METHODS OF MODERN MATHEMATICAL PHYSICS
UNCERTAINTY AND EXCLUSION PRINCIPLES IN QUANTUM MECHANICS

DOUGLAS LUNDHOLM

ABSTRACT. These are lecture notes for a master-level course with the primary aim of
proving the stability of matter from first principles using modern mathematical methods in
many-body quantum mechanics. General quantitative formulations of the uncertainty and
the exclusion principles of quantum mechanics are introduced, such as the Hardy, Sobolev
and Poincaré functional inequalities as well as the powerful Lieb—Thirring inequality that
combines these two principles. The notes are aimed to be both fairly self-contained and
at the same time complementary to existing literature, also covering recent developments
to prove Lieb—Thirring inequalities and stability from general, weaker formulations of the
exclusion principle.
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1. INTRODUCTION

Most of us take the stability of the world around us — as observed to consist of atoms,
molecules, and even larger lumps of matter such as rocks, biological beings and entire planets
— for granted every day. There is nothing strange about it. However, proving mathemat-
ically from first principles of mechanics that this is indeed so turns out to be surprisingly
challenging and subtle. It was considered to be one of the great triumphs of mathematical
physics when this problem was solved, first by Dyson and Lenard in 1967 [DL67], then in
a better understood approach by Lieb and Thirring in 1975 [LT75]. Subsequently further
details have been worked out over several decades by numerous other mathematicians and
physicists [LS10]. Its resolution turns out to rest fundamentally on the two basic principles
of quantum mechanics: the uncertainty principle and the (Pauli) exclusion principle.
Namely, without these two concepts, i.e. relying strictly on the (indeed very well-founded)
framework for mechanics which was available at the end of the 19th century and nowadays
called classical mechanics, matter turns out to be unstable because the orbit of an electron
around the nucleus of an atom can be made arbitrarily small and the electron may thus
crash into the nucleus. Quantum mechanics came in to resolve this puzzle by introducing
the idea that electron orbits are quantized into a discrete set of spatial probability dis-
tributions, with a smallest approximate radius called the Bohr radius. This prevents the
electron from falling further into the attractive and infinitely deep potential well caused
by the nucleus, and seemingly leads to the stability of matter. Indeed, most physicists are
content with this answer even today, and the typical quantum mechanics textbook digs no
further into the issue. However, a more careful mathematical analysis of the usual argument
invoked (known as Heisenberg’s formulation of the uncertainty principle) leads to the real-
ization that it remains insufficient to rigorously prove stability. Stronger formulations of
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the uncertainty principle, such as the functional inequalities known as Hardy’s or Sobolev’s
inequality, may instead be used to prove that an atom is indeed stable.

This is not the end of the story, however, because evidently the world consists of many
more particles than just one single atom, with a mix of attractive and repulsive electro-
magnetic forces between them, and it turns out to be a very subtle issue to understand
why in fact taking two similar lumps of matter and putting them together produces just
twice the amount of matter when it comes to volume and energy, and why not some new
state forms which is more favorable energetically and takes much less space. Here the Pauli
exclusion principle comes into play, which tells us that particles such as electrons (and gen-
erally known as fermions) cannot all occupy the same quantum state, but must rather move
into different configurations, such as different atom orbitals. This is what gives rise to the
periodic table of the elements along with their chemical properties, and effectively produces
larger and larger atoms and molecules, and in general, matter whose energy and volume
scales linearly with the number of particles. The effect makes its presence all the way up
to the size of stars, and explains for example why certain astronomical objects known as
white dwarfs do not collapse under their own extreme gravitation to form black holes.

The story of the problem of stability of matter, from the invention of quantum mechanics
to present times, is told as it should — in the rigorous language of mathematics — in the one
textbook on the subject, namely [LS10], to which we refer the reader for a more complete
account of its background and subsequent developments in various directions. The aim of
these lecture notes is to provide an as concise as possible, and at the same time rigorous and
self-contained, path to stability via a powerful functional inequality introduced by Lieb and
Thirring which elegantly combines the uncertainty and exclusion principles. However, we
will in contrast to [L.S10] take a recently developed route to proving this inequality, which
actually lies closer in spirit to the original Dyson—Lenard approach. In particular, the way
we incorporate the exclusion principle will make transparent its role in the proof of stability
as an effective repulsion between particles, and furthermore clarifies that it also extends to
other particles than those obeying the usual Pauli principle, as long as they experience a
strong enough repulsive interaction. For completeness and in order to further complement
[LS10], these notes also contain some mathematical preliminaries and some background ma-
terial on classical and quantum mechanics aimed for mathematicians, including a general
discussion on identical particles and quantum statistics. In parallel with our general treat-
ment of exclusion principles we also discuss a wide variety of formulations of the uncertainty
principle, both global and local with respect to the configuration space, though we typically
focus on their conceptual content rather than the most precise formulation or the optimal
constants.

This version of the lecture notes, dated May 2018, still lacks some of the intended topics
and corrections, however they will hopefully anyway find use in a wider audience.

A brief note concerning the notation: In the many-body context we usually write z € R
for scalars, x € R? for one-body vectors, and x € R" for general or many-body vectors,
such as x = (x1, %2, ...,xy) € (RN =R, The letter C' will generally denote a constant
whose exact value is unimportant and which may vary from one expression to another.
Remarks with * signify that some more background (in math or physics) is required.

Acknowledgments. I would like to thank Ari Laptev for originally introducing me to
Hardy and Lieb—Thirring inequalities during my PhD studies, and Jens Hoppe for bridging
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Larson, Phan Thanh Nam, Fabian Portmann, Viktor Qvarfordt, Nicolas Rougerie, Robert
Seiringer and Jan Philip Solovej. I have very much enjoyed discussing the contents of these
lecture notes with the participants of courses held at KTH in Stockholm in 2017 and at LMU
in Munich in 2019, who also greatly helped to improve the quality. Financial support from
the Swedish Research Council (grant no. 2013-4734) and the Géran Gustafsson Foundation
(grant no. 1804) is gratefully acknowledged.
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2. SOME PRELIMINARIES AND NOTATION

We assume that the reader is familiar with basic notions in real analysis and has already
encountered for example Hilbert spaces, Lebesgue integrals, as well as Fourier transforms.
However, for convenience and for setting our notation we give here a very brief overview of
these and a few other important concepts. See [LLO1, RS72, RS75, Tes14, Thi02] for more.

2.1. Hilbert spaces. We let V' denote a vector space of arbitrary dimension over the
scalars F = R or C, and z — Z complex conjugation.

Definition 2.1. A sesquilinear form on V is amap V x V — F, (u,v) — (u,v) such
that for all a, 8 € F, u,v,w € V:
(i) (u,av+ pw) = a(u,v) + B (v, w) (linear in the second!) argument),
(ii) (au+ fv,w) = a(u,w) + B (v,w) (conjugate linear in the first argument).
A hermitian form on V is a sesquilinear form (-, -) satisfying, in addition:
(iii) (u,v) = (v,u) (symmetry).
An inner product or scalar product on V' is a hermitian form (-, -) satisfying, in addition:
(iv) (v,v) >0 for v #0 (positive definite).
A (sesqui-)quadratic form on V is a map ¢: V — F such that for a € F, u,v € V:
(i) q(aw) = aaq(v)  (scaling quadratically),
(ii) (u,v), = 1 (q(u+v) — q(u — v) +ig(u — iv) — ig(u + iv)) is sesquilinear in u,v.
A norm on V isamap V — R, :=[0,00), v — ||v]|, such that for all & € F, u,v € V:
(i) |lew|| = |a|lv]|  (scaling linearly),
(i) |lu 4| <|u|l + [Jv|| (triangle inequality),
(iii) ||v|]| =0 if and only if v =0  (positive definite).
The pair (V,]|-]|) is called a normed linear space, the pair (V,q) a (sesqui-)quadratic
space, and the pair (V, (-,-)) an inner product space or a pre-Hilbert space.
Example 2.2. The space C" of n-tuples z = (21, ..., 2,) with the standard inner product
(z,w) = > 7_; Zjw; and norm |[z[| = /(2, z) is a normed, quadratic and pre-Hilbert space.

Example 2.3. Any normed linear space (V ||-||) satisfying the parallelogram identity
2 2 2 2
[Ju+vl]" + flu —o]" = 2 [[ul]” + 2o

is a quadratic space with ¢(v) := ||v||%, and an inner product space with
1

2 2 . .2 . T
() = (u,0) = 7 (lutol* = lu— o]+ |ju— iv]* = i |+ 0] )

(this nontrivial implication is known as the Jordan-von Neumann theorem). Conversely,
any inner product space is also a normed space, as follows:

Proposition 2.4 (Cauchy—Schwarz inequality). Let V' be an inner product space. Then
for every u,v € V. we have
[(u, 0)| < [lull ]| (2.1)

with equality iff v and v are parallel.

(DNote that this convention varies in the literature; the one here is used in almost every physics text.



6 D. LUNDHOLM

Because of the Cauchy-Schwarz inequality, the square root of the induced quadratic form
||lu|| := /(u, u) satisfies the triangle inequality, by means of

2 2 2
lu + ol* = [lull* + 2Re u, v) + [[o]l* < (Jlull + [lv])?,

and hence becomes a norm on V. The norm induces a metric d(u,v) := ||u — v| and
therefore a topology on V', with the open sets generated by balls defined using the metric,

By (z) :={ueV d(z,u) <r}.
Recall that a Cauchy sequence is a sequence (v,,)52; C V such that
Ve >03N eN:n,m >N = ||lv, —vn <ce,

and a topological space is called complete if every Cauchy sequence converges. Also recall
that a topological space is called separable if it contains a countable dense subset.

Definition 2.5. A complete normed linear space is called a Banach space. A complete
inner product (i.e. pre-Hilbert) space is called a Hilbert space.

Lemma 2.6 (Riesz lemma; see e.g. [Tes14, Theorem 1.8]). Suppose £: V — F is a bounded
linear functional on a Hilbert space V.. Then there is a unique vector u € V s.t. £(v) = (u,v)
forallveV.

Exercise 2.1. Prove (2.1) and Proposition 2.4, for example by considering the expression
(u— av,u — av) with a = (v,u)/(v,v).

Exercise 2.2. Let V' be a vector space, s(u,v) a sesquilinear form on'V, and q(v) = s(v,v)
the associated quadratic form. Prove that it satisfies the parallelogram identity

q(u +v) + q(u —v) = 29(u) + 2q(v)

and the polarization identity s(u,v) = (u,v), for all u,v € V. Show that s(u,v) is
hermitian if and only if q is real-valued, i.e. q: V — R, and that if q is non-negative, i.c.
q: V — Ry, then it also satisfies the Cauchy-Schwarz inequality |s(u,v)| < q(u)Y/?q(v)'/>.

Exercise 2.3. Let V be an inner product space and {uj}?zl an orthonormal set in V,
i.e. (uj,ur) = d;5. Prove Bessel’s inequality

> g, ) < Jlolf? (2:2)
j=1

for allv € V, with equality iff v € Span{u;}7_;.

2.2. Lebesgue spaces. The typical example of a Hilbert space encountered in quantum
mechanics is either the finite-dimensional space C™, or the infinite-dimensional Lebesgue
space of square-integrable functions L?(£2). Recall that for  C R" (which could be replaced
by some measure space (X, 1) in general) and for a measurable function f: Q — F, we define
the LP-norms as

1/p
s = ([ 1s@ras) " 1sp<oe,
and

1Nl oo () = esSSUPLeq | f(2)] = inf{K € [0,00] : | f(z)| < K for a.e. x € Q}.
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Then the Lebesgue spaces are defined as
LP(;F) :={f: Q= TF : fis measurable and 1l oy < 00}.

In the above (F,|-|) can be taken to be any finite-dimensional normed space (algebra),
however the typical case is F = C for which we simply write LP(Q2) := LP(Q;C). If the
domain €2 (or space (X, it)) is also understood from context we could write simply || f||,;, :=
Fal Q) We follow the standard convention that we identify two functions f = g iff
f(z) = g(z) for a.e. x € Q. It is a classical fact that LP(Q2) forms a Banach space for any
p € [1,00] and that L?(Q) is a separable Hilbert space with the standard inner product

o= | T

Proposition 2.7 (Holder’s inequality). Let 1 < p,q,r < oco. For LP = LP(;F) we then

have®
1 1 1

. < - = - -, 2.3
£l < Wfllpe lgllza  for - >t g (2.3)

and for all f € LP, g € L4. In particular, withp=q=2 andr =1,
£l < [1fllz2 gl 2

is the Cauchy-Schwarz inequality in L?. Moreover, if p,q € (1,00) then equality holds
in (2.3) if and only if | f|P and |g|? are linearly dependent in L'.

There is a trick to remember the precise form of, or to check the validity of, inequalities or
identities of the type (2.3). Namely, first note how it depends upon rescaling f or g with a
positive number A > 0, i.e. linearly on both sides of the inequality, since by the property of
the norms ||Af]|;, = A/ f||;»- Secondly, one should note how the expressions behave upon
rescaling the argument of the functions f and g by a number p > 0, i.e. fu(z) = f(z/p),

1/p
1ol = ( / If(:v/u)lpdw> =l

if 2 = pQ) =R". Also in the case that 0 C R™ one may note that if f is dimensionless then

the norm || f,||;, has the dimension of a volume in R" to the power 1/p, i.e. n/p. We then

find that the L.h.s. of (2.3) scales as ™" but also the r.h.s. scales as pu/Pp™4 = /7. These

two scaling principles must always be obeyed and can be used to check similar expressions.
An application of the Holder inequality (2.3) proves the triangle inequality on LP:

Proposition 2.8 (Minkowski’s inequality). Let 1 < p < co. Then

1f +alle < WFlle + gl
for all f,g € LP.

In the case that € is noncompact it is useful to define, given any function space .# (Q; F)
(such as . = LP), the local function space

Froc(GF) :={f: Q= F : of € F(F) for any ¢ € C°(%F)},

where C2°(€; F) denotes the space of smooth functions with compact support on Q°.

(2)We use the convention 1/00 =0.
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Exercise 2.4. Prove Hélder’s inequality, for example by
1. first reducing (2.3) to the case ||fglli < || fllpllgllg, 1L =1/p+1/q, d.e. r=1,
2. proving Young’s inequality

p q
ab < % + Z (2.4)

for such p,q and a,b > 0, with equality iff a? = b9,
3. using this to prove Holder’s inequality with r = 1 by first normalizing f and g.

Exercise 2.5. Prove Minkowski’s inequality, f.ex. by writing |f + g|P = |f + g||f + g/P~*
and then using the triangle and Holder inequalities.

2.2.1. Convergence properties. One has the following extremely useful convergence proper-
ties of the Lebesgue integral:

Theorem 2.9. Let (X, u) be a measure space with positive measure p, and let ()52, be
a sequence of measurable functions in L'(X,du) that converges pointwise a.e. on X to a
function f (it may then be redefined on a set of measure zero so that it too is measurable).

(i) Lebesgue monotone convergence theorem.
Suppose that 0 < fr(x) < fug1(x) for a.e. & € X. Thenlim, oo [y fndp = [y fdp
(which could be finite or infinite).

(ii) Lebesgue dominated convergence theorem.
Suppose that there exists F € LY(X,dp) such that |fn(x)| < |F(x)| for a.e. x € X.
Then f € LY(X,dp) and lim, o [ [fn — f|dp = 0.

(iii) Fubini’s theorem.
Suppose that X = X1 x Xo, where (Xj, 1j), j = 1,2 are two o-finite measure spaces,
and that f is a measurable function on X. If f > 0 then the following three integrals
are equal:

/ P, y) (i % iz)(da dy),
X1xXo

/X1 ( . f(z,y) ug(dy)> 1 (dz),

/X2 ( [ T H1(dx)> ().

If f: X — C then the above holds if one assumes in addition that
[ 1l (o x o) dy) < .
X1 ><X2

2.2.2. The layer-cake representation. Let (X, ) be a measure space and f: X — C mea-
surable. Define the function A\s: Ry — [0, oo,

Ap(t) == p({z € X [f(z)| > t}),

and its formal differential (the sign because Ay is decreasing)

dAf(t) = —p({z € X : |f(x)] = 1}).
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These allow to express the properties of f in terms of layers of its graph or its level sets,
namely, using that

|f(z)]P = /to Ly ()0 d(tP),

with d(tP) = ptP~1dt, one has the layer-cake representation

oo 0
= [~ awae) = [~ wano. 25)

=00

where the second identity is a formal partial integration. Also,

[flloe = inf{t > 0: Ap(£) = 0}.
An immediate application of (2.5) is Chebyshev’s inequality
IfIl) > t"Ap(t), Yt >0. (2.6)

2.3. Fourier transform. Given a measurable function f: R"™ — C, we formally define its
Fourier transform f by

F(&) = (Ff)(E) == (2m) /2 5 Fz)e €% dz.

It can be shown that F is a bijective (and obviously linear) map from L?(R") into itself,
with its inverse given by

flz) = (F7'f) (@) = (2m) "/ A fe)etrde.
Moreover, Plancherel’s identity
H]:fHLQ(]R") = HfHLZ’(Rn) , f e L*R"),

shows that F is a unitary map on L?(R"), i.e. its adjoint satisfies F* = F 1.
We also have the important relations between differentiation and multiplication

(L) ©-wie. @ eO=igteo. i-tn @D

2.4. Sobolev spaces. For any s > 0, we define the Sobolev space to be the space of
square-integrable functions having square-integrable derivatives to order s, using the Fourier
transform on R™ and (2.7) as

H*(R") := {f € L*(R") : |€]° f(¢) € L*(R™)}. (2.8)

The most common case is that s = k is a non-negative integer, H*(R"), while otherwise
the space is called a fractional Sobolev space. We note that H*(R"™) is a Hilbert space with
the inner product

by = [ T+ ). (29
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In particular, given a subset € C R", one may consider the subspace C°(2) C H*(R")
of smooth and compactly supported functions on © and take its closure in H*(R") (with
respect to the norm induced from the above inner product). We denote this space

Hy(Q) = {f € H'(R") + 3(fn) C CZ(Q), Ifn = fllgs(n) = 0}, (2.10)

and it has the interpretation as the space of functions which vanish ‘sufficiently fast’ at the
boundary 02 (and are identically zero on Q¢). One has Hj(R") = H*(R").

It is important to know that it is possible to define Sobolev spaces locally, i.e. on domains
Q) C R™, without the use of the Fourier transform, however we will not discuss this properly
here since it is most naturally done using the theory of distributions which goes beyond
the course prerequisites. We only mention that, given u € L{. () D Lﬁil(Q) it is always
possible to define its gradient Vu as a generalized function, and in the case that this turns
out to be a locally integrable function, i.e. Vu € Llloc(Q;(C"), we say that v is weakly
differentiable (it has weak partial derivatives dju € LL (), j = 1,...,n). It may even
turn out that Vu € L(Q;C") for some ¢ > 1, and we define the Sobolev spaces

HY(Q) == {u € L*(Q) : u is weakly differentiable and Vu € L*(Q;C")}

and, by iteration of this procedure to higher orders of derivatives, for k € N

H*Q) = {ue L*(Q) : u has weak partial derivatives all the way up to order k, and
all of which are in LQ(Q)}.

The inner product in this space is given by

(12 9) ) = /Q (J‘(ﬂc)g(:v)+28af(x)8ag(:v)> dz,

where the sum runs over all partial derivatives (o a multi-index) up to order k.

In the case 2 = R" these spaces turn out to coincide with the above definitions (2.8) and
(2.10). When Q ¢ R” they contain but may (or may not) differ from HE¥ (), depending on
the geometry of 2 (we will return to this question in Section 4.2), and will be associated to
Neumann respectively Dirichlet boundary conditions for the Laplace operator.

Exercise 2.6. Show that the norm in H*(R™) is equivalent to that defined by replacing the
weight factor w(€) = (1 + |€2)F in (2.9) by w1 (€) =1+ |€2F or wo(&) =1+ > i1 &%

2.5. Forms and operators. An operator on a Hilbert space H is a linear map A: D(A) —
H, with the subspace D(A) C H the domain of A. Let [|Al| := sup,ep(ay:|uj=1 [[Aull, then
A is called bounded if ||A]| < co and unbounded otherwise, and closed if its graph

['(A) :={(u,v) € D(A) x H : v = Au}

is a closed subspace of H x H. We will always work with densely defined operators, i.e. with
D(A) dense in H, and shall denote by L£(H) the space of such operators on H. We have a
subspace B(H) C L(H) of bounded operators A, for which one may assume D(A) = H.

An operator A € L(H) is hermitian (or symmetric) if its corresponding sesquilinear
form

D(A) x D(A) — C, (u,v) — (u, Av) (2.11)



UNCERTAINTY AND EXCLUSION PRINCIPLES IN QUANTUM MECHANICS 11

satisfies (u, Av) = (Au,v) for all u,v € D(A) (compare Definition 2.1.(iii)). Hermitian
operators are always closable, i.e. there is an extension A: D(A) — H, with D(A) D D(A)
and A\D( 4) = A, which is closed. Every closable operator A has a smallest closed extension,
its closure A, and every hermitian operator has a largest (on H) closed extension, namely

its adjoint A*, which is in general defined with the domain

D(A*) = {u eH : sup |{u, Av)| < oo}
vED(A):|jv]|=1
and (via the Riesz lemma) the formula (u, Av) = (A*u,v) for all u € D(A*), v € D(A). The
operator A is called self-adjoint if A* = A, i.e. if D(A*) = D(A) and it is hermitian, and
essentially self-adjoint if it is hermitian and has a unique self-adjoint extension A = A*.
Any bounded hermitian operator is self-adjoint.

Example 2.10. The Laplace operator L: u +— —u” on the interval [0, 1] is unbounded and
not defined as an operator on the full Hilbert space L2([0, 1]), but its restriction L|ceo(jo,1)) to
the smooth functions with compact support (usually referred to as the minimal domain)
is perfectly well-defined and hermitian. Its closure L|ceo(0,1)) = L] m2((0,1)) 1s not self-adjoint,
L|L§([0711) = L|g2([o,1)), however it has several self-adjoint extensions, such as the Dirichlet

Laplacian —A? := Llp_amy, with

D(-A”) = {u € Hy([0,1]) - u’ € H'([0,1])} = Hj([0,1]) n H*([0, 1]),
and the Neumann Laplacian —AY := Llp(—any, with

D(-AY) = {u e H'((0,1]) : o' € Hy([0,1])} S H*([0,1]).

In contrast, when considering L on the full real line, L|ceo(r) is essentially self-adjoint in

L?(R), with L|coow) = Llp2(r)- This follows from the properties of Sobolev spaces, namely
HZ(R?) = H%(R?).

The form (2.11) of an operator A usually extends to a larger dense subspace Q(A) C H
called a form domain of A. We extend the notion of quadratic form to the unbounded
case, just as in Definition 2.1 but with V replaced by a dense subspace D(q) C H, q: D(q) —
C. In particular, it is hermitian if ¢: D(¢) — R, non-negative if ¢: D(¢) — R;, and
strictly positive if g(u) > 0 for all u € D(q) \ {0}. We can also compare two hermitian
quadratic forms ¢ and ¢’ if their domains intersect, and say that ¢ > ¢ iff D(q) C D(¢') and
q(u) > ¢'(u) for all u € D(q). Thus the form ¢ is semi-bounded from below if ¢ > ¢ for
some constant ¢ € R, i.e. q(u) > ¢|ul® for all u € D(q). Note that if ¢ < 0 such a form can
always be converted to a non-negative one by adding to it the constant —c¢. Furthermore, for
semi-bounded forms we usually distinguish the domain by writing q(u) = +oo iff u ¢ D(q).

A non-negative (or semi-bounded with the above trick) quadratic form is said to be
closed iff D(q) is complete in the form norm HuHiJrl := q(u) 4 ||u||*>. The following then
gives a very useful correspondence between forms and operators (cf. Exercise 2.8):

Theorem 2.11 (see e.g. [Tesl4, Theorem 2.14]). If the quadratic form q: D(q) — R is
semi-bounded and closed, then it is the form q|p(ay = qa, with qa(u) := (u, Au), of a unique
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self-adjoint, semi-bounded operator A. Furthermore, A is given by
D(A) = {u €D(q) : Jug € H s.t. (v,u), = (v,ug) Vv € D(q)} , Au = uy.

The form domain of A is therefore Q(A) := D(q), to which g4 extends as the closed
form ¢. It also follows that for semi-bounded hermitian operators there is always a unique
self-adjoint extension associated to the form (2.11), called the Friedrichs extension.

Theorem 2.12 (Friedrichs extension; see e.g. [RS75, Theorem X.23] or [Tes14, §2.3]). For
any semi-bounded from below hermitian operator A, the quadratic form qa(u) := (u, Au)
with D(qa) = D(A) is closable and its closure ga = i, s the quadratic form of a unique

sAemz'-bounded sglf—adjoint operator Ap. Furthermore, z{lF 18 lfhe only sglf—adjointAextension
A of A s.t. D(A) C D(qa) =: Q(Ar) and the largest (Arp > A, i.e. D(Ar) C D(A)) among
all semi-bounded self-adjoint extensions of A.

Note that we compare semi-bounded hermitian operators in terms of their quadratic
forms: A > B iff D(A) C D(B) and g4 > qp on D(A).

Example 2.13. Associated to the Laplace operator L on [0,1] in Example 2.10 is the
non-negative quadratic form g¢r(u) = fol |u'|>dx. The Dirichlet Laplacian —AP is the
Friedrichs extension of L’Cg@([o,l]) and thus also the operator associated to the closure of
qLlcs([o,1)), With the resulting form domain Q(—-AP) = H}([0,1]), while the Neumann
Laplacian —AY is the operator associated to the closure of qLlco([0,1)), With resulting form
domain Q(—AN) = H1([0,1]). We have —AP > —AN since C° C C*°.

Although necessary for some parts of the course, we will for simplicity try to avoid
operator theory as much as possible and will typically be working with forms and form
domains instead of operators and operator domains. So for example if u € H!(Q) and we
write

(u, (=A)u) 20
then since —A = V*V, here with Q(—A) = D(V) = H*(Q2) understood, we actually mean

<Vu, VU>L2(Q) = A ]VU\Q < 0.

Exercise 2.7. Verify the statements in Example 2.10 (as completely as you can with the
preliminaries at hand; you may e.g. use that any u € H([0,1]) is a continuous function on
(0,1); see e.g. [Tesl4, §2.7]).

Exercise 2.8. Suppose q: H — C is a bounded quadratic form, i.e. |q(u)| < C ||u|®*. Show
that there is a unique bounded operator A s.t. (u, U>q = (u, Av), and moreover that the norm
of A is given by

Al = sup | (u, Av) | < 2C.
lull=llvll=1

(The factor 2 may be removed in the hermitian case.)
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2.5.1. The spectral theorem. The spectrum o(A) of an operator A € L(H) is the set of
points A € C for which there does not exist a bounded inverse to the operator A—A = A—\1.
For A ¢ o(A) we call such (A — \)~! the resolvent of A at \. A point A € o(A) is an
eigenvalue of A if there is a corresponding nontrivial eigenspace ker(A — \) # 0 of
eigenvectors u € ker(A — A) \ {0}. An operator A is self-adjoint if and only if it is
hermitian and o(A) C R.

To fully describe a self-adjoint operator in terms of its spectrum, one needs to have also
a notion of spectral measure. A projection-valued measure P is a function €2 — P on
the Borel® sets Q C R such that each Pq is a projection on a Hilbert space H, Py = 0,
Pr =1, Py, Po, = Po,nq,, and if Q = UY2,Q,, with Q, and €, disjoint for n # m,
then Po = s-limy_ Zgil Pq, . Given any u,v € H, we then have a complex measure
Q — (u, Pqu) on the real line.

Theorem 2.14 (Spectral theorem; see e.g. [RS72, Theorem VIIL.6] or [Tesl4, §3.1]).
There is a one-to-one correspondence between projection-valued measures P4 and self-
adjoint operators A = [ XdP*()), with

D(A) := {u eH: /_Oo A2 d((u, PAu)) (M) < oo}
and . .
(u, Av) = / A (u, dPA(A) = / Ad({u, PAv))(N).

Furthermore,

Q(A) = {u eH: /_OO Al d({u, PAu))(N) < oo} =D(V/|A])

and if f: R — R is a Borel function then we can define the operator

f(A) :/OO AdPTA()) = /_OO FN) dPA(N).

—0
One may decompose the spectrum of a self-adjoint operator A into either
0(A) = ogisc(A) U oess(A) or 0(A) = 0pp(A) Uoac(A) Uog(A)
(the latter sets may overlap), where the discrete spectrum
odisc(A) == {A € 0(A) : dim P(‘;‘\_EM\%)H < oo for some € > 0}
is the set of isolated eigenvalues of finite multiplicity and the rest is the essential spectrum
Oess(A) :=={X € 0(A) : dim P(‘?\fg)\ﬁ)?-[ = oo for every € > 0}

(usually referred to as the continuous part of the spectrum), while the pure point spec-
trum o, is the set of all eigenvalues of A, and o, resp. oy are the supports for the
absolutely resp. singular continuous parts of the spectral measure of A.

) The o-algebra of Borel sets on a topological space is the smallest o-algebra containing all open sets.
A real-valued function f is a Borel function if f~'((a,b)) is a Borel set for any interval (a, b).
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Example 2.15. An operator A with eigenvalues ()\j);-";o C R and a corresponding or-
thonormal basis of eigenfunctions (u;)32, C H can be written A = 22, AdPA(N) with
projection-valued measure P4 = Z;’;O ox;uj(ug, ). Note that if \y = Ay = ... = Ay is a
repeated eigenvalue then Z;VZI Ox;uj(uj, -) = dx, Pw, where Py is the orthogonal projection
on the eigenspace W = Span{uj}évzl.

Example 2.16. A multiplication operator on L?(R) by f: R — R, (Asu)(z) =
f(x)u(x) has formally

Af:/_Zf(/\)(SA@)\,-)d)\, ie. <u,Afv>=/_Zf(/\)U(A)U(A)d%

and o(Ay) = f(R). Sometimes we shall identify the operator Ay with f, or, in accordance
with common conventions, denote it f (not the Fourier transform here).

The lowest eigenvalues A\j(A) < A(A4) < ... < infoess(A) (also ordered according to
their multiplicity) of a semi-bounded from below self-adjoint(¥) operator A can be obtained
using the so-called min-max principle:

Ae(A) =inf  sup M, (2.12)
Wi wewi\fo}  [|ull

where the W), C ‘H are linear subspaces of D(A) such that dim W}, = k. If A > B then
A (A) > Mg (B) for each k, and inf 0ess(A) > inf 0ess(B). The domain D(A) can in the above
be replaced by the form domain Q(A), or even a dense subspace w.r.t. the form norm, such
as typically C2° or C'*°.

Furthermore, if one continues to evaluate (2.12) for k¥ = 1,2,... and eventually only
repeated values A\, = A\,4+1 = Ap42 = ... are obtained, then one has reached the bottom of
the essential spectrum, A, = inf gegs(A).

Example 2.17. Computing (2.12) with A = L from Examples 2.10 and 2.13, i.e. (u, Lu) =

qr(u) = fol [u/|? on the form domain H}([0,1]) or C°([0,1]) gives the eigenvalues A of the
Dirichlet Laplacian,

—u"(z) = du(x), u(0) =u(1) =0,

ie. u,(z) o sin(mnz), Ay = 7n%, n = 1,2,3,.... On the other hand, taking the form
domain H'([0,1]) or C*°([0,1]) gives those of the Neumann Laplacian,

—u’(z) = Au(z),  u(0)=4(1) =0,
i.e. un(z) oc cos(mnz), Ay = 7n%, n=0,1,2,....
Exercise 2.9. Given —Aga on L*(R%) with domain H?(RY), find its spectral decomposition

using the Fourier transform and its powers (—Aga)® for s > 0 using the spectral theorem.

4o just hermitian, for which the spectrum analyzed is that of its Friedrichs extension.
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2.5.2. Stone’s theorem. Crucially for quantum mechanics, Stone’s theorem tells us that
self-adjoint operators are the generators of groups of unitary transformations.

Theorem 2.18 (Stone’s theorem; see e.g. [RS72, Theorem VIIIL.7-8] or [Tes14, §5.1]). Let
A € L(H) be a self-adjoint operator and define U(t) = ™4 (using the spectral theorem).
Then U(t) is a strongly continuous one-parameter unitary group, i.e.
(i) U(t) is unitary for all t € R,

(ii)) U(t+s) =U@)U(s) for all s,t € R, and

(iii) if ¢ € H and t — to then (U(t) — U(to))y — 0.
Furthermore,

(iv) if limyo(U(t) — 1)v/t exists, then ¢ € D(A), and

(v) for such ¢, (U(t) — 1)/t — iAy ast — 0.

Conversely, if U(t) is a strongly continuous one-parameter unitary group acting on H,
then there is a self-adjoint operator A € L(H) s.t. U(t) = e'*4.

In fact, strong continuity may be replaced by just weak continuity, since weak conver-
gence implies strong convergence in this case; cf. [Tesl4, Theorem 5.3] and [RS72, Theo-
rem VIIL9].
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3. A VERY BRIEF MATHEMATICAL FORMULATION OF CLASSICAL AND QUANTUM
MECHANICS

We do not assume familiarity with classical and quantum physics in this course, and
therefore give a very brief account of the essentials here. However, a deeper understanding
of these concepts is of course helpful in the broader perspective and we refer to [Thi03, Thi02]
and [Thi07, Part IV] for introductory material suitable for mathematicians. In Section 3.2
we discuss the question of stability of matter in classical mechanics, and in Section 3.6.1 we
define what is meant with stability in quantum mechanics. Anyone who is already familiar
with many-body quantum mechanics may safely skip the chapter except possibly for these
parts.

