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Quantum technologies: Earth or Space

Earth advantages; |Earth based
Cheap(er); -

Reproducible;
Upgradable.

Earth disadvantages:
Many sources of noise;
Small distances;
Bound to surface. .




Quantum technologies: Earth dr Space

Sg’ace advahtages: Satellite based

Large distances;

Microgravity; Q
Less noise;
Space disadvantages:
Relativity? Very expensive;

Few-shot experiments;
Not very flexible once launched.




QO = Quantum Optics A
QI = Quantum Information :

QFTCS = well... ’ ‘
GR = you know... \

RQI = Relativistic Quantum
Information
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Previous state of the art: Photons effectively work as
two-level guantum systems (for the purposes of Ql)

Bit Qubit
1 1)
! p) = al0) + BI1),
0 10)

https://www.gnulabs.com/blog/quantum-101-qubit l ‘ J U L I C H
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Goal: Study the effects of gravity on photons that
propagate in curved spacetime
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Propagation in flat spacetime

Photon: Excitation of a quantum field

We use QFT in flat spacetime

P = [a’a)[uw&w + u*a’ ]

»+00
&Z)O = da)FwO(a))e_iw(rA_to)&Z) Alice
Jo
»+00
&Z)O = doF C’Oé(a))e_’w(” 5B Bob
J

Approximation: pulse 1-dimenstional

dkFy (ke k., k) = | doF, (o)
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Propagation in flat spacetime

Photon: Excitation of a quantum field We use QFT in flat spacetime

P = [a’a)[uw&w + u*a’ ]

N\ »+00
&Z)O = da)FwO(a))e_’w(rA_to)&Z) Alice
J0
Alice Bob AT T / —1w(rg—tg) AT
JO

Approximation: pulse 1-dimenstional

dkFy (ke k., k) = | doF, (o)

Alice
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Propagation in flat spacetime

Photon: Excitation of a quantum field We use QFT in flat spacetime

P = [da)[uw&w + u*a’ ]

A r 400
&Z)O = da)FwO(a))e_’w(rA_to)&Z) Alice
JO
Bob e
&Z)O = doF ;)é(w)e_‘w(”B_tB)&Z) Bob
JO
Alice wave packet as measured locally by Bob
............. S
Alice Bob )=F, (@) §

——— ) —
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Propagation in (weakly) curved spacetime

Decomposition of 4-vectors

5 > * Alice’s trajectory
- .. » Bob’s trajectory
\ * Photon’s trajectory
Parameters
> = * “Time” parameter f

* Foliation hypersurfaces »_
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Tp, Wp

Alice

Propagation in (weakly) curved spacetime

Bob

*

Bob

forp=1--

F'a

11

We use QFT in flat spacetime

qb Jdco[u +u*a N

»+00

&Z)O = da)FwO(a))e_iw(”A_to)&Z, Alice
J0
r+00

AT — / —iw(rg—tg) AT

= O doF wé(a))e BB Bob

Proper time/frequency relation between Alice & Bob

| f(rB> T 1
I B f(’”A) :

e e —a e | — e — P — — — = —— e
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Propagation in (weakly) curved spacetime

5 “p Bob
C - 1 — i_M
Y Bob J(ra, rg) = _i
ol ’”A
»+00 |
&Z)O = da)FwO(a))e_’w(rA_to)&Z, Alice
J
»+00 |
al, ==\ doF, (e *"Wal,  Bob
J0O
> Alice wave packet as measured locally by Bob
) i,“ = = R T r
X~ =/f(ry, 1p) 4 n‘
Alice \/ Bob | (a)) \/f(”Aa ’”B) (\/f(’”Aa ”B)a)) 1}‘
| —— - —
IJ JULICH
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Propagation in (weakly) curved spacetime

It Is Important to note that “any” protocol operated
between Alice and Bob will result in the receiver (Bob)
to witness effects that depend on the overlap

of the two wave packets

+0o0
J dawF é)é(a))F 2;0(60)

™0
N
N\
N
\
N\
N
N\
\
N
N\
N\
\
N\
N\
N\
N\
N\
N\
| N

This overlap, for example, measures how well

Potential wave packet: Gaussian profile can we distinguish two single photons.
_ (@—awp)? (@ —aplH?
Fa)o(a)) — Ce 462  SEEEEEEEEEEEEER * F;)(/)(a)) — ){Ce 4()—2/)(2

A= <1FC’0/ | 1Fa)0>
x = \/f(’”AarB) ’
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Propagation in (weakly) curved spacetime

hysically viable results in the weak gravity regime:

F,(=Ce

1 — M y)
. ’B 2 @y
O = l <1 0K —o k1
1 _2M 02
IA
&m T&ﬁ— — o
4 — A~1 52
==y 802
Potential wave packet: Gaussian profile
, - In our case this occurs
(@0 — wq) (@ —awp/x7)
------------- * F;)(,)(a)) =)(C€ 462 /2
17 = \/f(ry, rp) 5~ 10719 @, ~4x10""Hz o~ 10°Hz
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Transformation induced by gravitational redshift

Q: what is the nature of the transformation?

