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ABSTRACT  

HISPEC is a new, high-resolution near-infrared spectrograph being designed for the W.M. Keck II telescope. By 
offering single-shot, R 100,000 spectroscopy between 0.98 – 2.5 µm, HISPEC will enable spectroscopy of transiting and 
non-transiting exoplanets in close orbits, direct high-contrast detection and spectroscopy of spatially separated substellar 
companions, and exoplanet dynamical mass and orbit measurements using precision radial velocity monitoring 
calibrated with a suite of state-of-the-art absolute and relative wavelength references. MODHIS is the counterpart to 
HISPEC for the Thirty Meter Telescope and is being developed in parallel with similar scientific goals.  In this 
proceeding, we provide a brief overview of the current design of both instruments, and the requirements for the two 
spectrographs as guided by the scientific goals for each. We then outline the current science case for HISPEC and 
MODHIS, with focuses on the science enabled for exoplanet discovery and characterization.  We also provide updated 
sensitivity curves for both instruments, in terms of both signal-to-noise ratio and predicted radial velocity precision. 
 
Keywords: Spectrometers (1554); High resolution spectroscopy (2096); Spectropolarimetry (1556); Radial velocities 

(1332); Infrared astronomy (786); Exoplanets (498); Exoplanet detection methods (489); Exoplanet atmospheres 
(487) 

1. INTRODUCTION  
Thirty years after the discovery of the first planet orbiting a star other than the Sun, it is now clear that extrasolar planets 
are ubiquitous in the galaxy. Though our understanding of exoplanet demographics has dramatically expanded in recent 
years, many fundamental questions remain about their elemental compositions as well as their formation and evolution 
pathways.1 In addition, we also have a highly incomplete understanding of the chemical and physical processes shaping 
exoplanet atmospheres today, including the role of disequilibrium chemistry, the formation of clouds and hazes, as well 
as the dynamical process under extreme conditions.2,3,4 

The next decade presents a truly unique opportunity to address many of these questions. For the first time, we have the 
observational techniques, the theoretical models, and a sufficient number of known exoplanets orbiting nearby stars to 
spectroscopically characterize a wide diversity of planets – from hot giant planets to temperate Earth-size planets. 
However, these observations are extremely challenging. Teasing out the small exoplanet signal from the stellar photon 
shot noise and calibrating systematics require both high sensitivity and spectro-photometric precision.  

Recent exoplanet studies have largely focused on photometric or low-resolution spectroscopic measurements. This 
research (e.g., HST and Spitzer studies of transiting planets, and adaptive optics photometry and spectroscopy of directly 
imaged planets) has yielded critical new insights into the bulk properties of planet atmospheres at both close5 and wide 
separations.6 Indeed, JWST has inherited this mantle, offering a new observing regime for a wide range of exoplanets.7,8 
However, JWST’s maximum R∼3,000 spectral resolution will not be able to explore the full range of exoplanet science 
that is critical to advancing the field. This is because, at low spectral resolution (R≲5,000), overlapping spectral bands 
can lead to degeneracies, minor chemical species important to understand the chemical processes often remain masked, 
and clouds substantially mute broad spectral signatures.9,10,11 Furthermore, at low to modest spectral resolution the 
spectral line position and line shape information necessary to detect and constrain exoplanetary winds is smeared out.  

High-resolution spectroscopy (R∼100,000) has recently emerged as a powerful tool for exoplanet 
studies,12,13,14,15,16,17,18,19,20,21 providing highly complementary information to low- and moderate-resolution observations 
from space.22,23 High spectral resolution offers the opportunity to distinguish the planet signal from stellar and telluric 
contamination via the wealth of information contained in the resolved and Doppler-shifted NIR atomic and molecular 
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features in a planet’s atmosphere. With an appropriate design, a NIR high-resolution spectrograph on a large, ground-
based telescope enables all three major methods of exoplanet detection and characterization (transit spectroscopy, 
direct imaging, and radial velocity). This is the fundamental driver behind the design of the High-resolution Infrared 
Spectrograph for Exoplanet Characterization (HISPEC) and the Multi-Objective Diffraction-limited High-resolution 
Infrared Spectrograph (MODHIS).  These two instruments, the first for the W.M. Keck Observatory and the second for 
the Thirty Meter Telescope, will offer a paradigm shift in observational studies of exoplanets. Additionally, both 
HISPEC and MODHIS will enable general astrophysics investigations complementary to exploring the exoplanet 
frontier. Additional science cases include studies of stars in the Galactic Center, probing the dynamics of stars in other 
crowded regions such as star-forming regions and clusters, measuring abundances of stars in the Galactic bulge, halo, 
and nearby dwarf galaxies, unique studies in the Solar System, and potentially spectropolarimetry.  

2. INSTRUMENT OVERVIEW 
Though designed for different telescope facilities, HISPEC and MODHIS share many similarities that make them 
compatible with a coeval design process.  In this section, we briefly describe the current design of each instrument.  For 
additional details, we refer the reader to Mawet et al. [24]. 
 
2.1 HISPEC 
HISPEC is under development for the W.M. Keck II 10-meter telescope.  The instrument is subdivided into several 
major subsystems.  The instrument is fed by the Keck II facility AO system, which routes light into the Front-End 
Instrument (FEI), which is responsible for acquisitions, fiber injection, and precision guiding. The FEI then interfaces 
with the Fiber Subsystem (FIB), which also accepts light from the Calibration Subsystem (CAL). The FIB is responsible 
for delivering all light to the red spectrograph and the blue spectrograph. The system is controlled using the Instrument 
Control Software and spectra are processed using the Data Reduction Pipeline (DRP). Figure 1 provides a basic block 
diagram overview of each of the main subsystems of HISPEC.  

 
Figure 1. Basic block diagram of HISPEC. Light from the telescope and AO system is fed to the Front-End Instrument 
(FEI), and then routes to the spectrographs (BSPEC and RSPEC) via the Fiber System (FIB). The whole system is 
controlled by the Instrument Control Software (SW). Data from the spectrographs is processed via the Data Reduction 
Pipeline (DRP).  

The front-end instrument (FEI) for HISPEC will be the primary instrument subsystem with which a science user will 
interact. Past the AO system components, which are operated by observatory staff, all moving components of the 
instrument are housed in the FEI, FIB, or CAL subsystems. Of primary importance is the acquisition and pupil imaging 
camera (ATC) that will provide real-time information about the positioning of the science field-of-view relative to the 
fiber entrances. ATC will consist of a small Dewar housing a H2RG with a goal 6”x6” (9.4 mas/pixel) field of regard on 
the science target. The science user will be able to select at which wavelength they wish to track the science field-of-
view, using movable mechanisms including stages containing different dichroics (ATC pick-off) and a filter wheel in the 
ATC Dewar path. Steering of the field-of-view with respect to the fiber input will be controlled by a field steering 
mirror. Software will provide continuous tracking and correcting commands of the centroid of the guide star. Manual 
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adjustments will also be possible. A mask selector will provide the user with options for additional pupil masks, such as 
a circular pupil stop, vortex fiber nuller25,26, or a gray scale apodizer. Phase Induced Amplitude Apodization (PIAA) 
optics will also be selectable depending on the type of observation and will move in and out of the beam on stages. The 
corner cube is used for retroreflection, sending light from the fibers back to the ATC field-of-view to provide the exact 
location of the fiber tip.27 This will likely be primarily used during daytime calibrations, and the proper pixel location for 
the science image will be recorded and used in software. The ADC movement will follow the motion of the telescope for 
compensation as a function of zenith angle. 

