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This is not a crazy idea

Facts:
• For the Subaru Telescope: λ/D = 40 mas in H-band
• This regime is already being explored.

ex: NRM interferometry routinely detects 
companions below this limit (∼0.5 λ/D)

Need to be smart, consider the issues faced by high 
contrast imaging with AO separately, and address 
each of them appropriately. SCExAO is our response.

SCExAO isn’t a heavyweight GPI or a SPHERE, but an 
adapted answer to a series of simple needs.
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Masking interferometry
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Masking interferometry

Φ(1-2) = Φ(1-2)0 + (Φ1-Φ2)

Φ(2-3) = Φ(2-3)0 + (Φ2-Φ3)

Φ(3-1) = Φ(3-1)0 + (Φ3-Φ1)

measured = intrinsic + atmospheric
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Masking interferometry

Φ(1-2) = Φ(1-2)0 + (Φ1-Φ2)

Φ(2-3) = Φ(2-3)0 + (Φ2-Φ3)

Φ(3-1) = Φ(3-1)0 + (Φ3-Φ1)

measured = intrinsic + atmospheric

Signal lost but...

A perfect observable:
the closure phase!!
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Masking interferometry
3 parameters: angular separation, position angle, contrast
Error estimate: closure phase scattering
Small systematic error

40 % strehl
0.3 deg scatter

stability ~ λ/1000
all passive !
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Masking interferometry
3 parameters: angular separation, position angle, contrast
Error estimate: closure phase scattering
Small systematic error

40 % strehl
0.3 deg scatter

stability ~ λ/1000
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Relevant NRM results

Martinache et al, 2009, ApJ, 695, 1183

Astrometry + Direct Detection:
M1 = 0.247 +/- 0.019 MS

M2 = 0.096 +/- 0.008 MS

50 - 80 mas separation... on a 5-meter telescope
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Relevant NRM results

Transition disk CoKu Tau/4: 53 mas (~8 AU) binary

L60 IRELAND & KRAUS Vol. 678

Fig. 1.—Calibrated squared visibilities for CoKu Tau 4, plotted against a
baseline projected along a position angle of 306!. A binary model with contrast
1.25 and separation 54 mas is overplotted. The dashed line shows the visibility
expected for a single star.

TABLE 1
Direct Imaging Observations

Filter

Wavelength
Range
(mm)

r
(mas)

Position
Angle
(deg)

D
(mag)

Aperture Masking

. . . . . . . .′K 1.948!2.299 54.1 " 0.3 306.7 " 0.4 0.23 " 0.01

PSF Fitting

Hcont . . . . . . 1.569!1.592 53.6 " 0.7 306.3 " 0.3 0.24 " 0.04
Brg . . . . . . 2.152!2.185 53.3 " 0.2 307.7 " 0.7 0.25 " 0.01
Kcont . . . . . . 2.256!2.285 53.6 " 0.2 307.1 " 0.2 0.21 " 0.01

Bispectrum Analysis

Jcont . . . . . . . 1.203!1.223 51.7 " 0.9 305.8 " 0.6 0.23 " 0.06
Hcont . . . . . . 1.569!1.592 53.3 " 0.2 306.9 " 0.2 0.21 " 0.02
Brg . . . . . . 2.152!2.185 53.9 " 0.2 306.4 " 0.2 0.19 " 0.01
Kcont . . . . . . 2.256!2.285 53.6 " 0.2 306.0 " 0.2 0.20 " 0.01

Fig. 2.—Measured closure phases for CoKu Tau 4 as a function of modeled
closure phases, assuming that CoKu Tau 4 is a 1.25 : 1 binary with separation
54 mas at a position angle of 306!. The dashed line shows the zero closure
phase expected for a single star.

Fig. 3.—Top panels: Contour plots of the original AO image, the A-com-
ponent only (with the best-fit B-solution subtracted), and the B-component
only (with the best-fit A-solution subtracted) in the Brg-filter, demonstrating
the PSF-fitting technique. Bottom panels: AO images in the Kcont, Hcont-, and
Jcont-filters, clearly showing the binary despite the low Strehl. The contours
are drawn at 10%–90% in intervals of 10%.

We found that only a binary model provided a good fit to the
aperture-masking data, with a near-equal binary well within our
detection limits. The calibrated squared visibilities and closure
phases are shown in Figures 1 and 2, demonstrating that a binary
solution provides an excellent fit to the data. The binary solution,
based on the aperture-masking data, is given in Table 1.

