The Pennsylvania State University
The Graduate School

NONASSOCIATIVE QUANTUM MECHANICS

A Dissertation in
Physics
by

Martinus van Kuppeveld

© 2022 Martinus van Kuppeveld

Submitted in Partial Fulfillment
of the Requirements

for the Degree of

Doctor of Philosophy

August 2022



The dissertation of Martinus van Kuppeveld was reviewed and approved by the following:

Martin Bojowald
Professor of Physics
Dissertation Advisor

Chair of Committee

Murat Gunaydin

Professor of Physics

Ping Xu

Professor of Mathematics

Nigel Higson

Evan Pugh Professor of Mathematics

Nitin Samarth
Professor of Physics

Head of the Department of Physics

ii



Abstract

Nonassociative operator observable algebras, like those that occur in the presence of
small magnetic monopole charges and non-geometric backgrounds in string theory, can
not be represented as linear operators on a Hilbertspace, creating difficulties in extracting
physics from these systems. This thesis is a compilation of three papers [1-3] that start
with a more robust definition of an eigenstate and uses inequalities between moments
following from positivity of the state to find the spectra of several operators. This is
done without making any reference to wave functions or density matrices, and can thus
be applied tot nonassociative operator algebras as well. From this we find a new bound
on the magnetic charge of the muon (¢ < 4.7-107®¥Am = 1.4 - 10 2gpirac)-

This work was supported in part by NSF grant PHY-1912168 and NSF grant PHY-
1607414. Any opinions, findings, and conclusions or recommendations expressed in this
publication are those of the author(s) and do not necessarily reflect the views of the
National Science Foundation.
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Chapter 1
Introduction

This thesis is based on three papers that explore a moment based approach to quantum
mechanics, with the aim of extracting physics of systems with non-associative observable
algebras. These algebras arise in anomalous gauge theories [4-6], in non-geometric
backgrounds of string theory, and in Non-commutative geometry [7]. These algebras
are typically dismissed as un-physical as they can not be represented with Hilbert
space operators. However, with effective theories based on higher moments in quantum
systems!, it turns out we can still ask physically meaningful questions, and investigate
non-associative deformations of our theories which may represent a very large, unexplored
theory space.

The simplest system in which these non-associative algebras appear is in the descrip-
tion of an electrically charged particle in the presence of certain magnetic monopoles
[5,11,12]. This can be seen directly from the fact that the Jacobi identity does not hold
for the momentum operators, meaning that (p;p;)(px) # (P:)(P;Pr) can not hold for all 4,
7, k.

As such, we can not represent these operators with linear maps on a Hilbert space, as
these are automatically associative?. This means that states can no longer be represented

as an element of a Hilbert space.

There is however a natural definition of states in terms of normalized, positive functionals

on C* - algebras, and this can be generalized in a straightforward way to non-associative

IConstructions like these are also useful in the context of deriving effective equations for higher
moments in constrained systems [8], and have been applied in gravitational context [9,10]

2 Monopoles that satisfy the Dirac quantization condition, like those we see in most GUTs, can still
be described with the standard formalism involving Hilbert spaces. The simplest way to see this is by
noting that these field configurations can be realized in the standard theories by using more exotic fibre
bundles [13]. However, these constructions are related to integer topological invariants (elements of
certain homotopy groups), and are not available for arbitrary magnetic charges.



algebras. In concrete terms, this means we define a state by the expectation values it
gives for all observables. The set of states is then characterized by the fact that these
expectation values have to satisfy properties like (1) = 1 and (ATA) > 0. By defining an
cigenstate of the Hamiltonian as a state for which (X (H — E)) = 0 for a fixed E and all
operators)z' , it is then possible to extract an energy spectrum even in a non-associative

setting.

Applying this in the context of the harmonic oscillator directly led to a relation between
natural generalizations of the uncertainty principle and energy eigenstates, one which
was maintained under perturbations [3], and this is what the paper in chapter 2 is about.
Furthermore, applying this technique to a hydrogen-like atom whose nucleus had some
small magnetic charge allowed us to get the first characterization of the spectrum of a
non-associative Hamiltonian, which led to an improved upper bound on the magnetic
charge of a muon [2], as described in chapter 3. Extending this work in [1] led to a new
analytical method that allows for the full reconstruction of the negative energy states, as

shown in chapter 4.



Chapter 2

Moments and saturation proper-
ties of eigenstates: Oscillator Sys-
tems

Martin Bojowald, Jonathan Guglielmon, Martijn van Kuppeveld

Eigenvalues are defined for any element of an algebra of observables and do not re-
quire a representation in terms of wave functions or density matrices. A systematic
algebraic derivation based on moments is presented here for the harmonic oscillator, to-
gether with a perturbative treatment of anharmonic systems. In this process, a collection
of inequalities is uncovered which amount to uncertainty relations for higher-order mo-
ments saturated by the harmonic-oscillator excited states. Similar saturation properties
hold for anharmonic systems order by order in perturbation theory. The new method,
based on recurrence relations for moments of a state combined with positivity conditions,

is therefore able to show new physical features.

2.1 Introduction

The usual derivation of eigenvalues in model systems of quantum mechanics seems to
suggest that spectral properties are a direct consequence of boundary conditions imposed
on wave functions. However, boundary conditions are a property of representations of an
algebra of observables A (with a unit I), while the spectrum of an operator does not refer
to a representation: For any algebra element @ € A, it can be defined as the set of all
A € C such that @ — Al does not have an inverse in \A. The main purpose of this article

is to show that it is not only possible to define the spectrum directly for an algebra, but



also to compute it without using a specific representation.

While this statement may seem formal, there are several useful implications for
physical considerations. In particular, (i) the algebraic derivation works for all possible
representations of the algebra, (ii) it applies equally to pure states and mixed states,
and (iii) it is available in systems of non-associative quantum mechanics that cannot be
represented on a Hilbert space [5,11,14]. The latter arena has recently led to a new upper
bound on the magnetic charge of elementary particles [2] and is therefore physically
meaningful. Here, we demonstrate the new method used in the latter result for standard
associative systems, in which we rederive known spectra but find new identities for
moments of eigenstates that can be interpreted as saturation conditions of higher-order
uncertainty relations. This result helps to demonstrate a relationship between excited
states and generalized coherent states.

Our starting point is the algebraic definition of a state as a (normalized) positive
linear functional on the x-algebra A of observables, that is a linear map (-): A — C
with (afa) > 0 for all @ € A (and (I) = 1). (We denote the *-relation by a , following
standard physics notation in quantum mechanics.) Physically, the positivity condition
implies not only that fluctuations (a?) — (a)? > 0 of self-adjoint algebra elements are
positive, but also, and slightly less obviously, that observations are subject to uncertainty

relations; see for instance [15]: Any positive state obeys the Cauchy—Schwarz inequality
(') (b') > |(a')[? (2.1)

from which uncertainty relations can be derived by making suitable choices for @ and b.

The *-relation on A may be abstractly defined, or given by the usual adjoint if A
is represented on a Hilbert space. For basic generators #; of A, such as positions and
momenta, one can parameterize a state by its basic expectation values (Z;) and central

moments
At - --ayr) = (20— (@)™ -+ (B — (@) ") Weyt (2.2)

using completely symmetric (or Weyl) ordering. Coupled equations of motion for basic
expectation values and moments follow from an extension of Ehrenfest’s theorem. For

instance, for canonical (z;) = (¢, p) with [, p] = iAl, in addition to

= = ) == (2.3)




we have R
dA(¢?) _ d({@®) —(@*) _ ([¢* H]) _2@61@
dt dt ih dt
for the position variance A(q?) = (Aq)?. As usual, the time dependence in Ehrenfest-type

(2.4)

equations may reside in the states used to compute expectation values (Schrodinger
picture) or in the operators (Heisenberg picture). To be specific, we take the former
viewpoint because it helps to avoid addressing mathematical questions about suitable
topologies on the algebra that would be required to define a time derivative of operators.
Depending on the Hamiltonian, the right-hand sides of (2.3) and (2.4) can be expanded
in moments and usually involve asymptotic series of terms (unless the Hamiltonian is
quadratic in basic operators).

This formulation is especially useful for canonical effective theories [16] and semi-
classical expansions because the condition A(z{" ---2%) = O(hl@++a)/2) provides a
general definition of semiclassical (but possibly non-Gaussian) states and allows tractable
approximations of the equations of motion order by order in h. In the present paper,
as another new conceptual insight, we show that interesting properties that can be
obtained in this way are not restricted to semiclassical ones: Harmonic and perturbative
eigenvalues can be derived as well, together with relationships between their moments.

Uncertainty relations play a crucial role in this context, as can be seen by the simple

example of the ground state of the harmonic oscillator with Hamiltonian

. 1 1
H=—p" 4+ —muw?§®. 2.5
5 0 T 5mwtd (2.5)
Using moments, the ground-state energy can be derived from two conditions, namely
that (i) the moments be time independent for a stationary state, and (ii) the standard
uncertainty relation be saturated. Indeed, in this case the second-order moments obey a

closed set of evolution equations

dAd(tqp) _ ;A(pg) — mw?A(g?) (2.7)
dAd(tp ) _ —2mw2A(qp) ) (28)

Condition (i) implies A(gp) = 0 and A(p?) = m*w?A(¢?). Condition (ii) then determines

A(q?) = h/(2mw) and A(p?) = smwh. Therefore, the energy expectation value in such a



state (with (§) = 0 = (p) by condition (i)),

(1) = 5 A + Sme?Ald?) = Sho, 29)
agrees with the ground-state energy. It is not necessary to compute the full ground-state
wave function in order to find the energy. However, the question of how to compute the
energy eigenvalues of excited states using moments is more difficult: Their eigenstates
are not Gaussian and therefore do not saturate the standard uncertainty relation.

For the ground state of the harmonic oscillator, the condition that Heisenberg’s
uncertainty relation be saturated can be replaced by a lesson from the variational
principle. The expectation value of the Hamiltonian is minimized in the ground state.
Since (2.9) is linear in second-order moments, which take values in a region bounded by
the uncertainty relation, the expectation value is minimized at the boundary allowed
by this relation. Saturation therefore need not be assumed but can be derived from a
fundamental principle. But again, for excited states such a derivation based on moments
seems to be more complicated because one would somehow have to restrict the moments
to belong to a wave function orthogonal to the ground state and all lower-excited states.
However, orthogonality relations are not available for states at the algebraic level. Our
procedure will instead lead to certain higher-order uncertainty relations that, regarding
energy eigenstates, split the state space into subsets much like the usual orthogonality
conditions do for wave functions.

For some time and in a slightly different context, moments have been known to
be useful for numerical approximations of eigenvalues of excited states [17-20]. (See
also [21,22] for recent work.) Here, we use some of the same relations between moments of
eigenstates, but in a different way. As a result, our constructions have a more fundamental
flavor because they can serve as new definitions of eigenvalues and eigenstates in the
algebraic perspective, even while they do provide new computational schemes as well.
We are aware of at least two examples for settings in which our constructions may be
useful: In canonical quantum gravity, the problem of time [23-25] often makes explicit
constructions of physical Hilbert spaces and wave functions untractable, while moment
methods have been shown to present certain computational advantages [26-29]. And
in non-associative quantum mechanics, which plays a role in models with magnetic
monopoles [30] or of certain flux compactifications in string theory [31-35], operators
on wave functions (and therefore the usual definition of eigenvalues) are in general
unavailable [33,36-39], but moments may still be used [2,56,70].



The main new result we will be able to uncover here for associative systems is a
saturation property for any harmonic-oscillator eigenstate. (For a detailed non-associative
example, see [40].) As part of our procedure, we impose a set of inequality constraints
involving the moments, so as to ensure that they belong to an actual state (a positive
linear functional). These constraints include the standard uncertainty principle as well
as a series of inequalities involving higher moments. Upon imposing these conditions, we
find that some of them are not only satisfied but also saturated by a harmonic-oscillator
eigenstate. This feature is reminiscent of the saturation of Heisenberg’s uncertainty
relation by the ground state. As a related result, we show that excited states of the
harmonic oscillator are (limits of) generalized coherent states as defined by Titulaer and
Glauber [41]. In an extension to anharmonic oscillators, we confirm that such saturation
properties continue to hold order by order in perturbation theory by the anharmonicity.

At present, it is not clear how feasible it would be to extend this method to non-
harmonic systems beyond perturbation theory. As an alternative, still algebraic procedure,
we therefore show how eigenvalues can be derived from convergence conditions for certain
recurrence relations derived from positivity and boundedness conditions of expectation
values. The positivity of states used in this construction is also the origin of uncertainty
relations, but in the alternative procedure we do not directly impose uncertainty relations
and therefore do not obtain new saturation properties. However, the algebraic derivation
of eigenvalues and eigenstates is more tractable in this case and applies not only to the
harmonic example presented here but also to the standard hydrogen problem [40]. Finally,
our appendix presents an instructive finite-dimensional example given by a fermionic

system.

2.2 Eigenvalues from Moments

In the standard presentation of the problem, using wave functions, eigenvalues A and

eigenstates 1, of a given operator H are determine by a single equation,
Hipy = M)y, . (2.10)
This equation immediately implies that that all expectation values of the form

(OB = A1)y = (O — X)) = 0 (2.11)



vanish for any operator O such that ¥y is in the domain of Of. In our derivation,
operators O polynomial in basic operators ¢ and p will be found to be sufficient. Even
with this restriction, an algebraic derivation of eigenvalues is not obvious and requires
two ingredients: (i) A way of organizing infinitely many equations implied by (2.11) for
sufficiently many choices of O, and (ii) the imposition of a condition that the expectation
value in (2.11) indeed refers to an admissible, that is, positive state.

In this section we present two methods for the same system that differ in how both (i)
and (ii) are addressed. In our first derivation, we rewrite (2.11) as a system of recurrence
relations for moments of an eigenstate and impose positivity through (generalized)
uncertainty relations. In an alternative derivation in Section 2.2.3 we use generating
functions and impose positivity more indirectly through continuity and boundedness

conditions on a suitably defined object.

2.2.1 Notation

Equation (2.11) immediately implies that eigenstates of a self-adjoint H are stationary:

d(0) ([0, H])
- = (2.12)

A

ih
(O(H — ND))» — (O (H — AD))3
ih

For the harmonic oscillator, this equation applied to § and p implies that (§) = 0 and
(p) = 0. Instead of using central moments as in the introduction, we can therefore work

directly with bare moments and zero basic expectation values. We define

T = (™" ) weyl (2.13)

where ¢ and p are the canonical position and momentum operators, m and n are non-
negative integers, and the subscript indicates, as before, that the product is taken in
completely symmetric ordering. Note that through the commutation relation [§, p] = ih,
products of the form Tm,nTm/,n/ can always be rewritten as sums over individual Tmn,nu of
order m+mn+m’ +n’ or less. See [42] for an explicit statement of the relevant reordering
identity.

Given a particular state, we define the bare moments (about the origin) as:

A

Tonn = (Tinn). (2.14)



The collection of all such moments for a given state provides a complete description of
the state in the sense that given the moments, it is possible (in principle) to reconstruct
the wave function. However, the moments are not completely free. They must satisfy
certain inequalities, such as Heisenberg’s uncertainty relation, as well as a number of
other constraints involving higher moments. A necessary and sufficient condition for a
collection of moments {7}, ,} to correspond to a genuine quantum state has been given
in [43]. More recently, a similar result has been developed from a different perspective
in [44], providing a generalized uncertainty principle that imposes inequality constraints
on higher moments. These results are key for our further constructions.

Consider the column vector, é J, consisting of all operators Tmn up to order m+n = 2J,
where J is an integer or half-integer. The generalized uncertainty principle states that
the (J 4 1)(2J +1) x (J +1)(2J + 1) dimensional square matrix M, = (£,€}) is positive
semi-definite,

My = (&€ >0 (2.15)

where the expectation value is taken element by element. Prior to taking the expectation
value, the matrix elements are products of the form Tmmfm/,n/. As mentioned above,
these products can be rewritten as linear combinations of individual 7},,» ,,». The elements
of M; are thus functions of the moments. Since M; > 0 implies non-negativity of its
principal minors, the generalized uncertainty principle yields a set of inequalities involving
the moments.

As discussed in [45], it is useful to bring this matrix to block diagonal form

Ao
Ay
Azy

where A,, is an n + 1 by n + 1 matrix that contains moments up to order 2n. This can

be achieved by repeatedly applying the following identity

.I.
[ A D7 0 (2.17)
C B 0 B-CA'Ct

10
L= ( Coa ) . (2.18)

to M, where



This identity holds whenever the matrix on the left-hand side of Eq. (2.17) is Hermitian.
We then have that M; > 0 if and only if A, > 0 for all n < 2J. The generalized

uncertainty principle may thus be rephrased as
A, >0 forall n > 0. (2.19)

If the state under consideration is known to be an eigenstate of a Hamiltonian, H ,

then we can obtain an additional set of constraints. For all m,n > 0 we have

A

(T (H — AD))y = 0 (2.20)

where A is the eigenvalue of the state (-), under consideration. In order to rewrite
this set of equations as a collection of constraints on the moments, we express H in
terms of the Tmn and reorder the product Tmn]:[ into a sum over individual Tm/,n/.
Equation (2.20) then implies recurrence relations for 7;,, which depend on the system

under consideration.

2.2.2 Application to the harmonic oscillator

We now show how the considerations outlined above can be used to find the eigenvalues
of the harmonic-oscillator Hamiltonian. The idea is to use (2.20) to solve for the moments
in terms of the eigenvalue A and then apply (2.15) to obtain information concerning
the allowed values of A (as yet unspecified). This combination is the basis of our new
method.

2.2.2.1 Recurrence relations

For the sake of mathematical clarity, we use the Hamiltonian H = (p? + ¢%)/2. The
usual parameters given by the mass m and frequency w can be reintroduced by a suitable
canonical transformation of ¢, p if we also understand H as the energy divided by w.
Our ¢ and p then both have units of v/A, such that T, has units of Rm+m)/2  Tmposing

(2.20) results in the following relations between the moments

—1
Tm+2,n + Tm,n+2 - 2/\Tm,n + n(n4)h2Tm,n—2
—1
m(m4 )h2Tm—2,n (221>
nTm—l—l,n—l = me—l,n—l—l (222)

10



which hold for all m,n > 0. Two constraints are obtained because (2.20) — defined
without symmetric ordering of the product Tmnﬁ — has both real and imaginary parts.
From (2.22), starting with m = 0 or n = 0, we find that the moments are zero unless
both m and n are even. For even and non-zero m = 2j and n = 2k, we then define S,

such that
(27)!(2K)!
k!

