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[ *—  Why do we need interferometry?

Idiffraction limited angular resolution of a single telescope
(Rayleigh criterion)

0=1.22A/D [rad]

factor 1,22 appropriate for the circular aperture

Visible Near-IR Mid-IR Radio
0.4-1 uym 1-5 um 10-20 um Tmm

D=8m 18 mas /7 mas 400 mas 26600 mas
D=100m 1.4 mas 6 mas 30 mas 2000 mas
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«iwsoibiie  The need for resolution

Size of BLR ~ DXoplamet — apojar

in nearby AGN HD209145 8D iz of Size of NLR -
star->planet  pete] geuse  innearby AGN o
galaxy at z=1
J \ \ Galaxy cluster
v ‘ scales
00lmss  Olms  Imas  0.01"  0.0" 1" 10" I 100 1°

More examples:

- ( Tau, distance ~ 126 pc
O(H a) Major axis ~ 1.79 mas (CHARA, Touhami et al. 2011)
- 48 Lib, distance ~ 143 pc
0 (H cont.) ~1.72 mas (Pionier, Stefl et al. 2009)
- typical diameters of close calibrator B — F stars for IR interferometry
0~0.2-0.5mas



. and we want to see the detailed t stellar structure '

The evolved star Mira

imaged by HST 1n the UV.

Indirect reconstruction
of AB Dor
(magnetic spots)

Betelgeuse
(model of convection

Image other stars as we
image the Sun !



....... solution ?

ELT - “only” 39m, many technical problems

Interferometry
Combining beams
of individual
telescopes
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Michelson stellar interferometer
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+ Stellar source with angular size o,
+ Add fringe patterns (i.e. intensities)

between *o,,/2
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Visibility definition

-

nl'
li'
||J Lv | \

P~ / \ mlf‘ V -~ ™
Postion

Total Intensity

fringe separation=A/B
polychromatic fringes - modulation

by sin function, centered at D=0,

coherence length = Ao* / AA



Basic task of interferometry

1. Sampling of the light/signal
signal by two (several)
telescopes/antennas

&
& 2. Relay of the beams to the
\ central beam-combining
laboratory (beam-combiner,
correlator)

Gouct e COrrection for the geometrical
. delay between the beams

Train
Interferometnc Laboretary

- ”“" | 4, Combining signals to form the
—— fringe pattern
D&w’
~ 5. Detection of the fringe pattern

’ Cal's Eve Retro Reflector

Deey e and estimation of the fringe
i 7 amplitude and phase




combination

Interferometric observables
Visibility V and phases ¢
function of the target shape :

Ve = TF{ objet } (b/\)

Visibility (p)

Flux

1.0

o
0

Interferometric characteristics

11111111111111

Diametre = 4mas
A= 1.5um




From the visibility to an image

Multiple baselines & synthetized pupil
The Single Telescope/Antenna MTF (Primary Beam)
The Interferometer MTF (Dirty Beam)

From Fourier space (visibilities) to image space : (N -> N)

Filling holes of the MTF : deconvolution techniques
(« cleaning »)

Restoring a good PSF : the densified pupil
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Three methods to achieve coherent combination of light

% Carry the light from each telescope to a common focus & combine
coherently, then detect interferometric signal (fringes): direct interferometer

(optical \)

% Change the frequency of light at each telescope, carry to the common
focus an Intermediate Frequency (IF) Signal, & combine all these signals

(fringes): heterodyne interferometer (A from10 um to mm-cm...)

% Receive the light at each telescope on a quantum detector & correlate the

photo-currents: intensity interferometer (visible A)



Object transformation

The game of three “spaces.”

Aperture Image

14
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Fraunhofer Diffraction

Image of a point source formed by a general
aperture is the modulus square of the
Fourier transform of the aperture.
Connects (w,z)-plane to (x,y)-plane.

(x,y) = |FT(A(w,2))I*
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Baselines: Van Cittert-Zernike Theorem

Define a baseline vector (B). That baseline
contributes to 1 and only 1 Fourier
component (f) of the image.

Connects (w,z)-plane to (u,v)-plane.

i Vi
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Aperture Synthesis

Multiple-baseline interferometer.

“‘Sparsely fill” (u,v)-plane.

