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Abstract: The implementation of optical astronomical interferometry presents several technical challenges, such as establishing a shared reference
frame and conducting nonlocal measurements. This presentation aims to establish a connection between the theoretical framework developed in
guantum information science and the schemes employed in astronomical interferometry. Our discussion will focus on the trade-offs between
required resource and operational performance. We will categorize these methods into three types: nonlocal schemes, local schemes with areference
frame, and local schemes operating without a reference frame. By using this interdisciplinary connection, we also explore a generalized intensity
interferometer. This approach achieves performance levels comparable to traditional intensity interferometers but introduces interesting fundamental
distinctions.
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Outline

* Review of astronomical interferometer
» Two difficulties of optical astronomical interferometer and the classification

* A generalized intensity interferometer with two temporal modes
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Intensities

Resolution limit of imaging system

RaVIEigh’S ||m|t Intensity
The size of lens will limit the resolution of imaging
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Another type of imaging method: Interferometric imaging
Physica 5, 785 (1938).

Van Cittert-Zernike theorem: coherence between signals from different
telescopes is related to the Fourier components of the source.

g= / dzI(z)et*®, ] delI(z) =1

Image (1)

. . . . Fourier
Reconstructed image is again the convolution between I(a:) and

) Component
an effective PSF *

(@) = (U1 e ) Baseline

[ - . m -m‘, N -

Effective PSF is determined by incomplete sampling of the Fourier
components. Resolution is roughly determined by the longest
baseline.

Resolution:

6~1/D ) 1/B 4

Very Large Array (VLA)
Credit: NRAO/AUI/NSF
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Radio interferometer array

Radio frequency images of black holes

-

AplL 930, L12 (’

AplL 875, L1 (2019)

Electromagnetic field is recorded locally.
Interference is achieved by data postprocessing on a computer.

R1(t) = E cos(wt) Ry(t) = Ecos(w(t — 7))

[R1(t) + Re(t)|* = |R1(t)|* + |Ra(t)|” + 2Re(Ra(t)" Ra(?))

R1(t)Ry(t) = E? cos(wt) cos(w(t — 7)) = %EQ [cos(w(2t — 7)) + cos(wT)]
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Optical Interferometers

Shorter wavelength-> Better resolution 0~A/B

In optical wavelength, there are at least two important difference:

1. Mean photon number per mode is much smaller

State of the source: I

ps = (1 — o0 + oV T O(&)

-

Vacuum
P = 10405) (0405
3 P 4 L3
No photbns at No photons at
telescope A telescope B

Mean photon number of stellar light per temporal mode at optical wavelengths ¢ < 1

2. It is hard to have a phase reference since the electromagnetic field oscillates too fast.
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Quantum Estimation Theory

Lower bounds of estimating unknown parameters for given probes and
encoding process can be calculated.

Classical Cramer-Rao bound Quantum Cramer-Rao bound

562 1VFGTP.5) 2 VK@)
Fisher informatibﬂﬁﬂtFl) Quantum Flsher information (QFI)
Cb Unknown parameter
0@ Variance of the estimation
P POVM

A

0 Probe state

Kay, S. M., Fundamentals of statistical signal processing. Prentice Hall PTR, 1993.
Braunstein, S. L., & Caves, C. M. Phys. Rev. Lett., 72(22), 3439. (1994).
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Quantum Estimation Theory

Lower bounds of estimating unknown parameters for given probes and
encoding process can be calculated.

Classical Cramer-Rao bound Quantum Cramer-Rao bound

592 1/VFG 7.7 2 1 VEG7)
Fisher informatibﬂﬁﬂtFl) Quantum Flsher information (QFI)
Cb Unknown parameter
0@ Variance of the estimation
P POVM

A

0 Probe state

Kay, S. M., Fundamentals of statistical signal processing. Prentice Hall PTR, 1993.
Braunstein, S. L., & Caves, C. M. Phys. Rev. Lett., 72(22), 3439. (1994).
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Local scheme for weak thermal source performs worse than nonlocal scheme

Define local scheme as the ones performed using local operations with classical communication (LOCC)

without entanglement.
Define nonlocal scheme as the scheme which is not local scheme.

