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2. Formation of galaxies 
 

2.1. Introduction 
The advent of 10-m class telescopes and high throughput instrumentation has fully opened a 
new research area in astronomy: the study of the overall populations of galaxies at high 
redshifts. At redshift 3, when the universe was 15 % of its current age, and the typical 
separations between objects were 1/4 of the current values, the galaxies that are unveiled by 
the deep surveys like the HDFs seem to be quite different from the local, giant galaxies of the 
Hubble sequence.  
 
Whereas, in the early nineties, only extreme objects were known in the distant universe1, 
recent deep surveys based on broad-band magnitude selection can now collect large 
populations of galaxies from z=2 to z=3–4 (e.g., Steidel et al 1996, 1999, 2003, Madau et al. 
1996). The strong spectral features of the so-called Lyman-break galaxies allow us to derive 
fairly accurate photometric redshifts from precise photometry. Hence deep ground-based and 
HST photometry can be used to sample and study fainter galaxies than can be observed 
spectroscopically. The ground-based studies have produced a wealth of information which we 
are still slowly digesting: the correlation function of Lyman break galaxies (Giavalisco et al. 
1997), the existence of galactic size winds (Franx et al 1998, Pettini et al 1998, Shapley et al 
2003), the interaction of winds with the IGM, the photoionizing flux (Steidel et al, 1998), the 
rest-frame optical properties of Lyman break galaxies, their optical emission lines, etc. These 
pioneering studies are now being extended to larger samples: e.g., VDSS survey (Le Fevre et 
al, 2003), Cosmos survey (Scoville et al, 2003), in order to obtain better statistics, and to 
describe the environmental dependencies. These large surveys will yield the z=3–4 equivalent 
of the 2DF or Sloan survey at much lower redshift. 
 
However it is clear that the current ongoing and planned surveys have intrinsic limitations that 
follow naturally from the capabilities of current telescopes and instruments. In order to obtain 
large enough samples in a reasonable time, they use integration times of typically 2 hours, and 
sample galaxies to a magnitude of RAB=25.5 (e.g., Steidel et al 1999), with incompleteness 
setting in above that limit. The consequence of this limit is that we study only the bright end 
of the luminosity function, and probe only a factor 10 in luminosity under the brightest 
objects, in a regime where the luminosity function is still rising. Furthermore, the galaxies are 
a very biased population of the full population, with a very strong correlation function 
(Giavalisco et al 1998). Even though their number density is similar to that of nearby normal 
galaxies (Steidel et al 1996), they are likely not the progenitors of the latter. The clustering 
strength is expected to depend on the number density of the halos in which galaxies reside. 
Assuming a simple relation between galaxy brightness and halo mass, we expect that faint 
galaxies cluster less than bright galaxies, and that faint galaxies are the true progenitors of 
normal nearby galaxies. As Lyman-break galaxies seem to be the progenitors of current giant 
elliptical galaxies that reside in clusters (Baugh et al 1998), we need to go a factor of 10 
deeper in order to access the galaxies that are the progenitors of normal galaxies.   

                                                 
1 Active nuclei with very strong emission lines 
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The HDF studies actually go deeper but are limited to a small number of objects. For instance, 
with magnitude limits roughly corresponding to RAB<27–27.5, 69 U drop outs and 14 B-drop 
outs are in the HDF north 5 arcmin2 field (Madau et al. 1996), respectively at z ~3 and 4. 
Another consequence of the typical magnitude limit is that studies at redshifts above 5 are 
almost impossible: very few galaxies at z > 5 have RAB<25.5. Only the very few extreme 
outliers can be followed up and spectroscopic confirmation of I dropouts in deep fields taken 
with the Hubble Space Telescope turns out to be very hard with only a few hours of 
integration time. Hence the studies of the high redshift universe are severely hampered by the 
typical depths reached with our current telescopes and instrumentation. 
  
The best solution to this problem is to use Lyα to determine redshifts.  It is known that a large 
fraction of high-redshift galaxies have Lyα emission lines, and that, at bright magnitudes, 25% 
of the Ly-break galaxies have Lyα equivalent width larger than 25 Å (e.g., Steidel et al. 1996, 
Shapley et al., 2001, 2003). There are indications that this fraction increases at lower 
continuum magnitudes, and towards high redshift. At continuum magnitudes near the current 
limit RAB=25.5, the samples have already become biased towards Lyα emitters, as it is simply 
very hard to determine redshifts for galaxies at this magnitude if they don't have Lyα in 
emission. A small sample of the reddest objects in the UDF are measured at z ~6 from their 
Lyα line (Stanway et al. 2004).  
 
Whereas few Lyα galaxies are found serendipitously in spectroscopic follow-ups of distant 
sources (Dawson et al. 2001), the main effort is now put on dedicated, wide-area, narrow-
band searches (Hu & McMahon 1996, Cowie & Hu 1998, Rhoads et al. 2000, Kudritzki et al. 
2000, Stiavelli et al. 2001, Ajiki et al. 2003) that focus on the search for Lyα galaxy 
candidates. The success of this strategy has been demonstrated. In this way, a fair number of 
radio galaxies have been shown to lie in proto-clusters (Venemans et al. 2002). Subsamples 
of these candidates have received good spectroscopic confirmation, and, by detecting their 
Lyα emission, the most distant objects have been found (Weymann et al. 1998 at z=5.60, 
Taniguchi et al. 2003 at 5.66, Ajiki et al. 2002 at 5.69, Hu et al. 1999 and Rhoads et al. 2003 
at 5.74, Hu et al. 2002 at z=6.56, Kodaira et al. 2003 at 6.58). The typical equivalent widths 
have been reported to vary between 40 and 250 Å, demonstrating the enormous gain which 
can be achieved by using Lyα instead of absorption lines with typical equivalent widths of a 
few. Whereas absorption lines can be identified in the most luminous high-redshift objects 
(e.g., Franx et al 1997, z=4.92), lower luminosity objects are also found by the Lyα emission. 
An extreme example is the detection of a z=5.6 lensed Lyα galaxy by Ellis et al. (2001). The 
galaxy has an intrinsic luminosity of 1042 ergs/s. The density of such objects is likely to be 
very high, as the volume surveyed by Ellis et al (2001) is small. The unlensed flux of such 
galaxies is 2 10-18erg.s-1.cm-2, which is far below the current sensitivity of Lyα surveys 
(typically a few times 10-17erg.s-1.cm-2). Most of the IAB magnitude seems to be due to the Lyα 
line. Photometric studies lead to very young ages (2 Myr) and a stellar mass of 106 Msun.This 
object illustrates the kind of sources that will be searched for in a routine mode by MUSE. 
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However, the great disadvantage of 
the search by narrow-band filters is 
that these achieve lower spectral 
resolution, and hence less contrast 
between the emitter and the night 
sky. Furthermore, bright sky lines 
that are abundant in the red make 
narrow band searches extremely 
inefficient over most of the 
wavelength range except for a few 
gaps. Finally, objects selected by 
narrow band surveys still need 
spectroscopic follow-up, and have 
generally large interloper fractions. 
At the depth that we wish to reach 
here, spectroscopic follow-up by 
itself would be very time 
consuming, and hence the only 
strategy which can work is one 
where the galaxies are selected 
from the spectroscopy itself. The 
efficiency of this search technique 
is higher, as long as we have an 
efficient spectrograph with wide 
field of view. The key element for 
MUSE is that it is a giant Integral Field Unit (IFU) spectrograph, which can sample a full 1x1 
arcmin2 field from 4650 Å to 9300 Å. Using an IFU spectrograph is by far the most efficient 
way to search for emission line objects. Furthermore, we optimize MUSE by incorporating a 
partial Adaptive Optics system, which enhances the efficiency by another factor of 2. The 
depth that can be reached with this instrument is a flux limit of 3.9 10-19 ergs.s-1cm-2, for Lyα 
emitters between z=2.8 and z=6.7, in an integration time of 80 hours. This is a factor of 30 
deeper than what is currently achieved with ground-based facilities!  The number of galaxies 
detected at this level is unknown, but we can extrapolate from previous surveys, or use model 
predictions. The first results of the narrow band surveys (e.g. Rhoads et al.) indicate quite 
steep counts for the Lyα emission line flux (in number per arcmin2 and unit redshift) at 
redshifts 3.4, 4.8 and 5.7: N(>f)∝f-2 between 2 10-16 ergs.s-1cm-2 and 1.5 10-17 ergs.s-1cm-2, 
which, if extrapolated to 3.9 10-19 ergs.s-1cm-2 would indicate a factor 1500 more sources. The 
current observed densities of a few to a few 0.1 sources arcmin-2(∆z)-1 (between z~3.4 and 
5.7) will be transformed into several 100 sources arcmin-2(∆z)-1. Moreover, since it turns out 
that the Lyα luminosity function seems to be quite constant, this gain will simultaneously 
mean more objects with fainter luminosities and more remote distances.  
 
If we take this rough extrapolation at face value, we will find 300–1000 Lyα emitters at 
2.8<z<6.7 in a 80-hour integration. We would find 4–12 galaxies per hour at this flux limit, 
which is unachievable in any other way. If we were to use VIMOS for example, we would 
have to use short slits (say 5 arcsec), and observe 4x7x12 = 336 objects at the same time, and 

MUSE limiting flux 
 
The limiting flux quoted in the following sections are for 
an unresolved source and S/N=5. Approximately 50% 
of source flux is recovered by integration over 0.6x0.6 
or 0.8x0.8 arcsec², depending on seeing conditions and 
use of AO. Assumptions, results and analysis are 
presented in the “ETC and performance analysis” 
document (RD1).   

magnitude IAB  Integ. 
Time  

Line 
Flux Full R R/20 

SF 1 h 50.0 22.2 23.9 
MDF 10 h 11.0 23.9 25.5 
DF 80 h 3.9 25.0 26.7 
UDF 80 h 1.3 26.2 27.9 

Notes: 
• Unless explicitly specified, flux and magnitude 

are average value in the 0.6-0.93 µm 
wavelength range 

• Flux is in 10-19 erg.s-1.cm-2 units 
• Magnitude is given for full (R~3000) or low 

(R~150) spectral resolution 
• SF is without AO and median seeing conditions 
• MDF, DF and UDF are with AO and median 

seeing conditions 
• UDF assumes a factor 3 gain by lensing  
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integrate 4 times longer2 because it does not have the AO unit. We could only observe 
continuum-selected objects, of which only 25% have sufficiently strong Lyα. Hence we would 
find 75–250 Lyα objects in 320 hours of integration time, 0.2–0.8 galaxy per hour, more than 
a factor of 10 lower. Hereafter, we will use a more refined model of galaxy formation which 
gives more conservative results (N(>f)∝f-1.7) below 1.5 10-17 ergs.s-1cm-2. According to this 
model, MUSE will detect 300 objects in an 80-hour integration, which is in the low end of the 
above-mentioned estimate. VIMOS would also detect fewer objects. Hence these comparisons 
are fairly independent of the details of the galaxy population. 
 
At the time when MUSE comes on the VLT, 8-10 m class telescopes will have been in 
operation for 15 years. Hence the "quick-and-easy" projects will have been done already, and 
the telescopes will have to be operated in a new way to push the frontier. Whereas the largest 
survey being carried out now takes on the order of 50 nights, programs of even larger size will 
be more typical by 2011. Hence we should think in programs which can be done in many 
100's of hours of integration time, not 100 hours3.  
 
In the following we discuss the science in the field of galaxy formation that can be done with 
MUSE in 1000 hours4. This is not meant to be exhaustive, nor meant to be a claim by the 
MUSE team that they reserve the right to do this all by themselves. It shows applications of 
MUSE, whether done by the MUSE team, or the community. The survey is a staggered 
survey using different depths and area coverage.  It uses exclusively the WFM and AO 
capabilities, except for the shallow survey which does not require AO.  It consists of: 
• Shallow survey (SF), reaching a flux density of 5. 10-18 erg.s-1.cm-2, and an area coverage 

of 200 arcmin2.  
• Medium deep survey (MDF), reaching a flux density of 1.1 10-18 erg.s-1.cm-2, and an 

area coverage of 40 arcmin2.  
• Deep survey (DF), reaching a flux density of 3.9 10-19 erg.s-1.cm-2, and an area coverage 

of 3 arcmin2 
• Ultra deep survey (UDF), reaching a flux density of 1.3 10-19 erg.s-1.cm-2 for 0.6 arcmin2, 

using lensing clusters. 
These numbers are chosen based on our current knowledge and simulations. It is likely that 
the strategy will evolve with time. With the above-mentioned estimates based on current 
surveys, it is foreseen that MUSE will have detected more than about 15,000 2.8<z<6.7 Lyα 
sources at the completion of this program.  
 
 

                                                 
2 In practice it would be much longer because of the relatively low efficiency of VIMOS. Furthermore 
observations in the red will be severely affected by fringing and overlaps with 2nd order spectra. More detailed 
comparison can be found in section 8. 
3 100 hours was roughly the time used by Steidel's group and similar to the VIMOS survey 
4 1000 hours correspond to the hours of GOODS observational time in 250 nights (25% loss due to weather, 25% 
loss extra due to seeing), which can be achieved in roughly 3-5 years of operation time 
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The science that can be done with 
MUSE is very broad. It opens up a 
completely new regime for optical 
spectroscopy, both at high redshifts, 
and at low redshift. At high redshifts, 
we can finally sample the progenitors 
of normal galaxies like the Milky Way. 
We can measure the strength of the 
correlation function as a function of 
luminosity of the galaxy. We can 
finally sample galaxies out to z=6.7, 
beyond the regime where the universe 
becomes optically thick shortward of 
Lyα. We can identify the nature of 
objects which produce the last phase of 
re-ionization. We can do the 
equivalents of the studies done now for 
very bright galaxies at z=3, study the 
impact of giant galactic winds on the 
IGM, study the environments of 
AGN5. We get (for free) resolved 
spectroscopy of bright Lyman break galaxies at z=3, and, obviously, at lower redshifts. In 
short, MUSE opens up a full area of research that would be inaccessible otherwise.  
 
In the next sections we discuss in more detail the science goals which can be addressed 
simultaneously with these surveys. It is organized as follows: In 2.2 we discuss the high 
redshift Lyα emitters, including determination of their luminosity function and clustering 
properties.  In 2.3 we consider the study of the fluorescent emission and the cosmic web and 
in 2.4 the nature of the last phase of the reionization. In 2.5 feedback processes to the 
intergalactic medium are studied in relation with the physics of Lyman break galaxies. In 2.6 
we take advantage of strong lensing to improve the depth of the survey and to perform 
spatially resolved spectroscopy of luminous distant galaxies. In 2.7 we extend this study of 
spatially resolved galaxies to non lensed surveys at intermediate redshift.  In 2.8 we discuss 
follow-up observations of Sunyaev-Zeldovich cluster and in 2.9 we propose to use MUSE to 
search for late-forming population III objects. In 2.10 the study of active nuclei at 
intermediate and high redshifts is presented and in 2.11 the mapping of the growth of dark 
matter haloes.  Measure of the merger rate is discussed in 2.12. Finally the survey strategy is 
presented in 2.13, and the complementarities of MUSE with JWST, ALMA and other 
facilities are discussed in 2.14. 
 
