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What is SCExXAO ?

Leading development platform for High
Contrast Imaging

Science instrument in operation for <
high contrast imaging

Prototyping for imaging habitable

Well-supported, matured modules
offered for open use

CHARIS (Near-IR)
Princeton, US

VAMPIRES (visible)
Univ. of Sydney, Australia

N

Maturation
Integration
Support

planets with upcoming large telescopes <

Modules under development
Prototypes, experiments
Visitor instruments
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Slel aX(a1c SENNRYE——— ()< cving time & research output

25 == == == Engineering
Science
Staff

— Total Engineering

~6 nights per yr for engineering
over last few yrs. Currently ~5
refereed technical papers/yr
using SCExAO as technology
maturation testbed (mosty on-

sky).

= Total Science

Total Staff

— 013
staff+Science

———  Otal
= === Total+ canceled

= == == Science+Staff

Science:

2017: 18.5 nights + 0.5 cancelled
2018: 21.5 nights

v%{gb 2019: 7 nights + 2 cancelled

Total SCExAO Journal publications between 2009-2019

Total journasl publications
iy

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
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Team

<: Local (Subaru/NAOJ) operation team
manages core hardware and software

Operates instrument, fixes things

Olivier Guyon (PI), Julien Lozi, Sebastien Vievard,

Ananya Sahoo, Tomoyuki Kudo, Thayne Currie
) Full team includes R&D collaborations,

modules support, science support
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Block diagram (~2019)

FIRST RHEA

_____________________ Spectro-interferometer Integral Field Specrtro
| A

1
1
| : A A
! K-mirror I
: Rotates pupil |

1
1

5 e e T T T T
v | |
| [ 1 .

188 DM ! Pyramid WFS VAMPIRES

i | Htatn eormeetion s ! I [0.6-0.9 um] < >l [0.6-0.9um]
| : | Polarimetry, Aperture masking
1

I |
| l ! I

1
1
1| Aapc ! ! 50x50 Corona CHARIS

. . I graph

1| Compensate for : » 2 MEMS DM ) Remove starlight ) [Y-J-H-K bands]
: dispersion | Fine correction nearIR IFU

1
1

1

Coronagraph Viewing Cam (__QQ
LOWFS “Chuck”

=1 —

GLINT
> Photonic Nuller
MEC pe
MKIDs Exoplanet Camera
IR RHEA
> IFU
® Beam splitter/selector IRD . | REACH
High Res Spectro High resolution spectroscopy
Wavefront sensor
SAPHIRA SAPHIRA
nearlR WFS PDI / Speckle control
Science Module

Wavefront Correction element
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0.0

AO188 off, SCEXAO off | AO188 on, SCEXAO off | AO188 on, SCEXAO on

-0.5

-1.0 %

flu

153

1Z|

R T O
o o » o
log10 of normal

~
o

VAMPIRES instrument _
PD|, SDI Intensity
Aperture masking

Visible light diffraction limit

(750nm PSF shown here) .

CHARIS Near-IR IFU
gi- 2” FOV

16.2mas / lenslet -0.0001
J/H/K bands

R=19 (low res, J+H+K)

R=70 (highres, J, Hor }

=1.17 um
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C

0.25"/34 AU

HIP 79124

Asensio-Torres, Currie, & Janson et al. 2019

2018-05-22

0.5"/50.75 AU

HD 163296/E. Rich, 2019

NearlR Images

0.5"/66 AU
HIP 79977

Goebel, Currie, & Guyon et al. 2018

HR 8799

SCEXAO/CHARIS (Currie et al. )
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PSF ref (63 Cet) Sy

Dusty mass-loss shell
seen in scattered starlight

v

»
6 mas / px
FWHM = ~18 mas Disk around omi Cet B
100 mas /D= 105 mas 100 mas ' 2 5
Observed 12/09/2017 “ L ep’ ’ EI
Polarised Int it
C) olarised Intensity .y
40
0.21F
. 20
Inner radius: 9.3 = 0.2 mas
(which is roughly R, »

Scattered-light fraction:
0.081 = 0.002

PA of major axis: 28 = 3.7 °
Aspect ratio: 1.24 = 0.03

Y position (mos)
o

1
N
o

0.07

-40

0.00

-40 -20 0 20 40
X position (mas)
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230047 STERBELSES Upgrades (next ~2yr)

Near-IR Wavefront Sensor

New Laser

|

I TAO WFS

11
| AO188 |

s |
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3055 S TIBRAE R Current Contrast Limit

45mn CHARIS sequence. Data reduction by Thayne Currie.

