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Abstract: <span>Space offers a very unique

environment for quantum physics experiments at regimes for distance and
velocity not possible on ground. In the recent years there have been arange of
theoretical and experimental studies towards the feasibility of performing
guantum physics and quantum information science experiments in space.

& nbsp;

The most advanced quantum

application is quantum cryptography, & nbsp;known as quantum key distribution
(QKD), & nbsp;which can be extended to global distances by bringing suitable
guantum systems into space. & nbsp;It isinteresting to note that with quantum
satellites in Earth's orbit, we will be able to perform tests on the validity

of quantum physics and entanglement at huge length scales and velocities. This
could provide a possible route towards gaining & nbsp;insights into the
interplay of quantum physics and relativity. | will review some of the
interesting quantum entanglement tests that can be performed with satellitesin
space. | will also outline a proposed satellite mission that is based on

existing technology on a small-scale satellite, and could be a first important
step into this direction.</span>
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“Towards Quantum Science
Experiments with Satellites

Thomas Jennewein, University of Waterloo

Input,

light at lambda=800nm w
® - ‘

e

Interferometer, Area A

How will the phase shift in the interferometer scale with the rotation and mass of the weight?
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Quantum Photonics Laboratory. ¢

—

| "'Applications of quantum photonics
« Devices and applications of quantum photonics QIP Collaborations:

(single / many photons)

. , , , Alipasha Vaziri,
- entanglement sources with spectral engineering, photon triplets,

— protocols (e.g. quantum repeaters for telescopes)
— Single photon amplifiers /converters in chi3

Long distance quantum networks:
- satellite, free space, fibers, QKD + classical communication.

Daniel Gottesman
Amr Helmy
Adan Cabello
Rupert Ursin/Anton Zeilinger,
« Fundamental experiments in quantum optics: Gregor Weihs
Valerio Pruneri
Paolo Villoresi
Entanglement assisted TPA Urbasi Sinha

- Useful for QIP and Microscopy

+ Students; Evan Meyer Scott,_Amiee Heinrich atherine Holloway, Jean=
ris Pugh; Collaborative: Antonio Scottland, Deny

Harmet; 2 Simova
+ PostdocstBrendon Higgins (Banting]=Rolf Horn, Piotr Klender Hamed Majedi

Yan, Collaborative: Krister ShalmZEduardo Martinez Vadim Makarov

Kevin Resch
UNIVERSITY OF ()r :
WATERLOO I C . 11.|‘n‘ um

— GHZ, qutrits, spatial correlations
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—

Secure Communication a Quantum Werld?

—

Quantumly The case for QKD

Classically (best known _
www.arXiv:0902.2839v1

heuristic algorithms)

1/3 213
eo(” log n) O(n ) multiplications
Discrete log in GF(q), /34,213
q=2" e()( " log™ " m) O(i’l) multiplications

Discrete log in EC(q) O(n) ( )
e O\n additions

There is a real need to reassess computational
security of mathematical problems.

Factoring n-digit number

QKD provides a new form of cryptography, which is
information theoretically secure.

-> long-term security, not based on computational
assumptions (Benett, Brassard, 1984)

Waterieo | 1QC

Pirsa: 12060057 Page 4/39



State-of-the-art Q-Coms :

|dQuantique Commercial QKD System

Ground-based quantum
communication

— typically 100 km

— limited to

— Optic fibre loss

— Free-space limited due to line-of-sight
Optical amplifiers not possible!

Interesting new regimes for
entanglement science (distances,
speed, gravity gradients) Simply

cannot be achieved on ground.

waTerLoo | 1QQC i
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Satellite Based Quantum Key Networks

"""'Use satellites as trusted

nodes

- Satellite bridges the large AT ‘:
gap between ground based ﬁ‘/;”
quantum networks

— short range connection via city-
wide optical fibres (such as
SECOQC or Tokyo QKD networks) |

QKD satellite activities in:
Europe, Japan, US, China, N G
Singapore, and Canada Network A Network B

waTerLoo | 1(QQC b
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Schemes with-secure satellite ¢

"« Avoid the need for a trusted satellite

Entangled
Photon Bell State
Source 0 Measurment

Photon 2 Photon 2

Photon 1

_1 i' Receiver 2 Transmitter 1 ‘1 i’ Transmitter 2
il I e ]

Photon 1

Receiver 1

- Quantum Repeater: N. Sangouard, C. Simon, et al, Rev. Mod.Phys, 2011
- From GEO, almost half the Earth is visibile. - Detector independent QKD: H.K. Lo, PRL, 2012 b
Z

A w e y B

e 8
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Exploring entanglement tests
over distances and velocities
not possible on ground _ Ci2Tim

waterioo | 1QC o
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Long-term vision

Question of unification of quantum theory and
relativity

— We need to explore regimes with large (relativistic)
velocities and speeds.