/.

15
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Transformation induced by gravitational redshift

FIRST ASPECT

Can we distinguish between genuine distortion and rigid translation?




Transformation induced by gravitational redshift

)(60 Wy = )( (0 — @) 1

rrrrrrrrrrrrrrr
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Transformation induced by gravitational redshift

10— o

F’(a))w(,) =)(F( ) with ){20) — w, =)(2 (a) - 600) |

O

Locally perform
translations

9 JULICH

Forschungszentru m

18



Transformation induced by gravitational redshift

A— A= sz f(rz + Df(zly)e Wtz D—yl+z)

F(z) = (6)" "2 f(z)e "

+00
J' dwl ;)O(W)F o (@) , i
—oo 2= — Dzy+ oz
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Genuine distortion/rigid shift

*a

~/

A :

OPTIMIZE
5ZO pt(Z)

OBTAIN

Effective redshift (*)

Effective genuine deformation (**)
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Genuine distortion/rigid shift: effect of quantum coherence

We send two type of states:

Pure state: ﬁp = 1,)(1]

D
S

>
=

Mixed state: ﬁm “benchmark state”

IJ JULICH
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Genuine distortion/rigid shift: effect of quantum coherence

We send two type of states:

Pure state:  Pp = | 14)(14] Pp
Mixed state: ”m “benchmark state” om
~(n+1/2)o |
Window states |1,(0)) = dwe?°|1 )
J(n—1/2)0
Pp = Jda)da)'Fj(a))FA(a)') 11, 1] m Z Pan| 1,(0))(1,(0) |

Project on windows states
pa)a) pa)a)’ c oo and integrate phase P11 0 o
pp pa)a)/ pa)/a)/ o o o [Om O p22 e o o

Such that: | (1,,(0) ‘ﬁp| 1,00)) = (1,(0)| pm11,(0))

22
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Genuine distortion/rigid shift: effect of quantum coherence

We send two type of states:

x=1+0 G 74 74 N 2 9 4542(2)51
A G2 ~1 — ( 2 ) 2 =
5 < 1 P,OPY @_‘_8@ AN 1+ 1664

AGe | ~1— 62

m,opt
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Curved spacetime as a mode mixer

Extended photon

Va\

Ay, = deF wo(a))e_i‘/’(w)&w

SECOND ASPECT

The photonic operators are mixed linearly
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Curved spacetime as a mode mixer

Extended photon

Va\

Ay, = Ja’wF wo(a))e_i"’(w)&w

Gravitational redshift is:

*NOT a unitary transformation on sharp frequencies Cll\)(zw = lA]T( )()&wlA]( )

* a unitary transformation on finite-bandwidth photons Awé =U T()()Awoﬁ )

@) JULICH
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Curved spacetime as a mode mixer

Extended photon

b
1
2>
1

o deF wo(a))e_i"’(w)&w

doF o (@)e AR

>
(\®)

|I

2>

1

~

X':=U'(x)XU(x) =U(x)X.

A\

X=(@A,...,Ay,...)7

UG)U () = 1
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Curved spacetime as a mode mixer

Extended photon

VaN

Ay, = deF wo(a))e_i‘/’(w)&w

A = |doF @O(a))e_i’p(a’)&w

CHCp —CPSp Cyhy — SeSyy —Ch S¢Sy 1 SeCyp
U = Sé Ce Cop C S
—S9 Cp SPSpCyh — CPSyy  S§ S¢Sy + CHCy

cos 0 cos ¢ = (F(:,{),Fw0> ,
cos ¢ cost) = (Fé,(r),Fa)(,) ,
sin ¢ =|(FL , Fu)|- 9 JULICH

Forschungszentrum

27



Curved spacetime as a mode mixer

Extended photon

>
1

dwF @O(a))e —ip@)g

JdcoF o, (@)e —W@lg

),

|10,
| 13,)

10,) —
|042> Ll
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U(y)

Pe(X) =poooo
+p1010

P2011

P2001

-

-
DO

DO

(-

-

O

-

(—
(—

-

DN

(-

/.

+ P2020
+ p1111

+ h.c.
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JULICH

Forschungszentrum




Curved spacetime as a mode mixer

Extended photon

JdcoF o, (@)e —W@lg

dwF @O(a))e _iV?(w)cAzw

j150)
|15,)
|041> — l?(,()
10,) —{10,) frmm
=G U

Engineer all parameters
to selectively have:

Hong-Ou-Mandel interference: Purely quantum
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Pe(X) =poooo
+p1010

P2001

P2011 |25

=
-

+ pPo1o1

po211|U2PLL|
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/.
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Sensing

Q: what can we use this effect for?

