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Raison d’étre: sat-based quantum technologies

Quantum leaps
China's Micius satellite, launched in August 2016, has now validated across a record 1200 kilometers the
“spooky action” that Albert Einstein abhorred (1). The team is planning other quantum tricks (2-4). ) >

1. Spooky action
Entangled photons were sent to
Light-altering crystal =% Micius separate stations. Measuring
creates entangled (500 km altitude) one photon’s quantum state 4
photon pairs instantly determines the other’s,
\ no matter how far away.
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4 Global network 2. Quantum key distribution /
Future satellites and Micius will send strings of entan i
ground stations could gled photons to the stations,
enable a quantum creating a key for eavesdrop i > A N
internet 2 proof communications = >
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Pair string

3. Quantum teleportation

Micius will send one entangled ‘:’ S p a Ce- b a Se d e nta n g | e d

photon to Earth while keeping its

mate on beard. When a third .
: photon with anunknown state is Opt|Ca | ClOCk a rray
S entangled with the one on Earth,
their states jointly mea-
red, the properties of the last
nare instantly teleported
- up'to Micius.

v Space-based QKD



Outline

QEEP=WEP, ,+LLI+LPI,,
dInterferometry & PPN

Sat LPI,experiment

dSpin & WEP [+rotation]

DRT, F. Vedovato, M. Schiavon, A. R. H. Smith, P. Magnani,

G. Vallone, and P. Villoresi

Proposal for an optical test of the Einstein Equivalence Principle,
arXiv: 1811.04835 (2018)

S.Ghosh, L.-C.Kwek, DRT, S. Vinjanampathy,
Detecting beyond standard model physics via weak-value magnetometry,

soon



.", ‘

TN

n,',{t?:’v‘,
()

i
il

\
4

l2 90 ¢ 450 450
//////////;f/ur{t:ff”’g
LS,

Einstein Equivalence Principle




Weak Equivalence Principle

The trajectory of a freely falling test body

is independent of its internal composition.

SM Miertial = mpassive grav
invariants

POLICE eatc BOX

Einstein’s elevator:

IF all bodies fall with the same
acceleration in an external
gravitational field, then to an
observer in a small freely falling
lab in the same gravitational
field, they appear unaccelerated.



Local Invariances

Local Lorentz Invariance:

outcomes of experiments are independent of the velocity of the
laboratory where the experiment takes place.

Local Position Invariance:

the outcome of any local non-gravitational experiment is independent of
(1) where and (2) when in the universe it is performed

where:

gravitational red shift

when:

variability of physical constants

EEP=WEP+LLI+LPI, ,



Bounds: what do we know about the redshift?

Will, Liv. Rev. Rel. 17, 4 (2014) Parameterization of the

o1 Pound Rebka I Millisec!md Pulsarl I | equivalence principle violation
II III smo-I g[][}:_1+ l—i_ﬂ) /t
02 o I Stanford _
Is...der I I
03 Saturn | Tobe noted:
= the most precise tests compare
al HmaerPA i fermions [EM is a messenger]
o I " <many> base the frequency
L I N standard on fermions
I Solar s;-)ectra E?:;(t:in A W/Sh
108 (= ¥ spacecraft & pianes I — In SME different sectors (may) couple
§ rtexperiments I ! differently, so it would be nice to
107 = | | | I%—“z*" have a single-source all-optical test

| |
% 2 2 2 2
% % % % % %
o o o o ° 2 Ashby, Parker, Palta,

YEAR OF EXPERIMENT Nature Phys 14, 802 (2018)
Av/v = (1+a)AU/c?




Bounds: what do we know about spin coupling?

Coupling strength (| gp gs|!fzc)

107%°
10728
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10734
— —Wineland etal. (1991)
Venema etal. (1992) [~
-
10726 M — —vYoudinctal. (1996) g k
s RatfTelt (2012)
=== Projected limit (our experiment)
10-38 | T T
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Length scale A (m)

Kimball et al, Ann. Phys. (Berlin) 525, 514 (2013)

Parameterization of the direct
spin gravity coupling

hk
Hext — %ﬂf el
To be noted:

= Rotating frame effects



|[dea: COW with photons

thermal neutrons, 1=1.42A

Interference region

. N N V™

| I

® velocity ~ 2.9 km/sec
® size of the arms 3.1-3.5 cm.
e A, D are beam splitters
(silicon slabs)
e B, C are mirrors
(actually also beam splitters)

Neutron counts

30

Colella, Overhauser, Werner 1975

3.