3.1. Some classical mechanics. Although it is important to know that there are several
different equivalent formulations of classical mechanics, with their own advantages and dis-
advantages, we here choose to take the shortest mathematical path to quantum mechanics,
via Poisson algebras and Hamiltonian mechanics.

3.1.1. Phase space and Poisson brackets.
Definition 3.1 (Poisson algebra). A Poisson algebra A is a vector space over F (R or
C) equipped with an F-bilinear and associative product
Ax A=A (f,9) = fg,
and an additional product (typically non-associative, called a Poisson bracket)
Ax A=A (f,9) = {f g},
satisfying, for all @, 8 € F, and f,g,h € A:

(i) linearity: {f,ag + Bh} = o{f, g} + B{f, h},

(ii) antisymmetry: {f,g} = —{g, f},
(iii) Jacobi identity: {f,{g,h}} + {g,{h, f}} +{h,{f,9}} =0,
(iv) Leibniz rule: {f,gh} ={f,g}h+ g{f, h}.

Remark 3.2. A may also be equipped with a unit 1 € A s.t. f = 1f = f1. Note that
(i)4(ii) implies bilinearity, (i)4(ii)+(iii) means that the product {-,-} is a Lie bracket and
(A, {-,-}) a Lie algebra, and (iv) that it acts as a derivation of the associative product.

The archetypical example of a Poisson algebra is the algebra A = C*°(P") of smooth
functions on the classical 2n-dimensional phase space

P = RQ“9(va):('Ila"'axnapla"'apn)7 (31)

endowed with the Poisson bracket
[ 0f 99 0g Of
{f.9} :Z(,.—,, . (3.2)
1

The first half of the phase space,
C":=R">x=(x1,...,2p),

is called the classical configuration space and is parameterized by the coordinates or
position variables z;, while the second half, parameterized by momentum variables p;,
is considered dual or conjugate to C" via the Poisson brackets. Namely, note that by (3.2),
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the coordinates and momenta satisfy the following simple relations called the canonical
Poisson brackets:

where the constant function 1 on P" is the unit in A. Hence the z;’s and p;’s Poisson-
commute individually, while p; is Poisson-conjugate to ; and vice versa (though note that
there is a certain choice of orientation in the bracket, so the coordinates x;’s should come
first).

In the case that we allow for complex-valued functions on phase space, we note that A
is also (non-trivially) endowed with the structure of a x-algebra in the sense that there is

an operation f — f* here given by complex-conjugation f*(x,p) := f(x,p), satisfying:

(i) (af + Bg)* = af* + Bg* (conjugate linear)
(ii) (f*)* = f (involution),
(iii) (fg)* = ¢*f* (antiautomorphism).

Remark* 3.3. The proper mathematical setting for classical mechanics in general is to model
the Poisson algebra A = C°°(P™) on a geometric object called a symplectic manifold
(P™,w), where w is a symplectic form. Then the Poisson bracket is {f, g} := xf(g), where
the vector field x5 € T(P") is defined via the relation w(xys,-) = —df. Typically, P" is
defined as the cotangent bundle of a configuration space manifold C" = M, dim M = n, i.e.
P" = T*(M), with its canonical symplectic structure w := df, 0[X](p) := p(7X), given
locally by 0 = >7%_, pjdz; and (3.2). See e.g. [Thi07, Nak03].

Exercise 3.1. Check that (3.2) defines a Poisson bracket and makes A = C*°(P™) a Poisson
algebra. Discuss whether (3.3) also defines this Poisson algebra completely.

3.1.2. Hamiltonian mechanics. Classical mechanics is about time evolution on the configu-
ration space C", i.e. one considers maps

RDI—C" tex(t) = (x1(t),...,za(t)).

The evolution is typically of second order in time but can instead be formulated in a more
advantageous first-order form on the phase space P" if one takes as the momenta p; := &;
(or similar), with the dot denoting the derivative with respect to time ¢, f=df /dt.

The desired evolution equation is then determined by a choice of a function H on the
phase space called the Hamiltonian, i.e. an element H € A which depends on the particular
physical system under consideration. The value of this function H(x,p) can usually be
interpreted as the energy of the system at the corresponding point (x, p) in the phase space.
The time evolution for general f € A is then defined to be governed by the equation

reducing in particular, by (3.2), for the case of the coordinates and momenta to Hamilton’s
equations of motion:

_oH . 0H 55

= =, —
T op T o



18 D. LUNDHOLM

Note conversely that these equations and the definition (3.2) imply (3.4),

; <3fdxj+3fdpj):z":(8f8H of oH

Cd
f=2 (X,P)—; du, dt T op; di &vj%_aw@xj)_{f’}[}'

Example 3.4 (Free particle). A particle that is free to move in three-dimensional space
has the configuration space C3 = R? of positions x = (21,22, 73) and the phase space
P3 = RS > (x,p), where p = (p1, p2, p3) is the canonical momentum of the particle. These
variables satisfy the canonical Poisson brackets (3.3). We take the Hamiltonian to be the
(non-relativistic; see also the below remark for an explanation) free kinetic energy

p2

H(Xv p) = T(p), T(p) = %7 (36)
with m > 0 known as the mass of the particle which is considered as a fixed (non-dynamical)
parameter. Indeed, Hamilton’s equations of motion (3.5) are then

x =p/m, p=0,

i.e. X = 0, giving straight trajectories x(t) = a+tb in C3. Also, we obtain the relationship
p = mv between the momentum and the velocity v := x of the particle, and therefore the
well-known formula for its kinetic energy

1
T(p) = imVQ.

Remark* 3.5. The special theory of relativity tells us that (mc?)? = E? — p?c?, where mc?

is the rest energy, or m the rest mass, of a free particle. Therefore, for small p/(mc),

2 2
— — o2 p- 2 P 4
E=+/m2ct +?p?2 =me*y /1 + 3 = me + - +O(p"), (3.7)

which after subtracting the constant mc? yields the non-relativistic (first-order) approxima-
tion (3.6) to the kinetic energy. However, one may also study the full relativistic expression

Trelm(P) :== mc?\/1 + p2/(mc)2 — mc? or the simpler massless case Tye10(P) := c|p|.

Example 3.6 (Particle in an external potential). Mechanics would be rather boring if there
were only free particles moving in straight lines, but what we may do is to add a scalar
potential to the Hamiltonian (3.6),

H(x,p) =T(p) + V(x),

where V: R? — R is a function of the coordinates only. Hamilton’s equations are then
modified to
x=p/m, p=-VV,

where F' := —VV is the force acting on the particle, with its sign chosen to act to minimize
the potential energy. Hence, mx = F, which is Newton’s equation of motion.

Remark* 3.7. In fact, the potential may be understood to have a geometric origin and
is again most naturally formulated in the framework of relativity. Namely, one couples
the spacetime momentum p = (E/c,p) of the particle to the gauge potential A(x) =
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(Ap(t,x), A(t,x)) of the electromagnetic field F' = dA using the replacement p — p — ¢A,

where ¢ is the charge of the particle. Then (mc)? = (p — qA)? = (E/c — qAp)? — (p — qA)?

implies the electromagnetically coupled version of (3.7):

(p—qA)?
2m

with scalar potential V' = gcAg. See [Nak03] for more on the geometry of electrodynamics.

E =mc® + +V +0((p—qA)?),

Example 3.8 (Harmonic oscillator). The standard example of an external potential, due to
its simplicity and also its widespread appearance in real physical systems, is the harmonic
oscillator potential,
1
Vose(x) 1= imw2|x|2,

where w > 0 is a parameter known as the angular frequency of the oscillator. The mass
m appears here scaled out of w in order to make the dynamics independent of m, namely,
Newton’s equations become simply % = —w?x, with well-known 27w-periodic solutions.

What one usually does in preparation for the quantum version of the harmonic oscillator
is to introduce the complex phase-space variables

mw 1 . mw )
TN T TN T )

One may then observe that these satisfy the Poisson algebra

{aj,a;} =0, {aj,ar} =0, {aj,a;.} = —idj;1, (3.8)
and, if N':= 3" aja; =3, |aj|?,
N=N*"=H/w,  {N,a;} =iaj;, {N,a}} = —id;. (3.9)

Also, z; = (2mw)_1/2(a3’f +aj) and p; = i(mw/2)1/2(a;f —aj).

Note that by construction of the dynamical equations (3.4) and the antisymmetry of the
Poisson bracket, we have that the Hamiltonian is a conserved quantity under the motion,

d .
S H(x.p)=H={HH}=0. (3.10)

In fact, any function f on P" is by (3.4) conserved in time iff it Poisson-commutes with H
(the general important relationship between symmetries of the Hamiltonian and conserved
quantities admits a more thorough formulation and is known as Noether’s theorem).

Remark* 3.9. There are subtleties even in classical mechanics when one considers systems
with singular behavior which need to be treated using constraints. Typical examples are
field theories such as electromagnetism, where passing from a Lagrangian to a Hamiltonian
formulation involves redundant degrees of freedom and results in non-invertible transfor-
mations. However, Dirac has invented a procedure to treat such constrained Hamiltonian
systems and to perform reductions in the Poisson algebra. See [Dir67], [Thi07, Chapter 24],
and e.g. [dWHL11] for a recent example in membrane theory. Also fully general-relativistic
systems — where there is no canonical time coordinate — may be considered, though in an
even more general framework for mechanics, as outlined e.g. in [Rov04, Thi07].

Exercise 3.2. Verify the brackets (3.8) and (3.9).
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3.2. The instability of classical matter. Let us briefly discuss why ordinary matter
formulated in terms of the above-outlined rules for mechanics turns out to be unstable. We
do not need to construct a very complicated model of matter in order to see the instability.
In fact it arises already upon considering the simplest model of an atom consisting of a
single electron moving in three-dimensional space around a fixed nucleus, which we for
simplicity place at the origin of the electron’s coordinate system C3 = R3. To justify
this assumption, either consider the nucleus to be much heavier than the electron (which
indeed it is by experiment) so that it experiences only very slow acceleration (according to
Newton’s equation) and thus can be safely considered fixed during a short time frame, or
better consider the problem in relative coordinates as will be described in Section 3.5.

The electron and the nucleus have opposite electric charge and therefore experience an
attractive electric force given by the Coulomb potential,

q192
Vo(x) = Ha

where ¢; and g2 are the particles’ respective charges, resulting in the Coulomb force

Fco(x) = -VVe(x) = q1qe

(3.11)

X

x|

In accordance with commonly used conventions and for future simplicity, we will normalize
the electron charge to ¢ = —1 and call the charge of the nucleus ¢o = Z > 0. For a
neutral one-electron atom the nucleus consists of a single proton with charge +1 and we
thus have Z = 1 (this charge Z is known in chemistry as the atomic number, with
Z = 1 representing the hydrogen atom), however we will for generality keep Z > 0 free
as a mathematical parameter. We therefore take as our model for the dynamics of the
electron in this hydrogenic atom the model considered in Example 3.6, with the external
potential(5)

A

x|

Ve(x) =

Hence the Hamiltonian defined on the electron’s phase space P3 = R? x R3 3 (x, p) is
P’ Z

H(x,p) =T(p) + Vc(x) = om x|

(3.12)
We already observe an obvious problem here: that H is unbounded from below, namely
fixing p while taking x — 0 results in H(x,p) — —oo. However, one may object that this
limit is quite artificial and perhaps cannot be realized in practice, in particular because the
energy must be conserved throughout the dynamics as we already observed in (3.10). Let
us therefore instead consider a possible trajectory: say for simplicity that the electron starts
from rest at the point (1,0,0) € R3, i.e. x(0) = (1,0,0) and p(0) = 0. Then the non-trivial
equation of motion to be solved is

mi| = —Zxy /|13, r1(0) =1, ,(0) =0, (3.13)

whose solution (see Exercise 3.3) can be seen to satisfy x;(¢) — 0 in finite time. Therefore
the electron described in the framework of classical mechanics admits dynamics whereby it
collapses into the nucleus.

(5)Though Ve ¢ A, we may consider it as a limit of smooth functions (see remark) or extend our A a bit.
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Remark* 3.10. With a little more physics background, one may still object to this conclusion
of instability in two ways. The first is that the nucleus is actually a composite particle which
has some spatial extent and therefore it is not clear that a collapse happens — maybe the
electron would just bounce around in a continuous charge distribution. However, it is known
that the size of a nucleus is about 10~ m while the typical size of a hydrogen atom is about
10719 m (the Bohr radius), so from the perspective of the typical electron orbit the nucleus
certainly looks pointlike, and one rather needs to explain why the electron insists on staying
so far away from the nucleus. This leads to the second objection, namely that in analogy to
the picture of a planetary system (which is completely justified from the model (3.12) since
the Newtonian gravitational potential looks exactly the same), the electron could just move
in a circular or elliptical orbit with its centripetal acceleration exactly matching the Coulomb
force. In order to object to this picture of apparent stability one needs to know a little more
about electromagnetic interactions, namely that an accelerating charge necessarily emits
electromagnetic radiation to its surroundings (in order to properly incorporate this — still
purely classical — effect, called bremsstrahlung, one needs to modify both the above simple
Hamiltonian and the phase space severely, and the resulting Hamiltonian describing the
electron is then not conserved in time). The consequence of this radiative effect is that the
electron loses energy and therefore transcends into lower and lower orbits, in effect spiraling
in towards the nucleus and leading to the collapse of classical matter.

Exercise 3.3. Find an implicit solution of (3.13) for x1(t) > 0 and determine the time T
for which x1(T) = 0. (Hint: start by multiplying the equation by i1.)

3.3. Some quantum mechanics. The above-discussed problem of instability, together
with other unexpected discoveries in the beginning of the 20th century, led to the realization
that Hamiltonian mechanics on phase space (as well as the other equivalent formulations
of classical mechanics) is not sufficient to describe the physical world. This was in the
1920’s subsequently remedied by the invention of a quantum representation for mechanics.
Nowadays this is quite well understood as a kind of mathematical recipe, referred to as
canonical quantization, although depending on which systems are considered there are
still many subtleties to be dealt with, both on a formal level and also when it comes to the
physical interpretation.

3.3.1. Azioms of canonical quantization. In mathematical terms, the procedure of ‘canon-
ical quantization’” amounts to selecting a (sufficiently interesting) Lie-subalgebra O C A
and a representation of this O as an algebra of linear operators on a Hilbert space H,
0O-0C L(H). This translates to the following set of axioms of quantum mechanics:

A1l. (States) There exists a complex(ﬁ) separable(7) Hilbert space H, which we call the
quantum configuration space. The non-zero elements 1) € H \ {0} will describe
the states® of the quantum system, and furthermore two vectors ¢ and ¢ in H
describe the same state if and only if ¢ = ¢ip, ¢ € C\ {0}. In other words the set of
quantum states constitutes a ray representation of H.

(6)One may also consider purely real Hilbert spaces; see e.g. [Lun08] and references for a discussion.

(DThis assumption could, and should, sometimes be relaxed; see e.g. [Thi07, AS11].

(&) These may also be called pure states in contrast to mixed states (density matrices; Remark).
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(Observables) One has selected a set of observables a € O which form a closed Lie-
subalgebra of A, and which are real, a* = a. To each such observable a € O there is
associated a densely defined self-adjoint operator a acting on H, i.e. a* =a € L(H).
The spectrum of a are the possible results of a measurement of the observable a.
(Commutators) The Poisson bracket in classical mechanics is replaced by the com-
mutator

of operators, according to:
1 ~
{a,b} — ﬁ[d,b]. (3.14)

Here we have multiplied the commutator with —i (and the sign is just a conven-
tion) in order to make the expression self-adjoint (by the closedness of O, the
bracket of two observables is also an observable and hence should be represented
by a self-adjoint operator, but the commutator of two self-adjoint operators is anti-
self—adjoint(g)), and we furthermore introduced a new parameter A > 0 known as
Planck’s constant.

(Expectations) Given a state 1) € ‘H, the expectation value of an observable a € O
in this state is given by

(¥, 9)

The interpretation is that if one prepares a large ensemble of identical systems, each
of which is prepared to be in the state v, and then makes a measurement of the
observable a then the result of the measurement will in general be random but the
expectation value of the results will be given by the quantity (d>w € R. If a has
physical meaning but 1 ¢ Q(a) then ¥ may be interpreted as an unphysical state.
(Time evolution) The choice of dynamics depends on the choice of a Hamiltonian
H € O, which is represented as a self-adjoint Hamiltonian operator H on .
Operators corresponding to other observables may then evolve with time according
to Heisenberg’s equation of motion (compare (3.4)),

d 1 -

—a(t) = =la(t), H 1

Sa(t) = - [a(), i, (3.15)
and their corresponding expectation value at time ¢ is

. (v, a(t)y)

a(t = —",

O =100y

Remark 3.11. The reasons for insisting that observables be represented by self-adjoint op-
erators are threefold:

1.

An observable a € O should represent a real measurable physical quantity, and its
expectation value satisfies (a),, € R for all states ¢ € Q(a) iff a is hermitian.

9)On the basis of this one may argue that the more natural thing to do is to replace everything by

anti-self-adjoint operators.
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2. Self-adjoint operators have a spectral representation given by the spectral theo-

rem, Theorem 2.14, and the points of the spectrum o(a) C R represent the possible
values of a measurement of the observable a € O. Also, if the system is in a state
1 € H, then the probability of measuring values of a in the interval [\, N'] C R is
given by the expectation value (of the observable?) “q e [X X]”)

. 2
) Py
(o), - LBl .

where  — Pfl‘ is the corresponding spectral projection (see e.g. Example 2.15).

. By Stone’s theorem, Theorem 2.18, self-adjoint operators are the generators of one-

parameter unitary groups, t — Uy (t) := €@, which is in particular important for the
time evolution by the Hamiltonian H to conserve probabilities, ||/ i (t)wH = ||¢]]. A
non-self-adjoint Hamiltonian operator would describe non-unitary time evolution,
which would however be appropriate when there is energy or information loss

from the system to an external environment.

We also note that:

4. A measurement necessarily exchanges information between the system being mea-

sured and the observer, and therefore results in non-unitary evolution. In effect, after
measurement the state has become projected into the subspace corresponding to the
information obtained, ¢ +— P& )\,}w, by means of the spectral projection in (3.16).
For example, if a has an isolated simple eigenvalue \; € o(a) with corresponding
normalized eigenstate u;, then the probability (3.16) of measuring precisely this

value in the normalized state ¢ is <P[L}\r€,kj+€]>¢ = |(uj,%)|?, and the state of

the system 1 — u; after such a measurement. Repeated measurement of a will
then produce the same value A\; with certainty (unless the observable has evolved
with time). The quantity (uj,1) € C is called a probability amplitude, and the
probabilistic interpretation is known as Born’s rule.

Remark 3.12. Instead of evolving the operators in time according to the solution of (3.15),

at) = eti/hg(0)e~ /M ¢ £(H),

one may evolve the states, ¥ (t) := e*“f{/hw(O) € H, so that by unitarity

(@) g0y = (a(0))ye)-

These states then satisfy the Schrodinger equation

(10)

d -
ih () = H(1).

Note that if we can measure a then we may also determine if a € [\, '] for any interval [A, \'] C R,

and similarly if we have a self-adjoint operator a then we also have access to its projection-valued measure

P[‘Ai\’ »]- The commutativity of P& and PS%/ expresses what may be known simultaneously about a and b.
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3.3.2. The Schrodinger representation. Let us now implement the above quantization rules
on the archetypical Poisson algebra 4, namely the phase space (3.1)-(3.2), with the canonical
Poisson brackets (3.3). We take the canonical coordinate and momentum functions z; and
pir as our fundamental observables, with for example

O = Spang{l,x1,...,Zn,P1,---,Pn}, (3.17)

(note that we added 1 to make this a closed Lie-subalgebra of A, also known as the Lie
algebra of the Heisenberg group). However we will typically want to work with something
slightly larger than (3.17) since by A5 we also need a Hamiltonian observable H € O which
is some function of x and p. These observables should according to A1-A2 be promoted
to operators 1, &j,pr € L(H) on some Hilbert space H, which we leave undetermined for a
brief moment.

The canonical Poisson brackets (3.3) should then according to A3 be represented by the
canonical commutation relations (CCR):

[5,2] =0, [P0kl =0, [&5,Pk] = ih ol (3.18)
We also note that since {1,a} = 0 for all a € A, we should have [1,a] = 0, at least for all
a € O, so that upon considering irreducible(™) representations of this algebra we may write
1 = ¢l, where ¢ € C, or actually ¢ = ¢ € R since 1* = 1. However, as 1 appears only in
combination with £ in the r.h.s. of (3.18), and since we have not yet fixed the value of £,
we may absorb this freedom into % and take ¢ = 1, i.e. 1 = 1, the unit in £(H).
It is now time to find a Hilbert space on which to represent the operator observables.
However, taking the simplest non-trivial choice that comes to mind, i.e. H = C¥ for some
finite dimension N > 1 and with the operators acting as hermitian IV x N-matrices, is seen

not to work, simply by taking the trace on both sides of for example the operator equation
corresponding to the first non-trivial commutator in (3.18),

F1pr — priy = bl (3.19)

The trace is zero on the L.h.s. but ¢A/N on the r.h.s., and hence yields a contradiction unless
h = 0. As a result, we cannot represent these relations non-trivially unless the space H is
infinite-dimensional, which leads us to the next-most natural choice H = L?(C") = L*(R"),
where we may for example take the standard Schrodinger representation: for ¢ € H,

(254)(x) := 2jib(x), (3.20)
i.e. simply multiplication by the coordinate, and

, L oY
(3y¥)00 = —ihg () (321)
The sign convention on p; here matches that of (3.14).
Note that both of these are unbounded operators and therefore care has to be taken that

they are self-adjoint. They are obviously hermitian when considered as forms on C2°(R"),

(o 2j10) = (o0, (s Pr) = (Brp ), Vo, 90 € CF(RY), (3.22)

(1) That is, if seen as matrices, not block-diagonalizable but restricted to just one full block which cannot
be reduced further (no invariant strict subspace). Irreducibility comes in by axiom Al and the desire to be
able to distinguish all states. — If they are not distinguishable by any means then they should be identified!
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but one needs to specify corresponding domains so that D(2}) = D(Z;) and D(p;) = D(pr).-
In the case &, the natural (maximal) domain is

D(&;) == {w € L*(R) : / |22 (x)]? dx < oo} :
Rn
while the common joint domain for all Z; is
D(%) :={¢ € L*(R") : ¢ = (19}, &nth) € L*(R™;C")},
and for pg,
Do) = {w e P®): [ laPOPE <], DH)=HE).  (23)

This also corresponds to taking the closure of the minimal operators, i.e. with &; and p,
initially defined on the minimal domain CZ°(R™).

Writing p = h¢ (we will later set i = 1), we have in terms of the Fourier transform!
(2.7)

12)

(50) () = prb(0), (@) (B) = ih 5% o),
Pk

so that an alternative but equivalent representation (called the momentum representa-
tion) is given by FH = FL2(C") = L2(R") 5 ¢) with operators 1 = 1, iy, pj € L(FH)
defined by
. . s 9
B0)(p) =pj¥b(p),  (T¥)(p) == Zﬁafm(p), (3.24)
ie I = .Fik./_"_l and p; = fﬁjf"_l.

Remark 3.13 (Stone-von Neumann uniqueness theorem). In fact, one may consider the
abstract unitary group generated by, say &1, p1, with the commutation relations (3.19), via

U(s) := e, V(t) := eP/h, (3.25)
which satisfy the Weyl algebra
US)U()=U(s+5), VOVE)=V(i+t), V(E)U(s)=etU(s)V (). (3.26)

It turns out that, with the only assumptions that the representation of this group is unitary,
irreducible and weakly continuous, i.e.

}1_1)1(1) (u,U(t)v) = (u,v) Yu,v € H, (3.27)

and similarly for V' (t), it must be equivalent to the Schrodinger representation: that is, up
to conjugation with a unitary (such as F), we have H = L?(R) with

U)) (@) = ™),  (V(O)Y) (@) = ¢(x +1). (3.28)
This is known as the Stone—von Neumann uniqueness theorem. However, upon re-
laxing the assumption (3.27) on weak continuity other representations may be found, on
non-separable Hilbert spaces; see Section 2.5.2 and [Thi07, p. 213], [AS11].

(12)The conventions here are unfortunate but standard; hats on states denote their Fourier transform,

and otherwise it denotes operator representations of phase-space functions.
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Since the #; are commuting operators we may diagonalize them simultaneously, with
well-defined projections on the joint spectrum of the operators x = (Z1,...,&y),

> _ pZ1 pl2 Tn . 3
T sy x I, = PI1 P12 ...PIn , I; C R intervals,

which may be generalized to Pé for any (Borel) Q C R™. This is again the same as taking
the Schrédinger representation with P& = 1. For normalized ¢ € L2(R"), ||¢[/z2 = 1, we
have by Remark 3.11.2 also a natural interpretation for

[l = 1), = (7).

which is thus the probability of measuring the event x € €) given the state ¢ € H. Further-
more,

VI = G, 8aé) = limy | B ()|~ (P,

(valid for a.e. x € R™ by the Lebesgue differentiation theorem) may be interpreted as the
probability density of measuring the coordinates x € R".

In the case of diagonalizing p instead, i.e. switching to the momentum representation
where FPYF ™1 = PS = 1, one has

o2 = (s — 1 -1/ pb T ~1/pb
)P = (d.00) = lim [B-0)| ™" (Ph.(p)) = Im B0 ™ (Ph )
the probability density of measuring the momenta p € R".

Remark 3.14. The reason why we cannot just take the full Poisson algebra O = A and quan-
tize that is that there will be problems when it comes to the choice of ordering of operators.
Namely by (3.19), #1p1 is not the same as p;Z7, so it matters if we by x1p; = p1z1 € A
mean Iipi, or P11, or perhaps %(9%1131 + p121). This is known as the factor ordering
ambiguity in quantum mechanics and causes many headaches when trying to quantize
classical mechanical systems. As a result there are often different routes to quantization
with obstacles to be overcome and choices to be made of both ordering rules and repre-
sentations, so that, in practice, the procedure of ‘canonical quantization’ may not seem so
canonical after all. For a very general treatment of the quantization procedure, see e.g.

[Thi07, Rov04].

Exercise 3.4. Verify (3.22) and the CCR (3.18) for both the choice (3.20)-(3.21) and the
alternative (3.24), and note the agreement of all sign conventions.

Exercise 3.5. Verify that the Schridinger representation (3.20)-(3.21) exponentiates to
(3.28) and satisfies the Weyl algebra (3.26). Conjugate with F and compare with (3.24).
Derive the abstract Weyl algebra starting from the definitions (3.25) and the CCR (3.18).

3.4. The one-body problem. Let us now consider the case of the one-body problem,
i.e. a single particle on a d-dimensional classical configuration space C¢ = R? and phase
space P4 = R?? on which we may take the Hamiltonian H(x,p) = T(p) + V(x) from
Example 3.6 (in that case we had d = 3, but let us be more general here and take d € N).
Since it generates our dynamics, we should promote it to an observable, i.e. add it to (3.17)
and then construct its quantum representation H e L(H). However, before we do so, let
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us make sure that we are done with our choice of observables O. Namely, O needs to be
closed under Poisson brackets, and indeed

e T} =110, {5V} =0, (. T(®)} =0,

but we find that we might also need to add

s ]

i.e. the components of the corresponding force F, as well as

JF]
(s Filo0)} = =5 ().

in case this expression is non-zero, and so on. Hence all of these functions on P? need to be
represented as operators as well. Moreover, there may be other relevant observables such
as

Lji == zjpy — Tkpj, 1<j<k<d, (3.29)
for which {L;,T(p)} = 0 and {L;;, V(x)} = 0if V(x) = f(|x]) (i.e. radial potentials), and
which describe angular momentum. On the other hand, it is not always the case that
any of the canonical variables x; and p; ought to be considered observables, and one may
in such an extreme circumstance therefore just take the trivial choice O = Span{l, H} or
O = RH (but with e.g. some non-trivial representation based on the concrete expression
for H) and hence only have to worry about quantizing the Hamiltonian H in that case.

Example 3.15 (Free particle). The simplest example is again the free particle with V' = 0,
for which we have H = T(p) = p?/(2m). In the usual Schrédinger representation (3.20)-
(3.23) the natural thing to do is to take

. p2 h2

H=_— = (-Ag),
with domain D(H) = D(p?) = H?(R?). This is then a self-adjoint operator, and if instead
considered on the minimal domain C°(R?) it is essentially self-adjoint with the above
extension as its closure. Hence there is no other choice for the quantum dynamics in this
case (there could however be other options if one changes C? a bit by for example removing
or identifying points, as will be seen in Section 3.7). Moreover, taking the Fourier transform
and thus the momentum representation as a pure multiplication operator (3.24) we may
even determine its spectrum explicitly (cf. Exercise 2.9): o(H) = o(p2/(2m)) = [0, 00).

Even if the potential V' is non-zero, since T(p) and V(x) depend only on p and x
separately there is, luckily, no factor ordering problem in H = T 4+ V. But we do need to
ensure self-adjointness of H , which could actually be quite difficult depending on V. The
typical procedure would again be to use our earlier Schrodinger representation for x and
p = —ihV and thus write for the Hamiltonian operator

H:=T®)+ V(&) = T(—iV) + V(x) = i(—A) +V(x), (3.30)

at least on the minimal domain C2°(R9). This is a hermitian expression on this domain as
long as the potential is real-valued, V: R? — R, and not too singular (as will be illustrated
in Example 3.20), and one may consider it as the sum of two quadratic forms. In the case
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that V > —C with a constant C' > 0 the resulting form is bounded from below, H > —C,
and therefore by Friedrichs extension, Theorem 2.12, there is a unique semi-bounded self-
adjoint operator corresponding to the closure of this form expression. An operator on the
form (3.30) for some potential V' is conventionally called a Schrodinger operator.

Example 3.16 (Harmonic oscillator). Our main example for a system with non-zero po-
tential is again the harmonic oscillator, V' = Vi > 0 from Example 3.8. In this case
the Schrodinger operator H>0 may be defined by Friedrichs extension or form closure,
Theorem 2.11, on C°(R%) and the form domain is

Q) = Q(-A)NQ(V) = {y € H'(RY) : [palx|*[t0(x)[> dx < o0}

We note that {p;, V(x)} = —mw?z;, and hence one may take O = Spang{1,z;,px, H} as
a closed algebra of observables, with quantum representatives O = Spang{1, Z;, ﬁk,ﬁ } C
L(H), all acting on a common dense domain D(H) C Q(H) C H = L*(R%).

Alternatively, let us consider the closed algebra (3.8)-(3.9) spanned by {1, a;,a}, N} and
try to quantize that. For simplicity we take h = 1, d = 1 and drop the index j = 1. Note
that a # o* (and also a # —a*) since {a,a*} # 0, and hence a or a* are not observables.
However, any of the expressions aa* = a*a = N = (a*a + aa*)/2 € A may be used. Also,
given that we can extract from the real combinations a + ¢* and —i(a — a*) subject to (3.8)
the original observables = resp. p and their canonical CCR, we may consider promoting a
and a* to non-self-adjoint operators a resp. a* satisfying the commutation relations

[a,a*] =1, [N,a]=-a, [N,a*]=a", (3.31)
where we defined N := a*a. Also note that aa* = N + 1 by the first commutator above.
Hence, the expressions that were the same on A are now given by different operators.
Furthermore, if we demand that N = N*is self-adjoint and has some non-trivial eigenstate
¢ € H with eigenvalue A € R, then one may observe that ¥y resp. (a*)*4 are also
eigenstates with eigenvalues A—k resp. A+k. Therefore, if also demanding N to be bounded
from below, there must exist a state g € H such that aiy = 0, and the remaining states
of an irreducible representation of (3.31) are then given by 1, := (a*)*vg with Ny, = ki,
k=0,1,2,.... Taking finally the symmetrized expression H /w := (a*a+aa*)/2 = N +1/2,
and H := Span{y}32, this then provides the algebraic solution to the spectrum of the
quantum Harmonic oscillator (one may finally show that these two representations coincide).

If V is unbounded from below then it is not certain that Friedrichs extension applies,
but there are other tricks and concepts, such as relative form boundedness and relatively
bounded perturbations, which may be used to define the sums of such forms and operators.
However we will in this course rely solely on proving that the full Schrodinger expression
(3.30) is bounded from below as a quadratic form, so that there is then an unambiguous
choice of an associated bounded from below quantum Hamiltonian H.

Example 3.17 (Coulomb potential). As already noted in Section 3.2, the Coulomb po-
tential Vo(x) = —Z/|x| is unbounded from below. In the next section we will use the
uncertainty principle to prove that the form

o(w) = (v, [h2 (~aw) - 2| ¥)

2m



UNCERTAINTY AND EXCLUSION PRINCIPLES IN QUANTUM MECHANICS 29

is nevertheless bounded from below on the minimal domain C°(R?) (also note here that,
even though V¢ is singular at x = 0, we still have Vi € L. (R3) which makes the expression
well defined on this domain), and hence it defines a semi-bounded from below self-adjoint
operator H by Theorem 2.11 or 2.12.

We remark that, as soon as we have defined a self-adjoint Hamiltonian operator H which
is bounded from below, H > —C, then there cannot be any problems with the physical
system for any future time, since all states ¢ € H then evolve unitarily by Stone’s theorem,
and furthermore arbitrarily negative values of the energy cannot be measured at any time

since the measurable energy spectrum has a finite lower bound, o(H) C [—C, +0c0). Hence,
in this precise sense there is then stability for the corresponding quantum system.

Exercise 3.6. Verify the algebraic relations in FExample 3.16 and extend the solution to
d>1.

