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Abstract: One of the most successful theories in physics until now is quantum mechanics. However, the physical origins of its mathematical
structure are still under debate, and a"generalized" quantum theory to unify quantum mechanics and gravity is still missing. Recently, in an effort to
better understand the mathematical structure of quantum mechanics, theories containing the essence of quantum mechanics, while also having a
broader description of physical phenomena, have been proposed. These so-called "post-quantum theories' have only been recently tested at the lab.
In this talk, | will present the results of our experimental test using single photons to probe one of these post-quantum theories; namely,
hyper-complex quantum theories. Interestingly, in hyper-complex theories simple phases do not necessarily commute. To study this effect, we apply
two physically different optical phases, one with a positive and one with a negative refractive index, to single photons inside of a Sagnac
interferometer. Through our measurements we are able put bounds on this particular prediction of hyper-complex quantum theories.
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Motivation

ANNALA oF MAaTHEMATICN
Vol, 37, No. 4. October, 1936

THE LOGIC OF QUANTUM MECHANICS

By Garrerr BirkrOrr AND JoHN VON NEUMANN

(Received April 4, 1936)

Pioneer in the foundation 1. Introduction. One of the aspects of quantum theory which has attracted

of quantum mechanics the most general attention, is the novelty of the logical notions which it pre-
John von Neumann (1903-1957)  gupnoges. It asserts that even a complete mathematical description of a physi-
cal system & does not in general enable one to predict with certainty the result
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What are Quaternions?

The father of quaternions

William Rowan Hamilton
(1805-1865)

They are an extension of complex
numbers:

Jg=Qo+ Qi+ Qqoj*tQqszk
where,

i2=j2 = k? = -1,
ij = - ji = k.
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What are Quaternions?

The father of quaternions

William Rowan Hamilton
(1805-1865)

They are an extension of complex
numbers:

g=Qo+ qsi+ Qo)+ Qzk

where,

W= W, + Y, + W+ kW,

Quaternions do not commute !!!

qp #pq
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Peres proposal
PHYSICAL REVIEW

LETTERS

Vorume 42 12 MARCH 1979
" Proposed Test for Complex versus Quaternion Quantum Theory
Asher Peres
Pioneer of qUamUm information theory Department of Physics, Technion-Isvael mstitute of Technology, Halfa, Israel
A‘ShG‘f Pefes ( 19’%4*2{.)0:') {Recelved 7 December 1978)
o o N If scattering amplitudes are ordinary complex numbers (not quaternions) then there is
sal algebraie relationship between the six coherent cross sections of any three

a universs
scatterers (taken singly and pairwise). A violation of this relationship would Indicate

either that scattering amplitudes are quaternions, or that the superposition principle
fails. Some experimental tests are proposed, lovolving neutron diffraction by crystals
made of three different (sotopes, neutron (nterferometry, and K .~meson regeneration,
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Peres proposal

PHYSICAL REVIEW
LETTERS

Vorume 42

Numser 11

12 MARCH 1979 -

Proposed Test for Complex versus Quaternion Quantum Theory
Asher Peres
Pioneer of quantum information theory Department of Physics, Technion-Isvael Istitute of Technology, Haifa, Israel
Asher Pefes ( 1934720051 {Recelved 7 December 1978)
If scattering amplitudes are ordinary complex numbers (not quaternions) then there is
a universal algebraie relationship between the six coherent cross sections of any three
scatterers (taken singly and palrwise). A violation of this relationship would indicate
either that scattering amplitudes are quaternions, or that the superposition principle
falls. Some experimental tests are proposed, Involving neutron diffraction by crystals
made of three different isotopes, neutron (nterferometry, and K .~meson regeneration.
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Our motivation

To test complex quantum mechanics(CQM)
against exotic alternative theories which use

hyper-complex numbers into the phase
transformations.

The non-commutativity of phases
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Theoretical background

Sagnac interferometer

Operators

A ol B 3T

Bright Port (B)
Input —tfomn.
e

|
: Dark Port (D)
I

’ Py =0 CcQM
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Theoretical background

Sagnac interferometer

Operators

A=aZ B A

Quaternionic Phases
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Theoretical background

Sagnac interferometer
Operators
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Theoretical background

Sagnac interferometer
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Coupling Sagnac to MZ

P is expected to be very small...

Amplification: Interfering B and D ports. -

. brightport {f o
input s ',_A j
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Coupling Sagnac to MZ

P is expected to be very small...
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Our phases

Peres:
Complex scaterring amplitudes
(more likely to have quaternionic phases) B
o bright port .
Kaiser et al. input —Vé,Lﬁ— A

dark
M)  Phase shift= — ANbBD ark port
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scattering scattering ¢
length lengh

D,
Optical analog: ’

- Positive refractive index =~ A — Liquid crystal

Negative refractive index g —* Metamaterial
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Metamaterials

Metamaterials consist of periodically or randomly distributed structured
elements, whose size and spacing are much smaller than the wavelength of

EM waves.

