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The Galactic center

Sgr A*

Diameter : 25 kpc
or 80 light-years

R

Systeme solaire
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with adaptive optics ...
The Galactic Center at 2.2 microns

Pee®

0,05 pc

Adaptive Optics
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Orbit of star S, observed with
adaptative optics at VLT/NACO

1992 10 light days

Schodel et al. (2002)
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We can do so with the many neighboring
stars

SINFONI 18.08.04: K(75 mas)
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And get the mass of Sgr A*

31d Kepler law:
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(d=7,62%0,32 kpc) Eisenhauer et al. (2005)
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The flares of Sgr A*

20 light days
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Genzel et al. (2003)
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But what cause the flares?

----------------------

Several possible Mg reconnection = hested reglon
scenarios : | ;

* magnetic reconnection
within the jet I c
° HOt SpOt Orbiting the ejected material /
black hole
 Fluctuations??

Hot spot at t
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A cloud Is coming

300 200 100 0 100
R.A. [mas]
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Setting the scale — just to scare ...

1 Schwarzschild radius
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Interferometry
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GRAVITY @ ESO VLTI
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Setting the scale — ... maybe not that scary

5nm @ 100m

a coin on the moon
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Phase referenced imaging & astrometry
SOPD =B.a— B.f = B.(& — B)

——— * i}
Secondary Star Primary Star

GC

eters
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Phase referenced imaging & astrometry

Contrast (B) <-> FourierTransform (Image)

Secondary Star Primary Star
AS < 60 arcsec

GC
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GRAVITY astrometry & imaging
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GRAVITY adaptive optics




GRAVITY adaptive optics
)\
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GRAVITY adaptive optics

QE=70%, RON=6.5 e-, 4 pix/subap.,
off-axis, zenith angle=30 deg
god v o brer e bre e berre berer L
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7.5 5.0 5.5 3.0 9.5 10.0

reference source mK (T=770 K)

Wavefront * B PRIMA Star
Sensor ©  Separator
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Adaptive optics and fringe tracking Detectors

SELEX / ESO development of Infrared
Avalanche Photo Diode array:

AR Coating

Top View of Pixel Unit Cell with
Perimeter Absorpticn Region and
Central Cylindrical Multiplication Region
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Adaptive Optics and Fringe Tracking Detectors

SELEX / ESO development of Infrared
Avalanche Photo Diode array: R

Noise Histogram of HgCdTe eAPD ME/38 single DCS

2.75e-@5.8ms [

Finger et al. 2010

Brander, Hippler et al.,
Clerretoetak. 2010



GRAVITY beam combiner
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Beam Comblner Instrument
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1 - Fiber Control Unit

o Acquisition Camera Spectrometers
Guiding system s

Metrology
Injection

Fiber

Control = N N\ R .
N Y : N | yERN Units

Integrated
Optics
e = A Beam
Couplers | Y | bt Combiners

Haug, Thiel, Hausmann et al.



Single mode interferometer

Most important quantities for interferometry is well measured
phase and calibrated contrast, not flux

WW

Distorted Waves
Constant flux, but .
variable contrast TR

Single mode fiber
“Low pass filter”

Variable flux, but
constant contrast




Fibercoupler

Rotation Stages

Shutters




Single Mode Instrument

Injection

e
To the

10 combiner
spectrometer

Fibre section 1: Fibre section 2: Fibre section 3: Fibre saction &:
Injection differential delay line polarization rotator Fibre array
1O assembly

Fluoride glass fibers (OHANA)
* optimum throughput in K-band
* possibility to measure in unpolarized light = sensitivity

Pertiny Berraut, Jacou et al. OHP : Optical interferometers 31




Adjusting the path length and polarization

P *i}
Secondary Star Primary Star
AS < 60 arcsex

! & z ! ~ fﬁ
Perrin et al.
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2 — Combiner optics

o Acquisition Camera Spectrometers
Guiding system s

Metrology
Injection

Fiber

Control = N N\ R .
N Y : N | yERN Units

Unit

Integrated
| Optics
Fiber ¥ A = - Bepam
Couplers | Y ' Ao Combiners

Haug, Thiel, Hausmann et al.



