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Summary: The Multi Unit Spectroscopic Explorer (MUSE) is a second generation VLT panoramic integral-field 
spectrograph operating in the visible wavelength range. MUSE has a field of 1x1 arcmin² sampled at 0.2x0.2 arcsec² and 
is assisted by a ground layer adaptive optics system using four laser guide stars. The simultaneous spectral range is 
0.465-0.93 µm, at a resolution of R~3000.  MUSE couples the discovery potential of a large imaging device to the 
measuring capabilities of a high-quality spectrograph, while taking advantage of the increased spatial resolution provided 
by adaptive optics. This makes MUSE a unique and tremendously powerful instrument for discovering and 
characterizing objects that lie beyond the reach of even the deepest imaging surveys. MUSE has also a high spatial 
resolution mode with 7.5x7.5 arcsec² field of view sampled at 25 milli-arcsec. In this mode MUSE should be able to get 
diffraction limited data-cube in the 0.6-1 µm wavelength range. Although MUSE design has been optimized for the 
study of galaxy formation and evolution, it has a wide range of possible applications; e.g. monitoring of outer planets 
atmosphere, young stellar objects environment, supermassive black holes and active nuclei in nearby galaxies or massive 
spectroscopic survey  of stellar fields. 
 
 
With most of its first generation instruments now in operation, the VLT offers to the European community a 
comprehensive suite of instrumental capabilities. To keep the VLT competitive in 2010 and beyond, ESO has decided an 
ambitious plan of 2nd generation instrument. MUSE is one of the 4 selected instruments together with K-MOS/Hawk-I, 
X-Shooter and Planet Finder. The Multi Unit Spectroscopic Explorer (MUSE) is a panoramic integral-field spectrograph 
operating in the visible wavelength range, which should achieve more than an order of magnitude gain in performances 
with respect to the VLT first generation instruments.  
 
MUSE has a field of 1x1 arcmin², sampled at 0.2x0.2 arcsec² (Wide Field Mode, hereafter WFM), and of 7.5x7.5 
arcsec², sampled at 25 milli-arcsec (Narrow Field Mode, hereafter NFM), both assisted by adaptive optics. The 
simultaneous spectral range is 0.465-0.93 µm, at a resolution of R~3000.  MUSE couples the discovery potential of a 
large imaging device to the measuring capabilities of a high-quality spectrograph, while taking advantage of the 



SPIE 5492 Glasgow June 2004 

  

increased spatial resolution provided by adaptive 
optics (AO). This makes MUSE a unique and 
tremendously powerful instrument for discovering 
and characterizing objects that lie beyond the reach 
of even the deepest imaging surveys. 
 
The most challenging scientific and technical 
application, and the most important driver for the 
instrument design, is the study of the progenitors of 
normal nearby galaxies out to redshifts beyond 6. 
These systems are extremely faint and can only be 
found by their Lyα emission. MUSE will be able 
detect these in large numbers (~15,000) through a set 
of nested surveys of different area and depth. The 
deepest survey will require very long integrations (80 
hrs each field) and will reach a limiting flux of 3.9 
10-19erg.s-1.cm-2, a factor 100 better than is achieved 
currently with narrow band imaging. These surveys 
will simultaneously address the following science 
goals:  

• Study of intrinsically faint galaxies at high 
redshift, including determination of their 
luminosity function and clustering 
properties,  

• Detection of Lyα emission out to the epoch 
of reionization, study of the cosmic web, 
and determination of the nature of the 
reionization,  

• Study of the physics of Lyman break 
galaxies, including their winds and feedback 
to the intergalactic medium,  

• Spatially resolved spectroscopy of luminous 
distant galaxies, including lensed objects 

• Search of late-forming population III 
objects,  

• Study of active nuclei at intermediate and 
high redshifts,  

• Mapping of the growth of dark matter 
haloes,  

• Identification of very faint sources detected 
in other bands, and  

• Serendipitous discovery of new classes of 
objects.  

Multi-wavelength coverage of the same fields by 
MUSE, ALMA, and JWST will provide nearly all the 
measurements needed to answer the key questions of 
galaxy formation. 
 
