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ABSTRACT

Motivated by the recent interest and publications in the quantum arena concerning possible
improvements to Optical Very Long Baseline Interferometry (OVLBI), we have undertaken a survey and
comparative analysis of a number of possible OVLBI architectures, both classical and quantum enabled.
We assess here the feasibility and potential performance of them all, discussing a number of real-world
considerations that must be taken into account. We also propose several technology-development paths that
might lead to improved OVLBI performance.

As a brief summary, here are some of the main points of the report:

The Gottesman et al. quantum-inspired OVLBI approach ([1],[2], to be called GJC here,) gives
intrinsically slightly poorer performance than the standard classical approach, and the losses due
to any optical transmissions have the same effect in both approaches.

The GJC approach proposes making measurements over very wide bands (tens to hundreds of
terahertz) one time-bandwidth slot at a time, an enormous speed. They observe that this can
theoretically be done losslessly, even over lossy transmission media, using a quantum network.
However, such a system would need to run even faster than that.

The Khabiboulline et al. quantum-inspired OVLBI approach ([3], [4], to be called KBAGL here,)
which depends on a quantum network, has potential performance better than the standard
classical approach, and requires a much lower bandwidth quantum network than GJC. As a
tradeoff, it requires enormous speed for its memory operations and quantum logic.

For particularly bright objects, though, a space-based KBdGL approach might be less daunting.

There is a purely classical, much simpler approach that achieves the same intrinsic performance
as KBAGL, but it requires optical transmission, which might be lossy. An OVLBI designer would
need to trade off both intrinsic and implementational losses to find the highest performance
design.

Both KBdGL and its classical counterpart lack a means for including corrections for turbulence
and calibration errors, a problem that has been largely solved for the standard approach.

All the investigated quantum-inspired approaches measure the huge time-bandwidth space one
temporal mode at a time. Even in medium-brightness objects, there will be on the order of 100
million empty bins for every successful photon detection, which makes the engineering difficult.

Quantum memories are central to both the quantum-inspired approaches. A huge parallel
construction of narrow-band, wavelength-separated memories would be required for all the
proposed concepts.

Operating the OVLBI classically but in the fiber telecom bands, using state-of-the-art
components, may actually give improved performance plus allow longer baselines.



This page intentionally left blank.



TABLE OF CONTENTS

Abstract
List of Hlustrations

INTRODUCTION AND BRIEF HISTORY OF VLBI

DESIRED PERFORMANCE

SOME EXISTING OVLBI SYSTEMS

3.1 Naval Precision Optical Interferometer (NPOI)
3.2 CHARA (Center for High Angular Resolution Astronomy)

SIMPLIFIED CONCEPT OF OVLBI

MAJOR ARCHITECTURE TRADEOFF — 1 - CORRELATIONS VS. FIELDS

5.1 Introduction of Mathematical Models
5.2 Pairwise Interferometric Processing: van Cittert-Zernike Theory
5.3 Field Processing

MAJOR ARCHITECTURE TRADEOFF — 2 — LOCAL VS. NON-LOCAL PROCESSING

6.1 Local Classical Processing
6.2 Two-Photon/Hanbury-Brown and Twiss Intensity Interferometer
6.3 Non-local Classical Processing

MAJOR ARCHITECTURE TRADEOFF — 3 — CLASSICAL VS. QUANTUM-ENABLED

7.1 Classical
7.2 Quantum Enabled
7.3 How Many Photons?

Page

10

11

13

13
13
15

17

17
18
18

21

21
21
26



10.

11.

12.

13.

14.

15.

TABLE OF CONTENTS
(Continued)

PERFORMANCE ANALYSIS RESULTS

8.1 Pairwise Measurement SNR — Classical Direct Detection
8.2  Pairwise Measurement SNR — Classical Heterodyne
8.3 Pairwise Measurement SNR — GJC

IMAGE CREATION

9.1 Correlation-Based Image Creation

9.2 Array Geometry Requirements

9.3 Field-Based Image Creation

9.4 Field-Based Image Performance

9.5 Quantum-Inspired Classical Field-Based Image Creation
9.6 Turbulence and Calibration

SIZING/PERFORMANCE EXAMPLES

THE GJC/KBAGL APPROACHES — DISCUSSION AND SUMMARY

11.1 (a) Intrinsic SNR Assessment
11.2 (b) Baseline Length Assessment

OTHER OVLBI REQUIRED SUBSYSTEMS — CLASSICAL AND QUANTUM

QUANTUM MEMORIES

13.1 Quantum Memory Banks
13.2 Coherent Quantum Memories
13.3 Quantum Memory CNOTSs and Scaling for VLBI

SUMMARY AND SUGGESTIONS

REFERENCES

Vi

Page

33

33
34
34

37

37
38
39
42
43
44

47

51

51
52

53

55

55
56
58

59

60



TABLE OF CONTENTS
(Continued)

Page

APPENDIX 1 - MATHEMATICAL MODEL 65

APPENDIX 2 - MATHEMATICAL ANALYSIS OF FAR-FIELD CORRELATIONS — THE VAN
CITTERT-ZERNIKE THEORY 73

APPENDIX 3 - MATHEMATICAL ANALYSIS OF (DIRTY) IMAGE GENERATION VIA

CLASSICAL FIELD-TRANSFORMATION 77
APPENDIX 4 — SIMPLIFIED QUANTUM ANALYSIS OF GJC - BINARY 79
APPENDIX 5 — SIMPLIFIED QUANTUM ANALYSIS OF GJC — M-ARY 83
APPENDIX 6 — PERFORMANCE ANALYSIS OF VC-Z WITH DIRECT DETECTION 85

APPENDIX 7 — PERFORMANCE ANALYSIS OF VC-Z WITH HETERODYNE DETECTION 87

APPENDIX 8 - PERFORMANCE ANALYSIS OF VC-Z WITH GJC MEASUREMENTS 89
APPENDIX 9 — QUANTUM LOGIC ANALYSIS OF KBdGL HERALDING 91
APPENDIX 10 - QUANTUM LOGIC ANALYSIS OF KBdAGL MEMORY COMPRESSION 93
APPENDIX 11 — PERFORMANCE ANALYSIS OF (DIRTY) IMAGE FORMATION 95
APPENDIX 12 — CALCULATION OF (DIRTY) IMAGE FORMATION FROM QFT 97

APPENDIX 13 — CALIBRATION ANALYSIS OF (DIRTY) IMAGE FORMATION FROM FIELD
TRANSFORMS 99

Vil



This page intentionally left blank.



Figure
No.

2a

2b

10
11
12
13
14

15

LIST OF ILLUSTRATIONS

Desired angular imaging resolution.

Diffraction-limited resolution vs. wavelength as a function of maximum baseline
distances, with several existing VLBI systems. Also note the black body radiation of
the sun.

Diffraction-limited resolution vs. wavelength and some future design goals.

Above - Photon flux density from a black body source with “apparent magnitude” zero,
corresponding to Vega. Also shown (in red) is flux as transmitted through a typical
atmosphere, all with the optical band definitions ([21].) Below — Translation from nm
(pm) of wavelength to GHz of bandwidth.

Typical apparent magnitude ranges for classes of objects.

NPOI layout.

CHARA array.

Depiction of an interferometric array.

Major parts of OVLBI.

Left: NPOI static delay lines; right: CHARA variable delay lines.
Flow diagrams for two imaging approaches: vC-Z and field-transformed.
Heterodyne, “local” architecture.

Hanbury-Brown and Twiss intensity interferometer.

Classical, standard pairwise direct detection approach.

The GJC architecture.

A quantum network-enabled GJC system.

Page

10
11
12
12
16
17
18
19
22

24



Figure
No.

16

17

18
19
20
21
22
23
24
25

26

27

28

29

A-2

LIST OF ILLUSTRATIONS
(Continued)

Depiction of success and timing in the two quantum network feeder paths, with delayed

readout.

Page

24

Photons/m?/temporal mode vs. wavelength (in nm) for a 10-th magnitude object (through

atmosphere).

KBdBL architecture.

Comparison of the GJC and KBdGL heralding approaches.

KBdGL data compression architecture.

Performing a 2-D DFT with multiple 1-D DFTs.

Transforming a 2-D DFT into a larger 1-D transformation.
Quantum-inspired classical field transforming.

Two approaches for implementing a unitary transformation on a PIC.
Example Photonic Integrated Circuit of an optical interferometer array.

Flux density and some relevant processing bands. The colored bands are the widely
used optical fiber bands.

Depiction of a parallel quantum network construction of a KBdGL system. Such a
system would need to have all the array telescopes on it.

Phase-coherent photon capture for VLBI is shown.
Heralding step for the array of quantum memories.
Geometry and math of the sky object and the telescope array.

Geometry of the planes of the sky object and the telescope array.

27

28

29

30

40

41

43

44

44

47

48

57

58

67

68



1. INTRODUCTION AND BRIEF HISTORY OF VLBI

Single aperture signal collectors, whether in radio or optical bands, when tasked with creating a 2-D
image, can provide angular resolution only inversely proportional to the aperture diameter. The rule of

thumb is that the smallest angular feature in a created image can be no smaller than % radians where A is the
wavelength and d is the aperture diameter. (This is the so-called diffraction limit.)

In the 19" and early 20" centuries, ([5], [6]) it was realized and demonstrated that interferometric
combining of two small (sub)apertures a distance D apart can actually provide a measurement of

phenomena at that narrow % angle. This coherent processing was understood to work even if the source of
the energy is spatially incoherent.

Then, since the 1930s, ([7], [8]) it was realized that similar pairwise interferometric measurements
between elements in a distributed aperture 2-D array can potentially be processed to provide a full 2-D

image with angular features as small as % where B is the longest baseling; i.e., B is the distance between the

antennas or telescopes. Although such a very sparse array obviously collects much less energy than a
potential single large aperture of that diameter, it can be designed so that enough energy can be collected
to perform adequately high-resolution imaging while having the chance of actually being feasible and
affordable.

The first single-aperture astronomical radio receivers were built and used in the 1930s to measure
single point sources, ([9], [10]) and the first radio interferometer was built in 1946 ([11].) But it took much
technological creativity and a major new technique for calibration ([12]) before the first radio
interferometric images were formed in 1967 ([13].) Since then, many developments have led to more and
more capable radio Very Long Baseline Interferometers (VLBIS) culminating in the recent global-scale
array—the Event Horizon Telescope (EHT), which famously produced an image in 2019 of a black hole

([14]).

In the optical bands, other than those initial stellar interferometers ([5], [6]) it was not until 1975
([15]) that Labeyrie was first able to take the outputs from two separate telescopes and interferometrically
combine them. Several years later, ([16], [17]) more practical methods were devised to lock the interference
fringes between telescopes, even as the Earth turns and the object moves in the sky. The infrared optical
bands were also considered ([18].) All that work set the stage for the present state of the art. (Some general
references include [26]-[31].)

Two of the largest existing optical arrays for OVLBI are the NPOI (Navy Prototype Optical
Interferometer, [20], 1994) and the CHARA (Center for High Angular Resolution Astronomy, [19],
completed 2003) array, each with maximum baselines over 300 meters.



Needless to say, it is a technological challenge to build arrays of even those sizes. (See [26]-[31] also
for general discussions of the relevant technologies.)

Relatively recently, there have been some OVLBI ideas using quantum techniques that have garnered
much attention in the quantum community. Gottesman et al. ([1],[2]) and then Khabiboulline et al. ([3], [4])
devised new protocols that, they claimed, have the potential to allow optical OVLBI to grow longer or
perhaps even to give improved signal-to-noise ratio (SNR) performance.

Over the past several years, our team at MIT Lincoln Laboratory has performed a study investigating
these claims. During the period of the study, quite a few detailed internal memoranda were written and
several lengthy summary briefings were prepared and given. This report summarizes all that work.

We first examine and quantify the phenomena we would like to be able to image. This will motivate
the sizing of a future array.

To assess and compare a number of classical and quantum architectures, we then present a
mathematical signal model that we use for calculating performance. Several performance metrics will be
presented. We will use that model to assess each proposed architecture as well as to motivate the several
basic imaging algorithms. We will also use it to introduce and assess the special signal processing required
to operate a large Earth-bound array, as well as a space-based one.

We then look at the designs of the proposed quantum approaches, and compare their potential
performance with classical techniques. We also size their technological needs.



2. DESIRED PERFORMANCE

We are interested in two basic classes of phenomena — near-Earth objects and Deep Space natural
phenomena. We can state, arbitrarily, that we would be interested in centimeter-class or better resolution
on images of structures at geosynchronous orbit. As can be seen in Figure 1, that corresponds to resolution
about 0.25 nrad. We also observe that Pluto has a diameter that corresponds to between 0.32 and 0.56 urad
as seen from Earth, so if we wanted to make an image with a resolution of, say, one-thousandth of that, we
would need an angular resolution similar to the GEO need. Of course, since we already have images of
Pluto, taken from near the planet, we would really like to look farther, and make images of the relatively
close exoplanets. The very nearest stars are known to be about 10*times farther than Pluto, and so putting
at least a few pixels across an image of such an object would need an angular resolution of at least
0.01 nrad.

In the figure, we can also observe that the EHT image of the black hole was stated to have a resolution
of about 25 micro-arcsec, which corresponds to about 0.1 nrad. The EHT team has also announced that they
would like to increase their maximum baseline by going to space, and so their goal is similar to our
exoplanet goal of 0.01 nrad.

We next investigate diffraction-limited resolution limits according to % , Where B is the longest

baseline, in frequencies from radio to optical. In Figure 2a, we show a range of resolution over these
wavelengths, with baselines from one meter to one million kilometers. On this chart, we have placed the
two OVLBI systems mentioned above ([19], [20]) as well as several radio-wave VLBI systems. Then, in
Figure 2b, we augment that chart with the desired future resolutions. We can see that our goal for an optical
system is at least several kilometers, if not many tens of kilometers.
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We will also be interested in the range of brightnesses of interesting objects. In Figure 3, we show
black body radiation from an object with “apparent magnitude” zero, corresponding to the brightness of
Vega. Apparent magnitude is a reverse-logarithmic scale with each defined magnitude being exactly
4.0 dB dimmer. My is that magnitude defined in the optical VV-band, shown in the figure.

Some approximate ranges of the brightnesses of interesting objects are shown in Figure 4, including
many geosynchronous Earth orbit (GEO) objects and various astronomical objects. We will use Figures 3
and 4 in assessing the performance of arrays.
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3. SOME EXISTING OVLBI SYSTEMS

3.1 NAVAL PRECISION OPTICAL INTERFEROMETER (NPOI)

437 m (goal) s

Figure 5. NPOI layout.

The NPOIl—originally known as the NPOI, and then the Navy Optical Interferometer, but now known
as the Kenneth J Johnston Navy Precision Optical Interferometer (still NPOI)—is situated in Flagstaff, AZ.
It is only partially filled. It includes 0.5 m, 1.4 m, and 1.8 m telescopes and operates in V, R, and | bands.
Its longest operational baseline to date is 89 meters although the goal is 437 meters.



3.2 CHARA (CENTER FOR HIGH ANGULAR RESOLUTION ASTRONOMY)

Figure 6. CHARA array.

