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Abstract: The canonical commutation relation, [Q, P] = if, stands at the foundation of quantum
theory and the original Hilbert space. The interpretation of P and Q as observables has always
relied on the analogies that exist between the unitary transformations of Hilbert space and the
canonical (also known as contact) transformations of classical phase space. Now that the theory
of quantum measurement is essentially complete (this took a while), it is possible to revisit the
canonical commutation relation in a way that sets the foundation of quantum theory not on unitary
transformations but on positive transformations. This paper shows how the concept of simultaneous
measurement leads to a fundamental differential geometric problem whose solution shows us
the following. The simultaneous P and Q measurement (SPQM) defines a universal measuring
instrument, which takes the shape of a seven-dimensional manifold, a universal covering group
we call the instrumental Weyl-Heisenberg (IWH) group. The group IWH connects the identity to
classical phase space in unexpected ways that are significant enough that the positive-operator-valued
measure (POVM) offers a complete alternative to energy quantization. Five of the dimensions define
processes that can be easily recognized and understood. The other two dimensions, the normalization
and phase in the center of the IWH group, are less familiar. The normalization, in particular, requires
special handling in order to describe and understand the SPQM instrument.

Keywords: Weyl-Heisenberg group; measuring instrument; Kraus operator; Cartan decomposition;
Harish-Chandra decomposition; right-invariant derivative; Maurer-Cartan form; Wiener path integral;
diffusion equation; stochastic differential equation

1. Introduction

After World War II, theoretical quantum physics became dominated by the design
of quantum field theory. There were three branches of physics that stemmed from this:
high energy, condensed matter, and atomic-molecular-optical (AMO) physics. Although
incredibly developed as predictive methods, quantum field theory in all three of these
branches has left some very basic ideas of quantum observation underdeveloped. That this
is indeed still the case is evident in how the coherent-state resolutions of the identity or

“overcomplete bases” [1-4] are usually finessed:

|\th (VZa| 1)
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for bosonic amplitudes (where Z is an arbitrary complex scalar) [1,5-8] and

ej+1) [, %

for fermionic spins (where 2j is an integer) [2—4,9]. These overcomplete bases are key
both to establishing functional integration [1,10-19] and to understanding the observation

(spin) _
1 j =

A, A e

Entropy 2023, 25, 1221. https://doi.org/10.3390/25081221

https://www.mdpi.com/journal/entropy


https://doi.org/10.3390/e25081221
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/entropy
https://www.mdpi.com
https://doi.org/10.3390/e25081221
https://www.mdpi.com/journal/entropy
https://www.mdpi.com/article/10.3390/e25081221?type=check_update&version=2

Entropy 2023, 25, 1221

2 of 57

of energy quanta [20]. Yet these overcomplete bases do not fit the most basic idea of a
Hermitian eigenbasis and as such are often not considered a serious form of observation.
By itself, this inattention to how one could observe in these overcomplete bases leaves a
missing piece at the foundation of quantum mechanics and quantum field theory.

Meanwhile, an understanding of the overcomplete bases as a bona fide means of
observation has been slowly coming to light. First, the idea of observables matured into
the general mathematical theories of instruments and operations [21-32]. In this more
contemporary language, the overcomplete bases of Equations (1) and (2) are called positive-
operator-valued measures (POVMSs) and are understood to be informationally complete,
meaning the distribution observed with any one of these POVMs is enough to reconstruct
the quantum state. With this theoretical technology, it has further been discovered that the
overcomplete bases correspond to various forms of continual (or continuous) simultaneous
observation. The standard coherent-state POVM given in Equation (1) was discovered to
be the effect of simultaneously observing both quadratures of a leaky cavity, a form of
observation we will call Goetsch-Graham-Wiseman (GGW) heterodyne detection [33-37].
Then, the spin-coherent POVM of Equation (2) was discovered to be the effect of simultane-
ously observing the three orthogonal spin components, a form of observation we call the
spin-isotropic measurement [38—40].

Before proceeding, we caution that this paper uses a mathematical apparatus not famil-
iar to most physicists and quantum scientists. This apparatus is introduced here naturally
as it becomes both desirable and necessary. Readers who are made uncomfortable by this
apparatus are urged to consult the companion paper [40], which attempts to persuade the
reader that the unfamiliar mathematical concepts and techniques are essential tools—a new
way of thinking and doing—and then introduces these tools as gently as possible.

GGW heterodyne detection and the spin-isotropic measurement work in a very similar
way, but they are different in one very important respect. While GGW heterodyne detection
assumes energy-conserving system-meter interactions, the spin-isotropic measurement
assumes Hermitian meter displacements, —iH®at/n = —\/xdt Jk ® 209, where J is
an orthogonal spin component of the system, g is the meter register, ¢ is the width of the
meter pointer, and « is the measurement rate. In both cases, the measuring instrument
consists of Kraus operators defined by a time-ordered exponential over the duration T of
the measurement. For GGW heterodyne detection, the Kraus operators are [37]

L(GGW) [dw)o1)] = Texp(/o

where a = (Q +iP)/+/2h is the usual complex-amplitude operator and dw, = (AW, +
ithp )//2 is the registered complex Wiener path. For spin-isotropic measurement, the
Kraus operators are [39,40]

T—dt + .
—2a axdt+2aﬁdwt) , 3)

. . T—dt o o
LU [dWg 7)) = T exp( /0 ~JPxdt+]Vx dwt> , @
where | = (J,, Iy J.) is the triple of orthogonal spin-component observables and

AW, = (dW}, dW/,dW;) is the registered three-vector of Wiener paths. The most striking
feature about the instruments defined by Equations (3) and (4) is that they can be integrated
universally, that is, independently of matrix representation. The difference between the two
cases can now be summarized as the following: integrating Equation (4) defines a seven-
dimensional manifold that requires the theory of symmetric spaces, whereas integrating
Equation (3) defines a three-dimensional manifold that is much more straightforward.
This paper is an analysis of the quadrature analog of the spin-isotropic measurement,
a form of observation we call the simultaneous P and Q measurement (SPQM). The name
SPQM is our homage to Alberto Barchielli, who appears to be the first to have considered
and analyzed this problem [41] (Senatus PopulusQue Romanus (SPQR), translated as “The



Entropy 2023, 25, 1221

3 of 57

Senate and People of Rome”, is an enduring symbol of ancient Rome [42]. SPQM has been
similarly associated with the city of Milan, so we offer it as a tribute to Barchielli and his
lifetime of work on continuous measurement theory at the University of Milan). SPQM
generates a measuring instrument with Kraus operators [40]

T—dt
1,(SPQM) [dw[o,T)} = 7'e><p(/O —2H, xdt + P\/k AW/ + Q\/Ede) , (5)

where 2H, = P+ Q2 and P and Q are (dimensionless) canonical momentum and position
(or the conserved quadrature components of a harmonic oscillator). This time-ordered
exponential defines another fundamental seven-dimensional manifold, the universal cover-
ing group, which for SPQM we call the instrumental Weyl-Heisenberg group, G = IWH. The
universal covering group is defined by a map -y with the universal property that for any

Hilbert space H carrying the paths of Kraus operators LSPM) . cT/dt __y GL(H), there
exists a unique representation R such that

LM —Roqy  where CT/%* 25 WH S5 GL(H). ©®)

This universal way of considering G = IWH essentially amounts to suspending the choice
of H and, therefore, 7, but it is very important to appreciate that the measuring instrument
is, in fact, fundamentally independent of the Hilbert space and, therefore, fi. The same is
true for the spin-isotropic measurement, except that different irreducible representations do
not amount to choices of i, but rather to choices of the total angular momentum number j.
The universal covering group IWH can be navigated in much the same way as can be
done for semisimple Lie groups, with the use of right-invariant vector fields and decom-
positions similar to those of Cartan and Harish-Chandra. In particular, the sample paths
defined by x(t) = y[dwy ] diffuse according to a Fokker-Planck-Kolmogorov equation,

D) = (2H+2££+; ) (), %

where

Ds(x) = /Dy[dw[oj)}é(x, 'y[dw[O,T)D (8)

is the Kraus-operator distribution function of the SPQM instrument with respect to the Haar
measure [18,43—45] of the IWH group and H,, 8 ,and P are right-invariant derivatives
<—

tangent to the IWH group. We regard “Kraus-operator distribution function”, “Kraus-
operator distribution”, and “Kraus-operator density” as interchangeable, despite subtle
differences some might attribute to these usages. We abbreviate Kraus-operator distribution
function as KOD to invite the reader to use any of these terms. The KOD can be considered
the universal unraveling of the total (or unconditional) operation (a completely positive,
trace-preserving superoperator),

Z(5PaM) - / Dy{dw[oj)}(’-)(L(SPQM){dw[O,T)D - Vg;u(x) Dr(x) @ (R(x)), | (9)

where Dy[dw[oj)} is the Wiener path measure, d7y(x) is the Haar measure, and

O(L) = Lo L' The technology of right-invariant differentiation [46—48] will not be
familiar to most quantum physicists and information scientists. Introducing SPQM, the
IWH group, the concept of right-invariant motion, and the KOD is the subject of Section 2.
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Bldwo,r)] =

Section 3 translates the coordinate-independent formulation from Section 2 to forms
that physicists are more likely to recognize. Indeed, what the aforementioned decompo-
sitions do is to coordinate the points of the IWH group [2,3,49-52]. The decomposition
of the IWH group, similar to Harish-Chandra [52-54] (also known as “Gauss” [2,51,55])
decomposition, is given by

Y — eﬂ+Ve*Hor+QZ€”l4* ) (10)

with the purity coordinate r € R, which we will call the ruler; central coordinate
z = —s + i € C; phase-space coordinates v,y € C; and O = hly,. The decomposi-
tion of the IWH group, similar to the Cartan decomposition [50-52,54], is given by

x = D/gelﬂ(pe—Ho?’—QgDa—l , (11)

with different central coordinates ¢, ¢ € R, the same ruler 7, and phase-space coordinates
B, « € C appearing in the conventional displacement operator D, = o’ Introducing
these decompositions and using them to transform Equation (5) into standard It6-form
stochastic differential equations (SDEs) [56—60] and to transform Equation (7) into a coordi-
nate Fokker-Planck-Kolmogorov (FPK) diffusion equation [59,60] is the subject of Section 3,
which also solves those SDEs and (mostly) solves the FPK diffusion equation.

As a function of the registers of SPQM, we find that the ruler satisfies
rr = 2«T. (12)

For the remaining Harish-Chandra coordinates, we find that the phase points follow
Ornstein-Uhlenbeck [59-61] and GGW processes,

vldw r)] / Vrdwe T and  pfduwg )] / “Vrdw,e ™, (13)

where T_ = T — dt, and the center follows a quadratic functional process,

z[dwyo 1] 2/ / “kdw! dw, e s‘(l—i—sgn(t—s)) (14)

where the sign function is used: sgn(u) = u/|u| for u # 0 and sgn(0) = 0. The Cartan
phase-space coordinates follow linear functionals,

cosh 2kt cosh cosh2x(T —t)
/ Vidw f sinh 2T and  aldwyp)] / Vidw sinh2xT ° (15

The Cartan central coordinates ¢ and ¢ follow from the coordinate transformation between Harish-
Chandra and Cartan coordinates, which is given in Equations (A34), (A35), (A38) and (A39), but
we do not write those solutions explicitly here.

As for the KOD D;(x), we will not be able to solve analytically for the distribution
over all seven dimensions. Summing over the center

7= {elz ze (C} < IWH, (16)
however, gives a reduced SPQM unraveling of the total operation,

ZT(HSPQM) _ / dS]/l(ZX) CT(ZX) (9<D/3 eiHof’Dl—) ’ (17)
IWH/Z
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where the integral is over the quotient group IWH/ Z, which we call the reduced instrumental
Weyl-Heisenberg (RIWH) group. The reduced Kraus-operator distribution (RKOD),

Cr(Zx) = /%d¢deDT(x)e*2” - /Dy[dw[o’n]e_%[dw[orﬂ](5<Zx,Zﬂy{dw[0,T)]), (18)

is a marginal over the center that includes the Cartan center factor e 2. We call Cr(Zx)
the Cartan-section reduced distribution function, and we are able to solve for it from its FPK
diffusion equation. The solution is a Gaussian with ill-defined normalization,

2
d°u(Zx) Cy(Zx) = 2sinhrdr §(r — 2xT) —= ﬁ ! ‘ﬁ_“‘z/sz% , (19)
=

where the mean-square distance between the two phase points is given by
Y7 =T —tanh«T. (20)

The normalization factor 2 sinh 2xT is particularly interesting, as the POVM completeness
relation for the SPQM instrument boils down to (assuming i = 1)

g _
2sinh 2kT / “E e Mt TDl 1y, 1)
and this can be recognized as equivalent to the result of energy quantization,

(e}
o HodeT _ 1)axT _ 1
_ 22
; ~ 2sinh 2T (22)

This demonstrates that the KOD can be considered an alternative to energy quan-
tization. Indeed, the operator H, does not appear in SPQM as an energy observable,
but rather as a term required by the positivity of sampling measurement records. The
late-time limit of the completeness relation is of particular interest: when T > 1/,
D, e T DY — o727 4)(a|, showing that the SPQM POVM elements approach Glauber
coherent states; the completeness relation shows that it does so uniformly,

2
1= [ T aal, @)

thus giving the coherent-state resolution of the identity.
Everything in our analysis—the path integrals, the KODs, the FPK diffusion equations,
the SDEs—follows from the path integral for the overall quantum operation Z;SPQM) , given

in Equation (9), which integrates over the sample paths as they appear in the time-ordered
Kraus operator A {dw[O,T)} . As the analysis develops in Sections 2 and 3, however,

there emerges a disconnect between the reduced distribution C1(Zx), which expresses the
completeness relation, and the SDEs and stochastic integrals for the phase-point coordinates:
C;(Zx) has ill-defined normalization, and it is not the weight function whose moments are
those of the Cartan phase-point variables, B and «, as they are expressed in the stochastic-
integral solutions of Equation (15). The disconnect is all about the real center term, e,
which scales the Kraus operators when they are written in Cartan coordinates.

The three faces of the KOD stochastic trinity—path integrals, diffusion equations, and
SDEs—having been sundered in Section 3, are re-united in Section 4. The vehicle for the
reunion is the Harish-Chandra-section reduced distribution function,

By (Zx) / dpds Dy (x)e ™ = / Dpfdwg gy e 2 10m] §(2x, 20]dwyy )], (24)
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where —s is the real part of the Harish-Chandra center coordinate z. The distribution
By (Zx) can be determined in two equivalent ways: first, from the FPK diffusion equation
for By(Zx) and, second, from applying the stochastic integrals for the Harish-Chandra
phase-plane variables, v and y, to the above path-integral expression for Br(Zx). The
stochastic trinity thus restored, one returns to completeness through the relation

Cr(zx) = e/ ¥By(2x), (25)

where f(Zx) is a quadratic function of the phase-plane variables, given in
Equations (A30) and (A38), which comes directly out of the coordinate transformation be-

tween Cartan and Harish-Chandra coordinates; ¢ (“*) can be regarded as a positive gauge
transformation [19].

Section 5 concludes with musings on the stochastic trinity and the Lie-group manifolds
that house instrument evolution.

2. The IWH Group and Coordinate-Free Right-Invariant Motion

This section defines the simultaneous P and Q measurement (SPQM) process and presents
the instrumental Weyl-Heisenberg group, G = IWH, as the universal covering group
of SPQM.

Section 2.1 introduces Kraus operators and the concept of observables generating
positive transformations instead of unitary transformations. Section 2.2 introduces the
SPQM process and the group IWH. Section 2.3 explains how the SPQM instrument is
universal and defines a Kraus-operator distribution (or density) (KOD) over the IWH group.
Section 2.4 explains how the KOD diffuses over time with the introduction of right-invariant
derivatives, a differential-geometric technology that will be unfamiliar to most physicists
and quantum scientists. Section 2.5 explains how the sample paths of the Kraus-operator
diffusion are described with the introduction of the right-invariant one-forms, which are
duals of right-invariant derivatives.

The diffusion equation and stochastic differential equations in Sections 2.4 and 2.5 are
solved in Section 3.