The fiber delivery system (FIB) will perform several functions. It will guide light from the FEI to the spectrographs 
housed in the basement, some distance from the telescope. It will also provide the means to feed light from the 
calibration subsystem to the HISPEC spectrographs, including simultaneous wavelength solution tracking with a laser 
frequency comb (LFC) or a Fabry-Perot Etalon, absolute wavelength calibration light, and detector flatfield light. 
Additionally, it will provide the means for retroreflection into the FEI to pinpoint the location of the science fiber on the 
ATC. It will accomplish these tasks using a series of robotically controlled switches.  

The spectrograph dewars (BSPEC and RSPEC) will be housed in the basement of Keck, far from the telescope. This is 
to maximize their stability. There are no choices to be made by a user related to the spectrographs other than exposure 
time and readout setting. All moving parts are upstream of the spectrographs. User choices about tracking and guiding 
may result in not all wavelength regimes being available for spectroscopy.  

The calibration subsystem (CAL) is a critical portion of the instrument. The scientific goals of high precision radial 
velocity for detection of exoplanets requires a detailed and critical assessment of calibration needs (§3). This system will 
consist of multiple wavelength and line spread function calibration sources, including a laser frequency comb28, a Fabry-
Perot etalon, and lamps with known molecular or atomic species. It will also contain the detector flatfield lamps. Users 
will have the option to select which wavelength reference source they would like to inject into the spectrograph 
simultaneously with their science data.  

Like the other PRV instruments, HISPEC will require a sophisticated data reduction pipeline. The DRP will fit in to the 
Keck Data Services Initiative Framework and have a Quick-look version for on-the-fly analysis at the telescope. For the 
purposes of HISPEC, we have identified Level 0, 1, and 2 data products that may be processed and/or output by the 
DRP. Observer sequences produce Level 0 data products, which comprise raw echellogram images as well as associated 
metadata from the telescope, AO system, and FEI. Level 1 data products are the those that have undergone some amount 
of data processing, and hence should include 1-dimensional spectra, calibrated for wavelength, instrumental response, 
and flux. Level 2 data products are fully processed, science-ready products that are dependent on the specific science 
goals. Outputs may include precise RVs, starlight-suppressed directly imaged planet spectra, derived planet spectra from 
transit observations, or fully flux-calibrated, telluric corrected spectra across multiple selectable spectral orders.  The 
HISPEC DRP team is currently evaluating the best means to provide higher level data products to the wider community. 

2.2 MODHIS 
MODHIS is under development for the Thirty Meter Telescope.  The MODHIS instrument will be mounted to the TMT 
facility AO system NFIRAOS and can be divided into several major subsystems. The interface to NFIRAOS is provided 
by the Cable wrap, Support structure, Rotator, and On-Instrument Waverfront Sensor (OIWFS) unit, which then 
interfaces to the Front-End Instrument (FEI), which itself consists of the Calibration Unit (CAL), and the Fiber Injection 
Unit (FIU). The FEI/FIU interfaces to the fiber delivery subsystem (FIB) which transfers science (and calibration) light 
to the red spectrograph (RSPEC) and blue spectrograph (BSPEC) subsytems, located in the TMT basement. Ultra-stable 
calibration signals are provided by a laser frequency comb subsystem. The system is controlled using the Instrument 
Control Software (ICS) and spectra are processed using the Data Reduction Pipeline (DRP). Figure 2 provides a block 
diagram overview of each of the main subsystems of MODHIS.  

The Narrow-Field InfraRed Adaptive Optics System (NFIRAOS) is the first-light facility AO system for TMT. It will 
deliver a large, well-corrected, uniform field with high sky coverage and minimal extra thermal background to multiple 
science instruments, including MODHIS. More specifically, NFIRAOS is a Multi-Conjugate AO system with 2 
deformable mirrors and 6 laser guide star wavefront sensors that pass a two-arcminute field with an expected average 
wavefront error of 203 nm (53% Strehl ratio in H-band and 71% Strehl ratio in K-band) over the central 34”x34”. 
Simulations show that NFIRAOS with an OIWFS can achieve 50% sky coverage, even at the North Galactic Pole. 
NFIRAOS resides in an enclosure that is cooled to -30 C to ensure that the thermal background from NFIRAOS does not 
exceed 15% of that of the sky plus telescope at any wavelength. The NFIRAOS throughput will be greater than 85% at 
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wavelengths greater than 1 micron. The design of NFIRAOS is well-documented and can be found in several 
references.29 

 
Figure 2. Block diagram of the MODHIS optical path. The light from NFIRAOS passes through the key optical sub-systems 
of MODHIS: the SRO, CAL, FEI, FIB, and RSPEC and BSPEC.   

MODHIS includes a cold enclosure (-30o C) that houses three low-order On-Instrument WFS’s (OIWFS) that are be 
used by the NFIRAOS RTC to sense tip-tilt and focus. Each will sample stars as faint as J < 21-22 over a 2 arcminute 
Field of Regard. The WFSs are each deployable over roughly half of their total field of regard in order to maximize sky 
coverage and achieve the optimum AO correction. The current design is baselined from the IRIS OIWFS design, which 
is described in Atwood et al. [30].  MODHIS must rotate about the optical axis in order to track field rotation, and to 
select position angles. The Structure, Rotator, OIWFS (SRO) therefore includes a large rotator bearing that rotates both 
the OIWFS enclosure and front-end instrument, which ports the light from the telescope via fibers to the spectrographs 
in the basement. MODHIS will be on the top port of NFIRAOS, and the rotation requires a cable wrap to keep the many 
cables and hoses from tangling or getting damaged during observations. The design of the rotator and wrap is still 
preliminary, with the goal of allowing continuous sky tracking for many hours before requiring a de-wrap.  

Past NFIRAOS and the SRO/OIWFS components, which are likely to be operated by observatory staff, all moving 
components of the instrument are housed in the FEI or CAL subsystems. Of primary importance is the acquisition and 
pupil imaging camera (APIC) that will provide real-time information about the positioning of the science field-of-view 
relative to the fiber entrances. APIC will consist of a small dewar housing a H2RG with a roughly 6”x6” (2.75 
mas/pixel) field of regard on the science target. The science user will be able to select at which wavelength they wish to 
track the science field-of-view, using movable mechanisms including a wheel containing different beam splitters and 
potentially a filter wheel inside of the APIC dewar. Steering of the field of view with respect to the fiber input will be 
controlled by the tip/tilt mirror. Software will provide continuous tracking and correcting commands of the centroid of 
the guide star. Manual adjustments will also be possible. A mask selector will provide the user with options for 
additional pupil mask, such as a circular pupil stop (likely the default selection), vortex fiber nuller, or a gray scale 
apodizer. PIAA optics will also be selectable depending on the type of observation and will move in and out of the beam 
on stages. The corner cube is used for retroreflection, sending light through the fibers back to the APIC field-of-view to 
provide the exact location of the fiber entrance. This will likely be primarily used during daytime calibrations, and the 
proper pixel location for the science image will be recorded and used in software. The ADC movement will follow the 
motion of the telescope for compensation as a function of zenith angle 

