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Abstract. We investigate the potential of photonic lantern (PL) fiber fed spectrometers for two-dimensional spec-
troastrometry. Spectroastrometry, a technique for studying small angular scales by measuring centroid shifts as a
function of wavelength, is typically conducted using long-slit spectrographs. However, slit-based spectroastrometry
requires observations with multiple position angles to measure two-dimensional spectroastrometric signals. In a typi-
cal configuration of PL-fed spectrometers, light from the focal plane is coupled into the few-moded PL, which is then
split into several single-mode outputs, with the relative intensities containing astrometric information. The single-
moded beams can be fed into a high-resolution spectrometer to measure wavelength-dependent centroid shifts. We
perform numerical simulations of a standard 6-port PL and demonstrate its capability of measuring spectroastrometric
signals. The effects of photon noise, wavefront errors, and chromaticity are investigated. When the PL is designed to
have large linear responses to tip-tilts at the wavelengths of interest, the centroid shifts can be efficiently measured.
Furthermore, we provide mock observations of detecting accreting protoplanets. PL spectroastrometry is potentially a
simple and efficient technique for detecting spectroastrometric signals.

Keywords: photonic lanterns, spectroastrometry, astrophotonics, high angular resolution, high spectral resolution,
protoplanets.

1 Introduction

High angular resolution enables the detailed study of a variety of objects such as young stellar
objects, jets, circumstellar environments, and quasars. Spectroastrometry is a method to study
angular scales smaller than the point-spread function (PSF) size for objects whose morphology
changes with wavelength (such as those exhibiting emission lines), by measuring the relative po-
sition of an unresolved object as a function of wavelength.1–3 A wavelength-dependent shift in
the center of light — the definition of spectroastrometric signal — may indicate the presence of a
companion, outflow, or any spatially extended feature, revealing details about the structure within
the PSF (seeing- or diffraction-limit). The spectroastrometry method has been used for many pur-
poses, such as studying young binaries,4 circumstellar disks,5, 6 kinematics of stellar outflows,7 and
the broad-line region of quasars.8, 9 With diffraction-limited PSFs enabled by adaptive optics (AO),
sub-milliarcsecond precisions can be achieved with 10 m-class telescopes in the near-infrared.

Spectroastrometry leverages high spectral resolution to resolve kinematic structures at small
angular scales or to detect companions with narrow spectral lines. Therefore, long-slit echelle
spectrometers are typically used for spectroastrometric observations, as they can achieve high spec-
tral resolution and spatial sampling along one axis. However with long-slit spectrographs, 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
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Fig 1 A schematic diagram of the standard 6 port photonic lantern (PL) used for our simulation. The inset figure
positioned above the PL shows the refractive index profile of the PL at the few-core fiber (FCF) end. The telescope
light is coupled in the FMF end, 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. The relative spectra in output SMFs can be
used to measure the center of light as a function of wavelength (i.e., spectroastrometry.)

illumination can introduce an artificial spectroastrometric signal.10, 11 At medium resolutions, in-
tegral field spectrometers can enable two-dimensional spectroastrometry with decreased artifacts,
although with an increased complexity.12–14

In this study, we explore the potential of using photonic lanterns (PLs) for two-dimensional
spectroastrometry.15, 16 PLs are tapered waveguides that gradually transition from a few-mode
fiber (FMF) or multi-mode fiber (MMF) geometry to a bundle of single-mode fibers (SMFs)17–19

(Figure 1). When the AO-corrected telescope light couples into the FMF end of the PL in the focal
plane, it becomes confined within the SMF cores as it propagates through the lantern. Thus, a PL
converts multimodal telescope light into multiple single-moded beams. The light in the SMFs can
be fed into spectrometers for spectroscopy. PLs are potentially advantageous for diffraction-limited
precision high-resolution spectroscopy due to the spatial filtering nature of the SMFs20 and the
high coupling efficiency compared to coupling light directly into SMFs21 (AO-assisted SMF-fed
spectrometers such as KPIC,22 IRD,23 PARVI,24 iLocator,25 HiRISE,26 and HISPEC/MODHIS27).
Potential uses of PLs for astronomical observations have been studied in context of nulling28 and
coherent imaging.29

The dispersed SMF outputs from a single PL placed at the focal plane can act like a small
integral field unit (IFU), sensing spatial features in very small angular scales. Recent studies on PLs
as focal plane wavefront sensors (PLWFS)30–34 have demonstrated that PL output intensities can be
used to sense low-order aberrations. The capability of PLWFS is related to PL spectroastrometry,
since centroid shifts correspond to tip-tilt Zernike modes, the lowest modes excluding the unsensed
piston mode. With PL output spectra, wavelength-dependent two-dimensional centroid shifts can
be efficiently measured, eliminating the need for slicing or resampling of the focal plane fields as
in IFU and using only a few single-moded spectral traces. Thus, both high angular resolution and
high spectral resolution can be achieved with PLs.

This paper is structured as follows. In §2, we show how spectroastrometric signals can be re-
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covered from PL outputs and present numerically simulated spectroastrometric signals for a 6-port
PL. In §3, we discuss sources of errors in spectroastrometric signal recovery: photon noise, static
wavefront errors (WFEs), and time-varying WFEs. In §4, we address the chromatic behaviors of
PLs relevant to spectroastrometry. In §5, we present mock observations of accreting protoplanets.
In §6 we discuss benefits of PL spectroastrometry and considerations on PL design.

