i Inspecting the Closure Phases
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M Visualizing the Closure Phases

Consider the baseline stretching from hole 1 to 2. You can estimate the
Fourier Phase @, , of this baseline by averaging all the Closure Phases which
contain this baseline, ®“ ,,,. This method allows you see correlations in the
phase information in the Fourier Plane, although proper phase retrieval
methods are needed for quantitative analysis.

It works remarkably well if you have good (u,v) coverage!
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Visualizing the Closure Phases:
Examples
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WR 104: Max Phase (degs): 61.7688 Calibrator: Max Phase (degs): 15.7035
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W Software Pipeline Il

Michelson Summer School 200:

Software Pipeline |l

Fourier amplitude and closure phases
for a target star and calibration source
[with uncertainty estimates)

I Determing mean calbrated visibility and ermors IIDI_

I Consinect salf-consistant sat of callbrated closure phases | fix o

| Choose set of Fourier phases to represent the tost-estimata; ="

| dosure phases mrg_input

I
L e e = T

ASCII file containing:
Baseline geometry and wavelength
Fourier amplitudes and uncertainties
Set of Fourier phases consistent with
closure phases
Closure phases and uncertainties
(not used)

5
| Convert ASCII fla to MRG (binary) format sed 1 Eorran.
by thia Caltach VLB packaga and suppor software | kac) "-rg

| (based on similar program used by GOAST group) |

MRG file which can be used by
VLEBI mapping packages



W  Stuffing into VLBI Package

Find best set of Phases to approximate the Closure Phases
eSingular Value Decomposition (phase wrapping problems, no weighting)

*Best-fitting (phase wrapping problems, many local minima)
elterative Relaxation by Enforcing Closure Phase Self-Consistency
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Deconvolution &
Aperture Synthesis

i

To reconstruct an image from sparsely
sampled (u,v) data, one must interpolate into
regions where data does not exist.

This Is Identical to multiplying the true
Complex Visibility by an Aperture Function.

Since Multiplication in the (u,v) space is the
same as Convolution In image space (see
Convolution Theorem), the problem can be
re-cast as a Deconvolution problem.

Popular methods of Deconvolution include
CLEAN and the Maximum Entropy Method.
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W Maximum Entropy Method (MEM)

With finite (u,v) coverage and with noisy data, there are an
Infinite number of images which will fit the data.
So how do we choose?

(ﬁz) Find “smoothest” image consistent with data (x°~1)

MEM uses the “entropy” S to parameterize the “smoothness.”

\<\A Skilling & Bryan (1984)
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i Properties of MEM

S——Zﬁ;ln%

eNaturally enforces positivity and finite extent of the image
eIn the case of no data, reconstructed image will revert to the
iImage prior I;, a method of introducing a priori information
eReconstructed images will contain some spatial frequency
Information beyond the diffraction limit due to the smoothness
and positivity constraints, leading to moderate “super-
resolution.”

eFields containing point sources embedded in extended
nebulosity may show artifacts reminiscent of Airy rings
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W Self-Calibration

rnudels lntrinsir:. Fourier phases
plus telescope errors

imirinyic MaANErg .II

O =@ = (=)

e e e
lelescope ermors

Generate Fourier phases consistent with
closure phases & begin with initial trial image

. Calculate complex visibility (amplitudes
and phases) of trial image

Adjust telescope errors so measured Fourier
phases are best fit by combination of trial image
phases plus telescope errors

Correct trial phases based on new estimates of
telescope errors, and map using CLEAN/MEM

If not converged, use this new map
as the next frial image

Based on Cornwell & Wilkinson (1981)
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i WR 104 Data

WR 104 at 2.2 um (Apr 1998)
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mw WR 104 MEM Reconstruction

Iterations 1 to 30

WR 104 Visibility Data
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W A Little Super-Resolution...

