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0 What happens in classical AO

Open loop Close loop
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0 a Why MCAQ?
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+ S+ . . .
]%B%‘Aa Atmospheric anisoplanatism

Anisoplanatism

Reference Off-axis

Star * *Star

Coherence angle
0, < A5/5 sec®3 (z) [ C %(h) h5/3 [rad]

e (O/O )53 [rad]

anlso

WFC

E.Marchetti — MCAO: widening the sharpness in astronomical observations — STEEL school — Erice, October 11t 2015 4



+ES§+@ Dreaming at... MCAQO
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o a MCAO Timeline
wy
B 1975 - R.H.Dicke introduces the concept of MICAO
B 1988 — J.M.Beckers revamps the use of MCAO for astronomy
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0 a Multi Conjugate Adaptive Optics

Multi-Conjugate Adaptive Optics

Reference &% o e
Stars

High
Altitude
Layer

Ground

Layer

. ' Telescope
DM1 -
to WFS

to Science Camera

S E Marchetti/ ESO /2005
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E'S§ A MCAO Timeline
i
B 1975 - R.H.Dicke introduces the concept of MCAO
B 1988 —J.M.Beckers revamps the use of MCAO for astronomy

B 1990 — M.Tallon & R.Foy identified 3D-tomography as key tool
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%S;g'i MCAO basic principles

Probing atmospheric turbulence volume in a large
FoV by means of several guide stars (and WFSs)

¥

¥

Project the wavefronts onto altitudes
where DMs are conjugated to

¥

Compensate for turbulence with the DMs
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ES,% A MCAO Timeline
i
B 1975 - R.H.Dicke introduces the concept of MCAO
B 1988 —J.M.Beckers revamps the use of MCAO for astronomy
B 1990 — M.Tallon & R.Foy identified 3D-tomography as key tool

B 1999 - R.Ragazzoni, E.Marchetti & F.Rigaut proposed the
modal tomography as efficient solution
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K Slicing the atmosphere

High altitude layer

Mueasured warelionls

My
Q h
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wavefront
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+ X a
1?95 A Modal Tomography
Wiy
B The wavefront in the direction of the i-th guide star at
the j-th layer is described as a linear combinations of
P “modes”

B The total wavefront in the direction of i-th guide
star is a linear combination of the N layers

N
L; = zj:l Lij

B Project the wavefront of the metapupil W at j-th layer
into the j-th direction

I\ N
LU=AUVV] Li:zj=1Lij:z]'=1AijVVj L=AW W=A+L

R.Ragazzoni, E.Marchetti, F.Rigaut , A&A 342, L53 (1999)

E.Marchetti — MCAO: widening the sharpness in astronomical observations — STEEL school — Erice, October 11t 2015 12



+ X i
1?95 A Modal Tomography
Wiy
B Important property of the projection matrix A: if the metapupil is a linear
combination of modes up to radial order r, any circular portion inside it can
be described with a linear combination of the same set of modes up to the
same radial order

B Project the wavefront of the metapupil W at j-th layer into the any desired
direction

B Retrieving the wavefront along any desired direction from the wavefront
observed in the direction of the guide stars

Wy =TA*'L

WT= L

R.Ragazzoni, E.Marchetti, F.Rigaut , A&A 342, L53 (1999)
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E'S§ bl MCAO Timeline
i
B 1975 - R.H.Dicke introduces the concept of MCAO

1988 — J.M.Beckers revamps the use of MCAO for astronomy
1990 — M.Tallon & R.Foy identified 3D-tomography as key tool

1999 — R.Ragazzoni, E.Marchetti & F.Rigaut proposed the
modal tomography as efficient solution

2000 — R.Ragazzoni, E.Marchetti & G.Valente provided on sky
open loop demonstration of tomography
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*’?S;gq Open loop demonstration (2000)

B Open loop experiment run at Telescopio Nazionale Galileo (Canary Islands)

B Wavefront estimated from defocused images from nice star asterism
B Tomographic matrix obtained from open loop data stream

Input turbulence
15.7"

121“ -~ ...1..8..?"

Averaging

w
=
c
3
-
o
=
o
[
8
@
s}
c
8
T
=

Tomography

. . 10 15 20

Order of Zernike polynomial

R.Ragazzoni, E.Marchetti, FValente, Nature 403, 54 (2000)
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+E‘§;§q Desighing an MCAOQO system: know your enemy
B Limitations, error sources and the related propagation helps in
constraining the design parameters to the desired solution
B Generalized fitting error
B Generalized anisoplanatic error
B Generalized aliasing
B Tip-tilt problem with Laser Guide Stars

B Cycling Simulations =2 modelling = simulations ...
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+ES§+!\ Generalized fitting error

Deformable
Mirror

\Atmospheric
Layer
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+ES§+! Generalized fitting error

-
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0 Optimizing DMs position

>

v
")
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+ES+ . . .
]%E‘Aa Generalized anisoplanatic error

R
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WEFS 1 WEFS 1
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E‘i&q Solving the generalized aliasing error
B Aliasing due to the unseen and/or badly seen modes
propagate undesired noise in the MCAO control loop =2 The