J

Pl H
- 107" Ks
<] Broadband
e
1%

-5
o 10
-
-
o
>
t|:= 10°°
LO)

-
J,

0.0 0.2 0.4 0.6 0.8 1.0
Separation (arc—sec)
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Improved contrast, smaller angular separations —

Lower mass / older planets on smaller orbits

Exoplanet Imaging

Reflected light imaging of a few nearby giant planets

Small-size planets are abundant

o
—
N

Fulton et al. 2017

o
=
o

—

typical
uncert.

o
o
o

Planet occurrence rate
for 1.2<R<2.8 : 59%

o
o
B

Number of Planets per Star
(Orbital period < 100 days)
o =]
o o
\v] (9}

o
o
o

1.0 1.3 18 24 35 45 6.0 8.0
Planet Size [Earth radii]

0.7

12.0

20.0

Occurrence Rate per bhin

Massive planets are mostly near 1-4 AU

Semi-ma&or Axis
10

1071 10!

1072 4

1073 -

Fernandez et al. 2019

(‘D ®- RV:M, =0.16-20M,
@+ rv:M, =01 20M,
@—i— Kepler: R, = 5- 20 Rg
@ & - Kepler: R, =3.4-20 R,

10! 10? 103 10°

Orbital Period (Earth Days)

10°
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1 A/D 1 A\/D 1 AMD Around about 50 stars (M type),
A=1600nm A=1600nm A=10000nm .~ rocky planets in habitable zone
Log Contrast D =30m D =8m D =30m could be imaged and their
spectra acquired
[ assumes 1e-8 contrast limit, 1 I/
D IWA ]

K-type and nearest G-type stars
are more challenging, but could
be accessible if raw contrast can
be pushed to ~1e-7 (speculative)

stars

0 (Y

X iy
,{. -

-8

)
J Il = I = E = = = = ==

%600 1 Thermal emission from habitable
29,55 ° g P . planets around nearby A, F, G
g type stars is detectable with

log10 contrast R
R P GSMTs

.

=)

- Ketype stars

9

Space-based
observatories observing
in visible and near-IR
light

1 Re rocky planetsinHzfor - O
stars within 30pc (6041 stars) -+ B c

" F-type stars

5 P

+

. 1 Log Sepdrodticr [arcsec]

Angular separation (log10 arcsec)




@.PS' Optimal Imaging Wavelength

| band: 24 J band: 48 planets

Targets suitable for ExoEarth spectral characterization (I band) Targets suitable for ExoEarth spectral characterization (J band)

Detected (SNR=10, R=40in < 1hr exposure time) Detected (SNR=10, R=40in < 1hr exposure time)

683 planets SNR-accessible (no starlight) - 452 planets SNR-accessible (no starlight)

24 planets characterizable 46 planets characterizable

log10(Contrast)
logl0(Contrast)

Circle size proportional log10 planet photon flux Circle size proportional log10 planet photon flux

0.01 : 0.01

Angular Separation (arcsec) Angular Separation (arcsec)

Targets suitable for ExoEarth spectral characterization (H band) Targets suitable for ExoEarth spectral characterization (K band)

Detected (SNR=10, R=40in < 1hr exposure time) Detected (SNR=10, R=40 in < 1hr exposure time)

270 planets SNR-accessible (no starlight) ' 125 planets SNR-accessible (no starlight)
38 planets characterizable 28 planets characterizable

log10(Contrast)
log10(Contrast)

Circle size proportignal logl0 planet photon flux A Circle size proportional log10 planet photon flux

0.01 . 0.01
Angular Separaltion (arcsec) Angular Separation (arcsec)




= PSI

1077 ¢

Flux Density (Jy)
S
oo

—
<
=}

10—10

Targets

Raw contrast scales as lambda”®-2, IWA scales as lambda
SNR limit: SNR=10 at R=40 in 1hr