Reconstruct high-resolution
Images through Fourier

Inversion.




Wisibilitd

0,6

0,4

0,2

q)UD,L: 42,67+0,05 mas

v*=1,00

¢UD,K: 42,76+0,04 mas

% *=6,00

e}

10 20 30 40 50

Fréquence spatiale (cycles/arcsec)

60

From A. Glindeman’s VLTT tutorial

70

Measuring spatial coherence :

visibility amplitudes

Binary star:

(separation 5 milliarcsec)

Visibility

1.2000

1.0000 p= —

03000

0.56000 1|

0.4000 \ t

02000 \ r

"'u_ i
|][| |]|:| D 1 "-\.J.-’"-J L 1 i

* F PP PP P

& & & &P P

L N i S
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Selected optical and near-IR interferometers:

CHARA — Center for High Angular Resolution Array, Mt. Wilson, USA
6 X 1m, max. baseline 331m, 0.45-2.4 u

|OTA — Infrared-Optical Telescope Array, Mt. Hopkins, USA
6 x 0.12 (0.35) m, max. baseline 437 m, 0. 45—-0.85 n

SUSI — Sydney University Stellar Interferometer, Narrabri, Australia
2 x 0.14 m, max. baseline 640 m, 0.43 —0.95 u

GI2T — Grand Interférometre a 2 Teléscopes, Calem, France
2 X 1.5 m, max. baseline 45 m, visible. IR

VLTI - Very Large Telescope Interferometer, El Paranal, Chile
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o Atmospheric turbulence and piston

Atmospheric turbulence cells
distort the stellar wavefront  turbulence

Distortion over the pupill size
Is called turbulence - bad flux
injection

Global shift between the
pupils is called piston - real-
time fringe motion

Random piston has

amplitude: A ~ 50

uim




Piston jitter during an exposure
blur the fringes visibility:

use short exposure only (50ms)

use a fringe tracker

Fringes are displaced by the
averaged piston value during the
exposure:
measured phase is meaningless
=» differential phases
closure phases

Piston: fringe motion and blurring

20

40

60

80
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Closure phase

* In the sum of the three phases

the random fluctuation is
HETRaton | Telescope 1 Telescope 3

eliminated:

Wy (ug) = 04 (uy) + AG, - AG,
Y, (Uy) = B, (Uy) + A, - AE,
Y5 (Us) = 05 (uy) + AG, - AG,
Vit t =0, 0,+ 0

« Many baselines required to

Telescope 2

determine individual phases.

* The exposure time is limited,
again by the individual fringe
motion..
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Summary of atmospheric effects on interferometric observations

* adaptive optics on individual telescopes 1s needed. But Strehl S <1 leads to
visibility amplitude loss and visibility noise, limiting accuracy.

* piston noise between telescopes can not be compensated. Limits exposure time,
hence restricts observation to «bright» objects & adds noise onto visibility
amplitude measurement.

e if differential piston 1s tracked on a «bright» source, long time integration can
be achieved to determine V of a «faint» source, but atmosphere imposes a
proximity (<= 1 arcmin).

» differential piston makes absolute phase measurement of the complex visibility
impossible. Closure phase partially solves this.

* absolute phase of source can yet be measured, 1f a known (e.g. pointlike :
star, quasar) phase calibrator lies close enough. (PRIMA)
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Specific for near-IR interferometry - direct interferometer

- signal is digitized only at
the fringe detector, we
cannot amplify or multiply it

- a significant part of the
signal is lost at the
reflections, and for
auxiliary instruments

- opticaFdelay is corrected
“mechanically” in the delay-
line tunnel, challenging
metrology

’ Cal's Eve Retro Reflector

Deday e

4 = — QOptical gelay 4
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Limitations of the near-IR interferometry

€ Only small number of telescopes can be combined (VLTI: MIDI - 2, AMBER
— 3, Pionier — 4, CHARA/MIRC - 6) => imaging hardly possible or very time
consuming, mostly model fitting. No direct image of circumstelar disk
achieved up to now (but CHARA is close to it for some Be stars)

€ We can get fringes only for bright targets - why?
The light/signal is digitized only when fringes are recorded.

€ Visual, H or K band can see only hot matter

€ Very short coherence time in H and K: typically tens of miliseconds but
separation between the science target and calibrator 15-20 min.

