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ABSTRACT

Liger is a next-generation near-infrared (0.81 - 2.45 µm) integral field spectrograph (IFS) and imaging camera
for the W. M. Keck Observatory (WMKO) adaptive optics (AO) system. The instrument concept originated
by coupling designs from WMKO AO instruments and the future Thirty Meter Telescope IRIS spectrograph.
Liger is designed for the Keck I telescope to operate behind the upcoming Keck All-sky Precision Adaptive
optics (KAPA) system. The imaging camera sequentially feeds an IFS that makes use of slicer assembly for
the coarsest sampling (75 mas and 150 mas per spaxel) and lenslet array (14 mas and 31 mas per spaxel) for
diffraction-limited sampling. The imaging camera makes use of off-axis parabolas and a Hawaii-2RG detector to
achieve a 14 mas/pixel plate scale and 20.5”×20.5” field of view. The IFS offers a range of spectral resolving
power of R=4,000 – 10,000 and yields large fields of view for an AO-fed IFS. Liger will enable new science by
providing enhanced capabilities, including higher spectral resolving power, access to shorter wavelengths, and
larger fields of view than any current or planned ground- or space-based IFS system. Liger will be able to unlock
previously inaccessible science across a wide range of the cosmos, such as dark matter substructure, supermassive
black holes, the Galactic Center, exoplanet atmospheres, and the time-variable Solar System. We present the
overall design of the Liger subsystems and review unique science drivers.

Keywords: Near-infrared, Integral Field Spectrograph, Imager, Cryogenic, Adaptive Optics, Spectroscopy,
Astrometry, Photometry

1. INTRODUCTION

Integral field spectrographs (IFS) play a critical role in both ground-based and space-based observational as-
tronomy today. Prior to the development of IFS technology in the 1990’s, astronomical optical and infrared
spectroscopy was dominated by slit-based methods.1 IFS can simultaneously capture spectral and spatial data
across a two-dimensional field of view, opening up a range of new and unique science programs. However, it
took several decades of instrumentation development for IFS to become prevalent. In addition to the usual
instrumentation challenges of throughput, efficiency, and stability, IFS inherently face several unique design
challenges. These include the optical design complexity required to sample the focal plane into individual spec-
tral components, achieving a wide field of view while maintaining high spatial resolution with limited detector
and optics sizes, and maintaining mechanical and thermal stability to ensure calibration and alignment over long
observation periods, as well as handling complex data processing. Research and development over the last two
decades, including advancements in higher quality optics (e.g., larger mirrors and lenses with lower wavefront
errors, higher throughput fibers, polishing of small format mirrors), and more sensitive and larger format detec-
tors, have significantly advanced IFS technology. Today, optical and infrared IFS facility-class instruments are
becoming standard at all major ground-based and space-based observatories.

The development of infrared integral field spectroscopy (IFS) took another decade as larger format infrared
detectors were being created in the late 1990s. The breakthrough came with the first 256x256 detector available
on the open market, which enabled the creation of the first cryogenic infrared IFS at Palomar Observatory on the
200-inch telescope.2 As larger format infrared detectors continued to advance, the development of infrared-based
IFS for 8-10m class telescopes became possible. During a similar period, Adaptive Optics (AO) systems began
to be commissioned at ground-based 8-10m facility-class observatories.3

Infrared IFS, coupled with AO, have made excellent strides in development, but there are even greater
challenges with sampling the finer plate scales necessary to sample an AO beam. The optical performance of the
optics must have superb wavefront errors (WFE) to avoid degrading the AO quality point spread functions (PSF),
and wide field format cameras with fast focal ratios are necessary for proper spatial sampling. Additionally,
infrared IFS are limited by the number of pixels per infrared detector, which affects the optimization of spectral
coverage and field of view (FoV) on the sky. These challenges are compounded by the need to operate the
instruments at infrared wavelengths in large (>1 m3) cryogenic (<70K) chambers to house these wide-field
short focal ratio cameras and spectrograph components. Leading AO science cases also require superb stability
for calibrations to achieve both high-precision astrometry and photometry. All of these design considerations
makes these instruments costly in design and fabrication. For these reasons, to date, there have only been
six IFS instruments coupled with 8-10m telescopes using AO systems. Only three are facility-class AO-IFSs
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(NIFS/Gemini, SINFONI/VLT, OSIRIS/WMKO) with a broad range of science capabilities, one is a newer
facility-class system paired with a new AO system, and two are specialized IFSs designed for extreme-AO and
high-contrast capabilities.

NIFS4 on Gemini Observatory was commissioned in 2003 and is a slicer-based IFS system originally optimized
for seeing-limited observations, but later commissioned to be used by the Gemini-North AO system. SINFONI5

on Very Large Telescope(VLT) was commissioned as an upgrade of SPIFFI6 in 2004 to serve as a slicer-based
IFS system that was both seeing-limited and later AO-fed from the initial VLT AO system, and in 2023 it was
upgraded further to ERIS/VLT.7 OSIRIS/WMKO8 is a lenslet-based IFS commissioned in 2005, and was the
first IFS designed specifically for sampling the diffraction-limit of an 8-10-meter class AO system. MUSE/VLT9

is a wide-field slicer-based IFS commissioned in 2014 that is primarily for seeing-limited optical (0.46 – 0.93
µm) observations, but offers an AO mode at red optical wavelengths (0.7 – 0.9 µm) with GALACSI.10 The
specialized extreme AO IFS systems, GPI/Gemini11 and SPHERE/VLT,12 were commissioned in 2013 for high-
contrast exoplanet research. Both GPI and SPHERE use a lenslet-based IFS, like WMKO/OSIRIS, to preserve
the WFE to reach diffraction-limited performance. All of these IFS are first-generation systems that have made
significant impact on a broad range of science programs.

Following the lessons learned of these ground-based IFSs, designs for the James Webb Space Telescope
(JWST) commenced in the early 2000’s with NIRSpec13 (and MIRI14 at longer wavelengths). Compared to
ground-based AO-fed IFS, the JWST NIRSpec IFS is limited to lower spectral resolving power (R<3000) and
coarser spatial sampling (100mas per spaxel). Both the IFS of NIRSpec and MIRI are lenslet-based integral field
units (IFU) that sample the FoV with a microlenslet array, similar to WMKO/OSIRIS, for the same reasons to
preserve the high-fidelity point spread function (PSF). Notably, all AO-fed IFSs, as well as the JWST IFSs, use
either a slicer (array of mirrors) or lenslet-based IFU.

To-date, IFSs that demand high optical performance fidelity and low wavefront error (WFE) make use of
lenslet-based IFUs. These design considerations between a slicer and lenslet IFU have been well-documented and
discussed within the community for the last decade. Briefly, besides any fundamental WFE quality differences
between the optics (lenslets vs. slicer mirrors), the primary advantage of lenslet-based IFU is that focal plane
is first sampled and then dispersed through a spectrograph. While a slicer-based IFU has to be resampled and
reformated through multiple slitlets before dispersed by the spectrograph and therfore has a reduced WFE quality
compared to a lenslet-based IFU. Nevertheless, slicer-based IFUs have distinct advantages in that the spectra
are more easily packed onto a 2D detector, allowing for larger FoVs and cleaner spectral extraction. Therefore,
there is a complex trade-off between spatial sampling (resolved sources vs. diffraction-limited performance), FoV
and spectral sampling achieved by the IFS, astrometric precision and accuracy, and direct sensitivity.

Next-generation IFS instruments are in design development using the latest research and development in
detectors and optics for W. M. Keck Observatory (Liger15), Gemini Observatory (GIRMOS16), and ERIS/VLT
as a recent upgrade to the SINFONI.7 GIRMOS is a dual slicer-based IFS that is being designed in Canada for
Gemini-North’s AO system (GNAO). At longer wavelengths (>2-5 µm), SCALES is a Keck Observatory AO
IFS that will utilize both a lenslet-array for spatial sampling and a slicer for reformatting the spectra on the
detector.17 The slicer formatting in this is allowed given the angular resolution differences at longer wavelengths
(> 2µm) with a prime science directive of characterizing directly-imaged exoplanets.