ASSUMPTIONS for 30m Telescope
SNR is limited by photon noise from both starlight and
planet light
Raw contrast limited by residual WF errors (not by
coronagraph defects)
ExAO system delivers 1e-6 raw contrast at Tum
Every star has one Earth analog

Synthetic Spectrum of an Earth-like Planet

KEY FINDINGS
* Best targets are M-type stars (M0-M6)

* Optimal wavelength is near-IR (especially J & H
bands), suitable for detection of O2 (1.27um),
H20, CH4, CO2

Wavelength (pm)



ExAO WFS: 1e-5 raw contrast required

Table 6 Optimal Wavefront Sensing Wavelength - Linear Regime

Spectral Teff Optimal | Photon flux” | Flux gain relative to ...
Type K] Band?® m~.ms™] B R H
BOV 31500 U 1.08e10 2.14 12.06 1337.0
A0V 9700 B 5.01e7 1.00 4.25 204.7
FOV 7200 B 1.05e7 1.00 2.78 82.1
GOV 5920 B 1.34e6 1.00 1.80 33.7
KOV 5280 B 3.26e5 1.00 1.33 17.6
MOV 3850 R 3.53e4 2.03 1.00 3.93
M4V 3200 I 4.65e3 12.5 1.80 2.83
M8V 2500 J 6.00e2 150.0 11.6 1.98

20ptimal bandwidth selected among standard astronomical spectral bands (U, B, R, I, J, H). Assumes
fixed relative spectral bandwidth d\/)\. Central wavelength listed; ® Assuming 10% effective spectral band
at optimal sensing wavelength, main sequence star at 10pc.

KEY FINDINGS
WEFS at red/NearlR (0.6-1um), optimal for M-type stars
IWA should be ~1.5|/D

Raw contrast <1e-5 (ideally 1e-6), detection limit ~1e-8
ExXAOQO loop running on |~8 target




£ psI

Raw Contrast [10-base log]

-10

Seeing-limited WFS, 1 kHz

T T T

Residual OPD correction error - WFS photon noise [CRopyn]
Residual OPD correction error - Temporal lag [CRgTeM]
Residual Amplitude - Scintillation [CRyyamp]
Residual Amplitude correction error - WFS photon noise [CRapyn]
Residual Amplitude correction error - Temporal lag [CRa1em]
Chromatic OPD - Multiplicative refractivity [CComu]
Chromatic Amplitude - Multiplicative refractivity [CCapy]
Chromatic OPD - Fresnel propagation [CCqpgg]
OPHN Chromatic Amplitude - Fresnel propagation [CCpppol
Chromatic OPD - Refractive Light Path [CCoppal ——

i - Refractive Light Path [CCppgal

APHN

ATEM

APRO

, IA”’T:::ﬁ’,—”' | AMUL

0 0.05 0.1 0.15 0.2 0.25 0.3

Angular Separation [arcsec]

ExXAO system must use efficient WFS, handle chromaticity, scintillation, and

be highly accurate to meet 1e-5 requirement

Raw Contrast [10-base log]

-10

Diffraction-limited WFS, 3 kHz

ExXAO raw contrast error terms

T T T

Residual OPD correction error - WFS photon noise [CRopyy] =
Residual OPD correction error - Temporal lag [CRgrgm] =

Residual Amplitude - Scintillation [CRyamp]

Residual Amplitude correction error - WFS photon noise [CRappy]

Residual Amplitude correction error - Temporal lag [CRatem]
Chromatic OPD - Multiplicative refractivity [CCqpy ] =
Chromatic Amplitude - Multiplicative refractivity [CCpopy ] ——

Angular Separation [arcsec]

OMUL Chromatic OPD - Fresnel propagation [CCoprol
Chromatic Amplitude - Fresnel propagation [CCppggl
Chromatic OPD - Refractive Light Path [CCqprs] =
Chromatic Amplitude - Refractive Light Path [CCppgal
OTEM _
OPHN RA
UAMP 2
APHN
ATEM
APRA APRO
OPRO -
e // AMUL
1 | |
0.05 0.1 0.15 0.2 0.25 0.3