For these coefficients, (2.22) implies the simple relation

Toj0r = Sik- (2.23)

Sittke = Sjk+1 (2.24)

which in turn implies that S depends only on j + k. There are, therefore, dimensionless

coefficients b; depending only on a single integer, such that

(27)!(2k

— >' Jj+k
T2j,2k = ]'k' h bj+k . (225)

For convenience, it is useful to define a second set of coefficients, a;, such that

(4 + k)
bjk = mfbﬂk, (2.26)
or
AT RN (2] 4 2k)! Ik ‘
For instance,
TQJ"O = hjaj (228)
and
Ty = ﬁj“;;jrl (2.29)

have more compact coefficients than the equivalent expressions in terms of b;.
As a consequence of (2.21), the remaining coefficients, a,, are subject to a difference

equation in a single independent variable:

AH(20+ 1) (20+1)(20)(20 — 1)
rr1 8(C+1)

g1 = Qp_1 . (230)

Given the two initial values ap = 1 (as a consequence of normalization of the state,

Too = 1) and a1 = A/h (as a consequence of 2ha; = Tho + Too = 2(H)\ = 2X), (2.30)

determines all orders of moments in terms of the parameter . It is clear from the

11



recurrence and its initial values that a, is a polynomial in A of degree £. It has only even
terms for ¢ even, and only odd terms for ¢ odd.

In terms of by, the recurrence relation is slightly simpler,

A 1
1 — b, — —0by 4 = 2.31
(€ + 1)bpys 2hb£ 1666[ 1=0, (2.31)
and can be solved via the generating function f(z) = 332, bez’ subject to the differential
equation

(1 — 1161:2> f(x) ! (2 + ;a:) f(z) (2.32)

T2
and initial conditions f(0) = by =1, f/(0) = b = 1\. The solution,

Y
fla) = 8 i_ x;i;k/h—%lﬂ ’ (2.33)

has the Taylor expansion

< (Nt (0= Ah—1/2)!
f@) = ;(4> (CAJh—1/2)10) (2:34)

XoFy (AR +1/2,—0; \/h+1/2 —¢;—1)

and determines the b, in terms of hypergeometric functions.

2.2.2.2 Positivity

We now apply the generalized uncertainty principle (2.15) to these moments. Note that
M; > 0 implies that M’ > 0, where M is a matrix formed by deleting from M; any
number of rows and their corresponding columns. Equivalently, M/, may be defined as

the matrix formed by deleting entries from f s to form a new vector éf, and then taking

My = (€€ (2.35)

In particular, consider the matrix M/, formed by taking éf, to contain only operators of
the form h*m/QTmp and h*m/zfm_u up to m = 2J. While éj has

Ny = (J+1)(2] +1) (2.36)

12



components, & has

N, =4J+1= N, — J(2J — 1) (2.37)

components. (The number N is by definition given by one plus twice the maximum
number 2.J of factors of ¢ included in Tm,o for a given f s It also equals N, = N;—Njy_;.)
Therefore, M, # M if and only if J > 1.

For example, for J = 0 we have M{ = 1, not implying any non-trivial uncertainty

relation. For J = 1/2, we have

1 §/vh p/Vh
Mijy = My = < a/Vho @/h o ap/h > (2.38)
p/Vh pi/h PP /h

where the expectation value is taken element by element. A suitable minor of M /2 being

positive semidefinite,

(@) (ap) 1. 1.
det R = Trolps — (T1,1 + Zﬁ) (T1,1 — Zﬁ)
( (ha) (P 2 2
h2
= ThoToo — 17, — T >0, (2.39)

is equivalent to Heisenberg’s uncertainty relation. Taking J = 1 as another example (the

simplest case in which M/, # M), we have

1
Tl,O/\/ﬁ
fi = TO,l/\/ﬁ (2-40)
Tho/h
Tya/h

which gives

1 TI,O/\/ﬁ To,l/\/ﬁ TQ,O/h T1,1/h
T1,0/\/7_i Tl,OTI,O/h TI,OTO,I/h T1,0T2,0/h3/2 721,07;1,1/7?’/2
M{:< To,l/\/ﬁ TD,lfl,O/h TO,ITO,l/h 7%(),17%2,0/}?/2 To,lfl,l/fl?)/2 > (2.41)
Tzo/ﬁ TQ,OTI,O/FLB/Z T2,0T0,1/h3/2 TQ,OTQ,O/h2 rf’z,oﬁg/ﬁ2
Tm/h 7@1,17;1,0/53/2 T1,1T0,1/53/2 T1,1T2,0/h2 721,1T1,1/77J2

13



where as before the expectation value is taken element by element.

In order to derive the generic structure of M, we use the relations

. . 1 .

ToTry = Thyen — ilkth—M—l,O (2.42)
. R 1 R 1 ..

TiaTin = Thyeo+ 51(5 — k)W qp—10 + kaszH—zo (2.43)

which follow from the general ordering equations given in [42] (or [45]). For fixed J, we

can express the non-constant components of &, =: ¢’ as

(2.44)

é/ _ /4, j:n/z,o if n even
! h1/4T(n—3)/2,1 if n odd

where 2 < n < 4J + 1. Excluding (for now) the first row and column of M’ which
contain at most one factor of Tm,n and therefore do not require any reordering, this

operator-valued matrix has the components

T(mﬂl)/zo if m,n even
M’ _ é’ £t _ ﬁf(m+n)/4 . h1/4T(m_3)/271Tn/2’0 if m odd and n even
" VAT 00T (n-3y/21  if m even and n odd

hl/QT(m_g)/ZlT(n_g)/Zl if m,n odd

Tim+n)/2,0 if m,n even

_ p(mm)/a

hl/QT(m+n—6)/2,2 + %mgmf(m%—@/?’l
P T 1020 1 myn 0dd

Taking expectation values and setting all 75, , = 0 unless m and n are even, we obtain

(2.45)

h1/4T(m+n,3)/2,1 + iinh5/4f(m+n,5)/2,0 if m odd and n even

h1/4T(m+n—3)/2,1 — iimh5/4f(m+n_5)/270 if m even and n odd

Tim+n)/2,0 if m,n even
M — p(min)/4, iinh5/4T(m+n—5)/2,0 if m odd and n even
" —iimh5/4T(m+n_5)/270 if m even and n odd

h1/2T(m+n—6)/2,2 + %(m — 3) (TL — 3)h5/2T(m+n,10)/2’0 if m,n odd
(2.46)
Some components M, —are zero for certain values of m and n, which can be seen by

refining the parameterization such that m = 4¢ + « and n = 4r + § with integer ¢ and r

14



and 0 < «, § < 3. For fixed ¢ and r, we obtain the 4 x 4 block

hq+TM‘1q+Ol,4T+,3 = (2.47)
Tz(q+r),0 _ithZ(qﬂ"fl),O
iTﬁTz(q+r—1),0 T2(q+r’—1)72
+(g = 3)(r — DE Togar—2),0
0 0 hisz(qurH),o —i(q + %)TZ(qH‘),O
0 0 i(r + 3)Tagger).0 B Toq i) 2
+q7"hT2(q+r—1),0

where rows and columns are arranged according to the values of a and . (The full
4 x 4-blocks appear in M’ only for ¢ > 1 and r > 1, while parts of these blocks make up
the first three rows and columns of M’.) Using (2.28) and (2.29), we obtain the blocks

hq+TMéiq+a,4r+B - (248)
Agtr —1qQg1r—1 0 0
iraq+r_1 % + (C] - %)(7" — %)anr,,_g 0 0
0 0 Agir+1 —i(q + 3)ag+r
0 0 i(r+ %)aqﬂ 2?53)&1 + qragir—
If J =1, for instance, we have the matrix
1 0 0 ay 0
0 a %z 0 0
Mi=|0 -Li a 0 0 (2.49)
az 0 0 as iaq
0 0 0 —ia 2ax+3
It is block-diagonalized by identifying CT in (2.17) with the vector ClT =(0,0,a1,0):
1 0 0 0 0
0 a 2 0 0
0 0 0 a—a® ia
0 0 0 —iag Zap+1

15



Its determinant is equal to

det(L,M|L}) (2.51)
= i(A/h +1/2)2 (A h = 1/2)*(\/h +3/2)(\/h — 3/2)

using the solution ay = 3(A?/h? + 1/4) of the recurrence relation (2.30).

2.2.2.3 Eigenvalues

For any J, we may block diagonalize M/, as in Equation (2.16), except that each A}, will

be a 2 x 2 matrix since we are working with the reduced matrix, M. We then have
det(A]) >0 (2.52)

for all n. For a fixed n, this inequality is a constraint involving moments up to order 2n.
All of these moments can in turn be written in terms of A using (2.27) and (2.30). From

explicit computations, we infer the general result

n

d, = det(A)))

— Oék )\/h + Oék) (253)

where ay, = (2k —1)/2 are the odd half-integer multiples. (The polynomial (2.51) is equal
to dyds.) Considered as a function of A, this expression has nodes at the aj up to some
maximum k that depends on the particular value of n. Between nodes, the function is
non-zero, and it alternates in sign depending on the value of n. In particular, because
dpy1 = 3dn(N?/B? — af) implies sgnd,1 = —sgnd, if |A|/h < ay,, sending n — n + 1
causes the sign to alternate. This behavior combined with the non-negativity of det(A!)
implies that the only allowable values for A occur at the nodes. We can exclude negative
values of A by appealing to the non-negativity of the first leading principal minor of A}
(which in this case is a 1 x 1 “block” consisting simply of A), which gives the constraint
A > 0. We thus have that the only possible values for A\ are

3.5
A= fhhh 2.54
27272 (2:54)

in agreement with the well-known eigenvalues of the harmonic-oscillator Hamiltonian
(divided by w).

Since eigenvalues occur at the nodes of positivity conditions, all excited states obey
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saturation conditions of higher-order uncertainty relations. We will explore these relations
further in Section 2.3, but first give an alternative moment-based derivation of eigenvalues
because we have found it to be difficult to construct a general analytic proof of our

crucial equation (3.4).

2.2.3 Alternative derivation

We now present an alternative algebraic derivation of eigenvalues and eigenstates of the
harmonic oscillator that appears to be more tractable but does not give as direct access
to saturation properties as the previous method. We still impose the two main conditions
stated at the beginning of this section, equation (2.11) combined with positivity of states,
but do so in an alternative way. The recurrence relations for moments will be replaced
by recurrence relations for coefficients of a suitable generating function, and positivity
will be evaluated by means of boundedness and continuity of a certain expectation value
of a 1-parameter family of operators.

Given an energy eigenstate of the harmonic oscillator with eigenvalue A, consider the

function
La(y) = (exp (1+7)d*/h)), - (2.55)

For fixed A, this function of 7 is well defined for v < —1 because exp ((1 + )§?/h) is then
an algebra element that quantizes a bounded function, with L)(—1) = 1 by normalization
and lim,_,_ Lx(7y) = 0. (Any positive state is continuous [46].) Positivity of the state
also implies that Ly(7y) increases monotonically. We will show that these properties,
implied by boundedness and positivity, can replace the uncertainty relations used in the
preceding section in an algebraic derivation of eigenvalues. This method can also be

applied to non-harmonic systems, including the standard hydrogen problem [40].

2.2.3.1 Recurrence relations

The moment expansion

L) = Lt
_ O_Oaj“;”)] (2.56)

is readily obtained from the Taylor series of the exponential function, followed by the

identification h7(¢¥) = h™7Ty; o = a; according to (2.28). Using the recursion relation
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(2.30) for the a; we obtain the differential equation
3LA+3(9497+4N/R) L\ +8(2+ X/ h4(64+3v+A/R)) LY +4v(1+7) (2+~)LY = 0 (2.57)

where primes indicate derivatives by 7. Motivated by the behavior of Ly(y) as v — —oo,

we rewrite this function as
LA('Y) = Z O‘n,s(_’y)_n_s (258)
n=0

where the constant s takes into account a possible root-like pole at v — —oo. The ay,

are then subject to the relation
8(n+s)(n+s—Ah)a,s — (14 2n+ 25s) ((3 +6n +6s —4X/h)ay1s — (3+2n + 28)0zn+275> =0.

Inserting n = —1 and requiring that this sequence of numbers terminates before n = 0 in

backwards recurrence implies s = % With this knowledge we can rewrite L as

L) =3 A (2.59)

where A, = oy, 1/2. The preceding recurrence relation then turns into
(14+2n)(1+2n—2X/h)A, —2(1 +n) ((3 +3n—2\/h)A, 11— (2+ n)An+2> = ((2.60)
In the large-n limit, equation (2.60) simplifies to 4A4,, — 64,11 +2A,,,2 = 0. Therefore,

for very large n, A, = c¢; + 2"co. If ¢; # 0 or ¢ # 0, this asymptotic behavior is

problematic as it would cause

M-1 00
nol el om ol
L) & X A=)+ Y (al—y) T+ 2%(—y) )
n=0 n=M
M-1 M
L 1_ C1 2M¢cq
= X A i (4 ) (261
nz:% 14+~ 247
to diverge on values of v, v = —1 and v = —2, where it ought to be between zero and

one.
Therefore, both ¢; and ¢y have to be strictly zero: after a certain n all the A,, should

vanish. Let N be the lowest integer such that Ay = 0. (Such an N always exists because
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the normalization condition L)(—1) = 1 cannot be satisfied if all A,, are zero.) We then

obtain the consistency equation
(2N —1)(2N =1 —-2\/h)Ax_1 =0 (2.62)

from inserting n = N — 1 in (2.60). By definition Ay_; is nonzero. Combined with the

fact that IV is an integer greater than zero, we find the familiar spectrum (2.54).

2.2.3.2 Coefficients

Based on this result, the coefficients introduced in (4.109) seem to be more tractable in
the eigenvalue problem compared with our original a;. These sets are strictly related to
each other, but not in a simple way. Using Cauchy’s formula to invert (4.109), we first

write

(_1)n+1 1
A, = 77( Li(2)2""3d
2m |2|=1 A(2)2"dz

00 2w
= Z’(_l)n+1z aj. /(1 +ei9)jei(n+1/2)9d9
izo 2mj! /

- izng(—l;nJrl/z,jJrl) (2.63)
=0T

using also (2.58), where B is the incomplete beta function.

In order to check convergence, we write (1 + ) = 27¢%%/2 cos(0/2)7 and show that
the second factor can be approximated as cos(6/2)7 ~ exp(—j6?/8). It is straightforward
to confirm that these two expressions match to second order of a Taylor expansion in
around 6 = 0. The local maxima of the difference of cos(0/2)? and exp(—j6?/8) are at

some 0. such that

0 = ?9 (Cos(9/2)j - GXP(_j92/8)>a=9max

= i (Qmax exp(—j602../8) — 2tan(Omax/2) COS(@maX/Q)j)

or
j_ emaX/Q

= —i6% /2).
tan(@max/Q) eXp( .] max/)

coS(Omax/2)
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Therefore, the difference is bounded by

A; = sup |cos(/2) —exp(—3j6°/8)|

oe[—m,x]

= | coS(bmax/2)’ — exp(—j0../3)]

emax/Q £N2
_ (1 — W) exp(—30;,42/8) -

This expression goes to zero for large 7 because of the exponential factor, unless @, — 0
in which case the first factor in A; approaches zero. We conclude that the difference
of the two functions cos(#/2)7 and exp(—j6%/8) converges to zero in L>®°[—m, nr] when j
goes to infinity.

Now, writing
i0\j j - . jij0
(14 ") < 27 exp(—j0%/8 +ij0/2) + 27992\

in the incomplete beta function and using (—1)" /™ _exp(i(n + (j +1)/2)0)d0 < 27, we

have

o e
B(—l;n+§,j+1)=( 2) / (14 ey etmt1/2%qg

( 2) / 2 exp(—j6%/8 +ij6/2)e'"t1/20qh

IN

+2j7TAj

2 (1+J+2n)?

= V27(—1)""=exp (—,
) Vi 27

The first term goes to zero for fixed n and large j. From the recursion relation for the a;,

) + 21w . (2.64)

we then see that the series (2.63) for A, has to converge as well, as the numerator grows
at most exponentially with j, while the denominator contains a j!.

Conversely, we have

a; = (CFLA(V))

d~y7 1
= oo
- S ()|
. (4)
= (-1 > A4, (—n — ;) (2.65)
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(n

where (™ is the nth Pochhammer polynomial. As we have seen, only a finite number of

the A,, are nonzero, and therefore this sum is clearly well defined.

2.2.3.3 Probability density

The alternative method based on (2.55) allows a more direct derivation of the probability
density of eigenstates compared with reconstruction from the moments of Section 2.2.2.

In order to reconstruct the probability density of the N*" energy level, we first solve
the recurrence relation for the coefficients A,,. Once N is fixed for a given eigenstate,
we know that the N coefficient, Ay, is the highest non-zero one. Its exact value will
be fixed later by normalization. Running through the recursion relation (2.60) with the
known eigenvalue A = A(N + 3), we can then work backward, starting with n = N — 1,
until we reach the 0" coefficient Ay using (2.60) for n = 0. After that, the recurrence
terminates automatically: For n = —1 in (2.60), we obtain A_; = 0 because of an overall
factor of (14 n) in the second part of (2.60), and for n = —2 we obtain A_s = 0 because
A_4 is zero, as just shown, and there is a factor of (n + 2) in front of the Ay = A, in
this case. All coefficients of orders less than —2 then vanish because the recurrence is of

second order. As an example, we consider N = 4 and find

A = —TA
Ay = §A4
12
A = —£A4
Ay = §A4.

