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, Sébastien Vievard

b,c
,

Yinzi Xin
d
, Daniel Levinstein

e
, Nemanja Jovanovic

d
, Sergio Leon-Saval

f
, Christopher

Betters
f
, Olivier Guyon

b,c,g,h
, Barnaby Norris

f
, Steph Sallum

e

aDepartment of Physics & Astronomy, 430 Portola Plaza, University of California, Los Angeles, CA 90095, USA
bSubaru Telescope, National Observatory of Japan, HI 96720, USA
cAstrobiology Center, 2-21-1, Osawa, Mitaka, Tokyo, 181-8588, Japan
dDepartment of Astronomy, California Institute of Technology, Pasadena, CA 91125, USA
eDepartment of Physics & Astronomy, University of California Irvine, 4129 Frederick Reines Hall, Irvine, CA
92697, USA
fSydney Astrophotonic Instrumentation Laboratory, School of Physics, The University of Sydney, Sydney, NSW
2006, Australia
gSteward Observatory, University of Arizona, Tucson, AZ 85721, USA
hCollege of Optical Sciences, University of Arizona, Tucson, AZ 85721, U.S.A.

Abstract. Spectroastrometry, which measures wavelength-dependent shifts in the center of light, is well-suited for
studying objects whose morphology changes with wavelength at very high angular resolutions. Photonic lantern (PL)-
fed spectrometers have potential to enable measurement of spectroastrometric signals because the relative intensities
between the PL output SMFs contain spatial information on the input scene. In order to use PL output spectra for
spectroastrometric measurements, it is important to understand the wavelength-dependent behaviors of PL outputs and
develop methods to calibrate the effects of time-varying wavefront errors in ground-based observations. We present
experimental characterizations of the 3-port PL on the SCExAO testbed at the Subaru Telescope. We develop spectral
response models of the PL and verify the behaviors with lab experiments. We find sinusoidal behavior of astrometric
sensitivity of the 3-port PL as a function of wavelength, as expected from numerical simulations. Furthermore, we
compare experimental and numerically simulated coupling maps and discuss their potential use for offsetting pointing
errors. We then present a method of building PL spectral response models (solving for the transfer matrices as a
function of wavelength) using coupling maps, which can be used for further calibration strategies.

Keywords: photonic lantern, high angular resolution, spectroastrometry, photonics.

1 Introduction

The ability to achieve high angular resolution in the visible and near infrared is crucial in many
fields in astronomy, such as for studies of the innermost regions of protoplanetary disks and
broad-line regions of active galactic nuclei. Combined with high resolution spectroscopy, spec-
troastrometry is a powerful technique of studying kinematics and morphology at small angular
scales. Spectroastrometry is a method of studying angular scales smaller than the resolution limit,
by measuring the relative position of an extended but unresolved object as a function of wave-
length.1, 2 If a spectral line originating from an extended object is broadened due to its kinematic
structures such as rotation, the kinematic structures can be probed using spectroastrometry on the
line. With diffraction-limited point-spread functions (PSFs) enabled by adaptive optics (AO), sub-
milliarcsecond precisions can be achieved with 10 m-class telescopes in the near infrared. Com-
bined with long-baseline interferometry, even better precision can be achieved.3 Indeed, spectroas-
trometry has been applied to a number of studies probing the innermost regions of protoplanetary
disks and broad-line regions (e.g.,3–10).
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However, achieving both high angular resolution and high spectral resolution is demanding.
Long-slit echelle spectrometers have been typically used for spectroastrometric observations, since
they can achieve high spectral resolution and spatial sampling along one axis. With long-slit spec-
trometers, however, at least two observations with different slit orientations are required in order
to obtain two-dimensional spectroastrometric signals. Another downside of using a slit is that a
distorted PSF or uneven illumination can introduce an artificial spectroastrometric signal.11, 12 At
medium resolutions, integral field spectrometers can enable two-dimensional spectroastrometry
with decreased artifacts, although with an increased complexity.13–15 Spectro-interferometry can
enable both high angular resolution and spectral resolution by combining beams from separate
apertures and measuring differential visibility signals as a function of wavelength. Nevertheless,
it necessitates significantly more complex setups, either involving pupil remapping within a single
telescope or utilizing multiple telescopes.

