Single-telescope interferometry

Frantz Martinache, Laboratoire Lagrange, OCA




Marseille, 1873



Marseille, 1873

“Le grand télescope

Foucault de I'Observatoire
de Marseille”

Why would you want to
mask what was then the
best telescope available?
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Measuring fringe visibility




Measuring fringe visibility
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Measuring fringe visibility
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detector
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visibility:
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Measuring fringe visibility
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Marseille, 1873




Edouard Stephan attempts
the first stellar diameter
measurement.

With a maximum baseline
of 65 cm, he concludes
about the diameter of stars

D < 0.158”



Measure complex visibility

telescope

detector
+ mask

visibility: phase:
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Measure complex visibility

telescope

detector
+ mask
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Measure complex visibility

telescope

detector
+ mask

OF

visibility: phase:
0<V<| D =Py + (P-Dy)



More than two apertures?

interferogram
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interferogram
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interferogram
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interpretation is a bit harder... but in the Fourier space...




Analysis in the Fourier plane

ol ourier plane
PHP (uv-plane)
At each uv-point, one visibility + one phase
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Analysis in the Fourier plane

ol ourier plane
PHP (uv-plane)
At each uv-point, one visibility + one phase




The mask geometry matters
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The mask geometry matters

same number of apertures...
but more uv coverage (21 points instead of 9)




Redundancy
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Redundancy




Redundancy




And a full aperture...




And a full aperture...

IS very, very,
very, very,

very redundant

Atmosphere affects the phases
Redundancy destroys the amplitudes



Non-redundant masking
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Non-redundant masking




Toward an easier problem
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Toward an easier problem

Modulation
Transfer
Function




To take advantage of self-calibration

9-hole mask

36 visibilities

84 triangles
(28 independent)




To take advantage of self-calibration

9-hole mask

36 visibilities

84 triangles
(28 independent)

B(1-2) = D(1-2)0 + (P1-D2)

D(3-1) = P(3-1)o + (P3-P))




To take advantage of self-calibration

9-hole mask
36 visibilities

84 triangles
(28 independent)

An ideal observable:
the closure-phase!

Jennison, 1958, MNRAS, 118,276



Super-resolution with closure-phase



Super-resolution with closure-phase

GJ 164 AB Orbit

RA motion (mas)




Super-resolution with closure-phase

GdJ 164 AB Orbit

G| 164 AB
M = 0.247 +/- 0.019 Ms
M, = 0.096 +/- 0.008 Ms



Good for faint companions

40 % strehl
0.3 deg scatter

stability ~ A/1000
all passive !



Closure Phase

Good for faint companions

G 028-028, H-band, Sept. 2005

40 % strehl
0.3 deg scatter
stability ~ A/1000

all passive !

40 60
Closure Triangle



Closure Phase

Good for faint companions

G 028-028, H-band, Sept. 2005

40 % strehl
0.3 deg scatter
stability ~ A/1000

all passive !

40 60
Closure Triangle

Understand your errors: and



Calibrate, calibrate, calibrate!

H/V
& "
Calibrate V/H
Differential

H/V Observable
Calibrate > el Vi / Wy
&

CPy - CPy
Calibrat V/H

’ rV/H

",

H = horizontally polarised visibilities
V = vertically polarised visibilities

Half-wave plate

VAMPIRES




Differential interfero-polarimetry

0 =0.86 %
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Baseline azimuth angle (rods)

Boseline ozimuth ongle (rods) c) 2 tiers - Wollaston + LCVR. The Wollaston and LCVR cancel each
a) 1 tier - Wollaston prism only. No temporal variation leads to small error others errors. Systematic errors are still visible.
bars, but strong systematic errors (from non-common path) dominate.
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L n - Baseline ozimu(:h angle (rads) 1

Boseline ozimuth ongle (rods) d) 3 tiers - Wollaston + LCVR + HWP. The HWP cancels out static
b) 1 tier - LCVR only. No non-common path error, and the mean is ~ 1.0. systematic errors (such as those arising from instrumental effects). Here
However since switching is slower than seeing temporal errors lead to precision is limited by random error; additional integration time would

large error bars. improve precision further.
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The self-calibration properties of closure
phase make NRM “bullet-proof”
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NRM onboard JWST in the NIRISS instrument.




