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“Keep watching the skies”
HEP Cosmological Frontier invests in observing photons from the sky

• Galaxy position, shape, photometric redshift
• Tech: Low-noise CCD’s    Projects: DES, LSST/VRO

• Galaxy precision redshift
• Tech: Low-noise spectrograph Projects: BOSS, DESI

• Cosmic microwave background, incl polarization
• Tech: TES Projects: CMB-S4

• HI intensity mapping, including dark ages
• Tech: RF spectrometers & interferometry    Projects: LuSEE Night

• Precision astrometry of bright stars and binaries
• Tech: Fast spectrograph, quantum optics    Projects: TBD New!
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Astrometry Measurement Distance 
Ladder (H0

tension)

Dark 
Energy

Dark 
Matter

GR Tests Pre-CMB 
(relics)

Stellar parallax ✓ ✓

Proper motions ✓

Binary orbit measure (independent distances) ✓ ✓ ✓

Parallax with galaxies ✓ ✓

Microlensing in real time ✓

Low-frequency (𝜇Hz) gravitational waves ✓ ✓ ✓ ✓

Idea: Quantum engineering can improve astronomical 
interferometry, both for high-resolution imaging and 
precision astrometry
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Subtle but important point:
The entire system, not just one device or 

sensor, is a quantum detector for a 
coherent extended EM quantum field.



Quantum State 

DistributionQuantum Entanglement Network

Dark Matter Sensors 
(e.g. Magnetometers)

Dark Matter Wave

Telescopes   
(on Earth or 

in space)

Long-distance quantum coherence

Entangled states distributed over quantum networks can 
link detectors together coherently, improving sensitivity 
and directional resolution; a leading example is detection 
of wave-like dark matter.

Production and distribution of custom 
quantum states enables long-baseline, 
high-resolution optical interferometry, 
opening new observations directly 
relevant to DOE HEP science.

Interferometers are 
sensitive to very small 
details and differences 
in stars’ positions.
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Quantum entanglement-based imaging promises significantly increased resolution by extending the
spatial separation of collection apertures used in very-long-baseline interferometry for astronomy
and geodesy. We report a table-top entanglement-based interferometric imaging technique that
utilizes two entangled field modes serving as a phase reference between two apertures. The spatial
distribution of a simulated thermal light source is determined by interfering light collected at each
aperture with one of the entangled fields and performing joint measurements. This experiment
demonstrates the ability of entanglement to implement interferometric imaging.

Coherent measurement of light entering separate col-
lection apertures of an imaging system, an approach
called aperture synthesis that forms the basis of interfer-
ometric imaging, enables increased angular resolution be-
yond the single-aperture di↵raction limit, as first demon-
strated by Michelson and Pease [1]. The resolution of
interferometric imaging is limited, in-principle, only by
the aperture separation. Unlike interferometric imaging
in the radio frequency (RF) band, where Earth-sized de-
tector (aperture) arrays have been implemented based on
the recording of RF fields locally at each collection aper-
ture [2], in the optical band (visible and near-infrared)
the separation of the apertures is limited, in part, by
the di�culty in performing local coherent detection with
low noise at the few-photon level. The desire to increase
angular resolution in the optical band by extending the
separation of apertures (the ‘baseline’) is motivated by
a number of applications currently limited by resolution,
for example, the search for exoplanets and the study of
their atmospheres, resolved imaging of black hole event
horizons in the near-infrared to complement the mm-
wave imaging of the Event Horizon Telescope (EHT),
geodesy, imaging of planet-forming disks, and stellar sur-
faces beyond the Sun [3–8]. This has prompted the quan-
tum information science community to search for new
tools such as shared optical entanglement between the
receivers to extend optical interferometric imaging base-
lines [9–17].