References 
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5 If every L* galaxy has a black hole, than this phase may have been common, although short lived 

Figure 2-1: Sampled area (in arcmin²) and sampled 
volume (comoving Mpc3) of MUSE deep fields (red 
circles) versus the current Lyα surveys 
(cross) discussed in Table 2-1 (section 2.2). 
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2.2. High redshift Lyman alpha emitters 
 
The main target of the MUSE surveys is to find and study the building blocks of the local, 
normal galaxies such as our Milky Way, at an epoch when the universe was typically 1 Gyr 
old. The observation of such objects will be of great value to clarify the way galaxies form. In 
the commonly accepted hierarchical picture, mass assembling is a long-timescale process, that 
starts early and goes on till the present time. Making the census of big and small objects in the 
early universe, when the cosmic age was 1 Gyr, and studying their properties, will set strong 
constraints on detailed models of hierarchical galaxy formation. In this prospect, the specific 
questions which one wants to address by studying this population of objects are the following: 
how did galaxies like our Milky Way assemble from small fragments? What are the stellar 
and gaseous masses of these fragments? What are the masses of the dark matter haloes they 
are hosted in? What are their typical star formation histories?  
 
The issue is to find an observational signature that is as efficient as possible to identify high-
redshift low-mass objects. In section 2.1, we have argued that high-redshift low-mass objects 
should be searched for in an emission-line survey, and that MUSE is a unique instrument to 
reach this goal. Hereafter, we try to refine our estimates of the MUSE efficiency with respect 
to current surveys, and we discuss the type of statistical studies that could be achieved. 
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A search for Lyα emission was the 
first proposed method to find high-
redshift forming galaxies (also 
called "primeval galaxies", a term 
not in use anymore). Partridge & 
Peebles (1967) predicted that the 
monolithic collapse of a giant 
elliptical galaxy should produce a 
Lyα luminosity of 1045 erg/s, which 
would be observed at a typical flux 
level of 10-15 erg.s-1.cm-2. In spite 
of many systematic searches, such 
objects have not been observed, 
and only deeper surveys, at the 
current sensitivity of a few times 
10-17 erg.s-1.cm-2, have unveiled a 
population of Lyα emitters with 
luminosities 1042-43 erg/s. Such 
luminosities are expected in the 
hierarchical picture. However, the 
failure to find very strong Lyα 
emission is probably caused by 
many effects: the line is partly 
decreased by the photospheric 
absorption line in post-starburst 
stellar populations (Valls-Gabaud 
1993). Furthermore it can be 
scattered out to large distances by 
resonant scattering, reducing the 
surface brightness. Finally, any 
dust in the neutral, scattering gas will reduce the escaping fraction of photons drastically 
(Charlot & Fall 1991, 1993). The outflows that are seen in nearby starbursts, and distant 
galaxies affect the direction, and kinematic structure of Lyα photons. However, it is now clear 
that galactic winds and massive outflows, as well as infalling material, strongly help Lyα 
photons avoid absorption through resonant scattering in the dusty medium, and escape from 
the galaxies (Lequeux et al. 1995). As a consequence, the question remains open, and only 
more detailed surveys will set stronger constraints.  
 
 
Table 2-1 gathers the results of the main narrow-band Lyα surveys. The current surveys on a 
fraction of a square degree fields in thin redshift slices (typically ∆z =0.05) obtain a few ten to 
a few hundred candidates that need subsequent spectroscopic confirmation. The density of 
candidates is typically a few arcmin-2 per redshift interval of unity. For instance, at a typical 
flux level of 2 10-17 erg s-1 cm-2, the Large Area Lyman Alpha survey (LALA), has 225 
candidates in 0.31 deg2 at z=4.5, obtained after 30h of exposure time (in five narrow-band 
filters), and the confirmation of each object requires about 1h of LRIS exposure time at the 

Table 2-1: A sampling of the observed surface density found for 
Lyα emitters sorted out by redshift. The estimate of surface density 
is typically based on 10–100 objects, with Poisson error bars at 
the 10–30 % level (at 1 σ). The flux limits labelled by a (?) have 
been derived from the luminosities of the published sources. Only 
candidate Lyα galaxies are found by most papers, and some 
authors suggest correction factors significantly lower than 1. The 
last line corresponds to an estimate based on a single lensed 
source. This value is quite uncertain, but it illustrates how common 
these faint objects should be. 

z ∆z Area
arcm
in2 

Flux limit 
erg/s/cm2 

Density 
arcmin-

2∆z-1 

Reference 

2.42 0.14 1260 2x10-16 0.49 Stiavelli et al. 2001
3.13 0.04 50 1.5x10-17 4.0 Kudritzki et al. 

2000 
3.44 0.065 46 2x10-17 3.3 Cowie and Hu 

1998 
3.44 0.065 46 1.5x10-17 4.2 Hu et al. 1998 
3.72 0.22 132 3.9x10-17(?) 0.21 Fujita et al. 2003 
4.5 0.07 1160 2x10-17 1–1.5 Rhoads et al. 2000, 

Rhoads & 
Malhotra 2001 

4.54 0.053 24 1.5x10-17 4.2 Hu et al. 1998 
4.86 0.05 543 1.1x10-17(?) 3.2 Ouchi et al. 2003 
5.7 0.1 707 1.6x10-17 0.11–

0.15 
Rhoads & 
Malhotra. 2001, 
Rhoads et al. 2003 

5.7 0.1 720 1.4x10-17(?) 0.28 Ajiki et al. 2003 
5.7 0.1 918 2x10-17 0.3 Hu et al. 2004 
5.7 1 0.029 1.9x10-18 34 Ellis et al. 2001 
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Keck Telescope (Rhoads et al. 
2000). The confirmation rate of 
true Lyα galaxies, although 
based on very poor statistics, 
only amounts to 30 to 50 %, 
and leads to an effective 
observing cost of 2.3–3.8 h of 
observing time per confirmed 
object. With the HST, the 
Grism ACS Program for 
Extragalactic Science 
(GRAPES, Malhotra et al.), 
and the ACS Pure Parallel 
Lyman α Emission Survey 
(APPLES, Rhoads et al.) at a 
typical spectral resolution 
R=100, and a flux level of 6 10-

18 erg s-1 cm-2, are foreseen to 
give respectively about 63-400 
Lyα galaxies, and 1000 Lyα 
galaxy candidates at 4<z<7, 
respectively for 40 and 175 
orbits. Although these 
estimates are based on (maybe 
optimistic) extrapolation of 
current scarce data (see more 
conservative estimates below), 
the foreseen cost is a fraction 
of an hour per Lyα galaxy. The 
narrow line widths, and the 
faintness of the optical 
counterparts, make integral 
field spectroscopy a much 
more efficient tool than 
narrow-band filters or slit 
spectroscopy for the discovery 
of these objects. 
 
With its foreseen sensitivity of 
a few times 10-19erg.s-1.cm-2, 
and its spectral range from 0.46 
to 0.93 µm, MUSE will have a 
unique capability to detect the weak Lyα lines expected from the progenitors of normal 
galaxies in the picture of hierarchical formation at 2.8<z<6.7, when the universe was typically 
0.75–2.3 Gyr old (in the current «concordance» LCDM cosmology). MUSE will be able to 
probe at least 50 times deeper than the current observations, thus complementing the 
observations at z < 4. With its spectral resolution R=2000–4000, MUSE will identify Lyα 

Models of galaxy formation 
 
We are using two different models to make predictions for 
MUSE deep surveys, within the same cosmological model 
(ΛCDM with Ω=1/3 and Λ=2/3, h=2/3, Ωbar=0.045 and 
σ8=0.88) and a Lyα escape fraction fesc=0.15.  
 
The GalICS model (for Galaxies in Cosmological 
Simulations) is a «hybrid» model of hierarchical galaxy 
formation that couples the description of dark matter collapse 
from large cosmological simulations, and semi-analytic 
recipes for the physics of baryons (Hatton et al. 2003, and 
papers of the series). Halos are identified in the snapshots of 
the simulations, and the halo merging history trees are built 
up. The various processes ruling the fate of baryons are 
taken into account, and spectra are computed from the 
complicated star formation rate history of each galaxy within 
its own merging history tree. The model uses the STARDUST 
spectra (Devriendt et al, 1999) with the IMF of Kennicutt 
(1998). The predictions of the statistical properties of galaxies 
given by GalICS are being extensively compared to data in 
the local universe and at high redshift. The predictions for 
Lyman Break Galaxies at z=3 are investigated with special 
care. In addition to the simplified physics that is implemented, 
the most significant drawback of this approach is the 
existence of a mass resolution threshold for halos that 
propagates as an absolute magnitude limit as well as an 
apparent magnitude limit. A series of numerical simulations in 
a ΛCDM cosmology with improving resolution is confirming 
the convergence of the predictions. 
 
The GALFORM model is purely semi-analytical (Cole et al. 
2000, and papers of the series) Merging history trees are 
Monte-Carlo realizations of the «Extended Press-Schechter» 
prescription, and does not suffer from mass resolution 
(although there are obviously grids in masses and redshifts). 
The physics of baryons that is implemented into the halo 
merging history trees is pretty similar to the one is GalICS. 
The spectrophotometric evolution is computed from the 
GRASIL model (Silva et al. 1998) that includes a more 
sophisticated modelling of transfer in various gas phases. 
Quiescent star formation uses Kennicutt’s IMF, and the 
starburst mode involves a top-heavy IMF. The predictions of 
GALFORM have also been extensively compared to data. In 
spite of the differences, GalICS and GALFORM give 
predictions for LAG counts that agree within a factor 2 in 
various redshift ranges at the MUSE flux level.  
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galaxies without ambiguity. 
Whereas redshifts based on a 
single emission line are 
generally uncertain, the Lyα 
line can be identified by the 
asymmetric line profiles that 
are found in almost all cases 
(see, e.g., Franx et al 1997, 
Weyman et al 1998). These are 
caused by a combination of 
effects: line broadening by 
large-scale flows, and resonant 
scattering, and absorption by 
outflowing neutral material. 
The first authors showed how 
at a spectral resolution R=1500 
the asymmetry could be 
detected in a weak object, and 
could be distinguished from 
redshifted [OII] 3727. The 
structure of the outflows can 
be studied and lower limits for 
the SFR can be derived from 
the detailed study of the line 
profiles. More information on 
morphology given by sub-
arcsec spatial resolution may 
unveil signs of merging and 
interaction, which are expected 
in the paradigm of hierarchical 
formation.  
 
To estimate the efficiency of 
MUSE, we produce 
predictions of the number 
counts of Lyα emitters that 
will be found in MUSE deep 
and shallow surveys, by using current, state-of-the-art models of hierarchical galaxy 
formation.  Whereas predictions have been derived from hydrodynamical simulations of 
cosmological volumes (e.g. Barton et al. 2004), we hereafter choose to get predictions from 
semi-analytic models because of their larger flexibility and better statistics. The full set of 
predictions given in Table 2-2 and 2-3 is based on two independent modelling efforts using 
the GalICS (Hatton et al. 2003) and GALFORM (Cole, et al. 2000) codes. Both models use 
LCDM and include very similar physics, but GalICS gets the halo merging history trees from 
a large cosmological N-body simulation, whereas GALFORM gets this information from a 
semi-analytic calculation, and the details of the implementation are different, illustrating the 
current uncertainties. These models have been extensively tested against of host of 

Table 2-2: Predictions of the number densities (per arcmin2) of Lyα 
emitters in two redshift ranges according to the GalICS model 
(Hatton et al. 2003 and other papers of the series). The Lyα escape 
fraction is set at the value of 0.15, in order to fit the current surveys at 
2.10-17erg/s/cm2 and z=3.4, where the statistics is good enough (3.3 
Lyα emitters arcmin-2(∆z)-1). The fraction of objects lost due to 
coincidence of Lyα and OH emission has been taken into account. 

z  Flux Limit (ergs/s/cm2) 
2.8-6.7 2.8-4 4-6.7 

CURRENT 2x10-17 5.3 4.5 0.8 
SHALLOW 5x10-18 43.1 35.6 7.5 

MEDIUM 
DEEP 

1.1x10-18 166 102 64 

DEEP 3.9x10-19 287 152 135 

Any 
continuum 
magnitude 

ULTRA 
DEEP 

1.3x10-19 386 198 188 

IAB>26.7 DEEP 3.9x10-19 275 141 134 
IAB>29 DEEP 3.9x10-19 108 35 73 
IAB>31 DEEP 3.9x10-19 16.2 2.7 13.5 

 Flux Limit 
ergs/s/cm2 

2.8<z<6.7 2.8<z
<4.5 

4.5<z<6.
7 

GalICS fesc=0.15 3.5x10-19 298 197 101 
GalICS fesc=0.30 3.5x10-19 376 248 128 
GalICS fesc=0.10 3.5x10-19 266 183 83 
GALFORM 
fesc=0.10 

3.5x10-19 378 322 56 

GALFORM 
diffuse dust 
extinction 

3.5x10-19 458 399 59 

Table 2-3 : This figure proposes predictions for the GalICS and 
Galform models with various values of the escape fraction, and 
an alternative model of diffuse dust extinction without resonant 
scattering. The fraction of objects lost due to coincidence of Lyα 
and OH emission has been taken into account. Predictions vary 
within a typical factor 2 
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observations for the local and z=3 universe. They correspond to a flat or decreasing cosmic 
SFR at z>4, for which very little data is available. Their predictions should be considered as 
quite conservative lower values since it is pretty possible that the cosmic SFR strongly 
increases at z>4, maybe by a factor 10 as suggested by the analysis of Lanzetta et al. (2002). 
Ultimately, the solution to clarify this point is to obtain the data with MUSE.  
 
