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ABSTRACT

Photonic Lanterns (PLs) are tapered waveguides that can efficiently couple multi-mode telescope light into a
multi-mode fiber entrance at the focal plane and coherently convert it into multiple single-mode beams. Each
SMF samples its unique mode (lantern mode) of the telescope light in the pupil, analogous to subapertures in
aperture mask interferometry. In this study, we show the concept and potential of coherent imaging with PLs. It
can be enabled by interfering SMF outputs and applying path length modulation, which can be achieved using
a photonic chip beam combiner at the backend (e.g., the ABCD beam combiner). Using numerically simulated
lantern modes of a 6-port PL, we calculate interferometric observables for various input scenes. Our simulated
observations suggest that PLs may offer significant benefits in the photon-noise limited regime and for resolving
small-scale (< A\/2D) asymmetries.

Keywords: photonic lantern, beam combiner, coherent imaging, interferometry, photonics, high angular reso-
lution

1. INTRODUCTION

Photonic Lanterns (PLs) are tapered waveguides that efficiently convert mult-modal light into single moded
beams.!'? They have multimode or few-mode fiber (MMF or FMF) at the input entrance and multiple single-
mode fibers (SMFs) at the other end. Figure 1 shows a schematic diagram of a 6-port PL. The FMF end of the
PL is placed in the focal plane, coupling the AO-corrected telescope light. Then the light gets confined within
the cores as it propagates through the lantern transition. Therefore, a PL splits a few-moded wavefront into a
few single-moded beams, each in an individual SMF. The outputs confined in the SMFs are highly stable due to
the spatial filtering nature of the SMF,? suitable for observations that require high fidelity.

PLs do not split fluxes equally to each SMF output but the relative fluxes in the SMFs depend on the
input wavefront. Therefore, PLs can be used as a focal-plane wavefront sensor.*® PLs can also be used for
spectroastrometry, by sensing wavelength-dependent relative intensities in output SMFs.%7 If the PL were
mode-selective,® it could be used as a nuller that suppresses the on-axis starlight while coupling the off-axis light
from a companion source.”

Here, we explain the concept of interfering the SMF outputs to exploit the coherence properties of a PL that
enables coherent imaging with PLs at small angular scales, presented in Kim et al., submitted.'® This can be
realized by feeding SMF outputs into a backend photonic integrated circuit beam combiner.
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Figure 1. A schematic diagram of a standard 6-port PL. The telescope light is injected into the PL at the focal plane
through the FMF end, propagates through the PL and becomes confined in the SMFs. The SMF outputs can be directed
to photonic chips or other devices and then to the detector. A cross-section of the PL at the few-core fiber (FCF) end is
shown in the upper right.

2. CONCEPT OF PL COHERENT IMAGING

In classical interferometry, pairs of apertures are interfered to measure the corresponding fringe visibility. For
instance, non-redundant masking technique'''* uses a pupil mask with a several machined holes designed so
that the baselines formed by each pair correspond to unique spatial frequencies. Similarly, the light in an output
SMF represents the telescope light filtered by a unique effective aperture determined by the properties of the
lantern.

For a radially symmetric step-index fiber, the linearly polarized modes (LP modes) describe the propagation
eigenmodes. For example, a 6-port PL supports 6 modes of propagation and its propagation eigenmodes at the
PL entrance can be approximated to the six LP modes, LPo1, LP11(a,1); LP21(ab), and LPg2 (upper left of Figure
2). After the lantern transition, the corresponding modes in the output end are described as the upper right
panel in Figure 2. See section 4.1 for simulation parameters of the 6-port PL. Colors represent the phase and
saturation indicates the amplitude. We can think of another mode basis, the Photonic Lantern Principal Modes
(PLPMs; “lantern modes”).* 19 PLPMs are defined as an orthogonal superposition of the LP modes that maps
to one SMF output. Numerically, these modes at the lantern entrance can be calculated by backpropagating the
fundamental modes in the SMF outputs (lower right in Figure 2) to the entrance (lower left in Figure 2).