Liger is a next generation instrument that optimizes a single IFS system with both a slicer and lenslet-based
IFU to achieve both the diffraction-limited performance of the Keck-I 10-meter telescope, while offering powerful
sensitivity for resolved sources. Liger completed its Final Design Phase in 2023 and is now in the fabrication
phase. Liger is designed to take advantage of the Keck All-sky Precision Adaptive-optics (KAPA18) system, which
will increase AO sky coverage with higher Strehl ratios, and enable operations at shorter wavelengths (<1µm).
KAPA is on track for operations in 2025. Liger combines a near-infrared imaging camera and an IFS that operate
simultaneously. The Liger spectrograph shares an identical design with the first light TMT instrument, IRIS.19

While the imaging camera, spectrograph re-imaging optics, and cryostat are unique to Liger, the IFS channels
duplicate the IRIS slicer and lenslet IFU systems. All major mechanisms within the spectrograph, including a
large surrogate mirror assembly and housing, mask slide, grating turret, and rotary mechanisms for the reimaging
optics and periscope mirrors, have been prototyped. This paper details the design and fabrication efforts of the
Liger instrument, as well as its unique science drivers.
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2. LIGER SYSTEM OVERVIEW & CAPABILITIES

Liger covers the wavelength range 0.81 - 2.45 µm and combines a diffraction-limited IFS and imaging cam-
era.15,20,21 Both the imager and spectrograph can be used simultaneously, and the light first passes through the
imaging optics before entering the spectrograph in what we term a “sequential design.” Figure 1 illustrates the
Liger optical path. Two small pickoff mirrors close to the imaging detector direct two FOVs into the lenslet and
slicer systems. This sequential design has many advantages, including greatly reducing the number of complex
mechanisms and optical elements, and providing significant optical performance improvements for a dual imaging
and IFS system. In particular, the very expensive set of AO-quality filters are used by both the imager and
spectrograph to allow simultaneous operation. The AO system can compensate, or sharpen, image quality all
the way to the imager detector while simultaneously improving the IFS optical performance. This allows Liger to
have low WFE (see Figure 11)and achieve excellent astrometric performance. The large pupil within the imager
also allows for better masking of the thermal background than would occur within the re-imaging optics for the
IFS. The imaging camera has a total FoV of 20.5” x 20.5” with a plate scale of 10 mas.

Figure 1: Liger’s sequential optical design provides versatile capabilities with the lowest wavefront error of any
AO spectrograph. This figure shows the light path of the Liger imager (green), the lenslet IFS (orange), the
slicer IFS (blue), and common IFS components (teal). The Keck I AO f/15 beam is fed into Liger at the top
left through the science dewar (yellow). The filter wheel and pupil stop feed both the imager and IFS. There are
two pick-off mirrors that can select between slicer and lenslet IFS at the focal plane of the imager. The nominal
Liger imager and IFS FOV is shown in the top right.

The hybrid IFS incorporates two channels, the slicer and the lenslet, with each offering two separate spaxel
scale modes of sampling at the IFU. The choice of using lenslet and slicer spectrograph was heavily explored
during the IRIS Conceptual Design Phase to optimize between plate scales and FoV between the finest and
coarsest plate scales. It was determined that the lenslet array was capable of preserving excellent WFE, while
the slicer design with maximized field coverage and surface brightness sensitivity with the coarsest plate scales.
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This led to the hybrid IFS design that uses two sampling techniques while making use of the same gratings,
detector, and complex three mirror anastigmat (TMA) optics.

The lenslet spectrograph is designed to offer the diffraction-limited performance with 14 and 31 mas plate
scales, and the slicer spectrograph is made for coarser spatially sampling with 75 and 150 mas plate scales. Liger
will offer three different spectral resolving powers with R=4000, R=8000, and R=10000 modes. As is true for
all IFSs, the selection of the filter and grating (R) determines the FOV of the spectrographs. Liger has a flexible
array of observing modes to meet the considerable breadth of science requirements (Table 1).

Table 1: Liger imager and IFS observational modes.
Capability Spatial Field of View IFS Bandpass
Mode Sampling arcsec×arcsec Resolution (%)

Imager
2048×2048 10 mas 20.5”×20.5” Set by filter 1-20
Lenslet IFS
128×128 14 mas 1.8”×1.8” 4000 5
128×128 31 mas 4.0”×4.0” 4000 5
16×128 14 mas 0.2”×1.8” 4000-10000 5, 20, 40
16×128 31 mas 0.5”×4.0” 4000-10000 5, 20, 40
Slicer IFS
88×45 75 mas 6.6”×3.4” 4000 5, 20
88×45 150 mas 13.2”×6.8” 4000 5, 20
44×45 75 mas 3.3”×3.4” 4000-10000 5, 20, 40
44×45 150 mas 6.6”×6.8” 4000-10000 5, 20, 40

The performance of Liger, like any instrument, includes the capabilities and performance of the telescope and
the AO system. Liger can be used with the Keck AO system in either natural guide star mode or laser guide
star mode. The Keck AO system feeds an f/15 beam into Liger. Our team has developed an end-to-end data
simulator and exposure time calculator for investigating performance design trade-offs to aid in developing the
science cases and requirements. The data simulator generates both raw data products for developing the data
reduction pipeline (Section 4.5) and final data products for investigating science cases, as presented in (Section
3). The simulator includes a full Zeemax model of the telescope, AO, and Liger. The optical path of the major
subsystems are presented in Figure 2.

3. SCIENCE DRIVERS

Liger is designed to address fundamental questions in astrophysics. As a facility-class adaptive optics (AO)-
fed instrument for the W.M. Keck Observatory, Liger takes advantage of the world’s largest optical/infrared
telescopes coupled with the best available AO system to maximize the scientific return and discovery potential.
Liger represents a significant technological advancement in astronomical instrumentation, incorporating advanced
cryogenic alignment techniques, utilizing cutting-edge near-infrared detector technology with various readout
modes, and optimizing pristine optical performance across multiple spectral samplings.

In this paper we briefly highlight key scientific objectives for Liger: (1) measuring variation in the fine struc-
ture constant in a strong gravitational field and testing general relativity via three-dimensional orbits of hitherto
inaccessible stars near the Galactic Center’s supermassive black hole (SMBH); (2) determining the currently
unknown prevalence of intermediate-mass black holes spanning five orders of magnitude in mass; (3) establish-
ing the origin of the modern-day Hubble sequence of galaxies; (4) high-precision cosmological measurements of
the dark matter halo mass function and the Hubble constant using lensed quasars; (5) and understanding the
formation of extrasolar planets via their bulk chemical composition and atmospheric structure. We also provide
a brief overview of the range of facility-class science that Liger enables.

Proc. of SPIE Vol. 13096  130960G-5



Figure 2: The end-to-end optical path of the Keck I telescope, AO system, and the Liger instrument is presented
from left to right as follows: The Keck I telescope beam feeds the AO system, which is located on the Nasmyth
deck enclosure. The Liger instrument resides in a cryostat at the fixed port in the AO enclosure. The AO-
corrected beam enters the Liger instrument through the imager. Near the imager detector, light is picked off and
directed into one of two selectable IFUs (slicer or lenslet). After the IFU divides the light into small apertures,
the light path feeds into a common spectrograph.