Interaction Matrix (IM) is badly conditioned
@=R-s R = IM1
B Reconstructor R can be computed truncating the

unseen/badly seen modes (Truncated LSE), sub-optimal
solution

B Adding “knowledge” works better: regularization of R (MAP)
provides optimal solution to bad conditioning

R=C _IMT[IMC IMT+( J1
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K Tip-tilt problem with Laser Guide Stars

iy

B Useof Lag—=—"— B t of the
atmosphé he focus

B Sensingo ot enough
for MCAC nd field
distortion

B Use of thi .e. control
of 2" ord verage
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”%5 A Multi-parametric space simulations

iy

NGS5 Constellation LGS Constellation + 1 NGS
- T I L L L T I 1 T T 1 T v T T T T T T T T T 7 ]
- F e e, T 3
B PR T I ]
= 0.6F RS g e =
’ s e e T RS -
e = e e K F o ]
g 0.5F . © I T =
] o 5] Y = & E B
O o T T et T 7
gk Mo - e B E
0.4F £ L' e Yoy =
= 2 X .-H = ¥ R e 3
o = [Ex Rl T B @K 7
wn 2 - I @t E
o 0.3F | ¢ 4 Na LGS @ 41" + Brighi on—axis NGS =
o E| < sNGS @ 30" . F| 4 4 Na LGS @ 56" + Bright on-axis NGS ]
s F| O 3NGS @ 45" ¥| O 5 NalLGS @ 56" + Bright on—axis NGS ]
& 0.2 H x sNgs @ 45" El | ¥ 4 Na LGS @ 56" + on—axis Rayleigh LGS+ TT on—asis NGS =
5 F| @ 4NGSE 457 + on—axis NGS + | @ 5 NaLGE @ H6” + on—axis Rayleiph LGS+ TT on-—azis NGS 3
' - ——F—+————+———F—+———F——+—+—————— s
0.25 T N
N & T ]
0.20 T u
S - [ EERRRTRS o ELEEEES o S a 1 ]
2 0151 T s ]
ST o T ot -
kS - T i - ]
o 0.10 [ T . .y ) . - | B
B - X 4 - [ L i
i R S o T ]
B Fnign g > T ] TP ORI i
0.05F X 9 Qe G e Bl Sl —
L Hoe A S ]
D.OD_ M T T I TR T T | | | T | I P T T T S T T PR BT | ]

10 1z
DM, Conjugation

2 4 6 8 0 1z
Height (Km)

E.Marchetti — MCAO: widening the sharpness in astronomical observations — STEEL school — Erice, October 11t 2015 25



0 a Star Oriented MCAO

Star Oriented MCAQ

Reference * * *
Stars

High
Altitude
Layer

Ground

Layer Telescope

Ground Conj. DM
Altitude Conj. DM

VFC

wrs ’“_JW

E Marchetti f ESO / 2005
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0 Layer Oriented MCAO

Layer Oriented MCAO

Reference * *
Stars

High
Altitude
Layer

Ground
Layer

Telescope

Ground Conj. DM
Altitude Conj. DM

.-
WFS2 >

E Marchetti / ESO / 2005
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+E£§+@ Layer Oriented MCAO
Wiy
B Optimal use of photons
B N, < Area(sub-ap) x T;,,

B Area(sub-ap) o r,?
BT X
N, xry
B ry(layer) > ry o (always!)

M Calibration independent from guide star location
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+ES§+!~ MCAO Timeline

1975 — R.H.Dicke introduces the concept of MCAO
1988 — J.M.Beckers revamps the use of MCAO for astronomy
1990 — M.Tallon & R.Foy identified 3D-tomography as key tool

1999 — R.Ragazzoni, E.Marchetti & F.Rigaut proposed the
modal tomography as efficient solution

B 2000 - R.Ragazzoni, E.Marchetti & G.Valente provided on sky
open loop demonstration of tomography

B 1% January 2002 — MAD project launched

E.Marchetti — MCAO: widening the sharpness in astronomical observations — STEEL school — Erice, October 11t 2015 29



.JE MCAO Demonstrator (MAD) in an nutshell




X MCAO Demonstrator (MAD) in an nutshell
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MCAO Demonstrator (MAD) in an nutshell
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Testing MAD in the laboratory
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MCAQO timeline

1988 — J.M.Beckers introduces the concept of MCAO

1990 — M.Tallon & R.Foy identified 3D-tomography as key
tool

1999 — R.Ragazzoni, E.Marchetti & F.Rigaut proposed the
modal tomography as efficient solution

2000 — R.Ragazzoni, E.Marchetti & G.Valente provided on
sky open loop demonstration of tomography

15t January 2002 — MAD project launched

Early 2005 — MCAO closed loop at the German Solar
Vacuum Tower Telescope (VTT)

25t October 2005 — MICAO closed loop with MAD in
laboratory
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+

%S;gq MCAO close loop in the laboratory

1’
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+

+EQS‘\§Q MCAO close loop in the laboratory
on-axis GS #1 GS #2 GS #3
Open
667 » - - -