There are three common approaches to achieving high
angular resolution with synthetic apertures: 1) trans-
porting the received fields to a central location and in-
terfering them (called direct interference) as depicted in
Fig. 1(a); 2) distributing and interfering strong mu-
tually coherent fields, known as local oscillators, with
two received fields, as shown in Fig. 1(b); or, 3) mea-
suring intensity correlations between the collected fields
as in the Hanbury Brown-Twiss (HBT) experiment [18–
21]. In the first approach, the challenge to increasing
the baseline lies in constructing low-loss optical chan-

2+1+

I(x)

1- 2-

Δy

I(x)

Δy

δδ

(b)

classical or  
quantum  
reference

(a)

FIG. 1. Schematics of two approaches to interferometric
imaging. Light from a distant incoherent source with in-
tensity distribution I(x) is collected by apertures separated
by distance �y. a) The direct interference approach com-
bines the collected fields at a beam splitter with a known
variable phase shift, �, and performs intensity measurements
at the output. b) The indirect interference approach inter-
feres the collected fields with reference fields (laser light or
path-entangled single-photon state) followed by local mea-
surements at each aperture. Correlations between measure-
ment outcomes at each telescope yield the mutual coherence
function of the fields collected by the two telescope stations.

nels between telescopes, with the current state-of-the-art
baseline being 330m long [22]. The second approach is
limited by the photon-number uncertainty of the shared
oscillators, often referred to as shot noise, as noted by
Townes [23]. In the optical regime, direct interference
is typically preferred due to its higher signal-to-noise ra-
tio (SNR) compared to interference with a classical local
oscillator [24, 25]. In contrast, radio-frequency interfer-
ometric imaging (e.g., EHT) uses local oscillators due
to the significantly reduced e↵ects of shot noise since,
for the same average power as one photon per unit time
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FIG. 2. A titanium-sapphire (Ti:Sa) laser is separated into two paths by a beam splitter (BS). One path creates a single
spectral-temporal-mode thermal-like state by passing through a double slit (D) and then a time-varying scatterer (S). The
scattered light is collected by fibers T1 and T2 after a BS. The other path undergoes second-harmonic generation in a BBO
crystal followed by parametric down conversion in a KDP crystal. The generated photon pair is split at a polarizing BS (PBS);
one is used for heralding. The heralded photon is sent to a BS to generate the path-entangled reference state along two paths,
with one path having a time-dependent length controlled by a PZT to introduce a phase shift, �(t), driven by a signal generator
(SG). Each path is coupled into single-mode fibers (S1 and S2), and combined with the fields collected by T1 and T2 in two fiber
BS (FBS). The outputs of the FBSs are monitored by superconducting nanowire single-photon counting detectors (SNSPDs)
and time taggers.

A polarizing BS separates the H and V fields, where the
V field is sent to a single-mode fiber connected to a super-
conducting nanowire detector (SNSPD). We measure an
unheralded second-order coherence g(2)(0) = 1.66± 0.06
(which implies a Schmidt number of 1.51 and near sep-
arability [37]) and an average photon number of approx-
imately 0.01, after correcting for detection e�ciency. A
detection event at the heralding detector indicates the
presence of a single photon (or more) in the H-polarized
beam. The density operator of the heralded field in
the photon-number basis is approximately ⇢heralded ⇡
⌘ p(1)|1ih1|+(2�⌘)⌘ p(2)|2ih2| where ⌘ ⇡ 0.28 is the mea-
sured heralding e�ciency and p(n) are thermal photon-
number statistics, indicating the possibility of more than
one photon in the pulse.

The heralded H-polarized field is directed to a 50:50
BS realizing the PERS in Eq. 1. A mirror bonded to
a piezo-electric translator (PZT) in one path introduces
a controllable, relative phase di↵erence between the two
paths. The PZT is controlled by a signal generator (SG)
that applies a 600Hz triangular waveform, giving a time-
dependent phase, �(t), which varies between 0 and ap-
proximately 4⇡. The heralded PERS distributed to the
telescopes is approximately given by Eq. 1, which ne-
glects the vacuum and higher-order photon numbers (a
proof that the full state is entangled is given in the Sup-
plemental Materials [35]). The two paths are coupled
into PM-SMFs, indicated by S1 and S2 in Fig. 2.

The complex visibility of the simulated starlight, as de-
fined in Eq. (2), is measured by interfering the two modes
of the PERS, S1 and S2, with the fields collected by the
two fibers acting as telescopes, T1 and T2 in Fig. 2, at
fiber BSs (FBS). The FBS outputs are sent to SNSPDs.
All detection events are time-tagged using a time-to-
digital converter. We keep coincidence events only when
they are registered between di↵erent telescopes. The co-
incidence events, occurring probabilistically at times tj ,
can be associated with a known PZT phase, �(tj), by
comparison to a phase-locked square voltage pulse used
as a clock indicating the change in direction of the PZT.
The set of event phases are used to estimate the complex
visibility (see Supplemental Materials, [35] and [38] for
details).
Theory predicts the estimated visibility measured by

our experiment to be (see Supplemental Materials [35])

