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Of all things the measure is Man, of the things that are,
that they are, and of the things that are not, that they are not.

Protagoras, 485-415 BC

The core concept underlying any mathematical formalism purporting to describe physical
phenomena has to be that of information-generating entity, i.e., of measuring device. The
information extracted by measurement, the Word, is the basis of all things real!. The information
is not just a description of “reality” of some insinuated “system” that exists “out there”, beyond
the tip of someone’s nose. The information and reality are the same thing?.

In the history of physics, we have learned that there are no such things as colors or smells
'out there.' They are only in our minds. But it seems we have to go one step further. We have
to learn that even the features of an object, like its position or its momentum, do not have a
reality independent of our observation. The distinction between reality and our knowledge
of reality cannot be made. It is high time that we finally accept this message of the quantum.

Anton Zeilinger [1]

The understanding of information generation and transformation mechanics paves the way to
genuine explanation of physical phenomena, the explanation not hinged on assumptions,
postulates, falsehoods, or laws, which themselves beg for explanation. A theory entailing more
questions than providing answers is a diversion, not a step toward final solution.

The analysis [2, 3] has pegged the output state Y of measuring device, aka quantum state, as a
mathematical expression of objective reality. Reality comes into being through measurement
consisting of quantum ensemble of correlated measurement events predetermined by internal state
of measuring device. Measuring device is the source of information. Output states of measuring
device are the source states. Event outcomes, their correlation, values of observables, are elements
of reality carried by the source state. The concept of measuring device as information-generating
entity led to answers [3] for some decades-old questions. Among challenges is the fact that
measurement does not cause transition between device eigenstates, or variation in expectation
value, because device-generated unitary transformation commutes with device operator. Another
challenge is, in standard QM, the expectation value (Y|X|[y) is not device X eigenvalue but
weighted sum of eigenvalues, a mean over classical ensemble of distinct measurements. Yet 3
represents quantum ensemble, not classical ensemble; P is the output of a distinct measurement
consisting of a quantum ensemble of correlated measurement events [3]. Therefore, in spite of
standard QM interpretation, (Y| X|y) ought to represent the result of a distinct measurement over
quantum ensemble — the device eigenvalue. This challenge, known as the problem of definite
outcomes [4], is at the core of a broader measurement problem [5]. In this chapter I address both
of these challenges.

! In the beginning was the Word. John 1:1
2 And the Word became flesh, and dwelt among us. John 1:14



The first challenge is resolved if measurement is accompanied by registration (observation)
(see Appendix C of [3]), through correlation of source device output with a registrar. Registration
effectuates unitary transformation which does not commute with device operator. It results in
covariance of device reading and scalar product of correlated registrar states (equation C5 in [3]).
This covariance effectuates communication channel [6] between source device (the emitter) and
registrar (depending on the setup, also to be called the detector, the receiver, or the observer). For
the second challenge, the covariance of expectation value and scalar product of correlated registrar
states dictates the value of scalar product must be such as to match device readings to device
eigenvalues, for device readings to obey the same quantization rules as device eigenvalues.

I start with previously derived artifacts [2, 3]. The output basis states {1, } of source device X
of cardinality M have been explicated as superpositions (quantum ensembles) of event outcomes

(device eigenstates) {x} }:
M

[Yn) = M~1/2 Z exp(iynxy +ior —ipg)lxx) ; {yn=n-1} ; n=12..M €Y)
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Here {¢,} are zero-sum phases of complex amplitudes X; = | Xy |lexp(i¢,) of eigenstates {x}};
@, is global phase, subtracted to ensure det(V) = 1, where (V)i , = (x,|¥,,); V is SU(M)
transformation from output state basis {1,,} to device eigenstate basis {x;}; ¢, is given by:
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, where Ay, is OEIS cyclic sequence A105198. Output states {1,,} are characterized [2, 3] by:

Po (2)

1. Equal probabilities {P, = 1/M} of event outcomes {x;}
2. Equidistant eigenvalues x, = t(2k —1—M)/M radians; k =1,2,..M (3)
3. (UnlXYp) = —(nlXlp,) nnm=12,..M

Form (1) with conditions (3) is mandated [3] by orthogonality of output states. The orthogonality
of pre- and post-measurement output states signifies the objective fact of completed measurement
(completed emission by the source). Transition Y — P’ between pre- and post-measurement
output state is interpolated by device-generated unitary transformation U = exp(iX): Y’ = Uy;
UMy = (—1)M~1y. The pre-measurement state ¥ only exists in hindsight of post-measurement
state 1, as a reverse transform: ¢ = UT 9’. The pre-measurement state does not exist as objective
fact, contrary to assumptions [7] or statements® implying existence of some “initial” wave function,
a non-factual supposition pre-empting the very fact of measurement and measurement outcome.