The CHARA array is situated on Mt. Wilson, California, and is owned by Georgia State University.
It consists of six one-meter telescopes with baselines from 31 m to 331 m and operates inthe V, R, I, J, H,
and K bands.
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4. SIMPLIFIED CONCEPT OF OVLBI

2-D Source Intensity (goal of imaging)

. Telescopes at multiple spacings and angles
COe= O (wavelength-dependent “baselines”; “u-v plane”)

Multiple correlatio
" ]

x‘%elay varied to keep two total paths exactly matched
(interferometric)

Figure 7. Depiction of an interferometric array.

In Figure 7, we depict a celestial 2-D source. All the telescopes in the array aim at its center. (We will
be assuming that the telescopes are too small to resolve any details on the object, and so they all point at
the dot in the sky that is the object.) They are placed at various positions on the array. The telescopes from
each pair sends their light to a central place, where interference fringes are to be formed. In order for that
to happen, the total light paths, from the source through the telescopes to the interferometer, must be
matched (to within the coherence length of the bandwidth being examined) and then held steady to a fraction
of a wavelength during the measurement. Since the object might not be exactly overhead, the paths from
the two telescopes must have a delay added, and the delay must continuously vary as the object moves in
the sky. We can see that, for a long baseline, the variable delay must be able to vary by nearly that full
length. It must also be kept stable enough to find and lock onto interference fringes. Polarization must also
be maintained throughout.

We indicate in Figure 8 some of the required components—active adaptive optics systems so that the
beams from the separate telescopes are single spatial modes and thus can be interfered in that single spatial
mode; long fixed delays; long variable delays; fringe trackers; and various kinds of beam combiners.

The long fixed and variable delays need to transmit with as little loss as possible, as we will see in
our performance analyses. We know, though, that low-loss optical fiber is optimized for telecom
wavelengths, and not the V and R bands. For instance, a recent Corning spec sheet shows that their PM1550
fiber has 0.5 dB/km loss while their PM630 has 12 dB/km. For that reason, as well as the need to
compensate for any differential dispersion, present-day OVLBI systems send the beams through evacuated
pipes. Some examples of these are depicted in Figure 9.

11
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Camera

Figure 9. Left: NPOI static delay lines; right: CHARA variable delay lines.

The present simple designs would not easily be able to extend to multiple kilometers, and would
certainly incur appreciable loss. (We note that, as part of our study, we have investigated a design variant
where the beam pupils could be relayed every few hundred meters. Our analysis shows that such an
approach could extend the delay out to several kilometers with “only” perhaps 4 to 6 dB 10ss.)

12



5. MAJOR ARCHITECTURE TRADEOFF -1 - CORRELATIONS VS. FIELDS

51 INTRODUCTION OF MATHEMATICAL MODELS

We will now examine two basic approaches to array-based imaging: interferometric processing and
optical field processing. (They will both be needed in order to understand the two quantum-inspired
approaches.) To begin, we will create a single consistent mathematical model of the signals. (Most of the
details of the derivation are shown in Appendix 1.) We will first find a classical description. In the sequel,
we will find a quantum description.

The relation between the field as captured in telescope K in the array with the field as it is leaving the
sky object is (with some irrelevant terms removed—see (Al-22))

Ay _2TpKp
Ec) =YK a2pEpt)e 7 z )
<O =35 | apEpe

As described in Appendix 1, we have

p is the 2-D vector describing the position of the sky object in its plane, defined to be
centered at (0,0)

E(p,t) is the scalar field of the sky object in the plane of the object

Z is the distance from the sky object to the sub-object point on the Earth

P is the 2-D vector describing the position of the Kth telescope in the plane of the array
(See Figure A-1 and A-2)

Ay is the area of the Kth telescope

A is the center wavelength of the “quasimonochromatic” band of interest. Optical filtering
with center wavelength A and bandwidth Q<X is to be performed at the telescopes. Without
loss of generality, this filtering can be assumed to occur at the astronomical objects so that
the astronomical light can be modeled as quasimonochromatic on the carrier w, where
c=Awy/2m.

Ex (t) is the single-spatial-mode field as captured by the telescope

5.2 PAIRWISE INTERFEROMETRIC PROCESSING: VAN CITTERT-ZERNIKE THEORY

For interferometric and general imaging needs, we model the source field envelope as a zero-mean,
Gaussian random field that is completely characterized by its phase-insensitive correlation function, (see

(A1-8)

(E5(p,t + DE(p', ) = ENsI(P)R(D)S(p —p) @

where (. ) denotes ensemble average. Here:

13



e [;(p) = 0is the source’s (sky-centered) normalized spatial distribution.

e N is the source brightness (in photons/s-Hz);

e 6(p) = 8(x)8(y) is the 2-D delta function with dimension 1/m?;

e R (7) is the normalized temporal correlation function such that N¢R.(0) is the source’s
average photon flux, and NsI;(p)R(0) is its average photon flux density at location p and
time t.

The source’s associated dimensionless spectral density is then defined
Si(w) = f dtRs(1r)e T

which has bandwidth Q due to filtering as described earlier.

We can then calculate the correlation between the complex fields at telescopes k and j to find (see
A2-1)

2n(log|"~lp, | VAk4; 2n(pg—p))p,
(Ex"(t+DEj(0) =&~ 2z { 7 NSRS(T)} f d*p, I(p,)e™ Z 3)
As

This mutual coherence term is sometimes called the “visibility.” The out-front phase term is a very
small constant that can either be calculated and removed or merely ignored, so we find (see A2-2)

JAKA 21(py—p))P
(EK*(t)E](t)) = { 77 ]NsRS(O)} azp I,(p)e’~ 1z @

Calculating and removing or normalizing the term in brackets, we have the van Cittert-Zernike
(vC-Z) theorem ([7],[8], in its deep far-field quasimonochromatic version): the complex correlation
between the fields collected at two telescopes is proportional to the 2-D spatial Fourier transform of the
spatial distribution we want to image as calculated at a spatial frequency related to the vector between the
telescopes (i.e., the baseline.) From this observation, we are motivated to try to measure this correlation
value at many spatial frequencies (i.e., baselines) and then try to calculate an inverse (and discrete) 2-D
Fourier Transform to recover the image.

In Appendix 2, we walk through the steps of inverting this Fourier Transform. We first rewrite the
visibility, (4) (again, with T = 0 and with the bracketed term removed) in its 2-D form as

Ax;, Ay; “r. . Ax; Ay;
o(57) = | iemem n (S e acan ®)
where g(.,.) is the measured correlation; (4x;, 4yj,) are the x,y coordinates of the baseline between the

centers of telescopes j and k; I5(&,7n) is the source’s normalized distribution in angular coordinates; and
(&,7n) are the x, y coordinates of the angles to the sky object.

14



We then perform the Inverse Discretized Fourier Transform of this set of values for N telescopes to
get:

L=y Yo ol 20+ 524)

=7 TG {Z) B exp[jom (B¢ — €] + 221 — 71) |} dgan

Note that the summations are over the pairs of telescopes. Here we see the result of having only a
sparsely sampled set of Fourier-plane values. (This plane is sometimes called the u-v plane because in some

references, ( ik Ay —J) s defined as (u,v).) We will have calculated I, , often called the “dirty image,”

which is seen here to be the convolution of the correct image, I , with the term in brackets, commonly
known as the “dirty beam.”

Note also that, if there are N telescopes, then there are (g’ ) unique pairs, and there are thus (1;[ )

unique terms (plus their complex conjugates) as well as N identities in the double summation of the 2-D
Inverse Discretized Fourier Transform.

We will examine several ways to measure these correlations in the sequel. We will also examine the
calculation of the Fourier transform.

5.3 FIELD PROCESSING

As we will see, pairwise correlation of signals, followed by vC-Z -motivated Fourier transforming
constitute the standard classical VLBI approach. We can also observe, though, that equation (1) is

A Kk 7
Ec(t) = ﬁfﬂsdsz(poe A ")

which tells us that, similar to but different from the vC-Z theorem, the set of received fields at the telescopes
are samples of the spatial 2-D Fourier Transform of the field at the source. In Appendix 3, we find, first,
the Inverse Discretized Fourier Transform of this field (A3-3)

B0 =5 Be® e[ (25 +25)] ®
k

where the summation is over the telescopes. We can observe that, for an N-telescope array, this Inverse
Fourier Transform has only N terms in the sum.

We will be interested in the image, though, so we calculate the squared magnitudes of this
transformed field to find

15
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(As in (5),(6), we have omitted the bracketed term shown in (4).)

We have thus learned that there are two approaches to finding the interferometric dirty image: we can
first perform pairwise correlations, integrate these up over the measurement integral, and then take the
Inverse Discretized Fourier Transform; or we can first capture the 2-D fields and take their Inverse
Discretized Fourier Transform, find their square-law values, and then integrate those values up. These two

approaches are depicted in Figure 10.
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which is seen to be the same result as (6), the dirty image of the vC-Z approach. This is an important result.
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Figure 10. Flow diagrams for two imaging approaches: vC-Z and field-transformed.

Each approach has its pluses and minuses, which we will investigate further. And they will both be
shown to have analogs in the quantum-enabled approaches.
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6. MAJOR ARCHITECTURE TRADEOFF -2 - LOCAL VS. NON-LOCAL PROCESSING

6.1 LOCAL CLASSICAL PROCESSING

We will now briefly investigate architectures of so-called “local” processing and “non-local”
processing. (See [22] for a first-principles view.) By “local” processing, we mean that any manipulation of
the received electro-magnetic energy happens in or behind the telescope (or antenna,) and only the
measurement values are sent on classically to a central processor. The local processing method used by RF
VLBI systems is the heterodyne approach. In this, a single local oscillator (LO) is split and sent to each of
the telescopes. At each telescope, this (high signal power) LO is mixed with the incoming energy, and, at
the Nyquist frequency of the processor, measurements of the in-phase and quadrature values of the beat
signal are recorded. This architecture is depicted in Figure 11.
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Figure 11. Heterodyne, “local” architecture.

We show a controlled variable delay on the delivered LO, because we want the LO to arrive at all the
telescopes so that a received plane wave would produce a measured linear phase slope across the array. Of
course, this whole system could instead be implemented with locally generated oscillators that are
synchronized and time-offset somehow. We will see in the sequel that there are methods to correct any
near-constant phase errors as seen in the array of telescopes, so a system architect might opt to omit the
variable delay in a heterodyne system.

Since the measurement is made locally, the bandwidth that can be measured must be small enough
that the heterodyne beat signal is within the bandwidth of the detection and measurement system. Likely, a
very-wide band total measurement will need to be split into a number of parallel narrower-band and
simultaneous measurements.
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We see that we will have captured a replica of the fields at the telescopes. These can then either be
used to create pairwise correlations with vC-Z Inverse DFTSs, or they can be Inverse DFTed as fields with
processing as shown in Figure 10.

This heterodyne approach is also valid for optical bands, but we will see in our analysis sections that
it gives poor SNR performance there.

We can see that, since it is a known classical signal that is to be sent to the telescopes for their “local”
heterodyne measurements, that signal can be amplified before and/or after the transmission, and so losses
in the transmission are unimportant, although any added noise would need to be filtered out. Such a system
could then have very large baselines.

6.2 TWO-PHOTON/HANBURY-BROWN AND TWISS INTENSITY INTERFEROMETER

In 1956, Hanbury-Brown and Twiss ([23], [24], [25]) devised a method whereby direct detections are
performed locally, and the correlations of the measured photon detection statistics are performed non-
locally (see Figure 12). Their so-called “intensity interferometer” requires no phase reference, but only a
time reference. It is known that their approach does not work well on dim targets, though, since it requires
pairs of photons to be detected, and photons are known to be sparse for the kinds of targets we are interested

' - -

Correlator

Figure 12. Hanbury-Brown and Twiss intensity interferometer.

6.3 NON-LOCAL CLASSICAL PROCESSING
6.3.1 Classical Interferometer

Motivated by the van Cittert-Zernike formulas of Section 5.2, the standard method of VLBI in the
optical bands is non-local, pairwise interferometry. See Figure 13 for a depiction.
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In this approach, the received light signals from each pair of telescopes, spaced by some baseline, are
sent to a central location where they are interfered and photons are measured/counted. To perform
interferometry, both beams need to be in the same spatial mode, so either an active adaptive optics
subsystem must be part of each telescope, or the telescopes must be smaller than the atmosphere’s
coherence length. As mentioned earlier, the beamsplitter performing the interferometry needs to be
equidistant from the source via both paths. So if the object is not straight overhead and/or the central station
is not equally distant from the telescopes, one path from a telescope to the beamsplitter needs to have extra
delay inserted. For many hours of continuous measurement of a sky object from a rotating Earth, then, that
means that the inserted variable delay might need to grow to be almost as long as the delay itself. The
mechanism also needs to be stable enough that interference fringes are created and stay stable, even as the
system follows the sky object. We showed some real-world systems that accomplish this difficult task in

Figures 8 and 9.

-
N
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Figure 13. Classical, standard pairwise direct detection approach.

It is this complex non-local system that is generally lossy, thus seeming to preclude extensions of
OVLBI to multiple kilometer lengths.
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7. MAJOR ARCHITECTURE TRADEOFF — 3 - CLASSICAL VS. QUANTUM-
ENABLED

The third major architecture tradeoff finally brings us to the motivation for this study—the pure
classical approaches vs. several new approaches requiring quantum techniques.

7.1 CLASSICAL

All the approaches suggested so far have been “classical.” That is, processing of the received light
consists of undistorted transmission, beam-splitters, filtering, and detection. (We admit that we invoke
single-photon detectors which can be considered “quantum,” but they really just implement classical direct
detection operating in the most efficient way possible.) Any assisting light fields (such as local oscillators)
are also classical. That is, the heterodyne approach would use a narrow-line classical laser as the means of
both referencing the phase and providing a means of adding gain into the measurement of the weak signals.
Finally, and perhaps most importantly, the classical approaches do not depend on any entanglement
properties of pairs of signals.

7.2 QUANTUM ENABLED

In 2012, ([1], [2]) Gottesman, Jennewein, and Croke (GJC) proposed a quantum-enabled approach
for measuring the correlations required in the vC-Z approach. Motivated by this work, Khabiboulline,
Borregaard, De Greve, and Lukin (KBdGL) ([3], [4]), subsequently proposed a related approach, making
direct use of quantum memories. In this section, we will describe their approaches. In a later section, we
will investigate their performance, and compare them with the classical approaches.

The goals of both these approaches were to:

a) improve the SNR, and/or
b) allow longer baselines

We will create metrics to allow us to investigate if either or both of these goals can actually be
achieved.

7.2.1 The GJC Approach: Binary, Photonic Implementation

The GJC approach first presented a two-telescope concept. When the incoming light is very weak
(and we will quantify this property in the next section) one can approximately model the incoming, deep-
far-field signal as a tilted plane wave with at most one photon across the two telescopes in a particular time
bin and frequency window. The quantum signal at the two telescopes (when a photon is present in the array)
can thus be denoted
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The GJC concept is to transmit, in each possible time bin, an entangled qubit created by putting a
single photon into a beam splitter, resulting in a signal denoted

1 .
= [11)n10) gy + €°10) 1) rn]

This signal is sent across the “Network™ to the two telescopes as shown in Figure 14. These are
interfered with the incoming state in two beamsplitters. Both this approach and the classical approach of
Figure 13 are analyzed in Appendix 4. We observe that the classical approach is “non-local,” but the GJC
approach can be considered “local.”
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Figure 14. The GJC architecture.