The calibration system is envisioned to be very similar to HISPEC, with multiple wavelength and line spread function 
calibration sources, including a laser frequency comb, a Fabry-Perot etalon, gas cell lamps with known molecular 
species, and detector flatfield lamps.  The primary difference between HISPEC and MODHIS will be that MODHIS may 
also offer polarimetric observations.  If that mode is included, additional polarization calibration infrastructure will be 
included, both in the FEI and potentially in the NFIRAOS Science Calibration Unit (NSCU).  The FIB system is also 
similar to what is described for HISPEC, wherein it will be responsible for routing both science light and calibration 
light to the RSPEC and BSPEC subsystems.  The location of RSPEC and BSPEC is still under study.  Potential locations 
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include the Nasmyth platform and a room under the telescope known as the Wedge Room.  A trade study will determine 
which location offers more stability for the PRV goals of MODHIS.  As with all first light instruments for TMT, 
MODHIS will have a DRP to process the datasets.  The DRP has not yet been designed, but will follow the protocol and 
structure of DRPs defined by the observatory.31 

2.3 Instrument Requirements 
The designs of both HISPEC and MODHIS flow from the science cases described in Section 3.  The scientific goals of 
the instruments are ambitious and multi-faceted.  In particular, we are designing the instrument to optimally achieve 
multiple scientific goals in the realm of exoplanets, including PRV, transit spectroscopy, and direct spectroscopy.  It is 
possible to design instruments that can achieve all of these aims, as we will demonstrate.  Table 1 provides an overview 
of some of the high-level requirements for both HISPEC and MODHIS. 

Table 1. A selection of the high-level requirements based on science cases for both HISPEC and MODHIS. 

 HISPEC (Keck) 
Requirement(s) 

MODHIS (TMT) 
Requirement(s) 

Notes/Rationale 

Wavelength 
Coverage  

- The system shall provide 
spectroscopic wavelength 
coverage between 0.98 – 2.46 
µm.  

-Wavelength coverage of 
MODHIS shall be 0.98-2.46 μm.  

Precision RV requires 0.98 – 2.46 µm to 
achieve maximum Doppler content and 
sample regions with minimal telluric 
contamination  

Exoplanet transmission spectroscopy 
requires 0.98 – 2.46 µm to maximally 
sample molecular features  

The blue end of the spectrum between 
0.98 - 1.0 µm has several unusual lines 
that can be used for precision abundance 
work 

Image 
Quality 

-The acquisition camera shall 
provide a diffraction-limited 
core at all wavelengths.  

-The spectrograph internal image 
quality shall not impact the 
theoretical resolving power by 
more than 10% across the 
bandpass. 

-MODHIS high order wavefront 
error at fiber injection shall be 
less than 40 nm RMS after 
correction by NFIRAOS DM0.  

-The spectrograph internal image 
quality shall not degrade the 
theoretical resolving power by 
more than 10% across the 
bandpass.  

Maximized coupling efficiency is critical 
for faint sources, such as off-axis 
directly imaged planets.  The acquisition 
camera provides the check on alignment 
of the fiber core with the PSF core.  

 

Spatial 
Sampling 

-The acquisition camera shall 
achieve a plate scale that 
Nyquist samples the diffraction 
limit at 1.02 µm).  

-The plate scales at the fiber 
focal planes shall be adjusted to 
optimally couple light into the 
fibers at all wavebands.  

-The average sampling of the 
spectrographs shall be >3 
pixels.  

-The acquisition/tracking camera 
sampling shall be sufficient to 
Nyquist sample the diffraction 
limit at 0.82 μm.  

-MODHIS shall provide pixel 
sampling across spectral orders 
of at least 3.0 pixels per FWHM 
of the spectral line with, over 
80% of total spectrum captured 
by each SPEC channel.  

Precise alignment of the input PSF and 
the fiber core is required to maximize the 
SNR of all targets.  

Decades of experience with precision 
RV measurements in the optical have 
shown super-Nyquist wavelength 
sampling maximizes RV return  

 

Field of 
Regard 

-The tracking camera shall 
provide a circular field-of-view 
of at least 5” diameter   

-The object fiber shall be 
capable of moving to any 
location in the tracking camera 

-The field of view of the 
MODHIS tracking camera shall 
be no less than 6 x 6 arcsec 
square.  

-Each spectrograph science fiber 
shall be capable of relative 
positioning at location in the 

Ease of target acquisition is provided by 
a modest tracking camera field-of-view 
for all science cases   

High contrast targets require guiding on 
the primary star that is offset from the 
planet by <2”.    
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field-of-view.  

 

tracking camera field-of-view.  

-The SRO shall provide a field 
rotator that rotates the science 
field 540 degrees full range 
about the telescope optical axis.   

Galactic Center observations at K band 
will require guiding on off-axis targets 
that are brighter at H band 

 

Spectral 
Resolving 
Power 

-The spectrographs will achieve 
an average resolution of 
R=100,000 across the 0.98-2.46 
µm range. 

-MODHIS shall provide high- 
resolution for each of the red and 
blue channels with R ≥ 100,000 
(averaged across each channel’s 
waveband separately), assuming 
a diffraction-limited fiber input.  

The number of transiting planet targets 
observable increases with increased 
spectral resolution  

 

System 
Efficiency 

-The spectrograph shall provide 
SNR>30 per resolution element 
at YJHK on a magnitude 15 star 
in 4 hours of observing.  

-The spectrograph shall provide 
SNR>17 per resolution element 
at YJHK on a magnitude 15 star 
in 4 hours of observing.  

Typical directly imaged planets are ~15-
17 mags at K band, and SNR~30 
provides needed sensitivity to 
atmospheric and kinematic parameters  

Precise RVs require high SNR 
observations in reasonably short 
exposure times  

Transit spectroscopy requires high SNR 
observations during a transit timescale  

Multiplexing -The fiber injection unit shall 
provide at least three channels: 1 
object, 1 speckle, and 1 
background.  

-The instrument shall 
accommodate a calibration fiber 
that feeds the spectrograph. 
simultaneously with object and 
background measurements.  

-All spectral orders shall be wide 
enough to accommodate non-
overlapping traces from at least 
four fibers (1 object, 1 
background, 1 speckle, 1 
calibration). 

-MODHIS shall provide a high- 
dispersion, high-contrast 
(HDHC) observing mode 
wherein science target, stellar 
speckle light, sky/background, 
and reference frequency light 
will be concurrently observed.  

-MODHIS shall provide a 
precision radial velocity (PRV) 
observing mode wherein science 
target, sky/background, and 
reference frequency light will be 
concurrently observed.  

-The layout of spectral traces 
shall maintain an average cross-
coupling intensity at any point in 
a trace (averaged as if 
originating from the entire 
detector) of no more than 0.1%.  

Two simultaneous fiber channels can 
sample a directly imaged planet and the 
speckle field.  The background fiber will 
sample the background noise from 
sources such as thermal/sky and dark 
current.  

  

A calibration channel offers required 
wavelength stability for precision RV 
and for LSF monitoring for Doppler 
imaging  

 

Radial 
Velocity 
Precision 

-The internal velocity precision 
of the instrument shall be <30 
cm/s and shall maintain this 
stability over a timescale of 
years.  

-The absolute spectral stability 
on the detector shall be 0.01 
pixels and shall be maintained 
over a timescale of nights.  

-MODHIS systematic errors 
shall not preclude the calibrated 
measurement of stellar radial 
velocities with ≤ 30 cm/s 
accuracy, ignoring the 
contribution from photon noise.  

 

Required to achieve on-sky RV 
precision goal of ~1 m/s  

A pixel stability of 0.01 avoids intra-
pixel flat-fielding effects that impact RV 
precision.  

