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1. Introduction 

The Keck Adaptive Optics (AO) Future Study Group (FSG) was established in 2019 by the Keck Science Steering 

Committee (SSC) and W. M. Keck Observatory management. The group was chartered to prioritize possible AO 

activities and to establish the science linkages.   

The recommendations in this white paper are the product of three Keck AO FSG hosted community workshops held 

in October 2021, with ~ 30 participants in each workshop. Each workshop produced a set of science slides following 

a template and was supported by a context document (links provided): 

● Enhanced seeing-limited science (Product and Context) 

● Exoplanet & high contrast science (Product and Context) 

● Optical-Infrared (OIR) Universe at high angular resolution (Product and Context) 

The results were presented at the November 2021 SSC meeting (presentation). The purpose of this white paper is to 

provide a summary of these recommendations (sect. 2) along with more detail on the products of each workshop in 

the remaining sections. 

2. Summary Recommendations 

The following bullets summarize the key workshop recommendations: 

● Use Keck AO to enhance our science community’s competitive advantages in cadence, time domain, & large 

sample programs. 

● Use Keck AO to support ELT & space missions risk reduction technology demonstrations, while also 

providing resultant science opportunities to the Keck community. 

● Develop diffraction-limited Keck AO into the visible (identified by all three workshops/communities). 

● Drivers: angular resolution &/or wavelength coverage. 

● Many different flavors are desired (sky coverage, Strehl ratio, field of view, contrast). 

● Keck near diffraction-limited imaging in the visible provides complementary & similar resolution to 

the Extremely Large Telescopes (ELTs) in the near-infrared. 

● Improve overall efficiency through Ground Layer AO (GLAO) enhanced seeing. 

These recommendations are very consistent with the subsequently released Astro2020 decadal report (summary of 

AO quotes) which emphasized the importance of diffraction-limited GMT and TMT AO as a key capability for all 

three priority science areas (pathways to habitable worlds, new windows on the dynamic universe, and unveiling the 

drivers of galaxy growth) along with high-resolution spectroscopy, high performance AO and high contrast imaging. 

The report also identified the pressing need to develop advanced AO systems in the optical.  

3. Enhanced Seeing Science 

The combination of excellent/enhanced seeing conditions with aperture size, field of view, and highly multiplexed 

spectroscopy increases the scientific productivity of the observatory and enables new competitive science across a 

range of fields well into the era of ELTs and coming space missions (JWST/Roman). This was the key message 

developed during the Keck AO Enhanced Seeing workshop that discussed science enabled by an AO system that 

delivers enhanced seeing. A ground layer AO (GLAO) system was discussed that effectively improves the median 

seeing conditions from ~0.6" to ~0.3" and makes poor seeing conditions extremely rare over a wide field of view (up 

to 20') and over a broad wavelength range in the visible and near-infrared (400-2500nm). 

Breakout sessions in the areas of Galaxy Evolution, Cosmology, Galactic, and Exoplanets/Solar System science 

developed multiple science cases. Cases included (i) studying the relationship between flows, AGN, and the cosmic 

web, (ii) resolving structure/clusters in nearby galaxies, (iii) adding spectroscopic information to dark energy studies 

in weak lensing observations, to (iv) expanding the sample of exoplanet systems accessible for RV studies at Keck 

(an adaptive secondary mirror enabled case). Two exemplary science cases stood out and are highlighted below.     