Ref16 (hereafter Paper I) studies the concept of using few-moded photonic lanterns (PLs) for
spectroastrometry, which can simultaneously achieve high angular resolution and high spectral
resolution. The PL is a tapered waveguide that gradually transitions from a few-mode fiber (FMF)
geometry to a bundle of single-mode fibers (SMFs).17–19 Its FMF end can be placed in the telescope
focal plane where AO-corrected telescope light can couples into it. The light becomes confined
within the SMF cores as it propagates through the lantern (Figure 1). Thus, a PL converts AO-
corrected few-moded telescope light into multiple single-moded beams. When the input beam
moves around or changes the shape due to aberrations, the distribution of light amongst the SMF
outputs changes. Due to the dependence of the PL outputs on the input wavefront, PLs have
recently been studied and demonstrated for focal plane low-order wavefront sensor applications
(PLWFS;20–25). When the SMF outputs are spectrally dispersed, relative intensities as a function
of wavelength represent spectroastrometric signals. The SMF outputs of a few-moded PL are
suitable for feeding high spectral resolution diffraction-limited spectrometers,26, 27 allowing both
high angular and high spectral resolution measurements.

In this study, we present an experimental characterization of the near-infrared 3-port PL on
the SCExAO testbed28 for spectroastrometric measurements. A monochromatic characterization
of a near-infrared 19-port PL on the SCExAO testbed has been done by Ref.29 which focused
on studying the overall coupling efficiency as a function of injection parameters. Ref.27 studied
the behavior of the summed spectra and the overall coupling efficiency of the visible 19-port PL
feeding the FIRST spectrograph on the SCExAO visible bench. In this work, we focus on studying
the dispersed PL outputs of individual ports, specifically the wavelength dependence of the PL’s
sensitivity to aberrations and thus spectroastrometric signals (Paper I). An overview of the concept
of PL spectroastrometry is detailed in the next section.

2 Spectroastrometry with PLs

Paper I presents the concept of PL spectroastrometry, including numerically simulated spectroas-
trometric signals for simple astronomical scenes, effects of photon noise, wavefront errors (WFEs),
and chromatic behavior of the PLs. We provide a brief summary of the concept in this section.

PL output intensities are sensitive to low-order structures in the input scene. The pupil plane
tip-tilt modes, the lowest order pupil plane aberration, correspond to light centroid displacement
in the focal plane. The goal of PL spectroastrometry is to measure the light centroid shifts as a
function of wavelength, which relies on the sensitivity of PL output normalized intensities (output
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Fig 1 A schematic diagram of the standard 3 port photonic lantern (PL) and its cross sections in the two ends. The
telescope light is coupled in the FMF entrance, propagates through the lantern, and becomes effectively confined in
the SMFs. The light coupled in the SMFs can be fed to a spectrometer for spectroscopy.

intensities divided by the intensity sum of the all the outputs) to tip-tilt. In the small tip-tilt regime,
for an N -port PL, the (monochromatic) intensity response of the PL outputs can be linearized as

In ⇡ In0 +Bn↵centroid (1)

where In is the array of N normalized intensities, In0 is the array of N normalized intensities for
a point source without centroid shifts (reference signal), Bn is the tip-tilt (x,y) linear (first-order)
normalized intensity response matrix (N⇥2 dimensional), and ↵centroid is the array describing tip-
tilt (x,y centroid of the input scene), measured in radians with zero for on-axis. Thus, by measuring
the normalized intensity In and with the experimentally characterized linear intensity response Bn

and In0, the centroid shift ↵centroid can be determined.
The Bn matrix is the important factor for spectroastrometric measurements, describing the sen-

sitivity to astrometric displacements in the small tip-tilt regime. Paper I presents that the Bn matrix
is in fact a function of wavelength, Bn = Bn(�). Unless the PL is designed to be achromatic (such
as a mode-selective PL30), the Bn matrix is expected to depend on wavelength due to propagation
constant differences between the modes propagating along the PL. For a standard 3-port PL, the
Bn matrix is expected to have sinusoidal dependence on wavelength, which means that the astro-
metric sensitivity of the PL oscillates with wavelength. Paper I also studies the behavior of the Bn

matrix under static and time-varying WFEs with numerical simulations. The static WFE such as a
small systematic tip-tilt changes mostly the reference signal In0, but can also affect the Bn matrix
for larger aberrations. The time-varying WFE averaged over an exposure modifies the Bn matrix,
degrading the astrometric sensitivity.

The focus of this paper is the experimental characterization of the spectral behavior of In0 and
Bn of a standard 3-port PL. In §3, we first describe a general analytic model of PL spectra. In
§4, we present our experimental results on characterizing the wavelength dependence of Bn (§4.2)
and its behavior with time-varying WFEs (§4.3). We also present coupling maps in individual
ports as a function of wavelength, which can be used to correct for systematic tip-tilt, or pointing
errors (§4.4). Moreover, in §4.5 we show the preliminary attempt on building PL spectral response
models based on §3 that could be used for calibrating any misalignments and effects of WFEs. In
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§5 we summarize our results and discuss directions for future work.

