
 
 

The coming of age of IFS: the 
story so far 

 
Roger Davies 

  
 

with thanks to Roland Bacon, Jeremy Allington-Smith, 
Niranjan Thatte, Mathias Tecza, & Ray Sharples 

 
 1 



  
•  Introduction 

•  Techniques of 3D spectroscopy 

•  Advantages of integral field spectroscopy 

•  Technical implementations: horses for courses 

•  Scientific successes 

•  Coming attrcations  

   

Outline 
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Introduction 

•  Aperture spectroscopy 
•  Longslit spectroscopy 
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GMOS galaxy spectrum 



The Universe is not one dimensional!  
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Techniques of 3D spectroscopy: 
recovering the third dimension by multiplexing in time  

Slit scanning 
Difficult to fix geometry over long stares,  
conditions e.g. seeing, transparency, 
different at each location.  
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Fabry-Perot or Tunable filter 
Offers a wide field of view but 
restricted wavelength range, λ 
calibration f(field angle),conditions 
change with wavelength 

  Fourier Transform Spectroscopy 
Offers wide wavelength range but high noise.  

time 

and ultimately: 
Energy sensitive detectors: STJs & TESs 



  

Advantages of integral field  
spectroscopy 
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Integral-field Spectroscopy 

Galaxy Image 

Velocity field 

Velocity curve 

Integral 
field 

Long 
slit 



What do you get from an IFU? 

• Total flux 
Morphology, photometry 

• Absorption lines 
Stellar kinematics 

LOSVD (V,σ,h3,h4) 

Line strength index 
Hβ, Mgb, Fe5015, Fe5270 

• Emission lines 
Gas distribution 

Hβ, [OIII], [NI] 
Line ratios 

Gas kinematics 
V(Hβ), V([OIII]), FWHM(Hβ), 
FWHM([OIII]) Reconstructed image Stellar velocity map Mgb line index [OIII] line intensity Gas velocity map 
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Advantages of integral field  
spectroscopy 
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•  Observations at all λ taken under the same conditions 
•  Reconstructed data cube shows origin of emission at 
each λ - can be crucial to interpret complex structures. 
 
•  No slit loses – important for AO when slits are narrow  
•  Acquisition relatively easy – important for AO 
•  PSF can be measured at each λ – important for AO 

•  blind surveys have high discovery potential  
- especially at high z where line emission dominates 
 
 



Survey spectroscopy:  
fibres or masks 

•  Imaging + MOS 
1: Imaging 
2: Selection 
3: Spectroscopy 

•  Requires 
Identify objects in broad band 
imaging 
Selection algorithm for  objects 

UDF	



•  Only study objects detectable in broadband 
emission 

•  Results depend on selection algorithm 
•  Need to observe twice (imaging and spectroscopy) 
•  MOS not efficient if object density is high 
•  Discovery potential limited 

Survey spectroscopy:  
limitations of fibres/slitlets 



•  Get the whole FOV in one 
exposure: 
•  No preimaging 
•  No pre-selection 
•  Observe only once: 
imaging and spectroscopy 
simultaneously 
•  Large parameter space 
for discovery 

UDF 

Survey spectroscopy:  
integral field spectroscopy 



Technical challenges for  
Integral Field Spectroscopy 

Large mosaiced detectors 
To maximise the number of spaxels x Δλ, 
=> the volume of the data cube.  
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Novel optics 
Lenslet arrays, optical fibres,  highly 
polished facets – slicers. 
 

  IT resources 
Storeage, algorithms, visualisation 



  
•  TIGER 
•  CIRPASS 
•  COSHI 
•  SMIRFS 
•  SPIRAL  
•  SAURON 
•  VIMOS 
•  GMOS 
•  INTEGRAL 
•  ARGUS 
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 IFS built so far...... 
•  FLAMES 
•  MPE-3D 
•  OASIS 
•  MPFS 
•  SINFONI 
•  PMAS 
•  SNIFS 
•  PIFS 
•  OSIRIS 
•  WiFeS 
 

•  DENSEPAK 
•  SPARSEPAK 
•  NIFS 
•  SIFS 
•  SWIFT 
•  UIST 
•  VIRUS-P 
•  PPAK 
•   GNIRS 
•   IMACS 
•   ESI 

31! 