Backpropagating the PLPMs at the lantern entrance (at the focal plane) to the pupil plane, the pupil plane
PLPMs can be found. These can be interpreted as effective apertures (left panel in Figure 3) seen by the lantern
— the pupil-plane wavefront that matches the pupil plane PLPM ¢ will couple into the PL and end up in the i—th
SMF in the output. Thus the complex amplitudes in different SMF outputs represent the light from different
effective apertures.

Each mode amplitude distribution peaks in different locations at the pupil, implying that each SMF prefer-
entially samples more light at specific locations, similar to a “subaperture” in aperture masking interferometry
(middle and right panels in Figure 3). Interfering a pair of output SMFs (¢ and j) provides access to interfero-
metric properties of the input scene — the PL visibility.'°

2 [[ 7 Jo(u,v) (Petrj * Pegr,i)(u, v)dudv

PL visibility :V;; =
v ff J ’LLU effz*Peffz+Peff,]*PeffJ)(u v)dudv

(1)

Here the integral is over the u — v plane, the distances between two spatial points measured in wavelengths.
Jp represents the mutual intensity (panel (b) of Figure 4), which corresponds to the Fourier transform of the
source intensity distribution (panel (a)) by the Van Cittert-Zernike theorem. Peg; denotes the effective pupil
function of the i—th output and the star symbol represents the two-dimensional cross-correlation. There are 15
unique visibilities for a 6-port PL. Equation (1) shows that the PL visibilities are proportional to the product
of the mutual intensity in the pupil plane and the cross-correlation of the effective pupil functions, integrated
over the u — v plane. Thus the cross-correlation of effective pupil functions serve as a weight function of the
mutual intensity at the pupil. The panel (d) of Figure 4 visualizes the interpretation of PL visibilities. For
comparison, the aperture masking interferometry analog is shown in the panel (c), the case where masks are
placed at locations where amplitudes of PL effective pupil functions are maximized (right panel in Figure 3).
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Figure 2. (Top) The six supported LP modes of a 6-port PL at the entrance (left) and the modes propagated to the
output end (right). Since the light propagation is linear in complex amphtudes, we another mode basis can be defined
that maps to one SMF output: the PL principal mode (PLPM). (Bottom) The six PLPMs of the 6-port PL at the PL
entrance (left) and at the output end (right).
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Figure 3. ((Left) The effective apertures of the 6-port PL, found from pupil plane PLPMs. (Right) A 6-hole aperture
mask analog of the lantern effective apertures.

2n

3n/2

=]
Phase [rad]

To measure PL visibilities, beams from the lantern outputs should be coherently combined with path length
difference. The pairwise ABCD beam combination scheme!® 6 is conceptually straightforward and a pho-
tonic implementation has been successfully deployed within the GRAVITY instrument at the Very Large Tele-
scope Interferometer.!” An ABCD beam combiner receives two inputs (E;, E;) and provides four outputs
(Iij,a,1ij,B,1ij,c,Lij,p), each resulting from a pairwise combination with phase difference of multiples of 90 de-
grees. The complex visibility can be determined from the four outputs such as:

(Iijoa — LijB) + (Iijc — Lij p)i

Vij =
! Lija+ Lij g + Lijc + Lijp

(2)

Note that this assumes an ideal case neglecting factors like instrumental phase shift, instrumental contrast,
intensity losses, unequal splitting ratios, chromaticity, and polarization. We defer the consideration of these to
future work.

To obtain all the 15 unique visibilities for our 6-port lantern, 15 ABCD beam combiners are needed for
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Figure 4. A concept diagram of PL interferometry, showing physical interpretation of PL visibilities. (a) An example
image of a binary star system with separation 25 mas and flux ratio 0.5, convolved by a A\/2D Gaussian beam for display.
(b) Mutual intensity in the pupil plane Jp(u,v), which is the two-dimensional Fourier transform of the image in the left.
(c) Cross-correlation of two subapertures of a 6-hole aperture mask. The hole locations are defined as the peaks in the PL
pupil functions. The cross-correlated aperture functions are well-localized at some (u,v), so the visibility measured from
light transmitted by these two apertures approximately equals to the visibility at this (u,v) baseline. (d) Cross-correlation
of two PL pupil functions of a 6-port PL. The cross-correlated pupil functions is extended but has a defined blob at the
(u,v) location in the aperture mask case. Visibilities we can measure from a PL correspond to the product of Jp(u,v) and
the cross-correlated pupil function integrated over the u — v plane.

pairwise beam combination, leading to 60 outputs in total. Generally, a pairwise beam combination of an N-
port PL will require N(N — 1)/2 beam combiners and will result in 2N (N — 1) outputs. Figure 5 shows a
conceptual diagram of a pairwise beam combiner for a 6-port PL.