2.1. Observables and Infinitesimal Positive Transformation

While observables are often considered to be infinitesimal generators of unitary
transformations, they can also generate positive transformations. Let X be a Hermitian
observable, k be a real number with units of inverse time, and dW be a standard Wiener
increment [10-12,15,16,19,59,60], which has the measure

d(dW) oW /2t

du(dw) = (26)

Unitary transformations can be infinitesimally generated either deterministically or stochas-
tically, such as

o XKt or dy(dW)e_iXﬁdw ) (27)

Positive transformations, on the other hand, are fundamentally stochastic. In addition, the
infinitesimal generators of positive transformations are not of the canonical form, with a
single parameter conjugate to the infinitesimal generator. The positive transformations we
will be interested in do not involve jump operators, as in photodetection [37,62], but rather
are differential, with infinitesimal generators of the form [40,63-65]

SA(AW) Ly (W) = 1 /dp(dW)e X X Vraw. (28)
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As a set, these positive transformations define a measuring instrument, complete over the
Hilbert space, H, according to the relation,

/R dp(dW)Ly (dW) Ly (W) = 15, (29)

the operators Ly (dW) are known as Kraus operators [29,31], and the set of elements,

{dy(dW)LX(dW)+LX(dW)}, is known as a positive-operator-valued measure (POVM). We
will call the positive transformations of Equation (28) differential Kraus operators and their set
a differential instrument, both in anticipation of the (multi-dimensional) differential geometry
coming up and to contrast these Kraus operators with jump operators.

The form of these infinitesimally generated positive transformations comes from
the requirement that the total operation be completely positive and trace preserving. In
particular, we can define the superoperator A © B by

A®B(p) = ApB (30)
and the (selective, Kraus-rank-one) operations by
O()=LoLt. (31)

Then, the aforementioned Kraus operators define a total operation,
/dy(dW) @<6X2Kdt+x\/;?dw> _ o dxdtady (32)

where the adjoint superoperator is defined by
ady=X01-106X. (33)
In this context, the infinitesimal generator or Lindbladian,

1 - 1/ 2
—adk =XoX- (X o1+10X), (34)

defines X as a Lindblad operator [28].

Kraus operators can be interpreted as an indirect measurement [29,31,40,66,67] where,
in the differential case, a meter with an initial meter wavefunction

Vg (gloy = | M 35)

V 270”

is displaced by the system according to the interaction
— - Hdt = \/Kth@(—ZO’jq), (36)

which, in turn, registers some “position” g, fixing

AW = vVt g (37)
so that '
du(dW) Ly (dW) = \/dq (e /"0 (38)

(for further details, see [40]).

Anirresistible sidenote, developed more generally and in more detail in [40], is that the
stochastic unitary transformations of Equation (27) follow from the same meter interaction,
given in Equation (36), but with registration of the meter momentum p instead of its
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position g. As such, the stochastic unitary transformations have a total operation identical
to Equation (32),

[ dntaw) (e xEINY = e (39)

This alternative unraveling of the total operation corresponds to a symmetry of the
general Lindbladian,

1
E(A):A®A+—§(A+A®1+1®A+A>, (40)
which is
so that —iX is an alternative Lindblad operator of the total operation.

2.2. SPQM and the IWNH Group

The subject of this paper is the continual (or continuous) simultaneous observation of
the canonical observables P and Q defined by the canonical commutation relations,

[QP]=iQ and [Q,Q]=[0,P]=0. (42)

As a Lie algebra of infinitesimal generators, these observables are usually considered to
generate unitary displacement operators,

iQuy—i +ia
D, = ¢/ Qi where o= T2 43
24 \/i ( )
which together define the three-dimensional unitary Weyl-Heisenberg group,
K:UWHE{DaeiQ‘P : ae@,qbe]R}. (44)

If the generators operate irreducibly on the Hilbert space #, then, by Shur’s lemma,
Q) = hly for some it € R (because gQig 1 = 0 for all g € UWH.) Assuming that &
is finite—that is, i # 0—all such representations are essentially equivalent because the
observables can always be rescaled so as to make the choice i = 1. Therefore, it is usually
assumed that

Q=1y. (45)

We shall now assume that 7 = 1 but we will continue nonetheless to use () for the

infinitesimal generator to emphasize that its existence is not defined by the Hilbert space

but instead by the canonical commutation relations. In particular, what is defined by the

Hilbert space is the relation 0% = O, which is associative algebraic and not Lie algebraic.
For quantization, the unitary Weyl-Heisenberg group is supplemented with the unitary

group generated by

PPy

H, 5

defining the four-dimensional dynamical Weyl-Heisenberg group,

(46)

DWH = {e_iHOSD,X Y. seR aeC, ¢ e ]R}. (47)
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Here, the use of “dynamical” refers to the analogies between H, and the classical Hamil-
tonian of a simple harmonic oscillator, upon which quantum mechanics was originally
founded.

The observables P and Q can be measured simultaneously in the sense that the positive
transformations they generate commute infinitesimally (to order dt),

L(dw) = Lo (dW") Lp (dW?) (48)
_ o~ O RdHQUERAW! —PPrdt+P /K AW (9)
_ o~ (Q+P)rdt+ QR AW+ Pk AW+ 5 [Q, Pl dW dW? (50)
_ o (QHP )+ QR AW PR AW (51)
= Lp(de)LQ(qu) , (52)

so long as the Wiener outcome increments, dWT and dW?, are independent, their joint
Wiener measure being

2
du(dw) = du(dW)du(dW?P) = %e_dw dw/dt (53)

Here we switch to using a complex Wiener increment

dWT + idW?
dw = ANV WV . (54)
V2
Continually repeating this simultaneous measurement for a finite amount of time, T,
defines the overall Kraus operators,

T/dt—1
L{dw[O,T)} =T g L(dwyg), (55)

where 7 [] denotes a time-ordered product. It is important to appreciate that, while the
Kraus operators commute infinitesimally, they do not commute over finite amounts of time.
Finally, these Kraus operators are accompanied by the Wiener path measure,

T/dt-1 T/d-1 L N\ T/dt T o,
Dﬂ{dw[o,T)] = 1}1 dp(dwyg;) = ]g) d™(dwyg;) (mit) exp —/0 T (56)

which is written here in terms of the complex Wiener increments. In summary, we have
defined a time-dependent instrument with Kraus operators

T
Dy[dw[o,n} L[dw[O,T)} = \/WTexp</o —Hy2xdt + Qv/x dW] + P\/Ethp) , (57)

where T exp [ is the time-ordered exponential. This is the simultaneous P and Q measurement
(SPOM.) It is worth repeating that H, appears here due to the form of the differential
positive transformations of Equation (28) and in this context is not a Hamiltonian because
it is not generating unitary transformations.

While SPQM has been considered as far back as [41], it has not been fully solved before.
There are two other ways of measuring P and Q simultaneously that are important to
distinguish from SPQM: the Arthurs-Kelly measurement [67,68] and the Goetsch-Graham-
Wiseman (GGW) model of heterodyne detection [33-37]. The Arthurs-Kelly measurement
has the same system-meter interaction as the SPQM process but is different in that Arthurs
and Kelly imagine continually interacting the same two meters with the system until
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the measurement is terminated, whereas in the SPOM process, the system interacts with
many pairs of meters successively, registering the complex Wiener path dwjy 1). The GGW
model of heterodyne detection has the same many-meter model as the SPQM process, but
each system-meter interaction is energy-conserving (the so-called leaky cavity), whereas
the system-meter interaction of the SPOM process is the meter displacement given in
Equation (36).

The total operation of the SPQM process is a Wiener-like path integral,

Zp = / Dyldwyr)] 0 (L[dwpr)), (58)

which is absolutely trivial to solve,
' — H,2xdt+Q\/xkdW! +P/xdW! oT/dt —1xT(ad%+ad3)
ZT:</dy(dw)(’-)(e o r f)) — o~ ¥¥Tladgtady) (59

The interest of this article, however, is entirely in the manifold diffusion process defined by
SPQM, where Equation (57) is understood to define sample paths in a finite-dimensional
manifold. The infinitesimal generators of these sample paths are Q, P, and H,,. By simply
considering their Lie brackets to the first order,

[Q,P]=iQ), (60)
[Hy, Q] = —iP, (61)
[H,, P] =iQ, (62)
and second order,
[[Ho,Ql, Q] = -Q, (63)
[[H,, P],P] = -0, (64)
[Hof [Hol QH =0Q, (65)
[Ho, [Ho, P]] = P, (66)

we can see that SPQM defines a seven-dimensional manifold, a representation of what we
will call the instrumental Weyl-Heisenberg group,

G =IWH= {e_HOYquePpDa el L e R, g, pER, ae€C, ¢ L€ R}. (67)

There is a fourth and final Weyl-Heisenberg group worth defining, the six-dimensional
complex Weyl-Heisenberg group,

CWH = {quePpemea Mg peRacCele R}, (68)

which is a maximal normal subgroup of the IWH group called the derived subgroup. In
Lie-group terminology, the IWH group is said to be solvable while CWH is said to be nilpotent
or unipotent [51,52]. In particular, the derived series of G is

G=IWHp>CWH>Z>1, (69)

where the center of G is defined,

Z = {em%_m ¢l e ]R}. (70)
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Before proceeding, it is useful to introduce the complex-amplitude (also known as
annihilation) operator

a= %(Q—i—iP), (71)
which has the Lie bracket
[a, a+] =0. (72)
We have
Hy = L(aa" +a'a) =a'a+ 100 (73)

Note also that the displacement operator,

D — o/Qu—iPay _ ea*afaa* (74)

o - 7
has the ordered forms,

Da _ 6_710“1“261(2“26_11)“1 _ eilﬂalaze_ml"lelQ“z (75)

1

_ e*Q\aFQeaﬂxe*aa* _ e%|a\2067m*ea+a

, (76)
which will prove useful in relating coordinate systems and in evaluating right-invariant
derivatives. The first form in Equation (76) is usually called normal ordering, and the
second form is called antinormal ordering.

2.3. Haar Measure, Dirac Delta, and Kraus-Operator Distribution Function

Many readers will interpret the groups defined in the previous section as matrix
groups, where the observables are quantized in the usual way. The exponentials can
be understood more abstractly, however, as generating path-connections, and this way
of thinking gives rise to what is called the universal covering group [40,52,69-72]. We
will now start to consider more seriously the points of the IWH group in this universal
fashion and think of the instrument of SPQM as a representation of G = IWH. The map
L.cra GL(#) from the set of paths, CT/’#, to the operator space, GL(#), can be
factored into two maps,

L=Rov, (77)

where v : CT/" — G maps Wiener paths to the universal covering group and R : G —
GL(# ) is the representation, mapping the universal cover to the space of linear operators
on H [52]. We have denoted a sample path by dwj 1), and we now start denoting elements
of the instrumental group by x. To drive the notation home, we note that the instrumental
group element and Kraus operator associated with a sample path are denoted by

xr = y[dwp, )] and Lldwyy 1)) = R(xr) = R(W[dw[o,T)]) . (78)

The distinction between L and 7 emphasizes that the time-ordered exponential of
Equation (57) actually defines a diffusion problem on the instrumental group that is in-
dependent of the spectral information inherent in the definition of a linear operator. In
particular, this means the entire analysis of this article is independent of whether or how H,,
is quantized (remember that H, is quantized in the usual way the moment H is assumed
to be irreducible and to have a ground state).
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As with every finite-dimensional Lie group, G = IWH has a right-invariant Haar
measure [18,43-45],

du(xg) = du(x). (79)

As is not always the case for (solvable) Lie groups [51], it turns out that this right-invariant
measure is also equal to the left-invariant measure,

dp(x) = du(gx), (80)

and this left invariance will turn out to be important for the interpretation of the SPQM
process as a diffusion, as will be seen in the very next section. Comments about the existence
and uniqueness of the Haar measure will be given in Appendices D and E, but first it is
worth taking it for granted and appreciating what can be done with it.

With the Haar measure, we can introduce the accompanying singular distributions or
“Dirac deltas” defined by the property (sometimes called reproduction [4,73]) that, for any
function f of G = IWH,

[ an(x) o0, x)£(x) = Flw) Q)

From the invariance properties of the Haar distribution, the Dirac delta distributions inherit
the corresponding covariance properties,

o(xg,y8) = 6(x,y) = 6(gx,8y) - (82)

With the Haar measure and the Dirac delta, we can define a universal instrument by adding
up all of the Wiener paths that end at the same Kraus operator, starting from the origin.
This becomes visible by considering the total operation,

Zp = / Dy[dwyy r)| @ (L[dw[o T)D (83)
— [ Duldwgr| 0 (R(v[dwyr))) (84)
- / Dy[dw[OT o(R(y / dp(x) 6 (x, 7 [dwpy )] (85)
- / du(x) O (R(x)) / Dy dwOT} (x,ry[dw[oj)]). (86)

In summary, the SPQM process defines a universal instrument, which unravels the total
operation,

2 = [ ap(x) Dr(x) O(R(x)), )

according to a Haar-based Kraus-operator distribution function (KOD),

Dy(x) = / Dyfdw )| (x,7]dwp )] ). (88)
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Y(dw,) =e

5,

7

which is defined by a Wiener path integral [10-12,15,16,19]. The total operation is a com-
pletely positive, trace-preserving superoperator. The trace-preserving property is equiv-
alent to saying that the POVM elements, du(x) Dy (x) R(x)"R(x), satisfy a completeness
relation,

1y = [ dn(x) Dr(x) R(x)'R(x). 59)

The term “universal” refers to the fact that this description of the instrument is common
to every representation and comes from the concepts of a universal covering group and
universal enveloping algebra [40,71,74]. It is important to understand that the universal
covering group, IWH, is defined purely by the local structure (that is, the Lie algebra) of
the observables and the quadratic term, here H,, which accompanies the observables due
to the nature of differential positive transformations. In particular, this means G = IWH is
not defined by the Hilbert space of states. This ability to describe the measuring instrument
without reference to a Hilbert space is so striking that we give it a name: universal instrument
autonomy [37,40]. SPQM is in a very special class of universal instruments for which
the universal covering group is finite-dimensional; we dub such instruments principal
instruments [40].

2.4. Diffusion Equation in Terms of Right-Invariant Derivatives

The definition of the Kraus-operator distribution function given in Equation (88) can
be thought of as a Feynman-Kac formula [15,16,19] for the solution of a Fokker-Planck-
Kolmogorov (FPK) diffusion equation [59,60]. This FPK diffusion equation can be obtained
easily with the help of the so-called right-invariant derivatives [39,40,46-48],

Xhoy _ f(x
g[f](x)zlimf—(e )~ ), (90)

h—0 h

which can be seen to have commutators [40]
gl—lg:f[X,Y]. 91)

This negative sign is why left-invariant derivatives are usually considered instead of right-
invariant ones. Nevertheless, because the convention is to consider operators as acting to
the right, we are more-or-less stuck with having to consider a right-invariant basis for local
transformations.

With the right-invariant derivatives, D, , ;; can then be expanded about ¢ in the stan-
dard way. We start with

Dyyg(x) = / Dy{dw[o,tﬂit)} 6 (x/ W{dw[o,wt)} ) (92)
= [ au(dw,) [ Dufdwg,]o(x 1w dwy,)]). 93)

where
8; = —Hy2idt + Qv/k dW' + Py/k dWP = —H 2k dt + a/x dw] +a' /x dw, (94)

is the purely group-theoretic version of the differential Kraus operator L(dw;) given in
Equation (48); that is, L(dw;) = R(7y(dw,)). Here we also define the forward generator 5,:

¥y(dw,;) = et is the fundamental differential positive operator for SPQM, and the forward generator
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d, is thus the core mathematical object for the theory of the SPQM instrument. Continuing with
Equation (93), we have

Dy a(x) = /d]/t(dwt)/ D‘u{dw[o,t)}é('y(dwt)_1x,'y{dw[0’t)D (95)

— [ du(dw,) D, (1(dw,) x) (96)

= /dy(dwt)Dt(e_éfx) (97)

— [ dutdw)e (D) (x) 98)

= [ dutd) (Dytx) = 51D + 55 8, (D] ) (99)

= D,(x) + xdt A[Dy](x), (100)

where

Azzli)Jr%(g(nggg) (101)

is the FPK forward generator. Equation (95) is where the left invariance of the Haar measure
is used. Equation (96) is the analog of a Chapman-Kolmogorov equation for the distribution
function [59,60]. Equation (98) moves e outside the argument of the KOD to become an
exponential of the right-invariant derivative

_ q P
(5_t = —EOZKdt—i—g\/Eth +£\/Edw , (102)

which we call the vector-valued SPQM increment. Equation (99) Taylor-expands the distribu-
tion function to the second order—that is, to order dt—as required by the It6 rule for the
Wiener outcome increments. The remaining step to the FPK forward generator A involves
averaging over the Wiener distribution dy(dw;); in this averaging, the deterministic term
—2x dtli) in & contributes a first-derivative term to the FPK forward generator, whereas

the Wiener outcome increment terms in 8§, contribute second-derivative diffusion terms.