Exercise 3.7. Consider the angular momenta (3.29) in R3, with L1, Ly and Ls := x1py —
xop1 cyclically defined. Verify the Poisson brackets {Li, Lo} = L3 (cyclic) and {L?, Ly} = 0
for all k, where L? := L2+ L% + L%. By considering L4 := L1 £1iLo and the corresponding
commutation relations, show that all possible finite-dimensional irreducible quantizations of
this algebra (with Ly, self-adjoint) may be labelled by a number { € Z>0/2 (called spin), and
that the corresponding spectrum is o(Lsg) = h{—0,—(+1,...,0} and L2 = h2(({ + 1)1.

Exercise 3.8. Show that f/j = %O’j with the Pauli matrices

_ o1 o - 1o
R FU] I VI R [

respectively f/j = 1S; the generators of rotations in R3,

00 0 0 0 1 0 -1 0
Si=10 0 —-1|, S=|0 0 0|, S;3=1{1 0 o,
01 0 -1 0 0 0 0 0

yield irreducible representations of spin £ = 1/2 resp. £ = 1. Also note that ﬁ? commute
for these representations (is this always the case?).

3.5. The two-body problem and the hydrogenic atom. In the case that one considers
two particles on RY, the classical configuration space would be C?¢ = R? x R% and the phase
space P2 = R4, We write the corresponding coordinates x = (xi,Xs) and momenta
p = (p1,p2), with x;j, px € R% For the Hamiltonian, one could here think of adding the
kinetic energies T;(p;) = pjz /(2m;) for each of the two particles j = 1,2, and also allow for
some potential on configuration space V': C2¢ — R which depends on both particles:

2

2
PL P y(xg, %) (3.32)

H(x,p) = Ti(p1) + T2(p2) + V(x1,%2) = 2my - 2me

Note that the masses mj resp. my of the particles could be different, and that we may also
w.l.o.g. rewrite the potential V' into a sum of independent one-particle parts V; and a final
part W describing any correlation or interaction between the two particles,

Vi(x1,x2) = Vi(x1) + Va(x2) + W(x1,%2),
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thus
2

H(x,p) = Y Hj(xj,pj) + W(x1,x2),  Hj(x;,p;) = ;n]j + Vj(x5)-

j=1,2
In case there is no correlation between the particles, W = 0, this hence just describes a sum
of two independent one-body Hamiltonians for which we may proceed with quantization as
in Section 3.4. If we can find self-adjoint representations of the corresponding operators
H; € L£($) on one-particle Hilbert spaces $ = L?(C%) = L*(R%) (the same C¢ for the
two particles), then we can take the two-body Hilbert space to be the tensor product
H=9H®H = L*(R?*) (see Exercise 3.9) and form a self-adjoint Hamiltonian operator out
of two commuting ones:

H=H o®l1+1®Hy e L(H), D(H)=D(H)®D(H>),

with spectrum o(H) = o(H;) + o(Hs) (see e.g. [Tesl4, Section 4.6]). For brevity we will
usually leave out the trivial factors of 1 in the tensor products if it is understood on which
part of the space the operator acts. Also note that the expression for H exponentiates to a
unitary time evolution on two-body states ¥ = ¢ ® ¢ € ‘H (and linear combinations):

eitﬁ/ﬁ‘l} — (eitﬁl/ﬁ ® €itH2/h)(?Z) ® ¢) — €itﬁ1/hl/) ® €itH2/h¢.

Example 3.18. The d-dimensional harmonic oscillator from Example 3.16,

P> 1 4, - P15,
H(x,p) = — + —mw?’x* = —— 4+ —mw“r’
P =5 3 ;1 om 2" )
separates into d copies of a one-dimensional oscillator, with no correlation between these
different degrees of freedom, and hence it suffices to solve the one-dimensional problem to

determine the full spectrum: o(H) = Z?Zl w(Zys +1/2) =w(Zy +dJ2).

In the case that there are correlations between the particles, W # 0, it may be helpful
to change variables. For the Hamiltonian (3.32) we define the center of mass (COM) and

its conjugate momentum
miXi + maX
X = LT TR P :=p; + po, (3.33)
mi + Mmso

as well as the relative coordinate with its conjugate momentum

r:=Xj — X, Pr = M(Pl/ml - P2/m2)- (3-34)

Here
mi1ms9

mi + ms

is the reduced mass of the pair of particles. We may then rewrite the two-body Hamil-
tonian (3.32) in these coordinates as (see Exercise 3.10)

P2 Py
2p
Example 3.19 (The hydrogenic atom). Recall from Section 3.2 that the hydrogenic atom

consists of a nucleus with charge Z > 0 and an electron with charge —1, which interact via
the Coulomb potential Vo(r) = —Z/|r|, where |r| is the distance between the particles in

+ V(X+ Lr,X — ir) =: ﬁ(X,r;P,pr).

H(x1,%2;p1,P2) = m mo

T
2(m1 + ma)
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R3. The proper model is therefore a two-body classical configuration space C3*? = R3 x R3,
phase space P3*2? = R'2, and Hamiltonian

. _ pi | P} 4
H(x1,%2; p1,P2) = 9my + ST ra—
with m and meo the masses of the nucleus and electron, respectively. It is here appropriate
to switch to COM and relative coordinates, C3*? = C.y % Cret 2 (X, 1), in which the
Hamiltonian separates,
2 2
ﬁ(er;Papr) = Pi + & - é
2(my +ma)  2u  r|
The first term involving the center-of-mass momentum P is just the one-body Hamiltonian
Hem(X; P) of a free particle on Co, = R, which we may quantize uniquely along the lines
of Example 3.15, while the second two terms constitute the Hamiltonian H,¢ (r; py) of the
one-body Coulomb problem on C,q = R? which was discussed classically in Section 3.2 and
quantum-mechanically in Example 3.17 of Section 3.4, and which we shall return to many
more times. Given a self-adjoint quantization Hye € L(L?(Cye1)) of this Hamiltonian, we
therefore have the two-particle operator

o, IP(-Ax)
©2(my +ma)
on the two-particle quantum configuration space H = L?(R?,dX)® L?(R?,dr). Again then,

RI1+1® ﬁrel; D(ﬁ) = Hz(Rg) @ D(ﬁrel)a

0(H) = 0(Hew) + 0(Hyel) = [0,00) + 0(Hye) = [inf 0(Hye1), 00),
and we see that the spectrum of the free center-of-mass motion in the end obscures most of
the information about the relative one. Therefore, in practice one often removes the COM
part from the problem altogether and then studies only the more interesting relative part.

Exercise 3.9. Use Fubini’s theorem to show that L*(X, u) ® L2(Y,v) =2 L*(X x Y, u x v),
where u, v are o-finite measures and, for two Hilbert spaces H,KC, H ® K is defined with

(U1 ® u2,v1 @ V2)gyeic 1= (U1, V1) (U2, V2)kc -

Exercise 3.10. Verify that the COM and relative coordinates and momenta (3.33)-(3.34)
are canonically conjugate, i.e

{(X)j, P} =0k, {(x)j, (Pr)r} = I,
and all other Poisson brackets in X,r, P and py are zero, and furthermore that

2 2 2 2
mix3 + moxs = (mq + mo) X2 + pr?, b1, P P 4 Pr
mip Mo mi + mg N
3.6. The N-body problem. We may extend much of the above analysis to the N-body
problem, that is, we may consider N particles on R? with masses m; and with indepen-
dent one-body potentials Vj(x;), two-body correlation potentials Wi (x;, %) describing
pairwise interactions between particles x; and x; with j # k, as well as three-body inter-
actions Wy (x;, Xk, x;) with 7, k,1 all distinct, and so on. Although interaction potentials
involving more than two particles are not uncommon in physics, they will not be relevant
for our stability of matter problem and shall hence for simplicity not be considered further
in this course (except perhaps occasionally). Furthermore, it is common that the one-body
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potentials have already incorporated all the dependence on absolute positions such as pair-
wise centers of mass, and hence that the pair-interactions Wj; are translation-invariant,
i.e., depending only on the relative coordinate rj; := x; — x;, of each pair (w.l.o.g. j < k).
With these restrictions or simplifications, the N-body Hamiltonian on the classical

configuration space C¥*N = (R%)"N and phase space PN = (RH)N x (RY)N may thus be
defined

N

Z i) Vi) + > Wik(xy —xi) = T(p) + V(%) + W(x).

=1 1<j<k<N

Again we see that there is no ordering ambiguity here since the terms involve coordinates
and momenta separately. The natural quantum version of the expression is therefore

N
H:=) (Tjp) + Vi) + > Wik —%p)=T+V+W,
j 1<j<k<N
which is to be acting as an operator on H = L2(C¥*N) = L2(R4N), that is, we should
try to implement these expressions as operators or forms on some space .% of sufficiently
well-behaved functions ¥ € L?(C%*"), called N-body quantum states or N-body wave
functions, according to

p? N B2
— W (x)=—) ——AGW 3.35

’ﬂ>
=
Rab

li

M =

1

<.
Il

<
=
Rad

1
M) =

Vj(x;)¥(x),

<.
Il
—

WU(x):= Z Wik (x; — x1)¥(x).
1<j<k<N
Which space .# we may choose depends on details of the potentials V' and W, namely, if for
example the interaction W is too singular then this may force us to consider only those func-
tions which vanish (sufficiently fast) at the singularities. Hence, the usual minimal domain
C(R™) C H might not always be appropriate, as the following example illustrates.

Example 3.20 (Hard-core interaction). Consider an interaction potential Wgr(r) formally

defined by
| 4oo, if|r| <R,
Wh(r) = { 0, if|r|>R.
This describes hard spheres (or hard cores) of radius R/2, because as soon as the
particles are within a distance |r| = |x; — x| < R the energy is infinite — a very hard

collision — and otherwise they do not see each other. Since the corresponding form on the
relative Hilbert space L%(R?, dr) is formally

(b, W) = /WleF {

the mathematically precise way to incorporate this potential is to consider a new minimal
domain D(Wg) = C°(Br(0)°) C H and a corresponding restriction in the Hilbert space

+oo, if |Br(0) Nsupp | > 0,
0, otherwise,



UNCERTAINTY AND EXCLUSION PRINCIPLES IN QUANTUM MECHANICS 33

H = L*(Bg(0)¢) = D(Wg) (the closure may be taken in the old Hilbert space L?(R%)).
This enforces the knowledge that there is zero probability that the particles overlap.

Note that (again by Exercise 3.9) we may equivalently think of ¥ € L2(R¥) = @V § as
tensor products (including any finite linear combinations and limits thereof) of one-particle
states v, € $ = L?(R%),

) 0o
U = Z cee Z Cnl...nN"vZ}Tn X...® d}nNa Cni..ny € C.

ni=1 ny=1

In the case that all W, = 0 we again have a separation of the problem into independent
one-body problems,
N h2
H=> h;j, hj= _ﬁij +Vj(xj) € L($H), (3.36)
j=1

A~ ~

and, if these are subsequently realized as self-adjoint operators, then o(H) = Zjvzl o(hj).

Also, if Wj;, # 0, then one may for each pair of particles instead consider the problem
in the corresponding relative coordinates rj;. However, because for N > 2 there are more
pairs than relative degrees of freedom, (g ) > N — 1, this forms a redundant set of variables
and the problem typically does not separate. The total center of mass,

N N N
X:ijXj/ij, P:ija
j=1 j=1 j=1

may still be separated away though if the one-body potential V' admits such a separation.
We will not consider the appropriate change of variables in the general case, involving
Jacobi coordinates, but only in the below special case of identical masses.

3.6.1. Models of matter and notions of stability. An important special case is that all the
particles are of exactly the same kind so that we have the same mass m; = m and one-
particle interaction V; = V for all j, and also that the two-particle interaction Wy, = W
is independent of the pair considered and furthermore symmetric w.r.t. particle exchange
rjp — —Tj = Iyj, i.e. W(r;p) = W(—rj;). The resulting Hamiltonian operator
N2
N
aN =3 <2m(—ij) + V(Xj)> + > W(x;—xx) (3.37)
j=1 1<j<k<N
then defines the typical N-body quantum system involving a single type of particle.
In this case it may be useful to write the momenta as a sum of pairs using the generalized
parallelogram identity (valid on C? or general Hilbert spaces; cf. Example 2.3),

N 1 N 2 1
> il =Dop| ty D Piope
; N |4 N -
7j=1 j=1 1<j<k<N
and thus for the Hamiltonian

A h? 1
N _ _ I
i = 2mN( Ax)+ Z <2mN

1<j<k<N

2

: (3.38)

~

P; — Pk

4 ﬁ(v(xj) + Vi(xp)) + W(I'jk)> :
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Again, although it looks as if we may have separated the problem if V' = 0, this is indeed
true for the COM variable but the particle pairs are actually not independent.

Another important case will in fact constitute our model of matter in the sequel.
Here we have two species of particles: N electrons and M nuclei, with positions x; € R?
respectively Ry, € R?. The quantum Hamiltonian on L2(C*N x C4*M) is

5 NM N h2 M h2
NM . Zrme(—ij) +Zm(—ARk) + Wo(x, R), (3.39)
Jj=1 k=1
with masses m,. > 0 respectively m,, > 0, and where we have taken as the interaction the
(N, M)-body Coulomb potential:

N M

Wele R e ! z Z 3.40
c(x,R) := Z j—zzi-i- Z Ry —Ry| (3.40)

1<i<j<N [xi — ;] =1 k=1 [x;j — Rl 1<k<I<M

This implements the appropriate Coulomb interaction (3.11) between each pair of particles,
where the charges are again g = —1 for the electrons and ¢, = Z > 0 for the nuclei.
One may also add external one-body potentials V. respectively V,,, although we will not do
so here but rather consider the whole system (3.39) of N + M particles to be completely
free apart from the internal interactions in W¢. Sometimes we may however consider the
kinetic energies of the nuclei to be irrelevant for the problem since in reality m, > m,
and thus we could consider this as a limit m,, = co. We may in any case drop the non-
negative terms (—Ag, )/(2m,) > 0 for a lower bound to HV>*. Upon doing so the positions
R = (Ry,...,Ru) of the nuclei remain as parameters of the resulting N-body Hamiltonian
HN (R) and the corresponding terms of the interaction W¢ are then treated as external
one-body potentials.

Definition 3.21 (Ground-state energy, and stability of the first and second kind).
Given a quantum system modeled on a Hilbert space H with a self-adjoint Hamiltonian
operator H € L(H), we define its ground-state energy to be the infimum of the spectrum,

Ey:=info(H) = inf <I:I> .
YeQ(H)\{0} ¥
We say that the system is stable of the first kind iff H is bounded from below,
Ey > —oc.
Moreover, in the case that the system depends on a total of N particles, with # = HY,
H = H", and
Ey(N) :=info(HN) = inf <fIN> ,
VeQ(HN)\{0} v
then it is called stable of the second kind iff H admits a lower bound which is at most
linearly divergent in N, i.e. iff there exists a constant C' > 0 such that for all N € N
Ey(N)> —-CN.

Remark 3.22. A stable system does not necessarily have a ground state, i.e. some eigen-
state ¢ € H\ {0} with energy equal to the ground-state energy Fy, Hi) = Eyip. For example
the free particle on R? (Example 3.15) is certainly stable with Ey = 0 but has no ground
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state, since the only sensible candidate would be either the constant function (in the usual

form sense, (¢, —AvY) = ||V1/)H2 = 0) or perhaps a harmonic function (in the operator sense,
—A1p = 0) which in either case is not in L?(R%).

3.6.2. Density and particle probabilities. The problem with the models of matter (3.37)
and (3.39) is that it is in practice extremely difficult to compute their spectra a(ﬁ ), even
numerically on any foreseeable supercomputer, since in reality NN is typically extremely
large. In just 1 gram of matter there are N ~ 1023 particles (and, in fact, even the classical
many-body problem is then almost impossible to understand on the individual particle
level). The approach one takes instead is to try to reduce this problem, which takes place
on the enormous classical configuration space R with N >> 1, to an approximate problem
on some space of fixed small dimension such as R?.

Recall that if ¥ is normalized in L?(R%Y) — which we shall assume from now on for
our quantum states — then |¥(x)|? may be interpreted as the probability density of finding
the particles at positions x = (x1,...,xy) € (RY)Y. We may however instead define a
corresponding particle density on the one-body configuration space R%:

Definition 3.23 (One-body density). The one-body density associated to a normalized
N-body wave function ¥ € L2((R%)Y) is the function oy € L'(R?) given by

N
o0p(x) == Z/d(N , |\I/(X1,...,Xj_l,X,Xj+1,...7XN)|2 Hka- (3.41)
j=17RATE ki

The interpretation of this expression is that it is a sum of contributions to a particle
density, where each term gives the probability of finding particle j at x € R¢ while all the
other particles are allowed to be anywhere in R? and hence with their positions integrated
out. Because of the sum, we have no information in gy (x) which one of the N particles was
at x but only how many were there on average. Indeed, fQ oy will be the expected number
of particles to be found on the set © C R?, and we can write

N N
/ ov = <Z]l{xj-eﬂ}> and Q\I/(X) - <Z 6xjx>
@ j=1 v =1 v

in accordance with the interpretations of Remark 3.11.2 and Section 3.3.2. Note that
fRd ow = N since every particle has to be somewhere in R%.
Further note that using pog we can now write for the expectation value of the one-body

potential
<V>q; = /Rd V(x)ow(x) dx,

which is indeed a tremendous simplification of the full N-body form to only depend on
the one-body density. Unfortunately a similar straightforward simplification does not occur
for the kinetic and interaction energies <T>‘1, and <W>‘1,, and the task of physicists and
mathematicians working in many-body quantum theory is to try to find such simplifications.
We shall come across some important instances of this later in the course.

We will also find it useful to extract the local particle probability distribution
encoded in the full wave function ¥. Namely, given a subset  C R? of the one-body
configuration space and a subset A C {1,2,..., N} of the particles (particle labels), we may
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form the probability to find ezactly those particles on © and the rest outside € (i.e. on its
complement Q¢ = R?\ Q):

pAQ <H ﬂ{xkEQ} H ]l{xkeQC > / Nl /A ‘2 H ka H dxk

keA k¢ A keA  k¢A

The probability of finding exactly n particles on € irrespective of their labels is then the
sum of all such possibilities

pnol¥] = > paol¥].
ACH{l,...,N}st. |Al=n

We then note that (exercise)

N
Smaltl= Y paalv)= [ jup-1 (3.42)
=0 RAN

AC{1,..,.N}

in other words, some number of particles (possibly zero) and some subset of the particles
(possibly the empty one) must always be found on 2. Also, the expected number of
particles to be found on {2 is (exercise)

N
X 2 X = U, .
nzonpng Z/ TP d /Qg (3.43)

which agrees with our earlier interpretations.

Remark 3.24. There is also a more general concept of density matrices, which certainly
is very useful but will not be treated here. We refer instead to e.g. [LS10, Chapter 3.1.4].

Remark 3.25 (Fock spaces). For settings where the number N of particles can vary with time
it is necessary to introduce an appropriate space containing all different particle numbers,
known as a Fock space:

F=@PH " =Ccosonas

where HY = ®V§ is the N-body space. The concept will not be applied in this course
however, as we will only be working with time-independent Hamiltonians with a fixed
number of particles.

Exercise 3.11. Prove (3.38) for arbitrary p; € C.

Exercise 3.12. Prove (3.42) and (3.43) by inserting and expanding the identity

N

1=J](Matx) +Loetxi)) = Y. Lysealyg, e (3.44)
k=1 AC{1,2,..,N}
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3.7. Identical particles and quantum statistics. It will turn out that our model of
matter (3.39) as presently formulated is actually unstable with N + M — oo. Although it
is very hard to see it directly in (3.39)-(3.40) — and indeed we have not yet even settled
stability for the hydrogen atom N = M = 1, the topic of the next section — a picture
one could keep in mind for now is that of a single massive atom with a large nucleus (or
charge Z > 1) surrounded by many electrons (say N = Z to make the system neutral).
If we may ignore their mutual Coulomb repulsion, these electrons would all prefer to sit
in the tightest orbit with the lowest energy, and this turns out to diverge too fast with
N for stability. You could at this stage think of the atom’s energy levels as similar to
the harmonic oscillator energy levels, although in the attractive Coulomb potential of the
nucleus they will be negative and accumulating to zero, with the lowest level proportional to
—7? ~ —N?, yielding a total energy ~ —N? for the electrons. However, this picture turns
out not to be the correct one, not simply because of the neglected Coulomb repulsion terms,
but perhaps more importantly because of an additional fundamental property of electrons
which was not visible classically. Namely, apart from the uncertainty principle arising as a
consequence of the non-commutativity relations of operator observables, an additional pair
of intimately related and fundamentally new concepts brought in by quantum mechanics is
that of identical particles and quantum statistics.

We have already assumed in (3.37) and (3.39) that all N (or M) particles are of the
same kind, for example electrons, which means that they all have the exact same physical
properties such as mass and charge, and therefore behave in the exact same way. In fact no
measurement can ever distinguish one such particle from another. In quantum mechanics,
where the uncertainty principle sets fundamental (logical) limits to distinguishability, this
becomes a very important logical distinction since the particles must therefore be treated as
logically identical. In particular, considering the probability density of an N-body state
U € L*((RY)N) of such indistinguishable particles, we must have a symmetry upon
exchanging two particles j and k,

‘\I/(Xl,...,Xj,...,xk,...,XN)|2:|\I/(X1,...,Xk,...,Xj,...,XN)‘Q, j#k, (345)
since we cannot tell which one is which. However, since W takes values in C, this relation
involving only the amplitude would still allow for a phase difference,

V(X103 Xjy oo, Xy oo, XN) = €i9jk\I’(X1,...,Xk,...,Xj,...,XN), j# k. (3.46)

One may then argue that a double exchange does nothing to the state (the square of a
transposition is the identity) so we must have (e%*)? = 1, that is f;; = 0 or 7. Further,
by considering the expectation values of symmetric N-particle operator observables (see
[MG64, Gir65, Gir69] for a more elaborate argument, as well as Exercise 3.13) one may also
realize that, for consistency, these phases cannot depend on which pair is considered, i.e.
on j or k. The only possibility is then that W satisfies either

\I’(Xg(l),xg(z), e 7XO'(N)) = \I/(Xl,XQ, ey ,XN), (347)

for any permutation ¢ € Sy of the indices, in which case we refer to these N identical
particles as bosons, or

\IJ(XU(l), Xo’(2)7 e 7X0(N)) = sign(a)\ll(xl, X2y evegens ,XN), (348)

for which the particles are instead called fermions. Hence, this amounts to a reduction
of the full Hilbert space H = L2(R™) = @N§, § = L2(R?), of (distinguishable) N-body
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quantum states into the symmetric subspace
Heym = Lbym((Rd ={ver? (R : U satisfies (3.47) Vo € Sy} = ®
or the antisymmetric subspace
Hasym = Ll (RHY) := {¥ € L*(RN) : U satisfies (3.48) Vo € Sy} = /\ 9.

The above argument to fix the phase ambiguity (3.46) of ¥ under particle exchange was
the standard one in the first half of a century after the discovery of quantum mechanics,
and is in fact still today commonly applied in physics textbooks without further discussion.
However, in the 1970’s it was clarified (see [LM77], or e.g. [Myr99] for review!) that
this is actually not the complete appropriate way to think about the problem for identical
particles. Rather, even before quantization, the classical configuration space C¥*V = RN
should be replaced by the symmetrized one

CiN = <(Rd \A) /SN,

simply because there is no way to distinguish the particles even classically. Here we have first
removed the set of particle coincidences™, i.e. the fat diagonal™® of the configuration
space

A= {(x1,...,xy) € RHN 1 T j £k st. xj = xp}, (3.49)

and then taken the quotient under the action of the group Sy of permutations of N indices,
o1 (X1, XN) = (Xo(1), X (2)s - - - Xo(N) )5
to obtain the set of proper N-point subsets of R%:
CON = {A={x1,...,xn} CR?: |[A]| = N}.

sym

This is the natural space of configurations for N truly indistinguishable (logically identi-
cal) particles, and while it changes very little on the classical side, e.g. only marginally
the space where one may define potentials V(x) since they anyway have to be symmet-
ric under permutations, it does affect the possible quantizations of the free kinetic energy
T(p) = (2m)~!|p|?, which turn out to depend on the non-trivial topology of this config-
uration space. In particlar, particle exchange no longer makes sense as a permutation of
indices (note that this is the identity operation on the quotient ngXmN ) but should instead
be considered as a continuous operation which relates points in the configuration space via
paths. The consequences of this approach have by now been studied in detail and are quite
well understood even on a strict mathematical level (although some important questions
still remain open). To give the full story would be a course in itself, however, and we will
only state the main points here, guided by the following simpler example:

(13)Note however that there were plenty of earlier hints, and the story actually goes back all the way to
Gibbs’ classical statistical mechanics; see e.g. [Fr690] and references therein, as well as [Gir65][Sou70, p. 386].
(19)This can be motivated by the fact that if some positions exactly coincide then we cannot tell if there
really are N particles, which is what we want to consider here. It may also be justified a posteriori [BS92].

(I5)The thin diagonal would be the points x € R such that x; = X2 = ... = xn.
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Example 3.26 (Two identical particles). Consider just one pair of particles on R? whose
configuration space in the distinguishable case is C%*2 = R? x R? 3 (x1,X32), while the
indistinguishable one is

cx? = (]Rd de\A)/ . A={(xx%):xeR,
with the identification (x1,x2) ~ (x2,%1) of the particles. The geometry of this space
becomes more transparent upon changing to COM and relative coordinates, (X, r) € Cep X

Crel- The space then separates into Cé;?n) = Cem X Cﬁ:lym) where Corn = R, and the relative
sym __

space in the distinguishable case is Cre; = R? while in the indistinguishable case it is Co =
(R4 \ {0})/~ with the antipodal identification r ~ —r. The diagonal A = C.y, x {0}
corresponds precisely to r = 0. The remaining relative space may finally be parameterized
in terms of the pairwise distance 7 > 0 and a relative angle w € S! or w € ST1/._.

Note that the topology of C>2|" varies markedly with dimension, namely consider the
fundamental group m; of this topological space:

m(RPIY) = Z, d>3,
m(CE™) 2 (ST L) = m(SY) = 7z, d=2,
m({1}) =1, d=1.

The group 7 is by definition the group of continuous loops(lﬁ) in the space modulo con-
tinuous deformations (homotopy equivalences), and it is exactly this group which describes
the non-trivial continuous particle exchanges, amounting to continuous loops or particle
trajectories v C Cfg’lm modulo any such loops that are topologically trivial (trivial in this
sense means that no exchange has taken place, the particles may just have wiggled a bit).

In the case d = 1 we have C)" = R" and the group of loops is trivial, while for d = 2
and S'/. = S! the generator 7 of the group 71(C:%") = 71(S') may be chosen as a simple
(say counter-clockwise) loop, and an arbitrary element is [y] = 7", n € Z the winding
number of the loop. In the case d > 3 one finds by an interesting exercise in topology that
72 = 1 and thus the group is m1(S%"1/.) = Zy. Hence, if we assign a complex phase e’ to
the generator 7 representing a simple 2-particle exchange, then in the case d > 3 we must
for consistency have that €2 = 1 and hence either § = 0 or = 7.

Now, very briefly, in the general N-particle case the possibilities for the free kinetic energy
operator depend in a similar way critically on the dimension d of the one-particle space,
and in particular on the fundamental group 71 of the N-particle configuration space (again
the non-trivial continuous particle exchanges are described by the group of loops in the
configuration space modulo homotopy equivalences). This is

SN; d > 37
m(CLY) =< By, d=2,
1, d=1,

where By is called the braid group on N strands, and 1 is the trivial group. The possible
quantizations 7' such that they reduce locally to the usual one for free distinguishable par-
ticles are then labeled by (irreducible, unitary) representations of these groups as complex

(16) o loop 7 in a space X is a continuous function [0,1] — X such that its endpoints are identified.
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phases, i.e. homomorphisms
p: m(Co) — U(1), (3.50)
which in the case d > 3 of the permutation group reduces to only two possibilities:
p =1 (the trivial representation), or p = sign. (3.51)

These can be shown to correspond to the bosons respectively fermions defined above,
namely, after choosing one of these representations one may in fact consistently extend
the configuration space with a patch for each element o € Sy to obtain R \ A with the
corresponding N-body wave functions satisfying either (3.47) or (3.48), and after closing
up the space RN \ A = R (unambiguous limits) one is finally left with Heym or Hasym-

On the other hand, in the case d = 2 it turns out one has a full unit circle of possibilities:

p(Tj) = €7, a € [0,2) (periodic), (3.52)

with « the same for all the generators 7;, j = 1,2,..., N — 1, of the group By (see Exer-
cise 3.13). The corresponding particles are called anyons (as in ‘any phase’ [Wil82]) with
statistics parameter «, and in the case a = 0 one again has bosons in the above com-
mon sense and for @ = 1 fermions. We shall denote by T., the free kinetic energy operator
for anyons, and it turns out that there are two equivalent ways to model them rigorously:
either by means of topological boundary conditions, known in the literature as the anyon
gauge picture (see [MS95, DFT97] and Remark 3.29 below for a proper definition), or
using the ordinary bosons ¥ € Lgym(RQN ) or fermions ¥ € Lzsym(]RﬂV ) but with a peculiar
(again topological) magnetic interaction, which is known as the magnetic gauge picture.
Taking bosons at a = 0 as reference, the kinetic energy operator in the latter picture is
explicitly

2
N
= Z —iVx, + az |XJ — Xk|2 , (3.53)
J=1 k#j
acting on the bosonic Hilbert space Hgym = Lfym(RQN ), where xt = (z,y)* := (—y, ).

Note that for ao # 0 this operator is singular at A. One may take its Friedrichs extension
on the minimal domain C2°(R?*N \ A) N Hgym to define free anyons (see [LS14, Section 2.2,
[LL18, Section 1.1] and [CO18] for a mathematical discussion of the possible definitions).
Indeed there is a periodicity in the parameter « as in (3.52), manifested by conjugating
with even powers of the (unitary but also singular at A) Bose-Fermi transmutation

U: Hsym — Hasym, Hasym — Hsym, U¥(x H expliarg(x; — x;)| U(x).  (3.54)
i<k

Finally, in the one-dimensional case it looks as if there are no non-trivial choices since
the fundamental group is trivial (the space CslmeN is simply connected, geometrically having
the form of a wedge-shaped subset of R™V), however in this case there are other ambigui-
ties leading to different quantizations T (see e.g. [Pol99, Myr99] for physical reviews, and
[LS14, Section 2.1] for mathematical details). Intuitively, this is because a continuous ex-
change of two particles on the real line R necessarily leads to a collision and therefore one
needs to prescribe what happens at the collision points, while more formally it is because
the removal of the diagonals A introduces boundaries in the configuration space and thus
demands the specification of boundary conditions. However, most if not all of the known
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quantizations can in fact be modeled using bosons or fermions together with some choice
of pair interactions W, and thus we will in one dimension only consider the usual bosons

(3.47) or fermions (3.48).

Remark 3.27. The observable incorporation (3.45) of the indistinguishability of particles,
and its lifting to the phase ambiguity (3.46), or in general (3.50), may be viewed as a conse-
quence of the definition of quantum states in axiom Al, namely that a state is only defined
up to an equivalent ray in the Hilbert space H, and that states that cannot be distinguished
by any observable should be identified. Taking into account the overall normalization of
the state ¥ € H, the position observable x € ngan , and its projection operator Pg’;‘, which
together determine the amplitude of W at every point, the only remaining ambiguity is the
pointwise phase of ¥ (see below for further details).

Also note that, because of the symmetry (3.45), the one-body density (3.41) simplifies to
|2

op(x) =N | (x,X1,...,XN-1)]"dx1...dxXN_1

RAN-1)
for indistinguishable particles.

Remark 3.28. A further complication, which we will not find room to discuss in detail
here, is the concept of spin. Namely, relativistic quantum mechanics predicts that there
must be additional geometric degrees of freedom associated to every particle in the form
of a representation of angular momentum, labelled by its spin quantum number (cf. Exer-
cise 3.7), and furthermore that there is a direct connection between spin and statistics; see
e.g. [Fro90] for review. We will return to some consequences of this theory in Section 5.2.

Remark* 3.29. The proper geometric setting to think about the above quantization prob-
lem for identical particles is in the language of fiber bundles and connections (see e.g.
[Nak03]). Namely, locally ¥: Q@ C R — C is a function, but globally ¥ is a section
of a complex line bundle over the configuration space ngXmN . If assumed to be locally
flat (which physically means that if the particles are not moving too much then they are
certainly distinguishable and should thus have the usual free kinetic energy T) such bun-
dles/connections are fully classified by the maps (3.50). Furthermore, just as we may have
reason to consider a larger Hilbert space H = L?*(R;C") for distinguishable particles,
where C" is called an internal space, containing additional degrees of freedom on top
of the spatial ones, the one-dimensional fiber C may also be changed to C™ (or possibly
even some infinite-dimensional Hilbert space). For d = 2 this leads then to the notion of
non-abelian anyons, which are classified by irreducible unitary representations

p: By — U(n) (3.55)

(the ones considered in (3.50) with n = 1 are in fact abelian anyons since phases commute;
a similar generalization also exists in the case d > 3 but one may then argue that it can be
incorporated into the frameworks of ordinary bosons and fermions [Fr690, DR9O0)).

