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PRELIMINARY REMARKS

Do not hesitate to ask questions

Practical approach of observation and data analysis, with a
focus on model fitting

— exercises this afternoon on real data

The objective of this course is that you understand the
method and the possibilities of interferometry



Brief presentation of VLT
Observations of Achernar

Analysis of VINCI and PIONIER data
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VINCI: decommissioned in 2008
— recombination of 2 telescopes in the K band (2,2 um) or H band (1,6 um)
— beam spatial filtering and recombination using single-mode fibers
— temporal modulation of the optical path difference (OPD)
— squared visibility V2 integrated over the band
AMBER: operational (offerred), filtering using fibers, spatial modulation of the OPD
— 3-telescope instrument, in H (1,6 um) and K (2,2 um) bands
— spectral resolution AMA of 35 (LR), 1500 (MR) and 10000 (HR)
— measurement of 3 visibilities and | closure phase
MIDI: operational (offered)
— 2 telescopes, thermal infrared domain : N (8- 13 wm) band
— spectral resolution R=30 or R=320
— temporal modulation of the OPD
— measurement of one V(\) of the differential phase ¢(A) over the N band
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* PIONIER: visitor instrument, operational since 2010
— recombination of 4 telescopes in the H band (1,6 um)

— uses an Integrated optics component for the recombination of
the four beams

— temporal modulation of the OPD

— measurement of the visibility on 6 baselines and 3 closure
phases with a low spectral resolution
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SECOND GENERATION VLTI INSTRUMENTS
(2015+)

 GRAVITY: 4T beam combiner with dual field (2,2 um)
— Ultra-high accuracy narrow-angle astrometry (10 pas)
— Spectro-interferometric imaging R=30 to 4000 (K band)
— MPE Garching/Observatoire de Paris/U. Cologne/...
— Primary objective: the Galactic Center
— Many other applications !

 MATISSE: 4T recombiner in the thermal infrared domain
— Follow-up of the successful MIDI instrument
— Observatoire de la Cote d'Azur/MPIA/MPItR/...

— Objectives: young stellar objects, planetary formation,
evolved stars
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PERFORMANCES

* 4 telescopes, 3 closure phases, dual field capability

 Angular resolution: 3 mas (set by VLI baselines), super-
resolution possible

« R=4000 observations possible up to FT limiting magnitude
(mr=10)

B i itable mk= | O reference within 2° (Uifsy ok
6" (Als), observations up to mx=19 are possible
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« Astrometry and spectro-imaging up to separations of 6" and
mk=19 If nearby phase reference with mg<|0 Is available

Sirius
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PRACTICAL EXAMP
OBSERVATIONS OF
ACHERNAR WITH VINCI




ACHERNAR

s birishtest star (my,=0.50)

= 1 (D3Vpe)

s ieciive temperature ~ |5 000 K Luminosity = 3000HESS

g =4 B/~ | pC

SR R~ 9R

* Theta(mas) = 9.305 * D(Dsol)/d(pc) > angular diameter ~2 mas
* Inthe infrared (2 um), baseline to resolve Achernar ~200 m P
* Projected rotational velocity: g (E)

v.sin i = 225 km/s

s it possible to know the rotation period ?
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Rapid rotation
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What is the critical rotation velocity ?
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VLTI-VINCI
OBSERVATIONS

* Achernar was among the first
stars observed with the VLTI in
2001-2002

* Recombination of 2 telescopes

* 2 perpendicular baselines +
efficient supersynthesis

What is the maximum distance at
which it is possible to resolve
completely a star identical to the
Sun with the VLTI ? (B=140m,
A=1.6 um)

Resolution 1.6 pm/ 202m = 2.3 mas = the Sun at 4.1 pc = parallax > 247mas
33 stars in the Gliese catalogue, but most of them are very small (red dwarfs)
But it is possible to resolve bigger stars at larger distances ! Achernar for example...
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What is the overall photometric efficiency of the VLTI + VINC] ?
(22 mirors in each "arm", injection in fibers, K band filter, camera...)
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SN SIS OF VINCI OBSERVAIREINS

N Rracantation of the observallEhE

gh i dala reduction

3. Visibility calibration

4. Visibility model fitting

5. Interpretation of the results



OVERVIEW OF THE OBSERVATIONS

Pairs of Achernar + calibrator observations

— estimation of the transfer function of the VLT]

— 4 distinct calibrators

60 V2 mesurements in the K band (over |6 nights)
14 V2 mesurements in the H band (over 7 nights)

Supersynthesis

— Achernar = dec -60 deg = supersynthesis is efficient
— observations at different hour angles

— variable projected baseline
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* The raw data contain 4 signals:
— two photometric signals PA and PB

— two interferometric signals || and [2
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INEREAL TIME...