  

Technical implementations:  
horses for courses 
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Types of IFU  

•  lenslets alone 
•  fibre alone 
•  lenslets + fibres 
•  slicers  
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Lenslet IFS 



Uniform illumination of the 
lenslet array 

The array samples the field and 
focuses the light into micro-
pupils 

Rotate the array to avoid 
overlapping spectra 

A filter limits the Y range 

The micro-pupils are dispersed 
via a classical spectrograph 

Lenslet IFS 



TIGER, OASIS and SAURON 

TIGER	 1987	

OASIS	 1998	
SAURON	 1999	

  
Prototype 

High-resolution 

Panoramic 



Pseudoslit 

Integral 
Field Unit 

One spectrum 
per spaxel 

Datacube 

x 

y 

λ	


-2 0 2
DRA (arcs$c)

-4

-2

0

2

4

D
D

$c
 (a

rc
s$

c)

      19       15Magnitud$

-2 0 2
DRA (arcs$c)

-4

-2

0

2

4

D
D

$c
 (a

rc
s$

c)

     -75       75St$llar V$l (km/s)

-2 0 2
DRA (arcs$c)

-4

-2

0

2

4

D
D

$c
 (a

rc
s$

c)

      50      200St$llar Disp (km/s)

-2 0 2
DRA (arcs$c)

-4

-2

0

2

4

D
D

$c
 (a

rc
s$

c)

      19       15Magnitud$

-2 0 2
DRA (arcs$c)

-4

-2

0

2

4

D
D

$c
 (a

rc
s$

c)

     -75       75St$llar V$l (km/s)

-2 0 2
DRA (arcs$c)

-4

-2

0

2

4

D
D

$c
 (a

rc
s$

c)

      50      200St$llar Disp (km/s)

-2 0 2
DRA (arcs$c)

-4

-2

0

2

4

D
D

$c
 (a

rc
s$

c)

      19       15Magnitud$

-2 0 2
DRA (arcs$c)

-4

-2

0

2

4

D
D

$c
 (a

rc
s$

c)

     -75       75St$llar V$l (km/s)

-2 0 2
DRA (arcs$c)

-4

-2

0

2

4

D
D

$c
 (a

rc
s$

c)

      50      200St$llar Disp (km/s)

Lenslet + fibre IFS 



GMOS IFU 
Microlens  

array 
Telecentric enlarger Pseudoslit  

(out of page) 

Telescope  
focus  

Integral Field Unit 

from telescope 

Pupil images must coincide with fibre cores: 
•  telecentric fore-optics 
•  lenslet and fibre arrays have same pitch 
•  random errors small <5µm 



Jeremy Allington-Smith 

GMOS-IFU 
Gemini Multiobject Spectrographs 
5.5x5.5 arcmin field 
72 x 72 milliarcsec/pixel 
0.4-1µm, R<5000 (0.5'' slit) 
multislit mask+IFU 
 
IFU: 7x5'' @ 0.2'' 



Slicers 



Principle of the Image Slicer 
(used in MPE 3D, SINFONI) 

output to spectrometer 

input from telescope 2nd mirror stack 

slicer 
stack 

located in telescope focal plane 
(angles exaggerated for clarity) 

image slicer preserves the pupil of input beam 

Light loss at 
mirror boundary 



Image Slicer Demagnification 

re-imaged slicer stack 
(≈115 mm long slit) 

lens mosaic 
•  de-magnifies slicer stack ≈4:1 
•  creates tele-centric exit slit 
•  ≈10 mm lens diameter 

48mm 

from pre-optics 

f=39mm 

39mm 

4mm re-imaged 
telescope pupil 

162mm 



Brickwall pattern 
contiguous 
exit slit 

A	

B	

C	

A	

B	

C	

staggered exit slit 

close-packed lens mosaic 

lens mosaic 

tele-centric output 
finite f-ratio 



 SINFONI data frame 

HARMONI & IRIS 
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Perspective view of Slicer 

160mm	

350mm	



Tecza et al. 1998, Thatte et al. 1998 >95% throughput!! (IFU), 30% overall 

32 × 32 spaxels 

SPIFFI/SINFONI and SWIFT 

SWIFT : see Lisa Fogerty’s talk 
plus posters by Ryan Houghton, 
& Susan Kassin  

  Thatte et al 2010 

SPIFFI 

SWIFT 44 x 89 spaxels 



Pros & Cons 
Lenslets:  
•  high throughput, (no fibre losses e.g. FRD) 
•  contiguous spatial coverage 
•  limited length of spectrum 
•  spectra not aligned, and tilted to both rows and cols 

Fibres + lenslets: 
•  round FoV reformatted to slit 
•  suitable for retro-fit to existing spghs 
•  spectra registered in λ on detector 
•  losses due to fibres e.g. FRD & poor ultra-violet throughput 

Slicers: 
•  spatial information within a slice is preserved perfectly 
•  all reflecting => good for infrared => diamond turned optics 
•  glass slicers good for optical wavelengths 



  

Illustrative scientific successes 
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NGC 4150 (S0 with residual SF) 
(Crockett et al. 2010) 

WFC3:    F225W,  F438W,  F657N	



N4150:  Merger-Induced Populations 

   1Gyr population in the core, 
outer gas co-rotates, inner gas 
counter-rotates: core formation!! 

(Crockett et al. 2010) 

GMOS 
Stellar velocities 

GMOS : Ionised  
gas velocities 

SAURON: 
Stellar velocities 

Stellar population 
analysis from WFC-3 



SAURON – ATLAS3D 
 

With thanks to both teams! 
 

