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a Dataset&Signal Analysis Interpretation of QM — outline

Part I: From the Data to Quantum Mechanics

@ Quantum Mechanics and Classical Mechanics — as Dataset formalisms _ NOT about
ensembles of particles

@ Classical Mechanics —> CM .., with (1) more Poisson and with (2) quantum noise
o The Measurement Problem <———= noncommutativity #11

@ Transition to Part I1: Bell inequalities for Neisy classical fields #15

Part II: Quantum Field Theory as Signal Analysis
@ A first look at Quantum Field Theory <— with signal analysis in mind #20

- . . L Tsang&Caves PRX 2012
o Noisy classical fields, QNDFT, constructed within QFT QM Free-Subsystems

“Classical states, quantum field measurement”, Physica Scripta 2019 (arXiv)
An evolution of ideas in: “An algebraic approach to Koopman classical mechanics”, Annals of Physics 2020 (arXiv)
“The collapse of a quantum state as a joint probability construction”, Journal of Physics A 2022 (arXiv)

and, ancient history, “Bell inequalities for random fields”, Journal of Physics A 2006 (arXiv)
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o Nonlinear axioms for QFT&QNDFT <— signal analysis and renormalization

Part III: (not today) e Towards Quantum&QND Gravity <— a measurement theoretic path
arXiv:2109.04412 A more rigorous way to think about interacting QFT&QG as D&SA
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From an experiment, we obtain datasets, which contain lists of numbers
—> relative frequencies and other statistics

Something in a theory should generate
expected relative frequencies et cetera for future datasets

Anything more —4> better empirical confirmation,
even though good intuitions about experiments are vital

‘Systems’ and ‘particle properties’ can be intuitively both important and misleading
In the first instance, Measurements —> Datasets ~~ particle properties
Particle properties do not belong in a set of axioms

Machine Learning also suggests a focus on datasets
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an elementary and concrete matrix model

i : . actuale Q !
For a dataset M, with data values my, mo, ... and relative frequencies p1, pa, ... {expected R rpretat
the dataset average is ), pim; Peter Morgan
p1 e PR m1 0 O
We can write that as p(M)= Y2, pim; =Tr S oopp | O m O :Tr[ﬁM] M —» M,
p=20,Tip]=1= p; =0, > ;pi=1 A 0o 0 .

Bell Inequalities
Part 11

A first look at QFT

QNDFT
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an elementary and concrete matrix model (of a Generalized Probability Theory)

For a dataset M, with data values my, mo, ... and relative frequencies p1, po, {actual €Q

expected € R .
the dataset average is ), pim; Peter Morgan
p1 e PR ml 0 O
We can write that as p(M)= Y2, pim; =Tr S oopp | O m O :Tr[ﬁM] M —» M,
P2O.TH =1 = >0, 5 pi=1 ) \o o0

Bell Inequalities

For a different dataset M/, with matrix representation of an operator 4 diagonal in a different basis, FARIEIEESINIAS
but using the same g,

QNDFT

p’l A m' 0 0 on Q @
1 n Quantum Computing
For the average of M/, p(M') =" pimi=Tr|| ¥ pb -~/ |- O mh O =Tr[pM’]
o=t [\7 v )\ o

Multiple probability spaces are contained in a single formal structure
There is no physics in this construction — there is, in particular, no h
This is just a matrix model of a Generalized Probability Theory
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Bell Inequalities

Part 11

For a different dataset M/, with matrix representation of an operator 4 diagonal in a different basis, FARIEIEESINIAS

but using the same p, QnoFT
e g ~ pg‘ R mg- 0 0 N On Quantum Computing
For the average of M, p(M') =3", pim. =Tr Sopy 0 om0 :Tr[ﬁM’]
§20. 5 =1 I AN

Multiple probability spaces are contained in a single formal structure
There is no physics in this construction — there is, in particular, no h
This is just a matrix model of a Generalized Probability Theory

For traditional classical physics, we use different initial conditions for different ‘contexts’
Operator algebras give us more tools for modeling incompatible experiments

» models of the Kolmogorov axioms appendix
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a Igebra |C Q M a nd CM Francois David, The Formalisms of Quantum Mechanics

Klaas Landsman, Algebraic quantum mechanics

Cwn 1 the data values mo 00,
We can begin “A linear operator e~ o m o |"
part of a dataset, PR

Peter Morgan

instead of “A Hilbert space «~ a system”, as axioms for QM usually begin

The Measurement Problem

There are abstract measurements I\?/LI\Aﬂg,M3,...,I\A41+I\;72,...,I\?111\A42,...

Bell Inequalities

a dataset a linear operator ___a random variable noncommutative ~ quantum azsigtcr'iitl:‘t’ie\;e Part 1
H il H 2 il 1 .
data values eigenvalues ~outcomes or commutative ~ classical with unit&scalarx A first look at QFT
in asample space QNDFT
On Quantum Computing
Next ...
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instead of “A Hilbert space «~ a system”, as axioms for QM usually begin

There are abstract measurements My,M>,Ms,...,Mi+Mo,...,MiM>, ... B””’l‘ It*”

L € nequalities

a dataset a linear operator ___a random variable noncommutative ~ quantum atsjsi(s)frliabtl:\tlie\;e —rurnt
data values eigenvalues ~outcomes ' or commutative~classical ’ with unit&scalarx A first look at QFT

in asample space QNDFT
. On Quantum Computing
A state p maps measurement operators to expected dataset averages when/if we collect data Next ..
~ ~n ~ N ~ ~ PN
p(Ml), ey p(Ml), ey p(M2), p(M3), e p(Ml—I-M2), ey p(M1M2), ey

oipimy; > pimy;
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A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025 5/27


https://doi.org/10.1007/978-3-319-10539-0
https://doi.org/10.1007/978-3-540-70626-7_3

a Igebra |C Q M a nd CM Francois David, The Formalisms of Quantum Mechanics

Klaas Landsman, Algebraic quantum mechanics

Cwn s the data values mo 00,
We can begin “A linear operator e~ o m o |"
part of a dataset, PR
Peter Morgan
instead of “A Hilbert space «~ a system”, as axioms for QM usually begin
CM —> CM,
9 9 9 9 9 1 The nent Problem
There are abstract measurements My, My, Ms,.... Mi+M>,....M{M>,... el ncaunlties
a dataset ___ a linear operator __ a random variable noncommutative~ quantum atsjsigfrii?;)tli\tlie\;e —rurnt
data values eigenvalues ~outcomes ' or commutative ~classical ' with unit&scalarx A first look at QFT
in asample space QNDFT

On Quantum Computing

A state p maps measurement operators to expected dataset averages when /if we collect data
p(Ml), ey p(Mf), ey p(M2), p(M3), e p(Ml—I-M2), ey p(M1M2), ey
22 pimy; > pimy N R
ga state p maps a generating operator ¢! to a characteristic function p(ei*1)

Next ...

— using the engineer's imaginary, j —

a state p maps a Dirac distribution §(M, —u) to a probability distribution p(§(M; —u))
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Peter Morgan

a dataset ___a linear operator __ a random variable noncommutative ~quantum azsi:tcriﬁ)tli\tlie\}e S
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in asample space Bell Inequalities
A state p maps measurement operators to expected dataset averages when/if we collect data Part 11
~ ~n ~ ~ ~ ~ FORN !
p(My), ... o(MY), ... p(M2), p(M3), ..., p(M1+M2), ..., p(Mi M3), ..., A\ st ek st QRT
Because relative frequencies are positive, normalized, and real-valued, On Quantum Computing

| o(AA) >0, p(1) =1, and p(A) = p(A)"
and because we can add relative frequencies,
von Neumann linearity: ‘p()\f\—l—ué) = Ap(A)+pup(B) ‘

where (Aé)’f = BIAT, jt=—j Next ...

We can also use measurement operators to modulate the state p A ATM A
. . () = A2 A
to give different expected measurement results, | T p(AtA)

which is the basis of the Gelfand-Naimark-Segal-construction of a Hilbert space

The GNS-construction lets us think of p,(M) as (v|M|v) and of p, (M) as %
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that has three binary operations: Ut Peter Morgan
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algebraic CM

Eckartesian Mechanics? :-P

Take classical mechanics to be an algebra of functions °f Posé;ioghaars‘g ;%Z?ee”t“m
that has three binary operations: Uty
addition, multiplication, and the Poisson bracket

u-v

{vu}

We can construct a simpler transformation algebra, with only addition and composition,
[Y,,Yu] =0

[{w\:w] - \:{v,w} 7& 0
[Zva Zw] = Z{v,W} #0
A familiar example: “Poisson by the Hamiltonian function” gives

a generator of time evolution, Zy(u) = {H,u}, the Liouvillian operator
We could say that “Poisson by w" gives a generator of w-transformations

by introducing “Multiply by w", \A/W(u) = w-u,
and “Poisson by w", Z,,(u) = {w,u}
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a Igebra IC CM Carl Eckart, PhysRev 1926, Bernard Koopman, PNAS 1931
Eckartesian Mechanics? :-P

sition and momentum
on phase space

A Da nal
Interpretation of

Take classical mechanics to be an algebra of functions ©f Po

Peter Morgan

that has three binary operations: Uty
addition, multiplication, and the Poisson bracket {u V} QM and CM—about Datasets
v,u
We can construct a simpler transformation algebra, with only addition and composition, [EEEUEEEES
by introducing “Multiply by w", VW(U) = w-u, [YV’YW] :OA A first look at QFT
. 5 [Zva YW] = Y{v w} 7& 0 .
and “Poisson by w", Z,,(u) ={w,u A A A On Quantum Computing
y W( ) { 9 } [Zv’ ZW] = Z{V,W} # O Next .

A familiar example: “Poisson by the Hamiltonian function” gives
a generator of time evolution, Zy(v) = {H,u}, the Liouvillian operator
We could say that “Poisson by w" gives a generator of w-transformations

| suggest: R R N
We can use the Y's and Z's of a more powerful CM.;. without restriction: Z,), ... (see #10)

That gives us an algebraic measurement theory shared with QM,
including noncommutativity, measurement incompatibility, ...

We can have isomorphisms instead of quantization and the Correspondence Principle
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a state for the classical simple harmonic oscillator

The Poisson bracket: {v,u} = g—‘;g—g - g—;g—;

Y 7 % 7 Peter Morgan
Yolul=q-u, Zp[u] = {pu} = S-u, [Ye,Zp]=-1 ter Morg
Two COpieS of the abstract Wey| algebra QM and CM —about Datasets

Y/p[u] =p-u Zi[”] ={qu} = _aip”' [)A/pazq] =1

The \ oblem

Bell Inequalities
Volul = (a2 + p2) - Zulul = TH.u) = ( A .i) e
H[U] 2 (q +p ) u, H[U] { ,U} p dq q op u A first look at QFT

The Gibbs thermal state for an SHO at temperature KT is a Normal probability distribution [

On Quantum Computing

PGibbs (5( ?q —a)d( \A/p — ﬁ)) = e_(a2+'82)/2ﬂ—/271'k-|— Next

The Fourier transform of that probability distribution, Paine (ej)‘ \A/q-i-ju?p) _ e_|(T()\2+u2)/2

using \A/q and \A/p and the engineer’s imaginary j, is
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Y =1(q? + p?). 7 — = (p. 2 _qg.2
YH[U] n E(q +p ) o ZH[U] o {H’U} o (p 9q q9 (9p) Y A first look at QFT

QNDFT

The Gibbs thermal state for an SHO at temperature KT is a Normal probability distribution ~ F& S
Paivbs (6(Yq — a)3(Yp — B)) = e~ (02482 24T Next ...