3 Model of PL spectra

In this section, we describe a model of the PL output spectra, given an input scene. We first consider
the monochromatic case in §3.1 and introduce a method to decompose PL output intensities into
linear combinations of overlap integrals between the fiber modes and the input field using transfer
matrices. In §3.2 we provide the connection between the model and the intensity response to tip-
tilt described in §2. In §3.3, we discuss the wavelength dependence of the PL transfer matrix and
its implications on wavelength-dependent angular resolutions. In §3.4 we describe the effects of
averaging intensities in presence of time-varying phase aberrations.

3.1 Model of PL output intensities in terms of the PL transfer matrix

The (monochromatic) complex amplitude in the i-th SMF output of a PL can be expressed as an
overlap integral over the pupil plane

Ẽi =

Z
ẼpP̃e↵,idA (2)

where Ẽp represents the pupil plane electric field and P̃e↵,i denotes the effective pupil function of
the i-th output, which is the telescope aperture function multiplied by the complex conjugate of the
i-th pupil plane PL principal mode (PLPM;31). We use (̃.) to indicate complex-valued functions.
The pupil plane PLPM (P̃p,i) is the inverse Fourier transform of the focal plane PLPM (P̃f,i; at the
fiber entrance). The focal plane PLPM is an orthogonal superposition of the guided entrance modes
of a PL (scalar LP modes if assuming a circular symmetric step-index fiber) that maps to one SMF
output. Assuming that PLPMs consist of a pure linear combination of PL entrance modes and that
the number of guided modes is equal to the number of ports (N ), the i-th focal plane PLPM can be
decomposed as

P̃f,i =
NX

j=1

⌘̃ijXf,j. (3)

Xf,j is the j-th FMF eigenmode (real-valued fiber entrance scalar spatial mode) under the weakly
guiding approximation and ⌘̃ij represents the i, j component of the PL transfer matrix that describes
how focal plane fiber entrance modes are mapped to individual ports.24 In the pupil plane, the pupil
plane PLPM (the inverse Fourier transform of the focal plane PLPM) can be written as

P̃p,i =
NX

j=1

⌘̃ijX̃p,j (4)

where X̃p,j is the inverse Fourier transform of the j-th fiber entrance mode Xf,j . ⌘̃ij can be written
in a phasor form, ⌘̃ij = ⌘ij exp (i�ij), with real and positive ⌘ij and �ij in [0,2⇡).

Using the decomposed expression, Equation 2 can be expressed as

Ẽi =
NX

j=1

⌘̃
⇤
ij

Z
ẼpX̃

⇤
p,jTdA. (5)

4



with T being the telescope aperture transmission function. The integral is evaluated over the pupil
plane. The intensity in port i can be expressed as

Ii = |Ẽi|2 =
NX

j=1

⌘
2
ijRe(W̃jj) +

NX

j=k+1

NX

k=1

2⌘ij⌘ik
⇣
cos (�ik � �ij) Re(W̃jk)� sin (�ik � �ij) Im(W̃jk)

⌘

=
NX

j=1

⌘
2
ijRe(W̃jj) +

NX

j=k+1

NX

k=1

2⌘ij⌘ik|W̃jk| cos (�ik � �ij + arg (W̃jk))

(6)

where
W̃jk ⌘

ZZ
J̃p(u, v)

h
(X̃p,jT ) ? (X̃p,kT )

i
(u, v) dudv. (7)

Here, J̃p(u, v) is the mutual intensity in the pupil plane, J̃p(u, v) = Ẽp(x, y)Ẽ⇤
p(x + �u, y + �v),

a measure of spatial coherence between pupil plane points (x, y) and (x + �u, y + �v) where �

is the wavelength and (u, v) denotes two-dimensional spatial frequency. Assuming that the source
field is spatially incoherent, J̃p(u, v) corresponds to the Fourier transform of the source intensity
distribution by van Cittert-Zernike theorem. ? denotes cross-correlation. The integral is over the
entire two-dimensional frequency plane.

The correspondence of the cross-correlation of pupil functions to the optical transfer functions
(OTFs) was discussed in Ref.31 The intensity in each SMF output corresponds to the pupil plane
mutual intensity function (J̃p) weighted by the autocorrelation of the pupil function integrated over
all the frequencies, which can then be decomposed into N(N + 1)/2 components as in Equation
6. Note that in Equation 6, all the dependence on the input scene is isolated in the W̃jk term
and is common to all the ports. The transfer matrix amplitude components ⌘ijs determine the
relative importance of the terms. The relative phases �ik � �ij also play an important role in
determination of the relative contribution of the real and imaginary parts of W̃jk in the intensities.
Such decomposition is useful because the relative phases change with wavelength and determine
the PLs’ wavelength-dependent sensitivity to aberrations, as will be discussed in §3.3.