At lower redshifts, MUSE will provide exquisite two-
dimensional maps of the kinematics and stellar 
populations of normal, starburst, interacting and 
active galaxies in all environments out to well 
beyond the Coma cluster. These will reveal the 
internal substructure which is the fossil record of 

Artist view of MUSE WFM & AO fields of view 

Spectral range (simultaneous) 0.465-0.93 µm 
2000@0.46 µm Resolving power 
4000@0.93 µm 

Wide Field Mode (WFM) 
Field of view  1x1 arcmin² 
Spatial sampling  0.2x0.2 arcsec² 
Spatial resolution (FWHM) 0.3-0.4 arcsec 
Gain in ensquared energy within one 
pixel with respect to seeing 

2 

Condition of operation with AO 70%-ile 
Sky coverage with AO 70% at Galactic Pole 

IAB = 25.0 (R=3500) Limiting magnitude in 80h 
IAB = 26.7 (R=180) 

Limiting Flux in 80h 3.9 10-19erg.s-1.cm-2 
Narrow Field Mode (NFM) 

Field of view  7.5x7.5 arcsec² 
Spatial sampling  0.025x0.025 arcsec² 
Spatial resolution (FWHM) 0.030-0.050 arcsec 
Strehl ratio 10-30% 
Limiting Flux in 1h 2.3 10-18erg.s-1.cm-2 
Limiting magnitude in 1h RAB = 22.3 
Limiting surface brightness in 1h RAB = 17.3 arcsec-2 
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their formation, and probe the relationship between 
supermassive black holes and their host galaxy.  MUSE will 
enable massive spectroscopy of the resolved stellar 
populations in the nearest galaxies, outperforming current 
capabilities by factors of over 100. This will revolutionize our 
understanding of stellar populations, provide a key 
complement to GAIA studies of the Galaxy, and a preview of 
what will be possible with an ELT. Observations of extended 
emission-line objects will probe, e.g., the physics of winds 
from accretion disks in young stellar objects, and galactic 
fountains, at a spatial resolution that exceeds that of HST. 
MUSE will also allow high-resolution spectroscopic 
monitoring of volcanic activity on Io, studies of the outer 
planets, and characterization of small Solar system bodies. 
 
The MUSE instrument design is innovative, and employs an 
advanced slicer with a combination of mirrors and mini-lens 
arrays.  The fore-optics includes an optical derotator, a 
calibration unit, an atmospheric dispersion compensator (only 
in NFM) and splitting optics. This feeds 24 identical modules: 
each composed of a slicer, a high-throughput spectrograph 
with a broad response volume phase holographic grating, and 
a 4kx4k red optimized CCD. The instrument achieves a high 
throughput with an average of 0.24 end-to-end. The total 
detector area will have 403 million pixels. A prototype slicer 
and a volume phase holographic grating have been 
manufactured and tested. 
 
High spatial resolution is achieved with AO. The AO system 
for MUSE is developed in a companion project, together with ESO (Project Manager Norbert Hubin). MUSE will 
benefit greatly from the planned adaptive secondary for the VLT, but can also work with an independent AO system, and 
has key science applications even without AO. The availability of 4 laser guide stars will result in more than 70% sky 

Sampled area (in arcmin²) and sampled volume 
(comoving Mpc3) of MUSE deep fields (red 
circles) versus the current Lyα surveys (cross). 

Simulated MUSE deep field. Galaxies are 
coloured according to their apparent redshift. 
Galaxies detected by their continuum (IAB < 26.7 ) 
and/or by their  Lyα emission (Flux > 3.9 10-19 
erg.s-1.cm-2) are shown.

The median descendant mass of galaxies studied 
in various surveys. The deepest ongoing 
spectroscopic survey is the VVDSS, which selects 
galaxies to IAB=26. It samples galaxies to a 
redshift of about 4.5 which are the precursors of 
current day-galaxies with typical masses of a few 
times 1011 solar masses.  MUSE goes a factor  10 
deeper and samples the precursors of Milky Way 
type galaxies all the way to a redshift of 6.7, the 
end of reionization. 
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coverage at the galactic pole. The MUSE NFM will provide a 
PSF with diffraction limited core, which will beat HST with up 
to 10-30% Strehl ratio in the I-z band. In WFM it will provide 
0.3 arcsec resolution over 1x1 arcmin² even in poor seeing. 
 