The “past” is theory. The past has no existence except as it is recorded in the present.
By deciding what questions our quantum registering equipment shall put in the
present we have an undeniable choice in what we have the right to say about the past.

John A. Wheeler [8]

3 As in the quote from [19]: ... the initial quantum mechanical wave function does not determine the result of an
individual measurement



The output states of isolated source device do not correlate with states of any other device. The
commutativity of X and U leads to the fixed expectation value of the measurement by isolated
device: (Y|X|yP) = (1[)|UTXU|1[1) = (Y'|X|y’). There is no discernible dynamics in output of
isolated device. This pertains to early fundamental discovery of quantum physics: transitions
between energy states only arise from interaction of the system with radiation field [9]. In QM,
transitions always imply interaction with non-commuting device, such as detector. The isolated
device cannot even be assumed to exist, because the fact of existence is classical information to be
physicalized in a state of registrar correlated with the state [of existence] of isolated device; when,
by definition of isolated device, such correlation does not exist. The “isolated system” is a fallacy
leading to various paradoxes [10, 11, 12]. The variation in event probabilities and expectation
values only arise when source device is coupled to observer/registrar [3]. Nature is participatory:

Registering equipment operating in the here and now has an undeniable part in bringing
about that which appears to have happened. Useful as it is under everyday
circumstances to say that the world exists “out there” independent of us, that view can
no longer be upheld. There is a strange sense in which this is a “participatory universe.”

John A. Wheeler [8]

Without coupling to observer/registrar, the output of source device is a featureless unknown.

It can be formulated as a general principle:

e The information does not exist unless physicalized*
What could one say about the result of an experiment if there is no record of measurement?
Without information recorded by the registrar, one cannot ascertain there was a measurement
(emission), just as one cannot ascertain the opposite.

Device output state basis vectors (1) are marked by values {y,}, canonical conjugate to
eigenvalues {x; } of device X operator [3]. There is asymmetry between eigenvalues {x; } and {y,, }
in (1). That is because {x;} are in radians, while {y, } are in bits. I claim the natural unit of any
variable ought to be the bit [13]. I convert x;, into bits, and shift y,, values to be zero-centered:

< 2m
[Wnd = M2 exp (i 25y + i = ipo ) 12 )
k=1
, where x, =Qk—-1—-M)/2 bits; y,=02n—-1-M)/2 bits; n,k=12,..M. The
redefined set of eigenvalues {x; } is identical to the set of conjugate values {y, }. With eigenvalues
now defined in bits, device X -generated unitary transformation ¥’ = U becomes

U=ex(isy )=iexp(ifv,—”xk) ERCAIE x=ixk|xk><xk| (5)
k=1

4E.g., a thought is not information, as it is immaterial. Even if thought is written down, the writing is material, but not
the idea it conveys. A thought is not objective [information]



An output state of source device, up to global phase, ought to be one of the output basis states (4)
(see Appendix A). The output state emitted by the source in a particular measurement is determined
by M — 1 phases, out of total M?> — M degrees of freedom defining device internal state [3].