Priority to radio-interferometry

€ high spectral resolution — tenth of mas in H, K band, 1-2.5 p vs. mas in mm-
cm range



Specific for radio interferometry - heterodyne interferometer

Reference Correlator
. =< o——— ——:—Vi_] =

The signal is digitized already in the the focus (front end)
of each single antenna
The signal can be amplified and multiplied
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Limitations of the radio interferometry

€ The spatial resolution for radio waves is low, we need long baselines

Priority to the near-IR interferometry

€ mm and cm wavelengths can see the cool matter (tens of K)

€ Signals from individual antennas can be amplified, consequently we can
combine many antennas in the array — IMAGING

€ The coherence time of the atmospheric effects is of the order of tens of
minutes — enough for phase calibration

L 4
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100.0000

9 10.0000

%

)

= 1.0000
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=

S 0.1000

o

5

S 0.0100

o1))]

(o

< 0.0010
0.0001

. ALMA: B=0.15..10 km

VLBA:

B=60..8600 km
A=0.3..90 cm

A=0.3..10 mm
B=0.03..36 km
A=0.7..400 cm

- VLTI B=8.200m,A=1..10pm

10°°

10*

102

Wavelength [m]

VLTI 4x8m+4x1.8m
ALMA : 66 x 12/7 m

VLA

10°

Comparison of VLTI, VLBA, and ALMA

* VLTI, VLBA, and ALMA
can observe the same
targets in terms of
angular resolution and
sensitivity.

*They provide
complementary
information on different
components and

regions.

VLBA: 10 x 25 m
27 X 25 m
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However, | different wavelength, even in a single object

we can see different parts in different wavelengths -
gaseous disk of a Be star vs. dusty proto-planetary disk

Example: circumstellar disk of a Be star: where he continuum and
individual emission lines are formad?

7(R) 7(R)

from Carciofi et al. 2011
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VLTI - ESO/ Paranal

INTERFEROMETRS MIDI, AMBER, PIONIER
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The VLT Interferometer

Four 8.2-m Unit .
Telescopes.
Baselines up to 130m

Four 1.8-m Auxiliary

Telescopes. Baselines
8 —200m

Near-IR to MIR (angular
resolution 1-20 mas)

Excellent uv coverage
Instruments

IR tip-tilt in lab (IRIS)
Adaptive optics with
60 actuators DM, Strehl
>50% in K -Guide Star
m, < 16 (MACAO)
FINITO fringe Tracker

PRIMA ?

34
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lnstrumentatlon
.i Laboratory

VLTI I ay OUt Unit Telescopes

VLTI subsystems 7L i

Unit Telescopes

_Delay Lines

Auxiliary Telescopes / __
Delay Lines QL\W"O | e j—Long Track
| : Sl
Control System VT "\<ZT\,
N TS
Adaptive optics (MACAO), & (&22) 57 Vinstations
Infrared Image Sensor (IRIS3~._* & e

FINITO

Delay-line configurations



VLTI - Auxiliary telescopes




Delay lines

- 6 laser controlled delay lines
- Accuracy of the fringe tracking
20-30p

.....

The VLTI Delay Line

Cat's Eye -

Va ri a b I e cu rvatu re Input astronomical beam - : | * Pressure tank

- Box for electronic equipment

e = .
mirrors — fixed pupil Dual food ’

Metrology beam -
,,/

. J
— ’

L e . - r
Image Output astronomical beam - — * Motor Coil

* Rails / Power supply

- Motor magnet
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AMBER interferometer

Near-IR (J, H, K; 1-2.5 um) 3-way beam combiner.

