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The importance of IFS
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ann15073 — Announcement
. About the
Agreement Signed for METIS Instrument for Announcement

E_ ELT Id: ann15073

28 September 2015

ESO has signed an agreement with an international consortium of institutes [1] for the design and construction ¢
HARMONI instrument for the European Extremely | arge Telescope (E-ELT)

The agreement was signed by Grahame Blair, Executive Director of Programmes, Science and Technology Faci
Counci, on behalf of the consortium, and Tim de Zeeuw, ESO Director General, at a ceremony at the Matheme
Institute, University of Oxford, United Kingdom, on 22 September 2015.

Patrick Roche, President of ESO Council and Niranjan Thatte, Principal Investigater for HARMONI, were also in
attendance.

HARMONI, or the High Angular Resclution Monolithic Optical and Near-infrared Integral field spectrograph, will b
the first-light instruments installed on the giant telescope and will function as the workhorse instrument for visioie
near-infrared spectroscopy in the wavelength range 0.5-2.4 pm. It can work with different adaptive optics systel
even without adaptive optics at all, and will complement the MICADC camera, which is primarily focused on ima

ESO has signed an agreement with a consortium of institutes around Eurcpe [1] for the design and construction of METIS,
an infrared camera and spectrograph for the European Extremely Large Telescope (E-ELT).

Agreement Signed for METIS
Instrument for E-ELT

The agreement was signed by H. W. (Willem) te Beest, Vice-President Executive Board, Leiden University, on behalf of the
consortium, and Tim de Zesuw, ESO Director General, at a ceremony at the Science Faculty Club of Leiden University in
the Netherlands, on 28 September 2015.

Bernhard Brandl, the Principal Investigator of METIS, was also in attendance as well as all Co-Investigators and the project
managers of all the partners in the consortium.

METIS is one of the Phase 1 instruments for the E-ELT. It will offer imaging and medium-resolution spectroscopy over a
wavelength range from 3-19 micrometres, and high-resolution int | field spectroscopy over a wavelength range of
3-5.3 micrometres. METIS is the only E-ELT Phase 1 instrument to work at these longer mid-infrared wavelengths and
complements the MICADO camera and HARMONI spectrograph.

PR Image ann c
Agreement Signed for METIS
The METIS instrument, in conjunction with the huge light-collecting power and resolution of the E-ELT, will allow many Instrument for E-ELT



 |dea of integral field spectroscopy
e Advantages of IFS

* Instrument design

* Selection of scientific applications
e Challenges of IFS

* Tipps & Tricks & Tools

e Student homework!



The idea of integral-field spectroscopy

* combine imaging and
spectroscopy

 ,,3D spectroscopy”
e output: datacube

sampled field-of-view ...

« 2 spatial dimensions
* 1 spectral dimension

 complex instrument
structure

credlt M. M Roth



Navigating through a cube

« Some definitions:

e pixel—a datapoint ona CCD
e spaxel—a spectrum in a datacube
* voxel—a datapointin a datacube

. 4

A spaxel consists of many voxels...”




credit: CALIFA team, M. Lyubenova
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* Observe the whole object
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" NGC 2916

credit: CALIFA team, M. Lyubenova
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Advantages of IFS

* Deblend overlapping objects
* e.g.central region in globular cluster NGC 6397

b) MUSE
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Advantages of IFS

* Deblend overlapping objects
* e.g.central region in globular cluster NGC 6397

b) MUSE
T




Advantages of IFS

* Correct for atmospheric effects

e e.g.observation of a standard star

3700A

5000A
-

7000A

4000 5000 6000 7000

A [A]

Data provided by B.Husemann



credit: R. Bacon

credit: Adam Blockount Lemmon
SkyCenter/University of Arizona



Instrument design

Spectrograph Spectrograph

Input Qutput

Fupil

Lenslets | Imagery
1 —»

Lenslets

+ Fibres Fibres

—

Mirrars

—

- "I

Credit: M. Westmoquette
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Apologies for my ignorance to...

e ...Fabry-Perot instruments
o ...Fourier-transform spectroscopy
e ...energy-resolving detectors
— review by Eisenhauer & Raab (2015)

* ...ALMA

» very different type of instrument
* also delivers a datacube



Pure lenslet array

Spectrograph Spectrograph
Input Qutput

. ww

* Advantages:
* simple
* high throughput

Lenslets
" B BB

* Disadvantages:

 inefficient CCD usage

» short wavelength
range

Tiger (Bacon et al. 1995)