 

Simultaneous 
Spectral 
Coverage 

-The blue spectrograph shall 
provide simultaneous coverage 
across the YJ band. 

-The red spectrograph shall 
provide simultaneous coverage 

-MODHIS shall provide a blue 
spectroscopy channel with 
wavelength coverage 0.98 μm - 
1.33 μm (YH bands).  

-MODHIS shall provide a red 

Observing efficiency is roughly linearly 
proportional to the simultaneous 
wavelength coverage  

Simultaneous observations in J and K 
bands will allow detailed studies of 
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across the HK band.  spectroscopy channel with 
wavelength coverage 1.49 μm - 
2.46 μm (H+K bands).  

variability in brown dwarfs and giant 
planet  

 

Data Quality 
and Data 
Reduction 
System 

-The data reduction system shall 
produce rectified and 
wavelength-calibrated 1-D 
spectra from all spectral orders  

-Reduced data sets shall achieve 
relative photometry between 
wavelength channels with 
systematic error of ≤1%  

-The MODHIS DRP shall 
produce rectified and 
wavelength- calibrated 1-D 
spectra from all spectral orders  

-Reduced data sets shall achieve 
relative photometry between 
wavelength channels with 
systematic error of ≤1%. 

Level 1 data products offer uniformity in 
reduction and processing  

Transit spectroscopy requires high 
precision measurements of line depths 
that are calibrated across orders  

Transit spectroscopy requires minimized 
flat-fielding errors  

Precision RV and stellar abundance 
measurements require high precision 
blaze correction  

Polarimetric 
Capabilities 

The spectrograph design shall 
not preclude future polarimetric 
mode observations. 

MODHIS should provide 
spectropolarimetry with 0.1% 
(goal) polarimetric precision.  

If offered, MODHIS will be the only 
first light ELT instrument with 
spectropolarimetric capabilities. 

 

2.4 Predicted Sensitivity 
Based on the requirements given in the previous section, the instrument design has advanced past the Preliminary Design 
phase for HISPEC and the Conceptual Design phase for MODHIS.  This provides a good estimate of the expected 
instrument throughput for both instruments.  We also have precise understanding of the sky and telluric backgrounds 
(assuming Maunakea as a baseline for both telescopes), telescope and AO system emissivity, and AO system wavefront 
error.  With these pieces of information and the current instrument designs, we have generated a robust end-to-end 
simulator that can predict the expected signal-to-noise and RV precision for a given target, utilizing spectral models of 
stars and/or planets.  A more detailed description of some of these simulation tools can be found in Gibbs et al. [32].   

 
Figure 3. Predicted sensitivity plots for point sources observed with HISPEC (left) and MODHIS (right), presented as a 
function of waveband.  The plots show the median SNR across all spectral elements for each waveband.  Because sensitivity 
the requirements in Table 1 are tied to an SNR~30, we also denote the location at which the curves cross that line.  For 
MODHIS, we are exceeding the spec of SNR~30 at 17th magnitude for all wavebands.  For HISPEC, the SNR~30 is met for 
the red spectrograph (H and K), but not currently for Y and J.  The instrument team is currently assessing what can be done 
to increase sensitivity in the blue spectrograph for HISPEC to meet this requirement. 

Using this simulation tool, we are able to compute the expected point source sensitivity as a function of magnitude.  We 
show these sensitivities for both HISPEC and MODHIS in Figure 3.  Note that this represents the median sensitivity per 
bin across the full wavelength range of the instruments.  Based on our current best estimates, we will achieve the 
required sensitivity as listed in Table 1 with MODHIS, but may not reach the desired performance at short wavelengths 
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with HISPEC.  Investigations into whether this can be improved are ongoing.  Still, both instruments should be quite 
sensitive for high resolution spectrographs. 

3. SCIENCE CASES 
The science cases for HISPEC and MODHIS have been derived by the science teams in conjunction with the instrument 
technical teams and observatory staff.  While the focus of both instruments has been on advancing exoplanetary science, 
the scientific utility of both will expand well-beyond exoplanets.  Here, we describe some of our current science cases 
and how both instruments will offer a new suite of capabilities.   

3.1 The Atmospheres of Close-in Exoplanets 
Heated by their host stars, close-in exoplanets (orbital separations of <0.01 AU) have prominent observable atmospheric 
features, which make them ideal targets for characterization. Indeed, some of the most detailed data we have on 
planetary atmospheres outside the Solar System comes from hot Jupiters.33 This will continue to be the case for at least 
the next decade.   

The general goal of these types of atmospheric observations is to measure both the bulk abundances of the planetary 
atmospheres, as well as specific elemental abundance ratios (usually C/H, O/H, and N/H). These two types of 
measurements allow us to test theories of planet formation via trends in bulk metallicity34 and to directly probe the planet 
formation pathways via elemental abundance measurements.35 Atmospheric observations of close-in exoplanets can also 
identify potentially habitable, warm and temperate, atmospheres on super-Earths orbiting lower-mass M-dwarfs.36  

 
Figure 4. Potential targets for transit observations (left) and secondary eclipse observations (right) with HISPEC.  All 
labeled planets represent the most favorable targets among all known transiting planets with declinations observable from 
Maunakea (circles). The signal-to-noise ratio of water detections in a hydrogen-dominated atmosphere is indicated versus 
the planet radius, with the color indicating the equilibrium temperature. SNRs are calibrated using true injection-recovery 
tests using cross-correlation analyses on sequences of realistically simulated Keck/HISPEC exposures that included tellurics 
and instrumental noise. Planets below 5 R⊕ must be observed 3 to 8 times over multiple observing cycles to build up SNR 
to probe for high mean molecular mass (e.g., GJ 9827c, 55 Cnc e) and highly hazy/cloudy atmospheres (e.g., GJ 1214b). 
The green vertical line indicates the position of the radius valley in the small planet occurrence rates believed to separate 
rocky planets and sub-Neptunes.38  

One method to measure the atmospheres of close-in exoplanets is using transit and eclipse spectroscopy of transiting 
planets. HISPEC and MODHIS transit observations of close-in exoplanets provide a unique tool to explore the 
compositional diversity of planets and their atmospheres, by determining the bulk elemental compositions of giant planet 
envelopes. Transit spectroscopy also explores the nature of clouds and hazes near the terminator on these planets, and 
can study the atmospheres of sub-Neptunes and terrestrial exoplanets — plausibly even with temperate conditions.  

HISPEC and MODHIS will also be able to conduct high-resolution spectroscopic observations of close-in exoplanets to 
measure atmospheric abundances and temperature structure and can do so for both transiting and non-transiting 
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exoplanets. Currently, exoplanet atmospheric characterization using these types of high-resolution spectroscopy 
observations cross-correlate against the entire planetary spectrum,12 which yield good overall molecular abundances.  
HISPEC will particularly excel for cloudy and hazy atmospheres (e.g., GJ 1214b) because the narrow cores of molecular 
lines observable at high resolution (R>80,000) form above the clouds,10,11 unlike the broad molecular bands observable 
at low and medium resolution with JWST which are muted by the presence of clouds.9 In addition, the narrow planetary 
molecular lines shift in velocity during the transit, enabling an unambiguous distinction from any H2O or CO stellar or 
telluric lines.37  Figure 4 demonstrates potential targets and the expected SNR that can be achieved with HISPEC. 

