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Adaptive Optics (AO) enables space quality images from the ground
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Adaptive Optics (AO) Principles

• Compensate for turbulent atmosphere
• Requires bright star(s) to focus on
• We provide them! 

• Not easy: fast camera in wavefront sensor, fast 
computer, fast deformable mirrors

• Result: sharp image, almost like being in space
• But: only works over narrow angle
• But: sky is darker in space

Components of an AO system 
¾ Guide Stars 

¾ Adaptive Mirrors 
¾ aka Deformable 

Mirrors 

¾ Piezo-Stack 

¾ MEMS 

¾ ASM 

¾ Wavefront Sensors 

¾ Control System 

CfAO 

Diagram: CfAO (Center for Adaptive Optics)



Orbiting Configurable Artificial Star (ORCAS) Study selected



Visible Band AO could beat space resolution

Images from LUVOIR final report

The Large UV Optical Infrared Surveyor LUVOIR
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known to have different size distributions. LUVOIR can distinguish these populations by 
tracking and revisiting small TNOs to characterize their orbits and identify to which pop-
ulation they belong. Additionally, directly measuring the size frequency distribution in the 
collisional range would also allow us to better test of our assumptions about observations of 
debris disks, where we probe the size distributions at much smaller mm/sub-mm sizes and 
extrapolate to estimate total disk masses.

The LUVOIR Study Team has designed TNO deep drill programs to reach a limiting de-
tectable magnitude of R=33 (~ 2 km at 40 AU) with LUVOIR-A and R=31.5 (~ 4 km at 40 
AU) with LUVOIR-B (details in Appendix B.7.2). R–J colors will be obtained for all detected 
bodies, and revisits performed to characterize their orbits and identify which population 
they belong to. These ambitious projects, which require 125 days over 5 years for LUVOIR-A 
and 146 days with LUVOIR-B, leverage the unique capabilities of LUVOIR. They are intend-
ed as proof-of-concept programs to establish feasibility, but no doubt will benefit from future 
optimization. Given an extrapolated object frequency of 10,000 per sq. degree at R=33 and 
1800 per sq. degree at R=31.5, we expect to detect 117 objects in the LUVOIR-A deep drill 
program and 30 objects in the LUVOIR-B program (Fraser et al. 2014). Future analysis will 
establish what constraints may be placed on the small-end size distribution with these total 
samples.

Solar System Small Body Interiors

LUVOIR’s powerful imaging coupled with resolved spectroscopy will address critical 
knowledge gaps regarding the evolution of protoplanets, dwarf planets, icy satellites, and 
volatile sources for habitable planets. Together, these capabilities will provide fly-by quali-
ty science for most bodies in the asteroid and Kuiper belts. High-resolution imaging across 
the solar system will provide binary orbits and shape models that can reveal the density 
and internal structure of small bodies. Resolved UV/optical/NIR spectroscopy transforms 
albedo features in photometric data into geologic terrains and enables detection of surface 
composition changes.

Best spatial resolution at 500 nm
LUVOIR-A LUVOIR-B

Venus, Ceres, Jupiter, Saturn 7 km, 11 km, 25 km, 51 km 14 km, 20 km, 47 km, 96 km
Uranus, Neptune, 40 AU 108 km, 173 km, 232 km 204 km, 327 km, 438 km

FACT SHEET

MONITOR THE SOLAR SYSTEM IN HIGH DEFINITION

2.4-m space telescope 8-m LUVOIR-B 15-m LUVOIR-A

REVEAL THE FORMATION OF COSMIC STRUCTURE AND THE EVOLUTION OF GALAXIES

LARGE UV / OPTICAL / INFRARED SURVEYOR
TELLING THE STORY OF LIFE IN THE UNIVERSE

CHARACTERIZE LARGE NUMBERS OF
DIVERSE EXOPLANETS

FIND EARTH-LIKE WORLDS AND
SEARCH FOR SIGNS OF LIFE

Pluto

https://asd.gsfc.nasa.gov/luvoir/
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Visible band AO could beat space sensitivity

• Point source observing speed 
proportional to D4/B  (D = 
diameter, B = background)

• Sky darkest at visible wavelengths
• Keck diameter 4x HST, TMT  3x 

Keck
• Ground + AO with 2x aperture 

could beat space for 0.3-0.9 µm
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Figure 1 (left): The background flux (from atmospheric molecular, ionic and continuum emission and
telescope thermal emission) for a ground-based telescope on Mauna Kea as compared to a space-based
telescope at L2.
Table 1 (right): Sensitivity comparison between space-based (L2) and ground-based observatories.
The imaging observing time in hours is listed to reach S/N = 10 at the magnitude listed in the left column.
See table notes and main text for details on the calculations. For the ground-based 30m, each line uses a
different PSF, as listed in the last column. For the V -band, this spans the range of what may be achievable.