2 Concept

2.1 Spectroastrometric signals for PLs

Consider an instantaneous monochromatic wavefront incident on the telescope pupil Ep (repre-
sented as an M -dimensional complex-valued vector of field samples) and its Fourier transform,
the focal plane electric field Ef . An N -port PL couples Ef at the PL entrance. Following the
analytical model of Lin et al. 2022,32 the instantaneous PL output field can be described as

ESMF = AEp. (1)

The A matrix is the complex-valued transfer matrix which includes propagation from the pupil to
the focal plane and the lantern transition, with the dimension of N ⇥ M for M pupil samples.
ESMF is the N -dimensional vector, the complex amplitudes in output SMFs. Thus, the A matrix
maps the pupil plane wavefront to PL outputs.

The transfer matrix A corresponds to the inverse of the M ⇥ N matrix formed by stacking N
number of M -dimensional pupil plane PL principal modes (PLPMs29). Numerically, the i-th mode
pupil plane PLPM is computed by backpropagating the fundamental mode of the i-th output SMF
to the pupil plane. The i-th row of the A matrix corresponds to i-th effective pupil function of the
i-th output SMF. Then the intensities in the output SMFs can be expressed as

ISMF = |AEp|2. (2)

We abbreviate ISMF for I afterwards for simplicity and write i-th SMF output intensity as Ii.
An input scene, consisting of incoherent sources (excluding coherent sources such as masers),

can be described as an incoherent sum of n point sources located at angular coordinates ↵l =

(xl, yl)T and weighted by the flux factor fl, with l = 0, 1, ..., n � 1. The wavefront from l-th
point source is written as a tilted plane wave, E

l
p = fl

1/2
exp (iR↵↵l), where R↵ is the M ⇥ 2

basis matrix whose columns are pupil plane tip-tilt basis vectors. The output intensities are then
modeled as

Itot =
n�1X

l=0

Il =
n�1X

l=0

|AE
l
p|2. (3)

Figure 2 illustrates a simple example case of binary point sources, star x and star y. Star x
dominates the total flux at wavelength �1, but star y has an emission line at wavelength �2. Due
to the emission line, the center of light shifts towards the star y at wavelength �2 which is the
spectroastrometric signal. Our goal is to detect the star y using spectroastrometry on this emission
line. On the right we display the simulated Itot for a standard 6-port PL. Details on the simulation
are described in §2.2.1. Although the on-axis light from the star x (orange) couples to ports 1
through 5 evenly, the off-axis light from the star y (purple) couples to the port 2 the most. The
relative intensity profiles are determined by the separation, contrast, and position angle (PA) of
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Fig 2 (Left) Focal plane intensity maps for a simple example case, a bright star without spectral features (star x)
located at the center and an off-center fainter star (star y) with an emission line at �2. Top rows are for �1 and bottom
rows are for �2. The FMF end geometry of a standard 6-port PL is displayed as black circles. Due to the emission
line of star y at �2, the center of light of the sum of the two stars is shifted in �2 while in �1 does not show any shift.
The center of light shift is smaller than the FMF radius (order of �/D) and should be sensed by the lantern as a tip-tilt
aberration. (Right) Simulated output intensities for �1 (top) and �2 (bottom). At �2, the flux of the emission line from
the star y is added onto the flux of the star x, altering the relative intensities.

the star y. Thus, the difference in output relative intensities on and off the emission line gives the
two-dimensional spectroastrometric signal.

Let us consider an input scene with a small angular extent (⌧ �/D). Assuming small ↵l,
the wavefront can be approximated as E

l
p ⇡ fl

1/2
(1 + iR↵↵l). Following Lin et al. 2022,32 the

intensities in the output SMFs from each point source can be expressed as

Il = |AE
l
p|2 ⇡ fl(|A1|2 +BR↵↵l), (4)

where B is the linear response matrix defined as

Bij ⌘ 2Im

h
A⇤

ij

X

k

Aik

i
. (5)

We define B0 ⌘ BR↵, the B matrix projected onto tip-tilt basis, which describes the linear intensity
responses to tip-tilt. Then the total intensity is the sum of the n point sources:

Itot =
n�1X

l=0

Il ⇡
 

n�1X

l=0

fl

!
0

BB@|A1|2 +B0

n�1P
l=0

fl↵l

n�1P
l=0

fl

1

CCA

⇡ ftot
�
|A1|2 +B0↵centroid

�
.

(6)

4



ftot ⌘
n�1P
l=0

fl and ↵centroid is defined as the center of light angular coordinate vector. This suggests

that if the angular size of the on-axis object is small that the tip-tilts corresponding to the angular
size perturb lantern output intensities linearly, the intensity responses mainly describe the center
of light shift of the input scene.

In practice, ftot in each wavelength bin is an unknown factor. Even if the exact spectra of the
object is known a priori, there may still be chromaticity in how the light couples into the PL due to
stochastic processes, such as atmospheric dispersion. Instead, we can define normalized intensities

in the output SMFs (In) as the output intensities divided by the total sum of the output intensities,
N�1P
i=0

Ii. The normalized intensities can be linearized similarly in this regime such as

I
l
n ⇡ In0 +B0

n↵l (7)

where In0 is the normalized intensity for the on-axis point source, |A1|2/
N�1P
i=0

|A1|2i and B0
n is the

normalized intensity linear response matrix, B0/
N�1P
i=0

|A1|2i . Then the equation 6 can be rewritten
as

In,tot ⇡ In0 +B0
n↵centroid (8)

in the linear intensity response regime.
Finally, inverting the above equation, the center of light — the definition of spectroastrometric

signals — can be recovered from the observed �In ⌘ In,tot � In0 as:

↵centroid ⇡ B0+
n �In. (9)

B0+
n is the left pseudo-inverse of the B0

n matrix. Note that both B0
n and In0 are determined by

the lantern design, the transfer matrix A. They can also be empirically determined in a lab with
calibration light sources.