— test the interplay of quantum mechanics and gravity

History:
— new physics often discovered when experiments
explored new regimes

Global Quantum Networks
— Need to understand all (fundamental) effects that are

going on in order to get desired behaviour

IQ ‘ Quantum

UNIVERSITY OF

WATERLOO
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. Long-term vision

| Question of unification of quantum theory and
relativity
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History:
— new physics often discovered when experiments
explored new regimes

Global Quantum Networks
— Need to understand all (fundamental) effects that are

going on in order to get desired behaviour

I Q ‘ Quantum

UNIVERSITY OF

WATERLOO
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A\
[ 5 Y
»
.,&i
= 10 Bkm Beyond Solar system: Space Craft
light-hours Quantum Gravity?
Feasibility for
'—\ Quantum Optics
Solar system: Space Craft
> 1 Bkm Quantum Gravity?
50 - 400 Mkm
& Solar Orbit, Mars: Space Cralfts,
\ Satellites: Bell Tests, Human
ﬁa..-— - Observers
{ * 380,000km 1 km/s _ , todays quantum
& Moon: Station, Satellite: Bell Test,
v Human Observers
36,000km 3 km/s GEO Satellite: Bell Test, QKD
LEO Satellite: Bell Test, QKD,
S00-1000km || g kmy/s Moving Observers, Quantum
‘?‘- Networks
Today: EOOkm Q.5 kmis Ground based Experiments Existent

Explorable Scales

Approx limit of

L Rl

Pirsa: 12060057

Future technology

optics technology
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\What fundamental science?

-

Discussion with leading
theorists in physics,
quantum information and

relativity.

- (Arxiv 1206.4949: submitted)
o W N

Fundamental quantum optics experiments conceivable with satellites

| reaching relativistic distances and velocities

D Rideout'*"*, T Jennewein®'', G Amelino-Camelia’, T F Demarie”, B L Higgins®',

A Kempf**', A Kent"', R Laflamme* "', X Ma*', R B Mann?', E Martin-Martinez® ',
N C Menicucei'®, J Moffat', C Simon”, R Sorkin’, L Smolin', D R Terno"
1 Vet i Clalifornin / San Diego, La Julla, CA, USA
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Classification‘of Experiments &

o Level-1 experiments verify well-established physics in a new regime, often at larger length scales than have vet been
probed experimentally.

o Level-2 experiments test physics that is somewhat less certain. An example is an experiment whose predicted
outcome involves the parallel transport of spins in curved spacetime. It seems pretty clear along which spacetime
path the spins should be transported, however physical phenomena whose outcomes involve such computations have
not yet been tested experimentally.

o Level-3 experiments consider situations in which the scale of a test is expanded into regimes in which various
proposed alternative theories predict an outcome other than that predicted by conventional physics. The intent of
such an experiment is to seek evidence for or against such an alternative theory.

o Level-4 experiments test physics in regimes for which there is not vet a standard theory which can be used to predict

the outcome. Instead we propose tests based on models which find their motivation from the expected (or guessed)

nature of physics in these regimes. Tests of quantum gravity fall into this latter category.