Lenslets + fibres
il |
s -ii | | — E

* Advantages

e continuous FoV

* piggyback to existing
spectrograph

* Disadvantages

* fibre effects (focal
ratio degradation)

e crosstalk on CCD

PMAS, credit: M. M. Roth






* integral field unit
(IFU) of FLAMES

e 22x14 spaxels
* 0.3"/0.52" sampling

* high spectral
resolution (R<40000)

« whitelight image of
ARGUS data of 47Tuc

credit: SO |

—J




* integral field unit
(IFU) of FLAMES

e 22x14 spaxels
* 0.3"/0.52" sampling

* high spectral
resolution (R<40000)

* also has a mode with
deployable mini-IFUs
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* SDSS telescope

)

« SAMI (Croom et al. 2012

 AAOmega spectrograph

credit: D. R. Law

e successor already planed



Slicer
N * oldest IFU concept
(Bowen 1938)

1 * Advantages

Slicer

* high throughput

 most efficient CCD
usage

. Disadvantages

« optics challenging to
SINFONI slicer unit, credit: ESO manufacture
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Creating the spatial grid

* Fibres
e spatial sampling defined in focal plane
# spaxel h
1 2 4 4 5
FA'ASA'AS

. CCD
e Slicer

* spatial sampling along 1st axis at slicer
 spatial sampling along 2nd axis at CCD

1]2[3[alsl le[7[a].] [T 11 '
# spaxel CCD




* AO-supported
* infrared (J, H, K)
* R~2000-4000

e sampling on sky:
Field of view Spaxel size on the sky 5 =
8" x8" 125masx 250mas credit: ESO |
3" x3” 50masx 100mas
0.8" x0.8" 12.5mas x25mas

T ———
SINFONI

» probably most successful
IFS worldwide (->2nd talk)

Einstein cross (Bonnet et al. 2004)



» 24 deployable IFUs

* each: 14x14 spaxels,

0.2" sampling
 infrared, R~3500

credi: ESO
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KMOS mosaic mode

» possibility to get TR
continuous FoV S s
A B ©® B B B~ @
* about 1 arcmin? LS - a0
* 16 offsets required =
credit: ESO .

* Jupiter observation:

e good astrometry is
challenging

Sharples et al. (2013)



panoramic IFS

« combines 24 IFU

* 1'x1' FoV

e 0.2" sampling

long wavelength range

* 480-930 nm
* R~1700-3500

very stable
very high troughput
AO will come soon!

credit: ESO



A journey through MUSE

credit: Univ. de Lyon,
Video URL: http://muse.univ-lyon1.fr/IMG/mp4/Decoupeur_Slicer.mp4



http://muse.univ-lyon1.fr/IMG/mp4/Decoupeur_Slicer.mp4

e Orion nebula (Weilbacher et al. 2015)

* http://muse-vlt.eu/science/m42/

blue —HR

green — [NII]
red —[SII]
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Credit: ESO



 Hubble deep field (Bacon et al. 2015)

* http://muse-vlt.eu/science/hdfs-v1-0/

Credit: STScl, HDF-S Team



Some impressions

 Hubble deep field (Bacon et al. 2015)

* http //muse vlt eu/suence/hdfs v1 -0/
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Some impressions

 Hubble deep field (Bacon et al. 2015)
« example of newly detected source
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Some impressions

* The Sombrero galaxy (courtesy of E. Emsellem)




Some impressions

* The Sombrero galaxy (courtesy of E. Emsellem)

LTIt

arcesec

AEBRRRL

arcsec

Emsellem et al. (1996)



Some impressions

* The Sombrero galaxy (courtesy of E. Emsellem)

Emsellem et al. (196)



Some impressions

* The Sombrero galaxy (courtesy of E. Emsellem)

Sauron - 2003



Some impressions
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Planned E-ELT instruments

* HARMONI

* monolithic IFU
* ~150x200 spaxels, sampling 4 — 30mas
 NIR(0.8-2.4pum), R>3000

* METIS

* single IFU module
* 0.4"x1.5" fField of view
e MIR(2.4-15pum), R~ 100000

 HIRES - talk by L. Origlia

e ELT-MOS
* deployable IFUs planned




The data reduction challenge

* DR software for IFS has a ambivalent history

 Thereisno DRS forinstrument X..."
« The DRS forinstrument Y does not work..."

 What makes it difficult?

* CCD:

- bias, dark, fringing, ...
* spectroscopy:

- trace the spectra, wavelength calibration, ...
* Imaging:

- flat-fFielding, astrometry, ...