Seeing(V): 0.7"

SCAO - N . -
Peak: 11.8x "
EE(0.1"): 7.8x Peak: 2.3x EE(0.1"): 2.0x
MCAO - . . '
Peak: 8.1x _ .
EE(0.1"): 5.3x Peak: 6.9x EE(0.1"):4.8x
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rom Munich to Paranal
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MAD installation at Paranal
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MAD @ Paranal
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MCAQO timeline

1988 — J.M.Beckers introduces the concept of MCAO

1990 — M.Tallon & R.Foy identified 3D-tomography as key
1{e]0]

1999 — R.Ragazzoni, E.Marchetti & F.Rigaut proposed the
modal tomography as efficient solution

2000 — R.Ragazzoni, E.Marchetti & G.Valente provided on
sky open loop demonstration of tomography

15t January 2002 — MAD project launched

Early 2005(?) — MCAO closed loop at the German Solar
Vacuum Tower Telescope (VTT)

25t October 2005 — MCAO closed loop with MAD in
laboratory

25t March 2007 — MCAO closed loop with MAD on sky
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Closing the loop
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Omega Centauri
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+]%§+ ‘
0 A 30 Doradus
L T —————————————
B Search for counterparts of Young Stellar Object (Spitzer)

YSO 053839.2 -690552.2

Campbell, M. A. et al., MNRAS 405, 421 (2010)
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Trumpler 14

MAD

.. >
e
Ll . .
.
Ter: 1680s = :
DIMM: 1.40” » .
” ‘» ;
NACO [H] 0.054” /px . _
Texp: 690s . . .
DIMM: 0.85” Sana, H., A&A 515, A26 (2010) 60” x 60

Rochau, B. et al, MNRAS 418, 949 (2011)
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arcsec

Trumpler 14

MAD & Trumpler 14 — FWHM Map Elongation Map
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Orion’s Trapezium

MAD & Trapezium (H band) — FWHM Map 0.08
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Courtesy: H.Bouy & M.Petr-Gotzens

20 \ i |
§ ; .20+ 4
[Ks] Texp: 720s, lim. magnitude (10s) 19.4 *TCC-52

FWHM at center: 60mas, DIMM: 0.5”

[H] T,,,: 2400s, lim. Magnitude (10s): 20.5

FWHM at center: 75mas, DIMM: 0.5”
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Trapezium Binaries
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3&6 Trapezium Protoplanetary Disks

O’Dell & Wong (1996) » .
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Trapezium Planetary Mass Objects

VLT ISAAC

HST WFPC2+NICMOS

=

» . »
. » = .
o
i % "
.. 3 L3 { ¥
"
- ~ |
. o . "
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o-Ori-IRS1

from Bouy et al,, 2008, submitted to A&A
and Bouy et al, 2008,A&A, 477, 681

Bouy, H. et al., A&A 477, 681 (2008)
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B a Astrometry with MAD

B Bulge globular cluster: HP1
B MAD(2008
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Ortolani, S. et al, ApJ 737, 31 (2011)
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+ES+ .
]%9 A Jupiter
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FWHM [Ks]: 90mas DIMM: 0.7” - 1.0”
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0 A Jupiter
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Jupiter

B Change in the equatorial haze due to planet-wide upheaval
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arcsec

Galactic Center

MAD & Galactic Center — FWHM Map
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+JES+ . 1”x 1%
" a Galactic Center i

Texp[KS]: 105, FoV: 15” x 15”’ DIMM: 0.6”

Moo

Open Loop

E.Marchetti — MCAO: widening the sharpness in astronomical observations — STEEL school — Erice, October 11t 2015 62



MAD on Nature

Vol 462|26 Novem

The cl
buildil

F.R. Ferraro'
E. Valenti®’,
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1?95 A Honorable mention

iy

B First Pyramid WFS working at 8m telescope, first scientific
paper with Pyramid LO-WFS

B Observations of dwarf irregular galaxy UKS 2323-326

“[iSoFi@NTT §

Gullieuszik et al., A&A 2008
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0 a GEMINI MCAO

' .. . " 2 . “

Credit: Gemini Observatory / AURA

-

Gemini Observatory Legacy Image
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. ' Abell 780-z~0.1 »

SV403
R. Carrasco & I. Trujillo
Filter = Ks

1h on-source
<FWHM> = 77mas

2 NGS only *

Courtesy: B. Neichel

85” ~ 150kpc




Courtesy: B. Neichel

FWHM 80mas
SR~ 25% in Ks
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+ES§+!‘ What’s next...
'y

> y iy I
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%?:Aa MCAO from another World

Source: University of Goteborg, Department of Ophthalmology — www.oft.gu.se/ao

Close-up (approx. 1.4 x 1.1 deg) of superficial retinal layer.

14 x 12 deg photomontage of four images showing major blood vessels and superficia
nerve fiber layer (blind spot situated just above to the left of this image)

Thaung, J. et al, Opt.Expr. 17, 4454 (2009) & Popovic, Z. et al., Invest. Ophthalmol. Vis. Sci., 52, 2649 (2011)
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Thank you for listening!
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