Introduction to Telescopes and Types of
Instruments

A (almost) holistic view of Paranal Instrumentation
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Main Scientific Topics

« Dominant process in composite sources sl : NICMOS

B+I-band é H-band

Risaliti, E.S. +06a,b; Sani+08; Sani+10:;

Sani+12b /ﬁﬁ%’/\ '

ux density (Jy)

Fl
r
.-t
ug%

 AGN structure and environment

IRAS 20551-4250

Sani+12a; Rojas, E.S. +20; Jimenez-

Gallardo, E.S. +22; Kakkad, E.S. +22; Hon,
Berton, E.S. +23

« BH — bulge scaling relations >

Sani+11; Ricci, E.S.+17b; Sani+18; Ricci F.,
E.S. +22, Vietri, E.S.+24
Ha emission associated with an X-ray cavity
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Emission of BH-accreting
gas dominates over Star

Formation in mid-IR
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Star

Role and duties at ESO

and Galaxy Formation in 3D
— Challenges during KMOS 5" year —

* Core duties
,,,,,,, e |Instrument scientist

e » UT coordinator

 Training coordinator

Definition and implementation of department
policies

Line management

Staffing plan and scheduling

Oversee Instruments status and performances

Instrument Scientist support

» Cross-department board member

5
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What | really like

Be at the forefront of astronomical technology

Understand and stretch instruments to their limits

Improve instrument performances and operations

Being the joining link between the scientific community and the technical side at the Observatory

L]
Data \/laoolllbauull.“f_\)u T ;
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La Silla

General Plan

ort Grow

Telescopes and Operations
Technical buildings

Safety

Workshop and offices
Lodging and Visitor Centre
Buildings currently not in use

Roads

La Silla
Emergency Numbers
Numeros de Emergencia

Emergency number |
Nimero de Emergencia:
4444

First aid station | Policlinico:
Phone | Teléfono: 4310/4309
Beeper: 60

Radio channel: 2

Emergency Brigade
Captain | Capitén Brigada
Emergencia:

Phone | Teléfono: 4169
Beeper: 91

Radio channel: 2

Weekends | Fines de
semana:

Beeper: 20

Beeper Activation | Activacion
*93 + 20 (example | ejemplo)

ESO PUBLIC
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What Paranal can provide astronomers withs:

+
‘uT3 LUT4
: - HA\'.'K‘.
: JOTE i MUSE
| CRIRES+ {ERIS

| {AOF)

uTt

FORS2

KNOS

MOONS 2024) VLT

Inccherent combined
Coucé focus:

ESPRESSO

VLTI
PIONIER
GRAVITY
MATISSE
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Imagers

POLICE
33:39

JASH 13:3%
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Spectrographs
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@ 600 nm
R = 6000

Wavelength
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See Luca Sbordone’s talk on Spectroscopy
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Integral Field Units

r';;‘;‘zl BEIGHT J*?’fb 5— -

b

P
HEIGHT | DACH B088
BICFT LRICT A0 e
37% | 333333 ~ 3.89Q0H

DATACUBE
An image at each wavelength
A spectrum for each pixel of the image

Credit:Marc White (RSAA-ANU)
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Integral Field Units

Focal Plane Spectrograph Detector

Two dimensional original on-sky image

Lenslets

Optical slicing of the on-sky image

Datacube LT . ST - VT S

h‘ﬁ Spectral dipersion of the sliced image
)\h--. Spectrum of each 2D pixel

PN N NN
;.4; AL.AL Y, ~
Fbres 7 \/aEee™N
| A
NN AN/
o Bedl
W I, Fores
r.\r.wr.wr <
I\ NS NSNS /]

Wavelengths

f

Slicer

Spatial in Y

Spatial in X @ Computer reconstructed image

13 Eleonora Sani, 10 February 2025 - ESO La Silla Observing School

Data Classification: ESO PUBLIC



Integral Field Units

MURALES Survey
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Balmaverde et al. 2018

