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Voltage map.

 Saturated actuators.

Sub-

nanometer

stability,

position

repeatability,

and

hysteresis

demonstrated

in the LAO.

Testing MEMS deformable mirrors at UCSC’s

LAO (for GPI) and on-sky at Lick Observatory

+ 400μm-pitch device, tested 0-200V

 340μm-pitch device, tested 0-160V

low

spat
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Stroke

decreases at

higher

spatial

frequencies,

and the

“knee” is

located near

where the

influence

function falls

to zero.

Stroke vs Spatial Frequency

Position Repeatability
Saturation was a 3-4 

event for r0=15cm with

a 1.5um-stroke MEMS.

Broad influence

functions cause mid-

to-high spatial

frequencies to saturate

more than predicted

analytically from the

fitting error equation.

Tweeter Saturation vs Woofer Pitch



Burgasser 2009 arXiv:0903.1390 / Burgasser 2008 Physics Today; Mark Marley spectra; Robert Hurt BD illustrations
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Jupiter

Brown dwarfs, at 75 > MBD/MJup > 13, are

(1) laboratories for model atmospheres and

(2) cross-overs between star and planet

formation



Imaging low-mass companion



We are using Keck and Lick

NGS AO to look for faint

companions to Hyades stars

• Brown dwarfs:

– Characterize colors

– Match model

atmospheres

• Binary stars:

– Astrometric masses

– Binary fraction

• Mass function:

– Low-mass stars

– Brown dwarfs

Outline:

• Why we want to find
brown dwarf secondaries

• Why we chose to search
the Hyades cluster

• How the survey was done

• How the data were/are
being analyzed (LOCI)

• Which stars had
candidates for follow-up

• What we’ve found so far



Brown dwarfs probe interesting mass regime in the

IMF to aid understanding of star formation processes

Cruz et al 2009 white paper

Initial mass function not uniform over

star–brown dwarf–planet regimes,

implying varying formation

mechanisms

Binary star formation also

not well-understood.

Observations:

Mass function

Binary fraction

Separation distribution

Sterzik & Durisen 2003

Stars



Physical & chemical properties of clouds in BD

atmospheres not well known; Depend on temperature,

pressure, mixing, kinetics, patchy cloud deck, etc.

Burgasser et al. 2009 white paper / after Lodders & Fegley 2006



The Hyades open star cluster is well-

suited for an HCAO imaging survey

• 625 Ma old

• 46 pc away

• [Fe/H]=+0.11

• 10 degree tidal diameter /

subtends ~300 square degrees

• approx 400 members

• 0.11”/yr mean proper motion

Perryman et al. 1998

Surveyed 88 G2V–K7V stars in
Hyades (MV~4.7–7.6)



Epoch 1: 88 Hyads in 10 hrs @Keck (2005-6);

Snapshot images: Short & long exposures

star 1 unsat star 1 sat star 2 unsat star 2 sat

star 3 unsat star 3 sat star 4 unsat star 4 sat

Keck NIRC2 NGS AO



Locally Optimized Combination of Images

(LOCI) used to find best PSF to subtract

Target Image Best PSF Residuals

LOCI from Lafreniere et al 2007 ApJ 660

“Best PSF” = minimizes residuals in least-squares sense

“Locally optimized” = each region of image is analyzed

independently for best PSF; then tiled back together

=



Locally Optimized Combinaton of Images (LaFreneiere et al 2007)

slide courtesy Bruce Macintosh



Locally Optimized Combinaton of Images (LaFreneiere et al 2007)

0* 0.4* 0.3* 0.1* 0.2*

- =

slide courtesy Bruce Macintosh



LOCI algorithm minimizes the sum of the

squared residuals of the PSF subtraction
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T = target image

R = reference PSF image

OT = optimization area on

target image

(OT>>PSF core)

ST = subtraction area on

target (ST OT)

OR & SR = optimization

and subtraction

areas on reference

PSF, respectively

c = reference weights

(coefficients)

i = summing over pixels

in image

j & k = summing over

images

Lafreniere et al 2007 ApJ 660
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Size of optimization region >> size of PSF core

Lafreniere et al 2007 ApJ 660



binary

Practicalities – observing strategies,

binary stars, accurate photometry, etc.

Observing Strategies

• Stellar positioning constant on chip

– Static PSF errors  No dithering

• Sky subtracted in darks and by
LOCI  No skies

LOCI Practicalities

• Deep (saturated)
images  Mask out
central saturated region

• Centering is critical

– Binaries  Re-center
on each component

• Coefficients can be
positive or negative

– Double-check any
companions found

• Photometry

– LOCI can also remove
flux from companion

– Calibrate by inserting
artifical point-sourcesnot centered
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Taylor expansion of PSF describes speckle pattern

Diffraction pattern term

Pinned speckle term

        Strehl term
--results in symmetric speckles

Halo term

(from Sivaramakrishnan et al 2002 and Perrin et al 2003; also via Macintosh et al 2005)

Bruce Macintosh Bruce Macintosh



LOCI PSF subtraction allows for 3-

detection at contrast 10-4–10-5



~45 candidate multiples; ~10 candidate BDs;

Follow-up in Fall 2009 with Keck (5 hrs) & Lick







epoch 1 epoch 2

Comparing epoch 1 to epoch 2 verifies

any co-moving companions

N

E

N

E

companion

MH ~ 8



unsat

epoch 2

unsat

epoch 1



sat

epoch 1 - epoch 2

unsat

epoch 2

unsat

epoch 1



Minimum mass detectable ~0.03-0.02Msun

or spectral class late-L to early-T

http://perso.ens-lyon.fr/isabelle.baraffe/DUSTY00_models and http://perso.ens-lyon.fr/isabelle.baraffe/COND03_models

DUSTY models -- L dwarfs

COND models -- T dwarfs



Likelihood of finding any brown dwarfs:

Few percent; Out of 100 stars — 0-5 BDs

Metchev & Hillenbrand 2009 — Figure courtesy Stan Metchev

This Work

(Morz et al)

sensitivity limits

median companion mass

black: > 0.03 Msun

blue: 0.013-0.03 Msun

red: <0.013 Msun



Further explanation of Metchev & Hillenbrand Figure 13--Substellar

companion detection rates of published direct imaging surveys

Metchev & Hillenbrand 2009

Metchev & Hillenbrand (2008)



Constrain Hyades models with colors;

Check against cloud sedimentation models

Saumon & Marley 2008

black lines = iso-masses, cooling in time

blue dotted lines = isochrones

red lines = iso-luminosities

green lines = iso-radii



Conclusion: AO plus LOCI PSF

subtraction = high-contrast imaging

to find faint Hyades companions

Thus far:

– 3 confirmed ~M-dwarf
companions

– 6 confirmed back-
ground objects

To do:

- Astrometry to confirm or
reject co-moving
membership

- Photometry to
characterize companions

- Insert artificial point
sources to test
photometry

• Stellar companions:

– Binary fraction vs separation

in Hyades

• as compared to field stars

• and to less-evolved clusters

– Precise measurements of

mass from astrometric & rv

orbits

• Brown dwarfs:

– Characterize color &

spectrum for Hyades’ age

– Mass function in brown dwarf

regime
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