3.1 Testing Fundamental Physics in the Galactic Center

Research focused on the Galactic Center is a key science case for Liger and Keck/AO. Liger’s high spectral
resolution, combined with increased sensitivity and parallel imaging and IFS observations (Figure 3), will enable
new tests of general relativity (GR) and the underlying equivalence principle – tests that are out of reach for
other facilities. A particularly important open question is whether the fine-structure constant varies in strong
gravitational potentials; a recent claim for this effect was based on white dwarf measurements.22 Liger will
enable a clear test of this hypothesis by spectrally resolving the relative wavelengths of individual atomic lines,
each of which has a unique dependence on the fine-structure constant. The offsets in wavelength between pairs
of spectral lines, compared to their offsets on Earth, are a measurement of the variation in the fine-structure
constant, as already demonstrated by a proof-of-concept analysis using existing Galactic Center observations.23

These offsets cannot be resolved with R∼4000 spectra provided by current AO-fed IFSs, as the relevant lines
are blended and indistinguishable, with separations of only 2 − 3 Angstroms for many important features. In
contrast, Liger’s R∼10,000 resolution enables such measurements. Based on simulated Liger spectra (Figure 3),
we expect to measure variation in the fine-structure constant with precision of for individual stars, comparable to
or better than current white dwarf and quasar absorption probes, while reaching a uniquely strong gravitational
potential.24

Liger’s sensitivity will provide radial velocity measurements of faint, short-period (<12 years) stars that have
only been observed with imaging, thus probing closer to the SMBH than is currently possible. For example, Liger
will be able to measure the radial velocity for S0-102 with a precision of ∼10 km/s if it is a late-type star (or
∼50 km/s if early-type) within just a half night of observing time.25 Liger monitoring of such short-period stars
will reveal the precession of orbits due to GR effects, and will be able to determine if there is an extended “dark
cusp” of compact objects (e.g., stellar mass black holes and neutron stars) predicted to reside in this region.26,27

While dark cusps are assumed in almost all simulations with supermassive black holes, this theoretical prediction
has never been observed, and Liger will provide the key measurements to verify or disprove this prediction. Such
measurements require a precise astrometric reference frame and knowledge of the point spread function (PSF),
for which Liger’s parallel imaging is a critical new capability.

One of the most remarkable aspects of the Galactic Center is the presence of massive stars formed within the
last few million years, despite intense tidal forces which should inhibit star formation near the central black hole
(e.g., Paumard et al. 2006, Lu et al. 2013). The mystery of these stars’ origin is deepened by the fact that the
stellar initial mass function (IMF) appears to deviate strongly from the nearly universal IMF found elsewhere
in the galaxy. Liger’s higher spectral resolution R 10,000 will probe the formation and chemical evolution of
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Figure 3: Liger’s FOV and spatial resolution coupled with higher spectral resolution will enable high-precision
measurements for studying fundamental physics in the Galactic Center. Liger’s sampling and angular resolution
allow clear separation of individual stars, which are blended even with JWST/NIRSpec (left). The larger IFS
FOV compared to current WMKO/OSIRIS (center) covers a much greater number of stars, which improves both
astrometric precision and radial-velocity-monitoring efficiency.

these stars by measuring bulk metallicity and, crucially, individual elemental abundances. Liger will enable new
understanding of the chemical enrichment of these dense stellar environments and their star-formation history,
which controls the rate of supernovae and the amount of gas fueling the growth of the SMBH – both in the Milky
Way and, by extension, in other galaxies.

3.2 Quantifying Black Holes Across the Mass Spectrum

Liger will be capable of carrying out a unique search for black holes (BHs) from 103−6 M�in low-mass galaxy
nuclei and globular clusters; no present-day observations are sensitive to BHs at the intermediate-mass scale
∼104 M�(Figure 4). With ten times the reach of current observations, Liger will be able measure the BH mass
function in this range, providing clues on the seeding mechanism of supermassive BHs. The velocity dispersion
around such BHs is only ∼15 km/s, requiring Liger’s spectral resolution of R∼10,000 (cf. R<4000 for current
AO-fed IFSs) coupled with AO to spatially resolve the sphere of influence. In addition to K-band features, Liger
enables AO spectroscopy of the Ca triplet at 0.85 µm, envisioned as a key kinematic probe for next-generation
AO systems.28,29 Furthermore, IFS studies are more powerful when combined with high astrometric precision
AO imaging to measure 3D velocity dispersion profiles of Milky Way globular clusters, pushing below the 103

M�mass regime.

On the lower mass end (3–300 M�), LIGO/Virgo has revealed the existence of numerous BHs with surprising
masses, both between 3-5 M�and with >50 M�– all unexpected from stellar evolution theory.31–33 However,
gravitational waves can only probe BHs in merging binaries, and unknown binary characteristics leave the mass
function uncertain. Liger will directly measure the BH mass function in the Milky Way from samples of BHs
that are isolated or in non-accreting stellar binaries. For binaries, astrometric and radial velocity wobble can
detect and determine the masses of BHs in the cores of globular clusters and the Galactic Center — crowded
regions that require AO imaging and Liger’s IFS with R∼10,000. We can also use gravitational microlensing to
find and weigh isolated BHs, which requires <75 µas astrometric precision to detect 3 M�black holes towards
the Galactic bulge.34–36 This precision is not possible today; the Gaia space observatory is ineffective in the
crowded regions probed by microlensing surveys. Liger’s imager with Keck AO at <1µm will uniquely achieve
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Figure 4: Liger will explore uncharted parameter space in search of elusive intermediate mass BHs. This will
solve one of nature’s great mysteries: how SMBHs came to exist. Liger enables novel searches across a wide
range of mass, from stellar mass BHs via astrometric microlensing and binary companions, to intermediate mass
BHs in the nuclei of low-mass galaxies. The results will distinguish between current widely differing theories of
SMBH formation, such as accretion from Population III stars or direct collapse from supermassive gas clouds.30

this requirement. Additionally, accurate gravitational microlensing results require followup spectroscopy to rule
out false positive signals from binary systems; Liger’s IFS is ideally suited for this followup.

3.3 Resolving the Formation of the First Disk Galaxies

A key outcome of galaxy growth processes is the transition from clumpy and turbulent systems at early times
(redshifts z&1.5)37,38 to thin spiral disks seen today.39 Determining when and why this thin-disk transition
occurred are among the most pressing open questions in galaxy evolution. While the specific driver of this
evolution remains unknown, it is widely thought to be a fundamental change in the accretion of gas onto
galaxies, which can be tested via spatially resolved measurements of heavy element abundance.40,41

Figure 5: Liger will characterize the formation of high-redshift disk galaxies with its expanded field of view,
exquisite sensitivity, and high spectral resolution. (a) The JWST image shows a spiral galaxy at z=1.0, for which
the H-α flux is measured spectroscopically. The center and right panels show: (b) the expected H-α signal-to-
noise ratio from Liger with 2 hours of integration time, and (c) the recovered velocity field for an inclined gaseous
disk with σ=20 km/s, with contours showing H-α emission isophotes. This simulation demonstrates that Liger
enables efficient mapping of z∼1 galaxies, reaching the epoch when the first thin disks are thought to form.
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Liger will be able to distinguish the emergence of thin disk galaxies using their degree of rotational support
(i.e., circular velocity V relative to dispersion σ), and to map the distribution of heavy elements resulting from the
baryon cycle. Analyses of galaxy morphologies from Hubble Space Telescope (HST) and JWST imaging reveals
a dramatic structural transformation around roughly z∼1: the majority of star-forming galaxies are clumpy and
irregular at z&1.5, while exponential disks dominate at z.142,43 (Figure 5). Basic dynamical theory suggests
that this change reflects a transformation in the kinematics of rotating galaxies (i.e., V/σ). Yet no existing
facility has the requisite spatial and spectral resolution to verify the kinematic properties of these early thin-disk
candidates. Liger will aid in pinpointing the era when thin-disk galaxies emerge and the underlying cosmological
cause, thanks to its new capabilities: (1) large slicer FOV and excellent sensitivity at wavelengths 1-1.5 µm, for
mapping resolved kinematics (from Hα) and heavy element abundances (from emission line ratios) at z∼1; and
(2) sufficient spectral resolution to measure robust velocity dispersions down to the thermal broadening limit of
σ∼15 km/s, requiring R&8,000 to reliably identify thin disks. This will lead to a comprehensive understanding
of the physical mechanisms responsible for establishing the modern Hubble sequence of disk galaxies.

