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ABSTRACT. A nested interferometer experiment by Danan et al (2013) is discussed
and some ontological implications explored, primarily in the context of time-
symmetric interpretations of quantum theory. It is pointed out that photons are
supported by all components of their wavefunctions, not selectively truncated "first
order” portions of them, and that figures representing both a gap in the photon's
path and signals from the cut-off path are incorrect. It is also noted that the
Transactional Formulation (traditionally known as the Transactional
Interpretation) readily accounts for the observed phenomena.

1. Introduction

This paper evaluates some suggested ontological implications of an
experiment presented by Danan et al in a now well-known paper entitled “Asking
Photons Where They Have Been” (Danan, Farfurnik, Bar-Ad and Vaidman, 2013).
There has been much discussion of this paper: e.g., Svennson (2014), Salih (2015),
Danan et al (2015), Griffiths (2016), Sokolovski (2016), Nikolaev (2017), Vaidman
(2017a,b) and references therein; the present work will focus in particular on
instructive analyses by Saldanha (2014) and Stuckey (2015 a,b).

The basic experimental setup consists of an outer interferometer within
which is nested an inner interferometer. Below, reproduced from Danan et al
(2013), henceforth DFBV, are the figures showing different configurations of the
experimental setup along with the signal data from each configuration. However, it
should be noted that the figures omit crucial mirror leakage. This makes them (and
the arguments making use of them) at best tendentious, and at worst fundamentally
misleading. (This issue is addressed in some detail in what follows.)

Vibrating mirrors A, B, C, E, and F at selected probing areas of the
interferometers affect a transverse degree of freedom in the source beam, which
therefore cannot be omitted from the analysis. The vibrations each have their own
frequency and are of very small amplitude so as to constitute a form of ‘weak
measurement’ of the beam component encountering each mirror. The signal
comprising the weak measurement is obtained by picking up the specific frequency
of each mirror’s vibration as revealed in the scatter of detections, where that scatter



arises from variations (created by each mirror’s vibration) in the transverse wave
function component; this again illustrates the crucial role of that second component
omitted from the figures. The inner interferometer can be configured so that
destructive interference cancels out (except for leakage due to mirror vibrations)
the longitudinal component of the beam that would exit the inner interferometer
toward mirror F. This case is illustrated in Figure I B (but recall that the red
depicted "path" of the beam omits the leakage).

Figure 1
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Figure 1. The DFBV experiment showing only longitudinal degree of freedom (reproduced
from DFBV 2013).1

DFBV apply the Two-State Vector Formalism (TSVF), together with ‘weak values’ of
observables, to the experiment as their proposed way of accounting for the phenomena,
since they also used TSVF as a heuristic aid to conceiving the experiment (see Vaidman

1 Reproduced with permission of the author for preprint version.



(2013) for a discussion of the ideas used to design this and related experiments). In TSVF, a
photon is described by a constructed formal object called a “Two State Vector,” or TSV,

which consists of the preparation ket |¥) to the right of the measurement outcome brac

(P, i.e.: (P||¥). The ‘weak value’ of observable O is defined as (0)y, = % . Note that

the TSV has two interior lines and is not an inner product.

The authors acknowledge in their discussion that the signal in 1B is made possible
by leakage (omitted from their figures) from the inner interferometer despite the fact that
most of the longitudinal component is blocked by destructive interference. They also note
that the results can be accounted for in standard one-vector quantum theory by the same
analysis as that for classical electromagnetism (DFBV, Appendix) but argue that TSVF is a
more "elegant” way of explaining the phenomena.? We will not repeat that discussion here,
but refer the reader to the original DFBV paper or to Stuckey’s instructive account
(2015a,b).

2. Standard quantum mechanics account

Saldanha (2014) elaborates the standard one-vector account, arguing for the
efficacy of that formulation. We briefly review that analysis here. The transverse
component of the beam is a Gaussian envelope; only the y-component is affected by the
mirror tilts. In momentum space it is given by:

y (1)

Given the above, the transverse components after the beam splitter and following
mirrors {i} are of the form:

W, (k,)= Llp(ky ~K))

V3 @

where the k; are the deflections in the transverse momentum ky, due to the instantaneous
tilt of mirror i at time t.