For the ground-based 8m we used existing capabilities, in particular Gemini/NIRI+Altair in
the J-band and a Gaussian FWHM of 0.4′′ (good seeing) in the V -band (at present, there are
no general-user optical AO systems available on 8m class telescopes). For the ground-based
30m telescope in the J-band we optimistically assumed diffraction-limited performance with
the same SR as for the space-based systems. For the V -band we present a sampling of
three potential PSFs that span the range of where we might be in a decade or two: (a) a
Gaussian FWHM of 0.4′′ (good seeing); (b) a Gaussian FWHM of 0.1′′ (optimistic estimate
with a successful advent of visible GLAO); or (c) a diffraction limited core with SR = 10%
(optimistic estimate with a successful advent of visible LTAO, MCAO, or MOAO).

The results for the current generation of facilities show that in the J-band, HST (with
the WFC3 camera) goes several magnitudes deeper than a ground-based 8m, with only a
moderate difference in spatial resolution. In the V-band, both facilities can reach comparable
depths, due to the smaller difference in background at ∼ 5000Å (see Figure 1). However, HST
provides the better spatial resolution. For future facilities, a 16m space-based observatory
at L2 will be capable of reaching J ∼ 32.5 and V ∼ 34 in integrations shorter than 1 day.
This is a completely unexplored parameter space. A 30m ground-based telescope will fall
short of these limits by 2–4 mag. The difference is due to a combination of a higher sky
emission and (in V ) poorer image-quality on the ground. An 8m telescope in space at L2
still goes deeper in V than a 30m ground-based telescope by 1–3 mag. However, in J the
depth is more similar and the ground-based telescope with diffraction-limited AO will have
the better spatial resolution.

Figure 2 provides a graphical way to look at results of calculations of this nature as func-
tion of wavelength, with the spectrum of the earth as it would be seen at 20pc overplotted.

4.2. Spectroscopic Studies

Similar considerations apply to spectroscopic observations, since the spatial resolution
determines the smallest slit width and spatial aperture dimension for producing a final

Image: Comparison of optical observational 
capabilities for the coming decades: ground versus 
space, Matt Mountain et al., 2009



Orbit choice: shadow of orbiting target 
matches observatory trajectory

Earth north pole

Point on axis at latitude of observatoryObservatory 
rotates around 
Earth

Equator

Trajectory of guide 
star shadow

Observe when guide star 
trajectory is tangent to 
observatory trajectory

Observatory accelerates 
towards Earth axis (red 
arrow), limits observing 
time



Event Horizon Telescope – mm VLBI could be 
dramatically improved with orbiting antennas

Figure 1 from First M87 Event Horizon Telescope 
Results. II. Array and Instrumentation
The Event Horizon Telescope Collaboration et al. 
2019 ApJL 875 L2

Figure 3 from First M87 Event Horizon Telescope 
Results. I. The Shadow of the Supermassive Black Hole, 
The Event Horizon Telescope Collaboration et al. 2019 
ApJL 875 L1



With a 100 m starshade, could see other solar systems

* 170,000 km altitude matches observatory 
v ~ 400 m/sec

* Laser beacon enables AO

24-39 m Extremely Large 
Telescope (ELT) with visible AO 

(adaptive optics) on Earth

Solar System at 5 pc 
in 1 minute

Image by Shaklan



Simulated spectra for planets at 5 pc with Strehl = 0.5. Top panel R = λ/δλ = 2500, bottom R=150. 1 pixel = 
λ0/2R = 0.14 nm for R = 2000 and 2.34 nm for R = 150 at λ0 = 700 nm. Red curves are sky brightness at the 

ELT in Chile. Widths of curves are ± 1σ. Water and oxygen are seen on exo-Earth and not on exo-Venus, and 
methane registers on a 2 AU Jupiter. [S. Kimeswenger, W. Kausch, S. Noll, N. Przybilla]

Exo-Earth water and oxygen could be seen at 5 pc

Exo-Earth
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