We assume that Lyα photons are produced by ionized regions (case B recombination). In such 
models, the description of the Lyα line is particularly delicate, because of the existence of 
stellar absorption after a starburst (due to A stars), and of resonant scattering. Only a small 
fraction of the emitted Lyα photons should escape from a homogeneous dusty medium. 
Nevertheless, Lyα emission is observed in local objects (such as Blue Compact Dwarfs) and 
high-redshift galaxies (Ly-break galaxies and Lyα galaxies found in wide-field, narrow-band 
surveys). It is thought that the existence of an expanding medium prevents Lyα photons from 
resonant scattering, and produces characteristic P-Cygni profiles. There is no simple 
modelling of such a process. At the current stage, we make predictions for two different 
models: (i) a fixed escape fraction fesc which would correspond to «holes» in the gas and dust 
distribution, and that is normalised in order to reproduce number counts obtained by current 
surveys; (ii) absorption in a dusty 
medium without resonant scattering 
(let’s say, if the velocity of the 
expanding medium is high enough to 
completely hamper resonant scattering).  
A more realistic model is clearly needed. 
It is foreseen that the interpretation of 
current Lyα surveys and the preparation 
of MUSE will foster theoretical activity 
on this point. 
 
There is very little observational 
constraint on the value of the Lyα escape 
fraction. Steidel et al. (2001) give fesc ≥ 
0.07–0.1 from Ly-break galaxy spectra, 
but it is very likely that stellar 
populations at higher redshifts are 
younger, less chemically evolved and 
less dusty. We choose to fix fesc in order 
to reproduce current Lyα surveys. At 
z=3.4, the observed surface density of 
reasonable confirmed objects at the 
2.10-17erg.s-1.cm-2 flux level is 12,000 
deg-2 (∆z) –1, that is, 3.3 arcmin-2 (∆z) –1. 
This is obtained with fesc=0.15. This 
number appears reasonable in the light 
of more specific studies that take into 
account plausible values for the covering 
factor and metallicity (e.g. Haiman & 
Spaans 1999). The decrease of 

Figure 2-2: Predictions of faint galaxy counts in 
three redshift bins with the GalICS model. The 
escape fraction for Lyα photons is fixed in order to 
reproduce the current counts at a flux limit of 
2.10-17erg.s-1.cm-2 in a redshift slice at z=3.4. Solid 
dots show the results of the recent surveys taken 
from Table 2-1 (error bars are only Poissonian). 
The effect of clustering on the cosmic variance 
appears from the scatter of the points. The model 
seems to scale fairly with redshift. The open 
triangle shows an estimate based on a single lensed 
source at a redshift z=5.7. The MUSE Deep Field 
flux limit is also shown 
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metallicity expected at higher and higher redshifts should help increase this escape fraction, 
but we do not attempt to model this effect. In any case, it will produce more detectable 
sources. 
 
At the 2 10-17 level, our standard GalICS model predicts a surface density of 2855 deg-2 (∆z)-1 
at z=4.5, and 444 deg-2 (∆z)–1 at z=5.7, in reasonable agreement with the data of the LALA 
survey (3600—5400 deg-2 (∆z) –1 at z=4.5 and 390–540 /deg2/∆z at z=5.7, see Rhoads et al. 
2000, Rhoads and Malhotra 2001, Rhoads et all. 2003), provided the uncertainty on the 
confirmation rate, but on the conservative side. The SUBARU survey at the 1.4 10-17 flux 
level finds 1000 candidates deg-2 (∆z)-1 at z=5.7 (Ajiki et al. 2003) and argue that they are 
bona-fide Lyα emitters (although only 1/10th is confirmed spectroscopically). The slope of the 
faint counts predicted by our models is N(>f) ∝ f-1.7, more conservative than the estimate 
based on a rough extrapolation of the current data N(>f) ∝ f-2. 
 
 
As shown in Table 2-2, MUSE will be 
able to increase significantly the 
detection rate of the most interesting 
objects at z>4. At 2.8<z<6.7, about 300 
Lyα galaxies per arcmin2 are expected by 
the standard GalICS model at the 
3.5x10-19 flux level obtained in a deep 80 
h exposure. Among these, about 140 are 
at 4<z<6.7. To get a visual impression of 
the object density a simulated deep field 
observation is shown in Figure 2-3. This 
image has been computed using the 
GalIcs apparent position and redshift, the 
characteristics radius and inclination of 
the 3 galaxy components (nucleus, 
bulge, disk) and the apparent Lyα flux 
escaping from the galaxy. Convolution 
by the MUSE (AO+instrument) PSF and 
spatial rebinning was taken into account. 
Only observable objects (i.e. with Lyα 
flux > 3.9 10-19) are shown. For clarity, 
the low redshift objects (z<2.8) that 
could be detected in continuum only 
(IAB<26.7) are not shown here. 
 
Note that numbers in table 2-2 are values averaged over a field of more than 300 one arcmin2 
fields of view. Most of the cosmic variance in such one arcmin² fields is simply Poissonian. 
Table 2-3 gives numbers corresponding to the GALFORM model, and to more optimistic and 
pessimistic assumptions on the Lyα photons escape fraction. The numbers can vary within a 
typical factor 1.5 to 2. The standard GalICS value corresponds to an effective cost of 0.6 hour 
of observing time per confirmed object at z>4, a factor 4–6 more efficient than LALA. At the 

Figure 2-3:  Simulated MUSE deep field from GalIcs 
simulation. Galaxies are coloured according to their 
apparent redshift. Note that only Lyα emitters are 
shown in this image. 
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6x10-18 flux level of GRAPES, GalICS predicts about 85 galaxies at z>4 in the 11.3 arcmin2 
field of view of the ACS, for about 60h of observing time (at a cost of 0.7 h per galaxy), a 
projection that is quite sensitive to the flux threshold, but lies on the conservative side of the 
estimates made by the GRAPES team. Of course, if it turns out that GRAPES gets more 
objects, the efficiency of MUSE will be correspondingly increased. In any case, this makes 
MUSE deep fields significantly more efficient 
than current narrow-band surveys, and even 
than HST deep surveys, to find bona-fide faint 
Lyα emitters. 
 
Moreover, according to these models, most of 
the objects detected by MUSE at 4<z<6.7 
have very low continuum, and only a few of 
them would have been seen by faint counts at 
IAB<26.7. The median IAB magnitude for the 
objects at the line flux limit of the MUSE deep 
survey is 29.15! That is just below the 
magnitude limit of the UDF. This means that 
muse will detect many objects that are 
undetectable even in the deepest continuum surveys. So MUSE will be a powerful tool to 
detect not only the bulk of the population of Lyα emitters, but also the bulk of the galaxies in 
this redshift range.  
 
Table 2-4 gives the values of the star masses that are present in the Lyα objects detected at 
various flux levels, as well as the masses of the host haloes. Not only MUSE will find bright 
Lyα galaxies more efficiently than current surveys, but at a flux level 10 times lower, it will 
focus on a class of objects with much lower masses. As shown is Table 2-4, the current LBG, 
LALA and SUBARU surveys (at the 2 10-17 flux level) pick up galaxies at redshift z=3 with 
average star masses 3 1010 Msun, located in halos with masses 2 1012 Msun, which correspond 
to progenitors of local giant ellipticals with star masses 3 1011 Msun that are located in halos 
with masses >1013 Msun. In contrast, the MUSE deep survey will select objects at z>4 which 
are typically an order of magnitude smaller, with star masses a few times 109 Msun, located in 
halos with masses of a few times 1011 Msun, which are typical progenitors of the Milky Way 
(5.6 1010 Msun of stars, in a 1012 Msun halo). MUSE will consequently pick up blocks that 
correspond to 1/10th of a Milky Way, and push star and halo mass limits downward by an 
order of magnitude with respect to current and foreseen Lyα surveys. 
 
With the observational strategy detailed in the introduction, the final number of Lyα emitters 
expected by our models for the 1000 h MUSE surveys is about 16,000 sources, which is 
enough for many statistical studies: slope of the faint galaxy counts on more than 3 orders of 
magnitude in line flux, derivation of the luminosity functions in several redshift slices and its 
evolution from redshift 6 to 3, colour-magnitude studies for the galaxies that have a detectable 
continuum. 
 
Provided it is assumed that the Lyα line is produced by young stars (which seems quite 
reasonable because there are no X-ray bright AGN among the current Lyα samples (Malhotra 
et al. 2003), this information can be directly linked to statistical studies of the SFR properties 

Table 2-4 - Average star masses and halo masses 
for typical surveys, and continuum apparent 
magnitude: (1st row) current LBG survey, (2nd row) 
current LALA and SUBARU surveys, (3rd row) 
foreseen GRAPES survey, (4th and 5th rows) MUSE 
Deep Survey. 

 <mstar> <Mhalo> <IAB> 
z=3 LBG RAB<25.5 3.6 1010 2.6 1012 24.7 
2 10-17 & 2.8<z<6.7 1.9 1010 1.2 1012 27.1 
5 10-18 & 2.8<z<6.7 6.9 109 5.2 1011 27.6 
3.9 10-19 & 2.8<z<4 2.2 109 3.3 1011 28.3 
3.9 10-19 & 4<z<6.7 1.1 109 1.2 1011 29.3 
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and the SFR history within these objects. Under the assumption that 1 Msun/yr produces 1042 
erg/s (Kennicutt 1988), and that only 15 % of these photons actually escape from the galaxies, 
the MUSE Lyα luminosity function will probe objects that emit 1041 erg/s at z~5.7 (currently 
it gets down to 5 1042 erg/s, Ajiki et al. 2003), that translates into SFRs lower than 1 Msun/yr, 
up to objects which emit 1043 erg/s and have more than 100 Msun/yr. 
 

Once we have found the Lyα emitting galaxies, we can measure their correlation function. 
The strength of the correlation function can be used to estimate the masses of the halos in 
which the galaxies reside. We have used our GALICS simulations to estimate the expected 
signal. Figure 2-5 shows a simulation of the 2D correlation function. As can be seen, a signal 
is clearly present, and is measured to high significance. Information of the haloes can be 
obtained also from the statistical studies of the dynamics of groups and pairs. Large-scale 
structures such as those that have been seen at redshifts 4.1 and 4.9 (Venemans et al. 2002, 
Shimasaku et al. 2003) will be mapped with many more objects.  
 

Figure 2-5: Predictions for the 2D 2-point 
correlation function with the GalICS model.  
The line shows the values measured in the 
SUBARU Deep Field at a flux level of 1.1 10-17 
erg/s/cm2 by Ouchi et al. (2003) in a thin 
redshift slice z=4.86±0.03, maybe dominated 
by a large-scale structure. The green dots show 
the predictions at this flux level in the redshift 
bin z=4.67<z<5.05 rescaled upward according 
to Limber's equation. The blue and red dots 
give predictions for the MUSE shallow field 
(850 arcsec on a side if it is square) at 
3.00<z<3.38, and the MUSE deep field (85 
arcsec on a side if it is square) at 4<z<6.7. The 
error bars are only Poissonian.. 

Figure 2-4: The median descendant mass of 
galaxies studied in various surveys. We used the 
GALICS simulations to construct a set of 
simulated galaxies at cosmological distances, and 
we applied the selection criteria appropriate to 
each of the surveys. For each selected galaxy the 
simulation was used to follow the merging tree 
and to derive the stellar mass at z=0. This is 
called the descendant mass. The deepest ongoing 
spectroscopic survey is the VDSS, 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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Other properties can be measured for subsamples of the MUSE sources with complementary 
instruments such as JWST and ALMA, and subsequently SKA, to get a complete view on the 
extinction, gas and dust content (through the redshifted H α , CO, and HI 21 cm lines, and the 
submm/mm continuum emission (see more details in section 2-14 ).  
 
Even quite conservative assumptions on the expected sources demonstrate that MUSE will be 
the milestone instrument for the beginning of the next decade to study the properties of star 
forming galaxies in the distant universe. 
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2.3. Fluorescent emission and the cosmic web
 
For the past three decades, analytic work (Zeldovich 1970) and cosmological simulations (e.g. 
White et al 1987, Evrard et al 1994, Furlanetto 2003) have been predicting that the first 
structures to form in the Universe are tangled in what has been dubbed the “cosmic web”. The 
picture of matter collapsing into moderately overdense sheets and filaments, with galaxies and 
galaxy clusters forming through continued collapse at their intersections has become common 
knowledge in the astronomical community. Yet, direct mapping of the cosmic web remains a 
challenging observational venture, especially at z ≥ 3.   
 
Several methods have been used to achieve this goal, from poking lines of sight to probe 
integrated one-dimensional properties (Damped Lyα system or Lyα forest studies as in e.g. 
Rauch 1998), to tri-dimensional surveys of galaxy populations using broad band filters 
(Lyman Break Galaxies e.g. Steidel et al 1999). The former method covers by construction a 
very limited portion of the sky since it relies on absorption behind an existing mesh of 
background quasars which are not spaced closely enough to yield information on a typical 
filament scale. As for the latter, since it only allows one to detect the brightest of sources, it 
also suffers from sparse sampling of the filamentary structures.   
 
However, galaxy candidates selected 
for their Lyα emission using deep 
narrow band filters are already 
known to sample the high redshift 
galaxy population at much fainter 
levels than studies based on 
continuum emission such as LBGs 
(see e.g. Steidel et al 2000). 
Therefore, one naturally expects a 
better sampling of the high redshift 
cosmic structures with such a 
technique. As a matter of fact, the 
first detection of a z = 3.04 filament 
by Moller & Fynbo (2001) has 
demonstrated the power of using 
Lyα emission to map the cosmic web.   
 
Moreover, mapping out filaments in 
their own Lyα light by finding 
enough star forming knots, allows 
one not only to probe the small 
fraction of baryons embedded inside  
galaxies but also the more diffuse 
emission coming from the nearby 
densest portions of  the Inter Galactic 
Medium. In fact, existing analytic 

Figure 2-6 : Cosmological simulations of galaxy formation, 
with two phases of the baryonic gas taken into account(warm 
and hot phase with SPH, cold and molecular phase with 
sticky particles). At top is shown the dark matter particules, 
then the warm gas, cold gas, and the stars formed out the 
cold phase at bottom. From left to right are shown 4 
successive zooms (from Semelin & Combes 2003). 
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estimates (e.g. Gould & Weinberg 1996) suggest that the surface brightness of such regions 
which lie within filaments but outside of galaxies, could be substantial. In other words, Lyα 
emission should offer a better map of the gas distribution in filaments than galaxy surveys do. 
Furthermore, as pointed out by Haiman & Rees (2001), diffuse Lyα-emitting gas constitutes 
an intrinsically interesting phase: this gas is cooling onto virialized halos, thus offering a 
unique opportunity to study the growth of bound objects.   
 