The transverse beam component reaching the final detector D at any particular time
t is a superposition of the transverse component from mirror C and from mirror F, namely:

2 DFBV make use of weak values as part of their ontological account of the experiment, but care is in order in
this regard. Ontological inferences regarding ‘strange’ weak values and/or counterfactual usage of the ABL
Rule (Aharonov, Bergmann and Lebowitz 1964) are a matter of some controversy in the literature (e.g., e.g.,
Bub and Brown (1986), Mermin (1997), Kastner 1998a,b, 1999, 2003, 2004, 2010 and references therein).
Stuckey (2015b) notes that weak values with second-order contributions lack the kinds of ontological
implications often attributed to them.
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Saldanha shows that there are many values of the k; , i = 4, B for which a clear transverse
signal is obtained from the inner interferometer, but that no signal is obtained fori = E, F.
Intuitively, the latter comes about because in the case of destructive interference, the
contributions from mirrors E and F always cancel each other out, while those of A and B do
not. This can be seen explicitly by using the fact that each k; << o and evaluating (3) to first
order. One obtains

W, (k)= llP(ky (Ko +K,—Ky)
3 (4)

Thus, the dependencies on the tilts from mirrors E and F cancel out and we are left only
with those of A,B, and C, which contribute in equal amounts albeit with opposite signs for
k4 and kg (see Saldanha egs. (6) and (7)).

We are reminded by (3) and (4) that it is the transverse degree of freedom alone that
contains the signal information from the mirrors, not the longitudinal one, which acts only
as a carrier of the information-bearing transverse degree of freedom. The amplitude of the
transverse component does not depend on the amplitude of the longitudinal component.
Thus, for values of k4 and kg foiling full destructive interference at mirror F, the
contributions of mirrors A, B, and C are essentially equal, and the small longitudinal
component from mirror F is sufficient to convey the transverse component to the final
(unlabeled) beam splitter where it recombines with the substantial longitudinal wave from
mirror C and proceeds to detector D. A small longitudinal component from F does not
equate to a small or missing signal as long as enough is present to convey the transverse
component to the final beam splitter to recombine with the contribution from C, which is

what we get in (4) for ka4 #kp .

Stuckey’s Figure 5 (2015a), reproduced here as Figure 2, presents an adapted
version of Figure 1B showing the transverse component riding on a very small but
sufficient longitudinal component to connect the source to detector D with the help of the
contribution from C:
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Figure 2. The case of destructive interference showing the tranverse component (in gray) being
conveyed to the final beam splitter.

This is where the signal comes from, even though it may seem counterintuitive that
we get such a strong signal despite such a weak longitudinal component from mirror F.
However, we should not let our intuitions get in the way of the unambiguous theoretical
expressions (e.g., eqn. 4) that instruct us that the transverse wave function amplitude is not
a function of the longitudinal wave function amplitude. As Stuckey points out, the strength
of the signal results from the ability of the contribution from mirror F (however small the
amplitude of the longitudinal component) to superpose with the main beam from mirror C
such that its transverse component is conveyed to detector D.

Thus, the above analysis provides an explanation for the counterintuitive features of
this experiment from within standard one-vector quantum theory: the essential point is
that one does not actually need to "build up" the longitudinal component at all, since even a
small leakage from the "blocked" mirror is enough to recombine with the robust
longitudinal component from C to convey the transverse component's signal to the final
detector.3

3. Time Symmetric Approaches

Danan et al argue that the heuristic utility of considering the post-selection in
devising of experiments such as the above is evidence for the ontological correctness of

3 There is a Native American legend describing how a tiny sparrow returned once-lost celestial
music to the forest by hiding in the neck feathers of a huge eagle who flew up to try to retrieve it.
The eagle was unable to make it all the way up to the celestial heights necessary, and fell back, but
at that point the sparrow jumped out and flew the rest of the way, succeeding in its mission. This
little parable seems to describe what happens in this experiment: the "sparrow" (leakage) is crucial
in that its presence or absence dictates the success or failure of the mission. The fact that the
sparrow is small does not negate its importance. It only has to be nonzero. A deeper insight,
perhaps, is that the difference between zero and non-zero is a "digital” one; when it comes to
wavefunctions, a "small" quantity cannot neceessarily be considered negligible and disregarded by
reference to first-order approximations.



time-symmetric approaches (in their case, TSVF). That is, the authors assert that a
backward-propagating state is needed to ‘build up’ the longitudinal component
corresponding to mirror F in the case of destructive interference. This idea is represented
by the green dashed line in DFBV’s Figure 1E (reproduced here as Figure 3). However, as
noted above, this argument is available only by neglecting the transverse component and
the non-vanishing leakage from F. In particular, the analysis above shows that there is
actually no need to "build" anything up beyond the standard quantum state, since it is
indeed continuous past mirror F, even though small (see footnote 4), and the longitudinal
component from C is sufficient to convey the transverse component's signal to the detector.