Let us consider how the above notions arise starting strictly from the axioms of quantum
mechanics. We thus attempt to sketch the formal procedure here, although we are not
aware of it having been done in complete detail elsewhere (see however [MD93, DGH99,
DSTO01]). Assume generally that we have been given a configuration space manifold C which
contains the observable positions x € C of the system and whose topology describes how such
positions are logically related. Consider the Borel subsets 2 C C, and the corresponding
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observables “x € 07 € 0. These should be represented by self-adjoint operators ‘e e
L(H) on some Hilbert space H, and must have eigenvalues 0 (false) or 1 (true) to represent

the outcome of such a measurement. In other words, these e = P% € B(H) are in
fact projection operators on H. Considering the ranges of such projection operators,
ho = P5H CH,

we thus have a correspondence

ho C H

T

Py € B(H)

I

Q C ¢

between Borel subsets of C and closed subspaces of H.
Now take a smaller subset ' C Q and observe that clearly

“X c QM = “X c Qn

so that the information brought by the former observable is finer than that brought by the
latter, implying Pg, Py = Py, and therefore hor < hgo. Also, one may consider two subsets
Q;,9Q; CC, and in the case that they overlap ©; N Q; # () we have two diagrams

Qi Qj le th
Ul Ul and T (3.56)
N8y ho,no;

Thus, one may relate the space ho, to hg,, and vice versa, via the intersecting space ho,nq; -

Consider now the particular system at hand, that is the configuration space C = ngXmN of
N indistinguishable particles on R?. We start from the classical expression for the kinetic

energy
LN
T(p) = %Z p;I*> €0,
j=1

where p € T (C) = R is the cotangent vector at x € C, and wish to look for quantizations
T represented on a corresponding Hilbert space H. We require that any such quantization
must reduce to the usual one (3.35) for distinguishable particles as soon as the particles
indeed are distinguishable. In other words, upon restricting to a small enough subset 2 C C
— thereby imposing the knowledge with certainty that the particles are distinguishable —
we may consider the corresponding subspace hg = Pé?—[ as sitting in some Hilbert space
Haist of distinguishable particles. By the Stone-von Neumann uniqueness theorem (see
Remark 3.13), with x € R and p € R? satisfying the CCR (3.3)/(3.18) and represented
as self-adjoint operators on Hgjs;, we must have Hgise = L?(R) ® F for some Hilbert
space F on which any remaining observables a € O of the system may be represented (we
are here relaxing the irreducibility requirement in the Schrodinger representation in order
to be as general as possible and allow for other observables).

More precisely, and in order to also take operator domain issues into account, we may
initially consider states ¥ € H that are completely localized on topologically trivial subsets
CO0— R\ A of configurations of distinguishable particles. We thus take such ¥ € ha,
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and furthermore demand that 0 < (T'(p))y < oo in order for such states to be physical.
The Hilbert space on which we represent X as a multiplication operator and p = —iAV as
a differentiation operator, in order to implement the CCR and the Weyl algebra, is then
L3(Q; F;) = L2(Q4) @ F; € Haisy for some undetermined space F; C F. Taking the
minimal domain, ¥ € C°(Q;; F;), certainly ensures that states are physical with finite
kinetic energy and amounts, upon taking the closure of such states, to a form domain
Q(T) = H}(Qy; Fj), i.e. the Dirichlet realization of T on ©;. On the other hand, one may
also consider a mazimal domain, namely any states ¥ € L?(€; F;) for which one can make
finite sense of the form (¥, 7®¥) = (2m)~' |[V¥|?, which is Q(T) = D(V) = H (Qj; F;),
the Neumann realization for distinguishable particles on 2;. Since the former domain sits
in the latter, and we should try to be as unrestrictive as possible in our choices, let us then
only require that ho, = L*(Q; F;) 3 ¥ with (X¥)(x) = x¥(x) and (p¥)(x) = —ihV¥(x)
s.t. fQj |VU|[2 < oo for any physical states U.

Hence we have obtained for each topologically trivial {2; C C an isomorphism bg, =
L%(Q;) ® F;. Let us then cover C by a finite collection {£2;},c of suitable such subsets. In
the case of N = 2 we may for example choose as €25, in terms of relative coordinates (X, r),

Q; = {[(XI,XQ)] € ngxn? X eRY r=rw, r >0, we€ B(ny) ﬂSd_l}

where {n;} C S?"! is a finite collection of unit vectors and & > 0 is small enough. Further-
more, we may impose the symmetry in the system on the collection {€2;},c; by requiring
that the subsets are related €; = R;;{}; via symmetry transformations R;;: RIN _, RAN
which extend to unitary operators Ui;: ho, — ha,. We must therefore for all 7,5 € J have
that
L*(Q) ® Fi = b, = bo, = L*(Q)) © F;

and hence, since L*(Q;) & L*(Q;), we find that F; & F; Vi, j € J. Let us therefore denote
this prototype fiber Hilbert space by F.

Coming back to the general observation (3.56), now with hgo, = L*(Q;) @ F for each
subset of the covering {{2;}, we must on the subspace

L*(Q F) 2 LA (N Q3 F) <= bo,ng, = L*(Q:NQ;; F) C L* (945 F)
have an isomorphism acting locally in the fiber F,
tij: LA N Q4 F) C LA F) — LXH(Q5F),  tij(x) € U(F).

The data ({€;}, {ti;}, F) defines a vector bundle £ — C with structure group G = U(F)
whose geometry is encoded in the transition functions {t¢;;} and the connection. Given
that the connection is flat on each local piece §2; (the operator ip is the usual gradient V
on a piece of flat R™) and that transitions ought to be trivial whenever particles remain
distinguishable, we thus have a locally flat bundle, whose only non-trivial geometry is
classified using the non-trivial topology of C, more precisely the fundamental group m(C)
(a well-known correspondence; see e.g. [MD93] and [Micl3, Chapter 5] for details), by
homomorphisms (representations)

p: m(C) = U(F).

In the case that F = C resp. F = C” this then reduces to (3.50) resp. (3.55). In general the
dimension n of the fiber F would depend on whether there are additional observables in O
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which could distinguish n. If there are no such observables, then we should, by demanding
that all states be distinguishable (irreducibility), simply take n = 1.

We considered above local sections ¥ € L?(€;; F) C I'(Q;, E) which should be extended
to continuous global sections on F, for example by taking the closure of smooth sections.
The full Hilbert space is then the space of square-integrable sections

n={veren: [ o<},

with the local requirement fQj VU2 < oo for physical states ¥ € I'(2;, E) then lifting
globally to yield the form domain

Q(T) = {\IIGH:/CHV\PH?;<00}.

By its non-negativity, this form ¢;: Q(T') — Ry finally defines for us a unique (given the
bundle F, i.e. the representation p) non-negative self-adjoint operator T = Tp € L(H), which
reduces on each local domain €; to the usual free kinetic energy (3.35) for distinguishable
particles with domains Q(T|h9j) = H'(Q; F) and D(Thmj) C H?(Qj; F).

In the case d = 2 and F = C with (3.52) one may further trivialize the transition functions
ti; € U(1) on the bundle by the (singular) gauge transformation [Wu84a, Wu84b, Dow85]

U U,

where U = U(x) in (3.54), resulting in the magnetic gauge picture for abelian anyons defined
by the operator T, = U*O‘TAPUO‘ in (3.53).

Note that the procedure of defining T by means of the form domain really does matter,
namely if we start for simplicity from the flat but punctured bundle of distinguishable
particles E = (R \ A) x F with trivial transition functions and consider all possible
operator extensions from the minimal domain C2°(RN \ A; F), then those may (if d < 3)
include point interactions [AGHKHO05, BS92]. However, by considering instead the form
domain as above one obtains for d > 2 uniquely the extension corresponding to free particles,
with Q(T) = H'(R; F) and D(T) = H2(R™; F) (see [LS14] for the critical case d = 2).

We should finally remark that the choice of observables employed above corresponds to
the usual Schrédinger representation over an exchange-symmetric geometry. However, one
could alternatively start from a different choice of exchange-symmetric observables, such as

1
A=2?  B=p’ C = 5 (ap+pz),

where z € R is a relative coordinate and p its momentum, and actually arrive at a dif-
ferent family of quantizations. This approach has been referred to in the literature as the
Heisenberg representation for identical particles (see e.g. [Myr99]).

Exercise 3.13. The braid group By can be defined as the abstract group generated by
elements 75, j =1,2,...,N — 1, (and their inverses) satisfying the braid relations
Tk =Tk for |j—k[=2,  and  mTiaT =TT, 1<G<SN =2,

(the latter are also called Yang-Baxter relations). Show that these relations imply that
if p: By — U(1) is a representation, i.e. a homomorphism p(xy) = p(x)p(y), then it is
uniquely defined by its values on the generators p(r;) = €™, j =1,2,...,N — 1, and
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R K] WR-HL

FIGURE 1. Braid diagrams corresponding to the generator 7; of By, i.e. a
counterclockwise exchange of particles/strands j and j+1 with time running
upwards, and the relations 7797 = ToT1 T2 respectively 7173 = 1371 of Bjy.

furthermore that 7™ = ... = ! ON-1T —=: T Also, show that if the additional relations
sz =1,47=1,...,N — 1, are added then the resulting group is Sy and that the only
possibilities for p are then (3.51).

Exercise 3.14. We may represent a general particle exchange in two dimensions, or an
element of By, using a braid diagram, i.e. an arbitrary composition of simple braids of
N strands, with each simple braid T; formed by taking the j:th strand over the j+1:st strand;
see Figure 3.7. Show using such braid diagrams that if the phase associated to a simple two-
particle exchange is p(7;) = e then the phase that will arise as one particle encircles p
other particles in a simple loop is €™P°T | while if a pair of particles is exchanged once and
in the exchange loop they enclose p other particles then the phase must be e!(ZPThor,

Exercise 3.15. Consider the corresponding braid group defined with the particles situated
on the surface of the sphere S* instead of R?. Show that in this case there is an extra
topological condition on the generators,

TIT2 . . TN-1TN—1..-ToT1 = 1,

and determine the possible values of the statistics parameter «.
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4. UNCERTAINTY PRINCIPLES

We will now investigate the most important feature of quantum mechanics as compared
to classical mechanics, namely the consequence of the non-commutativity of position and
momentum observables referred to as the uncertainty principle. Namely, as made famous
by Heisenberg, for two non-commuting observables a and b and a state ¥ € H, we have that

j Hain) [ =2 @),

~ a2 v 2y s 1

(@—(@)), (b= B)), >
On the Lh.s. stands the product of the variances of a measurement of ¢ and b, while the
r.h.s. depends on the quantization of the observable {a,b} and its expectation in 1, which
in the case that {a,b} = const. # 0 is strictly positive independently of 1. Therefore this
inequality has the physical interpretation that it is impossible to know the value of both
a and b simultaneously to arbitrary precision. The most important case is the canonical
position and momentum operators, &; and py, and we will in this section formulate various
versions of the uncertainty principle involving these operators. We set h = 1 for simplicity.

Exercise 4.1. Prove the more general relation, known as the Robertson—Schrodinger
uncertainty relation, (with ¢ in a common dense domain of all the operators)
Y

2
LA )2 SN2 Ly~ a i Ly
_ _ > |z _ -
((@— (@) >w ((b—(0))*) > '2 <ab+ba>w (@) (b)y| + '2 <[a,b]>w
by considering (f,g) with f = (& — (a)y)Y and g = (b— <IS>¢)¢
4.1. Heisenberg. Recall the canonical commutation relations (3.18),

In particular,

d
i(p-X—%-p) =iy (bjd; —&9;) = ) _&;1 =dl,
Jj=1 Jj=1

or in the usual Schrédinger representation (V here acts as an operator on everything to the
right)

V-x—x-V=dl. (4.1)
This identity can be used together with the Cauchy-Schwarz inequality to prove the most
famous version of the uncertainty principle of quantum mechanics:

Theorem 4.1 (Heisenberg’s uncertainty principle). For any ¢ € L*(R?) with |[1)|| 2 =
1, we have

2
(o, 570) (00, %) > 0 (4.2)

Remark 4.2. By means of the Fourier transform, the l.h.s. should be understood to be

2 2 _ n 2 xih(x 2 <
L wueorax [ xieops= [ pie)Pdp [ xuPix,

which is finite if and only if both these integrals converge, i.e. ¢ € H L(RY)ND(%x). Moreover,
by replacing 1(x) by e*Po)(x 4 X¢), the inequality may also be written
d2

((B—p0)?), (x—x0)), > T (4.3)
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This formulation of the uncertainty principle is the original and most well-known one
[Hei27], and indeed it tells us that if the state 1 localizes around the origin so that the r.h.s.
of the inequality

2
(w0 5%) > T %) (1.4

tends to infinity, then this also implies a large momentum. However, as stressed e.g. in
[Lie76] (see also [LS10]), this is unfortunately not sufficient for proving stability of the
hydrogenic atom. Namely, the expectation value <zp, }22¢> is a poor measure of how localized
the state is, since it is possible to make this value very large without changing the kinetic
energy much. Consider for example the state

P(x) = V1 —e?u(x) +ev(x —y),
with € € (0,1), u,v € C2°(B1(0)) normalized in L?, and [y| > 2. Then [p, [¢|* =1 and

/ P () dx = (1 - €2) / 2 uu(30)[2 i + <2 / v +2l?o(@)Pdz > 2 (ly| - 1)%,
Rd )

B1(0 B1(0

while
/ IV (x) 2 dx = (1 62)/ |Vu(x)|2dx+52/ |Vo(x)|? dx.
R4 B1(0) B1(0)

Hence, we may take simultaneously ¢ < 1 and |y| > 7! to make the r.h.s. of (4.4) small
while the L.h.s. stays essentially the same.

Before considering formulations that are more useful for our stability problem, we note
that there is also the following version of the Heisenberg uncertainty principle which explains
that a state ¢» € H\ {0} and its Fourier transform 1) cannot both have compact support (see
e.g. [Tesl4, Theorem 7.12] for a proof, and e.g. [Ben85, Hed12] for various generalizations):

Theorem 4.3. Suppose f € L2(R"). If both f andf have compact support, then f = 0.

In other words, recalling our interpretations of |1(x)|? respectively |4 (p)|? for a normalized
state 1 as probability densities for the observables x respectively p, this theorem tells us
that it is impossible to know with certainty that both x € Br(0) and p € Br/(0), regardless
of the size of the radii R, R’ > 0. Furthermore, in any possible state of the system at least

one of these conjugate observables must take arbitrarily large values.

Exercise 4.2. Prove (4.2) and (4.3) for ¢ € C°(RY) by taking expectation values of the
relation (4.1). How can this be extended to L?(RY)?

Exercise 4.3. Check that the Gaussian wave packet
bla) = (\/m) el
for any A > 0, is normalized and realizes the minimum of (4.3) in dimension d = 1.
4.2. Hardy. A more powerful version of the uncertainty principle is Hardy’s inequality:

Theorem 4.4 (The Hardy inequality). For any v € H'(R?) in dimension d > 2, and
for any w € HY(R\ {0}) in dimension d = 1, we have that

—2)2 u(x)|?
/Rd Vu()2dx > (1= 2) /Rd‘ GOl (4.5)

4 [x[?
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Remark 4.5. The constant (d —2)?/4 is sharp (and the inequality trivial for d = 2), in the
sense that for any larger constant there is a function v € C°(R?\ {0}) which violates it
(see below and e.g. [Lunl5, Appendix B] for a continued discussion).

Remark 4.6. The inequality (4.5) of quadratic forms translates to the following operator
inequality: )

A =27 1
with both sides interpreted as non-negative operators on L?(R?) having a common form
domain Q(—Aga) = HY(R?), d > 2, respectively Q(—Ap\f0y) = H}(R\ {0}).

Many other types of Hardy inequalities exist, and their general defining characteristic
is that they provide a bound for the Laplacian (and hence for the kinetic energy T) from
below in terms of a positive potential V' which scales in the same way, i.e. as an inverse-
square length or distance, and which is singular at some point of the configuration space
or its boundary. In other words, in case such a non-trivial inequality holds, we clearly
have that the kinetic energy is not only non-negative but it even tends to infinity if the
state is sufficiently localized close to such a singularity of V. We refer to the recent book
[BEL15] and the more classic references given in [Tid05] for general treatments of Hardy
inequalities. Although the basic inequality (4.5) is fairly straightforward to prove directly,
we will instead take a very general approach to proving Hardy inequalities, involving a
formulation referred to as the ‘ground state representation’. This approach is not covered
by the above standard references but has been discussed in various forms in for example
[Bir61, AHKS77, FS08, FSWO08, Seil0, Lunl15].

Exercise 4.4. Show that (¢, [x|7%¢) > (¥, |x|21/1>_1 if |[¥|| = 1, and hence that Hardy
(4.5) directly implies Heisenberg (4.2) but with a slightly weaker constant.

4.2.1. The ground state representation. We consider the following identity involving the
quadratic form of the Dirichlet Laplacian on a domain in R", which we refer to as the
ground state representation (GSR):

Proposition 4.7 (GSR). Let Q be an open set in R™ and let f: Q — RT := (0,00) be twice
differentiable. Then, for any u € C°(2) and o € R,

2 _ N —Af) 2 2 20
/vau\ —/Q(a(l o)~ o= +/Q\wy 2 (4.6)

u.

where v = f~¢

Proof. We have for u = f®v that Vu = af* YV f)v + f*Vu, and hence
Vul? = a2 20DVl + af?* 1V F) - Vol + 2|V,

Now let us integrate this expression over (), and note that the middle term on the r.h.s.
produces after a partial integration (note that v vanishes on 9)

~a [PV ().
Q
Finally, using that
V(TN = (20 = DOVSR 4 AL,
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and collecting the terms we arrive at (4.6). O

The idea of the ground state representation is to factor out a positive function f* from
the kinetic energy form, to the cost of a new potential
V£ —-A
| f];‘ +a ff, (4.7)
which we will call the GSR potential. Note that if f is chosen to be an exact zero-
eigenfunction of the Laplacian, Af = 0, i.e. a harmonic function, or a generalized ground
state of the kinetic energy operator (not necessarily normalizable on L?(2) or in the form
domain), then the last term of (4.7) vanishes while the first is positive and maximal for
the choice @ = 1/2. Since the last integral in (4.6) is also non-negative this then yields
a potentially useful estimate of the kinetic energy form in terms of this positive potential.
Also in the case that f is not an exact zero-eigenfunction but for example an approximation
to the true ground state, the first term in the potential (4.7) may still be able to control
the second one and produce a useful positive bound. The parameter o may then be used
in a variational sense to find the best possible bound given the ansatz f, which if the
exact ground state is unknown instead may be taken of a form which is convenient for
computations.

a(l —a)

Exercise 4.5. Show that a modification of Proposition 4.7 to involve a product ground state
ansatz g®hP (i.e. u = g*hPv) produces the corresponding GSR potential
|Vg|? —Ag |Vh|? Ah Vg-Vh
G TG 208~ Y2
Exercise 4.6. Apply the ground state approach to prove a Hardy inequality on [0,1], i.e.
find functions g and h on [0,1] s.t. g(0) =0 and ¢" =0, and h(1) =0 and b’ = 0, compute
the GSR potential (4.8) and try to optimize it w.r.t. a and f3.

a(l —« +B—

(4.8)

4.2.2. The standard Hardy inequalities in R¢. Our approach to prove the standard Hardy
inequality (4.5) is to first prove that it holds for all u € C°(R4\ {0}) (this is a minimal
domain respecting the singularity of the potential) using the above ground state represen-
tation, and then conclude that it also holds on the Sobolev space H} (R \ {0}) by density.
Finally, we prove that actually H}(R?\ {0}) = H'(R?) if the dimension d is large enough,
a result which is also very useful in itself.

A natural choice of ground states f for the Laplacian in R? are the fundamental solu-
tions:

d#2: fa(x) =[x, Agafa = cado, (4.9)
d=2: fg(X) =1In ’X|, ARQfQ = 0250,

where dg are Dirac delta distributions supported at the origin and ¢4 some constants which
only depend on d (see Exercise 4.7). These functions are smooth and strictly positive for
all x # 0 if d # 2, while for d = 2 we may cure the sign problem by taking absolute values,
but still need to avoid both the origin x = 0 and the circle |x| = 1 (a different nonzero
radius may be chosen by rescaling). Indeed we cannot expect to have a non-trivial Hardy
inequality on all of R?, as indicated by the vanishing constant in (4.5).

Hence, for d # 2 we consider the domain Q := R%\ {0}, on which f := f; > 0 and
Af =0, while |[V£|?/f% = (d — 2)?/|x|?>. The GSR potential (4.7) is therefore optimal for
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a = %, and (4.6) yields the ground state representation associated to the standard Hardy
inequality (4.5) in R%:

d—2 2 2
/Q\vu(x)mx—( . ) Q“ﬁg' dx:/Q|vU(x)|2xy—<d—2> ix > 0. (410)

The inequality (4.10) thus holds for all u € C2°(§2). Now, if we take an arbitrary function
u in the Sobolev space Hg (), then we have by its definition a sequence (u,) C C°(9) s.t.

/\u—un|2 — 0, and /|V(u—un)|2 — 0.
Q Q

We then find by (4.10) that this sequence is also Cauchy in the space L?(Q, |x|~2dx) weighted
by the singular GSR potential:

Q —4 /Q
2 2 2
Up — Um |7 x| 7dx < Uy — Um 0,

which implies for the limit v € L?(Q, |x|~2dx). Furthermore, taking n — oo,

4
2 2 2
U — Uy |” x| 7dx < / V(u—um)|* — 0,

and therefore, by approximating both sides of the desired inequality in terms of w,, € C°,

4
2 2 2
ul? x| "4 dx < / Vu|®,

which proves the Hardy inequality (4.5) on the space Hi(R%\ {0}) € H'(RY).
It remains then to prove that actually H(R?\ {0}) = H'(R%), so that the Hardy in-
equality indeed holds on the maximal form domain of the Laplacian.

Lemma 4.8. We have that H}(RY\ {0}) = HY(R?) for d > 2.

Remark 4.9. Tt is not true that H}(R\ {0}) = H'(R), but one rather has a decomposition
Hg(R\ {0}) = Hy(R-) ® Hg(R.)
in one dimension.

Proof of Lemma 4.8. We aim to prove that C2°(R?%\ {0}) is dense in H'(R?). Since C2°(R?)
is dense in H'(R?) (recall from Section 2.4 that we have H}(RY) = H'(R?)) it suffices to
prove that an arbitrary u € C°(R%) can be approximated arbitrarily well by a sequence
(up) € C(RI\ {0}) in the H'(R?)-norm. For d > 3 we take a cut-off function ¢ €
C>(R%; [0, 1]) such that ¢(x) = 0 for |x| < 1 and ¢(x) = 1 for |x| > 2, and let

ue(x) i= e (Xu(x),  @e(x) := p(x/e),
for € > 0. Then u. € C®(R?\ B.(0)) and, as € — 0,

Hu—us\iz—/ ru—uﬁ—/ Iu!2|1—sosl2é/ C 0.
Rd Rd BQE(O)\BE(O)

Furthermore, by the product rule and the triangle inequality,

IV(u =)z < (1 =)Vl g2 + [[(Vo)ull 2,
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with [|(1 — ¢.) V|72 — 0 as above and

[(Vee)ullzz = / [ul*| Ve < © Veel? < Ce™?|Ba:(0)] < Ce¥2 = 0,
R B2 (0)\B:(0)

as e — 0.

In the case d = 2 the above choice fails but we may instead take ¢.(x) = p(eln|x|)
with ¢ € C*(R;[0,1]) such that ¢ = 0 on (—o0,—2) and ¢ = 1 on (—1,00). Then
ue = peu € CP(R?\ B,—2:(0)), and again |[u — uc|/;> — 0 and [|[(1 — ¢z)Vul[;> — 0 as
above. Moreover, by first switching to polar coordinates and then making the change of
variable r = €%,

1 2 2 [ pdr 5 [TVE
/ [Vpe|“dx =€ / | (elnr)|*—=¢ / |’ (es)|7ds < Ce — 0,
2 R2 0 T —2/e
as € — 0, which completes the proof. ]
The above proves Theorem 4.4, and may also be straightforwardly generalized in numer-
ous directions. For d = 2 we can instead take the two-component domain Q2 := R?\ ({0}US!)

and the ground state f := |f2|, so that f > 0 and Af = 0 on Q. Also, |Vf(x)| = 1/|x|.
Proposition 4.7 then produces the corresponding two-dimensional GSR for v € CZ°(Q)

1 u(x)|?
/Q’vu‘?dx_él/g])d’?((lrl)\Lc)QdX_/Q‘VUmln‘Xde > 0. (4.11)

By taking the closure of u € C2°(2) as above and using Lemma 4.8 locally around the point
0, the Lh.s. of (4.11) is non-negative for all u € Hj(Q) = H}(R*\'S!). Hence we proved the
following two-dimensional Hardy inequality:

Theorem 4.10. For any u € H}(R?\ S') we have that

Ll P
24 >./ L gx. 4.12
/RQ'V“' X2 7 Joo WP 2 (4.12)

Also note that we are free to choose the location of the singularity in the Hardy inequality,
namely by translation invariance of the kinetic energy we also have for example

2 (d—2)° Ju(x)[”
/Rd |Vu(x)|” dx > : /R dx

a|x—xo?

for any xo € R? and u € H'(R?), d > 3, respectively u € H} (R \ {x0}).

Exercise 4.7. Verify that (4.9) are the fundamental solutions, i.e. zero-eigenfunctions of
the Laplacian outside 0, and, if you know distribution theory, compute the constants cq (i.e.
consider [pa fA for ¢ € C>®(RY) and make partial integrations).

Exercise 4.8. Prove that the inequality (4.12) does not extend to H'(R?).

Exercise 4.9. Prove a Hardy inequality outside the hard-sphere potential of Example 3.20
in d = 3, by taking the ground state f(x) = 1 — R/|x|. Can it be improved by using an
additional ground state g(x) = 1/|x|?
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4.2.3. Many-body Hardy inequalities. In [Tid05, HOHOLTO08] a number of interesting and
useful many-body versions of the Hardy inequality were derived. Some of these were ex-
tended geometrically in [Lunlb]. We only mention the simplest, one-dimensional, case
here, and return to some other, fermionic as well as anyonic, versions in conjunction with
exclusion principles in Section 5.

Recall the definition (3.49) of the many-body configuration space diagonal A.

Theorem 4.11. For any u € H} (RN \ A) we have that

1
Vul?2dx > = /
‘éN' "d 2 Iwkw—wHQ

1<j<k<N

\)

This inequality is useful for the analysis of Calogero—Sutherland [Cal71, Sut71]| and
similar models in many-body quantum mechanics involving inverse-square interactions. It
proves immediately that an interacting many—body Hamiltonian of the form

1
HN =T+ W = — Z +5 > a———
1<j<k<N "7

with form domain Q(HN) = H}(RN \ A), is trivially stable (of both first and second
kind) if the interaction coupling strength parameter satisfies 5 > —1/2, i.e. if it is not too
attractive.

Exercise 4.10. Prove that for any three distinct points x1, T2, x3 € R,
(xl — .’Eg)*l(xl — :Eg)fl + (xg — :1:3)71(x2 — 331)71 + (xg — 331)71(563 — 1‘2)71 =0.

Exercise 4.11. Use this identity and the ansatz f(x) := [[; [z — zk| on Q= RNV \ A to
prove the one-dimensional many-body GSR

[ 19uf i - 3> [ = [ 9GP 2 0
Q ]a:j - $k‘

i<k
for w e CX(Q), and hence Theorem 4.11.

4.3. Sobolev. Another very powerful formulation of the uncertainty principle is given by
Sobolev’s inequality:

Theorem 4.12 (The Sobolev inequality). For d > 3 and all u € H'(R?), it holds that
1902 = SalulBy s (4.13)
R4

with Sq = d(d—2)|S¥?/?/4. Ford =2 and every 2 < p < oo there exists a constant Sa > 0
such that for any u € H*(R?),

/R Va2 > Ss,

For d =1 one has for u € H'(R)

a5 ¥ ) ]| 22/ 2D (4.14)

/uﬁ>wmuw (4.15)
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Remark 4.13. In (4.13) the assumption v € H'(R%) may be weakened slightly but vanishing
at infinity is of course required; see [LLO1, Section 8.2-8.3].

The constants Sy respectively S; = 1 in the case d > 3 and d = 1 are sharp (see
[Aub75, Tal76], and e.g. [LLO1]), with S3 = 3(n/2)*? ~ 5.478, while the value of the
optimal constant Sy, for d = 2 is presently unknown (a very rough but explicit estimate
may be obtained from [LLO1, Theorem 8.5]). Also note as usual the necessary match of
dimensions in these inequalities (cf. the remark after Proposition 2.7) which not only helps
to remember them but also clarifies why an inequality of the simpler form (4.13) cannot
extend to d < 2.

Proof for d = 1. By the fundamental theorem of calculus applied to an approximating se-
quence u, € C(R) (see [LLO1, Theorem 8.5] for details), one has for any v € H*(R) and
a.e. r € R

u@ = [ ulu @)y - [ o)y

— 00

Therefore, by the triangle inequality,

€T [ee] o0
wmﬁs/|ww+/|wmz/ e,
— 00 T — 00

and thus by the Cauchy—Schwarz inequality,
lull3s < [lullz[lu[l2,

which is (4.15). n

We shall not give a proof of Theorem 4.12 for d = 2 for general p > 2 here, but refer
instead to e.g. [LLO1, Theorem 8.5]. A proof for the important special case p = 4 will
be given below. For d > 3 we follow a proof which is closer in spirit to those of upcoming
specializations of the uncertainty principle, and which was given in [Len13] based on [CX97].
It also generalizes straightforwardly to fractional Sobolev spaces but does not yield the
optimal constant Sz however.

Proof for d > 3. Let u € H'(R%) and set ¢ = 2d/(d — 2). Using the unitary Fourier trans-
form @ = Fu we may decompose u into low- and high-frequency parts, v = up + up,
with

up = F! []pr(o) u] and up = Fl []IBP(D)C 12] )

for an arbitrary momentum/frequency P > 0 to be chosen below. We then use that

oo
Jally = | el > 13 e, (416)
by the layer-cake representation (2.5), and that by the triangle inequality |u| < |up| + |up],

{lul >t} € {Jup| > /2} U{|up| > t/2}. (4.17)
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Now, note that by the Fourier inversion formula, ||f|s < (27)~%2| |1, so that

1/2
@)Y |up e < || Fup|, = / 1|pa<p>|dp§(/3 d‘,’) 1F (V)

Bp(0) P »0) [P
Y
|Sd 1| a2
- (53) P v,

by Cauchy—Schwarz. Hence, if we choose

o (d=2End T 2
P P(t) - <W4) —: Cult/|[Vull)

then |[{{up| > t/2}| = 0, and we obtain in (4.16)-(4.17)

lully < [ Wbl >yl < [ alup /2 a0

by Chebyshev’s inequality (2.6). Thus,
Jull§ < 4q/ | Fupp 13 t4-3dt = 4q/ / (i) 2dp 19t
0 0 JBp(0)°

and by Fubini’s theorem and inverting the relation
d—2

Ipl = P(t) < t <|[Vula(lp[/Ca) = = Alp),

we have
q o 2 Alp) q—3 4q o q—2 N 2112
lull§ <4q | la(p)] t0dtdp = —— Gy 7| V| |a@(p)["Ip[” dp
R 0 q—2 R4
= 2dC; | Vul?.
This proves the Sobolev inequality (4.13) with the constant
2
2m)? (d—2\4
S = (2dC; %)~ = ( ”3_2 ( > St
(a7 \ 4
which for d = 3 is Sy = 74/3/(2 - 31/3) ~ 1.595. O

4.3.1. Sobolev from Hardy. Alternatively, the Sobolev inequality for d > 3 actually also
follows from the Hardy inequality, by the method of rearrangements; see [FS08, Seil0].
Namely, for any radial, non-negative decreasing function u: R? — R one has the inequality

ol = [ uty ) dy > a8

for any x € R? and p > 2, where B? = B(0) denotes the unit ball in R?. Taking both sides
to the power 1 — 2/p, multiplying by u(x)?|x|~*1=2/P) and integrating over x, one obtains

U(X)2 d|1-2/p 2
/Rd‘x‘d(l_g/p)dxzm \ [[wll, -

Taking p = 2d/(d — 2), the Lh.s. reduces to the r.h.s. of the Hardy inequality (4.5) and thus
Hardy implies Sobolev for such v € H'(R?). Finally, one may use a symmetric-decreasing
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rearrangement (we refer to e.g. [LLO1, Chapter 3] for details) to reduce an arbitrary u €
H'(RY) to such a non-negative decreasing radial function u*, with the properties ||u|, =
|lu*|lp and ||[Vull2 > [[Vu*||2. The first property follows by the layer-cake representation
while last property is the non-trivial one, and it would be too much of a detour to try to
cover this approach here.

4.4. Gagliardo—Nirenberg—Sobolev. Note that by an application of Holder’s inequality,
for d > 3,

4/d
R0 < . (118)

and thus by the Sobolev inequality (4.13),

2/d
(/ |vu\2> </ |u|2> zsd/ [20+2/4) (4.19)
R4 R4 R

This is another formulation of the uncertainty principle known as a Gagliardo—Nirenberg—
Sobolev (GNS) inequality. Note that such an inequality also follows in d = 2 directly
from (4.14) with p = 4, and that in d = 1 one has from (4.15) that

4
/R\UI6 < JlullSollull3 < [lullzflu’[13-

Hence (4.19) takes the same form in all dimensions d > 1, and we shall here present an
independent and simple proof for it which also allows for many useful generalizations (this
is the one-body version of a proof due to Rumin of a more general kinetic energy inequality,
which will be given later in Theorem 6.1).

