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Let's play with some pictures
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Let's play with some pictures
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ln other words...

The visibility of a binary star with varying flux
ratio

1:1
0.8:1
0.5:1

V7 \J \i 0.1:1
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ln other words...

The visibility of a binary star with varying flux

ratio

VoV

E2 O Vi
LAGRANGE ==~

1:1
0.8:1

<051

0.1:1
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ln other words...

Phase contains most of the astrometry
Information

\
/

10/09/2015: F. Millour, 2015 VLTI School, 9




All interferometric observables

Complex coherent flux:

ab #IIIJ

inst +atm objcct

a,b
a,b C

Visibility: Hopject = 7 & 25
Phase: 1 1 .uinst+atm

¥ —erg(C)

10/09/2015: F. Millour, 2015 VLTI School, 10



All

ab #IIIJ

Visibility:

Bba@

st +atm

Spectrum

Visibility squared

Differential phase

Closure phase

LACRANGE ==~

interferometric observables

Complex coherent flux:

objcct
a,b
a,b C
l"lobj(-:ct_ & 5
1 1 ‘ uinst +atm
a,b __ a,b
by =218 (C*7)

Phase reference
Differential visibility
Coherent (or linear) visibility

“differential closure phase”

Closure amplitude

10/09/2015: F. Millour, 2015 VLTI School, 11



What about phase?

A

Remember, due to the atmosphere:
* Fringe motion

— Time-dependent phase shift of
the fringes
- Fringe phase is lost!

3 | 5 +5(1)
I(Sﬂ,t)ze_gﬁ“”(f]uCos d—2TT 0<( l




What about phase?

* Phases are lost in long-baseline
interferometry.

- How to work that around?

— Get a phase which do not need a reference
* Closure phase
— Find a way to reference the phase (set the
« zero phase »)
 « Phase reference »: use reference star close-by
* « Differential phase »: use a wavelength close-by

E g@ Crenatols 10/09/2015: F. Millour, 2015 VLTI School, 13




Closure phase

D5 =0y, +\Q§J&—+ 0”53 N&% + 075, 937 43

\CI)123 (|)12+(I)23+(])31

=) L
L AGRANGE ) /09/2015: 5 VLTI School, 14




Closure phase

Closure phase cannot be obtained with phases
sums!

why?
Noise!
Additive noises produce a phase wrapping
wrapped noisy phases have a top-hat distribution,
when noise variance is high

o = Oqug 6o = /4.

-

co = T

-
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Closure phase
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0.z
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Closure phase

* Closure phase cannot be obtained with
phases sums!

« Stay in complex plane to avoid phase
wrapping:

— Bispectrum <C,,C,.C,,>

* Phase of the bispectrum = closure phase
« Amplitude of the bispectrum =V V. .V,

_ | g@ (?%?&l;e

10/09/2015: F. Millour, 2015 VLTI School, 17
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Closure phase example

« Closure phase measures asymmetries

— A non-zero closure phase means
asymmetries in the object

— A zero closure phase means... nothing!

 Closure phase is not
straightforward to
interpret!

3
T - T -

Phase closure

P
- T

ga) Observatoire




Some science made
using closure phases

Tuthill et al. 1999 Discovery of a Millour et al. 2011 Imaging the asymmetric
“pinwheel” nebula around WR104 inner dust rim of a massive star disk

apri
credit P Tuth

Kloppenborg et al. 2013 Imaging the Kraus et al. 2012 Imaging
transiting disk in front of Epsilon Aurigae the companion star
& disk around a Herbig star

Milliarcseconds

15 10 05 00 <05 -1.0 -1515 10 05 00 <05 -1.0 -15
Milliarcseconds Milliarcseconds

) (€Y Obsenvatoire
: Q@ ‘e COTE 46208 10/09/2015: F. Millour, 2015 VLTI School, 19




Science made using
closure phases

Technique

JMMC bibliographic database
http://apps.jmmc.fr/bibdb/

Rank A articles (110) tagged by Closure phases

[Phasa reference 1.5 %]

[squared visibilities 4 3.0 %] O

1986 2015

) (€ SY Observatoire
E &@ Cnsgnaton 10/09/2015: F. Millour, 2015 VLTI School, 20


http://apps.jmmc.fr/bibdb/

My object
Ee” )v\

Phase referencfe,ig‘,,ﬁé:»