Region B Region B
20 0 100‘;
15 4 80 | =
3 105 ﬁ\ 4 3 605 \i 4
< | £7F ‘
X 5F J\ ) \ 4 X 4of " ‘ I
[ T\ ! E E M|
ot Mt \port) Vpeisoid 0l UL M
3 E A x i
-5 3 0
4950 5000 5050 5100 5150 5200 5250 6500 6600 6700 6800 6900 7000
Wavelength Wavelength
Region A Region C
80 40
601 | B 30E 3
> E | E =]
3 40 | ‘1 < 2 r n
3 20 A 5 10F Al 3
2 \ )\ | = \
E oA JUUL M L SOOI || | (I |
O Bt AN A e -10
6500 6600 6700 6800 6900 7000 6500 6600 6700 6800 6900 7000
Wavelength Wavelength
[NI1] velocity [NII] velocity dispersion
250 - - 150
" . i
20 - 20
4 150 125
15 15
Z T ~ -
v ~
10 5 @ 10 £
- 50 > S 100>
£ % o
v —
sf. ny o © sh. 5}
L % e < = @
”»
0 - -50 0 75
-
L - \ -
ST 0 5 10 15 20 0 ST 0 5 16 i 20 0
ARA [arcsecs] ARA [arcsecs]

Data Classification: ESO PUBLIC



What astronomers really want
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What all astronomers really want...

« Sensitivity to go deep/be efficient

« Wide field of View to capture information from
extended objects/for many objects at the same time

» High spatial resolution to spot the smallest details
ever seen

 Large wavelength coverage to collect information from
many different line species/from wide continuum
wavebands

« High spectral resolution to disentangle lines/to study
line profiles/to spot extreme wings
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Telescopes

e

kS

EURODPEAN SOUTHERN OBSERVATORY

VERY LARGE TELESCOPE ——

ALTNUDE B3
V4L

NASHYTH PLATFORM
heL @

BASEHENT
TETD

OBSERYING FLODR
PAIHUIH PLATFORM)

WASMTTH FOLUS

LASSEGRAIN FOTUS COUDE FOUS RASHFTH FOCLS

FRONT VIEW (Section)

30 cm diameter
laser beams
(589 nm)

Telescope enclosure
(mostly cut-away)
VLT Unit Telescope 4

Laser launch
telescopes

Beam control and
frequency doubler

Raman lasers cabinets
Reference laser

and pump laser

(1178 nm, infrared)

= l . -
e— \ Hyperbolic mirrors
- ~————"'_to avoid coma
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S
T— aberrations
. .

Ritchey-Chratien
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The need for high angular resolution



Range of angular sizes
Betelgeuse

Resolution of an UT in NIR: ~0.050”| 6= 0.050"
d =300 pc

Sun Jupiter
0=1800 “ (0.5 deg) 0= 50"
d=5.10% pc d=2.5 105 pc
Binary SS Leporis
0= 0.001"°
U d=300 pc
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2010-12-22

Data Classification: ESO PUBLIC



Range of angular sizes

SgrA* EH Quasar 3C173
6= 0.00001 * 6= 0.000001 *

20
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Diffraction law: the
resolving power of a
telescope is limited by
its diameter,

AB = A\/D

In near-IR (1.6 microns)
1.6x10°m /8 m = 0.05" (50 mas)

Data Classification: ESO PUBLIC



The effect of the atmosphere



Seeing limited observations

Plane waves from distant point source

Tarbulent layer
in atmosphere

Perturbed
wavefronts

22
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« 8m telescopes are limited to 0.3°-0.5”
angular resolution - Can’t go too small

See Ana Jimene’s talk

Limited
details

Data Classification: ESO PUBLIC



Adaptive Optics assisted observations



Overview of AO-assisted observations

Image distorted
by turbulence

/77

Distorted ;\\f
Wavelrank 2 \/ Science
Camera

Deformable
Mirror

Corrected
Wavefront

Corrected
Image

Shack- Hartmann
Lens Array

Wavefront

camera
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Overview of AO-assisted observations

