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(1) Definition, terminology, principles of operation
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Definition of 3D-Spectroscopy:

simultaneous recording of (many)

spectra over a 2-dimensional

field-of-view on the sky
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• integral field spectroscopy (IFS)

• = 3D spectroscopy

• = tridimensional spectroscopy

• ( 2D spectroscopy )

• (bidimensional spectroscopy)

• integral field unit (IFU)

• spaxel

• data cube

• row-stacked spectra (RSS)

• pixel table

Terminology
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( Credit: J. Allington-Smith )

Principle of Operation
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(2) Spatial sampling, binning
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Spatial sampling, binning
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INTEGRAL: 3C 120

( courtesy S. Sánchez )

Spatial sampling, binning
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( courtesy S. Sánchez )

SAURON:  NGC1068

Spatial sampling, binning
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( courtesy S. Sánchez )

Spatial sampling, binning
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( courtesy S. Sánchez )

Spatial sampling, binning
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( courtesy S. Sánchez )

Spatial sampling, binning

original data rebinned (interpolated)
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Falcon-Barroso et al. 2004, MNRAS 350, 35     

Spatial sampling, binning → adaptive binning
Capellari & Copin 2003

MN 342, 345
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PMAS / PPak-IFU:   nearby face-on Spiral

( courtesy S. Sánchez )

PMAS + PPak-IFU:  face-on disk galaxy

Spatial sampling, binning
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( courtesy S. Sánchez )

VMOS (LRr): IRAS 13031-571

Spatial sampling, binning
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( courtesy S. Sánchez )

GMOS: NGC1068

Spatial sampling, binning
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• spatial sampling element „SPAXEL“

to be distinguished from pixel (on detector)

• geometry of spaxel

(not necessarily invariant for given IFU)

• geometry of sampling grid

- orthogonal / non-orthogonal

- irregular

- field distortion

• geometry: fill factor (continuous / non-continuous

sampling)

• numerical analysis: imaging theory (convolution

of object intensity distribution with transfer function

of the optical system)

Note: interpolation makes „nice“ images, however does not add information

Spatial sampling, binning
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PPak

Spatial sampling, binning

SDSS

IFU

3-point-dithering

Sanchez et al. 2012

A&A 538, 8
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public access:

www.caha.es/CALIFA



S.2121

Fogarty et al. 2012SAMI (AAO)

MaNGA (SDSS-4)
NGC 2916

Spatial sampling, binning
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(3) Instrumentation
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Spectrograph
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for plane wavefronts:

m λ = d sin(α) + d sin(β) 

optical path length difference must be

m times λ for constructive interference

Grating equation
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Dispersion

dispersion equation,
angular dispersion

→ grows with m

linear dispersion

f:  focal length of
spectrograph camera

dx/f = dΘ

→ for fixed order m,  dx/dλ = const
⇒ wavelength as function of detector pixel coordinates:

approximately linear relation

Accurate representation obtained through wavelength calibration with spectral line lamps:
→ approximation of the exact dispersion formula through polynomial obtained from emission line

wavelengths as supporting points for fit per each invidual spectrum

reciprocal dispersion: dλλλλ/dx, often given in [Å/mm] or [Å/pixel]

f
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Spectral Resolution 

spectral resolving power R: R = λ/∆λ

separation of two equally bright emission lines
→ Rayleigh criterion, first diffraction minimum

N: number of illuminated grating grooves

substituted in dispersion equation:

diffraction limited resolving power:        R = λ/∆λ = m N

→ independent of wavelength, depends for given order only on number of illuminated grooves N

→ resolving power of real spectrographs is most of the time not diffraction limited, but
determined by slit width and image quality of spectrograph optical system

If projected slit width s‘ > diffraction limit, i.e.:
(f1, f2:  collimator-/camera focal lengths)

→ diffraction limit reached only if:
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Fiber Module

Electronics 
Module

CCD

A&G CCD

Calibration
Unit

Pseudo-
slit

Grating

Lensarray

I. Intro:    PMAS
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The PMAS
Fiber Spectrograph
Optical System
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PMAS Ne Arc Exposure

Image quality, spectral resolution
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Free spectral range

VIMOS IFU Sauron
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Hobby Eberly Telescope Dark Energy Experiment

http://hetdex.org
• survey of more than a million   

galaxies up to redshift z=3.5

• constrains expansion history of the 

Universe

• direct detection on dark energy at 

z~2.5

• evolution of dark energy ?
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HETDEX

courtesy

Gary Hill
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– unit spectrograph

• 224 fibers, 1.5 arcsec on the sky

• 350-550 nm wavelength range, 
R=700

– 2 unit spectrographs fed by one 

50 arcsec x 50 arcsec IFU, 448 fibers

– 150 VIRUS cover

• 33.600 spectra simultaneously

• 12 million independent resolution 
elements per exposure 

– Industrial replication concept

• Massive replication of inexpensive 
unit spectrograph cuts costs and 
development time 

• Prototype development at AIP 

• R&D with local industry

VIRUS:        Visible Integral-field Replicable Unit 

Spectrograph

courtesy

Gary Hill
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Laying out fibers at AIP

Completed spectrographs 
at UT Austin

Completed IFU fiber 
cable in Potsdam

VIRUS:        Visible Integral-field Replicable Unit 

Spectrograph

courtesy

Gary Hill
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MUSE, 2nd Generation VLT Instrument

- development 2003-2013

- total cost ~20 M€
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4096 pixels

90,000 spaxels

370 x 106 pixels

AO

Laser guide stars

High throughput

Stability

MUSE (ESO VLT)

courtesy Roland Bacon



S.42

(*) 17% Slit loss included in FORS2 & XSHOOTER 
(e.g. 1 arcsec slit with 0.8 arcsec seeing)