The FourierAtransforAm of that probability distributior.m, Pesion ej/\\?q+juyp _ e_kT()\2+M2)/2
using Y5 and Y}, and the engineer’s imaginary ], is 1bbs

This is now the Weyl-Heisenberg algebra, so we can use raising and lowering operators,

—af)
A A a—a A A
Set Y, = (a+a")VKT, Z :( ,and [a,a] = 1, so that [Yy, Z,] = —1, and set alg) =0
a=( )\/A Y [a,a'] [Aq o) ) I
and similarly for ¥, and 2, blg) =0, etc s e <eja(ij)+jﬁ(qu)) — o (a?+82)/8
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The FourierAtransforAm of that probability distributior.m, Pesinn ej/\\?q+juyp _ e_kT()\2+M2)/2
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_ (AT M Al .
We can construct modulated, non-equilibrium states, SRR — a thermal Hilbert space
(wl AT Aler)
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QNDFT
The FourierAtransforAm of that probability distributior}, P ejA\A’q+jM\A’p _ e*kT(/\eruz)ﬂ
using Yy and Y, and the engineer's imaginary j, is 1bbs

This is now the Weyl-Heisenberg algebra, so we can use raising and lowering operators,

On Quantum Computing

Next ...

~ A —af) ~ A
Set Y, = (a+ a" VKT, Z, = (-2 ,and a,a’f =1, so that [Yy, Z,] = —1, and set a|;) =0
o= (a+a)V 22 and [a. ] (%2 = B
and similarly for ¥, and Zg, bla) =0, etc > Paivn (eja(ij)-l—jB(qu)) :e—(a2+ﬂz)/8IZI'

al AT M Ala)

We can construct modulated, non-equilibrium states, A
(al AT Alar)

— a thermal Hilbert space

but fails
Instead of trying to map (q, p) # (G, p), as quantization tries to (%%)

we can map CM; to QM, (q,j&) — (41, b1), (P,ig5) = (82, B2),
however kI is not A: thermal noise is not quantum noise

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025
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quantum and thermal noise

Peter Morgan

What is the difference between quantum and thermal noise?
QM and CM —about Datasets

@ h has units of action, whereas kT’ has units of energy

The Me ent Problem

o In QFT, the quantum vacuum is Lorentz invariant, o earEEe
thermal noise is not invariant under Lorentz boosts A first look at QFT
This difference of symmetry properties can be used in CM e
with % as an amplitude of a Lorentz invariant noise

and with kT as an amplitude of a less invariant thermal noise

On Quantum Computing

Quantum&Tt
slit

r-He
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quantum and thermal noise

Peter Morgan

What is the difference between quantum and thermal noise?
QM and CM —about Datasets

@ h has units of action, whereas kT’ has units of energy

The Measurement Problem

e In QFT, the quantum vacuum is Lorentz invariant, o earEEe
thermal noise is not invariant under Lorentz boosts A first look at QFT
. . . . QNDFT
This Filfference of syn.1metry properties can Pe useq in CM ;. On Quantum Computing
with % as an amplitude of a Lorentz invariant noise Next .

and with kT as an amplitude of a less invariant thermal noise

This gives a new reason to think that we must work with field theories,
because we can only define the Lorentz group in 14+n-dimensions

For CM,, h— 0 is not a classical approximation, it's a mean-field approximation

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025



unboundedness of the Hermitian generators of time-like evolution

CM can and should include
(1) noncommutativity Peter Morgan

(2) quantum noise QM and CM—about Datasets

—> the measurement theory is the same as for QM

CM. is, after all, just Hilbert spaces  see Koopman, 1931! NSNS H 1
Part 11

A first look at QFT

QNDFT

The Measurement Problem

On Quantum Computing
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unboundedness of the Hermitian generators of time-like evolution
CM . can and should include interpretation of QN
(1) noncommutativity Peter Morgan
(2) quantum noise QM and CM—about Datasets
—> the measurement theory is the same as for QM
CM is, after all, just Hilbert spaces  see Koopman, 1931! F=H] |nequa|;t.e;

but there is a more technical difference: (2 (it el 2 Q1T

For QM, the Hamiltonian operator is bounded below —> analytic properties

On Quantum Computing

Next ...

For CM_, in the Gibbs state of the Simple Harmonic Oscillator,
jZy is the Hermitian generator of evolution,

ijzj(P-——q-—)¢0 —> IOipeprepertEs

(3) analyticity is mathematically useful but we do not have it for CM ;.
We can say that QM is an analytic form of CM .

like using the analytic signal or the real signal in signal analysis
exp(jwt) cos(wt+¢)

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025 9/27



how has Classical Mechanics been straw-manned?

. 5 0 .
For a classical SHO, we are allowed to use Z, = 30 to generate translations,
q
k2 > Ky O 7
M e L Yq,
but we are not allowed to use Zg to generate a unitary transformation,

_ 73 23 A A A . .
e HZP ,Yq_enzp — Yq o 3/{‘223 — Y(\q/erydlfferent, not different

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025

Peter Morgan

QM and CM —about Datasets

ement Problem
Bell Inequalities
Part 11

A first look at QFT

QNDFT

On Quantum Computing
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how has Classical Mechanics been straw-manned?

. 5 0 .
For a classical SHO, we are allowed to use Z, = 5g Lo generate translations, Peter Morgan
q

QM and CM —about Datasets

_'izp.A.“zp— Y =Y
e Yqe =Yy H—Yq,

urement Problem

but we are not allowed to use Z3 to generate a unitary transformation, Bell Inequalities
/\3 ™ /\3 Part 11
e—lin . Yq‘eﬁzp Y o 31%22 Yverydlfferent not different A first look at QFT
QNDFT
On Quantum Computing
Quantum mechanics happily uses Z3 to transform to a different experiment Nexes

Z3 et cetera can be useful in the same way for classical mechanics
(as for the elementary matrix model on #4)

. . we can steel-man
If we unlock that superpower for classical mechanics, classical mechanics

the idea of what an initial condition is becomes more complicated

An initial condition for CM_. contains many of CM’s initial conditions
[so it requires (quantum) state tomography]

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025 10/27



“The collapse of a quantum state as a joint probability construction”,
CM, has a measurement problem M. Phyeh 2022

. ~ ~ a1 0 0
For a measurement A, with data values A={amn}, A=), amPn= ( 0 a2 0 ) and

a measurement B, with data values B={3,}, B=3_, ,Qn, °° " Peter Morgan
. QM and CM —about Datasets
For a measurement of A, with state vector |¢), M s L
1 H HR — > The Measurement Problem
we obtain the result a, with probability p(am) = (Y|PnlY)) .4 similarly for B mmm——
for simple cases, P, is a shorthand for |am) (| — (| am) {am|t) = |(1b]am) > which is the Born rule Part 11

A first look at QFT

QNDFT

On Quantum Computing
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“The collapse of a quantum state as a joint probability construction”,

CM, has a measurement problem M. Phyeh 2022

. ~ ~ a1 0 0
For a measurement A, with data values A={amn}, A=), amPn= ( 0 a2 0 ) and
a measurement B, with data values B={3,}, B=3", 5,Qn, 0o

For a measurement of A, with state vector |¢),
we obtain the result ., with probability p(am) = (¢ Pn|v)

and similarly for B

for simple cases, Py, is a shorthand for |am) (am| —> (¢ am) (am|t)) = |(1h|am) |2 which is the Born rule
For two measurements, of A first, to be followed by B,
we say that the result a, “collapses” the state vector,

[0) —> ) = —ml)

———=——, which is the Liiders rule,

(WPl

A Dataset&Signal Analysis Interpretation of QM

Dhaka NSU, May 18th, 2025

Peter Morgan

QM and CM —about Datasets
CM —> CM
The Measurement Problem
Bell Inequalities
Part 11

A first look at QFT

QNDFT

On Quantum Computing

Next ...

Quantum&Tk
slit
r-He
ell Inequalit

ND Opt
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“The collapse of a quantum state as a joint probability construction”,
CM, has a measurement problem M. Phyeh 2022

. ~ ~ a1 0 0
For a measurement A, with data values A={am}, A=), amPn= ( 0 a2 0 ) and

. A A 00 . .
a measurement B, with data values B={f,}, B=>_, 3, @n, Peter Morgan
. QM and CM —about Datasets
For a measurement of A, with state vector |1}, A ] @
H H HH — The Measurement Problem
we obtain the result o, with probability p(am) = (¥|Pnlv) .4 similarly for B mmam—m—
for simple cases, Py, is a shorthand for |am) (am| —> (¢ am) (am|t)) = |(1h|am) |2 which is the Born rule Part 11
A first look at QFT
For two measurements, of A first, to be followed by B, SR
“ " On Quant C ti
we say that the result o, “collapses” the state vector, .
P, L )
[y — |m) = m|®)) , which is the Liiders rule,
(WPl

then we measure B in that state, so we obtain the result o, followed by 3,
with conditional probability 0180 P}
A ¢ mnli'm
P(Balatm) = (Um|Qnlthm) = ~——==——+,
(Y] Pnle)
so the joint probability is

platm and B,) = (0| PrnQnPlt)).

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025 11/27
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We have p(an, and ) = (¢|P Q.P, |w>
so the positive operators Jm,, = P Q,, m generate

the joint probabilities (1| Jnn|th) for the results (cm, By).

Peter Morgan

QM and CM — about Datasets

. CM — CM
Instead of collapse affecting a state, T iy Bt

~

we can take collapse to affect the next measurement, FA’m CA),, — Iﬁm . FA’m Q,,FA’m Bell Inequalities

Part 11

1t T “ " A first look at QFT
We can use the positive operators J,, to construct a “collapse product”, quorT
AEB, Wlth data VaILleS {(Oém”@n)}, even if [A’ B] 7& 0 On Quantum Computing

Next ...

slit experiment

r-He
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We have p(an, and ) = (¢|P Q.P, |w>
so the positive operators Jm,, = P Q,, m generate
the joint probabilities (1| Jnn|th) for the results (cm, By).

Peter Morgan

QM and CM —about Datasets

. CM — CM
Instead of collapse affecting a state, T iy Bt

~

we can take collapse to affect the next measurement, .f’m CA),, — Ism . FA’m Q,,FA’m Bell Inequalities

Part 11

1t N “ " A first look at QFT
We can use the positive operators J,, to construct a “collapse product”, QuoFT
AQB, Wlth data VaIUeS {(Oém,IBn)}, even if [,47 B] # 0 On Quantum Computing

Next ...