The technique of selecting galaxy candidates in narrow band filters which was briefly 
described in the previous section is costly as it involves doing ultra deep imaging and then 
going to large telescopes to get a spectroscopic confirmation of the redshift. This makes 
MUSE highly competitive since the redshifts are obtained simultaneously across the entire 
field. In addition, the flux limit of 1.1 × 10-17 erg s-1 cm-2 reached by Moller & Fynbo (2001) 
to detect their z = 3.04 filament is well above what MUSE will reach, either in shallow or  
deep mode (5 × 10-18 erg s-1 cm-2 and 3.9 × 10-19 erg s-1 cm-2 respectively) so that one  could 
imagine doing a shallow survey covering quite a large portion of the sky  without the adaptive 
optics, and still gain a lot as compared to current narrow band filter surveys (as e.g. LALA) in 
terms of mapping the cosmic web at high redshift. As an example, it is necessary to get 
accurate redshifts of objects to determine their membership in groups or filaments. Such 
redshifts will be obtained without further overhead from such a MUSE survey. Moreover, all 
currently planned Lyα surveys target a redshift window 4 < z < 5 (LALA or the SUBARU 
survey) or z~2 (NOT survey) and none cover the range z~3 where MUSE will have 
significant sensitivity. Finally, as pointed out by Weidinger at al (2002) a decent size filament 
survey containing a few tens of objects could also be used to meaningfully constrain the value 
of ΩΛ, in a way that intersects the probability curves from the various SN Ia cosmology 
projects. Such constraints would be coming from a modified Alcock-Paczy’nski (1979) test, 
involving statistical geometrical properties of filaments (lengths, radii and angles). We refer 
to the original work of Weidinger et al (2002) for details on this specific aspect.   
 
Finally, to illustrate the most unique point of using an instrument such as MUSE, we  take 
advantage of the recent work of Furlanetto et al (2003) who explored the possible detection of 
filaments  through the detection of diffuse Lyα emission at low (z = 0.15) redshift using high  
resolution hydrodynamical simulations. Their study is summarized in figure 2-7 which shows 
a surface brightness map of a large portion of the cosmic web as well as the blow up of one of 
its filaments. As Kunth et al (2003) rightly argue, properly computing Lyα emission from star-
forming galaxies is a strenuous task, but one can nevertheless obtain simple empirical 
estimates. Taking those of Furlanetto et al (2003) at face value (panel (b) of figure 1), the 
scale on the plot is easily converted into units of erg s-1 cm-2 arcsec-2 by a simple subtraction 
of 21.5 from the given colour tables, so that the bottom of the colour scale on the right hand 
side of the figure is simply 3 × 10-21 erg s-1 cm-2 arcsec-2. Assuming that the filament remains 
unchanged at z = 3, and simply taking into account the cosmological dimming factor for 
surface brightness which scales like (1 + z)-4, and the shrinking of apparent diameter,  one 
realizes that MUSE in deep field mode (whether in AO mode or not) should be able to 
marginally detect such diffuse Lyα emission at z = 3. (See the calculation below on 
fluorescence for some more detailed numbers). 
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Several authors have calculated the expected surface brightness of optically thick neutral gas 
illuminated by the UV background (i.e. without enhancement by a local UV source such as 
embedded star formation). In figure 2-8 we show an updated version of the calculation of 
Gould & Weinberg (1996), using a recent estimate of the evolution of the UV background 
(Haardt, Private Comunication, CUBA code). As can be seen, the surface brightness of all 
optically thick neutral gas in the universe is close to the MUSE detection limit at z=3 if one 
could sum over the 10x10 arcsec characteristic radius of these optically thick clouds. 
Obviously the feasibility of such an observation will depend strongly on whether systematic 
errors begin to dominate when searching for such low signals over relatively large numbers of 
spatial samples. 
 
Given an estimated characteristic 
size for Lyman Edge absorbers, 
one can estimate their space 
density as a function of redshift. 
For a 50 kpc size (corresponding to 
approximately 10 arcsec at high 
redshifts), the resulting space 
density is roughly 3.5 x 10-3 Mpc-3. 
Combining this with the area 
coverage of MUSE, one can 
estimate that there should be 
roughly 10 such systems in a 
MUSE field of view between 
3<z<4.  The above can then be 
compared with some results kindly 
provided prior to publication by 
Dr. J. Shaye (Furlanetto, In 

Figure 2-8: Predicted surface brightness (in black) of 
optically thick neutral gas as function of redshift. The 
detection limits (in red) for MUSE over an area of 10x10 
arcsec² are show for the deep and ultra-deep fields. 

Figure 2-7: Maps of Lyα surface brightness Φ for z = 0.15 and ∆z = 10-3 (∆λ = 1.2 Å) taken from [3]. Panel 
(a) assumes an angular resolution of ~ 29''; the rest show the region outlined in green with 7.2'' resolution 
(or ~ 13 h-1 kpc). Except for panel (a), pixels with Φ < 10 photons cm-2 s-1 sr-1 are excluded. (a), (b): 
Fiducial model. (c):  εα = 0 for self-shielded gas. (d): Estimated Ly-α emission from star formation in the 
slice (such emission was not included in the other panels).  
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Preparation). This extends the results from Moller & Fynbo (2001) to z=3. The peak in PDF 
at higher fluxes corresponds roughly to the values calculated in Figure 2-8, supporting the 
idea that large areas may ‘light up’ if these surface brightnesses can be detected. 
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2.4. Reionization 
 
Because of the absence of any significant continuum absorption blueward of Lyα in the 
spectra of QSOs at redshifts as high as z≥5 (the so called Gunn-Peterson trough) hydrogen in 
the universe is highly ionized (i.e. to better than 1 part in 10000) for redshifts below 5. It is 
usually assumed that the hard spectra of QSOs and the softer spectra of hot stars are the prime 
ionizing sources at these redshifts.  A similar analysis for Helium indicates that at redshifts 
below z≈3, Helium is also double ionized, whereas at higher redshift Helium ionization is at 
best only patchy. The transition in the opacity of HeII at redshift 3-4 coincides with an 
obvious jump in the temperature of the intergalactic medium (IGM) by a factor of ~2 (Theuns 
et al. 2002). This result is usually interpreted by the transition of a soft UV radiation field at 
z>4 that is incapable of ionizing HeII and that is dominated by stars, to a hard, HeII-ionizing 
UV radiation field with significant or even dominating contributions from QSOs at z<3. 
Similarly, the strong decline in the abundance of QSOs between redshift of 3 and 5 provides 
further evidence that stars in galaxies rather than QSOs are the responsible sources of the UV 
background radiation at redshifts larger than z~4.   
 
The very exciting discovery of several QSOs at z>6 in the SDSS followed by their 
spectroscopy is providing invaluable clues to the evolution of the universe at its earliest 
epochs. Even though QSOs at z=6.5 are far to rare to contribute significantly to the UV 
background, the mere presence of a luminous QSO at z=6.5, i.e. an epoch when the universe 
was less than 1 Gyr old, is indicative that massive structures (including supermassive black 
holes) must have formed at very early cosmological epochs. Within the concordance ΛCDM 
scenario such luminous QSOs would be hosted in halos with masses of 1013 Msun. Even more 
excitingly, however, these QSO show clear indication of continuum absorption blue ward of  
Lyα corresponding to a neutral hydrogen fraction of  ≥1% (by mass) and ≥ 0.1% (by volume), 
respectively. The standard interpretation is that we are witnessing the latest stages of the 
reionization epoch. According to numerical simulations of the propagation of ionizing 
photons in a ΛCDM universe (Gnedin 2000), the final stages of the reionization of the 
universe (the percolation phase) should happen almost instantaneously with a sharp transition 
from almost neutral to an almost fully ionized stage. Due to the strongly changing optical 
depth, a strong evolution of the abundance and the properties of so-called Lyα-emitters, the 
likely source of ionizing photons, is expected (see below). The red wavelength range of 
MUSE (probing Lyα at the redshift interval z=6-6.7) is well adapted for this crucial 
cosmological epoch. 
 
A second, very interesting result has been recently provided by the cosmic microwave 
background satellite, WMAP. Cross correlations between the temperature and polarization 
measurements of the CMB indicate that the total optical depth of free electrons is τ≈0.17, 
while a suddenly reionization at z=6.5 results in a significantly lower optical depth of τ≈0.04. 
However, the WMAP results are still preliminary as they are based on a cross correlation 
between the temperature and polarization measurements only. A detailed analysis of the 
polarization power spectrum is still awaiting publication. Nevertheless, should the WMAP 
polarization measurement be confirmed, it will highlight a very interesting inconsistency 
between IGM and CMB data. Unfortunately, the CMB polarization signal is only providing a 



 

Title:  Science Case 
Reference: MUSE-MEM-SCI-052 
Issue:  1.3 
Date:  04/02/2004 
Page:   25/100 

global constraint that contributes little to the detailed time evolution of the reionization. 
Hydrogen must be essentially neutral over a substantial fraction of the z>6 universe, but the 
exact epoch is largely unconstrained. Using semi analytical and numerical models, the 
WMAP and QSO results can be put in concordance, if the universe experiences a very 
extended reionization history starting at z≈20 and ending at z≈6. However, the apparent high 
temperature of the IGM provides evidence that the energy associated with the reionization 
was invested at relatively late cosmic epochs (z<9-10), i.e. the IGM is likely to go through its 
“percolation” phase at MUSE-accessible redshifts of z=6–6.7. 
 
Identifying Lyα-emitters at z>6 are the ideal tests to further constrain the reionization history 
of the Universe because (i) they are the likely sources of ionizing UV photons and (ii) their 
abundance as a function of redshift directly probes the ionization state of the IGM. Even small 
fractions of neutral hydrogen are efficient in scattering Lyα photons in direction and 
frequency thus making faint emitters unobservable, unless the intrinsic line width is very large 
According to the simulations detailed in section 2.2 we expect 27 Lyα-emitters in a single 
MUSE deep field in the 6–6.7 redshift range.  In the proposed survey of 5 deep fields (see 
section 2.12.1) we shall get 135 objects in total. By investigating their evolution, the 
reionization history can be probed near xHI≈1, a regime that is poorly tested by Gunn-
Peterson-trough measurements.  
 
Two main signatures that can be uniquely searched for with MUSE are the following: 
 

• If the neutral fraction falls considerably below levels of 1%, then the partly neutral 
IGM produces a Lyα damping wing that should absorb a significant part of the Lyα 
line, if the HII region produced by the galaxy around itself is not large enough to 
move the damping wing far away from the line center. Faint Lyα emitters should 
'disappear' rapidly beyond the reionization redshift (Haiman & Spaans 1999), while 
the brighter sources would still be visible (Cen & Haiman 2002). The luminosity 
function and its redshift evolution of the Lyα emitters contain information on the 
neutral fraction and thus on reionization. Furthermore, any cosmic structure of larger 
than average density will induce infall of the IGM around it, i.e. the gas will “see” the 
source emission shifted to the blue, and absorbing red-ward of the Lyα line center; this 
effect may potentially wipe out most of the line. The optical depth owing to this effect 
increases roughly as (1+z)4 (Haiman & Loeb 2002). 

• There should be characteristic imprints from a partially neutral IGM on the Lyα line 
shape. This effect is hard to observe in a single source, but can be measured if one has 
a statistical samples of  ≥ 100 Lyα emitters (argued in Haiman 2003) as provided by 
the MUSE deep fields.  
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The second effect is illustrated in Fig. 2-9. Prior to reionization, the line profile correlates 
with the size of the local HII region and therefore with the luminosity and age of the source as 
well as with the intrinsic line profile. For example a line as narrow as ~30 km.s-1 would 
essentially be erased if the star formation rate is below 1 Msun yr-1, but for line as broad as 300 
km.s-1, 20% of the total flux would be transmitted for arbitrarily faint sources. The detailed 
imprints of the reionization history cannot be disentangled in narrow-band Lyα surveys that 
only trace the brightest objects of the population, but require a survey that probes the number 
function as well as the line profiles, as provided by the MUSE deep fields. 
At the moment, theoretical models provide little quantitative constraints on the observable 
significance of these effects and to what extend they are clearly observable with MUSE. For 
example, current model estimates of the probability of Lyα photons to penetrate the z>6 IGM 
range from 0.001 to ~1, a fact that demonstrates the large uncertainties involved in these 
estimates. The fraction of Lyα photons that manage to escape the star-forming galaxy is 
likewise poorly constrained. Besides providing a detailed understanding of the reionization 
history of the universe, MUSE has the potential to shed light on the details of the star 
formation, the IMF, and the radiation transport in this first generation of galaxies. 
 
References 
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Figure 2-9 Left: The suppression of the total line flux relative to the unobscured line as a function of the 
star formation rate of a galaxy at z=6.56. Right: The suppression of the total line flux relative to the 
unobscured line as a function of line width. The top lines corresponds to a model with a proper HII region 
size of 0.7 Mpc (fesc=1), the bottom curve describes a Lyα line model without any HII region (from 
Haiman 2003).
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2.5. Feedback processes and galaxy formation  
 
Our understanding of galaxy formation is making rapid advances. Improvements in our 
knowledge of the basic cosmological parameters (Ω0, H0, Γ0, etc., Bennett et al., 2003), and 
developments in computer simulation techniques mean that we are able to accurately trace the 
collapse of dark matter structure (eg., Jenkins et al. 2001). The outstanding difficulty is now 
to understand how the baryonic component collapses down to form galaxies. Computer 
simulations that incorporate gas cooling lead to the formation of far too many small galaxies 
in the early universe. While they predict that more than 50% of baryons are able to cool and 
form into stars, the observed fraction is only 8%!  This problem is often referred to as the 
cosmic cooling crisis (White & Rees, 1978, Cen & Ostriker, 1993, Balogh et al., 2001) and is 
closely related to the angular momentum problem that causes model galaxies to be too small 
(Navarro & Steinmetz, 1997). 
  
The reason for this crisis is that these simulations lack effective feedback.  Clearly it is not 
enough to simply let the gas cool, the 
rate of cooling must be balanced by the 
injection of energy from SNe or AGN. 
But while the idea is widely accepted, 
the actual mechanism is poorly 
understood, and even more poorly 
constrained by observations.  One of 
the most popular explanations is super-
winds: high power blast-waves that 
sweep nascent galaxies clean of their 
interstellar medium, driving it to 
distances of 0.5 - co-moving Mpc, so 
that the ejected gas is never able to 
collapse back onto the proto-galaxy 
(Springel & Hernquist, 2003, Benson 
et al.2003). The idea is appealing 
because it would also explain the 
wide-spread distribution of metals 
through-out the universe (Theuns et 
al., 2002) and may resolve the spiral 
disk angular momentum problem too. 
 