Theorem 4.14 (Gagliardo—Nirenberg-Sobolev inequality — one-body version). For any
d > 1 there exists a constant Gq > 0 such that for all u € H'(RY)

—2/d
[ ik =c, ( / ruP) [ e, (4.20)
R4 R4 R4

Remark 4.15. The optimal constant satisfies G; = 72/4 > 1, Gy = Sag4, respectively
Gy > Sy for d > 3, and for all d > 1 we also have the explicit lower bound
(27T)2d2+2/d|8d_1‘_2/d

G, > G, =
d="d (d+2)(d + 4)

(4.21)

The exact value of the optimal constant Gg>2 is presently unknown but numerical work
suggests G3 ~ 9.578, to be contrasted with S5 ~ 5.478 and G% ~ 3.907 (see [LT76, Lie76],
and also [Lev14] for more recent related numerical work, as well as [BVV18b, FHIN18]).

Proof. We decompose an arbitrary v € H'(R?) into parts corresponding to low respectively
high kinetic energy according to u = ug _ + ug 4, with an energy cut-off £ > 0, and

Up,— = Fi []l{\pFSE} ﬂ] and Up 4+ = F! []l{\p|2>E} ﬂ] .
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Then by the unitarity of the Fourier transform, and Fubini,

/ / lup 1+ (x)? dx dE = / / g+ (p)?dpdE = /]Rd/ p)|? dE dp (4.22)
— [ IpPla)Pdp = [ [VuGofax.

For the low-energy part we use that by Fourier inversion and Cauchy—Schwarz

ug,— (x)| = | (2m)~4? /Rd Ljjpp<py@(p)e> dp (4.23)
< (2m) "2 By (0)]' )] = (2m) =228 EY 5.
Now, combining (4.22) and (4.23) with the pointwise triangle inequality
ue 4 (0] 2 [[u(o)| = [ug~()] . (4.24)
yields the bound
Vu(x)[? dx > / / lu(x)] — (2m) 421280112y o £4/A]  dxdP.
R4 R4
Again changing the order of integration and then carrying out the integral over I, with
oo 2 2 A2+4/dg—4/d
[ o] = LT 29
0 + (d+2)(d+4)

one finally obtains
27T)2d2+2/d\Sd_1|_2/d —4/d
2 g > // 2(1+2/d)
[t = BE el [

This also produces the bound (4.21) for the optimal constant G4 while for d > 3 this may
be improved by (4.19). O

We have also the following many-body version of the GNS inequality:

Theorem 4.16 (Gagliardo—Nirenberg—Sobolev inequality — many-body version). For any
d>1, N > 1, and every L?>-normalized N-body state ¥ € H'(RV),

N
Z/ V0 > Gy N—Q/d/ pLH2/d.
= RAN Rd

where the constant Gq is the same as in Theorem 4.14.

This can be proved either by directly generalizing the above proof (Exercise 4.13) or by
using the following inequality and then an application of Theorem 4.14 to u = /oy.

Lemma 4.17 (Hoffmann-Ostenhof inequality). For any d > 1, N > 1, and every
L?-normalized N-body state U € H'(R™V),

N
Z/ Mads 2/ IVyoul*. (4.26)
j:l RdAN R4
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The inequality (4.26) is actually equivalent to its one-body version, i.e. the simple in-

equality
/ \vu|22/ |Vl | (4.27)
R4 R4

This is known as a diamagnetic inequality because it holds in greater generality also
involving magnetic fields, namely the gradient Vu ~ e ®8WV|y| + iuV(argu) may be
replaced by (V + iA)u, where A € L2 (R%R?) is a magnetic vector potential (see e.g.

loc

[LLO1, Theorem 7.21] for a proof). The many-body version (4.26) was first proved in
[HH77] (see also e.g. [Lew15, Lemma 3.2] for a simple generalization and proof).

Exercise 4.12. Prove the inequality (4.18).

Exercise 4.13. Prove Theorem 4.16 by defining for eachx = (X1,...,%X;—1,Xj41,...,XN) €
RAN=1) ¢ collection of functions
’LL]'(X,X/) = \I/(Xl, ey X1, X Xy e ,XN)

and using instead of (4.24) the triangle inequality on L*(R*N-1.CN),

N 1/2
/ Z ]uf’Jr(x, x')|? dx’
R

d(N—1) =

1/2 1/2

N N
> wi(x, x| dx’ — / ul™ x,x')|? dx’
> /W_Uzy 56, D S
j= Jj=
Jr
4.5. Applications to stability. In this subsection we follow mainly [Lie76, LS10, Seil0].

4.5.1. The stability of the hydrogenic atom. We now return to the hydrogenic atom of Ex-
ample 3.19, which after factoring out the free center-of-mass kinetic energy leaves the more
relevant relative Hamiltonian operator on the space H = L?(Co1) = L*(R3):

Z

x|

Hog=-A (4.28)

Here we have put for simplicity 24 = 1 for the reduced mass or, equivalently, rescaled
the operator and the value of Z, which is no loss in generality. This operator should be
understood to be defined via the energy form

elol = a5, () = (.| -8~ Z] w>L2(R3) = [wor-z [

where we may take 1 in the minimal form domain C°(R3\ {0}) or the larger closed domain
Q(H,e) = HY(R3) if we just require finite kinetic energy. The self-adjoint realization of H.
associated to this form (the Friedrichs extension) then has the ground-state energy
Ey = inf{E[Y] - € H'(R?), [[yo]]2 =1},
Using Heisenberg’s uncertainty principle (4.4), one has the bound

el > 2 ( / |x|2¢<x>|2dx>_1 -z WEIP (4.29)

|
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whose r.h.s. can be made arbitrarily negative (Exercise 4.14), therefore not being able to
settle the stability question. However, using instead the Hardy inequality (4.5), we obtain

the lower bound p
1 2

> _ . .
E] > - [4|x|2 |x|] |(x)]” dx (4.30)

We may then proceed by minimizing the expression in brackets pointwise:
) 1 Z 1
and by the normalization of ) we therefore obtain the finite lower bound
Ey > —72, (4.31)

and thus stability for the hydrogenic atom for any finite charge Z > 0 (and it is trivially
stable for Z < 0 according to our definitions). In summary, we have thus found that the
uncertainty principle introduces an effective repulsion around the origin which overcomes
the attraction from the nucleus by its stronger scaling property, scaling quadratically in the
inverse distance as opposed to linearly, here resulting in an equilibrium around |x| = 1/(22).
Another approach is to use the Gagliardo—Nirenberg—Sobolev inequality (4.20), that is

g[w] > Gy /RS W}‘IO/?) - Z/RB W}(X)bdx7 (4‘32)

x|

] =72 for |x| =

with the constant Gg > S3 =~ 5.478. In this case we are led to a constrained optimization
problem for the density o := [1|?,

Ey > inf {/RS <G3@(X)5/3 - ZQ‘(XX’)> dx : 0:R3— R+,/R3 0= 1} : (4.33)

The minimum can be shown (Exercise 4.16) to be

—9(x/2)"32%/(5Gs) > —372%/5 (4.34)
for
3/2
o) = (T =)

with R = %(2 /7)4/3G3/Z. Therefore the GNS inequality, which arose as a weaker implica-
tion of the Sobolev inequality (and thus a yet weaker implication of the Hardy inequality),
is still strong enough to enforce stability. One may even note that formally replacing the
exponent 10/3 in the kinetic term in (4.32) by anything strictly greater than 3, i.e. the 5/3
in (4.33) by any exponent p > 3/2 (which would require the constant G3 to be dimensionful
however), would have been sufficient for stability (exercise).

It is actually possible to solve for the complete spectrum a(flrel) of the hydrogenic atom,
which was indeed worked out shortly after the birth of quantum mechanics. In particular,

the exact ground state may be seen to be (with a normalization constant C' > 0)

Yo(x) = Ce 2112,
since this function is positive, square-integrable, and solves the Schrodinger eigenvalue equa-
tion

) 2
Hyertho = (-A - |i|> o = —Zzi/)o (4.35)
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(see e.g. [LS10, Section 2.2.2] and [LLO1, Section 11.10] for details). Thus, by the min-max
principle we have

_ 2 Y (x)? z? 2
et = [ wop -z [ B T [ juopa

~

for all ¥ € Q(Hye). We thus see that the above-obtained bounds using the Hardy and
Sobolev/GNS uncertainty principles are quite close to the actual ground-state energy Fy =
—Z?/4. Moreover, the entire spectrum of the operator (4.28) turns out to be (see e.g.
[Tes14, Chapter 10])

. 72
Hoa)=4-—2 , 00).
o (Hrel) { 4(n +1)2 }n—o,1,2,... 2 10,00)

The infinite sequence of negative eigenvalues of finite multiplicity are the energy levels of
the bound electron, with eigenstates corresponding to the ground state and the excited
orbitals of the atom, while the non-negative essential spectrum describes states where the
electron is not bound to the nucleus but rather scatters off of it, i.e. scattering states.

Exercise 4.14. Prove that the r.h.s. of (4.29) tends to —oco for some sequence of L?-
normalized states ¢ € H*(RY).

Exercise 4.15. Prove stability of (4.28) from Hardy in a different way than (4.30), using
Holder on the negative term.

Exercise 4.16. Compute the minimizer for the variational problem (4.33) in the generalized
case with exponent p > 3/2 (why is this bound necessary?), and the minimum (4.34) in the
case p =5/3.

Exercise 4.17. Verify the Schriodinger equation (4.35). How can we be sure that 1g is the
ground state?

4.5.2. General criteria ]for stability of the first kind. In the case of a one-body Schrodinger
Hamiltonian operator H = —A + V on H = L?(R?) with a general potential V: RY — R,
d > 3, we have using Sobolev that for all ¢ € H'(R?)

el i=aq) = [ IVl + [ VIoP 2 SilvlBaan + [ 0V - V-DIuP

with Vi := (V £ [V])/2. Furthermore, if V_ € L%?(R%) then we have using Holder that

L VAR < IV ol

and therefore
EW] > (Sa = IV-llas2) 191154/(a—2)-

Assuming [|[V_||g/o < Sy then implies £[¢)] > 0, and hence clearly stability for such po-
tentials. However, one may also extract an arbitrary negative constant from the potential
without changing this conclusion. In general, if

V(x) = U(x) +v(x),
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where U > —C, i.e. U_ € L®°(R%), and v € L¥?(R?), then by the layer-cake principle there
exists for any ¢ € (0,1) some constant Ac > 0 such that ||(Ac +v)_||4/2 < €S54, and thus

EY] = T[] + V] = (1 — ) T[] + T[] + / (U = A+ (Ac +0)) [0

> (1= )T{u] + 7] = |- loo = Ac = [ |(Ac +0)-10P
> (1= &) T[] = IU-llo = Ac + (€52 — [[(Ac + 0)—[la/2) 19154/ (a2
z (1 =e)T[] = [U-[loc — A
This is summarized in the following theorem, where the case d < 2 is left as an exercise:

Theorem 4.18. Given a Schridinger Hamiltonian (3.30) on RY with quadratic form

el = [ (V6 +VIvP).

for some potential V: RY — R and finite kinetic energy, ¢ € H'(R?), there is stability for
the corresponding quantum system, i.e.

Eo=inf{€[Y] : v € H'RY), |¢]2 =1} > —oo,
if
LY2(RY) + L=(RY), d> 3,
Vo e LY E(R?) + L*(R?), d=2,
LY(RY) + L>®(RY, d=1.
The Hardy inequality can in fact be even stronger than the above theorem, namely we
have immediately by (4.5) that Ey > —oo if

(d—2)
V(x) > — e ,

(note that the r.h.s. is not in Lﬁ)/f

if (exercise)

(RY) for d > 3 so Theorem 4.18 does not apply), or even

_op2 M
Vix) > -9 42) S k—Ri -, (4.36)
k=1

for finitely many distinct points R; # Ry, in R<.
If V_ is not too singular then one may also obtain an explicit bound for Ey directly from
the GNS inequality (4.20), which even turns out to be equivalent to such a bound:

Theorem 4.19 (GNS—Schrédinger equivalence). The ground-state energy Ey of the Schro-
dinger form E[Y] in Theorem 4.18 is bounded from below by

Box -1y [ Vo[, (4.37)
]Rd

with the positive constant L}l = d—iz(ﬁ)dﬂGQd/?

Conversely, if a bound of the form (4.37) holds for arbitrary potentials V and some
constant L} > 0, then the GNS inequality (4.20) holds for all u € H*(R?) with the positive

2/d _
constant Gg = #‘%(ﬁ) / (Lcll) 2/d
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Proof. To obtain (4.37), note that by GNS (4.20) and Holder we have that for any L2
normalized ¢ € H'(R?)

2/(d+2) d/(d+2)
ElW] > Gd/ |1/)|2(1+2/d) _ </ ‘V_|(d+2)/2> (/ |1/)|2(d+2)/d)
R4 R4 Rd
> —ry [ vjere,
2 -

where we used the fact that the function R, > ¢ — At — Bt¥/(@+2) for A, B > 0 has the
minimal value _di+2 (ﬁ)dmA’dﬂB(d*Z)/z.
On the other hand, if (4.37) holds, then assume first that ¢ € H'(R?) with [[1)[]2 = 1

and let us write for an arbitrary potential V:

7o) = Tlo] + VIl = VIl > Bo— [ VIR =~} [ v+ = [ vigp.

Now, take V(x) := —c|ip(x)|* and choose « such that the above integrals involving |1|
match modulo constants, i.e. a(l+ d/2) = a + 2, or equivalently, & = 4/d. Thus,

TW] > <C— Cl+d/2L(1i)/ ’¢‘2(1+2/d)’
Rd

and we may finally optimize in ¢ > 0 to obtain (4.20) with the claimed relationship between
G4 and L}i. Finally, the homogeneous GNS inequality (4.20) is obtained by simple rescaling
1 = M, in the case that A := ||¢||2 # 1. O

Exercise 4.18. Prove Theorem 4.18 in the case d =1 and d = 2.
Exercise 4.19. Prove that Ey > —oo for (4.36).

4.6. Poincaré. The Heisenberg, Hardy and Sobolev inequalities were all global in the sense
that they involved the full configuration space R™ (or Dirichlet restrictions of it, by simple
restriction of the domain to Hg(Q) C H'(R™)). We shall now consider some local for-
mulations of uncertainty principles (amounting to Neumann restrictions which potentially
increase the domain), the prime example being the Poincaré inequality.

Definition 4.20 (Poincaré inequality). A Poincaré inequality on a domain 2 C R"™ with
finite measure |Q] is a lower bound of the form

/Q\w? > cp/g\u ~ ug? (4.38)

for some constant Cp = Cp(2) > 0 and for all u € H'(Q), where in the r.h.s. we have
subtracted the average of u on §2,

uq = |Q|_1/ u. (4.39)
Q

Remark 4.21. Note that if Cp > 0 then © C R has to be a connected set, for otherwise
we may choose u to be a non-zero constant on each connected component and such that
ug = 0, for example u = || g, — [Q2| '1q,, so that the Lh.s. of (4.38) is zero but the
r.h.s. non-zero. Also note that by dimensional scaling, Cp(Q) = |Q|=%/2Cp(Q/|9|), where
Cp(€2/]€2]) only depends on the shape of Q.
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It is useful to reformulate the inequality (4.38) as an operator relation for the Laplacian
on Q. We note that, since Vug = 0, the Lh.s. of (4.38) can also be written

/ Vu? = / 19 (4 — ) 2 = {(u— ug), ~AN(u — u))
Q Q

and, with ug := |Q|~1/2 the L?-normalized zero-eigenfunction of the Neumann Laplacian
on Q, we can write ug = ug(ug,u), and thus

(uo, v — ug) = (ug, u) — (ug, ug) (up, u) = 0.

In other words, if we introduce Py := ug(ug, ) the orthogonal projection operator on the
ground-state eigenspace Wy = Cug and POL = 1 — Py the projection on the orthogonal
subspace WOL, we have ug = Pyu and u — uq = POLu. Hence, the Poincaré inequality (4.38)
equivalently says

(Pyu, (—A0) Pyu) = Co( Py u, Py u)

or, as an operator inequality,
(—AQ) Py > Cphy.

Hence, we see that finding the best possible constant Cp for a given domain € is the same
as finding the second lowest eigenvalue Ay > A\g = 0 for the Laplace operator —Ag\{ (with
Neumann boundary conditions) on €2,

o0
A=Y MR Rmwled. A=Y R Y ).
k=0 k>1 k>1

This is actually just the content of the min-max theorem of Section 2.5.1, applied to the
form (4.38). Also, we see that Cp = A1 — ¢ > 0 if and only if there is a gap in the spectrum
between the lowest eigenvalue A\g = 0 (the ground-state energy) and the second-lowest one
(the first excited energy level) A;.

Example 4.22. As a prototype case one may consider the Laplacian on the unit interval
[0, 1]. The eigenfunctions of the Neumann problem are ug(z) = C cos(mwkz) with eigenvalues
A=1m%k% k=0,1,2,.... Hence we have a Poincaré inequality

1 ) ) 1 1 2
[z a [u= il

for u € H'([0,1]), with the optimal Poincaré constant Cp = 72. In the case of the Dirichlet
problem, with ug(x) = Csin(rkz), A = 72k, k = 1,2,..., one has an inequality

1 1
/[ h/P 2 WZU/“upj
0 0

for any u € H}([0,1]), without any projection in this case.

Example 4.23. A Poincaré inequality of the form (4.38) cannot hold on the unbounded
interval R or R, , not only because of the lack of an integrable ground state ug to project
out as in (4.39), but more crucially because of the lack of a spectral gap in this case. We
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have already seen and used that o(—Ag) = o(p?) = [0, 00), but also on the half-line R, one
may consider a sequence of trial states such as

ug(z) = \/2/Lsin(rz/L)1 ) € Hy(Ry) € H'(R,).
By taking L — oo, such states have an arbitrarily low energy, and one may furthermore
pick an orthogonal sequence such as {ur (- +nL)},=0,1,2,.. and use the min-max principle to

find that the essential spectrum aess(—Agi D) starts at zero (such a sequence is known as a

Weyl sequence). Furthermore, by e.g. multiplying u; with a phase e any A = k% >0
may be seen to be a point of the essential spectrum as well, so a(—AgiD) = [0, 00).

Note that the existence of a gap in the spectrum of the Laplacian on a domain €2 can also
be interpreted as a form of the uncertainty principle of Z; and p;, since the corresponding
Hamiltonian describing the free kinetic energy of a particle on 2 of mass m = 1/2 is actually
H = P = h%(—Aq), which then has a gap of size proportional to k2. If Z; and p; would
be made to commute, as they do classically, by formally taking 2 — 0 in (3.18), then

o(H) = h*{)o, A1,...} = [0,00)
and the gap would therefore close'). Another way to think about this limit is that A may

be compensated for by rescaling the domain, Q +— Q/h, and Q/h — R% as h — 0, so that

o(H) = o(=Agn) =% 0(~Aga) = 0(p2a) = o(p24) = [0, ),

by Fourier transform.

Example 4.24. Poincaré inequalities also extend to other contexts where there is a gap in
the spectrum, such as on compact, connected manifolds. One has for example the following
Poincaré inequality on the unit sphere S*! in R%:

/ |Vul? > (d—l)/
Sd—l Sd—l

for u € H'(S?1'). This follows from the following theorem concerning the spectrum of
the Laplace-Beltrami operator on S !, ie. the operator —Aga—1 associated to the
non-negative quadratic form of the L.h.s. of (4.40) (see e.g. [Shu01, Chapter 22| for further
details and proofs).

2
u— st de_lu‘ , (4.40)

Theorem 4.25 (Spectrum of the Laplacian on the sphere; see e.g. [Shu01, Theorem 22.1
and Corollary 22.2]). The spectrum of the operator —Aga—1 is discrete and its eigenvalues

are given by A = k(k+d—2), k =0,1,2, ..., with multiplicity given by the dimension of the
k+d71) o (k+d—3)

space of homogeneous, harmonic polynomials on R? of degree k, which is ( i1 g1

for k>2 (and 1 for k = 0 respectively d for k =1).

Exercise 4.20. Prove the Poincaré inequality (4.40) on the unit circle S, by treating it as
an interval [0, 27| with periodic boundary conditions, u(0) = u(2w), v’ (0) = u'(27).
Exercise 4.21. Prove a Poincaré inequality on an annulus Qg, r, = Br,(0) \ Bg,(0) and

give some explicit non-zero lower bound for the constant Cp depending on Ry > R1 > 0.

(7 fact any gap in the spectrum will close in this limit because the eigenvalues A\, are distributed
rather uniformly; they can on bounded regular domains 2 be shown to satisfy (Ax+1 — Ax)/Akt1 — 0 as
k — oo (cf. Exercise 5.2).
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4.7. Local Sobolev-type inequalities. There is a family of important inequalities which
combine the properties of the global Sobolev inequality of Section 4.3 with the local proper-
ties of the Poincaré inequality of Section 4.6, and which are thus called Poincaré-Sobolev
inequalities. However, these are typically a little more involved to prove and we shall
therefore instead take a more direct route to obtain the inequalities that we will need, of
the form of the Gagliardo-Nirenberg-Sobolev inequalities of Theorems 4.14 and 4.16, and
which only relies on knowledge of the eigenvalues for the Laplacian on a cube (). They
could be considered variants of the above-mentioned Poincaré-Sobolev inequalities though.
See [BVV18b, BVV18a| for very recent generalizations and improvements of the bounds
given below.

4.7.1. Laplacian eigenvalues on the cube. Consider the Neumann Laplacian on a cube
Q = [0,L]* € R? and the number N(E) of its eigenvalues \;, ordered accoring to their
multiplicity, below an energy E > 0 (note that since Ay = 0 we always have N(E) > 1). In

the case d =1,
2
s
e = —=k2, k=0,1,2,...,
Q2

and
N(E)—1=#{k:0< A <E}Y=#{k€Z:0< k< EY?Q|/n} < EY?|Q|/x.

In the case d > 2 we have

7r2

M= g

k|2, k € Z%,,

and
NE)-1=#{k:0< < B} =#{k € 2%,:0 < [k| < BY?|Q|"/¢/x}
< 2d(E1/2|Q|1/d/Tr)d’

where we for E'/2|Q|"/?/x > 1 (otherwise it is zero) very roughly bounded the number of
integer points of the first quadrant inside a sphere of radius R by the volume of an enclosing
cube of side length R+ 1 < 2R. Hence, as a uniform bound

N(E) <1+ 2%Q|/x?- E¥? (4.41)

for all d > 1. Also note that the orthonormal eigenfunctions are given explicitly by

d
.
u(x) = |Q|~1/2 H Ck; COS T 313;"27
j=1 ‘Q|
with cg =1 and ¢i>1 = V2, so that
d
lusclloo < Q12 [T ey < 2721Q172. (4.42)

j=1
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4.7.2. Poincaré-Sobolev-type bound. The following is a local version of the Gagliardo—Nirenberg—
Sobolev inequality of Theorem 4.14 (it was given in this form as Theorem 13 in [LS13a)):

Theorem 4.26. For any d > 1 there exists a constant Cy > 0 such that for any d-cube
Q CR? and every u € HY(Q)

/QIVuF > Cy (/Q\uF)_Q/d/Q ul (J%IQ)

Proof. We make a decomposition of u similar to the one in the proof of Theorem 4.14, but
this time w.r.t. the Neumann kinetic energy on ). Namely, we define u = ug _ +ug 4+ with
an energy cut-off £ > 0 and the spectral projections

1797 2(1+2/d)

_l’_

_AN d —AN
up,- = Py E) an ue+ =P, oo)u‘

In this case we have by the spectral theorem and the properties of the projection-valued

measures that
00 ) 00 _Ag N
/0 lug+||3dE = /0 <u,P[E7OO)u> dE = <u, —AQu> )

since Py = Jp LpsmydPA(N) and thus [(° Py dE = [ AdP4(\) = A for any self-
adjoint operator A (a reader worried about such formal manipulation may note that it is
applied here in the form sense with non-negative integrands).

Let us denote the eigenvalues and orthonormal eigenfunctions of —Ag, ordered according
to their multiplicity, as usual by {\;}72, and {u}32, For the low-energy part we have then

for each x € Q

2 _ | o
g~ () = | Py ptu(x)

2
= Z (ug, wyug(x)| = <Z Uk(X)Uk,U>

A <E

< | S o | i,

A <E

by Cauchy—Schwarz and the orthonormality of {uy}. Furthermore, by (4.41) and (4.42), we
have that

1 Qﬁ a/2
D P < g+ S IQI <t

M<E 0<\<E
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After these preparations we may finally use the triangle inequality (4.24) and the integral
identity (4.25) to obtain

/|Vu|2 // lug 4 (x)|* dE dx
1, 02d_—dpdj2\? ?
= [ [\u(x)l—(l@! ettt ) an i
QJo N

o0 2
> [ (6ol — 1@ Al — 2t 2] apax

_ 1+2/d)
= Cullully | [0l = @2l e

with Cy = d?(27472)/((d + 2)(d + 4)). O

Exercise 4.22 (Suggested by Rafael Benguria). Prove a corresponding local GNS inequality
on the interval [—1/2,1/2] on the subspace of odd functions. By how much would you expect
the optimal constant to improve in this case?

4.8. Local uncertainty and density formulations. We finish this chapter on uncer-
tainty principles with some local many-body formulations involving the one-body density
ow. These will in later chapters be supplemented with local formulations of the exclusion
principle to prove powerful global kinetic energy inequalities of wide applicability.

The following is a local version of the many-body GNS inequality of Theorem 4.16 (it
was given in this form as Theorem 14 in [LS13a]):

Theorem 4.27. For any d > 1 there ezists a constant Cq > 0 (same as in Theorem 4.26)
such that for any d-cube Q@ C R?, all N > 1, and L?-normalized ¥ € H'(RV)

- 1/97 2042/d)
N o 2/d " fQQ\If
> V¥ lg(xj)dx > Cq | | ow S ]
‘= Jran Q Q

The proof is a straightforward modification of the one-body Theorem 4.26, using

N N 00 2
W1 (x,) dx = W2 dx; dx! = / / || e
;/Wyvjm 1o(x;) ds ;/ﬂw /yv 2 dx, d Z o |

as in Exercise 4.13, with [panv-1) Z;VZI luj(x,x')[>dx’ = oy (x) and

2
2 d/2 <.
E dx' < [ =— 4+ = E
/Rd(N 04 ’u e X dx (\Q| - )/RdUV D4 43Iz ) o

Similarly as in the global case, one could alternatively have used a local version of the
Hoffmann-Ostenhof inequality (cf. Lemma 4.17) together with Theorem 4.26 directly.
Now, let us write for the total expected kinetic energy of an N-body wave function

U € HY(RV)
T[0] = <T>\P - /RdN Vo2,

+
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We also introduce the local expected kinetic energy on the cube Q@ C R? (which may
of course also be replaced by a general subdomain )

N N
1= [ 9P g 3 [1ecom v
j=1 J=1

Using the above inequality we may obtain a bound for this quantity of the particularly
convenient form

TR > ¢ 22 — e
W= Oy gy~ g

for some constants C'1, Cy > 0, which we shall refer to as a local uncertainty principle.

f 1+2/d
TQ[\IJ] > Cd51+4/d QQ\IJ

AN
€ Q9%
— 1 —=_ 4.4
oy ew?ri ~ ( i (1 —e> ) opr )
with Cy as in Theorems 4.26 and 4.27.

Lemma 4.28 (Local uncertainty principle). For any d-cube Q and any € € (0,1) we have

Proof. By Theorem 4.27 we have that

Q Ca .
99 > <wi>2/d/Q 0w ()

D=

with

17 2+4/d
fQ oy 2 d
Q|

d
Ql *

I 1 2+4/d
/ Q\I!(X)% - ( QQ\P)
Q

+

f 12+4/d f
1 ov N\
2/ ou(x)} - ( Q Q

Q

1 0 14+2/d
dx —
Q) ) /Q< Q) )

112+4/d
B fQ ow \ 2 * B (fQ Q\I})1+2/d
Q| '

Q>
2+4/d

SIS

1%

The first term is bounded below by

1 L 2+4/d
<||gé,uz+4/d - u<ngq,/|Q|>z||2+4/d)

using the triangle inequality on LP(Q). Furthermore, by convexity of the function ¢ +— ¢?
for t >0, p > 1 we have for any a,b > 0 and € € (0,1) that

ea? + (1 —e)b? > (ea+ (1 —€)b)?,
and hence with a = A — B and b = =B,

p—1
PR S
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Applying this inequality to the norms above with p = 2+4/d, we finally arrive at (4.43). O

Finally, given a partition P of the one-particle configuration space R? into disjoint cubes,

R'=JQ QnNQ'=2 vQ.Q ePst.Q#Q,

QeP
we have, with 1 = ZQGTP 1, that

T =Y 1w >y | c oo™ —C Jo o (4.44)
s ba\ Ugew®t Q) |

This bound for the total expected kinetic energy of ¥ can only be useful if the positive terms
are stronger than the negative ones, in other words, if the expected number of particles
Ej-vzl <]liEQ>\II = fQ op on each cube @ is not too large, and if the density is sufficiently

localized on @),
1 / 14+2/d (1 / )1+2/d
— | 0 > | = [ ov .
Ql Jo ™ Ql Jo

For the case of rather homogeneous density distributions the above inequality fails, and
the local uncertainty principle (4.44) will for example have to be supplemented with an
exclusion principle in order to yield a non-trivial global bound. This will be the topic of
the next section.
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5. EXCLUSION PRINCIPLES

In this section we consider consequences of the theory for identical particles and exchange
phases that was outlined in Section 3.7, as well as related concepts, both locally and globally
on the configuration space.

Recall that in general we have a division of the full N-particle Hilbert space H = ®N $ of
distinguishable particles into subspaces of symmetric (bosonic) respectively antisymmetric
(fermionic) states of indistinguishable particles,

Hsym = ®:}[/m57 Hasym = /\Nﬁa

where $) denotes the one-particle Hilbert space. For illustration let us consider here the usual
space $ = L?(RY) of a particle in R?, but other spaces will be of interest as well. When
acting with the non-interacting N-body Hamiltonian operator (as given e.g. in (3.36))

N
}A[:Zhj, hj:h(&j7f)j):—AXj +V(Xj) G‘C(f))7
j=1

on Hgym respectively Hasym, we may observe a crucial difference in the resulting spectra.
Namely, let us assume for simplicity that we can diagonalize the one-body operator h into
a complete discrete set of real eigenvalues o(h) = {\,}°, and a corresponding basis of
orthonormal one-body eigenstates {u,}5°, in $, with an ordering Ao < A; < ... according
to multiplicity. Then the corresponding N-body eigenstates ¥ € H of H are simply the
tensor products

\I/:\I/{nj} = Upy O Upy @ .. @ Up n; € Ng, (51)

with

N N
H\If{nj} = Zunl X ... ®hunj X QUp,y = Z)‘NJ\P{HJ}
j=1 j=1

In other words, the N-body energy eigenvalues in the case of distinguishable particles are
N
E{n]} = Z)\nj, {n]} S Név
=1

However, with the symmetry restriction in Hasym, the basis (5.1) reduces to the antisym-
metric product (also known as a Slater determinant)

. 1 3
Vasym = Uny AUny Ao ANUpy 1= W Z SigN(0) Ug(ny) @ Ug(ny) @ - -+ @ Ug(ny)s
geSN

with n; < ne < ... < ny. Because of the antisymmetry we cannot use the same one-
body state u, more than once in the expression, namely u, A u, = 0, and this symmetry
restriction is known in physics as the Pauli principle and is thus obeyed by fermions, such
as the electrons of an atom [Paud7].

On the other hand, in a basis of the bosonic space Hgym We must take symmetric tensor
products, and for example the following state is allowed:

Ugym = @Nug =g @up @ ... D ug (N factors),
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that is gy (x) = H;V:1 up(x;), with ug corresponding to the lowest eigenvalue Ag of h. This

will in fact be the ground state of H (both when considered as an operator on H and on
Hsym, but not on HasymRVPsym). Namely, we note that the energy eigenvalue of this state
Weym 18

N

EO,sym(N) =N) < Z )\nj = E{nj}>

j=1
for any multi-index {n;} € Név , and hence this is the ground-state energy. In contrast, on
states Wasym We necessarily obtain a sum of higher and higher energies, and the smallest
possible value is

N-1 N
EO,asym(N) - /\k S Z )\n]- - E{nj}v (5'2)
k=0 Jj=1
for any admissible {nj}, ie. mp < no < ... < ny. Because of this symmetry restriction

the fermionic g.s. energy must (unless the lowest eigenvalue )¢ is infinitely degenerate) be
strictly larger than the bosonic (or the distinguishable) one for large enough N, and in
realistic systems with finite degeneracies it will actually be significantly larger as N — oo.

These differences in the rules for distributing bosons and fermions into one-body states,
enforced by the Pauli principle, has remarkable macroscopic consequences as one considers
large ensembles of particles, which is the aim of quantum statistical mechanics. Bosons
are then said to obey Bose—Einstein statistics while fermions are subject to Fermi—
Dirac statistics. Distinguishable particles on the other hand obey Maxwell-Boltzmann
statistics and are sometimes called boltzons.

We shall in this chapter also consider exclusion principles in a more general context. In
particular, we allow for a weakening of the above Pauli principle — which is actually relevant
for real fermions appearing in nature such as electrons with spin — and we also extend the
notion of the exclusion of points in the many-body configuration space to encompass other
important cases such as bosons subject to repulsive pair interactions, as well as anyons in
two dimensions. The relatively straightforward generalization of quantum statistics to allow
for several particles in each one-body state (beyond spin) has a long history, going back at
least to Gentile [Gen40, Gen42] and is thus known as Gentile statistics or intermediate
(exclusion) statistics. More recent and less trivial generalizations of such concepts have
been reviewed in [Hal91, Isa94, Wu94, Myr99, Pol99, Kha05].

