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4. Stars and resolved stellar populations 
4.1. Introduction

MUSE will contribute to the understanding of a number of areas which are the subject of 
much current research through the observations of marginally resolved stellar groups and 
aggregates, and we expect that a large fraction of the stellar community will benefit from this 
instrument. We can broadly divide the nearby science cases according to four main groups:   

• Young stellar objects, Star-ambient interaction 
• Massive spectroscopy (complementarity with GAIA)   
• Extragalactic stellar astrophysics 
• Extended emission-line ISM/local IGM studies 
 

It is important to stress that MUSE will provide a unique opportunity to pursue extragalactic 
stellar astrophysics in galaxies up to several Mpc distant, pioneering a research field and a 
technique which will be extended even further with the advent of Extremely Large 
Telescopes, such as OWL. MUSE is the research tool of choice to study dense stellar systems: 
star-forming regions, star clusters, the Galactic bulge, the Magellanic Clouds, the inner disk. 
It is also ideal for study of hot ISM/star formation interactions in nearby external galaxies. 

4.2. Early stages of stellar evolution 
 
In the early stage of their evolution, stars produce powerful jets and winds. Bipolar atomic 
jets are at the same time the most impressive and the most enigmatic phenomenon associated 
with the birth of stars. Their structure is highly complex and spans a wide range of scales, as 
illustrated in the Figure 4-1, where a bar denotes 1000~AU, or 2 arcseconds at the 500 pc 
distance of Orion. It can be seen that the jet: 

• is launched and collimated within the innermost parts (< 20 AU) of the circumstellar 
disk around the young T Tauri star (cf. HH 30 - top left panel; Burrows et al. 1996) 

• develops chains of knots with typical spacing of a few 100 AU and apparent opening 
angle of a few degrees (cf. HH34 – top right; Ray et al. 1996) 

• undergoes wiggles and large-scale interactions with the interstellar medium or with 
previous ejecta through radiative working surfaces (akin to hot spots in extragalactic 
jets) known as Herbig-Haro (HH) objects, on a typical scale of 20,000~AU i.e. 40 
arcsec at a distance of 500 pc (cf. HH47 - bottom panel; Heathcote et al. 1996). 

 
None of these three phenomena (jet launching, knot formation, wiggles and large working 
surfaces) is fully understood at present. Yet, they raise fundamental questions: 

• Are stellar jets ejected from the star, its magnetosphere, or the inner disk surface 
• Could they be the « missing agent » responsible for solving the so-called angular 

momentum and magnetic flux problems of star formation?  
• Do they affect significantly the structure of circumstellar disks, and should they be 

taken into account in updated theories of exoplanet formation and migration?  
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• Does the jet launching process evolve with protostellar stage, from the embedded 
collapse phase to the optically revealed T Tauri phase? 

• What is the origin of jet knots and wiggles? Intrinsic variability/precession at the 
source or MHD current/kink instabilities in plasma jets?  

• Do observed properties agree with theoretical shock models? 
• What is the large-scale cumulative impact of stellar jets on the ISM in terms of 

turbulence, induced compression, and grain destruction? 
 

 
MUSE will provide a powerful new tool for the study of large-scale stellar jets: Its wide field 
of view can encompass in a single exposure a typical jet and bowshock system such as HH 47 
(50 arcseconds across), or the bright inner jet beam of HH 34 (30 arcseconds).  Furthermore, 
MUSE's optical range is optimal for studying atomic stellar jets, which are characterized by a 
strong optical emission line spectrum including Hβ, [O III]5007,  [N I]5198,5201, [O I]6300, 
[N II]6584, Hα, [S II]6716,6731, [CaII]7307, and various [Fe II] lines. Its broad spectral 
coverage over 0.465 to 0.93µm will allow simultaneous recording of all lines at each position, 
providing extremely accurate line ratios for physical diagnostics. For example, the [O 

Figure 4-1 : HST optical images of jets from young stars. The bar corresponds to 1000 AU, or 2 arcseconds 
at the distance of Orion (500 pc). Top left: Jets are launched perpendicular to the accretion disk and 
collimated within 20 AU of the central T Tauri star. Top right:  Chains of knots with typical spacing of a few 
100 AU (0.5'') appear along the jet beam. Bottom: Non-axisymmetric wiggles, filamentary sideways shocks, 
and large radiative working surfaces (Herbig-Haro objects) develop on scales of 1000 to 20,000 AU (2''-
40''). [S II] is coded in red and Hα in green 
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III]/Hβ ratio is a crucial indicator of fast shocks with speed above 100 km/s, while [S II] 
6716/6731, [NII]/[O I], and [SII]/[O I] provide direct estimates of, respectively, the jet 
electronic density, ionization fraction and temperature, with much less dependence on the 
heating process than ratios involving Hα (e.g. Bacciotti & Eisloeffel 1999). At the same time, 
MUSE 's spectral resolution (about 100 km/s) will allow to map the 2D kinematics over the 
whole extent of these jets, of typical speeds of 200-500 km/s, to within 10 km/s (line centroid 
precision).  Finally, MUSE's WFM angular resolution of 0.3–0.4'' will enable to separate 
individual emission knots, wiggles, and sideways shocks in the jet beam (cf. Fig. 4-1), which 
are otherwise blended in seeing-limited optical studies. 
 
This combination of broad line coverage, kinematics, and high angular resolution over a wide 
field of view will represent an outstanding gain in quality and information content over jet 
studies with other optical instruments: Wide-field spectro-imaging of HH flows with a Fabry-
Perot (see e.g. Morse et al. 1994) is typically limited to 3 lines only (usually [S II] 6716,6731 
and Hα) due to the time overhead for stepping through each line profile, which severely limits 
the physical diagnostics and the shock modelling. Furthermore, the line ratios may be affected 
by variations in PSF, sky transmission, and instrumental drifts during the scan. Narrow-band 
imaging, e.g. with HST, is contaminated by imperfect removal of stellar light and nebular 
emission, and does not allow to resolve the [S II] 6716,6731 doublet nor to separate [N II] 
from Hα, precluding density and ionization diagnostics. It also does not give any radial 
velocity information. Finally, optical spectroimaging with long-slits (eg STIS) is limited to 
very narrow jet regions, and clearly cannot cover a large structure such as the HH 47 
bowshock, nor probe non-axisymmetric jet features. In addition, uneven slit-illumination 
effects introduce spurious gradients that depend on the line and need complex a posteriori 
corrections (Bacciotti et al. 2002). 
 
An original, fundamental contribution of MUSE will thus be to routinely provide the first 
complete, accurate set of optical line ratios and line centroids at each position of large-scale 
stellar jets, with a resolution of 0.4''. A 1800sec exposure will yield a S/N of 50 per 0.2'' pixel 
on an Hα line of surface brightness 10-15 erg.s-1.cm-2.arcsec-2, i.e. 10 times weaker than the 3 
bright large-scale jets that can be currently studied at high resolution (HH 34, HH 47, HH 
111; cf. Fig. 4-1).  This unique capability will open a new dimension in the analysis and 
modelling of stellar jets, two domains where ESO research is at world-class level.  
 
