TIME DISPERSION IN
TIME-OF-ARRIVAL
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Can we prove that the Heisenberg uncertainty
principle does not apply along the energy/time
axis in the same way it applies along the space/

momentum axis¢
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THREE WAYS OF SAYING
THE SAME THING

AEAt 21 * Heisenberg uncertainty
principle applies in
energy / time

[/ (x) — VY (t,x)
* Wave function extends in
time (or energy)

Bl

ot e Time is an observable
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HoOw TO GET TO
FALSIFIABILITY?

Look at the class of theories, not just
one particular theory

Use the simplest possible approaches

Look for order of magnitude
estimates

Use covariance to eliminate need for
free parameters
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VWHY HAVEN T WE SEEN
THIS BEFORE?

PATATAVAVAVATAVATA

Electron energy
levels

* Time for photon
to cross atom?

e 35 Attoseconds
.F Nucleus

Electron

* Explains why we
haven’t seen

Time Dispersion in Time of Arrival /John Ashmead IARD-2020 http:/ /timeandquantummechanics.com



http://www.timeandquantummechanics.com

CAN WE SEE IT NOW?

M. Ossiander"?*, F. Siegrist"?, V. Shirvanyan'?, R. Pazourek®, A. Sommer’, T. Latka'?,
A. Guggenmos'?, S. Nagele3, J. Feist®, J. Burgddrfer®, R. Kienberger"? and M. Schultze'4*

Photoemission of an electron is commonly treated as a one-particle phenomenon. With attosecond streaking spectroscopy
we observe the breakdown of this single active-electron approximation by recording up to six attoseconds retardation of
the dislodged photoelectron due to electronic correlations. We recorded the photon-energy-dependent emission timing of
electrons, released from the helium ground state by an extreme-ultraviolet photon, either leaving the ion in its ground state
or exciting it into a shake-up state. We identify an optical field-driven d.c. Stark shift of charge-asymmetric ionic states
formed after the entangled photoemission as a key contribution to the observed correlation time shift. These findings enable
a complete wavepacket reconstruction and are universal for all polarized initial and final states. Sub-attosecond agreement
with quantum mechanis : o determine the absolute zero of time in the photoelectric effect to a
precision better Q2

Table 1| Time shift At between direct and shake-up
photoemission in helium for different photon energies.

Photon energy ATt experiment Standard error At theory
(eV) (107 85s) Qo) @t s
. 939 —12.6 0.99 —12.7
. 97.2 ~106 0.85 —11.0
108.2 —5.0 1.01 —59

113.0 —49 1.60 =28
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Abstract

In quantum mechanics the time dimension is treated as a parameter, while the three space dimensions
are treated as observables. This assumption is both untested and inconsistent with relativity. From
dimensional analysis, we expect quantum effects along the time axis to be of order an attosecond. Such
effects are not ruled out by current experiments. But they are large enough to be detected with current
technology, if sufficiently specific predictions can be made. To supply such we use path integrals. The
only change required is to generalize the usual three dimensional paths to four. We predict a large variety
of testable effects. The principal effects are additional dispersion in time and full equivalence of the
time/energy uncertainty principle to the space/momentum one. Additional effects include interference,
diffraction, and entanglement in time. The usual ultraviolet divergences do not appear: they are
suppressed by a combination of dispersion in time and entanglement in time. The approach here has no
free parameters; it is therefore falsifiable. As it treats time and space with complete symmetry and does
not suffer from the ultraviolet divergences, it may provide a useful starting point for attacks on quantum

gravity.
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TIME OF ARRIVAL

e Most obvious test

* Also part of most experiments:
there is almost always a time
measurement, even if not recorded

* Intrinsic uncertainty in time
competes with extrinsic
uncertainty

* Curiously, time-of-arrival even in
standard quantum mechanics not
well understood
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“A common theme is that classical mechanics, deterministic or stochas-
tic, 1s always a fundamental reference on which all of these ap-
proaches [to the time-of-arrival operator| are based.” — Muga and

Leavens [35]
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GAUSSIAN TEST FUNCTIONS
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BULLET VERSUS VWAVE

£ Po

p,+0p
Py
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p<0
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T

e Bullet works

well

 But slow,

wide wave-y
GTF
produces

e Nonsense
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LIFE SPAN OF AN
* accelerated
ATO M electron radiates

>
g L o * once 1ts energy 1S

Vs e gone, it spirals
lu [ 4 /\ into the nucleus

\ |\\ \\J ,'l' l
\ \_.;/ / ’ e in about one
& hundred trillionth

of a second!