However, observational support for 
superwinds is tantalising but elusive. 
Local analogues for high power 
superwinds may exist in dwarf star 
burst galaxies (such as M82, Martin 
1999). In these galaxies, a powerful 
star burst drives some of ISM out of 
the galaxy at speeds of up to 600 km/s.  
However (1) these galaxies are dwarfs 

Fig 2-10: The velocity structure of the Lyα halo “blob1” in 
SSA22 from observations with SAURON on the WHT (Bower et 
al., 2003).  The image is colour coded to show Lyα emission 
that is red and blue shifted compared to the sub-mm source. In 
addition to the complex dynamics of the halo of the submm 
source, the two lyman break galaxies in the field also have 
distinct emission line haloes. This is most clearly seen for the 
C15 source. This halo has a velocity shear across it that 
suggest the ionised gas is being expelled in a bipolar outflow. 
The flow is similar to local star burst galaxies except that it is 
much more luminous.



 

Title:  Science Case 
Reference: MUSE-MEM-SCI-052 
Issue:  1.3 
Date:  04/02/2004 
Page:   28/100 

- it is unclear that the gas 
would escape from a larger 
galaxy, (2) little mass is 
involved in this wind, 
insufficient to explain the 
cosmic cooling crisis. 
 
At high redshift, superwinds 
may be more widespread and 
even more powerful.  Evidence 
for high-z superwinds comes 
from comparing the redshifts 
of galaxies measured from Lyα, 
nebular lines (in the observed 
IR) and ISM absorption lines. 
These redshifts are often 
discrepant at the level of 300 
km/s, which Pettini et al. 
(1998; Shapley et al 2001, Fig. 
1.8) interpret as a P-cygni 
effect in the super-wind 
outflow.  It is not clear, 
however, whether this wind 
will actually escape the galaxy 
(or fall back in a galactic 
fountain), nor whether the wind 
includes substantial fraction of 
the galaxy's baryonic mass.  To 
answer these questions we 
need to look at how far from 
the galaxy the wind extends. 
We would like to see if the 
super-winds create hot 
outflowing bubbles around the 
proto-galaxies. 
 
The MUSE instrument will play a crucial role in determining the nature of feedback in high 
redshift galaxies; and thus solving one of the most pressing problems in extra-galactic 
astronomy. 
 

2.5.1. Understanding Feedback with Spatially Resolved Galaxies  
With the high spatial sampling, sources brighter than 3.9 10-18 erg.cm-2.s-1 will have Lyα 
emission that can be spatially resolved. There will be ~60 such sources in each 80 hour 
pointing. In the local star burst galaxies, the material being ejected from the galaxy is seen as 
a bipolar outflow. Our observations of the diffuse halo of Lyman break galaxy C15 in the 

The SAURON deep field 
 
In preparation for the deep surveys planned for MUSE, a pilot 
programme has been developed using the SAURON IFU 
spectrograph (Bacon et al. 2001). We have now surveyed 
three fields, with a paper (Bower et al, MNRAS) describing 
the first of these now in press. We have studied the structure 
of the Lyα emission-line halo, LAB1, surrounding the sub-
millimetre galaxy SMM J221726+0013. The field (41×33 
arcsec² sampled at 0.95 arcsec) was observed for a total of 9 
hours split in 30 mn exposures. The measured limiting 
surface brightness is found to be from 1×10−18 erg s−1cm−2 
per sq. arcsec for lines with  σ = 2Å to 3.5×10−18 erg s−1cm−2 
per sq. arcsec for lines with σ = 20Å. The observations trace 
the emission halo out to almost 100 kpc from the sub-
millimetre source and identify two distinct Lyα “mini-haloes” 
around the nearby Lyman-break galaxies. The main emission 
region has a broad line profile, with variations in the line 
profile seeming chaotic and lacking evidence for a coherent 
velocity structure. Around the Lyman-break galaxy C15, the 
emission line is narrower, and a clear shear in the emission 
wavelength is seen. A plausible explanation for the line 
profile is that the emission gas is expelled from C15 in a 
bipolar outflow, similar to that seem in M82. 
 
The second field is centered on a bright QSO (HB89-
1738+350). This is a V=20.5, z=3.239 QSO chosen so that its 
rest frame Lyα would be inside the small SAURON spectral 
range, but also so that the cube would include a significant 
range where intervening absorption systems seen along the 
line of sight to the QSO could be correlated with any 
emission line objects found in the SAURON cube. More 
recently an even deeper exposure of 20 hours on the second 
Lyα peak in SSA22 has been obtained. Analysis is in 
progress. 
 
Although SAURON was not optimized for this type of 
science, it demonstrates the capabilities of IFU for deep 
fields. 
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SSA22 proto-cluster (z=3.09) hint that the same is likely to be true in high redshift systems 
(Fig 2-10).  
 
The geometry of this flow is an important constraint. Is the galaxy formation process 
terminated by an explosion that drives a near spherical shell, or is there a balance between a 
bi-polar outflow and continued inflow along orthogonal directions? These are key questions 
that we can compare to numerical simulations that are being developed to model super-wind 
out-flows in proto-galaxies. 
 
Each pointing will identify ~15 objects with continuum magnitudes brighter than IAB=23, we 
will detect the rest-frame UV continuum with sufficient s/n to map the velocity structure of 
the neutral ISM through absorption lines such as SiII. This will allow us to map the structure 
of both the emitting and absorbing material, making a very detailed test of the geometry of the 
outflow/inflow and thus allowing us to assess the balance of cooling and feedback. 

2.5.2. Measuring Feedback with QSO sightlines 
A powerful technique for studying the larger scale impact of feedback is to target fields 
containing QSOs that are sufficiently bright for absorption line studies. In this way, the 
redshifts of the Lyα emitters can be compared to absorption features in the QSO spectrum 
(often referred to as the Lyα forest), allowing us to probe the association between the young 
galaxies and the neutral gas from which they form. 
 
Adelberger et al., (2003) performed this experiment using Lyman-break galaxies at z~3.  
For galaxies with a large separation (>2 co-moving Mpc) from the QSO sight-line, they found 
that there was a higher than average probability of an absorption feature, as is shown in 
Figure 2-11.  This is the result of the cosmic web discussed in section 2.3 and shows that 
galaxies are formed in regions of large scale overdensity, as we would expect from 
simulations of the large-scale structure of the universe. 
 
At small separations (<1 co-moving Mpc), however, they found a most surprising result. Far 
from the level of absorption increasing, lines of sight passing within 30 arcsec of a proto-
galaxy showed less than the average absorption at the proto-galaxy redshift. This result is best 
explained as the result of strong feedback sweeping away neutral gas from the proto-galaxies' 
immediate vicinity (Fig.2-11). These observations provide crucial evidence that the 
“superwinds” discussed above are sufficiently energetic to carry material far away from the 
forming galaxies. 
 
The discovery of this effect offers us the chance to gain profound insight into the interaction 
between proto-galaxies and the gas from which they form. Observation with an integral field 
unit offers us the optimal method to exploit this technique. Because their Lyman-break 
galaxies are selected from wide-field imaging Adelberger et al. have only a few objects 
sufficiently close to the QSO sight line to probe this crucial regime of separations. In contrast, 
observations with MUSE will allow us to detect a higher space density of objects, all lying at 
interesting separations (ie., r < 1 co-moving Mpc) from the QSO sightline.  
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In a single MUSE field, we expect to detect 100 emitters over the redshift range 2.8 to 4 in a 
10 hour exposure. The typical sizes of the virial halos associated with these galaxies, as 
derived from the simulations, are 0.2 Mpc radius, only a factor 1.8 smaller than the Lyman-
break galaxies selected by Adelberger et al. Among these 100 galaxies, we expect to find 26 
objects bright enough to have spatially resolved information. There are 59 currently known 
QSOs at z>4 that are sufficiently bright (V<19) that a good absorption-line spectrum (S/N 
>>100, or 1% accuracy in absorption) can be obtained from the data cube. An optimal sub-
sample can be selected from these quasars to ensure that the sight line is not blocked (at 
z>2.8) by a damped absorption line system. Re-observing the quasar with an echelle 
spectrograph like UVES would allow the absorption features to be deblended and centroided 
individually, but this is not strictly required since we will need only to determine the mean 
transmission at the systemic redshift of the proto-galaxy. A more significant issue is the offset 
between the systemic redshift and that measured from Lyman alpha emission, but Adelberger 
convincingly demonstrates that this can be determined by cross-correlating the absorption line 
data. 
 
If we targeting 4 such fields, we 
will obtain a sample of 400 objects, 
including 100 spatially resolved. In 
contrast Adelberger et al.'s results 
are based on only 6 objects. Thus, 
rather than simply detecting the 
neutral hydrogen deficit, the size of 
the MUSE sample will allow us to 
measure the strength of the super-
wind as a function of galaxies' 
emission line strength and 
continuum flux (both measures of 
the star formation rate). We would 
be able to divide the sample into a 
6x6 grid of luminosity and 
separation from the QSO sightline, 
and to still measure the average 
neutral hydrogen density in each 
bin to better than 5%. This sample 
will revolutionise our view of 
feedback, allowing us to study the 
strength, geometry and impact of 
the superwind as a function of the 
underlying star formation rate and 
galaxy mass. We have seen how 
the large galaxies samples 
available from the SLOAN survey 
have revolutionarised our view of 
the local universe. The size of the 
sample we derive from MUSE will 
similarly revolutionise our view of 

Fig 2-11. The mean transmission at the redshift of the proto-
galaxy as a function of the distance of the proto-galaxy from the 
line of sight, from Adelberger et al., (2003). The mean 
transmission at randomly chosen redshifts is shown as a 
horizontal dashed line. As the separation between the proto-
galaxy and the line of sight decreases, the transmission initially 
drops. This is due to the large-scale association of proto-galaxies 
and Lyα absorbers. This trend is expected from theory (as shown 
by the thin dotted and dashed lines). At small separations, 
however, the trend is reversed and the transmission increases. At 
separations <0.5  comoving Mpc, the transmission is higher than 
the global average. The best interpretation of this result is that 
the proto-galaxies blow large-scale ``bubbles'' in the inter-
galactic medium  ~1  co-Mpc in diameter. 
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the feedback in the high redshift universe. Although we will initiate this programme with the 
VIMOS spectrograph, only the throughput and greater field of view of MUSE will allow us to 
build the large and comprehensive database required. The equivalent programme would take 
40 times longer to complete with VIMOS due to MUSE's greater sensitivity and larger field 
of view (the programme cannot use the low dispersion mode of VIMOS). Only the higher 
spatial sampling of MUSE will allow us to spatially resolve the emission from the proto-
galaxies. 
 
In longer integrations we can identify much more distant emission-line galaxies. We will 
target QSOs at higher redshifts in order to determine how the strength and effectiveness of the 
super-wind feedback evolves with redshift. At present only three SLOAN QSOs (V<21) are 
suitable for this, but initiatives are underway to select quasars at z~6 and higher. For these 
fainter quasars, the absorption line spectra will be of lower quality (S/N >30), but we will still 
be able to determine the mean absorption to better than 10% at the redshift of each emission-
line object. In a single 80 hour exposure, we expected to detect almost 300 emission line 
objects which can be used for this study. 200 of these would lie at z>4, giving us an 
unparalleled insight into the role of feedback in the formation of the first galaxies and the 
widespread pollution of the universe with the first metals. 
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2.6. Ultra-deep survey using strong gravitational lensing 
 
The field size of MUSE is very well matched to those of strongly lensing clusters, which have 
typical Einstein radii of 15-30 arcsec, to a maximum of 45 arcsec for Abell 1689. The strong 
lensing of these clusters allows a number of unique studies, which are outlined below. 
 

2.6.1. Exploration of the luminosity function to much fainter limits   
The sizes of objects at our detection limit of 3.9 
10-19erg.s-1.cm-2 are expected to be small, and 
the objects are essentially unresolved.  Hence 
the S/N will be amplified by the magnification 
factor, which is between 3 and 5 over the whole 
field. Hence we can probe the luminosity 
function 3 times deeper, for an area which is 3 
times smaller than the typical deep field.   We 
show a simulation in Figure 2-13. The lensing 
cluster has an Einstein radius of 30 arcsec, and 
the source distribution is taken from a GALICS 
simulation. Only the brightest Lyα emitters are 
shown in the image, where color indicates 
redshift. It is obvious that there are many 
multiply imaged galaxies, and many systems 
with large magnification. In total, over 200 
lensed objects are detected to our flux limit.  
The power of this technique was demonstrated 
by the discovery of a lensed Lyα emitter at 
z=6.56 by Hu et al (2002). This faint emitter has 
an apparent flux of 2.7 10-17erg.s-1.cm-2, and is 
lensed by a factor of ~4.5. Hence it would be 
undetectable without the lensing (which speeds 
up the integration time by a factor of 20 !).  Ellis 
et al used lensing to find an even weaker source 
at z=5.6, with an unlensed flux of 
~3.10-18erg.s-1.cm-2, and a magnification of a  
factor of 30. Obviously, such strong lensing 
occurs only for a small area in the source plane 
and would not apply to most of the sources  
detected by MUSE, most of which are lensed by 
a factor between 2 - 5. 
 
 
 
 

Figure 2-12: An HST-ACS image of the lensing 
cluster Abell 1689 (Broadhurst et al, in 
preparation). This cluster is a prime candidate 
for strong lensing studies, given its very large 
Einstein radius, and the large number of arcs 
identified. Broadhurst et al identified at least 7 
systems which were multiply imaged. The upper 
panel shows the full image, the lower panels show 
some of the strongly lensed galaxies 
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2.6.2. Constraints on the dark matter distribution and cosmology   
We expect roughly 10-30 multiply imaged sources in the datacube, in a wide range of 
redshifts. Since we know the redshifts of all sources, it is trivial to find the counter images, 
and unprecedented maps can be made of the mass distribution. The strength of the lensing 
signal as a function of source redshift depends on cosmology and the radial mass profile. If a 
sufficient number of multiply imaged sources are found, then the sources can be grouped into 
bins at the same radius and the cosmology dependence can be measured to great accuracy. 
 

2.6.3. Detailed studies of "large" arcs  
The Adaptive Optics capability of MUSE will allow, for the first time, to obtain very high 
resolution IFU spectroscopy of arcs in the optical.  The simulation shows that 5-10 arcs with 
strong magnification can be observed per cluster. The MUSE observations will provide 
exquisite signal-to-noise and detail for these arcs.  The AO-assisted spatial resolution of 
MUSE produces a gain of a factor of 3–4 in resolution compared to what other instruments 
can deliver in  median seeing.  The additional gain of the lensing is usually on the order of 5 
to 10 in the tangential direction, and 1–2 in the radial direction.  The value of using arcs for 
high resolution studies has been demonstrated already. We show two examples in Figures 2-
14 and 2-15.  Figure 2-15 shows the spectrum of the arc at z=4.92 in the cluster MS1358+62 
(Franx et al 1997). This arc, the highest redshift arc known at this moment, shows clear 
velocity structure both in the very strong Lyα emission and interstellar absorption lines like Si 
II 1260 Å.  The velocity offset 
between the lines was the first 
evidence for large-scale winds in 
high redshift galaxies.  
Another example in shown in Fig 
2-14, which shows a lensed z=1 
galaxy in the field of the cluster 
Abell 2218, observed by 
Swinbank et al (2003).  The 
authors were able to reconstruct 
the 2D velocity field from the 
magnified O [II] 3727 Å 
emission-line field, and were 
able to derive an inclination 
corrected circular velocity which 
agrees well with the value 
expected from the (local) Tully-
Fisher relation.  MUSE will be 
able to extend this work to much 
smaller galaxies, and to 
continuum studies of high 
redshift galaxies. It will provide 
unique insight into the nature of 
high redshift galaxies which can 
otherwise only obtained by 30-m 
or larger telescopes. 