Excitingly, the large aperture of TMT and the high sensitivity of MODHIS mean that we will be able to conduct these 
same observations on a line-by-line basis, thereby constructing a real high-resolution spectrum of the planetary 
atmosphere. We can then use the relative strengths of these individual lines in a molecular band to directly constrain the 
temperature structure of a planets’ atmosphere, along with measuring specific elemental abundances.  By the time 
MODHIS begins its observations, the Transiting Exoplanet Survey Satellite (TESS) and PLATO will have already 
explored the entire sky to identify the most favorable exoplanet targets, and many of these planets will have very precise, 
but low resolution (100<R<1000), atmospheric spectra from JWST.  This will offer an ideal opportunity for higher 
resolution studies with MODHIS.  A similar analysis for MODHIS as performed for HISPEC that is demonstrated in 
Figure 4 shows an expectation of hundreds of targets could be observed with SNR > 5. 

3.2 Chemodynamics of Resolved Substellar Companions 
The question “How do giant planets form?” is best answered by characterizing them near the epoch of their formation. 
This can be achieved on Solar System scales (<40 AU) with HISPEC and MODHIS, which combine high angular 
resolution, high contrast, and high-resolution spectroscopy,15,17,39,40 a technique also known as High Dispersion 
Coronagraphy (HDC).41,42 The AO system separates the light from the star and the companion, whose signals are then 
individually fed to the spectrograph via SMFs for further spectral differentiation.  Furthermore, using HDC as a pathway 
to habitable worlds with the ELTs is one of the four key capabilities laid out by Astro2020 (see their §1.1.1).43 The 
techniques developed by HISPEC for HDC science cases will shape Earth-finding instruments like MODHIS on TMT.  

 
Figure 5. Sensitivity of HISPEC and MODHIS for direct spectroscopy of exoplanet HR 8799c, calculated using our end-to-
end instrument simulator.  The top panels show the expected SNR across the full spectral range covered by both 
instruments, in addition to demonstrating the assumed telluric signal and throughput.  The bottom panels show the predicted 
RV precision that can be achieved at specific wavelengths.  HR 8799c has a K band magnitude of ~16 and is significantly 
impacted by speckles.  The SNR that can be achieved with HISPEC and MODHIS demonstrates the power of using HDC to 
reject speckle noise.  The predicted RVs precisions are impressive, and for MODHIS are small enough for the detection of 
Solar System-like exomoons (§3.3.3). 

HISPEC and MODHIS will be able to survey directly imaged giant planets beyond a few AU, enabling the spectroscopic 
characterization of potentially 100s of giant planets.  This range of separations includes the peak in giant exoplanet 
occurrence rates at ∼2.5 AU as measured by RV surveys,44,45 allowing us to study the most typical giant planets and 
place our own Jupiter into context. By studying the shapes of spectral lines at high spectral resolution, HISPEC and 
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MODHIS will be able to measure the compositions, spins, and orbits of typical giant planets at a population level.  
Figure 5 demonstrates the sensitivity of both instruments using the well-studied directly imaged planet, HR 8799c.  
Models of core accretion and late stage planetesimal accretion predict gradients in the metallicities and elemental 
abundance ratios of giant planets as a function of mass and semi-major axis.46 Current leading theories that magnetic 
breaking in the protoplanetary disk sets the final spin rates of giant planets predicts gradients in spin speeds as a function 
of mass.47 Measuring the eccentricity distribution of typical giant planets will inform us whether giant planets create 
dynamically quiescent planetary systems like our own. HISPEC and MODHIS will empirically find the trends that exist 
in these planet properties that will serve as some of the only constraints to highly complex planet formation models.   

Additionally, HISPEC and MODHIS will be able to characterize planets at various key stages in their formation and 
evolution: 1) newborn (1 Myr) protoplanets residing in nearby (~140 pc) star-forming regions to witness planet 
formation in action; 2) adolescent (~30 Myr) planets that recently finished forming and are still radiating away the 
signatures of their formation process; 3) mature (> 1 Gyr) planets. HISPEC and MODHIS will be able to study the time 
evolution of planetary characteristics. Planetary orbits evolve through gravitational interactions and the amount orbits 
change informs us how dynamically hot planetary systems are. Atmospheric composition changes due to accretion of 
solids and gases from the circumstellar disk. If magnetic breaking with the protoplanetary disk is indeed responsible for 
setting planetary spin rates, protoplanets likely have a different spin distribution than older planets for which angular 
momentum is conserved.   

 
Figure 6. Sensitivity of HISPEC and MODHIS for direct spectroscopy of exoplanets for three different classes of planets: 
protoplanets (1 Myr old) residing in the closest (140 pc) star-forming regions, adolescent (40 Myr) planets residing in 
nearby (30 pc) young moving groups, and mature (1 Gyr) planets residing in the Solar neighborhood (10 pc). For 
protoplanets and adolescent planets, the planets are dominated by the glow from their heat of formation. For mature planets 
close-in (< 1 au), thermal heating and reflected light become dominant contributors, allowing for increased sensitivity close-
in.  HISPEC will excel at detecting young, more widely separated planets, while MODHIS will probe true Jupiter analogs. 

While the majority of these planets are yet to be discovered, HISPEC and MODHIS is capable of either discovering 
them or following up indirectly discovered planets. The Gaia astrometric mission will uncover thousands of new giant 
exoplanets regardless of their age.48 Radial velocity has discovered many mature planets beyond 1 au,45 and precise 
infrared spectrographs like HISPEC and MODHIS itself will find adolescent giant planets. MODHIS will focus on 
follow-up characterization of these indirectly discovered planets. Both instruments will also have a discovery mode: the 
vortex fiber nuller (VFN).49,50 VFN combines nulling interferometry with high resolution spectroscopy and enables the 
discovery and characterization of exoplanets at any position ~1 λ/D away from the star.   

A unique addition capability of MODHIS is the ability to perform resolved spectroscopy of previously unresolved 
worlds. Due to the angular resolution of TMT, planets around nearby (~10 pc) stars residing between 0.01 and 1 au can 
be spatially resolved for the first time (Figure 6). These planets are bright due to being close to their host stars, but are 
far enough away that MODHIS can suppress the light of their host stars, unlike current thermal emission studies of 
close-in planets with current ground-based observatories or with JWST. This allows for a unique sensitivity window for 
MODHIS to study planets at the boundary of Neptune and Saturn (0.l MJup).   
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3.3 Exoplanet Masses, Orbits, and Discovery with NIR PRV 

 
Figure 7. Predicted RV precision with HISPEC (left) and MODHIS (right) as a function of stellar temperature and H band 
magnitude.  Both instruments probe into the m s-1 regime for cooler stars, pushing into the often-unexplored region near 
3000 K, or the late M dwarf regime.  Cool targets such as TRAPPIST-1 are in this spectral bin, showing the great need for 
PRV capabilities in the NIR where these sources are intrinsically brighter.  Contour lines are labeled with the expected RV 
precision.  Grey dots are stars with confirmed planets.  Brown dots are TESS objects of interest around stars with T< 4000 
K.  HISPEC will offer 10 m s-1 precision for almost all sources brighter than 14th magnitude.  Meanwhile, MODHIS will 
offer better than 10 m s-1 precision on all sources brighter than 16th magnitude.  Both capabilities will enable a wide range of 
scientific inquiry because of the unique high spectral and spatial resolution design of these instruments. 