Spectral resolution:

R=30 (low res.), 1500 (medium res.), 1200 (high res.).
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AMBER interferometer

Use 3 telescopes of VLTI
closure-phase

Near-IR: J, H and K bands

Single-mode filtering

Simultaneous photometry monitoring

Spectral dispersion (y-axis on detector)

differential visibilities / phases

Spatial combination (opd is x-axis on detector)

Spatial filtering

Single—mode fibers

e _

Recombination

Spectral dispersion

Outpﬁt pupils

/
J
Spectrogra

ph

I

DK PL P2 IF P3

g
4
o
S

C
C

mn

o — )
\

- \

\

\

VEET
/

-
” J



AMBER: 3 fringes in a single beam

and 3 photometric beams

-t
b

DK Pl P2 P3

2200

N
Q0
(=]

Wavelength

2160

2140

50 100
Pixels



FINITO fringe Tracking
FINITO:

measures the phase
sends correction to
the DLs

Zoi Fringe are locked:

Telescope 1

Longer DIT larger
weweal S pectral resolution
available, better
fringe quality = better
dynamical range

But brings calibration

Delay line ) _ prOblemS




MIDI Interferometer

Mid-Infrared (8-13 um) 2-way beam combiner.
Spectral resolution R=30 (prism), R=230 (grism)

Observation sequence:

Fringe data (opd modulation  §
HIGH_SENS (no chopping) F
SCI_PHOT (chopping) \

Photometry (chopping on)
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The MIDI instrument

Use 2 telescopes of the VLTI, thermal-IR — telescope chopping

S R
(AN e
= i I ot e e \\ ______________________________________ :
@ | ': " | : 70 K radiation shield \ ¢ s : L
g & 1] Cold box 40 K radiation shield i
7 I \ . el |
2 R - : >
@ | i:] :4 D I : lnte?nedlate / \\ > \ I
= Y window || | | ; ocus Photometric channels 11
S e I Off- axis Off- axis / / > |
o ¥ (ZnSe) \ I'| paraboloids pacaboloids > \ i
+ / - I I P| P‘ §‘\IIIIIIIIIIIIIIIIIIIIIIII-IIIIIIII"“‘E : l
/ Il | . £ Beam combiner £ i
o | ; |; : [ ’\\ E I
' I > ~ |
Bl e T : I
> — H
Beam compressors \ Il '\fl ( < E70S o B I :
80 — 18 mm beamwidth k| e g SCEoating |
& 1l & ( B ~ zplate z (|
i L H
I i I\J \P! ggx .."‘IIIIIIIIIIIIIIIIIII lll"\“#: I
— ‘ 1\ | : ) Beamwidth : :
Sk 1| iPupil el SOF 10w Filter i1
ol atial Tilter
2 B8 | jsop ¥ o I
g |1 u:ﬁ | Photometcic  GLSTY/Prism .
EREES T Il Beamsplitter ! !
g |v)% ¥ (30:70) Camera *=:TIZ|:']:}::'1‘_:J:'T':II:::= : :
1 . || .
- : | Y l: ] ; '
‘ | 1l [ |
— L . |
v l 1| Optics: T=40K Detector 7»/' ) P
| . T= 240 x 320) x
Delay line variation P Detector: T= 5K ( ’ l| |
B v o 0 o v — e —— e —— S —— S S — 8 8 8 M S S S e S — 0 S —— b — I

by movable roof
oiCCors

(on Piezo stages)
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MIDI HIGH-SENS mode

Observe fringes:
- opd modulation without chopping:

T background is removed by doing
‘r-ﬂi[|'\r-JL’VU‘»\||l\ o M"\ J“fb M- ll' ]h f'l\‘ \Ijllf 1“! “'{b Mfl;'l A ||L|[ Jlﬂlp “l} I = I+ S

L

I
'“*ni("'1*“""""""\")\‘""f"“"“‘\m-""l"'“""‘lr\}'\”’"""""“MUl'"'”"""""""'”1'1v'f"""""u\{""” " |{\ \I”'“ I\lli '4\' ”ﬂ/ M( ObserV e th e ph Ot om etri es:
- * no opd modulaiton
« shutter in beam A and then B
« chopping required

Good sensitivity

.,,*‘ﬁ. " -14,,:,,,&,,_\',-\1' rp,,,k.-,.-.j~,-»--v1'\.a'r\«..\_w-.ﬂ.,r",a,,,,-.f»\.-....)m-’ (L RO P .
Ak Photometry non simultaneous

= bias in the visibilities

| = p— =

Dedicated to faint objects




MIDI SCI-PHOT mode

1 Observe fringes and photometry:
* opd modulation
« chopping required
Observe the photometries:
» shutter in beam A and then B
« chopping required
« only used to know the splitting
ratio photometry / fringes
(Kappa matrix)
Less sensitivity since the flux is split
between photometry and fringes
Photometry simultaneous with fringes
=»less bias in the visibilities, less
photometric noise

