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We are focusing on four topics

1) Stellar populations in nearby galaxies

2) AGNs and supermassive black holes

3) High-z field galaxies: imaging and kinematics

4) Gravitational lensing



Stellar populations in nearby galaxies: 
Science questions

• History and evolution of star formation in nearby 
galaxies (out to Virgo Cluster)

– Probe the critical events in star formation and evolution
– Drivers: major and minor mergers, dissipative collapse
– Local tests of hierarchical clustering paradigm; implications 

for star formation modeling in early universe

• Representative topics:
– Stellar populations for galaxies in Virgo Cluster
– Starburst regions in nearby galaxies
– Globular cluster stellar populations (extragalactic)
– Metallicity histories of bulges and disks out to Virgo (using tip 

of red giant branch)



Example: M31 bulge, seen with 
Altair on Gemini North

From Davidge et al. 2005

17.5 arc sec

K’ Band



Stellar populations in nearby galaxies: 
Technical issues

• Key tools are color-magnitude and color-color diagrams

• What are the scientific advantages of visible, near-IR wavelength 
ranges?

• Need to resolve individual stars in very crowded fields (confusion 
limited); gather meaningful statistics

– MCAO: wider field ⇒ more stars per field, but more confusion
– KPAO: fewer stars per field, but less confusion
– MOAO: interesting if this is KPAO multiplexed (high Strehl)
– Visible light AO: might be interesting if Strehl is high enough

• What photometric accuracy and statistics are needed for each of 
the representative topics? 

• What photometric accuracy is possible to achieve with the various 
candidate AO systems?



Addition of visible bands: more 
access to main sequence

• Example from GSMT simulation by Olsen Blum and Rigaut 2003.

• Need to quantify potential scientific advantages for Keck NGAO



Stellar populations in nearby galaxies: 
General concept for simulations

• We develop a few initial crowded-star-field models to give to 
simulators

• Simulators propagate initial star-fields downwards thru 
atmosphere and AO systems (KPAO, MCAO, MOAO)

• We then use our spiffiest data-analysis tools to extract 
photometry from these star-fields and characterize photometric 
errors

• Insert artificial “stars” to determine completeness and limiting
magnitude

• We determine effect of photometric accuracy on the physical 
quantities we want to measure 



Stellar populations in nearby galaxies: 
Simulation ideas to date

a) A narrow "cross" ( + ) in color-magnitude space.  The spread in 
the cross after data analysis is a measure of the photometric and 
color uncertainties. Reveals limiting magnitudes.

b) A narrow curved line in color-magnitude and color-color space 
representing a cluster of a specific age, metallicity, dust content, 
and crowding/confusion.  Data analysis would show how well we 
could reconstruct the stellar population for KPAO, MCAO, MOAO.

c) Repeat the above for several wavelengths in visible, near-
infrared.

d) Repeat the above for different amounts of crowding



Stellar populations in nearby galaxies: 
Examples from Gemini MCAO report

Two simulations using same 30”x30” crowded star field; 
neither used PSF fitting to take anisoplanatism into account

Conventional AO MCAO



AGNs and Supermassive Black Holes:
Example Science Questions

• Masses of black holes in nearby galaxies
– M-σ Relation: Black hole - bulge correlations remain uncertain 

due to small number statistics
– Very few detections currently exist for black hole masses 

below 107 or above 109 solar masses
– Cross-checks between methods (stellar, gas, AGN reverberation 

mapping) are still lacking

• Properties of AGN host galaxies at high redshift
– How does the black hole - bulge mass relation evolve out to 

high z?

• KPAO will be ideal
– Need high Strehl for observations of individual objects
– Narrow FOV is acceptable (AGNs are far apart on the sky)



Black hole masses in nearby galaxies:
Technical issues

• Key issues:
– Spatial resolution: need to resolve the black hole's dynamical 

sphere of influence rg = GMBH/σ2

– Analysis requires accurate knowledge of the PSF structure

• Spectral features for stellar dynamics:
– CO band:       2.29 μm
– Ca II triplet:  8498, 8542, 8662 A

• Spectral features for gas dynamics:
– near-IR: H2, Brγ, [Fe II], Paβ
– optical:  Hα

• IR IFU such as super-OSIRIS 
• Optical IFU needed to exploit KPAO at λ<1 μm



Black hole masses from stellar dynamics

• Need measurements of the 
line-of-sight velocity 
distribution

• Black hole mass derived from 
Schwarzschild orbit modeling

• Combine AO measurements 
within the inner arc sec with 
non-AO observations at larger 
radii

Gemini spectra of Cen A: CO bandheads
(Silge et al. 2005)



Addition of optical bands:
potential advantages

• In K band, Keck diffraction-limited 
resolution is similar to HST at Ca II 
triplet, but IR is much better for 
dusty galaxies

• With KPAO, a diffraction-limited PSF 
core at the Ca II triplet would be a 
major improvement in spatial 
resolution for BH detection

• Key advantages:

– Enables many more low-mass 
black holes to be detected

– Better for resolving rg in nearby 
galaxies, leading to more 
accurate measurements

Minimum BH mass detectable vs. 
distance, assuming the local M- σ
relation and at least 2 resolution 

elements across rg



Black holes: simulation concept

• Develop an initial dynamical model of a galaxy, and create a data 
cube of spectra projected on the sky

• Simulate propagation through atmosphere and AO system for Ca 
triplet and CO bandhead

• Then extract kinematic data from the simulated spectra

• Determine required PSF characteristics for successful measurement
– How does measurement accuracy with KPAO compare to current 

AO capabilities for K-band observations?