The coefficients A,, then determine the function Ly(7), in which we can impose
normalization by requiring Ly(—1) = (I), = 1. Continuing with our example of N = 4,

we find
35460y + 4292 4 129° + 34

3P

The probability density then requires an inversion of the integral that defines the

Ly, (2.66)

expectation value taken in Ly(7).
In order to do so, we first note that the Hamiltonian commutes with the parity
operator, such that the probability density of any eigenstate has to be even. We therefore

write .
Li(y) =2 / exp ( ;%2) Py(z)dz (2.67)
0
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in order to introduce the probability density Py(x). Subsituting u = z? and t = —(1+7)/h,

where all expressions are well-defined if Re(t) > 0, we obtain

La(—1— ht) = /Ooo e—t“Wdu. (2.68)

The probability density is therefore obtained by an inverse Laplace transform, for which

we can use Mellin’s inverse formula (with a suitable 0):

T SHT
p)\(.’L') = 2—7”7121010 s e L)\(—l — ht)dt
N §+iT
= > 2 lim e A, (1 + ht)—"—%dt

=0 271 T—o0 J5—iT
N An!(22)?" exp(—x2/h)

= 2

= VT (2n) At

(2.69)

Proceeding again for our example of N = 4, we have

P>\4(17) =

exp(—z?/h) <3 12222  4242* 60 825 35 161’8)

Jn \8 S h 832 S 81051

exp(—z?/h) 2t _exp(—2*/h) z\* _
bl <3_12h+4h> — oy, (ﬁ) — (@] 70)

The method introduced in the present subsection is more efficient than the moment
method, and perhaps more powerful because it provides a more direct route to probability
densities of eigenstates. However, the key definition (2.55) of the function L,(y) was
made with the benefit of knowing that the operator exp((1 + 7)§¢?/h) should be useful,
based on the known form of wave functions for harmonic-oscillator eigenstates. While this
alternative method is fully algebraic, just like the moment method, it is not completely
independent of standard derivations of eigenstates.

We note at this point that other algebraic derivations of eigenvalues and eigenstates
of the harmonic oscillator exist in the literature, such as [47]. However, they are based
on ladder operators in Hilbert space and therefore require representations of the algebra

of observables.
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2.3 Saturation of inequalities

An interesting result that emerges from the solutions in Section 2.2.2 is a saturation
property of the first n eigenstates that obey d,, = 0, and therefore saturate the generalized
uncertainty relation det(A!) > 0 given in (3.4). For n = 1, this condition is just the
well-known statement that the harmonic-oscillator ground state saturates Heisenberg’s
uncertainty relation. For each n > 1, we have an inequality involving higher moments
that is saturated by the first n eigenstates. (This saturation property is different from
the one found in [48]. Moreover, it sharpens a saturation property found in [45], which
is true for all energy eigenstates of the harmonic oscillator.) Motivated by this finding,
we return to the full generalized uncertainty principle and analyze its behavior for the

harmonic oscillator eigenstates, as well as related properties.

2.3.1 Principal minors and pure states

As is evident from our derivations in the previous section, we need to make use of only
a submatrix of M, corresponding to moments in é} with at most one insertion of a
momentum operator. (A related computational fact is that M; has an eigenvalue zero
with degeneracy D = J(2J—1).) Computational experiments indicate that the remaining
conditions do not impose additional restrictions on the allowed values of A, which is
consistent with the fact that (2.54) is the full set of harmonic-oscillator eigenvalues.

Still, for an application of the method without prior knowledge of the spectrum, it
would be of interest to understand these features in more detail. In particular, it remains
unclear to us how a suitable subset of independent inequalities can be selected from the
generalized uncertainty principle that would be sufficient for determining all eigenstates
of a given Hamiltonian.

The observation that the matrices M’ suffice to find all relevant conditions on
eigenvalues can be interpreted as follows: For pure states, the moments 7}, o = (§™)
allow one to reconstruct the norm of the wave function according to the Hamburger
problem, while the additional moments 7, ; = (§"p) with a single momentum operator
can be used to determine the phase; see for instance [16,49]. The other moments are
therefore not independent parameters if the state is known to be pure. (They would be
independent for mixed states.) The observation that M’ suffices to find all conditions on
eigenvalues, at least for the harmonic oscillator, can therefore be interpreted as saying

that mixed states cannot provide eigenstates in this case.
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2.3.2 Saturation from ladder operators

With hindsight, it is possible to obtain a saturation result for energy eigenstates of the

harmonic oscillator by means of the usual ladder operators,

1 1
a=——(G+ip) , a'=——=(G—1ip). 2.71
Jar\d+ip) Jan\d—ip) (2.71)
(We still assume m = 1 and w = 1.) Let a be the lowering operator and take
f=a"+al" | g=a"—aM. (2.72)

If a state [¢) is a linear combination of the first n eigenstates of the harmonic oscillator,
then f|v)) = —g|), which implies (T f)(§79) = (f79)(§"f). Thus, the Cauchy-Schwarz
inequality
(F1ia'a) = [(F1a)? (2.73)
is saturated. Explicit expressions for given n imply higher-order uncertainty relations,
which must then also be saturated by the first n energy eigenstates of the harmonic
oscillator.
The first three inequalities obtained in this way are as follows. The n'" inequality is
saturated by any linear combination of the first n harmonic-oscillator eigenstates. For
n=1,

(@) (1) > B[4+ (3P e (2.74)

for n = 2,

<<ﬁ4> @) — 2006w + h) <<ﬁ2@2>w . Z)

2 2
Z h2 (<ﬁ2> + <(j2>> + (<ﬁqA3>Weyl - <ﬁ3(j>Weyl) (275)
and for n = 3,

+ h2< >> (2.76)

wor T (0T )
+

(@) =3¢
3 () = 5 () (1)

/\ >Q>

\/

/\ E)
l\D

~_—

N—
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2 h2 1 A4 1 ~4 A2 A2 i
(3 ) b0 (i), ) o

2
1/ 1, . 10 / 5.
(3 <p5q>Weyl + 3 <pq5>Wey1 9 <p3q3>Weyl) : (2.78)

Except for n = 1, there is no obvious relationship with minors of the matrices M)
introduced in (2.35), which were found to be relevant for eigenstates in our previous

analysis.

2.3.3 Generalized coherent states

The saturation property of the harmonic-oscillator ground state, which by definition
satisfies a1 = 0, is maintained by coherent states defined by v/2hat = at) with a complex
number o = (§) + i(p). Similarly, saturation properties of higher-order uncertainty
relations obeyed by the first n — 1 excited states, all subject to the condition a"¢ = 0,

can be maintained by generalized coherent states, for which
(V2ha)"p = a". (2.79)

We will first show that these generalized coherent states indeed obey higher-order
uncertainty relations.

As in the case of a = 0 in the preceding subsection, we introduce two new operators,
f = (2h)"2(@" + al") — o™ and § := (2h)"/%(a" — &™) — . In a state ¢ that satisfies
(2.79), we again obtain fr = —g1 and therefore

(FT @) = (flay@'f)y = [(f1a)? (2.80)

saturating (2.73) as before.
The form of these uncertainty relations saturated by a generalized coherent state
depends on the parameter o = (§) + i(p). For instance, for n = 1, we do not directly

obtain the standard uncertainty relation but rather compute

(1)) = “¢* —2(a+a)i+|al?)
= 4A)* + ()" + (B’ (2.81)
(G'9) = 4(Ap)* + (@) + () (2.82)

(flg) = 4i(@p) — 2 (a(g) +ia™(p)) + |
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= iCyy — 20— (@) — {p)? (2.83)

with the covariance Cy, = A(gp). The saturated uncertainty relation obtained immedi-
ately from (2.80) then takes the form

(Ag)*(Ap)* — CZ, (2.84)
"‘411 (<Cj>2 + <ﬁ>2> ((Aq)Q + (Ap)2 . h) _ iﬁ2 ‘

This equation is equivalent to saturation of the standard uncertainty relation because
(Ag)? = h/2 = (Ap)? in a coherent state such that (2.79) holds with n = 1.

It is possible to evaluate the condition for generalized coherent states explicitly in
terms of energy eigenstates, following the usual procedure for n = 1. We will denote
these states as |, k), anticipating the presence of a second (integer) parameter k because
the condition (2.79) does not uniquely determine a state for n > 1 even if a has been
fixed. Using the energy eigenstates |m) as a basis, we first compute, for integer 0 < ¢ < k,

the inner products

1 ~At\kn+ t
(kn + fla, k) = M((cﬁ) “10))" [a, k)

= (0]a|e, k)

e m

akn

L €|oz k)

(2.85)

\/ kn+€

with & independent constants C, (which are related to one another only by normalization).
We then write
o0

la, k) = ) (mla, k)|m)

m=0

ZCE\/_Z 04/ kn+€)

- S

= (kn+0)!

|kn + 0)

10) . (2.86)
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The infinite series 302 (aaf)*+¢/(kn + €)! in this last expression is related to the
exponential function applied to multiples of aaf, but it is not a single such function
because n in the usual series is replaced here by kn + ¢. The series encountered here
therefore makes use of only a subset of the expansion terms of a single exponential

2mi/k

function. Using the basic k-th root of unity u, = e , it is possible to write our series

as a superposition of exponential functions,

00 ~TVEn+2 1 k—1 y
2:: ZZ l ok Z w7’ exp(ul ot (2.87)
in which coefficients have been chosen so as to make unwanted terms cancel out. Indeed,
k—1 . ) 00 1 k—1 {(N—0) N
Z up " exp(ujaal) = i Z uy, (ah) (2.88)
Jj=0 N=0 """ \j=0

implies the desired equation (2.87) because

’Suj(]v,g) _ k it N —{ = kn for some integer n (2.89)
k , :
=0 0 otherwise
thanks to properties of roots of unity, uy.
We can therefore continue our derivation of |«, k) and write
k—1 k—1
1
o, k) = Z \/f_k Zu_ﬂexp (uj,ca’)|0)
=
1
= _ealoP? Z D;|uia) (2.90)
k s
with the standard coherent states |3) = e~z exp(B8at)|0) and new constants
D, = Z u'Cy. (2.91)

Multiplying the parameter a = (§) + i(p) of a standard coherent state with a power
of a basic root of unity uy in the superposed coherent states |uia) of (2.90) rotates the
peak position ({g), (p)) in phase space by a multiple of a fixed angle 27 /k. According

0 (2.90), a generalized coherent state |«, k) is therefore a superposition of k standard

coherent states with peaks ((¢), (p)) placed at equal distances on a circle of radius |«|.
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The k-th eigenstate of the harmonic oscillator is the limit of such a state in which these
peaks approach one another at the center, for suitable C,. Using [50], these generalized
coherent states are the same as those introduced by Titulaer and Glauber in [41]; see
also [51]. However, to the best of our knowledge, the relation to saturated uncertainty

relations and energy eigenstates is new.

2.4 Anharmonic oscillators

We now demonstrate that the methods developed in Section 2.2 can be used to find

perturbed eigenvalues for an anharmonic oscillator. Here we take H = %(q2 + p?) + €eq*.

2.4.1 Moment method

Using the same techniques as for the harmonic oscillator (but now setting i = 1), we

obtain the following recurrence relations for the moments:

n(n —1) m(m — 1)

4 4
- 1
T (2Tm+4,n =30 = )Tz + g — 1)(n = 2)(n - 3)Tm,n_4> —0

Tm+2,n + Tm,n+2 - Tm,n—2 - Tm—Z,n - 2/\Tm,n (292)

and
mT 11 = nDsin1 + € (40T isno1 —n(n = 1)(n = 2)Tiins) - (2.93)

Setting n = 0 in (2.92) and n = 1 in (2.93) while shifting m to m + 1, and combining

to eliminate T, o gives

(m + 2)
(m+1)

(m +3)

(m+1)

Then using (2.93) with n shifted ton + 1 and m to m — 1 results in

Tm+2,0 - 2)\Tm,0 - TmfZ,O + 2¢ Tm+4,0 =0. (294)

(n+1)T <4(n+1)T (n+1)(n)(n—1)

Tmf n+2 — 7 ~Immn m+2n Tmnf . 2.95
2,n+2 (m _ 1) s (m _ 1) +2, (m _ 1) s 2) ( )

We now assume an expansion for the moments in powers of €

T = > TH) € (2.96)
k
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and similarly for the eigenvalues,

A= Apet (2.97)
i
Using Equations (2.94)—(2.97), we can solve order by order for the moments in terms of
the >\(k)~
For the odd moments, we first note that, at zeroth order, all of them are zero (as we
know well from the harmonic oscillator):

To(gzi,odd - T(O)

odd,even — +even,odd

=0. (2.98)

Then setting m = 0 and n = 1 in (2.93) gives Tl(’lo) = 0. Using this and (2.94) with m
odd gives To(éZl,O = 0. Taking n = 0 in (2.93) gives T,,1 = 0 at all orders in e. Combining
these two results with (2.95) implies that the rest of the odd moments vanish:

1 1 1
chdzl,odd =T\ =T%)

odd,even even,od

1=0. (2.99)

We can apply this argument repeatedly to find that the odd moments vanish at all orders
in €.
Using the recurrence relations following the procedure detailed in Section 2.2, we find

to first order in €

1 1 1
det (All) = ()\(0) — 2) ()\(0) + 2) — 16)\(0) (12)\%0) — 8)\(1) + 3) + 0(62) (2.100)

1 3 1 1 3
det(4;) = § (A@ - 2) (A@ - 2> (NO) + 2) (A@ + 2)

1
~3530 (80)\‘(‘0) —32(A\) + 4\, + 407 + 3) +O(e?). (2.101)

At zeroth order in €, we recover our results for the harmonic oscillator. Setting
Aoy = 1/2, we find:

det (43) = e (N - i) +0(e) (2.102)
det (A)) — ¢ (: _ ;)\(1)) + 0. (2.103)

Positivity of these determinants then yields Ay > 3/4 and A1y < 3/4. Hence, A1) = 3/4.
Performing the same process with det(Aj) and det(Aj) using Ay = 3/2 yields Ay = 15/4.
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Thus we have:

1

E, = 2+ie+0(62) (2.104)
3 15

By = S+ et Ol €?) (2.105)

in agreement with the results from ordinary perturbation theory.

Note that at first order in €, the energy eigenstates saturate the inequalities just as
they did for the harmonic oscillator. Computations at higher order indicate that similar
saturation results hold at each order in perturbation theory, although for higher orders

in €, one must go to higher n in order for det(A!,) > 0 to be saturated.

2.4.2 Commutator method

An alternative route to perturbated eigenvalues, which may sometimes be more feasible,
proceeds by applying suitable commutator relationships. Following [17], we can derive
recurrence relations for moments of energy eigenstates: We have (n|[H, W]|n) = 0 for
any operator T, with eigenstates |n) of H = im™1p? + V(). Choosing Wi = ¢*2 and

A

Wy = §F1p, respectively, for some fixed k, we obtain

PR k—2 k—2)(k—
[H,W,] = —ih G 3p — h2( I S)QH (2.106)
m 2m
[H, W] = —2ih(k —1)§**(H - V(q))
k—1)(k—2
—h2( I )A’“ 3p+ihg" V' (q) . (2.107)
2m
We combine these two equations (set equal to zero) and (divided by ih) write
0 = —2(k—1)E{(¢" )0+ 2(k — D){G*>V(d))n (2.108)
k—1)(k—-2)(k-3),. ke .
—h2( k—4 FL(0)),
CDEZI) gy 4 V@)
For a quartic anharmonicity, such that V(q) = %mw2q2 + eq*, we have
0 = —2(k—1)E.(3" %)
W
(k= 1)k~ 2)(k — 8) (),
+mw?k(2%), 4 2¢(k + 1){G"2),, . (2.109)
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Starting with £ = 1, the first four recurrence steps are:

0 = mw*(q)n +4e(G*)n (2.110)
0 = —2E, + 2mw?(§*), + 6€(q"), (2.111)
0 = —4E,{(§)n + 3mw?(3*), + 8€¢(¢°), (2.112)
3h?
0 = —6E,(¢", — o+ 4mw*(@*), + 10€(g°%),, . (2.113)
m
Assuming € to be small and expanding (§*), = 352(§")n,;¢/, we have (§)no = 0 from

(2.110), which implies (§*),,o = 0 from (2.112), such that (§),,; = 0 from (2.110).

For even powers, (§%),,0 = E,/mw? from (2.111) and (§*),0 = 3 E2/m*w*+ 2R /m?*w?
from (2.113). This value then appears in (§?),; = —3(2%),0/mw? from (2.111). We
obtain some of the moments including p from (2.106) and (2.107). Setting k = 4 in
(2.106) shows that (§p + pg), = 0 in all energy eigenstates. Setting k = 2 in (2.107) and

not using H|n) = E, implies
(P*)n = m(QV'(9))n = m*w?(§%)n + 4me(G*)n | (2.114)

the final equality for our anharmonic oscillator. Using the results for low orders of

g-moments, we have

Yo = Mm@ )no =mE, (2.115)
(PPhg = m2w @)1 +4m(G)no = m{G o - (2.116)

To first order in €, we therefore compute

(@ = @m0+ €(@)n1 +O(€) (2.117)
E, O¢
T me? 8mAwb (4B + h*w?) + O(€?)

(0 = (P")no+ (0?1 + O(e") (2.118)

3¢ 2 2 2 2
= mEn+W(4En+hw)+O(e).

The uncertainty relation implies

E?  3¢E, 12
(@) ()0 = =2 — 2" (4E2 4+ W20%) + O(2) > —. (2.119)
4

w?  4Am2wb

At zeroth order in €, this implies E,, > %hw If we use an e-expansion of £, =322, E, ;€
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at this stage, we obtain

1 3 eh?
E,> —hw+-——+ 0(%). 2.120
— 2 * 4 m2w? +0(<) ( )
The present formulas indicate that neither the moments nor the uncertainty relations
and bounds on eigenvalues are analytic in w, such that we cannot take a w — 0 limit for

a single quartic potential.

2.5 Discussion

We have presented a new method that allowed us to rederive known results about energy
eigenvalues using only properties of the algebra of observables. The results are therefore
representation-independent, and the method can be applied to systems that do not have
a Hilbert-space representation, for instance owing to violations of associativity. Even in
standard, associative quantum mechanics, we have been able to derive new results related
to how excited states saturate higher-order uncertainty relations, as well as connections
between excited states and generalized coherent states.

As stated at the beginning of Section 2.2, an algebraic derivation of eigenvalues
imposes two conditions, equation (2.11) as well as positivity of a state. The first
condition, assuming some fixed eigenvalue \, implies recurrence relations for moments of
an eigenstate, or for expectation values of polynomials of basic operators. Depending on
how these relations are set up, they may pose various challenges to finding sufficiently
general solutions. In particular, if anharmonicity is introduced, independent recurrence
relations in this system are more strongly coupled to one another, complicating the
solution process.