Figure 3 shows the ability of Liger’s slicer IFS to efficiently map z 1 thin-disk galaxies on kiloparsec (kpc)
spatial scales. Liger will enable finder angular resolution and >2× higher spectral resolution than existing
ground-based AO IFSs and the JWST/NIRSpec IFU (for which the resolution limit is σ∼50 km/s). Liger’s
higher spectral resolution is critical: with R=4000 resolution, a large correction factor is required to recover a
thin-disk velocity dispersion of σ=15 km/s, resulting in large uncertainties. In contrast, for an emission line with
the same total signal-to-noise (S/N), R=8000-10000 spectroscopy provides a factor ∼3× smaller uncertainty in
the intrinsic velocity dispersion. With increased sensitivity and R∼10,000, the result is that Liger can provide
suitable precision in thin-disk kinematics (i.e., velocity dispersion) within a 2-hour integration, whereas the same
precision would require >30 hours with Keck/OSIRIS at R∼4000. Thus, Liger will be more than 10× faster
than current instrumentation in studying early thin-disk galaxies.

3.4 Unveiling the Nature of Dark Matter and Dark Energy

The nature of dark matter and dark energy are among the most fundamental open questions in physics and
astronomy. Strong gravitational lensing is a powerful tool for addressing both questions, when combined with
high-resolution IFS. Liger will help be able to advance our understanding of dark matter and dark energy by
enabling studies of strong gravitational lens systems at AO resolution.44–46 A key requirement is the combination
of sensitive high-resolution measurements with a sufficiently large FOV to encompass the full gravitational lens
system (Figure 6) – a combination of capabilities unique to Liger.

Strong gravitational lensing constrains dark matter models through detection of low-mass dark matter halos.
Low-mass probes are critical for understanding the nature of dark matter, as the widely adopted cold-dark-
matter (CDM) paradigm faces several challenges on dwarf galaxy scales.47 Competing models such as WIMPs
(weakly interacting massive particles), ultra-light axions, and sterile neutrinos predict significantly different
numbers of halos at masses ∼108 M�and below. Such low-mass halos do not form stars and hence cannot
be observed in visible light, but they have been demonstrated to affect the relative magnifications observed in
strong gravitational lens systems. Thus they can be detected via their gravitational effect even if they contain
no stars.46,48,49

Liger’s FOV and increased sensitivity will revolutionize studies of dark matter using narrow-line emission
in lensed quasars (Figure 646,50,51). IFS+AO observations are essential to isolate the narrow-line flux in each
lensed image (with typical separation <1 arcsecond). While continuum flux ratios are affected by microlensing
from stars in the lens galaxy, the narrow-line region is free of microlensing effects thanks to its larger size, thus
providing a clean probe of dark matter halos. Liger’s larger FOV and faster throughput compared to OSIRIS
will dramatically improve the ability to probe dark matter, including targeting fainter systems than can be
currently resolved. With the combined improvement in sample size, and S/N for bright lenses, our performance
simulations indicate that Liger will be able to detect a turnover in the dark matter halo mass function at 106

M� or larger. Liger will thus reach nearly two orders of magnitude lower in halo mass than the current upper
limits (107.8 M�),48 probing into the critical range where dark matter models diverge.

Gravitational time delays between multiple images of lensed quasars have emerged as a powerful new probe of
dark energy and the Hubble Constant, already competitive with other established methods.52 Lensing provides

Proc. of SPIE Vol. 13096  130960G-9



Figure 6: Liger will revolutionize strong gravitational lensing studies of dark matter. Narrow-line emission fluxes
in lensed quasar spectra can reveal the presence of low-mass dark matter perturbations. Such a measurement
is impossible without AO spectroscopy, given the typical quasar image separations of less than an arcsecond.
The left panel shows simulated Liger data of SDSS J0924 with 5400-s exposure time, along with the smaller
FOV for OSIRIS. Liger’s FOV enables the entire lens to be imaged in a single pointing, reducing uncertainty in
flux ratios, and increasing sensitivity to low-mass dark matter substructure via improved astrometry. The right
panel shows the measured spectra (photons/s/µm) for the faintest source image, D. Liger’s higher throughput
and spectral resolution increase S/N in the narrow-line [NII] emission by a factor of 5, and enable the detection
of [SII], providing sensitivity to lower-mass dark-matter halos.

an important independent contribution to the exploration of the “Hubble tension”, in which the values of the
Hubble Constant (H0) measured via traditional distance-ladder techniques53 differ by more than 4σ from those
predicted by combining cosmic microwave background measurements with the standard ΛCDM cosmological
model.54 If this tension is real, and not due to systematic effects, then any explanation requires new physics
beyond the “standard model” of cosmology (i.e., ΛCDM), such as early dark energy.55 The most prominent
remaining systematic effect in the lensing technique is the so-called mass-sheet transform,56 which is maximally
degenerate with H0 from lenses. This degeneracy can be broken to a certain extent by measuring a luminosity-
weighted central stellar velocity dispersion for the lensing galaxy, which provides an independent measurement of
the lensing mass. However, to break the degeneracy and truly obtain robust time-delay H0 measurements requires
resolved stellar kinematics of the lensing galaxy.57 The high resolution provided by AO IFU measurements is
critical, since the z 0.5 lensing galaxies have angular scales of an arcsecond or less. Attempts to use OSIRIS for
this technique have suffered from low S/N ratios, resulting from the difficulty of detecting absorption lines in the
spectra of the faint lensing galaxy.58

Liger will be transformational thanks to its enhanced sensitivity, especially given the relatively small number of
lensed quasars needed to achieve percent-level measurements of H0 once resolved kinematics of the lensing galaxy
are obtained.57 As an added benefit, Liger observations will provide microlensing-free flux-ratio measurements,
providing a key constraint for the mass models of the lens and a useful calibration for quasar microlensing
studies.59

3.5 Probing the Formation of Exoplanets

Characterizing exoplanet atmospheres is critical to understand the complex processes that impact their structure
and evolution, as well as to test leading formation theories. IFS studies of directly imaged planets have provided
the best spectra of gas-giant exoplanets to-date,60–64 with Liger’s predecessor OSIRIS taking the first spectrum
of a directly imaged exoplanet.65 Liger, with its combination of short-wavelength sensitivity and high spatial
and spectral resolution, offers a critical capability to study exoplanet atmospheres and formation.
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Exoplanet formation scenarios in which the separation of solids and gases is important (e.g., core/pebble
accretion) predict that gas-giant planets will display more heavy elements in their atmospheres.66 In contrast,
scenarios in which this separation is not critical (e.g., gravitational instability) instead predict fewer heavy
elements.67 Liger will distinguish these hypotheses by enabling the first robust measurements of total heavy
element abundance (a.k.a. metallicity), which requires direct spectroscopy with sufficient spectral resolution and
broad wavelength coverage (Figure 7).

Figure 7: Liger will transform our understanding of exoplanet formation with excellent performance and reso-
lution reaching shorter wavelengths than any other current or planned instruments. (Left) Liger S/N map of
four simulated planets b,c,d,e based on the HR 8799 system. The simulation uses an atmospheric model with
Teff=900 K, g=56 and solar metallicity (Sonora68). (Right) Atmospheric model spectrum of HR 8799 planet b
of the prominent KI lines in J band, shown at two resolutions: the R∼100 typical of most direct imaging spectro-
graphs, and Liger’s proposed R∼10,000. Resolved lines from alkali features are required to robustly measure the
metal enrichment of these exoplanet atmospheres, but no current IFS systems have sufficient short-wavelength
sensitivity and spectral resolution. Liger’s higher spectral resolution more than doubles the direct-imaging de-
tection S/N, compared to current ExAO systems.