In Figure 2 we visualize the modes and cross-correlation of them for an example 3-port PL.
Panel (a) shows the fiber entrance modes, Xf,j . The supported LP modes for a 3-moded circular
step-index fiber are LP01, LP11a, and LP11b modes; however, a realistic 3-port PL may not exhibit
circular symmetry, due to the flower-shaped core geometry formed by fusing three SMFs arranged
in an equilateral triangle, as shown in Figure 1. We solve Xf,js for the geometry of the 3-port
PL on SCExAO (see §4.1) using wavesolve.1 The SMF residual cores in the PL entrance are
ignored since their effects are negligible. Panel (b) shows the pupil plane modes (X̃p,j), computed
by the inverse Fourier transform of the fiber entrance modes. Panel (c) shows the cross-correlation
of every pair of the pupil plane modes, X̃p,j ? X̃p,k.

3.2 Intensity responses to small tip-tilt (astrometric signals)

Now let us relate the models to the linear intensity response to tip-tilt (Bn), for spectroastrometry.
From Equation 6, we can gain insight on how the intensities change upon small tip-tilt aberration.

1https://github.com/jw-lin/wavesolve
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(a) Focal plane fiber modes

(b) Pupil plane fiber modes

(c) Cross-correlation of the pupil plane modes

FMF core

Fig 2 (a) Focal plane fiber entrance modes of the flower-shaped 3-port PL, of which the geometry is matched to the
3-port PL on SCExAO. The white dotted lines indicate the interface between the FMF core and the cladding (or SMF
cladding-jacket interface). The modes are close to the LP01, LP11a, LP11b modes but with small asymmetries. (b)
Pupil plane fiber modes, computed by Fourier transform of the modes in (a). Note that pupil plane LP01 mode is
nearly purely imaginary since the focal plane LP01 mode is nearly even. Pupil plane LP11 modes are nearly purely
real since the focal plane LP11 modes are nearly odd. (c) The cross-correlation of the pupil plane modes, which are
frequency sampling functions of J̃p.
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For tilt displacement of ✓ in radians along x, for instance, the input field can be written as
Ẽp(x) = exp (i2⇡✓x/�), and the mutual intensity as J̃p(u, v) = exp (�i2⇡✓u) = cos (2⇡✓u) �
i sin (2⇡✓u). For the case of 3-port PL and for small angular scales ✓, the frequency overlap of
LP01 ? LP11a with the sinusoidal imaginary part of the J̃p(u, v) mainly contributes to the intensity
response of the PL on the tilt displacement. Since LP01 ? LP11a is nearly purely imaginary-
valued (see Figure 2), Equation 7 implies that the intensity response to tilt is in the real part of
W̃LP01,LP11a . Thus, the coefficient 2⌘i,LP01⌘i,LP11a cos (�i,LP11a � �i,LP01) determines the amplitude
of the sensitivity to the tilt along x. Likewise, the coefficient 2⌘i,LP01⌘i,LP11b

cos (�i,LP11b
� �i,LP01)

determines the amplitude of the sensitivity to the tilt along y. Relating this to the Bn matrix
introduced in §2, the x, y component of the Bn matrix (spatial frequency along u, v) in port i can
be written as

Bn,ix ⇡ 1

Isum

✓
2⌘i,LP01⌘i,LP11a cos (�i,LP11a � �i,LP01)

ZZ
2⇡u Im

h
(X̃p,LP01T ) ? (X̃p,LP11aT )

i
(u, v) dudv

◆

Bn,iy ⇡
1

Isum

✓
2⌘i,LP01⌘i,LP11b

cos (�i,LP11b
� �i,LP01)

ZZ
2⇡v Im

h
(X̃p,LP01T ) ? (X̃p,LP11b

T )
i
(u, v) dudv

◆

(8)

where Isum corresponds to the intensity sum over all the ports, Isum =
P

i Ii.

3.3 Wavelength dependence of the PL transfer matrix

Paper I reports on a study of the chromaticity of PLPMs with numerical simulations of standard
3-port and 6-port PLs. Due to propagation constant differences between the spatial supermodes,
relative phases between the fiber modes that constitute PLPMs slowly vary with wavelength. For
the 3-port PL case, the relative phase between LP01 and LP11 modes varies nearly linearly as a
function of wavelength. Consequently, the intensity response to tip-tilt depends on wavelength, in a
sinusoidal manner, due to the cos (�i,LP11 � �i,LP01) term (Equation 8). When the phase difference
between LP01 and the LP11 modes in the i-th port is a multiple of ⇡, the absolute values of Bn

matrix of the i-th port (the linear intensity response) are maximized, implying large sensitivity to
small angular resolutions. Conversely, when the phase difference is an odd multiple of ⇡/2, the
intensity response of the i-th port is minimized. See Figure 9 of Paper I for details. In §4.2, we
verify this behavior with experiments.