There are four possible measurement results in each time bin in GJC:

1. Only one photon is measured (and it must have been from the network,) and so the time bin is
ignored

2. Two photons are measured on one side or the other, and that time bin is ignored (and this occurs
half the time that a sky photon is received)

3. One photon is measured on each side as ab or ba, with probability

(1 — [V cos(® — §))/2) (10)
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4. One photon is measured on each side as aa or bb, with probability (11)
(1 + |V]cos(® — 6))/2)

Also shown in Appendix 4 is the fact that these two probabilities are the same as in the classical case
of Figure 13, although the classical case does not have the 50% loss that the GJC case has.

7.2.2 The GJC Approach — Binary, Qubit Implementation

We can see that trying to send the entangled photons over a transmission line would result in losses
(whose performance we will quantify in the next section) very similar to the signal-transmission losses
inherent in the classical case shown in Figure 13. GJC states that this transmitted signal, encoded as an
entangled qubit could, instead, be sent losslessly (even over a lossy fiber) using quantum repeaters in a
quantum network. This would be possible if the qubit receivers at the two telescopes could independently
and then jointly herald the successful receptions of the entangled qubit. With quantum memories and the
capability to create and transmit the qubits at a rate higher than the measurement rate, this might, indeed,
be possible. A qubit in the form of the single, beam-split photon, however, cannot be independently heralded
at the two telescopes without giving away where the photon is or utilizing some other pre-distributed
entanglement.

One could, instead, transmit a polarization qubit such as VH or HV. Steps would be

1. Create and transmit

(lH)Lva)RN+ej8|V>LN|H>RN) /N2 (12)

2. Receive, herald the success of, and then store the photons in quantum memories

3. Using classical communications, compare the heralds and keep the qubits only if they both were
successful

4. Perform this fast enough so that, even after lost qubits, there are enough in memory to match the
desired measurement rate

5. Store the qubits until measurement time, when the VVH qubits are coherently read out and
translated into a sky-photon-matched optical qubit

(lO)LN|1>RN+ej6|1)LN|0)RN) /N2 (13)

and the GJC measurement is then performed.
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This concept is depicted in Figure 15. Such an approach would solve several problems: allow the
heralding required for the quantum repeater function, choose a transmission modality matched to the
guantum memory, and select wavelengths for the best network/memory design.

Classical communication

Qubit-to- a L Qubit-to- |
Quantum | | photon Quantum | | photon
Memory coherent % Memory coherent D—
A transformation A transformation
ctrl \ D_ ctrl \ I:
Phase and b b
timing ctrl
# Proc
A 4
Quantum Quantum Network
Processor

Figure 15. A quantum network-enabled GJC system.

In Figure 16, we depict how the timing of the quantum memories could be used to make use of
somewhat lossy transmission. Only when both telescopes have heralded the successful receipt of the qubit
do they make use of the entangled pair. Of course, the network and memories would need to run faster than
the measurements in order to make up for losses. Also, the memories would need to have a long enough
duration to deal with all the delays in the system, including the classical comparison of heralds.

Then, that wideband transmitted and stored qubit would need to be read out and transformed to a
lower-bandwidth (and carefully phase-controlled) sky photon. Almost certainly, the sky photons would
need to be narrow-band filtered and processed in a wavelength-division-multiplexed manner in order to
make measurements over a wide enough band to detect enough photons.

[ [

[ ] Received/heralded entangled qubits at telescope A

~

»

I ] Received/heralded entangled qubits at telescope B

| Entangled photon pairs

1 used in measurements

Figure 16. Depiction of success and timing in the two quantum network feeder paths, with delayed readout.



An interesting feature of this quantum memory bank approach is that all the variable delay-
compensation required by the array could be implemented with carefully and dynamically re-timed readouts
of the qubits in the quantum memories instead of physically delayed signals. This feature of adequately
large quantum memories could possibly result in a big cost-saving for OVLBI.

7.2.3 The GJC approach — M-ary

We saw that the GJC approach, using either photons or qubits, has an inherent 50% loss due to the
created photon “landing on” the same telescope as where the sky photon lands. GJC pointed out that this
loss could be reduced by sending the entangled qubit to more than two telescopes at a time. Similar to the
previous sections, this could be implemented either by

1. Creating a single photon and sending it through an M-ary splitter, denoted

1 , _ .
lp) = N [11,) + €1]1,) + €%2]1,) + €/%]1,) + -] (14)

where we let |1;) be the ket with a 1 at the k’th position and 0 elsewhere. This state is known as a
“W-state”. Or we can create, similar to our binary version,

2. an M-ary W-state dual-rail qubit such as

[|[HVVV ...) + &%t |[VHVV..) + &%2|VVHV..) + -] (15)

1
|<P>=\/—M

Similar to the binary quantum network case, these would all need to be heralded and stored, have
their heralds compared to identify those cases where all M were received, and then translated to photons
matched to the sky photons.

In Appendix 5, we investigate the mathematics of an array system with M telescopes.
Here is a simple analysis of the benefit of the W-state M-ary approach:

Suppose we had 2M telescopes, each with a (very small) probability € of receiving a sky photon in a
particular time-frequency bin. If we were to use the pairwise GJC approach simultaneously on M pairwise
systems, then each of the pairs would have a 2& probability of having a photon, so the array will have had
a probability of 2Me of receiving a single sky photon. The 50% GJC loss would mean that the entire array
would then have a probability of Me of making a successful pairwise measurement. Such a system would
require M parallel disseminated entangled qubits.

If, instead, we could create and disseminate a dimension-2M W-state, there would be the same 2Me
probability that a sky photon is received somewhere in the array, but then a (1-1/2M) probability of the W-
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state photon landing on an empty telescope. Thus, the probability of making a successful GJC pairwise
measurement would be 2e(M — %), which gets closer and closer to fully picking up the lost factor of 2 as

M gets larger.

We note, though, that this approach produces a single pairwise measurement, but with a randomly
selected pair. The designer thus has a little less control on what gets measured at any one time. Of course,
many total photons need to be measured in any case, and the randomness should not be a problem given a
long enough measurement period. Ultimately, all the pairs will have been measured.

We also note that a Quantum Network would need to be able to transmit these 2M-mode W-states in
a lossless (or lossless via heralding/retransmit) fashion. In [1], [2] the GJC authors propose a few methods
to accomplish this, without full details, but they do observe it would take more resources and more
complexity.

We briefly note here that the total rate of delivered qubits needs to be equal to the bandwidth of the
desired OVLBI measurements. As we will discuss further, this number is tens to hundreds of terahertz.

7.3 HOW MANY PHOTONS?

Throughout this discussion, we have pointed out that there are few photons arriving from sky objects
of interest. Here, we put some numbers on this. In Figure 3, we had shown flux for a Magnitude-0 object
in terms of photons/sec-m2-nm. In Figure 4, we had shown the magnitudes of typical objects of interest.

Flux is often measured in Ph/s/m?nm, but here we would like to know how many photons there will
be in each discrete quantum measurement. Each probing photon can be thought of approximately as having
a time duration and a bandwidth corresponding to about the inverse of that duration. We call the parameter-
less value “sec-Hz” a “temporal mode”. By multiplying the flux curve in Figure 3 by the nm/GHz curve
shown below it, we can find how many photons/temporal-mode-m? to expect. We show such values for a
magnitude 10, V-band object in Figure 17.
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Figure 17. Photons/m?/temporal mode vs. wavelength (in nm) for a 10-th magnitude object (through atmosphere).

What we observe is that, even for a relatively bright 10-th magnitude object, and in the V-band, there
will be fewer than one photon in 10® temporal modes in a square meter of collector. It is important to
underline that this value is independent of the bandwidth over which any measurements are made—it is an
intrinsic photon rate per mode, and can only be increased by having a larger receive aperture.

Itis fair to say that it would take some very excellent engineering to build a system that does not make
errors or noise that might degrade the system at the level of -80 to -90 dB.

We also observe that a telecom wavelength measurement system will detect about three times more
photons per measurement than a V-band measurement. This certainly suggests that the large technology
base of the telecom bands might actually lead to better designs than the present-day visible-bands systems.

7.3.1 The KBdGL Approach

Motivated by the technological difficulty of probing many THz of bandwidth with the GJC approach,
one probe photon at a time, Khabiboulline et al. ([3], [4], called KBAGL here) have proposed using quantum
memories as storage and compression systems acting directly on the sky photons. Their idea actually
consists of four separate ideas

1. An array of coherent quantum memories for coherently storing the sky photons

2. Disseminated quantum GHZ states for heralding the presence of a sky photon in the array
3. Quantum logic for compressing the stored photon information

4. Quantum Fourier Transforms on the stored (quantum) fields to create the image
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Figure 18. KBdBL architecture.

We will investigate each of these in turn. We can see that this approach is a kind of local/non-local
hybrid, in that the phase-referenced signal-captures happen locally, but the captured signals—and not their
measurements—are then teleported to be processed non-locally to form the image.

The KBdGL approach 1 — Coherent quantum memories

In each time bin, the optical outputs of all the telescopes are to be simultaneously and coherently
stored in local quantum memories. The act of capturing and storing the photons must be controlled by a
disseminated phase-controlled signal that assures that the telescope delays are correctly accounted for. That
is, the control of the memory array must be as good as classical OVLBI fringe-tracking.

We will see that these captured states, stored in ionic, atomic, or some other memory modality, can
either be subsequently processed in a quantum computer as qubits or can be read out optically for further
processing. Any such optical processing would likely also require a transformation in wavelength or
bandwidth.

The KBdGL approach 2 — GHZ states for array heralding

In both the GJC and the KBAGL approach, we have seen that there are very few time-frequency bins
with sky photons. One way to reduce the amount of further processing or the size of required memories in
KBdBL would be to somehow herald only those time bins that have a photon somewhere in the array, but
without announcing where. To this end, and similar to the W-state approach used by GJC, KBdBL propose
disseminating an M-mode GHZ state,

[|0000...) + &%1]1111 ... )] (16)
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We will first examine its performance in a pairwise architecture; i.e., M=2. (See Appendix 9.) If we
first use the stored sky qubits as the controls in local controlled-phase (CZ) quantum logic gates against this
disseminated GHZ state, and then apply a Hadamard transformation to the possibly transformed state, (see
Figure 19) we find that any zero-photon (or two-photon) term produces an even count across the two
telescopes, but the single-photon term produces an odd count. So by using classical communication of the
two measured outputs, we can deduce (i.e., herald) whether the sky photon appears in one or the other of
the two telescope qubit memories in that time bin, but leaving the sky photon in their memories.

Both the similarities of and differences between the GJC and the KBAGL approaches are depicted in
Figure 19. The GJC’s W-state heralds a photon, but then measures it. The KBdGL’s GHZ-state heralds a
photon in the array, but does not destroy the sky qubit.
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Figure 19. Comparison of the GJC and KBAGL heralding approaches.

Even number photons
Odd number photons

The KBdGL approach 3 — Memory compression using quantum logic

Although the heralding approach of the previous section could allow us to greatly reduce the number
of remaining qubits for further processing, it still requires transmitting a GHZ state in every time bin, which
we know is a gigantic number. To this end, KBdGL invented a means of greatly compressing the number
of qubits for which we would need disseminated GHZ states.

As depicted in Figure 20, we start with the pre-knowledge that there will be only a single photon in
K time bins. As described in Appendix 10, a log2(K+1) memory bank at each telescope can then be used to
encode and store both the array photon and the address of the time slot in which it arrived.
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Figure 20. KBAGL data compression architecture.

Therefore, after the K slots have been examined, only log.(K+1) states remain in memory. Thus
log2(K+1) GHZ states need to be disseminated to herald the fact of a photon from these K slots and also to
learn in which time bin it fell. (As described in the Appendix, we need to know in which time bin it fell
because part of the quantum logic processing sometimes flips the sign of the qubit. Knowledge of the time
bin address allows us to correct the sign flips.) As by design, this number of GHZ states would be much
much less than K. For instance, for K=1,000,000, we have that log,(K+1)=20. We must note, though, that
20,000,000 logic gates would need to have been operated to perform the compression. And although they
are only local gates, that is still a lot of quantum processing. (See Appendix 10 for details on the processing.)
And remember that our OVLBI system will need to measure tens to hundreds of THz of bandwidth.

After GHZ-heralding, the array photon would then be teleported from all M telescopes to a central
quantum processor.

We know that creating and successfully disseminating a large GHZ state is quite complex. A simpler
approach we now present might be to disseminate only logz(K+1) Bell pairs to each telescope and teleport
the entire logz(K+1) memory bank from each telescope to the central processor. Those could be telescope-
independent processes. At the central processor, it would then be much easier to perform the GHZ heralding
locally.

The KBAGL approach 4 — Quantum Fourier Transforming of the fields

In their papers, KBAGL pointed out that the stored, memory-compressed, and heralded qubits can,
similar to GJC, be used to produce pairwise correlations, using a disseminated W-state. These correlations
could then be processed to form an image following the vC-Z theorem.

However, since it is a representation of the field across the entire array that is really stored, one could,
instead, apply a 2D Inverse Fourier Transform to those states, as shown in equations (8),(9). Furthermore,
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KBdGL propose applying this directly to the qubits as a Quantum Fourier Transform (QFT)—that is, one
would first teleport the array states for each time bin in the coherent memories to a central processor. Then,
a quantum processor would perform the QFT operator, and the outputs would be detected to form the image
(see Figure 10.) Although we will see that this approach gives a much-improved SNR, we also see that it
requires the quantum computer to perform a new QFT for each heralded photon.

We will investigate more deeply the QFT and other field-processing in the sequel.
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8. PERFORMANCE ANALYSIS RESULTS

We now investigate the performance of the several architectures we have introduced. For each
architecture, we first find the SNR of pairwise measurements of the complex visibility. We then investigate
the SNR of the calculated dirty images. Most of the details can be found in the Appendices.

8.1 PAIRWISE MEASUREMENT SNR - CLASSICAL DIRECT DETECTION

As we show in Appendix 6, a classical OVLBI interferometer, as depicted in Figure 13, integrates
the correlation of the delay-compensated signals for a time period, and then subsequently integrates the
correlation of the signals with one of them phase shifted by 90 degrees for a second period. Each
measurement takes the difference of the two detector outputs shown in the figure, and the two 90-degree
offset (1&Q) measurements are combined (see (A6-3)) to form an estimate of the complex correlation. We
show in (A6-7) that this direct detection correlation estimate has SNR

(G2 T

2
KGnm)1” _ 1 (pn }-Pm)]_a (17)
Varg =~ 2

SNRGnm,pp = {VRs(0)} ‘f d’a is(a)ejzn[

where the term in brackets, with 2 being the source’s apparent brightness, describes the total in-band
photon flux received in each aperture, T is the total integration time, and the last term is the source
distribution’s Fourier Transform, calculated here in angular coordinates (see Appendix 1).