Pipelines for IFS data

* The ,Do-it-yourself” epoch is over

working pipelines available for most instruments
- ESO: http //www eso. org/sci/soFtware/pipelines/#pipelines table

GIRAFFE 2015-04-15 | 214 | 2144 | Cookboo Standard Calibration Files pa Operational on hold
Tutorial: 1.2 -

KMOS 2015-06-23 1.3.13 216 D Data: 1.4 Active

MUSE 5015.07.31 105 105 MUSE IFU B trace tables Tutorial: 5.0 e

Leagacy MUSE static calibrations Demo Data: 1.2

Calibration Database Example
SINFOMI 2015-09-14 268 19.4 AE‘!;:_“ G {255 ME)
Liicl Demonstration Package (1.2 GB)

Tutorial: 1 4

Demo Data: 0.2 I bttt

Tutorial: 2.2 (VIMOS-IFU}
VIMOS 2015-08-04 2916 6,10 Demonstration Package (1.7 GB) Tutorial; 1.2 (VIMOS-MOS) Active
Demo Data: 0 4

- p3d (Sandin et al. 2010): http://p3d.sourceforge.net/

new instruments are extremely complex
- reducing a MUSE cube requires 18GB of RAM



Typical data reduction tree

« Raw IFS data

e subtract BIAS
e subtract dark current

\
 Reduced IFS data



. ata
. subtract dark ot
° FI tttttttttttt
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http://www.eso.org/sci/software/pipelines/#pipelines_table
http://p3d.sourceforge.net/

Typical data reduction tree

« Raw IFS data

e subtract BIAS
e subtract dark current

find the spectra

\
 Reduced IFS data

M



Typical data reduction tree

[aV[aV aV/aV g\ [q{/aV/aV/aV/aV/aVaVaV aV/aV/aV/aV[al g\ /q\ oV} (

« Raw IFS data

e subtract BIAS
e subtract dark current

* find the spectra

* trace the spectra - [T TR PN -
» wavelength calibration NN Ilﬂﬂ ,,,,, IH\,\I ,,,,,,,,
v | W‘ Il

 Reduced IFS data

MU 1L
1800
Cross-dis i

1900
rsion axis [px]




Typical data reduction tree

« Raw IFS data

e subtract BIAS
e subtract dark current
 find the spectra

* trace the spectra

* wavelength calibration

\
 Reduced IFS data



Typical data reduction tree

« Raw IFS data

e subtract BIAS d .
e subtract dark current . | .l
.-. |

* find the spectra m
e trace the spectra

» wavelength calibration L -
e spatial flatfield

' . ._|l
 Reduced IFS data 1




Typical data reduction tree

« Raw IFS data

e subtract BIAS d =
* subtract dark current | = "n
* find the spectra E - m

e trace the spectra

* wavelength calibration E -
« spatial flatfield

' e construct the field of view I ..’
 Reduced IFS data 1




The MUSE reduction tree

per IFU:

muse  muse  muse_ muse muse  muse_ muse .
bias dark flat  wavecal lsf geometry twilight Muse scibasic
BIAS DARK FLAT ARC ARC MASK SKYFLAT 0OBJECT,
STD,
SKY, or
ASTROMETRY
(optional) *
ILLUM
T 6 — §—§—— 04— §——o
e
o—eo—@ ° o
\J Y Y
LINE_CATALOG. o *o—@
Y \J \J Y
muse_USf pipeline recipe (WAVECAL_TABLE |- @ Q 9] ®
* recipe processing order *
— gssociation
. mandatory v
optional ( GEOMETRY_TABLE |- @ ®
SKYFLAT 'mput Y
raw data

input:
external/static data

TRACE TABLE output product:

master calibration

PIXTABLE SKY output product:

intermediate reduced data

DATA CUBE output product:

final output data

credit; P. Weilbacher

[ TWILIGHT CUBE J—

PIXTABLE_OBJECT
PIXTABLE_STD

PIXTABLE_SKY
PIXTABLE_ASTROMETRY

x24



The MUSE reduction

muse muse_ muse_ muse_
standard create_sky astrometry scipost

PIXTABLE_
ASTROMETRY OBJECT

STD_RESPONSE

STD_TELLURIC

Q< =—0=0
-
- - -

l LSF_PROFILE :

SKY_LINES
SKY_CONTINUUM

combine IFUs; == y

ASTROMETRY_WCS exp_combine

several v

DATACUBE_FINAL ’

(multiple)

IMAGE_FOV

PIXTABLE_REDUCED

DATACUBE_FINAL

muse_Lsf pipeline recipe IMAGE_FOV

* recipe processing order
——— association

. mandatory
optional

input:
SKYFLAT raw data

external/static data
TRACE TABLE output product:
o master calibration
output product:
PIXTABLE_SKY intermediate reduced data
output product:
ATA_CUBE final output data

credit: P. Weilbacher




The output fFormat

 Instruments do NOT produce datacubes!
* spaxels are not quadratic
Filling Factor of field of view <1
Flbres/sllces have dlfferent dlsperlons