R=1500-3500

IQ = 0.2 arcsec
limited by sampling 

Instrument Performance

courtesy Roland Bacon
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FIREBALL Concept 2011 FIREBALL Baseline Parameters

� FLAMES OzPoz patrol field with 26’ diameter FoV
� 90 hexabundle IFUs, each with ~5” diameter FoV
� Hexabundles: 61 fibres, 0.6” projected fibre core 

diameter
� 6 spectrographs, adapted for fibre-feed, R~1200-2100 
� free spectral range: 430-850nm (goal: blue extension)
� total throughput goal: 30%
� sensitivity:  R ~19.8 survey limit, resulting in 100-

160 galaxies per FLAMES field at median z ~ 0.2; 
typical half-light sizes for disk galaxies 2”-6” diameter

� detector head, NGC CCD controller, vacuum/cooling 
system adapted from MUSE

� individual spectrograph shutters
� no moving parts other than shutters + fibre positioner
� retain full existing facility and utilise as much FLAMES 

infrastructure as practical
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Next Generation Fiber Spectrograph „Fireball“
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���� Miniature Spectrographs

IPS based on arrayed waveguide gratings (AWG)

• Replicable, modular and robust

• Small and costs effective 

• Astronomy, remote sensing, etc

Si3N4 and Silica-on-Silicon (SoS)

• R > 60,000 

• <0.02nm spacing (Comm. >0.4nm)

• λ~1.15 – 1.79µm (Comm. 1.53-15.6µm)

Collaborations:

• IHP Frankfurt Oder (Si3N4)

• MQ-Photonics and AAO (Astro)

• FBH Berlin (Space)

• ORC Southampton
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(4) Data Reduction
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Data reduction: extraction of spectra

PhD thesis

Thomas Becker

2002

→ p3d
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swath extraction:
Flux lost in wings ~10%

optimal extraction : simultaneous fit of all spectra

Crosstalk between adjacent spectra
Fiber throughput variation ~ 20%                                9% systematic error.

Data reduction: extraction of spectra

Becker 2008
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swath extraction:
Flux lost in wings ~10%

optimal extraction : simultaneous fit of all spectra

Crosstalk between adjacent spectra
Fiber throughput variation ~ 20%                                9% systematic error.

Data reduction: extraction of spectra

Becker 2008
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Versatile data reduction package „P3d“

http://p3d.sourceforge.net/
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Data Reduction: MUSE pipeline
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Data Reduction: MUSE pipeline
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Data Reduction: MUSE pipeline

courtesy Peter Weilbacher
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● Data “reduction”: re-assemble recorded data into a datacube (two spatial 
axes plus wavelength)

● High-level goals

■ Speed and automation: reduce data without creating backlog

■ Track bad pixels + error information: assess reality of detected objects
■ Deliver scientifically usable data for most programs

● Consequences

■ Use parallelization
■ Resample only once

Data Reduction: MUSE pipeline

courtesy Peter Weilbacher
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● ESO framework: written in C, based on ESO's CPL
● “Recipes” (plugins, i.e. shared libraries) do the work

● Possible callers (ESO): esorex / gasgano / Reflex (?)

● Callers (consortium): data-management system based on AstroWISE, using 
a python-cpl interface

● Big data: 800 MiB per raw exposure

● Two processing levels

■ Per IFU (CCD) calibration, basic reduction (bias, dark, flat, wavecal, and 
mask handling, scibasic)

■ → trivially parallel
■ Full instrument: on-sky calibrations, science processing (standard stars, 

sky, astrometry, scipost)
■ → parallelized as far as possible (shared memory, OpenMP)

● Use multi-core machines with lots of RAM and fast I/O

Data Reduction: MUSE pipeline

courtesy Peter Weilbacher



S.56

Data Reduction: MUSE pipeline

courtesy Peter Weilbacher
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Data Reduction: MUSE pipeline

courtesy Peter Weilbacher
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(5) Observation
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• „a posteriori“ advantage → Pointing

• slit effects

• atmospheric refraction

• spectrophotometry

• spatial binning (→ low surface brightness)

• „crowded field“ 3D spectroskopie

• ultra-deep „faint object“ 3D spectroscopy

Peculiar observational features of 3D spectroscopy
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λ

α

δ
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3D-spectroscopy: „a posteriori“ advantage
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3D-spectroscopy: „a posteriori“ advantage
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• Light lost on slit blades

• Line-spread function affected by position of image

• Seeing =   f (t)

• Seeing =   f (λ)

• Atmospheric refraction

• Source confusion in crowded fields

Slit effects
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fwhm ~ (1/λ)0.2

Slit effects
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fwhm ~ (1/λ)0.2

Slit effects
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+

+

Jacoby & Kaler 1993,  ApJ 417, 209

Slit effects
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Bacon et al. 1995,  A&ASuppl. 113, 347

Slit effects
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Atmospheric refraction
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Atmospheric refraction
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Atmospheric refraction
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Filippenko, A. (1982)
„The importance of atmospheric differential refraction
in spectrophotometry“

PASP 94, 715

Atmospheric refraction
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Atmospheric refraction
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Atmospheric refraction
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HR 1544

Atmospheric refraction
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Atmospheric refraction
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PSF-fitting crowded field 3D spectroscopy

Kamann et al. 2013
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Crowded field 3D spectroscopy: Kamann et al. 2013

Point Spread Function (PSF):
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50 vrad + 161 

from literature

17 excl.

80 vrad + 256 

from literature

40 excl.

77 vrad + 308, 

23 excl.

Thesis Sebastian Kamann, 2013

MUSE

FoV

Kamann et al. 2013
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