Note that the R↵ matrix can be extended to an M ⇥ m matrix R to include additional modes
(m) beyond tip and tilt. Then B0

= BR describes general linear intensity responses to aberrations.
An N -port PL can sense up to m = N � 1 non-piston Zernike modes.32 Using the generalized lin-
ear intensity response matrix and calculating the right-hand side of the Equation 9, one obtains an
m-dimensional vector, with first two elements corresponding to tip-tilt. If the intensity responses
were perfectly linear, the entries other than tip-tilts should be zero. Any deviations from the linear
approximation would manifest as nonzero values in the other modes (modal confusion). We pro-
vide examples in §2.2.3. Also, the effects of static and time-varying WFEs over an exposure can
alter the intensity response matrix, which we discuss in §3.2 and §3.3.

2.2 Simulated spectroastrometric signals

In this subsection, we conduct numerical simulations of a standard 6-port lantern (N = 6) and
simulate spectroastrometric signals for several simple astronomical scenes.
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Fig 3 (Top) Simulated SMF output intensities (ISMF) for a standard 6-port lantern, as a function of tip-tilt Zernike
mode aberration amplitudes. The total intensity incident on the pupil is set to unity. The black lines denote the total
intensity in the 6 output SMFs. (Bottom) Same as the top panels but the intensities are normalized (In) by the sum of
the total intensities (the black lines). See Figure 1 for the geometry of the PL used for the simulation and §2.2.1 for
the simulation setup.

2.2.1 Simulation

The simulated lantern is a standard 6-port PL (N = 6) of which all the SMFs have the same core
radius and refractive index, with 5 cores arranged symmetrically around a central core (Figure 1).
We assume the cladding index of 1.444, cladding-jacket index contrast of 5.5 ⇥ 10

�3, and core-
cladding index contrast of 8.8 ⇥ 10

�3. Each SMF core diameter is chosen to be 4.4 µm and the
lantern entrance diameter to 20 µm. The lantern taper length is set to 2 cm and the taper scale is set
to 8. We numerically backpropagate fundamental modes in the SMFs to the lantern entrance using
the lightbeam35 python package to determine focal-plane PLPMs.

For the telescope, we assume an unobstructed circular aperture D of 10 m. The simulations are
monochromatic with wavelength 1.55 µm (�/D ⇠ 32 mas). The focal plane PLPMs are backprop-
agated to the telescope pupil to determine the pupil plane PLPMs and the transfer matrix A using
the HCIPy (High Contrast Imaging for Python) package.36 The focal length is optimized to max-
imize the total coupling (intensity coupled over all of the supported LP modes) of an unaberrated
on-axis point source.
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The top rows of Figure 3 display the simulated output intensities of a single point source (I) as
a function of tip (left) and tilt (right). In the small tip-tilt regime, the intensity responses are linear
for most of the ports. The black curves indicate the total intensity over the 6 output SMFs, the
total coupling efficiency. The bottom row shows the normalized output intensities (In), which also
behave linearly for small tip-tilts, but more non-linearly in larger tip-tilt regimes. The y-intercepts
correspond to In0 and the slopes at the origin are the B0

n.

2.2.2 Example scenes

Using the simulated lantern transfer matrix, we simulate spectroastrometric signals for simple
scenes. The lantern output spectra are calculated as an incoherent sum of output spectra from
point sources that constitute the input scene (Equation 3). We neglect the chromaticity of the
lantern’s transfer matrix for this simulation and assume that the transfer matrix is constant over the
wavelength range, [1.51, 1.59] µm. We discuss the effects of chromaticity in §4.

Top panels of Figure 4 show a case for binary point sources separated by 3 mas. The left panel
displays the input scene, one star with a constant continuum emission (gray) and the other star of
4:1 line-continuum flux ratio, exhibiting an emission line of FWHM = 1,000 km s�1 at 1.55 µm
(black). The center of continuum emission is located at the origin (blue cross). The second panel
from the left shows the lantern output spectra of each SMF, Itot. The output spectra are normalized
by the peak of the summed spectra (summed over the ports). The amplitude of the emission line
varies from port to port. The third panel presents �I = In,tot� In0, the normalized spectra (in each
wavelength bin) subtracted by the on-axis point source normalized intensity. The fourth panel
shows the recovered spectroastrometric signals ↵centroid as dashed lines, Equation 9. The true
center of light positions as a function of wavelength are overlaid as thick solid lines. This shows
that the two-dimensional centroid shift on the emission line can be recovered with the simple linear
reconstruction method.

Middle panels of Figure 4 show a case for a rotating ring (vrot = 4, 000 km s�1) of 1 mas
radius, such as broad-line region of quasars.8, 9 Each flux element shows a broad emission line
of FWHM = 2,000 km s�1 (local broadening). The inclination angle is 22.5 degrees and the PA
is 60 degrees. We assume continuum level of 25% for the amplitude of the emission line. Since
the blueshifted and redshifted flux of the emission line originate from different locations of the
ring, sinusoidal spectroastrometric signals are expected. If the line is sufficiently resolved in the
spectral axis, PL spectroastrometry can provide estimation on the two-dimensional centroid shifts
which can then be used to infer the kinematic structures, potentially useful for constraining more
complicated models.