The existence of a joint probability is traditionally “classical”: we can indeed
use commuting operators A" and B’ and a different vector state |[¢') € H’
that give the same joint probability, (1| PhQn|Y") = (¢| P QnPmlt))

new, ‘classical’ <— original, quantum

Mathematically, this is to use the Naimark Dilation Theorem to construct
a joint measurement AB that is the same as AwB (for a larger Hilbert space),
which can be an alternative to “Decoherence”

ell Inequalities:

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025 12/27



Naimark's Dilation Theorem! as an alternative to Decoherence
“*Naimark’ has an alternate spelling, ‘Neumark’

Decoherence takes a large Hilbert space model
for whatever is measured together with whatever measures it and
shows that environmental noise will very nearly “collapse” the state
to an after-measurement state

For All Practical Purposes Decoherence works well enough

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025

Peter Morgan

QM and CM —about Datasets
CM —> CM
The Measurement Problem
Bell Inequalities
Part 11

A first look at QFT

QNDFT

On Quantum Computing

Next ...
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Naimark's Dilation Theorem? as an alternative to Decoherence

“*Naimark’ has an alternate spelling, ‘Neumark’

Decoherence takes a large Hilbert space model
for whatever is measured together with whatever measures it and
shows that environmental noise will very nearly “collapse” the state
to an after-measurement state

Peter Morgan

QM and CM —about Datasets
CM — CM

Bell Inequalities

For All Practical Purposes Decoherence works well enough Pare 1
A first look at QFT

QNDFT

Naimark is somewhat the opposite

On Quantum Computing

Naimark takes a small Hilbert space model for whatever is measured and e
constructs a joint probability for consecutive measurements
— a model for a measurement device in a larger Hilbert space

in the context of earlier and subsequent measurements
See also The Principle of Deferred Measurement

. ) . as classical physics
Naimark constructs a rough model and refines it as needed | and engineers
always did

We can use Decoherence or Naimark, whichever seems easier, more appropriate, ...

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025 13/27
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For signal analysis,
there are many measurements
at timelike separation

We can use noncommuting Ml, . /\;7100“.000,
with many collapses,

or we can use M}, ..., M} o00r
which all commute, with no collapses

A Dataset&Signal Analysis Interpretation of QM

Hamiltonian

No-Collapse
Collapse Quantum
Picture  Non-Demolition
Picture
Both constructions give the same
joint expected relative frequencies,
p(ur, uz, ug, ..., un)

Un,

i,

Collapse

evolution
H=>0
Collapse

Collapse

[M117M]/] =0

Liouvillian
evolution
L?0

Dhaka NSU, May 18th, 2025

Peter Morgan

QM and CM — about Datasets
CM —> CM
The Measurement Problem
Bell Inequalities
Part 11

A first look at QFT

QNDFT

On Quantum Computing

Next ...

Appendices m—

The two-slit experiment
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For signal analysis,
there are many measurements
at timelike separation

We can use noncommuting Ml, . /\;7100“.000,
with many collapses,

or we can use M}, ..., M} o00r
which all commute, with no collapses

“Collapse” is not

(only or necessarily)

a dynamical process

We can (also) take it to be a

JOINT PROBABILITY
ALGORITHM

A Dataset&Signal Analysis Interpretation of QM

No-Collapse
Collapse Quantum
Picture  Non-Demolition
Picture
Both constructions give the same
joint expected relative frequencies,
p(ul» U, U3,y -y Un) QM and CM — about Datasets

uy, CM —> CM,

i,

Pr—1 Bell Inequalities

Peter Morgan

The Measurement Problem

Part 11

[le7 MJ/] -0 A first look at QFT

QNDFT

On Quantum Computing

I
I
I
I
I
1
1
|
1
! Next ...
I

Part 111 (not today) m—

Collapse

Hamiltonian Liouvillian
evolution evolution
H=>0 L?0
Collapse
Collapse

Dhaka NSU, May 18th, 2025 14/27



transition to Part IT: Bell inequalities — Gregor Weihs's experiment

Think in terms of a NQ?S‘Q{ classical field and signal analysis, not particies
As for the heat equation, boundary conditions matter differently than they do for particies

Peter Morgan

A central apparatus modulates the ground state; Alice and Bob both have ‘CJ:"AQ"d CMC*“;*""“ PR
two Avalanche PhotoDiodes, an Electro-Optic Modulator, a Random Bit Generator, and a clock b

The nt Problem
v Pump &
BBO-Crystal Telescope
Half-Wave Plate

page 60 from Fareil
A first look at QFT

QNDFT

Gregor Weihs's
Compensator- thesis
Crysf

Silicon-
Avalanche Diode’

tal (BBO) Fiber-Coupling
/Oplics

On Quantum Computing
Interference- Polarization-
Filters . S Controller Electro-Optic
/ Polarizer Modulator
Modulator )
s A\ Z i\ Wollaston-
‘ \“ /Polarizer
= ohv-Amplifier with Q =
Adjustable Bias = PN ( (
Random Bit

Generator ! VNS
S Y
Rubidium A
Frequency Standard i\ N I
1 Time-Tag / ::‘l
S List (File) Time-Interv: G
Analyzer
Event time \
WThe time when an APD's signal rises to a higher level is recorded, and

which APD it was, and what the EOM setting was: when and 2 bits

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025 15/27



Alice sees almost 400,000 APD events in 10 seconds

Gregor gets measurement results I Alice & Bob see over 15,000 coincident event pairs

o
16 colors represent the 4 APD and EOM bits: o (brightness represents Alice’s two bits, shapes represent Bob's two bits, red is Alice’s=Bob’s, ...) / | Analysis
_; erpre f QM
3.0ns
Peter Morgan
QM and CM —about Datasets
A first look at QFT
QNDFT
On Quantum Computing
Next
t 1T (not today) se—
B ° x 3 O x x
-3.0ns m;i o st o ® S L ) & N

EIRPS Xy S x| © +x
15203 events displaoyed of 388455 that occurred in 10.0 séconds
4 displayed events tagged M as a multiple coincidence

longdist35-Alice+-3ns-0-10s

For over 15,000 of Alice’s almost 400,000 events, Bob also records an event within 3 nanoseconds
When Alice and Bob both record an event within 3 nanoseconds, the majority are green or yellow

Fermionic field:

<—#1—>

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025 16/27



Alice sees almost 400,000 APD events in 10 seconds

Gregor gets measurement results 11 Alice & Bob see over 15,000 coincident event pairs

o
16 colors represent the 4 APD and EOM bits: iE
x

Alice 0 APD#0, EOM:0,0°  Alice 1 APD#0, EOM:1, 45°  Alice 2 APD#1, EOM:0,90° _ Alice 3 APD#1, EOM:1, 135°

-
as E00 = -0.694
ol Ml [320+364,-2006-1780]
= EO01 = -0.614
e [439+374,-1658-1741]
E10= 0.708
" y [1675+  ,-300-193]
300 364 E11 = -0.698
8. [293+181,-1463-1200]
bl |E00+E01-E10+E11]=2.714
! by e

&l gdista:
Total in all Histograms = 15199 paired ovents

A Dataset&Signal Analysis Interpretation of QM

Peter Morgan

QM and CM —about Datasets
CM —> CM 4

The N ement Problem

Part 11

A first look at QFT

QNDFT

On Quantum Computing

Next
t TIT (not today) se—

r QFT

onic field:

S,

Dhaka NSU, May 18th, 2025
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Alice sees almost 400,000 APD events in 10 seconds

Gregor gets measurement results 11 Alice & Bob see over 15,000 coincident event pairs

o
16 colors represent the 4 APD and EOM bits: iE
x

Alice 0 APD#0, EOM:0,0°  Alice 1 APD#0, EOM:1, 45°  Alice 2 APD#1, EOM:0,90° _ Alice 3 APD#1, EOM:1, 135°

1675 1780 193

Bob0

= E00 = -0.694
Ml " [320+364,-2006-1780]
- E01= -0.614
= [439+374,-1658-1741]
E10= 0.708
b MMMMM_ [1675+  ,-300-193]
- E11= -0.698
= [293+181,-1463-1200]

bl |E00+E01-E10+E11]=2.714

1463 374 181

2 H Bob3
APD#1
Eom:1
1575°

o il T

i
width s 60ps. Vs 142 events.

&l gdista:
Total in all Histograms = 15199 paired ovents

QM uses noncommuting operators to model Bell-violating statistics
CM has only commuting operators, so it's computationally incomplete
But we have added noncommutativity into CM_, (it's just Hilbert spaces, etc)

Fine 1982 Landau 1987
PM, AnnPhys 2020, §7.2

A Dataset&Signal Analysis Interpretation of QM

Dhaka NSU, May 18th, 2025

Peter Morgan

QM and CM —about Datasets
CM —> CM 4

The Measurement Problem

Part 11

A first look at QFT

QNDFT

On Quantum Computing

Next ...
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H H : H cf “Bell inequalities for random fields",
engineering noise in the whole apparatus M, Johysh 2006

We engineer the central device so that, when the power is on,
distant events (at about +400m, 1.3 us both ways) violate a Bell inequality

Peter Morgan

QM and CM —about Datasets
CM —> CM 4

Compensator-
Crysta (880)
VO

The N ement Problem

ber-Couping
plcs

. ~ 7 Electo-Optc
- - Nodulator

N

Alice's / Pump Rl —— Part 11
Avalanche - -+ &Crystal --- Avalanche v .
PhotoDiodes — | etcetera | ; . hotoDiodes A first look at QFT
Alice's - N ) Bob's QNDFT
ElectroOptic e ElectroOptic by L Feaeney sindars .
Modulator Modulator :"EQT?‘\?\ On Quantum Computing
Next
t TIT (not today) se—
r QFT
onic field:
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cf “Bell inequalities for random fields",

engineering noise in the whole apparatus M, JPhysh 2006

We engineer the central device so that, when the power is on,
distant events (at about +400m, 1.3 us both ways) violate a Bell inequality

rPump &
[eesope

Peter Morgan

QM and CM —about Datasets
CM —> CM 4

The Measurement Problem

7880Crystal
[ e Pt

Events are coincident = there are significant correlations at space-like separation

s

¢ . O
Bob's s - : ! Poaar Bes

Alice's / Pump
Avalanche - -+ &Crystal --- Avalanche .
PhotoDiodes — \\ et cetera ," b ) hotoDiodes A first look at QFT
Alice’s N L Bob's QNDFT
ElectroOptic e ElectroOptic by .