https://docs.google.com/presentation/d/1fBChATVyO1_flYNOJ_8mjyPmR9_7a2D_Zed_BnBX4dA/edit?usp=sharing
https://docs.google.com/presentation/d/1eVNCuBNPzCUolGMu1E9Nx2PTN9Mg4bg3r7fhG08pqqg/edit?usp=sharing
https://docs.google.com/presentation/d/1qt3MiNwiWKeXKgQHXHCadzfmUwLqcogx/edit?usp=sharing&ouid=102442632642640894388&rtpof=true&sd=true
https://docs.google.com/presentation/d/1nLrLuyHb-TNfVObTR1pA4e72evNnoBis82WShC5hPZ0/edit?usp=sharing
https://docs.google.com/presentation/d/1XqWxflYTMFWfIKgvw6nR-osQvJ1z_2wi5WsMGmltX_k/edit?usp=sharing
https://drive.google.com/file/d/1k46OXaBpw1liDdV9YO9UdLiBhYAkBMhQ/view?usp=sharing
https://docs.google.com/presentation/d/1nTI5deFd-5WSq67NPisP_utxw5buOJ6N/edit?usp=sharing&ouid=102442632642640894388&rtpof=true&sd=true
https://docs.google.com/document/d/1oaHtePSbvEVKsWjgXq6v_J6jq9cJfBSc/edit?usp=sharing&ouid=102442632642640894388&rtpof=true&sd=true
https://docs.google.com/document/d/1oaHtePSbvEVKsWjgXq6v_J6jq9cJfBSc/edit?usp=sharing&ouid=102442632642640894388&rtpof=true&sd=true
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Galaxy Evolution - The improved resolution and field of view allows us to spatially resolve large samples of galaxies 

over a range of look-back times, opening a new landscape of investigations into the physics of galaxy formation. One 

example is improved understanding of the formation history and assembly of stellar populations of large numbers of 

early-type galaxies. Using the “fossil record” method on radially-binned spectra from such high-z galaxies will be 

extremely valuable because it will provide access to age-sensitive features that are washed out by the present-day. In 

particular we can address questions such as “how do early-type galaxies assemble?”, “What mechanisms drive 

evolution in different formation stages?” and “Are there variations of the initial mass function as a function of time, 

galaxy type, and location in the galaxy?” Such questions require angular resolutions that resolve the important 

structural features, wide fields of view to observe large numbers efficiently, and a broad wavelength range with modest 

spectral resolutions to measure the stellar spectral features and galaxy dynamics. An instrument like FOBOS with a 

GLAO system would push the limiting distance and probe fainter down the galaxy luminosity function (Figure 1). 

 
Figure 1: Distribution of redshifts probed by FOBOS for galaxies of various masses and sizes with GLAO 

(credit: K. Westfall). GLAO increases the redshift to which FOBOS can probe across galaxy sizes and masses. 

Local Stellar Populations - The improved resolution and sensitivity from a GLAO system enables studies of local 

stellar populations in nearby dwarf galaxies.  In particular, LMC/SMC-like studies could be carried out for M31 and 

its satellite galaxies. Under the best seeing conditions, this might be pushed to M81/M82. Metallicity studies could be 

conducted in nearby low-luminosity metal-poor dwarf galaxies around the Milky Way to look for metallicity 

distributions, identify extremely metal-poor stars (e.g. [Fe/H]<-3), and probe dark matter halos using velocity 

dispersions and dispersion profiles. As with the resolved galaxy stellar populations, the case is driven by improving 

the sensitivity, the field of view, and a broad wavelength range. The number of stars available to study increases 

rapidly as we push down the luminosity function so even modest improvements in the sensitivity increases the number 

of accessible targets. This improves both the abundance and the kinematic estimates. Many of the objects span many 

arcminutes and fields of view much larger than 5 arcminutes are needed. 

Overall, the science cases explored suggested that a system that can support wider fields (>10’) and down to shorter 

wavelengths (<500 nm) than current GLAO would be beneficial, as shown in the Figure 2. 

In summary, enhanced seeing with a high-resolution highly-multiplexed spectrograph over a wide field of view from 

the blue end of the visible to the near-infrared positions Keck well into the 2030’s. It complements the ELTs by having 

a wider, more multiplexed capability with which to conduct surveys. It complements the coming space missions 

(JWST, EUCLID, and Roman) by delivering higher-spectral resolution spectra. In addition, an enhanced seeing 

mode that can feed all of the instruments on the telescope stands to greatly improve the scientific productivity 

of the observatory simply by minimizing the time we collect data under bad seeing conditions. This alone may 

improve the science output by a factor of two. 
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Figure 2: Initial Estimates of FOV and wavelength range required for enhanced seeing science cases. 