Integrated optics feeding spectrometer

X

- i

Visible laser | $‘§ " I

Jacou et al. 2010, Perraut et al.
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Integrated Optics

K-band operation Cryogenic operation

D: Steady-State Thermal (ANSYS)
Température

Type: Température
20/06/2011 17:09
200 Max
189,99
179,99
169,98
150,97
149,07
139,96 ‘ )
129,95 ) Ay
119,95

109,94
PECVYD
69,926
73,919

79,919
79,853 Min

Average
throughput:

Width: 26mm

2000 2050 2100 2150 22

Protection
cables
(23.6mm)

Jacou et al. s P Fivtrel cable
2010 Silicon ~ V-groove (20.9mm)

Per?apﬁ. ?@f?al . V-groove shells




3 — Spectrometer

o Acquisition Camera Spectrometers
Guiding system P QN

Metrology

Fiber .
Injection

Control = N N\ R .
TS V B E"i&i v ‘ ____. A UnItS

Unit

Integrated
Fiber N Bepam
Couplers | Y | 4l Combiners

Haug, Thiel, Hausmann et al.



Spectrometers

| Collimator |

Metrology Laser Injection

Grism wheel

Camera

Dichroic + Blocking Filter 5
: il Wollaston - [
J: ~{ L 3 , , — 0 0 @ O:O:O O 6

Straubmeier et al. 2010




Spectrometers

‘ Collimator \

optical output plane of
metrology laser beams \_A

collimator of metrology
laser beams @

Wollaston prism

collimator of beam combiner

dispersive element
focussing optics of metrology

K-band filter

-
-

L

optical output plane of  dichroic for reflection blocking filter for
beam combiner  of metrology laser metrology wavelength

focussing optics / camera

focal plane /
detector array

Straubmeier et al. 2010 OHP : Optical interferometers
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4 — Metrology

o Acquisition Camera Spectrometers
Guiding system s

Metrology
Injection

Fiber

Control = N N\ R .
N Y : N | yERN Units

Unit

Integrated
| Optics
Fiber ¥ A = - Bepam
Couplers | Y ' Ao Combiners

Haug, Thiel, Hausmann et al.



Interferometric astrometry
SOPD =B.a— B.f = B.(& — B)

O+
Secondary Star Primary Star
AS < 60 arcsec
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Interferometric astrometry

SOPD =B.ad — B.f = B.(a— )

500 ym 10 pas

OHP : Optical interferometers
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Interferometric baseline

50PD = B.d — B.fi =(B)(d—f)

ENCLOSURE

29000

Phase reference of the metrology

Narrow angle baseline

\
Wide angle baseline |

M2 UNIT

|mag|ng basellne i' g { ‘«" Y : j STRUILTURE

T MuM3 vt

ROTATING PLATFORM ENLLOSURE FOUNDATI

| Tewesiopt

Interferometric beam S i TR | g8

ROTATING PLATFORM ENTLOSURE FOUNDATI

25.09, Ol&’l OHP : Optical interferometers
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Interferometric baseline

o3uLy

€ 10109919(]

DDL B2

I 1030919p

DPU!(]
A3ojonoN

10SUdS

C
Cd

Field
splitter |

aurp Aejoq

<

o
2
-

RN
c

A3010m9IN

DDL BI

aseyd
[.L [rdng

IDYIYS

Field
splitter |

|
—

[ aul] Ae[a(J

[ @apold
I0SUdS

A3ojonoN

DDL Al

V 1010219(]

ndngd

a3uLy

[ L 1030919p

25.09.2013 OHP : Optical interferometers




GRAVITY narrow angle baseline and metrology

Stable realization of the
narrow angle baseline 500 pm

: Calibration of the narrow
angle baseline

P . Optical interferometers

44
Lacour, Kervella et al.



Laser Metrology

25.09.2013 OHP p'_‘ica In ereromé ers
Rabien et al. 2008, Bartko et al. 2010, Gillessen et al.



5 — Acquisition Camera

o Acquisition Camera Spectrometers
Guiding system ‘ -

Metrology

Fiber .
Injection

Control = N N\ R .
TS V B E"i&i v ‘ ____. A UnItS

Unit

Integrated
| Optics
Fiber ¥ A = - Bepam
Couplers | Y ' Ao Combiners
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Pupil and tilt errors

—if—

—if—

OHP : Optical interferometers
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Interferometric Astrometry
SOPD =B.&d — B.f = B.(a— )

OPD measurement Error Metrology Error

* Phase error on SC target * Phase measurement error

* Phase error on FT target « Metrology wavelength stability

* Wavelength error —
* Short term stability?
* Long term stability?