- |rregularly sampled 3d|m structure
— creating a cube requires resampling



The output fFormat

* Problems of resampling:

* may introduce artefacts
e error propagation
- correlations between adjacent pixels

- pipeline usually neglects covariances
- variance spectra show wiggles:

5000 6000 7000 8000 9000
A [A]




Alternative output Format

* Pixtables (e.g. MUSE Pipeline):
* all calibrations are applied to the raw pixels
« saved as gigantic pixtable:

RA DEC LAMBDA FLUX  ERROR
-33.456  55.901 4555.0 1234.1 2442
-33.455  55.913 4555.1 1121.1 255.6
-33.453  56.097 4554.9 1432.7 456.6
-33.453  56.098 4554.7 NaN NaN

 Advantage: No resampling needed
e Disadvantage: Almost no programme can use it...



Some useful tools

e ds9 - http://ds9.si.edu/site/Home.html

a0 ge gss
Datei Bearbeiten Ansicht Rahmen ¢ Zoom Skalierung Farbe Region WCS Analyse Hilfe Datei Bearbeiten Intervall Koordinaten
Datei ngc6397_combined p33.fits|DATA] Slice AWAY
Objekt NGCB397 (DATA)
Wert 4292.26 1539| ] |E?35
fk5 o 17:40:45.773 | & | -53:40:28.79 | 4750 6283 7816 9350
Physikalisch X 50.000 Y 209.000
Bild % 50.000 | Y 209.000 Erster| Vorheriger‘ Stop ‘ Abspielen Nichster‘ Letzter
Rahmen 1 x 1.000 0.000 °
datei ‘ bearbeiten ‘ ansicht ‘ rahmen ‘ bin | zoom ‘ skalierung ‘ farbe ‘ region ‘ wcs | hilfe . R
Datei Bearbeiten Graph Element Datensatz
offnen ‘ speichern | dateikopf ‘ seitensetup ‘ drucken ‘ schlieBen
Circle

40000 —,

30000—

Counts Average

| |
8000 9000

I
7000
AWAV

[ |
5000 6000

224 861 1936 3426 5362 7706 10475 13702 17324




Some useful tools

e ds9 — http://ds9.si.edu/site/Home.html
* QFitsView - http://www.mpe.mpg.de/~ott/QFitsView/

QFitsView by Thomas Ott - buffer1 [fhome/kamann/Desktop/pampelmuse_test/ngc3201_combined_p1.fits, ext: 1]

Edit
[ +]=]x]+]~]®]

File Scale Colourmap Zoom Optfions

wlolee
EIEOG%

(184,194) 518413 X
10:17:34.167 -46:24:15.06

ImRed DPUSER View Buffer

H e | t I-wags

LA [

Window Help

stng\e
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T
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e e
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750.2924804688 | T

ZZ4 TUNCT1CNS reglsStered.

99 procedures registered.

126 pgplot procedures registered.
DPUSER> bufferl =
DPUSER>

readfitsextension("/home/kamann/Desktop/pamnpelmuse_test/ngc3201l_combined_pl.fits",

Mouse-left: change colormap; Keys: d=measure distances : g=Gaussfit : I={un)lock position : s, ¢, x=source, continuum, delete spectral point : r=remove spectrum

9000
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Some useful tools

e ds9 — http://ds9.si.edu/site/Home.html
* QFitsView - http://www.mpe.mpg.de/~ott/QFitsView/

* see I[FS Wiki (http://ifs.wikidot.com/) For more about

* instruments
* data reduction
» data analysis tools


http://ds9.si.edu/site/Home.html

~"Homework"

* A datacube is waiting for you at:
http://www.astro.physik.uni-goettingen.de/~skamann/student_cubxe.Fits

 Your tasks (until my second talk):

» Download it!
« Open it with ds9, get familiar W|th |t'
v How many stars do you find?

» For how many of them can you get a clean
spectrum?

« For how many of them could you get a clean
spectrum with a fibre of diameter 2.0"?



http://ds9.si.edu/site/Home.html
http://www.mpe.mpg.de/~ott/QFitsView/

Conclusions

* Integral field spectroscopy is a powerful tool

* Very rapid development in last ~20 years

e Huge variety of instruments ready for great science
* We understand the data and can handle it

* My provocative input for your dinner discussion:

 .In my (biased?) opinion, integral field spectrographs will be
the most important instruments for the E-ELT!"


http://ds9.si.edu/site/Home.html
http://www.mpe.mpg.de/~ott/QFitsView/
http://ifs.wikidot.com/
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