Perhaps of greater concern is that the authors' Figure 1E (and 1B) show signals
from A and B that would not be there if the depicted discontinuity existed. This appears to
constitute an attempt to "have it both ways"; i.e., to makes use of the information from a
weak measurement without paying the price for that weak measurement, which is the
leakage. The latter accounts for the signals, but undermines the conceptual picture
advocated by the authors.
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Figure 3. The proposed retrocausal post-selection influence in DFBV’s experiment.
The depicted signals from A and B would not be present if the depicted gap really applied to the
system.

Nevertheless, is there some validity to the idea that post-selection influences what
happens to a quantum system in the process of measurement? First, we should remark that
apart from explicitly time-symmetric approaches, Wheeler’s Delayed Choice Experiment
(DCE) already suggests that the behaviors of quantum systems at some time ¢t depend on
how they are measured at some later time t + At. Specifically, a photon emitted into a
which-way apparatus will yield the appropriate distribution of outcomes for a both-ways
or which-way measurement regardless of whether the choice is set before or after the time
that the photon presumably enters the two arms of the apparatus. Standard one-vector



quantum theory provides no specific ontological explanation for this finding other than
Wheeler’s famous comment that “no phenomenon is a real phenomenon until it is an
observed (or registered) phenomenon” (Wheeler, J. A., 2004). This then begs the question
of what counts as an "observation," which cannot be accounted for from within the
conventional theory.

The Transactional Interpretation (Cramer 1986, Kastner 2022)* answers this
question and provides an ontological account of situations such as the DCE. It is based on
the direct-action (absorber) theory of fields, in which the transferred photon is essentially
a combination of the forward-propagating wave function (“offer wave” or OW) and the
advanced confirmation from the detector/absorber (“confirmation wave,” CW); thus, both
are required for actualization and detection of a photon. In this regard, TI has some
common ontological ground with TSVF, which also assumes that measurement (or ‘post-
selection’ when specific measurement outcomes are considered) involves a retrocausal
influence due to the post-selection state. Stuckey discusses the commonality between basic
TSVF and Cramer’s original version of TI, both of which seem to require a block world, and
then goes on to explore dynamical variations of these approaches:

This leads us to the third type of retrocausal explanation characterized by Elitzur & Dolev’s
belief[14] “that genuine change, not static geometry, is reality’s most basic property,” so
that “Perhaps, rather, spacetime itself is subject to evolution.” Kastner[15] embraces a
similar notion with her growing causet version of Tl called the Possibilist Transactional
Interpretation (PTI). The reason these approaches are retrocausal is that the evolution of
the blockworld or the growth of the causet doesn’t proceed strictly from past to future, but
the present along any worldline evolves, in part, according to future boundary conditions
that allow for intervention. In PTI, the offer and confirmation waves exist in “pre-spacetime’
and a spacetime network/graph grows out of actualized transactions in a robust sense.
Kastner writes[Kastner (2015a)]: “The possibilist transactional picture can be viewed as a
physical basis for the emergence of the partially ordered set of events in the causal set
formalism. This formalism is currently being explored as a means to constructing a
satisfactory theory of quantum gravity, and it has much promise in that regard. However,
even apart from general relativistic considerations, the formalism breaks new ground in
showing that, contrary to a well-entrenched belief, a block world ontology is not required
for consistency with relativity. The causal set structure is a ‘growing universe’ ontology
which nevertheless preserves the relativistic prohibition on a preferred frame.”

PTI and Tl have the following in common with the TSVF approach: The post-selection is a
crucial part of the ontology. The photon is necessarily described by both the offer wave
and the confirmation wave (the latter resulting from the post-selection). According to a
PTI/TI analysis of the DFBV experiment, the offer wave reaching detector D has two
degrees of freedom, as discussed by Saldanha[6], and per that full physical description the
forward time-evolving offer wave is connected to both the Source and detector D through

4 This is more properly called the Transactional Formulation, since it is a subtly different
theory from conventional quantum theory. See Kastner (2022).



the additional transverse degree of freedom (Figure 5). Thus, unlike TSVF and Relational
Blockworld, there is no discontinuity of the photon path in the PTI/TI account of the DFBV
experiment.