• Requires collaboration with stellar-dynamics experts

• Can also model gas-dynamical measurements (e.g. use H2 lines in K-
band)



High-z quasar host galaxies:
simulation concept

• Start with AGN+host galaxy models for a range of galaxy properties, 
redshifts, and AGN luminosities

• Simulators propagate images through atmosphere and AO system, for a 
range of PSF properties

• Use GALFIT to try to recover host galaxy parameters

• Determine effect of PSF mismatch on results and quantify improvement in 
results for KPAO vs. current AO capability

• Work with Galactic sub-committee (similar to debris disk detection?)

QSO hosts at z~1 
observed with Lick AO

(Lacy et al. 2002)



QSO Host Galaxy Structure: 
PSF subtraction is key

• Goal: Need as accurate a 2-D PSF as possible to subtract out bright 
QSO and leave the host galaxy light. 
– Determined from switching back and forth between target and reference 

PSF stars (perhaps tip tilt star for LGS AO)

• Questions to be Addressed: Using LGS AO, how frequent, what ratio 
of exposure times, what number of switches, and how bright and 
distant a reference star will yield what accuracy (%) in host galaxy 
surface brightness profile?

• Simulations needed: ~3 arc min FOV, with 5-10 stars spread out 
within FOV, LGS on top of each.  What is optimum strategy to achieve 
a high level of  PSF similarity among the reference stars? 

• Analysis: Subtract PSF-like QSO component and determine accuracy 
of the resultant residual image of the host galaxy.



High-Redshift (z) Galaxies

3 major cosmological mysteries: 

Nature of dark energy, dark matter, galaxy formation + evolution. 
All can be tackled by studying structure, contents, and kinematics of 

distant galaxies.  Stable PDF is key.

Keck AO in the near-IR is especially valuable because:

1. Excellent match of PSF: HST in optical, Keck AO in near-IR (0.05”) 
2. Galaxy components have sizes resolvable by AO ( ≤ 1 kpc; from 

redshift z = 0.5 to z = 5,  0.05” corresponds to 300-400 pc )
3. The well-studied optical regime is redshifted to the near IR 
4. Near IR provides color range to probe the history of stars 
5. Near IR reduces effects of dust extinction
6. FOV of a few arc min contains 10’s of distant field galaxies; rich 

groups and clusters would have even more 



Scientific Drivers: 
Questions to be Tackled with Keck NGAO

• Morphology Evolution: How did galaxies change from their 
chaotic forms at high redshifts to their common Hubble 
sequence forms today? Can we see the assemblage from small 
to large as predicted by hierarchical clustering models?

• Bulge and Disk Evolution: When and how did bulges form? Are 
they younger or older than disks? Did large disks form early or 
not? Did disks form inside out? What is the relationship 
between disk motions and those of dark matter halos? What is 
disk chemical evolution?

• AGN Evolution: How have bulges been growing relative to the 
size of supermassive black holes? What are the hosts of AGNs? 
Are mergers the triggers of AGN activity? 



High-z Field Galaxies
3 arc min  ≥ MCAO FOV 

30”

Host      QSO

Together
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Things to note

• The large numbers of distant galaxies in a small FOV, 
especially if you can go very faint

• The incredible diversity of galaxies in colors, shapes, sub-
components, neighborhoods, etc.

• The small sizes of galaxy sub-components

• The enormous growth potential for AO with existing HST 
data in hand 

– HST panchromatic survey regions have covered about 10,000 
square arc min of sky

– 1000’s of galaxies and years of AO follow-up assure value of 
NGAO on Keck



• KPAO: Only one galaxy at a time.  Precision photometry of distant 
supernovae; variability of central AGN; visible AO to resolve 
subcomponents of HII (ionized hydrogen) complexes.  But these are 
only small fraction (<5%?) of Keck distant galaxy science potential.

• MCAO and/or MOAO: Large FOV with uniform/stable PSF would be 
ideal for imaging studies of HST deep fields.  Bread and butter 
science (guess 2/3 of science) for distant galaxies for many years to 
come.  Access to North with Keck is important to exploit northern 
fields: GOODS-N, EGS, Lockman Hole, ... that have HST data.

• MOAO or MCAO with deployable IFUs:  Each additional IFU is like 
having  another Keck; has enormous leverage.  Surface density of
useful targets in the field will easily accommodate 5-10 IFUs over a 
FOV of 1-2 arc min.  More IFUs for rich groups and clusters.  Guess 
20-30% of Keck distant galaxy science.