3.4 Effects of WFE averaging

Now we consider the effects of time-varying phase aberrations in a long exposure regime. The
pupil plane phase aberration ' modifies the telescope aperture function T (x, y) to T̃ (x, y) =
T (x, y) exp (i'(x, y)). Let us define the time-averaged OTF of the phase screen as h�turb(u, v)it.
The subscript t refers to time average. In the long exposure regime, we can write the Equation 7 as

hW̃jk,turbit ⇡
ZZ

J̃p(u, v)
h
(X̃p,jT ) ? (X̃p,kT )

i
(u, v) h�turb(u, v)it dudv. (9)

Note that h�turbit can be related to the phase structure function, exp (�1
2h|'(~r)� '(~r + ~�r)|2i) =

exp (�1
2D'), with negligible imaginary part.32 Due to this component, higher frequencies in the

frequency sampling functions (X̃p,jT ) ? (X̃p,kT ) are suppressed.
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Fig 3 The instrument setup for experiments. The microscope image of the FMF end of the 3-port PL is shown in the
inset picture, illuminated by retro-injecting visible light from one of the SMF outputs for visibility.

The WFE-averaged Bn matrix, hBnit, is modified in a similar way. For the case of 3-port PL,
the same h�turb(u, v)it factor goes into the integrals of Equation 8. The summed intensity Isum

also decreases with WFE averaging, but not as fast as the numerator, as the reduction in coupling
into the LP01 mode is partially compensated by the increased coupling into LP11 modes. These
result in a systematic decrease in the intensity response to tip-tilts in the presence of WFEs. We
validate this behavior with experiments in §4.3.

4 Experimental characterization of a 3-port PL on SCExAO

In this section, we present our experimental characterization of the 3-port PL on the SCExAO
instrument28 at the Subaru Telescope. We first describe our experimental setup in §4.1. In §4.2,
we show tip-tilt sensitivity of the 3-port PL as a function of wavelength, Bn(�), and compare with
predictions from §3.3. In §4.3 we present intensity response to tip-tilt in presence of time-varying
WFEs, hBn(�)it, in connection to §3.4. In §4.4, we show measured coupling maps, the measured
PL output spectra as a function of (x, y) fiber positions in the focal plane. In §4.5 we present our
initial results of modeling coupling maps (retrieving transfer matrix components) using the models
presented in §3.

4.1 Experimental setup

The PL used in the experiment is a 3-port pigtailed PL, manufactured at Sydney Astrophotonics
Instrumentation Laboratory. Three SMFs (SMF-28e) are arranged in an equilateral triangle without
using a preform, placed in a lower-index capillary, then tapered down such that the cladding of the
SMFs becomes a core and the capillary becomes the cladding in the FMF end. The microscope
image of the FMF end illuminated by retro-injecting visible light from one of the SMF outputs is
shown as an inset picture in Figure 3. The diameter of the core of the FMF end is 17.8 µm, designed
to support three modes in H band. The average throughput over the three ports is measured to be
84%.

The 3-port PL is installed on the infrared bench of the SCExAO high-contrast testbed28 at the
Subaru Telescope. Figure 3 illustrates the setup. Light is emitted from a supercontinuum laser,
collimated by an off-axis parabolic (OAP) mirror, and then sent to a 2040-actuator deformable
mirror (DM). Then the light is apodized passing through the phase-induced amplitude apodization
(PIAA) lenses, making the beam shape Gaussian.33 Then the beam is split by a 90:10 beam splitter,
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sending 10% of the light to the PSF monitoring camera (First Light Imaging C-RED 2 camera).
90% of the light is focused by an OAP and sent to the fiber injection unit34 where the 3-port PL
is mounted. The fiber injection unit consists of a translation stage which allows the fiber to move
in x, y, and f , changing the position of the fiber in the focal plane transverse and parallel to the
beam. In front of the fiber is a focusing lens. The lens and the translation stage are mounted on a
carriage that can change the distance between the focusing lens and the OAP mirror, thus changing
the focal ratio.29, 34 Therefore, by adjusting x, y, f , and the carriage position, we can optimize light
injection into the FMF entrance of the PL.