L Reference

¢

2 (€Y Observatoire
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Phase reference

* Measuring a phase difference is equivalent
to measuring an angle between 2 sources

- Can be used for astrometry

- The longer the baseline, the more precise
the angle

The reference star provide an absolute
phase reference

- No more indetermination of phase
- iImaging

=" (S Observatoire
i i ga) (Qosgrvatols 10/09/2015: F. Millour, 2015 VLTI School, 22
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Phase reference

See A. Quirrenbach session

&= (D) Obsenvatgire
Eiens carus (DR 10/09/2015: F. Millour, 2015 VLTI School, 23



Differential phase

« Differential phase » can mean many things

—Phase difference between 2 telescopes
- a.k.a. « phase »

—Phase difference between 2 polarizations

—Phase difference between 2 wavelengths
The latter will be used next

. . ]
1 rF I 2t ak' 1] # : |l'.--.l =i - .-.__ ._l'- _!_ :- I gl

10/09/2015: F. Millour, 2015 VLTI School, 25



La phase différentielle

Précision 107 radians (6uas)

Principe
* Phase a 2 télescopes en fonction de A effets dominants
) .'”é?,rn”;?;'ﬁgs de la phase perdues : * Dispersion chromatique de I'air
. Pente * Problemes instrumentaux
* Autres termes (stabilité, dichroiques, polariseurs)

v? Velorum (Millour et al. 2007) Rapport sur les phases d'AMBER (2007)
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€S) Observatoi
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Differential phase

* ldea: take profit of - 5
dependence of atmospheric
phase

—1st order = ensemble-
displacement of fringes

—2nd order = fringes slope

| ( w
I(Sﬂ,t)ze_gﬁ“"fml.Icos P—2 T 0+<(

i () SO 10/09/2015: F. Millour, 2015 VLTI School, 27
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Differential phase

Is the result of subtracting an atmospheric +
instrumental model to the measured phase

¢;;(t,0) = ¢; (o) + 216, j(H)o + 27s;; ()0 + ... + 0(0™")

 Can be understood as the residual of a Taylor
expansion of the measured instantaneous phase

2

¢;(0) =ay+ajo+ajo” + ...+ 6¢;(0)

Number of terms of the Taylor expansion depends
on the spectral coverage

€= () O 11/09/15: F. Millour, 2013 VLTI




Differential phase

- Define a work wavelength channel ¢y«
 Define a reference wavelength channel

q)ref

- Compute phase difference between
work channel and reference channel

— Qait = Owork — Orer
- 111 One cannot compute directly phases
difference !!!
—Calculate cross product in the complex
plane instead:
Ogite = rG-<Chon- Clrer™
 Reference channel must not contain
the work channel
(square bias)

£ ) Obsenatoire .
5o canmid Q) Qb 10/09/2015: F. Millour, 2015 VLTI School, 29



Differential phase

Problem: phase slope changes with time

—Evaluate and correct OPD prior to
calculating the cross product
= Cn = C e-2indn
Gair = arg <Cnyere CN¥er>

Phase (deg)

————————————

8671 96'L
¥ T
g,
\\ q‘+ § 0
L
Y ++
*
w4
4 “ +
i 0
LA .

002

Wavelengih (prn)
4
Piston (um)

a0z

5 VLTI School, 30



LI, Fnase + B.sin(z) (am)

Differential phase

* Problem: Chromatic dispersion affects DP

—Evaluate and correct chromatic OPD:
Oorp(A)=OPD(a+b/A+cCc/A2+...)

a, b, c depend on partial water vapour pressure,
CO, content, etc.

See Ciddor 1996, Vannier 2006, Mathar 2007

Bl — — — — —

2.0 2.2 2.4

Wavelength (m) Wavelength (m)



The organizers decline responsibility for
anything laid after this slide

=0 (D) Obsenatoire
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lifferential Phase (rad)

A

- .M,, o ‘W B .
: : ] " L . f
. . 7 4
g y ¢

« leferentlal phase zoology »

Rotatlon 1 - _Asymmetrles
. - % C ; ; ’ 3

# i

Phase-

o

o i ‘Srake’ phase | -
_ i : ‘Dromedary’ phase |

' Bipolar expansion

o

L]
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1 ': i If\
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UT3-UT4 . { | J |
i |
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‘Pla_typus’ phase e S | B .‘.Camel.l’ phésje.