ṽ(�~y)ei�̃(�~y) ⇡ ± 2p(1)Re[⇢0110e
i�]�

(2� ⌘)p(2)⇢0000 + p(1)(⇢1010 + ⇢0101)
, (3)

where ± is the phase di↵erence acquired from the FBSs
determined by which detectors register events, ⇢ is the
density matrix of the collected star photons that depends
on Eq. 2, p(n) is the Bose distribution of the two-mode
squeezed state from the SPDC, ⌘ is the heralding e�-
ciency, � ⇡ 0.5 denotes the coherent overlap of the idler
field mode from the SPDC and the field collected from
the pseudo-thermal source. Given the experimental pa-
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Fast spectrometer near the Heisenberg limit with direct measurement of time and

frequency for multiple single photons
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We present a single-photon-sensitive spectrometer, based on a linear array of 512 single-photon
avalanche diode detectors, with 0.04 nm spectral and 40 ps temporal resolutions. We time-stamp
and frequency-stamp each single-photon detection event. We employ a fast data-driven operation
that allows direct measurement of time and frequency for simultaneous single photons. Combining
excellent temporal and spectral resolution, our result is only a factor of 10 above the Heisenberg
Uncertainty Principle limit of ~/2 for energy and time, despite the simplicity of our experimental
setup, including room temperature operation. This work opens numerous applications in quantum
photonics, especially when both spectral and temporal properties of single photons are exploited.

I. INTRODUCTION

Despite remarkable advances in single-photon detec-
tion, modern optical technologies are reaching their lim-
its when both the spectral and temporal resolutions are
combined. This is especially true for applications desir-
ing to approach the limits governed by the wave-particle
duality in quantum mechanics, which can also be for-
mulated as the Heisenberg Uncertainty Principle (HUP).
We address some of these critical challenges in achieving
single-photon detection sensitivity together with excel-
lent spectral (sub-nanometer in wavelength) and tempo-
ral (picosecond scale) resolutions.

Di↵erent kinds of single-photon detectors have di↵er-
ent technical performance measures and focus on dif-
ferent tasks. Common types of detectors are single-
photon avalanche diodes (SPAD) [1–4], superconducting
nanowire single-photon detectors (SNSPD) [5–10], and
transition edge sensors (TES) [11–15]. SPAD detectors
are widely used in quantum photonics due to their user-
friendly operation and reasonable photon detection e�-
ciency compared to their cost. Production of SPADs in
a monolithic complementary metal-oxide-semiconductor
(CMOS) process enables better electronics integration
and fast digital control interface, also supporting out-
standing temporal resolution and scalability [16]. Ar-
ranging the SPAD detectors in a linear array with easy
access to individual pixels allows one to employ the exter-
nal resources of field programmable gate arrays (FPGA)
to perform time stamping and other digital operations.

⇤ rakelabra@bnl.gov
† anomerotski@bnl.gov

Additionally, SPAD sensors operate at room tempera-
ture, an important aspect of their ease of use. Combining
these advances with excellent spectral resolution makes
this quantum photonics tool highly compelling.
Such a detector can unlock new uses and applications

in both classical and quantum optics, especially when
considering spectral binning and wide bandwidth appli-
cations. Here we present a spectrometer based on the
LinoSPAD2 sensor [17] and test its features, hence con-
firming its qualities and delivering a nearly Heisenberg-
limited performance. As an example, we aim to use the
LinoSPAD2 spectrometer for quantum-assisted astron-
omy [18–20]. Other potential applications are in spec-
troscopy, atomic physics, and quantum photonics.