(Stuckey, M. (2015a)

Regarding the alleged discontinuity mentioned above by Stuckey, it should again be
emphasized that the full wave function description of DFBV experiment involves two
degrees of freedom, and there is no real discontinuity in the wave function, however small
the longitudinal leakage from mirror F; so the TSVF description asserting a discontinuity
(as reflected in Figure 1B and in Figure 3 in both temporal directions) is simply incorrect.
That representation corresponds to a first-order approximation of only one of two degrees
of freedom, both of which are required to conduct the experiment and obtain the displayed
data. Thus, the authors' identification of the truncated contributions only as the ‘path of the
photon’ is tendentious at best, and the representation of the experiment in terms of the
truncated wavefunction has become a key aspect of the controversy over how to interpret
the ontological significance of the experiment (cf. Svennson (2014), Salih (2015) and reply
of DFBV (2015), Griffiths (2016), Nikolaev (2017), Sokolovski (2016) and Vaidman's reply
to the latter (Vaidman 2017b)).

The ability of the small leakage from F to superpose with the strong longitudinal
component from arm C such that one obtains full signal visibility from arms A and B may
seem counterintuitive, but then the question arises: is it appropriate to address a
counterintuitive aspect of quantum theory by truncating the full wavefunction so as to
suppress the content that explains that counterintuitive aspect (as is done in the Danan et
al figures above)? Is omitting that content (i.e., the second degree of freedom and the
leakage that gets it where it needs to be) really a "more elegant” explanation, or it a
reliance on an approximation that neglects crucial physics in order to retain a conceptual
picture that is somewhat undermined when the omitted content is included? These
questions are raised not out of any a priori opposition to the TSVF approach, but because
they go to the heart of the relationship between experimentation, physical theory, and
ontological conceptualization. If experimentation is to reliably guide the latter, arguably
one must guard against presuming a particular ontology to be correct and tailoring the
theoretical description of an experiment (to the point of omitting, or at least suppressing,
content that is crucial to get the displayed results) to provide an optimized fit for that
preferred ontology. While the heuristic utility of considering post-selection is evident, the
concern here is that we need to be wary of equating heuristic utility with ontology,
especially when one retains such a correspondence only by disregarding crucial
wavefunction components. There are other reasons to consider post-selection as
ontologically important that do not involve omitting crucial parts of the quantum state.
These include experiments such as the delayed-choice experiment (DCE) mentioned above.

Before turning to that topic, let us summarize the main concern: In this experiment,
manipulating a second degree of freedom (the transverse component of the photon
wavefunction) to couple the photon with mirrors A, B and C is what allows the
experimenters to create a tomography of the state reaching D, whose amplitudes



associated with arms A, B and C are revealed in the transverse displacements of the beam
encoded in W(y). That is why omitting the second degree of freedom, as well as the leakage
from F in the figures and in much of the discussion, is arguably misleading. In effect, the
figures omitting the crucial leakage create the illusion of a need for the backward-
propagating wave as an ingredient of the signal amplitude. But the physical analysis shows
that there is, in fact, no such need. The very manipulation employed to obtain the
information is what "unblocks" the ostensibly blocked path from A and B to D.

Returning now to the DCE, it is well known that the preparation of a photon is not
the whole story about the behavior of that photon, since in the DCE the photon is always
prepared in a ‘both ways’ state at an initial time ¢ty but will be detected in accordance with
the mode of measurement at a final time tr, whether that is a ‘both ways’ or ‘one way’
measurement. Let us represent the prepared DCE photon state or OW as

1
)= 75 (14)+13) o

where A and B are the possible ways to get to the final screen (if there is one). This can be
understood in TI as follows: the OW is the preparation state |{s), but in order for photon
detection, one also needs a CW, which is the adjoint of the OW component received by any
specific absorber. For the case of a ‘which way’ detection, the final screen is replaced by an
absorber assembly (such a pair of focused telescopes) that can only receive the |A) and |B)
components separately. Specifically, for that case, the OW components reaching absorbers
A and B are:

OW, =(A|p)|A)= %W (6a,b)
oW, = (Bly)|B) =75 |8)
Thus, the adjoint CW responses for A and B respectively are:
CW, = (u|4)(a|- (4]
CW, =(u[B)(B| =B (7ah)