BS

BS | @ y

I

Zych, Costa, Pikovski, Brukner,

Nature Comm. 2, 505 (2011)



|[dea: COW with photons

Back of the envelope calculation:
* mass-energy equivalence, Satellite [
* Newtonian photons

27 ghg

At
' A 2

h ~ 300 km

q=6km Ay ~ 2 rad
A=800nm

Potential problems: factors of 2

Rideout et al.,
Class. Quant. Grav. 29, 224011 (2012).



Interferometry




Geometric optics

88 e ISP b D i T Y

’kﬁ';‘:”’?ﬁ;ﬁ:ﬁ"'.: : wtw ‘ : "A m‘_‘;e:‘;’ k
Shortwave | TEERSe———
. flp‘ — a,p‘ e R
asymptotics ; —
Substitute, gauge-fix, expand Lo .

Kk =0 | Leading order."
H nd EHY ﬂk” =0 eikonal equation
My
o wo"y =0

Trajectories: photons as
massless point particles that
move on the rays prescribed by
geometric optics.



Hamilton-Jacobi

stationary spacetimes

Metric is time-independent. Meaning:
Exists a timelike Killing vector Conservation of energy
Conserved frequency
Mg _ _ _
k&, =—w, /c=const — kK,
Local frequency
Reference frame moves with U,él W = —k- Ue

Phase
HJ equation separates, so the phase takes the usual form

U(H,T) = —weo(t — t0) + waoS(T. 7o) 4 0,y0"y =0



Physical optics

L, (5, X5 ) oc COS Ay (ty, %) C
Al//(tD’)_(D):: W ABD (tD’)_(D)_l//ACD (tD’)_(D)

Classical modes
Quantum detection/interpretation

a—a

A B
Phase difference, stationary spacetime

— — —

AY(t, Tp) = weeSaBc (D, TA) — WocSacD(Tp.Ta)

= Woo(tABD — tacD) = Woo AL

Two geodesics A




Phase difference
Segments, boundary conditions & Lorentz

W(L X) = —, (t _tn—l) + a)nAt()_c Xn—l) + Z¢k—l
k=1

Lorentz transforms

w(X) =k*x, +®,
w(X)=y'(X) =KX, + @,

The phase a scalar

Mirrors: boundary conditions, Doppler

Xn
o
Xn%
Delay 0
(approximately) @ one point XF &
for a proper time Te %
_ « @
O = O:T¢



A




Parameterized post-Newtonian

a systematic method for studying a system of slowly moving bodies bound
together by weak gravitational forces

Newtonian limit:
Joo = —(1+ 2¢/C2)
gij — é‘ij

Reference Source A, Earth

EoM for test particles including
the post-Newtonian effects

Making sense of what to keep:

GM o° B g

rc> ¢*




PPN

for photons

Frame:
Earth-centered, inertial

Earth:
Rigid, uniformly rotating
[spherical/elliptical]

Metric:

ds®* = —V2(r)Pdt? + R-dT cdt + W?(r)dz-dT

[/.T
r P e 2
Vir)=1-¢,
) R — G.Jxi
R — _632\-(_:_':—:[_—-35)}{?—3 ',!'3

A lLense-Thirring aka frame dragging A

W(r)

-

Scale:
GM ¢
; — 3 ¢
Irc C
\ c=2.6x10" y '
GM GM
U = —Q ~_
r r
A Newton & coA
The Earth
is not round
U v
=1+ 62’}-" .
ff RQ

Q=1-— %JQT?(ZBCOﬁgﬁ — 1)