If device orthogonal output states {1, } correlate respectively with not necessarily orthogonal
states {q,,} of registrar Q, the shared output state of emission+registration is:

M M
|X> = Z Cnlwnqn) ; Zlcnlz =1; (wmllpn) = 6m,n ; 6m,n < |<qm|qn>| <1 (6)
n=1 n=1

I shall merge phases of complex amplitudes {C,,} with global phases of {q,, }, as only their sums
matter for further analysis. Expr. (6) is the output state of a global device ¥

M
Y = nZlUnllann)(inpnl (7)

The correlation of output states {1,,} of device X with states {q,,} of registrar ties measurement
and recording of information into combined action by device ¥. Action of device (7) effectuates
transformation W between device output states (6): y'= Wy, where:

W =exp (izﬁﬂlf> = i exp (izﬁﬂvn) Y14, {qn Pl (8)

n=1
The fact of completed emission+registration is signified by orthogonality (x'|x) = 0. Applied
cyclically, the orthogonality condition results in restriction on device output state (6):
(xIW"|x) = (—6n,M)M_1; n =1,2,..M. With the same argument as in Appendix A, this
restriction mandates device ¥ output state (6), up to global phase, to be one of:

M
21
) = M2 exp (i 25 vt = 90 lona) O

n=1
, with characteristics similar to (3):
1. Equal probabilities {P, = |C,|* = 1/M} of outcomes {Y,,q,,}
2. Equidistant eigenvalues y, = 2k —1—-M)/2 bits; k=12,..M
and conjugate variables v, = 2n—1—-M)/2 bits; n=12,..M
3. nlYlxm) = =ml¥xn) nm=12.M

(10)

Consider case M = 2. An emission by device X + recording by registrar effectuates transition
between output basis states (9): y; = (x2 = Wyx,). The corresponding device X readings are:

(X11X1x1) = i [(P2|X[P1)G — (P, |X]|P,)G"]/2
(X20X1x2) = i [(P11X|P2)G™ — (P, | X[p1)G]/2

, where G = (q,1q;) is the coherence factor.

(11)



From (4),(5): (Y,|X|Y,) = —(,|X|y,) = i/2 bits. With this, (11) becomes:

(X11X1x1) = =(x21X1x2) = Re({q21q1)) /2 = (q:1q1)| - cos(z radians)/2 bits

, where 7 is phase of (q,|q;). It shows, the transition from (};|X|x,) to (x.1X|x,) in device X
reading is covariant with phase t changing value by @ radians, or by 1 bit, if T is cast to the same
units and scale as eigenvalues {x, }: T(radians) — 2m - t(bits)/M:

(X11X1x1) = —(x21X|x2) = {q21q1)| - cos(r - T (bits))/2 bits (12)

For source device readings (12) to equal device eigenvalues {x;} = (—1/2,1/2) requires
[{q21q1)] = 1,i.c., the registrar states q,, q, to only differ in global phase. Otherwise, the registrar
would not be a passive [observer], but part of the emitter’. Device X readings (12) are covariant
with parameter T because X and Q separately do not commute with transformation W, effectuated
by the combined act of emission+detection. Without coupling to registrar, device X reading is
static (1 |X|1) = (P, |X|P,) = 0, i.e., not covariant with any external parameter.

Source device readings (12) are only equal device eigenvalues when phase difference 7 is
integer number of bits. If 7 is not integer number of bits, then there is not enough information to
peg source component of shared state y to a source device eigenstate. “Enough or not enough
information” is quantified by R? = |[(¥|U|x)|?, equivalent to coefficient of determination in
statistics. For cardinality M = 2 measurement:

(X11Ulx1) = —(x2|U|x2) = i - Re({q21q41)) = i|G| - cos(m - T (bits)) (13)
Maximum R? = 1, reached at integer 7, corresponds to one of source device eigenvalues:

X x 1), 21 X1 x2)) =0 = (1/2,-1/2) (14)
(x| X1x1) x| X[ x2 D=1 = (—=1/2,1/2)

For cardinality M = 3 measurement, (Y, |X|¢,) = — (P, |X|¢P,) = (P, |X|P3) =
—(s1X1P,) = (P3| X[h1) = — (1| X[¢h3) = i/V3 bits.Then, from (9):

2
(X1|Xx1) = —=Re[G - exp(—im/6)] bits

V3
olXlx) = %Re[a exp(in/2)]  bits (15)
(X3l X|x3) = %Re[G -exp(—i5m/6)] bits

5 Which is also a valid configuration, realized, e.g., with emitter coupled to a matter oscillator (antenna). The matter
oscillator acts as a secondary source — re-emitter. Depending on coherence factor, re-emitter is passive or scattering



(x1lUlx1) = G - exp(2mi/3)
(x20Ulx2) =G
(x3lUlx3) = G- exp(—2mi/3)

, where coherence factor G = [(q11q2) + (q21q3) + (q3]1q1)]/3.