Current studies at high spectral resolution have focused primarily on K band (∼2.2 µm), where both AO and
instrument performance have been optimized, detecting species such as CO, H2O, and CH4. These observations
are powerful for constraining properties such as the carbon-to-oxygen ratio,69 however, carbon and oxygen
abundances are degenerate with atmospheric processes such as non-equilibrium chemistry.70 Testing formation
theories requires measurements of the overall heavy element enrichment including elements of higher atomic
number, observable only at shorter wavelengths. Liger will provide excellent performance at shorter wavelengths,
which no currently available or planned instrument offers at high enough spectral resolution (Figure 7). In
particular, the J band at ∼1.2 µm includes strong potassium lines as well as metal hydride features, which are
highly sensitive to metallicity.71 Our simulations indicate that Liger addresses an unmet need that will enable
the first robust bulk chemical abundance measurements for gas-giant exoplanets, thereby being able to aid in
unlocking the fingerprints of their formation.

3.6 Revealing the Time-Variable Solar System

Time-variable phenomena are a major current focus of solar system science. This includes periodic phenomena
such as rotational lightcurves and seasonal change,72 as well as transient phenomena (e.g., cometary and inter-
stellar object apparitions, storm and plume eruptions, occultations and other mutual events, and even impacts
and collisions73). Liger will enable time-series observing with high spatial and spectral resolution as well as
flexible cadence to reveal the rich temporal nature of our solar system, building on Keck Observatory’s estab-
lished legacy.74–78 High spatial resolution from AO is essential for mapping inhomogenous surfaces and detecting
discrete features such as atmospheric storms, volcanic calderas, rings, and satellites. Liger’s spectral capabilities
ensure that spatial variability will be not merely detected, but well characterized: for example by diagnosing
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molecular bands of surface ices and minerals, retrieving opacity and altitude distributions of clouds and hazes,
and distinguishing outgassed volatile and organic components. In the time domain, observations are character-
ized by two main parameters: the sampling interval and the campaign duration. Both can be very short or long,
spanning timescales from milliseconds (e.g., for occultation events) to decades (e.g., for seasonal variation in the
giant planet systems).

Figure 8: Liger will characterize a wide range of time-variable phenomena in our solar system, such as the
atmospheric properties of Neptune and Uranus. Resolved spectral observations of the ice giants in the near
infrared can probe aerosol distributions over more than 7 pressure scale heights (A). Liger’s lenslet IFU field of
view can efficiently map Neptune and can target discrete features on Uranus (B). The near infrared spectrum
can be used to measure spatial variation in methane concentration as well as aerosols, and we highlight example
features which can be efficiently mapped with narrowband imaging filters (C). Figures adapted from previous
studies.79–81

We highlight atmospheric activity on the ice giants Uranus and Neptune as an example science case which
requires Liger’s spatial and spectral capabilities. Figure 8A shows the strong wavelength dependence of gas
opacity, with sensitivity to aerosol distributions spanning from the troposphere (reaching pressures of 10 bar) to
the stable stratosphere at ¡ 10 mbar. Liger spectroscopy will be able to characterize the highly variable aerosol
structure in discrete cloud features (Fig. 8B; we note that Liger’s lenslet field of view is well matched to the
ice giants). Furthermore, narrowband imaging can efficiently probe similar atmospheric depths with different
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opacity sources, such as methane and hydrogen (Fig. 8C81). Narrowband filters in the Liger imager will thus
enable global mapping of methane concentration as well as aerosol distributions in the ice giant atmospheres,
combined with detailed spectral maps needed for accurate radiative transfer retrievals in specific atmospheric
features. This will address issues such as the connection between convection and methane cloud activity in the
hydrogen-rich ice giants,82 and why they differ from the processes observed in the nitrogen-rich atmospheres of
Earth and Titan. The methane cloud layer is expected to have a large molecular weight gradient such that it
might inhibit convective activity,83 providing an observable analog to convective processes in hydrogen-dominated
atmospheres from the solar system to giant exoplanets.84

Time-series observations of the ice giants are particularly valuable for their ability to provide long-term
temporal context for the eventual arrival of NASA’s next flagship mission recommended by the planetary decadal
survey:85 the Uranus Orbiter and Probe (UOP) mission. Ground-based observations are essential for bridging
the anticipated UOP observations with data from the previous spacecraft visit by Voyager 2 in 1986.86 Keck
observations have enhanced the science return from numerous other NASA planetary missions,87–89 and Liger is
now poised to continue this legacy of forefront planetary science.

4. TECHNICAL DESIGN

Liger is at an advanced state of fabrication readiness. The Liger Final Design Review was completed in March
2023. Liger’s spectrograph design is identical to the first-light TMT instrument, Infrared Imaging Spectrograph
(IRIS19,90,91), which has also completed its Final Design Review. Liger has benefitted from >10 years of design
from TMT/IRIS partnership and private-foundation funding. This extensive work has produced a design that
is capable of maximizing fields of view, spectral coverage, plate-scale flexibility, and image quality with high
spectral resolution. Liger’s imaging camera provides AO diffraction-limited images with excellent wavefront
quality and serves as the feed optics to all simultaneous IFS spectra with the same image quality. Herein, we
briefly review all major subsystem design of the instrument.

4.1 Liger Science Cryostat

Liger will be installed in the Keck I AO enclosure, which provides a clean working environment and access for
servicing the instrument. The Liger cryostat, or dewar, is a large (1.38-meter diameter) octagonal aluminum
cryostat container cooled to 30-77K that is mounted on three kinematic points to the AO enclosure floor. The
optical structure including cold shields are mounted to the dewar bottom plate by a hexapod structure made
of G-10 fiberglass tubes for thermal isolation (Figure 9). The sides and top of the dewar are a single welded
structure that can be lifted off the base to give access to the cryogenic subsystems. To prevent excessive heat
release into the AO enclosure, the majority of Liger’s electronics will be installed in the AO electronics vault. A
small housekeeping electronics rack will be installed next to Liger to monitor internal temperatures and pressures.
WMKO has helium compressors and vacuum jacketed lines that provide multiple locations on the telescope ports
for closed cycle refrigerators (CCRs). Liger’s vibration isolation system for the CCRs is a third-generation system
of low-frequency damping springs, where atmospheric pressure partially lifts the CCR bodies towards the dewar.
This system is effective and was pioneered by the WMKO AO instruments NIRC2 and OSIRIS.

Internal to the dewar is a primary circular optical plate with secondary plate and mountings with optical
housings and baffling around major and minor subsystem. The imager subsystem components are mounted to
its own plate on top of the primary optical plate. The slicer assembly and components reside on the top of
the optical place, while the lenslet assembly and common spectrograph components are underneath the primary
optical plate. The optical plate is thermally isolated from the lower plate of the cryostat using G-10 frames. The
optical plate supports two rigid cold shields; one over the top of the optical elements and one over the bottom.
The cold shields are wrapped with “blankets” of aluminized mylar to reject radiative loading. Liger will make
use of speed controllers with the CCRs to allow the CCRs to operate at high capacity during initial cooling of
the cryostat, and then at reduced cooling capacity to provide temperature control and to extend CCR lifespan.
Liger is designed to be pumped and cooled down within 10 days. We have designed small heaters for both the
imager and spectrograph to maintain detector temperature stability.
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Figure 9: Renderings of the Liger cryostat (left), with the entrance window on the left wall. The cross-section of
the dewar (right) shows the optical subsystems and support structure with baffles and cold shield removed. The
imager and slicer IFS components are mounted on the top side of the bench, and the common IFS and lenslet
IFS components are mounted below.