3. COMPARISON BETWEEN PL VISIBILITIES AND SEPARATED-APERTURE
VISIBILITIES

To understand properties of PL visibilities, we calculated those for simple models: a uniform circular disk model,
binary models (Figure 6), and ring models (Figure 7). For comparison with separated-aperture visibilities, an
aperture masking interferometry analog of a mask configuration in Figure 3 is considered. All baselines are
non-redundant in this configuration.

Similar first-order responses at small scales In Figure 6, the behaviors of squared visibilities as increasing
the disk radius or binary separation are similar at angular scales < A\/2D. This is because mutual intensity at the
pupil plane (J,) changes gradually over the u — v plane for small angular size objects, slower than the variation
of the cross-correlated pupil functions over the u — v plane.

Sensitivity to asymmetries and phase angle degeneracy In Figure 6(b), the squared visibilities of binary
models for two position angles (0 and 180 degrees) are shown. While squared visibilities for aperture masks for
the two position angles are equal to each other, the PL squared visibilities for the two position angles are different
— the case for zero position angle having larger signals than for the 180 degrees position angle. Moreover, in
Figure 7 the difference between the interferometric observables for the symmetric and asymmetric ring models
are more significant for the PL visibilities than the aperture masking interferometry analog. This is because the
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Figure 5. A conceptual diagram of a pairwise beam combiner for a 6-port PL. Light from each single-mode waveguide is
split five ways, and each of these are directed to ABCD beam combiners in a pairwise manner. The intensity of outputs
from ABCD beam combiners can be used to determine the visibilities.

cross-correlated PL pupil functions are extended and asymmetric, which is a deviation from normal aperture
masking interferometry. The mutual intensity functions J, at (u, v) coordinates other than the baseline defined
by the blobs contribute to the PL visibilities and helps break position angle degeneracy.

Dependence of relative intensities on input scenes The relative intensities in the output SMFs depend
on the source intensity distribution, unlike in conventional interferometry where differences in intensities are
treated as an instrumental gain factor to be calibrated. Relative intensities in output SMFs are sensitive to
low-order aberrations®® which may be used to constrain source intensity distribution in addition to visibilities.

Limited field of view When coupling the telescope light into a PL at the focal plane, the field of view is
determined by the size of the PL entrance diameter and the focal ratio. Any off-axis light that does not fall onto
the FMF entrance will not couple into the PL. Note that the limited field of view also implies that the PL pupil
functions are extended. In this simulation setup, the radius of the lantern entrance (FMF outer cladding radius)
is about 1.5A\/D. In Figure 6 (b) the PL squared visibilities converge to unity as the binary separation increases,
indicating the limited field of view.

4. SIMULATED OBSERVATIONS AND POTENTIAL OF PL INTERFEROMETRY

In this section, we explore the potential of PL interferometry in the presence of photon noise and WFE. In
subsection 4.1, we describe the methodology for simulating observations. Then we investigate the potential of PL
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Figure 6. Simulated squared visibilities from modes 1 and 4, for PLs and aperture masking interferometry for simple
models, (a) uniform circular disk and (b) binary with flux ratio 0.01 and two position angles 0 deg (solid lines) and 180
deg (dotted lines). In (b), the squared visibilities for 0 deg position angle and 180 deg position angle are different for PLs
while they are degenerate for aperture masks. In average, PL visibilities agree well with the visibilities from aperture
masking interferometry with r, = 3.4m at angular scales < A\/2D. PL visibilities are insensitive to scales larger than
A/D, as can be seen from visibilities approaching to unity as binary separation increases.
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Figure 7. Simulated interferometric observables of a thin ring of 15 mas radius with central unresolved point source (nested
figures in panel (a); convolved with a A/2D Gaussian beam for display), for symmetric case (dotted lines) and skew = 0.5
case (solid lines). Red lines and blue lines represent the case for PL interferometry and aperture masking interferometry,
respectively. The differences in signals between the symmetric and the asymmetric case are more significant for the PL.
The flux of the central point source (star) contributes to 50% of the total flux to the image but we only display the
circumstellar components in the nested figures.