Preliminary analysis of the masking data indicated that the
binary companion’s separation and flux ratio would allow it to
be resolved with direct imaging, so we obtained regular AO
images on the following night under slightly better observing
conditions (uncorrected seeing ∼1! in the K band) at an air mass
of 1.06. These observations were obtained with NIRC2 in the
narrow camera mode (∼10 mas pixel!1), and since the target is
very bright in the near-infrared, we used the narrowband filters
Jcont, Hcont, Kcont, and Brg. Total exposure times were 40 s in all
filters except for Jcont, in which twice as many images were taken
due to the very low Strehl, for a total exposure time of 80 s.
We show the images in Figure 3. Despite the low Strehl ratio
and the elongation of the speckle halo due to a dominant wind
direction, the binary is clearly resolved in all images.

We extracted photometry and astrometry from the direct AO
imaging of these sources using the point-spread function (PSF)
reconstruction technique described in Kraus & Hillenbrand
(2007b); this technique iteratively fits a template PSF to the
primary and then subtracts the secondary to fit an improved
estimate of the primary. This routine was implemented using
the ALLSTAR routine in the IRAF package DAOPHOT (Stet-
son 1987), and on the basis of previous experience with NIRC2
imaging, we chose to model the PSF using a Gaussian core
with Lorentzian wings. This method is illustrated in Figure 3.
In addition to this method, we used a recursive-phase algorithm
(e.g., Lohmann et al. 1983) to reconstruct the Fourier phase
from the bispectrum phase and then fitted a binary model to
the reconstructed phase of the image. In Table 1, we summarize
the relative astrometry and photometry that we measured from
our direct imaging observations. The consistency in separation
and position angle at the 1% level in the H and K bands and
at the 5% level in the J band, despite very different PSFs and
diffraction effects, demonstrates the reliability of our results.
However, the small statistical errors reported in Table 1 are not
entirely consistent internally, requiring additional systematic
errors to be added. Therefore, we assign a weighted mean
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We found that only a binary model provided a good fit to the
aperture-masking data, with a near-equal binary well within our
detection limits. The calibrated squared visibilities and closure
phases are shown in Figures 1 and 2, demonstrating that a binary
solution provides an excellent fit to the data. The binary solution,
based on the aperture-masking data, is given in Table 1.

Preliminary analysis of the masking data indicated that the
binary companion’s separation and flux ratio would allow it to
be resolved with direct imaging, so we obtained regular AO
images on the following night under slightly better observing
conditions (uncorrected seeing ∼1! in the K band) at an air mass
of 1.06. These observations were obtained with NIRC2 in the
narrow camera mode (∼10 mas pixel!1), and since the target is
very bright in the near-infrared, we used the narrowband filters
Jcont, Hcont, Kcont, and Brg. Total exposure times were 40 s in all
filters except for Jcont, in which twice as many images were taken
due to the very low Strehl, for a total exposure time of 80 s.
We show the images in Figure 3. Despite the low Strehl ratio
and the elongation of the speckle halo due to a dominant wind
direction, the binary is clearly resolved in all images.

We extracted photometry and astrometry from the direct AO
imaging of these sources using the point-spread function (PSF)
reconstruction technique described in Kraus & Hillenbrand
(2007b); this technique iteratively fits a template PSF to the
primary and then subtracts the secondary to fit an improved
estimate of the primary. This routine was implemented using
the ALLSTAR routine in the IRAF package DAOPHOT (Stet-
son 1987), and on the basis of previous experience with NIRC2
imaging, we chose to model the PSF using a Gaussian core
with Lorentzian wings. This method is illustrated in Figure 3.
In addition to this method, we used a recursive-phase algorithm
(e.g., Lohmann et al. 1983) to reconstruct the Fourier phase
from the bispectrum phase and then fitted a binary model to
the reconstructed phase of the image. In Table 1, we summarize
the relative astrometry and photometry that we measured from
our direct imaging observations. The consistency in separation
and position angle at the 1% level in the H and K bands and
at the 5% level in the J band, despite very different PSFs and
diffraction effects, demonstrates the reliability of our results.
However, the small statistical errors reported in Table 1 are not
entirely consistent internally, requiring additional systematic
errors to be added. Therefore, we assign a weighted mean

Ireland & Kraus, 2008, ApJ, 678, 59
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Relevant NRM results

Kraus et al, 2008,  ApJ, 679, 762

- Contrast limit: ΔK ~ 5-6 @ diffraction limit
- 82 targets, 12 new binaries discovered with 
masking, below the limits of traditional imaging.

as well as 4 lower 
confidence 

(97.5-99.5 %)
detections of 

planetary mass 
candidates
(8-12 MJ) 

AO
RV

AORV
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NRM will fly onboard JWST

These results got NRM a seat in JWST’s FGS-TFI in Sept 2008.