Such difficulties can be addressed in two ways: First, a perturbative treatment may
use solutions known for a less-coupled system to introduce approximate corrections for
the more coupled one. We have demonstrated this option for anharmonic oscillators,
which also by general methods require perturbation theory or numerical methods for a
determination of eigenvalues. Secondly, it may be possible to rearrange the recurrence
relations in a more suitable form that makes them solvable. There is no systematic
method for decoupling recurrence relations with non-constant coefficients, as we are
dealing with here. However, it may be possible to take some inspiration from other known
properties of the given system and introduce convenient generating functions through
expectation values of suitable operators. Here, we have demonstrated this method for

the same harmonic oscillator used for the first method, but its broader applicability has
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already been shown by a successful application to the standard hydrogen problem [40)].

At the current stage of developments, the general range of applicability of algebraic
methods to derive eigenvalues is far from being completely circumscribed. In addition to
reorganizing recurrence relations by means of suitable expectation values as generating
functions, we mention the possibility of using ladder-type operators for non-harmonic
systems. Since our harmonic-oscillator example in Section 2.3 showed how properties of
ladder operators may be related to saturation properties similar to those we found with
our first method, such algebraic derivations may have a range of applicability beyond
strictly harmonic or perturbative anharmonic systems, but a detailed extension requires
further work.

We finally discuss the possibility that not only the tractability but even the overall
applicability of our methods may be limited, depending on the Hamiltonian H whose
eigenvalues are to be determined. To see this, we go back to the starting point of our

method, given by the algebraic definition (2.11), or

A

(A(H - D))\ =0, (2.121)

for an eigenstate |), with eigenvalue A\, which has to be satisfied for all algebra elements A.
In particular, the definition is taylored to strict eigenstates which are normalizable since
(I)x must be finite for the equation to be meaningful for all A (including A = I). The

method can therefore be used only for eigenvalues in the discrete part of the spectrum of

A~

H.

If we try to work out the algebraic conditions for eigenstates in simple cases which
are known to imply continuous spectra, we can easily find inconsistencies. For instance,
taking H = p as the momentum operator of a particle on the real line and A = § in

(2.121), we obtain the equation

(45— AD) = o:{[d, 7)) = 5 (2.122)

while the eigenvalue condition for A\ would require the left-hand side to equal zero.

For the free-particle Hamiltonian, H = p?, we obtain (p2) — A = 0 from (2.121) with
A= I, and

n{gp(p* — D) = 5.5 = Nao) = JhGBER) N =0 (2129

from A = ¢p. Combining these two equations, only A = 0 is allowed, such that (p*) = 0.
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However,
(4~ AD) = 5-(.5°]) = h(p) = 0 (2124)
then implies (Ap)? = 0, which is not consistent with Heisenberg’s uncertainty relation.

It is not surprising that an algebraic methods for computing eigenvalues fails for
operators that have a continuous spectrum in an irreducible representation on a separable
Hilbert space (spanned by a countable basis) because the corresponding eigenfunctions
require a generalized interpretation as distributions. However, it is possible for an
operator to have a continuous spectrum with normalizable eigenfunctions if the Hilbert
space is not separable or if the representation is not irreducible. (The set of eigenvalues
by itself does not uniquely determine whether it is discrete or continuous because the
real line can be equipped with discrete or continuous topologies.)

Since the algebraic condition for the spectrum is representation independent, an
algebra that has a continuous family of inequivalent irreducible representations, or one
that can be represented on a non-separable Hilbert space may lead to a continuous set
of eigenvalues for normalizable eigenstates. In this case, (2.121) would be well-defined
even if it permits a continuous range of values for A\. As an example, consider a particle
moving on a circle. The corresponding algebra can be generated by three basic operators,
p, S and C, with relations D, S] = —ihC, D, C’] = ihS and [C’, S'] = 0. (The operators S
and C quantize the sine and cosine of the angle.) This linear algebra has the Casimir
element K = 52 + C? which we may require to equal K =1 as a further relation in the
generated algebra. Our Hamiltonian is H= D.

The condition (5" '(H — A)) = 0 for n > 1 implies that (") = A" = (p)", and
therefore all central p-moments ((p — (p))™) = 0 vanish. More generally, it follows that
(A(p — (p))) = (A(H — \)) = 0 for all A. All generalized uncertainty relations are
therefore identically satisfied because the lower bound in the Cauchy—Schwarz inequality
(4.49), without loss of generality applied to an operator b that contains at least one factor
of p — (p), is always zero for eigenstates. For any real A, there is therefore an eigenstate
with this eigenvalue.

This result is in agreement with Hilbert-space representations of the algebra, which
are not unique up to unitary equivalence. Its inequivalent irreducible representations
are labeled by a real number 0 < ¢ < 1, such that the momentum spectrum in the
representation determined by € is Z + €. The direct sum of all inequivalent irreducible
representations is a reducible representation of the algebra on a non-separable Hilbert

space. In this reducible representation, which contains all inequivalent irreducible ones,

the spectrum of p contains all real numbers A as eigenvalues, but it is still discrete because
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eigenfunctions of p are normalizable.

We have obtained the same result in our algebraic derivation, which is representation-
independent and therefore implicitly takes into account all irreducible representations.
Comparing with our first example of a continuous spectrum (the standard momentum
operator for a particle on the real line), we see that the algebraic treatment correctly
recognizes the important distinction between a continuous and discrete spectrum: For a
continuous spectrum (particle on the real line), the algebraic equations have no consistent
solution owing to a lack of normalizability of eigenfunctions. For a discrete spectrum
(particle on a circle), the algebraic equations show that all real numbers may consistently
be realized as eigenvalues. This distinction is subtle in algebraic form because it is usually
based on properties of Hilbert-space representations, in particular on normalizability of
eigenfunctions.

As these examples demonstrate, the spectrum cannot always be fully analyzed based
on the algebraic condition (2.121), unless it is strictly discrete. As a consequence, it
remains an open question how the continuous spectrum could be defined in non-associative

quantum mechanics.

2.6 appendix

2.6.1 Eigenvalues in a fermionic system

It is instructive to compute eigenvalues in a fermionic system which has a finite-
dimensional Hilbert space in its standard representation, making use only of the defining
Grassmann algebra. For a finite number of fermions we have a finite-dimensional Hilbert
space, in which our general method can easily be illustrated. This simplicity comes at
the expense of requiring a careful discussion of anticommutation relations.

The single degree of freedom ¢ included in the system we use here is subject to

anticommutation relations

A,

[éTaa-‘r =h ) [é? ]-‘r =0= [@Lvéw-i- : (2125)

It generates a 4-dimensional unital x-algebra with vector-space basis given by I, é , éT

and £1€. As a Hamiltonian, we choose

i = ;w@g G = wté - ;m _ Wélt + ;m. (2.126)
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2.6.1.1 Hilbert-space representation

For comparison, we briefly summarize the standard representation on a 2-dimensional
Hilbert space. Commutators of é and éT with A show that we can use the former as
ladder operators: we have [, H] = hwé. We define |—) such that &|—) = 0, and |+)
as £|=) = V/h|+). These two states are the only independent ones since vAE!|4) =
(£N)2|=) = 0. The eigenstates of H are then given by |+) with eigenvalues

1
By =l (2.127)

The action of the ladder operators, £|4+) = v/h|—) and £7|—) = V/A|+), follows from

normalization of |4+) and

1D = (€)= i <E+ + ;M) =h (2.128)
IE-IP = @ = (-5 - Jn)=n. (2.120)

A general state can be written as
|r, s) = cosr|—) + e sinr|+), (2.130)

parameterizing all normalized states up to a phase. Expectation values in these states

are given by

<é>(r, s) = ;\/ﬁsin@r)eis = (£T>(r, s)* (2.131)
(&) (r,s) = hsin®r (2.132)
(€N (r,s) = hcos®r. (2.133)

States are subject to uncertainty relations, which will play a major role in our new
method. Define u = Afv and w = ATv for some state v, where AE = € — (€),, with
(€), = (v[év), and compute

(ulu) = (ALTAE) = A(ET¢) + 571 (2.134)
(who) = (AEAEY) = —A(€e) + 3h (2135)
(ulw) = (AETALT) =0 (2.136)
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with the (graded) covariance

AETE) = 5 ({E1E- &N — () + 1))
= SEE-EEN - @) (2.137)

Expanding AETAE in order to express equations such as (2.134) in terms of A(£7¢)
requires anticommutation relations not only between é and é f as provided by the original
Grassmann algebra, but also between these operators and their expectation values. The
equations shown here assume the convention that (£) and (£') are Grassmann numbers
which anticommute with each other and with é and éT. (This convention is consistent
with equations such as (£€*) = £€* used in relating AETAE to A(£1€).)

The Cauchy—Schwarz inequality implies

0 = [{u|w)[* < (ulu)(w|w) = —AE7E)* + iﬁ2 (2.138)

and therefore
h. (2.139)

N | —

IA(ETE)] <

Both eigenstates of H saturate this inequality.

2.6.1.2 Algebra

Let us now proceed algebraically. We introduce a phase-space version of the fermion
system by defining two Grassmann numbers, £ = (£) and &* = (£1). Any operator in

the algebra A defines a function on the space of states on the algebra by evaluation,

A

A((+)) := (A). The equation

{(4),(B)}+ = <[A7i§]+> (2.140)

therefore defines a bracket on the space of states, which can be extended to arbitrary
functions on states by using the (graded) Leibniz identity. Applied to our basic operators

é and ET, this bracket implies standard relations with anti-Poisson brackets

{8+ =— , {&G=0={ ¢ (2.141)
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for basic expectation values. The bracket can be extended to an anti-Poisson bracket on
moments of é and é T by using the Leibniz rule. As already stated, the basic expectation
values anticommute with ¢ and &7

There is only one non-zero moment:

AEl) = J(AZIAE - AEAEY) = (A'Ad) — o

= —(AEAEH + ;h (2.142)

using A€ = & — ¢ and [AéT,Aéh = h. The dynamics now follows from the usual
derivation given by a commutator with the Hamiltonian:
([, 1))

§ =Bl — —iwg (2.143)

implies £(t) = & exp(—iwt), or r(t) = rg, s(t) = sp — wt in the parameterization of
(2.130). Also, A(E€)(t) = A(£€)(0) because A(E€) = w™ H — |€]? depends only on H and

constants.

Assume now that we have an eigenstate of H with eigenvalue A. In this state,

A

0 = (H—AH)zw(fTé)—;hw—A

_w(éEh + ;hw A (2.144)
0 = (E(H - )= (;hw - A) ¢ (2.145)
0 = (EN(f - ) = — (;m + A) ¢ (2.146)
0 = (EEH - ) = (Gho—2) €

— W (2.147)
0 = (G - xD) = - (Ghw+ ) (G

lh2w2 o )\2
- S (2.148)

using the first equation in the last step of (2.147) and (2.148). The last equation implies
A = £1hw. For A\_ = —1hw, (2.145) implies € = 0 and (2.147) implies (£7¢) = 0, so
that <$§T> = h from (2.144). For A\, = %hw, (2.146) implies £* = 0 and (2.148) implies

(E€1) = 0, so that (£1€) = /i from (2.144).
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In this example, we have managed to compute all eigenvalues of the Hamiltonian
using only the (anti-)commutator relationships. If we try the standard method of ladder
operators in a system with an infinite-dimensional Hilbert space, it is well known that we
need normalizability conditions in order to derive discrete eigenvalues. These conditions
are available only for wave functions in the Hilbert space but do not have an analog in
the algebra of observables. The main body of this paper shows how the new methods
of using moments and uncertainty relations can produce the correct discrete spectra
without an explicit normalizability condition even in systems with an infinite-dimensional

Hilbert space.
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Chapter 3

Small magnetic charges and monopole
iIn non-associative quantum me-
chanics

Martin Bojowald, Suddhasattwa Brahma, Umut Buyikcam, Jonathan Guglielmon, Mar-
tijn van Kuppeveld

Weak magnetic monopoles with a continuum of charges less than the minimum im-
plied by Dirac’s quantization condition may be possible in non-associative quantum
mechanics. If a weakly magnetically charged proton in a hydrogen atom perturbs the
standard energy spectrum only slightly, magnetic charges could have escaped detection.
Testing this hypothesis requires entirely new methods to compute energy spectra in
non-associative quantum mechanics. Such methods are presented here, and evaluated for
upper bounds on the magnetic charge of elementary particles.

In 1931, Dirac [52] showed that magnetic monopoles with charge g can be consistently
described by wave functions provided the quantization condition eg = Nh holds with
half-integer N. Since the elementary electric charge e (or, rather, the fine structure
constant) is small, the elementary magnetic charge is large. Therefore, there are strict
limits on the possible magnetic charge of, say, a proton in a hydrogen nucleus because
the strong magnetic charge would significantly alter the energy spectrum [53].

The aim of this letter is to point out and analyze the fact that Dirac’s argument relies
on properties of wave functions in a Hilbert space, and therefore implicitly assumes that
quantum mechanics is associative. If the assumption of associativity is dropped, there is
no Hilbert-space representation of the algebra of observables (which by necessicity would

always be associative), but quantum mechanics may still be meaningful [5,11, 14, 54].
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Indeed, the existence of consistent non-associative algebras for magnetic charge densities
has recently been demonstrated [33,36-39]. Non-associative quantum mechanics can
therefore be defined by replacing the operator product of observables with an abstract
product, such that a;(d2a3) # (G1G2)as in general. States are defined as expectation-value
functionals that assign complex numbers (@) to algebra elements @, subject to certain
consistency conditions which make sure that uncertainty relations are respected. No wave
functions appear in this formalism, and there is no analog of “single-valuedness” used
crucially by Dirac. Without wave functions, Dirac’s argument therefore loses its footing.
Magnetic monopoles are then possible with small charges much less than the smallest
non-zero value, gy = %h/ e, allowed by Dirac. It is conceivable that a small magnetic
charge of the proton could have escaped detection in precision spectroscopy such as [55].

Here, we show that even a small magnetic charge of the nucleus would significantly
shift the ground-state energy of a hydrogen atom. To the best of our knowledge, this is
the first time that properties of energy spectra have been computed in non-associative
quantum mechanics. We provide new methods to compute spectra in an algebraic manner,
which may also be useful in other contexts.

Harmonic oscillator: We first demonstrate the new methods in an application to
the harmonic oscillator in standard, associative quantum mechanics. We have two
distinguished observables § and p with [§,p] = ik, and the quantum Hamiltonian
H = 3(p*/m + ma?@?).

An eigenstate [¢g) of H with eigenvalue E obeys the equation H | g) = E|¢g), which
implies

(a(H —E))g =0 (3.1)

for the expectation value (-)p taken in |¢g), where @ can be any polynomial in § and
p. We will first show that (3.1), which amounts to infinitely many equations given the
freedom of choosing a, allows one to compute the spectrum of H even if the eigenstates
|YE) are not known. In [56,70], it has been shown how observables can be computed
using algebraic relations between moments of a state. The methods used here are
closely related to these papers but provide a new application to energy spectra. In this
way, we will set up a method to compute eigenvalues without using wave functions or
boundary conditions. The same method can then be applied to the Coulomb problem in
non-associative quantum mechanics.

The demonstration is based on recurrence with respect to the degree of the polynomial
a in ¢ and p. The ground-state energy can be obtained by elementary calculations as

follows: First, @ = 1 (the identity operator) gives E = $((p*)p/m + mw?(§*)p). For a
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not the identity, it is useful to refer to the equation

([a, H))p = (aH)p — (a1 H)p = E ((a)p — (@F)p) = 0 (3.2)
with the complex conjugate z of a complex number z. In particular, ([g, ﬁ]} E =
ih{p)g/m =0 from & = ¢ and ([p, H]) g = —ihmw*(q)p = 0 from a = p. From quadratic
monomials, we obtain ([¢2, H]) g = 2ih{q@p + pq) r/m = 0 and ([gp, H) g = ih((p*) g/m —
mw?(§*)g) = 0. Therefore, any eigenstate has fluctuations obeying Agp = mwAgq,
and zero covariance 0 = CJ) = $(4p + p@) & — (§) 5(P)p- From the condition for 4 = 1,
(Agpq)? = E/(mw?) and (Agp)?> = mE.

So far, we have computed moments of a bound state in terms of its energy value FE.
We obtain a restriction on £ by making sure that the fluctuations we derived obey the
uncertainty relation:

(Apg)*(App)® - (Cp)* =

> (3.3)

E? K
W T4
and therefore £ > %hw

In order to evaluate all the conditions imposed on eigenstates by (3.1), we follow [43,44]
and introduce the operators 7 mon = (¢"D")wey1 Where m and n are non-negative integers,
and the subscript indicates that the product is taken in the totally symmetric ordering.
The Hamiltonian is a linear combination H = %(T ho/m + mw*T; 0.2) of T 50 and T, 0,2, and
therefore (3.1) contains products of the form T mnT m/ - Using the basic commutation
relation of § and p, such products can always be rewritten as sums over individual Tmu,nu
of order m +n + m’ +n’ or less, as derived explicitly in [42]. The condition (3.1) is
therefore equivalent to a recurrence relation for (Tmn) £ which is shown and discussed in
more detail in our supplementary material. (This material also uses an algebraic notion
of states [15] and makes contact with effective constraints [57,58].)

In addition to higher-order moments (7},,)z of an eigenstate, we have higher-order
uncertainty relations. They can be obtained just like Heisenberg’s version, by applying
the textbook derivation to integer powers of ¢ and p or their products instead of just ¢
and p. A systematic procedure to organize these higher-order, or generalized, uncertainty
relations has been given in [43,44]. For our purposes, a subset of these relations is
sufficient, which can be constructed as follows: We define é ; as the 2J-dimensional
column vector consisting of all Tm,o and Tm,m up to order m = 2J, where J is an
integer or half-integer. According to the generalized uncertainty principle, the matrix
M; = <é J§3> is positive semi-definite for all J, where the expectation value is taken

element by element. For J = 1/2, we have Heisenberg’s uncertainty principle because a
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positive semi-definite matrix has a non-negative determinant.
As outlined in the supplementary material, positive semi-definiteness of M; can be

reduced to the conditions

n

[[(E/hw — ap)(E/hw + ax) > 0 (3.4)

k=1
for all integer n > 1, where o, = (2k—1)/2 are the odd half-integer multiples. Considered
as functions of E for all n, these expressions have nodes at hway up to some maximum
k that depends on the particular value of n. Between nodes, the functions are non-zero
and alternate in sign. Moreover, sending n to n + 1 causes the signs at fixed E to
alternate. This behavior combined with the non-negativity of (3.4) implies that the only
allowable values for £ occur at the nodes. We can exclude negative values of E' because
we have already shown that £ > %hw Thus, the only possible values for E are such
that £//hw = %, %, g, ... in agreement with the well-known eigenvalues of the harmonic
oscillator.