Figure 2-13: A simulation of an 80 hour MUSE observation of 
lensed Lyα emitters behind a cluster with an Einstein radius of 30 
arcsec. The original distribution of emitters was taken from the 
GALICS simulation. The color indicates redshift, with the reddest 
color at the highest redshift. As can be seen, many arcs are visible, 
with magnifications larger than 5. Furthermore, many multiply 
imaged sources can be identified, and sources well away from the 
Einstein radius are still significantly magnified. 
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We plan to obtain 2 deep exposures with MUSE on a lensing cluster; but it is clear that 
MUSE will be the ideal instrument for the community to follow up lensing clusters.  A prime 
candidate is Abell 1689, for which the HST-ACS image showed an unprecedented number of 
arcs (figure 2-13). We notice that lensing clusters are employed for deep searches in many 
wavelength bands, from sub-mm to optical, as they provide the unique opportunity to dig well 
below the standard sensitivity limits. MUSE will be the ideal follow-up instrument for most 
of these searches. 
 
References 
Ellis, R., Santos, R., Kneib, J.-P., Kuijken, K., ApJ 560, L119 
Franx, M., et al, 1997, ApJ 486, L75 
Hu et al, 2002, ApJ 568, L75 
Swinbank, A. M., et al, 2003, astro/ph 0307521 

Figure 2-14: The structure of the z=1 lensed galaxy in the cluster Abell 2218.  The left panel shows the 
HST image, the middle panel shows the flux distribution of the OII emission observed with GEMINI, with 
the observed velocity field superimposed.  The right panel shows the velocity field after "de-lensing". It is 
very regular, and the derived rotational velocity agrees well with the Tully-Fisher relation.  MUSE will 
allow these studies for arcs with much smaller sizes,  lensed z=3 galaxies, etc. 

Figure 2-15: left: a long slit spectrum of the arc at z=4.92 in the cluster CL1358+62. The Lyα emission, and 
several interstellar absorption lines are clearly visible. These lines show structure along the arc, in flux and 
velocity. Right: the velocities of Lyα and Si II 1260 Å in the arc. Both lines show similar velocity structure, 
and a systematic offset between them. This structure is evidence for winds, where the neutral medium 
producing the Si II absorption line absorbs or scatters the Lyα emission at the same velocity. 
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2.7. Resolved spectroscopy at intermediate redshift 
 
The sensitivity and high resolution capabilities of 
MUSE will enable us to measure spatially resolved 
properties of galaxies at intermediate redshifts, z<1. 
At 0.5<z<1, the MUSE pixel size of 0.2 arcsec 
corresponds to a projected physical distance of 1.6 
kpc in the concordance cosmology. This is well suited 
to study internal variations of stellar population ages 
and metallicities, and gas enrichment properties. In 
addition, these diagnostics can be combined with the 
full two-dimensional star and gas kinematics. MUSE 
will allow the exploration of the star formation and 
metal enrichment histories of bulges and disks, of the 
size, intensity and topology of coherent, large-scale 
starbursts, and of the development of galactic 
structure, in particular by differentiating between 
inside-out or outside-in growth of galactic disks. By 
measuring, in the same galaxies, the relationships 
between local kinematics, gas metallicity, and the 
ages and metallicities of the stellar populations, 
MUSE will thus provide a picture of the 0.5<z<1 
galaxy population at levels of details comparable to 
large surveys of the local universe such as the SDSS.  
While, at these intermediate redshifts, most galaxies 
are known to have already reached their 
morphological maturity, it should be stressed that the 
signatures of how they have done so will be much 
more apparent in the properties of their stellar and 
gaseous components at z~1, when such morphologies 
are likely quite new, than they are today, some 8 Gyr 
later. 
 
Fig 2-17 shows the limiting radius to which a given S/N is reached in line (5σ at R=3000) and 
continuum (5σ at R=800) as a function of the galactic integrated brightness and scale length 
(exponential h or de Vaucouleurs re).  These estimates assume a smooth light distribution and 
therefore underestimate the visibility of density enhancements such as spiral arms or star 
forming bars or rings.  Even with this conservative assumption, it can be seen that for typical 
scale lengths of present-day L* galaxies (e.g. h ~ 4 kpc ~ 0.5" and re ~ 5 kpc ~ 0.6") usefully 
extended spatial information can be obtained in emission lines with fluxes > 10-17 erg s-1 cm-2 
or AB < 22.5, about a magnitude fainter than typical L* galaxies at z ~ 0.7.    
 
MUSE will thus easily provide two-dimensional velocity maps in emission lines.  An 
example, based on a dynamical simulation (courtesy of V. Debattista and L. Mayer), is shown 
in Figure 2-16. The simulation is a full hydrodynamical n-body (SPH) simulation of a disk 
galaxy and has a disk scale-length at z~1 of 0.4 arcsec.  The gas profile has been converted to 

Fig 2-16:  Emission line surface 
brightness (left) and velocity field (right) 
for a simulated disk galaxy with a scale 
length of 0.4" and an integrated line 
brightness of 10-17 erg s-1 cm-2 in an 
assumed 80-hour integration. 
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an emission line surface brightness through a Schmidt star-formation law, normalised to a 
total flux of 10-17 erg s-1 cm-2.  Consistent with Fig 1, the velocity field can be mapped with 
MUSE to approximately two disk scale lengths. Clearly, in addition to the rotation curves for, 
e.g., Tully-Fisher studies as a function of internal galactic properties, any internal kinematic 
sub-structure on these scales will also be detected by MUSE, allowing for example the 
investigation of environment-induced perturbations to the velocity fields, and their possible 
effect on global galactic properties such as total galactic star formation rates and metal 
enrichment properties. 
 
For all galaxies with 0.25<z<0.9, all of [OII] 3727, [OIII] 4959, 5007 and Hβ will be visible 
in the MUSE spectral range.  This allows use of, e.g., the well-known R23 metallicity 
estimator introduced by Pagel et al. (1979). This is empirically calibrated on nearby galaxies 
and, being based on the ratio of the strong lines listed above, it is optimal for studies of the 
metal enrichment of the star forming gas at intermediate redshifts.  This diagnostic has 
already been successfully applied to the integrated emission of intermediate-z galaxies, 
returning global [O/H] estimates to a precision of about 0.2 dex (see, e.g., Carollo & Lilly 
2001; Lilly et al 2003).  For a reference, all the CFRS galaxies with 0.5<z<0.9 studied by 
Lilly et al. (2003) have f(Hβ) > 10-17 erg s-1 cm-2.  Local spiral galaxies show a variation in 
[O/H] metallicity gradient of around 0.2±0.1 dex per scale length.  Resolved (star formation 
intensity and) R23 measurements with MUSE will typically be possible at 0.5 < z < 0.9 over 
about two disk scale lengths (see Fig.2-17).  This will be an important diagnostic of how disks 
in spiral galaxies build up with time.  
 
Radial variations in the stellar 
population properties of 
intermediate-z galaxies will be 
achievable with MUSE.  This is 
shown in figure 2-18 where we 
consider a spheroidal galaxy 
with a radial age variation. 
Using the chemical enrichment 
models of Ferreras & Silk 
(2003), we consider two star 
formation histories, described by 
the star formation rates (solid 
lines,) and the corresponding 
metallicities (solar units; dashed 
lines). The top and bottom 
panels describe respectively a 4 
Gyrs-old, short and efficient 
burst of star formation and a less 
efficient 2Gyrs-old burst.  We 
assume that we are working at 
the maximum radii computed in 
Fig. 2-17, but that we will be 
able to sum 9 spaxels 
azimuthally since we wish to 

Fig 2-17: Radius to which the S/N exceeds a given level (S/N > 5 at 
R=3000 for emission lines, left-hand panel, S/N > 5 at R = 800 for 
continuum, remaining panels) for a given integrated brightness (bottom 
axis) assuming three different exponential scale lengths (two left-hand 
panels) or three different re  for a de Vaucouleurs profile (right-most 
panel).  Useful spatial information on scales of several MUSE spaxels 
will be available for typical galaxies with line strength > 10-17 erg s-1 
cm-2 and R,IAB < 22.5. Note that this simple calculation does not take 
into account the beneficial effects of spatial inhomogeneities such as 
spiral structure in tracing the emission further out, nor does it take into 
account averaging over adjacent spaxels further out in the galaxy 
profile.
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study the radial gradients in a symmetric galaxy.    The central panels of Figure 2-18 then 
show the resulting simulated S/N=15 spectra that are obtainable at redshift z=1, in a 80h 
MUSE DF integration. The spectra are obtained by combining simple stellar populations 
SEDs using the Bruzual & Charlot (2003) models. Finally, the right-most panels of Figure 2-
18 show, for the two stellar populations, the 99% confidence levels for the recovered star 
formation histories in terms of average stellar ages and metallicities, with superimposed the 
correct average input values (red/blue stars). The epoch of the local star formation episode 
and the average metallicity of the stellar populations are both superbly recovered from the 
simulated MUSE data. These impressive capabilities of MUSE in probing the spatially-
resolved star formation histories of galaxies at intermediate redshifts will allow for 
quantitative tests of competing scenarios by discriminating between inside-out and outside-in 
formation and assembly of stellar mass in massive galaxies. 

 
 
The number density of galaxies in the field with IAB<22.5 or fline > 10-17 erg s-1 cm-2 is of order 
6 per arcmin-2 and 2–3 arcmin-2, respectively.   Thus, the analysis of the several MUSE deep 
fields will already provide a useful sample of galaxies at those crucial intermediate epochs to 
be studied in full detail. Summing over a few adjacent spaxels inside galaxies will allow 
significantly fainter flux and surface brightness levels to be reached, while still disentangling 

Fig 2-18:  Stellar population analysis achievable in a 80h MUSE integration at a galactocentric distance as 
given in Fig. 1 (but summing over a 9 pixels  annulus) . Top and bottom panels describe two different star 
formation histories. Left: Modelled star-formation rates (solid lines) and calculated metallicities (dashed 
lines). Center: Corresponding simulated MUSE 15σ  spectra. Right: Average stellar ages and metallicities 
recovered from the MUSE spectra (compared with input values, represented by the red/blue star).
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radial variations in gaseous and stellar properties inside galaxies. A moderate binning over 
about 10 spaxels will about triple the number of galaxies per MUSE field for which spatially-
resolved spectroscopic information for the emitting gas is obtainable. The wider Medium 
Deep Field will also allow us to perform resolved spectroscopy of galaxies at intermediate 
redshifts. The three-fold higher limiting fluxes will reduce the number density of galaxies on 
which detailed data can be obtained by a factor of about three with respect to the Deep field, 
but this will be more than compensated by the factor of about ten larger area.  The median 
redshift will be reduced by about 40%; however, it will still be in the realm where significant 
evolutionary changes are observed in the galaxy population. Unprecedented, the MUSE deep 
and medium deep fields will thus provide a sample of field galaxies in the z~0.5–1 redshift 
regime that will allow the investigation of the internal galactic properties as a function of 
fundamental global galactic properties such as mass and bulge-to-disk ratio.  
   
In addition to the observations of lensing clusters, which may be at relatively low redshift, 
studies of resolved galaxies in higher redshift galaxy clusters will certainly be developed by 
the scientific community.  In such galaxy clusters at z ~ 0.8, the number density of galaxies 
with emission properties adequate for a spatially resolved study with MUSE is even higher 
than in the field.   Using the K-band luminosity function of Ellis & Jones (2003), the typical I-
K colors of cluster galaxies (Stanford et al. 2002), about 10–15 galaxies can be studied at the 
above levels with a single MUSE pointing in a rich cluster at z~0.8. At these intermediate 
epochs, theory and simulations predict major galactic transformations in clusters driven by 
environmental processes such as harassment and tidal stripping.  The comparison of the 
spatially resolved stellar and gaseous diagnostics between intermediate-z galaxies in clusters 
and in the field will quantify the properties and timescales, and elucidate the physics, of such 
transformations.  
 
The study of the spatially resolved properties of normal galaxies will complement the 
exquisite study of a small number of highly-lensed objects behind clusters (section 2.6). 
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2.8. Sunyaev-Zeldovich effect
 
In the near future, systematic surveys for 
Sunyaev-Zeldovich (SZ) sources by 
bolometer arrays (e.g. BOLOCAM), 
interferometers and Planck and will produce 
large catalogues of clusters. Because the SZ 
effect is independent of distance, the 
selection is independent of redshift for a 
given mass and the redshift distribution is 
given by the cosmological volume element 
and the comoving density of clusters of the 
appropriate mass.  for the concordance 
cosmology, BOLOCAM's dN/dz peaks at a 
redshift of z ~ 0.6 and falls by about a factor 
of 30 at z ~ 2.  That of Planck peaks at even 
lower redshift z ~ 0.2 and falls by a factor of 
30 at z ~ 0.8 (Benson et al 2002). 
It is not possible to measure the redshifts of 
the density enhancements producing the SZ 
signal from the SZ effect itself.  However, 
measuring the redshift distribution of the 
clusters would enable determination of 
important cosmological parameters. In 
addition to determinations of cosmological 
model Ωi which are independent from those 
derived from the CMB fluctuations, the 
accurately determined redshift distribution is 
sensitive to both the power spectrum 
normalisation, σ8, and the gaussianity of the 
primordial fluctuations (G) (see Benson et al 
2002). 
 
