considered.

5 Or even inside for elliptic systems with the eigenvalues of the principal symbol having the variable
multiplicity.

@ Springer


https://en.wikipedia.org/wiki/Richard_Courant
https://ru.wikipedia.org/wiki/%D0%91%D0%B8%D1%80%D0%BC%D0%B0%D0%BD%2C_%D0%9C%D0%B8%D1%85%D0%B0%D0%B8%D0%BB_%D0%A8%D0%BB%D1%91%D0%BC%D0%BE%D0%B2%D0%B8%D1%87
https://en.wikipedia.org/wiki/Elliott_H._Lieb
https://en.wikipedia.org/wiki/Barry_Simon
https://en.wikipedia.org/wiki/Torsten_Carleman
https://en.wikipedia.org/wiki/Boris_Levitan
https://en.wikipedia.org/wiki/Lars_H%C3%B6rmander
https://en.wikipedia.org/wiki/Hans_Duistermaat

100 years of Weyl’s law 383

(b) Find the asymptotics as A — +o00 of N(A) for the Schrodinger operator A+ V (x)
in R? with potential V (x) — +oo at infinity;

(¢) Find the asymptotics as 4 — —0 of N(%) for the Schrodinger operator in R¢ with
potential V (x) — —O0 at infinity (decaying more slowly than |x 172);

(d) Find the asymptoticsas 7 — +0 of N~ (/) the number of the negative eigenvalues
for the Schrodinger operator h2A + V(x).

These four problems were being studied separately albeit by rather similar methods.
However, it turned out that the latter problem (d) is more fundamental than the others
which could be reduced to it by the variational Birman—Schwinger principle.

Second, we should study the local semiclassical spectral asymptotics, i.e. the
asymptotics of f e(x,x,0)¥(x)dx where ¢ € 6;° supported in the ball of radius
1 in which® V is of magnitude 1.7 By means of scaling we generalize these results
for v supported in the ball of radius y in which® V is of magnitude p with py > h
because in scaling 4 +— h/py. Then in the general case we apply partition of unity
with scaling functions y (x) and p(x).

Third, in the singular zone {x : p(x)y(x) < h}b we can apply variational
estimates and combine them with the semiclassical estimates in the regular zone
{x : p(x)y(x) = h}. It allows us to consider domains and operators with singulari-
ties.

Some further developments will be either discussed or mentioned in the next sec-
tions. Currently, I am working on the Monster book [14] which is [13] “on steroids”
and which summarizes this development. It is almost ready and is available online and
we will often refer to it for details, exact statements and proofs.

Finally, I should mention that in addition to the variational methods and method
of hyperbolic operator, other methods were developed: other Tauberian methods (like
the method of the heat equation or the method of resolvent) and the almost-spectral
projector method [33]. However, we will neither use nor even discuss them; for survey
of different methods, see [26].

1.2 Method of the hyperbolic operator
The method of the hyperbolic operator is one of the Tauberian methods proposed by

T. Carleman. Applied to the Laplace operator, it was designed as follows: lete(x, y, A)
be the Schwartz kernel of a spectral projector and let

u(x, y, 1) =/ cos(At) dye(x, y, A%); (1.3)
0

observe, that now A2 is the spectral parameter. Then, u(x, y, t) is a propagator of the
corresponding wave equation and satisfies

6 Actually, in the proportionally larger ball.

7 Sometimes, however, we consider pointwise semiclassical spectral asymptotics, i.e. asymptotics of
e(x, x,0).
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uy + Au =0, (1.4)
uli=o =8(x —y), ul=0=0 (1.5)

(recall that A is a positive Laplacian).

Now we need to construct the solution of (1.4)—(1.5) and recover e(x, y, t) from
(1.3). However, excluding some special cases, we can construct the solution u(x, y, )
only modulo smooth functions and only for 7 : || < T, where usually 7 is a small
constant. It leads to

Fioe(ir(u(x,x,0)) =T / 1O = DT) dre(x, x, %)
= oA + A2+ 01 (1.6)
where F denotes the Fourier transform, x € %OOO(—I, 1), x(0) =1, x'(0) = 0 and

Xr(t) = xt/T)3
Then using Héormander’s Tauberian theorem,9 Wwe can recover

e(x,x,2%) = co)d "2 + o', 1.7)

To get the remainder estimate o(A9~1) instead, we need some extra arguments.
First, the asymptotics (1.6) holds with a cut-off:

Froe (XT(0(Qx) (x, x, 1)) = T/f((k —0)T) dy(Qxe)(x, x, %)

= cog (A + c1pAT2 + 0747 (1.8)

where O, = Q(x, D,) is a 0-order pseudo-differential operator (acting with respect
to x only, before we set x = y; and T = T is a small enough constant. Then the
Tauberian theory implies that

(Qe)(x,x,2%) = cop(x)d~ "2 + ¢1p(x)(d — 1)~ 1ad™!
+ 0 (AT u(supp(Q))) + 00,7 (A1) (1.9)

dxd&

where L = is a natural measure on the energy level surface ¥ = {(x,&) :
g(x, &) = 1} and we denote by supp(Q) the support of the symbol Q(x, &).

On the other hand, propagation of singularities (which we discuss in more details
later) implies that if for any point (x, ) € supp(Q) geodesics starting there are not
periodic with periods < T then asymptotics (1.8) and (1.9) hold with T.

Now, under the assumption Claim 1.2, for any 7 > Tj and ¢ > 0, we can select

Q1 and Q», such that Q1 + Q> = I, u(supp(Q1)) < ¢ and for (x, &) € supp(Q2)

8 In fact, there is a complete decomposition.

9 Which was already known to Boris Levitan.
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geodesics starting from it are not periodic with periods < T. Then, combining (1.9)
with Q1, Tp and with Q,, T, we arrive to

e(x, x, kz) = co(x)d_l)»d +c1(x)(d — 1)_1%‘1_1
oI 4+ 8) + 07047 (1.10)

with arbitrarily large T and arbitrarily small ¢ > 0 and therefore
e(x,x,\2) =co)d 2 +eid— D~ T oI T, (L1

holds. In these settings, ¢; = 0.

More delicate analysis of the propagation of singularities allows under certain
very restrictive assumptions to the geodesic flow to boost the remainder estimate to
O (A4~ /1log 1) and even to O (A?~17%) with a sufficiently small exponent § > 0.

2 Local semiclassical spectral asymptotics
2.1 Asymptotics inside the domain

As we mentioned, the approach described above was based on the representation of
the solution u(x, y, t) by an oscillatory integral and does not fare well in (i) domains
with boundaries because of the trajectories tangent to the boundary and (ii) for matrix
operators whose principal symbols have eigenvalues of variable multiplicity. Let us
describe our main method. We start by discussing matrix operators on closed mani-
folds.

So, let us consider a self-adjoint elliptic matrix operator A(x, D) of order m. For
simplicity, let us assume that this operator is semibounded from below and we are
interested in N (1), the number of eigenvalues not exceeding A, as A — +o0. In other
words, we are looking for the number N~ (%) of negative eigenvalues of the operator
2 YA(x, D) — 1 = H(x,hD, h) with h = A~1/m 10

2.1.1 Propagation of singularities

Thus, we are now dealing with the semiclassical asymptotics. Therefore, instead of
individual functions, we should consider families of functions depending on the semi-
classical parameter h'' and we need a semiclassical microlocal analysis. We call such
family temperate if ||uy,|| < Ch~™ where | - || denotes usual Z?-norm.

We say that u := uy, is s-negligible at (¥,&) € T*R? if there exists a symbol
O (x, &), p(x, &) = 1 such that ||¢(x, hD)uy| = O(h*). We call the wave front set

10 1¢ operator is not semi-bounded we consider the number of eigenvalues in the interval (0, 1) (or (=2, 0))
which could be reduced to the asymptotics of the number of eigenvalues in the interval (—1, 0) (or (0, 1))
of H(x, hD, h).

1 Which in quantum mechanics is called Planck constant and usually is denoted by 7.
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of uy, the set of points at which u, is not negligible and denote by WF* (u,); this is a
closed set. Here, —00 < 5 < 00.
Our first result is rather trivial: if P = P(x, hD, h),

WF*(u) C WF*(Pu) U Char(P) 2.1

where Char(P) = {(x, &), det PO(x, &) = 0}; we call PO(x,&) := P(x,&,0) the
principal symbol of P and Char(P) the characteristic set of L.

We need to study the propagation of singularities (wave front sets). To do this, we
need the following definition:

Definition 2.1 Let P° be a Hermitian matrix. Then P is microhyperbolic at (x, £) in
the direction ¢ € T(T*RY), |¢| < 1if

((LPYY(x,&)v,v) > €v|* — CIP(x, E)v]* Vv (2.2)

with constants €, C > 0.12

Then we have the following statement which can be proven by the method of the
positive commutator:

Theorem 2.2 Let P = P(x, hD, h) be an h-pseudodifferential operator with a Her-
mitian principal symbol. Let Q@ € T*R? and let ¢ ;€ € be real-valued functions
such that P is microhyperbolic in Q2 in the directions V#¢j, j =1,...,J where
Vg = ((Ved), Vi) — ((Vy9), Vg) is the Hamiltonian field generated by ¢.

Let u be tempered and suppose that

WE T (PuyNnQN{p <0}N---N{gps <0} =4, (2.3)
WE (1) N0Q N {p1 <0}N---N{p; <0} = 0. 2.4)
Then,
WE @) NQN{pr <0N---N{p; <0} =4. (2.5)
Proof This is Theorem 2.1.2 from [14]. See the proof and discussion there. O

The above theorem immediately implies:

Corollary 2.3 Let H = H(x,hD,h) be an h-pseudodifferential operator with a
Hermitian principal symbol and let P = hD; — H. Let us assume that

186 HOv| < Colv| 4+ C|(H® — £)v| V. (2.6)

Let u(x, y, t) be the Schwartz kernel of e '1H.

12 Here and below £ PO in is the action of the vector field ¢ upon PO.
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(i) For a small constant T* > 0,
WFw N{lt| <T*, =7} C {Ilx —yP +1E +n* < (Con)?}. @27

(i1) Assume that H is microhyperbolic in some direction { = £(x, &) at the point
(x, &) at the energy level z.13 Then for a small constant T* > 0,

WFu)N{0<+r<T* =1}
C{=({ly, x —y) + {€e, § + 1)) = Leot}. (2.8)

Proof 1t is sufficient to prove the above statements for t > 0. We apply Theorem 2.2
with

() ¢p1 =tand gy =1 — Cy ' (Ix i+ )t e,
(i) ¢1 =t and ¢ = ({(€x, x — y) + (€e, £ + 1)) — €0t + &,

where ¢ > 0 is arbitrarily small. O

Corollary 2.4 (i) In the framework of Corollary 2.3(i) with £ = (£, 0), the
inequality

|E 1o X7 (D (Q et 'Q2y) (x, x, )| < Csh™ () 2])° (2.9)

holds foralls, Tt : |t —T| <€, h < |t| ST < T* where Q1 = Q1(x, hDy,),
Q2y = Q2(y,hDy) are operators with compact supports, 'Q> is the dual
rather than the adjoint operator and we write it to the right of the function,
X € <5000([—1, —%] U [%, 1]), xr () = x(@/T), and €, T* are small positive
constants.

(i) In particular, we get the estimate O (h*) as Ty := h'™% < |t| < T < T*.

(iii) More generally, when £ = (£y, L¢), the same estimates hold for the distribution
00,,0,(1) = [(Q1xu'Q2y)(x, x, 1) dx.

Proof (1) Ift < 1,(2.9)immediately follows from Corollary 2.3(ii). Considert < T
withh < T < T* and make the rescaling? +— ¢/T,x — (x—y)/T,h+— h/T.
We arrive to the same estimate (with 7~¢(h/T)* in the right-hand expression
where the factor 79 is due to the fact that u(x, y, t) is a density with respect to
y). The transition from |¢| < T to |¢| < T is trivial.

(ii) Statement (ii) follows immediately from Statement (i).

(iii) Statement (iii) follows immediately from Statements (i) and (ii) if we apply the
metaplectic transformation (x, &) +— (x — B§, &) with a symmetric real matrix
B. O

Therefore under the corresponding microhyperbolicity condition, we can construct
(Q1xu'Q2y)(x, x,1) or o9, 0,(t) for |t| < T and then we automatically get it for
[t] < T*. Since the time interval |t| < Ty is very short, we are able to apply the
successive approximation method.

13 Which means that H — 7 is microhyperbolic in the sense of Definition 2.1.
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2.1.2 Successive approximation method

Let us consider the propagator u(x, y, t). Recall that it satisfies the equations

(hD; — H)u =0, (2.10)
uli=0 = 0(x — y)I (2.11)
and therefore,
(hD; — H)u™'Qay = Fih8(1)8(x — y) 'Qay, (2.12)
where u™ = u@(%r), 0 is the Heaviside function, I is the unit matrix, Q1, =

Qi1(x,hDy), Q2y = Q2(y, hDy) have compact supports, ‘Q is the dual operator'*
and we write operators with respect to y on the right from u in accordance with the
notations of matrix theory.

Then,

(hD; — Hyu™'Qsy = H'u F ihd(1)8(x — y)'Qa,1 (2.13)

with H = H(y, hDy, 0) obtained from H by freezing x = y and skipping lower
order terms and H' = H'(x, y, hD,, h) = H — H. Therefore,

ut'Qoy = GEihH'uT 00y £ihGTF8(1)0(x — y) 'Qay 1. (2.14)
Iterating, we conclude that

w 'y = > (GFihH)'iF'Qyy + (GFihH Y uF 0y, (2.15)
0<n<N-1
i~ = FihGE8(1)8(x — y)'Qayl (2.16)
where G¥ is a parametrix of the problem

(ihD, — Hyv = f, supp(v) C {t > 0} (2.17)

and G* is a parametrix of the same problem albeit for H.
Observe that

H = z (x — y)ahmRa,m (y, hDy)
1<|a|+m<N-1
+ > @ = )" Rym(x. y, hDy):; (2.18)
la|+m=N

14 7. 10v = (0*v") where vT is the complex conjugate to v.
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therefore due to the finite speed of propagation, its norm does not exceed CT as long
as we only consider strips I"IfTE := {0 < £t < T}. Meanwhile, due to the Duhamel’s
integral, the operator norms of G* and G* from .% 2(l'I:Tt) to & 2(H%) do not exceed
Ch~!'T and therefore each next term in the successive approximations (2.15) acquires

an extra factor Ch—'T2 = O(h%) as longas T < h%(”‘s) and the remainder term is
O (k) if N is large enough.

To calculate the terms of the successive approximations, let us apply A-Fourier
transform F, ;y_,p-1¢ ) With § € R, 7 e Cs :={r : FImt > 0} and observe
that 8(1)8(x — y) — @) ~d=le=ih™ ) ‘0>, and Ry, become multiplication
by Q2(y,n) and Rg ,(y, &) respectively, and G becomes multiplication by (t —
HO%(y, £))~'. Meanwhile, (xj — yj) becomes —ihd;.

Therefore the right-hand expression of (2.15) without the remainder term becomes
a sum of terms iy (y, £, T)A"T1e= " 0" with m > 0 and F,, (v, £, 7) the sum
of terms of the type

(t = H°(,8) 'ba(y,8)(x — HO(3, &) 'bul(y, &) - - b (, §)
x(t — H°(y,6) ' 0a2(y, ) (2.19)

with no more than 2m + 1 factors (t — H%(y, £))~!. Here, the b, are regular symbols.
In particular,

Foly.§,1) = Cm)™ @~ H(3.6) 7' @2y, ). (2.20)
If we add the expressions for u™ and u™ instead of F, (y, &, ) with T € Cx, we get

the distributions (F, (v, &, T +i0) — F, (v, &, T —i0)) with T € R.

Applying the inverse A-Fourier transform with respect to x, operator Q1,, and

. i1y .
setting x = y, we cancel the factor e/~ "7 and gain a factor of 2#=¢. Thus we

arrive to the Proposition 2.5(i) below; applying Corollary 2.4(ii) and (iii), we arrive to
its Statements (ii) and (iii). We also need to use

u(x,y. 1) = / M de(x, y, D). (2.21)
Proposition 2.5 (i) As T, = h'= < T < h2 ™ and 5 € €5°(—1, 1])

T/f((?» —)Th™") de(Qixe'Q2))(y, ¥, T)

N Z h_d+mT/§(()» _ r)Th_l)Ky/n(y’ T)dr, (2.22)

m=>0

where x is the Fourier transform of x and

() = / (Fu(r, 6.7 +00) — F(y, .7 —i0)) dy.  (2.23)
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(i1) If H is microhyperbolic on the energy level T on supp(Q2) in some direction £
with £x = 0 then (2.21) holds with T, < T < T*, |A —T| < €, where T* is a
small constant.

(iii) On the other hand, if £, # 0, then (2.21) still holds with T < T*, albeit only
after integration with respect to y:

T/f((?» - 0)Th™")d, (/(leethy)(y, Y, f)dY)

~> h*‘”mT/i(()\ —OTh™ ), (v)dt (2.24)

m>0

with
2, (1) = //(fm(y,é, T+i0) — Fuly. &, 1 —i0)) dydn. (2.25)
For details, proofs and generalizations, see Section 4.3 of [14].

2.1.3 Recovering spectral asymptotics

Let a(t) denote (Qire’Q2y)(y, y, T) (Which may be integratid with respect to y)
and B(t) denote the convolution of its derivative ’(t) with T x (zT/h). To recover
a(t) from B(t), we apply Tauberian methods. First of all, we observe that under
the corresponding microhyperbolicity condition the distribution «,, (y, T) or x), () is
smooth and the right-hand side expression of (2.22) or (2.24) does not exceed C pdtl

Let us take Q1 = Q»; then a(y, T) or a(t) is a monotone non-decreasing matrix
function of 7. We choose a Hérmander function!® j(r) and estimate the left-hand
expressions of (2.22) or (2.24) from below by

eoT (@ +hT™h —a( —hT™h),
which implies that (¢(A + AT ~") —a (A — hT~")) < CT~'h=4*! and therefore
len) —a(u)| < Ch™ M a—p|+ CcT~ A4 (2.26)

as A, u € (T — €, T+ €). Then (2.26) automatically holds, even if Q1 and Q> are not
necessarily equal.
Further, (2.26) implies that

A
a(k)—a(u)—h_l/ B(r)dr| < cT 'h=H! (2.27)
"

157e.a compactly supported function with positive Fourier transform.
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and therefore

A
‘/ (a(k)—a(u)—h_l/ ﬁ(f)df)¢>(u)du
"

if x =1lon[-3.3l.Ane@—eif+e andg € 6T — € 7+ €) with
[¢(m)dr =1.