These CWs are ‘which way’ CWs which interact separately with each of the photon
OW components in a non-unitary process that is described by the outer product of the
matching OW and CW components (cf. Kastner and Cramer 2018, pp. 211-212). The CWs

are roughly analogous to the post-selection states |®) in a “Two-State Vector’ (®||V),
except that TSVs for this case would be just (A||¥) and(B||¥), without the amplitude
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factors. Thus, in TI there is further dynamics as given by the direct-action (‘absorber’)
theory of fields. Specifically, the OW and CW individually undergo attenuation; in the case
of the OW, this is as given in (6a,b). The CWs (7a,b) are further attenuated by their overlap
with the (advanced) source state, i.e., by a factor of (A|¥) and (B|W) respectively, such that
the final amplitude of the OW/CW circuit back at the source expresses the Born Rule. The
explicit formal description of this process is given by the outer product of the respective
OW and CW components in (6a,b) and (7a,b), which yields a set of weighted projection
operators representing incipient transactions (IT) for A and B respectively:>

1T, =(Bly) | B)(B| (8a,b)

The weights satisfy the Kolmogorov probability rules and thus are straightforwardly
interpreted as probabilities. Thus, the (non-unitary) transition resulting from absorber
response can be identified as the von Neumann measurement transition and the weights as
the Born Rule (as discussed in Kastner 2022, Chapter 3).

If the chosen final measurement is instead that of a ‘both ways’ observable, then the
detector configuration is some form of final screen whose individual absorbers at positions
X receive contributions from both A and B and thus respond with CW of a form matching
the both-ways OW, i.e.,, CWs which access both ways on their way back to the emitter
(modulated by the position X of each absorbing screen component). Specifically, the OW
component received by each screen absorber X would be:

1
(X[w)lX)= 75 (X[ 4)+(x]B))|x) o)
and its CW response would be:
(O] = g5 (A (BN o)

Thus, in this case a set of “both ways” incipient transactions is set up corresponding to
outcomes for each value of X, i.e., [(X|)|?|X){X|, with collapse to one ‘winning’ absorber
X'. Itis of course an elementary result that we get interference from the factor [(X|y)|?
based on the sum over the amplitudes for each slit.

5 These projection operators apply to the photon in the interval between emission and absorption, a
relativistically invariant quantity, rather than being elements of an instantaneous direct product space (which
is not a covariant quantity). At the nonrelativistic level, they function as components of the Heisenberg
observable O(t) applying to the local time of absorption t.
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In either case, under the transactional formulation (now called RTI since it is a fully
relativistic formulation)®, we have real physical collapse to a particular outcome, which
may be viewed as a form of spontaneous symmetry breaking. That actualization is
accompanied by a temporal symmetry breaking as well, such that the real photon
constitutes positive electromagnetic energy propagating in a forward-time direction from
the emitter to the absorber. This is what allows RTI to lend itself to a dynamical growing-
universe picture as discussed above by Stuckey; in fact, the transactional formulation has
now been developed into a full transactional theory of gravity; Schlatter and Kastner,
2023).

Regarding the TSVF, the Two-State Vectors, such as. (A||¥) and (B||¥) for the
‘which way’ case, are formal constructs that would (roughly) correspond in the RTI model
to an amalgam of the basic OW from the source and the basic CW for each detector, without
their respective attenuations, and as such (according to RTI) would not be viewed as a full
description of the physical dynamics leading to a measurement result. This issue, including
the ability of RTI to provide an account of the measurement transition and the Born Rule in
terms of a specific theory of fields, is the primary difference between the two approaches.”

As noted by Stuckey, the OW for the DFBV experiment includes the transverse
component as well, and while there is still significant attenuation, there is no real
discontinuity of the OW between mirror F and detector D nor of the CW between mirror E
and the source. In addition, RTI does not model photons as ‘wave packets’; rather, the
photon is the entire actualized transaction, and as such is not a localized particle or packet
with a determinate spacetime trajectory. For example, the photon actualized in a ‘both
ways’ two-slit or interferometer experiment is never localized in either slit or arm. It is
equally present in both, and not locatable longitudinally either. In this regard, it should be
noted that even under the conventional theory it is not theoretically supportable to view
photons as localized wave packets in view of the uncertainty principle (see, e.g., Bialynicki-
Birula, 2009).

Finally, of course the DFBV experiment is intended to realize a form of the “Three
Box Paradox,” in which successful preparation/detection in the given pre- and post-
selection states guarantees that the photon is detected with certainty as having traversed
either arm A or arm C depending on which intervening measurement is made.® However, in
this experiment, according to RTI we have not actually performed an intervening
measurement of either A or C, since that specifically requires CW corresponding to either A
or C, but none are generated in this experiment. Instead, what we have is an attenuation of
the beam to the point where what gets to D is primarily (but not 100%) a | C) offer wave

6 This was originally termed PTI, but is now called RTI to emphasize its fully relativistic nature; cf. Kastner
(2018, 2022).
7 For a more detailed account of the physical circumstances triggering the measurement transition, including

the relativistic level of the physical interaction and providing the physical basis of the squaring procedure of
the Born Rule in TI, see Kastner (2018) and Kastner and Cramer (2018).

