Kernel-phase for interferometry
with a rich aperture

Fourier-phase
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How not to solve the full problem!

|
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' measured

Find an operator K so that:

Kb =K do + KA @
K=K o

K is the kernel of A
K & are called kernel-phases
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Closure-phase: a special case of Kernel

This is very relevant to
the extrasolar planet
direct detection game

LkCa 15 disk LkCa 15

~
W
N /11 AU
50 AU - (76 mas)

]

Jennison, 1958, MNRAS, 118,276 Kraus & Ireland, 2012,Ap], 745, 5
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Data analysis

. Build a instrument model => A 3. Fourier Transform each image
2. Find the Kernel of A: K 4. Extract phase ¢

PHARO P3K
o Oph (Ks)

5. Multiply K ¢: you are done!

Additionally:

- statistics

- model the data (e.g. binary)
- determine contrast limits
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https://code.google.com/p/pysco/
https://code.google.com/p/pysco/

First ground based Ker-phase detection

[Target
Telescope: Hale 200 inch

Wavelength 2.14 un
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- Separation: 36.1 +/- 3 mas é
- Position Angle: 274.6 +/- 2 deg £ R
- Contrast: 23.6 +/-4 = i

Astrometric Orbit for
4% Alpha Oph |
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Re-analysis of NICMOS | data

Ker-phase histogram GJ 164 Ker-phases
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Data @ 1.9 pm (A/D=150 mas)
40 A ~10:] contrast companion to a nearby M-
dwarf identified with milli-arc-second
precision at 0.5 A/D
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Original survey:
Reid et al, 2006, 2008

Kernel-phase model fit for known binary 2M 0147-4954 Kernel-phase model fit for binary 2M 2351-2537

Revisit ~ 80 brown dwarfs
observed with HST/NICI in
the FI I1OW and FI70M filters

Binary model Ker-phase
Binary model Ker-phase (degrees)

Separation: 140 mas Separation: 64 mas
Contrast: 2.4:1 , Contrast: 2.2:1

0 - -200 0 200
Ker-phase data Ker-phase data (degrees)

Grant HST-AR-12849.01-A
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Contrast detection performance?

NIRC2 M-band contrast detection limits

S

Stat. Ind. Kerphase

Contrast ratio

Contrast (mags, 1—sigma)

100 150
Angular separation (mas)

Separation (arcsec)

Orthogonal kernel-phases
De-correlated signals, but not

, ) Statistically independent kernel-phases
necessarily de-correlated noises

Taking into account data covariance translates
into improved contrast detection limits
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Eigen-phases for wavefront sensing
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Limitation: restricted to initial Strehl ~ 50 %.
Application for now restricted to the non-

common path error calibration in XAO
systems, but can be extended.

Martinache, 2013, PASP, 125, 422
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Focal plane based wavefront sensing
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SR = 868 %
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SR = 96 %

Because it is a focal plane based sensing

technique, sensitivity is set by the diffraction limit.
Performance is particularly good for the low order
modes... good for small IWA coronagraphy.

Martinache, 2013, PASP, 125, 422




Quick lab test (SCExXAQO)
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http://www.frantzmartinache.com/subaru/02projects/03kerphi/02wfs/02wfs.html
http://www.frantzmartinache.com/subaru/02projects/03kerphi/02wfs/02wfs.html

Interferometric imaging with
rich aperture

WR 104 at 2.27 Microns

April 98

Example of super-resolution image with Keck @ 2.3 pm
Using NRM-interferometry (A/D = 45 mas).

With a 30-meter aperture, interferometric imaging on an ELT
offers an incredible opportunity to obtain very high resolution
NIR images of complex sources.

O3S0O¥Y 0L/L

Beam size

NRM geometry: Golay 12

olay 12 pupil

This sort of imaging relies on non- | 3 vt e
redundant masks and is therefore | . | $igiie e,

compatible with even seeing limited | o BRI HEEEIEIE IS
observations. ' : ijigiiiiiile

0000000
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But with good AO, non-redundancy
is no longer a strict requirement...
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Gl2

Full

Ring
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interferometric pupil for imaging

Golay 12 Full Ring
NA 12 27 |5
Nuv 66 |08 |08
Nk 55 49 85
% info 51% 45% 79%

Martinache, 2013, in prep



http://www.frantzmartinache.com/subaru/02projects/03kerphi/01imaging/01imaging.html
http://www.frantzmartinache.com/subaru/02projects/03kerphi/01imaging/01imaging.html
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The ELT r

972 spatial frequencies
933 kernel-phases (
Max redundancy: 26
Mean redundancy: 3

/8 segments used

726 kernel-phases (75 %)

972 spatial frequencies
Max redundancy: 462
Mean redundancy: 24

492 segments
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Image reconstruction experiments

"0 200 400 600 800 1000 S 0 200 400 600 800 1000

Imaging reconstruction algorithm based on Ker-phase X? minimization only.

With enough d.o.f in the model, the problem quickly becomes degenerate.
Visibilities and/or regularization (e.g. entropy) are required.

=> Need to learn how to do interferometric imaging
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Enough information for direct inversion?

One “difficulty” is that Ker-phases are abstract
quantities (even more so than closure-phases).

Option: Properties of data histogram

WAL | l l
However, in doing: Hll W|‘y‘||l;|‘i.|l‘\:v'p||;| ',HJM& })}M\)\}\)\\\ﬁw

Kb =K do+KA @
K=K do

with a > 95 % of the phase
information is preserved: a pseudo inverse K-
does not sound that silly anymore.

$o’ =K' K H Ml"munmullulm‘ '”wm

Ialllllillll!plw Ww”

For quick look applications, and/or to give a :
ﬁrst input to an imaging Package? %0 200 400 600 800 1000 °0 200 400 600 800 1000
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Conclusions

- Kernel-phase is a generalization of the idea of closure-phase.
- Works for arbitrary apertures, even highly redundant if Strehl is high.

- First applications are: With the following constraints:
- HST NICMOS data in the near IR - well sampled data
- L- and M-band AO data - non-saturated data
- H- and K-band XAO data - data with well-corrected AO
BUT:
Can data.
May be able to of image!

of the technique (cf. dispersed fringe trackers)

- How to push toward higher contrast detection limit?
Need to look for kernels in the context of coronagraphy and/or nulling.
My guess:

- Learn and use the image reconstruction tricks used by real interferometrists!
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Kernel-phase for interferometry
with a rich aperture
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Kernel or closure phase?

Instantaneous Strehl 0.35 Instantaneous Strehl 0.63 Instantaneous Strehl 0.90
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Low-Strehl: . High-Strehl: kernel-
Medium-Strehl: .

closure-phase fie! phase gives another

wins... ' order of magnitude
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