4.2 Liger imager

The design of the Liger imager is optimized for high throughput, low wavefront error, and low field distortion.
The imager provides an optimal plate scale of 10 mas per pixel and a 20.5”x20.5” field of view with the Teledyne
Hawaii-2RG (H2RG) detector.92 A pair of off-axis parabolas (OAPs) provides an achromatic system with no
intrinsic ghosts, few optical surfaces, and a high-quality pupil image for placement of a cold stop to mask thermal
emission. The design of the filter wheel draws from the heritage of the OSIRIS imager upgrade,93 and is expanded
to provide a significant increase in the number of available filter slots for a total of 51 available bandpass filters.
A separate pupil wheel located at the pupil plane houses a set of seven unique pupil masks which provide thermal
baffling for both the imager and IFS systems. A trade study modelling the effects of using a mechanically fixed
pupil versus rotating masks to match the field rotation on sky found the SNR gains of a rotating pupil mask were
minor and would not justify the added complexity.20 A full stray light analysis informed the mature design of a
baffling system for the imager. The design of the H2RG detector mount includes a focusing stage for alignment
and mounting for the two pick-off mirrors located at the focal plane to feed the light to the slicer and lenslet
IFS, as shown in Figure 10. Performance of the imager is excellent, with <40 nm RMS wavefront error across
the full field of view. Stable, low order field distortion of <1.6% will allow precise calibration for astrometry.

4.3 Liger integral field spectrograph

Liger features what we term a “sequential design” in which light passes first through the imager, where pick-off
mirrors located next to the imager detector direct light into the slicer or lenslet IFS channels (see Figure 11).
The advantages of this design include minimizing non-common path wavefront error between the imager and
IFS channels. Without a sequential system, the IFS would require an additional optical relay to provide a pupil
location for filters and cold stop. The AO system would not be able to correct for the aberrations in the imager
without introducing aberrations into the IFS system, and vice-versa. By utilizing the imager as the feed to the
IFS, we can optimize performance to the imager focal plane and simultaneously provide the best image quality to
the IFS. Further, this solution significantly reduces the number of cryogenic mechanisms within the instrument
and allows the imager detector to provide PSF measurements simultaneously in the same bandpass as the IFS.
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Figure 10: Renderings of the imager with housings and baffling removed or cut-away to show internal components.
(a) The mounting mechanism for Teledyne Hawaii-2RG detector and IFS pick-off mirror. Lakeshore temperature
sensors and a heater cartridge are attached to the Molybdenum block that the detector is mounted to. A single
piezoelectric linear actuator sets the focus distance of both the detector and pick-offs which have a fixed offset
between them. (b) All components of the Liger imager are rendered with the beam path highlighted in red.
Portions of the filter and pupil wheel housings are removed to show the internal mechanisms. The imager optical
plate mounts to the cryostat on three kinematic mounting points to ensure proper alignment with the telescope
and IFS.

Liger’s IFS design draws from years of experimentation with different IFS strategies for IRIS.19,91 The
resulting design combines a lenslet-based spectrograph for the two finest plate scales (14/31 mas) and a mirror
slicer IFU for the two coarsest scales (75/150 mas). This arrangement not only optimizes the performance at
each scale – critical for a diverse range of science drivers – but also greatly simplifies both types of spectrograph
and allows for sharing of some of the most challenging and expensive components. Both the lenslet and slicer
assemblies are built around a common three-mirror anastigmat (TMA) camera, a common grating turret which
houses 14 gratings, and one Teledyne Hawaii-4RG-15 µm detector (H4RG), see Figure 12. The lenslet and slicer
assemblies sharing the most critical and expensive optical components makes for an optimized and innovative
IFS design.

4.3.1 Lenslet IFS

Among the greatest challenges for the spectrograph is the preservation of the excellent image quality provided by
WMKO’s KAPA system. In the finest plate scale (14 mas) we are required to have uncorrectable wavefront error
(WFE) to the science focal plane of <50 nm RMS. In an IFS, this is particularly challenging since the AO system
cannot correct aberrations due to different paths within the spectrograph. As demonstrated by WMKO/OSIRIS
and Gemini/GPI, a spectrograph based on a lenslet array can preserve image quality at the level of 30 nm of
RMS WFE by sampling the image plane prior to the spectrograph optics and by minimizing optics before the
lenslet array.

To achieve a balance between spectrograph camera and collimator focal ratios, and to be compatible with
the F/4 camera needed by the slicer spectrograph, we selected a lenslet pitch of 350 µm. The array is placed
at the focal plane of an achromatic infrared doublet which provides the required spatial sampling on the 350
µm microlenses. The pupil produced by each lenslet is 32 times smaller than its own diameter, including the
effects of pupil diffraction. With a clocking of the lenslet array, this compression is sufficient to allow 16 spectra
to interleave together in the projected height of an individual lenslet. The full lenslet array provides 128x128
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Figure 11: The imager and pick-off mirrors have been designed to optimize optical performance and preserves
the fidelity of the WMKO AO performance. The root-mean-square (rms) wavefront error (nm) is shown for the
imager field, lenslet pick-off, and slicer pick-off mirrors.

spatial samples, and each lenslet’s spectrum can extend for the projected length of a 16x16 block or 512 pixels.
In the modes where the spectral resolution is 4,000, this corresponds to a 5% bandpass in each exposure.

To enable high-resolution or long-bandpass spectroscopy and calibration, the IFS is equipped with a mech-
anized lenslet-masking capability. The lenslet array is mounted with a fixed mask which isolates a nominal
serrated square pattern of 128x128 lenslets. For narrow field mode where very long spectra are desired, we mask
off the central 16x128 lenslets by moving a mask located in the micro-pupil grid plane to isolate those lenslets.
The same mask plate can also be used to isolate individual columns of lenslets for calibration purposes

4.3.2 Slicer IFS

The two coarsest spatial sampling modes of the Liger IFS are provided by an image slicer-based IFS. The slicer
IFS provides the widest field-of-view coverage accompanied by a broad spectral bandpass. A small portion of
the full Liger field-of-view (see Figure 10) is diverted into the Slicer IFS channel via a pick-off mirror located
near the imager detector. The beam is reformatted by means of two sets of user-selectable re-imaging optics to
produce the required optical f-ratios for the 75 mas and 150 mas sampling scales at the slicer integral field unit
(IFU).

The slicer IFU is a low-expansion glass assembly designed by Winlight Systems, which includes mechanical
packaging and baffling to eliminate stray light from the slicer stack mirror edges. The Slicer IFU uses 88 powered
mirrors to dissect the rectangular field of view into slices. The 88 beams are then reorganized by pupil and slit
mirror arrays into two linear feeds which form the entrance slits of the spectrograph. The two separated pseudo-
slits formed by the slicer IFU then pass through the slicer collimator followed by the slicer periscope assembly.
The slicer periscope directs the collimated light to the shared grating turret, with the second flat mirror of the
periscope mounted as a deployable element to switch the working mode between slicer and lenslet IFS. The
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Figure 12: A rendering of the bottom view of the Liger optical plate showing the lenslet assemblies and common
IFS assemblies with optical path highlighted (red). For ease of viewing, this image is presented upside down
relative to its actual mounting within the instrument. The light from the reimaging optics for the lenslet IFS is
on the bottom and then reaches a fold mirror where it enters the lenslet assembly that includes the lenslet array
and mask mechanism. After the lenslet array generates individual micro-pupils, it feeds the lenslet TMA and
then strikes the grating, which then becomes a common spectrograph with camera TMA and detector.

collimator forms a compound pupil on the grating for all slices and the dispersed light is imaged by the common
camera TMA onto the H4RG detector.

4.3.3 IFS Common Components

One of the biggest benefits of Liger’s design is the sharing of expensive components including all filters, Lyot stop,
gratings, camera optics, and H4RG detector between the four spatial sampling modes of the IFS. The camera
optics are fast, with a large field angle, and are perhaps the most complex optical system in the instrument.
The large field angles led us early on to perform a trade study between ruled and holographic gratings.94,95 We
found that over our ranges of field angle and bandpass, ruled diffraction gratings had a higher overall efficiency
compared to volume phase holographic gratings, given our spectrograph design. The beams from the lenslet
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and slicer collimators are designed to strike a common rotating turret of ruled diffraction gratings at the same
incident angles and are dispersed in wavelength into the common camera optics to the detector, as shown in
Figure 13.