Table 3. The optical long-baseline interferometric “observables zoo”, showing all the different cases one can face with current spectro-
interferometric instruments, illustrated with actual published interferometric data. The letters link to the Table[2] Reproduced with

permission.

Visibility

Closure phase

Diff. Vis.

Diff. Phase

(a) Resolved source
Benisty et al. (2010)

(b) Zero
Monnier et al. (2006)

(c) ™ in emission line
Stee et al. (2012)

(d) “V” shape
Weigelt et al. (2007)

1.2
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(e) Unresolved source
Demory et al. (2009)

80
i = : ™ 40}
| HD45677 i s
g 9 = g =01 J
P T =
£ | X0 B o (] i e R T s o
g | I 3 o 2 \rF
= ! - o (3 P =
i i i -20 |
: =
: 20 | i i i e a:
8 | + 5 a0}
8 : Wavelanggh [um]
| avelangth [jim) S
A0 L - |
O 4
our A

(i) Cosine shape
Meilland et al. (2011)

(- (1]
b fpuim)

Hour Angle (hrs)

(f) Non-zero
Monnier et al. (2006)

(g) / in emission line

Kraus et al. (2008)

(j) “W” shape
Chesneau et al. (2011))

dilY phase [deg)

5 218 27 218
Wavelength [um]

(h) “S” shape
Meilland et al. (2012)

(k) Sine shape

Meilland et al. (2011)

wET
10

zo0
% fyem)

See Millour 2015, in*“What the higlhest angular resolution can bring to s_tellér,astrophyics?”

EAS publication series




«observables zoo »

Table 2. Qualitative information which can be retrieved from interferometric observables.

Observable Value or features
Close to 0
Close to 1

Cosine shape

Visibility

N, in an emission line
' in an emission line
N, in an absorption line
" in an absorption line
# 0° and 180°
= (° or 180°
Sine shape

Clos. phase

Diff. phase

“S” shape in a line
“V” shape in a line
“W” shape in a line

Qualitative information

> 1.22)\/B rad
& A/B rad

Bigger emission
Smaller emission
Central object in absorption
Shell in absorption
Asymmetric object
Object possibly symmetric
Binary star!

Object is rotating!
Asymmetric object in line
A bipolar outflow?

MNustration
Table
@

Model-fitting guidelines

Add a resolved component
Uniform disk size
Use a binary model
Add an emitting envelope
Add an inner region/disk
Absorbing central object
Absorbing shell
Add a point source
Use a binary model
Use a kinematic model
See Weigelt et al. (2007)
See Chesneau et al. (2011)

See Millour 2015, in*“What the higlhest angular resolution can bring to s_tellér,ast’rophyics?” EAS publication series
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*

HD 104237

2.15 2.16

wavelength (jum)

b.

2.17

Mormali;

02 C

0.1

Chemistry + Size
- = material-forming zones

HD 142527

i

Quter disk \

IQUJ{:HUJ +

P Inner disk
t t t -t T f
al
bk - l:‘l_
<[
- g c'_ 7
I . M
HD 142527 F HD 142527
PR S 1 = - I R S W
8 10 12 8 10 12
Afum)
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5 Chemlstry + Slze
= materlal-formlng zones_

Example .
Berio et al. 2011
D|rect measurement of

chromosphere extent |n
4 K- glants' '

Visibility

o] -]

2
0.0
30
0
D

I.
10

U L] —
oo o o

)
v
o
7]
°
[17]
v
m_
-
o
E=
=

866.0 866.5
Wavelength (nm)

~ * Surprise: K giant
- chromospheres are
- ~16to 47% larger .
than photosphere




_ Chemlstry + Slze
E= materlal-formlng zones
| Example e
- Ohnaka et al. 2012 ;
‘M giant sta_r_ BKVir @& ' ] \\ | [\ J’j f\* i/
* CO lines match ' |
~ "MARCS models