Image distorted —— .
by turbulence The Galactic Center at 2.2 microns

Distorted

Wavefront -:. Science
Camera
, L | l 4 ’I 1' .
Deformable =9 2 =22
Mirror \ ' ' > i
+ *I'* | A
\ J
Corrected Corrected
Wavefront Image

Adaptive Optics Adaptive Optics

1 Shack- Hartmann

‘ 11— Lens Array

J

Wavefront
camera
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Overview of AO-assisted observations

Image distorted
by turbulence

Distorted M

; ‘
Weaxetxant /\/\ Science

J . Camera

1
{ | r_.—-"‘-
Corrected \/ Corrected
Wavefront Image

Deformable
Mirror

= _Shack- Hartmann
11— Lens Array

Wavefront
camera
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—
o
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8
a
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Adaptive Optics assisted observations
Extreme AO(SCAQO), LTAO, GLAO, MCAO



Overview of AO-assisted observations

* SCAO (Single Conjugate Adaptive Optics)
Single guide star (natural/artificial)
Small field of view correction (< 1 arcminute)

High spatial resolution (0.01 - 0.1 arcseconds)

* LTAO (Laser Tomography Adaptive Optics)
Multiple laser guide stars
Larger field of view than SCAO (a few arcminutes)
Comparable resolution to SCAO (slightly lower)

« GLAO (Ground Layer Adaptive Optics) Pixel Scale
Multiple guide stars (natural/laser) AO System Field of View (arcseconds)
Wide field of view correction (10-20 arcminutes) SCAO < 1 arcminute 0.01-0.1
Reduced resolution (not diffraction-limited) LTAO ~ arcminutes ~0.1

* MCAO (Multi-Conjugate Adaptive Optics)* GLAO 10 arcmin >0.1

* Multiple guide stars at different altitudes
» Wide field of view (similar to LTAO)
* High resolution across a wider field (near diffraction-limited)

MCAOQO* Few arcminutes <~0.1

*Not available yet
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Interferometry



Overview of Iinterferometric observations

Diffraction law: the
resolving power of a
telescope is limited by
its diameter,

AB =\/D

In near-IR (1.6 microns)
1.6x10°%m /8 m =0.05" (50 mas)

« At 1,6 microns : AB <5 mas —>D >70m
D=70m? B=70 m

Use of the coherence of light
between telescopes

1 telescope

30



Spatial coherence of light

Plane
waves

Sols)

Young’'s Experiment

A= @2 — @l
In case the interfering waves have the same
frequency and wave number
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Spatial coherence of light

Plane
waves

So '
).-

Young’'s Experiment

A= @2 — @l 2T
In case the interfering waves have the same A
frequency and wave number
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Delay Lines

The VLTI Delay Line

I's Eye
Input astronomical beam - -P
Dual feed — s ﬂ
! " ﬂ \
= !
beam - — »
! =
i

Metrology system with position opdl(B) opd(é=0)
precision of 20 nm over 120 m
(i.e. ~0.2 parts/billion)

2TC .
A—TBsme
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“Workhorse” instruments



UVES

Spectroscopic Modes

_— Telescope Shutter
Calibration Lamps ({51 calibration Siide E Instrument Accessible A Maximum Covered A Magnitude
L todine cen m mode range (nm) resolution (AAA) range (nm) limits
image Sticer =1 ] ~
G [ l Derotstor 0p) Blue arm 300-500 80,000 80 17-18
Red arm 420-1100 110,000 200-400 18-19
Blue Crossdispersers . B
Presiit Filter Wheel Este— = Dichroic #1 300-400 80,000 80 17-18
: _~_ Blue Camera
e ES} | §E ¢ 7% N 500-1100 110,000 200 18-19
1 @ g bl 5\\ : \_\
ROy ; g R % B Dichroic #2 300-500 80,000 80 17-18
Dic#2 Dic#1 Blue Red \\ :\/.{7/ N
=SgSSy \4\/// 600-1100 110,000 400 18-19
Red Slitviewer o Blue CCD
Red Siit —_— lodine cell 500-600 110,000 200 17
Fed Fitter _‘f'::“: | | Blue Exposuremeter
DR ———
g 'g — =
7 \ £
: o
1 N @
2 :
- I £ :
i 3 g
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Digression: dichroic mirrors

N

L Fin 1 4
Coating 2

Coating |

|:||.I'.'
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Wavelength

Liglt Pasly
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UVES view of Milky Way disk

+10.000 stars i |

« More than 40 UVES-based papers s o . o o o e S e

 From the characterization of the field -
population to the detailed chemistry of open _ _
and globular clusters; to constrains on stellar _ E
physics and characterization of variable ; _
sources : .