<_
In summary, the KOD of SPQM evolves according to the FPK diffusion equation,

10

- =D(x) = AID/](x), (103)

with initial condition
Dy(x) =d(x,1), (104)

where the group identity is defined
1=¢" , (105)

which is the origin of the IWH group. Equation (103) will be (mostly) solved in Section 3.5
after having established two coordinate systems. The subtlest thing about Equation (103) is
remembering that the Lie algebra of the three directions apparent in the equation means
that the motion beyond the first order is actually seven-dimensional.

Before proceeding to SDEs, we draw attention to an important property of right-
invariant derivatives. The reader might already be thinking about this property by wonder-
ing why we did not write <ZS_t and A in terms of the right-invariant derivatives associated

with a and a'. The reason is that the map from operators to right-invariant derivatives,
X — é, is only R-linear and not C-linear [40]. This means that g , £/ zg, and — if are
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o
—

R-linearly independent, with 8 and yid displacing Kraus operators in positive directions
in the IWH group and z(Q and — iP displacing in unitary directions. The right-invariant
derivatives g, i, —ja,and @ each represent a different way of equally combining dis-

placements in the positive and unitary directions. In view of this, it is instructive to note
that the vector-valued SPQM increment of Equation (102) has the form

1 + .. L.t 1 % + .. .ot
Ii)ZKdt+§ﬁdwt(&+@+zﬂszi)+§ﬁdwt(&+£71ﬂ+zz&). (106)

This means, in particular, that

1 t ot
A¢2Ii)+§(&@+@&). (107)

2.5. Sample-Path SDEs in Terms of Right-Invariant One-Forms

As has been mentioned, the time-ordered exponential of the SPQM process, given
in Equation (57), can be interpreted as defining sample paths in the seven-dimensional
manifold G = IWH. Sample paths are usually described by stochastic differential equations
(SDEs). We finish this section by explaining how such SDEs can be expressed in terms of
the right-invariant structure.

The basis of right-invariant derivatives,

{af={-togp-ipjo-0 0} (108)

defines a dual basis of right-invariant one-forms,

0"(e,) = o, (109)

In terms of the right-invariant one-forms, the Haar measure has a simple expression in
terms of wedge products,

du(x) =0 1o Ag2 AT A2 AT AN (110)

Also, in terms of the right-invariant one-forms, the SDEs equivalent to Equation (57) are
obtained by reading off the coefficient conjugate to the corresponding generator in the
vector-valued SPQM increment of Equation (102),

91'“(<5_t) =0, (111)
9*”(<5_t) =0, (112)
9‘”’(&) =0, (113)
eiQ(fs_t) =0, (114)
99(&) = VxdW/, (115)
91’(&) = VkdW!, (116)
6 Mo (5,) = 2dt. (117)
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These SDEs can be broken into two types: the first-order SDEs,

0 o (8,) =2xdt, 09(8,) = VedW], 6"(5,) = VxdW}, (118)
— — —
and the Pfaffians,
07 (5,) =62(5,) =0(s5,) =0(5,) =0. 119
(4) (<_t) (4) (4) (119)

These equations will be solved in Section 3.4 after having established a coordinate system.

The SDEs of Equations (118) and (119) are almost obvious by definition, but there is
a subtlety that requires attention. The right-invariant derivatives and one-forms live in
the spaces tangent and cotangent to the group manifold G and thus are based on linear
transformations that use the chain rule of ordinary calculus. Hence, the stochastic equations
that come from the right-invariant one-forms are Stratonovich-form SDEs [59,60]—this means
mid-point evaluation of coefficients of stochastic increments—and should be converted to
the Itd-form SDEs in which coefficients are evaluated at the beginning of the increment. In
the context of the IWH group, the only place this subtlety makes a difference is in the SDEs
that come from 6’ and 6. Jackson and Caves [39,40] introduced the modified Maurer-
Cartan stochastic differential (MMCSD) as a way to get to the It6-form equations directly. The
MMCSD is an example of the It6 correction in SDEs [59,60], specifically, the Itd correction
that arises when one transforms between a stochastic variable and the exponential function
of that variable, as occurs in the forward generator of Equation (94). In this paper, we
get directly to Ito-form SDEs in a different way when we consider the Harish-Chandra
decomposition in Section 3.2.

A further subtlety about the right-invariant one-forms is that they have “curl” in the
same sense as Gibbs would have defined. In the standard language of forms, this is because
the exterior algebra of forms is equivalent to the Lie algebra of derivatives [46],

[ey,ev]:—cWAf_/\ —  do* =Zc, 0" N0, (120)

=—c
N 2

This equivalence is standard in modern differential topology, but an introduction is included

in Appendix A; though no use will be made of the “curls” 6" in this article, they are given
for completeness in Equations (A15)—(A21).

3. The IWH Group and Two Coordinate Systems

Having introduced the instrumental Weyl-Heisenberg group, G = IWH, a coordinate
system needs to be established so that we can locate the sample paths of the SPQOM process
and follow their propagation. If the concept of a universal covering group introduced
in the previous section is unclear, seeing how Equation (57) is equivalent to a set of
coordinate SDEs should help the reader appreciate that G = IWH and the SPQM process
are independent of matrix representation.

We will use two coordinate systems analogous to what are called Harish-
Chandpra [52-54] (also known as “Gauss” [2,51,55]) decompositions and Cartan decomposi-
tions [50-52,54]. These decompositions were originally designed in the context of semisimple Lie
groups [49,51,52,75,76], of which the IWH group is quite the opposite (in the sense of the
Levi-Malcev decomposition). In spite of this distinction, it is very useful to think of the
IWH group in many ways as if it were semisimple. The Harish-Chandra decomposition is
easier to prove first and will allow us to make connections between the SPQM process and
two processes more familiar to physicists, the Ornstein-Uhlenbeck process and the Goetsch-
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Graham-Wiseman (GGW) heterodyne measuring process. The Cartan decomposition is
better suited for considering the POVM.

Section 3.1 identifies the analogs of the various elements of semisimple group theory.
Section 3.2 proves the Harish-Chandra decomposition of the IWH group in a way that also
produces the corresponding It6-form coordinate SDEs, which are immediately recognized
and solved. Section 3.3 introduces the Cartan decomposition and the transformations to
Harish-Chandra coordinates and presents the right-invariant derivatives and one-forms
in both coordinate systems. Section 3.4 solves the SDEs of the SPQM process in both
Cartan and Harish-Chandra coordinates. Section 3.5 solves most of the FPK diffusion
equation from the SPQM process in Cartan coordinates, by which we mean introducing
the Cartan-section reduced distribution function and solving for it. Section 3.6 explains
how the solution of the FPK diffusion equation means that the POVM of the SPQM process
offers an alternative perspective on the meaning of energy quantization.

3.1. Usual Elements of Semisimple Lie Group Theory

As introduced in the previous section, the Lie group of interest is the so-called instru-
mental Weyl-Heisenberg group

G=IWH= {eiHorquePpD“ Wy R, g,7ER, a€C, ¢ (€ R} ) (121)
Although G is literally solvable, with derived series,

G=IWH>CWHpB Z>1, (122)

and center,
7 = {elQ‘Pe*m sl € R}, (123)

it can be navigated in much the same way as a semisimple group. While some of the
terminology [52] will be used here, the theory of semisimple groups will be more-or-less
glossed over. The purpose of this section is basically to label the various subgroups that
will prove to be both meaningful and useful for navigating the IWH group and, therefore,
understanding SPOM. The significance of these subgroups should become apparent as
they are applied.

The map from the SPQM instrument to the SPQM POVM,

m(x) =x'x, (124)

defines the SPQM POVM as similar to a symmetric space, albeit a non-Riemannian one,
with Cartan group involution

d=xT=xH=uhHT. (125)

The subgroup of transformations that are even under the Cartan involution is the
usual unitary Weyl-Heisenberg group of Equation (44):

KE{xEG : x‘:x}:n‘1(1):UWH. (126)

On the other hand, the remainder of G displaces from the origin of the symmetric space,

E=n(G)=K\G. (127)




Entropy 2023, 25, 1221

18 of 57

Considering the conjugation action of K on &£, almost all of the K-conjugacy classes can be
parameterized by the Cartan subgroup,

A

{eiHJ{QZ cr, b e ]R} , (128)

and regular POVM elements are invariant under the commutant,

Mz{keK:VueA,kukil:a}:{eiQ‘P :¢€R}. (129)

Thus the K-conjugacy classes have the topology of the familiar phase space,
K/ M=C. (130)

Indeed, it is the “almost all” feature where G and £ depart from semisimple groups
and Riemannian symmetric spaces, since positive transformations of the form QITPP
are characteristically not in the conjugacy classes of A (see Appendix B for an additional

perspective). Finally, important also are the maximal nilpotent (or unipotent) subgroup,

N = {e“ﬂ* e C}, (131)

and, perhaps the most important, the Borel subgroup,

B=AxXxN = {e_H"re_mea”* 1, leER, ue C}. (132)

This group-theoretic context now in hand, we stress that the most important groups for
what follows are G = IWH itself, the center Z of G, and the quotient group G/Z = IWH/Z.
The center Z contains a phase, which is of no importance, and a normalization, which is
the main source of difficulty in analyzing SPQM. The cosets Zx € G/Z are parametrized
by what we call the ruler, #, and by two complex phase-space parameters. One of these
complex phase-space parameters is associated with the POVM, and the other parametrizes
a post-measurement displacement operator. We call G/Z the reduced instrumental Weyl-
Heisenberg (RIWH) group. It is isomorphic to the adjoint group of G, but given the way we
will use multipliers on the cosets Zx, we prefer to think of G as a central extension of G/Z.

3.2. Harish-Chandra Decomposition and SDEs as a Proof by Transfinite Induction

The seven-dimensional instrumental Weyl-Heisenberg group G affords a Harish-
Chandra decomposition, G = N "MAN, where every element can be decomposed into the form

t *
a ve—HOH-Qzeay , (133)

X =e

defining seven Harish-Chandra coordinates (v,r,z, 1) € CxRxCxC. We often break the
complex coordinates into real and imaginary parts,

_Wnhtin H:V1+iﬂz

== 7 z=—s54+1. (134)
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The coordinate r we call the ruler, v and y are the postmeasurement and POVM phase-plane
coordinates, and z is the IWH group center coordinate.

A proof that this decomposition exists for every element of the SPQM process of
Equation (57) is not difficult if we allow ourselves to apply transfinite induction: at time
t = dt (the first infinitesimal increment), it is easy to see that the decomposition exists
because (see Equation (94))

+ *
Xy = o® — pHo2x dt+a" \/x dwy+a/x dw; (135)
_ p— Ho2wdt 0" /& dwg+av/x dw (136)
+ 2 :
_ VW~ Ho2xdt+Q3x|dwg|* jav/k duwg (137)

Trivially, this also means that the decomposition exists for any finite integer # and infinites-
imal time t = ndt simply because the one-parameter subgroups commute to infinitesimal
order so long as the Wiener increments are independent. Now for the transfinite step. If we
assume that the decomposition holds for a finite time f,

t *
X, = & vtefHor,Jer,euyt , (138)

then an increment later in the SPQM process, we have

5
Xpypar = €' Xy (139)
t _ 1 2 . «
— \/Edwte H,2xdt+Q 5 x| dw; | ea\/Edwt o Vi Hort+02; apy (140)
+ t * 1 2
— \/Edwte—HO2Kdt & vteaﬁdwt e_Hort+Q(Zt+§K|dwt| —',-l/f\/Ed'wt*)eay;F (141)
_ eu+(672Kdtvt+\/Edwt)e—Ho(r+2Kdt)+Q(z+%K\dwt\zﬂ/t\/Edwf)ea(;tt-&-e*’f\/fdwt)* (142)

This concludes the proof of the Harish-Chandra decomposition for the SPQM process and
G = IWH.

A consequence of the proof is that the SPQOM process in Harish-Chandra coordinates
is equivalent to the It6-form SDEs [56—60],

dr, = 2k dt, (143)
dv, = =2k dtv, + /xdw,, (144)
dy; = et/ duw;, (145)

Although these are Itd-form SDEs, notice that we did not use the It6 rule in deriving them;
in particular, we do not set |dw, |2 = dt in the SDE for the center coordinate z.

We now solve these equations for the initial condition vy = vy = yy = zg = 0. These
initial values are chosen so that x; = 1, in agreement with the J-function initial condition
for KOD, which is given in Equation (104). It is straightforward to see that the first three
SDEs have as solutions

rr =2«T, (147)

T_
vT:/O Vi dw, e T (148)

T —2kt
pr = /0 Vicdw;e ™, (149)
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where T_ = T — dt. The fourth equation is solved by plugging the solution for v; into the
equation for z; and integrating, with the result that

o = 2= 2 [ [ kdw dw. e 21 150
“srhipr=zr =g ) | rdwpdwse (1+sgn(t—s)), (150)
where
1, u>0,
sgn(u) =40, u=0, (151)
-1, u<0q,

is the sign function. There being subtleties in deriving and interpreting this solution, it is
worked out carefully in Appendix C. The solutions for the real and imaginary parts of z are

1T T e
—s7 = 5/0 ./0 xdw} dw, e 231 (152)
e = 2 [ [ kdw; duoye 2 Slsgn 153
ipr =5 L), Kdwdwge sgn(t—s). (153)

The SPQM posterior phase-point variable, vy from Equation (148), is a linear func-
tional in the measurement record and can be recognized as an Ornstein-Uhlenbeck (OU)
process [59-61]. The SPQM prior phase-point variable, y1 from Equation (149), is a linear
functional in the measurement record and can be recognized as the same as the Goetsch-
Graham-Wiseman (GGW) heterodyne process. (To be clear, the equations for the remaining
variables of the GGW heterodyne process would instead be r%GW = 2«T, v%GW =0,and
Z%GW = «T [37]; in particular, the GGW heterodyne process corresponds to the Borel
subgroup B.) The center SPQM variable, z from Equation (150), is a quadratic functional
in the measurement record; the solution is identical to that obtained by deriving a quantum
fluctuation-dissipation theorem for the correlation of v and p.

It is worth taking a moment to reflect further on Equations (147)—(150). Equation (147)
tells us that if H is quantized in the standard way, then the Kraus operators collapse, with
an e-folding time T = 1/2x, to a scaled outer product of coherent states of the form

Ly~ e T o) 0l = et e g ) a5

The complementarity in time of the OU and GGW processes (Equations (148) and (149)) is
also interesting: whereas the post-measurement variable v of Equation (148) depends only
on the end of the outcome register, the POVM variable .1 of Equation (149) depends only
on the beginning of the register. It is thus reasonably clear that the POVM of the SPOM
process culminates in the usual “measurement in the coherent-state basis”,

2
1= [ L, (155)
where d* U= %d H1du,. This is just like GGW heterodyne detection, except that the post-
measurement state is not vacuum, but instead is scrambled over phase space. That the
POVM variable y1 ceases to evolve after a few e-foldings seems to be an important feature
in the interpretation of SPQM as a measuring process [66]. All this said, there remains
the elephant in the room that prompts us to label these conclusions as “reasonably clear”:
the elephant is the factor that scales the long-time Kraus operator in Equation (154); al-
though Equation (154) makes it absolutely clear that the Kraus operator approaches an
outer product of coherent states, what is not clear at all is how the POVM approaches a
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uniform distribution of coherent states, as required by the completeness relation given in
Equation (155). Figuring this out is, in some sense, what the rest of the paper is about.