- in the spectrum

— but notin VISIbI|ItIeS & E WA
e phases . e } WWWUVVMHV w V I

' 040 u'ﬂ'. nl. Iﬁll Jﬂ .I'ﬂl. .lﬁ'. .Iﬁllﬁ ﬁl'ﬁllﬁ..'ﬁ\.ﬁﬁ\ {t ':"l. mll'. f\‘lll'vﬁll"ﬂ‘




_ Chemlstry + Size -
o = materlal-formlng zones

Example - -
- Ohnaka et al. 2012

‘M giant star BK \(lr
* COlines match
i MARCSmodels ' ”1: d. Baseline=47.8m

— in the spectrum

— but not in VISIbIlItIeS &
" phases

Need to add outer CO
shells_ hotter and
...denser than e)_'(pected' § °

da.
1
\[/

y

VWYY Y




~ Size + Temperature
- = nature of material

*

20

15 F

vt
L
]

o -t n w
L]

H 0l 21 22 28 24 HHH,'HH*T -I E
Z H*T* T T T ........... %

v : . : - ; 10-12 . .
0] 1.0 2
* 2 4 6 8 10 12 14
Wavelength [um] ook :



| Radlal velocmes+ Posmon _
e klnematlcs .'



' Disk kinematics

Rotating disk

Spectroscopy '

A\ 4

interferometry

*. major-axis

A Visibility

ol A

¥

\ 4

Visibility

« . Phase
oy 3

minor-axis *

\ 4

It A e N




 Disk kinematics

v Angle linked to the relative o
) \welght of rotatlon and expansmn
e "Addlng expansmn to
| el -+ arotating disc:
,,,,, i o '.Rotatlon of the photocent<
- shift axis'!
/ ~ Major axis of the disc

3 \ ‘Photoc'enter—sh_ift axis’



 Diskinhomogeneiies .

Spectroscopy i ‘interferometry
¥ major-axis * minor-axis
Rotating disk o Visibility

-

Inhomogeneity .

; o : .JAsymmetries in the

+ (one-armed oscillation) ; ' B
= : s 'spéctro-interferometric data



~ Disk kinematics: applications

. ; . ' ¥ '. . : > . ) i ‘ '..- I
~ Be-stars .. . . . ... ‘Supergiant stars
ocArae- B ey a £
" "HD 62623: image!
OBSERVATION

. kCMa - . - '_ g Intensity

¢ Tau

@
E0
[Z=]

. g e Veloclty
* Meilland. et al. 2007a, b, 2011, 2012a, b,
Delaa et a. 2011, L= 200 AT
1 r =4).58 i
" Carciofi et al. 2009, ; Ve _RGR Ueaila

Kraus et al. 2012, , _
Pott et al. 2010, Ke_plerlan rotation
-AII in Keplerian retation , M|IIour_et aI..2011 A&_‘A

. Are all observed disks in Keplerian rotation?



Wlnd klnematlcs
e Observer ' :
-+ Aspherical wijnd_d.o"e's NOT
produce phase signal
> Need for =~ |
- » inhomogeneities
: '_ s > Aspherical wind

% ; _ N

- RVmap
Spectr_os_copy _ interfe‘rometril

A )

PPPPP

Jﬂ“ ﬂ]}, “r‘%ﬁ“”” | o




Wlnd klnematlcs
o Observer ' |
| -* A spherical wijnd_do"e's _N.OT
produce phase signal
> Need for = |
S inho'mogeneities‘
: '_ 3 > Aspherical wind

6t * ;Spectroscopy " interferometry °
4 k | ) o ke o Visibility Phase e _

A




Wlnd klnematlcs
o Observer ' |
| -* A spherical wijnd_do"e's _N.OT
produce phase signal
> Need for = |
S inho'mogeneities‘
: '_ 3 > Aspherical wind

N\ RV miap -

-l P . : ;Spectr_o_scopy feel || ihte"rfero-metry :
5 I ' I Al € i i . . ' _. Bl
: \ ) b visibility Phase
; . - 4 - i | %filﬁ AMAA/ :

’ H"m )t"' .=)\ . ! =..,




Wlnd klnematlcs

Observer .
~-* Aspherical wijnd.do"e's NOT
produce phase signal
> Need for = |
- » inhomogeneities
e Aspherical wind -

| )\_(; -"A)\ -

\ * Spectroscopy I mterferometry "
— ; V|S|b|I|ty _ I;hase
{”WNMWH“ |




Wind / _outﬂdw kinem_atiésf' '

appllcatlons

K Novae . ® Supergiant

_ AR "

® RSOph | ® nqCar
R ' — Chesneau et al. 2007 - . — Weigelt et al. 2007 .