Modulator N Modulator On Quantum Computing
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cf “Bell inequalities for random fields",

engineering noise in the whole apparatus M, JPhysh 2006

We engineer the central device so that, when the power is on,

. . . . Peter Morgan
distant events (at about +400m, 1.3 us both ways) violate a Bell inequality

oo . QM and CM —about Datasets
[ relescope.
Events are coincident = there are significant correlations at space-like separation e . CM —> CMy

The Measurement Problem

Alice's ,'/ Pump Bob's N 00 ) / ' or Part 11
Avalanche --+ &Crystal -~ Avalanche y i e .
PhotoDiodes — \\ et cetera ," g hotoDiodes . - G ) A first look at QFT
Alice's N ) Bob's . QNDFT
ElectroOptic S ElectroOptic by 1
Modulator Modulator 20 B On Quantum Computing

The EOM settings from the two random bit generators are uncorrelated —we can check that—

There are correlations between the inner workings of the four APDs

=> we should expect correlations between the inner workings of the two EOMs
The EOMs act on the noisy EM field

=>the noisy EM field also acts on the inner workings of the two EOMs

With those correlations, Bell inequalities cannot be derived for noisy classical fields
“Bell inequalities for random fields", PM, JPhysA 2006

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025 18/27


https://doi.org/10.1088/0305-4470/39/23/018
https://doi.org/10.1088/0305-4470/39/23/018

An experiment inspired by a signal analysis perspective

Peter Morgan

soms T oa - ; Bl QM and CM —about Datasets

power off lots of lots of lots of events, A K N CM —> CM
very few events Events and coincidences, {5 ok 5 : The I nt Problem
events coincidences and green&yellow :
1 Part 11
Do events, coincidences, and green&yellow propagate differently? g : A first look at QFT
What changes as we change the distance? . k2 : j avorT
This probes nonlocal propagation experimentally L. 1. “o0 e S DI B On Quantum Computing

Next ...

This is technologically important:
after a power failure, how long does it take to be back in operation?

Appendices m—

A new interpretation suggests new experiments
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Peter Morgan

QM and CM — about Datasets
CM —> CM 4

The Measurement Problem

Bell Inequalities

A first look at QFT

Part 11

On Quantum Computing

Next ...

Part TIT (not today) m—

Nonlinear axioms for QF

Appendices m—
Abstract
Eckart+Koopman hist

Axiom Model:

QND Optics derivation

axioms

Peter Morgan (Yale Physics) A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025




a first look at Quantum Field Theory a nudge towards signal analysis

In QFT textbooks, for a scalar field, $(x) :/[a(k)e_jk'x + aT(k)ejk'X] L

(2m)*
qg(x) is not a measurement operator, it's an operator-valued distribution,

but we construct M :/$(x)f(x)d4x, f(x)is a {Sm_ti}rtmg} function
window

f(x) tells us where, how big, and what shape the ‘f-measurement’ is

The construction is linear, so we can write M, as two components, I\/If:af*%—a;

A Dataset&Signal Analysis Interpretation of QM

Dhaka NSU, May 18th, 2025

QM
Peter Morgan

QM and CM —about Datasets
CM —> CM 4

The Measurement Problem

Bell Inequalities

Part 11

QNDFT

On Quantum Computing
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a first look at Quantum Field Theory a nudge towards signal analysis

d*k

. ~ ik ik-
In QFT textbooks, for a scalar field, ¢(x) :/[a(k)e x4 gt (k)ed o=
qg(x) is not a measurement operator, it's an operator-valued distribution,

but we construct M :/$(X)f(x)d4x, f(x)is a {Smteeirtlng} function

window

f(x) tells us where, how big, and what shape the ‘f-measurement’ is

The construction is linear, so we can write l\% as two components, l\?lfzaf*%—a):
For quantum mechanics, we had measurement operators My, ..., M,
To make contact with experiment, we need Descriptiony, ..., Descriptiony,
Anticipating QFT, we can write Mp,ciptiony, ---» Mpeseription,
For QFT, M :/g?)(x)f(x)d“x gives us measurement operators Mﬁ, an
The functions fi, ..., f, are formal, idealized Descriptions

of how measurements are not point-like

QFT is the same as QM — except that for each measurement
it adds an idealized description of what the measurement does

A Dataset&Signal Analysis Interpretation of QM

Dhaka NSU, May 18th, 2025

A Da nal
Interpretation of

Peter Morgan

QM and CM —about Datasets
CM —> CM

The \ ment Problem

Bell Inequalities

Part 11

QNDFT

On Quantum Computing

Next ...
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For the free quantized Klein-Gordon field, with I\?If:af*%—ai,

al Analysis
XM

[af,ag-] =(f, g) is a pre-inner product: (f, f) is sometimes zero even if f is non-zero

We can call (f, g) the overlap of fand g: |(f,g)> <(f,f)(g. &) Mg Ol ot Datocee

((f. &) is given explicitly on #23) FEVEEEN oMy

The Me nent Problem

Peter Morgan

Bell Inequalities

Part 11

QNDFT
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For the free quantized Klein-Gordon field, with I\?If:af*%—a}:,

[af,ag-] =(f, g) is a pre-inner product: (f, f) is sometimes zero even if f is non-zero

We can call (f, g) the overlap of fand g: |(f,g)> <(f,f)(g. &)
((f.g) is given explicitly on #23)

Peter Morgan

QM and CM —about Datasets

CM —> CMy
We can calculate probabilities if all we know is MR
: Bell Inequalities
[afvag]:(f7g)' [3f73g]:0r S
af|V>:0, Mf:af*'i‘al: QNDFT
s On Quantum Computing
. . . S\ 20 % Normal
Using a Baker-Campbell-Hausdorff identity, (v|eAMr|v) =X (F51)/2 distribution]
for a
R 67 u2/2( f7 f) - - . . . free field
If f*=f, (v|§(M;—u)|v) = ———= is a Normal probability distribution

v 2n(f, f) with variance (f, f)
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For the free quantized Klein-Gordon field, with I\?If:af*%—a}:,

[af,ag-] =(f, g) is a pre-inner product: (f, f) is sometimes zero even if f is non-zero
We can call (f, g) the overlap of fand g: |(f,g)> <(f,f)(g. &)
((f.g) is given explicitly on #23)
We can calculate probabilities if all we know is

lar.ak1=(f.8), lar. ] =0,
af|V>:0, Mf:af*"l_al:

S\ % Normal
Using a Baker-Campbell-Hausdorff identity, (v| eWr|v) = ¢=¥*(F"F)/2 distribution]
e~ U /2(ff)

V2w (f, f)

If F=f, (v|§(M—u)|v) = is a Normal probability distribution

with variance (f, f)

(v| M;‘S(’A\hfju)’\;’f v)
(v| MEN [v)

Modulated states give modulated probability distributions,
and a usefully smaller Hilbert space than the full Fock space
Quantum Optics is a field theory that uses only a few different window functions

A Dataset&Signal Analysis Interpretation of QM

Dhaka NSU, May 18th, 2025
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QNDFT
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quantum fields — modulation & measurement

Think of the vacuum state of a quantum field as
a broadband, noisy “carrier signal” for probabilistic modulations
of measurement results

Peter Morgan

0

Normal g-coherent g-raised
distribution, modulation . modulation QM and CM —about Datasets
— CM —> CM

for a
free field

The Measurement Problem

Bell Inequalities

Part 11

QNDFT

B E R 2, 2/2(4”) 74([[7(('2 f)j(‘f ))/';2/2(1‘;) * - ' j (5 6) . On Quantum Computing
(5 — ) = e BT T (- i)  eae) w7200 probability
f N () V2 (F.F) (i5) (e V2n(f.f) distributions
~ N ~ N T aiAM, .
p,(eMr) = g=N(£.)/2 p.(e7Me e AMr oM ) (M eI Mg characteristic
(MgMg) functions

determine the geometric structure of a free quantum field
Vigyy tell us how a modulation changes measurement results
Mf _M and R/(M ) (f g) loosely, g and f describe transmit and receive ‘antennas’
tell us what transmissions the carrier signal supports
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quantum fields — modulation & measurement

Think of the vacuum state of a quantum field as
a broadband, noisy “carrier signal” for probabilistic modulations
of measurement results

Peter Morgan

0

Normal g-coherent g-raised
distribution, modulation . modulation QM and CM —about Datasets
— CM —> CM

for a
free field

The Measurement Problem

Bell Inequalities

Part 11

QNDFT

* = ? : 2 y P s ° .22 : “ b ‘ N 2 On Quantum Computing
(5 )= e—u2ff)  o—(u—(&f)—(f.e)/i)72(f.F) o) | (feen o 12D probability
- i) TiFae . .
o) /21 (F,f) K (”)(“) (F)ee) (7 )]\/277(1‘, f) distributions
R . . N T iAM .o
p,(eMr) = g=N(£.)/2 p.(e7Me e AMr oM ) (M eI Mg characteristic
(MgMg) functions

determine the geometric structure of a free quantum field

Vigyy T tell us how a modulation changes measurement results
Mf _M and pV(M ) (f g) loosely, g and f describe transmit and receive ‘antennas’
tell us what transmissions the carrier signal supports

pV(ATejMI\Aﬂfl ej>\2’\7/f2 /2\)

We can also modulate joint measurements:

as Gregor Weihs's experiment did pv(ATA)
Call this a "Wigner-characteristic function”
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quantum fields — Gaussian vacuum states

The Wigner-characteristic function gives an effective presentation of the algebraic structure

. A . A . A ~ ~ rpretat )
p\,(eJ)\lel eJAszz ) = pv(ez" J)\le’) eXp [_Z)\,)\J[Mfl, MG]/2:| Peter Morgan

for the Gaussian case i<j QM and CM —about Datasets

= exp[ D ANEE)2-SANIEG) - 6A12]
i i<

The Me nent Problem

< -
Gaussian noise term NONCOMMUTATIVITY TERM Bell Inequalities

Part II
A first look at QFT
QNDFT

On Quantum Computing

Next ...
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quantum fields — Gaussian vacuum states

The Wigner-characteristic function gives an effective presentation of the algebraic structure

pv(eJ)\leleJA2Mf2...) :pv(eZ:JNMf,) eXp [— E )\,)\J[Mfl, Mf}]/2:| Peter Morgan
for the Gaussian case i<i QM and CM —about Datasets
= exp|[-S AN ) /2 E:A N6~ 66)1/2]
" Gaussian noise term NONCOMMUTATIVITY TERM Bell Inequalities

Part 11

A first look at QFT
QNDFT

We can fix the geometric & dynamical structure in multiple wayS'
Klein-Gordon: (f,g) =h[f*(k)g(k)2rd(k-k—m?) (ko).

On Quantum Computing

(27r

Next ...

4k
T

(2m)

Quantum Optics: (f,g) = —h/:j[ﬂ(k)k“ k" g% (k) 2m(k-k)0(ko)
two space-like 4-vectors

both of which are positive-frequency and Lorentz and translation invariant
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quantum fields — Gaussian vacuum states

The Wigner-characteristic function gives an effective presentation of the algebraic structure

pv(e\])\leleJA2Mf2...) :pv(eZ,JX,MF,) eXp [— E )\,)\J[Mfl, ij']/2:| Peter Morgan
for the Gaussian case i<j QM and CM —about Datasets
= exp| DA ) /2 G £~ (6012
" Gaussian noise term NONCOMMUTATIVITY TERM Bell Inequalities

Part 11

A first look at QFT

We can fix the geometric & dynamical structure in multiple wayS'
Klein-Gordon: (f,g) =h[f*(k)g(k)2rd(k-k—m?) (ko).

