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- Unscrambling Entanglement through a Complex Medium
. Multi-photon HD entanglement
. Free-space Quantum Communication
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e Photons are the ideal carriers of guantum information

Sender Receiver

W W

Channel

Fast and Cheap ££ Low-noise Efficient transport

Classical photonics industry and research!
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Polarization: 2-level QM system (qubit)
»  Quantum optics workhorse

Temporal and spatial structure of a photon

»  D-level quantum system! (qudit) 214 =~ 1002 = 203

Limits: uncertainty principle + physical system
Why high dimensions®?

* Massive increase in information capacity!
* Noise resistance in quantum information

* Challenge: efficient transport,
manipulation, and measurement

Ecker, MM et al, PRX 9, 041042 (2019)
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Helmholtz egn. sol" in cylindrical coords:

E(p, ¢, z) = A(p, z)|explil]

Light beams with azimuthal phase
dependence

QM: A photon carries OAM of Zh

The OAM state space is discrete and
unbounded”

V) = [=1) +10) +[1) + [2) +

Applications in quantum information

Quantum optics: Interaction with quantum
states of matter

Andersen et al, PRL 97, 170406 (2006)
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Helical phase profile on SLM

Added to linear phase ramp
(mod 2m)

“Forked” diffraction grating

Produces OAM mode in first
diffraction order

Picked out by 4f system and
pinhole

Can also generate complex
superpositions of OAM modes

Reverse process used for
detection
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Schrodinger’s cat metaphor
- Cat put in box
- Radioactive decay triggers poison

- 50% chance decay takes place

Superposition of probability amplitudes

Opening box constitutes a
measurement

Measurement collapses state of cat to
dead or alive
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Conjoined kittens born in Trieste!

Separated by skilled ltalian
veterinarians at birth

Put in identical Schrodinger boxes

Kept one in Trieste, sent one to

Edinburgh

Cats are in a superposition of being dead

and alive

“Magical” connection: if one cat is found
to be alive, the other must be alive!

Not a causal connection

Trieste Edinburgh

W) = |alive)q|alive)s + |dead)q|dead)o
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Twist!

Opening box in the daytime tells you
whether cats are dead or alive

Trieste Edinburgh
Opening box at night tells you if the
cats are ZOMBIES or VAMPIRES @& ) = |alive) |alive)s + |dead):|dead)s

|zombie) = |alive) + |dead)

lvampire) = |alive) — |dead)

Magical connection exists no matter
when (how) you open the box!

Trieste Edinburgh

(W) = |zombie)q|zombie)s + |vampire)|vampire)s
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Two photons can be entangled in their

1
polarisation |¥) = —2[\H>1|H>2 +[V)1|V)2]

Measure in the HV basis, polarisations
will be perfectly correlated

Measurements in the DA basis also
show perfect correlations!
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ENTANGLED PHOTONS

Two photons can be entangled in their 1
polarisation W) = FUHNH)z + ViVl
Measure in the HV basis, polarisations
will be perfectly correlated [H) = |D) + |A)

| | V) =1D) —|A)
Measurements in the DA basis also
show perfect correlations! 1

) = —2[\A>1|A>2 + |D)1|D)2]

Created using type |l nonlinear crystals

One blue photon is absorbed

Two red photons are emitted

Friis, Vitagliano, MM, Huber, Nat. Rev. Phys. 1, 72-87 (2019)
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Measurement-based Quantum Computation
Quantum Error Correction

Device-Independent Quantum Cryptography

Raussendorf & Briegel, Phys. Rev. Lett. 86, 5188 (2001)
Lidar & Brun, ed., “Quantum Error Correction,” Cambridge University Press (2013)
Acin, Brunner, Gisin, Massar, Pironio, Scarani, Phys. Rev. Lett. 98, 230501 (2007)
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Orbital angular momentum entanglement
W) = |—-1,1) +10,0) + |1, —-1) +|2,—2) + |3, —3) + ...

Mair, Vaziri, Weihs, Zeilinger, Nature 412, 313 (2001)

 Time-bin entanglement

—NT

W) = [to, to) + |t1,t1) + [t2,t2) + |t3,13) + ...