Bottom panels of Figure 4 display a case for a rotating sphere of 3 mas radius with an absorption
line, such as a rapidly rotating star (vrot = 100 km s�1). The star is modeled as a collection of 2,500
light-emitting patches on a hemisphere, with an absorption line of FWHM = 30 km s�1. Similarly
to the ring case, the two-dimensional centroid shift can be detected and the stellar rotation such as
spin axis can be characterized with the spectroastrometric signals.

2.2.3 Nonlinear intensity response regime

If the object is more extended such that the linear intensity response approximation (Equation 4)
is no longer valid, the estimation of the light centroid by linear approximation (Equation 9) fails.
This effect is illustrated in Figure 5, which presents simulated spectroastrometric signals for binary
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Fig 4 Example PL spectroastrometric signals for three simple scenes, (top) binary point sources with an emission line
on one, (middle) a rotationally-broadened emission line originating from a ring structure such as broad-line region
of a quasar, and (bottom) a rotationally-broadened absorption line from a resolved star. The first column illustrates
the input scenes. The second column and the third column display simulated output spectra and normalized spectra,
respectively, of a standard 6-port PL. Due to the positional variation of the line-emitting region, the PL output spectra
show variations in fluxes across the ports. This variation can be used to recover the center of light as a function of
wavelength, the fourth column.

models with the same centroid shifts but with different contrasts and separations. Since a standard
6-port PL is sensitive to the first five (non-piston) Zernike modes, tip-tit, defocus, and astigma-
tism,32 the R↵ matrix in Equation 4 can be extended to an M ⇥ 5 matrix whose columns are the
five mode basis vectors. Then the right hand side of Equation 9 becomes a five-element vector, the
Zernike aberration amplitudes in tip-tilt, defocus, and astigmatism. If the input scene has a small
angular extent then Equation 4 is valid, the first two entries should represent the centroid position
in tip-tilts and the other three entries should equal to zero. However, if the output intensities devi-
ate from the linear approximation, the right hand side of Equation 9 will show modal confusion,
detecting non-zero signals in defocus and astigmatism modes. For binary models, as shown in the
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right panels of Figure 5, increasing the binary separation results in non-zero signals in defocus and
astigmatism modes and underestimation of centroid shifts (tip-tilts).

In practice, when non-negligible spectroastrometric defocus and astigmatism signals are de-
tected, it indicates that the angular scale of the intensity distribution is larger than the linear in-
tensity response regime (unless there is chromatic WFE). It is the regime where more information
other than the centroid shifts can be extracted. In this case, models of output intensities given
an input scene can be generated with knowledge of the transfer matrix A or using an empirical
PL coupling map – output intensities in each port scanned over a grid of x, y PL positions in the
focal plane.37 Figure 6 shows the simulated coupling maps: intensity responses as a function of
x, y position of a point source at the focal plane. The gradients evaluated at the center of the map
correspond to the B0 matrix, the linear intensity response. An input scene that best describes the
measured �In can be constrained using the transfer matrix or the coupling maps. An example of
this approach will be discussed in §5 as case B for a binary system.

Fig 5 Differences in normalized intensities (�In; left) and recovered spectroastrometric signals (↵; right) for the
binary model. The companion with emission line is placed along the x-axis (top) and y-axis (bottom), respectively,
with three different separation and contrast values. On the right panel, the true expected spectroastrometric signals are
indicated as black dots.
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Fig 6 Simulated intensity responses in each SMF port of the 6-port PL, as a function of the x, y position of a point
source at the focal plane. The FMF end geometry is plotted as white circles, of which the diameter is 20 µm. The total
intensity of the point source is set to 1. Intensities in each port are sensitive to the position of the point source, so the
relative intensities between the ports can be used to determine the separation and the PA of the companion.

3 Errors in PL spectroastrometric signal recovery

In §2, we showed simulated spectroastrometric signals for an ideal case. In this section, we in-
vestigate major error sources that one needs to consider in spectroastrometric observations with
PLs: photon noise and WFE. Photon noise and instantaneous WFE due to turbulence are stochas-
tic processes that contribute to random errors. Systematic WFEs and time-averaged WFE effects
averaged over an exposure introduce systematic errors that require calibration.

3.1 Photon noise

For PLs, the amplitude of the intensity response to tip-tilt (the B0
n matrix) determines how efficient

PLs are for detecting spectroastrometric signals. In the photon noise-limited regime, conventional
spectroastrometric accuracy (uncertainties in centroid measurement) scales as

�centroid ⇠ �sigp
Nphot

=
FWHM

2.355
p

Nphot

(10)

where FWHM is the full-width at half maximum (⇠ �/D if diffraction-limited) and Nphot is the
total number of detected photons.3 For the PL spectroastrometry, the errors in i-th Zernike mode
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phase recovery in the linear regime scale as

�2
i ⇡

NP
j=1

(B0+
n,ij)

2
In0,j

Nphot
. (11)

The numerator is determined by the transfer matrix A, which is an analog of the Gaussian width
(�sig, the standard deviation of the Gaussian PSF profile) in the Equation 10 for tip-tilt modes. This
effective resolution is a function of the inverse of the linear intensity response matrix B0

n and can be
interpreted as a metric describing spectroastrometric sensitivity. This equation is verified through
numerical simulations with Poisson noise. For our simulated lantern, the value of the numerator
is 0.82 Zernike rms amplitudes in radians, or 0.52�/D. This is comparable to the Gaussian width
0.43�/D at the diffraction limit, implying that photon noise-limited errors of PL spectroastrometry
are comparable to those of conventional spectroastrometry.