Major breakthroughs will result on a number of pressing questions, developed in the 
following paragraphs. 
 

4.2.1. The magnetic field strength and shock conditions in the jet  
An important outcome of MUSE will be to constrain the shock speed, preshock density, and 
magnetic field strength as a function of position and velocity in large-scale jets, from 
comparison of resolved optical line ratios with grids of atomic shock models (see e.g. 
Hartigan, Morse, Raymond 1994).  A similar method was used to estimate the magnetic field 
in the ambient gas, from seeing-limited studies of large jet bowshocks (e.g. Morse et al. 
1992). MUSE will yield the magnetic field strength in the jet, a crucial constraint for MHD 
ejection models. Its combined high angular resolution and spectroscopic resolution will be 
essential to avoid blending of individual jet knots, which would otherwise bias the line ratios. 
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An illustration of this point can be found in Lavalley-Fouquet et al. (2000): While integrated 
line ratios at the base of the DG Tau jet could not be modelled with a single shock (Hartigan 
et al. 1995), spatially and velocity-resolved lines ratios at 0.4'' resolution obtained with the 
OASIS spectro-imager are well fitted with internal shocks of speed of 30-80 km/s and a 
transverse magnetic field < 1000 µG.  
 

4.2.2. Jet total density and the ratio of ejected to accreted mass 
While estimates of jet mass-loss rate from integrated line fluxes appear uncertain by 1-2 
orders of magnitude, accurate values may be derived from local estimates of the velocity and 
of the total density, derived from optical line ratio diagnostics of the electronic density and 
ionization fraction (e.g. Cabrit 2002). With the sensitivity of MUSE, this approach can be 
applied to many more jets than the favorite 3 targets of current detailed studies. MUSE will 
thus provide for the first time accurate mass-loss rates as a function of position and velocity in 
a representative sample of jets, allowing a major improvement in the determination of the 
ejection to accretion ratio - another crucial parameter for theoretical ejection models -.  
 

4.2.3. The origin of jet knots and non-axisymmetric wiggling 
structures 

MUSE will provide for the first time the 2D velocity field in large-scale jets at a resolution of 
0.3–0.4'', and even the full 3D-field when combined with proper motions from multi-epoch 
observations. These observations will probably represent the strongest tests ever for the two 
competing models of knot formation, namely: propagation instabilities (K-H, current-driven, 
kink modes...) versus source variability (precession, velocity variability, orbital motions), 
through comparison with the 2D and 3D hydrodynamical and MHD jet simulations conducted 
by european teams, and laboratory laser beam experiments. This modelling will also constrain 
the MHD cross-section of the jet, or the timescale and amplitude of intrinsic jet variability, 
providing indirect clues to the ejection process. 
 

4.2.4. Low-velocity halo and relation to molecular jets 
Both the HH 47 jet (Hartigan et al. 1993) and the small-scale jet from DG Tau (Lavalley et al. 
1997; Bacciotti et al. 2000) possess a lower velocity halo surrounding the fast, bright optical 
jet beam. It is yet unclear whether this halo traces a slow wind ejected from several AUs in 
the disk, or a shocked cocoon created by interaction of the jet with the ambient medium. 
MUSE's high sensitivity will allow to trace this slow component further away from the jet 
axis, estimate its momentum flux, and investigate its relationship to  molecular counterparts 
studied in H2 lines in the near-IR (e.g. with SINFONI) and in CO lines with ALMA. Such 
studies will be crucial to understand the formation of molecular flow cavities, which appear to 
require a wider wind component around the collimated optical jet, and to constrain the 
outermost disk radius affected by the ejection process. 
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4.2.5. The physics of jet working surfaces and interstellar shocks 
2D maps of the kinematics and line ratios in jet working surfaces at 1.3'' resolution, obtained 
with F-P imagers, reveal good agreement with theoretical expectations for a bowshock and jet 
Mach disk, and constrain the ambient velocity and magnetic field ahead of the bowshock, as 
well as the jet/ambient density ratio (Morse et al. 1992; 1993; 1994). However, these studies 
meet several limitations; the Hα line flux used to derive preshock density depends on the ill-
known pre-ionization and reddening; the cooling regions are spatially resolved (0.5'' to 1''), 
introducing a shift between Hα and [SII] emission that complicates interpretation of the line 
ratio; only the brightest 3 jets in the sky can be studied in a reasonable time. MUSE 
observations will revolutionize this domain by providing a wealth of reddening-independent 
line ratios for shock diagnostics, an angular resolution higher by a factor 3, and access to a 
more representative sample of jets. Expected outcomes include: detailed tests of interstellar 
shock models by comparison with observed cooling distances and line offsets, accurate 
estimates of the jet mass flux at the Mach disk and of the momentum transferred to the 
ambient cloud, evaluation of elemental depletion (using e.g. [Fe II]/[S II] ratios) as signatures 
of grain destruction in shock waves, implications on molecule reformation in the compressed 
post-shock gas... 
 

4.2.6. Jets in pre-planetary nebulae  
Optical jets associated with shocks and HH objects have been recently observed in young 
bipolar planetary nebulae (e.g. by HST) suggesting that collimated mass-loss occurs in dying 
stars as well. The unique capabilities of MUSE are also perfectly suited to probe this 
enigmatic mass-loss process at the other extreme of stellar life, which is also far from 
understood.  
 

4.2.7. High-resolution studies of the jet base 
The high-resolution mode of MUSE is perfectly suited to complement studies of the 
innermost regions of jets with ALMA and SINFONI. In the mm range, ALMA will trace the 
cool (< 500 K) molecular flow at very high spectral resolution (0.1 km/s). In the near-IR, 
SINFONI will trace warmer molecular gas (2000 K) in H2 as well as hot atomic jets in [Fe II] 
and He I, with 75 km/s resolution. MUSE will trace the same atomic component at similar 
spectral resolution, but over a much larger field of view (7.5'' instead of 0.8'' for SINFONI in 
its 25mas mode). This unique feature will allow e.g. to follow the appearance and spacing of 
individual knots as they propagate along the jet, and to investigate the origin of enigmatic 
broad wind bubbles, such as that seen in XZ Tau (4'' in size; Krist et al. 1999). In a 3600sec 
exposure, MUSE will reach a S/N of 30 for an Hα  brightness of 1.6 10-14 erg.s-1.cm-