©) PSI instrument concept design
EXPSI

[4] Speckle Control

[3] Coronagraphic LOWFS WFS/C Real-

[2] WESIC tweeter Time Computer [5] Tweeter DM offload

[1] Common WFSIC loop

PSI-Red
Common Path AO

Vis WFS

Coronagraph 2= P Coronagraph

R=50IFU R=10° R=10° 2—901m

High-Res | R =50-5k IFU

Imager High-Res i

Polarimeter Spectrograph Spectrograph




|

Main ExAO loop ‘ SI
1st stage Maintain diffraction limit in 1 stage WFS(s)
Deformable Mirror
Large stroke
kH. d . .-
e 1* stage WFS(s) Predictive Control
100 x 100 actuator Visi 2
isible/near-IR & Sensor Fusion
I Diffraction-limited
b -1 kHz frame rate
FEEE R L W * =_= y
; AO loop(s) self-]
2" stage Fine EXAO loop calibration
Deformable Mirror Speckle control, finely calibrated control
High precision
High speed (>kHz)
~100 x 100 actuator AO Telemetry
d "":,'
h 2r_‘ .stage WFS(_S) A WFS measurements, DM commands
V=== =========pVsible/Near-IR, High
"""""""accuracy,kHzframerate 7
) Coronagraphic Low-
Starlight ™| order WFs _
Suppression PSF reconstruction
Focal Plane Camera
Low noise
High frame rate

Data Calibration
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[4] Speckle Control ‘iL !
[3] Coronagraphic LOWFS WESIC Real-
[2] WFSIC tweeter Time Compater [5] Tweeter DM offioad .
L
¥

PSI-Red
Common Path AO

— : j [ New Laser

I— & U1 TAO WFS

ngh RBS R = 50‘5k IFU

Imager

Spectrograph

Key PSI subsystems/components/technologies validated on SCExXAOQ include:
* Magnetic deformable mirror, MEMS, SAPHIRA detectors, MKIDS

* Fiber injection, Coronagraphy

* Advanced wavefront control
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julien &:46 PM
one sec

SCIENCE ca...y! (scexao2) - o x

you are good to go

Marc-Antoine &:47 PM
thx

Marc-Antoine 7:38 PM
i'm done

Seb 7:39 PM
9 = =
Taking over (2

(except if someone has an urgent thing to do, please |

Marc-Antoine 7:45 PM
argh, forgot to check one thing!

0.
0.
0.
0.
0.
0.
0.
0,
0.
0.
0.
0.
0.
0.
0.
0.

BB RRE LR TIRRY

) Seb 7.46 PM

do you need IRcam for that ?
Marc-Antoine 7:46 PM

yes

euh
just the source, chuck
and nuller pickoff
) Seb 7.46 PM
ok
Go ahead

EEEEREEEFEEEFT]

annel #12: min=0 I'm removing my stuff

you got it
Marc-Antoine 7:48 PM
ok

Marc-Antoine 7:53 PM
ok

you got it. | may not have set the densities and filter t|
Seb 7:53PM
© ok , thanks (2

(so, re-taking over)

SCEXAO WFS/C relies on
collaboratively developed open-source
cacao package

— common framework to develop,
deploy and test new algorithms

Seb 8:22PM
° bench is free

thanagno s:26 PM
ok I'll use it for a bit

SCEXAOQO used as a daytime testbed for
external colllaborators to operate and
run tests

nabli

VAMPIRES (AMERA
VAMP DIFF WHEEL
DCAM PONER

SRR (CE:ADd POWER )
M = -

B ScEuicd Pona 1 |
B TT RODULATOR

Supsr¥ b-oadbed
L

o 1e

Opea

wr

(defailt)
i (default)

(husk focus
wr

MPTL
wr

a2

Single-Msda Fib
Wi

Single Mode Inj
iingla Msda In

100 m 5
UPEN (default)

[default)
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* Calibration

- Source
" Daytime testing

FIRST RHEA
__________________ ) Spectro-interferometer Integral Field Specrtro
Kyoto3D

Optical IFU A A

K-mirror
Rotates pupil

IRCS
2-5 um imaging
and spectroscopy

64x64 DM Pyramid WFS >) VAMPIRES
Main correction [0.6-0.9 um] [0.6-0.9um]