« Exploring the limits and the systematics of P” ﬁ
high-resolution spectral analysis with multi- _ E
analysis approach o = - kD = .

Randich et al. 2022
37 Eleonora Sani, 10 February 2025 - ESO La Silla Observing School
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XShooter

s shuttcr

&7

acq. pin. mon.
3 pos. mirror

piczo. 2

Q.D U\/’Is]it

carriage
dichr. 2

calibration @ T~
unit ’
[ A&G
camera .)
A&G
filter wheel
piezo. IC &
CCDFF r >
lamp i VIS slit dichr. 1
carriage ADC
H e
focus . B
VIS e
piczo.
Spectro. I q”

NIR Spectro.

"‘3:‘ NIR slit wheel

— v} ‘ . 5
) <—> calibration mirror

50/50
Pellicle

e ADC | | Q

shutter

IFU

—P AR

CCDFF
lamp

Uv
Spectro.

focus
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20.8 (at 777.6 nm, ord N.21)
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XShooter observations of first Kilonova

« Gravitational Wave and GRB

triggers

the ever-observed optical
counterpart of a GW
« Spectroscopic follow up for 1

month

processes in binary Neutron St

merger

Time: -1225 days

Abbott et al. 2017

39

Eleonora Sani, 10 February 2025 - ESO La Silla Observing School

« |dentification of candidates to be

- Heavy elements produced by r-

Data Classification: ESO P%LIC



Integral Field Spectrographs
MUSE, ERIS, KMOS



Integral Field Units

Instrument

Spectral

Coverage

Observing Mode

Spectral
Resolution

1770 @ 480nm

Multiplex

optical IFU size on sky 60"x60" with spaxel size 0.2"
MUSE integral field spectroscopy no (WFM) or 7.5"x7.5" with spaxel size 0.025" (NFM);
465 - 930 nm 5390 @ 930nm GLAO, LTAO, no AQ; RRM.
near-IR multi-object integral field spectroscopy (24 24-arms Integral Field Spectroscopy; 2.8x2.8",
KMOS 0.8-2.5um arms) 1800 - 4000 yes 0.2" sampling IFU over a 7.2' field;
imaging, coronagraphy: apodizing phase
plate (K/L-band only) and focal plane 5000-11200
ERIS neardRA-5pm | 'Sonagaphy (LIM-band only); sparse | (IFS), 900 (NIX no AO modes: NGS, LGS, LGS-SE, noAO
aperture mmask interferometry, integral long-slit
field spectroscopy (JHK), long-slit spectroscopy)

spectroscopy (L-band only)
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MUSE

Wide Field Mode (Currently offered)

Narrow Field Mode (Currently offered)

(1 hr, airmass=1.0, seeing Rap =22.70 mag (650 nm)
0.8"@V)
Iag= 22.28 mag (784.9 nm)

Wide Field Mode with AO (Currently offered)

Gain in ensquared energy within one pixel with respect to

. 2
seeing
Condition of operation with AOD TOth percentile
T0% at Galactic
Sky coverage with AQ
Pole

42
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Field of view 59.9"x 60.0" Field of view 7.42" x 7.43"

Spatial Sampling 0.2" /pixel Spatial Sampling 0.025" / pixel

Spatial resolution (FWHM) 0.4" @ 700nm Spatial resolution(FWHM) 55 mas - 80 mas

Resolving power 1770 (480 nm) -- 3590 (930 nm) Resolving power 1740 (480 nm) -- 3450 (930 nm)
Ensquared Energy (25 mas) 10% - 1%

Limiting magnitude Vag = 22.64 mag (550 nm)