Dedicated to bright objects




PIONIER interferometer

R e Precision Integrated-Optics Near-infrared
e Imaging ExpeRiment

IPAG guest instrument, can combine 4 AT or
UT telescopes, very high closure phase
accuracy (< 0.5°), polarization compensated
by a Lithium-Niobate plate

beam combiner integrated in
a small plate, 1t delivers 24
interferometric outputs

H,K bands
low R =40
Commissioned 2010
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VLTI auxiliary subsystems

Infrared Image Sensor (IRIS):

- a tilt sensor , measures the tilt of up to 4 stellar beams
simultaneously in 3 possible spectral bands, J or H or K

- monitors the image drift introduced inside the VLTI between the
Coudeé focus of each telescope (AT or UT) and the VLTI lab

- The tilt actuator is in the X-Y table of STRAP/MACAOQO and IRIS
delivers tilt error vectors at a rate of up to 10Hz.
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VLTI auxiliary subsystems

FINITO, Fringe-tracking Instrument of NlIce and TOrino

- three beam fringe tracker, operates in the H-band

- measures the relative phase difference between the light beams,
1dentifies the piston disturbances due to atmospheric turbulence. An
error signal 1s sent to the OPD Controller which in return sends a
correction signal to the delay lines.

- longer DIT, larger spectral resolution available, better fringe quality

- operations feasible for seeing <1.2", 1, above 2.5ms, AM < 1.5, limiting

H ~ 5 (ATs), 6 (UTs) , minimum visibility in the H band 15%.
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2nd Generation VLTI instruments

Table 1. Summary of VLTI 2™ Generation Instrument Proposals

Project MATISSE GRAVITY VSI
P.L B. Lopez F. Eisenhauer F. Malbet
P.I. Affiliation Nice MPE Garching | Grenoble
Participating F,D,NL,PL, |D.,F F.UCD.P. L
countries HU A, B
Max No. of Beams 4 4 4-6
A range (1um) 3.5-20 1.9-2.5 1-2.5
Imaging Yes Yes Yes
Spectr (A/ AL) 30, 100, =500 | 30-500 10> - 10°*
Lim. magnitude UT 0.2Jy R=30 19.5 18-20
SNR=10m 2s | 1hr w/FT 100s w/FT
Internal fringe tracker | No Yes, townWFS | Yes
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'8 High-resolution spectro-interferometry

phase

square visibility

Each bin across the spectral line represents a projection on the sky
in the given RV range. Emission lines of Be stars determine
dynamical profile of the circumstellar disk.

Be stars: Broad line due to fast rotation. Pole-on stars (28 CMa)

15 spectral bins over Bry, equator-on seen Be stars - 40-50 bins
at the AMBER HR (12000) resolution

20

10

0

rel. flux

-10

Bry VLTI/AMBER
observations of
| the Be star 3 CMi
| Stefl et al., 2011

- -20 - —

— e

closure phase

0.4 A(l)-KO
1

I~ AD-G1 ™ G1-KO
| 1 | | 1

-400 O 400 800 -400 0O 400 800 -400 O 400 800 -400 0O 400 800
RV [Kkm/s] RV [Km/s] RV [Km/s] RV [Km/s]



0 Modeling of HR data

talk by R. Klement

No simple models e.g. In LITpro, physical models necessary

HDUST - viscous excretion dis model: Carciofi & Bjorkman (2006,
Apd 639, 1081, Carciofi 2010, IAU Symp 172, 325)
+ ongoing modifications

. 3-D, NLTE code solving coupled problems of radiative transfer,
radiative and statistical equilibrium for arbitrary gas density and
velocity distribution.