Moreover, the arguments just given show that, for each eigenvalue F, = (n — %)hw,
there is a generalized uncertainty relation which restricts higher-order moments and is
saturated by the corresponding excited state with energy F,. This result generalizes
the well-known statement that the ground state of the harmonic oscillator saturates
Heisenberg’s uncertainty relation. Also note that our derivation, based on expectation
values, still applies if the state used is mixed, given by a density matrix. Since we obtain
the usual energy spectrum of the harmonic oscillator, it follows that mixed states do not
to enlarge the spectrum.

As another consequence, we obtain the full energy spectrum of the harmonic oscillator
from the unfamiliar condition (3.1) on energy eigenvalues. This result serves as a proof
of concept of the new algebraic method introduced here, which we now apply to the
Coulomb problem. We will then be ready to generalize the results to non-associative
quantum mechanics, where the usual methods of computing eigenvalues are not available.

Hydrogen: The hydrogen atom has the Hamiltonian H = 1p|*/m — ™! where
p|* = P2 + P, + P2 and 7* = 2* + % + 2°. The position and momentum components
are subject to the basic commutation relations [z, p,| = [9,p,] = [2,.] = ih. For our

purposes a different choice of distinguished observables,
P, P=7p? Q=2+ 9Py + 2D, (3.5)
is more useful. Closely related variables have been used, quite differently, to compute
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hydrogen spectra in deformation quantization [59-61].

These operators have linear commutation relations
7, Q) =ih# , [, P]=2ihQ , [Q,P]=ihP, (3.6)

and there is a Casimir operator

N 1 A . A

K = i(fP + Pr) — Q* (3.7)
that commutes with 7, P and Q A direct calculation in terms of the position and
momentum components in (4.6) shows that K is equal to the total angular momentum
squared. We should keep in mind that not all the distinguished observables are self-adjoint.

We do have #1 = 7, but @ = Q — 3ih and
Pt =P —2in™'Q = P — 2ihQ7™' — 21%77L. (3.8)

As in our demonstration using the harmonic oscillator, we will be interested in
expectation values of monomials in 7, P and Q evaluated in eigenstates that obey (3.1).
We have another useful relationship between certain expectation values given by the
virial theorem:

(i) = 28 = — L (). (3.9)
m

The procedure used for the harmonic oscillator does not directly apply to the Coulomb
problem because the Hamiltonian is no longer quadratic, leading to highly coupled
recurrence relations. We therefore reformulate the condition (3.1) in terms of a constraint

linear in P and 7, introducing

A 1

Cp=7H-E) P—FEf—a. (3.10)

“2m

The condition on the spectrum of H then takes the form <dC’E) g = 0 for all polynomials
ain 7, 771, P and Q. Unlike the Hamiltonian, C is not self-adjoint. It is still useful
to apply commutator identities as in (3.2), but with a non-self-adjoint C, there are

additional terms: In an eigenstate such that (&C’E>E =0 and (&TC’E>E =0,

0= (aCg)p — (aiCr)p = ((aCg — CLa)p . (3.11)
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With

A;E =(CEg — Efilé? =Cpg — a@fil — ET (312>
using (4.10), we have
o (a:Celp  (QF'a)p  iR(i'a)s (3.13)
g m m
For a = Q,
P ) PN R
oo P @ "

If we replace Q? using the Casimir operator K, and <]5> £ using <C’E) g = 0, we have
0 = 3+ 4E(?) g — K (# Y5 /m. The eigenvalues K, = (({ 4+ 1)i2 of K follow from
angular-momentum quantization, and (#7!)g is related to E by (4.23). With these

ingredients and similar calculations for a = 7(), we obtain

N 1 K /¢ 3« 3 Kg 5 a2 1 hz

(Mp=-———-=, (TZ)E:——+——2———. (3.15)
2ma 4 F AdmE 8E AdmE

In order to determine the allowed eigenvalues E, as before, we have to impose

uncertainty relations. We are interested here in the ground state, for which we can focus

on the lowest-order uncertainty relations, computed for our non-canonical operators 7, P

and Q using the Cauchy—Schwarz inequality. There is only one non-trivial relation,
L.
(Apr)*CE, > |Cl + 5zh(r>E|2, (3.16)

with two covariances. Again using (3.13), we compute (Q)p = il using a = 7, (PQ +
Q) = ih(f)p using a = 2. Finally, (QTQ)r = (Q*) g — 3ih(Q) 5 can be obtained using
K.

Inserting all the required moments and factorizing the resulting polynomial in F,
(3.16) gives the condition

1 1 ma? 1 ma? 1 ma?
2 1)2(¢? — 1=+ - FE+ = F—————————1>0.
DA )E< +2h2(£+1)2>< +2w2>< 2h2(£2+£—1)>_0

(3.17)
It is saturated for all energy eigenvalues with maximal ¢, for which
E mo” (3.18)
LT TR (0 4 1)? '
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Assuming the well-known degeneracy of the hydrogen spectrum, we obtain the full set
of bound-state energies. As in the example of the harmonic oscillator, every eigenstate
saturates an uncertainty relation, in this case (3.16).

Non-associative hydrogen: We are now in a position to derive our main result. In the
presence of a magnetic central charge, we cannot use canonical momenta because they
require a vector potential of the magnetic field B. Instead, we generate an algebra using
kinematical electron momenta, quantizing p; = ma;. Their commutators are obtained by
generalizing the case in which there is a vector potential A depending on ¥, and canonical

momenta are m; = p; + eA;. Therefore,

3
=ihe Y e (3.19)

=1

A, OA;
5 5] = ihe | 22k _ 94
[pj7pk2} t e(azj 8$k>
while [Z;, px] = hdj; is unchanged.
The final result depends only on B and therefore can be used to define the commutators

[Dj, Dx] also if V- B = 0 in the presence of magnetic charges. A direct calculation shows

that these commutators then no longer obey the Jacobi identity:

(B2, By, B=] + [[By, B2, Ba] + [[D2, D], By
= mei[éﬁ',m — R divB £0. (3.20)
j=1
Even a single point-like monopole cannot be excised, as in Dirac’s construction, if we
consider weak charges that do not obey the quantization condition. However, a non-
associative algebra generated by commuting #; and non-commuting p;, with standard
commutators between #; and pj;, is still meaningful [5,11].

Another direct calculation shows that the commutators of (7, Q, P) remain unchanged
provided that 7 x B = 0. This result, which relies on unexpected cancellations of the
extra terms in commutators implied by (4.1), is crucial for the new application in this
letter. In this case, B = g(7)7. For a static magnetic field, we have V x B = 0, which
implies that g(r) is spherically symmetric. A monopole density V - B # 0 then requires
that g(r) = Qu(r)/(4mr?) with the magnetic charge

Qm(r) = 47T/V . E(r)rzdr (3.21)

enclosed in a sphere of radius r. For a single monopole at r = 0, g(r) = g is constant.

The virial theorem relies only on algebraic properties and remains valid. With
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monopole commutators for momentum components, however, the modified angular
momentum L’ = L + egr/ 7, not L itself, satisfies the usual commutators of angular
momentum [30,62]. The Casimir of the algebra generated by (7, Q, P) is still equal to

K= EQ, but in terms of the modified angular momentum it has an extra term:
K=I1*=L"-¢g¢* (3.22)

For a single monopole at the center, the spectrum of K has a simple shift compared with
the standard spectrum of Z?, which is known to break the /-degeneracy of the hydrogen
spectrum [53]. Moreover, the allowed values of ¢ are restricted for non-zero g because K ,
by definition, is positive, and so must be its eigenvalues. Therefore, £ = 0 is not possible
for g # 0, and larger ¢ may be ruled out as well for strong magnetic charges.

We will focus now on the range of weak magnetic charges given by

1
0<@:N<§. (3.23)

None of these values could be modeled by a Dirac monopole (they would not correspond
to single-valued wave functions), but they can be considered if quantum mechanics is
non-associative. Since the algebraic relations used to derive (3.17) are still applicable, we
obtain conditions on the energy spectrum. The only difference is that the eigenvalues of

K are now given by K, = (({+1)h? — ¢%¢®, which can be taken into account by replacing

¢ in (3.17) with
5 1 2 6292 1
g_¢<e+2> e (3.24)

For quantized magnetic charges, the corresponding eigenvalues for which the first paren-

thesis in (3.17) is zero are indeed included in the spectrum found in [53], but they no
longer constitute the full spectrum.

For weak magnetic charges, positivity of K requires that the smallest possible ¢ is
¢ = 1/2, which we use for the ground state. The corresponding { is equal to

{=+1—-N2— (3.25)

DN | —

and lies in the range %(\/5 —-1) < (< % This range does not come close to the integer
values 0 or 1 which would amount to standard hydrogen eigenvalues. Therefore, even for
weak magnetic monopoles the energy spectrum of hydrogen is strongly modified. The

ground-state energy is discontinuous in the central magnetic charge as a consequence of
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the positivity condition K > 0, which is the reason why even a small magnetic charge is
not a simple perturbation of the usual hydrogen spectrum.

This result would seem to rule out any non-zero magnetic charge of the proton.
However, from a purely experimental perspective, the smallest eigenvalue of the total
angular momentum, used in our evaluation of K > 0, is zero only within some uncertainty.
The angular momentum spectrum is very basic and hard to modify. For instance, the
conservation law and its role played in parity considerations implies that, for a single
component, it has the form of a ladder centered around zero. It is, however, conceivable
that its values are washed out to within some 6L2. To estimate this quantity, we are not
restricted to hydrogen-like systems because all energy levels depend in some way on the
eigenvalues of L2. The best relative precision, of about 5- 10719, is obtained for spectral
lines used in atomic clocks [63]. In SI units, a non-zero upper bound

< AmegV L2 c?
- e

g ~4.7-107Am = 1.4 - 10" gpirac (3.26)

then follows from K > 0 and (4.83), where gpjrac is the smallest magnetic charge allowed
by Dirac.

For the proton, this bound is not as strong as existing ones [64,65]. However, the
bounds in [64,65] are obtained by limiting the total magnetic charge of a macroscopic
object, adding the individual charges of all electrons or nucleons. Our bound is obtained
directly for a single proton. Moreover, the magnetic charge of the muon is more difficult
to bound [65]. Our bound, on the other hand, also applies to a muon as the nucleus
of muonium, and to antimatter such as the antiproton in antihydrogen [66,67] or the
positron in positronium [68].

If we directly apply hydrogen or muonium spectroscopy, with accuracies of AE/E ~
4.5 1071 [55] and about 1072 [69], respectively, we obtain weaker bounds: ¢proton <
9.5 - 10~ gpirac and gruon < 4.5 - 107" gpirac-
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Chapter 4

The ground state of non-associative
hydrogen and upper bounds on
the magnetic charge of elemen-
tary particles

Martin Bojowald, Suddhasattwa Brahma, Umut Biiytikcam, Martijn van Kuppeveld

Formulations of magnetic monopoles in a Hilbert-space formulation of quantum mechanics
require Dirac’s quantization condition of magnetic charge, which implies a large value that
can easily be ruled out for elementary particles by standard atomic spectroscopy. How-
ever, an algebraic formulation of non-associative quantum mechanics is mathematically
consistent with fractional magnetic charges of small values. Here, spectral properties in
non-associative quantum mechanics are derived, applied to the ground state of hydrogen
with a magnetically charged nucleus. The resulting energy leads to new strong upper
bounds for the magnetic charge of various elementary particles that can appear as the

nucleus of hydrogen-like atoms, such as the muon or the antiproton.

4.1 Introduction

Eigenvalues and eigenstates can be defined and derived completely algebraically, without
using a Hilbert-space representation of observables as operators. Such a formulation is
important in particular in studies of non-associative algebras that cannot be represented
on a Hilbert space. Physical examples can be found mainly in situations in which fractional

magnetic charges may be present that do not obey Dirac’s quantization condition [52],
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which can be defined at the level of a non-associative algebra of observables even though
no Hilbert-space representation exists [5,11,14,54]. Magnetic monopole charges that
obey Dirac’s quantization condition are so large that they can easily be ruled out in
elementary particles by atomic spectroscopy. While small non-zero magnetic charges may
be compatible with observational bounds, they cannot obey the quantization condition
and therefore require non-associative algebras of observables.

Non-associative products are obtained for magnetic monopoles as follows: In the
presence of magnetic monopoles, the magnetic field has non-zero divergence and therefore
cannot be described by a vector potential. The usual canonical momentum 7; = p; + eA;
of a particle with electric charge e and mass m, where p; = mi; is the kinematical
momentum, is then unavailable. However, it turns out that the commutator of two

kinematical momenta,

A I 3
[Ds, k) = [7j — eAj, 7y — eAy)] = ihe (g‘;l]’f - ‘;’2) = me;%gl (4.1)
does not require a vector potential. (The usual bracket [%;,pr] = ihd;; remains un-
changed.) It can therefore be generalized to a point charge moving in the presence of
a background magnetic charge, but it is not canonical and not even constant since the
magnetic field is position dependent. The Jacobi identity is therefore not guaranteed to

hold, and it is indeed violated as the calculation

3 —

[Py Dyl D=) + [[By, Pz, D] + ([P Dal, Dyl = ihez:l[éjﬂaj] = —h’e divB # 0 (4.2)
.

demonstrates. Since the assumption of an associative product would imply the Jacobi

idenity for the commutator, magnetic monopoles are seen to require non-associative

algebras of quantum observables [5,11, 14, 54]. The basic commutators (4.1) together

with an associator determined by (4.2) can be turned into a complete non-associative

algebra by means of *-products [33,36-39].

Purely algebraic derivations that do not make use of specific representations are
usually more challenging than standard quantum mchanics, in particular if associativity
cannot be assumed. As a consequence, such systems remain incompletely understood,
and it remains to be seen whether they can be viable. Nevertheless, it has recently
become possible to derive potential physical effects [56] and to use spectral results for new
upper bounds on the possible magnetic charge of elementary particles [?]. The present

paper presents details of the latter derivation as well as a discussion of new methods that
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may be useful for further applications.

4.2 Associative algebra of the standard hydrogen atom

Modeled by a simple Coulomb potential, the hydrogen atom has the Hamiltonian

1 «a
H=_—"|p*-— 4.3
oIl == (4.3)

with constant a, where |p|* = p2+p2+p? and r* = 2°4y>+2* in Cartesian coordinates. As
operators, the position and momentum components are subject to the basic commutation

relations

and they are self-adjoint. These conditions define a so-called x-algebra, which, together
with a quantum Hamiltonian H , properties of angular momentum, and the virial theorem,
will be the only ingredient in our derivation of spectral properties. We will not make use
of operators that represent the observables on a Hilbert space of wave functions.

An eigenvalue is a property of an observable in the algebra together with a specific
eigenstate. For a derivation of spectral properties we therefore need a notion of states
on an algebra, bypassing the introduction of wave functions. Given a x-algebra A, a
quantum state [15] is defined as a positive linear functional w: A — C from the algebra
to the complex numbers, such that w(a*a) > 0 for all a € A. In addition, a state obeys
the normalization condition w(I) = 1 where I € A is the unit. The evaluation w(a) is
then the expectation value of @ € A, and moments such as w(a") for integer n define a
probability distribution for measurements of the observable a if a is self-adjoint, a* = a.
Our aim is to derive properties of eigenvalues A of a quantum Hamiltonian H e A for

hydrogen through a suitable subset the moment conditions

A

w(@aH—-X)=0 forall aeA. (4.5)

We have to find a useful subset of ¢ € A in order to make this derivation feasible.

4.2.1 Subalgebra for spherical symmetry

Instead of applying standard position and momentum components, spherical symmetry

can be used to introduce a promising subset of algebra elements. A subalgebra of certain
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spherically symmetric elements of A is generated by the three elements

P, P=Fp? . Q=ip,+9p, + 2p. — ih. (4.6)
Linear combinations of these generators form a 3-dimensional Lie algebra with basic
relations

7,Q =ik, [7,P]=2ihQ , [Q,P]=ihP, (4.7)
isomorphic to so(2,1). (Closely related algebras have been used for derivations of the
hydrogen spectrum in deformation quantization [59-61]. Our application of this algebra
follows different methods, and our extension to non-associative hydrogen in the next

section is completely new.) Its Casimir element is given by
K = (P 4+ Pr) — Q*. (4.8)

Using the definitions (4.6), K turns out to equal the square of angular momentum.
At this point, we can already see the main features of our new derivation, which

consists of the following steps in the order of the next three subsections:

1. A Casimir element such as (4.8) is a powerful tool because it takes a constant
value in a fixed irreducible representation. Physically, our Casimir is not new but
identical with the square of angular momentum. Nevertheless, we will examine
angular momentum in order to determine which of the standard properties are

readily available in a completely algebraic derivation.

2. The standard hydrogen Hamiltonian H is not an element of our linear algebra
because the Coulomb potential requires an inverse of 7, and P is not the correct
kinetic energy. However, the basic variables 7 and P are such that the expression
#H is linear in our algebra generators. This observation by itself is not very helpful
because #H and H do not have the same eigenvalues. Nevertheless, it is a crucial
step in our new strategy, combined with turning the Hamiltonian into a constraint
equation: If we start with the constraint H — A = 0, encoded by the algebraic
definition (4.5) of the spectrum, we replace it with the constraint PH — M\ = 0,
which is still linear in our basic generators. This step gives rise to several subtleties
because we will have to employ methods from constrained systems, and even for
non-self-adjoint constraints because we need the non-symmetric ordering #H in the

constraint in order to use P in our linear algebra. Once this step is completed, we
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gain information about solutions of (4.5).