MUSE is robust, easy to operate, and maximizes open shutter 
time for science. There are no moving parts in the 24 modular 
spectrographs. The optics is not sensitive to temperature 
changes, and the instrument has only two basic modes (WFM 
and NFM). Pointing with 1 arcsec accuracy is sufficient, and the 
square field of view minimizes the need for rotation. Pre-
imaging is not required.  
 
The instrument will be able to reach extreme depths by means of 
long total integrations. This is possible due to the combination of 
an optical design that incorporates field and aperture stops to 
control stray light, high throughput, more than a factor 2 
increase in encircled energy with AO, sufficient spectral 
resolution in the red (R=4000@0.93 µm) to allow observations 
between the atmospheric OH lines, with 74% of the red spectral 
range free of OH, and an extremely stable instrument fixed on 
the Nasmyth platform. Preparatory work carried out with 
SAURON and FORS demonstrate the feasibility of long 
integrations. 
 
Construction of MUSE will include development of a full data 
reduction system, consisting of a pipeline able to remove the 
instrument signature in almost real time, advanced quick look 
and visualization tools for 3D spectroscopy, advanced data 
analysis tools for 3D data-mining, 3D deconvolution, and 
optimal datacube summation. 
 
The overall development strategy minimizes risk while 
maximizing scientific return, by taking advantage of the synergy 
with the slicer development for NIRSPEC on JWST, through the 
manufacture and successful testing of a prototype slicer. A 
complete spectrograph unit will be built as prototype, before 
ordering the full set of 24. A dedicated and detailed AIT plan is 
in place. 
 
Multiple trade offs were performed in close collaboration with 
industry to minimize the cost of MUSE. The current design takes 
full advantage of modularity, so that the 24 spectrographs can be 
manufactured at low unit cost but deliver high performance. A 3 
years Phase B followed by 4 years phase C/D will allow delivery 
to Paranal in mid 2011, perfectly in phase with the launch of 
JWST & GAIA, and the completion of ALMA. 
 

Examples of southern nearby disk galaxies, 
suitable for a census of massive stars: NGC45, 
NGC55, NGC247, NGC253, NGC300, 
NGC7793 (left-right, top-bottom). The DSS 
frames subtend a FOV of 5x5arcmin2 . 

In preparation for the deep surveys planned for 
MUSE, a pilot programme has been developed 
using the SAURON IFU spectrograph. The figure 
shows the velocity structure of the z=3.1 Lyα halo 
“blob1” in SSA22. The image is colour coded to 
show Lyα emission that is red and blue shifted 
compared to the sub-mm source.  
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The MUSE Consortium consists of groups at Lyon, Oxford, 
Potsdam, Leiden, Toulouse, Zurich and ESO. The Consortium has 
world-leading experience with pioneering, building, and operating 
integral-field spectrographs, including TIGER, OASIS, SAURON, 
GMOS-IFU, PMAS, and, in the future, SINFONI, SNIFS, and 
NIRSPEC-IFU.  It has unique expertise in the development of high- 
quality user-friendly data reduction software, and leads the Euro3D 
effort. The science team consists of instrumentalists, observers and 
theorists, and is carrying out various preparatory science programs, 
and has performed extensive simulations using state-of-the-art 
models of galaxies and galaxy formation to assess the performance of 
MUSE and optimize its design.   
 
The Phase A study has demonstrated that MUSE has a very large 
discovery potential, outperforms e.g., VIMOS and FLAMES by 
factors of well over 100, and builds and extends the leading role that 
Europe has developed in integral-field spectroscopy. It maximizes 
the return from the developments in adaptive optics, will keep the VLT competitive for another decade by providing an 
invaluable complement to ALMA, JWST and GAIA, and is a key step towards instrumentation for an ELT. After a 
positive recommendation from the ESO science and technical committee, MUSE is  now proceeding to the next phases 
with a phase B kick-off meeting schedule early fall 2004. 

MUSE 
Type Multi Unit IFU  
Concept Advanced Slicer 
Number of modules 24 
Detector CCD 4096x4096 
Grating  VPHG 
End-to-end 

throughput 
0.24 

Number of pixels 403,000,000 
Adaptive Optics 

Concept Ground layer 
Sodium Lasers 4  
Deformable mirror 33x33 actuators 
  
Location Nasmyth platform 
Dimension 5x3,5x2.5 m3 
Weight ~7 tons 

Instrument overview at the VLT Nasmyth platform.

The IFU slicer prototype in test at CRAL 