Device readings (15) would match device eigenvalues {x; } = (—1,0,1) if registrar states {q,, }
only differ by certain phase 7: (q1|q2) = (q21q93) = (q31q1) = exp(2mi - ©(bits)/3) ;7 = 0,1,2.
Then (15) becomes:

(x11X\x1) = 2 - cos(2nt/3 —1/6) /N3 bits

(x2|1X\x,) = =2 -sin(2wt/3)/V3 bits (16)

(x3|X|x3) = 2 cos(2nt/3 — 5n/6)/V3 bits

Like in M = 2 case, device readings (16) are covariant with phase 7, cast to same units and scale.
Maximum R? = 1, reached at integer 7, corresponds to one of source device eigenvalues:

((X1|X|X1): (X2|X|X2); (X3|X|X3))‘1:=O = (1, 0, _1)
el X L), 21X o2, (s 1X x5 ) e = (0,—1,1) 17)
(x| X1 x0) 2| X1 x2) (x31 X1 x3)) =2 = (—1,1,0)

The fact of completed emission by the source, signified by transition between orthogonal
output states, is 1 bit of information, equal to the increment At = 1 bit which advances cyclic
eigenvalue assignment (14),(17) by one position. This [equivalence] principle alludes to the fact,
discussed in [3], that device output information is encoded in phases [of complex amplitudes].

Otherwise stated, every physical quantity, every it, derives its ultimate significance from
bits, binary yes-or-no indications, a conclusion which we epitomize in the phrase, it from bit.

John A. Wheeler [13]

Expressions (12),(16) identify conditions under which source expectation values coincide
with eigenvalues of source device operator:

1. The measurement (emission) is observed, 1.e., recorded by a passive registrar
2. R? = [{(x|U|x)|?> = 1. Eigenstates of U = exp (i%X) are eigenstates of X. Therefore,

R? = 1 implies expectation value {¥|X|) equals an eigenvalue of source device X



R? = {q51q1)|? - cos?(m - T (bits)) from (13) gives normalized interference pattern intensity in
cardinality M = 2 measurement, such as double-slit experiment (Figure 1). Source device X is two
emitting slits. Registrar @ is a photosensitive pixel on the screen. Each pixel is a distinct registrar.
Eigenstates x4, x, of device X are the emits of slit 1 and 2 in direction of pixel Q. At the peak of
signal intensity R? = 1, expectation value (14) is one of the emitter eigenvalues, implying the
source component of shared output state is in an emitter eigenstate. Yet it does not equate to an
assertion that photon followed a definite slit trajectory. Such an assertion would amount to a hidden
trajectory account associated with pilot wave theory [14]. The assertion requires output states (9)
to be correlated with a registrar able to distinguish emitter eigenstates. Pixel @ is not able to
distinguish eigenstates x;, x,. It does not capture expectation value of the emitter output. It only
registers the fact of emission, by being set to “on”. Alluding to the principle stated earlier, for
information to exist, it has to be physicalized, in a definite state of a registrar. Pixel Q only
physicalizes the fact of emission, not the rest of information in emitter output.

Registrar Q

Source device X

! -
/
§ : \ — I1 bit
Xin — 3
C
RZ
—————
intensity

Figure 1

Parameter 7 is effectively the position, measured in bits, of the registrar with respect to the source.
Thus, 7 is a global parameter of the shared emitter+detector configuration, not a hidden variable
local to the detector or to the emitter. Parameter 7 does not have to be indicative of spatial position
of the registrar, as in double-slit example. It could refer to a position in time, which would result
in oscillating signal intensity, the temporal interference pattern.

Eigenstates x;, x, of source device point to the same pixel state; hence pixel does not record
which-slit information. Which-slit information, captured by registrar or elsewhere, would have
suppressed interference [12, 15]. The presence of interference is a testimony that which-slit
information is not registered anywhere.