On the other hand, even without the microhyperbolicity condition, our successive
approximation construction is not entirely useless. Let us apply ¢ (hD; — L) with

¢ €6s°([—1,1])and L > h%_‘s, and then set r = 0. We arrive to

<CT 'h 4t (228)

/(0((1’ — WL (e (x) = (1)) dT = O(h™). (2.29)

This allows us to extend (2.28) to ¢ € %OOO (bR)) with f ¢ (t)dt = 1. For full details
and generalizations, see Section 4.4 of [14].
Thus, we have proved:

Theorem 2.6 Let H = H(x, hD, h) be a self-adjoint operator. Then,

(i) The following asymptotics holds for L > ha=s.

/ $((x =LY [ dr(Qre'Qay) (3. y. 1) = D W/ (v, 1) dx
m=>0

— O(h™). (2.30)

(i1) Let H be microhyperbolic on the energy level T in some direction £ with £, = 0.
Then for |x — T| <€,

(Q1x¢'02y)(y, ¥, 1) = h ko (y, 1) + O (4T (2.31)

with i (y, 1) i= [*__ iy (v, T) d.
(iii) Let H be microhyperbolic on the energy level T in some direction £. Then for
A —7] <€,

/ (Q1xe'02y) (v, v, M) dy = h™xg(1) + O (h—4T) (2.32)

with s, (v) = [*__ %), (7) dx.
(iv) In particular, it follows from (2.20) that

Ko(h, x) = 2m) ™4 / g)(x, )00 — HO(x, £)g3 (x, £)de  (2.33)
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and
xo(h) = Q2m) ¢ / g)(x, £)0(h — HO(x, £))¢3 (x, £) dxdg  (2.34)

Remark 2.7 (i) So far we have assumed that O, Q> had compactly supported sym-
bols in (x, £). Assuming that these symbols are compactly supported with respect
to x only, in particular when Q1 = ¥ (x), Q2 = 1, with ¢ € %OOO(X), we need to
assume that

Claim 2.8 {£€ : 3x € X : Spec HOx, &) N (—o00, A + €o] # ¥} is a compact set.
(i) If we assume only that

Claim 2.9 {£ : 3x € X : Spec HO(x, &) N (nu — €0, A + €] # P} isa compact set,
instead of (2.31) and (2.32), we get

1(Q1xe'Q2y) (¥, ¥, &y i) — h o (v, &, )| < CH™4H! (2.35)

and

‘ / / (01:¢'02) (5, v, 2y dy — g )| < CHH, (236)

where j1 <4, e(x, y, A, u)i=e(x,y, ) — e(x, y, w), km(y, 1) = f: K (v, T) dT,

wm (v, A) = f: %, (v, T) dt and we assume that the corresponding microhyperbolic-
ity assumption is fulfilled on both energy levels p and A.

(i) If H%(x, &) is an elliptic symbol which is positively homogeneous of degree
m > 0 with respect to &, then the microhyperbolicity condition is fulfilled with
£ = (0, £&) on energy levels T # 0. Furthermore, the compactness condition
of (ii) is fulfilled, and if H%(x, &) is also positive-definite, then the compactness
condition of (i) is also fulfilled.

2.1.4 Second term and dynamics

Propagation of singularities To derive two-term asymptotics, one can use the scheme
described in Sect. 1.2, albeit one needs to describe the propagation of singularities.
For matrix operators, this may be slightly tricky.

Let us introduce the characteristic symbol g(X, &) := det(t — H O(X, £)) where X =
(x0, x), & = (%0, &) etc.; then Char(§o — H (x, §)) = {(x, &) : g(x, &) = 0}. Let & be
a root of multiplicity r of g(x, £, &): then g§) (x, £) = Oforall o, B : la| + |B] < r.
Let us consider the r-jet of g at such a point:

1
gy = > a,—ﬂ,gﬁ;’;i (x, £)yPn*; (2.37)
aBilal+IBl<r — T
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it is a hyperbolic polynomial with respect to ng. Consider its hyperbolicity cone
K (x, &), which is the connected component of {(y;n) € R2d+2 . g, &)(Y,mn) # 0}
containing {(y, n) : no = 1, y = n = 0} and the dual hyperbolicity cone

K*x, & ={y,n) - (y',n) = {y,n') > 0} C {yo = 0}. (2.38)

Definition 2.10 (i) An absolutely continuous curve (X(¢), £(¢)) (with xg = 1) is
called a generalized Hamiltonian trajectory if a.e.

(1 dx. ﬁ) K*( ) (2.39)
“dt’ dt X, 50, 8)- :

Note that £y = 7 remains constant along the trajectory.
(i) Let T (x, &) denote the union of all generalized Hamiltonian trajectories issued
from (x, &) in the direction of increasing/decreasing 7.
If g = ag)] wherea # 0and g =0 = Vg # 0, the generalized Hamiltonian
trajectories are just (ordinary) Hamiltonian trajectories of g; and F(x, &) are just

half-trajectories.'®
The following theorem follows from Theorem 2.2:

Theorem 2.11 Ifu(x, v, t) is the Schwartz kernel ofeih_llH, then
WF(u) C {(x, &y, —n;t,7) 1+t > 0, (t, x: 7, £) € K0, y; 7, ). (2.40)
Then, we obtain:
Corollary 2.12 In the framework of Theorem 2.11,
WF(og,,0,®) C{(t,7): I(x, &) : (t,x;7,%) € ICi(O,x; 7,8)}, (241)
and for any x,
WE(Q13u'Q2y) C{(.0) 2 36,12 (1 x:7.6) € KO st} (242)

Definition 2.13 (i) A periodic point is a point (x, &) which satisfies (¢, x; 7, &) €
KE, x; 7, &) for some ¢ # 0.
(i) A loop point is a point x which satisfies (¢, x; t,&) € K0, x; 7, n) for some
t #0, &, n; wecall naloop direction.

. in—1 . . . . . . . .
16 Since ¢! 1 describes evolution with revert time, time is also reverted along (generalized) Hamiltonian

trajectories.
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Application to spectral asymptotics Combining Corollary 2.12 with the arguments of
Sect. 1.2, we arrive to

Theorem 2.14 (i) In the framework of Theorem 2.6(ii) let for some x the set of all
loop directions at point x on energy level A have measure 0.'7 Then,

(Q1x€'02y) (v, v, 1) = h™%ko(y, ) + h' k1 (v, 1) + o(h™4Th). (2.43)

(1) In the framework of Theorem 2.6(iii), suppose that the set of all periodic points
on energy level A has measure 0.'% Then,

/ (Q1x€'02y) (v, v, ) dy = h o) + B ey (1) + o(h ™47, (2.44)

Remark 2.15 (i) When studying propagation, we can allow H to also depend on
xo = t; for all details and proofs, see Sections 2.1 and 2.2 of [14].

(i) Recall that e(x, y, A) is the Schwartz kernel of (A — H). We can also consider
ey(x, y, T) which is the Schwartz kernel of (A — H)!, := (A — H)"0(A — H)
with v > 0. Then in the Tauberian arguments, h~¢ x (h/T) is replaced by
h=%x (h/T)'" and then in the framework of Theorem 2.6(ii) and (iii) remainder
estimates are O (h —d +14v) and in the framework of Theorem 2.6(i) and (ii), the
remainder estimates are o(h _d+1+”); sure, in the asymptotics one should include
all the necessary terms &, A ~¢*" or s, h =4+ 19

(iii) Under more restrictive conditions on Hamiltonian trajectories instead of 7' an
arbitrarily large constant, we can take T depending on /;?" see Section 2.4 of
[14]. Usually, we can take T = €|logh| oreven T = h™%,

Then in the remainder estimate, the main term is

C(H(HT,V)h_d_i—l + h_d+1+VT_l_v),

where Ilr ), is the set of all points z = (x, §) (on the given energy level) such
that dist(V;(z),z) < y forsome ¢t € (¢,T) and y = nl/2=%, Here, however,
we assume that either H is scalar or its eigenvalues have constant multiplicities
and apply the Heisenberg approach to the long-term evolution.

Then the remainder estimates could be improved to O (h —d+1+v) log =Yy or
even to O (h~4F1Hv+9) respectively. As examples, we can consider the geodesic
flow on a Riemannian manifold with negative sectional curvature (log case) and
the completely integrable non-periodic Hamiltonian flow (power case). For all
details and proofs, see Section 4.5 of [14].

17 There exists a natural measure Wy, x on {& : det(A — HOx, £)) =0}.
18 There exists a natural measure my on {(x, &) : det(A — HO(x, £)) =0}.
19 Here, we need to assume that H is semi-bounded from below; otherwise some modifications are required.

20 Usually these restrictions are 7 < % and |DW; ()] < 1% with sufficiently small § > 0.
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2.1.5 Rescaling technique

The results we proved are very uniform: as long as we know that operator in question
is self-adjoint and that the smoothness and non-degeneracy conditions are fulfilled
uniformly in B(x, 1), then all asymptotics are also uniform (as x € B(x, %) or

supp(¥) C B(x, %)). Then these results could self-improve.

Here we consider only the Schrodinger operator away from the boundary; but the
approach could be generalized for a wider class of operators. For generalizations,
details and proofs, see Chapter 5 of [14].

Proposition 2.16 Consider the Schrodinger operator. Assume that py > h and in
B(x,y) C X,

0%g7% < cay ™ [0°V] < cap®y . (2.45)1,
Then,
(i) In B(%, 57),
e(x,x,0) < Cp?n=. (2.46)
(i) If in addition |V| + |VV|y > ep?, then for supp(¥y) C B(x, %y) such that
0%y | < cqy ™,

'/(e(x,x, 0) — V%) dx| < Cpd=1yd1n! 4, (2.47)

(iii) If in addition |V| > €p? in B(x, y) then
lex. x,0) — oV < o~y !, (2.48)
(iv) Ifin addition V > €p? in B(X, y), then for any s,
lex, x,0)] < Cp? =Sy '~ (2.49)

Proof Indeed, we have already proved this in the special case p = y = 1, h <
1. In the general case, we can reduce the problem to the special case by rescaling
x = xy~ !, t > 1p72 (so we multiply operator by p~2) and then automatically
h— h= h,o’1 y’] .Recall that e(x, y, 7) is a function with respect to x but a density

with respect to y so an extra factor y ~¢ appears in the right-hand expressions. O

Let us assume that the conditions (2.45) 2 are fulfilled with p = y = 1. We want
to get rid of the non-degeneracy assumption |V| < 1 in the pointwise asymptotics.
Let us introduce the scaling function y (x) and also p(x)

2
3

y) = eVl +7 withy =h3,  p(x) =y(0)?2. (2.50)
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One can easily see that
1

(2.45)1 2 are fulfilled and either |V| > €p? or py = h and therefore (2.48) holds
(h < 1 as py =< h and no non-degeneracy condition is needed). Note that for d > 3,
the right-hand expression of (2.48) is O(h'=4)yand ford = 1,2, itis O(h’%d). So,
we got rid of the non-degeneracy assumption |V| < 1, and the remainder estimate
deteriorated only ford =1, 2.

Remark 2.17 (i) We can improve the estimates ford = 1, 2 to O(h%’%d), but then
we will need to add some correction terms first under the assumption |V| +
[VV] =< 1 and then get rid of it by rescaling; these correction terms are of

boundary-layer type (near V = 0) and are O(h’%d) and are due to short loops.
For details, see Theorems 5.3.11 and 5.3.16 of [14].

(ii) If d = 2, then under the assumption |V| + |VV| =< 1, the weight p~'y~! is
integrable, and we arrive to the local asymptotics with the remainder estimate
O(h'—9).

(iii)) We want to get rid of the non-degeneracy assumption |V| + |VV| < 1 in the
local asymptotics. We can do it with the scaling function

y@) =e(IV@)|+ VVP? +7 withj =hZ,  p(x) = y(x).
(2.52)

Then for d = 2, we recover remainder the estimate O(h’l); while ford = 1,
the remainder estimate O(h_%) which could be improved further up to O(1)
under some extremely weak non-degeneracy assumption or to O (h~%) with an
arbitrarily small exponent § > 0 without it.

(iv) If d = 2, then in the framework of Theorem 2.14(i), we can get rid of the
non-degeneracy assumption as well. This is true for the magnetic Schrodinger
operator as well if d > 2; when d = 2, some modification of the statement is
required; see Remark 5.3.4 of [14].

(v) Furthermore, if we consider asymptotics for Tr((A—H)", v/) (see Remark 2.15(ii))
with v > 0 then in the local asymptotics, we get the remainder estimate
O (h'~4*5) without any non-degeneracy assumptions. For details, see Theo-
rem 5.3.5 of [14].

2.1.6 Operators with periodic trajectories
Preliminary analysis Consider a scalar operator H. For simplicity, assume that X is

a compact closed manifold. Assume that all the Hamiltonian trajectories are periodic
(with periods not exceeding C(u) on the energy levels A < ). Then the period
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depends only on the energy level and let 7' (A) be the minimal period such that all
trajectories on the energy level A are T () periodic.?!

Without any loss of the generality, one can assume that 7 (1) = 1. Indeed, we can
replace H by f(H) with f'(,) = 1/T(}). Then,

NH (2.53)
and therefore,
ei/’l_lH — eié‘h_lB’ (254)

where B = B(x, hD, h) is an h-pseudo-differential operator which could be selected
to commute with H, at this point, ¢ = k. Then, Hy = H — ¢B satisfies

M — | — Spec(Hy) C 2mhZ:; (2.55)

we call this quantum periodicity in contrast to the classical periodicity (2.53).

We can calculate the multiplicity Ng , = O(hl_d ) of the eigenvalue 2 hk with
k € Z modulo O (h*°). The formula is rather complicated especially since subperiodic
trajectories”! cause the redistribution of multiplicities between eigenvalues (however,
this causes no more than O (h!~9%7) error).

We consider H := H, = Hy+ ¢B as a perturbation of Hy and we assume only that
e K 1. If e < ¢ph, the spectrum of H consists of eigenvalue clusters of the width Cope
separated by spectral gaps of the width < h, butif ¢ > €gh, these clusters may overlap.

Long range evolution Consider

- -1 T 1y S
elh tH _elh tH()e ih~'teB — elh tHoelh t"B (256)

witht” = gt,t’ = t — | t]. We now have a fast evolution "' Ho and a slow evolution
¢"'""B and both t',¢" are bounded as |¢| < T* := e~!. Therefore, we can trace the
evolution up to time 7*.

Let the following non-degeneracy assumption be fulfilled:

[Vso)bl = €o, (2.57)

where b is the principal symbol of B, £ (%) := {(x, ) : HO(x, &) = A} and Vs is
the gradient along X (A). Then using our methods, we can prove that

F,Hh_lr)(r(t)/u(x,x,t)l/f(x)dx < CTh'"4(h/eT)", (2.58)

21 However, there could be subperiodic trajectories, i.e. trajectories periodic with period 7 (1)/p with
p =2,3,....Itis known that the set A, of subperiodic trajectories with subperiod 7'(1)/p is a union of
symplectic submanifolds A p ;- of codimension 2r.
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and therefore
F,ﬁhflrxm/u(x,x, Ny (x)dx| < Ch' (e 'h 4+ 1) (2.59)

for eg(e™'h +1) < T < epe™!; recall that x € Co (-1, —%] U [%, 1] and x €
¢°(—1, 11, x = lon[—1, 3].

Then the Tauberian error does not exceed the right-hand expression of (2.59) mul-
tiplied by 7* ! < &, i.e. Ch'=¢(e + h). In the Tauberian expression, we need to take
T =e€p(e'h'=% +1).

Calculations We can pass from Tauberian expression to a more explicit one. Observe
that the contribution to the former are produced only by time intervals ¢ € [n —
W= n+ hl"s] with |n| < T,; contribution of the remaining interval will be either
negligible (if there are no subperiodic trajectories) or O (h>~%) (if such trajectories
exist). Such an interval with n = 0 produces the standard Weyl expression.

Consider n # 0. Then the contribution of such intervals lead to a correction term

Neorr, 01,0, () := (2m)~n'~4 / g{ Y1 (R (HO — eb)) dpq?d,  (2.60)

where Yy (1) = 2751 — 1 + 1.

Theorem 2.18 Under assumptions (2.53), (2.54), (2.57) and ¢ > hM,

/(lee’sz)(y, y. ) dy =h"%, 0, 0,()

+h""%1 0.0, + Neorr.0,.0,(0) + O(h' (e + ). (2.61)

For a more general statement with (2.57) replaced by a weaker non-degeneration
assumption, see Theorem 6.2.24 of [14]. Further, we can skip a correction term (2.60)
ife > h'=%; while if W™ < & < h'~9, this term is O(h'~4(h/e)®) for ¢ > h and of
magnitude 2!~ for hM < ¢ < h.

For further generalizations, details and proofs, see Sections 6.2 and 6.3 of [14]. For
related spectral asymptotics for a family of commuting operators, see Section 6.1 of
[14].

One can also consider the case when there is a massive set of periodic trajectories,
yet non-periodic trajectories exist. For details, see [28] and Subsection 6.3.7 of [14].

2.2 Boundary value problems
2.2.1 Preliminary analysis

Let X be a domain in RY with boundary X and H an h-differential matrix oper-
ator which is self-adjoint in .#>(X) under the h-differential boundary conditions.
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Again, we are interested in the local and pointwise spectral asymptotics, i.e. those of
Je(x, x,0)¥(x)dx with ¢ € Cy° (B0, %)) and of e(x, x, 0) with x € B(0, %).

Assume that in B(0, 1), everything is good: d X and coefficients of H are smooth,
H is &-microhyperbolic on the energy levels A1 2 (A1 < A2) and also H is elliptic as
a differential operator, i.e.

I1H (x,§)vll = (e0l§]™ — Co)llvll Vv Vx € B(O, 1) V&. (2.62)

Then,

e(x, x, A, A2) = ko(x, A1, )4 + 0"~y (x)™h (2.63)

forx € B(0, 1) and y (x) > h,
Ko(x, A1, k) = )4 / (02 — HO(x, &) — 00 — HO(x,§))) d& (2.64)

and y (x) = 3 dist(x, 9X).

Indeed, the scaling x — (x — y)/y and h +— F&/y brings us into the
framework of Theorem 2.6(ii) because &-microhyperbolicity (in contrast to the (x, &)-
microhyperbolicity) survives such rescaling. Then,

/ (e(x,x,kl,kg) —hfd/co(x,kl,)\g))W(x) dx
{x:y(x)=h}

=0h'logh), (2.65)

since f{x:y(x)zh} y(x)~ldx < |loghl.
One can easily show that if the boundary value problem for H is elliptic then

e(x,x, k1, ) = O(h™%) (2.66)

and therefore,
/(e(x,x,xl,,\z) — h™ko(x, A1, M) (x) dx = O(h' ™ logh).  (2.67)

To improve this remainder estimate, one needs to improve (2.65) rather than (2.63)
but to get sharper asymptotics, we need to improve both. We will implement the same
scheme as inside the domain.