This calculation assumed that all the optical power in each of the two telescopes was used for this
calculation, and that the transmission was lossless. A full performance metric will also include:

1. Loss due to using each telescope’s output to perform multiple simultaneous pairwise correlations.
If there are N telescopes, we can imagine splitting each output into as many as (N-1) signals, each
supporting a pairwise correlation. For a fixed time, such splitting would reduce the pairwise SNR
by a factor of (N-1).

2. Loss due to lossy transmission media between the two telescopes and the interferometer. If we
model both arms as having the same loss, we find that the SNR is degraded by exactly that power
loss. (For different losses, the SNR loss is the geometric mean of the two losses.)

3. Loss, 1, due to non-unit-efficiency detectors. As the outputs of the two detectors are only
subtracted, we find that the SNR reduces as 7.
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8.2 PAIRWISE MEASUREMENT SNR - CLASSICAL HETERODYNE

We show in Appendix 7 that a heterodyne system calculates a correlation with SNR

~ 2
SN RGmnee = L200L o G (18)

Vargnm,het

The factor of 2 comes from the classical system’s need to make two separate measurements for | and
Q. (In the case of non-unity detection efficiency, n, there will also be two factors of » in this balanced
heterodyne system, and only one in the vC-Z approach.) The value r is the ratio of the total measurement
bandwidths. The bandwidth allowed by a single heterodyne system is likely only a few to tens of GHz. To
match the total bandwidth of a classical system, (i.e., to get r=1) hundreds to thousands of parallel
heterodyne systems would need to be operating.

The big intrinsic difference, though, is the V5 term that is the apparent brightness of the sky object,
as measured by a telescope, with units photons/sec-Hz (or photons/mode.) We showed earlier that a 10"
magnitude object, through the atmosphere, delivers fewer than 10 photons per mode in the V-band.
Heterodyne measurement SNR is thus much less than the SNR with the direct measurement approach, at
least in the optical bands of interest to us.

8.3 PAIRWISE MEASUREMENT SNR - GJC

As we discuss in Appendix 8, the pairwise GJC architecture, depicted in Figure 14, sends an entangled
qubit to the two telescopes, where, in its photonic form, it is interfered with a single temporal mode of the
sky signal. We can model either the transmitted photon version or the transmitted qubit version, (where the
qubits are then locally translated to photons,) using the same approach. In Appendix 8, we analyze this with
a full quantum operator approach and find:

” Tu(VsRs(0)) (d Mtz
SNR Gpmac = ——— !

_ i [(Pn_Pm)]. z (19)

where df = t, /T, is the single photon source’s duty factor, and
Ls Ls
%, dt [ % dug(ORs(t —uwe"(w) (20)
M, = _Z _Z

tsR;(0)
is the temporal mismatch factor between the single-photon source’s temporal mode and the temporal

characteristics of the sky photons arriving at the telescopes. Our model of the GJC on-demand photon
source is

34



E@®) = ¥zt am ¢(t — mT,) + vacuum (21)

where @, is the photon annihilation operator for that field’s excited modes; ¢(t) is a unit-normalized
temporal-mode function time-limited to [t| < tg/2 < T, /2 where T, is the pulse repetition period; and

M =Ty /T, > 1isassumed to be even (so an integer number of pulses fall in both the I and Q measurement
periods).

We note the second 2 in the denominator of the SNR that comes about because of the 50% chance
that the two photons fall on the same side. As we discussed, this factor could possibly be improved with
dissemination of a multi-mode W-state.

Similar to the classical case, any non-repeatered transmission of the single photon will incur a further
loss that directly reduces the SNR. Different from classical, though, is the fact that GJC requires two
simultaneous photon measurements, so this SNR is actually reduced by n? where 1 is the detection
efficiency of a single detector.

We can design ¢(t) to maximize M, by examining (20), which is a standard Fredholm integral,
known to be optimized if we expand Rs(t) as a sum of orthogonal functions and then select ¢ (t) to be that
function corresponding to the largest eigenvalue, all of which are known to be positive. M, is then the ratio
of this largest eigenvalue to the sum of all the eigenvalues, and M, < 1.

The SNR for GJC is thus strictly smaller than the classical version by n@, if the transmission
losses are the same. (Depending on the complexity of the electro-optical circuits used to maximize this
factor, we would guess that dsM, would likely result in at least several decibels of loss.) For this
performance hit and huge complexity, GJC would only be worth considering if the classical version has
lossy transmission and we could design a low-loss (or even lossless) quantum network delivering the GJC
qubits at rate, followed by translating them into well-matched photons.
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9. IMAGE CREATION

So far, we have shown the relationships between our desired images and the signals we need to
capture or measure. We have investigated several means of making these measurements and have examined
their SNR performance.

We will now look more closely at the processing of those measurements to create the dirty image.
First we will look at the vC-Z approach, based on measurements of correlations/visibilities. Then, we will
examine the direct processing of the optical fields, both via the quantum memories and then more directly.

9.1 CORRELATION-BASED IMAGE CREATION

We have examined a number of architectures for measuring correlations between signals arriving at
pairs of telescopes in the array: classical direct detection, classical heterodyne, classical intensity

interferometry, quantum enabled GJC-style, and quantum enabled KBdGL-style. Each of these methods
produces a set of complex numbers we denoted as g (MT”‘AJ/;—”‘) in (5) which are the “visibilities” or the
complex correlations between the signals as seen at telescopes j and k. We would like to perform their
Inverse Discretized Fourier Transform as in (6)

o 1 Axj Ayjy o (Axjk o Ak 22
C(En) =z, ) (T e [ ym (64 )| )
T %

1t

As we pointed out, for N telescopes, there are as many as (N ) unique pairs. However, depending on

2
the geometry of the array, some pairs may actually have the same baselines as others—both in distance and

angle—and can be considered redundant.

At this point, we must admit that making completely general statements about image creation
performance is difficult because exact formulas depend on the array layout, the set of baselines measured,
and the resultant dirty image itself. For our calculations, we will presume a square KxK filled array with
telescopes equally spaced. (We note that such an array includes many redundant baselines.) We then show
in Appendix 11 that the SNR of a 2-D image at grid point j in the calculated dirty image estimate for the
classical vC-Z measurements is

6

SNRC(]) = m

{VsRs(0)}9()? (23)
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where 7(j) is the dirty image at grid point j and which is normalized as ), Y.; J(j) = 1. We recall that a

Gaussian-shaped spectrum gives Rg(0) = —— where t; is the coherence time of the source (psec-class).

\/_

The SNR for the GJC approach is shown to be smaller than this by the bracketed term found in (19)

6 d:M.*
SNRG]c(i) = LZ[NSRS(O)]{ f2 3 }70)2 (24)
2(K*-1)

Losses due to signal transmission and non-unit-detection efficiency further decrease these SNRs.

9.2 ARRAY GEOMETRY REQUIREMENTS

Before we examine field and Quantum Fourier Transforms, we will examine the mathematics of what
we have been calling Inverse Discretized Fourier Transforms. As we stated, we can numerically calculate
this double summation exactly

(6 sz: (Ax,k Ay,k) exp [_] o (A_ £+ Aﬁ_ﬂ{ n)] (25)

with arbitrary placements of telescopes and the summations being over the j=0,1......K-1; k=0,1,.... K-1
positions. For many telescopes, though, we would wonder if we could use a 2-D Discrete Fourier Transform
(DFT) which is known to have a fast algorithm for implementation (i.e., the Fast Fourier Transform, the
FFT.) The DFT could be applied if all the baselines fell on a grid, and that would be possible if the antennas
themselves were positioned on a grid, perhaps with some or many grid points left empty. That is, suppose

Nll

Axje (X — xi) Ayj ;= Yi)

26
1= P E(nj—nk)Ax; 1 - p E(mj—mk)Ay (26)

where telescope j is positioned at (n;4,, m;4,,), with (n;, m;) being integers. Let us similarly discretize
the image plane (i.e., the tiny angles describing the source intensity function) as

(&.1) = (14g,74y) (27)
If we can design the system so that
A4 = A0, = 1/K (28)
andwhere 0 <npy <K-1land0<m <K-1

then we can rewrite the phasor in (25) as
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exp[ (Oy =)+ (my = me)r)] (29)

which can be seen to be the elements in a 2-D DFT phasor. (We will also change the constant out front to

be ( ) .) We need to remember to include 0s on those grid points where there are no telescopes.

To fully show the 2-D nature of this DFT, we rewrite (25) as (with an obvious reformulation of both
the visibilities and the image, and this time, summed over dimensions instead of telescopes)

-1 . K-1 . K-1 . K-1 . 30
= Lr) ~ 1 j2m ] j2m j2m ] j2m ( )
s, T) = F exp |— THx exp |— THyT exp me exp Tmyr g(nx — My, ny - my)

Ny=0 ny=0 m,=0 my=0

where we see that vC-Z is really equivalent to four 1-D (I)DFTs, although only (I;l) terms will be non-zero.

K? (K

If our KxK grid is filled (N = K?,) then there are Y terms.

Since we are allowed to choose 4, # 4,,, we note that we can use this approach to model some
telescope arrays that do not fall on square grids. For instance, OVLBI arrays are sometimes placed on
triangular grids. We know that triangular grids have points on 1, 2, and /3 grid spacings, so, if we do not
mind having the angular resolutions in the image be different in the two dimensions, we can use such an
approach.

There are also variants of the 2-D DFT, such as over hexagonal regions ([32] or other shapes

([331,[34].[35].)

Finally, we note that we can always define a large sparse grid where the arbitrary telescope
placements fall very near grid points. Such an approach could accommodate an arbitrary geometry, but
might require many more calculations.

Remember, though, that the vC-Z approach does not require any DFTs or regular grids, since we can
always calculate (25) exactly. This DFT discussion is only relevant if efficient or fast calculations are
needed.

9.3 FIELD-BASED IMAGE CREATION

We now turn our attention to the 2-D transform required for the field transformation approach
(equation (8)):
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K

where the single summation here is over the telescopes. If the fields, E}., have been measured and digitized,
such as in a heterodyne system, then this summation can be numerically calculated exactly, as in the
previous discussion. Also similarly to above, if the array positions fall on a grid, we can transform this
equation to a 2-D DFT (where E(j, k) is the field at grid point j,k which we may have to fill with zero.)

1 K-1 i2 K-1 i (32)
= s s
ES(TX, 1y, t) = Xz Z exp [—Tmyry] Z exp [—merx] E(mx, my)

my=0 my,=0

As above, this version sums over dimensions. This equation shows us explicitly that a 2-D DFT is
usually performed with K 1-D transforms in x, and then K 1-D transforms in y, as depicted in Figure 21.

and then

Figure 21. Performing a 2-D DFT with multiple 1-D DFTs.

We note now, though, that if we define

m=Km,+my,; and r=r1,+Kr, (33)
which is inverted as
m-—-m dK T — "modk
My = Myodk; Mx = Tmo » Ty = Tmodks Tx = + (34)

we see that the multiple 1-D DFTs can be replaced with a reordering and then a single, size K2 1-D
transform as

2-1

ity

K

1 jom

s(rr t) ~ F exp {_ F [(m - mmodK)rmadK + mmodl((r - rmodl()]} E (mmodl(r
m=0

o (35)
—)

Although this is not a standard DFT, it is a related unitary transformation (see Figure 22).
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Figure 22. Transforming a 2-D DFT into a larger 1-D transformation.

KBdGL have suggested that the fields, as captured as qubits, could be transformed using the Quantum
Fourier Transform (QFT). (We note that classical transforms would pad the data with zeros for missing
components. In the quantum realm, we would need to fill empty grid slots with vacuum signals.) If we
teleport the (already heralded) time bin of the telescope array to a central place, we can then perform the
QFT on this joint, one-photon state. We know that the density operator for this K? — mode state is written
(see Appendix 12)

K-1 K-1 K-1 K-1 (36)

1
p=1z Z Z Z Z g(nx =M, ny = my,) | 1nyn, Wi, |

Nx=01Nny=0 Mx=0mMy,=0

3

where we let {|1nx,ny)} be the tensor product of all K2 qubit states on the grid (in arbitrary order for now)
but with the very specific one defined by 2-D grid point n,, n,, containing exactly one photon, and the rest
vacuum.

A 2-D QFT (which is a unitary operator) in this basis can be written

K-1 K-1 K-1 K-1 37
~ 1 j2m (37)
Ugrr = X Z 2 2 Z exp | ==~ (nam, + nymy)] |1nx,ny)(1mx,my|

=0 1,=0 My=0m,=0

It is shown in Appendix 12 that the density of the output after applying the operator is

~ = oam
Poutput = UgrrPUqrr (38)

It is this state that we will measure, and whose diagonals give the image values. We show this in the
Appendix as
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(Lt Poutput | 11,0, = (39)

K-1 K-1 K-1 K-1

= % Z Z Z Z exp {—jZTH[(nx —m)le + (n, - my)ly]}

Ny=01My=0mMy=0m,=0
x g(ny, — My, Ny — my)

We can see that this is exactly the same dirty image as the one that formed from the correlations (see

(30)).

To implement this QFT, we can use the multiple 1-D QFT approach as shown in Figure 21. However,
we predict that it will be easier to perform the reordering of (33)-(34) and then apply a single size-K?
unitary transformation shown in (35) and Figure 22 , which is also relevant to the QFT.

(If it is of interest, it can be shown that the hexagonal-based FT of Mersereau ([32]) is a unitary
transformation.)

Before we leave this section, we return to the design of the array. Although the digital, correlation-
based approach can deal with arbitrary telescope placements, any approach that requires the transformation
to be unitary, such as the QFT one, puts constraints on the placements. Typically, there must be a regular
grid. A number of authors have investigated non-standard spacing, however (see, e.g., [32]-[37]).

9.4 FIELD-BASED IMAGE PERFORMANCE
It is shown in Appendix 11 and 12 that the SNR for the KBAGL field-based approach is (for large K)

TN K>

i 40
2tk I (40)

SNRgpacL (j) =

which at first glance seems to be similar to the GJC SNR, although it does not suffer the extra 3 dB penalty.
(Note we have omitted here the transmission losses, detector efficiency, and the temporal mismatch factor.)
However, importantly, we see that the magnitude term including the normalized image is not squared in
this architecture. Thus, in our KxK image, the KBAGL SNR is on the order of K2 times bigger. A similar
performance improvement was predicted by KBdGL.

(We can note here that KBAGL demonstrated their QFT algorithm on a linear, equally spaced array.
Although it correctly suggested some properties of their approach, it sidestepped many of the important
details we have investigated here.)

The processing depicted in the bottom of Figure 10, then, has the potential of being much more
efficient in terms of SNR produced with a fixed number of photons. As we pointed out, though, it requires
a QFT processing step for each photon that is captured, as opposed to a single DFT processor at the end of
the correlation measurements. A real system would need to trade off the extra complexity with the improved
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performance. (Of course, the need for quantum memories and GHZ-based heralding would already add
huge amounts of complexity.)

9.5 QUANTUM-INSPIRED CLASSICAL FIELD-BASED IMAGE CREATION

The great performance improvement from field-based processing motivates us to question whether
there is a simpler, classical analog. The answer is “yes.” It is straightforward to show that we would get the
same field-based image performance if we could perform the 2-D Fourier Transform directly on the
received optical fields. That is, we would transmit the received fields from the telescopes, (see Figure 23)
through delay-equalized paths, to a central processor where Fourier Transform phases would be applied, as
in (7). (Similar to the quantum approach, empty grid positions would need to include vacuum signals.)
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Figure 23. Quantum-inspired classical field transforming.