Laser X® crystal T Og) Brendel, Gisin, Tittel, Zbinden, Phys. Rev. Lett. 82, 2594 (1999)

* Hyper-entanglement

Friis, Vitagliano, MM, Huber, Nat. Rev. Phys. 1, 72-87 (2019)



L\E
CATISFACTION

Bl MOST PEOPLE
B NERDS

.

30



MEASURING HIGH-DIMENSIONAL
ENTANGLEMENT



MEASURE OF ENTANGLEMENT DIMENSIONALITY

SCHMIDT RANK, &

Minimum numbers of levels needed to represent a state and its
correlations in any local basis

Friis, Vitagliano, MM, Huber, Nat. Rev. Phys. 1, 72-87 (2019)



MEASURE OF ENTANGLEMENT DIMENSIONALITY

SCHMIDT RANK, &

Minimum numbers of levels needed to represent a state and its
correlations in any local basis

k—1
D)pg = ), A Imm)
m=() \

\

Number of non-zero coefficients

Friis, Vitagliano, MM, Huber, Nat. Rev. Phys. 1, 72-87 (2019)



MEASURE OF ENTANGLEMENT DIMENSIONALITY

SCHMIDT RANK, &

Minimum numbers of levels needed to represent a state and its
correlations in any local basis

k—1
Dag = ) A lmm) K(D),15) = rank(Trp |©) (D])
m=0 X

\
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* Full state tomography = k=8 x 8, scales as d2(d+1)2, time-consuming, unreliable
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Experimental high-dimensional two-photon
entanglement and violations of generalized
Bell inequalities

Adetunmise C. Dada'*, Jonathan Leach?, Gerald S. Buller!, Miles J. Padgett? and Erika Andersson’

* Bell-type (CGLMP) inequality = k=11 x 11, strict criterion, assumptions on state
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Multi-photon entanglement in high dimensions

Mehul Malik?2*, Manuel Erhard'?, Marcus Huber34>, Mario Krenn'?, Robert Fickler'?'
and Anton Zeilinger'?

* 2D Fidelity Witness = k=3 x 3 x 2, scales as d2(d+1)

Assumption-free, efficient entanglement witness? — QKD, Qinfo




MUTUALLY UNBIAS

D BASES (MUBS)

W. K. Wootters and B. D. Fields, Annals of Physics 191, 363-381 (1989).



MUTUALLY UNBIAS

D BASES (MUBS)

1 1
D) \/5“ )+l 1A) \/i[l ) = V)]

| 1
Ly=—[H)+i|V R)y=—[|H)-i|V
L) \/Z[l ) +iV)lIR) \/E[l ) —1IV)]

C)

W. K. Wootters and B. D. Fields, Annals of Physics 191, 363-381 (1989).



MUTUALLY UNBIAS

D BASES (MUBS)

1 1
D) \/5“ )+l 1A) \/i[l ) = V)]

1 1
IL) = —2[|H> +ilV)l  IR) = —2[|H> —1|V)]

V2 V2

W. K. Wootters and B. D. Fields, Annals of Physics 191, 363-381 (1989).



MUTUALLY UNBIAS

D) =

Dk =

ﬂ\**
ﬁM&

=D BASES (MUBS)
Ly v 1Ay = ——1H) - vy
V2 V2
Ly = ——[H) +i[V)]  IR) = —[|H) — i|V)]
2 2
]m+km () = e27ri/d

W. K. Wootters and B. D. Fields, Annals of Physics 191, 363-381 (1989).



ADAPTIVE WITNESS: RECIP

Telescope Laser

Bavaresco, Herrera, Klockl, Pivoluska, Erker, Friis, MM, Huber, Nat. Phys. 14, 1032 (2018)



ADAPTIVE WITNESS: RECIP

Telescope Laser

1 12000

___________

1 10000

1 8000

6000

4000

2000

___________________

Measure two-photon counts in Schmidt (OAM) basis
to obtain diagonal density matrix elements:

Nmn
2. Nij

(mn|p |mn) =

Bavaresco, Herrera, Klockl, Pivoluska, Erker, Friis, MM, Huber, Nat. Phys. 14, 1032 (2018)
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F(p,®) = Tr(|OXD|p)

For a state of rank k < d, fidelity to m
target state Is upper-bounded by:

F(p,®) < Bi(D)

k—1
Bk(q)) .= Z/l,%,t
m=0

Fickler et al, Nat. Commun. 5:4502 (2014)
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For a state of rank k < d, fidelity to m
target state Is upper-bounded by:

F(p,®) < Bi(D)

k-1
By (D) := Z/l’%”‘ Eg: If state fidelity is greater than
m=0

F(p, ®) > B3(®) := A5 + A7 + A5

F(p, ®) < B4(®) := A5 + AT + A5 + A3

Entanglement dimensionality = 4

Fickler et al, Nat. Commun. 5:4502 (2014)
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REALISTIC QUANTUM NETWORKS

Imperfect Source

Noisy Channel

Imperfect Detector




2D-ENTANGLEMENT + NOISE = &

|H)1|H)2 + [V)1|V)2]

F(p, V) > 0.92




2D-ENTANGLEMENT + NOISE = &

W) = ()l H) + [V)IV)2

F(p, V) > 0.92

F(p, ¥) > 0.65




2D-ENTANGLEMENT + NOISE = &

W) = ()l H) + [V)IV)2

F(p, V) > 0.92

F(p, ¥) > 0.65




PATHWAYS TO NOISE RESISTANCE

Is noisy p entangled?

Infinite-dimensional \

DOF Alice

No

Infinite-dimen

Measurement Basis 1

Measurement Basis 2
\_ J

'
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LECTURE 1

Introduction / Qudits
Superposition / Entanglement
Measuring HD Entanglement
. Noise Resistance

LECTURE 2

- Unscrambling Entanglement through a Complex Medium
. Multi-photon HD entanglement
. Free-space Quantum Communication



UNSCRAMBLING ENTANGLEMENT
THROUGH A COMPLEX MEDIUM
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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EINsTEIN, B. PopoLskY AND N. RoOsSEN, Iustitute for Advanced Study, Princeton, New Jersey
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ON THE EINSTEIN PODOLSKY ROSEN PARADOX*

J. S. BELLT
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*  Statistical test of QM
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GOING BEYOND BELL’S THEOREM
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"City College of the City University of New York, New York, New
York

2Stonehill College. North Easton, Massachusetts

SAtominstitut der Oesterreichischen Universitaeten, Wien, Austria

Einstein, Podolsky, Rosen, Phys. Rev. 47, 777 (1935)
JS Bell, Physics 1, 195 (1964)

Greenberger, Horne, Zeilinger, in: Bell’s Theorem, Quantum Theory, Conceptions of the Universe (1989)
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 Asymmetric states: only possible when
N and D are both greater than 2

Huber and de Vicente, Phys. Rev. Lett. 110, 030501 (2013)
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 Asymmetric states: only possible when
N and D are both greater than 2

e Vast family of multi-particle entangled states!

Huber and de Vicente, Phys. Rev. Lett. 110, 030501 (2013)
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 Asymmetric states: only possible when
N and D are both greater than 2

e Vast family of multi-particle entangled states!

e Creation of 332 and 333 entanglement

Huber and de Vicente, Phys. Rev. Lett. 110, 030501 (2013)
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o Polarizing beam splitter (PBS): reflects V, transmits H

* Mixes polarizations of two input photons
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A BEAM SPLITTER FOR OAM

Hwp PBS
 Why polarisation? Tools exist!
) N 19
|H) = |D) +|A)
V) = |D) - |A) V)

Leach, Padgett, Barnett, Arnold, Courtial, PRL 88, 257901 (2002)
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Hwp PBS
 Why polarisation? Tools exist!
D)+ |4) HE D)
|H) = |D) +|A)
V) = |D) — |A) A4}

Leach, Padgett, Barnett, Arnold, Courtial, PRL 88, 257901 (2002)
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Hwp PBS
 Why polarisation? Tools exist!
o+ 1) fHN\Jf— 12
* Challenge: develop tools for
manipulating photonic OAM H) = D) + | A)
V) =|D) - |4) 4)
—1)
0)
|—1) +{0) + [1) + |2) + ... 1)
2)
..

Leach, Padgett, Barnett, Arnold, Courtial, PRL 88, 257901 (2002)
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Why polarisation? Tools exist!