HISPEC and MODHIS offer unique advantages of extreme sensitivity for Precision Radial Velocity measurements 
(PRV) for cool stars, high spectral and angular resolution and, in some cases, coordinated operation with the visible-light 
PRV instruments, such as Keck Planet Finder (KPF) in the case of HISPEC.51  The PRV precision resulting from 
combining all four wavelength bands will be roughly a factor of two better than that of an individual band, with the exact 
degree of improvement depending on stellar temperature. An aspect of combining the wavelengths not captured in these 
figures is the benefit of such a wide wavelength grasp in reducing the effects of stellar variability.52 Our instrument error 
budget predicts internal instrumental stability of <0.5 m/s, to be validated by measuring the LFC simultaneously in 
multiple SMFs. Figure 7 shows HISPEC’s (left) and MODHIS’s (right) theoretical PRV sensitivity. The practical limit 
will be set by the effects of telluric absorption, ∼1 m/s in a single measurement after post-processing (see below). Figure 
8 shows a simulated spectrum from HISPEC (left) and MODHIS (right) of the planet-bearing M8 star Trappist-1 
consistent with ∼1 m/s accuracy. The sensitivity of HISPEC and MODHIS will enable RV mass measurements for 
small, temperate, transiting planets orbiting cool stars such as Trappist-1 and other TESS candidates. There are currently 
fewer than 30 confirmed transiting planets orbiting M dwarfs with R < 2R⊕ and RV masses. None are located in the 
Habitable Zone (HZ), and there are only two HZ systems orbiting M stars with TTV-determined masses (Trappist-1 and 
Kepler 138), with many Kepler, K2 or TESS candidates with planet equilibrium temperatures <300 K and R < 2R⊕ 
awaiting confirmation and characterization. TESS’s extended mission will continue to add new objects to this important 
population. In addition to enabling the follow up of these systems, there are a number of specific NIR PRV science cases 
uniquely enabled by HISPEC and MODHIS, as described in the next four subsections.  

3.3.1 Orbital Obliquities of Planets Orbiting Young/Cool Stars 
Orbital obliquity, the angle between the stellar spin axis and a planet’s angular momentum vector, places crucial 
constraints on planet formation and migration mechanisms since large mutual inclinations can be highly disruptive in 
multiple systems.53,54 The obliquity is measured via the Rossiter- McLaughlin (RM) effect which changes the RV 
signature during a transit.55 HISPEC and MODHIS will also be able to determine the obliquity via the “Doppler-
shadow” analysis that directly detects the profile variation of the cross-correlation function of the observed spectra.56 
With each observation lasting only a few hours, HISPEC and MODHIS could measure obliquities of planets ranging in 
size from super-Earths and sub-Neptunes orbiting late M (Teff<4000 K) stars. Only one system cooler than 4000 K, 
GJ436, currently has a published obliquity.57 HISPEC and MODHIS will also provide obliquity determinations for 
planets orbiting young stars. Gaidos et al. [56] recently used Subaru’s IRD spectrometer to determine that V1298 Tau b 
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is in a λ ∼ 15o prograde orbit, suggesting that the four planets in the system formed in a flat co-planar disk. The statistics 
of the population of young and mature stars will constrain theories of planet formation and evolution.   

 
Figure 8. Simulated 30-minute observation of TRAPPIST-1 HISPEC (left) and MOHDIS (right).  The top panels show the 
expected SNR of the source as a function of wavelength while the bottom shows the expected RV precision.  While the blue 
channel of HISPEC only reaches 3 m/s, the H and K band observations provide precision close to below 1 m/s, which is 
necessary to measure the RV signal for the planets in this system.  The expectation for observations of the system with 
MODHIS is about a factor of 3-4 improvement in precision, which is demonstrated with the simulation shown on the right, 
where all bands give precision better than 1 m/s.  

3.3.2 Young Planets  
The early evolution of young, still-contracting planets is poorly understood.58,59 K2 has identified planets transiting 
young host stars in Young Moving Groups (∼50–90 Myr)60 and open clusters (∼600–800 Myr)61,62 and TESS is 
discovering many more, e.g., AU Mic b.52 Among these are hot Jupiters with large predicted Doppler semi-amplitudes of 
∼10–100 m/s. With the demonstrated 2–4× reduction in the effects of stellar activity relative to visible wavelengths,63,64 
HISPEC and MODHIS will determine the masses of young transiting planets and address the initial density of 
exoplanets. Recent PRV results for the 20 Myr old star V1298 Tau suggest a surprisingly high initial densities for two of 
its Jupiter-sized planets65 compared with theoretical expectations.66,67,68,69 While additional observations have called this 
result into question, the fact remains that this is an area of intense observational and theoretical interest which will 
require extensive observations for its resolution. The accurate determination of the masses and radii of young planets 
will be critical to understanding the mechanism(s) responsible for the “radius gap”.70,71 Understanding whether or not the 
population of dense super-Earths found in transit surveys initially formed as rocky bodies or started out as larger, gas 
rich bodies but lost their H2 rich atmospheres to end up as rocky cores pertains directly to the occurrence rate of 
Habitable Zone Earth-analogs which are the targets for future direct imaging space missions.71   

3.3.3 Exomoons 
Several exomoon candidates have been proposed to date, but none have been confirmed.72,73 As part of the formation 
process of exoplanets, exomoons are an important missing piece to better understand planetary systems and can strongly 
influence the atmospheres of giant exoplanets (e.g., interaction between Io and Jupiter). Icy moons gas giant companions 
are also interesting objects as they could develop life,74 and thus constraining the occurrence of such moons is an critical. 

In the same way that planets are detected in RV surveys of stars, measuring the radial velocity of planets and brown 
dwarfs is a promising technique to search for binary planets and exomoons.75 The mass ratio of moons that form in a 
circumplanetary disk relative to their planet is expected to be around 10-4,76 which is consistent with Ganymede around 
Jupiter for example. This small mass ratio could explain the lack of current detections.   

Using RV measurements from a R=4,000 spectrograph at Keck and the first planetary RV time series,77 Vanderburg & 
Rodriguez [78] derived the first exomoon mass upper limits with this technique around the HR 8799 planets. They ruled 
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out Jupiter-mass moons orbiting the 7 Jupiter masses planet HR 8799 c in periods shorter than 1 day. Using KPIC, 
Ruffio et al. [79] demonstrated a mass ratio sensitivity down to a few percent for satellites orbiting the brown dwarf HR 
7672 B. They also explored in detail the prospects The also explored in detail the prospects of exomoon detection with 
HISPEC and MODHIS around several prime candidate systems, including HR 8799c.  They found that planet-sized 
moons will be detectable with HISPEC, while satellites with similar mass ratio to the large Solar System satellites will 
be detectable with MODHIS (Figure 5).  Batygin & Morbidelli [80] suggests that the moon mass might scale with the 
planet mass to the 3/2 power.  This means that the mass ratios around the larger directly imaged planets and brown 
dwarfs companion could host significantly larger moons that would be detectable with MODHIS in a few nights of 
observations. which will be detectable with a few nights of observations with MODHIS.  

3.3.4 Planet Demographics in Binary Systems 
HISPEC and MODHIS’s diffraction-limited angular resolution will uniquely enable the study of transiting planets in 
close binaries (<0.5′′) which are typically ignored by seeing-limited instruments.81 Knowing which star of a pair hosts 
the planet makes a dramatic difference to the derived planet radius and density82 and a demographic study will inform 
how planet formation proceeds in binary systems, a topic of great theoretical interest.53,83,84  

3.4 Spectropolarimetry of Exoplanets with MODHISa 
The design of MODHIS is optimized to provide detailed information on the atmospheres and dynamics of a range of 
astronomical objects.  However, there are unique aspects of characterization that cannot be achieved with typical 
spectroscopic observations alone.  Spectral observations of polarized light offer a unique window into a variety of 
astronomical phenomena, such as the structure of circumstellar or circumplanetary material, the existence and strength of 
stellar or planetary magnetic fields, the properties of clouds in planetary atmospheres, or potentially the existence of 
oceans on terrestrial planets.  The current design for MODHIS includes a spectropolarimetry mode, in which polarized 
light can be measured as a function of wavelength in addition to total intensity light.  This capability is unique amongst 
the first light suite of instruments for all ELTs.  