We note that the “hypertelescope” concept ([26]) does something very similar. Beams are sent to a
central processor where they are, as a group, fed through a lens to form an image, simulating as if they had
all been received in one telescope. People have investigated various geometries with such an approach.

What we propose here matches well into the new technology of Photonic Integrated Circuits (PICs,)
which have been created to, among other things, implement arbitrary unitary transformations on banks of
optical signals using modulators and beamsplitters. Our K2 reordering and unitary transformation concept,
depicted in Figure 22, is directly relevant since the PIC can be configured to implement an arbitrary unitary
operator. There has been recent work on architectures for photonically implementing arbitrary unitary
transformations. ([38],[39]; see Figure 24.) Also, a photograph of a PIC performing a unitary transformation
is shown in Figure 25.
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Figure 24. Two approaches for implementing a unitary transformation on a PIC. A blue dot corresponds to a beam-
splitter-phase-shifter element. Different factoring approaches to the unitary matrix result in the different
architectures. See [38], [39].
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Figure 25. Example Photonic Integrated Circuit of an optical interferometer array. (Taken from [40])

We do recall, though, that lossy transmission of the weak signals was a motivation to investigate the
guantum approach in the first place, and this classical technique would suffer those. Whether the improved
performance would be worth it is TBD.

We observe that the KBAGL quantum memory-based approach could also, after its heralding step,
coherently transform the stored states back to optical signals and transmit and process them in this classical,
PIC-based way, thus precluding the need for a quantum processor performing QFTs. We also remember
that adequately large memories would allow us to remove the need for physical delay equalization, so using
the memory and heralding approach with an optical follow-on could possibly lead to an interesting
architecture.

9.6 TURBULENCE AND CALIBRATION
A very real problem remains, in that these mathematical formulas so far presume that the telescopes

all have the same undistorted view of the object and that their optical systems are identical. In fact, terrestrial
telescopes separated by even small distances look through air paths seeing different turbulence (and thus
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piston and tilt, leading to phase errors, as well as different higher-order aberrations) and they and their
transmission media might even have somewhat different optical responses.

In 1958, Jennison ([12]) showed how redundancy in the correlation measurements taken on the array
could be used to solve for and then mathematically remove the unwanted distortions. More recently, others
([41]-[44]) have generalized the technique, but they, too, depend on measured correlations, each of which
has been affected by two telescopes and their optical paths.

In the field-transform approach, which we further examine in Appendix 13, we can try to include the
effects of telescopes by alternately learning them and then measuring the density matrix and correcting its
QFT by applying a telescope-based operator (see (A13-2)). The learning step, though, will either be a
correlation-based measurement of pairs of telescopes from the fields, or some TBD optical reference-based
calibration and learning phase.

In either case, not making intrinsic redundant measurements, as the correlation method can, forces us
to add complexity to any field-transform method. However, the potential for higher SNR in the field-
transform approaches should motivate the community to investigate this path.
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10. SIZING/PERFORMANCE EXAMPLES

We are interested in assessing the difficulty of implementing some of these approaches. To that end,
we repeat here the flux curve shown earlier, along with some telecom-wavelength bands. This time, we also
show some bandwidths in Hz., and see the frequency distortion inherent in a wavelength-based spectrum.

0 _ _
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375 nm (240 THz) 390 nm (24 THz)
365 nm (53 THz)

Figure 26. Flux density and some relevant processing bands. The colored bands are the widely used optical fiber
bands.

Suppose we aim to process 20 THz of bandwidth, possibly in the H or K bands, which can be seen to
be the kind of bandwidths that a classical, full-band system might enable. In Figure 17, we can see that a
10" magnitude object would be delivering (through the atmosphere) 3 x 10 photons per mode per meter-
squared (in those bands.) A 20 THz processor, then, would be receiving 600 photons per millisecond per
meter-squared of aperture.

We first examine the GJC approach.

Suppose our goal is to build an array with a maximum transmission loss of 2 dB. (For, say, a 5
kilometer baseline and variable-length telecom fiber transmission.) The quantum network would need to
transmit about 1.5 x 20 = 30 THz of entangled qubits to each telescope for each pairing (which includes the
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extra rate to make up for the transmission loss). Aiming for 10 GHz operation of an individual quantum
network, that would mean we would need 3000 parallel repeatered channels (parallelism possibly at least
partly via WDM.) The total number of quantum channels for the array then needs to further grow to service
all the telescopes as well as each of the pairings. Each of these channels would require quantum memories
at both ends in order to implement the lossless repeater function via heralding. (The memory requirement
may mean that the bandwidth of each repeatered quantum network would likely be forced to be much lower
than 10 GHz, but we will proceed for now. See Section N.) In fact, to achieve the heralding, there would
also need to be a classical comm system for each quantum network, operating at a rate proportional to 30
THz (although coding of that information could reduce the required rate, at the cost of some delay.) Finally,
we remember that each measurement will have a success probability of only about Nx3 x 10 if we assume
N 1-meter-diameter telescopes.

Next, suppose we tried to build a KBdGL system for an array of, say, eight telescopes. With near-
term quantum memories, we might envision 100 MHz operation. (See Section N.) Our 20 THz
measurements thus mean we would need 200,000 WDMed memories at each telescope. (We might need to
wavelength-convert the incoming photons in each of the 200,000 channels in order to be able to utilize a
single fixed memory technology.) See Figure 27 for a much-simplified illustration of such a system.
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Figure 27. Depiction of a parallel quantum network construction of a KBAGL system. Such a system would need to
have all the array telescopes on it.

Our array of eight telescopes (assume 1-meter) would thus be seeing 4.8 photons/microsecond, or 24
photons/sec-channel. That is about 40 msec between photons in each channel. That is somewhat beyond
the state of the art of memory duration today, so let us choose 1 msec to define a bank of 100,000 cells for
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each channel. That would compress to 17 cells, but would only detect a photon every 40" block.
(Remember, though, that there would be 200,000 of these running in parallel.)

The quantum logic would need to run at 17x100 MHz = 1.7 GHz in each channel (or perhaps only
100 MHz in some kind of pipelined architecture.) The GHZ states would then need to be delivered by the
guantum network at 17 KHz (to the complete array of eight, here, and to each of the 200,000 channels.)
Successful heralding (that is, the photon arrival rate) then sets the required teleportation rate. The heralding
subsystem would need a parallel classical communication system running at similar rates.

Once teleported, each photon would have a QFT applied. These would then be detected and all the
time slots and parallel channels would then be integrated up.

If we were to implement, instead, the variant we proposed earlier, we would not transmit any GHZ
states, but would teleport the full 17-block by transmitting a two-mode Bell state for each memory cell.
That would require the transmission of the same number of Bell pairs as GHZ states, and would then require
17 times more teleportations. However, it is felt that the Bell pair approach would be much less complex
than the eight-mode GHZ state approach, whose dissemination details are TBD.

We can note here that there are (up to) four somewhat different types of quantum memories required
for KBdGL.:

*  “Interface” coherent memories to catch the sky photons
*  “Working” coherent memories to enable the quantum logic steps

*  “Memory bank” coherent memories to store the compressed qubits and then enable the GHZ-
based heralding

» Network memories to enable the lossless operation of the quantum network that is used to deliver
the GHZ states and the Bell pairs for the teleportation

We will discuss these in the upcoming section dedicated to quantum memories.

Before we leave this section though, we should see if there is utility for any of these ideas if the object
were particularly bright. For instance, let us examine a very bright satellite, some of which have had glints
measured to be My at 2.0 or even brighter. If we assume we would like to build our systems near 1.55 um,
we can see from Figure 26 that we would be receiving about 4x107 photons/sec/nm/m? divided by 8 dB
(6.3, for My=2.0) or about 6.3x10° photons/sec/nm/m? (and this is in space, where there is no extra
atmospheric loss). To match the 600,000 photons/sec/m? of our previous sizing, we would need to process
“only” 0.1 nm (or about 12.5 GHz at our wavelength) per m2. We can already see, though, that compared
to the 20 THz required above, this value is much closer to reasonable. Furthermore, with no atmospheric
time constants to worry about, we might be able to integrate longer, and thus accept much lower flux. If
we processed this band using a telescope of 0.1 m2 (i.e., approximately 32 cm) we would be receiving
“only” 60,000 photons/sec/telescope, but that might actually be enough if the object and the sensor were
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stable. In fact, with adequate stability, we might be able to get away with even narrower-band
measurements or dimmer targets.

If this proposed performance motivated us to construct such a space-based OVLBI system, we would
need to implement the time-delayed correlators (for vC-Z), but a variable delay line in space would be
difficult. However, we remind the reader of the great benefit of quantum memories—the ability to
implicitly create delay lines by reading out of the memories at delay-compensated times. Thus, the KBAdGL
approach (likely with free-space inter-satellite connections) might be worth pursuing. Remember, too, that
in space, an as-yet uninvented means of correcting for turbulence would not be required.

Although this sizing is much closer to feasibility than the sizing for dim objects, with 100 MHz
memories, we would still be requiring a parallel construction of 125 channels.
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11. THE GJC/KBAGL APPROACHES - DISCUSSION AND SUMMARY

Let us now try to summarize our understanding of the operation of the two quantum-enabled
approaches we have examined. The questions we had started out with were — do these systems:

(a) improve the SNR?

and/or

(b) allow longer baselines?
We now try to answer these questions.

11.1 (A) INTRINSIC SNR ASSESSMENT

We have shown that the intrinsic SNR performance of GJC is no better than that of the standard
classical non-local, correlation-based approach. In fact, it has several extra losses unique to the single-
temporal-mode approach.

Our interpretation of this approach is that it is very like a heterodyne “local” approach, except that
the entangled “single-photon local oscillator” allows us to herald away all the non-productive time slots,
thus giving some of the non-local benefits of heterodyne without adding nearly as much extra noise.

We then showed that the intrinsic SNR performance of KBdGL is the same as we would have in a
classical field-transforming (and non-local) approach (except for the several single-temporal-mode losses
we noted above.) Either of these field-transforming methods has the potential to be quite a bit more efficient
than the pairwise approaches.

As we noted, however, both these field-transformation systems have the as yet unsolved problem of
dealing with turbulence. They would do very well, though, in the vacuum channel of outer space. And we
believe some solutions to this calibration problem can likely be devised.

Unlike GJC, the KBAGL approach uses the disseminated entangled state not to improve SNR, but,
instead, to reduce the number of states required to be teleported. And it is the local CNOT gates that perform
most of the data compression. As we have pointed out, one could teleport the mostly compressed data (using
the disseminated entanglement only in a pairwise fashion between the telescopes and the central processor)
and then use a centrally generated GHZ state to do the final data compression locally after teleportation. In
fact, as we have also pointed out, one could even take the mostly compressed data and transform it back to
optical for direct-detection processing.
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11.2 (B) BASELINE LENGTH ASSESSMENT

The GJC approach has no baseline length advantage if the entangled qubits are sent as in-band
photons. (If the entangled photons could be sent in a lower-loss transmission band, and then efficiently
wavelength-converted to the measurement band, one might find a performance advantage to GJC.) If the
photonic qubit delivery is replaced with a repeatered quantum network, there is a potential to make the
transmission be lossless, but, as we showed in the last section, the technological demands for that would be
truly huge.

The KBdGL approach, as described in their papers, requires quantum memories and a capable
quantum network, and could lead to a lossless implementation. Although their design does reduce the
number of required disseminated entangled qubits over GJC (and we have proposed a version that further
simplifies that step) it still requires a technologically complex system of memories, as well as a huge rate
of quantum logic steps. The hybrid nature of the local/non-local view, though, suggests that the more
difficult part of the entire process is local and (near) lossless. (Remember, there will be a mode mismatch
in the photon capture.)

A very great benefit of banks of quantum memories holding sky photons, though, is that they could
allow the OVBLI designer to do away with all the expensive, variable-delay optical transmission systems.
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12.OTHER OVLBI REQUIRED SUBSYSTEMS - CLASSICAL AND QUANTUM

We have so far only discussed the core functions required by OVLBI. Real systems would need to
include a number of support subsystems, such as: preserving/delivering/stabilizing optical phase across the
array; active acquisition and tracking of the interference fringes; spatial adaptive optics; measuring real-
time metrics of performance; measuring metrics of machine status and health; etc.

Each of these almost certainly requires dedicated or tapped signals that might not be available in the
pure OVLBI architectures discussed herein. If it turns out that any or most of them require a parallel optical
path at each telescope, such extra complexity would need to be included in the assessment of the already-
huge technological complexity some of these ideas would require. There may also be signal power thus lost
to the imaging operations.
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13. QUANTUM MEMORIES

As quantum memories play important roles in both GJC and KBdGL, we include here a brief
discussion of the state of the art.

We have identified two distinct quantum memory use cases for VLBI applications. (We have actually
noted four detailed uses in Section K.) The first use case has (a) a quantum memory bank at each telescope
location, all of which are tied together via a quantum network. The network distributes entangled states to
the various memory banks, thereby establishing shared stored entanglement. In GJC, these would interact
locally with signal photons received by the telescopes. In KBdGL, they would be used to assist in the
heralding and teleporting steps.

The second use case, in KBAGL, has (b) quantum memories that coherently capture the relevant
optical phase difference information of the signal photons themselves as received by the telescopes. This
stored quantum information can then be analyzed as we have discussed. (The other more detailed use cases
we listed add further requirements onto these signal-filled memories.)

13.1 QUANTUM MEMORY BANKS

Establishing banks of shared stored entanglement for controlled use is a challenging task that goes
far beyond simply distributing large entangled states between telescopes. Indeed, for the memory system
to be of use, the network must be able to distribute entanglement between telescopes, provide a herald signal
that indicates entanglement was successfully distributed and stored at a specific time and between specific
memory cells, and then store the entanglement for use in the VLBI protocol. For GJC, this stored entangled
state, likely not a photon, would need to be read out and transformed into a photon with the correct
wavelength, phase, and timing.

A straightforward manner of establishing memories that achieve this is to use emission-mode
guantum memories connected by an entanglement swap gate. The emission-mode gquantum memories
generate entanglement between the memory qubit and an emitted photonic qubit. Unfortunately, in present
designs, this is not a deterministic process. The entanglement swap gate then takes the emitted photons
from two or more memories, performs photonic Bell-state measurements on them, and thereby swaps the
entanglement from between memories and photons, to between the memories themselves. This, too, is a
probabilistic step in present architectures.

Emission mode quantum memories have been demonstrated using atomic ensembles ([45],[46])
where a single collective atomic excitation is entangled with the presence of an emitted photon. This
scheme, however, must be operated at very low internal efficiencies in order to avoid multiple excitation
events, which do not produce a useful quantum memory state. Typically, these memories must generate
photons with less than 5% efficiency. Emission mode quantum memory operation with single emitters such
as a single trapped ion ([47]) or a single diamond color center ([48],[49]) offer the benefit that they can, in
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principle, be operated at higher efficiencies in a scheme where the energy level of an emitter’s valence
electron is entangled with the polarization state or the time-bin state of an emitted photon. They have the
limitation, however, that they rely upon atomic resonance lines and are therefore limited to tens to hundreds
of megahertz of spectral bandwidth. As we showed in our sizing exercise in Section K, such relatively
narrow bandwidths mean that a complete VLBI system gathering adequate humbers of photons would need
many of these in parallel.

