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INFORMATION-FROM CLASSICAL TO QUANTUM

Classical information- bit strings
0010100100011101010001001010100010

Quanftum information- encoding info quantum degrees of freedom
|0010100100011101010001001010100010)

Superposition and entanglement
|Y) = a|0010100100011101010001001010100010) + »|0010101100001101010101010010100010)



ENCODING-FROM (QU)BITS TO (QU)DITS

Classical Quantum
00=0 100) = |0)
01=1 101) = |1)
10 = 2 110) = |2)
11 = 3 111) = |3)

ldeally the same (apart from finite size effects)



ENCODING-FROM ABSTRACT TO PHYSICAL

Classical Quantum
« Redudant « Encoded in fundamental degrees of freedom
« Naturally noise resistant « Limited by ability fo control and isolate
« Easy to copy * No-cloning
e.g. e.g.
Magnetisation (HDD) Single photon polarisation |H) or |V)
Frequency or amplitude of many photons Orbital angular momentum of single photons

Relative time of arrival (time bins)



ENTANGLEMENT (BIPARTITE)

d—1 . . r—1
Schmidt decomposition
W)=Y eyl - - W= Al
i,j=0 =
r(|y)) ...Schmidt rank (dimensionality of entanglement)
(o) = {(pi, [Y:): me bl = o)
0= Zpih/)i)(tpil r(o) = min max 7 r(l¥:)

|D(0)| = o

r(o) ...Schmidt number (dimensionality of entanglement)



SCHMIDT NUMBER WITNESSES

TrloW,] < 0 but TrlcWy ] =0 V a: r(c) =k —1

TleWal =0 Trloly)yp|™4] =0
\

\

Schmidt numlber 2
‘qubits’

Schmidt
number 3

undistillable

M. Horodecki, P. Horodecki, R. Horodecki, Phys. Rev. Lett. 80, 5239 (1998)
Y. Yang, D.H. Leung, and W-S. Tang. Lin. Alg. Appl. 503:233-247 (2016)



SCHMIDT NUMBER WITNESSES

There 3o s.t.oT4 = 0 and r(g) = %

M. Huber, L. Lami, C. Lancien, A. Muller-Hermes, Phys. Rev. Lett. 121, 200503 (2018)



SCHMIDT NUMBER WITNESSES

Flavien Hirsch

There 3 g s.t.r(0™4) < 4 and r(p) = % Implies impossibility of device independent verification
of dimension->open question for entanglement

F. Hirsch, M. Huber, arXiv:2003.14189



MULTIPARTITE ENTANGLEMENT

|Pa) = ®1l9a,) A={ay,a, (), a;} k-separability/ max | ;| -producibility

Multipartite entanglement k=1, max |a;] =n

Full separability k =n, max la;| =1

e THERE IS NO SCHMIDT DECOMPOSITION, BUT

[7]: (1)) = rank(Trg(|¥)y]))Schmidt rank vector

Andreas Noah
Winter Linden

Nontrivial constraints, €.9. vy < rygtac

J. Cadney, M. Huber, N. Linden, A. Winter, Lin. Alg. Appl., 452, 153-171 (2014)



MULTIPARTITE ENTANGLEMENT-MIXED STATES

o= Y pilef)etl =Pt Net 1@ 107 )eZ 14000 Ne 1@ l0® )o® |
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MULTIPARTITE ENTANGLEMENT-MIXED STATES

e ENTANGLEMENT ACROSS EVERY BIPARTITION ON ONE COPY NECESSARY BUT NOT SUFFICIENT FOR GENUINE
MULTIPARTITE ENTANGLEMENT
(SEE ALSO CONJECTURE PRESENTED BY NICOLAI FRIIS)

Wape <0 Wgjac <0 Wejap <0

ldea:  Weme = Wape + Wajac + Wejap + M

Theorem: For every ggeyp 3 M s. t.(Weye) < 0 and Wy is a multipartite entanglement witness

M. Huber, R. Sengupta, Phys. Rev. Lett. 113, 100501 (2014)
C. Lancien, O. Guhne, R. Sengupta, M. Huber, J. Phys. A: Math. Theor. 48 505302 (2015)



POSITIVE MAPS FOR MULTIPARTITE SYSTEMS

AQ Iglosgp] = 0

F. Clivaz, M. Huber, L. Lami, G. Murta, J. Math. Phys. 58, 082201 (2017)



MULTIPARTITE ENTANGLEMENT

[7]; = rank(Trg (1Y)])) Schmidt rank vector

N . Al
ri; = min max r ;
[Fli(@) = min _max # (1))

(353,2)
(3.2.2) (4,3,2)

(4,2,2)




MULTIPARTITE ENTANGLEMENT

21 00) — i N .
[7];(0) min JMax 7 (I1¥:)) Schmidt rank vector

(W;) < log,[r];(0) (3,3,2)
1 se g:'-a e 3,2,2
"/’332>=ﬁ(|000>+|“1>+ 1221)) ( )
(4,2,2)

M. Huber, J. de Vicente, Phys. Rev. Lett. 110, 030501 (2013)

(4,3,2)



Telescope Laser

———————————

___________

\ :,_BJE o [|_pSMF
Crystal Dl\/li }J v
. . . . P ;
Accidental=coincidence click not

caused by intended photon pair : cC

NOISE ADVANTAGE?®?