After the fiber injection unit, the SMF outputs are spliced to a linear v-groove and sent to the
spectrograph. The v-groove array is on a motorized x/y stage at the entrance of the spectrograph,
to allow precise alignment of the spectral traces on the detector. A first achromatic lens collimates
the beam onto the dispersive prism. The lens can be adjusted to focus the beams on the detector.
The prism can be replaced by a mirror, to go from a spectroscopic mode to a photometric mode.
Finally, a fixed focusing lens images the traces on the detector, a First Light Imaging C-RED ONE
camera. The spectrograph was designed to be diffraction-limited from 1 to 1.8 µm, covering y, J
and H bands, with a spectral resolution of R ⇠ 700, 500 and 300 in y, J and H respectively.

Figure 4 displays the example spectra of the supercontinuum laser source. The left panel
shows the detector image, with the three spectral traces. The middle panel shows the extracted
spectra, computed by simply summing up the pixels vertically. A tunable filter is used to find the
wavelength solution, by adjusting the wavelength while recording the spots on the detector, to build
a pixel-wavelength mapping model. The right panel shows the coupling map, the total flux at each
x, y fiber position with fixed f and the carriage position. The spectra shown in the left and middle
panels correspond to the origin of this map, which is close to the weighted centroid position of the
map.

Fig 4 (Left) The example detector image of the three dispersed outputs. (Middle) The extracted spectra of individual
traces and the summed spectra. (Right) The coupling map showing the total flux (stacked over all the wavelengths and
the ports) taken by recording the flux while moving the x, y fiber positions. The spectra in the left and middle panels
correspond to the spectra at the origin of this map.

4.2 Linear intensity response to tip-tilt

In this section, we present experimentally measured linear intensity responses to tip-tilts, the Bn

matrix. Having large linear intensity response corresponds to larger sensitivity to high angular
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resolutions (Paper I), and is related to the relative phase between LP01 and LP11 modes as discussed
in §3.3.

To measure wavelength-dependent intensity response to tip-tilts, we first optimize the injection
into the 3-port PL by taking the coupling map and moving to the weighted centroid position.
The normalized intensity in this position corresponds to In0. Next we sequentially apply tip-tilt
aberrations using the DM while recording the spectra, in the range of [-0.4, 0.4] radians RMS (at
a reference wavelength of 1.55 µm), with steps of 0.1 radians RMS. Then we calculate normalized
spectra by dividing the spectrum in each port by the summed spectrum. Then in each wavelength
channel, the intensity response in each port as a function of the tip-tilt aberration amplitude is fitted
by a second-order polynomial, y = ax

2 + bx + c. The slope b then corresponds to the first-order
response to the tip-tilt aberrations at the origin, the linear intensity response to tip-tilt (Bn). We
repeat this procedure 10 times and average them.

Top panels of Figure 5 show the linear intensity responses as a function of wavelength. As
expected from the model and numerical simulations presented in Figure 9 of Paper I, qualitatively,
the relative intensity responses exhibit sinusoidal behavior as a function of wavelength.

4.3 Linear intensity response to tip-tilt, with turbulence

In §3.4 we discussed the systematic decrease of intensity response to tip-tilts in a long exposure
regime with time-varying turbulence. An experimental demonstration of this effect is shown in
bottom panels of Figure 5. The time-varying phase aberrations with amplitude of 0.15 µm was
simulated on the SCExAO real-time computer and applied on the DM. With the simulated turbu-
lence running on the DM, we took the tip-tilt scan five times each as described above. We repeated
this with three realizations of turbulence, resulting in 15 measurements in total. The sinusoidal
behavior of the tip-tilt responses remains unchanged but the amplitudes are decreased, as expected
from §3.4.

In real spectroastrometric observations, such systematic effects should be calibrated in order
not to underestimate the centroid shifts. This differs from standard spectroastrometry, which mea-
sures centroid shifts directly from the focal plane image. While WFEs broaden the PSF and de-
grade the S/N of the centroid shift measurement, they do not bias the centroid shift itself, although
additional complications may exist introduced by slits or focal plane resampling. We defer devel-
oping practical calibration strategies to future work.

4.4 Coupling maps as a function of wavelength

In Equation 1, In0 and Bn are defined for an on-axis reference PSF. However, in real observations,
the average position of the PSF (x, y) over an exposure may deviate from the on-axis position.
Thus, it is useful to have a map of In and Bn for the (x, y) fiber positions in the focal plane
to correct for such pointing errors. These maps can be inferred from coupling maps, which are
spectral responses as a function of (x, y) fiber position in the focal plane.