The entanglement swap between multiple emitted photons can be performed with linear optics
systems ([56]) or with qubit modalities ([60]), using single photon detectors at the back end. The
information of which detector registers a photodetection event, and when it happens can then be used to
herald the generation of shared stored entanglement between the remote memory systems. This herald
information is sent classically to the memory banks. Memories and Bell state measurement devices have
been incorporated into heralded entangled memory systems for atomic ensembles ([51]), ions ([47]), and
diamond color centers ([52]), across optical fiber channels at distances of up to a few kilometers and at
rates of up to a few hertz.

To develop these quantum memory bank systems for use in VLBI applications, many single-emitter-
based emission mode quantum memory would need to be spectrally multiplexed to cover much more than
the 10-100 MHz bandwidth of an individual memory. Additionally, huge improvements of system
efficiencies and overall operating rates would be needed to bring the currently state-of-the-art hertz-class
entanglement distribution rates up to the required THz rates.

We finally note, as we did in Section 7, that the entangled states that are best transmitted and heralded
would likely not be single, beam-split photons, but, instead, dual-rail qubits (as shown in (12).)
Furthermore, the stored entangled qubits would need to be transformed from their likely dual-rail form back
to single photon formats, as prescribed by GJC. Such a step would need development.

13.2 COHERENT QUANTUM MEMORIES

Quantum memories that coherently capture the phase information from received photons, the function
required by the KBAGL approach, have been investigated. To build a full array, though, we must distribute
an optical phase reference to be used to control all the local operations, including storing and further
processing. In addition, for our VLBI array to operate correctly, there cannot be a herald at each telescope’s
memory. As discussed, KBAGL propose a disseminated GHZ state to be used to herald a photon somewhere
in the array, but this quantum logic step must be careful not to disturb the optical phase information held in
the stored qubit. As we pointed out, the KBdGL data compression algorithm can be done locally at each
telescope.

Phase-coherent storage of single photon optical pulses has been investigated in several atomic
ensemble-based modalities, including doped solids ([53]) and warm atomic vapors ([54]), as well as
individual emitter-based systems ([55].) These systems generally rely upon three-level atomic
arrangements, such as lambda-type structures that are pumped with a strong local oscillator. The local
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oscillator drives a coherent pump-probe interaction and acts as phase reference. The phase of the weak
stored signal can be referenced to this strong local oscillator, which can act as a common reference by being
distributed to all observation stations.

Atomic ensemble-based systems are attractive due to their inherent scalability capabilities, with
demonstrated scaling up to more than 100 individually addressable memory cells ([56].) However, the
memory’s function for these demonstrated ensemble systems has mostly been as an optical delay line with
no clear path forward to incorporate multi-qubit logic capabilities.

Individual-emitter-based phase-coherent quantum memories offer the capability to couple memory
qubits to secondary qubits that enable quantum logic operations on stored qubits.

In the context of VLBI applications, this takes the form as described in [1],[2]. As shown in Figure
28(a), a single input photon in a superposition of spatial modes is captured across multiple memory qubits
(the spatial modes correspond to the capture mode of each of the multiple memories). This capture process
is performed via a stimulated Raman adiabatic passage (STIRAP) process as shown in Figure 28(b).

Input: Single Photon // Three-Level
[1)10) g + exp(iB,) |0)|1)g Memory Qubit
Input: Single __| Y-

Result: Stored

Left = == Right Photon
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Figure 28. Phase-coherent photon capture for VLBI is shown. (a) shows the multi-memory architecture capturing a
multi-spatial-mode single photon. (b) shows the basic stimulated Raman adiabatic passage (STIRAP) process at
each memory that enables phase-coherent photonic capture.

The relative phase information of the photon capture mode between the memories is stored by linking
each memory with a phase-coherent distributed local oscillator that acts as the STIRAP control beam.
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Figure 29. Heralding step for the array of quantum memories.

The phase-coherent distributed qubits corresponding to the captured single-photon state are then each
coupled to local ancillary qubit, as shown in Figure 29(a). These ancillary qubits have been pre-entangled
across a quantum network (such as the GHz state used by KBdGL), as shown in Figure 29(b), and multi-
qubit parity measurement on these ancillary then reveals whether or not a photon was captured in the
memories, but crucially does not measure which memory the photon has been stored in, thereby preserving
the phase-coherent superposition that is the signal of interest. When done correctly, this multi-qubit process
enables phase-coherent photonic capture and storage in the memory qubit, without destroying the photon’s
relative phase information. They have the inherent limitation of only operating across tens to hundreds of
MHz of spectral bandwidth associated with atomic resonance lines. Additionally, this type of individual
emitter-based phase-coherent measurement has, to now, only been demonstrated with a single memory cell
and at low efficiencies, near 4%. The multi-qubit heralding architecture has not been demonstrated.

13.3 QUANTUM MEMORY CNOTS AND SCALING FOR VLBI

Considerable engineering and development effort is need to realize photonic memory systems that
have the required capabilities of (1) having photonically addressable communication qubits that interact
with a local register of one or more ancillary qubits, (2) being able to perform CNOT operations between
the communication and ancillary qubits, and (3) integration of these capabilities into a highly scaled
memory system. Nevertheless, significant progress has recently been made in these areas. Indeed, single
qubit registers interacting with photonically addressable communication qubits have been realized in
nitrogen-vacancy, silicon-vacancy, and tin-vacancy in diamond systems [57-59]. Moreover, several of these
systems have been used to demonstrate CNOT gates between the communication qubit and ancillary qubit
[57,58], and multi-qubit register systems are being developed and demonstrated [60]. Parallel efforts have
developed the scalability of communication qubits, realizing up 16 communication qubits in a single system
[60,61].
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14.SUMMARY AND SUGGESTIONS

In this report, we have tried to create a framework for analyzing, understanding, assessing, and
comparing a number of classical and quantum-inspired Optical Very Long Baseline Interferometer
architectures. We have compared pairs of classical and quantum approaches that each have nearly the same
intrinsic performance. The two quantum approaches, however, hold the potential for transmitting known
guantum signals across a future quantum network in a manner that can trade high complexity and extra
speed for low loss and potentially high performance even with long baselines.

We showed that several classes of quantum memories, all still in early development phases, would
be central to the quantum-inspired approaches. We also showed that there are a number of support
subsystems and techniques that do not yet exist. Therefore, we feel that it would be fruitful to pursue the
development of the following:

Phase-controlled coherent writing to and reading from an array of quantum memories
Coherent quantum memories with photon capture that is well spectrally matched
Well spectrally matched photons for GJC-type measurements

Efficient qubit conversion from quantum memories to spectrally matched photons

Efficient, extremely low-noise wavelength conversion to allow low-loss fiber transmission and/or
to enable very wide-band operation using narrower-band quantum memories

Calibration and turbulence mitigation approaches for field-transform OVLBI

Quantum memories that enable high-speed quantum logic

Fringe-tracking approaches for the quantum-inspired systems

Quantum memory banks with variable readout times to enable variable-delay OVLBI functions

Creation and photonic array dissemination of W-states and GHZ states

We have argued, too, that one might actually find the best solution by operating in the telecom bands.
These were shown to have very good delivered photon flux. Low-loss fiber and the high performance
components available there, including modern photon detectors, may allow efficient, long-baseline OVLBI,
with or without the quantum techniques.

In the References, we list a number of other relevant resources ([63]-[72].)
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APPENDIX 1 - MATHEMATICAL MODEL

Assumptions:

The astronomical object, Ag , is centered at p in the z = 0 plane. It is convenient to define that
as the origin of the plane, so we let ps = (0,0).
We let p = (x, y) be the coordinate vector for an arbitrary point in the plane of the object. (See
Figure A-1)
The astronomical object radiates a scalar field that is spatially incoherent, statistically stationary
in time, and cross-spectrally pure

o with complex envelope, E;(p + ps, t) , ps = (0,0),

o confined to aregion p € Aginthe z = 0 plane

o where Ag has diameter Dg = max,, p,) eas 1P1 — P2|- We take Es(p, t) to have units

photons

—5 50 that |E(p, t)|? is the short-time-average photon-flux density crossing the

z = 0 plane at location p and time t.
Optical filtering with center wavelength A and bandwidth Q <« A is to be performed at the
telescopes. Without loss of generality, this filtering can be assumed to occur at the astronomical
objects so that the astronomical light can be modeled as quasimonochromatic on the carrier w,
where ¢ = A w, /2.
The point on the earth, a distance Z away, that sees the object straight overhead is also at pg
(again, we let ps = (0,0)) in the z = Z plane. These planes are defined to be orthogonal to the
ray between the center of the object and this point on the earth.
The terrestrial telescopes will not necessarily fall on the defined plane, due to the curvature of the
earth or other placement. The kth telescope sits at a position such that, when it is tilted to aim at
the center of the object in the sky, a ray from its center up to the object passes through p,, in the
z = Z plane. (See Figures A-1 and A-2. If the telescope is in front of the plane, we can similarly
project its ray back to the plane.)
Telescope k in the array has a circular entrance pupil with diameter D, and area A4;, = D, /4
(defined in the z=Z plane.) We can also define the maximum diameter of the entire array (as
measured in the z = Z plane) to be D,.
We assume deep far-field propagation:

(A1-1)
D2
— KA
Z

This means that any wavefront emanating from a point in the object has a curvature across a
telescope much less than a wavelength. That is,
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Di\? Di? D? (A1-2)
_ 2 _[ZE) oK TE
7 Z (2) 87 < 7 KA
We also assume
Dg A
- < D_k (A1-3)

which means that the angular extent of the object as seen from a telescope is much less than the
beamwidth of that telescope, and so no individual telescope can discern any spatial details of the
object. Of course, we will have designed the array so that

A D Al-4

D, ~Z (Al-4)

which means that the resolution (beamwidth) created by the entire array is smaller than the object
in order that we can resolve details in it. Suppose we design the array to result in N pixels across
the object, or

Ds _y2 Al-5
z Vo, ( )
This is equivalent to
D,%\ (Ds? 51y
A (IS Al-6
< s )( 5 ) = w22 (A1-6)

It is straightforward to show that the pointing angle of an outermost telescope in an array
centered at (0,0) differs from the pointing angle of a telescope at the array center by (%) For

arrays offset from the sub-object point by a distance X, the difference of pointing angles between
outermost telescopes can be seen to be

Dy Dy A Dy (A1-7)
tan | ——— v | <K T

If D, < Dg, then that means that the difference between the pointing angles of all the
telescopes is much less than the beamwidth of any single telescope, and so we can model the system
as if all the telescopes point in exactly the same direction. (For extremely large arrays, one would
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need to calculate DZ—A exactly, but the telescopes will almost certainly still be found to point in almost
the same direction.)

All these assumptions mean we can work with angles and phases and signals as seen on the z=0
and z=Z planes, as long as delays between the object center and the telescope centers are
equalized via the addition of extra physical path delays. See Figure A-2.

Finally, we will assume

(Al-1a)
Dg?
— KA
Z
We will use this to simplify the phase term in the incoming field. (We note that this may not quite
be true for very large objects. However, replacing D with the maximum distance between object

points that can be considered coherent will certainly be true and will lead to the same phase
simplification in (A1-19).)

Telescope  Telescope projected
to z=Z plane

Figure A-1. Geometry and math of the sky object and the telescope array.
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Optical delays added to
equalize delays seen at entire
array

Difference in pointing angles
to deep far-field is negligible

z=Z 2=0

Figure A-2. Geometry of the planes of the sky object and the telescope array.

We assume E;(p, t) is a zero-mean, complex-valued Gaussian random process that is completely
characterized by its temporal correlation function,

(E*s(p,t + DEs(p', 1)) = 22NgI(p)Rs(1)6(p —p") (A1-8)

where (. ) denotes ensemble average. Here:
o Is(p) = 0 is the object’s 2-D spatial distribution with units 1/m?; and it is normalized
such that

| @pir=1 (AL-9)
A

S

o N is the source brightness (in photons/s-Hz)

o 6(p) = 8(x) 8(y) is the 2-D delta function with dimension 1/m?

o R,(7) is the normalized temporal correlation function such that NgR¢(0) is the source’s
average photon flux and NsI;(p)Rs(0) is its average photon flux density at location p
and time t

o The source’s associated dimensionless spectral density is then defined

Ss(w) = f dtRs(1)e /T (A1-10)

which has bandwidth Q due to filtering as described earlier

o We sometimes have occasion to assume a Gaussian filtered spectral shape as
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Ss(w) = e~’ts” (A1-11)

T2

o ats? (A1-12)

V4mtg?

Ry (1) =

e The ray between an arbitrary point, p, in the object and an arbitrary point, p’, , in telescope k has
length

! ! 2 -
D(pk+pk.ps+p)=\/ZZ+|pk+pk—(ps+p)| (A1-13)

, 2 , 2
:ZJ1+|pk+pk;(ps+p)| zz+|pk+pk;2(ps+p)|

We start from the quasimonochromatic form of Fresnel diffraction from a point (ps + p) in the
z = 0 plane at the astronomical object to point p’ in the Kth telescope’s entrance pupil in the z = Z plane

2T '
D(pk+ Py Ps + p)) e/ TP PP s tP) (AL-14)

Eo(p', ) = f o

d*p E; <P5 +p,t—
As

Cc

The correctly-pointed telescope takes this plane wave and integrates over its area to find

_pm
dzprk Ek(p,k’ t)e J7ZPKP (A1-15)

* _\/A_k A

We include the phase term in order to show that we point exactly at the object, even though this phase
term is tiny.

We will sometimes find it more useful to describe the source image and fields in terms of angles
instead of distances, so let us define angular coordinates

@=p/z, dp=Lida (AL-16)
and the normalized (and centered) source distribution
Ei(a,t) = ZE,(Za,t), I(a)=2Z%1,(Za), [d?al(a) =1 (A1-17)
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We can continue to write A4 when we integrate since either the angular extent or physical extent will
be obvious.