On Quantum Computing

(27r

Next ...

4k
T

(2m)

Quantum Optics: (f,g) = —h/:;‘”(k)k“ k" g% (k) 2m(k-k)0(ko)
two space-like 4-vectors

both of which are positive-frequency and Lorentz and translation invariant

In signal analysis, negative frequencies are not associated with instability/backward causality
— Naively: for “the real signal” we have cos(wt + ¢); for “the analytic signal”, exp(jwt)
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quantum fields — Gaussian vacuum states

The Wigner-characteristic function gives an effective presentation of the algebraic structure

pv(eJ)\leleJA2Mf2...) :pv(eZ,JX,MF,) eXp [— E )\,)\J[Mfl, ij']/2:| Peter Morgan
for the Gaussian case i<j QM and CM —about Datasets
— * * *
= exp [—ZAi)\j(f; ,G)/Q%\v\—[(ﬁ—ﬁ)—(ﬁ—ﬁﬂﬁ, T - ] oM —> My
ij < -
" Gaussian noise term ' NONCOMMGFATIHTY-FERM Bell Inequalities

Part 11

A first look at QFT
QNDFT

We can fix the geometric & dynamical structure in multiple ways:

Klein-Gordon: (f,g) = [ f*(k)g (k)21 d(k-k—m?)otko) s

Quantum Optics: (f,g)= —h/:;‘”(k)k“ k" g, (k) 27r6(k-k)9-éku-}(;‘:;‘4
——— ——

two space-like 4-vectors

On Quantum Computing

both of which are positive-frequency and Lorentz and translation invariant

In signal analysis, negative frequencies are not associated with instability/backward causality
— Naively: for “the real signal” we have cos(wt + ¢); for “the analytic signal”, exp(jwt)

so remove the “0(ko)", which gives us
an everywhere commutative, Nc’)iS‘y{ classical field theory,
with a Lorentz and translation invariant f-scale noise
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H “Classical states, quantum field measurement”,
quantum and QND Opt|C5 I PM, Physica Scripta 2019

For the Gaussian state of Quantum Optics, using the (f,g) on #23 st e

1 — ~ ~ Peter Morgan
[ar, 25] = (. &), N [af’ag]i?’ —> [M;, Mg] = (f*g)—(g*f) is sometimes non-zero
af|V> :O, Mf:af*—i-af QM and CM—about Datasets

CM —> CM

The Me nent Problem

Bell Inequalities
Part 11

A first look at QFT
QNDFT

On Quantum Computing

Next ...
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H “Classical states, quantum field measurement”,
quantum and QND Optics I PM, Physica Scripta 2019

For the Gaussian state of Quantum Optics, using the (f,g) on #23

1 — ~ ~ Peter Morgan
[ar. 2¢] = (f. &), [ar, 2¢] =0. —> [Mg, Mg] = (f*g)—(g*f) is sometimes non-zero

af| V> = O, Mf =df« + al QM and CM—about Datasets
CM —> CM;
The A ent Problem
For Quantum Optics, we can find an involution f — f°, f*° =f, Bell Inequalities
for which ( *',g') — (g*',f’) = O, for all test functions f and g A first look at QFT
QNDFT
For Mc;\m = af*' -"- al‘.. # Mf" [ (?D’ Mz_m] e 0 On Quantum Computing

Next ...

The I\A/l“’f generate an effectively classical QND Optics field:
a commutative algebra of Quantum Non-Demolition measurements
and an isomorphic Hilbert space

Quantum&Tk
slit
r-He
ell Inequalit

ND Opt
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H “Classical states, quantum field measurement”,
quantum and QND Optics I PM, Physica Scripta 2019

For the Gaussian state of Quantum Optics, using the (f,g) on #23

T Peter Morgan
ar,ag|=(f, g), ar,ag]=0, S . . &
[ar, 25] = (. ) . [ar, 2] i | = [M¢, Mg] = (f*".g)—(g"f) is sometimes non-zero
af| V> = O, Mf = af* + af QM and CM —about Datasets
M —> CM;
For Quantum Optics, we can find an involution f — f°, f*° =f, Bell Inequalities
for which gf* g ) (g*T f ) 0, N Q for all test functions f and g A first |00k’;t QFT
For I} —af*—i—af;«éMf, [M¢ M]_O L

On Quantum Computing

The I\A/l"f generate an effectively classical QND Optics field:
a commutative algebra of Quantum Non-Demolition measurements
and an isomorphic Hilbert space

For quantum optics: £*(k) = 1(1+jx)f(k) + L(1—jx)f(—k)
f —f° is Lorentz invariant but not translation invariant or local,
but both Quantum Optics and QND Optics

are Lorentz invariant and translation invariant

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025
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quantum and QND Optics II

o QFT: Ms sometimes commutes with /\7lg

o QNDFT: A}”“ always commutes with I\A/lz”

~
Qnp

so the algebras generated by the M¢” and by the Mf are not isomorphic,
but with an unrestricted Poisson bracket —or with 1]-operators or with |v){v|—
anything we can model with Quantum Optics,
we can also model with QND Optics

QNDFT can use generalized probability, when it's needed — it's ‘inside’ QF T

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025

Peter Morgan

QM and CM —about Datasets
CM —> CM 4
The | ent Problem
Bell Inequalities
Part I1
A first look at QFT
QNDFT
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slit
r-He
ell Inequalit

ND Opt
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quantum and QND Optics II

o QFT: Ms sometimes commutes with /\7lg

o QNDFT: A}”“ always commutes with I\A/lz”

~
Qnp

so the algebras generated by the M¢” and by the I\?l,c are not isomorphic,
but with an unrestricted Poisson bracket —or with 1]-operators or with |v){v|—
anything we can model with Quantum Optics,
we can also model with QND Optics

QNDFT can use generalized probability, when it's needed — it's ‘inside’ QF T
Signal Analysis —+ probability — Stochastic Processes
Stochastic Processes—+1+3-dimensions—-algebraic generalized probability4-quantum noise

like de Broglie-Bohm (for QFT), but linear, Lorentz invariant, and more measurement theoretic
NOT like superdeterminism because it's generalized probability at all scales

If we think CM ¢ classically, measurement outcomes are a

generalized kind of thermodynamic transitions W'ﬂ;:szi:Zpes

A Dataset&Signal Analysis Interpretation of QM

Dhaka NSU, May 18th, 2025

A Da nal
Interpretation of

Peter Morgan

QM and CM —about Datasets
CM —> CM

The N ment Problem
Bell Inequalities
Part 11

A first look at QFT

On Quantum Computing

Next ...

25/27



on Quantum Computing

Peter Morgan

As for any experiment, a computer does what it does,
whether we describe it using QM or CM .

QM and CM —about Datasets
CM — CM 4

The Measurement Problem

Bell Inequalities

From a CM . perspective, Quantum Computing uses
. A first look at QFT
@ quantum noise as a resource and
@ encoding of many initial conditions in a single structure
as a kind of hardware acceleration for a specific class of algorithms

Existing Quantum Computing textbooks and programming languages are unchanged
QM — programming languages as an abstract layer for noisy signal line models

QFT/QNDFT —> machine languages for modulating quantum and thermal noise

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025 26/27



Actually recorded measurement results (adopt a ‘classical’ starting point ~ Copenhagen)
— Data & Signal Analysis (Metadata, window functions, Measurement Description, are vital)
Statistics & Expected Statistics (+classical measurement incompatibility)

Classical Mechanics--noncommutativity+quantum noise —
Quantum and Classicaly/qup are types of description, not types of system
There is no such thing as “nonclassicality” if we allow CM

For CM,, measurement events are ~thermodynamic transitions W'tt‘);%gi:zpes

“Quantum” just means Lorentz invariant noise can't be ignored

introduction of nonlinearity into the Wightman axioms
We can construct a more empiricist QG by focusing on metadata
A more rigorous way to think about interacting QFT&QG as D&SA

We can think of renormalization as a surreptitious
Part III{
Quantum and Classical have been
converging, in numerous ways, for decades
Generalized Probability Theories, phase space methods, contextuality, non-demolition measurement,
Koopman CM, time-frequency analysis, stochastic methods, semi-classical methods, superdeterminism,
causal modeling, Cohen1988 on characteristic functions, Abramsky 2020 on Boole's “Conditions of Possible Experience”, ...
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Peter Morgan

QM and CM — about Datasets
CM —> CM 4

The Measurement Problem
Bell Inequalities
Part 11

A first look at QFT

Pal‘t III (not today) anor

On Quantum Computing
Next ...

Nonlinear axioms for QF
e
Appendices m—
Abstract
Eckart+Koopman hist

Kolmog \xiom M

Quantum&Thermal
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a prelude to interacting fields

For a Gaussian field, the Wigner-characteristic function fixes the algebraic structure:

e 7250 = exp [ SN ) /2-3 NNIE) — 661/
iJj i<j

Gaussian noise term NONCOMMUTATIVITY TERM

This is a generating functional form of the Wightman functions

For an interacting field, we want an effective deformation of that functional,

p/(ej)\ll\;’fl ej/\szz )
v

A Dataset&Signal Analysis Interpretation of QM

Dhaka NSU, May 18th, 2025

Peter Morgan

QM and CM —about Datasets
CM —> CM 4

The Me nent Problem

Bell Inequalities

Part 11

A first look at QFT

QNDFT
On Quantum Computing

Next ...
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the nghtman axioms (adapted from Haag's Local Quantum Physics)

. . . . How can we weaken
Despite how simple the Wightman axioms look, there are no known the Wightman axioms?

well-defined interacting models in 143-dimensions, after 60+ years | (or introduce something
completely different?)

1 of G

Peter Morgan

QM and CM —about Datasets

@ A Hilbert space H supports a unitary action of the Poincaré group M— M,

There is a unique lowest energy Poincaré invariant vacuum vector |v) Bell Inequalities
Part 11

A first look at QFT
QNDFT

@ Quantum fields are measurement operator—valued distributions, linear maps M f s I\Aﬂf

from a space of smearing functions into a -algebra A of measurements ~ FEERGHRSIRREERIEE

Measurements support an action of the Poincaré group, U(A)' M U(N) = M,

Microcausality: commutativity at space-like separation

Completeness: the action of the I\7lf operators on |v) generates all of H

Time-slice axiom
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the nghtman axioms (adapted from Haag's Local Quantum Physics)

Despite how simple the Wightman axioms look, there are no known
well-defined interacting models in 1+3-dimensions, after 60+ years

How can we weaken
the Wightman axioms?

(or introduce something
completely different?)

@ A Hilbert space H supports a unitary action of the Poincaré group

There is a unique Jrewest—eﬁefg-y—Pemeafe—m-v-aﬁaﬁt vacuum vector |v)

QNDFT: Allow negative frequencies in the vacuum state

@ Quantum fields are measurement operator-valued distributions, linear maps M : f — M
from a space of smearing functions into a *—algebra A of measurements

M - iy . .