« NLTE Monte-Carlo simulations solves the temperature and

density disk profiles. The only input are stellar parameters, disk
inclination and stellar mass-loss



Detection of density waves in ¢ Tau

1.00

ADec (maos)
ADec {maos)

0.01

ARA (mas)

ADec (mas)
ADec (mas)
ADec (mas)

T = 20

v = 42.1 km/s

Modeling of the ¢ Tau density wave (from Carciofi et al. 2009) at the time of
AMBER observations. Top: seen pole-on, in the disk plane and as an synthetized
image at 2.16 um. Bottom: synthetic images at RV=-70, +42 and +154 km/s.
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Detection of density waves in ( Tau

¢ Tau: HD 37202, B2V AMBER MR (1500), Dec 2006, Bry
Stefl et al. 2009 (A&A 504, 929), Carciofi et al. 2009 (A&A 504, 915)

o
i

T
|

- AMBER data analyzed and
modeled together with
extended spectroscopic and

|
o
()

D, [deg]
o
o
BHo11 % il

V2, [0-1]

o

©

Astrometry [mas]

o o
o

polarimetric datasets 7
Eg 2| ]

: - 52 I

- the disk position angle and ES b “’#ﬁ ]
[a)®) L ]

AT ST

rotation vector derived

-50 0 50 100 150
Baseline Angle [deg]

- the consistent fit of AMBER
data and spectroscopic
variations over 12 years

- the first quantitative test of
the density wave model

HDUST fits of differential visibilities and phases of { Tau
(Carciofi et al. 2009)



Differential phase reversal

phase

square visibility

rel. flux

closure phase

- -20
| 1 | 1 | | 1 | 1 | | 1 | 1 | | 1 | 1

0.4 A(IJ-KO
1

I~ AO-G1 I~ G1-KO
| 1 | 1

| 1 |

-400 0O 400 800 -400 0O 400 800 -400 0 400 800 -400 0

Kraus et al. 2012: Phase reversals are just the
interferometric effect at the lobe transition for over-
resolved disks

(from Faes et al. 2013)

400 800
RV [Km/s] RV [km/s] RV [Kkm/s] RV [Km/s]

a Col: AMBER
Strong phase
reversal at two
baselines.

Stefl et al. 2011 —
Phase reversal
detected in five of 8

Be stars observed
with AMBER in HR

-400 -200 0 200 400
vel. (km/s)




+ES+ phase reversal - cont.

Faes et al. 2013: the origin of the effect lies in the velocity-dependent line
absorption by the disk of photospheric radiation.

12
x 1.1
> i
5 oMLY
m o
S =S 09
o
0.8
OWART
-500 0 500 500 0 500
vel. (km/s) vel. km/s vel. (km/s)
0
—1
s* S
> —35?
—4
—5 Model for B1e star
x/R x/R x/R x/R 0
1 Rotation rate:
. 2% Q/Qcrit=0.8
— 0 =
> 3_8
—4 disk inclination:
=5 | = 90°
x/R $/R T/R x/R



+E@§* phase reversal - cont.
+

CQE-PS — great diagnostic potential on a scale smaller than the
special resolution:

Normalized Phase

e
| I |

200 400

'107\ | I | | siFEle | P, I I .
-400 -200 O

400 200 0 200 400 400 200 0 200 400
vel. (km/s) vel. (km/s) vel. (km/s)
CQE-PS vs. disk CQE-PS vs disk density: CQE-PS vs. radial
inclination 102 ecm> , 1013 cm?3, density exponent m

OQETS - 45 108 e 3.0 , 4.0
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The Iargést ston0|al |trnat|onal project:
ESO, USA (NSF), Canada (NRC), Japan (NINS), Tai-wan (AS), Chile
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0 Receivers—up to 10 cartridges in one cryostat

ransmission
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Bands 3 (84-116 GHz), 6 (211-275 GHz),
7 (275-373 GHz), and 9 (602-720 GHz) SIS “cartridges™

1




~ Correlator
Y
ige|
L as

s

Signals are amplified and digitized at the antennas and then
combined in two big correlators. 120 Gb/s per antenna!

Extensive use of photonics for this and to synchronize the
receivers which has to be done at the ~25 nano-second
level.




Round Trip Phase Correction

Polarizing
Beamsplitter Boried DFA :
From Laser Pol | [_1| Fiber Fitl::re15 gpt.ltc?: " To
Synthesizer Ctrl ] [Stretcher T Km wite Photomixer
E|e‘éttr<|>“i° Frequency O Faraday
r Shifter ZX Mirror
From Pol Fred Ref Compensating
Master Ctrl Freq Ref Fiber
Laser LO Photonic Receiver (LPR)

Line Length Corrector
and Subarray Switch

The fiber path to each antenna is stabilized by an optical interferometer.