2.arcsecond-2, typical of the XZ Tau bubble and of T Tauri jets at 0.5'' from the star. A S/N of 
7 will be achieved for 10-15 erg.s-1.cm-2.arcsecond-2, allowing to probe more distant regions, or 
fainter lines. Another complementary feature of MUSE is its wide spectral band, including 
powerful density, temperature and ionization diagnostics. The innermost (< 0.5'') regions of T 
Tauri jets are bright enough in the optical (up to 10-13 erg.s-1.cm-2.arcsecond-2 in [O I]6300) to 
be detected by MUSE in a variety of line diagnostics. Serendipitous line detections may also 
show up in this wide band, which has never been completely explored in stellar jets.
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4.3. Massive spectroscopy of stellar fields: our Galaxy and 
the Magellanic Clouds 

A continuing challenge for observational astrophysics is the detailed study and understanding 
of the star formation and the chemical history of the Galaxy and of its nearby companions, 
such as the Magellanic Clouds.  There is the opportunity for a substantial European 
astronomical community leadership in this crucial science, by combining appropriate 
instrumentation at ESO with the forthcoming ESA GAIA mission (see, e.g., Perryman et al. 
2001 for a more comprehensive presentation of the GAIA science cases).  GAIA will provide 
high spatial resolution (0.2arcsec) and precision astrometric data for the whole sky to V=20. 
By complementing this information appropriately, we will be well placed to make 
quantitative advances in addressing basic questions: How did our galaxy and its satellites 
form? How have they evolved? What is the stellar population history of the Galactic Bulge? 
The answer to these basic questions requires an enormous observational effort, but can be 
done in detail at low redshift, to calibrate and complement the direct studies at higher redshift. 
While massive photometry surveys (MACHO, EROS, 2MASS, DENIS, VST, VISTA) have 
paved the road towards a better census, most of the fundamental kinematics and spectroscopic 
information is so far missing.  Without this, our knowledge will necessarily remain limited, 
with no adequate inclusion of chemical abundances, useful ages, or the critical kinematics, 
mapping both the gravitational potential and the orderliness (or otherwise) of accretion and 
evolution:  these limitations can be seen for example, from the restrictive analysis possible of 
even the massive photometry data sets in the LMC/SMC (Zaritsky et al.1999).  
 

4.3.1. The astrophysics of crowded regions and GAIA 
complementarity 

The GAIA mission will ultimately measure parallaxes and proper motions for a billion stars 
up to V~20 with unprecedented accuracy, and will obtain radial velocities for relatively 
isolated bright (V<17) stars. To make the really key advances in understanding the Galaxy 
however, one needs to study where most of the stars are: the Bulge and Inner disk, and where 
they are forming now – the very regions where GAIA spectroscopy will fail. In this context, a 
wide-field 3D spectrograph would be uniquely powerful, to derive the details of chemical 
abundance and radial velocities for the majority of stars, especially in selected areas, with the 
Magellanic Clouds and the Bulge as obvious primary candidates (see e.g. Pasquini and 
Kissler 2002). Very dense stellar systems, especially the massive cluster in the Galactic 
Centre, and the cores of Globular Clusters (GC) represent a special case, of extreme 
astrophysical interest, and where it is technically demanding to access  these very crowded 
regions of the sky. The cores of Globular Clusters, however, and very obviously the core of 
the Galactic Centre cluster, host a wealth of unique information as far as dynamical and stellar 
evolution are concerned, and concerning the ubiquity and dynamical significance of compact 
objects, from neutron stars in X-ray binaries to massive black holes, microquasars, and so on.  
In GC cores  dynamical evolution has produced a wealth of unusual objects; such as low mass 
X-ray binaries, cataclysmic variables, millisecond pulsars and blue stragglers (Bailyn 1995).  
The most extreme of these binaries are discovered through X-ray observations, where the 
superb Chandra  resolution  is producing very accurate positions (Grindlay et al. 2001). While 
a tentative identification can be done using HST, a 3D system coupled with the VLT and AO 
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will allow spectroscopy of the X-ray candidates, to confirm their nature, and to measure and 
determine their orbital parameters. Similarly, spectroscopy could reveal the nature of the 
many blue stragglers and blue objects revealed in the HST images of the core of 47 Tuc 
(about 100 objects found  by  Ferraro et al. 2001) , and alleviate the current bias to extremely 
hot objects: it is reasonable to assume the existence of strange cool objects too. It may even be 
possible to understand the anomalous evolution of globular clusters recently discovered 
(Mackey and Gilmore 2003), where it seems core evolution proceeds in the opposite sense to 
that expected from dynamical predictions with no allowance for physical interactions. 
The key experiment here is dynamical mapping of the inner regions of Globular Clusters 
across the full age range uniquely available in the Magellanic Clouds. Such data would 
determine kinematic distribution functions, binarity, mass length scales, the incidence of 
extreme objects, the age-dependance of core mass-transfer hard binaries, and so on, providing 
a unique view of the dynamical evolution of dense systems. 

 
 
Figure 4-2: The inner Galaxy extinction map, derived from DENIS survey data (Schultheis etal 2000). The many 
areas of low extinction, on a scale of the MUSE fov, are apparent, illustrating that quantitative dynamical and 
stellar population studies of the inner Galactic bulge and Old Disk, are feasible using optical spectroscopy. 
 
 Essentially nothing is understood of the evolution of the dense inner Galactic Bulge, clearly a 
site of continuing massive star formation, where sufficiently many optical windows are 
known to allow short-wavelength studies (see Launhardt, Zylka and Mezger 2002; and Yusef-
Zadeh, Melia and Wardle (2000) for recent overviews of the inner bulge astrophysical zoo). 
In all these cases, it is the combination of field of view – ideally matched to the physical 
scales of relevance – and full 2-D sampling, allowing deconvolution of disparate sources, 
which makes the science viable. This same science of course can be extended, at decreasing 
physical spatial resolution, to other nearby galaxies and their nuclei. 
 
Many other fields exist for which MUSE will allow detailed astrophysical analyses, provided 
that massive spectroscopic studies are available. Fields in the Magellanic Clouds and in the 
Galactic bulge are obvious candidates, because these aggregates  are close enough to allow 
the sampling of a good fraction of the Colour Magnitude diagram and at the same time they 
represent unique stellar systems.   
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4.3.2. Surveying the Large 
Magellanic Cloud  

As a close companion to our Galaxy, the 
Large Magellanic Cloud has been under 
extensive scrutiny with studies focusing on a 
broad range of scientific issues, including e.g., 
star formation regions, micro-lensing, HI 
structure, calibration of the distance scale... 
Considering the simultaneous spectral and 
spatial coverage, MUSE could significantly 
contribute to our understanding of the stellar 
populations and dynamics of this galaxy. 
Apart from a better handle on the stellar 
populations and the corresponding star 
formation history of the LMC itself 
(influenced by past encounters with our 
Galaxy?), MUSE data on the LMC could 
provide a unique handle on its intrinsic 
structure. The LMC is indeed a complex 
object, with e.g., an offset bar lying near, but 
not at, its centre (see van der Marel et al., 
2002; and references therein) and the lack of 
kinematic data is only emphasizing it more. 
Only about 1000 carbon stars so far have 
their radial velocities measured to yield 
some constraints on the line-of-sight 
kinematics of the LMC (see e.g. Alves & 
Nelson, 2000). A more detailed knowledge 
of the LMC stellar population, internal 
kinematics and morphology will have 
important consequences on scenarios for 
galaxy formation, the formation of our own 
Galaxy halo, results from micro-lensing, etc. 
 