In [3] it was shown all information in output state (4) of the emitter is contained in event
correlations, encoded in relative phases {¢,} of superposed emitter eigenstates, in amount given
by Shannon entropy Hg = log, M bits. This information specifies, which of the M output basis
states {,,} is the output of a particular measurement (emission). The global phases of emitter
output states {1, } are non-consequential, as long as emitter is not coupled to the detector. When
emitter is correlated with detector, global phases of emitter output states merge into relative phases
of {1,,9,,} superposed basis elements of the shared emitter+detector output state (6). Operational
significance of relative phase is manifested by interference effects - device readings (12),(16).
Aharonov-Bohm effect [16] is another example.

Relative phases of {1,,q,} basis elements of the shared emitter+detector output determine
which of the M output states (9) of the emitter+detector device (7) is the output (6) of a particular
emission+registration. The information in source device X output states (4) could be extracted
and orthogonality of output states established via conditions (3) only if device X is coupled to a
detector. Similarly, the information from output states (9) of emitter+detector device (7) could
be extracted and their orthogonality established via conditions (10) only if device (7) is coupled
to a higher-level registrar. Information about output of the combined emitter-registrar device (7)
may be recorded by a higher-level registrar without eliminating interference, provided that the
higher-level record does not distinguish source eigenstates. The observation of interference would
exclude distinguishable which-path record, but not the fact of emission, the detector position, or
the accumulated interference pattern.

Objective reality arises in correlation of the source with a registrar. In the present paradigm,
objective reality does not exist outside and independent of registrar. The emission does not happen
unless detected by registrar, correlated with the source device. The existence of the source device
is ascertained by the fact of emission. Neither photon, nor its source exist unless registered by the
detector. As I have shown, detection requires a correlated state of the source and the registrar [6].
Specifically, electromagnetic field is the correlated state of the emitter and the detector. Photon is
the outcome of transition of shared state y; — ), in combined act of emission by the source and
registration by the detector, effectuated by global device (7). Photon is not a hypostatized entity
which travelled from another galaxy for millions of years before hitting detector. Radiation is not
an entity which exists on its own, “out there”, in the open space. Assuming otherwise leads to
insurmountable paradoxes, e.g., vacuum catastrophe [17], the consequence of an assumption that
vacuum is filled with gravitating zero-point energy radiation modes [18].



Appendix A

The orthogonal output basis states {1,,} of source device X = YM . x,|x,){x)| were defined
[3] as superpositions (1) of device eigenstates, and redefined with standardized eigenvalues and
conjugate variables as superpositions (4). States {1,,} satisfy cyclic and orthogonality conditions:

(lpnllpm) = 6n,m
Y1 = Uy, (A1)
UMlpn = (_1)M_1ll}n

, where U is the device-generated unitary transformation:

2m u 2m
U=exp <lﬁX) = kz_l exp (LMxk) |2 (x| (A2)

Theorem: Any output state of device X, satisfying conditions (A7), is one of the basis states (4).

Proof: Since eigenstates {x,} constitute basis in Hilbert space of device X, an arbitrary output
state Y is a superposition of eigenstates:

M
Y = Z Ce| %) (43)
k=1

Measurement (emission) by device X effectuates unitary transformation (A2) from pre-emission
state Y to post-emission state YP’: P’ = U. From (42),(43):

Y =Uy = U<i Ck|xk)> = i Crexp (izﬁﬂxk) | %)
k=1 k=1

The completed emission is signified by orthogonality condition (¥|y') = 0. Applied cyclically
(A1), it results in M equations for M probabilities {P,, = |C,|? = 0}, and eigenvalues {x; }:

M
21 -

Z Py - exp (iﬁxkn> = (—5n,M)M ! ; n=12,.M (A4)

k=1

The solution to (44) is {P, = 1/M}; {x;, = 2k — 1 — M)/2} = {C;, = M~ 2exp(ig; — ipy)},
where {¢,} are arbitrary zero-sum phases Yx; @ = 0.1 add a set of zero-sum phases to {¢;}:

27Tynxk
M

P = Pt
, which leads to
21
C, = M~%exp <iﬁynxk +ig, — i(po) (A5)

(A3) with (A5) gives orthogonal output basis states (4) marked by conjugate variables {y, }. The
global phase ¢, given by (2), is subtracted to ensure transformation (V) ,, = (x|¥,) is SU(M)
with det(V) = 1. Q.E.D.
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