The self-calibration properties of closure
phase make NRM “bullet-proof”

F481M-TFI R=100
1 reselt = 125 mas

NIRCam 4.4um
roll-subtracted
5-sigma
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NRM: 1 day cal delay, CLP+VIS

JWST Aperture Masking (JAM) Team

300 400 500 600 700 800
Separation / mas

NRM onboard JWST in the NIRISS instrument.



A game changer: AO

credit: Pr. James Lloyd




closure-phase planet direct detection

Transition-disk host star in

Taurus association (150 pc)
Companion detected @ | | AU



closure-phase planet direct detection

LkCa 15 disk . LkCa 15

=\ 11 AU
50 AU | . 76 mas

Transition-disk host star in

Taurus association (150 pc)
Companion detected @ | | AU

Kraus & Ireland, 2012,Ap|, 745, 5



If only one didn’t have to mask...

uv-plane




If only one didn’t have to mask...

pupil image uv-plane

Telescopes apertures are redundant



- the phase can be linearized
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the 3 basic configurations

non-redundant
triangular array

redundant linear array

redundant square
grid array




. the easy nhon-redundant one

O=Py+ A

PAC = DA + (a-Pc) # 01 -1

A= |10-]
110

K=1]I,1, 1] verifies K. A = 0: the closure phase



2. the first redundant case

CDAC — CDACO + ((PA_(PC)



2. the first redundant case




2. the first redundant case

DAC = @A + (Pa-c) 1 0 1 0 -1
= R= 5, Ao

K =[I,-2] verifies K R-!'A = 0: the kernel-phase




3. the real first case

1000
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000 %
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0-110
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You can extract self-calibrating

observables from redundant apertures




This is of some consequence...

Redundant entrance

FIRST:
- 36-beam combiner

- fiber remapping
- spatial filtering

aeleclor
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This is of some consequence...

FIRST:

- 36-beam combiner
- fiber remapping
- spatial filtering




For a complex array... use a computer
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Kernel-phase

Find K so that KxA = 0, but how!

Use the Singular Value Decomposition (SVD) of A:

A=UxVT

Rows of K form a basis for the left null space of A
These new closure relations are called kernel-phases



Data analysis


https://code.google.com/p/pysco/
https://code.google.com/p/pysco/

Data analysis

I. Build a instrument model => A
2. Find the Kernel of A: K
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Data analysis

I. Build a instrument model => A

2. Find the Kernel of A: K
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3. Fourier Transform each image
4. Extract phase ¢

PHARO P3K
o Oph (Ks)



https://code.google.com/p/pysco/
https://code.google.com/p/pysco/

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



https://code.google.com/p/pysco/
https://code.google.com/p/pysco/

Binary model Ker-phase

Kernel-phase in space

Ker-phase histogram GJ 164 Ker-phases
70

s0. = Binary =

- Calibra Data @ 1.9 pm (A/D=150 mas)
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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 (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



Kernel-phase on ground based AO



Kernel-phase on ground based AO

[Target
Telescope: Hale 200 inch

Wavelength 2.14 un
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Better than the kernel-phase...

1—sigma)

... are the statistically
independent kernel-phases!
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Requires empirical covariance matrices
Part of a new file exchange standard?



Position Angle (deg)

Projected probability density function
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Projected probability density function
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Redundant

Redundant is good for high contrast

Simulations for Palomar

Hale Telescope
PHARO full H-band filter

Strehl: 80 %

Amag~7 @ 1.5 A/D
Calibrated closure- and
kernel-phases

Better performance of
redundant array over NRM
for high contrast binary
detection.



Initial assumptions revised

Linear approximation relies on small phase errors

Ongoing extensive simulations suggest kernel-phase
on highly redundant aperture is surprisingly robust.




Extensions are possible:

Original linearization for small instrumental phase:

-



Extensions are possible:

Original linearization for small instrumental phase:

-

alternate linearization scheme:

The same model holds for differential phase



Extensions are possible:

Original linearization for small instrumental phase:

The same model holds for differential phase



Single-telescope interferometry

Frantz Martinache, Laboratoire Lagrange, OCA
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Frantz Martinache, Laboratoire Lagrange, OCA




It is all about exploiting the properties of A

Martinache, 2010,Ap|, 724, 464
Martinache, 2013, PASP, 125,422
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It is all about exploiting the properties of A

Martinache, 2010,Ap|, 724, 464
Martinache, 2013, PASP, 125,422