Predicted limiting flux in 1 hr

2.3x10718 erg s1em?2

Predicted limiting magnitude in 1 hr

Predicted limiting surface brightness in 1 hr

Rag = 22.3 mag

Rag = 17.3 mag arcsec™

Data Classification: ESO PUBLIC



MUSE Deep Lensed Field on Hubble Frontier
Field MACS J0416

Source 2

-

¥ ] 26629

'
o

T T
s F —Lya

T\ — FWHM ]
100 km/s ]

P‘. -" Fo
> - - - K i ". . ." »
’ » [y . " WEC gt 76 H
L "‘ - - L x4y e T
5% L e R A L T [
b . . - ® e L |
L e . it X ]
% & < 1.4 P /R =
Y oy T ol = b ]
' = . \ -l
- B T ' i H X
" p k. _'~I/ ‘v— L L o o ‘T'FA 1 (s s o sl et 1 e 1 e
g ab \ 9265 9270 9275 (A)

sl
o N » 00

Clij1907 , tﬁr
il 2325 Vanzella et al. 2020

complex at z=6.29

17.1 GALACSI/MUSE (GLAO) 30 hours on MACS J0416
Spectroscopic redshift of 48 galaxies (136 multiple images) with 0.9 <z < 6.2

Vanzella, E.S., et al. 2021
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Candidate POPIII stellar

RA =+04:16:10.97 [+ 7 i fr ﬂ 5,
DEC=-24:03:36.4 |57 44" . AN

F(\) x 1e-19 [erg s™ em2 A% T pe, LK T7 e - 3 4 ‘_. :

Data Classification: ESO PUBLIC



Specialized Instruments
Extreme-AO assisted imaging



SPHERE

CPI

HWP2

De-rotator

Polar Cal
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AO performance H-band Strehl Ratio

+ES

R-band Strehl Ratio

+

0
+

+

Good > 75% > 20%
Median 50 - 75% 5-20%
Poor < 50% < 5%

Strehl Ratio: ratio between the expected and
the observed amplitude of the signal

Modes
* Dual imaging
* Long slit spectroscopy

» Dual-polarization imaging mode

« Sparse Aperture Masking
» Choronagraphy
* Integral Field Spectroscopy

Data Classification: ESO PUBLIC



SPHERE exoplanets ans protoplanetary disks

Direct imaging of B Pictoris b

Newborn planet swapping the
Avenhaus et al. 2018 protoplanetary disk
Sissa et al. 2018

Keppler et al. 2018

46

Eleonora Sani, 10 February 2025 - ESO La Silla Observing School M U| Ier et al . 2018

Data Classification: ESO PUBLIC



47

VLT Interferometer
PIONIER, GRAVITY, MATISSE

n: ESO PUBLIC

Data Classificatio



Integral Field Units

Spectral . Spectral .
Instrument Coverage Observing Mode Resolution Multiplex
near-IR R ~ 20. 500. & 4 beam combiner - delivers spectrally
GRAVITY spectro-interferometry . ’ no dispersed visibilities, differential and closure
2.05-2.45um 4000 h
phases
R ~ 30 (covers
mid-IR L&M-band)
2.8-4.1um R ~ 506, 959, 4 beam combiner - delivers spectrally
MATISSE spectro-interferometry 3666 (Lor M no dispersed visibilities, differential and closure
4.5-5pum band) hases
p
8-13um R~30,218 (N
band)
neariR 4b biner - deli trall
I N eam combiner - delivers spectrally
Aleldizs 1.65 um Spectro - Interferomery F no dispersed visibilities and closure phases
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VLTI-PIONIER Images of a star
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Large granulation cells detected on the
surface of a giant star

Paladini et al. 2017

Data Classification: ESO PUBLIC



GRAVITY ‘weights’ the Supermassive Black Hole
In the Milky way

Lt N

..

Data Classification: ESO PUBLIC



LA N S B S E

GRAVITY ‘weights’ the Supermassive Black Hole
In the Milky way
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MBH - 16 X 106 |V|Sun

NACO — AO imaging
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