Exercise 5.1. Compute the ground-state energy Eo asym for N fermions in a harmonic trap
Vose(x) = dmw?(x|? ind =1 and in d = 2 (see Ezample 3.16). Note that in the latter case
there are certain “magic numbers” N =n(n+1)/2, n € N, such that

1
EO,asym(N) = (1 + 22 +...+ n2)hw = §N 8N + lhw.

Exercise 5.2. Consider N fermions in a cube Q C R%. Use the values in Section 4.7.1 and
an integral approximation of a Riemann sum to show that, as a leading-order approrimation,
N-1 1+2/d 2 2
N/D clN cl d 2 ¢ d\d
E N:E)\—A ~KG—, K =dn———|—| T'(2+=] .
O,asym( ) o k( Q ) d ’Q|2/d d 7Td+2 <d+2 + B

(5.3)
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This is known as Weyl’s asymptotic formula for the sum of eigenvalues, and it thus
determines the g.s. energy of a free Fermi gas confined to a box, with the constants

2 3

K§ = 5 KS$' = 2, K§' = g(67r2) .

wln

Exercise 5.3. Compute an upper bound to Eyasym(N) of the correct order (5.3) in d =
1,2,3 by constructing a trial state Wagyn, by localizing each particle to a separate cube, e.g.
taking u; € LQ(Q]-) to be Dirichlet ground states on the respective cubes Q;, and then
antisymmetrizing the full expression. Does one gain anything by localizing on balls instead?
(Hint: the optimal packing density of circles is w/(2v/3) and of spheres is 7/(3v/2).)

5.1. Fermions. Let us first consider some local consequences of the Pauli principle for
fermions that will turn out to be particularly usful in our context of stability. We denote
H;Sym =H'N Hasym, and so on.

5.1.1. The Pauli principle. One has the following simple consequence of the Pauli principle
for fermions on a cube Q:

Proposition 5.1. Let Q C RY be a d-cube, d > 1. For any N > 1 and ¥ € H;Sym(QN),

we have )
2 m 2
>(N—-1)— . .
/Nyv\lfy > ( 1)’Q|2/d/N\\m (5.4)

Proof. Using the same argument of simple eigenvalue estimation as in (5.2), but now locally
with the one-particle space $ = L?(Q) and 0 # ¥ € /\N.ﬁ, we find in this case

fQN ‘V\I’F ( N-1
T >y —AY > =) M(-AD).
fQN ‘\I/‘Q it 0 QN‘/\NX’) kzzo k‘( Q)

Now recall the energy levels A\x of the Neumann Laplacian —Ag given in Section 4.7.1:
2

_ ™
R

which proves the proposition. O

)\0 =0 (here k = 0), )‘k21 > )\1 (here ‘k| > 1),

The above bound gives a concrete local measure of the exclusion principle, as it tells
us that, while a single particle may have zero energy on a finite domain (as is possible
here due to the Neumann b.c.), as soon as there are two or more particles on the same
domain, the energy must be strictly positive. However, if the particles were bosons or
distinguishable then one could have chosen all particles to be in the ground state on the
domain, i.e. the constant function, and thus obtained zero energy. The domain considered
above was a cube but similar bounds are naturally valid on other domains as well, and in
fact the corresponding bound on a ball (see (5.5) below) was used by Dyson and Lenard
in their original proof of stability of fermionic matter [DL67, Lemma 5]. Indeed the only
property of fermionic systems (compared to bosonic or boltzonic) used in their proof was
this remarkably weak implication of the exclusion principle, with an energy which only
grows linearly with N, as opposed to the true energy which grows much faster with N
according to the Weyl asymptotics as we saw above (Exercise 5.2). This curious fact, that
matter turns out to be stabilized sufficiently by the exclusion principle acting effectively
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between pairs (and to a lesser extent triplets etc.) of neighboring electrons, was discussed
briefly in [Dys68] and [Len73|, and will be further clarified in the coming sections.

One may alternatively prove (5.4) resp. (5.5) directly via the Poincaré inequality on the
domain; see [Len73, Theorem 8|. See also [LNP16, Lemma 11] for an extension of this type
of exclusion bound to kinetic energy operators involving arbitrary powers of the momentum
(even fractional, which is relevant for relativistic stability).

Exercise 5.4. Prove a corresponding Pauli bound on a disk or a ball B = Br(0) of radius
R, Ve HL .(BY),

asym

2 52 2
| verz @ -ngg [ e, (5.5

where for the two-dimensional disk, £ =~ 1.841 denotes the first non-trivial zero of the
derivative of the Bessel function Jy, and for the three-dimensional ball, £ ~ 2.082 denotes

the smallest positive root x of the equation %Sigx = 0. (Hint: You may use that the
eigenvalue problem on the ball separates according to Theorem 4.25.)

5.1.2. Fermionic uncertainty and statistical repulsion. Another useful and concrete measure
of the exclusion principle betweeen fermions comes in the form of a strengthened uncertainty
principle. Namely, as we shall see below, fermions turn out to satisfy an effective pairwise
repulsion, and the corresponding mathematical statement may be referred to as a fermionic
many-body Hardy inequality. Inequalities of this form were introduced in [HOHOLT08|
in the global case, and were subsequently generalized to anyons in two dimensions and to
local formulations in [LS13a, LL18]. The optimal constant in the inequality for fermions
in the global case for d > 3 was also discussed in [FHOLS06]. We will here only discuss
the simpler global case, although it is important to stress that the repulsion persists also
locally, which is not the case with the usual Hardy inequality without antisymmetry.

Let us start with the following simple one-body version of the inequality (which has been
pointed out already in [Bir61]):

Lemma 5.2 (One-body Hardy with antisymmetry). If v € H'(R?) is antipodal-
antisymmetric, i.e. u(—x) = —u(x), then

[ ux)P

/ IVu(x)|? dx > — dx.
Rd 4

re  |x|?

Remark 5.3. Note that this improves upon the constant of the standard Hardy inequality
of Theorem 4.4 for d > 2, and that for d = 1 antisymmetry and continuity implies «(0) = 0
and hence u € H} (R \ {0}), reducing therefore to the standard inequality.

Proof. We may write in terms of spherical coordinates x = x(r,w), r > 0, w € Sé-1,

oo 2
/ |Vu(x)]? dx = / / <8ru|2 + W) 4t drdw (5.6)
R4 r=0.J8d-1 r

and change the order of integration by Fubini. The usual Hardy inequality (4.5) actually
concerns the radial part here (exercise), namely for any w € S,

[e%S) _9)\2 [e'9) 2
/0 \8ru(r,w)|2rd71d7“2 (d 42) /0 [u(r, w)| r¢dp. (5.7)

r2
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For the angular part of the derivative we may use the Poincaré inequality on S~ ! given in
(4.40),

/dl |un(7“,w)|2 dw > (d—1) /Sdl |u(7’,w)|2 dw, (5.8)

since, by antipodal antisymmetry, fsdfl u(r,w) dw = 0 for all » > 0. The lemma then follows
by combining these two inequalities. O

By applying this lemma in pairwise relative coordinates, one obtains the following many-
body Hardy inequality [HOHOLTO08, Theorem 2.8]:

Theorem 5.4 (Many-body Hardy with antisymmetry). If ¥ € H (]RdN ) then

asym

2
/Rd Z\v T2dx > / 3 ><|;P£>)<k\2d o — quf ix.  (5.9)

dN
1<j<k<N R

Proof. We first use the many-body parallelogram identity (3.38)

N

1
> |Vj\m2:ﬁ S|V v - v
=1

1<j<k<N

and then for each pair (j, k) of particles we introduce relative coordinates,
Lk = Xj — Xk, X]k = f(X] + Xk) Vrjk = %(V] — Vk), ijk = Vj + V.

Thus, splitting the coordinates according to x = (x;,x;;x’), with x’ € RYN=2) and j < k
fixed, we may define the relative function

u(r, X) ::\I/(xl,X2,...,xj :X—i—%r,...,xk :X—%r,...,xN),

for which we have that u(—r,X) = —u(r,X) for any X € R? by the antisymmetry of ¥,
and

Viu = 3(V; — Vi) U
Then, by the 1-to-1 change of variables on R??, with dxjdx) = drdX, and Lemma 5.2,

/ / (V; — Vi) |2 dxjdx dx’ = 4/ / |Vyul? drdX dx’
RAN-2) JRdxRd RAN-2) JRAxRd

2 ] 2
> ¢ / / % drdX dx' = d* / / % dxjdx;, dx,
RAN-2) JRdxrd |1 RA(N—-2) JRdxRd ’xj — Xp|

which proves the theorem. [l

The above theorem shows that fermionic particles always feel an inverse-square pair-
wise repulsion, which is not just due to the energy cost of localization as encoded in the
usual uncertainty principle, but which is strictly stronger (and in two dimensions therefore
non-trivial in contrast to the standard Hardy inequality). Its origin is the relative antipo-
dal antisymmetry and thereby the Poincaré inequality (5.8) which comes weighted by the
inverse-square of the distance 7, = |r;i| between each pair of particles. The repulsion per-
sists also locally, i.e. in tubular domains around the diagonals A of the configuration space,
and independently of the considered boundary conditions. Indeed, an alternative version of
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(5.9), without having applied the R%global Hardy inequality in (5.6) but instead the local
(diamagnetic) inequality |0,¥| > ‘8T|\I’|‘, and (5.8), is

= 4 2 W (x)[?
/ SV UPdx > / S ([0 WP+ (d - 1) ) dx (5.10)
RAN “ N Jgan | - ’XJ X |
j=1 1<j<k<N

2
N

1
— U dx.
+ N RdN ZVJ *

Although the first integral of the r.h.s. involves the bosonic function |¥| € L2 (R™),
the singular repulsive term forces the probability amplitude |¥|? to be smaller (and even
to vanish for d = 2) where particles meet, and we will therefore refer to this effect as a
statistical repulsion!®). One may note however that the constant in (5.9) resp. (5.10)
and the number of terms in the sum combine to yield an overall linear growth in N, which
matches the number of terms of the kinetic energy, but differs from the case of a usual pair
interaction of fixed strength, such as in (3.37). Also, the last integral term in (5.9) resp.
(5.10) involves the total center-of-mass motion and will typically only contribute to a lower
order and may thus often be discarded in applications.

Local, but necessarily more complicated, versions of these inequalities were given for d = 2
in [LS13a, LL18]. These may be applied to eventually yield the same type of exclusion
bounds as (5.4) and (5.5), with a slightly weaker constant, but with the advantage of
opening up for generalizations of the statistical repulsion such as to anyons as discussed
in Section 5.6 below. Also note that for dimension d = 1 where H;Sym(]RN ) € H(RN\
M) we actually have a much better inequality from before, namely the many-body Hardy
inequality of Theorem 4.11, for which the overall dependence of the r.h.s. is rather quadratic
in N. Furthermore, in the one-dimensional case with bosons, a vanishing condition on the
diagonals A is actually sufficient to impose the usual Pauli principle, since there is an
equivalence between symmetric functions in H}(R™ \ A) and antisymmetric functions in

H'(RY) [Gir60], however this is not the case in d > 2.

Exercise 5.5. Prove the radial Hardy inequality (5.7) in two ways: by reducing the usual
Hardy inequality to radial functions, and, by modifying the GSR approach of Proposition 4.7.

5.1.3. Fermions and determinantal point processes. Lambert’s bonus material...

5.2. Weaker exclusion. In the case that one would need to weaken the Pauli principle a
bit to allow for, say, up to ¢ particles occupying each one-body state, this could be modeled
using a modified N-particle Hilbert space. Let us take

7'[aLsym(q) = ®q </\K fJ) ) N =¢K,

which may be thought of as having ¢ different (distinguishable) flavors (or species) of
fermions, with each such flavor being subject to the Pauli principle. In the context of the
non-interacting Hamiltonian H = Zévzl hj discussed in the beginning of this chapter, the

(18)Though, as discussed in [MBO03], the term should perhaps be used with some caution.
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typical ground state would then be
\I/:(UO/\.../\UK_1)®...®(U()/\.../\UK_1)

with energy Ey = qu{:_ol M. We consider here N to be a multiple of ¢ for simplicity, but
this assumption may be relaxed with a slightly more involved framework to specify which
flavors are being added. An equivalent and more flexible way to characterize the elements
of Hasym(q) 18 as functions ¥(xy,...,xy) in L*(R™) for which there is a partition of the
variables x; into g groups, with the variables in each such group being antisymmetric under
permutations of the labels.

Because there is also a notion of spin in quantum mechanics (recall Exercise 3.7 and
Remark 3.28) it is in fact a realistic assumption that each particle comes equipped with such
an additional flavor degree of freedom, modeled using an internal space C?, where ¢ > 1
is the spin dimension of the particle (while the number s = (d—1)/2 € Z>/2 is called its
spin), and the full Hilbert space may then be modeled correctly using H,gym(g). Although
the introduction of spin appears a bit ad hoc here in our context of non-relativistic quantum
mechanics, it turns out to be a non-trivial consequence of relativistic quantum theory that
in nature, i.e. for elementary particles moving in R3, bosons always have ¢ odd (integer
spin) while fermions have ¢ even (half-integer spin). In the case of electrons we have g = 2,
with a basis of C? modeling spin-up respectively spin-down states. The fermions that we
have considered previously and modeled by the simpler antisymmetric space Hasym with
q = 1 are therefore known as spinless fermions and may seem a bit artificial from this
perspective, however such particles may become manifest in certain spin-polarized systems.

A simple modification of the proof of Proposition 5.1 to the case Hagym(q) yields:

Proposition 5.5. Let Q C R? be a d-cube, d > 1. For any N = ¢K with ¢, K > 1, and
Vel (q)(QN), we have

asym
[ ey T |
oN sl q+|Q’2/d ON :

Again, N being a multiple of ¢ is not important for the proof and may thus be relaxed,
as illustrated by the following version (see also [FS12, Lemma 3] for generalizations):

Proposition 5.6. Let ¥ € H'(RYW) be an N-body wave function for which there is a
partition of labels into q groups and antisymmetry holds between all variables x; in each
such group, and let @ C R? be a d-cube, d > 1. For any subset A C {1,...,N} of the
particles, x = (x4;%4¢), n = |A| >0, and a.e. x4c € RYN=) " we have

7.[.2
L 19 Pdea = (- e o [ Wi dea,
anGA |Q‘ Q"

Exercise 5.6. The expression (5.3) approzimates the ground-state energy for the free
Fermi gas (spinless, non-interacting and homogeneous) on a box Q, i.e. the infimum

Ep asym(N) := inf {T[¥] : ¥ € H,

asym

@Y), 1W]l2 = 1} ~ K p*N,
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where p = N/|Q)| is the density. Obtain the approximation for the g.s. energy for the Fermi
gas with a fized number q species of fermions (or q-dimensional spin)

Bo saymta)(V) = inf {T(W] - 0 € HL ) (@), [W]lo = 1} = g2/ AKGp/IN. (5.11)

Show also that boundary conditions (Dirichlet/Neumann/periodic) on 0Q are unimportant
for the leading-order approximation of the energy.

5.3. Local exclusion and density formulations. We may define the local n-particle
kinetic energy on a cube @) for fermions, i.e. particles obeying the Pauli principle,

n

en(@asym) = _inf [ S0

" Ve Ly (Q") Q"; ’
an|w|2:1

and in general, allowing for ¢ particles to occupy the same state and taking an arbitrary
subset n of N total particles on R?, those n being localized on Q and the remaining N —n
residing anywhere on Q°,

W S VU (X)) 2
en(Q;asym(q)) := inf essinf fQ 2=t IV /( 5 )
veH! | (®N) Xe@)N  fon [W(5X)|

asym(q)
\Ij‘an(QC)N*n¢O \DlQnX{X/}¢O
We found from Proposition 5.1 respectively 5.6 that for these energies

-2
en(Q;asym(q)) > @T/d(n — Q)+ (5.12)

Also note that by translation and permutation symmetries, the above energies are indepen-
dent of which cube and which subset of particles are considered, thus depending only on
the volume (length scale) |Q| and n.

Now, consider an N-body wave function of particles on R?, ¥ € Halsym(q) (RN, and a

partition P of the configuration space into d-cubes ) with a corresponding kinetic energy

<\11T\1:> — T[] = 3 T[],

Qe?P

where we recall the local expected kinetic energy on the domain @ (see Section 4.8)
N
TO[W] = Z/ IV, 0|2 1g(x;) dx. (5.13)
=1 RIN

Lemma 5.7 (Local exclusion principle). For any d-cube Q and L*-normalized N -body
state U € H! RINY we have

asym(e)(
2
Q@ T x)dx — . .
19 > o (/Qm )d q>+ (5.14)
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Proof. We insert the partition of unity (3.44) into the definition (5.13), producing

Ty — Z /)N Al/lAZ'V w2 TT dxi I dx

ACHL,.. kEA  kgA
> / e1a|(Q; asym(q) / |T|? H dxp, H dxp,
AC{L,..,N} 7 @)N 1A QA KEA  kgA

N
= en(Qiasym(q)) pno[Y],
n=0

that is the least possible energy weighted over the particle distribution induced from W.
Now, we simply apply the bound (5.12) and use convexity of the function x — (x — q)4,

Z +an[ <Z an ) s
|@|2/d > gp .

which by (3.43) is exactly the r.h.s. of (5.14). O

Example 5.8 (The free Fermi gas). As a simple application of this local bound we may
prove a global lower bound for the ground-state energy of the ideal Fermi gas which matches
the approximation (5.11) apart from the explicit value of the constant, i.e. proving that the
fermionic energy indeed is extensive in the number of particles, with only the simple bound
(5.12) as input. Namely, consider an arbitrary wave function of N fermions confined to a
large cube Qo = [0, L],

e Hasym(q (Qév) = ov € Ll(QO;R-l-)'

Taking a partition P of Qg into exactly M% smaller cubes Q € P, of equal size |Q| = |Qo|/M?,
M € N, the energy is by Lemma 5.7 bounded as

v =S"ToWw > T R (/ ow(x) dx —q) =|Q7T’z/d (/QO ow(x) dx —qu>

Qe?P Qe?P

2

~ Qo2

(NM2 _ qu+2) ‘

1/d
Optimizing this expression in M gives M ~ (%) (rounded to the nearest integer)
and thus

9 \2/d 2 n142/d N1+1/d
Eonomg(N) = inf T[] > ( > w N oO( v )
‘I’ELisym(q>(QéV) d+2\d+2 q*/4 |Qol?/ Qo %
I¥)=

Hence, with ¢ fixed and taking both N — oo and |Qg| — oo at fixed density p := N/|Qol,
what may commonly be referred to as the thermodynamic limit, the energy per particle
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is(19)
P R
p=N/1Qol
to be compared with (5.11) and (5.3). Note that when ¢ = N, i.e. for bosons, M cannot
be chosen large and in fact the local bound (5.14) is trivial for any @. This reflects the
fact that the energy for the ideal Bose gas on Qg is Eogym(IN) = NAo(—Ag,) which is
linear in N and also depends crucially on the boundary conditions chosen on 9Qg. In the
thermodynamic limit one obtains in any case Egym(/N)/N — 0 for noninteracting bosons.

E07asym(q) (N) > d 2 2/d 7T2i/d
d+2 q?/d’

Exercise 5.7. Compute the n-particle probability distribution p, q[¥o)] for the bosonic Neu-
mann ground state Wo on QY in terms of t = |Q|/|Qo|.- What can be said about the cor-
responding problem for the fermionic ground state (difficult, but perhaps with a change of
geometry and selection of states)?

5.4. Repulsive bosons. We will now use a formal analogy and treat a repulsive interaction
between bosons or distinguishable particles as a form of exclusion principle. Indeed the effect
of such an interaction will typically be to reduce the probability density |¥(x)|?> around
the 2-particle diagonals A, and strong enough interactions could even enforce a vanishing
condition

U(xi,...,xy) =0 if x; =x; for some j # k, (5.15)

thereby embodying a weak Pauli-type exclusion principle on the configuration space C**V

or ngan . Another motivation for considering this type of generalization comes from the

fermionic Hardy inequality in Theorem 5.4, which shows that effects of the exchange statis-
tics of the particles may actually be estimated concretely by some sort of repulsive interac-
tion. This approach also turns out to be useful for anyons which can be treated as bosons
with magnetic repulsive interactions.

5.4.1. Pairwise interactions. In the case that there is a given pair-interaction potential W
between particles, we define the corresponding n-particle energy on the box @,

n

en(@ W)= inf / SVl + > Wik — x| dx
Jon WP=1Jor \ i 1<j<k<n

Note that e, with n > 2 can be reduced to a bound in terms of only e, namely:

Lemma 5.9. For any pair-interaction potential W and any d-cube Q, and n > 2, we have

n
en(@: W) 2 Sea(Qs (n— )W),
Proof. Use the simple identity

(=D IVilP= Y (V] + Vi)
j=1

1<j<k<n

(19)Here we take the lim inf for generality, though the limit actually exists by the Weyl asymptotic formula
(cf. Exercise 5.2).
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to bound the n-body energy in terms of a sum of two-body energies:

en(Q:W) = in Z / (V02 + (V42 + (0 — W (x; — xi)lbf?) dx

Jon lWPP=11 —1

where each term of the sum is bounded below by ex(Q; (n — an 2. O

This tells us that, as soon as the two-particle energy is strictly positive, such as for
repulsive pair interactions, there will be positive energy also for n > 2 particles, analogously
to the Pauli principle. We also note that for any n and non-negative pair potential W the
function f(u) := en(Q; uW) is monotone increasing and concave in g > 0 (an infimum of
affine functions), and f(0) =

Let us consider some examples.

5.4.2. The stupid bound. In the case that W (x) = Wg(x) := B|x|72, 8 > 0, that is an
inverse-square repulsion, we may use the following very crude bound for e,:

_ 1)
W (Q: > inf - 25 (7 f _ > M
en(Q; Wp) > E ot /Qn Wi(xj —xp)[Y]” = <2> o 0f [ Ws(x1 = x2) 24| Q274
j<k’@
(in fact we don’t even need the kinetic energy in this case). In particular,
B
. > 7 _

5.4.3. Hard-core bosons. For the case of a hard-sphere interaction W1 in d = 3 (see Ex-
ample 3.20), one can derive the rough bound [LPS15, Proposition 10]

e2(Q: WIF) > }‘S,@—R/@W?’)

Note that it vanishes as R — 0 (the dilute limit; cf. Exercise 5.8).

5.4.4. The Lieb—Liniger model. In one dimension, the value of a function at a point may be
controlled by the kinetic energy and the overall normalization (recall (4.15)), and thus it is
possible to define a point interaction of the type Wi (z) = §(z) in the form sense, that is

en(@Q;nmWrr) =  inf / Z (3@[}
O

ot —| +n > S —a)f | dx.
Qn -

1<5j<k<n

al‘j

This is also known as the Lieb—Liniger model [LL63], and for any > 0 one has (exercise)

e2(Qs nWirL) = 46L(n/Q1/4)*/1QP, (5:17)
where &1, () is defined as the smallest root £ > 0 of £ tané = x,

Vo, z—0",
T) ~ arctan \/m ~
fue(@) / /2, T — oo.
Note that this model interpolates continuously between non-interacting bosons with es = 0
for 7 = 0 and hard-core bosons (or fermions; cf. remarks in Section 5.1.2) with e = 72/|Q|?
for n = 400. Indeed it has been considered as a model for intermediate statistics in one
dimension; see e.g. [LM77, Myr99, LS13b, LS14].
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5.4.5. Local exclusion for pairwise interacting bosons. Define the corresponding expected
interaction energy on @,

1 N N
30 X [ s - xluPLob) ds
J=1 (J#)k=1

as well as the combined energies
(T + W)Q[W] := T9[W] + W [W].
Then, for a partition P of R%,

TV] + W[¥] = > (T +W)?[¥].

QeP

Lemma 5.10 (Local exclusion principle for pairwise repulsion). Let W > 0 be a
repulsive pair interaction. For any d-cube Q and N-body wave function ¥ € H'(RM) we
have

T+ W] = e @iw) /Q oux)dx 1)

+

Proof. The proof is a straightforward extension of the proof of Lemma 5.7 where we use
Lemma 5.9, monotonicity e2(Q;(n — 1)W) > e2(Q; W), and that |A|/2 > (|A| — 1)4/2 for
|A| > 2. Non-negativity of W is used in order to estimate the interactions between particles
inside and outside @) trivially,

1
TQ[\I/] = B Z Z Z j — xk)’\II(X)|2]leeA€Q]le¢AEQC dx

AC{1,..,N} jEA k¢1

1
5 X X / W5~ 0 W00 L pc g ncar 5

AC{l,.. ,N}g keA

v

which is only a significant loss if the support of W is relatively large. U

Application: just as a local application of Lemma 5.7 gave rise to bounds for the homo-
geneous Fermi gas as in Example 5.8, Lemma 5.10 can be used to prove lower bounds for
homogeneous interacting Bose gases; see [LPS15] for examples.

Exercise 5.8. Consider the strength of the hard-core repulsion as the size of the core goes
to zero, in different dimensions d = 1,2,3. For simplicity, pass to the relative coordinate r
only and consider the g.s. energy on By(0) with a vanishing condition on B:(0), 0 < & < 1.
Note that for d =1 it stays bounded in the limit € — 0 while for d > 2 it vanishes, reflecting
Lemma 4.8. (Hint: consider trial states of the form u(r) = (r — )4+ resp. u(r) = Ilny(r/e)
and constant for some r >a > ¢.)

Exercise 5.9. Prove (5.17) by considering the function on Q* = [0, L]?

Y(21,22) = cos [2€LL(77L/4) <)L( - ;)] cos [ﬁLL(ﬁL/‘l) <|33L| - 1)]
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in the relative coordinates X = (z1 + x2)/2 € [0, L], x = x1 — x2. Note that it is positive,
symmetric and satisfies the corresponding boundary conditions

1
Ozx| ot = g¢|x:0+a Oy Y|zy=0 = <25X + 3x> ¢|X+§:0 =0, etc

5.5. Scale-covariant systems. In the case of still weaker notions of exclusion, such as only
the vanishing condition (5.15) (whenever it can be formalized as a nontrivial condition; cf.
Exercise 5.8), we cannot simply rely on the number of terms of the interaction as above to
yield a sufficient bound. The following lemma (introduced in [LLN19] as a refinement of
a strategy in [LS18]) shows that if the corresponding energy e, satisfies a scale-covariance
property, such as e,(AQ; Ws) = A2e,(Q; Wg), A > 0, for inverse-square repulsion, and
eventually becomes strictly positive with n large enough (thus accommodating interactions
not only between pairs of particles), then it will necessarily grow superlinearly with n.

Lemma 5.11 (Covariant energy bound; [LLN19, Lemma 4.1]). Assume that to any
n € Ng and any cube Q C R? there is associated a non-negative number (‘energy’) e, (Q)
satisfying the following properties, for some constant s > 0:
e (scale-covariance) e, (A\Q) = A\"*%¢,(Q) for all XA > 0;
e (translation-invariance) e, (Q + x) = e,(Q) for all x € R%;
e (superadditivity) For any collection of disjoint cubes {Qj}le such that their union
s a cube,

J J
en(J@) 2 min en (Q));
J.L:Jl {n;}eNy s.t. 3 nj=n ng !
e (a priori positivity) There exists ¢ > 0 such that e, (Q) > 0 for alln > q.
Then there exists a constant C' > 0 independent of n and Q such that

en(Q) = C|Q[72/Mn! ¥/ n > ¢, (5.18)

Proof. Note that for ¢ < n < N, (5.18) holds for some C' = Cy > 0 by the a priori positivity.
What we aim to do is to remove the N-dependence of this constant.
Denote E, := e,(Qo) with Qg = [0,1]?. Assume by induction in N that

E, > C’nl+28/d, Vg<n<N-1 (5.19)

with a uniform constant C' > 0 and consider n = N. Split Qg into 2¢ subcubes of half side
length and obtain by the superadditivity, translation-invariance and scale-covariance

2d
Ey > 2% min E,.. (5.20)
{n;}s.t. Z]‘ nj=N ; i
Consider a configuration {n;} C Ngd such that the minimum in (5.20) is attained. The a
priori positivity Ex > 0 ensures that none of the n; can be N (in the same way we deduce
that Ep = 0). Assume that there exist exactly M numbers n; < ¢ with 0 < M < 24 Then

> 1=2"-M and > nj=N-> n;>N—qM.

nj=>q nj>q n;j<q
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Therefore, from (5.20), (5.19) and Holder’s inequality we deduce that

1+2s/d
By >0 Y R LT2/d S Fio2s (Z”qu nj) > ont+2s/all = gMN~!)t+2s/d
N = j = 2s/d = (1 — M2-d)2s/d
n;j>q > 1)
1= n;j>q
(5.21)
with the same constant C' as in (5.19). If we take
d
N > q2d<1 + —),
2s
so that also gM N~! < 1, then by Bernoulli’s inequality
d
(1= gMN=)FC) > 1 — gr N (14 2—) >1- M27¢,
s
and hence (5.21) reduces to
Eyn > CN'*2s/d (5.22)

with the same constant C' as in (5.19).

By induction we obtain (5.22) for all N > ¢, with a constant C' independent of N. This
is the desired bound (5.18) for the unit cube Qo. The result for the general cube follows
from scale-covariance and translation-invariance. g

With a superlinear growth in the energy by the number of particles we may obtain local
exclusion principles of the previous form. The following is a version of [LLN19, Lemma 4.4].

Lemma 5.12 (Local exclusion principle for scale-covariant systems). Assume that
to each n € Ny we have an n-body energy operator T, resp. form T,[¥] = (\Il,Tn\I’> =
> =1 T [¥] on L2(R™) which restricts to a local operator Ty|gn resp. form on L*(Q™)
such that its corresponding local n-particle energies

. noq
en(Q) = inf (Thlor)y = inf 72]71 2’j ]
YEQ(Tulgn)\{0} weQ(Tulgmor 1]l

satisfy the assumptions of Lemma 5.11. Furthermore, assume that for any d-cube @ and
L2-normalized N -body wave function ¥ € Q(Ty) the expected energy on Q,

N
TRIP) = T ;j[¥lx,eql,
j=1

admits a decomposition or lower bound of the form
T]C’\?[\Il] > Z / <\I/<';XAC),ﬂAI|Q|A‘qj(';XAC)>L2(Q\A|)dXAC. (5.23)
AC{L,..,N} 7 (@)N 1A
Then
1810 > Qs ([ oueoax —a) |

+
with the same constant C as in (5.18).
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Proof. The proof follows exactly as the proof of Lemma 5.7: by (5.23),

>Z€n an

where, by Lemma 5.11,
en(Q) > ClQI72/ A2/, > C|Q|2/¢*/ M In — q]
for all n > 0. ]

Superadditivity for the usual kinetic energy with s = 1, and also its fractional version
with arbitrary s > 0, essentially follows immediately from the form decomposition

J
Z Z(_A)TQ]7 Q U 1Q]7

where in the purely fractional (non-local) case s ¢ N there may be some loss in the in-
teraction between different cubes. Compare to the proof of Lemma 5.10, and see [LLN19,
Lemma 4.3] for details.

Exercise 5.10. It is in Lemma 5.11 possible to allow for E, < 0 for finitely many n > 0
under a small refinement of the assumption concerning a priori positivity. Show that it is
sufficient that there exists ¢ > 0 and ¢ > 1 such that for alln > q

d
E, 20t g E_:= —E,).
~ o 7 o2, En)
Namely, with this assumption, the bound in (5.21) may again be used for all nj > q, and
one obtains Ey > CN't2s/df(M/2%), € = ming<p,<y-—1 E,/n'*25/4 where the function
f($) B (1 _ QQdN_liL‘)1+28/d B E72d+28 .
T (1 —z)2s/d CN1+2s/d™”

z €1[0,1),

is strictly increasing if N is large enough.

5.6. Anyons. We end this chapter with a short discussion on the exclusion properties of
anyons in two dimensions (recall their definition in Section 3.7). Two-particle energies
and other pairwise statistics-dependent properties for anyons have been known since the
original works [LM77, Wil82, ASWZS85] in the abelian case, and at least since [Ver91, LO94|
for certain non-abelian anyons, however the method outlined below to account for statistical
repulsion in the full many-body context is fairly recent and developed in [LS13a, LS13b,
LS14, LL18, Lunl7, Qval7, LS18].

For (ideal abelian) anyons one has the following many-body Hardy inequality, which was
generalized from the fermionic one (5.10) in [LS13a, Theorem 4] and [LL18, Theorem 1.3]:

Theorem 5.13 (Many-anyon Hardy). For any « € R, N > 1, and ¥ € Q(T,,), one has
the many-body Hardy inequality

(v.7,v) >/Rd 3 <|arjk|\p|y + N\I'(k)l> vay dx,

dN
1<j<k<N R

(5.24)
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where 1, = |Xj — Xg|, and the strength of the statistical repulsion term depends on the
anyonic statistics parameter o via
ay = min min |(2p + 1)a — 2q]|. 5.25
N o min |(2p + 1o — 2 (5.25)
The expression (5.25) is a piecewise linear and 2-periodic function of « (in accordance
with the periodicity of the exchange phase) and for N = 2 it reduces to the simple form of
a saw-tooth wave with as = || for @ € [—1, 1], having maxima at o € 2Z + 1 (fermions)
and minima at « € 2Z (bosons). However, in the limit as N — oo the expression depends
non-trivially on arithmetic properties of o (see [LS13a, Proposition 5]):

1 — U >
ay = lim ay = inf ay =4 2 if 7 € Q reduced, p odd and v > 1,
N-—s00 N>2 0, otherwise.

In other words, it is supported only on the rationals with odd numerator, with a magni-
tude inversely proportional to the denominator, and may thus be considered a variant of a
function known as the Thomae, or popcorn function.