For any spectrographic mode, one of fourteen gratings can be chosen for dispersion. The gratings are located
on the outer diameter of a large turret, which consists of a 0.8-m diameter wheel with multiple grating positions.
The turret has two stepper motors; one for driving its rotation, and a second to push the user selected grating into
a kinematic capture system. The mechanism design incorporates cryogenically prepared stepper motors, which
have been used in previous Keck observatory instruments; namely, MOSFIRE, OSIRIS, and GPI. All moving
parts (bearings, springs, linear slides, etc.) will be similarly prepared and tested for cryogenic use. For the IRIS
project, a two-thirds scaled prototype of the turret was fabricated and tested in a cryogenic chamber.19,91 The
prototype system has allowed extensive testing of several versions of the kinematic capture system to achieve
the tight repeatability dictated by Liger’s science and calibration requirements.

The camera subassembly is one of the most challenging optical systems in any large optical/infrared spec-
trograph. With a fast focal ratio of F/3.7 and a field angle over 13°, the optical solution requires a challenging
three-mirror design with large optics and tight positional tolerances. The camera must accommodate input of
collimated light from either the lenslet or slicer elements, after dispersion by the gratings. All Liger mirrors are
made of Zerodur mounted to an invar adapter plate through invar flexures. The housings are milled from solid
blocks of aluminum 6061-T6. A lightweight cover mounted on top provides no structural support but enables
the optics to be aligned with the cover off in a special test chamber. The design of the mirror substrates and
their polishing has been developed collaboratively with an outside vendor. Each Zerodur substrate is polished
with respect to a coordinate system that is precision aligned to the square facets of the mirror sides and back.
The edges of the mirrors can then be probed with a coordinate measuring machine to place all three mirrors
within 100 µm of the required location for optical alignment. This is an important early step for the alignment
process of the complicated optical subsystems.

Figure 13: Common spectrograph components of Liger. (a) The Hawaii-4RG detector mount, electronics, and
focus stage. Three piezo-electcric linear actuators set the focus of the detector as well as providing tip-tilt
adjustments to the detector plane. (b) The grating turret houses 14 selectable gratings. (c) The common camera
TMA with light path. The IFS detector records the light in the bottom left of the TMA housing assembly.

The IFS detector head design provides for focus, tip, and tilt at cryogenic temperatures for the H4RG detector.
This is not used for science operations but will save months of time in the alignment and optimization process
of the IFS. The focus and tip/tilt of the detector is achieved by three cryogenic linear actuators. The same
actuators are placed on the lenslet mask slide mechanism to ensure that the lenslet array can be made parfocal
with the slicer output pseudo-slits and optimized to the conjugate position of the detector. Figure 14 shows
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renderings of the common spectrograph components for the spectrograph detector, grating turret, and common
camera TMA.

Figure 14: The Liger team has prototyped all cryogenic mechanisms in the Liger dewar. (a) The lenslet TMA
assembly has been fabricated and the TMA mirror mounts have been tested and verified with the alignment
method. (b) Grating plunger mechanism that drives train, plunger, and grating housing are identical to the full
system, but here is separated from the turret. The capture mechanism is built into the bracket at the top of
the image and is identical to the capture in the full turret housing. (c) The prototype mask slide mechanism for
the selection of the IFS lenslet modes. (d) A 2/3rd size replica of the IFS grating turret was used for cryogenic
testing to assess the repeatability of the grating mechanism. This testing aimed to ensure consistent positioning
of the dispersed spectra for both the lenslet and slicer IFS.

4.4 Software & Electronics

All low-level control software is based on existing software from previous WMKO instruments. The interaction
layer with WMKO is a standard remote-procedure-call (RPC) interface that we have used before. Although
Liger requires additional interactions with the more advanced AO system and different Liger mechanisms like
the pupil wheel and reimaging optics, these mechanisms are very similar to existing interactions developed for
WMKO instruments.

Almost all cryogenic mechanisms use standard stepper motors that are specially prepared to operate at low
temperature and under vacuum and use standard Galil motor controllers. These Galil controllers were used with
the Gemini Planet Imager instrument and have become a standard for stepper motors. The only exceptions
are the cryogenic linear actuators in the detector heads for tip/tilt and focus, but these actuators are used only
during alignment and not at the observatory. These are commercial stages that use a standard software interface.
A MACIE controller produced by the Markury company that is designed specifically for the Teledyne detectors
will be used. In-house software for handling the wide variety of clocking patterns and readout modes are planned
for both detectors. High-level software is still required to store data in the Keck data management system and
to display to astronomers, but this is similar to several packages our laboratories have delivered before.

To operate at approximately 77K, the entire optical system including all benches, mechanisms and baffles
must be cooled and monitored. The system must be maintained in a vacuum near 1 microTorr. To monitor the
health and safety of the instrument, we will use two wide-range pressure gauges from Edwards, and Lakeshore
temperature diodes and controllers. The pressure gauges provide a redundant system working from atmospheric
pressure to well below the microTorr range. We use 16 sensors distributed throughout the dewar to monitor
temperatures and gradients. The detectors require temperature control near the milliKelvin level. Each detector
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uses a Lakeshore temperature controller to monitor and control a heater cartridge and a pair of temperature
sensors in an invar base. The heater cartridge uses milliamps of current to safely change the detector by a few
degrees with great accuracy but cannot overheat the detector even with a severe electrical or software failure. For
safety reasons, we do not use heaters to speed up the warmup of the cryostat. Warming will be done passively
and rely on a small amount of residual gas released by the gettering system.

The Liger control electronics will be mounted in a small, insulated rack in a dedicated electronics vault
within the AO enclosure. The temperature monitors, controllers and pressure controllers all reside next to the
instrument to provide continuous monitoring of the system. The electronics are insulated and have a glycol
cooling system to remove most of the waste heat. The control computers (which are by far the dominant source
of electrical heating), the power supplies, and the motor controllers are installed in a dedicated electronics vault
to the side of the AO enclosure.

4.5 Data Reduction Pipeline

The data reduction system (DRS) is an essential Liger software component that is crucial for meeting the top-
level requirements. The Liger DRS includes detector-readout processing, real-time data-quality verification data
sets, and post-processing routines for astronomical users to generate science-quality calibrated reduced frames for
the imager and spectrograph. The Liger team is developing the DRS by building on existing code and enhancing
it with new algorithms required for Liger science cases. The Liger pipeline is written in Python and will be made
publicly available at the time of commissioning. The DRS is architected as two primary components: (1) The
detector dispatchers will clock the detectors utilizing the MACIE detector controllers, and will assemble raw
science frames utilizing CDS, MCDS, or UTR as sequenced from the detector-target computers with the DRS
readout processing C library. These frames will then be passed to the pipeline computer. (2) The Liger pipeline
is the Python package that implements all the higher-level algorithms that take as input raw science frames and
calibrates them to reduced science-ready frames. It includes both the online calibration pipeline run routinely
at the observatory and the offline calibration pipelines used for post-processing. The Liger DRS consists of Data

Figure 15: Simulation of the lenslet and slicer IFS data sets, with the Liger DRS reducing the raw products
into science-ready data products. In the case of the lenslet IFS, the initial data consist of 16,000 interleaved
spectra (a), and upon extraction, a data cube is generated, comprising the original image distributed across 500
independent spectral channels (b). For the slicer IFS, two extended slits created by the slicer Integral Field Unit
(IFU) are each dispersed across half of the detector, with up to 2000 spectral pixels (c). The DRS then processes
these raw data to yield a finalized science-ready data product (d).