Polarimetry, Aperture masking

ADC e Coronagraph
Compensate for MEMS DM > Remove starlight > [Y-J-H-K bands]
dispersion Fine correction nearlR IFU

—

I
I
I
I
I
I
I
I
I
CHARIS I
I
I
I
I
I
I
I
I
I

v
Y

® Beam splitter/selector

IRD (el REACH "
High Res Spectro High resolution
STl o Totelo Y AN—

LGS SHWFS Coronagraph Viewing Cam
LOWFS “Chuck”
LGS SHWFS ummmmmmn O
1 GLINT
LGS SHWFS | Photonic Nuller
! MEC
LGS SHWFS 1 MKIDs Exoplanet Camera
|
1 > IR RHEA
IFU
|
|
|
|
|

Wavefront sensor

. SAPHIRA SAPHIRA
nearlR WFS PDI / Speckle control

Science Module

Under

Development

Wavefront Correction element
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Hardware Software
Detect Advanced WFS/C algorithms
 High d ;fc o ting for WFS * Predictive control
. Low noise for spectroscopy + Sensor Fusion
* Wavelength-resolving (MKIDS) * Non-linear WFS/C

Deformable Mirrors

* Large stroke & actuator count (Magnetic) Machine learning / Al _
* High speed, high precision (MEMS) High performance computing

]

Astrophotonics
Using coherent waveguides to transport,
filter and combine light

Real-time PSF calibration
* Specke noise removal

* Fiber-fed spectroscopy / IFU

* Interferometric imaging Focal Plane WES/C
* Interferometric Nulling + Speckle nulling

» Combining all of the above * Coherent Differential Imaging
* LDFC




A new approach to Adaptive Optics

control
Conventional AO: Control Matrix
mXxX n

We calibrate the system in the lab, N
and then apply a linear input-output ( Last WES DM state
Control |aW measurement @

") ~

Predictive Control Matrix

Advanced AO control: s (B

( Last N WES ) DM tate
We continuously, optimally derive measurements @ F{ - I
the input-output controller from the k Nxn )

real-time data streams.

Last N WFS ) Sensor Fusion and
This is a formidable computing measurerments Predictive control Matrix
nge:
phalle g k N xn mx (KxNxn)
input has ~10,000 degrees of —
freedom, output has ~2,000 WS ) DM stat
ast State
degrees of freedom., and controller easUrements @ »{ I
must compute solutions at 3 kHz sensor K m
framerate _ Nxn

)
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F(£200F 5 STBREE N PEE H Igl‘(l: Perfo:rnance
omputing

One of two GPU chassis

SCEXAO uses 35,000 cores
running @~1.6GHz
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3x contrast improvement

OFF (integrator, gain=0.2) ON

Average of 54 consecutives 0.5s images (26 sec exposure), 3 mn apart
Same star, same exposure time, same intensity scale
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Y IEHa0F IV SOBRMBENLFEE

PSF calibration from real-time telemetry
— it should be nearly impossible for speckles to “hide”

Two goals:
#1 improve Wavefront control sensitivity and accuracy
#2 provide real-time stellar PSF estimate for PSF subtraction

Promising... but realtime reconstruction of PSF from multiple WFSs is very challenging

Early work: PSF reconstruction using NN successfully estimates
visible PSF (B. Norris, Univ. of Sydney)

Input image Predicted image Truth image

20
40
60
80

100

0 20 40 60 80 100
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e em e =Tl Reinforcement Learning

AQ loop can learn in real time by monitoring focal plane PSF

Figure 5: On-sky demonstration of re-inforcement learning for PSF sharpening, using reference updating sensor fusion. The
SCExAO pyramid WFS reference on the internal source does not match the on-sky reference due to differences in pupil illumination
and variations of chromatic non-common path errors, so it must be learned on-sky from monitoring of the real-time PSF quality.
Once the XAO loop is closed, an algorithm identifies the 1% best PSFs and selects the corresponding WFS frames from the real-
time WEFS telemetry stream. These selected WFS frames are averaged together every 30sec for noise reduction, and the resulting
new WEFS frame replaces the WFS reference. As the algorithm proceeds, the pyramid WFS is continuously rewarded for high
quality PSFs, and the visible light PSF quality improves. The evolution of the on-sky visible (670nm) selected PSFs is shown
here over a 21mn period (3.5mn between consecutive PSFs) on the SCExAOQO system. The strong coma aberration present in at the
beginning of the sequence is automatically removed.
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SﬁE‘ : TIE5a0F I SOBRBELFLER Focal Plane WFS/C
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e i  Fiber-fed HR spectroscopy