3. In the final step, we have to impose positivity of the state used in our solutions
of (4.5). Instead of working directly with the basic positivity condition, we will
evaluate uncertsinty relations which are derived from positivity. In this general
form, there are many different versions of uncertainty relations because they depend
on which basic operators one chooses as well as on the polynomial order in which
they appear in moments. For our purposes, we do not need a complete analysis but
rather have to find a suitable version of uncertainty conditions that gives us useful
information about energy eigenvalues. Our main aim is to rule out a certain range
of values that could be eigenenergies of non-associative hydrogen. The specific
uncertainty relations we choose turn out to give us an interesting restriction by
ruling out a large range of values. If there is another uncertainty relation that rules
out more values, it would only strengthen our result without removing the bounds

obtained here.

We will first explore the algebra and derive useful identities within it as well as in an
extension that includes an inverse #~1. This inverse does not only appear in the Coulomb
potential, where it can be evaded by using the constraint just described, but also, as
it turns out, appears in the adjointness relation of P. Since adjointness relations are
essential for positivity conditions or uncertainty relations, we cannot avoid discussing a
possible inclusion of 77! in the algebra. The identities derived now for this purpose will
be used in our main calculation.

The commutators (4.7) rely on P and Q being defined in the specific orderings shown
in their definition (4.6), making them not self-adjoint. Completing the definition of a
x-subalgebra, their adjointness relations can be derived from the basic commutators of

Cartesian position and momentum components: In addition to 7* = 7, we have
O =Q —inl (4.9)

and

P* =P —2ih# 'Q = P — 2ihQ7~ ' — 2% 1. (4.10)

At this point, we assume that the subalgebra generated by 7, Pand Qis suitably extended

such that it includes an inverse of 7 which, like 7, is also self-adjoint. The adjointness
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relations imply the conditions

(@) = yw(@ - Q%) = 5 (4.11)
and
Imw(fP) = % (w(rP) - w(P*r)) =5 (w(Pr + 2ihQ) — w(PF — 2ihQ) — ZhZH))
= hw(Q+ Q%) = 2hRew(Q) (4.12)

for expectation values in any state w on the algebra, in addition to Imw(7) = 0.

In deriving (4.10), we have made use of the commutator
7, |p|?] = 2ih#~1Q = 2ih(Q — ikl)P (4.13)
which is itself based on the commutator
[, Q) = —in ™! (4.14)

in the second step. These commutators can be computed easily in a position representation
of momentum components in p and Q, which then defines the extension of our algebra

to one that includes #~!. Related useful commutators are

Q,p°] = 2ih™'P (4.15)
PP = 20k (Q + k) (4.16)
71 P = 2ihF%(Q +ih) (4.17)
and
[P*,P] = —2ih# 'QP* + 2ihP(Q — ih)p~" + AR Q(Q — ih)P~'  (4.18)
[P, 7] = [7,P]* = —ih# (4.19)
[P*,Q] = —ihP*=[P*,Q"]. (4.20)

Adjointness relations require us to extend the algebra by an inverse of 7. Nevertheless,
we will see that all moments required for a derivation of spectral properties can be derived
using relations in the linear algebra because the expectation value w(#71) is related to

moments of polynomial expressions by the virial theorem, which states that for any
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quantum Hamiltonian H= %m*1ﬁ2 + o™ with some integer n, the expectation values of

kinetic and potential energy in a stationary state w are related by

w(p?) = nmaw (") . (4.21)
Since all energy eigenstates are stationary, the theorem applies in our case. In addition,
the eigenvalue condition w(H — A) = 0, as a special case of (4.5), implies a second

condition for the same energy expectation values:

() + o) = . (422)
Therefore,
W) = 2wy = 2 (4.23)
For the Coulomb potential, o)
w(i™t) == (4.24)

is strictly determined.
The proof of the virial theorem is brief and standard, but it is useful to display the
key ingredients to demonstrate that no Hilbert-space representation is required. Since w

is stationary, we have

dw Q Can A A T o
0= d(t ) = —iw([2p. + 0Py + 2D., H]) = w(m ™ |p]* — naf™) (4.25)
using [P, 7] = —im = —i27~!. This result proves the virial theorem not only for

standard quantum mechanics but also for non-associative systems in the presence of
magnetic monopoles: While some associativity is applied in computing the commutator
in (4.25), none of the brackets (4.2) appear that would be modified for non-zero magnetic

charge.

4.2.2 Angular momentum

We will use the familiar eigenvalues of angular momentum squared, which equal the
eigenvalues of K defined in (4.8). The usual derivation of these eigenvalues is, to a large
degree, algebraic, but it relies on applications of ladder operators on wave functions
representing angular-momentum eigenstates. Such an application will no longer be

available once we turn to non-associative hydrogen. We therefore provide here a complete
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algebraic derivation of angular-momentum eigenvalues.
The relevant algebra in this derivation is the enveloping algebra B of the Lie algebra

su(2), with self-adjoint generators I, jy and J, such that

A A

(o, J) =ihd. , [Jy, L) =ihd. , [J.,J.) =ilJ,. (4.26)

An angular-momentum eigenstate w, , with eigenvalue ¢ of the square of angular momen-
tum, J? = jg + jy2 + jf, and eigenvalue pu of the z-component J, is a normalized and

positive linear map from B to the complex numbers which obeys the conditions

A

woa(@(J>=1) =0 and w,,(a(J, —p)) =0 (4.27)

for all a € B.
Although we will not apply the ladder operators J. to wave functions, defined as

usually as

A

Jy=J, £ J,, (4.28)
they are still useful because they obey the identity
JNN ZNefe_ je o jy g
= JVNUNNTR = = D)+ N - T2 - ), N
= JNNT(P =2 L —2N = 1) — (N=1)’ = (N - 1))
on B for any positive integer N. Similarly,
JYIN = JYTUNT (P = 2+ o4 2(N = 1) = (N =12 = (N = 1)) . (4.29)

Evaluating these identities in an eigenstate, we find

(T TY) = wn (I TIET (b= (e (N = 1) F (£ (N = 1))

= TIG—(un)’F (u£n)

n=0
by iteration.
Since we have JNJN = (JN)*(JN) and JNJN = (JN)*(JN), positivity of w,, implies
N

[TG—(pzn)£(uxn) 20 (4.30)
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for all N > 0. The second term in each factor, —(u + n)?, is a negative square which can
grow arbitrarily negative. Therefore, only finitely many factors in the products (4.30)

can be non-zero, such that, for some positive integers n, and n_, we have
t—(p+n ) —(u+n)=0 and t—(u—n_)>+(u—-n_)=0. (4.31)

Solving these two equations implies that the eigenvalues are of the form

L= (n_—;-mr) (n_ —;—mr + 1) and pu= ==+ ;mr , (4.32)

which can be recognized as the familiar eigenvalues in finite-dimensional irreducible

representations of su(2).

4.2.3 Eigenvalue constraint

We proceed with our derivation of energy eigenvalues. The Hamiltonian is not polynomial
in basic observables of the linear algebra. However, some of the conditions (4.5) are
defined on the linear algebra, provided a has at least one factor of # on its right. For
instance, a single such factor, @ = 7, replaces the non-polynomial H—)\in (4.5) with the
linear expression .

C‘::f(H—)\):%P—)\f—a. (4.33)

A subset of the spectrum conditions (4.5) can therefore be written in terms of C as the

constraint equations

wbC) =0 forall be A. (4.34)

These constraints might not be sufficient to obtain the full spectrum based on (4.5), but
any condition on eigenvalues derived from (4.108) also applies to the full eigenvalues.

In what follows, we therefore replace the self-adjoint Hamiltonian H with a constraint
operator C that, by definition, is not self-adjoint. Dealing with constraints that are not
self-adjoint requires some care. In particular, while a self-adjoint constraint generates a
gauge flow in much the same way as a self-adjoint Hamiltonian generates time evolution,
there are additional terms in the relationship between the flow and the commutator with
C when the constraint C' is not self-adjoint.

For a self-adjoint Hamiltonian H, a time-dependent state w; by definition evolves
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according to

A A

lO) _ A exp(it R)O exp(—itH /1)) = %([(i)f;m)

4.
dt dt (4:35)

for all O € A. Similarly, defining the gauge flow generated by C' through the (non-unitary)
operator F. = exp(—ieC'/h) a gauge-dependent state w, flows according to
dw.(0) d

= —w (FrOF, 4,
dE dewf( EO 6) ( 36)

because this condition implies that any state solving the constraint equation (4.108) is

preserved by the flow: We then have
w(F*OF.) = w(0) (4.37)

for all O € A if w(lA)CA') = 0 for all b € A. Infinitesimally, applying the flow operator
implies a relationship,

dw (0) d

= wilexp(ieC” /RO exp(~ieC /1) = w00 ~ C70)
€ €

ih ’

(4.38)

that is not directly related to the commutator of O and C because of the presence of a

C*. In our specific case, we can use

>t

A 1

Cr=C— Qr ' — ¢ (4.39)

3 |

and arrive at R )
dw(0)  w([O,C]) 7
==l -
de ih m m

(4.40)

The constraint equations (4.108) play the same role as stationarity of eigenstates.
Since every energy eigenstate w is gauge invariant under the flow generated by C, (4.40)

implies that

w([OﬁOD __w(@Q- Zﬁ)flé) (4.41)

for any such state. Since #~! appears on the right, these equations give us another way

to derive moments involving #~1. For instance, for O = #, we obtain

A

_ wn Pl muw(] )

T, B A s
oih 7 = —w(Q) — ihl) (4.42)

w(@Q)
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from the basic commutators in the first step, the definition of C' in the second step and

an application of equation (4.41) in the last step. Thus,
1
w(Q) = ilh’ (4.43)

which is consistent with the reality condition (4.11) and in addition shows that Rew(Q) =
0 for stationary states.

In another example, choosing O = Q and using the basic commutators, as well as
(4.14), implies

1 A 1 A h?
- P o _ 25-1 _ A=l — . 444
2mw( )+ Aw(?) + mw(Q P mw(r )=0 (4.44)
In this expression, The first term is given by
L () = M) + (4.45)
—w = \w(7) + « .
2m

using the constraint, w(C) = 0. The factor of Q2 in the third moment can be eliminated

by using the Casimir K , such that

A A 1 - N
it = (<K 50P+ Pr)) i

2
~ 1 ~ ~

= K+ 5[: Pt + P

= —Ki ' +ihQrt + P, (4.46)

The final appearance of Q in the second term of this new expression can be eliminated
by applying (4.41) to O = I: ihw(QF~ ') = h2w(#~"). Thus, equation (4.44) implies

3+ 4 w(?) — —w(? 1) =0 (4.47)

3=

with an eigenvalue K = h2((f + 1) of K if we assume, as usual, that our eigenstate is
simultaneously one of energy and angular momentum and then use the derivation given

in Section 4.2.2. Using the virial theorem to replace w(#~1) = 2\ /«a, we obtain
. 1
W(f) = =l +1)—— == (4.48)

for the radius expectation value. This equation gives the correct expression for the

r-expectation value in all energy eigenstates in terms of the eigenvalue \.
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4.2.4 Uncertainty relations

So far, we have not obtained any restriction on the eigenvalues A that may appear in
(4.48). Such restrictions cannot be derived by using only the eigenmoment equation (4.5).
In addition, we have to impose conditions that ensure that w is positive (or “normalizable”
in quantum-mechanics lingo). In order to keep the discussion more physically intuitive, we

implement positivity through the equivalent conditions implied by uncertainty relations.

4.2.4.1 General derivation

To arrive at uncertainty relations, we follow standard results that imply the Cauchy—

Schwarz inequality

~

w(a*a)w(*D) > |w(b*a)|? (4.49)

for all &,ZA) € A and any state w. The proof proceeds by defining a new algebra element
@ = aexp(—iargw(b*a)), designed such that |w(b*a)| = w(b*@'). This intermediate step

allows us to rewrite the positivity condition as

A A A

0 < w(( w(b*b)a’ — w(&’*@’)b)*< w(brb)a’ — w(&l*d/)i)))

= 2w(b*b)w(@™a) — 2/ w(b*b)w(@*a)|w(b*a)| (4.50)

Importantly, the result does not require associativity; see also [70].

Choosing & = O; — w(O1)I and b = Oy — w(O,)1 for self-adjoint Oy and O,, we
compute the variances w(a*a) = (AOy)2, w(b*b) = (AO,)? of Oy and O,, respectively,
and w(b*a) = A(010,) 4+ w([01, 0y)) is related to their covariance A(O10,). In this way,

the Cauchy—-Schwarz inequality implies Heisenberg’s uncertainty relation
2
(AO;)2(AO,)? — A(010,)? (Z Cyw(O ) (4.51)

for any pair of observales O; and O, whose algebra elements 01 and 02 are two of the

generators of a linear subalgebra of A with structure constants CK;: [Ol, Og] =>7 C{QOI
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with a summation range equal to the dimension of the subalgebra. According to (4.7), we
can apply such an uncertainty relation to any pair of the generators (7, P, Q) Some of
our generators, P and Q, are not self-adjoint. In such a case, according to the derivation
shown here where (AO;)? results from w(a*a), any variance of a self-adjoint expression
should be replaced with the covariance of the algebra element and its adjoint, such as

_ 1 A A ~A A A
A(PP) = §W(P*P + PP*) — |w(P)]?. (4.52)

4.2.4.2 Relevant moments

We will apply these (generalized) uncertainty relations to pairs of algebra elements given
by 7, P and Q. An explicit evaluation in terms of the energy eigenvalue requires a
derivation of the moments w(7?), w(P*P), w(Q*Q), w(*P), w(7Q), and w(Q*P). Also
here, we can exploit (4.41) for different choices of O, as well as (4.108) for various choices
of b.

We first compute one of the Q—related moments. First, equation (4.41) evaluated for

A

O = 72 implies

w(FQ+ Q) _ W C) __w((Q—ihDf) _ w(iQ —207) (453)
m ih m m '
using the basic commutators (4.7) in the last step. Therefore,
w(@) =0 and w(?Q) = w([F,Q]) = ifiw(F). (4.54)
Together with (4.43), we arrive at
A(r@Q) =0. (4.55)

For the P-related moments, we apply (4.108) with b equal to the three linear generators

T, Q and P as well as the adjoint ]5*, giving us four equations,

1 .\ «
A = A It A
w(re) = 2m)\w(rp) )\w(r) (4.56)
from b = 7,
w(QP) = ihma (4.57)
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from b = Q using w(@ ) = 0 as just derived,
w(P?) = 2mAw(P?) + 2maw(P) (4.58)
from b = P, and

w(P*P) = 2mIw(P*?) + 2maw(P*)
= 2mAw(P?) 4 2maw(P) — 2mAh? (4.59)

A A

from b = P* using (4.10) and (4.43). We apply gauge invariance (4.41) to O = #Q, such

that
1

. 2 A 1
5 w(PP) + Ew(cf) + \w(7?) + %Fﬂ =0. (4.60)
In the last equation, we replace Q2 with the square of angular momentum and

therefore K, as before. Together with (4.56) as well as (4.48), we obtain

3L+ 1R 5a® 1 R?
Py =" S T 4.61
)= s ima (4.61)
which, like (4.48), is valid for all energy eigenstates in terms of A\. The remaining equations

then allow us to solve for the P-related moments

. 1 1 o 1
W(FP) = JUC+1)R Zm% - 5 (4.62)
. 1 1 o 1
w(PF) = SUC+1)R - Zm% S (4.63)
" 1
w(P*P) = —L({+ 1)mIR* + gm 2a? —mAR? . (4.64)

A

The Q-related moment w(@ = thma is already determined by (4.57), which
(4

)
together with (4.9), (4.45) and (4.48) gives

M(C+ 1)h?
+ - @7

«

A A . 1
w(@QP) = ih (ma —w(P)) = —ihm (a + 2)\w(?)) = ih <2ma ) . (4.65)
which is the second Q-related moment relevant for uncertainty relations. The final

moment, w(@*@), is related to the square of angular momentum by

1

W @*Q) = w(Q?)~ih(Q) = ~(R)+ wlF P+PF)~ihw(Q) = — S (t+1)~

moz

A\
(4 66)
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using (4.62), (4.63) and (4.43).
We are now in a position to impose positivity of w. Heisenberg’s uncertainty relation

for our variables include
(Ar)2A(PP) > |A(rP) + ihw(Q)[? (4.67)

which is always saturated for our solutions, without restrictions on A. In fact, the equality
in this statement is implied by the eigenvalue constraint (4.108), such that w(bC) = 0
and w(C*b) = 0 for any b € A. Since C is linear in P and 7, any P in the moments in

(4.67) can be replaced by an r as follows:

ACP) +io(Q) = o (= wP)(P —w(P) + (P = w(P)(F — () + sl P)
= w((F = w@®)(P = w(P)) ~ 2mw ((F — w(#))?
= 2mA(Ar)? (4.68)
and
A(PP) = 5o (P = )P~ w(P)) + (P~ w(P)(P* ~ &) ~ (2mAP(Ar)?
(4.69)
where ~ indicates equality on states obeying the constraint (4.108).
The remaining inequalities,
(ArPAQQ) > A(rQ) + iMw() (4.70)
and .
A(QQ)A(PP) = |A(QP) + 5ihw(15)!2 : (4.71)

imply the the same condition on solutions of the constraint (4.108), but one that non-

trivially restricts the values of \.

4.2.5 Energy eigenvalues

We evaluate the inequality (4.70) explicitly, using a simplification implied by (4.55). For

the variances on the left, we have

(Ar? = w(i®) —w(i)? =" o= (e 28

BUC+ DR 50* 1R (1, B 3a 2
4 mA 8A2  4mA
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20+ 1)%R o? h?
— — 4.72
4m2a? + 1622 4mA\ (4.72)

from (4.48) and (4.61), and

ma? 1,
- 4.
o Tt (4.73)

AQQ) = w(QQ) ~ (@) = (L + DA -

combining (4.66) and (4.43). Subtracting the right-hand side ;#%w(#)? off (4.70), using
A(rQ) = 0 according to (4.55), we obtain the inequality

3 316 2 2+4 2 2
BU+1PR (0 +1)2h <ma _QEﬁ__ﬁf+1Vl(ma2+2#A)

m2a2 16m2a2 A 32mA2
ma®*  a?h? Kt S
643 162 16m\ —

0. (4.74)

Upon multiplication with the positive A\?, the left-hand side is given by A~! times a

polynomial in A\ of degree three, which can be factorized as

(ﬁ -+ 1)2h6 9 1 ma? 1 ma?2 , 1 ma?
e M e | M amrr e ) (DA g ) 200 (4T5)

The central parenthesis demonstrates that the inequality is saturated for any energy
eigenvalue of the hydrogen problem with maximal angular momentum for a given quantum

number n, such that ¢ = n — 1, using the standard expression

ma? ma?

p=——— = 4.76

2h%n? 2R2 (€ + 1)? (4.76)
Each degenerate energy level therefore contains a state that saturates an uncertainty
relation, (4.70), even if it is highly excited. This surprising result extends an observation

made in [?,2] for the harmonic oscillator to the hydrogen problem.