Reduction Pipelines (DRPs) for both the imager and the spectrograph. The Liger pipeline is built upon the
framework of the JWST ”stpipe” package,96 which allows for the implementation of data-reduction algorithms
as distinct steps. These steps are organized into pipelines, configured, and then executed. In 2019, our team
initiated a direct collaboration with the JWST team for pipeline development and calibration for Liger and
TMT/IRIS. The choice to use a familiar pipeline from ”stpipe” was deliberate, since it ensures that astronomers
will be adept at easily reducing and analyzing Liger datasets and provides continuity to pipeline across the
community.
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The Liger team has developed an end-to-end data simulator to investigate performance and spectral layout
on the detector, as well as to advance data-reduction algorithms like spectral extraction. Both the lenslet and
slicer spectrographs produce a spectrum for each pixel that efficiently uses the detector pixels. Advanced DRP
routines are used to extract the raw spectra from the detector (x, y) and to generate a wavelength-calibrated
data cube. Using the Liger simulator we are able to verify spectral-extraction routines for both the lenslet and
slicer IFS (see Figure 15)

All Liger data will be stored in the publicly accessible Keck Observatory Archive (KOA)97 following standard
data proprietary periods. The existing OSIRIS/WMKO pipeline, and the PI is the chief architect for the
IRIS pipeline software development for TMT.98–100 The Liger data simulator is based on the advanced IRIS
simulator101,102 that has been in development for many years.

5. SUMMARY

The Liger instrument for the W. M. Keck Observatory has transitioned into its fabrication phase following
a decade of design and prototyping. Liger is now poised for construction and subsequent commissioning at
Keck I. The instrument features a ”sequential design” that integrates near-infrared integral field spectroscopy
(IFS) slicer and lenslet-based techniques and imaging capabilities. Liger will be particularly unique and effective
when combined with the upcoming KAPA system, which together will provide excellent AO sensitivities and
performance.

The development of Liger reflects the broader evolution of ground-based near-infrared IFS instrumentation,
which has become increasingly complex and sophisticated since the first generation of integral field spectrographs.
The current era demands extensive design efforts, often spanning many years and requiring collaboration among
large, multidisciplinary teams. This complexity also translates into substantial resource requirements, posing
significant challenges for securing adequate funding. These challenges are evident not only within the national
funding structures of the USA but also internationally, where coordination and resource allocation can be equally
demanding.

The ground-based astronomical instrumentation community will need to proactively address these resource
and development challenges and may need to engage more effectively with the space-based community on how to
scale up new instrument programs in the coming decade. This complexity will only increase with the arrival of
extremely large telescopes (ELTs). Instrument development programs like Liger are critical for the development
of instruments for these ELT programs, supporting research and development efforts, while enabling cutting-edge
synergistic science programs on 8-10m class telescopes.

Upon its commissioning, Liger will be a facility-class instrument for use on Keck I to the entire community,
significantly expanding the observatory’s AO scientific capabilities. The instrument’s advanced design will sup-
port a wide array of new scientific investigations, providing exceptional data across a range of cosmic distances.
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Dálya, G., Dana, A., DaneshgaranBajastani, L. M., D’Angelo, B., Danila, B., Danilishin, S. L., D’Antonio,
S., Danzmann, K., Darsow-Fromm, C., Dasgupta, A., Datrier, L. E. H., Dattilo, V., Dave, I., Davier, M.,
Davies, G. S., Davis, D., Daw, E. J., Dean, R., DeBra, D., Deenadayalan, M., Degallaix, J., De Laurentis,
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E., Goetz, R., Gohlke, N., Goncharov, B., González, G., Gopakumar, A., Gossan, S. E., Gosselin, M.,
Gouaty, R., Grace, B., Grado, A., Granata, M., Granata, V., Grant, A., Gras, S., Grassia, P., Gray, C.,
Gray, R., Greco, G., Green, A. C., Green, R., Gretarsson, E. M., Griggs, H. L., Grignani, G., Grimaldi,
A., Grimes, E., Grimm, S. J., Grote, H., Grunewald, S., Gruning, P., Guerrero, J. G., Guidi, G. M.,
Guimaraes, A. R., Guixé, G., Gulati, H. K., Guo, Y., Gupta, A., Gupta, A., Gupta, P., Gustafson, E. K.,
Gustafson, R., Guzman, F., Haegel, L., Halim, O., Hall, E. D., Hamilton, E. Z., Hammond, G., Haney,
M., Hanke, M. M., Hanks, J., Hanna, C., Hannam, M. D., Hannuksela, O. A., Hannuksela, O., Hansen,
H., Hansen, T. J., Hanson, J., Harder, T., Hardwick, T., Haris, K., Harms, J., Harry, G. M., Harry, I. W.,
Hartwig, D., Hasskew, R. K., Haster, C. J., Haughian, K., Hayes, F. J., Healy, J., Heidmann, A., Heintze,
M. C., Heinze, J., Heinzel, J., Heitmann, H., Hellman, F., Hello, P., Helmling-Cornell, A. F., Hemming,
G., Hendry, M., Heng, I. S., Hennes, E., Hennig, J., Hennig, M. H., Hernandez Vivanco, F., Heurs, M.,
Hild, S., Hill, P., Hines, A. S., Hochheim, S., Hofgard, E., Hofman, D., Hohmann, J. N., Holgado, A. M.,
Holland, N. A., Hollows, I. J., Holmes, Z. J., Holt, K., Holz, D. E., Hopkins, P., Horst, C., Hough, J.,
Howell, E. J., Hoy, C. G., Hoyland, D., Huang, Y., Hübner, M. T., Huddart, A. D., Huerta, E. A., Hughey,
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M. T., Huddart, A. D., Huerta, E. A., Hughey, B., Hui, V., Husa, S., Huttner, S. H., Hutzler, B. M.,
Huxford, R., Huynh-Dinh, T., Idzkowski, B., Iess, A., Imperato, S., Inchauspe, H., Ingram, C., Intini, G.,
Isi, M., Iyer, B. R., JaberianHamedan, V., Jacqmin, T., Jadhav, S. J., Jadhav, S. P., James, A. L., Jani,
K., Janssens, K., Janthalur, N. N., Jaranowski, P., Jariwala, D., Jaume, R., Jenkins, A. C., Jeunon, M.,
Jiang, J., Johns, G. R., Jones, A. W., Jones, D. I., Jones, J. D., Jones, P., Jones, R., Jonker, R. J. G.,
Ju, L., Junker, J., Kalaghatgi, C. V., Kalogera, V., Kamai, B., Kandhasamy, S., Kang, G., Kanner, J. B.,
Kapadia, S. J., Kapasi, D. P., Karathanasis, C., Karki, S., Kashyap, R., Kasprzack, M., Kastaun, W.,
Katsanevas, S., Katsavounidis, E., Katzman, W., Kawabe, K., Kéfélian, F., Keitel, D., Key, J. S., Khadka,
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D., Tran, A. T., Trapananti, A., Travasso, F., Traylor, G., Tringali, M. C., Tripathee, A., Trovato, A.,
Trudeau, R. J., Tsai, D. S., Tsang, K. W., Tse, M., Tso, R., Tsukada, L., Tsuna, D., Tsutsui, T., Turconi,
M., Ubhi, A. S., Udall, R. P., Ueno, K., Ugolini, D., Unnikrishnan, C. S., Urban, A. L., Usman, S. A.,
Utina, A. C., Vahlbruch, H., Vajente, G., Vajpeyi, A., Valdes, G., Valentini, M., Valsan, V., van Bakel, N.,
Beuzekom, M. v., van den Brand, J. F. J., Van Den Broeck, C., Vander-Hyde, D. C., van der Schaaf, L.,
van Heijningen, J. V., Vardaro, M., Vargas, A. F., Varma, V., Vass, S., Vasúth, M., Vecchio, A., Vedovato,
G., Veitch, J., Veitch, P. J., Venkateswara, K., Venneberg, J., Venugopalan, G., Verkindt, D., Verma, Y.,
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