Remark* 5.14. In order to understand the origin of the above expressions and their peculiar
dependence on «, recall that anyons may be modeled rigorously using connections on fiber
bundles; cf. (3.53) and Remark 3.29. The kinetic energy for N anyons may in fact be written

as
N
=D (-ivy)’
7j=1
where A, denotes a connection one-form (gauge potential) on the bundle which implements
the statistics, i.e. which is such that the holonomies produced under continuous exchanges
of the particles yield the corresponding representation of the braid group, p: By — U(F), of
the anyon model. For abelian anyons, with fiber 7 = C and statistics parameter « € [0,2),
this is thus the phase p(7y, ... Tn,) = €™ of the exchange as discussed in Exercises 3.13-
3.14.
The Poincaré inequality (5.8) that was used for the statistical repulsion of fermions is
here replaced by the inequality

A 2 2 . 2 1 2
ag)? > | ®(r) — 2¢)2= |02 ), 2
v = [ (jadwlf + miploe) 202 o) (5.20

where the integration is performed over the circle |r| = r in the relative coordinates r = r;j,
of a fixed pair x;, x, of particles, and 27®(r) is defined as the statistics phase (i.e. the
holonomy on the bundle) obtained under exchange of this pair as r — —r — r continuously
along the full circle rS'. Note that already after half of the circle has been traversed one
has actually completed a full particle exchange, r — —r ~ r, and thus the corresponding
phase factor in this case must be (see Exercise 3.14)

o) ®(r) = (1+2p(r))c

where p(r) € {0,1,...,N — 2} denotes the number of other particles that are enclosed
under such an exchange. This depends both on the positions of the other N — 2 particles
x" = (x7)ijk, on the center of mass X of the particle pair, and on the radius r of the
circle. However, recall that the phase is only determined uniquely up to multiples of 27, i.e.



UNCERTAINTY AND EXCLUSION PRINCIPLES IN QUANTUM MECHANICS 85

em®() = ¢im(®(1)=24) for any ¢ € Z. Let us for definiteness take the representative closest

to the identity,
eiﬂ'ﬁo, 60 — 60(74) := 4+ min |‘I’(7“) - 2q’7
qEZ

where one of the signs apply and By € (—1,1]. This phase factor may be considered as a
non-trivial boundary condition that the function u(p) := ¥(r(r;¢), X;x’) of the relative
angle ¢ (with r, X and x’ fixed) must satisfy:

u(m) = e™u(0). (5.27)

It is a straightforward exercise (see below) to show that the Poincaré inequality

[ wras= g [N ds (5.28)
0 0

holds for such semi-periodic functions on the (half) circle, by expanding in the basis of
energy eigenstates uq(p) = ePo+20)¢ ¢ c 7. Proceeding as in (5.6) one then obtains
(5.26), and finally (5.24) after minimizing over all possibilities for p(r), i.e. Bo(r) > an
for all . Note that in the case a = 0 one has Sy = 0 and thus bosons and no Poincaré
inequality, while for o = 1 one has Sy = mingez |1 4+ 2p(r) — 2¢| = 1 and thus the fermionic
Poincaré inequality (5.8). The above procedure may even be extended to certain families
of non-abelian anyons [Qval7, LQ18].

The following generalization of the diamagnetic inequality (4.27) holds despite the mag-
netic vector potentials in (3.53) not being locally square integrable around the diagonals:

Lemma 5.15 (Diamagnetic inequality for anyons [LS14, Lemma 4]). Given any o € R
and U € Q(T,) we have |¥| € Q(Ty) = HL ., and T,[¥] > Ty[|¥|], and in particular the g.s.

sym
energy for anyons is always greater than or equal to the corresponding bosonic g.s. energy.

Let us denote by (which needs to be interpreted in the correct form sense [L.S14, LL18])

en(a) :=  inf v, 7,0
() Jap |\1/|2:1< “ >L2(Q8)

the local (Neumann) n-particle kinetic energy for anyons on the unit square Qo = [0,1]?
(the corresponding energy on a general square @ C R? is obtained by simple scaling due to
homogeneity of the kinetic energy). A local version of Theorem 5.13 may be used to prove
that e, satisfies a lower bound for all n of the form [LL18]

en(@) > f((Ja,)?) (n = 1)+,

where j/, denotes the first positive zero of the derivative of the Bessel function J, of the
first kind,

Vv <4, < +\/2v(l +v) (and jj := 0),
and f: [0, (1)?] — Ry is a function satisfying

t/6 < f(t)<2mt and  f(t) =2nt(1 - O(t'/?)) ast— 0.
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Proceeding as in Example 5.8, one may then prove that the ground-state energy per particle
and unit density of the ideal anyon gas in the thermodynamic limit at fixed density p =

N/1Ql,
Q| ten(w)

o .. .en(a)
= 1 f = =] f
ela) = iminf TN, iminf =

)

is bounded from below by
e(e) > 33 (ja.)” > 750,

and moreover, as a, — 0 the bound improves to

e(a) > ma. (1 - O(ai/?’)).

The dependence of the above expressions on «a, comes about by assuming (as a lower
bound) that the measure of relative radii 7 = |x; — x| such that the factor Bo(r)? of the
potential in (5.26) differs from its absolute minimum a? can be vanishingly small. This
requires the gas to be dilute and its particles arranged in tiny clusters [LL18, Lunl7], and
it is not clear that such configurations will be beneficial with respect to the uncertainty
principle. Indeed, recently [LS18] the above bounds have been improved by using the scale
covariance of ideal anyons (cf. Lemma 5.12; for superadditivity see [LS18, Lemma 4.2]) and
the uncertainty principle, to yield a dependence only on the two-particle energy:

Lemma 5.16 (Local exclusion principle for anyons [LS18]). For any a € R andn > 2,
it holds
en(@) > c(a)n,

where

cla) = imin{eg(a), ez(a),eq(a)} > imin{eg(a), 0.147}.

Furthermore, for any N-anyon wave function ¥ € Q(Ta) and any square () we have the
local exclusion principle
r9(0) = ([ max -1)
@l \Ug )

In fact, these lower bounds in terms of es(a) > %042 may be complemented with upper
bounds of the same form, and one has the following leading behavior for the ground state
energy of the ideal anyon gas, showing that it has a similar extensitivity as the Fermi gas
for all types of anyons except for bosons:

Theorem 5.17 (Extensivity of the ideal anyon gas energy [LS18]). There ezist con-
stants 0 < C < Cy < 00 such that for any o € R

Craz < e(a) < Caay,
and moreover, in the limit ag — 0,

e(a) > %ag(l — O(a;/?’)).

However, the exact energy e(«) is still not known, and in fact a recent conjecture [CLR17,
CDLR19] in the context of a natural approximation, known as average-field theory (see
[LR15]), suggests that e(a) =~ (2/7/3)27|a| for small a, and would thus imply that the
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simple linear interpolation e(a) = 2wz (i.e. C; = Cy = 27) between bosons and fermions
cannot hold. Furthermore, the picture might change with an additional attraction between
the anyons which promotes clustering. Whether the true energy e(a) could be lower for
even-numerator rational a than for odd numerators due to the above form of statistical
repulsion is an interesting possibility, discussed in more detail in [Lunl7].

Exercise 5.11. Prove the Poincaré inequality (5.28) for functions u € H'([0,w]) subject to
the semi-periodic boundary condition (5.27).

Note that the self-adjoint operator corresponding to the form (5.28) is D? = —83}, with
D = —id, defined as a self-adjoint operator on L*([0,n]) with the b.c. (5.27). Then the
natural domain of D? is the space of functions u € H?([0,7]) satisfying both

u(m) = ™y 0) and u' (1) = €™/ (0).
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6. THE LIEB—THIRRING INEQUALITY

In Section 4 we found that the kinetic energy of an arbitrary L?-normalized N-body state
U e Q(T) = H'(R¥) is bounded from below by (as usual we assume h?/(2m) = 1)

N
(7] := <w,z<—Aj>\P> > GaN 2/ /R Lo
j=1

which encodes the uncertainty principle by yielding an increase in the kinetic energy for
localized densities, but unfortunately becomes overall very weak with N — co. It turns out
however that if one restricts to fermionic, i.e. antisymmetric, states ¥ € Hagym, then this
inequality can be improved to

T > K, /R oy, (6.1)

with a constant Ky > 0 that is independent of N. This fermionic kinetic energy
inequality, which encodes both the uncertainty principle and the exclusion principle, is
also known as a Lieb—Thirring inequality and it was introduced by Lieb and Thirring
in 1975 [LT75, LT76] in order to give a new and drastically simplified proof of stability of
matter, as compared to the original tour-de-force proof due to Dyson and Lenard in 1967.
We will apart from proving the celebrated inequality (6.1) for fermions also prove that
the assumption on antisymmetry, i.e. the Pauli principle, may be replaced by a strong
enough repulsive interaction which then effectively imposes an exclusion principle on the
states W as discussed in the previous chapter. In particular, for an inverse-square pair
interaction W (x) = f|x| 72, and for any ¥ € H'(R4) (hence also for bosons ¥ € Hyyp, or
distinguishable particles), the following Lieb—Thirring-type inequality holds:

142/d

T+ W > Ka(9) [ o (62)
R

with a constant K;(8) > 0 for any § > 0. Also other forms of LT inequalities are valid if

for instance there is some local statistical repulsion, such as for anyons in two dimensions.

6.1. One-body and Schrédinger formulations. Note that for a fermionic basis state
U = u; Aug A ... Auy, i.e. a simple Slater determinant, where {uj}é-vzl c $H = L*RY)
denotes an orthonormal set of one-body states, we have that (exercise)

N
1w =3 [ 19 (6.3)
j=1

and furthermore (exercise)
N

ou(x) =Y luj(x)[*. (6.4)
j=1
The inequality (6.1) on such a state then follows straightforwardly from the following simple
generalization of the Gagliardo—Nirenberg—Sobolev inequality of Theorem 4.14. This very
simple approach to proving Lieb—Thirring inequalities directly by means of the kinetic
energy inequality is quite recent and due to Rumin [Rum10, Rum11] (see also e.g. [Solll,
Fral4, FHIN18] for generalizations).
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Theorem 6.1 (Kinetic energy inequality). Given an L?-orthonormal set {uj}j-vzl C
H'(RY), we have that
1+2

N N
3 / V()2 dx > K / SR | dx
j=1/R? RE\ j=1

with a constant satisfying G} < Kg < min{Gy, Kgl}.

Remark 6.2. See Remark 4.15 concerning the constants G/, < G4. The presently known best
bound for the optimal constant Ky is K4 > (1.456)~2/¢K¢! [FHIN18], and it is conjectured
that Ky = Gq < K3 for d < 2 while Ky = K$' < Gy for d > 3 [LT76]. See also
[DLLO08, Lap12].

Proof. We follow the proof of Theorem 4.14, with the crucial difference that we use the
Bessel inequality in the bound corresponding to (4.23). Namely, we have for the orthonormal
system of functions {u;}; that

N N s
Z/Rd\vuj(x)ﬁdx:Z/o /Rd uf "t (x)|? dx dE,
j=1 j=1

and by the triangle inequality on C¥,
1/2 1/27 2

N ) N N )
DA ES TRl B WETIESTLN IR N (o]
j=1 j=1 j=1

+

The bound on the low-energy part is then done using Fourier transform and Bessel’s in-
equality (2.2) (note that {u;}; are also orthonormal by the unitarity of F) according to

N

i::lwf"(xw =

Jj=1

2

N
= 2m) S| (i U e ™) < @m)1Bgusa 0)
j=1

after which the remainder of the previous proof goes through with the replacement ||u|| = 1,
and Kq > G, of (4.21). Also, since for N = 1 the inequality is exactly GNS, we cannot
have K4 > Gy for the optimal constants. Furthermore, taking as u; the eigenfunctions of
the Dirichlet Laplacian on a cube, we may as N — oo compare to the Weyl asymptotics

(5.3), see e.g. [Kr694], and in fact one may thus prove that also Ky < Kfll. O
Theorem 6.3 (Many-body kinetic energy inequality). The inequality
[ ez [ o (6.5)
RaN Rd
holds for any ¥ € HY . (RH)N).

Proof. The proof in the many-body case would again be a straightforward modification
of the above one-body case, along the lines of Exercise 4.13, if we only knew that the
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corresponding partial traces of ¥ are orthonormal. This is the case for pure product states,
i.e. Slater determinants (see Exercise 6.1), but not necessarily so for a general ¥. What
we may do instead is to use a diagonalization trick from the abstract theory of density
matrices (which goes slightly outside the course, cf. Remark 3.24, but we nevertheless give
here for the interested reader). Alternatively, we will find below that the theorem also
follows directly from the above one-body theorem together with the equivalence between
the kinetic energy and Schrodinger forms of the inequality; Theorem 6.4 and Corollary 6.6.

Given ¥ € Hasym we may form the corresponding one-body density matrix vy : $ — 9,
$ = L?(R?), defined via the integral kernel

N
v (X,y) ::Z/ U(X1,. 0y X1, X, X1, - - -, XN ) X
= RA(N-1)

X \Il(xlv s X1, Y, X415 - - 7XN) deka
i

which turns out to be a bounded self-adjoint trace-class operator, with 0 < vy < 1 and
Tryy = N. It may thus be diagonalized,

Yo =Y A (ug, )
j=1
with A; € [0,1] and {u;}; C $ orthonormal. Furthermore,
ow(x) = (%) = > Ajluj(x)]*
j=1

Then

e}

00 M
T =) (U, (=A)0) => X (uj, (D)) =Y N [ [Vu?>> N [ [Vl
2 2 S f e 23 )

J=1

for any M € N. Now we may modify the proof of Theorem 6.1 slightly by attaching \/E
to each u; (or taking the triangle inequality on CM weighted with \), with

M 9 M ) M )
SN =S Al o <30 < o,
j=1 j=1 Jj=1

again by Bessel’s inequality for the orthonormal set {@;}, and A; < 1. Thus,

M M 43
T[] > Z/ Aj|Vuj(x)|? dx > Kd/ > Al (x)? dx,
j=1"R? RE A\ j=1
and taking M — oo this proves the theorem. O

Exercise 6.1. Show (6.3), (6.4) and thus that (6.5) holds for all such basis states ¥ imme-
diately by Theorem 6.1.
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6.1.1. Fquivalent Schrédinger operator formulation. A common and indeed very useful
equivalent reformulation of the inequality (6.5) is in the form of an operator inequality
involving the negative eigenvalues of the one-body Schrédinger operator on RY

h=—-A+V.

Both of these formulations are referred to as Lieb—Thirring inequalities. We will be a bit
more general here, however, allowing to replace the exclusion principle for fermions with a
repulsive pair interaction W or some other statistical repulsion. We denote as usual

N
T = U2 = |2
W=/ v /W;rvj ’,

N
V]l —/RdN V]w[? = /WZV(XJ»)\\I/(X)WX, and
j=1

wiw = [ wiwp = W s — xi) (0
RAN /]RdN 1§g§k:§N k
so that
N N N .
TV =3 [ (VIR = 3 (0 (-8, + Vx)) = 3 (W)
j=1 j=1 J=1

Theorem 6.4 (Lieb—Thirring inequalities). There is an equivalence between exclusion-
kinetic energy inequalities of the form

(U] + W[T] > Ky(W) /R el (6.6)
and inequalities for Schrodinger operators of the form

T+ VO] + W) > LW [ V-9, (67
with the relationship between the constants

/2
Lw) = 2 (Clij) Ka(W) 2. (6.8)

In the above, the interaction W may be replaced by a restriction of the domain ofT such

as to H;Sym(q), or by a different many-body operator such as T, for anyons.

Remark 6.5. For N = 1 (for which W = 0 and H = Hgym = Hasym) the equivalence is
Theorem 4.19 concerning only the uncertainty principle.



92 D. LUNDHOLM

Proof. The proof is completely analogous to that of Theorem 4.19, namely, assuming that
(6.6) holds, we obtain by Holder and optimization

(W] + W]+ V§] =T / Vilow — / V- low

2/(d+2) d/(d+2)
> K, / 14+2/d </ |V|1+d/2> (/ Qi+2/d>
Rd Rd

> _Ld/ |V_’1+d/2.
Rd

On the other hand, if (6.7) holds, then by taking the one-body potential V' (x) := —cg?l,/d

we obtain that

T[\Il] + W[\Ij] _ T[\Ij] + W[\I/] + V[\Il] — V[\If] > —Ly /]Rd ‘V—’1+d/2 _ /Rd Vow

_ (C_ Cl+d/2Ld)/ Q‘11I+2/d’
Rd

which after optimization in ¢ > 0 again yields (6.6). O

Since for fermions ¥ € HL (R) (with W = 0) one has

asym

nf (T + VIE) = 37 (b,

the above equivalence then implies the following inequality for the negative eigenvalues A\,
of the one-body Schrodinger operator h = —A 4+ V on R%:

Corollary 6.6 (Inequality for the sum of Schrédinger eigenvalues). Let {uy}32, denote the
min-max values of the Schréodinger operator h = —A +V on RY. Then

S|l -| < La / V() [F+/2 . (6.9)
k=0

Remark 6.7. Note that if the r.h.s. of (6.9) is finite then the bottom of the essential spectrum
of h must satisfy inf aess(ﬁ) > 0, because otherwise all uk(iz) < inf aess(ﬁ) < 0 and thus
Y i k] =] = oo. It follows that the negative min-max values are actually eigenvalues and
hence that (6.9) is an inequality for the sum of negative eigenvalues of h.

In the spectral theory literature it is usually this inequality that one refers to as the Lieb—
Thirring inequality. Also note that it can be generalized to other powers of the eigenvalues
as well as to other powers of the Laplacian, including fractional [LS10, Lap12].

Proof. Let n < D := dim P(;L_ o 0)53 be finite, and denote by {uk}z;é an orthonormal

sequence of C?(RY) functions corresponding to n lowest negative min-max values fip :=
(ug, huy) (approximating ug), and o(x) := ZZ;& lup(x)|2. The one-body kinetic energy
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inequality of Theorem 6.1 then yields

n—1
=) |l = Z<Ukahuk Z/ (IVur|* + Vo)
k=0

> K / 1+2/d / |V—’Q 2 _Ld/ ’V—|1+d/27
R4 R4

where we again estimated by Holder and optimized as in Theorem 6.4. Taking n — D and
using that the bound is uniform in the approximation fix — pg, this proves (6.9). O

Given the inequality (6.9), one obtains the lower bound

N-1
inf (T[¥]+ V[¥]) = \(h A (h)| > —L Vv |Lr2
T VI = 3 Al Z\ =L [ [V,

[W]=1

which by the equivalence of Theorem 6.4 proves the many-body kinetic energy inequalty of
Theorem 6.3.

Corollary 6.8 (LT with weaker exclusion). For any ¥ € H! (RHN), the exclusion-

.. . . asym(q)
kinetic energy inequality

/ ]V\I/\Q ZqQ/de/ Q};ﬂ/d
RAN R4

holds, and is equivalent to the uniform bound

T[¥] + V[¥] > —qLd/ V| +a/2,
]Rd

Proof. One may use the relationship Lg(asym(q)) = qLg(asym(1)) = ¢Lg4, following from

N/q—1
inf (T[] +V[¥])=q > A(h),
v

and hence Ky(asym(q)) = ¢~ /4K 4(asym(1)) = ¢*/*K, by the correspondence (6.8). [

6.2. Local approach to Lieb—Thirring inequalities. The above formulations of LT
were global in the sense that they always involved the full one-body configuration space R€.
We shall now consider a local approach to proving LT inequalities, which was first devel-
oped in [LS13a] for anyons, and has since been generalized in various directions, including
point-interacting fermions [FS12], other types of generalized statistics [LS13b, LS14], inho-
mogeneously scaling repulsive interactions [LPS15|, operators involving fractional powers
and critical Hardy terms [LNP16], and most recently gradient corrections to TF [Nam18]
as well as vanishing conditions on arbitrary diagonals of the configuration space [LLN19].

6.2.1. Covering lemma. For the local approach it is convenient to use the following lemma
which originates in the construction used in [LS13a], and was generalized in [LNP16, Lem-
mas 9 and 12| and in [Nam18]. The following version includes all those as special cases,
though not with the optimal constant.
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F1GURE 2. Example in d = 2 of a division of a square ()¢ and a corresponding
tree with three disjoint groups G;, together covering all subsquares @) € Q.

Lemma 6.9 (Covering lemma). Let Qq be a d-cube in R%, d > 1, and let A > 0. Let

0 < fe LYQo) satisfy fQo f>A>0. Then Qg can be partitioned into a collection Q of
disjoint sub-cubes Q € Q, i.e. Qo =|]Q, such that:

e Forall Q€ Q,
[r=a
Q
e Forall a,8 >0 and~y >0,
1 S o i
_ 0 .
> g [(/Qf> o (/Qf> ] >0, (6.10)

9d(a+5+1)
2da 1 °

where

C,a,8 =

Proof. Note that if fQo f = A then there is nothing to prove since Cy, 3 > 1, hence we
may assume fQo f > A. We then start by dividing Qg into 2¢ subcubes Q of equal size,
Q| = 27%Qo|, and consider the mass fo on each such subcube. If fo < A we do
nothing, while if fQ f > A then we may iterate the procedure on ) and divide that cube

into 2¢ smaller cubes, and so on. This procedure stops after finitely many iterations since
f is integrable. We may organize the resulting divisions of cubes into a 2%-ary tree rooted
at Qo and with the leaves of the tree representing the resulting disjoint cubes @ that form
the sought collection Q, with Ugeo@ = Qo and fQ f < A. See Figure 2 for an example.
Moreover, we note that the cubes @) € Q may be distributed into a finite number of
disjoint groups G C Q, such that in each group:
e There is a smallest size of cubes in G, denoted m := mingeg |@Q|, and the total mass

of such cubes is
> / f>A. (6.11)
QegQl=m "9
e There are at most 2¢ cubes in G of every given size.
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Such a grouping may be constructed for example by starting with each collection of 2¢
leaves which stem from a final split of a cube with fQ f > A, and then add leaves to the
group by going back in the tree (arbitrarily many times, possibly all the way to the root
Qo) and then one step forward. Note that all leaves will then be covered by at least one
such group, and if several, we may choose one arbitrarily.

Now, consider an arbitrary group G. Because of (6.11), there must be at least one cube
Q€ G with |Q| =m and [, f > A/24. Hence,

L /f 5> 1 /A’ A8
X —— — | = = —.
Q<G Q1 \ Jo — me \ 24 2048 mer

IQl=m
Furthermore,
1 = X 24\ 2dpY g C, AP
S () <X T gt <X o -
5e 191 = 5 lQ° Semedho e 1 —27da T A=Y 2dFma
|Q|l=m2¢k

which proves (6.10) on the group G, and since every cube @ € Q belongs to some group,
therefore also the lemma. O

One obtains from this also the following version, which was proven directly and with a
slightly different constant in [LNP16, Lemma 12]:

Corollary 6.10 (Weaker exclusion version). Under the same conditions as in Lemma 6.9,
the cube Qo may be partitioned into a finite collection Q of disjoint sub-cubes Q € Q, such

that:
/fSA
Q

e ForallQ € Q,
Z|Ql|a ([/Qf fJLb/Qf)ZO, (6.12)

(6.13)

o For any q > 0,

where

Proof. Note that for any collection Q of cubes )

Zcm(Vf ]‘”40>§:

QeQ QeQ

ar (0 /f‘@

QeQ|Q|°‘ </f _f/_Ab ) (6.14)

By choosing Q as in Lemma 6.9, with § = 1 and v = 0, the r.h.s. of (6.14) is non-negative
if b <1 and if

:(1

g/A . 20—
1—p dal ™ 9dat2)’
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that is (6.13). This proves (6.12) (the inequality is trivially true for b < 0). O

Exercise 6.2. Extend the covering lemma to a split into k% subcubes, with k > 2. (One
practical usefulness of this version for k =3 (or any k odd) is that there is always a cube
in Q whose centerpoint coincides with the centerpoint of Qq.)

6.2.2. Local proof of LT for fermions. Let us now use the above covering lemma to prove the
fermionic LT inequality of Theorems 6.3 and 6.8 directly by means of the local formulations
of the uncertainty and the exclusion principle, although with a weaker constant.

Namely, take ¥ € H;Sym(q) (RN, and recall that for any partition P of R? into cubes Q

we have by the local uncertainty principle (4.44) that

1+2/d
=Y 1w =Y |c fQ —C Jo o : (6.15)

)2/d 270(2/d
ocr ocp f (J, 0w)?/4 Q%
for some positive constants C1, Cy > 0, and that the local exclusion principle of Lemma 5.7
yields
iz (6.16)
1w 2o -] |
Q¥4 /g n

By the GNS inequality on the full space,
T[] > GyN 2/ / oy ",

Rd

1+2/d

we see that fRd\Q Oy can be made arbitrarily small by taking some large enough cube

o, and thus in a standard approximation argument we may in fact assume supp ¥ C Qév .
We then take a partition P = Q of Q)¢ according to Corollary 6.10, and combine the
energies (6.15) and (6.16) with T'=eT + (1 — ¢)T and an arbitrary € € [0, 1], to obtain

f 1+2/d f ou 9
T

T[] > (0 19,29 + (1 -85 [/ 0w —CI]
Q;Q f Q\I/ 2/d ‘le/d ‘Q’2/d 0 N

f 14+2/d f 0w

Z Z eC 1 QAQ/d —+ ((1 — 8)7['2b — 602) @W 5
QeQ

with b =1 — 34%g/A (here o = 2/d). Taking A = §4%g so that b = 1/2, and € = 72 /(4C5),

the last term becomes nonnegative and
_ 1+2/d _ 142/d
T[] > Cq 2/dz/ Q\;r/ s 2/d/ Q\;-/ ,
Q @ R

which proves the theorem. U

6.2.3. Local proof of LT for inverse-square repulsion. Using the above local approach we
may also prove the Lieb—Thirring inequality (6.2) for the repulsive pair potential W3(x) =
B|x|~2. In this case the natural form domain to be considered is

HY v =L U e HYRW) . / dx < 00 p, (6.17)
o 1<]§k:<zv RN ’X] N XkP
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and 0 < T[¥]+Wp[¥] < oo for such ¥ € Hl .. The following theorem was proved in [LPS15]
(see also [LS14] concerning d = 1 and the Calogero—Sutherland model; cf. Section 4.2.3)
and generalized to fractional kinetic energy operators in [LNP16]:

Theorem 6.11 (BLT with inverse-square repulsion). For any d > 1, 8 > 0 there exists a
constant K4(8) > 0 such that for any N > 1 and ¥ € Hé’N, the exclusion-kinetic energy
mequality
142/d
T[] + Wp[¥] = Ka(B) / ) oy (6.18)
R

holds. Furthermore, for any external one-body potential V: R — R,
T[] + VW] + Wp[¥] = ~La(B) | [V, (6.19)
Rd

with the correspondence (6.8) between the constants.

Remark 6.12. The domain ’H}L n imposes no symmetry on the wave function ¥, but in fact
it may be shown [LS10, Corollary 3.1] that the minimizers of the L.h.s. of (6.18) respectively
(6.19) must nevertheless be positive and symmetric, i.e. bosonic. We will therefore refer to
such an inequality as an (interacting) bosonic Lieb—Thirring (BLT) inequality.

Remark 6.13. The behavior of the optimal constant K4(/) in (6.18) as a function of 8 was
discussed in [LNP16, Section 3.5]. One has for all d > 1 that K4(3) is monotone increasing
and concave, and

Cymin{1, 3%} < K4(8) < Gy,
for some constant Cy > 0, while for

d=1: lim5_>0 Kl(ﬁ) =K; >0,

d=2: 11m5_>0 Kg(ﬁ) = 0,

d>3: KyB)~p*%as -0,

where K is the usual fermionic LT constant for d = 1. This is because 7-[%7]\, = H} RN\ A)
by the Hardy inequality of Theorem 4.11, and due to our remarks on symmetry as we may
multiply the function by a phase (see Section 5.1.2). It is furthermore conjectured that
limg_,0 K4(f) = G4 for all d > 1, and hence that the conjecture on the optimal constant
in the fermionic LT (Remark 6.2) for d = 1 is equivalent to proving that K;(3) is constant
in 8. See also [LLN19] for further details concerning 5 — 0 and recent generalizations.

Proof. We proceed similarly to the previous proof, starting from the same formulation of
the local uncertainty principle (6.15). However, (6.16) is now replaced by Lemma 5.10:

(T +Wp)®[¥] > %GQ(Q§W6) (/Q 0w —1> , (6.20)

+

with ea(Q; W3) > Bd~1|Q|~2/ by (5.16). Thus, we may just take ¢ = 1 and replace 7> with
B/(2d) in the previous proof, to obtain

Jo Q3D+2/d Bb Joow 1+2/d
T[V] 4+ Wg[¥] > Z sclw + <(1 — E)ﬁ — 5C’2> QP >eC y oy

QeQ
with A fixed and e ~ 5 as § — 0.
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In order to get an improved dependence for small 3, one may instead use the convexity

in n of the bound e, (|Q|; Wg) > % to replace (6.20) by the improved local exclusion

(T +Wp)?[¥] > Mlélz’/d<</@w>2_</@w>>

principle

+

Then, by Lemma 6.9 with o = 2/d, § = 2 (different ), and v = 1,

fQ 1+2/d IB A IB fQ ov

TV + Ws|¥| > C 1—¢)— —(1—¢)— —eC
i Q;Q R (( V2 Crpan V2" 2) Q>
> eCiA4 / oy,

Rd

with suitable fixed ¢ > 0 and A ~ 37! as § — 0. O

6.2.4. Local proof of LT for anyons. We may furthermore extend the Lieb—Thirring in-
equality straightforwardly to anyons in two dimensions using their local exclusion prin-
ciple given in Lemma 5.16 [LS18]. Recall the periodization of the statistics parameter
a2 = mingez |a — 2¢| € [0, 1].

Theorem 6.14 (LT for anyons). There exists a constant Ko > 0 such that for any o € R,
any N > 1 and ¥ € Q(T,), the exclusion-kinetic energy inequality

To|¥] > Ko / 0%
R2

holds. Furthermore, for any external one-body potential V: R? — R,
T09)+ VW) 2 ~Loo" [ VP
with the correspondence (6.8) between the constants Ko and Lo.
Proof. For local uncertainty we use the diamagnetic inequality of Lemma 5.15,

T[\If]>Ta0|\If| Z O’\Ij’ Z( fQQ\I/_szQQ\I/>'

QeP QeP fQ Q|

The proof then goes through exactly as in Section 6.2.2, replacing 72 in (6.16) with c(a) >
a9 /12 from Lemma 5.16. O

6.2.5. Local LT with semiclassical constant. Recently, Nam has considered improvements
w.r.t. the constant in the local approach, getting arbitrarily close to the semiclassical one,
to the cost of a gradient error term [Nam18|. Namely, using the Weyl asymptotics on cubes
one may first prove the following:

Lemma 6.15 (Local density approximation). Given any VU € HL__((RHN) and d-cube

asym

Qo such that fQo ow > A > 0, there exists a partition Q of Qo into sub-cubes Q) such that
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fQ oy < A and

/ 2 a ~1/d Joov e
o IVEP 2 KS(=CaA™ ) > 10l | S : (6.21)

QeQ

where Cy is a constant depending only on d.

Proof. The Weyl asymptotics (5.3) for the sum of Laplacian eigenvalues on a cube @ can
be rigorously justified with a uniform lower bound (see e.g. [Kr694))

~n(|Q[;asym) = ZAk AN (N1+2/d CN1+1/d>

\le/d

for some constant C' > 0 and all N € N. Using that the r.h.s. is convex in N > 0, one may
then also prove the following improvement of the local exclusion principle of Lemma 5.7:

ren = gl ()™ e (f)™),

Now, applying Lemma 6.9 in the second term with « =2/d, f =1+2/d and vy =1+ 1/d,
one obtains

Kcl 1+2/d Cdaﬁ 1+2/d
Mz 2 Tz ) i <</ w) oS </Q““> ’

QeQ QeQ
for the corresponding partition Q of (g, which proves (6.21). O

+

Lemma 6.15 is a local density approximation for the Thomas-Fermi energy. In fact, Nam
proved the following consequence, which shows that if the density is sufficiently constant
then one indeed obtains the Thomas-Fermi energy as a lower bound, with the semiclassical
constant:

Theorem 6.16 (LT with gradient correction). There exists a constant Cq > 0 s.t. the

inequality
2 _ cl 14+2/d Ca
Lowek=a-arg [ o -2 [ vyl

holds for any e >0 and ¥ € Hy . (RHN).
See also [LLS19] for recent related results concerning the electron gas.

6.3. Some direct applications of LT. As a direct application of the above kinetic energy
inequalities one may consider the ground-state energy of a system of N particles with a
given external potential V. Namely, given a bound of the form (6.6), one may estimate the
N-body energy in terms of the density,

T[] + VU] + W] > /R (KW 00) + Vou(x)) dx = Eloul. (6.22)

with oy € L1+2/d(Rd; Ry), fRd oy = N, and therefore the simple minimization problem

Eo(N) > inf {S[Q] o€ LMHYRERY), / 0= N} :
R4
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Another bound for Ej is given directly in terms of an integral of V_ by (6.7), but note that
the above bound is also valid for arbitrary, even non-negative, one-body potentials V.

Example 6.17 (The homogeneous gas). We model the case of a homogeneous gas on
a finite domain Q C R? by formally taking for the one-body potential a flat external trap
with infinite walls,
0, on €,
Vix) = { +00, on Q°.
More precisely, we take Dirichlet boundary conditions, ¥ € HZ(Q%). Then also supp oy C
Q, fQ oy = N, and since we have by Holder that

Elo] = Kd(W)/QQH-Q/d L </Q Q) 142/d

for any o € L'(Q; R, ), we then obtain by (6.22), for the ground state energy per particle
of the homogeneous gas with density p = N/|Q,

Ey(N) : 1 2/d
———— = inf =TV +V[¥Y+W[¥]) > KW .
N = g (T VI £ W) = KWy
w]=1
In the case of fermions (compare Example 5.8) this lower bound will exactly match the
correct energy given by the Weyl asymptotics (5.3), even including the conjectured optimal

constant K j(asym) e K¢ in higher dimensions d > 3 (see Remark 6.2).