interferometry using simulated observations for two approaches: model fitting (subsection 4.2) and nonparametric
image reconstruction (subsection 4.3).

4.1 Simulated observations

We consider a standard 6-port PL of which all SMFs have the same core refractive index and radius. We use
a cladding index of 1.444, cladding-jacket index contrast of 5.5 x 1073, and core-cladding index contrast of

Proc. of SPIE Vol. 12680 126800K-6



8.8 x 1073, Each SMF core diameter is chosen to be 4.4 ym and the FMF entrance diameter to be 10 gm. The
lantern taper length is set to 2 cm and the taper scale (scale difference between the output and input ends) is
set to 8. For the telescope, we use an unobstructed circular aperture with a 10 m diameter. The focal length
is chosen to maximize the total coupling of an on-axis point source to all the supported LP modes, which gave
a focal ratio of about 4.3. We used lightbeam'® and HCIPy'® python packages to simulate light propagation
through the lantern and calculate effective apertures numerically. To simulate the effects of WFE, we generate
240 AO-corrected phase maps (average Strehl ratio = 0.65) over a period of 1 second and assign 120 of them
to a calibrator (unresolved point source) observation and another 120 to the target observation. Therefore each
observation consists of 120 exposures of 1 second target observation and 120 exposures of 1 second calibrator
observation. We assume 25% combined throughput for the PL and the beam combiner, 50% for the coupling
AO-corrected wavefront into the PL and 50% for the losses regarding the integrated optics beam combiner.

For comparison, we also simulate interferometric observables for aperture masks. For the throughput of
aperture masks, we take the unfilled fraction of the telescope aperture, which results in 6% throughput for 1-m
subapertures. This yields a throughput ratio of about 4:1 between PL and aperture masking interferometry.
We employ the same simulation framework as the PL but substitute the PL pupil functions with aperture
mask pupil functions. Therefore, the following comparison between the PL interferometry and aperture masking
interferometry compares the consequence of having distinct pupil function geometries (extended lantern modes
versus symmetric amplitude masks), yet might not capture the potential advantage of PL interferometry over
classical aperture masks in terms of exploiting spatial filtering properties of PLs.

The interferometric observables are extracted from ABCD intensity outputs of each frame, including relative
intensities, squared visibilities, and closure phases. The relative intensities are subtracted by the difference
between the observed relative intensities of the calibrator star and the relative intensities for an unaberrated point
source. The squared visibilities are divided and the closure phases are subtracted by those of the calibrator star’s.
Then the calibrated interferometric observables are averaged over the 120 exposures. These calibrated observables
can be used as an input for parametric modeling (subsection 4.2) and non-parametric image reconstruction
(subsection 4.3).

4.2 Parametric Modeling — A case for the Binary Model

We generate binary mock observations of various separations, contrasts, and position angles and fit the inter-
ferometric observables to models. Figure 8 shows contours of constant significance level (30) calculated on a
grid of binary separation and contrast, for both the PL and the aperture mask. The significances computed
as 0 = \/x%,; — X?- In the photon noise-limited regime (J =19mag and J =14mag), PLs can reach greater
contrast for a given separation compared to the aperture mask. This is because of the higher throughput of
PLs than the aperture mask. In the WFE-limited regime (J =4 mag) the significance levels are nearly equal.
At separations larger than A/D, the contrast limit decreases for PLs, reflecting decreased sensitivity due to the
physical size of the FMF entrance at the focal plane. The contrast limit of the PL at small separations (< A/2D)
is slightly deeper than the aperture mask, owing to its greater sensitivity to the phase angle degeneracy.