3.2 Static WFEs

Fig 7 Example normalized spectra for binary point sources described in the top row of Figure 4, (left) ideal case without
systematics, (middle) with systematic tip-tilt, and (right) with centroid shift in tilt varying linearly with wavelength.
The continuum levels can be used to eliminate the systematic effects.

Static WFEs can arise from a variety of reasons, such as optical aberrations, misalignments,
atmospheric dispersion, and AO-residuals. They alter the intensity responses for an on-axis point
source (In0) and linear intensity responses B0

n.
Figure 7 shows the normalized spectra In for the binary example case shown in the top panels

of Figure 4. In the left the ideal case without any systematics is displayed. The continuum levels of
port 1 through 5 are nearly equal, but the emission line at � = 1.55 µm exhibits spectroastrometric
signals. Middle panel shows the case with systematic tip-tilt displacement of (-1, 1) mas. The mis-
alignment affects both the continuum levels and the emission line. Note that tip-tilt misalignment
shifts the origin in the coupling map (Figure 6) for In0 and B0

n. The continuum normalized inten-
sities correspond to the shifted In0. Besides tip-tilt misalignment, higher-order static WFEs that
are not filtered by the PL (defocus and astigmatism modes for a 6-port PL) can introduce similar
effects, affecting the continuum and the emission line equally. Unsensed higher-order modes have
much smaller effects.
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Right panel shows the case with wavelength-dependent tilt displacement, for example caused
by residuals in differential atmospheric dispersion correction. We assumed linear dispersion of
2 mas in the wavelength range [1.53, 1.57] µm. If the spectral line of interest has smaller width
than the scale of wavelength-dependent systematics, the slow variations in continuum levels can
be used to eliminate those effects and recover spectroastrometric signals.

3.3 Time-varying WFEs averaged over an exposure

A more complicated effect is in the time-varying WFEs averaged over a long exposure, which
can systematically affect spectroastrometric signal recovery. Consider a simple case with tip-tilt
jitter only. Let us assume that random samples of the tip-tilt errors follow a multivariate normal
distribution ✓

�x
�y

◆
⇠ N

✓✓
0

0

◆
,

✓
�2
x �xy

�xy �2
y

◆◆
. (12)

Due to nonlinearities in the intensity responses, the B0
n matrices are modified. Figure 8 shows the

intensity responses to tip-tilt modified by the 10 mas of tip-tilt jitter (�x = �y = 10mas, �xy = 0).
For reference, the intensity responses without jitter are shown as dashed lines. The linear slopes
B0

n are systematically modified by jitter as follows:

B̃0
n,ix ⇡ B0

n,ix + (3D0
n,ixxx�

2
x + 2D0

n,ixxy�xy +D0
n,ixyy�

2
y)

B̃0
n,iy ⇡ B0

n,iy + (3D0
n,iyyy�

2
y + 2D0

n,ixyy�xy +D0
n,ixxy�

2
x)

(13)

where i is the port index and D0
n is the normalized cubic intensity response tensor (see Lin et

al. 202232 for cubic expansion of PL intensity responses). This shows that the more cubic PL
intensity responses are, the more susceptible the lantern linear responses are to the tip-tilt jitter.
With time-varying WFEs in sensed higher-order modes (defocus and astigmatism for a 6-port PL),
more cubic terms are added in Equation 13.

In practice, the bias in the spectroastrometric signals due to the change in B0
n may be calibrated

using various approaches, such as by taking empirical B0
n measurement on the target on-sky or

a calibrator observation. Moreover, the fact that the transfer matrices vary slowly on wavelength
(Section 4) may be used to determine the modified B0

n matrix, assuming that the optical path
difference is achromatic. We defer developing practical methods in presence of realistic WFEs to
future work.

4 Chromatic behavior of PL principal modes

In the previous sections, we simulated spectroastrometric signals using the transfer matrix com-
puted for � = 1.55 µm for certain specified PL design parameters. However, PLPMs are in fact
expected to vary slowly with wavelength. In this section, we discuss the PL chromaticity and its
implications on spectroastrometry.

Let us consider light propagation from one of the SMFs (fundamental mode) to the multimode
lantern end. Along the transition region, the single fundamental mode propagating in the SMF
will eventually spread out of the core and couple to the neighboring SMF cores leading to a set
of supermodes (the eigenmodes of the system, representing the collective behavior of the coupled
cores).17 This set of supermodes will become non-degenerate with distinct propagation constants
at the multimode end of the lantern transition. Hence, the single input fundamental mode evolves
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Fig 8 Same as bottom panels of Figure 3, but with 10 mas of tip-tilt jitter. The normalized intensity responses without
jitter are represented as dashed lines. The intensity responses to tip-tilt are systematically decreased with jitter.

into these non-degenerate supermodes and reaches the other end (the FMF entrance) as an unique
orthogonal solution leading to the PLPM. Thus, the PLPM is a superposition of orthogonal modes,
which are approximately the N LP modes (for step-index PLs with circular entrances). Due to
the propagation constant difference (��i,j) between the non-degenerate supermodes i and j, the
relative phase between the supermodes evolves as they propagate. The relative phase between the
supermodes i and j is imprinted in the PLPMs as