2 to |0 interferograms per
second

One observation with 500
interferograms takes ~9

minutes

A calibrator star is observed
before and after the scientific
target
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EEE=C [ON OF [HE INTERFERC GRS

* Wavelet transform

— time-frequency
analysis

* Gives the possibility
flGRiiE[SEr the
interferograms
affected by the
atmospheric piston
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INEREGRATION OF THE MODULATEDSRGEESE

Power spectral density of the

wavelet transform, projected 0.050 .
on the frequency axis over the E R
fringe extension in OPD . T

0025 f-------a----dob e

The power spectrum of the

Densité spectrale de puissance

fringes does not show O A B RE b R
residuals around the fringe :
peak.
-0.013 } } }
0 2750 5500 8250 11000

The integration of the fringe
peak gives the squared
coherence factor p?

Nombre d'onde (cm-1)

What is the origin of the power spectrum "background” that we have
to subtract before integrating the fringe peak ?



VISIBILITY CALIBRATION
TRANSFER FUNCTION

ili=ciiiciene eifthe interferometer +
atmosphere is not perfect, and it does not
transmit 100% of the modulation of the
fringes

This loss of modulation must be measured
and corrected

We therefore observe a star with a known
angular diameter, the calibrator

Knowing the expected visibility, we can
estimate precisely the transfer function T2,
and corrext the instrumental squared

coherence factor P2 or the source

2
2 W
T = :
V calib
JP—————
2
V2 — lusource
source T2
?—‘

How can we predict the size of a calibrator ?
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* Beware of binary stars and fast rotators...



VISIRIEIREMCIDIEL

For Achernar, our goal is D0 a0 mas
— DU 2.0 mas
to measure the shape of e . | DU 15 mas

its distorted photosphere

- First step: uniform 0 N N N A
circular disk size as a
function of azimuth 5 o . : :
z 50 % """""':' """":""""" """""
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B 2J1(mOQupS) | : :
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- Second step: a uniform 0 50 100 150 200

ellipse model Base (m)
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BiFEEERENT CALIBRAIGIES
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S| [Bse model:
1

( cos(Az - oc))2 N ( sin(Az - oc))2
2a 2b

I — T —
 Fit of the parameters o, a, b

HDU(Az) =

* Minimization of the following quantity:

e = V2o Az))

Xz(a,a,b) =2 Gf(Vz)
B — T ———

How are the error bars computed ?

General method: X% = X? minimum + |



Reduced chi2 minimum (=2.86098)
Reduced chi2 maximum (=172.679)
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INTERPR

- TATION

What do you think of the derived flattening !
Does it agree with the Huygens approximation for

Achernar (1.34) ?

e Additional phenomena:
— Von Zeipel effect
— differential rotation

— circumstellar material

Mass
Equatorial radius
Equatorial velocity

Msol
Rsol

G
Period
omega
Density

Flattening

6 Msol
9.2 Rsol
280 km/s

2.00E+30 kg

7.50E+08 m

16.67E-‘l1 Sl

55E+405 s 17
4.06E-05 rad/s -3 days
8.72E+00 kg/m3

1.34

L ee—



GRAVITY

In a uniformly rotating star, the emerging radiative flux is
proportional to the local effective gravity (gef) ™.

DARK

-NING

H. Von Zeipel 1924, MNRAS, 84, 665
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M@ DELS VY TH DIFFERENIEES
ROTATION

(A) M=6 M, , R _=12.19 R (B) M=9 M_, R _=11.73 R,
i=61° i=49°

1=55° 1=68°

Jackson et al. (2004)



-
‘P

e|orje°" 32

= .4

ks

-

/388 ;‘-'A_ste-r,op'e' 205

k
-

g.efa4-|'35 km/se '-..-'5 : :



Achernar
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ACHERNAR

Is it a reasonable image !
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