3.3. Cartan Decomposition and Various Transformations

As far as what the SPQM process is ultimately doing in time, Section 3.2 in many ways
says it all—except for that elephant in the room. We now turn our attention to a detailed
understanding of the measuring process at finite times, which requires addressing the
elephant. Key to this is the realization that the Harish-Chandra decomposition is not well
suited to telling us the behavior of the POVM. Rather, a Cartan decomposition of the instru-
mental Weyl-Heisenberg group, G = KAK, works best for this purpose. A straightforward
calculation (left to Appendix B) shows that almost every group element—and every Kraus
operator—with a Harish-Chandra decomposition also affords a Cartan decomposition,

X = (Dﬂ ei“‘/’)e*Hor*mD;l, (156)

and, therefore, the POVM elements decompose as

x'x = D, e Hotr-02p -1 (157)

where the Cartan coordinates, (B, $,r,¢,a) € CxRxRxRxC, can be obtained by the
coordinate transformations (the ruler r is shared by the two coordinate systems),

dv+u
p= 2sinhr’ (158)
_dutv
= Jsinhr’ (159)
(=s—f, (160)
p=9¢-¢. (161)

Here f and ¢ are functions of the ruler and the phase-plane coordinates, that is, functions
onthe RIWH G/ Z,

(WP + e +vip+vp* v+ pf N v —ul?

/= 4sinhr 41 -e)  4(1+e) (162)
1 2 2 *  —r g 1—e’ 2 1+e " 2
= (1B + | = prae ™ — pa'e”") = ~——|p+af + ——|p—al’,
‘= L e A et DM U o O Bl U DI U O
4isinhr 8isinhr (163)
_ BB (Ba) (Bta)— (B-a)(B+a)
2i 4 '

Notice the singularity in Cartan coordinates at » = 0, about which there is further discussion
throughout the remainder of the paper and, in particular, in Appendix B.

As we wish to solve Equations (103) and (111)—(117), more relevant to our purpose
are the transformations from the right-invariant moving frame to the Cartan coordinate
frame. A calculation of these frame transformations can be found in Appendix D, but
we include them here for continuity; we also include the transformations to the Harish-
Chandra coordinate frame, which are worked out in Appendix E. For the FPK diffusion
equation of Equation (103), we require the transformations of the derivatives,
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iP = 95 —1B,0 = 9, —e "9, + 1o, 11,d
~ B 2r2%¢ n mp T 271%s 2725y
1('(_2 = + %,8184, = 0y, — e‘ram + %1/285 + %ulal,, 168
- By coshr —a, - 1 1 ¢
Q = Vi-hot+ =59 = Vi — 31105+ 310y
coshr —«
po= Va-pp - BN om0 =V, lud— bnd,
c Bi ,3 Bras — Bott HC
Hy = 0y =piVi— BVt S50+ S50 209, = 9,0 —udy, —ad,,
where
— _ —-r
v, = smh (3, +coshrag, ) =, +e 79, . (165)
The two coordinate systems share the coordinate r, but the partial derivative with respect
to r is, of course, different in the two systems. In the above equation we distinguish
9, in the two systems, but we do this nowhere else because it is always clear in which
coordinate system we are operating. It is worth recording for working in terms of the
complex phase-space variables that
1 .
V= ﬁ(vl —iV,) = smh (8 + coshral;) =d,+e ra , (166)
1 . 1 _
V* = ﬁ(vl + IVZ) = m (a“* + Coshraﬁ*> = al/* +e rau* . (167)
For the SDEs of Equations (111)—~(117), we require the transformations of the one-forms,
0 = dp+ 1(B2dBy — B1dBy) + L (apday — aqday) + coshr (Brday — Boday) = dy + Le" (vidp, — vodyy)
0~ = di+ (Bl + B3)dr +sinhr (Bida; + Byday) = ds+ 5€ (vdpuy +vpdpy)
67" = dB, —coshrda, = (v —e'dpy +vydr)
0 = dp, — coshrda, = Ydv, —¢'dyy + vydr) (168)
69 = B,dr+sinhrda, = I(dvy +e'duy +vydr)
6" = B,dr+sinhrda, = L(dvy+ " duy +vydr)
oo = ar = dr

With the one-form transformations in hand, the Haar measure, written in terms of the
one-forms in Equation (110), becomes in the two coordinate systems,

2 2 2
u(x) = dgde ‘%ﬁ dr sinh’r dn = dypds d— dr e”‘; ;‘ (169)

Here and elsewhere, complex phase-plane measures are denoted by 4> B = 1dB,dB,. The
factors of 1/ in the Cartan measure are conventional in quantum optics and ultimately
come from the coherent-state completeness relation of Equation (155). The factors of 1/27
in Harish-Chandra coordinates then follow from the transformation from Cartan to Harish-
Chandra coordinates. The left invariance of these measures is discussed in Appendices D
and E. While we are considering measures, we should record the reduced measure on the
five-dimensional group RIWH = IWH/ Z:
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7 2 2 2 2
d°u(Zx) = ) _ d% dr sinh?r d% = %drezrdz—;;. (170)

Here du(Z) = d¢ d¢ = dy ds is the measure on the center Z.
Accompanying the coordinate Haar measure d7;4 (x) are the coordinate forms of the
conjugate é-function,

5(x,x ) =6(p—¢)o(L—1)— 2 5(r—7)ns*(B— ) n6*(a — o) 171)
sinh“r
=5(p—y)o(s—s) e o(r—v)2ms (v —v) 2m8 (u— ). (172)
There are obvious coordinate forms for the J-function §(Zx, Zx') that is conjugate to
d5y(Zx):

§(Zx,Zx') = §(r—rYns*(Bp—p) mé*(a — ) (173)

sinh?r
—e ¥5(r—r)2ns*(v—v)2r8 (u— ). (174)

We are especially interested in (x, 1). As the identity 1 has Harish-Chandra coordinates
¢=¢=r=0andv =pu =0, we have

5(x,1) = 8(¢p) 8(s) 8(r) 26> (v) 276> () . (175)

The Cartan form of 4(x, 1) requires more attention because of the coordinate singularity at
r = 0 (see Appendix B for discussion). The singularity is about more than just the 1/ sinh’r
in the Cartan form of the J-function, although that singularity is the root of the difficulties
that require attention. We provide the necessary attention in Appendix F.

3.4. Solving the SDEs

Section 2.5 left off by showing that SPOM corresponds to the right-invariant Stratono-
vich-form SDEs of Equations (111)—(117). With the frame transformations from Equation (168)
of the previous section at hand, the three first-order SDEs, given in Equation (118), find the
following expressions,

2xdt = 0~ Ho(5,) = dr, (176)
<_
1 . .
\/%dwt:\—@(e)@(&)ﬂep(&)) — Bdr +sinhrda .

1
= E(dv—l—erdy—l—vdr) ,
and the four Pfaffians, displayed in Equation (119), give

<_,)) = dp — coshrda ws)
— %(dvferdyntvdr),

1
8) = dl+ 5 (BT + p)dr +sinhr (Brda + paday)

(179)

1

= dS + Eer(l/ld‘ul + Vzd;/lz) ,
; 1 1

0= gln(f_t) =dp+ E(ﬁzdﬁl — B1dB;) + E(‘de“l — ayday) + coshr (Byday — Brday) (10)
180

1
=dyp+ Eer(vldﬂz — Vpdpy),
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where the evaluation of the coordinate one-forms on the vector-valued SPQM increment,
8, ,is no longer denoted.
<_

Equation (176) is the ruler equation given previously in Equation (143); it has the
solution r, = 2xt for the initial condition ry = 0. Summing and differencing Equations (177)
and (178), one finds that

Vidw, =dB+ Bdr—e "da

181
=dv+uvdr, (181)
Vidw, = —dB+ Bdr + ¢ da

As was discussed in Section 2.5, these are Stratonovich-form SDEs, which means that
the coefficients are evaluated at the midpoint, ¢ + % dt, of the increment—technically, the
midpoint has no status in the stochastic calculus, so one can regard midpoint evaluation as
Apigryn = %(at +ap ) =a;+ %dat—but for these SDEs, that evaluation does not produce
an Itd correction (because dr, = 2xdt has no stochastic term), and the equations can be
read as Itd-form SDEs, with the coefficients evaluated at the beginning of the increment.
When r and dr are substituted into these SDEs, the equations for the Harish-Chandra
complex phase-point coordinates, v and p, become Equations (144) and (145), with the
solutions shown in Equations (148) and (149) for the initial conditions vy = 0 and py = 0.
The SDEs for Cartan phase-space points are

dp = cosh2«xtdun, (183)
da = csch 2kt (—2xBdt + \/x dw,) . (184)

For integrating, these SDEs are more profitably written as

d(ve*™) = d(e*™ — u) = *'\/x dw,, (185)
du = d(—pe ™ +a) = e ™V dw,, (186)

and the reason is that these are the same as integrating the SDEs for the Harish-Chandra
phase-plane coordinates. The solutions, satisfying initial conditions vy = iy =0,

T
vpe™ T = Bre® T — g = / Vi dw, e, (187)
0
T
nr = —pre ™ +ar = /o Vicdw, e, (188)
are those displayed in Equations (148) and (149) for the Harish-Chandra phase-space

points. Summarizing, we have that the solutions for the ruler and the Cartan phase-space
coordinates are

rr = 2xT,

cosh 2kt

cosh2x(T — t)
sinh2kT’

T
pr= /o Vi dw sinh 2xT

.T_
wr = /0 Vrdw, (189)

The Stratonovich-form SDE for the Harish-Chandra center coordinate z follows from
the SDEs of Equations (179) and (180),

dz, = —ds; + idp, = "2y, 4 odyy (190)
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Converted to It6 form, this equation is

dz; = (v + dvy) " dpy
= (v + 3Vx dw,;)v/xdwy (191)
= L|dw,|* + v, dw}
in agreement with Equation (146). The solution for the initial condition z; = 0 is carefully

worked out in Appendix C and given in Equation (150).
The Cartan normalization and phase-space coordinates have Stratonovich-form SDEs,

dp =

(B? + B3)dr + sinh r(Byday + Bodasy), (192)

1
2
3(B1dBy — BadPy) + 3 (ayday — apday) + coshr (Boday — Brday), (193)

where all the coefficients are evaluated at the midpoint ¢ + %dt. Converted to equivalent
It6-form SDEs, these equations become

—dl, = |B* dr +sinhr(Bda* + B* da) + L sinhr(dBda* + dB* du) (194)
= coth 2xt k|dw,|* — 2| B;|*x dt + Byv/x dw} + Biv/x dw,, (195)
idp = 3(B*dp — Bdp” +a’da — ada™) + coshr(Bda” — p*da) + & coshr(dBda”™ — dp” da) (196)

= csch 2t (a,Bf — af B;)x dt + L (B coth 2t — a; csch2xt)/x dw] — L (B} coth 2t — afcsch 2«t)y/xdw,.  (197)

Though more complicated, these equations have a similar character to the SDEs for the
Harish-Chandra center coordinate z = —s + iip. The Itd correction for d¢ is the last term in
Equation (194), and it becomes the coth term at the beginning of Equation (195), whereas the
Itd correction for d¢ at the end of Equation (196) vanishes. We could solve these equations
directly, but it is both easier and more productive to combine the solution for z with the
coordinate transformation to Cartan coordinates, thus giving

bp=sr—fr and ¢r=19r—3r, (198)

where s and 1 are the Harish-Chandra solutions shown in Equations (152) and (153)
and fr and ¢t are the functions from Equations (162) and (163) with all the coordinates
evaluated at time T.

3.5. Solving Most of the FPK Diffusion Equation

Section 2.4 left off showing that the sample paths of SPQM diffuse according to the
KOD D, (x), which satisfies the FPK equation given in Equation (103), with the initial
condition Dy(x) = J(x,1). The crucial mathematical object in the diffusion equation is
the FPK forward generator A, which is written in terms of right-invariant derivatives in
Equation (101).

With the frame transformations of Equation (164) at hand, it is easy to express the
three pieces of the FPK forward generator in Cartan coordinates,

B+ B>
2[10 - *Zar + 2 ‘Blvl + ,Bsz - 2 ag + a‘PBHo ’ (199)
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1 1 coshr —« 2
Egg - 2(V1 ~ POt - 2sinhr 28‘7’) (200
1 2 1
1 1
=3 (V% — (V1B +B1V1)0, + 5%%) + §a¢BQ (202)
1 1
= (V3 — (cothr+24, V)3, + Bid7 ) + 59,80 (203)
1 1_, 1, 1
— 75 COthTag + ivl — ag (ﬁ1V1 — 2[‘318[) + iaq)BQ, (204)
1 1 coshr —a 2
A R ) (205)
1 2 1
=5 (V2= B29y)" + 59 Bp (206)
= Leothra,+2v2-a L2, ) + 2o
= _ECOt r é“‘EVz— Y 'BZVZ_E'BZ Vi +§ (po, (207)
where we introduce the quantities
ny — B
_ Bpcoshr —a, _ By coshr —a, 2
Bo= sinhr (Vi=F19¢) + 2sinhr 9/ (209)
_ Pqcoshr —uy _ By coshr —ay 2
Bp = sinh r (Vz ,3285) + 2sinhr 84” (210)

which are independent of ¢ and commute with d,,. The ¢-derivative terms quickly disap-
pear from the analysis, ultimately because ¢ is irrelevant to the instrument elements as a
consequence of the symmetry & (eZQ‘PL) = (@ (L). Putting these expressions together, the
FPK forward generator of Equation (101) becomes in Cartan coordinates,

1 2 2
A = —29, —cothrd; + (Vi+V3)+ (2~ (ﬁlvl 4BV, - P ;52a3> +3,B, (211)

where B = By + %BQ + %B p- It is worth noting that
1
5 (v% + v%) = V'V = VV, (212)

where V and V*, defined in Equations (166) and (167), are derivatives with respect to
complex phase-space coordinates.

Due to the cubic and quartic nature of the last few terms in Equation (211), we do
not hope to find a complete analytic solution to Equation (103). However, “5/7-ths” of
the distribution can be analyzed quite easily. Remember that we are interested in the
instrument, and observe that the instrument elements can be partitioned by reconsidering
the total operation Zr, written in terms of Dy (x) in Equation (87), as
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2r = [ dn(x) Dr(x)0(x) (213)

= [ du(zx) < /Z d¢d€DT(x)e”> @(Dﬁe*Ho’D;) (214)
G/Z

= [ d%u(zx)Cp(Zx) @(Dﬁe*HorD;), (215)
G/Z

where we use the coset measure d5]4(Zx) introduced in Equation (170) and define the
Cartan-section reduced distribution function,

Cr(Zx) = /Z d¢ d¢ Dy (x)e 2. (216)

Readers uncomfortable with the coset notation can think that, in this equation, x =
eiQ‘Pe*QZDﬁ eiHOrD,I and Zx = Dy eiHorDl. Even more prosaically, one can regard Dy
as being a function of all seven Cartan coordinates and Cr as being a function of five of
them, the ruler r and the complex phase-space coordinates  and a. Our excuse—quite a
good excuse, really—for using the coordinate-independent coset notation is that we will
elaborate on this distribution function and another one in Section 4, but working there
mainly in Harish-Chandra coordinates.