Arxiv 1206.4949; submitted

WitERCoo | 1QC
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Entanglement tests
2.1 Tests of local realism ['he “Bell test
Long distanee Bell test
Bell test w hnman observers
dell tost w letectors in relative obion
Bell experiments with macroscopic mmplification

Bimetrie gravity

Relativistic effects in quantum information theory
Special relativistic effects

Arxiv 1206.4949: b1, i e
submitted ¥ T i s

Relativistic frame drageing

Entanglement in the presence of enrvatur

J
[he Fermi problem and spocelike entanglement

Tests of quantum field theory in non-inertinl friames
1.1 Test of the Unruh t wlement fdelity and

)
1.3 Probe the spacetim

necelery

Giravitatiom indueed entimglement decorrelation

tructure by spacelike entanglement extraction

Quantum gravity experiments
6.1 Background i
Lorentz invariant diffusion of polarization from spacetime disereteness
irentz invariant diffusion of CMB polarization
)ik o | ing for spaeetime disereteness with satellites
G4 Decoherence and spacetime noncommutativity

5.4 Relativity of Locality” from doubly special relativity

Quantum communication and l‘t‘.\.';lluuT'.'l]Jhil' schemes
6.1 Quantum cryptography with satellites
(.2 Quantum tagging

G Quantum teleportation with satellite

Techniques which can be used to gain accuracy or isolate certain effects
Lorentz invariant neodings

Preparation contextuality

Technology
8.1 Measuring the new effect
8.2 Eliminating known sources of noise from the signals

8.3 Propose Vel e
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Tests Possible.with Taday’s Technology#

-0
-

UNIVERSITY OF

WATERLOO

Use a low-earth-orbit (LEO)
satellite, at ca. 500 km

Long distance test of quantum
entanglement

Characterize free space
quantum channel between
surface and space

I Q ‘ Quantum
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Entanglement Verification €

We observe the quality of the entanglement
between earth and space,

— compare results with theory, to find if any unknown
effects limit the entanglement

Example scaling of entanglement using standard quantum mechanics:

z [
3 08
L) —10/s
’>é 0.6 w— 50 /8
S | ——100 /s
N o4 1000 /s
& 0.2 —— 10000 /s
Q
T 1 L
Distance [km] 100 200 1000 2000 5000

WATERLOO IQC .

Pirsa: 12060057 Page 16/39



Entanglement Verification €

We observe the quality of the entanglement

between earth and space,

— compare results with theory, to find if any unknown
effects limit the entanglement

Example scaling of entanglement using standard quantum mechanics:

2 [
3 08
@ —10/s
E 0.6] —50/s
S | ——100 /s
N o4 1000 /s
& 0.2 —— 10000 /s
Q
T 1 L
Distance [km] 100 200 1000 2000 5000

WATERCGO | IQC }
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Quantum Channel.Timing €

—

* Precise calibration of
path length —

— combination of methods e GE;E

— achieved < 500 ps timing N
accuracy @

RN

T
variable path length *

—— Detection time T2
« Polarization alignment Source time T {
— compensate drifts in the
polarization channel

Success i=T1-T2<0.5ns }

wirERcoo | 1QC s

Pirsa: 12060057 Page 18/39



. Take home message

"« Current technology expects to
achieve

— Time resolution100ps - 500 ps
— Polarisation visibility ca. 95%

— Background photons, 100cps — 1000
cps

waterLoo | [(QQC b
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Distance dependence of‘quantum entanglement

—

Variable-delay quantum
memory on ground allows:

Observer1

- Entanglement tests at varying
distances and delays

— Gravitational decoherence
— Special relativity and QM

Observer 2 J—

aMm |

AB
C= ('m:nx X == 5)
exp ( 1(1’_>

T. C. Ralph, G. J. Milburn, and T. Downes, Phys. Rev. A, vol. 79,
p. 022121, 2009,

| | | ;. hlkm) I ‘ Quantum
10 (M) 1000 o 0 : .
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Distance dependence of‘quantum entanglement

r—

Variable-delay quantum ‘
memory on ground allows:

Observer1

- Entanglement tests at varying
distances and delays

— Gravitational decoherence
— Special relativity and QM

Observer 2 J—

QM |

AB
C= ('m:nx X - 5)
o ( w,—)

T. C. Ralph, G. J. Milburn, and T. Downes, Phys. Rev. A, vol. 79,
p. 022121, 2009,

| | |  hikm) I ‘ Quantum
10 (H) 100 ¥ ) g :
LEO GEO ‘ o5

Pirsa: 12060057 Page 21/39



COW experiment

"« Photon interference ground & space
— Enclosed area ca.