It will be useful to assume ps = 0 so that the distance formula becomes:

’ 2
o+ ¢ — Pl (A1-18)
27

D(pi+p' . ps+p)~Z+

s o' |° +Ipl2 2(p',) - (P) ka|2+2(pk)-(p’k—p)

27 27 2Z 2Z 2Z
Then we know
;12
lp|?
Pl << A/2 , and 2 << /2, (A1-19)
and 28 ® _ 2DDs . 4
27 Z

and so the first three terms can be ignored in (A1-14) in both the temporal term (divided by c) and the phase
term (multiplied by 27”.) Thus, we can approximate

: pul® 2(pi) - (P — P) (A1-20)
D(pr+p'ps+p)~Z+——+ 57
We then have
(A1-21)
Ny <Z+Igz| ) j2mpi: (') _2m
() = d p T 7 e ~IizPP deEs<p,t—Z/c
jaza, As
~ kal2 L 20 (¢’ —p)Y -j2mese
2cZ 2cZ

In the temporal term, we see that
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2(p) (p'i=p)| _ Da(Dy+Dy)
<
2¢Z cZ

is much smaller than the other temporal terms, and is, in addition, much less than temporal details of the
process’s narrow-band autocorrelation function, and so we can ignore it, giving

e (e’ _am 2 ampe- i
E() = MZ r j ol T e dszs(p,t_Z/C__'gg)e—laﬂ—;P (A1-22)
Al A
jAZ Ag PEs\ P 2cZ

We can note that Z /c is a constant describing the constant time delay from the source (likely hundreds

kal

of thousands of years or more) and so can be ignored. Also, the term —— , due to c and Z both being very

large, is tiny and so can also be ignored.
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APPENDIX 2 - MATHEMATICAL ANALYSIS OF FAR-FIELD
CORRELATIONS - THE VAN CITTERT-ZERNIKE THEORY

Using the model of Appendix 1, we examine the correlation between the complex fields at telescopes
Kand J to find

(Ex"(t + DE; (1)) =

2cZ

o |2 - (A2-1)
dzplEs* ppt+T—Z/c— KTz

> A 7npp
Ag

21(py—p))py

NgR (T)}j d?p, I(p,)e’ 7z

S

=e

2 2
_jZ"(|pl§|/1;|P1| ){JAKA]

where we were able to ignore a tiny temporal term.

The out-front phase term is a very small constant that can either be calculated and thus removed or
merely ignored. Thus, the mutual coherence between the light collected at telescopes K and J is
VAkA A expyy
(Ex"(DE;®) = {%NSRS(O)}J d’p, I(p,)e’ 72 (A2-2)

Ag

We can define the received signal strength (where we now assume all the telescopes have the same
area) as

This is the apparent source brightness in photons/s-Hz.

We can also define the normalized mutual coherence as

(B OE®) 2 Lipye! jexepe (A2-3)
\/<|EK(t)|2><|E,(t)|> *

73



This normalized mutual coherence can also be written using the angle notation described in Appendix
las

20 T (o)1 D a
Yig = f Ca I(a)e/ ™ (A2-2)
A

S

This is the (deep far-field version of the) quasimonochromatic van Cittert-Zernike (vC-Z) theorem
([31.[4].) That is, except for the bracketed term out front (in A2-2), and which can either be ignored or, if
known, be calculated off-line, the complex correlation between the fields at two telescopes is proportional
to the (inverse) 2-D spatial Fourier transform of the source’s angular distribution as calculated at a spatial
frequency related to the vector between the telescopes (ie, the baseline.) From this observation, we are
motivated to try to measure this correlation at many spatial (ie, baselines) and then try to perform an inverse
(discrete) 2-D Fourier transform (numerically) to obtain an image of that distribution.

Towards this goal, let us define the 2-D telescope position and sky angle vectors in terms of their x
and y coordinates.

p_ —_—
Z=a=%e, tne,

(We remember from the discussion in Appendix 1 that the sky angle vectors are essentially the same
for all the telescopes.) Then we can define the baselines in numbers of wavelengths as

Axjre _ X% =% AYjie _ Vi — Yk

A 2 a2 (A2-6)
and define a normalized correlation (from (A2-4)
(Ax”‘ 4 ”‘ i 2 (20 ¢ 4 220 V] g
9\ s(&,m) exp |jom (=€ + n §dn (A2-7)

Since we have only a sparsely sampled plane of spatial frequencies (often called the u-v plane

because in some references, (Aj"" =4 ”‘) is defined as (u,v)) we see that we would be calculating the

discretized Fourier Transform of this as:

I (4) ~ Niz 2 (Ax]k Ay]k) exp [—]Zn (Aif + Aﬁlk 77)] (A2-8)

=2 T IEM (S Si exp [jom (B[ — & + 2 [y - 71)|} dgan
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A name often given to I is the “dirty image” which is seen here to be the convolution of the correct
image, I , with the term in brackets, commonly known as the “dirty beam.”

We will examine several ways to measure these correlations in the sequel. We will also examine the
calculation of the Fourier transform.
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APPENDIX 3 - MATHEMATICAL ANALYSIS OF (DIRTY) IMAGE
GENERATION VIA CLASSICAL FIELD-TRANSFORMATION

We begin with equation (A1-15) (and we recall that this model assumed that the paths have been
delay-equalized)

2T ’
d?p’ Ex(p’, t)e ' 7zP*Px (A3-1)

E(t)ZLf
¥ _\/A—k Ak

Similar to the steps in Appendix 2, we can rewrite the exponent (with obvious nomenclature, and
remembering that p’, /Z is the same for all telescopes)

2T ;o Xk Yk
T7Pr P =2m (75 +777) (A3-2)

so our Inverse Discrete Fourier Transform would calculate (for all N telescopes the same size and where
we have ignored their area, A)

B0 =5 Be® e[ (25 + 25)] (A3-3
k

We will be interested in the image, though, so we calculate the squared magnitudes of this
transformed field to find (normalized here)

(Bl ) =550 > @5©) exp[-jzm (5] ¢+ [52]4) (A3-4)

1t

— 3| [ {ZZ”” o (55 - £+ 22y - n])]} agdn
J

which is the same as (A2-8), the dirty image of the vC-Z approach.
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APPENDIX 4 — SIMPLIFIED QUANTUM ANALYSIS OF GJC - BINARY

In the simplest form, we can model the state, when it contains one photon, of the signal impinging on
the two telescopes (Left Telescope, LT, and Right Telescope, RT) as

1 .
— [|O>LT|1>RT + e]®|1)LT|0)RT] (A4-1)

V2

where @ is the phase difference between the signal at the two telescopes, due to the beam’s slight
tilt with respect to the telescopes’ pointing angle. That is, the photon is modeled as coming from a
point other than the sky object’s center.

A more complete quantum model allows for thermal light to have come from anywhere on
the distant source and is thus better modeled with the mixed-state density matrix

Ir1 vr

P=3 [V 1 ] (A4-2)
where the basis vectors here are |01), |10), and the so-called complex visibility, V, is a function of
the distance (baseline) between the telescopes as well as the oft-axis angle of the particular source,
and presumes that the image is resolvable by the baseline separation. (A more complete set of basis
vectors would be |[00), [01),]10),|11), plus kets with 2 or more photons, but we will here ignore
the cases with no photons and also with more than one. That is, the no-photon term and the
multiple-photon terms are assumed to have coefficients 0 in this model.)

It will be wuseful to perform a Singular Value Decomposition (SVD, ie,
eigenvalue/eigenvector factorization) of this matrix. We can thus find (by solving the characteristic
equation) that

11 v 1

= = —pApt A4-3
P=5ly 1 2PAP (A4-3)
where
[+ |V 0 ] U)o )
A_[ o ol v=wme (Ad-4)
and
111 1
p= ﬁ[eﬂb —eﬂ”] (A4-5)
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This means that we can represent the density matrix (again, just the component with exactly
one photon) as

p=3{C +IVDIHWEI+( ~ IVDIE)w31) (At-)

where the new orthonormal eigen-basis is
|W5) = 5 [10).r 1 Dpr £ €7°11)7[0)r ] (A4-7)

as can be seen from the two columns of P.

With this model, we can first see how the classical, non-local architecture displayed in
Figure 13 works. If we let the variable delay correspond to a phase shift of & radians, and model
the beamsplitter as

101) - [|01) + [10)]/V/2 and (A4-8)
10) ~ [|01) — [10)]/v2
then we find the output density matrix:

_1[1+Re(Ve ) jim(ve ?) (A4-9)

2| —jim(ve %) 1—Re(Ve/?)

which means that the probability of measuring |01) in this direct detection architecture is
[1 + Re(Ve‘j‘S)]/Z , and of measuring |10) is [1 — Re(Ve‘j‘s)]/Z. We can remove the
“pedestal” by taking the difference of these measurements.

GJC proposes creating and disseminating the following entangled state over the network (N),
as shown in Figure 14.

|9) = (I D)ewl0)ry + €7°10) | D)rn) /Y2 (A4-10)

We thus have the joint state |1|J;7’)|<p) . When we put these states into two beamsplitters, with
outputs A and B, we find (ignoring the cases with two photons in a mode)
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2t = (A4-11)

= (ej8[|1>LA|O>LB + 10)2411)L81[10)ral1)RE — [1)RAl0)RR]/2
+ e]®[|O>LA|1)LB = |1)1410).51[11)ral0)rp + |0)RA|1)RB])/2

e/8Fei® ef84eJ@
= D)y 4+ 2D )
where
l¢1) = [11)2410}.5|0)ral D rE — |0)LA|1)LB|1)RA|O>RB]/\/E (A4-12)
and

|x2) = [lO)LAll)LBlo)RA|1>RB - |1)LA|0)LB|1>RA|O>RB]/\/E
Plugging these back into the density operator (and ignoring the 2-photon terms), we find
1
p = {A+IVDIZ" Nz | +(1 = [VDIz"Nz" [} (A4-13)

= [1 = [V]cos (0 = 8)]]x1){x1| +[1 + [V]cos (0 — 8)]|x2 (x|

We see that we will measure |x,), i.e.,
[11)24l0}.510Yral 1)rE 07 10)14]1) 151 1)RAI0)RE] (Ad-14)
with probability [1 — [V|cos (0 — §)]/2

and |x,), i.e.,

[10)2411)L8|0)ral 1rp 07 [1)14]0)15|1)RA10)RE] (A4-15)

with [1 — |V|cos (@ + 8§)]/2

Of course, we will need to account for the fact that we will find two photons half the time.
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APPENDIX 5 - SIMPLIFIED QUANTUM ANALYSIS OF GJC - M-ARY

Let us try to extend our mathematical structure to N telescopes at 2-D positions, {pi}. (Some

more general descriptions sometimes include the third dimension as well.) The density matrix can
be represented

(A5-1)

where the visibilities

Pi—Pi (A5-2)

Jix = g(— e ) = lgule’®® ; i #k;

Pk~ Pi Pi ~ Pk )
=072 - o(-E5E) -

are functions of the baselines between the 2-D vectors, and so we see g;x = gi; , and
gii = g(0) = 1. (We note that in some references, the N and A terms might not be included
explicitly in the definition of g.) The basis quantum vector-states {|1;)} i=0,1,.....N , were defined
in the report. Written out, the density operator is

-1N-1 (A5-3)

il 11|
k=0

||
2|~
=
I\
(=)

i

-1
{glkll )<1k| +glk |1k>(1 |}

>i

I+

MZ

N-2
i=0

=]
2|~
=

We can once again try to find the SVD of this Hermitian operator in the form

G = PAPT
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where P is a unitary matrix defined on those same basis vectors, and which defines N new
orthonormal eigen-states |1 j) based on its columns. This equation would then be equivalent to
(again, ignoring the all-zero states)

A _ 13N-1 a0
p = szeo Aj |l/)])<l/)]|

where A; are the elements of the diagonal matrix, A.

Unfortunately, we have been unable to find a simple closed-form solution to this SVD
factorization, even for as few as 3 telescopes, for arbitrary {gi, j}. However, by analogy with the
N=2 case, one can show the potentially useful form

p=23NPE (s + |gixl ) W] + (5 - |9kl ) W] (A5-5)

if we define the states (fori # k)
1 i
W) = [110) + e7%%[1,)] (A5-6)

We see that |L|J{“j) and |lIJi_j) are orthogonal, and |1]J:—rj) and |1]J;fl) are orthogonal for i,j,k,1 all

different, but |(ljJ:—;|ljJ,Jfl)| = % if one of the 1,j pair is the same as one of the k,1 pair, so this is not a

true SVD. Note that there are 2x (1;/) such states.
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APPENDIX 6 - PERFORMANCE ANALYSIS OF VC-Z WITH DIRECT
DETECTION

The receiver for the classical approach takes the delay-equalized fields ((A1-14,15)) from a pair of
telescopes n and m and combines them on a 50-50 beamsplitter as

[e/E,(t) £ En (D] /V2 (A6-1)

The outputs are fed to ideal (unit quantum efficiency, zero dark counts) photodetectors. Half of a
Ty-second measurement interval is devoted to photon counting with 8 = 0, and the other half is devoted to
photon counting with 6 = 7/2. The resulting counts are statistically independent, Poisson random variables
conditioned on knowledge of their illuminating fields, which are

Ny (8) = Poisson {f dt|e’?E, () + Em(t)|2/2} (A6-2)
T

M/2

We then create
gnm = {(Nnm+ (0) - Nnm— (0)) _j (Nnm+ (g) - Nnm— (g))} /TM (A6'3)

to create an unbiased estimator of the correlation (which is complex.)

To derive the SNR, we will use (A2-1,2) — repeated here with t=0 and 4,, = 4,, = A , and writing
in angular coordinates -

(Ey"(OEn () = (N;Rs(0)} [ d*a is(a)e"z"[(pnipm)]'“ (A2-2)
and (|E,(t)]*) = {NMsRs(0)}
We can thus see
(Npms (8) — Nym—(8)) = Poisson {ZRe [ej9 f thn(t)Em*(t)]} (A6-4)
Tp/2

(Npm+(8) + Npym—(8)) = Poisson {f dt(|E, (% + IEm(t)Iz)}
T

M/2

and so
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(Grm) = {zRe [ f thna)Em*(t)] ~ j2Re [j f thna)Em*(t)]}/TM (A6-9)
T/2 Tw/2
* ~ . ( n-—. m) .
= B0 O) _ g, = (rRs )} da (@ T ]
and
~ Tl’ s 5
Vargnm = {Vaanm+ (0) + VarN,,—(0) + VarNy . (E) + VarN,,_ (E)} /Ty (A6-6)

= { N ) + N (©)) + N (5)) + N (5} /Tos?

= 2{VRs(0)}/Ty

Finally, we can write

2

" [{Grnm)|® _ Tu

nm

(Pn —pm)] «

{NSRS(O)}‘ f d’a Is(a)ejzn[ 4 (A6-7)

This SNR would be further reduced by any transmission loss and any non-unit-detection-efficiency
of the detector.
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APPENDIX 7 - PERFORMANCE ANALYSIS OF VC-Z WITH HETERODYNE
DETECTION

We choose to model this architecture with classical fields. The architecture of a heterodyne detector
from a single telescope is:

- Bandlimit the incoming signal to a band, B (which means that the very large band to be examined
must be frequency-multiplexed into many, many subbands)

- Combine on a beamsplitter this signal and a large local oscillator laser offset from the center
frequency of that band

- Perform balanced detection and bandlimit to B

- For correlation-based measurements, send (at low loss) the outputs from two heterodyne detectors
to the correlator, mix their complex envelopes, and integrate over a measurement time, Ty,

We model the output of the heterodyne mixer as
Tm(t) = Re{r, ()e 7@1Ft} = Re{[E' () + np (t)]e /@IFt} (A7-1)

where E',,,(t) is the band-limited version of E,,(t) and n,,(t) is the complex envelope of the passband-
limited local-oscillator shot noise. We will use this output as the estimate of the received field.