For the estimation of coherence function by measuring the weak thermal light

ps = (1 — )p? + epl) + O(?)
Mean photon number of stellar light per temporal mode at optical wavelengths ¢ < 1

Fisher information .
Nonlocal scheme F ~ O(e)

Local scheme F ~ O(é)

Intuitively, this is due to the vacuum noise
Estimating the phase requires projection onto  |+) = (|0) = [1))/Vv/2

Single photon
6:(]441]3‘ 51 A0
a1 [1 g]UAlB}‘*

Ps™ = 9 |g* 1{/140R) [M. Tsang, PRL (2011)]

Detect whether the state is vacuum project onto |0, |1)
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Reference frame problem from the perspective of quantum information

astronomical  ((@%

Sauiee
* If the phase reference frame of telescopes A and B are
related by A

— zqﬁﬁ, "4 [4
* Alack of shared reference frame means (;') is unknown. em s L1y
A B
* This implies a superselection rule: coherence between
bases of different photon number is not allowed. [S. D. Bartlett et al., RMP (2007)]

-]

. No photon at A 1 photon at A
* Without a shared reference frame, \ o

if the state at telescope Ais  [¢p) = |+), = (|0), + |1),)/V2

it is described at telescope Bas [ g—fl}(cb) ) (| T(P)t = (|0) (0], + |1) (1] ,)/2
—> decoherence effect

—> Operations can only be done within a decoherence-free subspace

(¥a]
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Three types of astronomical interferometer

We introduced the perspective of reference frame of these existing schemes in additional to local and

nonlocal scheme.

Local scheme with
shared phase reference

2
Figlig) x €

-

Worse by a factor of €

Worse by a factor of |g|2

Nonlocal scheme

o
Fig|lg| x €

Local scheme without 1
(0alp
shared phase reference 1
1
F x €2|g|? (L) = =
gllgl g
pS 2 g*
ekl

Worse by a factor of E‘g|2

<.'|_ 4073

g ‘(.),.1 1
1 |l__..1 0

= f deI(z)eie, / A1) =1

For general extended sources |9/ <1

We will discuss each of these three types and see how each scheme solves the problem of reference frame.
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Nonlocal scheme

Bring the photons together
(conventional method)

astronomical (@3

/ source

Use entanglement

astronomical (@

©
A4

i'i 4 ¥ ”,
/ © ‘@
D (8
/ = = /
/ |
‘." A B ,‘F

No reference state needed

[J. D. Monnier, Rep. Prog. Phys. (2003)]
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Uses entanglement
Requires shared reference state

[D. Gottesman et al., PRL (2012)]
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Quantum-network-based scheme astronomical  ((@3

source
Reference state

Single photons generated by a lab p; are distributed to the two

(3
telescopes as a reference state (uses entanglement resources)
pr= ) (W] |y = (1004 (L) g + 1) 4 100 5)/ V2

[D. Gottesman et al., PRL (2012)]

Composite system

1 ) )
op—t| L5 e o,
s [ A g*€a5 :-gjgli__l__l Il ‘1506)}1 ‘0513>B
_g*e*‘?{-" ge® 1 1] |1115) 4 |0:05) 5 Cite eric's paper for this extension?

Within a decoherence-free subspace

Ps
PN
Lab mode S’gellar mode
/ Dia g ED 1B
« ¥
_1_ - in_ji_ ge_?ié |0508 A ‘1118 B pl
(}

Performance is comparable to the conventional method. F = O(e) [M. Tsang, PRL (2011)]

But half of the stellar photons are wasted because they are not brought into the decoherence-free subspace.
It is possible to expand the decoherence-free subspace with more lab photons. [R. Czupryniak, PRA (2022)]

12
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Local scheme with shared reference state astronomical  ((@)