We are the JAM team
Sivaramakrishnan et al, Astro2010T, 40
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NRM will fly onboard JWST
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These results got NRM a seat in JWST’s FGS-TFI in Sept 2008.

We are the JAM team
Sivaramakrishnan et al, Astro2010T, 40
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Lessons from this experience

A little hardware goes a long way

Inner working angle matters

Benefits add up:    in its niche AO + NRM > AO

NRM is passive:    an active system will do better

Low order aberrations dominate
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Consequences for SCExAO

A coronagraph with good inner working angle and good 
throughput: we have the PIAA

A 1024-actuator DM should do the trick

Do not mess with AO188: SCExAO and AO188 simply 
ignore each other

Low-order wavefront sensor

And by the way:

Something that takes care of these crazy diffraction spikes

Do not mess with SEEDS current observing modes!
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A new frame for HiCIAO

CAD drawings by Yoshi Doi

• Design meetings involved: 
SCExAO, HiCIAO and 
instrumentation groups

• Features 3x as much rack 
space as the “old” frame
• Significantly lighter

• Dual railing system
• Vibration damping system
• Big enough to host guests
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Flexible frame for multiple modes

HiCIAOSCExAO

Frame

AO188HiCIAO

Frame

fore-
optics

AO188

HiCIAO front position SCExAO front position

Minimize impact on telescope and instrument interface
No mechanical interface between AO188 and SCExAO

Optical design accommodates errors of alignment
Thursday, July 8, 2010



The new frame is ready

integration HiCIAO on frame
in Subaru simlab, June 2010

Thursday, July 8, 2010



The new frame is ready

integration HiCIAO on frame
in Subaru simlab, June 2010

SCExAO
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“HiCIAO side”

“AO188 side”

The SCExAO bench
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tip-tilt
field mirror

tip-tilt mounted
deformable mirror

1 kHz low-order
wavefront sensor

focal plane
internal detector

Optical design

collimated beam
to feed HiCIAO

SRP
PIAA apodizer

focal plane
mask inverse PIAA

beam splitter/
fold mirror

f/14 beam
from AO 188

dichroic

collimated beam
for visible path 

(science and WFS)

SCExAO Phase 1 optical design

Martinache et al, 2010, SPIE, 7636, 216

Not an extreme AO yet, but extremely cool nevertheless
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Injection module

AO188

toward
coronagraph

tip-tilt
+DM

tip-tilt
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Specialization in narrow field

32x32 actuators translate at best into 
a 16 λ/D field of view: 0.5 arc second

ADI starts working there, HiCIAO 
and SCExAO+HiCIAO are 
complementary

Specialization allows SCExAO to be 
good at what it is doing and keep 
things simple

Thursday, July 8, 2010



Spider Removal Plate
e

i2

i1

n1
n2

n1

4.45 mm diameter

x

y

dx

dy

dx

dy

17.96 mm diameter

Section (1)

Section (2)

Section (3)

Section (4)

15 mm
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PIAA apodization

• On-axis lenses
• Apodize the beam
• Remove the central obscuration
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PIAA apodization

• On-axis lenses
• Apodize the beam
• Remove the central obscuration
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Pupil remapping on the bench

Thursday, July 8, 2010



Put it together

SRP

PIAA

SRP+
PIAA

PIAA+
SRP

Lozi et al, 2009, PASP, 121, 1232
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Isn’t doing that forbidden?

Lozi et al, 2009, PASP, 121, 1232
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Isn’t doing that forbidden?

Lozi et al, 2009, PASP, 121, 1232

Inverse
PIAA
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Isn’t doing that forbidden?

Lozi et al, 2009, PASP, 121, 1232
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Pointing control

At small angular separation (<2 λ/D):
A tip-tilt excursion will mimic 
companion signal

Good knowledge and control 
of pointing are essential

Guyon et al, 2009,  ApJ, 693, 75

Precision:
10-3 λ/D
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Pointing control loop

Vogt et al, 2010, SPIE, 7736, 37

Link CLOWFS 
telemetry to 

coronagraphic 
leaks...

with a dictionary!
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Post-processing calibration

Vogt et al, 2010,  PASP, in preparation

Long exposure Std PSF substraction CLOWFS calibration
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Focal plane WF sensing

ADI only works at angular large 
separations

Simple idea: use the DM to 
introduce phase diversity, in a 
manner that does not disturb the 
contrast

2x10-7 raw contrast @ 2 λ/D,
better (~100x) including 
coherence considerations

Guyon et al, 2010, PASP, 122, 71
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Space parameter for SCExAO?
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Extrasolar planets (Baraffe-Marley)
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Known exoplanets

NRMExAO

SCExAO

GPI
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