II. RESULTS

A. Fast single-photon spectrometer

A line of single-photon-sensitive pixels with flexible
data-driven readout and excellent timing resolution is
ideal for implementing a fast spectrometer for quantum
applications. We start by sending a beam of collimated
photons to a di↵raction grating, then focusing the lin-
ear image of the spectrum onto the LinoSPAD2 sensor.
Fig. 1 depicts a schematic of our experimental setup. We
employed two light sources for the characterization of
the spectrometer, a thermal light source and a sponta-
neous parametric down-conversion (SPDC) single-photon
source, as explained in more detail in the next section.
In the LinoSPAD2 sensor, each pixel is a single-photon-

sensitive photodiode with a 26.2 µm ⇥ 26.2 µm size and
25% fill factor. The sensor consists of a linear 512x1
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FIG. 1. Schematic layout of the spectrometer with two possi-
ble light sources used for evaluation of the spectral and tem-
poral resolutions.

pixel array with a median dark count rate (DCR) below
100 Hz per pixel and a peak photon detection probabil-
ity of approximately 50%. A second-generation device
with microlenses achieves an additional improvement in
sensitivity by a factor of 2.3 on average with final pho-
ton detection e�ciency (PDE) of about 30% at 520 nm
[17]. Each pixel in the array allows for single-photon de-
tection with time-stamping by employing an FPGA. The
FPGA implements an array of time-to-digital convert-
ers that can be reconfigured in terms of range, and least
significant bin (LSB) size or replaced by digital coun-
ters for simple photon counting. This reconfigurability
permits adjustments in both the readout and processing
chains, and in the spatial and temporal granularity, thus
allowing one to match specific application requirements.
Fig. 2 presents a photograph of the LinoSPAD2 sensor
edge. Additional information can be found in the Sup-
plemental Material.

FIG. 2. Photograph of the LinoSPAD2 sensor edge. The line
of pixels is in the centre, oriented horizontally.

B. Spectrometer spectral and temporal resolutions

The spectrometer was characterized using the ar-
gon emission spectrum [21], corrected for transmission
through air, which has a large number of narrow lines.
A section of the resulting pattern after the di↵raction

grating with 1200 lines/mm is shown in Fig. 3. The
peaks correspond to spectral lines of argon, which have
well-known wavelengths and, therefore, provide excellent
means of calibration for the spectrometer. The peaks are
fitted with a Gaussian function to determine the spectral
resolution (rms). Using a lens with f = 200 mm, we se-
lected a spectral range of 30 nm centered at 805 nm. Our
best result was a spectral resolution of � = 0.04 nm for
the 800.61 nm line, while the spectral resolution varied
between 0.04 and 0.05 nm. The total time to acquire the
dataset was 400 s.

FIG. 3. Argon spectrum measured with LinoSPAD2.

We used a commercial spontaneous parametric down-
conversion (SPDC) source of simultaneous photon pairs
to characterize the timing resolution of the spectrometer
[22, 23]. The idler and signal photons from the source
were fiber-coupled and focused onto two separate loca-
tions on the sensor. Since the SPDC photons are gen-
erated simultaneously, they are ideal for timing calibra-
tion. Figure 4 shows the distribution of time di↵erences
for two-photon coincidence detection. Using a Gaussian
fit, we obtain a temporal resolution (rms) of 57 ps for
coincident counts. Assuming equal contributions to un-
certainty for each of the two photons in the pair, we de-
termine a temporal resolution of 57/

p
2 = 40 ps for a

single photon, which is one of the best results ever re-
ported for a single-photon-sensitive spectrometer. The
peak is centered at 18.3 ns due to di↵erent delays in the
two arms of the SPDC source.

We note that for the purpose of the resolution evalu-
ation for both spectral and temporal measurements, we
are far away from any quantum limitations. The natural
temporal coherence of the argon lines is 150 ps [20] cor-
responding to the spectral width of picometers, which is
much smaller than the measured spectral resolution. At
the same time the simultaneity of SPDC photons is in
10’s of femtoseconds given the 10 nm bandwidth of the
source [23], which is much smaller than the current time
resolution.

3

FIG. 4. Distribution of time di↵erences for two-photon coin-
cidence detection from a SPDC source.

C. Characterization of simultaneous SPDC photon
pairs

Since the sensor readout is data-driven and as such is
completely independent for all pixels, it can register mul-
tiple photons simultaneously as long as they hit di↵erent
pixels. To demonstrate this in the spectrometer setting,
the idler and the signal photons were combined using a
2:1 fiber splitter and then directed through the spectrom-
eter in the same optical path as the argon thermal light.
The SPDC signal and idler have di↵erent non-degenerate
spectra [23], therefore, the di↵racting grating will cause
them to reach di↵erent pixels in the LinoSPAD2.