2.2.2 Propagation of singularities

Toy model: Schrodinger operator Let us consider the Schrédinger operator

H:=h’A+ V() (2.68)
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with the boundary condition

((x)hdy, + B(x))vlyx =0, (2.69)
where
A=>"Djg’*Dr, 8,=> g9 (2.70)
Jik j

is derivative in the direction of the inner normal v (we assume that X = {x : x; > 0}
locally??), o and g are real-valued and do not vanish simultaneously. Without any loss
of the generality, we can assume that locally

o' =51, @.71)

First of all, near the boundary, we can study the propagation of singularities using
the same scheme as in Sect. 2.1.1 as long as ¢ (x, &) = ¢;(x, &") do not depend on
the component of £ which is “normal to the boundary”. The intuitive way to explain
why one needs this is that at reflections, & changes by a jump.

For the Schrodinger operator, it is sufficient for our needs: near glancing points
(x, &") (which are points such that x; = 0 and the set {& : HO(x', &', &) = 1}
consists of exactly one point), we can apply this method. On the other hand, near other
points, we can construct the solution by traditional methods of oscillatory integrals.

It is convenient to decompose u(x, y, t) into the sum

w=uCx,y, 1) +ul(x, y,0), (2.72)

where u’(x, y, 1) is a free space solution (without boundary) which we studied in
Sect. 2.1.1 and u' := u — u" is a reflected wave.

Observe that even for the Schrodinger operator, we cannot claim that the singularity
of u(x, x, t) att = Oisisolated. The reason are short loops made by trajectories which
reflect from the boundary in the normal direction and follow the same path in the
opposite direction. However, these short loops affect neither u(x, x, t) at the points
of the boundary nor u(x, x, ) integrated in any direction transversal to the boundary
(and thus do not affect oy, (t) defined below).

Furthermore, they do not affect (Q.u’Qsy)(x, x, ) as long as at least one of
operators Q; = Q;(x, hD', hD;) cuts them off. Then we get the estimate (2.9).
Consider Q1 = Q> = 1. Then, if V(x) — A > 0, we get the same estimate at the point
x € 9X. On the other hand, if either V(x) — A < Oor V(x) = A, VoyxV(x) # 0
(where Vyx means “along dX”) at each point of supp(y), we get the same estimate
for oy (x) = f u(x, x,t)dx. As usual, X is an energy level.

Moreover, aglb(t) = [ul(x, x, )Y (x) dx satisfies

|Fy e xr (00, (0] < Coh' ™ (/12])". (2.73)

22 Le. in intersection with B(0, 1).
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In contrast to the Dirichlet (¢« = 0, 8 = 1) or Neumann (¢ = 1, § = 0) conditions,
under the more general boundary condition (2.69), the classically forbidden level A
(i.e. with A < infp(p,1) V) may be not forbidden after all. Namely, in this zone, the
operator h D, — H is elliptic and we can construct the Dirichlet-to-Neumann operator
L :vlpx — hoiv|sx as (hD; — H)v = 0. This is an h-pseudo-differential operator
on 9 X with principal symbol

D=

LG g n=—|Vv+ D> drea -1 . (2.74)
Jk=2

Then the boundary condition (2.69) becomes
Mw = (L +Bw =0, w=v|px. (2.75)

The energy level A < V (x) is indeed forbidden if the operator M is elliptic as T = A,
e if MO(x', &', 1) = «LO(x’, &', 1)+ B # Oforall &'; it happens as eithera ™' < 0
or W := V—a~28% > A.Otherwise, torecover (2.73),>3 we assume that M is either £’-
microhyperbolic or (x’, &')-microhyperbolic (W > Aand W = A = VyxW # 0
respectively).

2.2.3 General operators

For more general operators and boundary value problems, we use similar arguments
albeit not relying upon the representation of u(x, y, t) via oscillatory integrals. It
follows from (2.72) that

(hD, — Hyu'* =0, (2.76)
Bu'*|; o = —Bu"*|y o, 2.77)

where as before, uk* = uke(it), k = 0, 1. Assuming that H satisfies (2.62), we
reduce (2.76)—(2.77) to the problem

AU'™® := (AoghD; + ADU'T =0, (2.78)
BU'%|, 2o = —-BU* (2.79)

with Ay = Ax(x,hD’,hD;), B = B(x,hD',hD;) and U = S,u'S, with § =
S(x, hDy, hDy) etc.2*

In a neighbourhood of any point (&', &, 1), the operator A could be reduced to the
block-diagonal form with blocks Ay; (k =0,1, j =1,..., N) such that

23 With d replaced by d — 1.

24 If H is a D x D matrix operator of order m then .4 and S are mD x mD and mD x D matrix operators,
B and B are %mD x D and %mD x mD matrix operators respectively.
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(a) Foreach j =1,..., N — 1, the equation det(AY N+ A%)=0hasa single real
0j 1j
root 77; (at the point (x', &', )) only), n ; are distinct, and
() Ay = (7% with det(Afn + A,) = 0 and det(Ag§n + A7) = O has
only roots with Im < 0 and with Im 1 > 0 respectively.

We can prove a statement similar to Theorem 2.2, but instead of functions ¢, (x, &),
we now have arrays of functions ¢, (x, 1, &,7)(j = 1,..., N — 1) coinciding
with ¢y (x', 7, &', T) as x; = 0. Respectively, instead of microhyperbolicity of the
operator in the direction £ € T(T*(X x R)), we now have the microhyperbolicity of
the boundary value problem in the multidirection (€', vy, ...,vy_1) € T(T*(3X x
R)) x RN=!; see Definition 3.1.4 of [14]. It includes the microhyperbolicity of A;
in the direction (¢, 0, v;) for j = 1,..., N — 1 and a condition invoking Ay and B
and generalizing the microhyperbolicity of operator M for the Schrodinger operator.
Respectively, instead of the microhyperbolicity of an operator in the direction V#¢,,
we want the microhyperbolicity in the multidirection (V/#qb*, AN Psls ... 01Pe(N=1))-

As a corollary, under the microhyperbolicity assumption on the energy level A,
we prove estimates (2.9) for 02 (1), oy (t) and (2.73) for ol; (t) as t is close to A.

Furthermore, if the operator H is elliptic on this energy level then 08 (t) is negligible

and (2.73) holds for JJI (t) and oy (1).
For details, proofs and generalizations, see Chapter 3 of [14].

2.2.4 Successive approximations method

After the (2.9) and (2.73)-type estimates are established, we can apply the successive
approximations method like in Sect. 2.1.2 but with some modifications: to construct
Bu0i|xl=0 and from it to construct u' *, we freeze coefficients in (y’, 0) rather than
in y. As a result, we can calculate all terms in the asymptotics and under microhyper-
bolicity in the multidirection condition, we arrive to the formulae (2.24) for L, ., 1),
el(., ., 7)ande(., ., ‘L’)25 with m > 1 for el(., S T).

The formulae for x,il (7) (and thus for x,,(t) = x,?l (t) + %,}1 (t) are however rather
complicated and we do not write them here. For the Schrodinger operator with V = 0
and boundary condition (2.69), the calculation of Jfll (7) is done in Subsection 11.9.4
of [14].

Similar formulae also hold if we take x; = y; = 0 and integrate over d X (but in
this case m > 0 even for el(., 5 T)).

Furthermore, if ¢/, = Oandv; = ... = vy_; inthe condition of microhyperbolicity,
we are able to get formulae for eo(x, X, T), e! (x, x, 7) and e(x, x, T) without setting
x1 = 0 and without integrating but e! (x, x, 7) is a boundary-layer type term.

For details and proofs, see Section 7.2 of [14].

2.2.5 Recovering spectral asymptotics

Repeating the arguments of Sect. 2.1.3, we can recover the local spectral asymptotics:

25 With the obvious definitions of eO(., ., 7) and e! (o T).
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Theorem 2.19 (i) Letan operator H be microhyperbolic on supp(Y) on the energy
levels A1 and Ay (A < Ap) and the boundary value (H, B) problem be micro-
hyperbolic on supp(y) N dX on these energy levels. Then,

/Xe(y, VAL )W () dy
=pd / Ko (v, A1, AV () dy + O (R, (2.80)
X

(i1) Suppose that an operator H is elliptic on supp({¥) on the energy levels A1 and
2 (M < 22)%0 and the boundary value (H, B) problem is microhyperbolic on
supp(y) N 90X on these energy levels. Then,

/X (v, y. h, ) (y) dy
=l / K10, A1, AV () dy + O (h™97). (2.81)
X

On the other hand, for the Schrodinger operator, we can calculate the contributions
of near normal trajectories explicitly and then we arrive to:

Theorem 2.20 Let (H, B) be the Schrodinger operator (2.68)—(2.69) and let |V | # A
on supp(y). Then,

e(y, v, ) = h ™4 (ko(x, 1) + Q(', A A xp)) + O (R4 (2.82)

where Q depends on the “normal variables” (x', ) and a “fast variable” s = h1x
and decays as O(s~9t2y a5 s — +o00. Here, x; = dist(x, 9X).

For details, exact statement and proofs, see Section 8.1 of [14].
2.2.6 Second term and dynamics

As in Sect. 2.1.4, we can improve our asymptotics under certain conditions to the

dynamics of propagation of singularities. However, in the case that the manifold has

a non-empty boundary, propagation becomes really complicated. For Schrodinger

operators, we can prove that singularities propagate along Hamiltonian billiards unless

they “behave badly” that is become tangent to d X at some point or make an infinite

number of reflections in finite time. However, the measure of dead-end points27 is 0.
Thus, applying the arguments of Sect. 1.2 we arrive to

Theorem 2.21 Letd > 2, |V —A|+|VV| # Oonsupp(y) and |V —A|+|Vax V| #0
on supp(y) N3 X. Further, assume that the measure of periodic Hamiltonian billiards
passing through points of {H®(x, &€) = 0} N supp() is 0.28 Then,

26 Then, it is elliptic on all energy levels T € [A1, A2].
27 Le. points z € X (1) the billiard passing through which behaves badly.

28 There is a natural measure dxdé :dH 0,
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/ ey, v, Y () dy = h™ / o DY) dy + o™t (2.83)

Remark 2.22 1f we are interested in the propagation of singularities without appli-
cations to spectral asymptotics, the answer is “singularities propagate along the
generalized Hamiltonian billiards” (see Definition 3.2.2 in [14]).

One can easily show:

Theorem 2.23 Let d > 3. Assume that we are in the framework of Theorem 2.19(ii).
Further assume that the set of periodic trajectories of the Schrodinger operator on
0 X with potential W introduced after (2.75) has measure 0. Then,

/ e(y, y, DV dy = h' ey () + B2y (1) + o). (2.84)

Remark 2.24 Analysis becomes much more complicated for more general operators
even if we assume that the inner propagation is simple. For example, if the oper-
ator in question is essentially a collection of m Schrodinger operators intertwined
through boundary conditions then every incidence ray after reflection generates up to
m reflected rays and we have branching Hamiltonian billiards. Here, a dead-end point
is a point z € ¥ (A) such that some of the branches behave badly and a periodic point
is a point z € X (X) such that some of the branches return to it.

Assume that the sets of all periodic points and all dead-end points on the energy
level X (A) have measure O (as shown in [29], the set of all dead-end points may have
positive measure). Then, the two-term asymptotics could be recovered. However, the
investigation of branching Hamiltonian billiards is a rather daunting task.

2.2.7 Rescaling technique

The rescaling technique could be applied near 9 X as well. Assume that A = 0. Then to
get rid of the non-degeneracy assumption V (x) < —e, we use scaling functions y (x)
and p(x) as in Sect. 2.1.5. It may happen that B(x, y(x)) C X or it may happen that
B(x, y(x)) intersects d X . In the former case, we are obviously done and in the latter
case we are done as well because in the condition (2.69) we scale o« — apv, f — Bv
where v > 0 is a parameter of our choice. Thus, in the pointwise asymptotics, we can
get rid of this assumption for d > 3, and in the local asymptotics for d > 2 assuming
that [V |4+|V V| < 1 because the total measure of the balls of radii < y which intersect
90X is O(y). For details, exact statements and proofs, see Section 8.2 of [14].

2.2.8 Operators with periodic billiards

Simple billiards Consider an operator on a manifold with boundary. Assume first
that all the billiard trajectories (on energy levels close to 1) are simple (i.e. without
branching) and periodic with a period bounded from above; then the period depends
only on the energy level. Example: the Laplace—Beltrami operator on the semisphere.
Under some non-degeneracy assumptions similar to (2.57), we can derive asymptotics
similar to (2.61) but with two major differences:
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(i) We assume that ¢ < h and recover remainder estimate only O (h1=4+8y it is still
good enough to have the second term of the non-standard type.

(i1)) We can consider b(x, &) (which is invariant with respect to the Hamiltonian
billard flow) as a phase shift for one period. Now, however, it could be a result
not only of the quantum drift as in Sect. 2.1.6, but also of an instant change of
phase at the moment of the reflection.

For exact statements, details and proofs, see Subsection 8.3.2 of [14].

Branching billiards with “scattering” We now assume that the billiard branches but
only one (“main”) branch is typically periodic. For example, consider two Laplace—
Beltrami operators intertwined through boundary conditions: one of them is an
operator on the semisphere X and another on the disk X, with d X and 9 X» glued
together. Then all billiards on X are periodic but there exist nowhere dense sets A ; (4)
of measure 0, such that the billiards passing through X;(1)\ A ; (1) and containing at
least one segment in X, are not periodic. Assume also that the boundary conditions
guarantee that at reflection, the “observable” part of energy escapes into X;. Then to
recover the sharp remainder estimates, we do not need a phase shift because for time
T > 1, we have

TIF, 1o Xr (0 dre(y, y. 1) dy| < Coh'™ D" ¢" +or(h'™),  (2.85)

[n|<T

where ¢ < 1 estimates from above the “portion of energy” which goes back to X
at each reflection; if ¢ < 1, as we have assumed the right-hand expression does not
exceed C1h!~ + or(h'~9) and we recover asymptotics similar to (2.61) with the
remainder estimate o(h!~%).

For exact statements, details and proofs, see Subsection 8.3.3 of [14].

Two periodic billiards We can also consider the case when the billiards flows in X

and X, are both periodic but “magic” happens at reflections. For exact statements,
details and proofs, see Subsection 8.3.4 of [14].

3 Global asymptotics
In this section, we consider global spectral asymptotics. Here we are mainly inter-

ested in the asymptotics with respect to the spectral parameter A. We consider mainly
examples.

3.1 Weyl asymptotics
3.1.1 Regular theory

We start from examples in which we apply only the results of the previous Sect. 2 which
may be combined with Birman—Schwinger principle and the rescaling technique.
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Simple results

Example 3.1 Consider a self-adjoint operator A with domain ©(A) = {u : Bulsx =
0}. We assume that A is elliptic and the boundary value problem (A, B) is elliptic as
well.

(i) We are interested in N(0, 1), the number of eigenvalues of A in [0, A). Instead
we consider N(1/2, A), which is obviously equal to Nh(%, 1), the number of
eigenvalues of A; = A~ LA that lie in [%, 1), with h = A~ UM \where m is
the order of A. In fact, more is true: the principal symbols of semiclassical
operators A, and Bj, coincide with the senior symbols of A and B. Then the
microhyperbolicity conditions are satisfied and the semiclassical asymptotics
with the remainder estimate O(hl_d) hold which could be improved to two-
term asymptotics under our standard non-periodicity condition. As a result, we
obtain

N0, ) = xohin + O (Ad;l) 3.1)
and
N(O, 1) = xohim + s 2% + 0 (Aﬂ) , (3.2)

as A — +-oo in the general case and under the standard non-periodicity condition
respectively. Here,

2o = 2m) "¢ // n(x, &) dxde (3.3)

where n(x, &) is the number of eigenvalues of AY(x, &)in (0,1) and m = my4
is the order of A.

(i1) Suppose that Ap is positive definite (then m4 > 2) and V is an operator of
the order mp < my, symmetric under the same boundary conditions. We
are interested in N(0, 1), the number of eigenvalues of VAE1 in ()f], 00).
Using the Birman—Schwinger principle, we can again reduce the problem to the
semiclassical one with H = WA A — "™V h = 2"V m = ms — my.
The microhyperbolicity condition is fulfilled automatically unless & = 0 and
VO(x, &) is degenerate. Still under certain appropriate assumptions about V0,
we can ensure microhyperbolicity (for mp = 0, 1 only). Then (3.1) and (3.2)
(the latter under standard non-periodicity condition) hold with n(x, &) the num-
ber of eigenvalues of VO(x, £)(A%(x, &)™) in (1, 00).

(iii) Alternatively, we can consider the case when V is positively defined (and Ap
may be not).

(iv) For scalar operators, one can replace microhyperbolicity by a weaker non-
degeneracy assumption. Furthermore, without any non-degeneracy assumption
we arrive to one-term asymptotics with the remainder estimate O (1(@—1+9/m),

(v) Also one can consider operators whose all Hamiltonian trajectories are periodic;
in this case the oscillatory correction term appears.
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(vi) Suppose the operator Ap has negative definite principal symbol but A g is not
semi-bounded from above and V is positive definite. Then instead of (3.1) or
(3.2), we arrive to

N, 3) = 2% + O (A%) (3.4)
and
N, 2) = s 25 4 s0r 55 +o(,\%), (3.5)

(the latter under an appropriate non-periodicity assumption).

Fractional Laplacians The fractional Laplacian A,, x appears in the theory of sto-
chastic processes. For m > 0, it is defined first on R4 as A™/2 and in a domain
X c RY, it is defined as Apm xu = Rx A"™/2(@xu) where Ry is the restriction to X
and Oy is the characteristic function of X. It differs from the m/2-th power of the
Dirichlet Laplacian in X and for m ¢ 27, it does not belong to the Boutet de Monvel’s
algebra. In particular, even if X is a bounded domain withdX € ¥ andu € € ()_(' ),
A, xu does not necessarily belong to ¢*° (X ) (smoothness is violated in the direction
normal to 0X).

Then the standard Weyl asymptotics (3.1) and (3.2) hold (the latter under standard
non-periodicity condition) with the standard coefficient »p = (2n)_da)d_1 voly (X)
and with

aim = 2m) " wg_ 10 volg_1 (3X), (3.6)

d—1 o —(d=1)/m—1 —1 1/m
oy == T (em(xl,xl, -7l =1 )dxldr (3.7)
m 1

where e, (x1, y1, T) is the Schwartz kernel of the spectral projector of operator
an = (D + 1")p (3.8)

on R™. To prove this, we need to redo some analysis of Chapter 2. While tangent rays
are treated exactly as for the ordinary Laplacian, normal rays require some extra work.
However, we can show that the singularities coming along transversal rays do not stall
at the boundary but reflect according the standard law. For exact statements, details
and proofs, see Section 8.5 of [14].