___________________

Yr) =197) pa...probability for a coincidence to be accidental

0=(1—plo"NpT| + PAiH 2 Psep = L
dz ¢ d+1

Scaling of p, in d determines existence of physical advantage

L. Lami, M. Huber, J. Math. Phys. 57, 092201 (2016)



SOME CHALLENGES

PHYSICAL AVAILABLITY-WHERE DO WE FIND HIGH-DIMENSIONAL ENTANGLEMENT?

MEASUREMENTS AND WITNESSES-HOW DO WE CONFIRM PRESENCE?

NOISE MODELS-UNDER WHICH PHYSICAL CONDITIONS WILL WE FIND NOISE ADVANTAGES?

APPLICATIONS-CAN WE USE ANY ENTANGLEMENT FOR USEFUL PROTOCOLS?



PHYSICAL AVAILABLITY-WHERE DO WE FIND HIGH-
DIMENSIONAL ENTANGLEMENT®

e.g. spontaneous parametric down-conversion (SPDC)

Momentum Conservation
Kk k.

S I

Spontaneous
Parametric
Downconversion

Kpump

Pump s (signal) e.g. OAM enfanglement kpyyp =0 = kg = —k;
Energy conservation o
© lms [Yoam) = Z Ai (i, =i))
PUMP _
B

Nonlinear i (idler)
[=—o00
1@ crystal

Ppump = OPs T O

M. Krenn, M. Malik, Th. Scheidl, R. Ursin, A. Zeilinger, Optics in Our Time (pp. 455-482), Springer (2016)



PHYSICAL AVAILABLITY-WHERE DO WE FIND HIGH-
DIMENSIONAL ENTANGLEMENT®
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MEASUREMENTS AND WITNESSES-HOW DO WE
CONFIRM PRESENCE?<

HOW MANY LOCAL MEASUREMENT SETTINGS DO WE NEED?

m Full state tomography Optimal fidelity Ophmal witness

#of local setftings d+1 d+1
#of global settings (d + 1)? d+1 2

Actually, we can lower bound entanglement / fidelity from measurements in two bases



MEASUREMENTS AND WITNESSES-HOW DO WE
CONFIRM PRESENCE®<

HOW MANY LOCAL MEASUREMENT SETTINGS DO WE NEED¢ ﬁ
£y
Mutually unbiased bases: ik i) = 6;j6kk, + (1 — 5""’)5 \ %7
|
Paul Mario
Erker Krenn

d-1 d-1
1 1
URU'|$*) = |¢*) 18 = ) 0= )
i=0 =0

Measure: C;; = (ijlolij) and Cj; = (ixjlolixix)

Cij,Cij) <E
f(Cij, Cij) = Eor(Q) P. Erker, M. Krenn, M. Huber, Quantum 1, 22 (2017)



MEASUREMENTS AND WITNESSES-HOW DO WE
CONFIRM PRESENCE®

HOW MANY LOCAL MEASUREMENT SETTINGS DO WE NEED?

d-1
r) = ) Ali)
=0

Tited bases: [(igljx ) = 8;0kks + (1 — Skpr) Aid;

Theorem: Every pure state is uniquely determined by measurements in Schmidt basis and
one filted basis

Measure: C;; = (ijlolij) and C;; = (ixjrloliixy  f(Cijs Cij) < F(lprXwrl, 0)

OPEN PROBLEM: Multipartite states?



MEASUREMENTS AND WITNESSES-HOW DO WE

CONFIRM PRESENCE®
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d || dews| F(p.®")| F(p.®)

3 3 191.5+0.4% ] 92.5£0.4%

|7~/}T> > | 5| 5 [89.9+0.4%] 90.0£0.5%
i . 7 6 [84.2+0.5% | 86.9+0.6%
J. Bavaresco, N. Herrera Valencia, C. Klockl, 1l o 17482049 76,2 s0.6%

M. Pivoluska, P. Erker, N. Friis, M. Malik,
M. Huber, Nat. Phys. 14, 1032 (2018)



NOISE MODELS-UNDER WHICH PHYSICAL
CONDITIONS WILL WE FIND NOISE ADVANTAGES?