BOLOCAM has a beam of 1 arcminute 
which is perfectly matched to the FOV of 
MUSE.  Planck's FWHM ~ 8 arcmin beam 
should still allow localisation of the 
gravitational potential within the MUSE 
FOV.   At early epochs, it can no longer be 
assumed that cluster members can be 
identified from a tight "red sequence" of 
passively evolving elliptical-like galaxies.  
The unique capability of MUSE to 
determine redshifts for all galaxies within 
the FOV will make it the instrument of 

Fig 2-19. Redshift distribution of SZ sources from 
BOLOCAM and Planck (from Benson et al 2002) 

Fig 2-20:  Variations in the N(z) for BOLOCAM SZ 
samples with gaussianity G (left) and σ8 (right). 
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choice to follow-up the most distant, and most interesting, SZ clusters, since the strongest 
peak in the redshift distribution will presumably be the redshift of the cluster. 
In fact, since these SZ-selected clusters are likely to be the most distant clusters selected only 
according to their mass (as opposed to hosting a powerful quasar or other atypical signpost), 
MUSE will be an ideal instrument to study the early evolution of rich environments which 
will evolve into the most massive clusters today.  The physical size of the FOV (of order 500 
kpc at z ~ 2) is perfectly matched to the core radius of present-day clusters such as Coma. 
 
References 
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2.9. Late forming population III objects  
 
The transition between Pop III and Pop II (characterised by different star-formation processes, 
especially in the realm of cooling) is thought to occur at Z ~ 10-4 Zsun.  It is likely that the 
global enrichment of the Universe went through this transition at redshifts much higher than 
can be probed with MUSE (z ~ 15, or higher).  Pop III objects may nevertheless be found 
forming at much lower redshifts, well within the MUSE-accessible range, if the metal 
enrichment from the earlier objects was not widely distributed through the IGM (see e.g. 
Scanapieco et al 2003), i.e. leaving 
essentially pristine regions in the voids. 
The fraction of Lyman α emitters that 
will be Pop III objects as a function of 
redshift is heavily dependent on the 
distribution of metals and fairly 
independent of the mean metallicity of 
the Universe or the precise value of the 
transition metallicity (Scanapieco et al 
2003).  The luminosities of such objects 
depend on the poorly understood physics 
of young systems, such as the initial 
mass function.  
 
Recent studies with existing or new 
stellar tracks have predicted the 
properties of low metallicity and PopIII 
starbursts (Tumlinson et al 2001, 2003, 
Schaerer 2002, 2003). Interestingly it 
appears that proto-galaxies containing 
essentially PopIII stars could be easily 
distinguished from classical galaxies, 
due to the harder ionizing spectrum 
expected from metal-free stars, which 
strongly enhances the strength of He II 
recombination lines.  
 

Fig. 2-21 Predicted restframe EUV-optical spectrum 
of a young Population III galaxy with a Salpeter IMF 
from 1-500 Msun. The dashed line shows the pure 
stellar emission - the solid line the total emission. 
(Schaerer 2002) 
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The following three features can be identified as clear signatures of very metal-poor or PopIII 
starbursts (primeval galaxies): 
 

• A larger Lyman continuum flux, 
and a continuum dominated by 
nebular emission, leading to a 
flatter intrinsic SED compared to 
normal galaxies. 

• For young bursts the maximum 
Lyα equivalent width increases 
strongly with decreasing 
metallicity from W(Lyα) ~ 250-350 
Å at Z >~ 1/50 Zsun to 400-850 Å 
or higher at Z between 10-5 and 0 
(Pop III) for the same Salpeter 
IMF. This is illustrated in Fig. 2-22 
considering also various IMF at 
low metallicity.  

• Strong HeII recombination lines 
(1640, 4686 Å) are a quite unique 
signature due to hot massive main 
sequence stars of PopIII/very low 
metallicity. Significant HeII 
emission is, however, only 
expected at metallicities below 10-5 
solar (figure 2-21). 

 
The second characteristic could also be 
found in AGNs, but enough spectral 
resolution (R>1000) will allow to 
distinguish between the two possibilities.  
 
With the help of the Table 4 from Schaerer 
(2003), the Lyα line emission can be 
estimated, for a constant star formation of 
SFR= 2 Msun.yr-1, and a photon escape 
fraction of 0.5, with an assumed 
metallicity of 10-3 solar (and a non 
extreme, intermediate, IMF), to be 4 1042 
erg.s-1, corresponding for a proto-galaxy at 
z=7, to the line flux of about 2 10-17 
erg.s-1.cm-2.  
For the HeII 1640 line, the line luminosity 
in the same conditions is 1039 erg/s, and 
will give a flux of about 10-20 erg.s-1.cm-2, 
for a redshift z=5. This last line will be too 
faint to be detectable. However, at even 

Figure 2-23 : Predicted hardness  as a function of 
metallicity for starbursts between PopIII and normal 
metallicities (from Schaerer 2003). The 3 curves are for 
the 3 different IMF indicated (Mup= 100 or 500Mo, 
Mlo=1 or 50Mo) 

Figure 2-22: Predicted Lyα equivalent widths for bursts of 
different metallicities and IMFs (from Schaerer 2003). 
The squares are for IMF 50-500Mo, the triangles 1-
500Mo, and the circles 1-100 Mo.  The various curves 
correspond to increasing metallicity from top to bottom. 
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lower metallicities, for truly primordial objects, the HeII 1640 line is favoured relative to Lyα 
(see Figure 2-21); for some assumed IMF, the HeII 1640 line luminosity could reach 4.1041 
erg.s-1 at zero metallicity, corresponding to a flux of 3.10-18 erg.s-1.cm-2, at z=5. Such a line 
would be easily detectable in the MUSE deep field. Finally, the MUSE ultra deep field 
described in section 6 (using gravitational amplification by a factor 3 in average), with its 
enhanced detection limit of 8.10-20 erg.s-1.cm-2, should be able to detect simultaneously Lyα 
and HeII lines in the 2.8-4.7 redshift range for a metallicity lower than 10-5 solar. 
 
Based on the models of Scanapieco et al (2003), the fraction of Lyα emitters that are Pop III 
objects could under certain scenarios be as high as 10% at z ~ 5 and LLyα ~ 1043 erg s-1 cm-2.  
The point is that this is highly model dependent, and the detection of such objects (which is 
quite plausible) would greatly add to our understanding of the early chemical enrichment of 
the Universe. 
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2.10. Active galactic nuclei at intermediate and high redshifts 
 
In a dramatic change of paradigm over the last years, active galactic nuclei (AGN) have 
altered their status from interesting but somewhat exotic objects into fundamental components 
of galaxy formation and evolution. This change was mainly triggered by the recognition that 
supermassive black hole (SMBHs) are ubiquitous in massive galaxies (Magorrian et al 1998). 
The striking near-equality between the local black hole mass density and the total density of 
matter accumulated through accretion in AGN (Yu & Tremaine 2002) suggests that periods of 
nuclear activity may in fact be common phases within galaxy evolution. An intricate link 
exists between black hole growth, the formation of galaxy bulges, and nuclear activity cycles; 
but most details are still missing from this picture. 
 
This is a challenge to theory and observers alike. In particular, the host galaxy and 
environmental properties of AGN at redshifts around and beyond z~1 will allow one to set 
strong constraints on formation scenarios. This is an area where MUSE will provide 
significant progress, because of its capability to reach very faint flux levels at good spectral 
resolution, combined with a high multiplex factor over an astrophysically relevant field size 
of ~ 250 kpc. A fundamental advantage of MUSE over existing or other planned instruments 
is the integration of the traditional multi-stepped approach of imaging, low-resolution and 
high-resolution spectroscopy into a single observation. 
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Assuming that most of the black hole mass of 
present-day galaxies was assembled around 
the period of maximum AGN space densities, 
between z ~ 1 and z ~ 3 (Wolf et al 2003), the 
task is to establish an evolutionary link 
between AGN at high z and the local galaxy 
population. Such a link can be built by 
studying the environments of AGN and 
characterising the degree of overdensities they 
live in. Luminous radio-loud quasars and radio 
galaxies beyond z ~ 1 are typically located in 
rather rich structures, probably progenitors of 
the most massive clusters today 
[REFERENCE]. The environment of lower 
luminosity radio-quiet AGN at high z, on the 
other hand, is not well constrained. A set of 
MUSE pointings on a representative AGN 
sample, of a few hours exposure time each, 
would yield a complete census of the 100-200 
kpc surroundings down to significant sub-L* 
luminosities at z=1 and to roughly L* at z=3. 
At the same time one would get the velocity 
information needed to assess the degree of 
virialisation in a given structure. 
 
Gravitational interaction and merging are believed by many to be the main drivers for driving 
nuclear activity. But what exactly are the conditions needed to trigger an AGN? Until today, 
the search for morphological clues has largely prevailed, but spectroscopic diagnostics can 
deliver additional, possibly crucial pieces of evidence. A single MUSE data cube could reveal 
also, for example, large-scale gas streamers, patterns of enhanced star formation in the AGN 
host as well as in other galaxies in the field, and kinematical signatures of recent merger 
events, thus provide essential clues about the physical drivers of cosmic AGN evolution. 
 
Most of the sketched AGN studies would have to be performed in pointed mode, targeting 
individual pre-selected objects. The "blind" MUSE surveys outlined elsewhere in this 
document provide a chance to integrate the AGN aspect into a multi-purpose survey, by 
judiciously selecting survey fields to coincide with deep X-ray pointings. Recent surveys with 
Chandra and XMM have yielded surface densities of more than 3 X-ray sources per arcmin2, 
a large fraction of which is presumably directly linked to some sort of AGN phenomenon. 
These surveys are still largely photon-limited, and even deeper pointings are being considered 
which would increase the surface density by at least another factor of 2 (Alexander et al 
2003). The suggested concepts of "shallow" and "medium deep" MUSE surveys could in fact 
revolutionise the traditional strategy of X-ray imaging/spectroscopic follow up. In particular, 
spatially resolved information for every single X-ray AGN would become available at once, 
allowing to deblend the nuclear from the host galaxy spectrum and obtain a much cleaner 
spectral diagnostic. At the same time, kinematics and environmental information would 
become available, with all the benefits mentioned. 

Figure 2-24: This 1 arcmin x 1 arcmin section of 
an HST image in the Chandra Deep Field South 
contains 7 X-ray sources, most of which are likely 
AGN at intermediate to high redshifts. Some of 
these sources were already targeted 
spectroscopically with the VLT, but are optically 
too faint to give a meaningful spectrum. A single 
deep MUSE exposure would not only clarify the 
nature of these, but at the same time allow to 
study their host galaxies and environments. Image 
taken from the GEMS project. 
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2.11. The development of dark matter haloes  
 
The fundamental prediction of hierarchical models of structure formation in the Universe, 
such as the standard ΛCDM model is that the virialised mass of haloes should grow with time 
through the accretion of smaller halos. The prediction from Press-Schechter that the mass 
function of virialised structures evolves by increasing the characteristic mass M* while 
decreasing the low mass end amplitude is born out by numerical simulations of the dark 
matter distribution. 
 
Determining masses of haloes at high redshift is non-trivial.  On cluster masses, where the 
redshift evolution is at the present epoch strongest (above M* in Press-Schechter) there is a 
great sensitivity to cosmological parameters (see SZ section 8) in the comoving density of 
bound objects of a given mass as a function of redshift.   On galactic masses, around and 
below M*, there is a smaller dependence on redshift. 
 
As an integral field spectrograph, MUSE will automatically produce 2-dimensional velocity 
fields for all emission line galaxies (and brighter absorption line galaxies) in the field of view 
(see Section 2.7). A potentially unique capability of MUSE (at significant redshifts) is to 
relate the inner and outer halo kinematics at high redshifts, through the velocity dispersion of 
satellites 100-250 kpc from isolated massive galaxies (Zaritsky and White 1994, Prada et al 
2003). MUSE can be used to identify and measure accurate velocities of all star-forming 
satellites around high redshift galaxies.  Even a one hour exposure is sufficient to detect at 5σ 
a compact (0.8×0.8 arcsec2) line emitting galaxy with a line flux of 4.1×10-18 erg s-1 cm-2, 
equivalent to a line luminosity at z ~ 1 of about 2 ×1040 erg s-1 or a star-formation rate of 
about 0.3 Msunyr-1 (Kennicutt 1992).   
 
The goal of this analysis would be to determine Mhalo(Lgalaxy) at z ~ 1, a regime beyond the 
range where lensing studies have much leverage (because of the background redshift 
distribution).  This measurement is automatically combined with measurements of the size 
and the rotation curve of the luminous component of the host galaxies.   
 
This science area comes for free in all of the survey observations, e.g. the 200 fields of the SF 
survey.  Additionally, deep redshift surveys, such as VIMOS or COSMOS, could be used to 
construct very well defined samples of galaxies, e.g. "isolated" galaxies for which this sort of 
study is best performed (e.g. Prada et al 2003), for observations by the community in GO 
mode. 
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2.12. Merger rate 
In the hierachical picture of galaxy formation and evolution, galaxies as seen today are the 
end product of a long list of merger events. The merger tree as seen in simulations can be 
quite complex, and, given a typical merger timescale of several hundred million years, a 
galaxy will witness along its life a few major merger when units of similar size / mass 
interact, and many more minor mergers with smaller units. As we go back in time, we expect 
to witness more of the merger events, as the number of elementary building blocks is 
predicted to be larger than today. While we have many examples of galaxy mergers in the 
nearby universe, the evolution of the merger rate as a function of look-back time, hence our 
understanding of how galaxies build up with time, is still poorly constrained. Current 
measurements indicate that the merger rate evolves as (1+z)m, with m=2.5-4 out to z~1. To 
better constrain this measurement it is necessary to obtain for a large sample of galaxies 
representative of the general galaxy population accurate relative velocity information of 
galaxy companions to predict whether a merger is probable or simply a chance projection. At 
redshifts 1-3, measuring the environment of bright galaxies with a velocity accuracy of 10-30 
km/s, down to 3 magnitude below M* will allow to map the growing of several hundred 
galaxies and strongly constrain the merger rate. 
The MUSE Deep Fields will allow measurement of the major merger rate from all interacting 
galaxies with a similar mass out to the faintest galaxies in the survey. This should allow to 
derive the merger rate with an accuracy of ~10%. Furthermore, as described in section 2.10, it 
will be possible to measure the rate of minor mergers from the small satellites around a well 
defined sample of galaxies out to a redshift ~1. 
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2.13. Survey strategy 
 
The majority of the science goals described in the previous sections can be addressed with the 
following staggered survey: 

• Shallow field (SF) covering a larger sky area (200 arcmin²) with an 1 hour integration 
time by exposure. Note that this survey does not need AO capabilities. 

• Medium deep field (MDF) covering a relatively large sky area (40 arcmin²) at 
improved depth 

• A few deep fields (DF) at random location covering a small area (3 arcmin²) but at 
extreme depth (3.9 10-19erg.s-1.cm-2). 

• Ultra deep field (UDF) using strong lensing to improve the detection limit by a factor 
3 or more. 