Phase correction 1s by a Fiber Stretcher.
Returned light-wave 1s orthogonally polarized to the outgoing wave.



Image slice at a /

single wavelength

Object seen in /

combined light

Spectral slice showing
the spectra across the
entire object
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? | ALMA task 1:

To image gas kinematics in a protostellar and protoplanetary disk
with the diameter equivalent to the Jupiter orbit in a distance of
150 ly. This corresponds to a angular diameter of 0.03 mas.
Baseline length constrain.
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+ ALMA task 2:

To detect molecular CO emission in a MW-type galaxy of z = 3 during
less than 24 hours. Antennas collective area constrain.

Hubble image of distant galaxies  Mm-wave images of near galaxies




Cosmology - from the Big Bang to the Present Day

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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- Cosmology - what ALMA is expected to do

-

]

I The most distant galaxies that we have seen so far lie at a red-shift of
about 8. They are more than 12 billion light years away. Between them

I and the Big Bang, at 13.7 billion years ago, lie the “Dark Ages”. The
first stars galaxies and black holes must have formed then.
We hope that ALMA will be able to catch the faint glimmers of the light

from these objects so we can take one more step in understanding how

our world came to be.



\_ ALMA Cycle 0 first results

\LMA
“Sweet result fr9m ALMA”
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Glycolaldehyde, a simple sugar, was discovered in the disc of gas and dust surrounding
this newly formed star in IRAS16293-2422, a region where multiple stars similar to our

Sun are being formed.

Astrobiological implications (building blocks of life): RNA contains a ribose sugar.




\' ALMA Science verification
N’
[MA

TW Hya: a face-on protoplanetary disk
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ALMA SV data HCO+(4-3) band 7

Left: integrated emission
Right: Velocity field
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Summary:

Interferometry is hard because
- it is technically demanding
- you have to worry about atmospheric effects

Interferometry is worthwhile because
- it is the only way to obtain the high resolution needed to
observe a vast range of astrophysical phenomena

Interferometry should be developed in the CR because
- it is necessary to solve astrophysical problems of the
highest priority
- it is expensive and we pay for it (VLTI, ALMA)



By sampling many points on the wavefront we can
build up an image of the object we are looking at.

4. .
*e
3 RIS o
< * o3ake, ¢ -
© %9+
- SROSA A2
|
G —— — - LR 2N - .
> <
o o
-
.
8 . .
o -

100 120 140 160 180 200

-70 -50 -30 -10 10 30




Combination types: Image-plane or Fizeau

Overlap the beams with a lens:
1974 Labeyrie fringes (Vega)

V Q opd ~ x . S/f

Each beam is focused to make an image on the sky, images are
superimposed, fringes formed across the combined image

The opd is spatially modulated: Fringe spacing and modulation
pattern are given by the combination baseline S



Fringe size: order of magnitude...

Vv @

The fringe spacing is the wavelength of the
light, so few um in the near-IR

Precise instrumentation
Mechanical vibrations are “killers”

When observing with a large spectra
bandwidth, the fringe packet becomes
small:
R=500 — A ~ 0.75mm
R=25_2==:A ~ 7.5 uym

Important to observe close to the zero
opd position, which requires a precise
knowledge of:

— the position on the star on sky

— the internal opd of the instrument

fringe size: A~ 2um



Google-Earth view of site with antennas in the most extended

es up to 16km
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What are we fighting against: Turbulence: fringe blurring

wavefront for

beam A

beam B

AN

beam A

beam B

Without turbulence

| AVAYAYAY S

With turbulence

il

Visibility is reduced by the
wavefront variance over the

pupil.

Do nothing if the turbulence is
small (IR — interferometry)

Reduce the telescope pupils

Use a perfect Adaptive Optics
system (the best solution)

Use another technique to flatten
the wavefronts

The ‘“‘turbulent” wvisibility loss
should be calibrated frequently

Speed of the observations —
VLTI, new remember-goback
mode implemented




CHARA imaqginag:

Altair Image Reconstruction

North (milliarcseconds)

Mpnniere al. 2007

2 1 0 -1 -2
East (milliarcseconds)

Altair flattened stellar disk (from Zao, 2009)
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North (milliarcseconds)

Altair Model (3=0.19)
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