[l |

<0, u>0 >0, u=0
metals, doped most dielectric
semiconductors materials

£<0, n<0 >0, u<0

no nat}lral some ferrites
materials

Il v
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Metamaterials

Metamaterials consist of periodically or randomly distributed structured
elements, whose size and spacing are much smaller than the wavelength of
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N -

d; A\
ZHANGLAB T (( Berkeley

Negative index metamaterial (NIM)
(Fishnet structure)

Unit cell 3D -,

<p\)

P
o
p =350 nm Silver / magnesium fluoride / silver / silicon nitride
a=150 nm
b =200 nm Thickness = 40nm / 50nm / 40nm / 15nm
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E (pol90 Wrong MgFZ (50nm) x 3

I polarization
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Our phases
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Sagnac scheme
& PPKTP
LASER HWP QWP DM
& £
— - dHWP

P

LP+BP
SMF

PPKTP: periodically-poled potassium titanyl phosphate
HWP(QWP): Half wave-plate(Quarter wave-plate)

DM: Dichroic Mirror

SMF: Single-mode fiber

dPBS: dual polarizer beam splitter

P:Polorizer

Nonlinear crystal type-lIl,
20-mm-length PPKTP
Pump laser 23.7mW at
395 nm

Degenerate case at 790

nm
Down-converted photons
in a separable
polarization state |H)|V)
2 millions of single
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Our setup

T PPKTP
LASER dPBS
395nm /
=

a8 @ %
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I C LP ©
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D Detector BP P2
P Polarizer '
BS Beamsplitter Y FC i
DM Dichroic Mirror
LC Liquid Crystal D1
LP Long-Pass Filter
BP Band-Pass Filter
HWP Half Waveplate
QWP Quarter Waveplate
FC Fiber Coupler/Collimator
NIM Negative Index Metamaterial
dPBS Dual-Wavelength Polarizing Beamsplitter
dHWP Dual-Wavelength Half Waveplate
PPKTP Periodically-Poled Potassium Titanyl Phosphate Crystal

-
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N
NIM e
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- ’
By lc
BS2

Lorenzo Procopio et al. arXiv:1602.01624, under review at Nat. Comm.
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Our measurements

Our Goal

V = V1 - 0T
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» Characterization of apparatus
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T _|. COs O

2 ’D,
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Results

a) No Phases b) Liquid Crystal ¢) Metamaterial d) Both
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Results
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Results
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Visibility change distribution
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Visibility change distribution
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But...

Does the Peres experiment using photons test for hyper-complex (quaternionic) quantum theories?

Assuming the standard adoms for qualémionic quantum theory and a spatially localized scattenng inferaction, the S-matrix in quaternionic quantum theory is complex valued, not quatermionic. Using the standard connections between the S-matrix, the

forward scaftenng ampitude for we show that the index mpiex, not quaternionic Thi

jes that the rec

ptical expenment of Procopio el al based on the Peres

proposal does not fest for hyper-complex or quatemionic quantum effects ansing within the standard Hibert space framework. Such  fest requires looking at near zone fieids, nol radkation 2one fieids

a) PPKTP
LASER dPBS

Hey guys, your
experiment will never
see quaternions

P1

dHWP
U

Stephen L. Adler

PRS C welength 2ing Beamsphitter
THWP [ ngth Waveplate

o i s G S.LA, arXiv:1604.04950
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But...
Does the Peres experiment using photons test for hyper-complex (quaternionic) quantum theories?

Submitted on 18 Apr 2016

sing the standard connections between the S-matrix the

uatemnionc. Us
lies that the recent optical expenment of Procopio el al based on the Peres

Assuming the standard adoms for quatemionic Quantum theory and a spatialy localized stattering inferaction, the S-matrix in quaternionic quantum theory is complex valued
This

forward scatlenng ampitude for eleciromagnetic wave scaftenng. and the index of refraction, we show thal the index of refraction i necessarily compiex, not quatermionic P
Jon 2oné fiekds

quatemionic quantum effects ansing within the standard Hilbert space framework. Such a test requires looking at near zone fieids, not radiation

proposal does not lest for hyper-compiex of
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Hey guys, your
experiment will never
see quaternions
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S.LA, arXiv:1604.04950

V=V, +jV; «—Wg~e P
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Counterexample

Massless

relativistic

particles
m=0

Klein-Gordon Equation

)

19 L - 0? .
— | — —iV(x) + — | ¢z, t) = m“o(a, t)
ot -

V(x)
We found that a
— non-decaying
ymplectic . ;
components quatemton!c phase
\ ’ T e remains
| II—l | 1R ) Cs 4 1Cx)e™
s
: (1 + jR-)Cre Cg, CQ#O
1 + 114 )Cae™
0 a x L.M. Procopio et. al., arXiv:1607.01648

Rectangular potential
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Thus...

Comment on Adler’s “Does the Peres experiment using photons test for
hyper-complex (quaternionic) quantum theories?”

Lorenzo M. Procopio,’ Lee A. Rozema,' Borivoje Daki¢,"? and Philip Walther'

'Faculty of Physics, University of Vienna, Boltzmanngasse 5, A-1090 Vienna, Austria
“Institute of Quantum Oplics and Quantum Information,
Austrian Academy of Sciences, Bollzmanngasse 3, A-1090 Vienna, Ausiria
(Dated: July 7, 2016)
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L.M. Procopio et al., arXiv:1607.01648 S.L.A, arXiv:1604.04950
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Summary and Outlook

* Qur experiment is the first direct search for QQM using massless particles

* Quaternionic effects for relativistic Klein-Gordon scattering can persist

* Qur work was enabled by the combination of novel negative-index metamaterial
with standard optical photonic technology

* Further tests of QQM can be performed within optics using other methods,
regimes, for instance, near-field measurements.
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