3.4.1 Planetary Atmospheres in Polarized Light 
Since a polarization signature is commonly produced by light being scattered, detecting polarized light can uniquely 
probe the properties of the scattering bodies.  On an exoplanet, there are a number of potential scattering sources, such as 
solids that are parts of aerosols or clouds, or liquids on the planetary surface, that could yield a strongly polarized signal.  
Given the potential of TMT to detect planets smaller than Jupiter in reflected light, having the capability of exploring 
their atmospheres and surfaces in depth via spectropolarimetry is a unique opportunity afforded by MODHIS. One of the 
cornerstone science cases for polarimetry for the two decades has been the detection and characterization of atmospheric 
condensates, namely clouds, hazes, and/or aerosols.  The red colors of brown dwarfs and Jovian-mass companions, 
coupled with often strong signatures of variability, affirm the likely ubiquity of clouds amongst planets like Jupiter.85 
Furthermore, the measurement of a large number of featureless transmission spectra of smaller Neptune-like planets has 
been attributed to the presence of hazes or aerosols.5 Indeed, all planets in the Solar System with atmospheres harbor 
condensates of some variety, spanning a range of compositions and properties.  At the same time, with current spectral 
datasets, clouds remain extremely challenging to characterize and model.  Clouds are inherently complex, three-
dimensional structures, but tend of be approximated as one dimensional, uniform sources of opacity.  Part of the 
complexity stems from the uncertainty in properties such as the composition of the clouds and the distribution of particle 
sizes in the clouds.  These properties can be explored with polarimetry. Detection of self-luminous objects like brown 
dwarfs or young Jovian exoplanets with spectropolarimetry will enable the dramatic expansion of current observations 
with polarized light, which are typically only single wavelength photometric measurement.86 Spectra in polarized light 
probe different atmospheric depths, which enables modeling of the structure of the clouds as a function of scale height.  
Wavelength-dependent data also provides information about grain composition.  Additionally, light observed in 
reflection of sources such as Hot Jupiters could yield upwards of 60% polarization fraction, providing strong constraints 
on grain properties and cloud compositions.87,88 

The polarization off of atmospheric molecules (as opposed to condensates) has been explored extensively both for gas 
giants and for smaller planets.  Rayleigh scattering, which we are highly familiar with on Earth, generates among the 
strongest polarization signals, with models predicting stronger polarization in cloud-free than cloudy 

 
a A spectropolarimetry mode is not currently planned for HISPEC 
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atmospheres.88,89,90,91 For terrestrial planets, both Venus and Earth have been studied extensively in polarized light to 
understand the potential polarization signal from a similar exoplanet.  Observations from satellites or of the Moon have 
provide a detailed look at “earthshine”, or the sunlight scattered off the Earth.  Miles-Páez et al. [92] used ground based 
spectropolarimetry measurements of the earthshine reflection off of the Moon to measure the polarized signal from the 
Earth across the optical and near-infrared.  While the signal is strongest in the optical, the degree of polarization is above 
2% across the whole near-infrared, which a very strong signal in the Y-J band from water and O2.  Indeed, the polarizing 
properties of water are extremely strong and well-documented.93,94 This shows that species such O2 might be more easily 
found via spectropolarimetry than with traditional absorption line spectroscopy.  With MODHIS having the sensitivity to 
detect these types of planets in transit with NFIRAOS, and potentially via direct imaging with upgraded AO systems like 
PSI, the capability of spectropolarimetry becomes critical for the goal of characterizing Earth-like 
worlds.   Spectropolarimetry gets us a step further by offering the ability to probe surface features.  For example, Gordon 
et al. [95] explored the wavelength-dependent polarimetric signal from surface features on Earth-like planets, including 
ocean, sand, and trees.  Oceans strongly polarize light, with up to 70% polarization fraction around ~1-1.2 µm.  Ice, 
forests, sand, and grass are also strongly polarizing, often in similar wavelength regimes.  However, combinations of 
surface features can be distinguished by comparing the ratio of various Stokes parameters.  While these results are based 
only on the Earth, they make a strong argument for the use of spectropolarimetry in future missions focused on 
biosignature work.  Thus, MODHIS has a key role to play in the era of characterization of Earth-like planets and the 
search for life signs on these worlds.  

3.4.2 Stellar and Planetary Magnetic Fields 
Light becomes polarized in the presence of magnetic fields, and thus measurements of polarized light have often been 
used to infer magnetic field strengths and geometries.  Zeeman Doppler imaging takes advantage of this by using 
spectropolarimetry of rotating stars to map stellar magnetic fields.96 If star spots with different polarizations are rotating 
across the disk of the star, there will be variation in the line profile in polarized light.  Data collected previously with 
other spectropolarimeters such as HARPSpol, SPIRou, ESPaDOnS, and others have yielded fascinating insights on the 
magnetic field topology of a variety of stellar types.97,98,99,100,101,102 Thus, performing spectropolarimetry is a key science 
goal for MODHIS.  As the only spectropolarimeter available at first like on the ELTs, MODHIS will be unique in its 
ability to map the magnetic field properties of faint, low mass stars that host terrestrial planets.  Given the high 
occurrence rate of small planets around M-type stars, magnetic activity has been highlighted as a major factor impacting 
habitability on these worlds.103,104,105,106 However, we still lack a complete understanding of the origin and structure of 
these fields, especially on the smallest stars.107 Zeeman Doppler imaging with MODHIS will offer the first opportunity 
to map, for example, the magnetic field on systems such as TRAPPIST-1.  The second goal of Zeeman Doppler imaging 
with MODHIS will be to create the first magnetic field maps for gas giant exoplanets.  Magnetic fields are found in the 
gas giants in our Solar System such as Jupiter, but have not been definitively measured on any other exoplanets.  Beyond 
simple detection of magnetic activity, MODHIS will be able to explore the structure of the magnetic field and therefore 
provide hints about the interiors of these planets.  This will also shed light on possible interactions between the magnetic 
field of the planet and orbiting moons, such as those between Jupiter and Io that give rise to aurora on Jupiter.108  

3.5 Physics at the Bottom of the Main Sequence 
HISPEC and MODHIS have the potential to revolutionize our understanding of the detailed properties of the coldest 
stars and brown dwarfs, the late-M, L, T, and Y "ultracool" dwarfs.109 These objects, like their warm exoplanet analogs, 
have cool atmospheres whose spectral energy distributions, shaped by strong atomic and molecular absorption, peak in 
the infrared. And, as intrinsically faint sources (L ≤ 10-4 L☉), the accessible population is better suited to individual 
targeting than broad sky surveys and are thus ideal targets for HISPEC and MODHIS spectroscopy.   