0.15*5e5 m2 = 7.5e4 m? < Y i
9 l 'Delay DV\ :
Phaseshiftca.  om g S U

O = — ~ 2rad. B s
Delay: 20ys A e § o
— Recent work J_
C. Brukner, T. Ralph Ground I’_ T T TlLes
» Also look for drop of visibility | s% \ De'aﬂt I
. Arxiv 1206.0965 e e—-—- J

WateRo | 1QC
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COW experiment

"« Photon interference ground & space
— Enclosed area ca.

0.15*5e5 m?2 = 7.5e4 m? B i
| Dv .

. : JDeIay
Phaseshiftca.  2x14n LS—N

O = ~— ~ 2rad. B
Delay: 20ys A e § o
— Recent work J_
C. Brukner, T. Ralph Ground |’_ T " 7Les
* Also look for drop of visibility | s% \ De'aﬂt I
. Arxiv 1206.0965 ~ s—e—-—-—- J

watertoo | [(QC &
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Entanglement and Special Relativity #

""Mbving observers for quantum
entanglement due to orbital
motion:

« v=7.5 km/s for LEO satellites — Observer1 on satellite
instantaneous times differ for the two Observer2 on ground with tunable delay

observers
after/after timing-paradox for the Observeri
detections of the two entanglement

photons! ; ”
(Peres, Quantum Theory: Concepts and Methods, 1993,

Aharonov, Y. et al 1981,84) Observer 2 - I

constrains the physical a(+{am ’\,®J

interpretations of the collapse of the Det Delay EPS

QM wavefunction.

waTERL60 | [(QC b
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Entanglement and Special Relativity #

r—

'MOving observers for quantum
entanglement due to orbital
motion:

« v=7.5 km/s for LEO satellites — Observer1 on satellite
instantaneous times differ for the two Observer2 on ground with tunable delay

observers
after/after timing-paradox for the Observeri
detections of the two entanglement

photons! % »
(Peres, Quantum Theory: Concepts and Methods, 1993,
Aharonov, Y. et al 1981,84) Observer 2 : '

constrains the physical a(+{am «,@J
interpretations of the collapse of the Det Delay EPS

QM wavefunction.

wirERcoo | 1QC s
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Quantum Teleportation

"« Bennet et a., PRL 1993
— Transfer of an unknown quantum state

Two bits |d)

I".I’R‘pair

waterioo | 1QC
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Concept of the Quantum Payload

waTERLOo | [(QQC e )
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-~

Several ground stations
(minimum 2)

— Relatively small transmitter
(> 0.25 m)

E

xample: Gr

ound station at DLR

UNIVERSITY OF

WATERLOO

2

Beacon Quantum signals
785 nm

Classical coms
Optical or RF

670 nr
i
d o e e B 5 -
\
1o/ >
' a Timing information -
| | retrieved from beacon .y, -
1 PAD Classical
tiad Comms
~ B
Tracking i B-state
oM Sansor + ! = ~ t
Feedback : EPS T e
i A NG ) Storage &
R{}U _——¥| Processing
Pal .J '
Comp “"“ ~ Wep //
A

[QC &

GPS timing,
fraquency and
location

tum
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Satellite Orbit and Link €

“Assumptions: ) e
¢ = - Spot Diamter L

rural atmosphere (vis 23km, alt Om) pr— : )

: -
transmitter 15 cm o
receiver 50 cm
consider atmospheric effects : afiraction loss

+ lWurbulence

+ aimosphere
+ detector

Angle vs 1me
Orbit 600 km

Good pass
75% quartile pass
— 50% median pass

Angle [degres)

40 50 60
Elevation Angle |deg
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Satellite Orbit and Link '

“Assumptions: _ e
¢ — - Spot Diamter L
o - s

rural atmosphere (vis 23km, alt Om) My - —
transmitter 15 cm

receiver 50 cm

consider atmospheric effects : racio o

) ) + atmosphere
Angle vs ima .
Oroit 600 km + detector

Good pass
75% quartile pass
r— 50% median pass

Angle [degree)

40 50 60 70 80 80
Elevation Angle [deg
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Some Other Missions on QM in Spate

~+ Aspelmeyer et al: Quantum
Macro-superposition in space
— MAQRO, arXiv:1201.4756