4.2.6 Spectral conditions from uncertainty relations

The saturation result makes use of the known formula for energy eigenvalues of the
hydrogen problem. Keeping in mind our aim to apply algebraic methods to the non-
associative generalization of the problem in the presence of small magnetic charges, we
are interested also in an independent derivation of spectral properties directly from the
inequality (4.75). To this end, we first note that the left-hand side of this inequality

approaches positive infinity for A — —oo, while it has negative roots. In order to
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demonstrate this result it is useful to split the discussion into two case, £ = 0 and ¢ > 0.

In the first case, we can rewrite the inequality as

ht 1ma?\?
S </\+2 h2> >0, (4.77)

which eliminates all positive A (where we have a continuous spectrum and therefore
no normalizable states w), and distinguishes the ground-state energy A = —%moz2 /h?

through a saturation condition. In the second case, the inequality written as

C2(0+1)%RE 1 ma? 1 ma? 1 ma?
—3 7 (A5 p W S [ (- S i n
8m2a? e HEYEIES)E + 5y ) 20 (4T8)

has a final parenthesis which is always positive for negative A\. Therefore, it rules out

any values of A between the two roots given by the first two parentheses,

1 ma? 1 ma?

- d dg=—- Y
o MM T ToRu 1)y

AL = (4.79)
where A\; < Ay. All intervals between the known degenerate eigenvalues are therefore
eliminated. (An alternative derivation of this result not based on uncertainty relations is

given in the Appendix.)

4.3 Non-associative hydrogen with small magnetic charge

A non-associative monopole algebra is not uniquely determined by basic commutators and
associators such as (4.1) for a monopole system. Different versions can be classified via
suitable star products that determine non-commutative and non-associative compositions
of the basic position and momentum variables as formal power series in h. To leading
order, a direct calculation demonstrates that the commutators within the subset {7, ﬁ’, Q}
remain unchanged compared with the associative case, provided the background magnetic
field obeys the condition

FxB=0. (4.80)

In this case, therefore, corrections to our preceding results are at most perturbative in A
multiplied by a number, such as the magnetic charge, that characterizes the strength
of the magnetic field which appears in non-trivial commutators and associators of a

monopole star product. Since we will be interested in weak magnetic charges, these
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corrections will be small.

In order to determine how the magnetic charge appears, we further evaluate condition
(4.80). In general, it implies that B(7) = b(7)7 with some function b(7). In the static
case, we need V X B= 0, which is fulfilled if and only if b(r) is spherically symmetric. A
monopole density u(r) = V - B then requires

g(r)
b(r) = —=% 4.81
=22 (481)
with the magnetic charge
g(r) = 4x / p(7)F2dF (4.82)

enclosed in a sphere of radius r. For a single monopole at r = 0, g(r) is constant, while
g(r) depends on r for a constant monopole density. We will assume that g(r) = g is
constant, which combined with the standard Coulomb potential implies that the hydrogen
nucleus has magnetic charge g.

Given the magnetic field of a single monopole with magnetic charge g, according
to [30,62] the shifted angular momentum components [A/; = ij + egd;7! satisfy the
usual commutators of angular momentum and therefore have the familiar spectrum. The
Casimir of the algebra generated by 7, P and Q is still equal to K = L2, but in terms of

the modified angular momentum, it has an extra term:

A

K=1*=1"7—¢e*"1. (4.83)

(For a monopole density with non-constant g, K and L’? cannot be diagonalized simul-

taneously and an independent method would have to be used to find eigenvalues of

A

K.)

For a single monopole at the center, the spectrum of K , according to (4.83) has a
simple constant shift compared with the spectrum of L2, which is known to break the
degeneracy of the energy spectrum for magnetic monopoles that obey Dirac’s quantization
condition [53]. This condition, eg = %h, implies a large value of the smallest non-zero
magnetic charge because the electric fine structure constant is small. Dirac monopoles
in a hydrogen nucleus would therefore be large perturbations that strongly modify the
energy spectrum. They can easily be ruled out by standard spectroscopy. Dirac’s
quantization condition can be violated in non-associative quantum mechanics. Magnetic
charges can then be small and might modify the energy spectrum sufficiently weakly to

be phenomenologically viable. However, a derivation of eigenvalues in the non-associative
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setting remained impossible for decades. Our methods from the preceding section can
now be applied to this question.

We will focus on a range of small magnetic charges g characterized by the condition
0 < eg/h < 3. As already noted, the commutators (4.7), the virial theorem and the
Cauchy—Schwarz inequality all hold for a non-associative monopole algebra, at least up
to higher-order terms in the star product. Specifically, corrections from the associator
(4.2) or the commutator to real quantities are of the order hi*eg or smaller. Second-order
corrections in A and eg are therefore insensitive to the specific star product. To within
this order, the only assumption that need be modified in our previous derivation of
uncertainty relations is the spectrum of K , which is no longer equal to the square of

angular momentum but instead has the eigenvalues
Ky =(({+1)h* — e*g>. (4.84)

It is convenient to parameterize the shift by replacing ¢ with a non-integer quantum

Zzﬂul)?—ezf—l. (4.85)

number

2 h? 2

Substituting ¢ for ¢ in (4.75) then gives us conditions on energy eigenvalues of non-
associative hydrogen. (Saturation conditions indeed give us correct eigenvalues according
to [53], but since the usual degeneracy is broken, they do not give us the full spectrum.)

The range of ¢ is bounded by the fact that Kisa positive operator (the components
L; being Hermitian [30,62]), such that the eigenvalues (4.84) cannot be negative. This
condition rules out the quantum number ¢ = 0, but for small magnetic charges the
next possible value, ¢ = 1/2, is allowed. We will assume this value for the ground state
because (4.75) tells us that the smallest root of this equation is proportional to —1/¢2.
The minimum energy eigenvalue is therefore obtained for the smallest possible ¢. This

value of ¢ implies

N e2g2 1
b=4/1— — —= 4.
72 5 (4.86)
which lies in the range
1 -~ 1
5(\/5—1)<£<§. (4.87)

Since ¢ = 0 is not possible, the uncertainty relation always rules out a range of energy

eigenvalues between

1 ma?

M =—=—= 4.
1 S (4.88)
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and
1 ma?

M=y R0+ 1)2° (459
For any ¢ in the range (4.87), ¢ < 1 while £ +1 > 1. Therefore, a certain non-empty
range around the usual hydrogen ground-state energy —3ma?/h? is ruled out for any
value of a small magnetic charge. We conclude that even a small magnetic charge would
strongly modify the usual hydrogen spectrum and be incompatible with spectroscopic
data. This strict exclusion is possible because the positivity of K implies a discontinuity

of energy eigenvalues as functions of the magnetic charge g at g = 0.

4.4 Conclusions

Our derivations have produced the first results about spectral properties in a system of
non-associative quantum mechanics. In particular, we have been able to demonstrate
a discontinuity in the ground-state energy of hydrogen as a function of the magnetic
charge of the nucleus. Addressing this question requires a continuous range of the
magnetic charge around zero, which cannot be modeled by an associative treatment with
Dirac monopoles for which the magnetic charge is quantized. Non-associative quantum
mechanics is able to describe fractional magnetic charges of any value and is therefore a
suitable setting for our question.

A Hilbert-space representation of an algebra by operators acting on wave functions is
by necessity associative because for any v in the Hilbert space and operators fl, B and
C we have

(AB)C = ABy' = A(By') = A(BC)y, (4.90)
defining ¢/ = C1 in an intermediate step. Non-associative quantum mechanics can
therefore not be represented on a Hilbert space, necessitating a purely algebraic derivation
of properties of expectation values, moments, and eigenvalues. That such an algebraic
treatment can indeed be used to derive a complete spectrum is demonstrated in [?,
2|, in this case for the (associative) harmonic oscillator as a proof of principle. The
algebraic treatment relies on uncertainty relations in order to impose positivity of states,
replacing the more common normalizability conditions of Hilbert-space treatments. The
new methods are therefore well-suited to finding unexpected saturation properties of
eigenstates, even excited ones. As a new result of [?,2], every eigenstate of the harmonic
oscillator saturates a suitable uncertainty relation. Saturation results even extend to

eigenstates of anharmonic systems in perturbative treatments.
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Our application of related methods to non-associative hydrogen in the present paper
have not resulted yet in a full energy spectrum because we focused on the ground state,
deriving only one uncertainty relation explicitly. Nevertheless, a saturation result has
been found for this state, indicating that the behavior seen in harmonic models might
be extendable also to excited states of hydrogen. However, the dynamical algebra of
hydrogen is more involved than the canonical algebra applicable to the harmonic oscillator,
making a generic treatment of saturation results for hydrogen more complicated.

Our extension to non-associative hydrogen relied on several fortuitous algebraic
properties of standard hydrogen that are not affected by introducing non-associativity of
monopole type, given by a commutator (4.1) of kinematical momentum components with
a magnetic field generated by a pointlike magnetic charge. For other non-associative
algebras, or even a monopole algebra with a continuous magnetic charge distribution, the
eigenvalue problem cannot yet be solved, presenting a challenging mathematical problem.

Our specific physical result demonstrates that the pursuit of these mathematical
questions is worthwhile. We have found that the ground-state energy of hydrogen
with a small magnetic nuclear charge g is significantly displaced from the usual value
due to a discontinuity, even for infinitesimally small magnetic charge. Spectroscopy is
therefore very sensitive to introducing a magnetic charge. In order to produce an upper
bound on ¢ consistent with observational data, we may, following [?], wash out the
discontinuity implied by positivity of the non-associative angular momentum K because
the eigenvalues of angular momentum squared are determined only within some 6 L? from
a purely phenomenological viewpoint. In addition, a fundamental uncertainty in angular
momentum could also be caused by an extended magnetic charge distribution in the
nucleus, which would imply that K and L no longer commute.

As an estimate of this uncertainty, we may use the value 5-107'Y given as the accuracy
of recent atomic clocks [63], which rely on sharp spectral lines that would be affected by
the same uncertainty dL? if angular momentum is not sharp. The inequality K > 0 for
eigenvalues of K, which must always hold because K is defined as a positive operator,

then implies an upper bound

~4.7-107%Am = 1.4 - 10" gpirac (4.91)

g < AmegV L3>
B e

for the magnetic charge, written here in SI units. This upper bound is a small fraction of
Jpirac, the smallest non-zero magnetic charge allowed by Dirac’s quantization condition

in an associative treatment.
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Magnetic charges of elementary particles have been bounded by various means. Using
the proton as an example, interpreted here as the nucleus of hydrogen, our bound is
not as strong as those found based on the total magnetic charge of a large number of
nucleons in macroscopic objects [64,65]. The large number of nucleons in macroscopic
objects implies a strong magnification factor in the latter studies if their magnetic
charges add up. However, this method is not available for those elementary particles
that cannot be combined in stable macroscopic objects, such as unstable particles or
antimatter. Some of them can nevertheless be used as substitutes of the nuclear proton
in hydrogen-like atoms, with precision spectroscopic data being available in some cases
such as muonium [69] or antihydrogen [66,67]. For instance, muonium spectroscopy with
a current accuracy of about 107 gives us an upper bound on the muon’s magnetic charge
of Gmuon < 4.5 - 107°gpjirac, Which is better than available upper bounds based on other
methods.
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4.5 Appendix

4.5.1 Algebraic derivation of the associative hydrogen spectrum

It is instructive to derive the standard energy spectrum of an electric charge in a Coulomb
potential by algebraic means, using the same subalgebra of observables generated by (4.6)
as employed in the main text but imposing positivity of states not through uncertainty
relations but, more indirectly, through convergence properties of certain expectation
values expressed as power series. This derivation more closely resembles the standard
derivation based on convergence properties of norms of wave functions, but it is still
fully algebraic. However, it does not give rise to new saturation conditions of uncertainty
relations, and it is more difficult to extend it to non-associative systems.
In addition to the basic commutators (4.7), we will make use of
A i

7.6 = "0 and (0,0

m

1 -
h| —P + M7 4.92
! <2m + r) (4.92)
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with the constraint C' defined in (4.33), as well as the expectation-value equation
w(bP) = 2muw (b(AF + a)) (4.93)

for any b € A, implied by the eigenvalue constraint (4.108). We will apply the invariance

condition (4.41) in various ways, and use the operator (4.8) in the form
K =P —inQ — Q>. (4.94)

4.5.1.1 Kramer’s relation

Our first step is the algebraic derivation of a recurrence relation for expectation values of
integer powers of 7 in energy eigenstates of hydrogen, known as Kramer’s relation. To

this end, we derive the commutators
(7™, Q] = ihni™ | [, P] = 2inhf"'Q + h*n(n — 1)/ (4.95)

for integer n, using induction and being careful with taking commutators of powers
because [, [@,b]] = 0 does not always hold for a,b € A.

Second, invariance applied to O = m#* takes the form

m

0 = o™, Cl+(Q—ini*)

= ([ P+ Q= k), 4+ — iR)

2ih
= sw(PQ) — Zzhs(s — Dw(PY) = (s = V)ihw (7Y + w(?H(Q — ih))
= L0 —ish)),
such that
W(F10) = ;z’hsw(fs_l). (4.96)

Using this result, invariance applied to 0= meQ leads to

0 = —w(#Q,C)+(Q —ih)i* Q)

1

— el PIQ) + (10, C) + (@ — i), #*7Q) + w(*(Q — Q)
1

= sw( Q%) - izhs(s = Dew(P*1Q) + Sw(P*(P +2mAR) — if(s — Dw(P'Q)
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A A

+w(PHQ — ih)Q)
= (s+ 1)w(f5_1Q2) + ;w(fsla) + mAw(FsTh) w(fs_lQ)

(s+2)(s+1)
W

B Z,hs(s +1)
2

(*7'Q)
BIGERA)

= —(s+ 1)w(f(fs_1) + (s + 3/2)w(f5]3) + mAw(P*th) —ih

s+2)(s+1)s
4

= —(s+ Dw(KP™) + (s + 3/2)w(P* P) + mAw(F*H) + 2!
Equation (4.93) then implies Kramer’s relation

s(s +2)

0=h(s+1) ( — 00+ 1)) w(P* 1) + (25 + 3)maw (i) + 2(s + 2)mAw ()

(4.98)
after inserting the standard angular-momentum eigenvalues of . Incidentally, invariance

applied to O = 7P results in an identity:

m AS D A A 23\ as—1 P

ﬁw([r P,C)) +w((Q —ih)f* " P)

S([7% PIP) + ([P, C) + w(((Q — ih), 7#71)P) + w(7*7H(Q — ih) P)
= 2m(s 4+ Dw(P QN + a)) — ihms(s + Dw (P LA + a)) + w(?*(2mAQ))

= 2ma(s 4+ D)w(?1Q) + 2mA(s + Dw(F*(Q — ih)) — ihms(s 4+ 1) Aw(7*)
—ilimas(s 4+ 1)w(7* ™) + 2mAw(7*Q) = 0

upon using (4.96).

4.5.1.2 Spectrum

Equipped with Kramer’s relation, which we first shift down by one unit in s,

0= h’s <824_ L 00+ 1)) w(P*72) + (25 + Dmaw(?* 1) + 2(s + )mAw(?*), (4.99)

we can now set up a new recurrence relation. We first generalize Kramer’s relation to
h2
0= Z-w ((FF(R))") = WL+ Dw (P f'(7) + maw(2f'(F) + 771 f(7) + 2mAw((Pf (7))
(4.100)
for any analytic function f, where derivatives of analytic functions of 7 are interpreted in

the sense of formal power series.
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s, —krt

Specializing f(7) to fsx(7) = #°¢™" and defining
Ks(k, \) = w(Ffe ) (4.101)
then gives

0 = h%s(—1—40(1+0) + 5*)ke_a(k, N) + (RW?k(40(1 + £) — 3s(1 + 5)) + 4m(1 4 25)a) k1 (k, \)
+(3R%K* (1 + ) + 8m(A(L + ) — ka))ks(k, A) — k(8mA + k*h?)kgr1(k, \) .

Again shifting s by defining Ls(k, \) = ks_o(k, \), we rewrite the previous relation as the

third-order linear differential equation

0 = (R*s(—1—40(1+0) + %) — (Wk(40(1+ 0) = 35(1 + 5)) + 4m(1 + 25)a(4D402)
BB (1+ 5) + 8m(A(L + 5) — ka))O} + k(8mA + k*h?)0} ) La(k, A) .

Since our f,x(7) is a bounded operator for £ > 0 and s > 0 with limy_, f(7) = 0,
any state should be such that Ls(k, \) is well-defined for all £ > 0 and s > 0 with
limy oo Ls(k,\) = 0 for all \. We also know that Lg(k, \) is well-defined for energy
eigenstates at k = 0 as long as s > 0 is integer, because Kramer’s relation together
with the virial theorem provides finite numbers for expectation values of positive integer
powers of 7. Under these conditions, we can perform a Laplace-like transformation and

write
Ly(k,)\) = /00 s (b, d) (k + d(s, )\))*bdb
0

= i /01 asx(b+n,d)(k+d(s,\)) " "db. (4.103)

In the first line, a, (b, d) may be seen as the inverse Laplace transform of Ls(e' — d(s, \))
with respect to ¢. As we will see, it is convenient to introduce a free displacement d(s, \)
on which the coefficients a, » will in general depend.