The full spectroscopic mapping of even just 
the central bar about 3x0.5 degrees) would 
ask for a prohibitive amount of telescope 
time. However, a ‘sparser’ approach in 
terms of spatial locations of the fields could 
uniquely probe the LMC structure, with only 
a reasonable scientific loss due to the non-
contiguity of the fields. According to the 
luminosity function derived by Smecker-
Hane et al. (2002), we expect a density per 
MUSE field (1 arcmin2) and per magnitude 
bin of roughly a few stars at V=19 and more 

Figure 4-3: Main sequence luminosity 
function of the LMC in the bar and disk 
fields observed by Smecker-Hane et al. 
(2002). Bin size are 0.05 mag. Model 
luminosity functions are also provided 
(constant star formation rate – solid lines, 
see Smecker-Hane et al. 2002  for details).

Figure 4-4: Colour magnitude diagrams obtained 
with WFPC2 observations. A) Disk field about 2 
degrees from the center of the LMC bar and b) the 
bar field. Extracted from Smecker-Hane et al. 
2002. Panels c) and d) magnify the red clump 
region. 
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than 100 stars at V=22 mag within the bar of the LMC (see also Elson et al. 1997). This 
obviously decreases rapidly outwards, with typical density 10 times smaller in the disk of the 
LMC. In order to observe tens of stars in a single MUSE exposure a few degrees from the 
centre of the LMC bar, we need to reach V=22.5 mag, which is feasible with short exposures 
of less than 600s in the WFM, at a spectral resolution of 500 (using the NoAO mode with 
‘’good’’ observable conditions, and spectral binning).  Conversely, this will bring hundreds of 
stars per MUSE exposure in the central bar region, without the need to spectrally bin for the 
brightest ones. 
 
As shown in the colour-magnitude diagrams of e.g., Smecker-Hane et al. (2002), a limit of 
V=22.5 mag will allow to reach stars 1.5 magnitude below the oldest main-sequence turnoffs 
in the LMC. A knee is observed in the luminosity function of both the disk and the bar around 
V~22.2 mag. There are also a number of spikes in the bar luminosity function around V=21.5, 
20.6 and 19.7, indicating large temporal variations in the star formation rate, all easily 
reachable with short (few mn) MUSE exposures. A large observation campaign aimed at 
probing both the bar and disk stellar populations and kinematics (with different exposure 
times) would thus provide an unprecedented (and simultaneous) view at the star formation 
history and internal structure of the LMC. Note that the use of AO would certainly minimize 
the potential blending effect, and that the spectral information provided by MUSE will also 
allow a relatively easy decontamination from foreground Galactic sources. 

 
The main goal of such an ambitious project would be to 1) obtain spectral information of stars 
spanning a significant coverage (statistically speaking) of the HR diagram, significantly 
below the oldest main sequence turnoffs, and down to the observed ‘’knee’’ at V=22.2 mag 
hence constraining the entire star formation history of the LMC, 2) spatially cover both the 
disk and the bar of the LMC hence properly constraining the intrinsic structure of the galaxy 
and its link to its stellar population (e.g., the hypothesis that the bar formed 1 to 2 Gyr after 
the disk). This goal requires spectra for at least 50 000 stars, with the entire visible spectral 

Fig. 4-5:  Combined FORS (Red) and  HST(Blue) images of the young LMC Cluster NGC1850;  emission 
line filaments (Hαl ) are clearly present; the small group of hot stars below the main cluster (NGC1850B) is  
younger, only a few Myrs old.  Narrow band photometry has revealed a population of T-Tauri candidates, 
lying preferentially along the filaments  (Romaniello et al. 2002). Only spectroscopy can probe their nature.  
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domain at a resolution R > 800 (and up to 3000 for the brightest ones). Most of these stars 
will be fainter than V = 20 mag, hence this calls for a large telescope aperture. VIMOS, in its 
IFU mode, would not be efficient enough (field is too small for the 0.33 arcsec per fiber 
mode, at intermediate spectral resolution around R=700), would require long exposure time (> 
30 mn) to reach the desired magnitude limit (V=22.5), and would only cover part of the 
visible spectral domain. The MOS mode of VIMOS is also excluded because of its low 
overall efficiency with the need of pre-imaging, its limited spectral coverage and its inability 
to cope with dense fields. 
 
Using the constraints mentioned above, we can make a first estimate of the amount of 
telescope time to be devoted to such a survey of the LMC stellar populations and structure: it 
would require about ¼ of a square degree (1000 individual MUSE fields, separated by about 
15 arcmin on average) with an average of about 8 mn exposure time, hence a total of about 
135 hours. 
 
In Figure 4-5 a composite FORS and HST image of the NGC1850 cluster in the LMC is 
shown (Romaniello et al. 2002).  Clusters like these represent unique chances for studying 
star formation in action, as well as in its later `feedback’ phase reheating the ISM: critical 
information to improve galaxy formation recipes. Such objects are very rare, are large in area, 
are crowded, and are complex stellar and gaseous environments. While the main cluster is 
several tens of million years old, the blue aggregate just below (NGC1850B) probably 
represents a much younger star formation region. Was the star formation in the young cluster 
triggered by shocks from the older one? Does a population of lower mass stars (T-Tauri) exist 
and what is its IMF? Did the formation of young low mass stars preferentially take place 
along the filaments created by the SN shocks? To answer all these questions, 3D spectroscopy 
is necessary, coupled with high angular resolution; in cases like this 3D is much superior to 
single object spectroscopy because it will allow one to simultaneously map the emission gas, 
derive its dynamics and to disentangle the gas 
Hα emission from that of the T Tauri 
candidates: ie, to quantify `feedback’. 
 
Most of these sources are relatively bright, so 
that very long exposures are not required: 
rather, high S/N studies will be possible. The 
unique contribution of MUSE is in combining 
high image quality with areal coverage, 
essential for progress when the answer is not 
known in advance, since 
deconvolution/modelling of the actual 
luminosity distribution in the field under the 
seeing conditions of observation is critical for 
the science: ie, quantitative IFU imaging-
spectroscopy is critical. 
 