4. Exoplanet and High-Contrast Science 

Keck can play a key role in the study of exoplanets and other high-contrast phenomena on the 2035 timescale.  While 

ELTs will have an aperture advantage, and several advances will be made by JWST and other facilities in the 

intervening time, there remain scientifically important areas enabled by appropriate instrumentation and technology 

investment at Keck. Key features to leverage are AO performance, especially at short wavelengths (which the ELTs 

are not expected to have robustly performing at first-light), as well as spectral resolution and flexibility to leverage 

new technology development for early science gains. 

After reviewing the landscape, workshop participants met and produced several science case templates. Cases were 

developed for (a) Extreme precision radial velocity (EPRV) discovery for Earth-analogs around Solar-type stars, (b) 

direct characterization of planets from transits & combined light, (c) characterization of smaller planets with high 

contrast in the visible/NIR, (d) follow-up of Roman microlensing events, (e) characterization of astrometrically 

identified exoplanets, (f) spectroscopy of exoplanets (0.1<sma<10au) with interferometry, and (g) galaxy morphology 

& merger histories for galaxies with bright, compact cores. 

Following the development of these science case templates, workshop participants discussed driving capabilities, as 

well as common themes and recommended outcomes. The findings and recommendations are described in the next 

section, however it was possible to identify a core set of capabilities desired in the ~2035 timescale. This strawman 

configuration of instrumental capabilities includes AO-fed EPRV spectroscopy, high-performance optical AO, a 

moderate FoV, low-R IFU 2-5 µm (SCALES; GAIA follow-up) as a core facility, as well as a flexible fiber-coupling 

capability and the Observatory playing a role in technology development. 

Findings and Recommendations: 

1. Visible wavelength AO will enable new science. 

The wavelength coverage (especially in the post-HST era) and smaller inner-working angle are both compelling 

capabilities in the expected landscape. 

2. Keck can play a unique role for both transit spectroscopy and EPRV with AO-coupled red-optical 

high-R (>~200k) spectrometer. 

This capability leverages Keck’s robust AO capabilities. EPRV remains compelling as ELTs are unlikely to have 

many cadence programs. 

3. High performance LGS AO will enable both faint Gaia follow-up and non-exoplanet cases. 

Combined with core capabilities outlined above, many studies based on different samples of indirectly detected 

exoplanets and other discoveries will be possible with a robust LGS AO capability. 
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4. Take a fresh look at interferometry at Keck & Maunakea. 

The scientific potential for long baselines will be increasingly relevant in the ELT era. These are necessary to 

characterize the atmospheres of planets otherwise not accessible with direct imaging. Targets include both direct 

thermal emission of young giant planets and reflected light for a potential sample of very close-in Jupiters, thus serving 

as a bridge between transit spectroscopy and direct imaging spectroscopy and enabling population-level spectroscopy 

of Jupiters across the entire scale of planetary systems. Key capabilities include nulling at 0.5 λ/D and direct 

interferometry at 1-3 λ/D. We recommend that a group be formed to study the scientific utility and technical 

possibilities of interferometry between Keck I and II using fiber-based transport and beam combination (including 

comparison to GRAVITY+), as well as the potential of an OHANA-like system. 

5. Keck should play a unique role as a technology development platform. 

As the only 8-10 m class telescope with both a segmented primary mirror and AO systems, Keck has a unique role to 

play as an AO technology development platform for the ELTs and the large segmented-mirror space-based observatory 

recommended by the Astro2020 Decadal survey. For example, Keck can support on-sky demonstrations of segment-

phasing algorithms and can be used to demonstrate the impact of segment co-phasing errors on the performance of 

high contrast imaging systems. General AO technology development for the ELTs is also a rich area in which the 

Keck community is already playing an active role. The community's interest in achieving ambitious science goals with 

the TMT (e.g. directly imaging rocky planets in the habitable zones of the nearest M stars) require orders of magnitude 

improvements to performance metrics such as contrast, and the technology development required to enable these goals 

can only take place at a large, segmented telescope with Keck's advanced wavefront control system (see Figure 3).  