Semiclassical Dirichlet-to-Neumann operator Consider the Laplacian A in X.
Assuming that A is not an eigenvalue of Ap, we can introduce the Dirichlet-to-
Neumann operator Ly : v +> )F%Bvulax where u is defined as (A — AMu = 0,
ulyx = v and v is the inner unit normal. Here, L, is a self-adjoint operator and we
are interested in N, (a1, a), the number of its eigenvalues in the interval [a;, ap). Due
to the Birman—Schwinger principle, it is equal to N, (a1) — N, (a2) where N, (a)
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is the number of the negative eigenvalues of /2A — 1 under the boundary condition
(hd, — a)ulsx = 0 and then we arrive to

Ni(ar,a2) = 0 (A7) (3.9)
and
N.(a1, a2) = xi(ay, az)?»d%1 +o (k%) (3.10)

(the latter under a standard non-periodicity condition). For exact statements, details
and proofs, see Section 11.9 of [14].

Rescaling technique We are interested in the asymptotics of either

N~ Q) =/e(x,x,)»)dx (3.11)
or
N(A1, A2) :/e(x,x,)»l,)nz)dx with A1 < Ay : (3.12)

with respect to either the spectral parameter(s), or semiclassical parameter(s), or some
other parameter(s). We assume that there exist scaling functions y (x) and p(x) satis-

fying
1 -1
Vyl=5. =yl=y() = ¢ =p®)/p(y) =c, (3.13)1,2

such that after rescaling x — x/y(y) and & — &/p(y) in B(y, y(y)), we find
ourselves in the framework of the previous chapter with an effective semiclassical
parameter h < 1.2

To avoid non-degeneracy assumptions, we consider only the Schrodinger operator
(2.68) in R, assuming that g/% = gk/,

IVegk| < cuy ™, |VOV] < cap?y (3.14)
and
> etk = eolg* Vi, £, (3.15)
j.k

In the examples below, 7 < 1.

Example 3.2 (i) Suppose the conditions (3.14), (3.15) are fulfilled with y(x) =
%(|x|+1) and p(x) = |x|™, m > 0. Further, assume that the coercivity condition

2 In purely semiclassical settings, i = h/py and we assume py > h.
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(i)

(iii)

V(x) > ep? (3.16)

holds for |x| > co. Then if |x| < CA!/?", for the operator H — A, we can use
pr(x) = 2172 and then the contribution of the ball B(x, ¥ (x)) to the remain-
der does not exceed CA@—1/ zyd_l (x); summation over these balls results in
O(A(d_l)(m+l)/2m).

On the other hand, if |x| < Ckﬁ, for the operator H — A we can use p(x) =
y™(x) but there the ellipticity condition is fulfilled and then the contribution of
the ball B(x, y(x)) to the remainder does not exceed Cy ~*; summation over
these balls results in o(A@~D0m+1D/2m) Then we arrive to

N = coh™ /(x - V(x))f% + O (A= Dlm+h/2m) (3.17)

as A — +00. Obviously the main part of the asymptotics is < A¢(m+1D/2m
Suppose instead 0 > m > —1. We are interested in its eigenvalues tending to
the bottom of the continuous spectrum (which is 0) from below. We no longer
require the assumption (3.16).

We use the same y(x) but now py(x) = y(x)" for |x| < C|A|'/?". Then
the contribution of the ball B(x, y(x)) to the remainder does not exceed
Cy (x)=D+D; summation over these balls results in O (||~ Dm+D/2m),
On the other hand, if |x| > C|A|'/?", for the operator H — X we can use p, (x) =
|A|%, but there the ellipticity condition is fulfilled and then the contribution of
the ball B(x, y(x)) to the remainder does not exceed C|A|~*y¢~%; summation
over these balls results in 0(|A|(d_1)(m+l)/ 2’"). Then we arrive to asymptotics
(3.17) again as . — —0.

Obviously the main part of the asymptotics is O (|A|??"+D/2m) and under the
assumption V (x) < —ep(x)?, in some cone it is =< |A[¢0n+D/2m

Inboth cases (i) and (ii), the main contribution to the remainder is delivered by the
zone {& < |x||k|_1/2m < e} and assuming that gjk(x) and V (x) stabilize as
|x| = 400 to g/%0(x) and VO(x), positively homogeneous functions of degrees
0 and 2m respectively, and that the set of periodic trajectories of the Hamiltonian
Zj,k gjk(x)éjék + V%(x) on energy level 1 in (i) or —1 in (ii) has measure 0,
we can improve the remainder estimates to o(||(@=Dm+D/2m),

Example 3.3 Consider the Dirac operator

H= z 0;Dj+ Moy + V(x), (3.18)
1<j=<d
where o (j = 0,...,d) are Pauli matrices in the corresponding dimension and

M > 0.Let V(x) — Oas|x| — oo. Then the essential spectrum of H is (—oo, —M U
[M, oo) and for V as in Example 3.2(ii), we can get similar results for the asymptotics
of eigenvalues tending to M —0 or — M +0: so instead of N(1), we consider N(0, M —n)
or N(M + n, 0) with n — +0.
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Example 3.4 Consider the Schrodinger operator, either in a bounded domain X > 0
or in R? like in Example 3.2(i) and assume that gj k(x) and V (x) have a singularity at
0 satisfying there (3.14)—(3.16) with y (x) = |x| and p(x) = |x|" withm < —1.

Consider the asymptotics of eigenvalues tending to +o0o. As in Example 3.2(i),
we take y(x) = %|x| and py(x) = AY2 for |x| > €yr!/?" (then the contribution
of B(x, y(x)) to the remainder does not exceed A(d_l)/2|x|d_1) and p; (x) = |x|™
as |x| < €or/2™ (then due to the ellipticity the contribution of B(x, y(x)) to the
remainder does not exceed p—%y ~5~4). We conclude that the contribution of B(0, €)
to the remainder does not exceed CA@~D/2¢4=1 which means that this singularity
does not prevent remainder estimate as good as o(A“~1/2). However, this singularity
affects the principal part which should be defined as in (3.17).

Example 3.5 (i) When analyzing the asymptotics of the large eigenvalues, we can
consider a potential that is either rapidly increasing (with p = exp(|x|™), y (x) =
|x['=™, m > 0), or slowly increasing (with p = (| logx|)™, ¥ (x) = |x|,m > 0)
which affects both the magnitude of the main part and the remainder estimate.

(i) When analyzing the asymptotics of the eigenvalues tending to the bottom of the
essential spectrum, we can consider a potential that is either rapidly decreasing
(with p = |x|~!(log |x|)" withm > 0,y (x) = |x|,m > 0) or slowly decreasing
(with p = (|log x|)™, y(x) = |x|, m < 0) which affects both the magnitude of
the main part as well as the remainder estimate.

Remark 3.6 We can consider the same examples albeit assuming only that 2 € (0, 1);
then the remainder estimate acquires the factor 7 =41,

3.1.2 Singularities

Let us consider other types of singularities when there is a singular zone where after
rescaling 4 < 12°. Still, it does not prevent us from using the approach described
above to get an estimate from below for (3.11) or (3.12): we only need to decrease
these expressions by inserting ¥ (0 < i < 1) that is supported in the regular zone
(aka the semiclassical zone) defined by i < 2h¢ after rescaling and equal to 1 for
h < ho and applying the rescaling technique there.

Let us discuss an estimate from above. If there was no regular zone at all, we would
have no estimate from below at all but there could be some estimate from above of
variational nature. The best known is the LCR (Lieb—Cwikel-Rosenblum) estimate

N~—(0) < Ch—d/ v_% dx (3.19)

for the Schrodinger operator with Dirichlet boundary conditions asd > 3. Ford = 2,
the estimate is marginally worse (see [25] for the most general statement for arbi-
trary orders of operators and dimensions and [32] for the most general results for the
Schrodinger operator in dimension 2).

It occurs that we can split our domain into an overlapping regular zone {x :
p(x)y(x) > h} and a singular zone {x : p(x)y(x) < 3h}, then evaluate the con-
tribution of the regular zone using the rescaling technique and the contribution of the

@ Springer



100 years of Weyl’s law 411

singular zone by the variational estimate as if on the inner boundary of this zone (i.e.
a part of its boundary which is not contained in d X) the Dirichlet boundary condition
was imposed, and we add these two estimates:

_Chl—d/ pd—ly—l\/gdx
{py=h.V <ep?}

<N (0) — (2n)*dwdh*‘1/ Va2 ax
{py=h}

< Chlfd/ pdﬁlyfldx—i-Ch*d/ pddx.
{py=h.V <ep?} {py <h,V<ep?}

(3.20)
See Theorems 9.1.7 and 9.1.13 of [14] for more general statements. Further, similar
statements could be proven for operators which are not semi-bounded (see Theo-

rems 10.1.7 and 10.1.8 of [14]).
In particular, we have:

Example 3.7 (i) Let
/pd_ly_ldx < 00. (3.21)
Then,
N~ (0) = (2n)*dwdh*d/ Va2 sgdx + oh'). (3.22)
(i) If in addition the standard non-periodicity condition is satisfied then

N=(0) = (Zn)_dwdh_d/ V2 Jgdx
1 _
—Z(zn)l—dwd_lhl—d/vﬁd D245 +om'~4), (3.23)

where d S is a corresponding density on 9.X.

Example 3.8 Consider the Dirichlet Laplacian in a domain X assuming that there
exists scaling function y (x) such that (3.14) holds and

Claim 3.9 For each y € X, the connected component of B(y, y(x)) N X containing
y coincides with {x € B(0, 1), x; < f(x'}, where x’ = (x2, ..., x4) and

IV f] < Cey' ™ Va, (3.24)

where we rotate the coordinate system if necessary.>”

30 1eis precisely the condition that we need to impose on the boundary for the rescaling technique to work.
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(i) Then the principal part of asymptotics is

corTh=d / | dx (3.25)
{x:y(x)=1" 2}

and the remainder does not exceed

=1 1-d -1 4, —d
CrZTh / L v T dx + Crzh / . dx. (3.26)
{ey =2} {ry (=i 2}

(i1) In particular, if
/ y() ldx < oo, (3.27)
X

then the standard asymptotics with the remainder estimate O(1(@—D/2p1-4)
hold. Moreover, under the standard condition Claim 1.1, we arrive to the two-
term asymptotics (1.2).

These conditions are satisfied for domains with vertices, edges and conical points.
In fact, we may allow other singularities including outer and inner spikes and
cuts.

Furthermore, these conditions are satisfied for unbounded domains with cusps
(exits to infinity) provided these cusps are thin enough (basically having finite
volume and area of the boundary).

(iii) These results hold under the Neumann or mixed Dirichlet-Neumann boundary
condition, but then we need to assume that the domain satisfies the cone con-
dition; for the two-term asymptotics, we also need to assume that the border
between the parts of d X with the Dirichlet and Neumann boundary conditions
has (d — 1)-dimensional measure 0.

Example 3.10 (i) Suppose that the potential is singular at 0 € X like |x|>” with
m € (—1,0). Then this singularity does not affect the asymptotics of large
eigenvalues.

(i) Let us consider Example 3.2(i) albeit allow V > 0 to vanish along certain
directions. Then we have canyons and {x : V (x) < A} are cusps. If the canyons
are narrow and steep enough then the same asymptotics (3.17) hold. Moreover,
under the non-periodicity condition, the remainder estimate is “o”.

(iii) Let us consider Example 3.2(ii) albeit allow V > 0 to be singular along certain
directions. Then we have gorges and {X : V(x) < A} are cusps. If the gorges
are narrow and shallow enough then the same asymptotic (3.17) hold. Moreover,

[TPRL]

under the non-periodicity condition, the remainder estimate is “o0”.

Example 3.11 We can consider also multiparameter asymptotics, for example with
respect to & — 40 and A. In addition to what we considered above, the following
interesting possibility appears: L N\ A, := inf V (x) which s either finite or —oo. Then
if A tends to A4 slowly enough so that N, (1) — +00, we get interesting asymptotics.
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In particular, as either V(x) =< |x|*" withm > 0 and A — 40 or V(x) =< |x|*"
with 0 > m > —1 and A — —o0, then this condition is & = o(|A|"+D/2m),

Remark 3.12 We can also consider Tr((—H)"0(—H)) with v > 0. Then in the esti-

mates above, p? > p?2 and p¢~! > pdtvly vl

For full details, proofs and generalizations, see Chapter 11 of [14] which covers
also non-semibounded operators.

3.2 Non-Weyl asymptotics
3.2.1 Partially Weyl theory

Analyzing the examples of the previous section, one can observe that for some values
of the exponents, the condition (3.21) (or it special case (3.27)) fails but the main term
of the asymptotics is still finite and has the same rate of the growth as it had before,
while for other values of the exponent, it is infinite. In the former case, we get Weyl
asymptotics but with a worse remainder estimate, in the latter case, all we can get is
an estimate rather than the asymptotics. Can one save the day?

In many cases, the answer is positive and we can derive either the Weyl asymptotics
but with a non-Weyl correction term or completely non-Weyl asymptotics. The main
but not the only tool is the spectral asymptotics for operators with operator-valued
symbols. Namely, in some zone of the phase space, we separate the variables’! x =
(x’; x”) and (&’; §”) respectively and consider the variables (x/, §) as semiclassical
variables (or Weyl variables), similar to (x, &) in the previous scheme. So we get an
operator H(x’, D") with an operator-valued symbol which we can study in the same
way as the operator H before.

One can say that we have a matrix operator but with a twist: first, instead of
finite-dimensional matrices, we have unbounded self-adjoint operators in the aux-
iliary infinite-dimensional Hilbert space H (usually .#% in the variables x”'); second,
we are interested in the asymptotics

/trH (é(x/, x', )»)) dx’, (3.28)

rather than in the asymptotics without trace where é(x’, y’; A) is an operator in H (with
Schwartz kernel e(x’, y'; x”, y; 1)); and, finally, the main term in asymptotics is

/ trgg (e(x’, €5 1)) d€dx’, (3.29)

where e(x’, &', ) is a spectral projector (in H) of H(x', §"). Here, we need to assume
that H(x’, §&) is microhyperbolic with respect to (x’, &'). Since the operator try is

31 After some transformation, the transformations and separations in the different zones are not necessarily
the same.
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now unbounded, both the main term of the asymptotics of (3.28) and the remainder
estimate may have magnitudes different from what they would be without try.

Since the operator H(x’, &) is rather complicated, we want to replace it by some
simpler operator and add some easy to calculate correction terms.

We consider multiple examples below. Magnetic Schrodinger, Schrodinger—Pauli
and Dirac operators studied in Sects. 5 and 6 are also of this type.

3.2.2 Domains with thick cusps

This was done in Section 12.1 of [14] for operators in domains with thick cusps of
the form {x : x” € f(x')2} where Q is a bounded domain in R?" with smooth
boundary, defining the cusp cross section. Here again we consider for simplicity the
Dirichlet Laplacian. Assume first that the metric is Euclidean and the domain X =
x=w,x"): x eX =R x" e f(x)2}. Then, the change of variables
x" + x"/f (x) transforms A to the operator

id// l'd// 1 B
P= 2 (Ditaylt g )P+l = ey ) + 54
I<j<d
(3.30)

in 22(X' xQ) = 2R, H) where L = (x”, D"), g = —log f,H = £2(Q), A’ is
aLaplacianin X’,and A” = A[j is a Dirichlet Laplacians in 2, and we simultaneously
multiply u by f =d"/2 to have the standard Euclidean measure rather than the weighted
one f 4" 4 x. We consider the operator (3.30) as a perturbation of the operator

P = A’+iA” (3.31)
= il )

which is a direct sum of d’-dimensional Schrodinger operators P, = A’ + 1, f 2 in
X' where i, > 0 are the eigenvalues of Af). Assuming that

ST VA < x| T for ¥ = e, (3.32)

we can ensure that the microhyperbolicity condition (withrespectto (x'; £')) is fulfilled

for P,, P, as well as for P.
Then according to the previous section, for P, the eigenvalue counting function is

d ! —(d'—
N, () = car /(x — pn fT2(N)  dx’ 4 O (34D 2m A0
(3.33)

where the remainder estimate is uniform with respect to n. Observe that for P the
. . . - N . " .
eigenvalue counting function is N(1) = >, N, (A). Using u,, < n?/4" | we arrive to
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&
N, (1) = ca //(X — wf 2N dx'dym(p) + O(R() (3.34)

with

m+l

R() = A26@=D 4 5@ =D L5y na2@ D jogp, (3.35)

where n(u) is the eigenvalue counting function for A’[/).

We show, moreover, that the same asymptotics holds for our original operator
(3.30). Furthermore, if the first term in (3.34) is dominant, then under the standard
non-periodicity assumption we can replace O (A~1D/2) by o(A@=1/2); we need to
add the standard boundary term to the right-hand expression in (3.34).

On the other hand, if the second term in (3.34) dominates, then assuming that f
stabilizes as |x’| — oo to a positively homogeneous function fj, under the corre-
sponding non-periodicity assumption (now in T*R?') for |&'|2 + fofz(x’ ), we can
replace O (A" D@ =D/2my py o3 tn+D@'=1)/2my “Fipa]ly, if both powers coincide
then under the stabilization condition, the remainder estimate is o(A¢—1/2 log A) but
we need to add the modified boundary term to the right-hand expression in (3.34).

Obviously, the principal part in (3.34) is of the magnitude

SOy =224+ 25 4 54 a2 log . (3.36)

If X is not exactly of the same form and the metric only stabilizes (fast enough) at
infinity to g/%0 := & jk» then we can recover the same remainder estimate and reduce
the principal part to

d
ca / / O — wf NI P dx'dyn(u) + car?’? /X (f - @w/)) dx,
(3.37)

where supp(¢) C {|x'| > c},¢ = lin{|x’| > c}. Here, the first part is exactly as above
and the second term is actually the sum of two terms; one of them c¢sA9/? [\ /g(1 —
¢ (x")) dx is the contribution of the “finite part of the domain” (without the cusp) and
the second ¢y 14/2 f (\/§ — \/?)¢> (x") dx is a contribution of the cusp in the correction.

Note that now to get the remainder estimate o(X @=1/2y "one needs to include the
standard boundary term in the second part of (3.37).

The crucial part of our arguments is a multiscale analysis. As long as r < cA!/?m=3
we can scale x — xr™ and consider o (t) = Tr(eihil’Hq&(x’/r)); here H = A~ P,
h = A~1/2r™_ From the propagation with respect to (x, &), we know that on energy
level 1, the time interval (hl"s, €) contains no singularities of oq (7).

On the other hand, for r > ¢, we can scale x +— x/r and consider o1(t) =
Tr (eih_l "H(x'/r));here i = A~ /2r~!. From the propagation with respect to (x', &),
we know that on energy level 1, the time interval (%' ~°, €) contains no singularities
of o1 (1).
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Observe firstthat oy (1) = o (r ~1~"¢) and therefore the time interval (k! =%, er™+1)
contains no singularities of oq(¢). This allows us to improve the remainder estimate
in the full Weyl asymptotics but we need to include many terms which are difficult to
calculate.