SAURON PIs : RLD, de Zeeuw, Bacon  	
ATLAS3D Pis : Cappellari, Emsellem,  

Krajnović & McDermid 
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V/σ diagram 
Davies et al. 1983 

Fast rotation 

Slow rotation 

O = big ellipticals 
• = small ellipticals 

« Low » luminosity ellipticals  

Disky, Rotate faster, isotropic 

Giant ellipticals  
Boxy, Rotate slowly, likely anisotropic 

2

2

1
R

z

σ
σ

β −→

Illingworth (1977), Binney (1978) 
Kormendy & Illingworth (1982), 

Davies et al. (1983) 



SAURON survey: selection 

•  cz < 3000 km/s	

•  -6° < δ < +64° 	

•  |b| ≥ 15° 

MB ≤ -18 mag 	


24 E, 24 S0, 24Sa  

12 ‘cluster’, 12 ‘field’ 

56 nights on WHT; 
36 clear. 

~200,000 
independent galaxy 
spectra. 

de Zeeuw et al 2002 

Elliptical        S0    Sa 



48 E/S0 Galaxies  



A new physical classification 
for early type galaxies 



λR 

Fast & Slow Rotators 

Slow rotators 
λ<0.1 

Emsellem et al., 2007 – MNRAS 379, 401  

Fast rotators λ>0.1	

λR = RV/R√(V2 + σ2) 



Two varieties of ETGs 

Slow rotators 
Fast rotators 

disky boxy 

λR = RV/R√(V2 + σ2) 

Slow rotators are closer to spherical,  
have elliptical isophotes, mis-aligned 
photometry and kinematics and 
frequently possess KDCs. 
Faster rotators are flatter, have 
aligned kinematics & usually  disky.   



Fast Rotators 
Slow Rotators 

2

2
2)/(

σ
σ

V
V e ≡

Use new formalism 
for integral-field 

kinematics  
Binney 2005 

Revisiting the V/σ diagram 
an

is
ot

ro
py

 

Isotropy 

Anisotropy trend from 25 Models  
Cappellari et al., 2007 

  Fast-rotators: family of oblate systems 
  Slow-rotators: distinct - likely triaxial 

β=0.7εintr 



ATLAS3D 

è a complete volume-limited sample of ETGs 

Red 

Blue 

Atlas3D sample 

  MK < -21.5 
  D < 41 Mpc 
  |δ – 29| < 35º 
  |b| > 15º 
  871 galaxies  
 
   Subset of E / S0s 

 “No spiral structure” 
   (SDSS/DSS2) 
   260 galaxies 



A few spectra and maps… 
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FLAMES  
Do the same experiment in Abell 1689, z=0.18. 

RLD + Francisco d’Eugenio, Ryan Houghton & Elena dalla Bonta 



 
 

Star-forming galaxy 
at z =3 .09  

SCUBA source  
Velocity structure 
spans 1400 km/s 



  
What is yet to come?  
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•  MUSE - Wisotski 
•  FIREBALL - Croom 
•  VIRUS -  
•  MEGARA – de Paz 

KMOS -  
HARMONI - Clark 
IRIS -  
FISICA - 
GMTIFS - McGregor 
NIRSpec 
MIRI 
 

Larkin/Colina/ 
Boeker 



  KMOS: IR multi-IFU 
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Requirement Value 

Throughput  IZ>20%, J>20%, H>30%, K>30% 

Wavelength coverage  0.85 to 2.5 µm 

Spectral Resolution  R>3300,3400,3800,3800 (IZ,YJ,H,K) 

Number of IFUs 24 

Extent of each IFU  2.8 x 2.8 sq. arc seconds 

Spatial Sampling  0.2 arc seconds 

Patrol field  7.2’ diameter  field 

Close packing of IFUs  ≥3 within 1 sq arcmin 

Closest approach of IFUs  2 target fields separated by 6 arcsec 



IFU Subsystem 

•  8 pickoff subfields combined to 
produce single output slit 

•  Each subfield re-imaged on to 
14x14 element image slicer 

•  Diamond-machined monolithic 
optics (gold-coated Al) to 
eliminate thermal effects and 
minimize alignment errors  

•  Anamorphic foreoptics 
magnification produces square 
spatial sampling on sky (0.2 
arcsec) with Nyquist sampling 
of spectra 

7nm  rms	
 

See Rolt et al. SPIE 7739-25 



Sub-Systems 



Instrument First Light 

See Rees et al. 
SPIE 7735-51 



Technical challenges for  
Integral Field Spectroscopy 

Large mosaiced detectors 
To maximise the number of spaxels x Δλ, 
=> the volume of the data cube.  
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Novel optics 
Lenslet arrays, optical fibres,  highly 
polished facets – slicers. 
 

  IT resources 
Storeage, algorithms, visualisation 



  FIN 
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