�'i,j =

Z ztaper

0

��i,j(z)dz (14)

where the ztaper is the taper length. Since the propagation constant � relies on wavelength, �'i,j

also changes with wavelength, �'i,j = �'i,j(�). This causes chromatic behavior of PLPM pat-
terns, and consequently on the on-axis normalized intensities (In0) and intensity response matrices
(B0

n).
Figure 9 shows an example for a 3-port PL. We performed numerical back propagation of

single-moded beams of several different wavelengths from the output SMFs to the lantern entrance
and found the LP01 and LP11 mode phases of the PLPMs. The simulated 3-port PL is similar to
the 6-port PL but has a smaller entrance core size (6 µm) and three residual (non-guiding) cores
forming an equilateral triangle instead of six. As can be seen from the left panel, the relative phase
between LP01 and LP11 modes varies slowly as a function of wavelength, with a period of about
0.3 µm. In the middle panel we display the tilt component of the B0

n matrix, the linear intensity
response given tilt aberration. The port 0 is not sensitive to tilt due to the geometry of our simulated
PL. The responses of port 1 and port 2 oscillate as a function of wavelength. For the 3-port PL,
we find that intensity responses behave linearly at wavelengths where LP01 and LP11 modes are in
phase (multiples of ⇡). If they are ⇡/2 out of phase, the PLPMs are symmetric, lacking sensitivity
to asymmetries, and showing zero linear response to tip-tilts (B matrix). Examples for the two
wavelengths are shown on the right panels. Note that the period of chromatic behavior depends
on the taper length, which is fixed for a fabricated device. However, it offers another degree
of freedom during the lantern fabrication process to tailor the chromatic behavior. More phase
difference is accumulated if the lantern is longer, making the tip-tilt response oscillation period
shorter.

13



Fig 9 (Left) Relative phase between LP01 and LP11 modes found from chromatic simulations of a standard 3-port PL.
Black dots indicate simulated points and red curve shows the second-order polynomial fit. (Middle) Tilt components
of the normalized intensity response matrix (rad�1), showing oscillating patterns as a function of wavelength. This
is related to the relative phase between the two LP modes. (Right) Normalized intensities as a function of tilt, for
two wavelengths. At 1.54 µm the LP modes are 90 degrees out of phase, the corresponding PLPM is symmetric, and
intensity responses to tilt aberration are nonlinear. At 1.62 µm the LP modes are in phase, the PLPM is asymmetric,
and intensity responses are linear.

For the 6-port PL, the chromatic behaviors are more complicated because there is a greater
number of modes (LP01, LP11, LP21, LP02) with differing propagation constants. Figure 10 shows
examples of normalized output intensities as a function of tip-tilt Zernike mode amplitudes for
three different wavelengths. The zeropoints (In0) and the slopes (B0

n) vary as a function of wave-
length. Tip-tilt sensitivity is determined by combined effects of relative phase between LP01 and
LP11 modes and between LP02 and LP11 modes. The relative phase between LP01 and LP02

modes as a function of wavelength causes oscillating behavior of normalized intensity in port 0
and the rest and sensitivity to defocus:32 the normalized intensity in port 0 being nearly zero at
� = 1.53 µm and nearly unity at � = 1.63 µm. Consequently, the spectroastrometric S/N (Section
3.1) and the jitter sensitivity (Section 3.3) vary with wavelength. In our particular lantern case
(taper length, geometry and refractive indices), the response to tip-tilt at � = 1.63 µm, is highly
nonlinear, resulting in larger jitter sensitivity and smaller spectroastrometric S/N. Hence, for accu-
rate spectroastrometric measurements at the wavelengths of interest, the lantern properties should
be carefully designed for optimum performance.

5 Mock observation of accreting protoplanets

One of the possible applications of PL spectroastrometry is searching for companions with emis-
sion lines, such as accreting protoplanets around young stars.11 Accreting planets are known to
emit strong hydrogen emission lines because of heating in the accretion shock region.38, 39 The
line luminosities are proportional to mass accretion rates.38 Recently, H↵ direct imaging obser-
vations revealed accreting planets PDS 70b and PDS 70c around a young star PDS 70, at 113
pc, with angular separations around 200 mas.40, 41 Spectroastrometry opens up the possibility of
detecting such objects at much smaller separations. Moreover, the capability of two-dimensional
spectroastrometry with PLs enables more efficient detection.
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Fig 10 Same as bottom panels of Figure 3 but with three different wavelengths. The intensity responses change
slowly with wavelength. The oscillation of normalized intensity (In0) in the central port (port 0) and the rest and the
oscillation of linear intensity responses (B0

n) are noticeable.