To prove that the spectrometer is sensitive to simul-
taneous pairs of photons, we analyzed their spectrum in
our spectrometer, and the result is shown in Fig. 5 for
the case of SPDC pump power of 50 mW. There are two
wide peaks in the distribution corresponding to the spec-
tra of signal and idler photons. The left and right peaks
are the signal and idler photons, respectively, which were
determined from previous measurements [23, 24].

SPDC photons present a typical anti-correlation
in wavelengths due to the energy conservation, i.e.
~!pump = ~!signal+~!idler. Fig. 6 shows the wavelengths
anti-correlation for the signal and idler photons for pairs
within a 20 ns time window. The anti-correlation is clear
and is a signature of the SPDC process, although more
sophisticated SPDC sources may have engineered spec-
tral properties [22].

D. Comparison to the Heisenberg Uncertainty
Principle (HUP) limit

We compare the obtained resolution results to the
limit determined by the Heisenberg Uncertainty Princi-
ple, which imposes resolution limits for joint measure-

FIG. 5. Spectra of signal and idler photons from the SPDC
source in the LinoSPAD2 sensor.

FIG. 6. Anti-correlation of wavelengths for signal and idler
photons from the SPDC source.

ment of two conjugate observables [25–28] and, therefore,
is a useful benchmark to determine how close our spec-
trometer is to the ultimate quantum limit. The Heisen-
berg Uncertainty Principle does not limit the resolution
for one of the observables alone but restricts the product
of the uncertainty of two observables. For energy and
time, it takes the form of:

�E�t � ~
2
, (1)

where ~ is Planck’s reduced constant, �E is the standard
deviation for the measurement of energy, and �t is the
standard deviation for the measurement of time.
The uncertainty in energy can be estimated from the

uncertainty in wavelength. Using �� = 0.042 nm for
the 800.607 nm light and propagating the errors, we ob-
tain �E = 8.1⇥ 10�5 eV. The temporal uncertainty per
photon is 40 ps, as estimated before. We estimate the
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pixel array with a median dark count rate (DCR) below
100 Hz per pixel and a peak photon detection probabil-
ity of approximately 50%. A second-generation device
with microlenses achieves an additional improvement in
sensitivity by a factor of 2.3 on average with final pho-
ton detection e�ciency (PDE) of about 30% at 520 nm
[17]. Each pixel in the array allows for single-photon de-
tection with time-stamping by employing an FPGA. The
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ers that can be reconfigured in terms of range, and least
significant bin (LSB) size or replaced by digital coun-
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We used a commercial spontaneous parametric down-
conversion (SPDC) source of simultaneous photon pairs
to characterize the timing resolution of the spectrometer
[22, 23]. The idler and signal photons from the source
were fiber-coupled and focused onto two separate loca-
tions on the sensor. Since the SPDC photons are gen-
erated simultaneously, they are ideal for timing calibra-
tion. Figure 4 shows the distribution of time di↵erences
for two-photon coincidence detection. Using a Gaussian
fit, we obtain a temporal resolution (rms) of 57 ps for
coincident counts. Assuming equal contributions to un-
certainty for each of the two photons in the pair, we de-
termine a temporal resolution of 57/
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single photon, which is one of the best results ever re-
ported for a single-photon-sensitive spectrometer. The
peak is centered at 18.3 ns due to di↵erent delays in the
two arms of the SPDC source.

We note that for the purpose of the resolution evalu-
ation for both spectral and temporal measurements, we
are far away from any quantum limitations. The natural
temporal coherence of the argon lines is 150 ps [20] cor-
responding to the spectral width of picometers, which is
much smaller than the measured spectral resolution. At
the same time the simultaneity of SPDC photons is in
10’s of femtoseconds given the 10 nm bandwidth of the
source [23], which is much smaller than the current time
resolution.
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Technology needs: Fast Spectrograph 

• Array of single-photon sensitive detectors to view a spectrographic 
spread of a single-mode beam – can be 1D or 2D (Echelle)
• Want reasonable QE (>50%) and good timing (<50ps, better is better)
• Many possibilities, SPAD’s, SiPM’s, SNSPD’s
• Want many channels, ~103-5 in parallel ↔ low cost/channel
• Operational: Portable, durable, etc.

Is this a natural “work package”? or part of one?