8 Caution is needed in interpreting the Three-Box situation and related constructions, especially regarding
counterfactual intervening measurements. See, e.g., Kastner (1998a,b), Kastner (2010).
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whose transverse amplitude contains information about the amounts of |4) and |B)
present in the emitted state (as conveyed through the leakage through mirror F).

Specifically, the full (both degrees of freedom) attenuated OW component |, , )
reaching D looks like:

W)= (] A)-¢| B)+ (1-£")|C)) ® W(y)|y) (1)

where W(y) is the inverse Fourier transform (i.e., position basis) of the amplitude in (4), € is
a very small leakage amplitude, and |y) is the OW component reaching a specific absorber
in the transverse y direction of D.

The basic longitudinal form (neglecting amplitude factor) of the CW generated at D is:

(0l J5(cl-iy24r -

There is also the basic transverse CW component corresponding to the detection at the
transverse absorber element y: (y|. Thus, the basic form of the entire two-degree of
freedom CW is (D|®(y] .

The specific CW (including amplitude factor) generated in response to |¥,, , ) (given

in (11)) is the adjoint of the component of the OW received at absorber element y of D,
which is given by the projection of |¥, ;) onto |D) ® |y). The generated CW is thus:

(W..|(ID)®[y)D|®(] (13)

Given (11), which shows that the longitudinal OW component reaching D is
overwhelmingly | C), this reflects the attenuation depicted (misleadingly) by the gap in the
red line for mirror F in Danan et al’s Figure 1E, shown here as Figure 3. The further
attenuation of the CW as it returns to the source is given by the amplitude of the projection
of (D|®(y| onto (‘Py,z|, ie, ((D|®(y|)|¥, ) reflecting the attenuation depicted
(misleadingly) by the gap in the dashed green line for mirror E. The total attenuation

resulting from the entire circuit, |((D|®(y| Ny, )|2 , is the Born Rule weight of the

resulting incipient transaction, which is represented by the outer product of the OW and
CW,i.e.:

(Pl G[w..)

1 2
~3[ YOI [D)XD|®]){]

WOl [D)XD]@])(

“[D)(Dl@|y)y|=DlC)

: (14)
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Thus, the contribution to the Born Rule probability for detection at D for various
values of y primarily comes from the |C) contribution and is essentially the square of ¥(y),
which yields the observed signals. While we take the first order approximation of the
longitudinal degree of freedom in the final step evaluating the Born Rule, the TI
formulation never omits the leakage, without which W(y) would not contain the
information from mirrors A and B. In other words, the first order approximation on the
right hand side of (14) that leads to W(y) corresponding to equation (4) is justified only by
acknowledging that the OW "path" from F to D is continuous. The TI account of the
experiment conceptually diverges from the proposed TSVF account in that respect. And
arguably, the Tl account is more correct, since it is admitted in Danan et al that the leakage
is crucial, despite being suppressed in the discussion and figures provided by the authors
as they argue (in this author's view, tendentiously) that the post-selection state is required
to "build up" the longitudinal component. Yet, we see from the explicit analysis that this is
not the case: the amplitude of the transverse component is independent of the longitudinal
one, the leakage conveys it to the final mirror to combine with |C), and in any case, as
noted above, the actual existence of a gap would result in no signals from mirrors A and B
(contrary to the depictions in the Danan et al figures).® Nevertheless, in the TI picture the
confirmation from the detection at D is a crucial aspect of the measurement, in that it is
required to create the photon, and also yields the Born Rule probability.

The relevance for retrocausation in the TI picture is as follows: (14) describes
incipient transactions associated with different values of y, and these give us information
about the longitudinal components of the OW (CW) as each interacts with the apparatus.
Since RTI views the OW and CW as descriptions of possibility (see, e.g. Kastner, Kauffman
and Epperson 2018), these interactions take place at the level of possibility (pre-
spacetime).10 It is only the ‘winning’ actualized transactions at a particular value of y for
time t that establishes a spacetime process in which a photon is delivered from the source
to a specific absorber element y in detector D, primarily via arm C, but with traces left
(through the transverse probability |¥(y)|?) quantifying the possibility of being associated
with A or B based on the prepared state. As in the DCE, in which the detection ‘reaches into
the past’ to bring about the complete process associated with a given measurement, the
absorption event at D is actualized at time t while the emission event is actualized at an
earlier time, t—At.