 
 

Limiting mag. IAB  
Field 
Id. Location 

Integ. 
time by 
exp (h) 

Nb of 
field 

Tot. 
Area 
arcmin²

Total 
integ. 
time (h) Full R R/20 

Limiting 
flux F 

Science 
subjects

SF 
Not yet 

specified 1 200 200 200 22.2 23.9 50 6

MDF 
Random 

& QSO 10 40 40 400 23.9 25.5 11 
1,3,5,7,9,11,

13,15,17

DF Random 80 3 3 240 25.0 26.7 3.9 
1,3,5,7,9,11,

13,15,17

UDF 
Lens 

cluster 80 2 0.6 160 26.2 27.9 1.3 2,8,13,15
Limiting flux is in 10-19erg.s-1.cm-2 units. 
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Science area Observations Field 

Id. Obj. by field Nb  fields Total  
objects 

2.8<z<4 27 200 5400Assembly of 
galaxies 

Determination of Lyα luminosity 
function and correlation function at 
z=[2.8-6.7] 

SF 
4<z<6.7 8 200 1600

Determination of Lyα luminosity 
function and correlation function at 
z=[2.8-6.7] 2.8<z<4

100 40 4000Assembly of 
galaxies 

Merger rate 

MDF 

4<z<6.7 70 40 2800
2.8<z<4 150 3 450Assembly of 

galaxies 
Determination of Lyα luminosity 
function (faint end) and correlation 
function at z=[2.8-6.7] 

DF 
4<z<6.7 140 3 420
2.8<z<4 65 2 130Assembly of 

galaxies 
Determination of Lyα (very faint 
end) luminosity function at z=[2.8-
6.7] 

UDF 
4<z<6.7 65 2 130

Assembly of 
galaxies 

Correlation function of Lyα emitters 
at z=[2.8-6.7] MDF 170 40 6800

Assembly of 
galaxies 

Development of dark matter halo 
using velocity dispersion of 
satellite galaxies at z~1 

SF ??  200 ?? 

Intergalactic 
medium 

Detection of the cosmic web using 
Lyα emitters at z=[2.8-6.7] SF 35 200 7000

Intergalactic 
medium 

Detection of the cosmic web using 
extended Lyα halos at z=[2.8-3.5] DF 60 3 180

Intergalactic 
medium 

Detection of the cosmic web using 
fluorescent emission  UDF 

  
 2 

  
Reionization Lyα counts at z=[6-6.7] MDF 5 40 200
Reionization Lyα line shape at z=[6-6.7] DF 20 3 60
Intergalactic 
medium 

Detection of the cosmic web in 
neutral hydrogen at z<4 MDF 100 10 1000

Cosmological 
parameters Lensing strength UDF  20 2 40

Cosmological 
parameters Lyα filaments at z=[5-6.7] DF 60  3 180

Galaxies 
structures 

Spatially resolved spectroscopy of 
arcs  UDF 7  2 15

Galaxies 
structures 

Spatially resolved spectroscopy of 
galaxies at z<1 DF 15 3 45

Chemical 
evolution 

Search for pop III stars at z=[2.8-
4.7] DF   3  

AGN AGN at medium and high z       
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For surveys, as opposed to studies of previously identified objects, the power of an integral 
field spectrograph relative to a multi-slit spectrograph observing previously identified (i.e. 
continuum-selected) objects, is to survey "blank fields".  Especially for objects with strong 
emission lines, such as expected for young star-forming galaxies, a survey for emission lines 
with an integral field spectrograph reaches to extremely faint continuum levels.  An emission 
line galaxy with line flux 3.9×10-19 erg s-1 cm-2 at 9200 Å and an equivalent width of 200 Å 
(as seen in a good fraction of emission line objects at this wavelength, from Hα at z ~ 0.4, 
[OII] 3727 at z ~ 1.4 and Lyman α at z ~ 6.5) has a continuum ZAB ~ 30.0, far below the point 
where systematic spectroscopy of continuum-selected galaxies is feasible or attractive 
(because most such galaxies would not have detectable lines). 
 
Thus the integral field approach is most attractive (relative to the others) at faint levels and a 
MUSE survey should seek to survey down to the faintest possible levels, i.e. well below the 
current depth of narrow band surveys (~10-17 erg s-1 cm-2).   One consequence of this is that 
complementary data to the MUSE data cubes (e.g. imaging and photometry outside of the 
MUSE wavelength interval or very high resolution imaging within it) must be 
correspondingly deep (AB ~ 30 magnitude) if at all possible. 

Fig. 2-25: Simulated MUSE deep field from GalIcs simulation. 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.  
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The main issue for a MUSE survey is the limited field of view (1 arcmin2).  The comoving 
scale corresponding to 1 arcmin does not change strongly with redshift at z > 2 and is 
approximately 2.5 Mpc. For studying the assembly of individual galaxies, surveying scales of 
only a few Mpc is sufficient.  At turn-around, the 6×1010 M  of matter which is currently 
within the virialized halo of a ~L* galaxy such as the Milky Way is contained within a 
volume of radius 750 kpc.  Thus a survey field of side 2.5 Mpc should contain all the baryonic 
material that will assemble into individual L* galaxies. 
 
The other physical scale of interest is the clustering scale of galaxies, about 5-10 comoving 
Mpc.  This enters into the issue of sampling variance since it means that the galaxy population 
within spheres of this size is highly correlated and the statistics of galaxies are far more noisy 
than simple consideration of their numbers would indicate - put another way, the n galaxies 
within a sample do not represent n statistically independent entities but rather n/m entities, 
where m may be calculated from the correlation function knowing the survey geometry. 
 
Surveys on arc-minute scales are dominated by this sampling variance: a good example is the 
very different population of red galaxies in the HDF-N and HDF-S which, on their own would 
lead to quite different interpretations of the global star-formation rate. 
 
Given the limited field of view of MUSE, the two strategies for overcoming sampling 
variance are (a) to observe adjacent contiguous fields to build up a larger area, or (b) to 
observe widely separated fields.  Of these, 
the second is much more efficient: the 
statistical weight of the survey builds up as 
N0.5 (where N is the number of MUSE 
pointings) whereas in (a) the gain is more 
like N0.3.   Thus the optimum survey 
strategy would be to observe multiple 
widely spaced pointings.   
 
A good feature of this is that this strategy 
naturally accommodates the need for m ~ 
17–18 guide stars for the AO system. 
 
Unfortunately, at present, most of the deep 
extragalactic survey fields, and especially 
those that have been observed with the 
HST) consist of a handful of large 
contiguous areas (e.g. GOODS-S 10×16 
arcmin2). However, within these, multiple 
pointings around available stars could be 
made (Fig. 2-26).  
 
 
 
 

Figure 2-26: Potential guide-stars in the CDFS 
region, each surrounded by a 90 arcsec radius 
region.  Axes are decimal degrees in RA and dec 
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2.14. A pan-chromatic view of galaxy formation 
In this section we describe complementary surveys that should be carried out within the same 
volume of space as the MUSE deep fields in order to extract the maximum possible science 
from the data. We show that by observing for comparable time periods with ALMA, e-VLA, 
JWST, and possibly SKA, one can map out the neutral and molecular gas content of the 
volume to compare with the ionized gas seen in the MUSE and JWST data, and the starlight 
imaging information from JWST.  
 

2.14.1. JWST 
Thanks to its unrivalled sensitivity in the thermal infrared JWST is designed to be a major 
player in the understanding of formation and evolution of galaxies.  JWST has a wide spectral 
range (0.6-28 µm), but it is only above 1 µm, and probably even above 2 µm, that it shows its 
strength with respect to ground based telescopes of similar or larger aperture. Among the 3 
instruments, the ESA NIRSPEC spectrograph is particularly well suited to distant galaxy 
study because of its multiplex capabilities in the 1-5 µm wavelength range. NIRSPEC is able 
to observe simultaneously a maximum of 100 objects in a 3x3 arcmin², at two spectral 
resolutions6 of 100 and 1000. The 2.9-5 µm grating of the R~1000 mode is of special interest 
given its almost perfect match in Hα redshift range (3.5-6.7) with MUSE Lyα coverage (2.8-
6.7). According to simulations (section 2.2) a MUSE deep field should give 150-200 Lyα 
emitters in that redshift range. Depending on the source clustering, in two to four exposures of 
15 hours each, NIRSPEC would be able to detect the Hα line of all MUSE high z objects7 
with a comparable S/N. Having access to Lyα and Hα would not only confirm unambiguously 
the redshift of the source, but will give access to dust extinction and star formation rate 
measurements. Comparison of line profiles would also tell us about resonant scattering and 
velocity shifts of Lyα. Moreover this pre-selection of sources by MUSE should be at least as 
efficient as multi-band deep imaging with NIRCAM. The combination of VLT/MUSE and 
JWST/NIRSPEC is quite attractive and should strengthen the JWST European scientific 
return.  
 

2.14.2. ALMA 
The Atacama Large Millimetre Array (ALMA) will provide the principal means of measuring 
the rest-frame FIR emission of galaxies as an observed submm/mm continuum, and their 
molecular gas content via the CO lines.  
 
With its 64 antennas (each of 12 m diameter), its 16 GHz bandwidth and its first four 
receivers covering the 86–116, 211–275, 275–370, and 602–720 GHz bands (before 
completion to a final figure with 10 bands), ALMA will reach at least 100 µJy (5 σ) in an 
                                                 
6 NIRSPEC has another mode with a higher spectral resolution (R~3000) but without multiplex capabilities (only 
one single long slit). 
7 For the 3.9 10-19 erg.s-1.cm-2

 MUSE detection limit is able to detect a Lyα line of 2.7 10-18 erg.s-1.cm-2 with 85% 
obscuration. This translates into 3.1 10-19 erg.s-1.cm-2 Hα flux, assuming a flux ratio of 8.7 between the two lines. 
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hour. It will require 11 (resp. 5, 2) pointings to cover a 1 arcmin2 field at 350 (resp. 230, 140) 
Ghz, and will detect several hundred galaxies arcmin-2 in the continuum and in several 
transitions given an hour per pointing (Blain et al. 2000).  Since the observation of the Cosmic 
Infrared Background (Puget et al. 1996), the detection of a high number of submm sources by 
the ISOPHOT and SCUBA instruments, and the discovery of a high UV extinction in Ly-
break galaxies (e.g. Adelberger and Steidel 2000), there has been a growing awareness of the 
necessity to study galaxy properties both at optical and IR/submm wavelengths. The energy 
emitted by young stars heats up dust and is released at rest-frame IR wavelengths. Thus the 
thorough study of the SFR in galaxies requires an accurate assessment of the luminosity 
budget. The current and forthcoming observations are confusion limited (SCUBA, 
SIRTF/MIPS, Herschel/SPIRE, Planck/HFI) and the detected objects at high redshifts are/will 
be the so-called LIRGs and ULIRGs, that is, rather extreme objects (with a density of about 1 
arcmin-2 at the 2 mJy level at 350 GHz). Only ALMA will be able to have access to the 
emission of normal high-redshift galaxies. The GalICS model used in section 2 predicts that 
the median flux of MUSE Deep Survey sources at 350 Ghz is 21 µJy. About 25 % of MUSE 
Deep Survey sources will be detectable with a dedicated survey of 100 hours per arcmin2 
(typically 10 pointings of 10 h) that reaches 40 µJy (5 σ), with a spatial resolution of 0.2 
arcsec, comparable to the one of MUSE. It is interesting to note that, within the assumptions 
of the model, almost all the ALMA sources at 2.8<z<6.7 and this sensitivity level will have 
been already detected by the MUSE Deep Survey. The identification of possible ALMA 
sources with no MUSE counterparts will signal heavily – extinguished – objects. Bright 
MUSE sources without ALMA counterparts are also of peculiar interest as low dust objects. 
 
The molecular hydrogen (H2) in a galaxy is of particular importance since it fuels star 
formation and accretion onto AGN. Comparing M(H2) with the dynamical mass allows the 
determination of the evolutionary status of a galaxy, while a comparison of its dynamical 
mass with that of a present-day spiral or elliptical points to its descendent at the current 
epoch. The most straightforward way to measure M(H2) is via CO, the second most abundant 
molecule in galaxies. ALMA will provide the principal means of measuring CO as the J=3–2, 
4–3, 5–4 and 6–5 give access to the whole MUSE redshift range 2.8<z<6.7. High J-level lines 
are expected to be populated in starburst galaxies, but there is a controversy about how much 
of them could be detected by ALMA (Silk and Spaans 1997, Combes et al. 1999), and how 
the lower metallicities will actually decrease their intensity (Arnault et al. 1988). The above-
mentioned survey at a spectral resolution of 100 km/s (comparable to what MUSE will get 
with R=2000–4000) will reach a line flux sensitivity of 0.35 mJy (5 σ). The study of CO lines 
at high redshifts, once deeper insight will be obtained on what happens at higher redshift, is a 
valuable method to get redshifts of the molecular gas, and to study the dynamics of the gas in 
galaxies. 
 

2.14.3. e-VLA and SKA 
Complementary measurements of lower-J rotational transitions can be made by e-VLA and, 
eventually, SKA. In the absence of low-frequency receivers for ALMA, e-VLA will be 
crucial: its 8-GHz bandwidth and 1-50 GHz tuning range will provide the means to detect the 
important CO J=1-0 transition (that requiring the least extreme excitation conditions) across 
the entire redshift range covered for Ly alpha by MUSE.  Its primary beam is frequency 
dependent: 1.6' FWHM at z=6.7, 2.7' FWHM at z=6.7. In 300hr, e-VLA will reach a 
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minimum depth of 5x10-23 Wm-2 (5 sigma), sufficient to detect tens of galaxies with M(H2) 
~ 1x1011 Msun , hundreds of galaxies if line ratios typical of low-excitation conditions prove 
common (Blain et al. 2000; Papadopoulos et al. 2001; Papadopoulos & Ivison 2002).  
At a 0.3 x L* mass limit, SKA is anticipated to detect 10-20 galaxies in a 1x1' field (actually a 
tiny fraction of its field of view) between z=2.5-3.5, several more at an L* mass limit between 
z=3.5-4.5 (as well as several hundred between z=1.0-2.5 at far lower mass limits).   
The selection of objects in the field would be entirely based on HI, not on the associated 
stellar component, and is therefore independent of the effects of extinction, colour and optical 
surface brightness. The combination of deep, HI-selected samples and deep, optically-selected 
samples will be extremely powerful for studying galaxy evolution over a large range of 
redshift.   
In addition to HI content, such a survey would also measure the long wavelength radio 
continuum emission of the galaxies in the field, which is known to be an excellent indicator of 
the massive star-formation rate, independent of the effects of extinction. This information can 
be used to link the star-formation rates to the HI content of galaxies as a function of redshift 
and environment. It will also provide an independent estimate of the evolution of the 
comoving star-formation-rate density to be compared with the optically determined functions.   
 