According to classical physics, an electron in orbit around an atomic nucleus
should emit electronmagnetic radiation (photons) continuously, because it is
continually accelerating in a curved path. The resulting loss of energy implies that
the electron should spiral into the nucleus in a very short time (i.e. atoms can

hot exist).
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CONSERVATION OF
PROBABILITY

Therefore by conservation of probability we have:
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VWHAT MAKES QM QM?

e Quantum Zeno
effect

“Indeed the finite interaction
between object and measuring
agencies conditioned by the very

, , * Anti-Zeno
existence of the quantum of action

entails...the necessity of a final e Backflow
renunciation of the classical ideal of
causality and a radical revision of » Partial detection

our attitude towards the problem of
physical reality” — Bohr * Delayed detection
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GTF MEETS DETECTOR

HEEEEEESEEESESEEENEEENEEEEEEEEEEEENENENENEREEE

Counts

il

e Detector

only open for
AT

e So doesn’t

interfere
with itself

* Crude but

reasonable


http://www.timeandquantummechanics.com

RESULTS

Time Dispersion in Time of Arrival /John Ashmead
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Detection rate

Steepest
descents

Dispersion in
time

Slower = wider
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3D VERSUS 4D PATHS

Jagged paths in space only

|

B
—_—

|

—
—_—
N

Jagged paths in space
—and in time
A
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DERIVATION OF
SCHRODINGER EQUATION
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3D Paths

4D Paths ;
zjdl"ﬁ[?t,ft]

K. (x”;x’) = lim | Dre *

N—oo

(At)z = <t2 — 1'2> ~10" sec
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RULES FOR DETECTION

Detector

Ax

b - At
“"AV’

A =

Source
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e Rules for detection
must be the same in
time as in space

* We are mapping from
the coordinate in the
path to the coordinate
in detector

e Paths are tied at ends

but free elsewhere
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INITIAL VWAVE
FUNCTION?

* We have
constraints on
norm, average, &
dispersion

e Get maximum

entropy solution
using Lagrange
multipliers
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CLOCK TIME AS AVERAGE OVER
THE REST OF THE UNIVERSE

Paths analyzed etoetirs
gvljeacnlfgg;ca// post-detector
g N analyzed

classically

Source & pre-source

analyzed classically space

U= <l//rest—0f —universe ! l//rest—of —universe>
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UANTUM POINTILLISM

Time Dispersion in Time of Arrival/John Ashmead [TARD-2020 http:/ /timeandquantummechanics.com


http://www.timeandquantummechanics.com

Different paths can take a wildly t CONVO LUTIONS

different number of steps to go
between the same starting OVER CLOCK
TIME

and ending points but

Detector
We
number
the steps
for only
one path,
otherwise
the figure
would be
unreadable.
3
1 what they have in
common is that they
Source all hit the plane of
the detector only once.
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DEFINITE BUT SMALL
EFFECTS

o~ T T ..
0l=G'+6l=———+—— * Small definite effects
m VOGx m Gt
o’ ~o’ * Present everywhere
1 >1=62 > 67 * For non-relativistic
Vv . -y
’ objects, additional

dispersion small
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ULTRA FAST CAMERA

If the HUP does not apply in
time/energy

then paths that reach the slit
will be clipped by it:

total dispersion in time

at the detector

will be reduced ...

==

s

Source
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Ultra Fast
Camera Shutter

[ARD-2020

Detector

t

Clicks

... but if the HUP does apply
in time/energy

then paths that reach

the slit will be diffracted by it:
total dispersion in time

at the detector

will be increased.
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TECHNICALLY CHALLENGING
EXPERIMENTS

/ | * Have to calculate

| time on a per particle
/ basis (strobed?)
/ | * Have to model the
/ | detector (& in time as
/l well as space)

| * Do not look like easy
/ experiments
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AEAt 217

* More likely than not
(from symmetry)

 Present everywhere, but
small

Diffracted

» Present large, but in only

/ Diffracted . . .
% specialized experiments

Standard error

10~ » Falsifiable — just not easy

0.99

0.85
1.01
1.60
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t* — 1% ) ~ attoseconds ?

* Quantum gravity without costs & risks of
black holes

« New communication channels, new

circuit elements, as memristors

 Attosecond chemistry; attoseconds are
the time scale for electron/ molecule
interactions

» Attosecond biology; better understanding
of DNA, protein formation, ...

* Let’s take a flyer on the future; you never
know where the lightning will strike!
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