9 This curious omission of a demonstrably crucial component, for which justification is attempted by
reference to its small size, might be an appropriate topic for study in the methodology of science. When does
"smallness" of a quantity render it properly negligible, and when does it not? The same issue comes up in
discussions of the significance of weak values, where a nonvanishing disturbance to a measured system is
often asserted to be negligible, but without that disturbance there is no information at all, so that it is
nontrivial despite its smallness (Kastner, 2017).

10 One is free not to adopt that suggested ontology and can still use the transactional formulation, but it is
arguably more consistent in view of the fact that quantum states are Hllbert space objects that don't "fit into"
3+1 spacetime.
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Here, At =L/c corresponds to the time taken for the photon’s transfer over a
distance L from the source to D in the lab frame.!! [t should be noted, however, that this
'reaching into the past' is not equivalent to 'the future reaching into the present’, since
according to RTI, there are no actualized events in the future; that is the nature of a
"becoming” universe. The future consists only of quantum-level possibilities.

4. Conclusion.

The interesting experiment by DFBV could be seen as illustrating the heuristic
utility of considering post-selection measurement, but its interpretation warrants caution.
As noted above, one cannot disregard the nonvanishing leakage from mirror F and the
second, transverse degree of freedom, which together provide for the "weak measurement”
and without which there is no signal at all. An accurate analysis shows that there is in fact
no discontinuity in the photon path under the weak measurement, and that the signal
intensity does not depend on the (small) amplitude of the longitudinal component leaking
from mirror F but only on its ability to superpose with the component from arm C.
Specifically, if the mirror deviations are large enough to provide a transverse signal, then
they give rise to a longitudinal leakage large enough to carry the transverse degree of
freedom to the final mirror in order to superpose on the ample component from arm C,
which acts as a carrier for the signal. Without ample leakage, that is not possible. Thus,
figures in Danan et al showing a gap in the photon path along with signals from A and B are
manifestly incorrect, since there would be no such signals if the illustrated discontinuity
between F and D actually obtained. Pointing to the post-selected state as ostensible
support for the signals under the assumption of a gap is therefore not sufficient. This is
clear from the fact that TSVF is acknowledged by its founders to be a different way of
interpreting the standard quantum formalism (cf. Aharonov and Vaidman 2007, p. 2,
preprint version), and the standard formalism clearly dictates that there is no signal from A
and B without the leakage.

Nevertheless, the heuristic utility of considering post-selection gains a basis also in
the transactional formulation. In that context, post-selection corresponds to the generation
of an advanced confirmation wave (CW) produced by a particular absorber (detector) for a
given offer wave (OW, corresponding to the usual quantum state). The CW is just as
important a contribution to the ontology of the detected quantum as is the OW, since they
contribute equally to the actualization of a particular quantum of electromagnetic
energy/momentum and angular momentum delivered from a source to a detector.
However, the transactional formulation always takes into account the entire offer wave,
which, as above, has two degrees of freedom. And in this sense it is a more complete
description that does not ask us to overlook a crucial nonvanishing wave function
component or second degree of freedom in order to explain observed phenomena.

11 In the many cases in which the photon is not localized to any particular path from source to detector (i.e.,
not a ‘which way’ measurement), the time At has an inherent uncertainty proportional to the lack of
localization of the photon over those possible paths (i.e., uncertainty in L).
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Thus, while RTI has in common with TSVF the idea that the ontology of a photon is
dependent not just on its preparation state at time ¢y but also its interaction with any
detectors at some later time tr., RTI differs from TSVF in that the OW |¥) and CW (®|
are entities described by the direct-action picture of fields, which undergo attenuation and
interact in such a way as to yield a weighted projection operator corresponding to the
actualized photon (as in (14); for details, see Kastner (2022), Chapter 3). The RTI picture
also supports the actualization of outcomes in a quantitatively described process
corresponding to the von Neumann measurement transition, cf. Kastner 2022, Chapter 3).
Thus, rather than stipulating measurement outcomes for arbitrary future times in order to
assign a state description (as TSVF must do in the absence of an account of what
constituttes "measurement”), RTI makes us of the physical interactions occurring in a given
experiment in the present, and on that basis assigns the retarded state arising from the
preparation (OW) and the advanced state(s) arising from the mode(s) of detection. These
processes together correspond to von Neumann's non-unitary "Process 1" and the advent
of a proper mixed state corresponding to a well-defined measurement basis, which then
collapses to a particular actualized outcome via spontaneous symmetry breaking (cf.
Kastner 2022, Chapter 4).