 
Figure 3: Exoplanet direct imaging phase space showing current capabilities in the upper right corner and 

requirements for imaging exoplanets in reflected light on future GSMT and LUVEX-like space missions. Keck 

observatory will play a key role in bridging the contrast gap, largely driven by AO performance. 

6. Consider how sky-time can be made available for technology development, while acknowledging 

tension between engineering & science needs.  

Following the previous finding, the Keck community will need to consider how sky-time can be made available for 

technology development efforts in a way that balances the need for science time. Possibilities for achieving this 

balance include designing a pick-off system for simultaneous science and engineering observations, diverging the 
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focus areas of the two Keck telescopes (e.g. with Keck II focusing on high contrast technology development), and 

post-dawn observing. 

7. An ASM can help in the 3-5 µm regime.   

We find value through increased observing and operational efficiency, and the consensus is, if available, the 

community would certainly take advantage of its existence. 

5. OIR Universe at High Angular Resolution Science 

There is a compelling scientific need for (near) diffraction-limited imaging and spectroscopy at optical and near-IR 

(OIR) wavelengths in nearly all astronomical fields. Figure 4 shows example science cases identified for the MAVIS 

project, an OIR multi-conjugate adaptive optics (MCAO) system. At Keck, our diffraction-limited laser-guide star 

(LGS) AO system has been essential for scientific advances in dark matter and dark energy, the Galactic Center and 

tests of fundamental physics, compact objects, exoplanets and the Solar System. 

 
Figure 4: Sample MAVIS science cases. 

Four broad science categories were considered: Solar System, Stellar Astronomy, Galaxy Evolution, and 

Cosmology. The technical requirements were considered within four general categories: shorter wavelength, higher 

Strehl ratio, higher sky coverage and wider field of view. Below we summarize the highest priority science capabilities 

across all groups and particularly unique or interesting science cases identified by each group. 

Summary of AO Capabilities needed: There was broad consensus across all science groups that Keck’s competitive 

advantage in the 2035 era would be in the arenas of cadence observing, time domain observing and observing large 

samples. A second general consensus was that there are compelling scientific and competitive reasons to push for 

near-diffraction-limited imaging and spectroscopy at optical wavelengths. The scientific motivation for the push to 

optical AO included both higher angular resolution (competitive with the ELTs), coverage of unique spectral features, 

and broader continuum wavelength coverage. The eventual demise of HST makes this advance more urgent. Nearly 

all science cases discussed required high sky coverage, clearly indicating the need for LGS AO. Interestingly, most of 

the science cases required a ~30″ radius field of view. This is too large for the existing, single-conjugate AO system; 

but is smaller than Gemini’s current MCAO system. The optical science cases required both imaging and IFU 

spectroscopic capabilities; but the spectral resolution varied substantially from R=500 to R>10,000. Given the 

competitive advantages for the ELTs and JWST, 3-5 µm was not seen as compelling except for Solar System.  

Cosmology: The cosmology and fundamental physics group discussed a number of science areas in which Keck could 

make an impact in the 2030s. A conclusion was that, in the ELT era, Keck would have a higher impact by focusing 

on imaging and building up sample sizes, while leaving spectroscopy to the ELTs. Therefore, the science driver 

selected by the group to emphasize was “gravitational imaging”. The nature of dark matter is one of the fundamental 

mysteries of the Universe. One approach to characterizing dark matter properties is to determine the mass function of 
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low-mass dark-matter halos, since some dark matter models (e.g. warm dark matter) predict many fewer low-mass 

halos than the standard CDM model. Gravitational lensing is a powerful technique for quantifying the mass function 

because it can detect even purely dark haloes (see Figure 5). For the “gravitational imaging” approach, the mass 

sensitivity is set by a combination of the angular resolution, SNR, and surface-brightness structure of the background 

object. These characteristics drive technical requirements toward shorter wavelengths, better sky coverage, high Strehl 

ratio over the entire sky, and astrometric precision on the order of 1 mas. 