9 JULICH
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Curved spacetime as a mode mixer

Quantum metrology

U(y) X F A 1 - \/ F 0,.0+d0
[v0) - |y©) = UO) | y) - F(w), [w)) - O = lim 8 :
(Quantum) channel state fidelity Fisher info. do—0 do
1 |
AG > [
\/ N (6) -
\l//o> w
s
[

lwi(0) = UCx) lwp)

Idea: exploit quantum vs. classical advantages

* Types of states (e.g., squeezed states of light)
* Types of measurements (global quantum) IJ JULICH
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Limits to domain of applicability

Q: do all redshifts lead to effective
transformations as described above?

(Credit to Nils Leber (BSc) @ Universitat des Saarlandes)
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Beyond multimode mixing

One mode 49 = cosOa + sinfb

0=20

y=1+0

............. > I(F'|F)| =1

Alice

a(f) =cosfa+sinba,

33
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Beyond multimode mixing

One mode

r 5< 1
I’ %
Q)

34

y=1+0

[(F'|F)|=1-6"
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Beyond multimode mixing

One mode

r 5< 1
I’ %
Q)

35

y=1+0

[(F'|F)|=1-6"

[(F'IF)|=p <1
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Beyond multimode mixing

One mode

r 5< 1
I’ %
Q)

36

y=1+0

[(F'|F)|=1-6"

[(F'IF)|=p <1

(F'|F)|=p<1]
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Beyond multimode mixing

One mode

0K 1

y=1+0

[(F'|F)|=1-6"

[(F'IF)|=p <1

(F'|F)|=p<1]

[(F'1F)| =0

rrrrrrrrrrrrrrr



Beyond multimode mixing

One mode =146

Uly) ~ (1+ia5 1bo ) U, = (F'| F)

b6 14+icod
Uyl =/1- [(F'IF)

p = |{F'|F)|
0 .= arg(F'|F)

p ei¢\/1—p2
i Vv ONE MODE

UpU'(y) =1+ 0(5°)

rrrrrrrrrrrrrrr
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Bob

Beyond multimode mixing

Two modes

0=20

Alice

39

y=1+0

[CEu F) | = O
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Bob

Beyond multimode mixing

Two modes
ko h 5 < 1
I’ L’
4),

40

y=1+0

| <Fr/z | Fm> | = (1 - anméz)énm
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Bob

Beyond multimode mixing

Two modes
ko h 5 < 1
I’ L’
4),
Alice
Fi ‘% o <1
A VAN =
4),
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y=1+0

| <Fr/z | Fm> | = (1 - anméz)énm
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Bob

Beyond multimode mixing

Two modes

ki k 5 < 1
>

42

y=1+0

‘(Fr/lem>| = (1 - anméz)én
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m



Bob

Beyond multimode mixing

Two modes
i h 5 < 1
> A_Q—.
Q)
Alice
ki k2 5 <1
> _&A_—,
Q)
Fi F 5> 1
.>
AL’ a)
, o> 1
F ,
I [ 1 2

y=1+0

‘(Fr/lem>| = (1 - anméz)én

[(Ful )| =0

rrrrrrrrrrrrrrr
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Beyond multimode mixing

Two modes

y=14+0
F F
o0k 1 1 +ia,,6 0 iay30 U =(F|F,6) n=12
! S ! 5 ) U(y) ~ 0 1 +ia,,0 10530
o —iad  —iayd 1 +iags| | Us| = \/1 — U, 1” = U,
[ F, o F 5<1 ‘U3n‘5\/1_‘U1n‘2—|U2n|2
L} Q)
TWO MODES
[ Fi F 5> 1 x
AL} a)
0 0 e U U (y) =1+ 0(5%)
[ R F Up~| o o .

Forschungszentrum
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U(y) = (

Beyond multimode mixing

Conclusion
One mode Two or more modes
i
C(.)S (9()() € " S1i 9()() U()() ~ 1+ iU(1)5
—e %sinf(y)  cosO(y)
For small redshifts For small redshifts

For all redshifts

x For all redshifts

45
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Limits to domain of applicability

Q: do all redshifts lead to effective transformations as described above?
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Limits to domain of applicability

Q: do all redshifts lead to effective transformations as described above?

A: No

rrrrrrrrrrrrrrr
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Limits to domain of applicability

Q: do all redshifts lead to effective transformations as described above?

A: No

Solutions: not clear what process is occurring for very large redshifts

lJ JULICH
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Limits to domain of applicability

Considerations

Q1: where does the energy go (redshift) or come from (blueshift)?

Q2: for large energy loss, which transformation beyond mode-mixing applies?
Q3: do we need to consider the (quantum) dynamics of gravity?

lJ JULICH
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Conclusions and Outlook

We studied the action of gravitational redshift on modes of light.

In particular we:
 Computed the effects of deformation of wave packets
 Determined the rigid shift of wave packets (“redshift”)
* Obtained genuine deformation of wave packets
* Modelled the transformation as mode-mixer for realistic photons
* Predicted quantum interference due to propagation
* Encountered limitation to domain of validity
Future ambitions:
* Strengthen the theoretical understanding
* Propose for tests with cubesats/nanosatellites

* Develop applications for sensing ’J JULICH
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