Figure 6 shows the measured coupling maps of individual ports at a few wavelengths. The right
panels are the summed coupling maps of the three individual maps. The individual maps divided
by the summed map correspond to the In map at any (x, y) position, and its gradients along the
x, y directions correspond to Bn map. Thus, in the presence of time-varying pointing errors, in
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Fig 5 (Top) Measured first-order intensity response to tip-tilts (the Bn matrix, with units of radians RMS�1) as a
function of wavelength. (Bottom) The same figure but with turbulence of 0.15 µm. The responses are systematically
decreased compared to the measurements without turbulence.

every frame, the observed normalized spectra at the reference wavelengths (where zero spectroas-
trometric signals are expected) can be fit to previously measured coupling maps In(x, y;�) to find
the pointing error (x, y) and the corresponding Bn at the position.

Here we describe a few features in the coupling maps and compare with numerical simulations.
The coupling maps of individual ports peak at different x, y fiber positions, with characteristic dou-
ble blob shapes. Also, the coupling maps gradually change with wavelength. The most prominent
feature of wavelength dependence is the alternating peaks between the blobs. This is due to the
wavelength dependence of the LP01 and LP11 phase differences in the transfer matrix, as simu-
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lated in Figure 7 for a standard 3-port PL. Besides this feature, we find that the blobs rotate with
wavelength. This may be explained by the chromatic behavior of the amplitude components of the
transfer matrix. Note that large gradients in the coupling maps indicate better sensitivity to tip-tilts.
We also find that the peak of the summed coupling map (right panels) as well as its overall posi-
tion moves with wavelength. The shifting peak is expected to be caused by wavelength-dependent
losses within the lantern. However, the movement of the overall position as a function of wave-
length is of unknown origin at the moment and we leave this for future investigation.

4.5 Measuring the transfer matrix using coupling maps

In §3, we described a method of modeling PL intensity responses. If the transfer matrices ⌘̃ijs
for every wavelength channel are determined, one can build the PL spectral response models for
any input scene. One way of measuring ⌘̃ijs as a function of wavelength is using the coupling
maps of individual ports as a function of wavelength. Moving the injection stage in x and y

corresponds to the tip-tilt aberration in the pupil plane, modulating the W̃jk components while
leaving transfer matrix components unchanged. Additional phase probes may be applied using
the DM to achieve more diverse W̃jks. Using Equation 7, W̃jk can be computed on each x, y
fiber position with appropriate models of the pupil and the fiber entrance modes. Then with the
measured intensities Ii at various x, y positions (and potentially with additional phase probes using
the DM) and corresponding W̃jks, the transfer matrix components ⌘̃ij can be solved except for the
piston phases (e.g., LP01 phases for each port) using Equation 6.

Given that our system has PIAA beam-shaping lenses, we simplify the problem by assuming
that the PSF is purely flat-phase Gaussian profile beam and rewriting the models in the focal plane
instead of the pupil plane. While applying tip-tilt phase probes on the DM changes the amplitude
and phase profile of the PSF with the PIAA lenses, fiber injection stage movement does not change
the PSF itself. Writing the focal plane field at the fiber positions (x, y) as Ef (x, y), the intensity in
the i-th port is:

Ii(x, y) = |Ẽi(x, y)|2 =

�����

NX

j=1

Z
⌘̃ijEf (x, y)Xf,jdA

�����

2

=
NX

j=1

⌘
2
ijX

02
j (x, y) +

NX

j=k+1

NX

k=1

2⌘ij⌘ik cos (�ik � �ij)X
0
j(x, y)X

0
k(x, y)

(10)

where
X

0
j(x, y) ⌘

Z
Ef (x, y)Xf,jdA. (11)

Note that the integral is evaluated over the focal plane. With a model of Xf,j (panel (a) of Figure 2)
and the PSF, X 0

j(x, y)X
0
k(x, y) can be computed on a grid of (x, y). Figure 8 shows the six maps of

X
0
j(x, y)X

0
k(x, y). The coupling map of the i-th port can then be described as a linear combination

of these six components with the six coefficients (⌘2ij and 2⌘ij⌘ik cos (�ik � �ij)). An iterative
approach is used to fit the coupling maps: finding PSF and fiber entrance models that minimize the
squared residuals with respect to the coupling maps. We fix the shapes of the PSF as Gaussian and
the fiber entrance modes as the modes solved for our 3-port PL, but allow the following parameters
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Fig 6 Measured coupling maps of individual ports and the sum for a few wavelengths.
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Fig 7 Simulated coupling maps of individual ports and the sum assuming a standard 3-port PL and wavelength of
� = 1550 nm for four cases: phase difference between LP01 and LP11 is (a) zero, (b) ⇡/2, (c) ⇡, and (d) 3⇡/2.
Since the majority of the wavelength dependence in PL responses arises from phase differences between the LP01 and
LP11 modes, this simulation effectively captures the wavelength dependence of the measured coupling maps shown
in Figure 6. Note that (a) and (c) correspond to the case of the greatest linear intensity response to tilt (§3.3), with
greatest gradients at the origin of the individual coupling maps. Conversely, (b) and (d) correspond to the case of
nonlinear intensity response to the tilt; the gradients at the origin of the individual maps are zero and the symmetric
coupling maps indicate the ambiguity of recovering tip-tilts from lantern intensity responses even with larger tip-tilt
displacements.
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Fig 8 The six components that constitute the coupling maps of a 3-port PL.

to vary in our fitting procedure: fiber orientation angle, x,y fiber centroid positions, and the PSF
size.