Measurements support an action of the Poincaré group, U(A)' M, U(A) =

M)

QNDFT: Allow commutativity at 2// separations, [il}" M;] =0

@ Time-slice axiom

A Dataset&Signal Analysis Interpretation of QM

Completeness: the action of the I\/If operators on |v) generates all of H

Dhaka NSU, May 18th, 2025

Peter Morgan
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CM — CM 4
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Part 11
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the nghtman axioms (adapted from Haag's Local Quantum Physics)

How can we weaken
the Wightman axioms?

(or introduce something
completely different?)

Despite how simple the Wightman axioms look, there are no known
well-defined interacting models in 143-dimensions, after 60+ years

@ A Hilbert space H supports a unitary action of the Poincaré group

There is a unique lewest—eﬁefgy—Pemeafe—m-v-aﬁaﬁ% vacuum vector |v)
QNDFT: Allow negative frequencies in the vacuum state

@ Quantum fields are measurementoperator—vatued-distrbutionstnear maps M f s I\Aﬂf
from a space of smearing functions into a *—algebra A of measurements
RENORMALIZATION: Allow quantum fields to be nonlinear maps into A

Measurements support an action of the Poincaré group, U(A)'M,U(N) = M,

" . y . .
QNDFT: Allow commutativity at a// separations, [lI}°, Z,] =0

Completeness: the action of the I\/If operators on |v) generates all of H

@ Time-slice axiom

There are two linearities implicit in the Wightman axioms:
States are linear, p(AA+uB)=Xp(A)+up(B), to ensure a probability interpretation

M is axiomatically linear in f(x), Ny :/I\?I(x)f(x)d“x, Mxf g =AM+,

A Dataset&Signal Analysis Interpretation of QM

Dhaka NSU, May 18th, 2025

Peter Morgan

QM and CM —about Datasets
CM —> CM

The Measurement Problem
Bell Inequalities
Part 11
A first look at QFT
QNDFT
On Quantum Computing
Next ...
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nonlinearity I — engineering and signal analysis

“A source fragmentation approach to interacting quantum field theory”, arXiv:2109.04412

In signal analysis, with f(x) and g(x) as window or modulation functions
and (f, g) thought of as a resonance or as an impulse—response pairing,
linearity of the field is not so obvious that it should be axiomatic
We can use the Wightman axioms in linear or nonlinear forms

If we work with a more general construction, I\ZDesmptml, I\l/\IDescriptionnr
there is no reason to insist on linearity
For the Gaussian case, the matrix D,'j = (Description,-, Descriptionj)
just has to be positive semi-definite — a structure known as a Kernel

This is not a strong argument,
because we might want to say that a fundamental field should be linear

A Dataset&Signal Analysis Interpretation of QM

Dhaka NSU, May 18th, 2025

Peter Morgan

QM and CM —about Datasets
CM — CM 4

The N surement Problem
Bell Inequalities
Part 11

A first look at QFT

QNDFT
On Quantum Computing

Next ...

Part 111 (not today) mm—

PartIl 3/15


https://arxiv.org/abs/2109.04412

nonlinearity I — real-space renormalization

In support, nonlinearity appears in real-space renormalization: Peter Morgan
Suppose f(x) is a smearing function on a square region, QM and CM—about Datasets
1 "1t — NI cCM — CM
which we split into N =9 fragments, then we apply majority rule, M= M,
1| +1] -1 Bell Inequalities
V] N Y _ N N
1| — =1, Mg =e Zj:l e[l\/lf.[/v]] , f= Zj:l 75 A first look at QFT
J QNDFT
B D On Quantum Computing

Next ...

Part 111 (not today) mm—

Nonlinear axioms for QFT
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nonlinearity I — real-space renormalization

In support, nonlinearity appears in real-space renormalization: Peter Morgan
Suppose f(x) is a smearing function on a square region, QM and CM—about Datasets
. o _ . M o
which we split into N =9 fragments, then we apply majority rule, M= My

1| +1] -1 Bell Inequalities
V] N Y _ N N fn
41| 1| — —1, Mf =€ ZJ:]. € [Mf-[N]] y f — ZJ:]. f/ A first look at QFT
J QNDFT
-1 |-1|+1 :
On Quantum Computing
- NN Ny N Nik—1]
Iterated: M; =€ Zj:le[MﬁlNkl i Nect.
J

I\;IL] is nonlinear in f(x) and different from the inaccessible ‘bare’ My,
but the ‘dressed’ I\;I,[r] is arguably still a “quantum field"

That's a slightly better argument that
we should allow and expect My to be nonlinear in f(x)
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nonlinearity III — the renormalization group

Hollowood 2013: A measurement F is a function F(X(u); £), = F(A(1/); €)w,  po i/ > £
A() are interaction parameters, £ is a characteristic length scale, and p, p’ are cutoffs

£ is unacceptably vague

In more detail, write experimental results as functionals of test functions, F[A(u); fi, ..., f]u
Think of fi, ..., f, as a complete description of an experimental apparatus
entered into design software, enough to predict experimental results

A Dataset&Signal Analysis Interpretation of QM Dhaka NSU, May 18th, 2025

Peter Morgan

QM and CM —about Datasets
CM —> CM 4
The Me nent Problem
Bell Inequalities
Part 11

A first look at QFT

QNDFT

On Quantum Computing

T11 (ot today) mmm—

Nonlinear axioms for QFT
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nonlinearity III — the renormalization group

Hollowood 2013: A measurement F is a function F(X(u); £), = F(A(1/); €)w,  po i/ > £

A(u) are interaction parameters, £ is a characteristic length scale, and p, i’ are cutoffs Peter Morgan

QM and CM —about Datasets

CM —» CM;
Think of fi, ..., f, as a complete description of an experimental apparatus The Mesurement Problem

entered into design software, enough to predict experimental results

In more detail, write experimental results as functionals of test functions, F[A(u); fi, ..., fo]u

Bell Inequalities

A first look at QFT
The cutoff scale appropriate for an experiment also depends on details, QuoFT
pi, ' > £~ p=pulfi, ..., ], which fixes an effective dynamics A(u[fy, ..., f]) IS

Hence, FIfi, ... fo] = FIN(ulfis - £a]); fis o Bl S
F[f, ..., a] is now a more nonlinear functional of fi, ..., f,
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nonlinearity III — the renormalization group

Hollowood 2013: A measurement F is a function F(X(u); £), = F(A(1/); €)w,  po i/ > £
A() are interaction parameters, £ is a characteristic length scale, and p, p’ are cutoffs

In more detail, write experimental results as functionals of test functions, F[A(u); fi, ..., fo]u
Think of fi, ..., f, as a complete description of an experimental apparatus
entered into design software, enough to predict experimental results

The cutoff scale appropriate for an experiment also depends on details,
oy 1/ > L~ p=p[f1, ..., ], which fixes an effective dynamics A(u[f1, -
Hence, F[fl, ceey f,,] = F[)\(/,L[fl, ceey fn]); ﬂ, ey fn],u[f'l,“ﬂfn]
F[f, ..., fa] is now a more nonlinear functional of fi, .

s fn])

o f

Renormalization:
If we use different cutoff scales, ' = u'[f1, ..., fn], the experimental results
F/[f1y oo ol = FING Ry s £21): Fio oo Fol ]
must be unchanged, F'[f, ..., f,] = F[f1, ..., f,]

That's a more complicated argument, but the end result is the same:
we should allow and expect Ms to be nonlinear in f(x)
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nonlinearity IV — holism

For algebraic QFT, Strong Additivity is a somewhat weaker form of linearity
For two regions O1, 02, the algebra A(O1UQO,) is generated by
sums of many products of factors such as My, + My, My € A(O1), My, € A(O)
This does not require ‘fi+7f" to be defined for measurement identifiers f1, f»
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nonlinearity IV — holism

For algebraic QFT, Strong Additivity is a somewhat weaker form of linearity
For two regions O1, 02, the algebra A(O1UQO,) is generated by
sums of many products of factors such as My, + My, My € A(O1), My, € A(O) ?h//'la"d CHEShout Batsses
This does not require ‘fi+7f" to be defined for measurement identifiers f1, f» The H_>C'\<Ifu

Peter Morgan

Bell Inequalities

. . w“ . . . . . 1 Part 1T
Laura Ruetsche, in an article “Locality in (Axiomatic) Quantum Field Theory”, A et look ot OF T
pOintS out that Strong Additivity iS in The Routledge Companion to Philosophy of Physics bt
“a precise way of framing in algebraic terms the idea that i @uening Campuidin

the whole is not greater than the sum of its parts.” e

Note that this is ‘measurement non-holism’ =5~ ‘what-is-measured non-holism’, but

neither ‘measurement holism’ nor ‘what-is-measured holism’
should be excluded axiomatically,

50, again, we should allow and expect My to be nonlinear in f(x),
the whole point of which is that Myg 1 ,f, is a new measurement
that cannot be expressed as a linear combination of Mg and My,
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nonlinearity V. — multilinearity

If Ms is nonlinear in f, we can construct multi-point operator-valued distributions,
~ 1) d

M(x1. x0) = M see Polyzou et al for this kind of
(a,x2) 5F(x1) 0f(xa) T

structure used for bound states
f(x1)=f(x2)=0

If My is not expressible as a functional Taylor series (e.g. if we used diann(s)),
test functions may wrap around singular points (e.g. at f(x) =j3),
potentially resulting in discrete structure
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nonlinearity V. — multilinearity

If M¢ is nonlinear in f, we can construct multi-point operator-valued distributions,
N 5 5 N Peter Morgan

— see Polyzou et al for this kind of
M(XL X2) 5f(X1) 5f(X2) f F(x)=F(x9)=0 structure used for bound states QM and CM —about Datasets
n e CM —> CM.
If M H bl f H | T | H . 2 The Measurement Problem
f 1s not expressible as a functional laylor series (e.g.if we used Grannr)),
. . . Bell | liti
test functions may wrap around singular points (e.g.at f(x) =j3), R
potentially resulting in discrete structure A first look at QFT

QNDFT

On Quantum Computing

L3szI6&Tercsay, ClassQuantumGrav 2024, “On the running and the UV limit of Wilsonian renormalization group flows", s
presents a complicated argument that Part 11 i) ——

page 5: "the space of rescaled correlators” is “similar to that of n-variate distributions”
which becomes a surjective map
page 8: "for the special case of bosonic fields” on a “flat spacetime”

The above theorem proves statement (A) in section 1. As seen. the topological vector space
Statement (A): over generic spacetime manifolds, the space of rescaled correlators 2(C)" G W, has rather similar properties to the space of ordinary distributions D /. One may conjecture
(C € {coarse-grainings}) of these flows form a topological vector space, which is Hausdorff,
locally convex, complete, nuclear, semi-Montel and Schwartz. That is, they form a general-
ized function space having favorable properties similar to that of n-variate distributions.

that j[D;¢ '] € W, saturates W,. For the generic case, we were unable to construct a proof for
this claim. However. for the special case of bosonic fields over affine spaces (flat spacetime).
this surjectivity property is proved in the following section.