We simulate simple mock observations of accreting planets around a PDS 70 analog as fol-
lows. The telescope and instrument throughputs are simulated using PSISIM42 1, assuming
observations with the next generation high-resolution instrument at the W. M. Keck Observa-
tory, High-resolution Infrared Spectrograph for Exoplanet Characterization (HISPEC).43, 44 We use
PHOENIX stellar atmosphere models45 to model the spectra of PDS 70, using an effective temper-
ature Te↵ = 4000K, surface gravity log g = 4.5, and solar metallicity. For the accreting planet, we
generate Gaussian-shaped emission lines for two accretion rates Ṁ = 10

�8
M� yr

�1 (case A) and
Ṁ = 10

�8.5
M� yr

�1 (case B), using accretion luminosity – line luminosity scaling relations by
Aoyama et al.38 We particularly focus on the hydrogen Paschen � line (1.282 µm) in J band for
this simulation. The linewidth is set to 50km s

�1, corresponding to free-fall velocity of a Jupiter-
1https://github.com/planetarysystemsimager/psisim
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Fig 11 Example mock observations of an accreting protoplanet around a PDS 70 analog on Paschen � line. The
simulation parameters are described in Table 1. Top and bottom panels display the mock observations for the case
A (linear intensity response regime) and case B (larger separation, nonlinear regime), respectively. (Left) Simulated
spectra in 6 output SMFs. The spectral features are dominated by the absorption lines of the star. (Middle) The spectra
normalized by the sum of intensities in the 6 ports as a function of wavelength. (Right) Recovered spectroastrometric
signals as a function of wavelength. The signals from the off-centered emission line of the planet at the wavelength
of Paschen � are detected. The true center of lights are indicated as circular symbols. For case A, the recovered
spectroastrometric signals match the true centroid shifts. For case B, the recovered tip-tilts deviate from the true
centroid shifts but in this nonlinear regime, the detected normalized intensity signals can be used to fit a binary model
to recover binary separation, contrast, and PA simultaneously.

mass object. We assume that the absolute magnitude of the host star is 4.2 magnitude in J band. If
the star is rapidly accreting (Ṁ > 10

�8
M� yr

�1), the Paschen � emission line will dominate over
the continuum,46 but we do not consider the stellar emission line in this paper. Then the contrasts
between the star and the planet in Paschen � line are 2.0⇥ 10

�2 and 5.2⇥ 10
�3, respectively. For

case A, we assume a small separation (2 mas) at 40 pc which is in the linear intensity response
regime. For case B we assume a larger separation (18 mas) at 140 pc distance, beyond the PL’s
linear intensity response regime but within �/D for D = 10 m, which we may constrain the sepa-
ration and the contrast simultaneously (§2.2.3). Our simulated wavelength range is [1.278, 1.286]
µm. We ignore the chromatic behavior of the lantern (variation in transfer matrix as a function of
wavelength) given that the wavelength range is small compared to the range of lantern chromatic
behavior. We use the transfer matrix calculated for 1.55 µm with lantern properties described in
Section 2.2.1. The spectra are binned to optimize the signal-to-noise ratio of the Paschen � emis-
sion line. For the effects of WFEs, we only consider wavelength-independent random tip-tilt jitter
for both cases. 300 tip-tilt values are drawn from normal distribution with standard deviation of
�tt = 0.2�/D. Table 1 lists all the simulation parameters.

The left panels in Figure 11 show simulated PL spectra for the case A (top) and case B (bottom),
with photon noise and tip-tilt jitter. The output spectra are dominated by the stellar light with
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Fig 12 Inferred posterior distributions of the binary parameters for the case A (left) and case B (right). The true values
of the parameters are indicated as dotted lines. The separation and contrast are degenerate for the small separation
case (case A, in linear regime).

absorption features. The differences in the continuum levels between the ports reflect nonzero
average tip-tilts. The middle panels show the normalized spectra In(�). In the normalized spectra,
the signals from the off-center planet at � = 1.282 µm can be noticed. The right panels display the
recovered spectroastrometric signals, Equation 9, including defocus and astigmatism modes.

For the case A where the separation is small (in linear regime), tip-tilt signals dominate. The
non-detection in the astigmatism and defocus modes may imply that the planet separation is small.
The recovered centroid shifts using the linear response matrix are close to true centroid shifts as
indicated as circles in the right panel of Figure 11. The recovered signals are systematically smaller
than the true centroid shifts due to the second-order effects of the tip-tilt jitter (§3.3).

For the case B where the separation is in nonlinear regime, there are noticeable astigmatism
signals. In addition, the recovered spectroastrometric signals using the linear approximation fails as
can be seen as the deviation of the recovered centroid shifts from the true centroid shifts. Although
the S/N of tip-tilt modes are smaller in this case, detection in astigmatism modes can support the
detection and provide constraints on separation, contrast, and PA simultaneously.

As discussed in §2.2.3, we try model fitting the normalized spectra (middle panel of Figure
11) to a binary model which can be constructed using empirical coupling maps. In Table 1 and
Figure 12 we display retrieved binary parameters and inferred posterior distributions using emcee
Markov Chain Monte Carlo (MCMC) ensamble sampler.47 While the separation and contrast are
highly degenerate for case A, due to nonlinearity, all the three binary parameters for case B are
well-constrained despite lower S/N.
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Table 1 Mock observation parameters and S/N of spectroastrometric signals

Case A Case B
Parameters Input Recovered Input Recovered
Mass accretion rate (M� yr

�1) 10
�8

10
�8.5

Distance (pc) 40 140
J band stellar magnitude (mag) 7.2 9.9
Exposure time (hr) 1 3
�tt 0.2 0.2
Separation (mas) 2.0 2.7+1.1