For further convenience, we now drop the explit dependences on s and A from our
notation. Comparing coefficients of the expansion (4.103) inserted in (4.102), we obtain

the recurrence relation

Csa(b+n—3)+ Coa(b+n—2)+ Cra(b+n—1)+ Coa(b+n) =0 (4.104)
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with

Cs = db+n—3)(b+n—2)(b+n—1)(d’h*+8m)\) (4.105)
Cy = (b+n—-2)(b+n-1) (—3d2h2(b+n— 1 —s)+8dma —8m(b+n—1 {48)@&)

= (b+n—1) (3dh2(b+ n)(b+n+1) + dh2<—4€(1 4 0) +3s(1 + s)>

+(b+n) (—6dh2(1 +s) — 8ma> + 4ma(l + 23)) (4.107)

Co = —h*0b+n—s)((b+n—s)?—(20+1)). (4.108)

By definition, the support of a as a function of b is bounded from below. If for a
given solution 7.y, is the smallest integer such that a(b+ ;) # 0 while a(b+mn) = 0 for
n < Nmin, the expression (4.108) shows that nyi, +b—s = 0 or [ny, +b—s|—[20+1] = 0.
Using the fact that ¢ is an integer (since we are for now assuming the absence of a
magnetic charge), b must be an integer. This result shows that Lg(k,\) allows an

expansion as a Laurent series of the form
Lk, X) =D Aga(n)(k+d(s,\)™". (4.109)
n=0

(The original coefficients as (b, d) introduced in (4.103) are proportional to a Dirac comb
of delta functions of b supported on the integers.)

The recurrence relation for Ay (n) can easily be obtained from (4.104) by absorbing
b in n, ignoring the shift by b. The relation can be simplified further by making the
choice d = v/—8mA/h for a given ), such that the lowest-order term (at order n — 3)

drops out of the recurrence. We also choose s = 2¢ 4+ 2 and obtain

0 = 2d(n—2) (dh*(3+2( —n) + 4ma) A(n — 2) (4.110)
+ (dh? (82 + £(26 — 12n) + 3(n — 3)(n — 2)) + 4ma(5 + 40 — 2n)) A(n — 1)
—h*(n — 3 —40)(n — 2 — 21)A(n)

after factoring out b+ n — 1. For very large n of either sign, this recursion takes the form
A(n) —3dA(n — 1) + 2d*A(n — 2) = 0, such that any non-zero asymptotic A, behaves
either as d" or (2d)". However, these options would introduce a pole for Lg(k, \), either
at k =0 or k = d > 0, which cannot happen for well-defined states. Therefore, only
finitely many A(n) can be non-zero. According to the A(n)-term in (4.110), there is an
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Ni such that A(n) = 0 for n < N; because ¢ is an integer.
For the range of n where A(n) # 0 to be bounded from above, the first coefficient in
(4.110) the latter condition requires

dmao
= 4.111
s (4.111)
with some positive integer v. Inserting this expression, we obtain
0 = 2n+20)(n—1—-v)cy_o (4.112)
—(nBn—-3—=2v)+v—4U1+Y1))ch
+n(n —1—20)c,
where
Ch = d_nAn+25+2 . (4113)

There is one final condition: as all these sequences are linear with recurrence relations
that have integer coefficients (since ¢ is known to be an integer) we infer that, up to
n-independent rescalings, for a given solution all the coefficients ¢, are integer multiples
of the same basic quantity, v. Dividing the recurrence relation by v, we have 0 =
ven—1/7y mod 2 for all n, because only a single term in the coefficients of (4.112) is not
guaranteed to be even. As an overall factor of two could be absorbed into the definition

of v (and therefore ¢,_1 /v may well be odd), we conclude that v = 2N, giving

2mao
= 4.114
TN ( )
and
mao
A= TomN (4.115)

which is the known energy spectrum of hydrogen.

It is instructive to look at the detailed recurrence for the case of £ = 0, which includes
the ground state, such that s = 2. For n = 0 in (4.112), we obtain ¢_; = 0. Choosing
n = 11in (4.112) then shows that ¢o = 0. For n = 2, we obtain a non-trivial relation that

determines ¢, in terms of a free ¢;:
o =3(1—-v/2)c;. (4.116)

For v = 2, the smallest allowed value, co = 0, which then implies c3 = 0 at n = 3. With
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two successive vanishing c,, all the following ¢, are zero. Since ¢; may be non-zero,

there is a non-zero solution, as required for a non-zero expectation value of the positive

k7

operator #%e”*". A non-zero ¢; implies through (4.113) that Az is the only non-zero

coefficient, such that

2ma\ 3
i)
using (4.109). According to its definition (4.101) as an expectation value, Ly(k, \g) =

Lo(k, Ny) <k 4 (4.117)

ko(k, No) = wo(e ") should be the ground-state expectation value of e=*" which can
easily be confirmed to be of the form (4.117) using the known ground-state wave function
Yo(r) oc e/ with the Bohr radius a = h?/(ma).

4.5.2 Generalization to hydrogen with a magnetic nuclear charge

Since most of the identities used in our new derivation of Kramer’s relation hold true in
the non-associative case with a pointlike magnetic monopole at the center, we can easily

generalize this relation. We only have to adjust the spectrum of K using (4.84) in (4.97)

and obtain

0= K%(s+1) (s(s =2 g1 1) + 22 /h2> (P (2543)maw(P*) +2(s+2)mAw (7 +1)
(4.118)

as a generalization of (4.98).

This equation takes the form
2

0= s ()" 2 (102 + 1) = 2?) ™ (7)) Fmoco(2 (7) 457 F(7) - 2m A (7))

(4.119)

as a differential equation replacing (4.119), which in turn implies the equation

0 — (h25(32 LA+ 1) — g7 /1)
—(4ma(2s + 1) + k(40(0 + 1) — 4e®g*/h* — 3s(s + 1))) 0y
+(8m(s + 1) — 8kma + 3K2(1 + s)h%)32 + k(8mA + k2)h2a,§) Lo(k, \)

instead of (4.102).
The recurrence relation (4.104) still holds with the same C5 and Csy, while C and Cy
are replaced by

76



= (btn—1) <3dh2(b ta)btn+1)+ dh?(—zwu +0) + —4e2g% /12 + 3s(1 + s))

+(b+n) <—6dh2(1 +s) — 8ma) + 4ma(l + 25))
Ch = —h*b+n—2s)((b+n—s)?—(204+1)*+4e’¢*/h?).

The same choice d = v/—8m\/h as in the derivation of (4.110) can be used to reduce the
equation to second order, and it has the same large-n behavior as before. The sequence
of a,, therefore still has only finitely many non-zero elements, which is again the case if
b — s is an integer because the coefficient b +n — s in the last term of the recurrence
relation has not changed. However, there is now a second possibility if b and s are such
that (b+n —s)? = (20 + 1)? — 4e%g*/h? for some integer n. This condition can provide
new solutions and a more complicated spectrum.

The last coefficient, (b +n — s)? — (20 + 1)? + 4e2¢*/h?, no longer factorizes. Setting

b = 0 as before, we therefore obtain a relation,
0=2d(n—2)(n—1) (—4moz +d(—1+n— s)h2> An_2
+(n—1) <—4ma(23 +1) — 3dn(1 +n)h* +d(40(0 + 1) — 4e*g?/h* — 3s(1 + s))R?

+n(8ma + 6d(1 + 3)h2)> Ap_1

+(n —s) ((n — 52— (20+1)* + 46292/h2) h?a,,

in which the coefficient n — 1 does not cancel out as before (for s = 2¢ 4 2) because the
last coefficient no longer factorizes in the same way. In the previous section we have
already indicated several steps in the derivation of the standard hydrogen spectrum that
would no longer hold if ¢ (or the effective £ in (4.86) if g # 0) is not an integer.

More specifically, we again now look at the case of £ = 0 or s = 2, comparing with the
discussion at the end of the preceding section. Now, choosing n = 1 implies a non-trivial
condition, given by a; = 0, because we are no longer able to factor our n — 1. With this
value, n = 2 is then identically satisfied. At this stage, we have the same behavior as

before, with a single coefficient (a; here corresponding to ¢_; before) required to be zero.
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At n = 3, we obtain a linear relationship between ay and ag, specifically
2(ma — de*g*)ay = e*g’as . (4.120)

The previous equation, ¢y = 0, would correspond to as = 0, which is implied only if g = 0,
while a3 = 0 may be implied for suitable quantized charges such that e?¢? is an integer,
given the value of d. For generic magnetic charges g, and in particular for small ones such
that 0 # e?g?/h? < 1, ay and ag are not independent. It is then impossible to make the
recurrence end with a non-zero expectation value of e *", which is a contradiction. As in
the main text, we see that the quantum number ¢ = 0 is ruled out for weak magnetic

charges.
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Chapter 5
Discussion

In this thesis we’ve been able to adequately describe the physics of several quantum
systems without needing to refer to the existence of a Hilbert space. While there is
a limit on how widely applicable these techniques are, as mentioned in the discussion
in chapter 2, we nonetheless found new relationships between energy eigenstates and
uncertainty relationships, and by avoiding a Hilbert space formulation, we were able to
describe non-Dirac monopoles. The surprisingly non-continuous way in which magnetic
charge deformed the spectrum of the angular momentum operators then allowed us to

place new bounds on the magnetic charge of a muon.

Several open questions remain however:

o Are there systems beyond the harmonic oscillator whose spectrum can be found
with the methods used in Chapter 2?7 The primary properties of the harmonic
oscillator we used to get this spectrum was the fact that we had access to a sequence
of self-adjoint operators (T”), whose products had an easy enough expansion in
terms of thos same self-adjoint operators, and from which we could easily construct
the Hamiltonian. There is no a priori reason to think this should only hold for the

harmonic oscillator.

e One can wonder whether further constraints on magnetic charges can be given from
data concerning cosmological particle production or from scattering amplitudes of
collisions in particle colliders. Unfortunately, finding an unambiguous relativistic
field theory for theories admit both electric and magnetic charge is difficult, as we

prove in appendix A that these theories can’t be Poincaré invariant.

o There is some difficulty in interpreting what nonassociativy in our operator algebra

means in a practical sense. The noncommutativity that distinguishes the Cx
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algebras of quantum theories with the abelian algebras of classical physics can be
sloganized into the statement that the order of measurements changes their outcome.
In the ordinary conception of time however, there should not be a difference between
a sequence of processes that goes as "(A and then B) and then C' versus the
sequence "A and then (B and C)". Starting with an associative product we can get
nonassociativity in the composition of processes by having a certain probability of
swapping the two arguments of the multiplication (a xb=pa-b+ (1 —p)b-a), or
on the algebra of, say, 1 second long processes by doing both tasks in the correct

order, but at twice the speed. L.e.:

Ui(2t) : t € [0, 3]

(UQ*UI)(t) = L
Up(2t —1) - Uy(1) s t € [L,1].

Whether these two scenarios exhaust all physically relevant non-associative systems
is neither known nor obvious.
Appendix B contains some notes on transition probabilities that might be useful in

getting the first steps in how this nonassociativity works on an operational level.
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Appendix A
Magnetic Charges and Field the-
ory

In order to see whether a field theory with both electric and magnetic charges is compatible
with special relativity, we must show that it has energy- and momentum densities A and
d;, respectively a scalar- and vector field, both local in the fields !, which satisfy the

following Poisson-brackets:

{H(M),H(N)} = D(MO'N — NO'M) (A1)
H(M), Di(V')} = H(V'0,M) (A.2)
{Di(V), D;(W)} = Di(Wio,V' — Wi, V7); (A.3)

where

H(M) = / WM&

and we restrict ourselves to smearing scalarfields M and N with vanishing Hessian and

smearing vector fields V¥ and W that are Killing?.

For any theory that couples the electromagnetic field to other matter fields with just

IThat is, the value of these quantities at any given point depends only on the value of the physical
fields at that point and a finite number of their derivatives.

2This gives us a subset of Dirac’s hypersurface deformation algebra [71] which is isomorphic to the
Poincaré algebra. If the algebra closes for arbitrary scalar functions and vector fields the theory is not
just Lorentz-invariant, but fully diffeomorphism invariant.
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electric charge, we can write down the following momentum density?

keeping only the lowest order terms in field strength and electric charge. Here E° is
the electric field, B’ the magnetic, p; is the momentum density of all the other fields,
e is a local charge density and A; is a vectorpotential of B?, whose curl equals the
divergence-free part of B’. This satisfies the relations above with the only nonzero

Poisson brackets being given by 4

(@500} = 3 (o~ o) 090 =) (A5)
{pi(2),p;(y)} = ppij) ()P (@ — y) (A.6)
{pi(2),e(y)} = ei(2)6® (z — y) (A7)

and the two usual constraints

C’E:Efi—l—e%—...%O (A.8)
Cp=DB,+...~0. (A.9)

Using the duality transformation that rotates electric to magnetic fields and likewise for
charges [72], we then see that the momentum density of a theory with only magnetic

charges has to be of the form

where m is now the magnetic charge density and Z; the vector potential for E;. This
leads to the additional bracket

{pi(z), m(y)} = m(2)0 (z — y) (A.11)

3Throughout we will assume all fields fall off rapidly enough for us to neglect boundary terms.

4Note that B.5 may look somewhat unorthodox, but follows from the usual fact that the electric field
is the canonical conjugate of the vectorpotential and the fact that the longitudonal part of the magnetic
field purely depends on the other matter fields.
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with the constraints

Cpg=E,+...~0 (A.12)
Cp=DB,—m+...~0. (A.13)

Combining this into a single a theory of both electric and magnetic charges then gives

the following general expression for the momentum density and constraints

Ce=FE,+e+...~0 (A.15)
Cp=B,—m+...~0, (A.16)

with the additional requirement that {Cg(x),Cg(y)} =~ 0, as we don’t want to over-

constrain the system. This leads to the relation

{e(z), m(y)} =0. (A.17)

With these brackets we then find

2m ATyt — 2
d

. _d3xd?
dx™ 4r|yt — x| ey

D

o . d 1
(VAW () = Wi @)V () elz)my) { Aile). B*(2) | €5im ded’yd’
( ) (@)m(y)€jim

However, for general independent electric and magnetic charge densities this last term
does not vanish, forcing us to conclude that theories with both types of charges can’t be

compatible with special relativity®

Sas this argument involves only the momentum densities, it turns out mixed charges aren’t even
compatible with Galilean relativity. One interesting thing to note is this integral does vanish when
Vi=¢eikyz, W= €9fw;z), and when m = g6®) (). This implies that there is a well defined notion
of angular momentum around point-like magnetic charges, which is what we’ve used in Chapters 3 and
4.
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Appendix B
Probabilities in nonassociative quan-
tum mechanics

B.1 Projections onto eigenspaces

In associative quantum mechanics, transition amplitudes are defined using the Hermitian
innerproduct on the given Hilbert space, or by taking the trace of the product of two
density matrices. In non-associative quantum mechanics we no longer have direct access
to this machinery, so we have to be a bit more careful in how we find transition probabil-

ities.

The Born rule tells us that after measuring an observable H, the probability of finding

value F is given by the expectation of the projection onto that eigenspace.

For simplicity, assume H is a Hermitian operator. We're looking for a linear map

Py g on the algebra of operators such that for all operators X we have
H*P[_LE(X) = PH,E(X) *H = EPH,E(X)

We construct this map by first projecting on the commutant of H with a map Py, after

which we can pick the correct eigenvalue with what is in essence a Fourier transform.
B.1.1 Making the map Py
First define the (linear) evolution map evoly, as follows:

evolgo(X) = X
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d
Eevolﬁt(){) = iH % evoly(X) — ievoly (X))« H
= l(LH — RH)GUOZH’t(X)

Where Ly is the linear map from left multiplication by H, and Ry is a similar map by

right multiplication. We can always get this map as a series expansion in t:

Zt LH — RH)) X

o
evolp +( Z

n=0

We then define Py as the zero mode of this map:

]{27”/ exp(—wt)evol g +(X)dt

where we use some analytical continuation to perform the contour integral around a

point arbitrarily close to 0.

This map commutes with H as we have

H*Py(X)—P(X)«H = i(Ly— Ry)Pu(X)

= %272/ exp(—wt)i(Ly — Ry)evoly (X)dt

= ]{27”/ exp( wt)(jtevolHt(X))dt

dw >, (it(Ly — Ry))"
- (X — / X
2m w exp(—wt) nz:% o dt

B.1.2 Picking out the correct eigenvalue

To project onto only one eigenvalue, we can perform a similar trick of picking out the cor-
rect mode. We define Py g as follows: Py p(X) = § 2= [ exp(—zs)exp(iLys, Py(X))ds

where the exponent in this formula is defined as the solution to

exp(0,X) = X

d
d—exp(iLHs,X) = iHxexp(iLys, X)
s
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= iLyexp(iLys, X)

The fact that this satisfies the equations we want an operator to satisfy follows a similar

line as we saw with Pp.

B.2 Transition probabilities

The Born rule in our formalism becomes
Prob(w, H, E) = w(Pug (1))

and after this measurement we end with the state wy g defined by

w(Pp.p(X))

00 = L P (1)

In associative quantum mechanics, the transition probability of going from an eigenstate
of an operator A with eigenvalue a, to an eigenstate of an operator B with eigenvalue b

by measuring B, is the same as vice versa:
Prob(|A,a) — |B,b)) = |(B,b]A,a)|* = (A, a|B,0)||* = Prob(|B,b) — |A,a))

This boils down to the statement that for each state w, each set of operators A and B

and each set of eigenvalues a and b

W(Paa(Ppp(1))w(Ppp(1)) = w(Ppp(Paa(1)))w(Paa(l))

Whether this equation holds in general is an open question.

B.3 Examples

B.3.1 Finite dimensional Hilbert-space

Expanding any operator in terms of the eigen-basis of H (assuming discrete, unique

eigenvalues) we get

X = Y X,E.B,

a,b
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evolpg(X) = ZXabei(E“_Eb)tEaEb
a,b

Py(X) = 3 XeuFuE,

Ppp,(X) = XuBEE,

B.3.2 Sedenions

The (complexified) sedenions, which result from applying the Cayley—Dickson construction
to the octonions, are an interesting finite dimensional toy model for the quantum
mechanics of the monopole models in chapter 3 and 4, as this algebra is also not

alternative. Explicit computation of the projectors above shows that

each self-adjoint operator has 2 eigenstates.

o The transition amplitudes are symmetric per equation 1, even for nonzero operators

whose product vanishes.

 there is no longer have a resolution of the identity: the projections onto eigenspaces

don’t sum to 1.

o For each state w there is a density matrix p,, such that
w(X) =Tr(pLx) = Tr(pRx),

but the eigenstates of self-adjoint operators are never pure (Tr(p?) # 1).
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