® TPyx b g et o _—- Groh etal. 2010
—'ICI-1esn.eau etal.2011 e |RC 10+420 |

—_ Drlebe et aI 2008

~® CPD- 57+2874

—_ Dom|C|ano de Souza et aI 2007

.. Are bipolar winds_ h_biquitous? Is there an observing bi'as'?_
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More stuff

Do we use aII the avallable
“information in image
reconstructlon ?

| Spectrum
Visibility squared

Closure phase

Differential phase.



~ More stuff

“Image reconstruction with: =~ S Lo scomosseess

- Visibility & phase ans
- - Visibility, closure phase

& differential phase

- Visibility & closure phase —
- Visibility alone i

Millou 2006



More stuff

How to mclude differential phase
1] |mage reconstructlon Pl

i A dlfﬁcult task B

“'_'lef Phases have lost the - o
ot absolute astrometrlc mformatlon _

- iw_Need to callbrate |t W|th external, |
. mformatlon

V|S|b|||ty + Closure phase e



- More stuff e

} How does it work in
- radioastronomy ?
" Self-calibration !

3C 147 (15035 MHz)

Pearson & Readhead 1984



~ More stuff )

~ Self-calibration !

MAP PLANE uv-PLANE

Initial Measured
Model Visibility data

Trial Fourier Trial
Map transform Visibilities

I\
CLEAN or v

Other Adjustment Adjust for

consistency

Inverse Fourier
Map transform

Final Map

Pearson & Readhead 1984




Closure phase (°)
2

elf-calibrated atset
(V2 + CP + phases)

o

1.0f
Initial dataset Self-calibration |
(V2 + CP) N>°-‘J§ |H|. |
S S L b AT PN 'u,l”"f (I ||,u
|| _ e .
0.5 H | ! & . Sp Freq (cycleslarcsec)
2 e
. ST . g g o
4] 100 200 E | | = I
.r Sp. Freq. (cyclesfarcsec) ) E-QG;A“:EW.EM&& | | __+ § 0: | II“' | | | ' ”' | | |||l
: g 1A -w"‘r,w\ m 80 . _
N | IR “ 8 | f 'fqﬂfh'l,!m. w " C o 100 200
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i | r .
L . M- . - § — 3| ' |
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\ Wavelength (um) (LR l|| | | Illi:
\ o 100 200 '
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\ / process \
\ / \
* // \
Image reconstruction Image reconstruction
with MIRA (V? + CP) with MIRA (V2 + CP + phases) Final image cube




Test-case 1 (HD62623)

3 Pup : étoile supergéante Ale]
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. 1.0.

0

'_io-
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poussieres et de gaz
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8 (mas)

» Poussiere (anneau interne de sublimation)

» Gaz (disque proche de I'étoile)
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Test-case 1 (HD62623)

3 Pup : étoile supergéante Ale]

—o——— e 100%
1 2 H m . 2 F4 =
self-calibration” : phases différentielles
. r
dans la reconstruction d'images
1 B 75%
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Test on Clrcmus data

More stuff | e

Self-cal |
More objects

" Fabas et al. In prep. Molecular: shells around AGB stars
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- Back- h'ome message

Phases are |mportant for mterferometry
'.Closu_re phase - - part of the phase information
' Different-ial'pha,s'e - more phase mformatlon :

. There are ways to take dlfferentlal phases into account

.' In model- ﬁttlng _ |
- ﬁtomatlc - Millour et al. 2009 - I. - ‘Papers with diff. Phases (bibdb)'.'.
.- = Your model-fitting software :-) H Rank A artides (35) tagged by Differential phase
In |mage reconstructlon ; i |
" - Self-cal'- Mlllour et al. 2011 A
~ - PAINTER - Schutz et al. 2015
- Your image—recc_)nstructio-n software =)

~ You-have the future'in your hands -
(brand new field of studies)
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http://apps.jmmc.fr/bibdb/