On the other hand, for A* < r < ¢A!/?2" we can consider H as a perturbation of
H = 1~ P. We do it first in the framework of the theory of operators with operator-
valued symbols. Then we consider all perturbation terms and apply to them “full Weyl
theory” and due to the stabilization assumption, the error is less than (3.35). This gives
us another asymptotics, also with many terms which are difficult to calculate.

Comparing these two asymptotics in their common domain 1% < r < A1/2"=3 we
conclude that all terms but those present in both must be 0; it allows us to eliminate
almost all the terms and sew these asymptotics resulting in (3.37).

Using the same approach, we can consider higher order operators, the case when
X' is a conical set and there are several cusps X; which may have different dimensions
d, and rates of decay (then both the principal part and the remainder estimate should
be modified accordingly).

3.2.3 Neumann Laplacian in domains with ultra-thin cusps

Consider the Neumann Laplacian in domains with cusps. Recall that since these
domains do not satisfy the cone condition, we so far have no results even if the cusp is
thin. Applying the same arguments as before, we hit two obstacles. The first (minor)
obstacle is that the Neumann boundary condition for the operator (3.30) coincides
with the same condition for A” only asymptotically. The second (major) obstacle is
that u; = 0 and P; = A’ has a continuous spectrum. In fact, we should not reduce P
to P; from (3.30) we conclude that

id" id" /
Pr=> \Dj+ e )| Pi— e ) =2+ W (3.38)

with

"2 "

d d
W= T|Vg|2 + 7A’g. (3.39)

Still this operator may have a continuous spectrum unless |[Vg| — oo as |x| — oo.
We need to assume that f has superexponential decay: f = e~¢ with

IVg| < colx|"™ 1 va, (3.40)
g = X" Vgl = X" for x| > ¢, (3.41)
IVIVg*| < [x[*"~1 for |x'| > c, (3.42)

where m > 0 and (3.42) is a microhyperbolicity condition for P;. Then one can prove
easily that when d”’ > 2,
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NG = cdkd/z/ Jgdx +cp /(x —wPdx + 0RG))  (343)
X
with
R = 220@=D 450 @D, (3.44)

Moreover, if the first term in (3.34) dominates, then under the standard non-periodicity
assumption, we can replace O (A?~D/2) by o(A@~D/2) (simultaneously including
the standard boundary term); if the second term dominates, then assuming that W
stabilizes as |x/| — oo to a positively homogeneous function Wy, under the cor-
responding assumption for |£'|> + Wo(x’) we can replace O(A(”’"’l)(d/_l)/ 2my by
O(A(m—t-l)(d/—l)/Zm).

One can see easily that N(A) < S(1) = )\%d + k%d/. Observe that in contrast to
(3.35) and (3.36), even if the exponents coincide, a logarithmic factor does not appear.

The case d” = 1 is special since even an ultra-thin cusp is also thick (according to
the classification of the previous Sect. 3.2.1) and the corresponding formulae should
include a modified boundary term containing the double logarithm of A. For this and
other generalizations, see Section 12.6 of [14]. Also one can consider spikes with
supp(f) = {|x’| < L}, in which case the standard Weyl asymptotics holds.

3.2.4 Operators in R?

The scheme of Sect. 3.2.2 is repeated in many similar cases.

First, consider eigenvalues tending to +oo for the Schrodinger operator with poten-
tial V which generically is =< |x|>" but vanishes along some directions.

For example, consider the toy model V = |x|2m=2m" |5 12m with m > m' > 0.
Let X' = RY 5 x’ and X” = R?" 5 x”. Consider only the conical vicinity of X’
and here we instead consider the potential V = |x/|2"=2""|x”|2""Consider only the
part of operator which is related to x”: A” + |x/|2m=2m" |/ '|2m" and after the change
of variables x” > x”[x'|¥ with k = (m — m’)/(m’ + 1), it becomes |x'|** L with
L=A4+Ux"),U = |x"|*"". The condition m” > 0 ensures that the spectrum of
L is discrete and accumulates to 4-oc.

So basically we have a mixture of the Schrodinger operator on R? with a potential
growing as |x|>” and the Schrodinger operator with the operator-valued symbol on R
with a potential growing as |x|? and we recover the asymptotics with the remainder
estimate O (R()X)), where

m(d—1) k(d'—1) m(d—1)
R()\) = A mtD) +)\. kD +6m(d 1) k(d— |))\. (m+1) logk (345)

(m+1) * (k+1)

and the principal part is < S(A), where

S = M’”*l) + )»(k“) + 5md/(m+1) kd’ )u(”‘“) log A. (3.46)

*+Ty
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In a rather general situation, this principal part is similar to the one in (3.37) where
n(u) is the eigenvalue counting function for L. Further, under similar non-periodicity
assumptions, we can replace “O” by “o0”. For generalizations, details and proofs, see
Section 12.2 of [14].

Second, consider eigenvalues tending to —0 for the Schrodinger operator with a
potential V which generically is < |x|*” with m € (—1, 0) but is singular in some
directions. Again, consider a toy model V = —|x|2"=2"|x"|2"" with —1 < m <
m' < 0.Again, L = A" +U(x"), U = —|x”|*"" and its negative spectrum is discrete
and accumulates to —0. The formulae (3.45) and (3.46) remain valid (albeit A — —0).
For generalizations, details and proofs, see Section 12.3 of [14].

3.2.5 Maximally hypoelliptic operators

Third, consider the eigenvalues tending to +oo for maximally hypoelliptic operators
with a symplectic manifold of degeneration. Consider the toy model P = A” +
|x”|*™ A’ In this case, after the partial Fourier transform, we get A” + |x”|*""|&’|? and
after the change of variables x” — |£'[*x”, we get |€/|**L, L = A" + |x”|*" and
k=1/m+ 1.

This toy model is maximally hypoelliptic as the spectrum of L is discrete and
accumulates to +00. So basically we have a blend of operator of order 2 on R? and
of order 2k on R? and we recover the asymptotics with remainder estimate O (R (1))
with

@-1 (d—
7

RO = 2T + 2T 4 8yt @—1yk T log (3.47)
and principal part < S(X) with
d d d
SA) = A2 + A% + 84 qr/kh2 logA. (3.48)

9

Further, under similar non-periodicity assumptions, we can replace “O” by “o”. For
generalizations, details and proofs, see Section 12.4 of [14].

3.2.6 Trace asymptotics for operators with singularities

Here, we also consider only one example (albeit the most interesting one) of a
Schrodinger operator H := h?A — V(x) in R? with potential V (x) at O stabiliz-
ing to a positive homogeneous function Vj of degree —1:

VAV = Vp)| < colx|™® Va. (3.49)

We assume that V (x) decays fast enough at infinity and we are interested in the
asymptotics of Tr(H_), which is the sum of the negative eigenvalues of H. While
generalizations are considered in Section 12.5 of [14], exactly this problem with
Vo = |x|~! arises in the asymptotics of the ground state energy of heavy atoms
and molecules.
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It follows from Sect. 3.1 that N, has purely Weyl asymptotics with the remainder
estimate O (h~2) and? it could be improved to o(h~2) but we have a different object
and if the potential had no singularities, the remainder estimate would be ot YHor
even o(h~1). 32,33

Therefore considering the contribution of the ball B(x, y(x)) with y(x) = %lxl,
we have a contribution to the Weyl expression

5
—clr3/v+2 dx (3.50)

of magnitude Cp?(h/py)~3 = Ch3p’y3, while the contribution to the remainder

does not exceed Cp%(h/py)~' = Ch~'py with p = |x|_%. We see that the former
converges at 0 and the latter diverges. This analysis could be done for py > h i.e. if
|x| > h2. Then we conclude that the contribution of the zone {x : |x| > a} to the
remainder does not exceed Ch’la_% which as @ = h?% is O(h~2). On the other
hand, one can easily prove that the contribution of B(0, h?) to the asymptotics is also
O(h™2).

To improve this estimate, we analyze B(0, a) in more detail. In virtue of (3.49),
we can easily prove that the contribution of B(x, y) to Tr(H_ — Hy—) (with Hy =
h%A — Vp) does not exceed C(h/py)~% = Ch~2p*y? and therefore the contribution
of B(0, a) to the remainder is O (h~2a). Minimizing the total error h~2a + hla—?
in a, we geta = h% and the remainder O(h_%), which is better than O(h_z) but not
as good as ok .

But then we need to include in the asymptotics the extra term

/ (e(l)(x, x,0) — cvf (x)) v(a 'x)dx, (3.51)

where e(-, -, A) is the Schwartz kernel of the spectral projectors for H, el(-, 0 =
f?oo Mdye(-, -, )) and the subscript 0 means that it is for Hy and ¢ € %OOO(B(O, 2))
and equals 1 in B(0, 1).

Basically, all that we achieved so far was to replace H by Hp in (3.51). The
same arguments allow us to replace i by 1 in this expression with the same error
O(h_la_%). This time, we cannot decompose it as the difference of two integrals
because each of them is diverging at infinity (since V() decays there not fast enough).
Further, due to the homogeneity of Vj, one can prove that this remodelled expression
(3.51) is homogeneous of degree —2 with respect to / and thus is equal to /2. Here,
k 18 some unknown constant, but for Vo = |x |’1, it could be calculated explicitly.

Therefore, we conclude that with the remainder estimate O (h™ 3 ), Tr(H_) is given
by the Weyl expression plus the Scott correction term kh™2.

32 Under the standard non-periodicity condition.

33 But then the principal part of asymptotics should include the third term ch~! while the second term
vanishes.
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To improve this remainder estimate, we should carefully study the propagation

of singularities. We can prove that if K28 < y < 1, then the singularities do not

. . S . _ 3
come back “in real time” < 1, which is a vast improvement over < yp~! < y2.

Then the contribution of B(x, y) to the “trace remainder” does not exceed Ch~! p%y3
but then the principal part of asymptotics should have a lot of terms; the n-th term
is of the magnitude p3+2n ,02_2"7/3_2"; however, using (3.49) we conclude that the
difference between such terms for H and Hy is O (h—312" p=2"1,3=2") which leads to

the estimate
5 5
‘/(el(x,x, 0) —ej(x, x,0) — cVE(x) + Vi (1) dx| < Ch™'. (3.52)

This estimate implies that with the remainder estimate Oh™Y, Tr(H.) is given by
the Weyl expression plus k1 ~2. Moreover, this estimate could be further improved to
o(h—l) 32,33‘

Similar results hold for other singularities (including singularities of the boundary),
dimensions and Tr(H"”) with v > 0. However, note that there could be more than one
such correction term.

3.2.7 Periodic operators

Finally, consider an operator Hy = Hy(x, D) with periodic coefficients (with the
lattice of periods I'). Then its spectrum is usually absolutely continuous and consists
of spectral bands {A.(§) : & € Q') separated by spectral gaps. Here, Ay are the
eigenvalues of operator Hy with quasiperiodic boundary conditions

u(x +n)=T""8(x) VneTl, (3.53)

I'* is the dual lattice,>* Q and Q' are corresponding elementary cells;> & is called the
quasimomentum. Here, T = (T4, ..., Ty) is a family of commuting unitary matrices.
Let us consider an operator H; = Hy —t W (x) with W(x) > 0 decaying at infinity.
Then, while the essential spectra of H and H; are the same, H; can have discrete
eigenvalues in the spectral gaps and these eigenvalues decrease as ¢ increases.

Letus fix an observation point E belonging to either the spectral gap or its boundary
and introduce Ng (7), the number of eigenvalues of H; crossing E as t changes between
0 and 7. We are interested in the asymptotics of Ng(t) as t — oo.

Then using Gelfand’s transform,

Fu(E, x) = 21)? (vol(Q')~! Z T"e =8 y(x — n) (3.54)

nell

3 Le if I =Ze; ®Ze 2@ - @ Zeq then T* = Ze| & Zey @ - - & Ze/, with (e}, €}) = 5.
35 Le. Q= {x1e + -4 xgeq 0 x €0, 119} and Q’*={§]e/] +--~+§de;l: £ €10, 119).
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with (x,&) € Q x @', this problem is reduced to the problem for operators with
operator-valued symbols on .Z?(Q/, He (7y) where He (7} is the space of functions
satisfying (3.53).

After that, different results are obtained in three essentially different cases: when
E belongs to the spectral gap, E belongs to the bottom of the spectral gap, and E
belongs to the top of the spectral gap. For exact results, proofs and generalizations,
see Section 12.7 of [14].

4 Non-smooth theory
So far we have considered operators with smooth symbols in domains with smooth

boundaries. Singularities were possible but only on “lean” sets. However, it turns out
that many results remain true under very modest smoothness assumptions.

4.1 Non-smooth symbols and rough microlocal analysis

To deal with non-smooth symbols, we approximate them by rough symbols p ~
> Pm> depending on a small mollification parameter ¢ and satisfying

|ngfpm(x,§)| = Cmaﬁp_a}’_ﬂé‘_m 4.1
with

minp;y; = e = Ch'™ (4.2)
J

(microlocal uncertainty principle), which could be weakened to

IVEVE (i, §)] < ClUHIBEm g gy p =y =P
Va, B,m : la| + |8 +2m < N = C|logh| ™! 43)

with

minpjy; > & > Ch|logh| 4.4)
j

(logarithmic uncertainty principle). At this point, microlocal analysis ends: the
assumptions cannot be weakened any further.
Assuming that
IVEVEV po(x, §)] < Clel+IBI+ g1 g1p=ey = 4.5)

and

VEVEY p(x, £)] < ClHBHm g1 81m1p=y =Pl =" (m > 1), (4.6)
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we canrestore Theorem 2.2 (see Theorem 2.3.2 of [ 14]) and therefore also the Corollar-
ies 2.3 and 2.4, assuming & -microhyperbolicity instead of the usual microhyperbolicity.
For proofs and details, see Section 2.3 of [14].

After this, we can than use the successive approximation method like in Sect. 2.1.2
(definitely some extra twisting required) and then recover the spectral asymptotics—
originally only for operators which are &£-microhyperbolic.

To consider non-smooth symbols, we can bracket them between rough symbols:
for example, for the Schrodinger operator p~ (x, &, h) < p(x,&,h) < p+ (x,&,h)
where p* = p, & Cv(g) and p is the symbol p, e-mollified and v(e) is the modulus
of continuity of the metric and potential; ¢ = Ch|log h|.

Then for v(e) = O(g|loge|~1),3° we can recover the remainder estimate O (h!~%);
under even weaker regularity conditions by rescaling, we can recover weaker remain-
der estimates. On the other hand, if v(¢) = o(g|loge|™ 1), we can recover the remainder
estimate o(h'~?) under the standard non-periodicity condition.>” For proofs and
details, see Section 4.6 of [14]. There is an alternative to the bracketing construc-
tion based on perturbation theory, which works better for the trace asymptotics and
also covers the pointwise asymptotics. For an exposition, see Section 4.6 of [14].

Further, for scalar and similar operators, the rescaling technique allows us to replace
&-microhyperbolicity by microhyperbolicity under really weak smoothness assump-
tions; here we also use € depending on the point so that we can consider scalar symbols
under weaker and weaker non-degeneracy assumptions albeit stronger and stronger
smoothness assumptions. See Section 5.4 of [14].

4.2 Non-smooth boundaries

Let us consider a domain with non-smooth boundary (with the Dirichlet boundary
condition). Here, the standard trick to flatten out the boundary by the change of vari-
ables x; — x] — ¢ (x’) works very poorly: the operator principal symbol contains
the first partial derivatives ¢ and therefore we need to require ¢ € %. Fortunately,
the method of Seelley [30] can help us. This method was originally developed for the
Laplacian with a smooth metric and a smooth boundary.

Here, we consider only the Schrédinger operator; assume first that the metric and
potential are smooth. Consider a point x € X and assume that the metric is Euclidean
at X and nearby, X looks like {x : x| > ¢ (x)} with V/¢(x’) = 0. Observe that these
assumptions do not require any smoothness beyond €.

Consider a trajectory starting from (x, £). If |£1] < p := Ch|logh|/y, the trajec-
tory starts parallel to 0 X and 9 X can “catch up” only at time at least 7 = o (y) where

=1 dist(x, 0 X) and o is the inverse function to v, which is a modulus of continuity
for ¢3¢

36 Which means that the first partial derivatives are continuous with modulus of continuity vy(g) =
v(e)sil.

37 However, even for the Schrodinger operator without boundary, the dynamic equations do not satisfy the
Lipschitz condition and thus the flow could be multivalued.
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If & > p then this trajectory “runs away from dX” and dX can “catch up” only
at time at least 7 = o (y) + o1(£1) where o7 is the inverse function to v;.3® On the
other hand, if £, < —p, then we can revert the trajectory (which works only for local
but not pointwise spectral asymptotics).

These arguments allow us to estimate the contribution of B(x, y (x)) to the remain-
derby Ch'=?y?h|loghlo(y)~! and then the total remainder by Ch!~? [ o (y)~! dx.
The latter integral converges for v(¢) = r|log¢|~!7%.

Sure, this works only when y > y = Ch|logh|. However, if we smoothen the
boundary with a smoothing parameter Cy, for y < y, we will be in the framework
of the smooth theory after rescaling and we can take 7 = y. The contribution of this
strip to the remainder does not exceed Ch!=?T~! as its measure does not exceed
Cy. One can easily check that the variation of vol(X) due to the smoothing of the
boundary is Ch'~¢ and we can use the bracketing of X as well.

We can even improve the remainder estimate to o(hl_d ) under the standard non-
periodicity condition.

Furthermore, if the metric and potential are not smooth, we need to mollify them,
taking the mollification parameter ¢ larger near d X and taking p = Ch|logh|/e, but
it works. For systems, we can exploit the fact that most of the cones of dependence are
actually trajectories. For exact statements, proofs and details, see Section 7.5 of [14].

4.3 Aftermath
After the non-smooth local theory is developed, we can use all the arguments of

Sect. 3.1 and consider “stronger but more concentrated” singularities added on the top
of the weaker ones.

5 Magnetic Schrodinger operator
5.1 Introduction
This section is entirely devoted to the study of the magnetic Schrodinger operator
H = (—ihV — pAx))? + V(x) 5.1

and of the Schrodinger—Pauli operator

H = ((=ihV = pA®)) - 0)° + V(x) (5.2)
with a small semiclassical parameter i and large magnetic intensity parameter (cou-
pling constant) responsible for the interaction of a particle with the magnetic field p.
Here, o = (04, ..., 04) where 01, ..., 04 are Pauli D x D-matrices and A is magnetic

vector potential. We are interested in the two-parameter asymptotics (with respect to
h and w) as well as related asymptotics.
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5.2 Standard theory
5.2.1 Preliminaries

For a detailed exposition, generalizations and proofs, see Chapter 13 of [14].