* Space BEC
— Europe
— See: Science, 2010, 328, 5985 pp

 Atomic clocks on ISS:

— ACES: Cacciapuoti et al, ESA, Nucl. Phys. B,166, 303
(2007).

wareRioo | 1QC e
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Some Other Missions on QM in Spabe

~+ Aspelmeyer et al: Quantum
Macro-superposition in space
— MAQRO, arXiv:1201.4756

* Space BEC
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— See: Science, 2010, 328, 5985 pp

 Atomic clocks on ISS:
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Verification of QKD over high loss®

_— 55dB using SSPDs: R.J. Collins et al,
POPtimized source and receiver to cope with 55 dB e e e
Implement a simple, small receiver (Si-APD)
Timing accuracy as high as possible (0.5 ns): need of ultra-short
source pulses, high precision timing.
Low dark counts -> detectors with 10 cps dark!

Wavelength in the visible (green) soaemoss oo pwoe o T

Timetagger

Time drift between source R | tgff.g 6 '
) Glan-Tavler polarizer : S e Il

and receiver clock: st T i Bob

150 : : | Fberto e spce . . ({'ECEIVer)

100 Iber polarizatior iR E("|.l‘.‘.|l-||
SR B . 1l Birefringent wedge *
) rcommunication

Quantum
channel
Up-canverted —
| light (532 nm)
Mode-locked |/ \ yas o _— 4 5 —Llp
10 G\ ' \
\ 7

Clock :
i %—iqi shoto or source
Kl?\" |‘ | o characterizatior
Ty C | storage | | . t

- - ; -
= Tnﬁ?[»;) e - = R L Continuous wave ¥ i
. ; i S etagge

s fassonmy _ (tran5m|tter) Timetagger
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Performance of the system ¢

r—

107
6 — — -0.08

b) 54 dB total loss _ _ _ .. -------- _ i

% Experiment

-

- Bl e {0.07

—— Simulation |

D 3

2 i

- ’ L

Sl _pe t Secure key rate o 110

é $ - = = Raw ke 0.05 3 |
y rate (o)

8 ; - - QBER m i ,

= 3| P 0.04 T ;10

a P :

D y P | S eevpu——

® iy 0.03 £ 10

> I 3 A

o | 0,02 2 107

.|(b) Secure key rate versus total loss

' ' ' 10
0.5 1 1.5 2 0 10 20 30 40 50

Receiver timing window (ns) Total loss (dB)

Evan Meyer-Scott, et al, PRA, 84(6):062326, 2011
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Next Steps for High-loss QKD Tests

" Independent Alice and Bob,
with full QKD SW

» Test free-space transmission
to a remote receiver
— Stationary / moving / flying

+ Test newly developed
equipment D

« Study novel techniques 4
— quantum entanglement in free Dome on roof of IQC.

space
WitERoo | 1QC ms

- |

{ w1y S|
o n T
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Partners.from Government and Industry

'k"k-..\k

NSERC

A com DEV
M IND

CRSNG

lNN@VATION CA

NNNNNNNNNNN

I * I Industry  Industrie
_ Canada Canada
Y :
~ Ontario
MINISTRY OF RESEARCH & INNOVATION
INSTRY OF ECONOMIC DEVELOPMENT INNOVATION
o Cli FAR
‘j [CIP e
“IPI

WATERLOO | | Q (C ouantum

41
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How the satellite grows global quantum network

WiteR6o | 1QC =
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~ « Quantum Optics in space

Conclusions; and‘interesting pqints...

s

— Search for the interplay of QM and RT

 Out of reach with today’s technology, but we
must think about tomorrow.
— Some interesting tests possible with
todays technologies

We are open for further ideas...

« What else can be done

« Space experiments are ‘fun’, but expensive

* Important to know. Interesting physics can
help motive first missions into space, even if
parameters are out of range. 43
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~ « Quantum Optics in space

Conclusions; and‘interesting points...

——

— Search for the interplay of QM and RT

 Out of reach with today’s technology, but we
must think about tomorrow.
— Some interesting tests possible with
todays technologies

We are open for further ideas...

 What else can be done

« Space experiments are ‘fun’, but expensive

* Important to know. Interesting physics can
help motive first missions into space, even if
parameters are out of range. 43
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