Jy =1.08 x 1073



PPN

for photons

EoM
d?fj_
dtf) = (1+7)(VU = a(7-VU))
dr,. [7
(2) \ Y A useful consequence of
{ dt —(1+ Ar)? [ massless particles 1
Time delay

. GM 4 i
cAt = [T = b] + (1 +7)— In -2
C )




Phase difference PPN +SR
w
PO - Y Ap=(m,-w,)r  Condition: At<T,
" ] Frequency shift for the pulse @ sat
one-way w12 _ (l —Ugp — %3%) 1 — 119 - 52 n ﬁ
e o 1 & 1 —Us — 332 1 — figs - By
3 W, =0
! P
- = The Doppler problem of the optical COW
() ar - - A
rgt&t%ﬂ Aa)lz .. gh ) (US T 012) . (’(Jz B ’01) ) n12

c? c? C

20

Spacecraft trajectory

Brodutch, Gilchrist, Guff, DRT, Smith
PRD 84, 121501(R) (2011)




Sat LPl, experiment




Doppler and qubits
Retroreflector > “ ~’-U1. _I_ — 'TAI-Q:?, . 5‘3 _I_ — ﬁ'l? . 5)‘2 +
— — |- . = _ N = {
** 2 W 1 — Tiog - f)’g 1 — 19 - ;‘31
Interference at the single photon level along satellite-

ground channels: successful simulation of quantum
communication that is based on the 15t order Doppler

o]

il 1/two--way\

& = ’ I ‘3 Vallone et al., Phys. Rev. Lett. 116, 253601 (2016)
a3 / =4 Time (s)

0 100 200 300 400 500
T T T T

—

7

Beacon-C -

Scheme of the experiment and satellite
radial velocity

Radial Velocity (kmv's)
» A M O N B O

Bottom: the unbalanced MZl with the
two 4f systems used for the generation
of the state and the measurement of the
interference. The light and dark green
lines represent the beams outgoing to

and ingoing from the telescope. \

Short

PMT

Inset: the [expected] detection pattern M




removing Doppler

.
1P GP-A solution
/‘/\\
// \ \ one-way Two sources (1 & 2). Two detections at 3.
[\
// ‘\\ The 1t order Doppler is removed in

0= Wyg — % O Vessot and Levine, NASA technical
3 report NASA-CR-161409 (1979)

SR

A 1+2 way optical COW

. Y +Time-delay interferometry
Retroreflector ] ‘ i %
o e T Tinto and Dhurandhar,
Ay ZA : 4 Living Rev. Relativity 17, 6 (2014).
\
\
\ GS ;LS SC ,
\ /'/ \-\ Source _/\ j\_‘_

— —
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Geometry




interferometry and PPN

@) Positions of the ground station and the
satellite at different stages of the

m2-  experiment.

Distances travelled by the beam 1 on the
1@ go-return trip are L and D, respectively.

Proper delay times: 7z =nl/c
Propagation time (Ot order): T =L/c
Three useful frames: global, GS, SC

Another expansion parameter:

u=1/L~10"..10"

) Psc (tz*) Psc (tz*) ~ (@, —wy)7
© Pss (tg*) Pss (tg*) ~ (o3 — )7




the signal

Flight time
mismatch

On the ground:

GS pdelay» SC
GS »SCh-delay

Features

Aty = (L' -L)/c+O(&%)=

((a ~3)+ O
3

Mgs = 20t +O(£°)

Condition: Atsc <7,

v Have to take into account the delay
v’ Subtraction of the signals removes

g (t;arth tsat ) . (tsat) 1 s (tEarth t;it )

the 1t order Doppler

Some real-life issues:

GS L S SC
Source j\ /\ ‘ . >>>> s
o o i_'_ :’ S A
B"— CCR A
((ISDGS ‘—/\ Psc | )

AA

@GS@@SC

+free-space to single-mode
fiber coupling

+ Turbulence

+ delay vs coherence times

+ Different imbalances



the signal

S

N
"'%(,81 _182) - (‘71 _‘72)2 _Tn12 'ai/c
Looks [very much] like GP-A
Technically difficult, but possible