Also in contrast to TSVF, RTI does not make use of ‘pre- and post-selected
ensembles’ in which the pre- and post-selection outcome are considered fixed while
counterfactual measurements are considered for intervening times. This is because such
ensembles are not well-defined in view of the lack of a Kolmogorov probability space for all
possible outcomes of all possible observables, and because intervening noncommuting
measurements make it impossible to actually fix post-selection measurement results.!?

It may further be noted that the definition of the weak value, (0), = % ,
reminds us that ‘weak values’ are essentially off-diagonal operator matrix elements
normalized by the pre- and post-selection, and as such are essentially two-time transition
amplitudes.!3 Thus, one can point to the fact that operator matrix elements are part of
standard quantum theory and that one can conditionalize on the post-selection without
adopting the retrocausal ontology of either TSV or RTI. Nevertheless, it is pointed out
herein that the Delayed Choice Experiment already suggests some form of retrocausal
influence in that a photon somehow ‘knows how to behave,” at least in the sense that its
outcomes conform to the appropriate probability space, in between its preparation and

12 For specific cautions about ontological claims based on counterfactual intervening measurements, see Kastner
1998a,b, 2003, 2004, 2010; Bub and Brown 1986; Mermin 1997. For example, Bub and Brown (1986) note in their
Conclusion: “The somewhat curious analogs of contextuality and nonlocality which arise in the statistics of quantum
ensembles which have been preselected and post-selected via an arbitrary intervening measurement have their origin
in the fact that such ensembles are not well defined without specification of the intervening measurement.”

13 The normalization corresponds to promoting the sub-ensemble corresponding to a particular post-
selection result to the entire sample space, which can lead to inferential fallacies based on thinking of these
sub-ensembles as "fixed" when in practice they cannot be, and the entire sample space is actually still in play.
This is the origin of fallacies involving counterfactual measurements; see, e.g. Kastner 1998a, 2010, and the
previous note.



16

final detection. The time-symmetric models discussed herein provide ways of
understanding the nature of that process from a realist perspective. However, we need to
be careful not to omit crucial components of the quantum state when seeking ontological
understanding.

Finally, as noted by Stuckey (2015a), the relativistic extension of TI developed by
the present author, now termed RTI (e.g., Kastner 2022), allows for a dynamical growing
universe ontology in contrast to the block world apparently required by TSVF. 1415 In the
RTI picture, the future is genuinely open and both OW and CW are generated from
quantum entities understood as pre-spacetime forms of Heisenbergian potentiae. RTI
provides a quantitative account of the transformation of those possibilities into actualities,
which is also an account of the measurement transition in quantum mechanics. The
actualized photon in this experiment is a connection between its emitter (e.g., a laser) and
its absorber (detector component) that has a presence in all interferometer arms. This
presence can be straighforwardly read off its OW and CW, as an outer product (as in eqn.
14), without need for postulations about traces that it may have left in any particular
location, although of course detecting evidence in the form of those traces is a nice
confirmation of this outer product form of the photon that arises naturally in RTI.
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14 1., if every system is ontologically described by a TSV, then every system must undergo a "future”
measurement yielding a determinate measurement result that propagates backward as the post-selection
state. Otherwise, the system can only be described by its preparation state; i.e., it lacks a TSV. In contrast, in
RTI, in which there may be systems (such as an electron in an energy state |E> bound to an atomic nucleus)
which never undergo a measurement interaction. In other words, no future measurement result must be
presupposed in order to assign a state description to the system.

15 The present author respectfully differs with Price’s view (2008), discussed in Stuckey (2015a), that a block
world allows for a dynamical ‘causal story’ in either or both temporal directions. If the block world
constitutes a static ontology, then a dynamical causal story is de facto inconsistent with that ontology. If the
intent is that the story is perspectival, based on the assumption that observers are ‘moving through’ the block,
then only one direction of causal flow is possible corresponding to the assumed direction of observer motion.
Certainly there is no relative observer motion through the static spacetime block that would give rise to
bidirectional temporal flow. It is therefore unclear, at least to this author, in what sense a bidirectional causal
story could be seen as allowable within a static block world ontology.
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