�0.9 18 18.6± 0.6

Contrast at Paschen � 2.0⇥ 10
�2

(1.6+0.8
�0.5)⇥ 10

�2
5.2⇥ 10

�3
(5.2± 0.4)⇥ 10

�3

Position angle (deg) 60 62± 2 60 60± 4

S/N
tip (x) 11 3.4
tilt (y) 19 7.0
defocus 0.8 3.7
astig1 0.9 9.9
astig2 0.6 3.7

6 Discussion

6.1 Benefits of PL spectroastrometry

Dispersed PL outputs enable two-dimensional spectroastrometry,12–14 which enables a more ef-
ficient observation compared to long-slit spectroastrometry. One of the advantages of PL spec-
troastrometry is that two-dimensional spectroastrometry can be easily enabled without the need
to resample the focal plane, such as using image slicers. Once the focal plane field is coupled to
the FMF entrance of a PL with a scale of about a few �/D, small wavelength-dependent centroid
shifts result in variations in the SMF output spectra, which can then be used to infer the centroid
shifts. The centroid shifts can be efficiently recovered using a few-moded PL such as the 6-port PL
described in this study. The few SMF outputs can be dispersed at high spectral resolutions21 with
efficient use of the detector area. This can enable resolving two-dimensional kinematic structures
that require high spectral resolution, as in the BLR and rotating star examples in §2.2.2.

Moreover, the capability of wavefront sensing with PLs31–34 opens an extra potential to reduce
the systematic effects of WFEs (§3.3) by real-time wavefront correction and achieve a higher
throughput. A PL filters out high-order aberrations and couples low-order aberrations that result in
overall variations in SMF output intensities. The residual low-order aberrations may be corrected
in real-time by using output intensities for active wavefront control. It may also be possible to
characterize the low-order aberration effects in post-processing procedure, using chromaticity of
the PL principal modes: the behaviors of the responses to the WFEs change slowly as a function
of wavelength.

18



6.2 Considerations on PL design

To efficiently measure spectroastrometric signals, it is important that the PL has large linear inten-
sity responses, Bn, which is directly related to the signal-to-noise ratio of the spectroastrometric
signals (§3.1). In addition, the susceptibility to systematic effects of time-varying WFE relies on
the relative significance of the linear and cubic intensity responses (§3.3). Note that the intensity
responses vary slowly as a function of wavelength, as discussed in §4. It is essential for spec-
troastrometry to achieve a good linear response at the wavelength range of interest. The intensity
responses rely on the transfer matrix A corresponding to the PLPMs, which can be designed and
optimized for efficient spectroastrometric observations. By adjusting the geometry of the lantern
such as changing the taper length and core arrangements, the intensity responses can be designed.33

Although we have limited our simulation to a standard 6-port PL in this paper, one may consider
using a different mode-count PL or a different type of PL such as a mode-selective PL.48 If limiting
consideration to the small separation regime (linear intensity response regime), a 3-port PL will be
sufficient to recover tip-tilts. However, recovering spectroastrometric signals for a more extended
object (angular extent in nonlinear intensity response regime) is more challenging due to higher
degeneracy. A higher mode-count PL would exhibit a more complicated chromatic behavior, which
may be more challenging to optimize in design. However, if the interest lies in characterizing a
more extended object (§2.2.3), using a higher mode-count PL can be beneficial. Using a mode-
selective PL, a deeper contrast may be achieved but with a position angle degeneracy of 180 degrees
due to symmetry.28

7 Conclusion and future work

In this work, we explored the capability of PLs for two-dimensional spectroastrometry. PLs can
enable measuring two-dimensional spectroastrometric signals simultaneously without resampling
of the focal plane, using a few single-moded spectral traces. We defined spectroastrometric signals
for PLs and simulated them for a few simple scenes in §2. In the regime where the input scene has
a small angular size such that PL’s intensity responses are linear, the centroid shifts can be simply
recovered using a linear response matrix. If the input scene is more extended, the PL relative
intensities can be used to fit models to learn about more information other than centroid shifts.
We investigated the effects of photon noise and WFEs on spectroastrometric signal recovery in §3.
The spectroastrometric sensitivity for the photon noise-limited case is closely related to how linear
the intensity responses are to tip-tilts and is theoretically comparable to conventional PSF centroid
fitting for our simulated 6-port PL. The effects of static residual WFEs (wavelength-independent or
slowly-varying as a function of wavelength) can be calibrated using continuum levels. The time-
varying WFEs averaged over an exposure can affect the intensity responses, which may also be
calibrated. We explored the chromaticity in PLPMs that result from phase differences between the
waveguide modes that constitute PLPMs, in §4. The linear intensity responses are expected to vary
slowly as a function of wavelength, making some wavelengths more suitable for spectroastrometry
than others. The design of the PL such as taper length can be optimized to achieve a good linear
intensity response at the wavelength of interest. We also provided mock observations of accreting
protoplanets emitting hydrogen emission lines around a PDS 70 analog in §5.

Future work includes verifying the behavior of lanterns in a lab and on-sky, specifically the ca-
pability of measuring centroid shifts as a function of wavelength. The PL transfer matrices need to
be experimentally determined and their stability under environmental changes such as temperature
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should be characterized (see Ref.34 for stability of the response matrix in the context of PLWFS).
The effects of two polarization states degenerate in SMF fundamental modes should be taken into
account in the instrument design.49 The PL transfer matrices will likely also depend on polarization
at some level.50 Moreover, accurate port-by-port wavelength solutions are crucial for spectroastro-
metric measurements as well as reconstruction of the summed spectra, since wavelength solution
errors can introduce artificial spectroastrometric signals and systematic broadening of the spec-
tra. Practical observing strategies and calibration techniques to deal with alignment sensitivity and
systematic effects regarding time-varying and static WFEs are also left for future investigation.

Code and Data Availability
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author.
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