’\III

PM1 — OM2) 5

(puppr; — p'upA\“\)
2 - (PUPFT2 — PUPNM2)

9y - (PUPgc2 — PUP)2)

Dispersion Error (A-ﬁl - (Pupscy — P“P.\n)

* Hysteresis of the fibered delay lines T
* Refractive index of air gl g

« Refractive index of fluoride glass * Tip-tilterror
e Lateral pupil error

OHP : Optical interferometersLongitudina| pupil error




GRAVITY T|I Control
Atmosphere VLTI Tunnel

edmurjd optics

NT68:g1 NEWPORT

3MD20ER_2

Acquisition and
guiding camera

edmund
optics
NT45-298

positions
= < sensitive
beams ’ = = diode platine
coming from &\
Fiber coupler

5.09.2
Pfuhl et aP Amorim et al. 2010,
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GRAVITY Pupil Control

25.09.2013 OHP : Optical interferometers
Amorim et al. 2010, Pfuhl et al.
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Back to astrophysics —
Capablities and scientific prospects of
the VLTI-GRAVITY instrument

25.09.2013 OHP : Optical interferometers
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25.09.2013

Overview

Primary science case: the Galactic Center
4-telescope beam combiner for the VLTI

K band (full)

3 spectral resolutions (R=22, 500, 4000)
single and dual field (< 2" or 6" separation)
dual field astrometry

mk~10 limiting magnitude of fringe tracker
mk~19 for science combiner

OHP : Optical interferometers
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Performances

* Angular resolution: 3 mas (set by VLTI
naselines), super-resolution possible

 R=4000 observations possible up to F
iImiting magnitude (mx=10)
 With suitable mk<10 reference within 2"

(UTs) or 6" (ATs), observations up to mk
~19 are possible
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Observing the Universe in motion
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Observing the Universe in motion

SS Leporis

10 mas 2010/10/28

OHP : Optical interferometers

5.09.2013
Blind et al. 2012, ESO
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Observing the Universe in motion

Mass in My, iter

SS Leporis

PRIMA &
GRAVITY

. radial

asirometry
[ transit imaging velocity
. timing . microlensing . pulsar timing

10 mas 01 ——1-—— 10 Separation (AU

From Wikipedia (exoplanet discovered

through 2010-10-03)

) d25.09.F013 OHP : Optical interferometers 56
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HH 30

25.09.201

Credits: Watson Stapelfeldt, Krist, Burrow E

Observing the Universe in motion

S

-

§tICa| |nter erometers

57



Observing the Universe in motion

HH 30

' Staff et al. 2006

25.09.201 : Optical interf t -
Credits: Watson Stapelfeldt , Krist, Burro E%',&as'.T e



Observing the Universe in motion

Galactic Center

o .
St

. N

25.09.2013 .
NTT/VLT o%servatlons

OHP : Optical interferometers
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Observing the Universe in motion

Galactic Center

25.09.2013 ptical interferometers
Gillessen et al. 2011, Burkert et al. 2012 Sc artmann et al. 2012, Credits: ESO, Berry/NASA, Broderlck



Stellar Physics &
Interferometr

Publications in
optical / infrared
Interferometry
(1998-2013)

@ Stellar physics

@ Dust/exoplanets
AGN

@ Asteroids

25.09.2013 OHP : Optical interferometers
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4T interferometry (like
PIONIER), with
spectral resolution (like
AMBER)

Single field sensitivity -
- PIONIER " l 1 Egé?(min%rocsecé?mﬁs) A

Spectro-imaging of
stellar surfaces and
environments at
spectral resolution
4000

Within a single field of
view (60 / 250 mas)

25.09.2013 OHP : Optical interiS@tgete ~arerriererurreED IR )
4 n 1n A n



Astrometry
* Astrometry and

spectro-imaging up to
6" separation and

HST /H. Bond

25.09.2013 OHP : Optical ifieriéeters



Exoplanets

g,

e Astrometric wobble of
star = Planet mass

HR 8799

* Displacement of
spatially resolved
planets relative to
their star " Moons

25.09.2013 OHP : Optical interferiRa0's et al- (2010)



« Astrometry of stars near
globular cluster cores

* Brightest stars in the
Magellanic Clouds and
their surroundings

« Spectro-imaging of AGN
cores (including spectro- > e
astrometry)

Mid-infrared
continuum

25.09.2013 OHP : Optical interfero



Schedule

Start: 2004

PDR: 2009

FDR: 2011

PA Europe: September 2014

First light: Early 2015

First science operations: End 2015

25.09.2013 OHP : Optical interferometers
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STATUS OF THE INSTRUMENT
(pictures only)
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