Given the reasoning on previous slides, let's just use nonlinearity
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a reinvention of interacting QFT I — nonlinearity is enough

Renormalization suggests nonlinearity

A conventional Lagrangian deformation S[M], from elementary textbooks,
is applied to a free Wightman field, vl T[ejs[m]+j’\7’j:| V)

241 = (V1 Zj1v) = (I T | |v) = (v T[eistn] v)

A Lorentz invariant generating functional Z[j] is not well-defined
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a reinvention of interacting QFT I — nonlinearity is enough

Renormalization suggests nonlinearity

A conventional Lagrangian deformation S[M], from elementary textbooks,
is applied to a free Wightman field, vl T[ejs[m]+j’\7’j:| V)

241 = (V1 Zj1v) = (I T | |v) = (v T[eistn] v)

A Lorentz invariant generating functional Z[j] is not well-defined

The Reeh-Schlieder theorem asserts that for a free Wightman field
local operators acting on the vacuum vector |v) can approximate any vector

—> for any regularization for which the vector Zjleg”'a““"

v) is of finite norm,
we can approximate that vector by a vector Z '°Ca""°"""“’[l\;lpn[ allv)
that is constructed using only nonlinear, local functionals of j
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a reinvention of interacting QFT I — nonlinearity is enough

Renormalization suggests nonlinearity

A conventional Lagrangian deformation S[M] from elementary textbooks,
is applied to a free Wightman field, vl T[GJS[M]+ij:| V)

241 = (V1 Zj1v) = (I T | |v) = (v T[eistn] v)

A Lorentz invariant generating functional Z[j] is not well-defined

The Reeh-Schlieder theorem asserts that for a free Wightman field
local operators acting on the vacuum vector |v) can approximate any vector
—> for any regularization for which the vector 2;“”'3““" v) is of finite norm,
we can approximate that vector by a vector Z '°Ca""°"""“’[l\;lpn[ allv)
that is constructed using only nonlinear, local functionals of j

Renormalization introduces mass/length rescaling, which we can accommodate
by using a collection of different fields M;_f)[j] for different functionals F.[f]
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a reinvention of interacting QFT II — nonlinearity is enough

. 2, renormalized S local,nonlinear Y
The physics ~ Z; (“)|v> ~ VA (“)[M‘F’“)[j]]M
K
_><V\T[M3M;3M;ZM;J\V>, etc as sums of loop integrals —s sums of products of nonlinear overlaps (F.[f;], F[fi])x Peter Morgan

fs
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many Feynman loop components many fragment resonance components

This is an inverse problem: find local, nonlinear fragment functionals F1[-], F2[], ...

and measurement operators M}_.ll)[j], M;_?Z)U],
that locally approximate what happens in the bulk for path integrals,
which works because of the Reeh-Schlieder theorem

The interplay between local and global is similar to holography
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a reinvention of interacting QFT III — nonlinearity is enough

An analysis of renormalization and of path integrals suggests
we should introduce nonlinearity and that it's enough

N ME i\ M . . ‘- . .
pl(ePMMheireMy .y — some manifestly Poincaré invariant functional of the ; and f; *

We want to construct or decompose this functional in ways

that give us good intuitions about different experiments
or

We might want to use a mathematics much more elaborate than
the Wigner-characteristic function p

¥ This can be compared with “The Nonlinear Program”
but using only local functionals
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two tentative constructions

0 We can construct a nonlinear Gaussian field, as a first step,
for which the 2-measurement VEV is nonlinear,

(V| KIENI, [v) = (f.g) +ZF[f]F[g])

using a sum of many binary relationships
instead of a sum over many paths

where Supp[F[f]] C Supp|f]

for example 2 tanh(f), f-(Hxf), ..

@ We can construct a recursive “cloud” of measurement operator fragments,
within the support of f, as an iterated solution of an integral equation such as

Fi[f]

Mf = (lASf _/[MFK[f]rdH(H) f —

which integrates over different fragments F[-] instead of over points in space-time

There are other possibilities, ...
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a concise list of the difficulties of QFT

from Oldofredi&Ottinger 2022:

© Divergences

@ No precise ontological picture
© No particles

@ Haag's theorem?

© The measurement problem

(rethinking renormalization eliminates divergences

(signal analysis & classical measurement incompatibility

(nonlinearity & dispersion — solitons & caustics?)
(nonlinearly constructed subalgebras)

(rethink collapse as a joint probability construction

1 Representations of the free field and of interacting fields are unitarily inequivalent
see Freeborn, Gilton, and Mitsch, “How Haag-tied is QFT, really?”
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towards Quantum Gravity |

Given measurements Mp..ipsiony, ---1 Mpeseription,

all we need for us to be able to construct a Gaussian state Peter Morgan
is one positive semi-definite nx n overlap matrix D,'j: (Description,', Descriptionj) QM and CM—about Datasets
CM —> CMy
The Me ement Problem
My ixaM; i
Suppose we have a successful deformed Optics, p/(e”M1e*Me..), S IS
which combines many Kernels (f;,f;),. in such a way that g/ is a state A first look at QFT

QNDFT

On Quantum Computing
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towards Quantum Gravity |

Given measurements Mp..ipsiony, ---1 Mpeseription,

all we need for us to be able to construct a Gaussian state Peter Morgan
is one positive semi-definite nx n overlap matrix D,'j: (Description,', Descriptionj) QM and CM—about Datasets
CM —> CM
The Measurement Problem
My e My .
Suppose we have a successful deformed Optics, p/(e My Gire 2.02), Sl
which combines many Kernels (f;,f;),. in such a way that g/ is a state A first look at QFT
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For QG, we can introduce a new description, D; = (f;, B;), for modulations/measurements,
D= (a bivector test function, a background we want to impose (metric| torsion | non-metricity))
) : M/ : M/
then wherever the Kemel (f,f),. occurs in p/(¢"Mie*Ms ..
we substitute a new Kernel (D;,Dj),,

giving a candidate Optics/QG, p&"’)(ei)‘l’\;’ﬂl eiA?MDZ-u)
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towards Quantum Gravity |

Given measurements Mp..ipsiony, ---1 Mpeseription,
all we need for us to be able to construct a Gaussian state Peter Morgan

is one positive semi-definite nx n overlap matrix D,'j: (Description,', Descriptionj) QM and CM—about Datasets
CM —> CMy

The Measurement Problem

[V/ARPYY /A i
Suppose we have a successful deformed Optics, p/(e"Mae™Ms..), o earEEe

which combines many Kernels (f;,f;),. in such a way that g/ is a state A first look at QFT
QNDFT

i On Quantum Computing
For QG, we can introduce a new description, D; = (f;, B;), for modulations/measurements, R\t

D= (a bivector test function, a background we want to impose (metric| torsion | non-metricity))
. IM ML A2 NI
then wherever the Kernel (,f;),, occurs in p/(e!™" e ™?"%..),
we substitute a new Kernel (D;,Dj),,

giving a candidate Optics/QG, p&‘"’)(ei)‘l’\;’ﬂl ei’\2’%2--~)

This gives us a measurement theoretic approach to gravity

that is not about ‘quantizing gravity', 'gravitizing quantum’, or ‘gravitons’,
nor about lattices, loops, strings, Cellular Automata, Causal Dynamical Triangulations, twistors, ...
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towards Quantum Gravity II

A very minimal axiom set for Quantum or QND Gravity:

1. Measurement operators I\;Igl, Mg, ..., Mg, are nonlinear in the Measurement Descriptions g;
2. A manifestly Diffeomorphism invariant state —> GNS-construction of a Hilbert space
3a. QG: Spectrum Condition and Microcausality: [Mf, Mg] =0 if f and g are causally separated

3b. QNDG: Universal measurement compatibility: [IVI""“,IVIE"]:O for all f and g
When discussing global properties, transformations, and classical measurement incompatibility,
we can use a Poisson bracket, 1]-operators, state projection operators, ...

3a. the Spectrum Condition and Microcausality both seem difficult to get right for nontrivial geometry

3b. makes % only about the amplitude of a Poincaré invariant noise,
not also about measurement incompatibility
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towards Quantum Gravity III

In these days of LLMs, ‘invariance’ may be about more than diffeomorphisms
A Measurement Description might be in Chinese,
extracted automatically from a journal article
We should take some notice of partial, informal, inaccurate, imprecise information

The coordinate systems we use for Measurement Descriptions will be continuous
because we can always imagine a new measurement between previous measurements,
ndependently of winether The 1eal Wotd 1s ASoEie o Continuos
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abstract

A Dataset & Signal Analysis Interpretation of Quantum Mechanics, Dhaka NSU, May 18th, 2025

Classical and quantum models are based on the same experimental datasets, but
various no-go theorems show that modeling by Classical Mechanics fails for some
cases. Elementary signal analysis is less constrained than traditional CM, however,
insofar as it does not assume that the data reveals particle properties and it
routinely uses Fourier and other integral transforms and Hilbert spaces, making it
a helpful intermediary.

This talk will show how we can extend CM to include noncommutativity (spoiler
#1: we can do that by using the Poisson bracket), making it as unconstrained as
signal analysis. If we also introduce quantum noise as something different from
thermal noise (spoiler #2: it's Lorentz invariant; thermal noise isn't), we obtain
what | call ‘CM_". That lets us rethink the measurement problem as a way to
construct joint measurement probabilities and rethink Bell inequalities as about
a noisy classical field that is isomorphic to an aspect of Quantum Field Theory,
here understood as an analytic noisy signal analysis formalism.

The talk is based on articles in Physica Scripta (2019), “Classical states,
quantum field measurement”; Annals of Physics (2020), “An Algebraic Approach to
Koopman Classical Mechanics”; and Journal of Physics A (2022), “The collapse
of a quantum state as a joint probability construction”.
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Eckart 1926, Koopman 1931, Sudarshan 1976

Columbia archives

Bernard Osgood Koopman

Vou. 17, 1931 MATHEMATICS: B. 0. KOOPMAN 315

HAMILTONIAN SYSTEMS AND TRANSFORMATIONS IN
HILBERT SPACE

By B. 0. Koormax
DepaxreNt or MATHEMATICS, CoLuMBiA UNIVERSITY
Communicated March 23, 1931

In recent years the theory of Hilbert space and its linear transformations
has come into prominence It has been recognited to an increasing
extent that many of the most important departments of mathematical
physics can be subsumed under this theory. In classical physics, for
example in those phenomena which are governed by linear conditions—
linear differential or integral equations and the like, in those relating to
harmonic analysis, and in many phenomena due to the operation of the
laws of chance, il réle is played by certain lis i
in Hilbert space. And the importance of the theory in quantum me-
chanics is known to all. It is the object of this note to outline certain
investigations of our own in which the domain of this theory has been
extended in such a way as to include classical Hamiltonian mechanics,
or, more generally, systems defining a steady n-dimensional flow of a
fluid of positive density.

“Questions of ergodicity had been in the foreground for many years and had attracted the

attention of powerful mathematicians.