The combination of broad wavelength coverage and high-resolution spectroscopy provided by HISPEC and MODHIS 
will enable novel investigations into the systemic and atmospheric properties of these objects. The availability of 
thousands of resolved molecular features across the 1-2.5 µm region will enable PRV measurements (σRV < 100 m/s) 
that match the astrometric precision of Gaia, providing 3D velocity and 6D coordinate vector measurements for 
population dynamics studies,110 cluster membership,111 and the identification of so-called "fly-by" stars that have/will 
have close passage of the Sun.112 PRV measurements will also enable the first detection of gravitational redshift from 
ultracool dwarfs (of order 300-700 m/s), whose distinct mass/radius dependence compared to surface gravity (RVz ∝ 
M/R, g ∝ M/R2) provides an opportunity for direct measurement of the substellar, semi-degenerate mass/radius 
relationship.113 PRV monitoring of resolved (exploiting the high spatial resolution of the Laser Guide Star AO feed) and 
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unresolved ultracool dwarf systems (periods of weeks to years) will provide orbit maps that sample the underlying 
separation, mass ratio, and eccentricity distributions of these systems, critical for testing low-mass star and brown dwarf 
formation theories.114 HISPEC and MODHIS provide a particularly unique opportunity for late-M/L plus T dwarf 
"spectral binaries" for which both primary and secondary RVs can be captured simultaneously from different parts of the 
spectrum.115,116   

MODHIS spectroscopy will also enable rotational velocity studies of low-mass stars and brown dwarfs in the field and 
in clusters of various ages, providing new insights into angular momentum evolution as a function of mass and age in the 
regime of fully convective interiors and neutral atmospheres.117 Such measurements are particularly valuable for samples 
of photometric variability ultracool dwarfs, increasingly available through facilities such as TESS,118 SPECULOOS,119 
and PINES,120 as they enable statistical radius measurements and studies of latitudinal structure.121,122 In addition, by 
comparing Zeeman line broadening or splitting of magnetic-sensitive features such as K I (1.24 µm) and FeH (0.98 µm, 
1.2 µm, and 1.5 µm) to non-sensitive features, we will be able to directly examine the correlation between magnetic field 
strength and rotation,123,124 and potentially map magnetic structures (Zeeman Doppler Imaging; §3.4.2),125,126 as 
empirical tests for dynamo models in the fully-convective regime.127,128 Spectral monitoring of ultracool stars and brown 
dwarfs will also provide insights into the 3D structures and dynamics of condensate clouds, which form in both ultracool 
dwarf and giant exoplanet atmospheres.129 The continuum absorption and scattering opacity of condensates mutes atomic 
and molecular features, and when these features are monitored in velocity space (line profile variability) it is possible to 
generate a Doppler imaging map of cloud structures.16  Concurrent monitoring of regions of high and low atmospheric 
opacity, which sample the upper and lower atmospheres respectively, can be used to build a combined vertical and 
azimuthal map of cloud structures that can be compared to 3D atmosphere models.130,131,132     

3.6 The Galactic Center 
HISPEC and MODHIS will be transformative for science at the Galactic Center (GC). While astrometric precision has 
improved with the development of better AO systems and instruments like GRAVITY,133 RV precision has lagged. With 
the next generation of telescopes like TMT, we expect the improvements in astrometry to be only a factor of ∼3 
compared to Keck. In contrast, high spectral resolution and sensitivity from HISPEC and MODHIS can improve RV 
precision by a factor of 100 (from 10 km/s to 100 m/s) compared to current AO integral-field spectrographs used at the 
Galactic center. This two orders-of-magnitude improvement will open a new era of investigation of the physics and 
astrophysics of supermassive black holes.  Figure 9 demonstrates the level of improvement expected in the next few 
years with HISPEC.  MODHIS will offer similar RV precision, but for much fainter targets in the GC region.  

Although the Standard Model of particle physics does not predict its dependence on space and time, higher dimensional 
theories often predict variation of the fundamental physical constants. If observed, this will be an unambiguous signal of 
new physics.134 A variation of the fine structure constant α was claimed to be observed,135,136 but is still controversial.137 
Spectroscopy of stars near Sgr A* enables us to measure α in extreme and completely unexplored gravity 
environments.138 HISPEC and MODHIS will provide >100× stronger constraint on the variation of α by observing metal 
absorption lines in late-type stellar spectra (104–105 more sensitive to the variation of α than H and He lines).  By 
surveying a number of different stars in this region, it will be possible to statistically probe potential variation on α.  This 
will be started with HISPEC for the brighter stars and followed by MODHIS for fainter objects. 

HISPEC and MODHIS will lead the next era of studies about the nature of gravity at the GC. Black holes (BHs) 
represent the intersection between gravity and quantum mechanics, so they are ideal objects to test the limits of both 
theories and potentially reveal new physics. Measurement of the spin of Sgr A* would complete the supermassive BH 
description. The “no hair” theorem states that mass, spin, and charge are the only necessary parameters and the only ones 
observable from outside a BH. The spin is the only remaining parameter to measure for Sgr A*. While there have been 
spin estimates,139,140 they all require significant assumptions. In contrast, the equations of motion are well known for 
stars in orbit around Sgr A*, and their very precise measurements can yield the drag on space-time caused by the 
spinning BH.141,142 This requires spatially resolved stellar RVs with uncertainties of <100 m/s,142 which HISPEC and 
MODHIS will easily achieve.  

There is a large debate around the existence of an intermediate-mass BH (IMBH) at the GC, which could be constrained 
by the measurements of the S-stars’ orbits and from the measurement of the acceleration of stars at larger distances. 
GRAVITY has performed precise astrometry of S0-2 which excludes the existence of any IMBH with ≳1000 M⊙ in the 
central 0.1 arcsecond. The allowed mass range of an IMBH is 100–1000 M⊙ inside or just outside of the orbit of S0-2,133 
HISPEC and MODHIS will reduce S-stars’ RV uncertainties from a few km/s to <100 m/s, providing a stronger limit on 
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an IMBH orbiting Sgr A*. The instruments will also enable stellar dynamical searches for IMBH companions at further 
distances such as within the IRS 13 group of stars at 0.1 pc away from the black hole. There are suggestions based on 
ALMA observations of gas that there may be a 10,000 M⊙ IMBH at the center of this system.143 To definitively show 
whether this is a black hole requires detecting acceleration of the nearby stars from this IMBH candidate. Only 
instruments like HISPEC and MODHIS can achieve the acceleration sensitivity requirement of 0.01 km/s/yr for stars 
within 0.2 arcsecond of the IMBH candidate.  

 
Figure 9. Change in time of RV precision achievable on sources in the Galactic Center using Keck instrumentation.  The 
current best precision is offered by the OSIRIS integral field spectrograph, which has R~4000.  By increasing the spectral 
resolution and achieving high sensitivity, HISPEC will vastly improve the precision on RV measurements of stars in this 
region, offering new scientific opportunities.  MODHIS will offer similar precision, but target much fainter sources, which 
will enable a broader survey of the region at very high spectral resolution.    

4. CONCLUSIONS 
The combination of high spatial and high spectral resolution has the potential to revolutionize several areas of 
observational research in the next several years.  With HISPEC coming online in 2026 and MODHIS in the early 2030s, 
both instruments have the potential for synergistic operation not only with JWST, but also with Roman and the future 
Habitable Worlds Observatory.  Additional science cases for both instruments not included in this proceeding include 
studies of the kinematics and compositions of young stars in star forming regions, probing peculiar abundances of stars 
in the Galactic bulge and halo, measuring the precise velocities of faint dwarf galaxy members, and studying the sphere 
of influence around AGN in nearby galaxies.  These science cases will be documented in the near future in the detailed 
science case documents for both instruments.  
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