/ source
Reference state

/ ©
A separable reference state (no entanglement) is distributed / ﬂ
to the two telescopes / A

()4 =204+ +72120 4+ Dsa
[D. D., Hale, et al. ApJ (2000).] Iafg# N -;|<;f>
phase locke

Composite system

DlA
within a decoherence-free subspace

P o e o o e e e e o

& "k |
Ug(ay1101) 4 + by0 (10} 4) —:_87’_¢J(a71 01) 4 + b0 [10) 4)
globzﬂ phase

Performance is worse than the conventional method in the lossless case because we cannot
distinguish vacuum terms in astronomical light without using entanglement F = 0O(%)
[M. Tsang, PRL {2011)]
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Local scheme without shared reference frame: Intensity interferometer

For the weak thermal state,

astronomical  ((@%

source

w

e

;.

,

The intensity interferometer (in the weak limit) is described by the
projection onto |1415)
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The probability distribution depends on the absolute value of coherence function.

Since the POVM has only one term, it naturally stay in the decoherence-free subspace
and can be implemented locally.
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Quantum communication without shared reference state

In quantum communication, without a reference frame, information

cannot be encoded in the subspace spanned by {10),|1)}
S\
Alice }@(J ® - O Bob
If Alice prepares Bob will describe the state as
%) =al0) +b]1) p = |al*]0) O] +[b]* 1) (1

- Quantum communication is not possible using a single mode with at most one photon.

If we encode the information with two modes

/ﬁ
AIiceGhJ 00 OBob

If Alice prepares Bob will describe the state as
-~ =
) = a|10) +b6[01)  Uy(a|10) +b|01)) 5'e"®(a|10) + b[01))
Global phase

- The state is within a decoherence-free subspace

S. D. Bartlett et al., RMP, (2007)

Pirsa: 24030100 Page 17/23



A new astronomical interferometer scheme without shared reference state

Reference state

used as reference states for each other.

* No distributed reference states. Identical stellar photons are

First temporal

Composite system
mode BN

1
Ps1 ®1082 — Z
g

Within a decoherence-free subspace

)

, |Q’2-:9 10115 )
gl2 1 Vg |]1102),]0:112)

)

Second temporal

y ‘4_,_,/-mode
1 g__g_ g°710:02) 4 |1112)

)
>A|1102 B
)
)

200 g 11 [1112) ,]0102)

astronomical (@ D

/ source

e (&)
,-/ L"’“ tﬁh!“; r/
iﬂf A B il"f
Psl <C>— o) Ps1
Ps2 Pa2
syncgrflnmzmg synchronizing
elay 1 4 |, 4 — delay

Dlﬂg ngB

Performance is worse than schemes with shared reference states or entanglement resources.
Stellar photons do not have full coherence between two telescopes. They are imperfect reference states for

each other, which degrades the sensitivity. (Fisher information has additional factor of |g|?2.)

The closure phase can be measured in the same fashion.

To measure the phase of the coherence function, use three identical stellar photons p§3 and three telescopes.

16
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Comparison with the conventional intensity interferometer

astronomical (@3 astronomical (@
source source
paB = (1 —¢c—€2)|040g) (0405
/ 7 - / v
@ @ = +10 Y {(140p| 4+ g|1408) {041
/ ;gﬁ& Q‘E / Qﬁ, (11408) (140B| + g[1408) {04l5|
/ — f = w +g |0A]-B> (lAOB|+|0AlB> <0A]-B|)
.‘/ A S 78,, ,J/ A
@- S 1+|g\ ) [ Lals) (Lals] -
synchronizing <C> @synchronizing
delay 1 N b J delay g D g D
DQA DQB A B
wd P
Dmg gD]B The information for a conventional

intensity interferometer comes from
the two photon terms within one
temporal mode.

The information for our scheme comes
from the one photon terms for each of

two temporal modes. 5

1+|g2) !mprove by a factor of 2 P = %(1 +1g1%) F = O(’|g|*)
but use two copies

2
P=5(
2

L=

In the weak source limit, the two scheme has the same performance for imaging thermal sources. -
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An artificial example: imaging of antibunching source

The performance of conventional and generalized intensity interferometer can be different when the source
is antibunching.