Enabling technology for many quantum-enhanced telescopy approaches
Very natural fit for HEP detector expertise



Technology needs: Quantum/Optics

• Quantum entangled state creation, e.g. parametric down-conversion; 
higher rates, high brightness, custom lineshapes, etc. 
• Photon transport, e.g. stabilizing long fiber runs
• Remote synchronization, ~psec across 10’s km
• Futuristic: long-distance quantum networks using repeaters, quantum 

memory storage, QND detection
• Collection optics, not usually an HEP specialty; but, air shower arrays ->

HBT observatories for example

New for HEP detector portfolio, but definitely some overlaps with 
traditional expertise



Summary

• Quantum devices can greatly improve optical interferometry; q-astro
is a new and growing field independent of HEP
• Precision astrometry enabled by improved interferometers can be 

directly relevant to HEP Cosmic Frontier science 
• A distributed array of detectors can act as a quantum sensor, even if 

individual pieces look like phototdetectors, e.g.
• Immediate technology path ahead, from very concrete HEP expertise 

to longer-range QIST capabilities



LIGO

Fig. 1 µAres sky-averaged sensitivity curve (thick black curve; dashed: instrument only; solid: including
astrophysical foregrounds), compared to LISA (thin solid black curve) and SKA (solid black line at the
top left). Sources in the SKA portion of the figure include individual signals from a population of MBHBs
(pale violet), resulting in an unresolved GWB (jagged blue line) on top of which the loudest sources can
be individually resolved (dark blue triangles). The vast diversity of µAres sources is described by the
labels in the figure. For all Galactic sources (including DWDs, BHBs, and objects orbiting SgrA∗), the
frequency drift during the observing time has been assumed to be negligible. We thus plot h

√
n, where

n is the number of cycles completed over the mission lifetime, assumed to be 10 years. In this case, the
signal-to-noise ratio (SNR) of the source is given by the height of its marker over the sensitivity curve.
Extragalactic sources (including BHBs, MBHBs, EMRIs, and IMRIs) generally drift in frequency over the
observation time. We thus plot the standard hc = h(f 2/ḟ ). In this case, the SNR of the source is given
by the area enclosed in between the source track and the sensitivity curve. In both cases, when multiple
harmonics are present, SNR summation in quadrature applies

offering as a potential bonus a deeper view onto extreme mass ratio inspirals (EMRIs)
and stellar-origin BHBs.

We now enumerate the observational potential of this design, separating sources in
Galactic, and extragalactic, proceeding in order of increasing ‘cosmological distance’
to the observer. When population models for specific sources are available, we list
expected detection numbers, whereas for more speculative sources we highlight the
reach of the detector.
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Accessible?

1/Day
1/Week

1/Month
1/Year

NANOGrav

Science question: Are low-frequency 
gravitational waves part of the HEP 

Cosmological Frontier?  Should they be?

Stochastic GW background in nHz range 
has recently been observed (NANOGrav)
Observation in 𝜇Hz range are do-able 
through precision astrometry

Main source is SMBHB mergers, possibly 
following galaxy major mergers; informs 
structure formation, cosmology, dark 
matter; also possibly see pre-CMB relics



Extras



1990’s: Parody
2020’s: Solid Advice



Interferometry is good

2019 ApJL 875 

Radio source Cygnus A imaged at 6cm

Center of M87 imaged at 1.3mm



Single Aperture Diffraction Limit

d

𝜆 A single detector/pixel point will 
collect intensity from a range of 
angles.  The limit of this angular 
range is ∆𝜃~𝜆/𝑑 after which the 
wavefront will interfere with itself 
destructively across the aperture.
Therefore any single-aperture 
telescope cannot resolve features 
with angular size smaller than 𝜆/𝑑



Idea: Separate apertures over long baselines
Michelson Stellar Interferometer ca.1890

Interference fringe pattern sensitive to features of angular size ∆𝜃~𝜆/𝐵
Contrast visibility measures Fourier component of source distribution at 𝑘~𝐵/𝜆

https://xkcd.com/1922/



Idea: Separate functions of photon capture, 
photon transport, and photon interference
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We present an approach to building interferometric telescopes using ideas of quantum information.