Equation (215) is a new unraveling of the SPQM instrument, which we call the reduced
SPQM instrument, with instrument elements

du(Zx) Cr(Zx) ©(Dge” D)), (217)

in which the Cartan reduced distribution C1(Zx) is conjugate to the operation @ (Dpg e oDl
If H, is quantized in the standard way, we have, at late times,
—Hyryt —«T + —«T
Dﬁe 0rDa|T>>1/KNe " DﬁT|0><0|DaT =e " |Br) (| (218)
This makes clear that C1(Zx) is the elephant in the room hinted at in Section 3.2: it is the
phase-space weighting function that is crucial for the POVM completeness relation, which
takes the form

1, = / u(x) Dp(x) x'x = [ d®u(zx) Cp(Zx) Dle H¥ D, (219)
/G 1G/z

As an elephant, however, C,(Zx) is not normalized to unity—indeed, its normalization
is ill defined. Moreover, C,(Zx) is not the weight function whose moments are those of the
Cartan phase-point variables  and « according to the SDE solutions given in Equation (189).
The distribution function that does give these moments is the straight marginal of Dy (x)
over the center Z,

Dy(zx) = /Z d¢ 40 Dy (x). (220)

This distribution is normalized and has finite moments, those coming from the SDE solu-
tions of Equation (189). For those very reasons, however, Dy (Zx) cannot possibly give rise
to a POVM completeness relation; it will not be seen again in this paper.

To derive an evolution equation for the reduced distribution function C,(Zx) of
Equation (216), one takes its time derivative, substitutes omtp tje omtegra; the FPK equation
given in Equation (103), and pushes the FPK forward generator A from Equation (211)
through the center integrals by integrating by parts. Integration by parts on ¢ gets rid of
the derivatives with respect to ¢, and integration by parts on ¢ translates to substituting
dy — 2, resulting in the partial differential equation (PDE),
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10

2 Ci(Zx) = (=29, —2cothr + V'V ) [C] (Zx).. (221)

for which one should recall that V*V = 1 (V7 + V3). This PDE is ballistic in the ruler r—
solution proportional to §(r — 2xt)—and Gaussian-preserving in the phase-space variables, but
as a consequence of the —2 coth r term, the PDE does not preserve normalization [15,16,19].

To solve for C,(Zx) requires knowing D (x), which is, when dt — 0, the é-function
4(x,1). This can be done fairly easily by evaluating the Cartan-coordinate solutions from
Equations (189) and (198) at T = dt. We perform that task in Appendix F, where we also
identify all the é-function forms for initial conditions. The result for D4, (x) is

Dy, (x) = 8(¢) 5(£ + Licdt|g + a|2> : Lzra(r — 2xdt) 271"7‘?5"”’”/5*“'2 2162 (B — a) . (222)

Sin

The distinctive feature of this distribution is the wide, normalized Gaussian in  + «, which
limits to a uniform distribution in 8 + « as dt — 0. What the wide Gaussian is about is the
fact that the identity is represented by Cartan coordinates ¢ = ¢ = r = 0 and B = «, with
B + a free to take on any complex value. With this expression, it is easy to see that

Cyp(Zx) = /Z dpdl Dy (x)e 2 = %m — 2xdt) 72 (B—a) . (223)

The integral of this distribution has a zero from the 1/ behavior multiplying the sinh” 7 in
the measure d5y (Zx) and an infinity from the uniformity in g + «; therefore, the normaliza-
tion is ill defined. This ill-defined normalization is, however, exactly what is needed to give
a well-defined POVM. For these reasons, Cy;(Zx) does not limit to 6(Zx, Z1) as dt — 0, for
which see Appendix F.

The initial condition Cy(Zx) is independent of B + &, and the distribution C,(Zx)
remains so under the PDE of Equation (221). To see the consequences most clearly, it is
useful to transform to sum and difference variables,

Bo=pta, (224)
in which the covariant derivative V of Equation (166) becomes
V= coth(r/2)85+ + tanh(r/2)dg . (225)
Therefore, the weight function evolves according to the PDE,

d
gCt(Zx) = K(—Z cothr — 29, + tanhz(r/Z)aﬁtaﬁi) Ci(Zx), (226)

with solution

1 a2
8(r — 2kT) 2m———e P01 /21 (227)

Cr(Zx) = sinhr Yo"

The width of the difference in phase points, >, satisfies the differential equation, 4%, /dt =
K tanhzxt, with a solution, given the initial condition ¥y = 0,

Xy =«T —tanh«T. (228)




Entropy 2023, 25,1221 29 of 57

In summary, the SPQM instrument can be considered as the reduced SPQM instrument
unraveling,

2= / du(7x) Cr(7x) ©(Dge DY), (229)

with instrument elements

2 2
du(Zx) Cy(Zx) O(Dg e Ho' DY) = 2sinh 24T dr 6(r — 2«T) d% ;;i ¢~ IPal*/Zr O (Dg e Horply, (230)

where the width Xt of the difference in phase points is given by Equation (228). There are
four notable features in the temporal behavior of the reduced SPQM instrument:

—H,r

1. The ruler r (or purity parameter) is ballistic, which means that e collapses ex-

ponentially to e~ *7[0)(0] in the standard quantization. More generally, D 5 e "Moplt

collapses exponentially at late times to an outer product of coherent states, e " | B) («|;

2. The dependence on the future and past phase-space parameters, p and «, is only in
their difference;

3. The distribution of the difference spreads out very slowly for small times as X1 o T
and then for long times becomes normal diffusion, with 21 o T;

4. There is a center normalization, 2 sinh 2x T, that increases over time.

This center normalization is the focus of the next section, which finds that the elephant
provides an alternative perspective on the quantum.

3.6. POVM as an Alternative Perspective on the Quantum

The center normalization just mentioned is remarkable in that it is equivalent to
traditional energy quantization. Specifically, the completeness relation for the SPOQM
process, shown in Equation (219), is

.d2 B 2 a2 2 3
1, = ZSinhZKT/ ThD e Ho4"TD;/d—5e B—al®/2r 2sinh2KT/d—(XDae HT pt (231)
T Xy T

It is important to appreciate that, for late times T > 1/x, when ¢ HoteT collapses to

¢ 2T10)(0| in the standard quantization, this completeness relation becomes the coherent-
state resolution of the identity of Equation (155):

2
1= [ axal. 232)

The completeness relation says much more, however, when considered for arbitrary
times T. If H is an irreducible representation, Schur’s lemma says that

d*a _ _
/ —Dye Hot T D — 1, tr(e” Mo T) . (233)
The trace, which one recognizes as a partition function, is defined within the representation
and is evaluated using traditional energy quantization as

The center normalization in the POVM completeness relation thus evaluates the partition

function of e~ 7T without using traditional energy quantization. This is to be expected

in view of the Stone-von Neumann theorem, but expected though it is, please appreciate
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how different the setting of this paper is from the original ideas of energy quantization and
thermal equilibrium. Remember that here the operator H, comes from the trace-preserving
character of the instrument. It is not the energy of the system; indeed we have explicitly
eschewed any notion of system energy or of a Hamiltonian. The operator H, plays the role
of a “dissipator "—specifically, a dissipator that damps the POVM to the coherent states—
but there is no notion of energy associated with this dissipation. The coherent states and
H, arise within a group structure constructed solely from the measured observables, Q and
P. Moreover, the parameter conjugate to H,, the ruler r, is quite literally time rather than
an inverse temperature. It seems remarkable that this result holds, from the completeness
of the SPQM POVM, without any assumption of a Hamiltonian, a ground state, or thermal
equilibrium.

4. Reduced Distribution Functions and Feynman-Kac Path Integrals

This section further considers reduced distribution functions, their path-integral ex-
pressions and diffusion equations, and their relation to SDEs. The path-integral expression,

Dr(x) = /Dﬂ[dw[O,T)}‘S(x/'Y[dw[O,T)])r (235)

is generally considered to be a Feynman-Kac formula [15,16,19] for the associated diffusion
equation. Our analysis is rooted in the path integral of Equation (58) for the overall SPQM
quantum operation,

Zr = /Dy[dw[oj)] ® (R(’y [dw[O,T)])) . (236)

Equation (236) expresses the relation between a complex Wiener path dw|y 1), a point in
the group manifold IWH, «y [dwyo 1], and, in turn, the overall Kraus operator R(y[dw|y 1)])
written as a time-ordered product of incremental Kraus operators. Equation (235) defines
the Kraus-operator distribution function (KOD) as the amalgamation of all paths that
lead to the same Kraus operator. The KOD inherits the path-integral expression given in
Equation (236), and from this path integral, one can derive a diffusion equation for the
KOD. The reason the path integral is called a Feynman-Kac formula is that everybody after
Kac thinks about going in the opposite direction, starting with the diffusion equation and
formulating an equivalent path integral.

Section 4.1 reviews the Cartan-section reduced distribution Cy(Zx), introduces the
Harish-Chandra-section reduced distribution By (Zx) of Equation (24), and shows that
these two are related by a positive gauge transformation. Section 4.2 defines a normalized
version of the Harish-Chandra reduced distribution, denoted by By (Zx), and finds its path-
integral expression in terms of a modified path-integration measure in which the outcome
increments are correlated. Section 4.3 formulates the diffusion equations for By(Zx) and
Br(Zx), and Section 4.4 solves the path integral for By (Zx) using the stochastic integrals
for the Harish-Chandra phase-space coordinates.

4.1. Feynman-Kac Formulas
The ur KOD of Equation (235),

Ds(x) = /Dy[dw[O,T)P(x, 'y{dw[o,T)D , (237)

unravels Z over the universal domain of G = IWH,

2r = [ du(x) Dr(x) O (), (238)
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Reduced distributions are defined on G/Z = RIWH. The first of these reduced
distributions, introduced in Equation (216) as the Cartan-section reduced distribution,

Cr(Zx) = / dg df Dy(x)e %, (239)
z
can also be defined by the Feynman-Kac path integral,

Cr(Zx) = / Dﬂ[dw[o,T)] e~ 21w )] 5(Zx, Z’y[dw[O,T)D , (240)

where ([dw|y )] = (7 is the solution of the SDE of Equation (195) for the Cartan center
coordinate /,

—lldwyy )] = /OT’ ((cochKt —2|B? )rdt + B/ duw} + ﬁfﬁdwt) ) (241)

with the notation here emphasizing that this solution is a functional of the sample path of
Wiener outcome increments. As was noted in Equation (198), one can use the transformation
from Harish-Chandra coordinates to write

—L[dw)o,1)] = fr —sldwp )], (242)
where fr is the function of G/Z = RIWH given in Equation (162),
2f(Zx) = ¢ "/*sinh(r/2) |B+a|* + e /*cosh(r/2) |B — a|?, (243)
with the ruler and the phase-plane coordinates evaluated at time T, and
(T * —2k|t—s|
—2sp = =2s[dwy )] = / / Kk dw; dwge (244)
’ 0o Jo
is the stochastic integral for the Harish-Chandra center coordinate s, given in Equation (152)
and derived in Appendix C. The function Cy(Zx) unravels Z; onto RIWH = G/Z as in
Equation (215),

2 = / & (2x) Cp(2x) O(Dge DY), (245)
G/Z

and Cr(Zx) satisfies the FPK equation displayed in Equation (221),

10

—2C(Zx) = (—2ar —2cothr +V V)Ct(Zx). (246)

There is another natural reduced distribution, conjugate to the Harish-Chandra section,
Bp(Zx) = / dp ds Dy (x)e % (247)

z
_ / Dy[dw[O,T)} e Zlon] 5 (Zx, Z'y{dw[O/T)} ) . (248)

This Harish-Chandra reduced distribution function, By(Zx), unravels Zp as

Zr :/ d°u(Zx) BT(Zx)@(eaJrve_HOre“”*). (249)
G/Z
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The two reduced distribution functions are equivalent to one another through a positive
gauge transformation [19],

Cr(Zx) = /%d4>d€DT(x)e_2€ (250)
- /Z dip ds Dy (x)e 252 (251)
A E B (7x). (252)

In the lingo of Feynman-Kac formulas [19], 2f(Zx) is the “convective pressure”.

Section 3.5 introduced the Cartan reduced distribution C;(Zx) and showed that it
is the distribution that expresses POVM completeness. The price for relevance to POVM
completeness is that C(Zx) has ill-defined normalization and is disconnected from the
stochastic-integral solutions for the phase-space variables. The next three sections inves-
tigate the Harish-Chandra reduced distribution B(Zx). It is clear that By (Zx) is not
the right distribution for addressing POVM completeness because of the Gaussian gauge

function e 2 “¥), but this Gaussian gauge transformation is just what is needed to get
a Gaussian distribution function that can be normalized and whose normalized version
can be evaluated from the moments of the phase-space variables, albeit, as we shall see,
moments defined relative to a modified path-integration measure.

4.2. Normalized Harish-Chandra Reduced Distribution Function and Modified
Path-Integration Measure

The Feynman-Kac formula for By(Zx), shown in Equation (248), suggests that we

—2s[dw 1]

combine e with the Weiner measure of Equation (56),

2sd T 1" |dw| 2x]t—
D‘u{dw[o/n} —2sldwp,)] _ H d*(dwyy) <7Tdt) exp —/0 L / / dw] dw, e 21! (253)

The quadratic functional in the exponential can be written as

T_ \dw.|? T T . o 1 T T, o
_/0 dwq|” dtt| +/0 /0 x dw} dw, e 2l = i ) | odwt dws(éts—xdte 2nlt s‘) (254)
S Nlezldw davy (8 —wedee > (255)
dt k 1\ %kl

When converting between stochastic integrals and sums, we use t;, = kdt (ty = T = N dt)
and dwy = dwyy = dwy, .

Now we define the real, symmetric, and positive N x N matrix My, whose matrix
elements are

My = 6y — xdte I (256)

It is elegant for various formal expressions to introduce a continuous version of My, but
we do not bother with that here since we work with the sums that the stochastic integrals
represent. Notice that My is a Toeplitz matrix; that is, My ;;,; = My Putting this together,
we have

» N 1 N—-1N-1 .
Dy{dw[oj)} sldwp,r)] — (Hd (dwygy) )( dt) exp(—dt Yo ) dwy My dw, |, (257)
k=0 1=0
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which integrates over the Wiener outcome paths to

- - 1\" AN 1
D Zs[dw[o/n} I _ )
/ “[dw[w} ¢ ndt ) det(My/dt)  detMy (258)

This prompts us to define a new (normalized, zero-mean) Gaussian measure on the
Wiener outcome paths,

Du M[dw[oj)] = det My Dy{dw[oj)] ¢~ 2sldwp )] (259)
N-1 det M ] N=IN-1
= H dz(dwk) ]E exp *ﬁ Z Z dwk Mkl dwl . (260)
k=0 (7udt) k=0 1=0

Relative to this measure, the outcome increments are correlated,
-1

Notice that the increment correlation (dwy dw;),;, with k and I held fixed, changes as the
total time T changes. The inverse matrix M 1 matrix is real, symmetric, and positive,
all properties inherited from Mt. The inverse does not inherit the Toeplitz property of
M. That M7 is Toeplitz implies that it is persymmetric, that is, symmetric across the
anti-diagonal. M ! does inherit the persymmetry, which turns out to have an important
consequence in Section 4.4.

Returning to the Harish-Chandra reduced distribution of Equation (247), we see that
its normalization can be written in several ways:

Ny = / &u(Zx) Bp(Zx) (262)
- / Pu(Zx) Cp(Zx)e FE) (263)
— [ @u(x) Dy(x)e > (264)
z
— —ZS[dW[O’T)] — 1
/ Dyfdwyr|e ST (265)
The normalized version of the Harish-Chandra reduced distribution is
~ 1 6_2 f(Zx)
Br(Zx) = A—/TBT(Zx) = TTCT(ZJ{). (266)

Section 4.3 finds the diffusion equations satisfied by the reduced Harish-Chandra distribu-
tions, and Section 4.4 uses the path integral for the normalized distribution,

Br(Zx) = /DVM[dw[O,T)}(S(Zx, Z'y{dw[o,T)D , (267)

to evaluate By (Zx) from the SDE solutions for the Harish-Chandra coordinates.