Figures 9 and 10 show the results of the coupling map modeling for two wavelengths, � =
1400 nm and � = 1533 nm, respectively. The models capture most of the features in the coupling
maps. We compute the dot product of the measured coupling maps and the fitted models as a
metric to assess the model fit, which gives 0.992 and 0.994 for � = 1400 nm and � = 1533 nm,
respectively. The coupling map models are relatively stable across time; we fit the coupling maps
taken two days later using the coefficients retrieved from the coupling map fitting shown in Figures
9 and 10, obtaining dot products of 0.929 and 0.960 for the two wavelengths. Although the dot
products are lower in this case, which may be due to the drift of the spectral traces on the detector
in wavelength, we find the morphology of the coupling maps and their wavelength-dependent
behavior are consistent over time.

The residuals of the model fit exhibit systematic patterns rather than random fluctuations. This
could be explained by the departure of the PSF during the exposure to the ideal Gaussian PSF
model, in particular due to the bench jitter. In order to reliably measure the transfer matrix com-
ponents, the bench jitter along with any other misalignments or aberrations need to be carefully
modeled. Moreover, the model fitting accuracy can be improved by jointly modeling the coupling
maps across multiple wavelength channels. We defer such refinements to future work.

5 Conclusion and future work

Spectroastrometric signals can be measured with PLs from the relative spectra between the ports
(Paper I). For spectroastrometric measurements, the sensitivity of PL intensity response to tip-tilt
is a crucial factor, which depends on wavelength and needs to be characterized. To this end, we
have developed PL spectral response models in §3 and showed initial results of experimental spec-
tral characterization of the 3-port PL on the SCExAO test bench. Paper I expected that intensity
response to tip-tilts as a function of wavelength would exhibit sinusoidal behavior for a 3-port
PL, and the responses would be modified with WFE averaging. We have verified these behaviors
with experiments, in §4. In addition, we presented coupling maps as a function of wavelength and
discussed how they would be useful for offsetting pointing errors. Furthermore, we showed initial
results on recovering PL transfer matrices using the coupling maps and the analytical framework il-
lustrated in §3. We acknowledge that our transfer matrix recovery approach shares some similarity
with the approach described by Ref.35 and note that our research was conducted independently.

In §4.3 we discussed the neccessity of practical calibration strategies for time-varying WFEs
to accurately measure spectroastrometric signals. There are two directions for future work aimed
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Fig 9 (a) Measured coupling maps (� = 1400 nm) of individual ports and their sum, (b) modeled coupling maps, as
linear combination of overlap components shown in Figure 8, and (c) residuals.

at achieving this goal. The first involves building a reliable PL spectral response model and de-
veloping methods to leverage this model for extracting and calibrating spectroastrometric signals
from measured spectra. This requires refining the transfer matrix recovery procedure, by relaxing
the Gaussian PSF assumption and accounting for the PIAA optics, misalignments, or aberrations
that may present in the system. Additionally, more diverse probes can be used by applying phase
probes on the DM in addition to the fiber injection stage movement. Furthermore, data acquisition
and fitting strategies can be improved. It may also be necessary to consider the two polarization
states in the model. The stability of recovered transfer matrices over time needs to be studied as
well.

The other direction is to take a data-driven approach, not relying on the models. The spectral
channels outside the spectral feature of interest for spectroastrometry can be used for wavefront
sensing, both identifying systematic tip-tilts and the WFE averaging effects. Also, the calibration
strategies may be augmented by specific observation strategies, for instance by taking on-sky cou-
pling maps, by observing a calibrator star taken with similar WFE properties, by simultaneously
recording the PSF with the PSF monitoring camera, using AO telemetry data, or by dithering the
fiber position on the target to measure the Bn matrix directly. We plan to develop practical calibra-
tion and observation strategies and test on-sky spectroastrometric measurement with the 3-port PL
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Fig 10 Same as Figure 9 but at � = 1533 nm.

in the future.

Code, Data, and Materials Availability

The data and code used in preparation of this work are available on GitHub (https://github.
com/YooJung-Kim/3PL_characterization/).
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