Stellar Astronomy: The stellar astronomy group found many interesting 

science cases. We chose to highlight the cases that are synergistic with new 

facilities in the 2030-2040 era (Roman, LISA, ELTs): Advancing our 

understanding of the origins, evolution, and demographics of hidden 

planets, stars, and compact objects, including black holes in the Milky Way. 

These objects can be probed through several observables that require high 

spatial resolution:  

● Astrometric wobble for binary objects. 

● Photometric variability for binary objects.  

● Gravitational microlensing (photometric and astrometric) for isolated 

objects. 

● Astrometric or spectroscopic search for IMBHs in globular clusters. 

These science cases all require the highest possible spatial resolution in 

order to achieve either high astrometric precision or resolve objects in 

crowded fields. Thus, there is a strong drive to shorter wavelengths. Nearly 

all of the cases also require high sky coverage and fields of view >10″ and 

up to 1′ to have sufficient astrometric and photometric reference stars for 

high-precision measurements.  

In addition to this case, ~10 other broadly distributed science cases were 

discussed, clearly indicating the need for high sky coverage and broad 

instrumental capabilities for Keck OIR AO in the future.  

Galaxy Evolution: Galaxy evolution group identified a new and unique 

science case for Keck AO in the 2030s: The study of supermassive black 

hole binary systems and 

mergers in light of new 

observations from LISA and 

NANOgrav (Figure 6). To 

place results into context from 

these new gravitational wave 

(GW) probes, clear 

understanding of the galactic 

context and SMBH binary 

environment will be needed. 

Technical requirements 

include: LGS mode with IFS 

(R~8000) and imager, from 

diffraction-limited to coarser 

for sensitivity; Strehl ratios > 

30-50%; 5″ to 2′ field of view; 

shortest wavelengths with good 

AO correction for highest angular resolution; red end of optical for Ca-triplet and CO band heads; high sky coverage 

to look at every possible target; flexible scheduling to jump on GW events as soon as discovered and to fill in specific 

timescales. 

Solar System: The broad areas of science discussed by the Solar System group were active ocean worlds and Solar 

System formation. In the case of ocean worlds, higher spatial resolution is of high importance for two particular cases. 

(a) Searching for signatures of localized cryovolcanic outgassing ideally requires a high-resolution IFU at 2-5.5 

microns. (b) Geologic mapping of compositional units on the surface requires a low-resolution (R~few hundred) IFU 

 
 

Figure 5: Example detection of a low-

mass halo with OSIRIS imaging of a 

gravitational lens system. The long 

arc of lensed emission has a “mini-

ring” in the lower right quadrant, 

caused by additional lensing due to a 

low mass object. In this case light 

from the low-mass object can be seen, 

but its presence and mass could be 

determined even if the low-mass 

object were not luminous. (Shu et al., 

in prep). 

  

Figure 6: Mass function of black holes in the Universe. The stellar-mass and 

intermediate mass black holes can be probed with astrometry and spectroscopy 

at both optical and near-infrared wavelengths. 
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at optical and near-IR wavelengths. In both cases, the physical phenomena are temporally variable. Thus cadence 

observations would be of value, which is a niche that Keck may fill in the ELT era. In the case of Solar System 

formation, the group identified mapping of small bodies for compositional diversity, and characterizing small body 

(asteroid/KBO) multiplicity and the characteristics of the binaries. For binary surveys, the primary wavelength driver 

is simply the maximizing of angular resolution. In these small body cases, large statistical surveys would be required, 

which is a niche that Keck may fill in the ELT era. 