PAB = (1 —Ei— 62) |0AUB) (OAOB| :*Tc—r:
- ee'e ® 000 @9 000 © © ¢ 00 & @ @

<= §(|1A0B) (1408|+ g(140B) (0413| L
00 10 @ 000 @ 00 @ ©@ 00 ® @ 0 ©

+ g* [0418) (1405| 4+ [0415) (0415]) = '

2 e, © e0 @ o 0089 @ 00 000 00
P = 4. 1 I t

Photon detections as function of time for a) antibunched, b) random, and c) bunched light

Conventional intensity interferometer

POVM [1alg) Probability P =o(c?) Fisher information  F = o(¢?)

Generalized intensity interferometer

) N 1
POVM  i1.2) = 5(10112) & [1102))4 @ (0112) + [1102)) 5, Probability P 5 = 162(1 + [g[*)
Iy = 1) (W1 + |2} (W2l
] L . 2¢%|g]?
[Ys.4) = §(|0112> +11102)) 4 ® (|0112) F [1102)) B, ARG Flatlot = S gl

Iz = [¢3) (3| + [} (¥ul,

18
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An artificial example: imaging of antibunching source

It is even possible to observe a superresolution for the generalized interferometer while imaging
antibunching source

-]

1
Probability Pis = 162(1 + |g/?)
Separation between two point sources

If we are imaging two antibunching point sources. g = ¢ cos ¢, ¢ =kX

In the case two point sources are close to each other, we have x -0 |g|— 1

The Fisher information p_ K cos’(kX) | 4R
3+cos(2kX) x4

‘X 50

If we consider the conventional nonlocal scheme,

o) TSN
ck® cos*(8 + 0) sin”(kX) S

€
= = F =
P2 2 (1 £ 19| cos(6 +9)) —1+ cos?(d + 6) cos?(kX)

If these three conditions are satisfied: (1) source is antibunching (2) Separation approaches zero faster
than € (3) The nonlocal measurement cannot have prior knowledge of the phase of coherence function,
our scheme performs even better than a nonlocal scheme.

19
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Compare with another generalized of intensity interferometer

P Stankus et al. arXiv:2010.09100v6

They consider a generalization with spatially separated two sources sousce 1 O
while our generalization considers temporally separated modes.

They are considering the thermal states p: ® p»
pr2=(1—€e—€")]040p) (0405
€
+ §(|1AOB) (140B| + 91,2 [140B) (041B| + 97 210418) {1405| +|0415) (0alp]) O\ /-

o

€
+ Z(l + |91,2|2) |1AlB> (lAlBl + -

b

Beam
Splitter

POVM |£%) = (|014124) £ |114024))(|018125) £ [115025))/2

agn 2
Probability  p(y4)— p(——) - ;—6(4+ 19112 + 19212 + 9195 + gt g2)

€2

P(+—)=P(—+) = =4+ |q1]* + |921* — 9195 — 97 92)

In comparison, our scheme considers p®2

The label 1,2 in our POVM means temporal modes
2
|£+) = (|014124) £ [114024))(|018128) + [118028))/2 P(++) = P(——) = %(1 +g]?)
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Local scheme with Local scheme without

shared phase reference shared phase reference
Summary

2 Zioe
Flg)lg| ox € o Figlig| ¢ €°lg]

Worse by a factor of |¢|

We introduce a new perspective of reference ‘
frame and classify the astronomical interferometer Rkl RRERReies Worse by afector of elg]"
accordingly. The Fisher information of local scheme
with/without reference frame can differ by a factoi
of |g|"2.

Nonlocal scheme

FlyHy\ xX €

astronomical (@)
source

We introduce a generalized intensity
interferometer, which uses the single photon term
of two temporal modes. The performance can be
superior for antibunching sources.

N

PN
\i’/synchronizing
A delay
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