Figure 4-6: The current state of knowledge of core-
collapse supernovae progenitors. Only three good 
identifications are known, two discovered in late 
2003. A systematic study of massive stellar 
populations with MUSE would quantify this figure, 
and quantify the origin of compact objects: neutron 
stars and black holes – in the Universe. 
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4.3.3. Supernovae remnants 
The field around SN1987A is an excellent example: in this field HST photometry starts to 
unveil the nature (and reddening) of some 21000 stars down toV~24 (about 400 stars.arcmin-2 
at V=22, Panagia et al. 2001); needless to say that MUSE (+AO) spectroscopy could confirm 
the photometric results, but more importantly determine the age distribution of the stars in the 
SN1987a field.  This, in turn, will permit one to determine if the SN progenitor was part of a 
12 Myr old loose cluster as suggested by the HST photometry. More generally, Smartt etal 
(2004) and Maund etal (2004) have proven a method to identify the precursors of TypeII 
supernovae, by (HST) imaging of nearby star-forming near face-on spiral galaxies. This 
technique has already led to the first planned discoveries of SN precursors: a MUSE 
spectroscopic survey to complement the available multi-colour imaging would revolutionise 
not only knowledge of the very late stages of stellar evolution, but extend studies of massive 
star formation into a systematic stage of quantitative exploration across the spiral sequence.  

 
 

4.4. Massive spectroscopy of stellar fields: The Local group 
and beyond 

 
The study of resolved stellar populations in galaxies out to the distance of the Virgo cluster 
has become a major science case for the proposed new generation of OWL and other 
Extremely Large Telescopes (Hawarden et al. 2003, Najita & Strom 2002, Wyse et al. 
2000).  MUSE will contribute dramatically to the study of galaxy origins and evolution by 
surveying large volumes of the distant, early Universe. In parallel, only the investigation of 
nearby galaxies through detailed analysis of their stellar populations, resolved into individual 

Fig 4-7: M81, host to SN1993J, whose surviving binary companion star is shown. Studies such as these, 
which identify supernova precursors from archival imaging, could be made quantitative through a massive 
spectroscopic survey of nearby star-forming disks. [from Maund etal 2004] 
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stars, can provide quantitative templates for the calibration of integrated light studies of 
higher redshift systems.  
 
Pioneering work (Fig. 4-8) with conventional MOS techniques has shown that these 
observations are extremely challenging due to source confusion in crowded stellar fields and 
severe contamination from gaseous emission of the ISM. Integral field spectroscopy has the 
unique potential to overcome these limitations, applying, in principle, the same methods 
which have been developed so successfully for crowded field CCD photometry (e.g. 
DAOPHOT). As an additional asset, IFU surveys in nearby galaxies will provide a wealth of 
serendipitous discoveries, in particular emission line stars, novae, planetary nebulae and H II 
regions, luminous Xray sources, etc.  
 

 
 
The conventional analysis of stellar populations in external galaxies for star formation 
histories and chemical enrichment using the classical methods  of resolved stellar CCD 
photometry on the one hand, and integrated-light broad band colors or absorption line indices 
on the other, suffers from well-known shortcomings such as the age-metallicity degeneracy, 
and uncertainties from the presence of dust and ionized gas in the interstellar medium of the 
galaxy under study (dust effecting the surface photometry through extinction, gaseous 
emission filling in the absorption line profiles of Hβ, Mgb, Mg2). Other observational 
limitations for absorption line indices are related to systematic errors of long-slit spectroscopy 
(Mehlert et al. 2000). 
 

Fig. 4-8  Resolving galaxies into stars: one degree field of local group galaxy M33 with LBV 
candidate star B416 and surrounding nebula. Prototype 3D spectroscopy in the highlighted 
15”x16” field, conducted at the Selentchuk 6m telescope, has demonstrated the superiority of the 
method over conventional slit spectroscopy. 
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A more recent alternative approach is 
based on the spectroscopic analysis of 
individual resolved luminous stars in 
nearby galaxies, e.g. M31 (Smartt et al. 
2001, Venn et al. 2000), NGC6822 
(Venn et al. 2001), M33 (Monteverde et 
al. 1997), or NGC300 (Urbaneja et al. 
2003). Using VLT + FORS, the 
feasibility of high signal-to-noise stellar 
spectroscopy even beyond the local 
group was demonstrated by Bresolin et 
al. (2001), who measured 7 supergiants 
of spectral types B, A, and F with  
V≈20.5 in NGC3621 (d=6.7 Mpc). For a 
review on extragalactic stellar 
spectroscopy, see Kudritzki 1998.  
 
Using its potential for crowded field spectroscopy, which is superior to any other conventional 
technique, MUSE will explore the emerging field of extragalactic stellar spectroscopy as an 
important step towards the optimal use of the combination of light-collecting power and 
angular resolution of these future telescopes, whose importance for applying the well-
established methods of quantitative stellar spectroscopy to stars in galaxies outside of the 
Milky Way must be stressed as one of  the  major innovations in astrophysics of the next 
decades. 
 
The main argument is that the knowledge of the point-spread-function (PSF) of a stellar 
object can be used to apply PSF-fitting techniques, thus discriminating the source against the 
background  ⎯ analogous to PSF-fitting CCD photometry, which has been so successful for 
the construction of globular clusters CMDs and the photometric study of resolved stellar 
populations in nearby galaxies (Mateo 1998). The novel technique has been pioneered with 
relatively small present-day IFUs and limited angular resolution (Roth et al. 2003, Becker et 
al. 2003). These studies have demonstrated the unique capabilities which can be expected 
from the 1 arcmin FOV of MUSE, sampled at 0.2” spatial resolution (or its equivalent in the 
Narrowfield Mode). 
 
Becker et al. (2003) have processed datacubes of the LBV candidate star B416 with its 
surrounding nebula in M33 using the cplucy two-channel deconvolution algorithm to separate 
the stellar spectrum from a spatially unresolved nebular component (Fig.4-9). This technique 
makes use of the spatial resolution of an HST image of the same field, providing for an 
accurate model of the heavily blended stellar field from the ground-based 3D observations. 
Fig. 2 shows how it was possible to accurately subtract from the stellar spectrum the 
contaminating [O III] λ4959, λ5007 emission lines, revealing He I λ5015 and a blend of Fe I 
lines. This result would have been impossible to obtain from conventional slit spectroscopy,  
demonstrating that the 3D method opens entirely new opportunities for crowded field 
spectroscopy.  
 

Fig. 4-9:   Removing nebular contamination from 
stellar spectrum using cplucy 
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The correction for nebular contamination is a pressing issue for the quantitative spectroscopy 
of massive stars in nearby galaxies, limiting very severely our ability to provide the badly 
needed statistics to shed light on stellar evolution for masses > 10 M◉ , which is theoretically 
poorly understood. Likewise, abundance studies of extragalactic planetary nebulae, which 
provide important information about star formation histories and chemical enrichment, suffer 
dramatically from systematic errors due to background subtraction problems in high-surface 
brightness regions of local group galaxies and beyond. Large area, high spatial resolution 3D 
spectroscopy is the clue to solving these observational problems. The two examples are 
discussed in more detail in the sections below. 
 