F£200F 9 SOMBREE S SES (R~70,000 to 100,000)
y ’
Visibl -
| isible REACH Near-IR
| RHEA ?

SCExXAO— IRD feed
Replicable High- T. Kotani, H. Kawahara

resolution |
| Exoplanet & s :
Asteroseismology i
~ (Michael Ireland, ANU| | "= Sl
- Christian Schwab,
- Macquarie Univ)

s Optical beam path 28

v‘ L

" ;
Fiber positioning =

meghanisms \
.
. =\

1600 1700 1800 1900 2000 2100 2200




o Subaru Coronagraphic Extreme Adaptive Optics

Fiber Interferometry: FIRST spectro-imaging

Y IEHa0F IV SOBRMBENLFEE (vis)

Output Pupil

Input Pupil 2D fiber array

(Redundant Array) (One-dimensional Non-Redundant Array)
H#—~_ Single-mode fiber ¥’
— _] ~ .\"\. E
:- 8
- —
Recombination optics
+ light disperser (prism)
Lens Array
1 frame of fringes on n Peg (ng=2.3) X* map (closure phase fitting)
Subaru - 2013.07.25 r ' o | T Companion position
. MD at 600nm: | | 50 A
MD at 800nm:: 15mas | | L5 ol \ Y
é - \ )
20mas il ; _ﬁ ) \‘
' N 398 I \ \
0 8@ ol
e 36.4 = ] !
; - 10.1 +/- 0.1 mas
33.1 I / )
297 A N P
: 7 26.3 | /l /I
Separation : 44mas + 4mas | - s R . ST S G
Median flux ratio : 0,033 | ' . ‘[ T
195 as

Predictions: sep=50mas
NMD ND

flux ratio at 800nm : 0.036 @600nm @700nm

—
800nm 600nm 800nm 600nm
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AP et GLINT spectro-nulling (NIR)

Detect]
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nli

e

Normalised frequency
e N @
— @)} )} &)} w [}

o
n
T

o

—+— Measured distribution
—— Model distribution

Directly measured

Aly = -0.0879 + 0.0000 - 0.0000
Alo = 0.1443 + 0.0000 - 0.0000
Photi1Darko = 0.0456 + 0 - 0
Phot2Darko = 0.0596 + 0 - 0
NullDarko = 0.0488 + 0 - 0

Fitted params

A¢pp =0.5114 + 0.0045 - 0.0022
Ada =0.7024 + 0.0026 - 0.0018

Irpe = 0.9582 + 0.0013 - 0.0033

Iro = -0.0013 + 0.0000 - 0.0000
Astro null = 0.0865 + 0.0003 - 0.0004

0 0.2

Output Waveguide No

w e 20
Phase delay applied (um)

0.4

0.6 0.8 1

Null depth

Chi Cyg observed June 2017
Null depth= 0.0865 +- 0.0004
— diameter = 21.6 mas

(literature values: 20-25 mas)
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FEBa0F TSI ERAEL R E CONCLUSIONS

@ Ps ’ Large ground-based telescopes (ELTs) will provide the first

opportunity to image and characterize (spectroscopy)
habitable planets around the nearest stars

High contrast imaging technologies are fast evolving, and
hold the key to meet the challenging contrast requirements.

On-sky prototyping and validation is essential to include
advanced technologies in the TMT-PSI design. SCEXAO @
Subaru is playing this role.

SCEXAO is designed to be a prototype for PSI,
leveraging community resources and making it easy for
collaborators to participate.




	Slide 1
	Slide 2
	Slide 3
	Telescope access
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	System Overview Block diagram (~2019)
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 27
	Slide 28
	Slide 29
	Block Diagram
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42