AO for High-z Galaxy Studies: 
Surveys are key ( ⇒ multiplex advantage)



Simulations Related to Broad and Narrow Band 
Imaging of Distant Galaxy Substructures

• Goal: Determine uncertainties in measurements of substructure 
brightness, size, ellipticity, position angle, due to realistic PSF 
uncertainties (spatial and temporal variability). 

• Simulations needed: For KPAO, MCAO, MOAO, propagate an 
image with a set of representative artificial galaxies [that span a full 
range of luminosities, bulge-to-disk ratio, inclinations, bulge and 
disk sizes and profiles] from above the atmosphere through the 
whole system from visible to K band for range of seeing conditions.    
All images should be in FITS format.

• Analysis Planned: Using GIM2D and perhaps GALFIT to analyze 
data and determine sizes, shapes, and colors of galaxy 
subcomponents (see Goal). Compare KPAO, MCAO, MOAO results.



Simulations Related to IFU 
Spectroscopy of Distant Galaxies

• Use  David Law/Chuck Steidel software to estimate gain in SNR 
when using  an IFU.  Use KPAO PSF (or MCAO, MOAO as 
appropriate).

• Use the s/w to estimate SNR gain for nearly-point-like emission-
line components within an extended galaxy.  Such components 
include HII regions, SN atop a galaxy, and AGN spectral signatures.

• Pixel size of 0.1” is recommended baseline (Law et al 2005) for 
balancing between SNR, readout noise, and spatial resolution with 
current generation of IFUs (OSIRIS).  How much decrease in 
exposure time would be achieved with higher Strehl and 
improved PSF stability?  What is ideal pixel size?



Gravitational Lensing: 
Science Questions

• Lensing by clusters:
– Clusters as gravitational telescopes: extremely high-z or faint galaxies.  

Spatially resolved kinematics, chemistry, star formation rates.
– Mass distribution within clusters from precise position of multiple arcs 

and images
– Cosmography from arc statistics (e.g. collections of multiple images at 

different redshifts)

• Lensing by galaxies:
– Mass distribution of elliptical galaxies and bulges
– Faint spirals/irregular galaxies: morphology, mass distribution,

kinematics, chemistry
– Time delays of AGN variability between multiply lensed sources 

provide way to measure H0 to high precision.  Requires photometry to 
a few %.



Lensing by a cluster (HST)

• Density of lens arcs on sky: tens per square arc min

• Significant benefit from MCAO or MOAO



Quasar lensed by a galaxy (HST)

• Spatial scales 
several arc sec

• KPAO or other 
narrow FOV is 
fine



Cluster lenses vs. galaxy lenses

• Cluster lenses:
– Clusters are more rare on the sky
– But clusters have much higher chance of lensing multiple 

background targets (longer caustics)

• Galaxy lenses:
– Galaxies are much more common on the sky
– But they are much less likely to be lenses



Gravitational Lenses:
Questions to address

• What is the required pixel scale/spatial resolution?

• What is optimum field of view for narrow-field and 
wide-field AO systems?

• What is required spectral resolution?  (e.g. is 30-50 
km/sec OK?)

• What photometric bands are going to be useful, given 
the expected/desired range of redshifts?



Gravitational Lensing: 
Characteristic spatial scales

• Sizes for cluster lensing well 
matched to MCAO/MOAO: of 
order 20-30 arc sec

• Sizes for galaxy lensing well 
matched to KPAO: of order 
1-2 arc sec



Gravitational Lensing by Clusters:
Critical issues for imaging

• Multicolor to identify arcs

• Relative astrometry across cluster field for mass modeling

• High Strehl to pick up radial arcs in central galaxy



Arcs are faint and thin...

• Abell 1689, HST

• Multicolor clearly 
useful for arc 
identification



Gravitational Lensing by Clusters:
Critical issues for spectroscopy

• Spectra are needed to get redshift of arcs

• Low spectral resolution is OK (1000-3000)

• Arcs are faint and thin, so high Strehl will help reduce 
background, make arcs more detectable

• J and H bands quite important, in addition to K (to find 
J/H band dropouts)

• To find Ly α / Ly α forest break at epoch of re-
ionization (z = 7-10), need 0.9 - 1.2 micron region 
(there will be gaps due to atmospheric absorption)



Simulation model of lensing by a 
galaxy (Treu and student)

• This is ideal image above 
atmosphere

• We want to propagate 
images such as this 
through atmosphere, 
telescope, and AO system

• Test ability to infer each 
of the important galaxy 
and lens properties

1 arc sec



Status and Summary

• We have conceptual understanding of what types of simulations 
are needed

• Next steps: 
– Need to understand range of simulation models that are possible, and 

which will be most useful
– Need to generate “above the atmosphere” scenes/images to 

“propagate” thru atmosphere, telescope, AO system
– Then use our best data-analysis tools to study quantitative ability to 

do the relevant science

• General thoughts on AO systems:
– Crowded fields: choice not yet clear, need simulations
– AGNs/Quasars: KPAO
– Field galaxies: MCAO or MOAO
– Gravitational lenses: MCAO or MOAO for clusters, KPAO for galaxies
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