Visibility Amplitude
WR 104 Visibility Data of WR 104 (MEM)
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i Imaging With MEM

MEM Reconstructions: lterations 1 to 30

IRC +10216 (2.2 microns) WR 104 (2.2 microns)
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(i

Importance of Closure Phases

IRC+10216 wio Closure Phases WR 104 wio Closure Phases
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W Multi-Wavelength Coverage

IRC +10216 at 2.2 and 3.1 um (Jan 97)
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i Good Imaging Reproducability
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M IRC +10216 Movie (3.5 years)

Robust imaging
software is
essential for long-
term studies of
complex sources.

20 AU

Time-variability
studies will
become an

Industry with new
Imaging
interferometers
(already is for
some).

Tuthill et al 2000
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Image Reconstruction (Keck Data ONLY)

Imaging With MEM =~ -
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Imaging With MEM
... Some problems

Red Supergiant VY CMa at 2.24 uym
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Image Reconstruction (Keck Data ONLY)
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Image Reconstruction (Keck Data ONLY)
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One always needs
...enough resolution

Mira Variable IK Tau at 2.27 um
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Image Reconstruction (Keck Data ONLY)

Milliarcsaconds

-50

50 0
blilliarcsaconds

Image Reconstruction (Keck Data + IOTA)

| MERM Prior: Point Source 28 percent |
50| ]
o .
gl ]
000
-100 50 4] 50
Rillisrcseconds



W Modeling the “Round” Dust Shells

Circumstellar Dust Shells: Wolf-Rayet Results:

2-5. Keek!Cosomeons 10071008 | { PRSI . lﬂ.[-'ﬁ 140 |
i [ ; ¥ s P mas |
=588, , S P -n"' Tesaig %,
[ LTINS Egé‘% Du5t| ¥, L M H"“- }:IR” ¥ Vel
E"EI-' " [ mas] | 3
. | K -! o L | { -* B
e, Tt R s YT |
. v [57mas R e S
% L 1 ". ., . -E; l-- _"l-h ' “ WH 95
15 = L3 2 { :E Ul T '1-‘_.-" 21 mas
£ Loy * . O als, e % WR 116 |
O 8 LM cIT.3 T 2 e, %mas .
X K. e [ﬁ Dust]. 1 = e R 105
.E-" & L .y I'I'I:'IE-] | ‘_;-""'__.'- ri'!i-u -'."- 23 mas
= = " LT & TE [
5 1.0 . gﬁfﬁm: A My YT = WR113 (CV Ser
i I L] 106 mas o) L i 26 mas |
B ; S e * VR 482
- A ae, o | | -: 5T mas
L LT { 1-'!*-"'“_
! . 1 [ ] -
os e e B
1 4 1 - !
" et ma an 8RB, AT | | .‘.ﬁ:‘ - %FHJSE |
T8 Dust 1 [ o Messeie VR OR3
mas B2 mas
D-D ﬂ ......
0 5 10 15 20 0 5 10 15 20 25

Spatial Frequency (arcsec’) Spatial Frequency (arcsec’)

Michelson Summer School 2001 (Monnier) Monnier et al 2000



i Summary of Software Problems

= Need flexible new data format for Optical
Interferometry data

= Must save Vis™2, the Bispectrum (closure phases
and triple amplitudes)

= VLBI/AIPS/AIPS++ do not really deal directly
with closure phases

= Excludes proper handling of closure phase
uncertainties

= Imaging software
= Need “multi-resolution” techniques
= How to deal with very sparse Fourier coverage?
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M Conclusions

= Despite the high detector read-noise at Keck,
aperture masking in the infrared succeeds at
Imaging dusty sources down to Kmag — 5

= Closure Phases contain enough phase
iInformation to allow image reconstructions of
complex astrophysical sources

s Software written for radio interferometers Is
useful, but not well-suited to our problems
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i lmaging Interferometers

Long-Baseline

Interferometer o
Beam Combination
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i Imaging w/ Real Interferometers

COAST1996 NPOI 1997 _Comlng soon to an
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