A deep mosaic survey over  5x5 arcmin2  with a total observing time of 100 hours per galaxy 
will result in an unprecedented inventory of O-B-A supergiants, rare 
LBV−WN/Ofpe−B[e]−WN−WC stars, planetary nebulae, and H II regions for any galaxy of 
the Fornax group, providing simultaneously : 

• complete spectroscopic samples for the quantitative study of these object classes 
• a unique database for the calibration of  long-range integrated-light stellar population 

diagnostics, based on first principles  (accurate abundances, ages, and kinematics from 
individual stars/nebulae) 

 
Note that the survey will be extremely efficient in that it replaces the conventional way of 
targeted observations for any single object class by a single campaign. For example, the 
Massive Stars and PN science cases as described below are covered by the same survey. In 
addition, data mining will provide spectra for other objects like SNR, novae, ultra-luminous 
X-ray sources, the diffuse ISM, etc., and has a highly interesting potential for serendipity 
discoveries. Complementary HST/ACS multicolour imaging for the obvious target, the 1000 
nearest star forming high-inclination galaxies, is being obtained as part of the Smartt-Gilmore 
Supernova Progenitor program, as is much direct VLT imaging. We will of course have VST 
and VISTA imaging available on the same time scales. 
 
Note also that qualitatively the survey will be superior to any other ground-based survey of 
nearby galaxies, since it provides the advantage of high spatial contrast source discrimination 
(“crowded field 3D spectroscopy”, see above), and an order of magnitude higher spectral 
contrast than typical narrow-band imaging surveys. 
 
The combination of large field-of-view with seeing-limited spatial sampling (WFM) makes 
MUSE an unrivalled tool for background-limited spectroscopy of resolved stellar populations 
in nearby galaxies:  260× more efficient than FLAMES, and 210× more efficient than the 
GMOS-IFU. 
 

4.4.1. Stellar evolution of the most massive stars 
How the most massive stars evolve from the main-sequence and produce populations of blue 
and red supergiants, luminous blue variables, Wolf-Rayet stars, and finally the core-collapse 
supernovae Types II, Ib and Ic is not well understood. The initial metallicity of the stars is a 
key ingredient, and will affect star formation, mass-loss rates, rotation and overall evolution. 
We need to go beyond the Magellanic Clouds  (0.5Z  and 0.2Z  ) to probe extreme systems. 
Massive star evolutionary phases last a very short time and one must expend a lot of telescope 
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time to spectroscopically observe every luminous star in a star-forming region. Because these 
regions are generally crowded, this has not been done with conventional spectrographs in 
single or multi-slit mode. Integral field spectroscopy with AO correction is the ideal approach 
to ensure completeness.  
 
Extensive work is underway with the VLT on identified single stars, using FLAMES. Much 
HST imaging is underway. However, all this, while valuable, essentially assumes that 
interesting sources are already known: in fact, the bolometric correction for very hot sources 
is such they are not ab initio knowable: complete spectroscopic surveys of star forming 
regions are essential for reliable analyses. 
 

 
 
 
Massive stars play a key role in the chemical enrichment of galaxies as well as in the 
dynamics of the interstellar medium by their large input of momentum and kinetic energy and 
their radiative luminosity. The understanding of the evolution of galaxies depends on our 
knowledge and understanding of the evolution of massive stars. Unfortunately, this evolution 
is not well known. We roughly understand the overall trends and sequences from evolutionary 
calculations  (e.g. Maeder et al. 1991, Meynet& Maeder, 2000),  but the observations show 
several classes of massive stars that do not properly fit into these evolutionary schemes. The 
goal is to unravel the evolution of massive stars by observing and studying large numbers of 
massive stars, and fitting them into evolutionary schemes by using new state-of-the-art 
evolutionary calculations, including rotation. 
 
Several classes of massive stars are known: 

• the luminous  O and B stars 

Fig. 4-10:  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 . 
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• the Luminous Blue Variables (LBVs) with their large variability on many timescales 
• the B-type hypergiants which have spectra identical to those of  LBVs, but do not 

show the large variability 
• the B[e]-supergiants with their outflowing disks 
• the WN/Ofpe stars with their strong emission lines  
• the Wolf Rayet stars with their N-rich (WN), C-rich (WC) or O-rich (WO) spectra. 
• there are peculiar massive binary objects with relativistic stars and accretion disks, e.g. 

SS433 and Cyg X-3. All these classes of stars show emission lines in their optical 
spectrum. 

 
It is generally accepted that the evolution starts with “normal” O and B stars in the main 
sequence phase and ends with the Wolf-Rayet (WR) phase, before the stars explode as 
supernovae (e.g. Maeder and Conti, 1994; Lamers et al. 1991). However, it is not clear how 
and where other observed classes of massive stars fit in the evolutionary scheme: H-rich WN 
stars, LBVs, hypergiants,  B[e]-supergiants, Ofpe/WNL stars. Studies of massive stars in the 
Milky Way have not provided a conclusive picture for the problem since extinction in the 
galactic plane prevents systematic studies of sufficent numbers of stars of these different 
classes. For instance, only five confirmed LBVs have been found in our Galaxy (Humphreys 
and Davidson, 1994) and only two confirmed B[e]-stars (Lamers et al. 1998). In addition, the 
distances and hence the luminosities of the massive stars in our Galaxy are not always known 
with sufficient accuracy to compare different types of stars. The study of the LMC and SMC 
provides a view with little extinction of stars at the same distance. However, there the 
numbers of massive stars is small, except in the very young 30 Doradus region, which 
contains no LBVs and B[e]-stars yet. 
 
Objectives: 
The immediate goal is the discovery and systematic study of a large number of Hα emitting 
stars with 3D spectroscopy, in typically 5x5 arcmin2 fields of nearby southern disk galaxies, 
i.e. the Sculptor Group galaxies NGC55, NGC247, NGC300, etc. The final aim is to unravel 
the evolution of massive stars, by means of a careful study of the properties, interrelations and 
relative numbers of different classes of massive stars and comparing these with new stellar 
evolution calculations. The study combines the very powerful method of 3D spectroscopy 
with deep photometry and high resolution HST direct imaging. 
 
Feasibility: 
A table of signal-to-noise estimates for a range of typical massive stars at a distance of m-M = 
26.53 (Fornax group, Freedman et al. 2001) obtained with total exposure times of 4 hours and 
1 hour per field, respectively, is listed below. The corresponding absolute visual magnitudes 
for this distance are also listed in the last column. 
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Tab. 4-1     S/N estimates at 5500 Å for different exposure times, R=2000 
 

V Exposure [sec] S/N MV @ 
d=2Mpc 

20.7 4x 3600 100 -5.83 
21.9 4x 3600 50 -4.63 
23.9 4x 3600 10 -2.63 
19.3 1x 3600 100 -7.23 
23.2 1x 3600 10 -3.33 

 
Tab. 4-2 shows for different masses of  20 … 120 M◉ the evolution of spectral type and 
absolute visual magnitude MV  with age (adopted from Massey 2003). At the distance of 
Fornax, the stars for which deep 4 hour exposures will yield high S/N (~100) are shown in 
orange, medium S/N (~50) in yellow, and low S/N (~10) in beige.  
 