To calculate the SNR of the correlation measurement approach, we see that this output will lead to
an unbiased estimate of the vC-Z correlation (i.e., the mean will equal the desired signal) and the variance
(when local-oscillator shot-noise-limited) will be independent of the signal. The result, when compared to
the classical, direct detection approach, is that

R 2
SNRgnm,het = M = ZTNSSNRgnm,DD

Vargnm,het

(A7-2)

The factor of 2 comes from the classical system’s need to split the power and make two separate
measurements for | and Q. (In the case of non-unity detection efficiency, n, there will also be two factors
of n in this balanced heterodyne system, while only one in the vC-Z approach.) The value r is the ratio of
the total measurement bandwidths, which can be as close to 1 as possible for many, many parallel
heterodyne bands. We note that a 20 THz total band (which we use in the system sizing section) and a 2
GHz heterodyne band would require 2,000 parallel heterodyne channels (and assumes they are packed
losslessly into the 20 THz).
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APPENDIX 8 - PERFORMANCE ANALYSIS OF VC-Z WITH GJC
MEASUREMENTS

The architecture is shown in Figure 14. Following GJC, in each time bin, we create a photon, send it
through a balanced beamsplitter, and transmit the entangled pair to the telescopes where we employ
noiseless, unit-efficiency photon counters as shown. We will here use quantum operator mathematics.

Exactly following our classical approach, we replace our complex field envelope with baseband field
operators, with commutators

[En(®), En()T,] = 8pmd(t —w) (A8-1)

where &,,,,, IS the Kronecker delta function. These quantum fields are in a zero-mean, classical, jointly-
Gaussian state whose N(N — 1)/2 baselines (for N telescopes) have the same coherence functions as the
classical version,

(Pn—Pm)]. a

(EnOTEnw) = WGRs(0)} [ d2a I(@)e’"L"7 (A8-2)

The GJC on-demand photon source can be modeled

where @, is the photon annihilation operator for that field’s excited modes; ¢(t) is a unit-normalized
temporal-mode function time-limited to |t| < t5/2 < T,/2 where T, is the pulse repetition period; T, is
the measurement period, likely chosen to be >>T,,. The vacuum term represents unexcited modes which
ensure that (A8-1) is satisfied.

We have found, with a detailed analysis not included here, that the performance results one gets from
the fully quantum analysis is exactly the same as both a classical field analysis and a Poisson-Bernoulli
calculation using photon counts based on signal power. This is true for both the classical correlation
approach and the GJC approach. In fact, we have found that the Poisson-Bernoulli approach allows one to
calculate either performance after a fixed time, or the performance based on counting a fixed number of
photons with the experiment time being the variable.

The architecture in Figure 14 and the equations (10) and (11) tell us we are looking for coincidences
aa/bb or ab/ba. If we let Ny, 5, Ny, p , Ny o » N o b the (Poisson) photon counts at telescope n, detectors a

and b and telescope m, detectors a and b, then the variable we are interested in is
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(A8-4)
(Nn,a - Nn,b) (Nm,a - Nm,a)

We can find the mean and variance of this quantity by observing that £ (t) and E,, (t) are independent.
Thus the mean of the term is made up of 4-fold products which can be expanded and calculated.

For the covariance of the two sequential measurements that form | and Q, we need higher-order
products. Thanks to our Gaussian signal assumption, these, too, can be factored and (tediously) expanded
and calculated.

We can ultimately find

2
Grm)|? Ty sRs(0)} (dfM,* i 27| n=Pm)]. ]
SNRG,, = |<gn111>| _ iV s( )} Mt j d2a Is(a)eﬂn'[ v ]a (A8-5)
Varg, 2 2
where df = ts/T, is the single photon source’s duty factor, and
Ls Ls
_Zt_s dt f_zt_s du ¢(t) Rg(t — w)¢™ (w) (A8-6)
2 2

Mt:

tsR(0)

is the temporal mismatch factor between the single-photon source’s temporal mode and the temporal
characteristics of the sky photons arriving at the telescopes.

Similar to the classical case, any non-repeatered transmission of the single photon will see a loss that
directly reduces the SNR. Different from classical, though, is the fact that it requires two simultaneous
photon measurements to perform GJC, so with detection efficiency, n, we reduce the GIC SNR by n2.

In theory, we can design ¢ (t) to maximize M, by noticing that (A8-6) is a standard Fredholm integral,
known to be optimized if we expand Rs(t) as a sum of orthogonal functions and then select ¢ (t) to be that
function corresponding to the largest eigenvalue. M, is then the ratio of this largest eigenvalue to the sum
of all the eigenvalues.
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APPENDIX 9 - QUANTUM LOGIC ANALYSIS OF KBAGL HERALDING

Following our simplified qubit analysis of Appendix 4, we define the sky photon by

1
p =5+ VDX g | +(1 = IVDIwg MW 3 (A9-1)
1 .
|¢%> - E [10).711)rr £ €/°11)17|0)er ] (A9-2)

and disseminate the (binary) entangled qubit

lp) = (|0>LN|0)RN + ej8|1>LN|1)RN) /\/E (A9-3)

likely storing it in memory cells at the telescopes. Following KBAGL, we use the sky qubits as the controls
in local controlled-phase (CZ) quantum logic gates against the disseminated state in each memory. We see
from (A9-2) that a single photon in |1/}§) transforms the entangled qubit to

(lO)LNlo)RN - ej8|1>LN|1)RN) /‘/E

while any no-photon or two-photon terms leaves it unchanged. If we apply a Hadamard transformation to
this possibly transformed state, it is easy to show that the non-photon (or two-photon) term produces an
even count across the two telescopes, but the single-photon term produces an odd count. Then, by using
classical communication of the two measured outputs, we can deduce (ie, herald) whether the sky qubit
appears in one or the other of the two telescope memories in that time bin.

Similar to GJC, we can generalize this approach to the entire M-ary array, using a disseminated GHZ
state,

) = (10)]0)]0)[0) ... + e[ 1)|1)|1)[1) ...)/V2 (A9-2)

which, with the same quantum logic and classical communication, can herald whether a photon has fallen
somewhere in the array in that time bin.
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APPENDIX 10 - QUANTUM LOGIC ANALYSIS OF KBAGL MEMORY
COMPRESSION

KBdGL have devised a method for greatly reducing the number of memories required to store the
sky photons and also the number of entangled states required for heralding. With pre-knowledge of the
approximate flux rate in the system, they propose selecting a time period in which it is likely that at most
one photon will be detected in the entire array. Numbering the time bins in that period 0,1,2........ K-1, it
can be seen that a log.(K+1) bit binary address can uniquely list them (see Figure 20).

The compression idea first puts the received sky qubit into a “working” quantum memory. We will
work out the math assuming two telescopes, A and B. (Performing the algorithm on N telescopes is a
straightforward extension.) We write the sky photon in the working memory as

, Al10-1
10) 401 1) 5 + €7011) 40 10) 51y ( )

(We will drop normalizing constants throughout this Appendix. We are also using the phase-only
description of visibility. We saw in Appendices 4 and 5 that we can describe the more complete density
operator with sums of such simpler descriptions.)

The binary addresses are used to enable (or not) a CNOT logic gate controlled by the sky qubit with
outputs placed in the “m”emory bank of length loga(K+1), as shown in Figure 20. An enabled CNOT leads
to

(A10-2)
10) 4w 10) arm |1 | 1 5im + €7°11) a1 1) 4m 10Y 5 10) 5
= |0)Aw|1)Bw|O)Am|1)Bm + ejell)Awlo)Bwll)Amlo)Bm

After a sky photon is captured, we find that it has been written into the memories according to the
time address.

We would then like to reuse the working memory, so that we do not need a new one for each of the
K time bins. Because of the entanglement with the memory bank, though, the working memory must be
dealt with carefully after each time slot. For instance, after we use it in the CNOT, we cannot measure it,
since that would collapse the superposition and give away that the photon was on one side or the other, thus
destroying the phase information in the long-term memory. Neither can we erase nor reset the working
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memory, since that corresponds to taking a trace over the several now-entangled qubits and would end up
with a mixture instead of the superposition that holds the phase.

KGdBL propose applying a Hadamard operation to the working memory and then measuring that
state (ie in the x-basis.) The Hadamard results in

(104w (005w — 110 aw [ D w1 [10) 4| D pm + €7°11) 4m 0} 3im] (A10-3)
— [10) 4w 15w — 11) 4w [0)5w1[10) am | 1) gm — €7°11) 41 10) 311 |

We can see that, if the measurement of the working memory pair then produces an even number of
counts, the superposition in long-term memory is unchanged, but if there are an odd number of counts, the
superposition has had a sign change, which will need to be corrected. We can keep track of the sign changes
versus the time addresses in a classical memory.

After the K time slots have all arrived, we then want to deduce which, if any, time slot contained a
photon in the array. To this end, we send a GHZ state for each memory bin. Using the memory bin as the
control of a CZ gate operating on the GHZ state,

|dt) = %ﬂoooo Y1111 )] (A10-4)

we can see that |CI>i) - |<1>”_L) if the array memory cell contained one photon. Applying a Hadamard to the
processed GHZ state, then, and measuring it in the x-basis, we find an even count with no photons and an
odd count with one photon. (These array-wide measurements require classical communications.) The
memory cell remains unchanged.

We must now carefully read out the memory cell. Applying a Hadamard transformation to those cells
corresponding to 1’s in the address, and measuring, we find that the remaining entangled memory cells see
bit flips when the measurement is odd. When there is one memory cell left, our accounting and array-wide
classical communications tell us whether it is the original qubit or has had CZ applied to it, which can be
corrected.

What remains is a single array-wide memory cell with the heralded photon. This cell can be used to
make a correlation measurement (with a disseminated W-state like GJC) or it can be teleported to a central
facility for performing the QFT.
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APPENDIX 11 - PERFORMANCE ANALYSIS OF (DIRTY) IMAGE
FORMATION

To calculate the SNR of the dirty image, we will find the relationship between the value of the image
at an arbitrary point and the underlying Poisson counts that make it up. We will examine both correlation-
based Fourier transforms (i.e., vC-Z) and field-based, both classical and QFT. Our model will be the KxK
regular, filled array. (We admit that a more realistic and sparser array may give different results.)

CORRELATION-BASED IMAGES

The formula for image creation based on the measured visibilities is given in (6) and (30). Equation
(4) shows the second order moment of the Poisson variables that are used to create the correlations. Since

2
SNR for Poisson-based variables is ”7 = u for Poisson mean, u, we can find the SNR for the correlation-
based Fourier Transform with careful normalization of the array. We also observe that each of the
2
(KZ )elements of the input to the FT is independent of the others, since each correlation is based on a

unique set of photons.

We can define a 2-D dirty image as 7(j) at grid point j, to be normalizedas .  X.; J(j) = 1. From

these inputs and some algebra, it can be shown (where the filled square array simplifies much of the math
in the multiple summations) that the correlation-based dirty image has SNR

. Ke°T . (A11-1)
SNR¢(j) = 2KZ=1)? {NsRs(0)}7()*
For a Gaussian-shaped spectrum ((A1-11,12)), Rs(0) = ﬁ where tg is the coherence time of the
S
source. At large K, this gives

TNK? (A11-2)

SNR:(j) = 7(j)?

c( ts )

We note that this formula had measured all the distinct baselines, including redundant ones in our
filled array. In work not shown here, we have also investigated measuring only the non-redundant baselines
(which allows more of the T-seconds of total integration to be used for each correlation.) It turns out that
the result differs by only a small fraction, but the dirty beam is somewhat different and it is thus difficult to
make a direct comparison.
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CLASSICAL FIELD-BASED IMAGES

The formula for image creation based on the fields is given in (8) and (9). Once again, with careful
normalization, and noting that that there are only K ? independent elements in this calculation, one can show
that (for large K)

TNK? . ALL-3
N I ( )

SNRp(J) =

(To derive this, we assumed that there were a large humber of detected photons in many spatial
modes, and so Poisson statistics apply. This allowed us to simplify a few expressions.)

Since the dirty image is positive and has unit total “energy”, we can see that each point is on the order
of 7(j)~ Kiz Thus, the field-based image has an SNR on the order of K2 greater than that of the correlation-
based image.

We show in Appendix 12 that the QFT-based field transform gives the same average output as the
classical version, and so the SNR will be the same.
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APPENDIX 12 - CALCULATION OF (DIRTY) IMAGE FORMATION FROM
QFT

The 2-D array signals have a density operator shown here

Tt e
K_Z Z Z Z g(ny —my,n, — my)|1nxny><1mxmy| (Al12-1)

In the same signal basis, the Quantum Fourier Transform operator can be written

o
Il

1 K-1 K-1 K-1 K-1 2
N jem Al2-2
Ugrr = I% Z Z Z Z [ (nxmx + nymy)] |1nx ny) <1mx myl ( )
Ny=0MNy=0 Mx=0m,=0
When applied to the array signals, the output is
~ PP
Poutput = UgrrPUqgrr (A12-3)

We then measure the diagonal elements of this operator to find the estimate of the dirty image, as

<1lx,ly ﬁoutput |1lx,ly> (A12-4)

As a first step, we calculate

1 K-1 K-1 _2
PR _ j2m
ot [, = Z Z exp [T (ncl 1y IY)] |1"x'"y> (A12-5)
Nyx=0ny=0

and from this, we ultimately find

<1lx,ly ﬁoutput |1lx,ly> = (A12-6)

K-1 K-1 K-1 K-1

S 5SS s - mer - mat o, -]

Nx=017,=0mMy=0m,=0

It is straightforward to show that this is the same formula as we find in the analysis (based on
equations (6)-(9) and analyzed in Appendix 11) of the classical Fourier Transform approach. Thus, the QFT
approach results in the same SNR as the classical FT approach, if we ignore the several losses of
transmission and detection as well as the single-temporal-mode mismatch factor introduced in (19).
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APPENDIX 13 - CALIBRATION ANALYSIS OF (DIRTY) IMAGE
FORMATION FROM FIELD TRANSFORMS

Since from (2)-(5), we have that the visibility is
Axj, Ayij *
g (G2 = (B 0E ) (A13-1)

we can include the effects of turbulence and optics as seen at telescope k by multiplying Ej, (t) by a complex
value hy, resulting in the new density operator for the array (we write here only up to N-1=3, with obvious
extension to more general N)

hh 0 0 01 1 9Po=pP1) gWPo—p2) 9Po—P3I|fhy 0 0 0 (A13-2)
. [0 hy 0 o] [9(P1—pP0) 1 9gp1—p2) glP1—p3)||O R, 0 O
Pr=lo 0 hy 0| |gps—p0) 9g(p2—p1) 1 gp2—p3)||l 0 0 hy, O
0 0 0 hsllglps—po) glps—p1) 9(p;—p2) 1 00 0 h
= AtpH

As there are only N measurements that can be made with any one N-array photon, we are forced to
learning sequentially (or alternately) the telescope distortions plus the image.

It is straightforward to show that, after applying the QFT to the received states, we would have
~ R PP ) P P N PO, A13-3
Poutput,h = UgrrPrUgrr = {UQFTHUQFT } UgrrPUgrr {UQFTHUQFT } ( )

where the bracketed matrix has i,j element H(w'*/) and where H(z) = Y¥Z¢ h(p;) z* describes the dirty

beam with w = e2™/N,

We can try to learn the off-diagonal elements of this state (with analogy to the correlations approach)
or perhaps find a way to learn H(z) by learning each telescope’s distortions separately, possibly by using
a reference.

In either case, not getting intrinsic redundant measurements, as the correlation method can, forces us
to add complexity to the field-transform method. The best way to implement this remains an open problem.
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