4.3. Diffusion Equation for Harish-Chandra Reduced Distribution Function

The easiest way to get to the diffusion equation for B;(Zx) is to return to the FPK
equation for D,(x) given in Equation (103), write the FPK forward generator A in Harish-
Chandra coordinates, and then marginalize over the center to get a PDE for B,(Zx).
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By using the frame transformations shown in Equation (164), it is easy to express the
terms of the forward generator in Harish-Chandra coordinates,

21(10 = —20, +2(v9,, +1,9,,) (268)
= —28, —4 + 2(81/1 Vl + avzl/z) , (269)
1 1 2
Q0= E(vl — Jud, + b, ) (270)
1 2 1
=5(Vi- Tv0,)" + 59940 (271)
1/ o 2.2 1
= E (Vl — %as(vli/l + 1/1V1) + %1/185> + Eal/}AQ (272)
1 1
=5 (Vi - 10,(2Vyvy —1) + a2 ) + 5940 (273)
1 1, 1, 1 1
= ZBS <1 + 21/185) + Evl — Easlel + EaLPAQ , (274:)
1 1 2
SEL = §<V2 — 3129, — %Ulalp) (275)
1 2 1
1 1 1 1 1
= 1% (1 + 2u§as> + EV% — 50:Vauy + 50y Ap, (277)
where the terms
AQ = Vz(vl — %Vlas) + }Il/%alp, (278)
AP - —1/1 (Vz - %1/235) - %V%aw, (279)

are independent of ¢ and commute with d,,. Putting these expressions together, the FPK
forward generator of Equation (101) becomes in Harish-Chandra coordinates,

1
A:—Zar—4+265(1—|—

2 2
12 +V2
4

1 1
35> +5(VE+V3) #2001 420,05 — 50,(Vivy + Vara) +2,4, (280)

where A = J(Ag + Ap).

To derive an evolution equation for B,(Zx) from Equation (247), one follows the
procedure outlined for C,(Zx) in Equation (221), using here the rules that integration by
parts on s and ¢ makes the substitutions d; — 2 and 9, — 0. The resulting PDE for
B,(Zx) is

19
K ot

2 2
121 +V2

B,(Zx) = <_28r -3+ + A) B,(Zx), (281)

where, for brevity, we define a reduced generator for the phase-space-variable derivatives,

1
B = (20, — Vi)ui + (20, — Vo) up + 5 (Vi +v3) (282)
= (20, — V)v+ (20, — V)V + V*V. (283)
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Notice that
281,]_ — V]- = 8,/], —e 9 (284)

20,-V =0,—¢ "0

M’
‘- (285)

Converting fully to complex phase-space coordinates puts the PDE in the form

10

= By(Zx) = (—za, 3+ u*+ A) B,(Zx). (286)

This PDE is ballistic in the ruler r—solution proportional to §(r — 2xt)—and Gaussian-
preserving in the phase-space variables, but as a consequence of the term —3 + |1/|2, it
does not preserve normalization [15,16,19]. The effect of the positive gauge transformation
from C,(Zx) to B;(Zx) is twofold: (i) the norm-nonconserving “potential” term changes
character, from a ruler-dependent —2 coth r in the PDE for C,(Zx) in Equation (246) to a
term —3 + |1/|2 in the PDE for B,(Zx) in Equation (286), which depends on the posterior
phase-space variable v; (ii) there are first-derivative, “vector-potential” terms in the PDE for
B,(Zx), corresponding to the Ornstein-Uhlenbeck behavior of v in Equation (148), whereas
there are no such terms in the PDE for Cy(Zx).

We turn now to the task of converting the PDE for B,(Zx) in Equation (286) to a PDE
for the normalized distribution B,(Zx). The initial condition for the PDE in Equation (286)
comes from inserting the Harish-Chandra Dy, (x) of Equation (A140) into By (Zx) as it is
expressed in the integral in Equation (247) specialized to T = dt. Taking the limit dt — O,
one finds the expected result that By(Zx) is the -function on G/Z of Equation (A143):

By(Zx) = 6(Zx, Z1) = 6(r) 276> (v) 27082 () . (287)
This is expected because the identity is represented uniquely in Harish-Chandra coordinates
by ¢ =s =r =0,v = pu = 0. The initial condition means that B, (Zx) is initially normalized
to unity; thus the normalization factor N, has the initial value N, = 1, and the normalized
distribution has the same initial condition,

By(Zx) = By(Zx) = 6(Zx, Z1). (288)

The normalization factor,

d*v d
Ny = / du(Zx) Bp(Zx) = / ¥ ar L B (zx), (289)
satisfies the differential equation,
1dN, /e” ar LV L (—za —34 |1/|2)B (Zx) (290)
K dt 2w 27 r ¢
:Nt/d%(z;c) (1+ |v]) B, (2x), (291)

where the reader should notice that integration by parts on the ruler becomes the rule
0, — —2. This differential equation assumes the form

- =1+mn, (292)
where

me = (P = [ du(z2) vPB(2x) (293)
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is the second moment of v relative to the normalized distribution B,(Zx). We place a
subscript M on this moment because we can use the path-integral expression for By (Zx)
given in Equation (267) to re-express the moment as

ny = (jvr )y = /,DVM{dw[O,T)] |V[dw[o,T)]|2/ (294)

where v[dwy 1)] = vy is the stochastic-integral solution for v, given in Equation (148).
Once the stochastic integral is plugged into this equation, the correlations of the Wiener
increments are evaluated according to the modified measure Dy M{dw[o,T)} , that is, as in
Equation (261).

The PDE for the normalized reduced distribution B,(Zx) of Equation (266) now fol-
lows as

10 4 [ 1dInN, A
EﬁBt(Zx) = (—K T 20, =3+ |v|"+ A)Bt(Zx) . (295)
Inserting Equation (292) gives
10 4 2 N\ =
=By (Zx) = (—zar—4+ v| —nt+A)Bt(Zx). (296)

It is easy to see how this equation preserves normalization. The presence of the moment 7,,
essential for normalization, makes the equation nonlinear, but it can still be solved easily.

To solve for B;(Zx), one notes that the PDE is ballistic in the ruler r and Gaussian-
preserving in the phase-space variables. Thus, the solution has the form B,(Zx) =
e %' §(r — 2xt)®,(Zx), where @,(Zx) is a normalized, zero-mean Gaussian in the phase-
space variables v and y. The derivatives in the PDE of Equation (296) are invariant under
complex conjugation and under simultaneous rephasing of the phase-space variables, that
is, v — ve'* and y — p'*. It is productive to think of the invariance under complex con-
jugation as invariance under the change of phase-space coordinates v <+ v* and y <> u".
It is useful to appreciate that all the diffusion equations in this paper share these invari-
ance properties. The invariance under simultaneous rephasing implies that ®,(Zx) is a
zero-mean Gaussian since it starts from a zero-mean J-function initial condition. It further
implies that ®,(Zx) is determined by the three nonzero second moments of the phase-space
variables: 1, of Equation (293) and

my = (P = [ oz |1Bi(Zx), (297)
9 = (Vinm = (vi)m = /d5u(Zx) Vi By(Zx), (298)

with the invariance under complex conjugation implying that g; is real. This form of
the solution for B,(Zx) in hand, one derives from the PDE of Equation (296) first-order
temporal differential equations for the second moments n,, m,, and g,. Just as the ordinary
differential equation (ODE) for the normalization factor involves a second moment, so
the equations for the second moments involve fourth moments. The Gaussian form of
the solution relates the fourth moments to second moments, thus closing the system of
differential equations. The resulting three ODEs, for the derivatives of n;, m,, and g,, have
terms that are constant, linear, and quadratic in the moments; the presence of the quadratic
terms makes these ODEs (coupled) Riccati equations. The last step is to solve the three
Riccati equations with initial conditions ny = my = g, = 0, which are implied by the
S-function initial condition for B,(Zx). This gives the solution for B,(Zx). By integrating
to find N, using the solution for 1, one can backtrack to find By (Zx) and Cy(Zx) from
Equation (266).
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We have carried out this procedure of deriving the Riccati equations from the PDE in
Equation (296), but we do not present that derivation in this paper, preferring instead to use
a different method, which derives the Riccati equations from the path integral for By (Zx).
Implementing that method is the final task of this paper, carried out in the next section.

4.4. Normalized Harish-Chandra Reduced Distribution Function from Its Path Integral

The path integral for B (Zx), displayed in Equation (267), can be written explicitly in
terms of the J-function in Harish-Chandra coordinates,

Br(Zx) = /DVM[dw[O,T)} e Z5(r —rp) 2m6% (v — vp) 2706 (1 — iy (299)
= e T 5(r — 24T) /DyM[dw[O/T)} 278% (v — v[dw)o1)]) 276% (u — pldwyo 1)), (300)

where rp = 2«T, vy = v[dwyy 1)], and pp = p[dwyy )] are the solutions to the SDEs for the
ruler and the Harish-Chandra phase-space coordinates, shown in Equations (147)—(149) .
The measure for the path integral is a (normalized, zero-mean) Gaussian measure in the
outcome increments dw,; thus, the path integral gives a normalized, zero-mean Gaussian in
vand p, which is determined by the three (real) moments introduced in the previous section:

np = (lvr Py = [ (22 [vPBr(Zx) = [ Dy dwio)| Ivldwyy ]2, (3on)
my = (|url*) = /dSV(Zx) |u|*Br(Zx) = /D‘uM{dw[O,T)] |V[dw[o,T)]|2/ (302)
qr = (vrur)m = (Hvr) = / du(Zx)v'u Br(Zx) = / D;”M{dw[O,T)} v[dw )] uldwp )] - (303)

In this context, that the first moments and all the other second moments of the phase-space
variables are zero follows from the fact that the measure is invariant under simultaneous
rephasing of all the outcome increments; the reality of g1 follows from the fact that the
measure is unchanged under the transformation dwjy 7y — dwFO,T). These properties come
from the fact that My is real and symmetric.

Plugging in the stochastic-integral solutions for v and i puts these moments into
the following form:

N-1
np = (JvrPhy =« Y (dowf duwy) e Tl 72K (T=10) (304)
k=0
— Kdt Z e*ZKdt (N*k) (Mfl)klefzkdt (N*l) , (305)
k1=0
N-1
mr = (|ur )y = x Y (dwy duw;) ppe~ e 2 (306)
kI=0
N dtk dt1
=xdt Y e MM ge N, (307)
k=0
N-1
qar = (vrur)m = (urve)m = € ), (dwy dw1>M€72K(T7tk)€72Ktl (308)
k=0
N-1
_ Kdt Z e*ZKdt (N*k) (M]jl)klefdetl ) (309)
k=0

In the final form of g7, it is evident that gt is real. Notice that these expressions satisfy the
zero initial conditions.



Entropy 2023, 25, 1221

38 of 57

That My is a Toeplitz matrix introduces an additional, quite important symmetry.
The inverse matrix does not inherit the Toeplitz property of M, but it does inherit a less
restrictive property. That My is Toeplitz implies that it is symmetric about the anti-diagonal;
thatis, My = My_1_; y_1_k- A matrix that is symmetric about the anti-diagonal is called
persymmetric. It is easy to show that the inverse of a persymmetric matrix is persymmetric,
so M7 satisfies (M7 ) = (M1 )N 1 I N—1—k- Persymmetry has a major consequence for
the three moments, which comes from manipulating m:

my = Kk dt 2 eizkdt(Nilik)(M]“il)Nf]fk,Nf]fl e*ZKdi(N*l*l) (310)
k,1=0
axcd N=D ot (N—k 1 2idt (N1
=™ i dt Zef"t( (M e 2N (311)
k,1=0
4k dt

We can set e = 1 and thus conclude that

The complementarity in time of vy and yi was discussed in Section 3.2: the post-measurement
variable vy of Equation (148) depends exponentially on the end of the outcome register,
and the POVM variable it of Equation (149) depends exponentially on the beginning of
the register. The persymmetry of M and Mt ! expresses that the beginning and end of the
record look the same statistically, so it is not surprising that the persymmetry implies that
mr = nr.

The next step, deriving Ricatti equations for the three moments, involves incrementing
the moments from T to T + dT. The tedious part of this task is determining how My !
increments—that is, finding M{idT—and that can be done using the Schur complement.
We relegate this entire task to Appendix G and here skip directly to the coupled Ricatti ODEs,
taken from Equations (A174)—(A176):

1 dTlT _ _ 2

= (=n7)7, (313)
Ldmy _ —2kT\2

—o7 = ar+e )7 (314)
1d _

ol = —gr(1—np) +e T (14 ). (315)

With the zero initial conditions, these have the solutions,

kT

I’ZT - mT - m 7 (316)
gy = Vo2 T T ginhT. (317)
1+«T 1+4+«T

It is quite instructive to notice that the equality ny = m1 and the reality of g together
imply that the sum and difference Harish-Chandra phase-space variables are uncorrelated,

((vp £ pr) (v F )M = <|VT|2>M - <|VT|2>M F (vrpr)m  (Hrvr)m =0, (318)

with second moments,

(lvp £ 0P = (vl + (el v £ Wiprdp £ (pivedy = 2(np £47),  (319)
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where
ny+qr =2 " sinh«T, (320)
—1+xT | ot — Xr
g =T =2 hxT 21
T =4t 1+«T te ¢ coshx 1+«T’ (321)

The width X7 = xT — tanh xT was introduced in Equation (228). It is worth noting
the early- and late-time behavior of the various moments:

T, xT <1,
N — 1 — 322
=T {1, kT > 1, (822)
_JxT, T <1, (323)
IT=V1/xT, «T>1,
2T, xT <1,
nr+ = 324
T +4r {1’ T 1, (324)
2 3
£(xT)”, xT<1
ny—qp = 3T ’ 325
T {1, KT > 1. (329)

At early times, v and p are tightly correlated, with their sum undergoing standard diffusion;
at late times, they become uncorrelated, and their second moments saturate at 1.

The sum and difference variables being uncorrelated, the Gaussian path integral from
Equation (299) has the normalized solution,

" - 1 v+ pf? 1 v —pf
Br(Zx) = e *T5(r — 2¢T) 4 ex (— 47 exp(—=—1— . (326)
’ 27t(ny +4qr) P 2(ny +4qr) 27t(ny —qr) P 2(ny —4qr)
Noting that
2%
ny+qr)(ny —qp) = sinh 2kT ———1——, 327
(ny +qr)(nr —qr) 2T (14 T) (327)
we can put the normalized solution in the form
. 1 2¢ (1 4+xT) , T 2 T 14T
Br(zx) = Gupaer 00 = 2¢T) = eXp<_|V+”| ronnaT VM T 3, ) (328)

which satisfies the §-function initial condition of Equation (288).
To retrieve the unnormalized distribution By (Zx) = N7Bp(Zx), one needs det My =
1/ N7, which, according to Equation (A169) or Equation (292), satisfies the equation

1dIndet My 1
ST (g = 24— 2
K dT (Inr) = =247 (329)
with the solution, for the initial condition det M, =1,
det My — ¢ 2T (14 xT) = L. (330)
Nt

The unnormalized distribution is therefore
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! 2 , T 5 T 14T
Br(zx) = sinh 2xT Or = 2«T) ZTeXp(—|l/+}l| 4sinh kT v=rl 4coshxT Xp (331)
1 2 2 T _. 2 —«T 1+«T
- —2xT) — — nhxT — |8 — hxT . 2
ShoRT o(r—2x )ZT exp( |B+a|7e " sinhkT — |p—a|%e " coshk > (332)

The second line transforms to Cartan phase-space coordinates. Unnormalizing changes the
Gaussian’s prefactor; transforming to Cartan coordinates changes the Gaussian. The final
step is to undo the gauge transformation to get back to the Cartan reduced distribution,

2

|

S(r—2xT) 2 exp (—“32_:“) , (333)
T

Cr(Zx) = /@B (Zx) = S
T

1
sinh 2xT
which matches the solution in Equation (227), which was obtained from the PDE for C,(Zx)
displayed in Equation (221).