Tab. 4-2     Evolution of massive stars at galactic metallicity 

 0.0 
Myr 

0.5 
Myr 

1.0 
Myr 

1.5 
Myr 

2.0 
Myr 

2.5 
Myr 

3.0 
Myr  

120 M◉ 
-6.2 
O3 V 

-6.4 
O3 V 

-6.6 
O4 III 

-6.9 
O5.5 
III 

-7.0 
O5 If 

-8.6 
WNL   

85 M◉ 
-5.7 
O3 V 

-5.9 
O4 V 

-6.1 
O4 III 

-6.4 
O5.5 
III 

-6.9 
O7 If 

-7.9 
B0 I   

60 M◉ 
-5.2 
O4 V 

-5.4 
O5 V 

-5.5 
O5 V 

-5.7 
O5.5 
III 

-5.9 
O6.5 
III 

-5.9 
O6.5 
III 

-6.3 
O7.5 If 

-7.2 
B0 I 

 0.0 
Myr 

1.0 
Myr 

2.0 
Myr 

3.0 
Myr 

4.0 
Myr 

5.0 
Myr 

6.0 
Myr 

8.0 
Myr 

40 M◉ 
-4.6 
O6 V 

-4.8 
O6.5 V 

-5.1 
O7 III 

-5.5 
O8 III 

-6.6 
B0.5 I    

25 M◉ 
-3.8 
O8 V 

-4.0 
O8 V 

-4.1 
O9 V 

-4.3 
O9 V 

-4.6 
O9.5 
III 

-4.9 
O9.5 
III 

-5.6 
B0.5 I  

20 M◉ 
-3.5 
O9.5 V  -3.7 

O9.5 V  -4.0 
B0 V  -4.4 

BO III 
-5.3 
B1 I 

 
 
As can be seen in Tab.4-2, all of the rare high mass stars can be observed with very good S/N, 
allowing for quantitative spectroscopic analysis. In the mass range of 20-25 M◉, supergiants 
are observable with good to very good S/N. Wolf-Rayet stars typically have absolute visual 
magnitudes of about MV = -4.0, with WN stars covering a larger range of ~-2.5 … -7 (Massey 
2003). The detection limit for the purpose of classification is nevertheless fainter than this, 
since the essential criterion is the presence and strength of emission lines: He II 4686 (WN), 
and CIII 4650 (WC). Owing to the comparatively high spectral resolution, MUSE 
observations will have a clear advantage over conventional direct imaging searches, 
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employing normally filter bandwidths of ~30 Å, which is an order of magnitude larger than 
the effective bandwidth of a monochromatic map from a  MUSE datacube. 
 
Most WR stars outside the Galaxy have been found in the LMC (134), but only 8 in the SMC, 
and further 141 stars in M33, 48 in M31, 4 in NGC6822, 1 in IC1613, and 26 in IC10 (see 
review by Massey 2003 and references therein). Typical surface densities are ranging from 
~0.7 kpc-2 up to 10-40 kpc-2, depending on star formation activity and metallicity. The 
proposed deep mosaic survey of the southern galaxies NGC45, NGC300, NGC7793, etc. will 
result in a number of massive star detections on the order of 1000 per galaxy, and for the first 
time provide a statistically significant inventory, which presently does not exist because of the 
small number of known objects. The existence of such a statistical meaningful database is a 
prerequisite before any break-through in the quantitative description of stellar evolution of 
massive stars can be expected  ⎯ with important consequences for the input physics of 
models like Starburst99 for use in extragalactic astronomy (Leitherer et al. 1999, Smith et al. 
2002). 
 
It has recently been shown that the intrinsic luminosity of a massive blue supergiant star is 
closely correlated with its wind-momentum. This is termed the Wind Momentum – 
Luminosity Relation (WLR), and will potentially allow independent distance moduli to be 
obtained to an accuracy of ~10% to spiral galaxies within 10-15Mpc. (Kudritzki et al. 1999, 
Smartt et al., 2001, Bresolin et al. 2001). MUSE in its highest spectral resolution mode, 
together with AO correction will provide an unprecedented advantage over conventional 
spectrographs. 
 
There are a number of galaxies within the Local Group that have massive stellar populations 
at very low metallicities, providing close comparison to star formation in the early Universe. 
For example GR8, LeoA, SexA, have metallicities ~0.03Z  and probing the massive star 
content would give better abundances ratios, complete IMF and star counts in evolutionary 
phases, and allow mass-loss to be determined at extremely low metallicities. IFU plus AO 
correction would be an ideal, and unique approach.  
 
The evolved descendents of massive O-type main-sequence stars (M ≥ 20M ) include the B, 
A and F-type supergiants which are the visually brightest, stable stars in the Universe. Unified 
model atmosphere theory allows abundances of C, N, O, Mg, Na, Si, S, Al, Ti, Fe, Cr, Sr, Zr. 
to be measured in their atmospheres. Crucially they probe the iron-peak elements, allowing 
determination of the α/Fe ratio, which is a key probe of galactic chemical evolution. 
Observations of these stars together with spectral synthesis will constrain galaxy evolution.  
 

4.4.2. Planetary Nebulae 
Extragalactic planetary nebulae (PNe) have been shown to possess unique potential for the 
study of the star formation history and chemical evolution of galaxies, based on the analysis 
of individual objects (Dopita 1997, Richer et al. 1999, Jacoby&Ciardullo 1999). They are 
particularly suitable to measure abundance gradients in elliptical galaxies where massive stars 
or H II regions cannot be used. Coupled with radial velocities which are easily measured from 
the bright [O III] 5007 line, PNe provide an ideal tool to investigate the merger history of 
NGC5128, where a total of 1140 PNe have been discovered to date. While conventional MOS 
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instruments at 8m class telescopes are most efficiently used to measure the halo PNe, this 
technique fails completely in the high surface brightness regions near the nucleus (Walsh et 
al. 1999). Crowded Field 3D Spectroscopy is the only method to provide the required 
accuracy for background subtraction in this galaxy. The combination of high spatial 
resolution, 1’ FOV, large wavelength coverage, a suitable spectral resolution (R~1500) and 
high efficiency will make MUSE an unchallenged instrument for these observations. 
 

 
 
XPN are ideal tracers of intermediate age and old extragalactic stellar populations, because 
their hot central stars are among the most luminous stars in the HRD, emitting their radiation 
predominantly in the UV. A substantial fraction (of order 10%) of the total luminosity is re-
emitted by the surrounding nebula in a prominent emission line spectrum, which gives enough 
contrast (for the bright lines) to detect the object as a point source against the bright 
background of unresolved stars of the parent galaxy. A practical application of this property 
has consisted in narrow-band imaging spectrophotometry, centered on the bright emission line  
of [O III] λ5007, and the construction of PN luminosity functions (PNLF) for the purpose of 
distance determinations (see review by Ciardullo 2003). Approximately 5000 XPN in more 
than 40 galaxies have been identified to date (Ford et al. 2002). 
 