Simulations for the orbits of some satellites that are
observable at Matera RLA

|

Detector et




the simulation

as would be seen at MLRA

Ajisai: inclination 50°, eccentricity 0.001, altitude 1,490 km
Galileo 201: inclination 50°, eccentricity 0.158, altitude ranging from 17,000 to 26,210 km

le—10 Ajisai 1e—10 Galileo 201

Signals

023l ]
0.04 2 i i i
_ ~0.24 [ NS
g 0.00 ' ' ' '
tn —-0.25} /-
—-0.04 : : : :
—0.26/ - TR W
_008 . . . |
| | | -0.27 ! ! | |
0 250 500 750 1000 0 6000 12000 18000 24000

Passage time (s) Passage time (s)



Spin& WEP [+rotation




(Non-relativistic) spin terms

Mundane & exotic

Spin in a non-inertial frame (linear acceleration and rotation)

Start with Dirac equation on curved background oD, 0
Do [a/the] FW transform (zh —me) =0,

(Pick the “large” part; drop the rest mass)

H —_— Hcl - Hrcl — H(r T cht

—’2

_ P -
Hg = m“‘”"“ —w- L Hehl and Ni,
. Phys. Rev. D 42, 20145 (1990)
L
H,=-1hs 7+ _F - (@ x )
7 2 dmc? { P,
Exotic:
ad-hoc addition, controversial FW transform, or just SME parameters
hk
H. = 5,00 Peres, Phys. Rev. D 18, 2739 (1978).
2c

k =1 Obukhov, Phys. Rev. Lett. 86, 192 (2001).



Status

name

observation

Bose-Wroblewski  yes

Page-Werner

T

L
hw - o Mashhoon
Hehl-Ni

yes
may be
no

norm. intensity

1.00
0.75
0.50

0.25

0.00
1.00

0.75
0.50

0.25
0.00

Polarization of neutrons in rotating
magnetic field

8

Demirel, Sponar, and Hasegawa,
New J. Phys. 17, 023065 (2015).

Phase [rad]

-r-m/2 0 -m/2 - -m/2 0 -m/2 ™

Phase [rad]



Numbers

gh/c=2.15x10"% eV a hyperfine splitting in 133Cs for 25, , is
" 3.80 x 10~eV
Beq = g— =3.72x 10_19 T1 8 — 3 80 x 10—19
He CA Wy

e, C1 g =2.2x10°

Stability of clocks:

Atomic clocks (microwave) 10-16

Atomic clocks (optical) 1018 Hinkley et al,
Science 341, 1215 (2013)
Atomic clocks (quantum) 10-%7...10-%0
Kémar et al.,
Nat. Phys. 10, 582 (2014)



Atomic clocks

FTYT] BT RRTTT| B A YT

—=— PHARAO
10" k. SHM L

R
10" B 3
> 107 i E
"\\'.
107" ™. 3
10-17 ?
100 10° 10 100 10 10' 100 100 10 ACES goal 10-16...10-18
1 [s]

Dittus, Lammerzahl, Turischev (eds)
Lasers, Clocks and Drag-Free Control,
(Springer, 2008)

Meynadier et al. Class. Quant. Grav. 35, 3 (2018)

Transitions to be affected

Non-zero AM
Cs standard: unaffected/insensetive

1 |
|F =4, Mp = 0) = G (|Ms =1, My = -1y +|Mg = -1, M; = 1)
IF =3, Mp =0) = L (|Ms =1, My = =3y — |Mg = =1, M; = 1))

)



Optical magnetometry

Light source
(probe)

-

etic field

»| Detector

\

\{:

Resonant
atomic medium

Light source
(pump)

Achieved: ~101> TI
Planned: 10/ Tl

+weak measurements

Budker & Romalis, Nat Phys. 3, 228 (2007)

. .

Light beam ’

Photodetector

Atomic vapor cell

Budker & Kimbal (eds), Optical Magnetometry, (CUP, 2013)

(S5l As|Si)
(S5l5:)

Ay =

1q A B’m




how fundamental physics affects quantum info
how quantum info probes fundamental physics