It is fair to ask whether the point of this section is just to provide a different, more
complicated route to the solution for C(Zx). We think it is more than that, and here is why.
It all comes back to the elephant in the room, that is, how one handles the normalization
or scaling of the Kraus operators that comes from the center Z. The Cartan reduced
distribution, defined in Equation (216) and determined from the diffusion equation in
Equation (221), succeeds in representing POVM completeness by marginalizing the ur-
distribution Dy (x) over the Cartan-center normalization, e 2 = 22972 this gives a
distribution uniform in the Cartan sum variable  + « and thus spread over all of phase
space in a way that gives POVM completeness. As a consequence, however, the moments
of C(Zx) are not those of the stochastic integrals for the phase-plane variables. The Harish-
Chandra reduced distribution By (Zx), defined in Equation (247), marginalizes D(x) over
the Harish-Chandra-center normalization, e **. After normalization to unity by the factor
N7, the normalized distribution By (Zx) is determined from the diffusion equation shown
in Equation (296) or by applying the path-integral expression of Equation (267), with its
modified path measure, to the stochastic integrals for the Harish-Chandra phase-space
variables. The route from B;(Zx) to POVM completeness runs backwards through the

normalization factor NV and the anti-Gaussian gauge transformation ¢¥/(2%) and arrives at
Cr(Zx). The point of this section, one might say, is to find and reveal these connections
among path integrals, diffusion equations, and SDEs; discovering these connections, driven
in this paper by a combination of necessity and opportunity, allows us to re-unite the
three faces of the stochastic trinity. Accessing the entire stochastic trinity by using a
positive gauge transformation that is grounded in a problem’s Lie group—this, we hope,
might be generally applicable to Feynman-Kac formulas for non-normalization-preserving
diffusion equations.

5. Concluding Remarks. The Stochastic Trinity

We set out on the project of analyzing simultaneous measurements of noncommuting
observables [39,40] with the goal of showing that such measurements end up with a POVM
in the overcomplete coherent-state basis. We now think that we have uncovered something
more ambitious, a distinctive new window into the space of quantum dynamics. The
formulation of the problem of continual, differential measurements invites one—compels
one, really—to think in terms of the paths of Wiener outcome increments. These outcome
paths, as sample paths drawn from the Wiener measure, know nothing about the space
in which they are wandering. When they are instantiated in the exponents of Kraus
operators, however, the time-ordered products of the differential Kraus operators generate
a (complex) Lie-group manifold, the instrumental Lie group, in which the Kraus operators
are, in the way of groups, both the transformations and the moving points. The motion
in the instrumental Lie-group manifold is described by Kraus-operator SDEs or by the



Entropy 2023, 25, 1221

41 of 57

diffusion of the KOD, as embodied in an FPK diffusion equation. The continuous, but not
differentiable, paths are handled effortlessly by the It6 calculus of the outcome increments,
with its terms of order v/dt and dt. This requires getting just beyond the linear structure of
vector fields (right-invariant derivatives) and one-forms (right-invariant one-forms) on the
Lie-group manifold, as is evident from our discussion of Stratonovich vs. It6 SDEs and in
the derivation of the FPK diffusion equation, where right-invariant derivatives end up as
diffusive second derivatives. We end up in a very comfortable place, working in all three
corners of the stochastic trinity: path integrals, FPK diffusion equations, and SDEs, all three
describing motion, equivalently, on the instrumental Lie-group manifold.

Why do others not find the same comfort in all three faces of the trinity? Field theorists,
interested in the propagator of closed-system dynamics, have a different way of handling
the continuous, but not differentiable paths, coming from a Stratonovich calculus way of
dealing with the temporal derivatives in the kinetic terms in a Lagrangian. While they
usually have an equivalent Schrodinger-like equation for the propagator, they do not
have the analog of SDEs, even though the problem often undergoes a Wick rotation into
“Euclidean spacetime”.

Open-systems theorists, both in condensed matter physics and in quantum optics,
generally work with master equations or stochastic master equations for the evolution
of quantum states and sometimes with diffusion equations for a probability distribution
associated with the states. Those who start with diffusion equations can avail themselves
of a Feynman-Kac formula for a path integral, but the connection to SDEs has generally
not been made. The reason for not using all three faces of the stochastic trinity is, we think,
a failure to identify the appropriate Lie-group manifold; this failure is connected to the
emphasis on the evolution of quantum states, which obscures nearly entirely the Lie-group
manifold on which the open-system dynamics occur.

Suffice it to say that we think we have found something: the home of quantum
dynamics, the Lie-group manifold that supports all three faces of the trinity. The exhausted
reader who has survived to read this concluding sentence of a very long paper might
be pleased—or so we hope—to learn that our ambition is larger than was evident at
the beginning.
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Appendix A. Exterior Derivatives of the Right-Invariant Basis

The Lie algebra of right-invariant derivatives is equivalent to the exterior algebra of
right-invariant one-forms. This can be seen by considering the second exterior differential

of a scalar function,

0 = ddf
=d(ey1116")
= g, [es ] 6" + gy 710"
= ;(2 [@[f]] - ﬁ[({?_},[f]DG}‘/\GV—Fe&[f]dGA
= ;[f_w@] [f10" A 0" + 2[](](;19A

1
= ¢, [f] (—Ecw)‘ N +d9A) ,
which, by linear independence, means that

A A
V] = —Cu fA — de

e,,e = =C
[<£/<_ D Hv

Specifically, if we write out all of the different Lie brackets,

H, = no such brackets,
Q = [H,, —iP],
P = [H,,iQ],
—iP = [H,, Q],
iQ = [H,, P],
-0 =[Q,iP] = [iQ, P],
i = [Q,P] = [iQ,—iP],

we can read off all of the one-form differentials or “curls”,
40" = %067 + 690077,
40 =0 A% 409N 0",
do~ " = gHop 99,
40’ = oMo p 07,
409 = oMo p 9P,
do” = oMo p 62,
do o =0,

Appendix B. Global Coordinate Transformation between Cartan and

Harish-Chandra Coordinates

L LN

(A1)
(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)

(A9)
(A10)
(Al1)
(A12)
(A13)
(Al14)

(A15)
(A16)
(A17)
(A18)
(A19)
(A20)
(A21)

The global transformation from Cartan to Harish-Chandra coordinates is most easily
accomplished by inserting the displacement-operator normal ordering of Equation (76)
into the Cartan decomposition of Equation (156) and then pushing the factors around until

they are in Harish-Chandra form:
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. 2 2 . + * + *
(Dﬁ ezQ(p)e—Hor—QéDa—l _ e—Q[(—i—%(LB\ +|a )]elﬂq)eu Bp—ap’ ;—Hor ,—a'a jau (A22)
_ QU (B Hal)] i 0 B ap” —ae  —Hr jaa (A23)
_ QU+ F (B Hal)] i 0B a0 ja' B —a'e T w ymap" ,—Hr jaa’ (A24)
_ efﬂ[KJr%(|,B\2+\ac|2)]eiﬂtpeﬂﬁ*acefrea*ﬁefajte*rtxefHorefae*V/S*emx* (A25)
_ o7 (B¢ 0) ,Hor— Qe+ S (1P 4 o) B we ™" —ig] ja(a—e"B)" (A26)
Identifying the parameters of the last line gives the coordinate transformation,
v=B—¢ 'a, (A27)
p=a—c B, (A28)
—s+ip=z=—(—f+i(p+¢), (A29)
where
— 1( 2 2 * —r x =1\ _ 1-—-
F= (1B +laP = pae —pate) = Lo g a + T2 g a?, (30
o rBumBe (B0 (ﬁ+0¢)f(ﬁ—a)(ﬁ+a> / s
2i 4i
are functions of the RWIH G/ Z.
The inverse coordinate transformation is
v+u
P 2sinhr’ (A32)
fu+v
~ 2sinhr’ (A33)
{=s—f, (A34)
p=9-2¢. (A35)

It is quite useful to notice that the sum and difference phase-space coordinates simply
rescale under this transformation,

/2
_vdp )
pra= 1—¢ " 2sinh(r/2)’ (A36)
r/2
o _v—p et (v—p)
p a71+e*’ ~ 2cosh(r/2)" (A37)
We also have
P e O e TG (1 1 0 e 7 (A38)
4(1—e ") 4(1+e ") 4sinhr ’
=) p) v tp)  vp v
¢= 8isinhr " 4isinhr (A39)

It is crucial to appreciate that the transformation from Harish-Chandra to Cartan
coordinates is singular at r = 0, with the consequence that positive transformations of
the form PP are not represented in Cartan coordinates. At r = 0, the Harish-Chandra
decomposition becomes
_ eQzea+veay* _ eQ(zf%vy*)eaJrquay* _ eQ(zf%vy*)D

%(V+H)+ﬂ (v+p)" . (A40)

Xr=0 (v—y)/Ze
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Each displacement operator and each positive transformation of the form eQITPP i repre-

sented uniquely in the four-plane of v and y coordinates; in particular, the identity operator
has coordinates r = 0andz =v =pu = 0.
Atr = 0, the Cartan decomposition reduces to

X,_g = equ)e—QzDﬁDﬂx _ ei0[¢+(ﬁwfﬁa*)/21]670£Dﬂﬂx ) (A41)
The Cartan coordinate singularity at » = 0 is that x,_; does not depend on g +a. A
displacement operator Dyg_, = D, is represented by a plane of  + « values; specifically, by
all the coordinates satisfying f—a = 7,r=0,{=0,and ¢ = (B+a)" T — (B+a)T")/4i.
Most importantly, the identity 1 is represented by the plane of Cartan coordinate values
satisfying B = a and r = ¢ = ¢ = 0. Positive transformations of the form eQITPP are
not represented at all in Cartan coordinates; this is not a problem because these positive
operators lie on a boundary that is not accessible to the Kraus operators of SPQM.

Appendix C. Solution for Harish-Chandra Center Coordinate

To solve for the Harish-Chandra center coordinate z from the SDE of Equation (146),
it is best to work with the sums over Wiener increments that underlie the It6 stochastic
integrals. Thus we begin by writing the solution for the post-measurement Harish-Chandra
coordinate v, given in Equation (148), as

T/dt—1

vy = ), Vedwge “(T=t) — Z Vi dwy e K(N—k)dt (A42)

k=0 k=0

where dw, = dw;;; and t, = kdt (ty = T = N dt). Notice that the initial condition vy = 0
is enforced by having no terms in the sum for N = 0. The solution for z is

1 N=1 , Nl
IN=3 Z K|dw |~ + Z VeV/K dwy (A43)
d N=td d d 2K‘k l‘di‘
72K| wk|—0—ZZK wy dw; e (A44)
=1 =0

where we omit the k = 0 term on the second line since v, = 0 and where we can insert the
absolute value because k > [. Notice that, as for v, the way the initial condition zy = 0 is
enforced is through the fact that there are no terms in the sums when N = 0. Now, define

N-1k-1
= Y Y kduwj dwy e (A45)
k=1 1=0

and manipulate y* by specifying the summing range in an equivalent way and then
switching k and |,

= “ofk—tlar _ N NS —2xfk-I|dt
=Y ) «dwdwfe k=1l Z Y. kdwy; dwye k| (A46)
1=0 k=I+1 k=0 I=k+1

With this result, we can write our sums as including the entire range of values, k,[ =
1...,N — 1. Converting to the real and imaginary parts of z = —s + iy, we have
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—sy = Re(zy) =

N-1 N-2 N-1
1( Y k|dw|* + Z Zxdwk duw,y ¢~ 2Rty + Y ) xdwydw, 62K|kldt> (A47)
2 k= k=1 1= k=0 I=k+1
_1 N ~2nlk—Ijat
- Z Z x dwf dw;e” " (A48)
2x|k—I|d —2 Nt 2x|k—1|d
iy = ilm(zy) Z ZdeZdwlef clk=tlat _ Z Y kdwg dwye” clk—tlat (A49)
k=1 1=0 k=0 I=k+1
1 NS X —2x|k—1|dt
=5 Z Z Kk dwy dw; e sgn(k—1), (A50)
where the sign function is defined as
1, u>0,
sgn(u) =40, u=0, (A51)
-1, u<0.
The center variable of Equation (A43) is therefore
NI 2xlk—1|dt
zZy = =Sy T iy = K dwi dw; e~ 1+sgn(k—1 A52
N Nt = kZ%) IZO 2( gn(k—1)), (A52)
where one recognizes
. 1, u>0,
5(1 +sgn(u)) =H(u) =431, u=0, (A53)
0 u<0

as the Heaviside step function with the choice H(0) = % This appendix is really an exercise
in relating the real and imaginary parts of z to its symmetric and antisymmetric parts
and, in the process, getting the weighting of the diagonal (k = [) term right—equivalently,
making the right choice for the u = 0 value of the sign and Heaviside functions. The
incremental It6 calculus, with its quite explicit diagonal terms %K|dwk \2, leaves no doubt
about the right choice.

Converting back to integrals gives

—S5r = 1 /L/LK dw’ dw, e 21! (A54)
T 2 Jo 0 t s 4
. - 1 T T % —2x|t—s]
ipr = 2 ) Iy Kk dw; dw, e sgn(t—s), (A55)
which lead to the formula for z;y = —st + iy in Equation (150). To use these integrals,

one should return to the incremental sums. If one started with the Stratonovich-form SDE
shown in Equation (190) for z, one could convert it to an ordinary temporal differential
equation with the Wiener increments replaced by J-functions. Integrating that equation
would give the same results as here, but only after careful attention to how to weight the
diagonal (t = s) 6-functions in the integral. Thinking in terms of the Stratonovich-form SDE
for z, it is clear that solving the equation for z—what we have done in this appendix—is
identical to deriving a fluctuation-dissipation theorem for the correlation of v and p.
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Appendix D. Local Transformations between Cartan-Coordinate and
Right-Invariant Frames

The Cartan decomposition of a position x € IWH is
X = (Dﬁ eim’)eiHDr*mD,,:1 ) (A56)

Before differentiating x with respect to the Cartan coordinates, it is useful to differenti-
ate the displacement operator with respect to its arguments using the ordered forms in
Equation (75):

94, Dy = (—iP + 30, iQ) D, (A57)
9., D, = (iQ — 1a,iQ)D, . (A58)

We will also need the conjugations

1 . + + 1 .
\ﬁDa(Q +iP)D, =D,aD, =a—a = E(Q —a;+i(P—ay)), (A59)
and

¢ Hogeo — 4" (A60)
e HogteHo — gte™" (A61)
e "HoQe™o = Qcoshr + iPsinhr, (A62)
¢ "Mope™Ho — P coshr — iQsinhr. (A63)

Differentiating the position x gives
8¢x =iQx, (A64)
—dpx =Qx, (A65)
dp,x = —iPx+3B,i0x, (A66)
dp,x =iQx — 3B1i0x, (A67)

—9,x = DgH,Dj x

=3((Q—B1)*+ (P = B)*)x (A68)

= Hyx— By Qx — B Px + 3 (BT + 3) Qx,

9y, x = Dge Mo (iP+ Ja, i) Df x
= Dg(iPcoshr + Qsinhr + a, iQ)DE X (A69)
= coshriPx +sinhr Qx — By sinhr Qx — (B, coshr — Jay) iQx,

94,¥ = Dg e Mo (—iQ — iy iQ)erHOD;g x
= Dg(—iQcoshr + Psinhr — }a; i) Dj x (A70)
= —coshriQx +sinhrPx — B,sinhr Qx + (B; coshr — %ocl) iQx.

By the chain rule, we have the frame transformation,
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F
9, = - Q
9%, = +1hi0 gl
¥, = —3PiQ +iQ . (A71)
0y, = —(Bycoshr — %az)@ —B1 sinth +coshri<_P +sinhr<g
0y, = +(pBq coshr — %al)l}_) fﬁzsinhrg fcoshrig +sinhr£
2 2
9 = —3(B1+p2)Q thQ B P _Ié
Inverting the transformation gives
1<'Q =9 o (A72)
~0 =9, (A73)
—iP =9, = 329y, (A74)
iQ =0, + 319, (A75)
o By coshr —a,
8 =Vim bt 2sinhr %/ (A76)
- By coshr —ay
L=V Pty — =5 0y, (A77)
B+ B3 + B2
— P Q Bo P +
£ Q (A78)
_a _ /31 + B3 B1oy — Borvy
=09, — 1V — BV, + 9, + >sinhr 84,,
where
V=L (a +coshrd ) (A79)
I~ sinhr B
Transposing the transformation gives
i
91 — d(P —+ %‘Bzdﬁl — %:Bld:BZ — (IBZ coshr — %0(2) dlxl + (‘Bl coshr — %lxl)dﬁéz (ASO)
= dp + 5(BodPy — P1dBs) + 3 (apday — ayday) + coshr (Byday — Boday ),
= dﬁ + 5 (ﬁl + ﬁz)dr + sinhr (ﬁldlxl + IBZleZ) (A81)
G_ZP =dB, — coshrda,, (A82)
' = dB, — coshrda,, (A83)
69 = B,dr + sinhrda,, (A84)
P — B,dr + sinhrda,, (A85)
oo = gr. (A86)

With the one-form transformations in hand, the Haar measure of Equation (110) becomes

in Cartan coordinates,
2

2
du(x) = dg de ’%ﬁ dr sinh®r ‘%‘" . (A87)

The phase-plane measures are d2,8 = 1dp,dB, and Ao = %dledzxz. The factors of 1/t are
conventional in quantum optics and ultimately come from the coherent-state completeness
relation that is given in Equation (155).