Challenge: develop tools for
manipulating photonic OAM

Interferometer with rotated
Dove prism in each arm

Introduces £-dependent phase

Sorts OAM into even and odd
values

Scalable, but not practical
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e [nterferometric sorter: one-input, two-output device
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e [nterferometric sorter: one-input, two-output device
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e [nterferometric sorter: one-input, two-output device

e (Can be used as a two-input, two-output device
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e [nterferometric sorter: one-input, two-output device

e (Can be used as a two-input, two-output device
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A BEAM SPLITTER FOR OAM

e [nterferometric sorter: one-input, two-output device
e (Can be used as a two-input, two-output device

 Works like a polarizing beam splitter: reflects ODD, transmits EVEN modes

O .
Al , ,
..o S
.' . - ' ke
P Wl 1 1B .

- \Z
Input ///E "V;‘% Y

o 1T ks
L=k o

Bl

Leach, Padgett, Barnett, Arnold, Courtial, PRL 88, 257901 (2002)
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Wsse = |[1)[1)el=1)p|+]10)5]0)c|0)p|+||1)8|=1)c|1) D

o N

50:50 BS

Dove Prism

0) 4 +|—1)4 @ 90°

Dove Prism
@ 0°

50:50 BS

Nonlinear

1 Crystals 1

Dal-1)p +0)4]0)p +|-1)a|1)B D)e|=1)p +10)c|0)p + |=1)c|1)p

MM, Erhard, Huber, Krenn, Fickler, Zeilinger, Nature Photonics 10, 248 (2016)
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Wsse = |[1)[1)el=1)p|+]10)5]0)c|0)p|+||1)8|=1)c|1) D

50:50 BS

Dove Prism

004 +[—1)a @90° Coherent
Superposition?

_\ Dove Prism

~ @0° 50:50 BS

(L +1)7
Nonlinear
1 Crystals 1
1) al=1)B +[0)4|0)B + |-1)4|1)B L)c|=1)p +10)c|0)p + [-1)c|1)p

MM, Erhard, Huber, Krenn, Fickler, Zeilinger, Nature Photonics 10, 248 (2016)
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Coherent
Superposition?

(L + )7

Wsse = ([1)B[1)el=1)p|+{10)5]0)c|0)p|+||1)8|=1)c|1) D

MM, Erhard, Huber, Krenn, Fickler, Zeilinger, Nature Photonics 10, 248 (2016)
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Coherent
Superposition?
(L +1)7
1] 1]
e Superposition measurements of OAM
W)sse = |[1)B[1)el=1)p|+]10)5]0)c|0)p

MM, Erhard, Huber, Krenn, Fickler, Zeilinger, Nature Photonics 10, 248 (2016)
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e Superposition measurements of OAM

e Look for two-photon interference from independent crystals

W)sse = |[1)B[1)el=1)p|+]10)5]0)c|0)p

MM, Erhard, Huber, Krenn, Fickler, Zeilinger, Nature Photonics 10, 248 (2016)
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e Superposition measurements of OAM

e Look for two-photon interference from independent crystals

W)sse = |[1)B[1)el=1)p|+]10)5]0)c|0)p

MM, Erhard, Huber, Krenn, Fickler, Zeilinger, Nature Photonics 10, 248 (2016)
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e Superposition measurements of OAM

e Look for two-photon interference from independent crystals
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e Superposition measurements of OAM

e Look for two-photon interference from independent crystals

« Appearance of interference dip indicates coherent superposition:

W)sse = |[1)B[1)cl=1)p|+{10)5]0)c|0)p|+||1)8|=1)c|1) D

MM, Erhard, Huber, Krenn, Fickler, Zeilinger, Nature Photonics 10, 248 (2016)
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VERIFYING ENTANGLEMENT

Full reconstruction of our (large) state is prohibitive
Entanglement Witness!

Prove: measured state cannot be decomposed into entangled states
of smaller dimensionality structure (e.qg. - 322, 222, 22)

Separable

d < N Entang.

d = N Entang.