Current optical interferometers have limited baseline lengths, and thus limited resolution, because of noise

and loss of signal due to the transmission of photons between the telescopes. The technology of quantum

repeaters has the potential to eliminate this limit, allowing in principle interferometers with arbitrarily

long baselines.
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The two primary goals for a telescope are sensitivity and
angular resolution. Interferometry among telescope arrays
has become a standard technique in astronomy, allowing
greater resolving power than would be available to a single
telescope. In today’s IR and optical interferometric arrays
[1,2], photons arriving at different telescopesmust be physi-
cally brought together for the interference measurement,
limiting baselines to a few hundred meters at most because
of phase fluctuations and photon loss in the transmission.
Improved resolution would, if accompanied by adequate
sensitivity, have many scientific applications, such as de-
tailed observational studies of active galactic nuclei, more
sensitive parallax measurements to improve our knowledge
of stellar distances, or imaging of extra-solar planets.

The field of quantum information has extensively
studied the task of reliably sending quantum states over
imperfect communications channels. The technology of
quantum repeaters [3] can, in principle, allow the trans-
mission of quantum states over arbitrarily long distances
with minimal error. Here we show how to apply quantum
repeaters to the task of optical and infrared interferometry
to allow telescope arrays with much longer baselines than
existing facilities. The traditional intended application for
quantum repeaters is to increase the range of quantum key
distribution, but the application to interferometric tele-
scopes has more stringent demands in a number of ways.
Quantum repeaters are still under development, and our
work provides a new goal for research in that area. It sets a
new slate of requirements for the technology, but simulta-
neously broadens the appeal of successfully building quan-
tum repeater networks.

We begin by reviewing the standard approach to
optical and infrared interferometry, known as ‘‘direct de-
tection’’, [1,2] but we will treat the arriving light quantum-
mechanically. The light is essentially in a weak coherent

state, but the average photon number per mode is much less
than 1, so two-photon events are negligible. Therefore, we
assume the incoming wave consists of a single photon. We
consider first an idealized set up with two telescopes and
no noise, as in Fig. 1.
Depending on the orientation of the ‘‘baseline’’ (the

relative position of the telescopes in the interferometer),
the light has a relative phase shift ! between the two
telescopes L and R, resulting in the state

j0iLj1iR þ ei!j1iLj0iR; (1)

with j0i and j1i indicating 0 and 1-photon states. If we
measure ! with high precision, that tells us the source’s
location very precisely.! is proportional to the baseline, so

FIG. 1 (color online). Basic setup of a direct-detection inter-
ferometer. In the arrangement pictured, light travels an addi-
tional distance b sin" to reach telescope L rather than telescope
R. For light with wavelength #, the extra distance imposes a
phase shift! ¼ ðb sin"Þ=# at telescope L relative to telescope R.
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mission of quantum states over arbitrarily long distances
with minimal error. Here we show how to apply quantum
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to allow telescope arrays with much longer baselines than
existing facilities. The traditional intended application for
quantum repeaters is to increase the range of quantum key
distribution, but the application to interferometric tele-
scopes has more stringent demands in a number of ways.
Quantum repeaters are still under development, and our
work provides a new goal for research in that area. It sets a
new slate of requirements for the technology, but simulta-
neously broadens the appeal of successfully building quan-
tum repeater networks.

We begin by reviewing the standard approach to
optical and infrared interferometry, known as ‘‘direct de-
tection’’, [1,2] but we will treat the arriving light quantum-
mechanically. The light is essentially in a weak coherent

state, but the average photon number per mode is much less
than 1, so two-photon events are negligible. Therefore, we
assume the incoming wave consists of a single photon. We
consider first an idealized set up with two telescopes and
no noise, as in Fig. 1.
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the light has a relative phase shift ! between the two
telescopes L and R, resulting in the state

j0iLj1iR þ ei!j1iLj0iR; (1)

with j0i and j1i indicating 0 and 1-photon states. If we
measure ! with high precision, that tells us the source’s
location very precisely.! is proportional to the baseline, so
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longer baselines produce a more accurate measurement of
the source’s position.

Often we are interested in sources that have structure on
the scale we can resolve with the interferometer. Different
locations on an astrophysical source usually emit light
incoherently, so the light is in a mixed state, formed by a
mixture of photons from different locations on the source.
Because different locations give different phase shifts !,
the off-diagonal components of the density matrix de-
crease. We get a density matrix of the form

" ¼ 1

2

0 0 0 0

0 1 V " 0

0 V 1 0

0 0 0 0

0
BBBBB@

1
CCCCCA

(2)

in the basis j0iLj0iR, j0iLj1iR, j1iLj0iR, j1iLj1iR. V is

known as the ‘‘visibility.’’ V ð ~bÞ is a function of the base-
line vector between the telescopes.