It is easy to show that the left-invariant derivatives and one-forms can be obtained
from the right-invariant quantities by changing the sign of the quantities associated with
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anti-Hermitian operators and transforming the coordinates according to ¢ <+ —¢ and
B <+ «. The sign changes do not change the Haar measure, and the measure is unchanged
by the coordinate transformation, which shows that the Haar measure is both right- and
left-invariant.

Appendix E. Local Transformations between Harish-Chandra-Coordinate and
Right-Invariant Frames

The Harish-Chandra decomposition of a position x € IWH is
Y= eu+1/e—Hor+Qzeuy* . (A88)

Break the complex coordinates into real and imaginary parts, as in Equation (134). Differen-
tiating the position gives

ale = \—6 a x, (A89)
1
8V2x = \—@ ia'x, (A90)
—d,x =Qx, (A91)
dypx = iQx, (A92)
t
—9,x=¢""Hye ""x
1.
=H,x—vax (A93)
=H,x—1; izf X —Vy Liaer,
V2 V2
+
ay]x _ o” ve—HOraeHOre—a Vy

(A9%4)
= —¢(a—vQ)x
7 ( )
1
= ef(\/iax >t Qx 2v210x> ,
1, —
Oy, X = —i\ﬁea Ve~ Hol gotloTp= vy
A95
o1 ‘ (A95)
=e —ﬁzax— Evzﬂx—l—ivlz()x
By the chain rule, we have the frame transformation,
aw = 1<Q
—9, = Q
_ 1t
dy = i
.t
dy, = 5ia’ . (A96)
—r _ 1 1 1
€0 = —anid —m@ il
9, = i - “nl
9. = 1t 1.t
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Inverting the transformation gives

Q= Ay, (A97)
-0 =09, (A98)
iz g =0, (A99)
izzg =0, (A100)
1 - 1 1
72& =e rayl — 51/185 + El/zalp, (AlOl)
1 . —r 1 1
_ﬁﬁ =e ayz - 51/285 - Evlalp, (A102)
*H a 1/181, Vzav2 (A103)
Transposing the transformation gives
@ = dp+ Je' (vidpy — vodpy), (A104)
O = ds + L (vydpy + vadpsy) (A105)
f
V260" = dvy + vydr, (A106)
.
V26 = dvy + vydr, (A107)
V20" =e'duy, (A108)
V207 = ¢ dy,, (A109)
“Ho — gy (A110)

It is instructive to convert the right-invariant derivatives and forms to position and

momentum,
. 1, 4 - 1 1
—iP = T@(?— —a)=09, —¢ 9, + Evlas - Evzad/, (A111)
1 1 1
zg = 7(1& + L) =0, YBHZ + Evzas + 5ulalp, (A112)
1 1
1 . ) 1 1
£ = ﬁ(ﬁ - ﬁ) =V, — 51/28s - Evlalp, (A114)
where the derivatives
V= avj + e**a},]_ (A115)
are equal to the derivatives of Equation (A79) and
_ip 1 at 1
o~ = \7@(9 —0") = 5 (dvy —e"dyy + vydr) , (A116)
6 = 7 (91” +67) = %(dvz —e'duy +vydr), (A117)
o= \7 (9 +6%) = %(dvl +e'dyy +vydr), (A118)
P 1 iat ia 1
0 = ﬁ (9 — 0 ) = E (dl/2 +e d“l/lz + Vzd?') (A119)
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Comparing the expressions for right-invariant derivatives and one-forms in the Harish-
Chandra coordinates of this appendix with the expressions in Cartan coordinates from
Appendix D, one sees that these expressions relate the coordinate partial derivatives
and one-forms in the two coordinate systems. The relations between coordinate partial
derivatives and one-forms can, of course, be derived straighforwardly from the global
coordinate transformations in Appendix B. We do not record these relations because the
expressions in terms of the right-invariant quantities are more useful for our purposes.
We remind the reader that, even though the ruler coordinate r is shared between Harish-
Chandra and Cartan coordinates, the partial derivative 9, is different in the two systems
because partial derivatives are defined by holding the other coordinates constant.

The Haar measure, written in terms of right-invariant one-forms in Equation (110),
becomes in Harish-Chandra coordinates,

dz

2
7 . v 2rd
d'u(x) =dypds I dre

—. A120

= ( )
The factors of 1/27 in the Harish-Chandra phase-plane measures follow from transforming
the Cartan Haar measure to Harish-Chandra coordinates. Just as for Cartan coordinates, it

is easy to show that the left-invariant one-forms yield the same measure.

Appendix F. Delta Functions and the Singularity in Cartan coordinates

In this appendix, we find the Cartan form of the J-function é(x, 1) in two ways. The
first uses the fact that Dy(x) = 6(x, 1), so we can step slightly away from T = 0to T = dt
and find Dy (x) as an expression that limits to §(x,1) as dt — 0. The second way is
perhaps more straightforward: show that the expression for é(x, 1) in Cartan coordinates
transforms to the known Harish-Chandra-coordinate form of Equation (175). That said,
since we needed to know D4 (x) in Section 3.5, we start here with the first way.

Starting from the general path-integral expression for the KOD, given in Equation (88),
and setting T = dt,

Day(x) = [ dp(duwg) 6(x,v(dwy)) (a121)

and plugging in the Cartan-coordinate expression for the J-function, shown in
Equation (171), we have

Dar(x) = [ (o) 69 = 9ue) 5 = ) —-5(r = 1) m8%(B = ) (o — ). (A122)

sin
It is useful to work in terms of sum and difference coordinates for the phase-space variables,
so we note that

716% (B — Bar) 7007 (10 — a0gy) = 2718% (B+ o — (By + 0g)) 27107 (B — &t — (Bay — ) ) - (A123)

We now specialize the stochastic-integral solutions for the coordinates to the first
increment. At T = dt, ry = 2x dt and the phase-space coordinates are

Vg = Vidwge P = /idw,, par = dpg = Vrdwy, (A124)
Vgt + par = Viedwg(e M 1) = 2¢/xdwy, Vg — ar = Vidwg(e M —1) = —2xdtv/kdwy,  (A125)
_ _ Vxdw, _ _ Vxdw,
Ba = Vxdwycsch 2xdt = Sdr ag = v/xdw, coth 2xdt = dr (A126)
Vi dwy
Bar + &g = Vxdw, cothkdt = el Bar — &g = —Vk dwy tanh kdt = —xdt\/x dw,, . (A127)

In each case, the first expression is exact, and the second is the leading-order contribution.
What should give any reader pause are the divergences in the single-increment Cartan phase
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variables. These divergences are an expression of the r = 0 singularity in Cartan coordinates,
and they make the decisive contribution to our determination of Dy (x). It is important
to understand that there are subtleties in trying to extract the single-increment behavior
directly from the SDEs instead of from the stochastic integrals. For example, the SDEs in
Equations (144) and (145) state that vy, = dvy = /k dwy and pg = dpy = /x dwy, so one
misses the leading-order contribution to v — 4 because that leading-order contribution
is zero from the perspective of the SDEs. More tellingly, the » = 0 singularity appears
directly in Equations (183) and (184) as singularities in dB, and dw,, preventing one from
determining the single-increment values ;; and &, from these equations. The single-
increment values can be read off the SDEs in Equations (185) and (186), however, and this
is because these are effectively equations for the Harish-Chandra coordinates.

We also need the leading-order single-increment behavior of the several center
coordinates:

gy = —Sqp + iy = 3x|dwy?, (A128)
_ o Bataalt 1 gt pal xldw

Cop = far — Sar = far = 2xdt 1 = 5 di 1 = et (A129)

Gar = Yar — Sy = 0. (A130)

Please appreciate that, as indicated, the leading-order contribution to ¢;, comes entirely
from f.
Putting all this into Equation (A121), one finds that

2 . 2
Dy (x) = 5(¢)/M6—Kldwg\ /Kdté(g+ K|dwy| > 1 5(r — 2xdt)

7tk dt 2kdt ) sinh?r (A131)
x 2718 (,B +o— \/Edwo) 2762 (B — ).
K dt
Now, writing
& (/3 +a— ‘/EZ:"‘)) = (kdt)*6* (Vi dwy — kdt(B+a)), (A132)

we the integrate over the initial Wiener increment dw, and find

D, (x) = 8(¢) (5(£ + Lrdt|p+ zx|2> ! —5(r — 2xdt) 271"7’#(””““'2 2162 (B — a). (A133)

sinh“r

It is easy to see that this integrates to 1 over the Cartan-coordinate Haar measure in
Equation (169).

It is understood that, in defining é(x, 1), we take the limit dt — 0. We might as well
take these limits, thus writing

5(x,1) = 8(¢p) 5(0) Sin1th(s(r) <zn Jim, "jte"dfﬁ”'z) 275%( — a) (A134)

B 1 . Axdt g dt|a
=6(p)d(L) sinhzr(s(r)<ndlt1£>n0 s

) 6 (B — a). (A135)

This has singular behavior in the ruler r, but this singularity goes away when integrating
against the Haar measure. More important is the Gaussian in | + tx|2, which limits to an
infinitely wide, normalized Gaussian as dt — 0. As discussed in Appendix B, the identity 1
is represented by ¢ = ¢ =r = 0 and B = «, with § + « free to take on any complex value.
The infinitely wide Gaussian in p + « and the J-function §( — «) express this in 6(x, 1).
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Now let us transform Equation (A133) to Harish-Chandra coordinates. With r = 2x dt,
the sum and difference phase-space variables are related by

V+ U

B+a= o dt (A136)
5_“:7";‘, (A137)

and the Harish-Chandra center variables are given by, when a = §,
s=0+f=0+Lkdt|p+af?, (A138)
p=¢+c=¢. (A139)

Substituting into Equation (A133) gives

Dys(x) = 5(¢) 5(s) 6(r — 2xdt) 47[@6_'%”'2/ wedt g 5200 ). (A140)

The wide Gaussian in  + a becomes a narrow Gaussian in v 4 p, so when we take the limit
dt — 0, we get

5(x,1) = 6(¢p) 8(s) 8(r) 46> (v + ) 476> (v — ) = 8(¢) 8(s) 8(r) 276> (v) 282 (), (A141)

in agreement with Equation (175) and consistent with the fact that, in Harish-Chandra
coordinates, the identity is represented uniquelyby ¢ =s =r =0andv =y = 0.

It is now straightforward to integrate over the center variables in either coordinate
system to find the é-functionon G/Z,

_ 1 . Axdt —4Kdt|¢x|2> 2,
8(Zx,71) = sinhzr(s(r) (n}}glo ¢ o (B — ) (A142)
= 5(r) 276° (v) 2m8% () . (A143)

Appendix G. Riccati Equations for the Three Moments

In this appendix we derive the Ricatti equations for the three second moments, 7,
mr, and gp; the Ricatti equations, given in Equations (313)—(315), are derived from the
expressions for the second moments in Equations (305), (307) and (309). When we work

in terms of the modified path measure Dy M{dw[o,T)} of Equation (260), the correlation of

two outcome increments at times t and s within the interval [0, T) depends on the overall
time T, as noted in Equation (261). Hence, it seems natural here to reserve t to denote
times within the interval [0, T) and to increment the overall time from T to T +dT. As a
consequence, unlike anywhere else in the paper, we denote the duration of the increments
by dT instead of dt.

It is quite convenient to introduce a bra-ket notation and to define vectors

N-1

[47) = VAT Y e 2T IN0) (A144)
k=0
N-1

|—r) = VAT Y e k), (A145)
k=0

where the kets |k) are orthonormal. The matrix elements of My are

(Mp)y = (k|Mg|l) = 6y — xdTe 2Tk 1=0,..., N—1. (A146)
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The utility of the bra-ket notation becomes apparent when we write the three moments as
matrix elements of M !

ny = x{+7| M7 |+1), (A147)

mr = x{—¢|M7"'|—1), (A148)
-1 -1

qr = k(+¢|Mr " |=1) = k(=M |[+71). (A149)

Replacing Mt and Mfl with the unit matrix gives the moments with respect to the original
Wiener measure; these moments are the inner products of the kets |£7).

Now increment Mt forward one step in time from T to T + dT. What happens is really
nothing,

(k| My gr|l) = 6y —xcdTe 29T 1 —0,...,N, (A150)

except that an outside row and column, labeled by the index N, are added,
k1=0,...,N—=1: (kM grll) = (K|Mg|l) = 6y — xdT e 24T K11 (A151)
k=0,...,N=1: (kMp gr|N) = —xdTe 2TWN=0 — _\/dT (k|+1), (A152)
1=0,...,N—1: (N|Mpgpll) = —xdTe TN — /AT (+,]I),  (A153)
(N|Mrp,47IN) =1 —xdT. (A154)

The incremented matrix can then be written in block form relative to the outer row and
column,

My gr = My — VAT (|+1)(N| + [N)(+1|) + (1 — xdT)|N)(N]. (A155)

We also need to increment the kets |£7):

N

[+paar) = VAT Y e 20T IR oy — o=20dT (10 4 VAT|N)), (A156)
k=0
N

|~ riar) = VAT Y e > TX k) = |—1) + VdT e *T|N). (A157)
k=0

The harder task, incrementing My ! is done using the Schur complement. Generally,
for any matrix written in block form,

A B
M= (c D), (A158)

deriving a formal expression for the inverse begins with a block Gaussian elimination
whereby the matrix is written as

(I 0\/A 0 I A'B
M<CA1 1)(0 M/A)(O I ) (AL159)

where

M/A=D-CA~'B (A160)
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is called the Schur complement. The first thing to notice is that
det M = det A det(M/A), (Al61)

and the second thing is that the inverse of M is

. (A_1+A_lB(M/A)_1CA_l A_lB(M/A)_l)
M= (A162)

—(M/A)ca™! (M/A)

In the case at hand, the block form of My, ;7 relative to the outer row and col-
umn, given in Equation (A155), can be written in the matrix form of Equation (A158)

by identifying
A= Mr, (A163)
B = —xVdT |+7)(N]|, (Al64)
C = —«xVdT |N){+7|, (Al165)
D = (1—«xdT)|N)(N]|. (Al66)
The Schur complement is the 1 x 1 matrix
My gr/Mp = (1 —xdT — & dT (+7| M7 |+1)) INY(N| = [1 = xdT(1+ n)]|N)(N]. (A167)
One sees immediately how the determinant advances by one increment,
and thus obtains the ODE
ldindetMy
LAInCE M — (1 4np), (A169)

which agrees with the differential equation in Equation (292) for the normalization factor
N7 = 1/det M. Further, one can work out from Equation (A162) how the inverse
increments,

MT_JlrdT = MT_l +x dTMT_l|+T><‘*‘T|MT_l
+kVdT (M7 |+7)(N] + |N) (+7|M7") (A170)
+ [14+xdT (14 (+7 M7 [+1))] N)(N].

where we keep only the leading-order term in dT in each block.
Everything is set now to determine how the three moments increment,

| 2
nrigr = K+t rear|Mrigr+riar) = np +xdT (1 —np)”, (A171)

A —2kT\2
My yar = K{—1parIMrygrl—11ar) = mr +xdT (g +e77)°, (A172)

0rsar = K{—1arIMitar|+riar) = a7 + €dT (—qr(1 — ng) +e T (1+n7)), (A173)
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and these lead immediately to the three (coupled) Riccati equations,

%‘%T — (1—np)?, (A174)
e (A175)
1d B

;% = —qr(1—np) +e > (1 +ny), (A176)

which are repeated in the main text as Equations (313)-(315).
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