Entanglement Witness (W)

Huber and Vicente, Phys. Rev. Lett. 110, 030501 (2013)
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332 ENTANGLEMENT WITNESS

Ideal 332 state (W):

bi-
separable

MM, Erhard, Huber, Krenn, Fickler, Zeilinger, Nature Photonics 10, 248 (2016)
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» Best achievable fidelity of a 322 state (o) with an
Ideal 332 state (W):

Frar := max Tr(o|U)(¥|) = 0.66
o€(322)

bi-
separable

* Measured fidelity of generated state (pexp) With an
Ideal 332 state (W)

MM, Erhard, Huber, Krenn, Fickler, Zeilinger, Nature Photonics 10, 248 (2016)



332 ENTANGLEMENT WITNESS

Best achievable fidelity of a 322 state (o) with an
Ideal 332 state (W):

Frar := max Tr(o|U)(¥|) = 0.66
o€(322)

bi-
separable

Measured fidelity of generated state (pexp) With an
Ideal 332 state (W)

Density matrix elements: 18 diagonal, 3 off-diagonal

MM, Erhard, Huber, Krenn, Fickler, Zeilinger, Nature Photonics 10, 248 (2016)
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« Density matrix = 171 elements (W)330 = [1)B[1)c|1)p +10)5|0)c|0)p + [1)B|1)c|1) D

« Non-zero: 3 diagonal, 3 off-diagonal

D1 = ]000)(000 A, = |000)(111
Dy = |111)(111 Ay = |111)(111
D3 = |111)(111 As = |111)(000
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Density matrix = 171 elements (W)330 = [1)g|1)c|1)p +10)5|0)c|0)p + 1) B|1)c|1) D

Non-zero: 3 diagonal, 3 off-diagonal

Lab: projective measurements only! Dy = [JA1)(111

Each off-diagonal element requires 64
projective measurements:

Re [(OOOlp |111>] = <0'g’1 ® 0'2’1 ® 0'2"1> — <0‘8’1 ® 0'2’1 ® 0'2"1> — <0'8’1 ® 0'2’1 ® 0'8"1> — <0'2’1 ® 0'8’1 ® 0'2"1>




Density matrix = 171 elements

Non-zero: 3 diagonal, 3 off-diagonal

Lab: projective measurements only!

332 ENTANGLEMENT WITNESS

D1 = |000) (009
Dy = |M1)(111
Dy A |111)(111

Each off-diagonal element requires 64

projective measurements:

[W)ss2 = [1)5|1)c|l)p +10)5|0)cl0)p + 1) 5L c|1)D

Re [(OOOlp |111>] = <0'g’1 R0 ® 0'2"1> — <0‘8’1 ® 0'2’1 ® 0'2"1> — <0'8’1 o' ® 0'8"1> — <0'2’1 ® 0'8’1 ® 0'2"1>
o' @at! @l = % (P20, 1) - P20, 1)) ® (P50, 1) - PE(0, 1)) ® (PL(0, -1) - P°(0, - 1))
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Density matrix = 171 elements

Non-zero: 3 diagonal, 3 off-diagonal

Lab: projective measurements only!
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Density matrix = 171 elements (W)330 = [1)g|1)c|1)p +10)5|0)c|0)p + 1) B|1)c|1) D

Non-zero: 3 diagonal, 3 off-diagonal

Lab: projective measurements only! Dy = [JA1)(111

Each off-diagonal element requires 64
projective measurements:
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Fraz ;= max Tr(o|P)(¥]) = 0.66
o€(322)

bi-
separable
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Ideal 332 state (W)

Density matrix elements: 18 diagonal, 3 off-diagonal
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» Best achievable fidelity of a 322 state (o) with an
Ideal 332 state (W):

Fmaac ‘=

Tr(o| W) (¥|) = 0.66
max T(o]¥) (V)

bi-
separable

* Measured fidelity of generated state (pexp) With an
Ideal 332 state (W)

e Density matrix elements: 18 diagonal, 3 off-diagonal

« After 80 hours of data-taking

Frgp i= Tr(peap| ) (¥]) = 0.801 + 0.018

\U\,B,G\pnz\N B OO

Fe:cp > Fmaa:

* First high-dimensional multipartite entangled state!

1
(W) 332 = E[IOOW +[111) + |221)]
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Generation: Entangling Gates - Theory + Experiment!

Transport: Free-space/Fibre

Transduction: Quantum States of Matter

Theory: Certification Strategies, Non-Locality Tests
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