The light from the two telescopes is then brought
together. The light from telescope R is subjected to an
additional delay relative to the light from L so that when
the photons are combined in the interferometer, the path
travelled by an L photon differs from the path of an R
photon by less than the coherence length of the incoming
light. The delay line is adjustable, producing a known
phase # for the light from telescope R. In Fig. 1, the light
then enters a beam splitter. We see the photon in output
port 1 with probability ½1þ ReðV e'i#Þ(=2, and in output
port 2 with probability ½1' ReðV e'i#Þ(=2. By sweeping
through different values of #, we can measure both the
amplitude and the phase of V .

A single pair of telescopes with a fixed baseline does not
produce enough information to reconstruct the original
source brightness distribution, but an array of telescopes
with many different baselines acquires much more infor-
mation. The van Cittert–Zernike theorem [4] states that the
visibility (as a function of baseline) is the Fourier trans-
form of the source distribution. Thus, if we could measure
the visibility for all baselines, we could completely image
the source. With only a limited number of baselines, the
discrete Fourier transform may nonetheless give a good
approximation of the source brightness distribution.

There are two major difficulties involved in implement-
ing the setup described in Fig. 1. First, if the telescopes are
ground based, density fluctuations in the atmosphere
modify the relative phase shift between the telescopes.
The phase noise is large enough to completely swamp
the signal. Our proposal suffers from this problem just as
do direct-detection interferometers, and the same solutions
to it apply. For instance, one can use space-based tele-
scopes, perform phase referencing to recover the original
phase information, or, in an array of many telescopes,
calculate closure phases, which combine the interference
results from different pairs of telescopes to cancel out

telescope-specific phase shifts due to atmospheric fluctua-
tions or other causes [1].
The second problem is that it is difficult to transport single

photons over long distances without incurring loss of pho-
tons and additional uncontrolled phase shifts. For instance,
slight variations in path length due to vibrations or small
misalignments of the optical elements both produce reduced
interference fringes. The signal we wish to measure is the
amount of interference—for instance, a point source should
have complete constructive and destructive interference,
while a uniformly bright field of view should have no
interference at all. Since many different error mechanisms
also cause a reduction in the interference visibility, this is a
serious problem. Loss of photons can present a severe
limitation on the array’s sensitivity to faint sources. In
practice, these problems limit the baseline size of interfer-
ometers using direct detection. Today’s best optical and
infrared interferometers use baselines of only a few hundred
meters at most. This is the problem we wish to address.
The task of transporting quantum states reliably has been

intensively studied in the field of quantum information. For
the specific task of interferometry, we suggest using a
‘‘quantum repeater’’ [3,5]: Instead of sending a valuable
quantum state directly over a noisy quantum communica-
tions channel, instead create a maximally entangled state
[6] such as j01iþ j10i, and distribute that over the channel.
The entangled state is known and replaceable, so we can
check to see that it has arrived correctly. If it has, then we
transmit the original quantum state using a technique
known as ‘‘quantum teleportation’’ [7].
For an interferometric telescope, it is not necessary to

perform the teleportation explicitly; we can use the en-
tangled pair directly to measure the visibility, as in Fig. 2.
We now have two separate interference measurements, one
at each telescope. We postselect on the measurement re-
sults, considering only the case where we see one photon at
telescope L and one photon at telescope R. One of these
photons has come from the astronomical source, and one
has come from the entangled pair, but we have no way of
knowing which is which. We refer to them as the ‘‘astro-
nomical’’ photon and the ‘‘lab’’ photon, respectively. On

FIG. 2 (color online). Performing an interference measure-
ment between two telescopes using an entangled state emitted
from a central entangled photon source (EPS).
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Standard Michelson 
Single sky photon 

interferes with itself

GJC: Sky photon is 
mixed with a single 
“ground” photon at 
each station

The single ground photon is 
assumed delivered through a 
quantum network which can 

provide entanglement on 
demand
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Enabling very large arrays

An array of N apertures yields 
N(N-1)/2 different baseline pairs; 
in Michelson interferometry each 
pair would require its own beam 
combiner and detectos
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Quantum Advantage!  Each coincidence between i and j reflects interferometric 
visibility on baseline 𝐵& −𝐵' ; achieve an N-aperture interferometer with only N beam 
combiners, rather than O(N2) that would be required classically. 
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