4.3 Nonparametric Image Reconstruction

To test the potential of image reconstruction when using PL-measured visibilities, we run monochromatic image
reconstruction simulations using the squeeze software?” for ring models (Figure 7). squeeze uses the Markov
Chain Monte Carlo (MCMC) algorithm with a simulated annealing technique to find the global maximum of the
posterior. We modified the squeeze code to compute PL visibilities.

We generate mock data for symmetric and asymmetric ring models of three different radii (10 mas, 15 mas,
and 25 mas) with unresolved star at the center as in Figure 7. We use the same turbulent phase screens as in
Section 4.1 and the same calibration method. We set the total number of photons incident on the telescope
aperture 10'° per exposure (J = 4 mag), so WFE dominates over the photon noise.

The middle and lower panels of Figure 9 show reconstructed images of environments of the central source,
using the 6-port PL with beam combiners and 6-hole aperture masks (r, = 3.4m), respectively. Although image
reconstruction performance for the symmetric ring is similar for the PL and the aperture mask, PLs can recover
asymmetries better than the aperture mask, as can be seen from the asymmetric ring cases. PL visibilities are
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Figure 8. Contours showing significance level of 30 for companion detection. The solid, dashed, and dotted lines corre-
spond to the source brightness of J =4mag, J =14mag, and J =19 mag, respectively. In photon-noise limited regime,
throughput plays a major role in determining the significance levels, resulting in distinct curves between PLs and aperture
masks.

sensitive to asymmetries even in small angular scales (< A/2D), whereas the aperture mask can only partially
recover asymmetries at larger angular scales (25mas, ~ A/D). This is expected from the larger signals of
asymmetries for PLs than aperture masks depicted in Figure 7, especially the closure phases.

5. DISCUSSION

We presented a concept of using photonic lanterns for interferometric imaging and developed interferometric ob-
servables. The main benefits of PL interferometry found from simulated observations include 1) high throughput,
leading to higher efficiency in the photon noise-limited regime compared to aperture masking interferometry, 2)
sensitivity to low-order spatial features and asymmetries (especially at < A/2D), and 3) spatial selectivity in
crowded fields and reduced background noise due to the limited field of view.

Furthermore, the single-moded beams from the beam combiner outputs can be fed into a high-resolution
spectrometer. This would enable high spectral resolution interferometric data and expand the detection limit to
even smaller angular scales, using spectro-interferometry.?! This may be cost-effective as it can be integrated
with existing SMF-based spectrometers.

There are several complications to be addressed in future studies. The complex PL mode structures need
to be accurately determined in the laboratory for precise model fitting and image reconstruction. The potential
correlations in uncertainties in PL visibilities, caused by overlapping PL modes structures, should be examined to
ensure accurate model fitting. Other practical complications include accounting for the variation in throughput
of different PL outputs, balancing the intensities in beam combination, and dealing with chromaticity and
polarization.
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Figure 9. (Top) Ring models convolved with a beam of A\/2D width. (Middle) Reconstructed images using squeeze with
PL visibilities. (Bottom) Reconstructed images using squeeze with the aperture mask analog.

We considered using a photonic integrated circuit beam combiner to enable measurement of PL visibilities
of a standard 6-port PL, but there are other designs and concepts that can be explored. Nulling interferometry
may be performed to achieve a higher contrast by adjusting field amplitudes and phases, which is an addition
to the concept of using a mode-selective PL for nulling on-axis starlight” or using a hybrid PL with a vortex
mask.?? Also, pairwise probing approach?® with a PL can be explored to decompose coherent light (starlight)
and incoherent light. If using an oversampled lantern of which the number of SMF outputs is larger than the
number of supported modes, the SMF output intensities may contain interferometric information on the source
and PL interferometry may be performed directly from SMF output intensities without a beam combiner. A
larger mode count PL may provide increase Fourier coverage, a larger field of view, and a higher throughput,
although larger complexity is expected if considering the pairwise beam combination scheme. Furthermore,
different lantern geometry results in variations in lantern transfer matrices and thus the effective apertures,??
which implies that design of the lantern may be optimized for interferometric imaging.
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