Consider the most interesting cases d = 2, 3 with smooth V(x) and A(x).Ifd = 2,
the magnetic field could be described by a single (pseudo)scalar Fip = 91 Az — 02 A1
and by a scalar F = |Fy2|. If d = 3, the magnetic field could be described by a
(pseudo)vector F = V x A (vector magnetic intensity) and by a scalar F = |F| (scalar
magnetic intensity). As a toy model, we consider an operator in R? with constant V
and F. Then canonical form of the operator (5.1) is

H = h?D? 4+ (hDy — uFx1)* + h®D3 +V, (5.3)
_

with the third term omitted when d = 3. Then we can calculate

e(x,x,7) = h 4 NMW(r — v uhF) (5.4)
with
MW $d-2)
NW (T Fy =iy Z(r —@n+1)F)2F, (5.5)
n>0

where ko = 1/(27), k3 = 1/(272). In particular, if d = 2, F # 0 this operator has
a pure point spectrum of infinite multiplicity. Eigenvalues (2m + 1)uh F are called
Landau levels. If d = 3, this operator has an absolutely continuous spectrum.

In these cases, the operator (5.2) is a direct sum of D/2 operators H_ and D/2
operators Hy where H+ = Hy F phF, Hy is the operator (5.1); then

NMW (e V. uhF) = k4D —zj(" P +3 (x - 2nF) 2(’” PVF (5.6

n>1

Classical dynamics are different as well: when d = 2, the trajectories are mag-
netrons—circles of radii (uF y~!, while if d = 3, there is also free movement along
magnetic lines—integral curves of F, so the trajectories are solenoids.

5.2.2 Canonical form

Using the A-Fourier transform, we can reduce the magnetic Schrodinger operator to
its microlocal canonical form

1* > By(xi, hDy, w2 W)LY ford =2, (5.7)
n>0
W D3 + 11 Z By(x', hDy, n =2, W)LY ford =3, (5.8)
n>0
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with i = pu~'h, Lo = x7 + H°D3, x' = x; and x' = (x1,x2) when d = 2,3
respectively. Further, the principal symbols of the operators By and By are =2V o W
and F o W respectively, where W is a diffeomorphism (x’, £1) — x.

This canonical form allows us to study both the classical trajectories and the
propagation of singularities in the general case. When d = 2, there is still move-
ment along the magnetrons but magnetrons are drifting with the velocity v =
w Y (V((V — 1)/F12))* where * denotes the counter-clockwise rotation by /2.
If d = 3, trajectories are solenoids winding around magnetic lines and the movement
along magnetic lines is described by an 1-dimensional Hamiltonian but there is also
side-drift as in d = 2.

We can replace then £y by its eigenvalues which are (2j + 1)A, thus arriving to a
family of A-pseudodifferential operators with respect to x1 if d = 2 and to a family of
h-pseudodifferential operators with respect to x| which is also a Schrodinger operator
with respect to x».

5.2.3 Asymptotics: moderate magnetic field

We can always recover the estimate O (uh'~¢) with the standard Weyl principal part
simply by using the scaling x — ux, h — ph, u +— 1. On the other hand, ford = 2,
we cannot in general improve it as follows from the example with constant F and V.

However, under a(THE?) non-degeneracy assumption, the remainder estimate is
much better:

Theorem 5.1 Letd =2, F < 1, uh < 1 and
IVVF~!| 4+ |detHess VF~!| > e. (5.9)

Then
/(e(x,x,O) — ANy, ,th))lp(x)dx — o "nY.  (5.10)

The explanation is simple: each of the non-degenerate 1-dimensional
h-pseudodifferential operators contributes O (1) to the remainder estimate and there
is <(uh)~! of them which should be taken into account. Another explanation is that
under the non-degeneracy assumption, the drift of the magnetrons destroys the peri-
odicity but we can follow the evolution for time 7* = epu, so the remainder estimate
is O(T*'h=1.

If d = 3, we cannot get the local remainder estimate better than O (h~?) without
global non-periodicity conditions due to the evolution along magnetic lines. On the
other hand, we do not need strong non-degeneracy assumptions:

Theorem 5.2 Letd =3, F < 1 and uh < 1. Then,
/(e(x,x, 0) — h 3N (x, — v, ,th))tp(x)dx — O™+ ph™'7%) (5.11)
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in the general case and
/(e(x,x,O) —h B3N (x, —v, ;LhF))w(x)dx =0, (5.12)

provided

Z [VEVE > e. (5.13)

a: 1<|a|<K

Further, in the general case, as(FOR?) 1 < h_%, we can replace the magnetic Weyl
expression /\f3MW by the standard Weyl expression N3.

5.2.4 Asymptotics: strong magnetic field

Let us now consider the strong magnetic field case uh = 1. Then the remainder
estimates (5.10), (5.11) and (5.12) acquire a factor of uh’lz

Theorem 5.3 Letd =2, F < 1 and uh 2 1. Then for the operator (5.3),

(i) Under the assumption
|tV — 2j + DuhF| > ey YjeZ", (5.14)
the following asymptotics holds:
e(x,x,7) —h 2NV (x, 1 —V, F) = O(u™h"). (5.15)
(i1) Under the assumption

|tV — (2j 4+ DphF| + |V((V — 1) F~ Y|
+|detHess((V —T)F )| > ¢y VjeZ™, (5.16)

the following asymptotics holds:
/(e(x,x, 7)) —h 2N -y, F))w(x)dx —o). (517

Remark 5.4 1f d = 2, we only need that £ 'k « 1 rather than & < 1.

Theorem 5.5 Letd = 3, F < 1 and uh 2, 1. Then for the operator (5.3),
/(e(x,x,O) — RN /LhF))I//(x)dx — Ok~ (5.18)
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in the general case and
/(e(x,x, 0) — h3ANMW (x, — v, ,th))t/f(x)dx — ok (519

under the assumption

IV+@Qj+DuhFl+ > |V'VF'|>e VjeZt. (5.20)

a: 1<|a|<K

Remark 5.6 () NMW = O(uh) for uh > 1.
(ii) For the Schrodinger—Pauli operator (5.4), one only needs to replace “(2j + 1)”
by “2;j” in the assumptions above.

5.3 2D case, degenerating magnetic field
5.3.1 Preliminaries

Since p F' plays such a prominent role when d = 2, one may ask what happens if F
vanishes somewhere? Obviously, one needs to make certain assumptions; it turns out
that in the generic case

|F|+|VF| = 1, (5.21)

the degeneration manifold ¥ := {x : F(x) = 0} is a smooth manifold and the
operator is modelled by

W2D? 4 (hDy — ux?/2)* + V(x2), (5.22)

which we are going to study. We consider the local spectral asymptotics for ¢ supported
in a small enough vicinity of X. Under the assumption (5.21) (or, rather more a general
one), the complete analysis was done in Chapter 14 of [14].

5.3.2 Moderate and strong magnetic field

We start from the case wh < 1. Without any loss of the generality, one can assume
that ¥ = {x : x; = 0}. Then, the scaling x — x/y(x) (with y(x) = Ldist(x, ¥)),
brings us to the case of the non-degenerate magnetic field with 4 +— h; = h/y and

W = uy? as long as y > ,u_%. Then the contribution of B(x, y(x)) to the
remainder does not exceed Cul_lhl_1 = Cp~'h~'y ! and the total contribution of the

regular zone Z = {y(x) > Cou~2} does not exceed C S thly D dx =chl.
On the other hand, in the degeneration zone Zyp = {y(x) < Cou_%}, we use

y = M_% and the contribution of B(x, y(x)) does not exceed Ch]_1 = Ch_lu_%
and the total contribution of this zone also does not exceed Ch~ 1.
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Thus we conclude that the left-hand expression of (5.10) is now O(h~1). Can we
do any better than this?

Analysis of the evolution and propagation in the zone Z shows that there is a
drift of magnetic lines along ¥ with speed Ce~'y~! which allows us to improve
T* < uy? to T* < uy (both before rescaling) and improve the estimate of the
contribution of B(x, y(x)) to Cu~'A~! and the total contribution of this zone to
C[p'thty=2dx = C,u_%h_l.

Analysis of evolution and propagation in the zone Z is more tricky. It turns out

. . _1
that there are short periodic trajectories with period < ©~ 2, but there are not many
of them which allows us to improve the remainder estimate in this zone as well.

Theorem 5.7 Let d = 2 and suppose the condition (5.21) is fulfilled. Let ¥ := {F =
0} ={x; =0}and —V =< 1. Let u < h™!. Then,

(i) The left-hand expression of (5.17) is O(M_%h_1 + h_l(,u%hHoghD%). In
particular, for i < (h|logh|)~3, itis O(u"2h~").
(i1) Further,

/(e(x, x,0) — h2AMW(x ,th))w(x)dx
—h! /Nc'\g‘r’ﬁ’(xz,om(xz, 0)=0 (M—%h—l +h—5) (5.23)
with
BN = ! [ moea, - W), ey
—h*Z/NMW(—W(xz),th(xl))dxl (5.24)

wherengy (&2, T, h) is an eigenvalue counting function for the operatorag (2, h) =
1
B2D? + (& — x3/2)? onR! 5 x1, h = p2h and W(x2) = V (0, x2).
(iii) Furthermore, under the non-degeneracy assumption

> w1 (5.25)

1<k<m
(in the framework of assumption (5.22)), one can take 5§ = 0 in (5.23).

Remark 5.8 (i) Under some non-degeneracy assumptions, Theorem 5.7(i) could
also be improved.

(ii) Theorem 5.7 remains valid for 1=! < u < h~2 as well but then the zone {x :
y(x) > C(uh)~'} is forbidden, contribution to the principal part is delivered by
the zone {x : y(x) < (uh)"Yanditis < pu~'h=3.

(i) As pu > Ch?, the principal part is O and the remainder is O (1 ™%).

For further details, generalizations and proofs, see Section 14.6 of [14].
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5.3.3 Strong and superstrong magnetic field

Assume now that . > h~! and replace V by V — (2j + 1)uhFyp with j € Z7.
Then the zone {x : y(x) > C(uh)~'} is no longer forbidden, the principal part of
asymptotics is of the magnitude wh~! (cf. Remark 5.8(ii) and the remainder estimate

becomes O (™ 1p! + h~?%) (and under the non-degeneracy assumption one can take
5 =0).

Furthermore, the case yu > Ch~?is no longer trivial. First, one needs to change
the correction term by replacing ap with az;41 = a9 — (2j + D7x;. Second, the
non-degeneracy condition should be relaxed by requiring (5.25) only if

W23 %0 () + W(x2)| + [8yAjn(n) > € Vn, (5.26)

fails, where A , are the eigenvalues of a1 with 2 = 1.
Furthermore, if

1230 () + W(x)| > e Vn, (5.27)

then O belongs to the spectral gap and the remainder estimate is O (™).
For further details, exact statements, generalizations and proofs, see Sections 14.7
and 14.8 of [14].

5.4 2D case, near the boundary
5.4.1 Moderate magnetic field

We now consider the magnetic Schrédinger operator withd = 2, F < 1 in a compact
domain X with €°°-boundary. While the dynamics inside the domain do not change,
the dynamics in the boundary layer of the width =</, ~! are completely different. When
the magnetron hits 90X, it reflects according to the standard “incidence angle equals
reflection angle” law and thus the “particle” propagates along 9 X with speed O (1)
rather than O (u~!). Therefore, physicists distinguish between bulk and edge particles.
Note however that in general, this distinction is not as simple as in the case of constant
F and V. Indeed, a drifting inner trajectory can hit d X and become a hop trajectory,
while the latter could leave the boundary and become an inner trajectory.

It follows from Sect. 5.2 that the contribution of B(x, y(x)) with y(x) =
% dist(x, 3X) > 7 = Cu~! to the remainderis O (u~'h~1y2T (x)~"), where T (x) is
the length of the drift trajectory inside the bulk zone {x € X : y(x) > y}. Thenthetotal
contribution of this zone to the remainder does not exceed Cpu ' h~! f Tx) ldx =
O(u='h=") since T (x) > y(x)% (in the proper direction).

On the other hand, due to the rescaling x + x/y, the contribution of B(x, y) with
y(x) < 7 to the remainder does not exceed Cuh~'7? and the total contribution of
the edge zone {x € X : y(x) < 7} does not exceed Cpuh~'y = Ch~! and the total
remainder is O (h~!). Thus, if we want a better estimate, we need to study propagation
along 0X.
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Theorem 5.9 Under the non-degeneracy assumption |Vyx (VF _1)| = 1 on supp(¥)
(contained in the small vicinity of X) for uh < 1

/ (e(x, X, 0) — h2AMW (. 0, Mh))w(x) dx
X

—n! /axwggundu,o, ph) Y (x)dsg = O(uw™'n™h,  (5.28)

where Nyggund isintroducedin (5.29)p or (5.29)N below for the Dirichlet or Neumann

boundary conditions respectively with i = whF (x) and t replaced by —V (x).
Here,

MW
ND,bound (r.h)

= (2n)*1/0 Z(/G(r—th,j(n))vé’j(xl,n)dn—G(I—(2j+1)h))

j=0

nYdx ((5.29)p)
and
M bouna (T 1)

= Q2n)"! /0 Z (/6(1 - th,j(n))uﬁ,,j(xl, mdn—0(t — (2j + l)h+))

Jj=0

hdx,. ((5.29)n)

where Ap_;j(n) and AN, ; () are eigenvalues and vp ; and vN,; are eigenfunctions of
operator

a(n,x;, Dy) = Dlz + x12 asx; <n (5.30)

with the Dirichlet or Neumann boundary conditions respectively at x; = 1.

Remark 5.10 Under weaker non-degeneracy assumptions |[VVF~!| =< 1 and
VyxVF =0 —= :I:V%X VF~! > ¢, less sharp remainder estimates are derived.
The sign in the latter inequality matters since it affects the dynamics. It also matters
whether Dirichlet or Neumann boundary conditions are considered: for the Dirichlet
boundary condition we get a better remainder estimate.

For exact statements, generalizations and proofs, see Sections 15.2 and 15.3 of [14].
5.4.2 Strong magnetic field

We now consider the strong magnetic field uh 2 1 and for simplicity assume that
F = 1. In this case, we need to study an auxiliary operator D% +(x; —m?asx; <0
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with either the Dirichlet or Neumann boundary conditions at x; = 0 or equivalently
the operator (5.30) and our operator is basically reduced to a perturbed operator

a(hDa, x1, D) — (2] + 1) — (uh) ' W(x2) hi=p""'h, (5.31)

with W(x2) = V(0, x2). Then we need to analyze either Ap ;(n) or An,;(n) more
carefully. It turns out that:

Proposition 5.11 Ap ,(n) and AN (1), n = 0,1,2, ... are real analytic functions
with the following properties:

(i) Ap(n) are monotone decreasing for n € R; Ap(n) /' +00 asn — —oo;
Aok () N\ k + 1) as n — +00; Ap 4 (0) = (4k + 3).
(ii) AN k(n) are monotone decreasing for n € R™; ANy (n) /' 400 as n — —oo;
ANk(D) < (2n+1Dasn > (2n+ 1)%; ANg(0) = (4n + 1).
(i) A (1) < ADx(M) < ANty () Aok (1) > 2k + 1), AN () > (2k — 1.

Proposition 5.12 (i) 9,Ap () <O.
(i) IyAN,» (1) % 0 if and only if

n°. (5.32)

VIIA

ANk (1)

(iii) AN x(n) has a single stationary point®8 0y, it is a non-degenerate minimum, and
at this point (5.32) holds.
(iv) In particular, (AN k(1) — 172) has the same sign as (N — n).

We see the difference between the Dirichlet and Neumann cases because we need
non-degeneracy for A, (hD2) — (2j + 1) + W(x2). It also means the difference in
the propagation of singularities along 0 X: in the Dirichlet case, all singularities move
in one direction (constant sign of kb’ k), while in the Neumann case, some move in

the opposite direction (variable sign of AN .); this effect plays a role also in the case
when puh < 1.
Assume here that t is in an “inner” spectral gap:

|2j + Duh +V — 1| > coph V¥xVj e Z*. (5.33)

Theorem 5.13 Suppose that wh 2 1 and the condition (5.33) is fulfilled. Then,

(1) In case of the Dirichlet boundary condition, the left-hand expression in (5.28) is
o(1).
(1) In case of the Neumann boundary condition, assume additionally that

|(AN,j(Mmh +V — 1| < eouh,
M+ 10,V <€ = 205V 26 Vji=0,12,... (534

38 And it must have one due to Proposition 5.11.
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Then, the left-hand expression in (5.28) is O(1) under the assumption (5.34) ;.
and O (log h) under the assumption (5.34)_.

Remark 5.14 (i) If (5.33) is fulfilled for all T € [11, 72], then the asymptotics is
“concentrated” in the boundary layer.

(i) For a more general statement when (5.33) fails (i.e. when t is no longer in the
“inner” spectral gap) and is replaced with the condition

V4 @j+Dph—t[+|VV][<1 (5.35)

on supp(y), see Theorem 15.4.18 of [14].

5.5 Pointwise asymptotics and short loops
We are now interested in the pointwise asymptotics inside the domain. Surprisingly,

it turns out that the standard Weyl formula for this purpose is better than the Magnetic
Weyl formula.

5.5.1 Cased =2

We start from the case d = 2, F = 1, [VV| < 1. One can easily see that in classical
dynamics, short loops of the lengths =< u~'n withn = 1,..., N, N < u appear. We
would like to understand how these loops affect the asymptotics in question.
Theorem 5.15 For the magnetic Schrodinger operator which satisfies the above
assumptions in a domain X C R2, with B (0, 1) C X, the following estimates hold at
a point x € B(0, %)

() Forl<u<h2,

ler,x, ) — h2ANW () < Cu " h ' + Cuth™2 + Culh™?  (5.36)

and
W . -2 W W
Ryt = le(x, x,0) = h=* (N (0) + N orrry (0)]
<Cu '+ CuthTr + Cuh T (p2h)
- S\r+3 1,2 _2
h=Y(hp2) ™2 3h3) <h75,
+C (5 (l“) T =t (5.37)
Ww3ih—3 aspu>h"s
where N, ;chorr(r) is the r-term stationary phase approximation to some explicit

oscillatory integral (see Section 16.2 of [14]).
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(i) Forh™3 <p < h~,

Rx\z;/) = (e(x, X, T) — h_z-/\/;c,corr(r) —ex(x,x,7)+ h_z-/\_/;c,corr(r))‘
—25=2¢,, 27\ % -1
<cutht gyl h==(u°h)" ™2 fowih?
h! forp>h"2
1
B3 4 phTS forw < h
+C 1 uins forh™3 <pu<h=3 (5.38)
,u_%h_% as | zh_%
while forr = 0,
Wr - 11
Rx(()) =le(x,x,7) —ex(x,x,T)| < Cu2h™2

1 1 _1
+C[h pr o Jorp=htz, (5.39)

WIS forp =k
where here and in (iii), ey is constructed for the toy model in 'y (with F = F(y)

and V(x) = V(y) +(VV(y),x — y)).
(iii) Forp > h="' © <cuh,

le(v.x.7) = & (r,x, )] < Cuth ™2, (5.40)
5.5.2 Cased =3
For d = 3, we cannot expect a remainder estimate better than O(h~"). On the other
hand, the purely Weyl approximation has a better chance to succeed as the loop con-
dition now includes returning free movement along the magnetic line in addition to

the returning circular movement. We formulate only one theorem out of many from
Section 16.6 of [14]:

Theorem 5.16 Let d = 3. Then,

(i) In the general case,
le(r,x, 1) — h AW, x, 1) < Ch2 + Cuih~3, (5.41)
(i) Under non-degeneracy condition
IVir(V —1)/F| < 1, (5.42)

1
where V| is the component of the gradient perpendicular to ¥, for u < h™z,
we have the estimates

le(r,x, ) — h AW, x, 1) < Ch 2 + Cudh™! (5.43)
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and

le(x,x, ) — hiSN’XW(X, X, T) — h73~/\/x,corr(r)|
< Ch™2 4 Cph™32 (12h)y 2. (5.44)

Here we use stationary phase approximations again.