a Entanglement source Phace

locking Alice Bob locking

e

‘ choice ‘ AO

Rupert  Sebastian  Lukas
Ursin Ecker Bulla

(~ Periodically poled potassium titanle

phosphate (ppKTP) crystal
."v Polarizing beam splitter (PBS)
. Half-wave plate (HWP)

Dichroic mirror (DM) . ) ]
~~_ Single mode fiber (SMF) Robert Fickler Frederic Florian

\ Polarization controller (PC) Bouchard = Brandt

Spatial light modulator (SLM
Bob |m Batiakle (GLM)
““~_ Electrical wire

\ Noise source

\_ J

Coincidence

SLM- ®




NOISE MODELS-UNDER WHICH PHYSICAL
CONDITIONS WILL WE FIND NOISE ADVANTAGES?

Pathway [ Is noisy o entangled? Pathway II

Q

Yelena
Guryanova




NOISE MODELS-UNDER WHICH PHYSICAL
CONDITIONS WILL WE FIND NOISE ADVANTAGES?

a b
I I il
0.6 2 0.9 ) p— >0 —— =7 <07
E .' "’Aﬂ""_— [: —g --®
£08 o~ 4.5 == =5 7 0.6 A
= A = d= % Sosf *
2 0.4 20.6 4.0 d=2 9 '
= _
© 20! 40 60 80
9 ) : d N 35
> -— (=30
2 02| —d= d=40 3.0
2 —— =20
=

T d=10
Entangled states T Entangled states

00 i Separable states I 2.0 ¢ Separable states
: 1.5 3
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
Noise fraction Noise fraction

S. Ecker, F. Bouchard, L. Bulla, F. Brandt, O. Kohout, F. Steinlechner, R. Fickler, M. Malik, Y. Guryanova,
R. Ursin, M. Huber, Physical Review X, 9(4), 041042 (2019)



MULTIPARTITE ENTANGLEMENT

M. Malik, M. Erhard, M. Huber, M. Krenn, R. Fickler, A. Zeilinger, Nature Photonics 10, 248-252 (2016)



APPLICATIONS-CAN WE USE ANY ENTANGLEMENT
FOR USEFUL PROTOCOLS?

* OVERCOMING WEAK RANDOMNESS IN DEVICE INDEPENDENT QKD
M. HUBER, M. PAWLOWSKI, PHYS. REV. A 88, 032309 (2013)

Marcin Pawlowski
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APPLICATIONS-CAN WE USE ANY ENTANGLEMENT
FOR USEFUL PROTOCOLS?

« QUANTUM KEY DISTRIBUTION OVERCOMING EXTREME NOISE: SIMULTANEOUS SUBSPACE
CODING USING HIGH-DIMENSIONAL ENTANGLEMENT

Key rate (kbits/s)

M. Doda, M. Huber, G. Murta, M. Pivoluska, M. Plesch, Ch. Vlachou,
Phys. Rev. Applied 15, 034003 (2021)

870 0.75 0.80 0.85 0.90 0.95 1.00 1.05
Noise/signal



FIRST IMPLEMENTATION
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Xicao-Min Hu  Bi- Heng Liu Xlooqm Gao M. Pivoluska Paul Erker

XIAO-MIN HU, CHAO ZHANG, YU GUO, FANG-XIANG WANG, WEN-BO XING, CEN-XIAO
HUANG, BI-HENG LIU, YUN-FENG HUANG, CHUAN-FENG LI, GUANG-CAN GUO, XIAOQIN
GAO, MATEJ PIVOLUSKA, MARCUS HUBER, ARXIV:2011.03005

XIAO-MIN HU, WEN-BO XING, BI-HENG LIU, YUN-FENG HUANG, CHUAN-FENG LI, GUANG-
CAN GUO, PAUL ERKER, MARCUS HUBER, PHYS. REV. LETT. 125, 090503 (2020)



PATHWAYS FOR ENTANGLEMENT BASED
QUANTUM COMMUNICATION IN THE FACE OF
HIGH NOISE

b)
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SUMMARY

* RICH STRUCTURE OF ENTANGLEMENT BEYOND QUBITS

N. Friis, G. Vitagliano, M. Malik , M. Huber, Nature Reviews Physics 1, 72-87 (2019)



OPEN PROBLEMS

* ENTANGLEMENT = ‘NON-LOCALITY'?

* |S EVERY ENTANGLED STATE USEFUL FOR QKD?e

e BEST USE OF THE FULL SPECTRUM (HYPERENTANGLEMENT, ETC.)
* LIMITS TO MEASUREMENTS

» BEST DISCRETISATION

» EFFICIENT VERIFICATION OF MULTIPARTITE STATES



THANK YOU FOR YOUR ATTENTION AND MANY
THANKS TO FRIENDS AND COLLABORATORS