Exercise 6.3 (Harmonic traps). Apply the bound (6.22) to a harmonic oscillator potential

/2 /2
Vose(x) = 1w?(x|?. Show that omin(x) = Kq(W)~%/? (#2) <)\— “’TQIX|2>+ for some

constant X = \(d, N) ~ N Compute a lower bound &[omin] ~ N4 to the energy, and
compare to Ezxercise 5.1 when W is replaced by antisymmetry.
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7. THE STABILITY OF MATTER

Recall from Section 3.6.1 that we consider the following many-body Hamiltonian for
matter consisting of N particles of one type (‘electrons’) and M particles of another type
(‘nuclei’) moving in R3:

N h2 M h2

HNM —A 1
Z 2me + Z 2mn Rk =+ WC(X R) (7 )

j=1 k=1

with the full Coulomb interaction
N M ZQ
Weo(x, R) = + S 7.2
cbett) 1<'<Z<N ‘x" X Zlkz _Rk‘ 1<kZ Ry — Ryl 2
<i<y< <I<M

As usual we assume that the electrons have charge —1 and the nuclei charge Z > 0, and put
h = 1 by a change of mass scale. One may also have different masses and charges for the
nuclei but we will stick to this technically simplifying assumption here. Furthermore, we
could also consider the nuclei to be fixed at the positions R = (Rk)év[: , by formally taking
m, = 400, or equivalently, just remove their kinetic energy terms in (7.1):

x] + WC(X R) (73)
j=1

Since HNM > HN(R) as quadratic forms on H'(R3N+M)) obtaining a lower bound for
(7.3) which is uniform in R will then also be valid as a lower bound for AV,

7.1. Stability of the first kind. That the Hamiltonian operators (7.1) and (7.3) are
bounded from below, i.e. stability of the first kind in the terminology of Definition 3.21, is
a simple consequence of the uncertainty principle. Namely, recall the stability of the single
hydrogenic atom,
1 Z 1
——Aps — — > —=—mZ? 7.4

om x| ~ oM (7.4)
which is the sharp lower bound from the ground-state solution (4.35) or, with just a slightly
worse constant, from Hardy (4.31) or Sobolev (4.33).

Theorem 7.1 (Stability of the first kind). For any number of particles N,M > 1, for
any positions of the nuclei R € R3M | and for any mass me > 0 and charge Z > 0, we have

. 1
HN(R) > —§meZQNM2, (7.5)

with respect to the form domain H'(R3N) (with unrestricted symmetry), from which HN (R)
extends to a bounded-from-below (uniformly in R) self-adjoint operator on HYN = L2(R3N).
Hence,

R . 1
HNM > ingMHN (R) > —§meZQNM2, (7.6)
ReR

in the sense of forms on Hl(R3(N+M)), from which HNM extends to a bounded-from-below
self-adjoint operator on HN-M = L2(R3N+M)),
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Proof. Let us simply throw away the positive terms in WC and write in terms of forms

) > ZZ [2me Ax,) — ™ —Rkl] ZZ Lnehz? = — meZ2NM2

71=1 k=1 71=1 k=1

by (7.4). This proves (7.5), and by the inequality

AN, M . N _
(00 iy 2 [ (PR VR R
applied on arbitrary ¥ € H'(R3W+M)) "also (7.6). O

7.2. Some electrostatics. In order to improve the above bound to a linear one in N + M,
i.e. prove stability of the second kind, we also need some important results on electrostatics.

7.2.1. Baxter’s inequality. The main result that we need for the proof of stability is the
following inequality due to Baxter [Bax80], which replaces all the N2+ N M+ M? terms of the
full Coulomb interaction (7.2) by only N + M nearest-neighbor terms [LS10, Theorem 5.4]:

Theorem 7.2 (Baxter’s inequality). For any x € R3N R eR¥M | and Z > 0 we have

al 1 72 Y 1
Wo(x,R) > —(2Z + 1)) T (7.7)
J

. 7 + - e /1 b\
- (Xj, R) 4 1 dlSt(Rk, R\k)
where dist(x, R) = mingeqy, ay [x—Ry| and dist(R, R\y) = minjegy . p—1 542,13 [R—Ry.

To reach this bound, which is an example of electrostatic screening, we first introduce
a few basic electrostatic notions. We closely follow [Seil0] and [LS10] in this section.

7.2.2. Coulomb technology and Newton’s theorem. Let us consider a general charge distri-
bution, that is a signed Borel measure 1 = py —p— on R? (uy > 0), and its corresponding
Coulomb potential function

1
P, (x) = R3.
M(X) \/]1{3 \x—y]d'u(y)’ X e

We also define its Coulomb self-energy(m)
1 1 1
D(p, u ::/ duxduy:/@xdux.
()= [ g O0dny) = 5 | @ux)duto)
Note that for the point charge p = dx, we have D(u,p) = ®,(x¢) = +o0o and indeed we

could allow infinite values for charge distributions of definite sign. However, to make these
expressions well defined also in the case of indefinite sign we consider the class of measures

dp+(x

C= u:u+—,u_:/ M()<ooandD(ui,ui)<oo .
R3 1 + |X‘

For two such charge distributions u, v € C, their Coulomb interaction energy is

D(p,v) = ;/R ¥du(X)dV(y)~

3xR3 |X - Y|

(20)The conventional factor 1 /2 matches the conventional symmetrized pair-interaction energy.
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Lemma 7.3. The Coulomb self-energy is positive semidefinite, i.e. 0 < D(u,p) < oo for
any u € C, and furthermore the interaction energy is bounded in terms of the self-energy,

D(u,v)* < D(p, ) D(v,v), p,v €C.

Proof. We use that (exercise)

1 1 1
—=C d 7.8
x—7] Aﬂx—ﬂﬂy—MQZ 78

for some constant C' > 0 (in fact one may compute C' = 7~3). This follows simply by the
observation that both sides are functions of x — y and scale homogeneously to degree —1.

Thus, by Fubini,
C 1 2
D = — —d dz >
b =5 [ ([ etypiut) as =0

and similarly, by Cauchy-Schwarz,

D) =G [ | sttt [ v da < DGsg D0

We also have the triangle inequality

(D(py, ) =D, p)'?)? < Dy = oy piy — o) < (D(pi, )2+ Dy p)'V?)?,

and in particular finiteness of D(u, ) for p € C. O

Theorem 7.4 (Newton’s Theorem). Let i € C be rotationally symmetric with respect to
the origin (i.e. n(RQ) = u(Q) for any rotation R € SO(R3) and measurable set Q2 C R3).

Then
1 1 ,
Du(x) = / dp(y) +/ —du(y), xeR’.
x| Jiy1<ix| iy/>Ix| ¥l

Proof. The rotational symmetry of u carries over to ®,,, with

1 1
i) = — dw du(y).
u(%) 47r/ plfx|ew) d /Rs A1 Jso Hx]w y| wdp(y)
We use Fubini and calculate
1 1 B 1 1
ar Jse ||x|w — Y} 2 \/IXI2 + ly? - 2|X||.Y!t
1

— s (VIR H P+ 2y ] - VIR + Iy P - 20]ly])
2[x]ly| (

- 0ﬂ+wwww—wm:mm{1,1}
oy '

which proves the theorem. ]
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7.2.3. Basic Electrostatic Inequality. Given distinct points Ry,..., Ry € R3, define their
corresponding Voronoi cells I'y,...,['); as the sets
Ipi={xeR’: |x — Ry| < |x — Ryl for all | # k}.
Note that {T'x} partitions R? into M disjoint pieces (up to a null set UxdT'y), and that each

such cell T, is convex, being the intersection of M — 1 half-spaces in R3.
Let

Z Z
X) = kz_; Ix — Ry| dist(x,R)’

that is the potential from all the nuclei except the nearest one, that is on each Voronoi cell
I'; it is the Coulomb potential seen from all nuclei outside I'.

Theorem 7.5 (Basic Electrostatic Inequality). If u € C is a charge distribution then
72 1< 7?
D(p, p) — / du(x) + _ > —_—.
O ;; R, — Ry — 4Zd1st (Rye, Ryz)

Proof. We claim that the second term may be written —2D(u,v) for some v € C, so that
the Lh.s. equals

Z? Z?
Dp—v,p—v)—=Dw,v)+ Y ——"o—>-D,v)+ Y —— 7.9
v =) ,;Rk—Rz\ ,;le—RN (79)
To prove the claim and find such v, note that if [53 ®(x)du(x) = 2D(p,v) = [ps Pu(x)dp(x)

for all p € C i.e. if & = &, for some v € C, then equivalently —A® = 47w Note ﬁrst that
® is continuous on R3 and moreover since the singularity has been cancelled inside each I'j,
it is smooth and harmonic on R? \ (UpdT}). Hence the measure v must be supported on
the boundaries of the Voronoi cells. We compute for any test function f € C°(R3;R)

/RSCD(X)Af(X)dx:Z/ @Af:Z/kv.(q)Vf)_;/rkvq)'vf
—Z/ )-ny,dS — /Fka'ch,

by the divergence theorem, where nj denotes the outward unit normal to dI'y. The first set
of boundary terms vanish by the continuity of ® and V f and the fact that each boundary
segment is visited twice with opposite directions of the normal. For the second set of terms
we obtain

— Vf- V& =— V- (fV®)+ FAD = — f(x)VO(x) - ng dS,
by the harmonicity of ® on I'y. We have thus on each 01'y = OI';, where [ is numbers a
neighboring Voronoi cell, actually two terms (and on even smaller measure possibly more
terms)

1

27 V—
e ’X— Rk|’

—Z —Z
e Vblar e Vo = Vi Ry Vi Ry



UNCERTAINTY AND EXCLUSION PRINCIPLES IN QUANTUM MECHANICS 105

that is v = ——A@ is the measure supported on U0l with density
Z 1
——n;-V——— on Jl'.
21 "V x — Ry F

Moreover, v > 0, because the Voronoi cells I'y are convex and thus ng - (x — Rg) > 0 for all
x € J'y.
It remains to compute D(v,v):

1 1 7 1 Z
D(v,v) = 2/Rg P (x)dv(x) = 2;/}}{3 mdu(x) — 2/}}{3 mdy(x),

where

Z
——dv(x) = 29, (R ZP(Ry)
o T 00 = 204(F) = 2808 e e

exactly matches the last term of (7.9), and

5 [ e / s,
2 Jgs dist(x,R) ary, |x — Ry Rk| ]x Rk]

by the definition of the measure v. Usmg that 2|x|71V|x|~! = V|x| 72 the r.h.s. is

s =
167r/aF e V‘X—RkP ZIGW/C x — RkP

(note that we are now considering the exterior domain). We also compute

1 2
A =
Ix —Rg[2  [x—Ryl*

and finally estimate the integral

Z? / dx 7 /°° /°° /°° dedydz 72
87 Jre x —Ril* = 87 Joe oo Jym—oo Juep, (@2 + Y% +22)2 8Dy

where Dy := dist(Rg, 0T'y) = mm#k IR — Ry| = 1dlst(Rk,R\k) and we w.l.o.g. trans-
lated to Ry = 0 and rotated part of OI'y, to the half-plane parallel to the yz-plane. The
remaining three integrals may then be evaluated in cylinder coordinates. U

7.2.4. Proof of Baxter’s inequality. We reduce the original interaction potential W to the
form of the Basic Electrostatic Inequality by first regularizing the charge distribution of the
electrons from points to spherical shells of about the size of the Voronoi cells.
For given R = (Rq,...,Ry) € R3M and x = (x1,...,xy) € R*" we denote d; :=
dist(x;,R) and let
pi(dx) = (Wd?)_15(\x — x| —dj/2) dx,

and y = Zjvzl ;. Note that the interaction energy of two spheres is less than that of two
points, which follows from Newton’s Theorem: for i # j,

1
"7' = / (péxl. (X)(ij (x)dx > / Dy, (X)5Xj (x)dx = / P5, (x)dpi(x)dx > ZD(:U'J" 14i)
X; — X R3 R3 R3S 7



106 D. LUNDHOLM

(with equality if the points are far away). Also, for any j € {1,...,N} and k € {1,..., M},

1 1
=B, (Rg) =D, (Ry) = [ ———=—dp;(x).
] = e R0 = (R = [ o)
Therefore,
Z2
WC X,R, > D iy Mg) — / d _|_ [ —
SUED S TNMIES 3 o) = AR Sy e s

72 Z 1
= D(u, p) — /11&3 (x)dp(x) + Z Ry, — Ry /Rg dist(x, R) ) = ]zz:l dff

k<l

where we used that D(pu;, 1) = 1/d; (exercise). For the first three terms we may now use
the Basic Electrostatic Inequality, while for the last two we use that

Z 1 1
L du(x)+ < (22 +1)
/RS dist(x, Ry 1)+ g = B2 D

since for any x on the support of y; and any k € {1,..., M}
x — Ri| > [xj — Ri| — [xj — x| > dj — d; /2 = d; /2.
This finishes the proof of Theorem 7.2.

Exercise 7.1. Prove that (7.8) holds for some C > 0. You may also use the identity

[oe)
[t a sty as o,
0

to prove that C = =3 (for further hints see e.g. [LLO1, Chapter 5]).
Exercise 7.2. Compute D(uj, ;) =1/d;.

7.3. Proof of stability of the second kind. We will now apply the Lieb—Thirring in-
equality in the simplest available proof of stability for fermions, due to Solovej [Sol06a] (see
also [LS10, Section 7.2]), as well as in a straightforward generalization for inverse-square
repulsive bosons [LPS15] in three dimensions. We also briefly discuss the situation in lower
dimensions.

7.3.1. Fermions. We consider first fermions, possibly with ¢ different species or spin states.

Theorem 7.6 (Stability for fermionic matter). For any number of particles N,M > 1,
for any positions of the nuclei R € R¥M | and for any mass m > 0 and charge Z > 0, we
have

N
1
Z% Ax;) + We(x,R) > —0.62¢**m(2Z + 1)2(N + M),

where the domain of the operator HN(R) is defined w.r.t. g-antisymmetric functions with

the form domain H;Sym( )(]R3N).
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Remark 7.7. Note that the result concerns only the symmetry type of one of the species
of particles involved (here the electrons), and that the other particles at Ry may thus be
of any type: quantum mechanical bosons, distinguishable particles, or even fixed classical
charges. The only property we use for them is their Coulomb interaction and the overall
screening among all particles.

Proof. We only need the simpler lower bound given by Baxter’s inequality, Theorem 7.2,

N
1
=1 7

The trick is then just to add and subtract a constant b > 0 to the Hamiltonian, writing for
simplicity

Vv

m

AV (R) ;Léi[—Aw—Qm@Z+J)<

dist(jcj,R) - b)] — (2Z+ 1)Nb

v

——qL3(2m(2Z + 1 _— — —(2Z+1)N
qu 3( m( + )) R3 |:dISt(X,R) b:|+ dx ( + ) b,

where in the second step we crucially used the g-antisymmetric domain of the operator and
the fermionic Lieb—Thirring inequality of Corollary 6.8. Furthermore, using that

1 5/2 1 5/2 M 1 5/2
— b = — b < — b
[disux,m L 1<k<h [|x—Rk\ L <2 Lx—Ru L |

one may bound

1 5/2 1 5/2 2
/ [ - b} dx < M < - b> dx = 2 M2,
rs | dist(x,R) n x|<1/b \ X 4

Hence,
2
HYR) > —ng%(2m)3/2(2Z +1)>2Mb~Y2 — (27 4+ 1)Nb,

and after optimizing in b > 0,
HY(R) > —g(5W2L3)2/3q2/3m(22 +1)2M2BNY3 > —0.62¢*3m(2Z + 1)*(N + M),

where in the final step we used the best presently known value for Lg (see Remark 6.2) and
Young’s inequality (2.4). O

7.3.2. Inverse-square repulsive bosons. We now consider a system of N + M charged par-
ticles, subject to the usual Coulomb interaction W¢, but N of which also experience an
additional inverse-square repulsive interaction with coupling parameter 8. If we do not
impose any symmetry conditions on the particles, the ground state is known to be bosonic.
However, thanks to the bosonic Lieb—Thirring inequality of Theorem 6.11, we nevertheless
do have stability for g8 > 0:

Theorem 7.8 (Stability for inverse-square repulsive bosons). For any coupling
strength B > 0 there exists a positive constant C(f) = CL3(8)% > 0, such that for any
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number of particles N,M > 1, for any positions R € R3M | and for any mass m > 0 and
charge Z > 0, we have

N
oy (R) ;:i (A + > _F__ + Wea(x, R)
j=1

R 2
1<j<k<N |XJ X |
> —C(B)m(2Z +1)*(N + M),

where the operator ﬁéV(R) is defined as the Friedrichs extension w.r.t. the form domain

7—[611237]\[ in (6.17) (with no symmetry assumptions on the wave functions).

Remark 7.9. We note that since Ky(3) ~ 32/ or equivalently Lg(B) ~ Bt as B — 0 for
d > 3 (see Remark 6.13), one has C(3) ~ 872/3 — oo in the limit of weak interactions.
Taking 3 ~ N~! for example corresponds to a mean-field scaling of the interaction, and
evidently leads to bound similar to ¢ ~ N for fermions, which is too weak for stability.
Also note that it may be more natural to incorporate the mass factor 2m by rescaling the
parameter 3.

Proof. We mimic the proof of Theorem 7.6, replacing the fermionic LT with the BLT (6.19)
of Theorem 6.11. Thus,
. 1 1. . .
AN (R) > o [T+ W+ V] = 22+ )N
1

>
- 2m

La(6) [ V-1 = (22 + )V,

where .
V(ix)=-2m@2Z2+1)| ———< —b .
(x) m(2Z +1) <dist(x, R) >
The remainder of the proof then goes through exactly as before, with the replacement
qLs — L3(B). O

7.3.3. Lower dimensions. Consider particles that have been confined to a thin layer, for
example by means of a strong transverse external potential, such as

V(.fL‘,y,Z) = V2(‘T’y) + C3|Z|2a C’3 > 1.

Hence they may effectively only move in the two-dimensional plane z = 0, but their interac-
tions could still be the usual Coulomb interactions due to electromagnetism that propagates
freely in three dimensions. (If electromagnetism would instead be propagating in only two
dimensions, one could argue to instead use the logarithmic 2D analog of the Coulomb po-
tential; see [MSO06] for this case.) We may thus keep the interaction term W¢ as it is and
consider stability under the assumption that all particles are situated in the plane R?:

M

N N p2 72
AN ; s (0% + ; 3o (“AR) + e, R),
or, in the case of fixed ‘nuclei’ (or charged impurities in the layer),
. N p2
HVR) =Y ——(-Ay) + We(xR),

2m
J=1 ‘
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with x = (x1,...,xy) € R*V and R = (R4, ...,Ry) € R?M,

In this case there are some additional technical complications due to the dimensionality,
and one needs to use the positive terms in Baxter’s inequality (7.7) as well; see e.g. [LS14,
Section 6.2] for details, leading to the following theorem:

Theorem 7.10 (Stability for fermions in 2D). There exists a constant C' > 0 such that
for any number of particles N, M > 1, for any positions of the nuclei R € R*M | and for
any mass m > 0 and charge Z > 0, we have

(—Ax,) + We(x,R) > —Cqm(2Z +1)*(N + M), (7.10)

where the domain of the operator I:IN(R) is defined w.r.t. g-antisymmetric functions with

oyl 2N
the form domain Hosomo) (R=Y).

Stability has also been extended to anyons in [LS14, Theorem 21] and [L.S18], i.e. replacing
the fermionic kinetic energy by T, from (3.53), where the resulting difference is just to
replace ¢ in the r.h.s. of (7.10) with 1/as as of Theorem 6.14. In other words, one has
stability for any type of (ideal) anyons except for bosons for which ags = a = 0.

Theorem 7.11 (Stability for anyons in 2D). There exists a constant C > 0 such that
for any number of particles N, M > 1, for any positions of nuclei R € R* | and for any
mass m > 0 and charge Z > 0, and statistics parameter o € R, we have

N 1 -
HY(R) = - To+ Wo(x,R) > —Cay'm(2Z +1)*(N + M),

where the N-anyon kinetic energy T, is defined as the Friedrichs extension w.r.t. functions

CR(R2N\ A)N L2, (R?Y).

sym

For bosons in two dimensions with inverse-square repulsion one may proceed in the same
way and use the BLT of Theorem 6.11 to prove stability for any fixed coupling 5 > 0.
However the bound diverges as f — 0 since K3(/5) — 0 implies Lo(5) — +o0.

In one dimension we have, as previously discussed, a correspondence between fermions
and bosons in the form domain H}(RYN \ A). Therefore any repulsive interaction which
forces such a hard-core vanishing condition will be at least as strong as for non-interacting
fermions. Note also that the Hardy inequality of Theorem 4.11 is then available, so that we
get an inverse-square repulsion for free. Unfortunately, however, the attractive 3D Coulomb
potential —|x|~! is too singular in one dimension to ensure stability even for a single “atom”.

Exercise 7.3. Fill in the details above to prove stability for fermions in 2D.

Exercise 7.4. What is the situation concerning stability in 1D if one puts a hard-core
vanishing condition for the electrons at each of the nuclei?

7.4. Instability of matter. We have seen that bulk matter in 3D consisting to at least
one part (a nonvanishing fraction) of fermions is stable, and that stability also holds if the
particles are bosons with an additional inverse-square repulsion. However, switching off this
repulsion with § — 0 according to Remark 7.9, or relaxing the Pauli principle to allow for
arbitrarily many particles ¢ = N — oo in each one-body state, seems to lead to instability,
and indeed this may be shown to be the correct conclusion.
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7.4.1. Instability for charged bosons. We define two purely bosonic ground-state energies
for N electrons and M nuclei; one with the nuclei being fixed, classical particles but at
their worst possible positions,

Eo(N.M) = inf info (H(R) ).

and one where they are true quantum particles with a finite mass m, > 0,
Eo(N, M) = infO'(I:IN’M|'HN,M).

In the first case, which was settled early on by [LD68] (lower bound) and [Lie79] (upper
bound), one has the following instability result, matching the lower bound of Theorem 7.6
with ¢ = N:

Theorem 7.12 (Instability for bosons with fixed nuclei). There exist constants C_ >
C+ > 0 (depending on me, my, Z and k) such that for any N, M € N particles, N/M = &,
—C_N°? < Ey(N,M) < —C{N®°/3,

However, in the case of the second definition of energy Ep, it is potentially increased
and thus less divergent due to the uncertainty principle for the quantum nuclei — and
indeed this was shown to be the case — although not sufficiently so to make the system
thermodynamically stable. The result is given in the following theorem which was worked
out in several steps and over many years [Dys67, CLY88, LS04, Sol06b]:

Theorem 7.13 (Instability for bosons with moving nuclei). Let Z =1 and m, =
my, = 1. There exists a constant C' > 0 such that

min  Eo(N,M) = —CK™° +o(K™®), as K — co.
N+M=K

In fact,

—C:inf{/ \V@P—IO/ 2. & e H'(R*R,), / P? = 1},
R3 R3 R3

where (Foldy’s constant)

0

_2r(3/4) (2\*
~ 5T(5/4) (W) '

We refer to [LS10, LSSY05] for pedagogically outlined proofs of these results and for
further discussions on instability. For completeness we provide only the following simpler
version of instability with fixed nuclei, from [Lie79] and [LS10, Proposition 7.1].

Theorem 7.14. Assume that N = ZM, Z > 0, M = n®, n € N. Then there exists a
normalized bosonic N -body state ¥ € Lgym((R?’)N) and positions R = (Rq,...,Rys) € R3M,
such that

(O, HN(R)¥) < —CZ*/3N°/3,
for a constant C' > 0 independent of N, Z, M.
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Proof. Let U(x) = []IL, éa(x;), with ¢x(x) = A3/2¢(Ax), A > 0, such that ¢ € C2(R)
and [ |¢r]? = [|¢[*> = 1. Then

<\I/,I;[N(R)\I/> _ N/ ‘V¢A’2+ EN(N_ 1)/ ‘¢>\(X)|2|¢)\(y)|2 dxdy

RS |X*y

|oa(x 2 1
— ZN / d + 7 _—
R

= N [ V6 + AW, AR

where

lo(x)|?|o(y)|? dxdy
Ix -y

W6 R] = %N(N _ ) /R

1
—ZN dx + 272y  — -
Z/wx—Rk EEADIY v vt

k<l

We claim that we can find ¢ and positions R such that
W[, R] < —CZ*3NY/3

for some C' > 0. This will then prove the theorem by the choice of the optimal

1 C
A\ = 7‘7\[1/322/377
2 Jra IVOP
so that
W ENRD) < L gusyes
7 T4 s [V '

To prove the above claim, we consider a partition of the support of ¢ into cells I'g,
k=1,...,M, such that
1

2 —_
[ lotaPix =5

and place each nucleus Ry, € T'y. In order to estimate the corresponding energy we perform a
clever averaging trick, namely consider averaging the positions Ry subject to the probability
distribution py := M}(b\pk}Q, that is

(Wig.Rhm = | Wio.R] M|¢(Re)dR;.
k
Applying this averaging over every k to the terms in W[, R], we find:

e The electron-electron repulsion term is unchanged.
e For the electron-nucleus interaction term,

M 2 2
S 2R LRI |
klZM/jéwx_R| Ry)|?dRy = ZM y

RS V—ﬂ
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e For the nucleus-nucleus repulsion term,

M
ZZ2M2/ |¢(Rk>’2|¢(RZ)|2dede

P r.Jr, IRk — Ry

1 6(x) 2]y - |6(x)[2]6(y)|>
— Z 7202 A hva R C oA T Z°M L TP L dxdy.
2 /R rx—y| Z /” x—yl Y

Hence, in the average (Wi¢,R|)r = (W]¢, ]>R1,...,Rk there are three terms involving the
same RS integral, with the overall coefficient

1 1 1
NN =1) = ZNM + 522M2 = 5N <0,

so that
M
2172 W(X)PW(Y)’Q
i, WIOR] < Vo Rhn < 22073 [ (SO

It thus remains to estimate the Coulomb self-energy of the normalized measures pg,

1 1 1
2D (s pur.) =/ A (x)dpg(y 2/ do(x)do(y) = —,
R3xR3 |X — Y| ) ®) OB, x 9By, x —y] < ) Tk

where we used that the self-energy of p, is bounded below by the infimum over all probability
measures over the smallest ball By, which contains I'j, of radius r; > 0. The minimal such
distribution on By is given by the uniform measure o over the boundary 0By (consider
averaging over rotations and Newton’s theorem, as well as Exercise 7.2; the issue is discussed
in detail in [LLO1, Section 11.15]). Hence,

Mol 1
zk:QDMkaHk ZkZTZ T

by convexity of the map 0 < x — 27!
Finally, we prove that by an appropriate choice of ¢,

1 U 3
MZT’“ < §M_1/3’ (7.11)
k=1
so that

1 2 2
£ W < =72y — < _ZZ2MA3 = _Z 723N,
Rférk ¢ R] < zk: r, — 3 3

Namely, we may take f € C°([0,1]; R4 ) and
d(z,y,2) = f(x)f(y) f(2),
and further divide the unit interval into n sub-intervals I, s.t.

1
[ l@Pas =2 p=1.m
I, n

This produces M = n? cells of the form
Ly =1y, X Iy, x I, pj € {1,...,n},
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with the radius of the smallest enclosing ball

1 1/2
TL = 5 (|Ip1|2 + |Ip2‘2 + ‘Ip3|2) < (|Ip1| + |Ip2’ + |IP3D .

1
-2
Thus, by symmetry,

n3

LTI 3,
Tk§§ ‘IP1|:§n7

k=1 k

which proves (7.11) and hence the claim and therefore the theorem. O

7.4.2. Instability for attractive interactions. If the interactions within a species of particle,
which above were repulsive Coulomb interactions or possibly inverse-square repulsion, are
replaced by attractive interactions, then stability no longer holds, even for fermions. The
following theorem is taken from [Sol12, Theorem 3.6].

Theorem 7.15 (Fermionic instability for attractive 2-body potentials). Assume
that the two-body potential W: R — R satisfies W(r) < —c < 0 for all r in some ball
around the origin, and consider the N-body operator

N
A . “ 1
Hy=T+W=_— D (=A)+ ) Wix—xy),
mi 1<i<j<N
acting in Lgsym((Rd)N) = AN L2(R?). Ifd > 3 then Hy cannot be stable of the second kind,

i.e. we can find a sequence of normalized vectors ¥ € Lgsym(]RdN) in the form domain of
I:IN such that
lim N~! <\PN,ﬁN\PN> = —00.

N—o0
Proof. Assume that W(r) < —c < 0 on the ball Br(0), R > 0. Consider a fermionic
N-body state Uy € AN L2(Bg(0)), |[Un| 2 = 1, with a kinetic energy
<\I/N7T\IJN> < CqN'"TIR2,

for some constant Cy > 0 (indeed this was done in Exercise 5.3, modulo a trivial geometric
equivalence). Thus

N 1
N1 <‘11N,HN\IIN> < CuN?MR™2 = S(N = 1)e,
so that instability occurs when d > 3. g

7.5. Extensivity of matter. Finally, we have the following formulation of the extensivity
of fermionic matter, adopted from [Thi02, Theorem 4.3.3] and [LS10], and extended here
also to arbitrary dimensions and to inverse-square repulsive bosons (as well as to any other
operators of similar scaling for which a kinetic-exclusion energy inequality holds):

Theorem 7.16 (Extensivity of the volume). Consider on RY the N-body operators
]:I::T]H + Wi or ﬁ::T—l—Wg—}—VR, 8 >0,

asym(q)

and where Vi with the parameter R is an operator assumed to scale with the inverse length,
such as the Coulomb interaction Vg = Wc(-,R) with some fized set of nuclei R. Assume
that it admits stability of the second kind, H > —AN, for some A > 0 independent of R
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and N. Then, given any B > 0, there exists a constant Cy > 0 such that for any state
U € Q(H) with low energy in the sense that —AN < (H)y < BN, in this state

o\, L
PER
el > Cdﬂ7
N N

for any Q@ C R%. That is, any volume which contains a non-vanishing fraction of the
particles cannot be smaller than a corresponding non-vanishing fraction of N.

Proof. We have for any L2-normalized ¥, by the kinetic-exclusion inequality (LT/BLT),

T[] + Wp[¥] > Kq(B) /R o (7.12)
and by stability, for any R,
T[W] + W5[¥] 4 VR[¥] = (H)y > —AN. (7.13)

Consider Uy (x) = MN/2¥(Ax), A € (0,1), and employ the scaling properties of T, Wﬁ and
Wr:
T[] + Ws[Pa] + Va-1g[Pa] = N2T[¥] + N2 W5[0] + AVR[W].
Therefore, by (7.13),
AT Y]+ Wg[¥]) + VR[¥] > —AN/A (7.14)
(equivalently, this is the statement that in a Coulomb system the energy scales linearly with
the mass, as we can also see explicitly in our bounds concerning stability).

Let us fix ¥ with energy F := (H)y > —AN and also assume that £ < BN. From
(7.14),

E = (1= A (T[] + Wp[¥]) + MT[V] + Wp[W]) + VR[V] > (1 = N)(TTV] + W5[P]) — AN/,

thus N N )
B N  E+AN AN
T[w 7] < _ .

Wl s T+ 300~ T-x " x

We are here free to choose A € (0,1), and the optimal choice

B VAN
VAN +VE + AN

produces the bound

T[] + Ws[¥] < (\/A]\H— VE+ AN)2 <N (\/Z+ \/m)

2
)

that is the kinetic-exclusion energy in such a state is at most O(N). For any Q C R? we
then obtain, using Ho6lder and (7.12),

/ng < </Q @i+2/d)2j'd (/Q 1>zid < <Kd(6)‘1N (va+ \/mf)?id Q|7

= C7N(Ql/N) 7,
with Cy > 0 for fixed 8 > 0, for the expected number of particles on 2. O
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The above theorem then explains why fermionic matter occupies a volume that grows
at least linearly with the number of particles. This concerns the ground state or a not too
excited state, namely note that the upper bound BN on its energy was required since we
may of course compress lots of particles to a small volume away from the nuclei R, with a
high cost in energy. For simplicity we could have also taken B = 0 in the above theorem.
See [LS10, Theorem 7.2] for other formulations of extensivity for fermions.
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spin dimension, 75

spinless fermions, 75

stability, 29, 52, 57, 60, 101

Stability for anyons in 2D, 109

Stability for fermionic matter, 106

Stability for fermions in 2D, 109

Stability for inverse-square repulsive bosons, 107

stable of the first kind, 34, 101

stable of the second kind, 34

states, 21

statistical repulsion, 72, 74, 84

statistics parameter, 40

Stone’s theorem, 15

Stone—von Neumann uniqueness theorem, 25

strictly positive, 11

strongly continuous one-parameter unitary
group, 15

symmetric, 10

symplectic manifold, 17

thermodynamic limit, 77

thin diagonal, 38

Thomae function, 84

two-body Hilbert space, 30
two-body states, 30

typical N-body quantum system, 33

unbounded operator, 10
uncertainty principle, 2, 46
unit, 16

unitary, 9

Voronoi cells, 104
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weakly continuous, 25

weakly differentiable, 10

Weyl algebra, 25

Weyl sequence, 63

Weyl’s asymptotic formula, 71
winding number, 39

Yang-Baxter relations, 44
Young’s inequality, 8
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