. 1
Remark 5.17 One can also consider the cases 772 < u < h~'and u > h~'. But
then one needs to include the toy model expression (with constant F and VV) into the
approximation.

5.5.3 Related asymptotics

Apart from the pointwise asymptotics, one can consider the related asymptotics of

1
/w(z(x+y),x —y) e(x,y, v)e(y, x, v)dxdy (5.45)
and estimates of

[ P
X (e(y,y,f) —ew(%)’vf)) dxdy. (5.46)

For all the details, see Chapter 16 of [14]. These expressions play important role in
Sect. 7.

5.6 Magnetic Dirac operators
We discuss the magnetic Dirac operators
H = ((—ihV — pA(x)) - 0) + ooM + V(x) (5.47)
and
H = ((—ihV — pA(x)) - o) + V(x). (5.48)

If d = 3, for the second operator, we can consider 2 x 2 matrices rather than 4 x 4
matrices.

If V = 0 then H? equals to the Schrodinger—Pauli operator (plus M?) and therefore
the theory of magnetic Dirac and Schrodinger operators are closely connected. If
V = 0and 0 # F is constant then the operator for d = 2 has a pure point spectrum
of infinite multiplicity consisting of 4/ M2 + 2juhF with j € Z 3% and for d = 3,

39 However, one of the points =M is missing depending on whether Fj 2 0 and 070203 = *i.
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this operator has absolutely continuous spectrum (—oo, —M]U[M, co). Thus we get
corresponding Landau levels.

The results similar to those of Sect. 5.2 hold (for details, exact statements and
proofs, see Chapter 17 of [14]. Further, the results of Sects. 5.3 and 5.5 probably are
not difficult to generalize, and maybe the results of Sect. 5.4 as well under correctly
posed boundary conditions.

6 Magnetic Schrodinger operator: 11
6.1 Higher dimensions
6.1.1 General theory

We can consider a magnetic Schrodinger (and also Schrédinger—Pauli and Dirac)
operators in higher dimensions. In this case, the magnetic intensity is characterized
by the skew-symmetric matrix Fj; = 9;Ax — d;A; rather than by a pseudo-scaler
F1> or a pseudo-vector F. As a result, the magnetic Weyl expression becomes more
complicated; as before, it is exactly e(x, x, t) for the operator in RYif F ik and V
constant:

h= N ()
1d-2r)
=@ T Y (=D Qe+ D fuh —V fieo fri/g.
aeltr j +
6.1)
where 2r = rank(Fj;) and Lif; (with j = 1,...,r, f; > 0) are its eigenvalues*’

which are not 0; recall that z& = 0(2).

One can see that H has pure point of infinite multiplicity spectrum when d = 2r
and H has an absolutely continuous spectrum when d > 2r. In any case, the bottom
of the spectrum is wh(f1 4+ --- + f).

We are interested in the asymptotics with the sharpest possible remainder estimate
like the one for d = 2 or d = 3 in the cases d = 2r and d > 2r respectively.*!
Asymptotics without a remainder estimate were derived in [22,23].

As we try to reduce the operator to the canonical form, we immediately run into
problem of resonances when fimi + --- + f,m, = 0 at some point with m € 74,
|my| 4+ - -4 |m;| is an order of resonance. If the lowest order of resonances is k, then
we can reduce the operator to its canonical form modulo O (1 ~%) for uh < 1 (when
wh > 1, this problem is less acute).

It turns out, however, that we can deal with an incomplete canonical form (with a
sufficiently small remainder term).

40 1In the general case, the eigenvalues of (ij) = (g-fl)(Flk) where (gjk) is a metric.
41 We assume that (Fjg (x)) has constant rank.
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Another problem is that we cannot in general assume that the f; are constant

(for d = 2, 3, we could achieve this by multiplying the operator by fl_l/ 2) and the
microhyperbolicity condition becomes really complicated.
Case2r =d

In this case, only the resonances of orders 2, 3 matter as we are looking for an
error O(,u_lhl_d) when puh < 1. If the magnetic field is weak enough, we use the
incomplete canonical form only to study propagation of the singularities and if the
magnetic field is sufficiently strong, the omitted terms O (1 ~*) in the canonical form
are small enough to be neglected.

As a result, the indices j = 1,...,r are broken into several groups (indices j
and k belong to the same group if they “participate” in the resonance of order 2 or 3
after all the reductions). Then under a certain non-degeneracy assumption called 91-
microhyperbolicity (see Definition 19.2.5 of [14]) in which this group partition plays a
role, we can recover the remainder estimate O(y,_l h1=4) for wh < 1 (in which case,
the principal part has magnitude 2 ~¢) and O (" ~'h'=4*") for uh > 1 (in which case,
the principal part has magnitude p” A" ~9). If we ignore the resonances of order 3, we
get a partition into smaller groups and we need a weaker non-degeneration assumption
called microhyperbolicity (see Definition 19.2.4 of [14]) but the remainder estimate
would be less sharp.

In an important special case of constant f1, ..., f, both these conditions are equiv-
alent to |VV| disjoint from O (on supp(y/)) but it could be weakened to V having only
non-degenerate critical points (if there are saddles, we need to add a logarithmic factor
to the remainder estimate).

On the other hand, without any non-degeneracy assumptions, the remainder esti-
mate can be as bad as O (uh!~¢) for uh < 1 and as bad as the principal part itself for
wh 2 1.

For exact statements, details, proofs and generalizations, see Chapter 19 of [14].
Case2r < d

In this case, only the resonances of order 2 matter since we are expecting a larger
error than in the previous case. As a result, the indices j = 1, ..., r are broken into
several groups (indices j and k belong to the same group if f; = fi).

Then under a certain non-degeneracy assumption called microhyperbolicity (see
Definition 20.1.2 of [14]) in which this group partition plays a role, we can recover the
remainder estimate O (h!'~¢) for uh < 1 (then the principal part is of the magnitude
h=4y and O(u h'=4*7) for wh > 1 (then the principal part is of the magnitude
Mr hr—d ).

In an important special case of constant f, ..., f;, this condition is equivalent to
|V V| being disjoint from 0 (on supp(y)) but it could be weakened to “VV =0 —
Hess V has a positive eigenvalue”; if we assume only that “VV = 0 = HessV
has a non-zero eigenvalue”, but we need to add a logarithmic factor to the remainder
estimate.

As expected, for 2r = d — 1, we can recover less sharp remainder estimates even
without any non-degeneracy assumptions and for 2r < d —2, we do not need any non-
degeneracy conditions at all. For exact statements, details, proofs and generalizations,
see Chapter 20 of [14].
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6.1.2 Case d = 4: more results

This case is simpler than the general one since we have only f] and f> and resonance
happens if either f1 = f or f1 =2f> (or fo =2f1).

If we assume that the magnetic intensity matrix (Fj;) has constant rank 4, this
case is simpler than the general one (d = 2r) and we can recover sharp remainder
estimates under less restrictive conditions. For exact statements, details, proofs and
generalizations, see Chapter 22 of [14].

On the other hand, if we consider (Fj;) of variable rank, then in the generic case,
it has the eigenvalues i f] and +if; and ¥ = {x : fi(x) = 0} is a ¥°° manifold of
dimension 3, V f; # Oon X, while f; is disjoint from 0. It is similar to a 2-dimensional
operator which we considered in Sect. 5.3, although with a twist: the symplectic form
restricted to X has rank 2 everywhere except on a 1-dimensional submanifold A where
it has rank 0.

Our results are also similar to those of Sect. 5.3 with rather obvious modifications
but the proofs are more complicated.

For exact statements, details, proofs and generalizations, see Chapter 21 of [14].

6.2 Non-smooth theory

As in Sect. 4, we do not need to assume that the coefficients are very smooth. As
before, we bracket the operator in question between two “rough” operators with the
same asymptotics and with sharp remainder estimates. However, the lack of sufficient
smoothness affects the reduction to the canonical form: it will be incomplete even if
there are no resonances. Because of this, to get as sharp asymptotics as in the smooth
case, we need to request more smoothness than in Sect. 4.
Cased =2

For d = 2, we require smoothness of Fj,, g/* and V marginally larger than € to
recover the same remainder estimate as in the smooth case, but there is a twist: unless
the smoothness is €3, a correction term needs to be included. This is due to the fact
that V(x) and W (x) differ and a more precise formula should use W (x) rather than
V(x). Here, W is V averaged along a magnetron with center x. In fact, it is possible
to consider V of the lesser smoothness than €2 (but marginally better than €’'), but
one gets a worse remainder estimate. For exact statements, details and proofs, see
Chapter 18 of [14] and especially Section 18.5.
Cased =3

Results are similar to those in the smooth case. However, in this case, if we assume
no non-degeneracy conditions then the exponent § in the estimates (5.11) and (5.18)
depends on the smoothness and if we assume a non-degeneracy condition (5.13)
or (5.20) then obviously K depends on the smoothness. Under the non-degeneracy
assumption with K = 1, we need smoothness marginally better than %! but again
unless the smoothness is 2, we need to use the averaged potential W (x) rather than
V(x).

For exact statements, details and proofs, see Chapter 18 of [14] and especially
Section 18.9.
Cased > 4
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Basically, the results are similar to those for d = 2 (if rank(Fjx) = d) or for
d = 3 (if rank(Fj;) < d), but we cannot recover the sharp remainder estimate if the
smoothness of V is less than € or € respectively because we cannot replace V (x)
by its average W (x) in the canonical form.

For exact statements, details and proofs, see Chapters 19 (if rank(Fj;) = d) and
Chapters 20 (if rank (Fjx) < d) of [14].

6.3 Global asymptotics

For magnetic Schrodinger and Dirac operators, one can derive results similar to those
of Sects. 3.1 and 3.2. We describe here only some results which are very different from
those already mentioned and only for the Schrodinger operator.

6.3.1 Cased = 2r

Assume that Fj; = const, rank(Fjx) = 2r =d, u = h = 1 and V decays at infinity.
Then instead of an eigenvalue of infinite multiplicity A; 0o = 2j1 + 1D f1 +--- +
(2j, + 1) f, (with j € Z*"), we have a sequence of eigenvalues A j.n tending to A o
as n — oo and we want to consider the asymptotics of N;(n) which is the number of

eigenvalues in (Aj 00 — €, X 00 — 1) and N;’(n) which is the number of eigenvalues
in(Aj oo+ 1,400 +€),asn— +0.

It turns out that in contrast to the Schrodinger operator without a magnetic field,
there are meaningful results no matter how fast V decays.

Theorem 6.1 Let us consider a Schridinger operator in R? satisfying the above
conditions, u = h = 1 and

VOV < cap?y ™, 6.2)
with p = (x)", y = (x), m < 0. Let
FV=—ep® = |VVIz e’y forlx|=c. (6.3)%

Then,

(i) The asymptotics

Nf(n) =NT () + O(ogn) (6.4)+
hold with
NT() = i/ Fdx (6.5)+
27 Jizvsn)

and in our conditions NF(n) = O(n'/™). Moreover, N (1) < n'/™ provided
that FV > €p? for x € T, where T is a non-empty open sector (cone) in R>.
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(i1) Furthermore, if
FV > ep2 for |x| > c, (6.6)+

then the remainder estimate is O (1). In this case, the points (2j + 1)F £ 0 are
not limit points of the discrete spectrum.

This theorem is proved by rescaling the results of Sect. 5.2.4 which do not require
h < 1,butonly uh 2 1 and ,u_lh « 1 (see Remark 5.4); in our case, after rescaling
w = 1/py and u = y/p, so that uh = 1/p*> and u~'h = y 2. Therefore, the
remainder does not exceed f y ~2dx, where we integrate over {x : |V (x)| > (1—€)n}
in the general case and over {x : (1+¢€)n > |V (x)| > (1 —€)n} under the assumption
(6.6)~.

Remark 6.2 (i) Similar results hold in the d-dimensional case (d > 4) when (F) =
const and d = rank(F): the remainder is O (7“~/2") and the principal part
is O(T]d/zm).

(i) One can consider the case p = exp(—(x)™), y = xX)'™, 0 < m < 1,
and recover remainder estimate O(]log n|@=2/m+2y in the general case and
O (| log n|@=2/m+1y under the assumption (6.6)+ with N F (1) = O(|log n|¢/™).

(iii) On the other hand, the cases when V decays like exp(—2(x)) or faster, or is com-
pactly supported, are out of reach of our methods but the asymptotics (without
a remainder estimate) were obtained in [21,24,27].

For exact statements, details, proofs and generalizations for arbitrary rank (Fj;) =
d = 2r, see Subsection 23.1.1 of [14].

6.3.2 Cased > 2r: 1

This case is less “strange” than case d = 2. Here, we can discuss only the eigenvalue
counting function Ny (17).

Theorem 6.3 Let us consider a Schrodinger operator in R? satisfying F = const and
6.2) with p = (x)™, y = (x), m € (—1,0). Then,

(i) The asymptotics
— _ 1_
NG =N~ +0 (157)  ©7)-
hold with

1 1
N~ = M—Z/F(—V—n)idx (6.8)

and arbitrarily small § > 0, and furthermore, N~ (n) = O(n%J“%). Moreover,
3 1

N=() < n2n 2, provided —V > ep? for x € T where T is a non-empty open

cone in R3.
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(i1) Further, under the assumption

D vV = ep? for|x| = c, 6.9)
le] <K

the asymptotics (6.8) hold with § = 0.

Remark 6.4 (i) Similar results hold in the d-dimensional case when (Fj;) = const
and d > 2r = rank(Fj;): the remainder estimate is
0(n(d72r71)/2+(d71)/2m78) 42 and N~ (77) — 0(n(d72r)/2+d/2m).

(i) Observe that for m = —1, both the principal part and the remainder estimate
have magnitude n~".

(iii) One can also consider p = (x)~!|log(x)|* with o > 0.

For exact statements, details, proofs and generalizations, see Subsection 23.1.2 of
[14].
6.3.3 Cased > 2r: 11

We now discuss faster decaying potentials. Assume that d = 2r + 1 (otherwise there
will be no interesting results). Assume for simplicity that g/¥ = & jk and Fyp = 0.
Further, one can assume that A;(x) = 0; otherwise one can achieve it by a gauge

transformation. Then, A; = A (x’) withx” = (x1, ..., x2,) and the operator is of the
form
Dj+V(x)+Hj with Hy:= > (Dj—Ajx)% (6.10)
1<j=d—1

For any fixed x” : |x’| > ¢, consider the one-dimensional operator
L:=D>+V(&';1) 6.11)
on R > z. It turns out that under the assumption
Vsl <et™?, (6.12)

with ¢ < (% — ¢€), this operator has no more than one negative eigenvalue A(x’);
moreover, it has exactly one negative eigenvalue

1
AMx') = —;twoc’)2 + 0(e%), (6.13)
provided

W' = /]R Vix';t) <0 and — W) < e. (6.14)

42 Where § = 0 if either d > 2r + 2 or the assumption (6.9) is fulfilled.
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Furthermore, in this case A(x") nicely depends on x’.
Let

VoV < cap?y @y e (6.15)

with p = () (xV*, y = (x), y1 = (¢)and | < =2, m := 2] + 2k + 1 < O and if
Wi <0, W) =<p, p =", (6.16)

then we are essentially in the (d — 1)-dimensional case of an operator H' := H{j+1(x"),
and for N7 (), we have the corresponding asymptotics of Sect. 6.3.1.
For exact statements, details, proofs and generalizations, see Section 23.1.3 of [14].

7 Applications to multiparticle quantum theory
7.1 Problem set-up

In this section, we discuss an application to Thomas—Fermi Theory. Consider a large
(heavy) atom or molecule; it is described by a Multiparticle Quantum Hamiltonian

Hy= > Hyn+ > —— .1

1<n<N l<n<k<N n — x|

where H is a one-particle quantum Hamiltonian, Planck constant /i = 1, electron mass
= %, electron charge = —1. This operator acts on the space §) := Aj<j< NZ 2 (R3, (Cz)
of totally antisymmetric functions W (x1, ¢1; ...; Xy, ¢n) because the electrons are

fermions, x, = (x},x2,x3) is a coordinate and ¢, € {—%, %} is the spin of n-th

n’>>*n>’*n
particle. We identify the C2-valued function ¥ (x) on R3 with a scalar-valued function
v(x, ¢).

If the electrons did not interact between themselves, but the field potential was
—W(x), then they would occupy the lowest eigenvalues and the ground state wave
functions would be the anti-symmetrized product ¢ (x1, ¢1)¢2(x2, §2) ... dN (XN, SN),
where ¢, and A, are the eigenfunctions and eigenvalues of Hy respectively.

Then the local electron density would be py = >, _, -y ¢4 (x) |2 and according
to the pointwise Weyl law (if there is no magnetic field)

1 3
pw(x) ~ 3”—2(W +v)1, (7.2)

where v = Ay. We first assume that there is no magnetic field and therefore, Hy =
—A—=V(x).

This density would generate the potential —|x|~! % py and we would have W =
V —x|7" % py.
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Replacing all approximate equalities by strict ones, we arrive to the Thomas—Fermi
equations:

VW =x"xpF, (7.3)
1 3
TF _ TF 3
p = 37_[—2(W +v)1, (7.4)
/ oFdx =N, (7.5)

where v < 0 is called the chemical potential and in fact approximates Ay .
Considering atoms and molecules, we assume that

Zy
V= > F— (7.6)

9
l<m<M X = Yml

where Y, is the position and Z,, is the charge of the m-th nuclei, M is fixed and
W =xZry=<--=<xZy <N — o0.

