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Why AO?

Frosty Leo

J, H, K false color

Guide object was upper blue lobe,
integrated R magnitude 10.5

Central feature is 68 masec double

Central feature is an IR-only object
not visible to WFS

Keck AO, March 1999

Because of the results!
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Why LGS?  -- Sky Coverage with AO

Galactic latitude

Θ0 at K
1 arcsec seeing

Θ0 at K
0.5 arcsec seeing
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Innovations in AO Algorithms

• Changes to AO algorithms have been tested on the sky on the Palomar AO system and improve
the faint-light performance by about 2 magnitudes.

• Bad-seeing and high-wind performance should be greatly improved, but this has not been tested.

• The algorithm changes tested were

– Optimal estimator (baysian) control matrices , using Matlab routines graciously supplied by Marcos van
Dam.  See also Wild, W.J., Opt. Lett, 21, 1433 (1996).

– Denominator-free algorithm  See Shelton, J.C., Proc. SPIE, 3126, 455-459 (1997).
– Null-vector suppression
– Correctly handling obscuration

• Null vector suppression was added in November 2005, was found useful and is in the baseline
software.

• The denominator-free algorithm, optimal estimator and obscuration changes were tested on the
sky on 7 September, 2006.

• The AO system was configured for LGS operation, with a 589nm narrow band dichroic feeding the
high-order WFS.  The measured attenuation for NGS operation was 3.3 magnitudes.  Tabulated V
magnitudes were offset by this amount to give a “Veff” magnitude in the following charts.

• The acquisition and science cameras (PHARO) were not attenuated.
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Measured NGS Strehl Improvement
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NGS Images, 2006 Sep 7

Veff 14.7
Landolt 111-1965
Optimal estimator
Clamped denominator
K Strehl   41.5%
K FWHM 94 masec

Veff 15.7
Landolt 111-1925
Optimal-estimator
Clamped denominator
K Strehl   18.1%
K FWHM 119 masec

Veff 16.5
Landolt 111-2088

Least-squares
Clamped denominator
K Strehl 5.4%
K FWHM 209 masec

Veff 16.5
Landolt 111-2088

Optimal-estimator
Clamped denominator
K Strehl 12.4%
K FWHM 152 masec
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Denominator-Free AO
• Use “gradient”  (A-B) rather than “centroid” (A-B)/(A+B) as input to reconstructor.
• First used in 1997 at Mt. Wilson, now used in commercial AO-aided lasercom for

highly scintillated horizontal-path environments.
• A theoretical underpinning can be derived from equations for optimal estimator,

letting object intensity approach zero.
– Object brightness ends up in both numerator and denominator – so why bother with

division?
– A faint light asymptote exists, just as a bright light asymptote exists.
– This theoretical derivation is a new, unpublished, result.

• The real-time processing is simplified as comparisons and branching are reduced
and division is eliminated.

• Operating at S/N less than one becomes possible, giving theoretically optimum
performance through cloud fades, etc.  Note that atmospheric transmission in LGS
is round-trip, and is the square of the NGS one-way transmission.

• Operating with large background becomes possible – companions of bright objects,
cores of comets, daytime operation.

• Concept can be tested in classical AO systems by using (A-B) * K
– If (A+B) > Const then K = 1/(A+B) else K = 1/Const
– Const is uniquely derived from theory.
– This is called “clamped denominator”.
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Optimal estimator / Denominator-free Pix

0.27 arc sec
100 km crater may be
source of L chondrites.

500, 700, 833 nm
Rampino et al.

0.54 arcsec
Spatially resolved

minerology
700, 833, 934nm

Dumas et al.

4 Vesta
3 Juno

Hale-Bopp

703 nm (H2O+)
45 min from Sun
22 arcsec / side

AO only AO with coronagraph
Airy ring on both b and a 

components in one raw frame

Procyon a, b
14000:1   4 arcsec  I band

Mira a, b 
  400nm



9

Summary
• Algorithmic improvements were made to the NGS portion of the Palomar AO system.

• Measured strehls ranged from 41.5% at Mv = 14.7 to 12.4% at 16.5, in good seeing (0.45 arcsec
at V).

• This improvement in faint light AO performance came from

– Optimal estimator (baysian) control matrix
– Denominator-free algorithm
– Null-vector suppression
– Correctly handling obscuration

• If the algorithm behavior at the 200-inch is similar that of the 100-inch, the improvement should be
even greater in bad seeing, high winds, and particularly with scintillation.

• These techniques should also enhance LGS performance

– Some improvement to high-order (laser star) performance

– Considerable improvement to low-order (natural guide star) performance

• These improvements are available now for routine use

– Clamped denominator is now the baseline

– Optimal estimators can be loaded manually, by asking the AO operator.

• A more sensitive acquisition camera will be needed in the future, for both NGS and LGS.