Koopman was well versed in this domain and had

discussed it with both Birkhoff and von Neumann. In March of 1931, Koopman published a

note in the National Academy Proceedings, transforming the problem into one dealing with almost
one parameter unitary groups in Hilbert space.”

—

nothing Koopman methods

Photos are fair use only
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Sudarshan 1976 Abstract

Eckart+Koopman history

Von Neumann quickly proved the ergodic theorem in a Hilbert space sense and Birkhoff
established point-wise convergence almost everywhere.
“In Memoriam: Bernard Osgood Koopman, 1900-1981", Operations Research 1982.

Earlier, Carl Eckart, “Operator Calculus and the solution of the equations of quantum dynamics

Koopman
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' Phys. Rev. 1926

Three ways to compare QM and CM: Wigner functions, Hilbert spaces, or algebraic

Kolmogorov Axiom Model
rmal

periment
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models of the Kolmogorov axioms

From a Data Analysis perspective, for a dataset, not for an ensemble of ‘systems’,
A Relative Frequency is an integer ratio ﬁ,o < n < N(C)in a context C
Adding RFs in the same context with no double counting—a new RF
Adding RFs in the same context with no double counting and no omissions—1
We use sample spaces&o-algebras to keep track of double counting and omission

Historically, the Kolmogorov axioms followed the mathematics of relative frequencies,
RFs give us a model of the Kolmogorov axioms over Q
Probabilities give us a model of the Kolmogorov axioms over R
We can use algebraic models of the Kolmogorov axioms over R
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models of the Kolmogorov axioms

From a Data Analysis perspective, for a dataset, not for an ensemble of ‘systems’,
A Relative Frequency is an integer ratio ﬁ,o < n < N(C)in a context C
Adding RFs in the same context with no double counting—a new RF
Adding RFs in the same context with no double counting and no omissions—1
We use sample spaces&o-algebras to keep track of double counting and omission

Historically, the Kolmogorov axioms followed the mathematics of relative frequencies,
RFs give us a model of the Kolmogorov axioms over Q
Probabilities give us a model of the Kolmogorov axioms over R
We can use algebraic models of the Kolmogorov axioms over R

Generalized Probability gives us ways to interpolate between different contexts

’;\}((8)), ','\7((8)), ';\}((522)), 7\;((&())7 ... and by placing Cx1

From
i(Ckt1)

relative to earlier contexts, we can infer expected values for new RFs m

Generalized Probability Theory gives us more tools

» elementary matrix model page
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quantum and thermal noise

In QFT, the quantum vacuum is Poincaré invariant, thermal noise is not

VIS = 2mo(kek-m)p(ho)e )

ka(qE(x)qﬁ( )= /coth (ﬁkO)zms(k k—m?)f (ko )e Ik () 2k,

[real K-G QFT]

A thermal state for a qSHO is just extra noise because H is the number operator,

[a,aT]zl I:I:aTa, I\;I:a-l—aT,I\;l’:j(aT— a)f, [M, I\?I’]:j
p (D)=
)\ Tr[e_]AM —a a/RI'] Tr[ejAaTej)\ae—afa/k'l'] v )
P (e] ) Tr[e*aTa/W] Tr[e*aTa/R"] e /2 = ... seethis URL
x -1/
=exp {—)\2/2 -2 216 "/kT} = exp [—)\2/2 - %]
— o~ coth(1/2KT)A%
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measurement incompatibility and quantum noise as a cause

Y ¥ -i . MeM,) - . .
If M¢ and My are Sé’jﬁgall"ke separated, they are compatible and 2="£L ( i g) is a correlation, Felr Mg
y o o U)o 83)
(Mf Mg) QM and CM —about Datasets

otherwise they are incompatible and p(Mz) o has an imaginary component M —> M,
PIME)p(Mg
The imaginary part is non-zero only at time-like separation
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measurement incompatibility and quantum noise as a cause

9 0 space-like : p(MeMyg) .
If M¢ and Mg are 5 separated, they are C(;ﬂmlgat/ble and T = 2 correlation,
otherwise they are incompatible and % has an imaginary component
PIME)p(Mg
The imaginary part is non-zero only at time-like separation

We use collapse to construct correlations at time-like separation, but
we can also construct a QNDFT that is empirically equivalent,
for which Mg" and Mg" are always compatible ({0 ve 209 ;Zi’r‘j;’[:{‘aatﬂzsys)
QFT folds into the formalism only the quantum noise
aspect of causality, with amplitude A, leaving
other aspects of causality as separate concerns

For QG, causality may be dynamic, so a QNDFT convention may be better
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the two-slit experiment

For the two-slit experiment, we use a number of devices that are designed
so that events happen in them from time to time, randomly,
SO we report statistics of the events in those devices

If we move other apparatus to change the surroundings of each device
— such as a sheet that has two slits cut through it —

the statistics of the events in each device will change
because the N&iSY field will ‘bounce around’ everything differently

There do not have to be any ‘particles’ causing the events in our devices,
we engineer different modulations of the N&iSY field near each device

Nonetheless, thinking about particles and particle properties can sometimes be helpful
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the super-Heisenberg picture

Apply
collapse
to measurements

Apply
unitary evolution
to measurements

Apply
collapse
to the state

Apply
unitary evolution
to the state

X
X X
X X

Schrodinger picture X
Heisenberg picture
super-Heisenberg picture

This is not a unitary equivalence, but it is an empirical equivalence
because we can model the same expected joint statistics

| find this somewhat satisfying as a unification of sorts, insofar as we can also call it
the “Bohr picture”, because it's rather classical and, for Bohr, measurements affect other measurements
or the “QND picture” or the “Consistent Histories picture”, because it's commutative
or the “Everett picture”, because it's no—collapse (but branching is not necessary)
or the “Einstein picture”, because it's rather classical (but with a Poincaré invariant noise)
tHoward 2004
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https://doi.org/10.1086/425941

Gregor's measurement results: more analysis
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To the right: +3 nanosecond histograms ; below it: the Bell-CHSH inequality calculated for every bar of the 16 histograms

At center: £25 nanosecond histograms — with a subsidiary peak at about £20 nanoseconds
To the left: +100 nanosecond histograms to know why we would have to have the apparatus available, to debug it
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QND Optics derivations

We use the Hodge dual, *, ¥*=—1, to construct a pair of helicity projection operators
Hy= %(1 +jx), H2=Hy, HH =H_H;=0, Hi= H+

The Quantum Optics inner products for positive and negative frequencies, (f, g)+, are
diagonal in the helicity components, (f, g)+ = (H1f,H1g)+ + (H-f,H_g)+
For the complex conjugate, (f* g*)+ =(g,f)+

We write the bullet involution as f*=H,f + H_f~ (F ()k) (( k))

V>:< |af g | >_(fag )+:(H+f7H+g )++(H*f H-g )+
=(Hyf Hig) + (H-f H-g7)+
=(Hif,Hig)+ + (H-f,H_g)-,

which is diagonal in positive frequency, positive helicity and

negative frequency, negative helicity components

Hig)s +(H-f H g)s
+((H+ ) H-g)+
((H-g)" Hyf)x
(

Hence, (v| M?”TI\A/I;”“'

Similarly, (f**,g")+

(Hyf™
(Hyf* Hig)+
(Hy f H+g)
(Hyf" Hig)+

hY
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engineering axioms I

Test function space

Many engineering and physics applications do not need or want
the mathematical complexity of a representation of the Poincaré group

Using only a small number of test functions is a commonplace in Quantum Optics
An axiomatic approach should not exclude a standard engineering practice
Manifest Poincaré invariance can be enough

Use a finite set of test functions as a starting point,
A({fi, o, ..., fn}), generated by Mg, My, ..., Mg, where f; € S(M),
making QFT the same as algebraic QM unless we take an N — oo limit

If we need a representation of the Poincaré group,

direct or |[j i
we can use a inductive limit over Schwartz space

» nonlinear axioms page
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engineering axioms 11

Bounded operators

For a finite number of test functions, A({f1, f2, ..., fy}), the mathematics is just QM,
so we can use our Rigged Hilbert space experience for unbounded operators

The vacuum state typically has tails that diminish rapidly enough that
the representation of an unbounded algebra is mathematically well-controlled

For the free field vacuum state for A({f}), pv(eiAMf) :e‘*z(f*vf)/z,
where (f, g) = p, (M N1,)

We allow unbounded operators I\Zﬂ, Mfé, MfN, as for the Wightman axioms,
but we can restrict to using only f(x)€R and bounded generating operators

» nonlinear axioms page
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https://doi.org/10.1016/S0034-4877(09)00020-2

engineering axioms III

Time—S“CG aXiom Peter\ Morg;r1

QM and CM —about Datasets
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The Measurement Problem

If we know all expected measurement results on a Cauchy surface,
that determines all expected measurement results everywhere
within forward and backward light-cones

Bell Inequalities
Part 11
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For engineering, we never know anything like that much

Next ...
Given what we know for measurements Mfl, l\;lf2 I\?I,rM
and knowing the relationships between Mg, M, ..., MfN, and I\;If,\,+1
we want a manifestly invariant vacuum state of a theory to give

conditional probabilities for another measurement MfN+1,

This construction is neutral about reductionism
because fi, fp, ..., fy and fy41 can all be of arbitrary scale cf Adlam 2024

Engineering axioms
Fe fields

» nonlinear axioms page
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https://doi.org/10.1007/s11229-024-04734-5

fermionic and ElectroMagnetic measurements

Peter Morgan

If a theory tells us everything about a deformed ElectroMagnetism,
QM and CM —about Datasets

at all length scales, that tells us everything about the currents
CM —> CMy
The Me ent Problem
in}evacting . FLee R Bell Inequalities
. . . VR RN Y /SR DY ¥/ MM M, g
For an interacting EM fleJd, M M, ple™ e ) # pfe™ The R, A et look ot OF T
we might say that M; introduces fermionic and other “clouds”, but, e
On Quantum Computing

: VA 7/
plle™Mie?2M; ) still must be manifestly Poincaré invariant
in terms of just the Xs and f's

Electron, Proton, and other nontrivial modulations of the EM field are useful,
but they may be not necessary Quantume

T r-He

ell Inequalit

» fermionic measurements appendix ND Opt
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fermionic measurements

We can construct measurement operators using a Dirac fermion test function,

Peter Morgan

MU :$L$U1 Where {@T ,ZZ;V} = (U, V), {'(Z;U7’lzv} :0 QM and CM —about Datasets
(II\J/{Z) is a projection operator, MJ = (U,U)”_IMU el ol
MI\I}IU) = (U7 U)+ g (U,U) /Tﬂfii‘r;t look at QFT
.)\M — (U’U) (U:U) iA U,U On Quantum Computin
Ae) = [l_ (U,U)+] + oY Next —
" o] U,
A(5(M1,—a) = [1 = U,U);]a(a)Jr L 5(a-(u,v)

I\7IU is a nonlinear majority rule-type construction
The general case, p(e?1Muel?2Mu, ...} is not straightforward

We could introduce I\?I(ﬁu) = Mf + MU, with EM and Dirac components

» fermionic and ElectroMagnetic measurements appendix
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