Currently the only way to measure individual abundances from old or intermediate age stars 
in galaxies more distant than the Magellanic Clouds is through the emission line spectra of 
extragalactic planetary nebulae (Walsh et al. 2000).  This approach has some similarities with 
the standard method of measuring abundance gradients from individual H II regions in the 
disk of spiral galaxies (Shaver et al. 1983, Zaritsky et al. 1994). As opposed to H II regions, 
XPN metallicities can be derived in a homogeneous way for galaxies of any Hubble type, and 

Fig. 4-11:  Planetary Nebulae in NGC300, discovered with [O III] onband/offband imaging technique, 
using SUSI at the NTT. The frame in the color composite picture of the galaxy indicates the 2.2x2.2 arcmin2 

FOV of the CCD camera. [O III] onband (top) and offband (bottom) frames are shown to the right. Several 
examples of XPN are indicated in the onband image (left to right): objects #27 (26.07), #23 (25.69), #2 
(23.00), #7 (23.25), #13 (24.38).  From Soffner et al. 1996, m5007 magnitudes in paranthesis. The total 
exposure time of the onband frame is 1800 sec 
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on all scales of galactocentric distances. The task of obtaining abundance gradients out to 
large radii, where a low surface-brightness precludes to measure reliable colors or absorption 
line indices, can be addressed with XPN, providing important constraints for galactic 
evolution models (Worthey 1999). Moreover, since radial velocities of XPN are measurable 
out to several effective radii, they are potentially useful for probing the gravitational potential 
of galaxies (Méndez et al. 2001, Romanowsky et al. 2003), and for tracing merger events (Hui 
et al. 1995, Durrell et al. 2003, Merrett et al. 2003). 
 
Recently, XPN and an H II region have been detected in the intracluster space of the Virgo 
cluster, giving an excellent opportunity to study the properties of this unique stellar 
population and, potentially, their star formation history and metallicity (Arnaboldi et al. 2002, 
Gerhard et al. 2002, Feldmeier et al. 2003). 
 
Several authors have pioneered spectroscopic observations of individual XPN in nearby 
galaxies and derived abundances from the observed emission line intensities, e.g. Jacoby & 
Ciardullo 1999 (M31), Richer et al. 1999 (M31, M32), Walsh et al. 1999 (NGC5128), 
Magrini et al. 2003 (M33). A wealth of data exists for Magellanic Cloud objects which are an 
order of magnitude closer and therefore much easier to observe than those in M31 and other 
more distant galaxies. The LMC study of Dopita et al. 1987 has demonstrated the potential of 
XPN to investigate the chemical evolution of stellar populations. 
 
Unfortunately, the study of XPN near the center of the more distant galaxies is complicated 
by source confusion, either from the continuum light of unresolved stars with a small angular 
separation from the target, or from the emission line spectra of H II regions and diffuse 
nebulosities of the interstellar medium (ISM), or from both components at the same time. In 
fact, these first studies were all significantly affected by background contamination, which is 
a severe problem in particular for the faint nebular diagnostic lines. Roth et al. 2003 presented 
a methodological study of selected XPN in the bulge of M31, showing that 3D spectroscopy 
is an ideal technique to overcome these difficulties. 
 
Objectives: 
The immediate goal is to perform deep 3D spectrophotometry of XPN in early and late type 
galaxies, from relatively nearby objects (~3 Mpc) out to Virgo. From the comparison of the 
observed emission line intensities with ionization models, it will be possible to derive nebular 
abundances of He, N,O, Ne, S, Ar, and to constrain central star properties (effective 
temperature, mass). Radial velocities are easily measurable from the bright [O III] λ5007 line. 
The final objective is to provide independent kinematic and abundance information for the 
intermediate/old parent populations, complementing photometric and integrated light stellar 
population studies, and new data coming from quantitative spectroscopy of individually 
resolved, massive stars. As an asset, the analysis will map the extinction over the face of the 
galaxies under study. 
 
Feasability:  
Planetary nebulae span a wide range of apparent brightness in their prominent [O III] 
emission line λ5007. Narrow-band imaging observations of numerous galaxies, beginning 
with the pioneering work of  Jacoby 1989 and Ciardullo et al. 1989, have established an 
invariable shape of the PNLF, with a cutoff magnitude of M5007 = –4.5, where m5007 = -2.5 
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log F(λ5007) –13.74. For example, Soffner et al. (1996) discovered 34 PNe in NGC300, 
using the NTT + SUSI (2.2x2.2 arcmin2 FOV) under less than ideal observing conditions 
(seeing 2.0”-0.9”), and with exposure times of 3600s per field, for three fields centered on the 
nucleus. The magnitude range of these objects is m5007 = 22.85–27.08, corresponding to flux 
levels of 2.4x10-15– 5x10-17 erg/cm2/sec, respectively. 
 
First of all, using the light collecting power of the VLT and excellent seeing conditions, the 
detection limit with MUSE will be 2 magnitudes fainter than this. Due to the 10-fold smaller 
bandwidth of a MUSE exposure, compared with a the typical filter bandwidth of PNLF 
observations, the former has a significant advantage over the latter in terms of background-
limited exposures in high surface brightness regions near the nucleus, where normally 
narrow-band imaging data tend to become incomplete. Using 3D spectroscopy as an 
extremely narrow-bandwidth filter, MUSE will detect hundreds of PNe two orders of 
magnitudes further down the PNLF, compared to the earlier NTT observations.  
 
Secondly, spectrophotometry of the PN emission line spectrum will be feasible for the entire 
range of magnitudes  m5007 = 22.85 … 27.08, even for the faint diagnostic lines, whose line 
intensities are typically no brighter than 10-2  I([O III]). 
 

Tab. 4-3     S/N estimates for PNe at [O III] 5007 Å 
Flux 
(erg/cm2/sec) Exposure [sec] S/N 

5x10-17 4x 3600 100 
5x10-18 4x 3600 21 
5x10-19 4x 3600 3 

 
The unique contribution of MUSE in all these case is the combination of area and an ability to 
exploit enhanced seeing. All these objects are `crowded’ under normal conditions, making 
impossible a quantitative study of the astrophysics. For example, the astrophysics of our 
Galactic nucleus was unknown until the high resolution studies by Genzel’s group. With 
supernova progenitors, only one sound precursor identification was available until very 
recently. Similar advances may confidently be expected in all the fields of star formation, 
high-mass stars, mass loss, dense dynamical systems, resolved emission line sources (PNae, 
SNae, jets, etc) and so on, when data become available from MUSE. 
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