Thomas—Fermi theory has been rigorously justified (with pretty good error esti-
mates) and we want to explain how.

7.2 Reduction to one-particle problem
7.2.1 Estimate from below

We start from the estimate from below. The ground state energy E := inf (Hy W, W),
taken over all W € § with ||| = 1, where (-, -) denotes the inner product in
$. Classical mathematical physics provides a wealth of results. One of them is the
electrostatic inequality due to Lieb [17]:

> /|xj—xkrlw(m,...,xN>|2dx1-~-de
1<j<k<N
1 4
> ED(p\p,pw)—C/pi(X)dx, (7.7)

with py defined by (7.2). This inequality holds for all (not necessarily antisymmetric)
functions W with || V]| &2g3vy = 1. Therefore,

1 4
Hyw,w) = S (Hy, v, w>+§D(pw,pw>—C/p3U<x>dx
I<j=N
1 1
I=j=N
4
—c/pg,(x)dx (7.8)
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and Hy is a one-particle Schrodinger operator with potential
W=V—|x|""x%p, (7.9)
where p is an arbitrarily chosen real-valued non-negative function and therefore,

(V =W, py) = =D(p, pw). (7.10)

The physical sense of the second term in W is transparent: it is a potential created
by the charge —p. Skipping the positive second term in the right-hand expression of
(7.8) and believing that the last term is not very important for the ground state function
W 3 we see that we need to estimate from below the first term. Since the first term is
simply the sum of operators acting with respect to different variables, we can estimate
it from below by

((Hwx, — V)W, W) + AN (7.11)

with arbitrary v; therefore, it is bounded from below by Tr((Hw —v)_), where (Hwy —
v)_ denotes the negative part of the operator (Hw — v), and hence its trace is the sum
of the negative eigenvalues.

Here, the assumption that W is antisymmetric is crucial. Namely, for general (or
symmetric—does not matter) W, the best possible estimate is A1 N where A1 is the low-
est eigenvalue of Hy (we always assume that there are sufficiently many eigenvalues
below the bottom of the essential spectrum of Hy ) and we cannot apply semiclassical
theory.

Thus we arrive to

1
Ex = Tr((Hy —v)-) +vN = 2D(p. p) = CN3, (7.12)

4
where we used another result of Lieb [17]: f ,oj, (x)dx <CN 3 for the ground state W.
7.2.2 Estimate from above

Here, we simply plug in a test function W which is an (anti-symmetrized) product
d1(x1, S1)P2(x2, 62) - - - dN (XN, ¢n) Where ¢, and A, are eigenfunctions and eigen-
values of Hy respectively, and we pick W later. It may happen, however, that Hy
does not have N negative eigenvalues, then we can reduce N and use the inequality
Ev <EyasN' <N.

Then, Ep is estimated from above by

1
(Hyw, w) = Z(Hw,xj — MW, W) +AN —(V =W, py) + ED(P\P: Pw)

1
‘EZ// x = Y17 1Y ) P1Ya (01 dxdy (7.13)

43 When we derive the upper estimate for E, we will get an upper estimate for this term as a bonus.
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and therefore recalling (7.10), we obtain
1 1
Ev <Tr((Hw — M) -) + AN + ED(p\y -0, Py —p) — ED(p, p) (7.14)

and py = trey(x,x) where ey(x, y) and e(x, y, A) are the Schwartz kernels of
the projector to the N lowest eigenvalues of Hw and of the operator 8(A — Hy)
respectively; here tr denotes the matrix trace, and A = Ay if Ay < Oand A = 0
otherwise. Finally, we conclude that
Ev <Tr((Hw —v)-) +vN + |A —v|- IN"(Hy —v) — N|
1 1
+§D(treN(x,x) —p,trey(x,x) —p) — ED(p,p) (7.15)

with arbitrary v < 0.

7.3 Semiclassical approximation
7.3.1 Estimate from below

In the estimate from below (7.12), we replace Tr((Hw — v)_) by its semiclassical
approximation

Tr((Hy —v)_) ~ —/ P(W +v)dx (7.16)
with
_ 2 5
P(W +v) = 571_2(W+v)+’ (7.17)

and also plug in p = %A(W — V); then we obtain the functional

O, (W, v) = —/ P(W +v)dx — énww —W)|I> + vN; (7.18)

maximizing it, we arrive to the Thomas—Fermi equations and its maximal value is 5;5':,
delivered by Thomas—Fermi theory. Then, we need to understand the semiclassical
error. To do this, we use the properties of the Thomas—Fermi potential and rescale

X xN% and T —> N_%r (so, v > N_%v) with
Hy = —h>V? - W, (7.19)
where near y,,, the rescaled potential is Coulomb-like: W ~ z,,|x — y|~! with z,,, =

ZuN~L
Then, we can apply results Sect. 3.2.6 (see (3.52)): for the operator (7.19),
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Tr((Hy —v)_) = —h > / P(W +v)dx +kh™>+ O™, (7.20)

where in this case, the numerical value of k = 2 Zm z,z,l is well-known. Scaling back,
we obtain EZT,F + Scott+ O(N %) where the leading term is of magnitude N 3 and the
Scott correction term Scott =23 Z,%l. Here, we need to assume that |y, —y,,v| 2 1

after rescaling (and |y, — V'] 2 N -3 before it).
Indeed, after rescaling, we get an operator which is uniformly in the framework of
Sect. 3.2.6 due to the following properties of the Thomas—Fermi potential:

Claim 7.1 Before rescaling, WTF = Z,|x — Y|~ 4+ O(N) for [x — Y| < N—3
and WIT < 3 (Ix = ym|™ + (Z — N)ilx — yul™!) for [x — y,u| = 1 for all
m=1,..., M.

In fact, the analysis of Sect. 3.2.6 was mainly motivated by this problem.
7.3.2 Estimate from above

Again, using the semiclassical approximation (7.16) for Tr((Hw — v)™) and also
en(x.x) & P'(W +v) with P’ = 5L (W +1)? the derivative of P(W + v), we
arrive to the functional

1
OH(W, v) = —/ P(W 4 ) dx — o [[V(W — V)|I> +vN

1 1
+D(P'(W+v) = —AW = V), P'(W+v) = —AW = V));
(7.21)

minimizing it, we again arrive to the Thomas—Fermi equations and the minimal value
is 5]-'\;':, again delivered by Thomas—Fermi theory.

However, in addition to the semiclassical error for the trace, we have other errors
from (7.15):

A —v| - IN"(Hy —v) — N|, (7.22)
D(tre(x,x,v) — P/ (W +v), tre(x, x,v) — P/ (W +v)) (7.23)

and
D(trey(x, x) —tre(x, x,v), trey(x, x) —tre(x, x, v)). (7.24)

The expression (7.23) is the semiclassical error and after rescaling it, we can estimate
it by O(h~*) (due to the pointwise spectral asymptotics). When scaling back, we gain

the factor N 3 , resulting in O (N %)_

Expressions (7.22) and (7.24) can be also estimated by O (N %) based on another
semiclassical error

N~ (Hy — o) — / P'(W+0o)dx = O(h™2), (7.25)
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(foro < 0) after rescaling and thus, O (N .%) in the original scale, due to the definitions
of A and v. One needs to consider four cases depending on whether A < 0 (i.e.
N~ (Hw) = N)or A =0 (i.e. N" (Hw) < N) and whetherv < 0 (i.e. N < Z) or
v=0(@G.e N > Z),where Z = Z| + - - - + Zy is the total charge of the nuclei.

7.3.3 More precise estimates

. . . 5 .
If we want to improve the remainder estimate O (N 3), then we need to improve the
semiclassical remainder estimates and also deal with O (/N 3) in Lieb’s electrostatic
inequality (7.7).
The first task could be done under the assumption

ai= min |y — Y| > a:= N3, (7.26)
m#~m'’

ol

which is completely reasonable (see Sect. 7.4). In this case, in each zone ), := {x :
|x — ym| < a'~"a"}, with n > 0, both o' and WTF are close to those of a single
atom which are spherically symmetric. Then one can prove easily that the standard
conditions to the trajectories are fulfilled and we may use the improved remainder
estimates. On the other hand, contributions of the “outer” zone )y := {x : |x — Y| >
a~"a"vVm=1,..., M} to these remainders is smaller.

Therefore all remainder estimates acquire the factor (h® + b=?%) with b = aa™!
before scaling back, i.e. (N 30 + (aN _%)—3) after it. However, the trace asymptotics
should also include the term —i1h ! before scaling back or —x| N 3 after it; for the
potential WTF, it is numerically equal to Schwinger = —¢; i pTF% dx which is
called the Schwinger correction term.

The second task requires an improvement in Lieb’s electrostatic inequality due to
[3,8]: one can replace the last term in (7.8) for the ground state energy W by

1 -1 T s
3 // |x — | tr(eN(x, yen(x, y)) dxdy — O(N37°), (7.27)

where the first term coincides with the last term in (7.13) (the estimates from above)
. 5_ .
and again modulo O (N3 8) can be rewritten as

1 _1 s
—3 // [x — | tr(e (x,y,ve(x,y, v)) dxdy. (7.28)

So far, we have not explored such expressions but we can handle them.

For this expression, after rescaling, we can derive the asymptotics with principal
term —kh~* and with remainder estimate as good as O (h ), which after scaling back
becomes O (N %) (which is an overkill). Here, we use the representation of e(x, y, v)
by an oscillatory integral modulo a term whose .#%(R%) norm does not exceed Ch 2.

To calculate 3, we can consider the operator with constant potential W, and
for this operator, we calculate —% f lx — y|~! tr(eT(x, vy, ve(x,y, v)) dy obtaining
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—const(W + v)2h~4, then plug in W = W(x) and integrate over x. For W = WTF,
after scaling back, we arrive to Dirac = —c; f pTF% dx which is called the Dirac
correction term.

Despite having completely different origins, these correction terms differ only by
numerical constants.

We arrive to the theorem:

Theorem 7.2 As Z = Z; + -+ Zy < N — 00, M remains bounded, a =
1
min,, 2y [Ym — Y| 2 N 73 and

Ey = £]IF + Scott + Schwinger + Dirac + O(R) with R = N3 (N + (aN3)™)

(7.29)
where § > 0 is unspecified.
As a byproduct of the proof, we obtain
Doy — ™", pw = p™") = O(R). (7.30)

For details and proofs, see Sections 25.1-25.4 of [14].

7.4 Ramifications

First, instead of the fixed nuclei model, we can consider the free nuclei model where
we add to both E and 511\-,': the energy of nuclei-to-nuclei interaction

> ZnZwlym = Y| (7.31)
m<m’'
and minimize the results by the position of nuclei (yy, ..., Y); denote the results by

EN and E;r\,F respectively.
Combining (7.29) with the non-binding theorem in Thomas—Fermi theory,** we
obtain that in the free nuclei model (with Z; < --- < Zy < Z < N),

@ = min Y — Y| 2 N3P (7.32)
m#£m'’

and then (7.29) and (7.30) hold with R = N 3%,
Next, using methods already developed by mathematical physicists before asymp-
totics (7.29) and (7.30) were derived, we can answer several questions with far better

.. . .. _1
precision than before; for simplicity, we assume thata > N3 +4,

(i) How many extra electrons can the system bind? In other words, if Ey < Ey_1,
what we can say about N — Z? According to a classical theorem due to G. Zhislin,

44 1n the Thomas—Fermi theory, molecules do not exist.
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the system can bind at least Z electrons. Our answer: (N — Z)y = O(N %"S),
based on the fact that in the Thomas—Fermi theory, negative ions do not exist.

(i) What we can say about the ionization energy |y = Ey_1 — Exy? Our answer:
Iy = O(NI3)if N—Z>—CN7 % andly = —v+ O(Z — N)RZ 53 if
N—Z<—CNiif N<Zv=(Z—N)3.

(iii) In the free nuclei model (with M > 2), what can we say about N — Z > O if a
stable configuration exists? Our answer: Z — N < CN 3-8 (again based on the
non-binding theorem).

For details and proofs, see Sections 25.5 and 25.6 of [14].

7.5 Adding magnetic field
7.5.1 Adding external magnetic field

Consider the Schrodinger—Pauli operator with magnetic field
Hayv = (—ihV — pA(x)) - 0)* — V (x). (7.33)

Then instead of P (w) defined by (7.17), we need to define it according to (5.5) by

2(Lip. N )

P(w) = ;(§w+3+z‘;(w—2]3)+3), (7.34)
j=

where B is the scalar intensity of the magnetic field. This changes both the Thomas—

Fermi theory and properties of the Thomas—Fermi potential W'F and Thomas—Fermi

density p'F.

Case B < 743

For B < Z*3, the main contributions to the (approximate) electronic charge
prF dx and the energy ETF come from the zone {x : d(x) =< Z~ '3} d(x) =
min,, |x — Y, |), exactly as for B = 0.

Furthermore, W'F = Z,,d(x)"'if d(x) < Z '3 and(forZ = N) WTF < d(x)~*
if Z713 <d(x) < B Y4but p™F = 0ifd(x) > CoB~ /4%

Finally, as we using scaling to bring our problem to the standard one, we get that in
the zone {x : d(x) =< Z~'/3}, the effective semiclassical parameter is heff = Z -173
which leads to £TF =< Z7/3 again exactly as for B = 0.

As aresult, assuming that M = 1, we can recover asymptotics for the ground state
energy E with the Scott correction term but with the remainder estimate O (Z>/3 +
alsd: 3). For M > 2 and N > Z, our estimates are almost as good (provided
a = miny, 2y |Ym — Y| > Z~173), but deteriorate when both (Z — N)4+ and B are
large.

Moreover, for B « Z assuming (7.26), we can marginally improve these results
and include the Schwinger and Dirac correction terms.

—1/3

45 S0, the radii of atoms in Thomas—Fermi theory are < min(B —1/4 (Z-=N)_ ™).
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The main obstacles we need to overcome are that now W F is not infinitely smooth
but only belongs to the class /2 and that for M > 2, the nondegeneracy assumption
(VW] < 1 after rescaling) fails.

Case B > 7%/3

On the other hand, for B > Z*/3, the main contributions to the (approximate)
electronic charge and the energy €7 come from the zone {x : d(x) < B~'/*} and
(for Z=N)W' < Zd(x)"Vifd(x) < B Y4 but WIF = 0ifd(x) > CoB~V/*. In
this case, ETF = B2/57%/5,

Further, as we using scaling to bring our problem to the standard one, we see that
in the zone {x : d(x) =< B~1/4}, the effective semiclassical parameter is heff =
B'/5773/5 and therefore unless B < Z3, the semiclassical approximation fails and
the correct answer should be expressed in completely different terms [18]; compare
with [19].

Asaresult, assuming that M = 1if 743 < B < 73, we canrecover the asymptotics
for E with the Scott correction term but with the remainder estimate O (B*/°Z3/5 +
Z4/ 3 Bl /3 ).

For M > 2 and N > Z, our estimates are almost as good (provided a =
min, 2y [Ym — Y| = B~!/%), but deteriorate when (Z — N)y is large.

Again the main obstacles we need to overcome are that now W' is not infinitely
smooth but only belongs to /% and that for M > 2, the nondegeneracy assumption
(JVW] =< 1 after rescaling) fails.

For details, exact statement and proofs, see Sections 26.1 and 26.6 of [14]. We also
estimate the left-hand expression of (7.20) and are able to obtain results similar to
those mentioned in Sect. 7.4. For details and proofs, see Sections 26.7-26.8 of [14].

7.5.2 Adding self-generated magnetic field

Let
E(A) = inf Spec(H4 v) + a”! / |V x A|2dx (7.35)
and
E* = inf E(A), (7.36)
Ae)

where A is an unknown magnetic field and the underlined term is its energy.
One can prove that an “optimal” magnetic field exists (for given parameters
Ziy.oosZym, Y1, ---,Ym, N) but we do not know if it is unique.46

Using the same arguments as before, we can reduce this problem to the one-particle
problem with inf Spec(Ha v) replaced by Tr((Ha w + v)—) plus some other terms.
However, in the estimate from below, most of the terms do not depend on A and in
the estimate from above, we pick up A.

46 1f it was unique, then for M = 1, the spherical symmetry would imply that A = 0.
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Then after the usual rescalings, the problem is reduced to the problem of minimizing

1
Tr((Ha.w + v)-) + ?/ IV x A2 dx (7.37)
K
L

and then the optimal magnetic potential A must satisfy

2

— —Retr(cj ((hD — A), - oe(x, y,T) +e(x, y, 1) (hD — A), - U)‘ =x)’
T 738)

where e(x, y, 7) is the Schwartz kernel of the spectral projector 0(—H) of H = Ha w
and tr is the matrix trace. As usual, we are mainly interested in h = Z —1/3 (and then
K=uaZ).

First, (7.38) allows us to claim a certain smoothness of A. Second, the right-hand
expression is something we studied in pointwise spectral asymptotics, and the Weyl
expression here is 0, so the right-hand expression of (7.38) is something that we could
estimate. Surely, it is not that simple but improving our methods in the case of smooth
W, we are able to prove that A is so small that the ordinary asymptotics with remainder
estimates O (h~2) and O (h~') would hold in both the pointwise asymptotics and the
trace asymptotics. Moreover, under standard conditions, we would be able to get
the remainder estimates o(h~2) and o(h~!) in the eigenvalue counting and the trace
asymptotics respectively.

However, in reality, the above is not exactly true since W has Coulomb-like singu-
larities W ~ z,,|x — ym|_1 with z,, < 1. If M = 1, z,, = 1, a singularity leads us to
the Scott correction term S(x )4~ derived in the same way as without a self-generated
magnetic field. However, we do not have an explicit formula for S(x); we even do not
know its properties except that it is non-increasing function of x € [0, k*); we even
do not know if we can take k* = oo. If the optimal magnetic potential A was unique,
then A = Oand S(x) = S(0), which corresponds to this term without a magnetic field.

Then as M > 2, the Scott correction termis >, _,. -5y S(kcZsn)z2,h 2 in the general
case. However, as M > 2 we need to decouple sin_gul_arities as all of them are served
by the same A and it leads to decoupling errors depending on the internuclei distance.

For details, exact statements and proofs, see Sections 27.2-27.3 of [14].

As a result, we derive the ground state asymptotics with the Scott correction term
ZISm m Sl Zm)Z,zn . We also estimate the left-hand expression of (7.20) and are able
to obtain results similar to those mentioned in Sect. 7.4. For details, exact statements
and proofs, see Sections 27.3-27.4 of [14].

7.5.3 Combining external and self-generated magnetic fields

We can also combine a constant strong external magnetic field and a self-generated
magnetic field. Results are very similar to those of Sect. 7.5.1, but this time, the Scott
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correction term and the decoupling errors are like in Sect. 7.5.2. For details, exact
statements and proofs, see Chapter 28 of [14].

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if changes were made.
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