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MUSE in a nutshell 

  2nd genera3on instrument for ESO VLT 

  Op3cal IFU, slicer‐based concept: 
●  1' × 1' field of view (in Wide Field Mode) 
●  0.2" × 0.2" spaxels     
   90,000 spectra on 24 spectrographs 
●  Adap3ve Op3cs supported 

  built by consor3um of 6 ins3tutes + ESO 
PI: Roland Bacon (Lyon) 

  comple3on: ≈ end 2012 



MUSE image slicer concept 
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Scien3fic design drivers 

  Enable very long integra3ons, up to ~100 hrs 
●  gravity‐invariant system 
●  very few moving parts 

  Search for faint Lyman α emi_ers up to z ≈ 6.7  
●  Good spectral resolu3on λ/Δλ ≈ 3000 
●  Red‐sensi3ve up to 930 nm  ( blue limit at 465 nm) 
●  High throughput  state‐of‐the‐art coa3ngs! 

  Benefit from Adap3ve Op3cs:  
●  Wide Field Mode: GLAO (seeing improvement) 
●  Narrow Field Mode: High order AO in red op3cal 



MUSE science cases  

  Star‐forming galaxies at z > 3: 
●  Progenitors of Milky Way‐type galaxies 
●  Evidence for smooth accre3on 
●  Ouilows and enrichment 

  Galaxy evolu3on at z = 0.5 ... 2: 
●  Evolu3on of disc galaxies 
●  Clusters and compact groups 

  High‐resolu3on studies of nearby galaxies 

  Resolved stellar popula3ons in the Milky Way and Local 
Volume 
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High‐redshim galaxies: Much less massive than today 

  Star‐forming galaxies at high z, selected from con3nuum 
●  (Lyman Break Galaxies & related) 
●  typical: Mhalo ~ 1011.5 M,    M* ~ few x 1010 M$

  progenitors of present‐day massive ellip3cals 
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690 S. M. Wilkins, N. Trentham and A. M. Hopkins

Table 1 – continued

z range Observed MF range (h!2
70 M") !#; Salpeter(!#; originalIMF) Conversion factor

1.5 < z < 2.0 – 0.0011 ± 0.0004 0.60
Pozzetti et al. (2007)ck 0.05 < z < 0.40 107.0 < M/M" < 1011.5 0.0036 ± 0.0008 (0.0021 ± 0.0005) 0.58

0.40 < z < 0.70 108.5 < M/M" < 1011.5 0.0027 ± 0.0005 (0.0016 ± 0.0003) 0.58
0.70 < z < 0.90 109.0 < M/M" < 1011.5 0.0020 ± 0.0007 (0.0012 ± 0.0004) 0.59
0.90 < z < 1.20 109.5 < M/M" < 1011.5 0.0017 ± 0.0005 (0.0010 ± 0.0003) 0.59
1.20 < z < 1.60 109.5 < M/M" < 1011.5 0.0014 ± 0.0005 (0.0008 ± 0.0003) 0.59
1.60 < z < 2.50 1010.0 < M/M" < 1011.5 0.0014 ± 0.0004 (0.0008 ± 0.0002) 0.60

Bell et al. (2007)c 0.20 < z < 0.40 109.0 < M/M" < 1011.5 0.0026 ± 0.0007 (0.0015 ± 0.0004) 0.58
0.40 < z < 0.60 109.0 < M/M" < 1011.5 0.0025 ± 0.0002 (0.0014 ± 0.0001) 0.58
0.60 < z < 0.80 109.0 < M/M" < 1012.0 0.0026 ± 0.0003 (0.0015 ± 0.0002) 0.59
0.80 < z < 1.00 109.0 < M/M" < 1012.0 0.0018 ± 0.0005 (0.0011 ± 0.0003) 0.59

aAdopts a diet Salpeter IMF. bIs independent of an IMF. cAdopts a Chabrier IMF. dAdopts an IMF with a mass range of 0.1–125 M". eAdopts an alternative
cosmology: h = 0.71, !m = 0.27, !" = 0.734. f Adopts an alternative cosmology: h = 0.65, !m = 0.35, !" = 0.65. gPublished results only include galaxies
with the MF range, the authors estimate they obtain 80 per cent of the mass however, we roughly correct by increasing the estimates by 20 per cent. hOriginal
mass estimates (in square brackets) include only galaxies with Lrest

V > 1.4 $ 1010 h!2
70 L". The authors state that according to the SDSS luminosity function

parameters they lose 46 per cent of light at z = 0. At z = 2.8 due to brightening the authors estimate this becomes 30 per cent, thus we correct according to these
numbers interpolating in-between. iValues in square brackets are for the Z", one-component #(t) model fit with 68 per cent random errors. Utilized values
and uncertainties are based on the average of model fits using different metallicities and SFH models. jQuoted uncertainties are estimates as uncertainties in
Fontana et al. (2006) are quoted only for the stellar mass density in the observed range (original values and uncertainties shown in square brackets). kQuoted
values are the average of the different methods and samples used in the study and errors are based on the scatter between the these methods and samples.
Statistical errors are generally <10 per cent for each sample and method.

Figure 1. Stellar mass as a function of redshift converted to our IMF and cosmology. The solid blue line is created by a simple weighted binning procedure
and the dashed grey line is a best fit with the parametrization $#(z) = ae!bzc

and a = 0.0023, b = 0.68 and c = 1.2. The dotted red line is the prediction of
HB06 generated by integrating the observed instantaneous SFH.

d = 2.2 for h = 0.7. This best-fitting SFH, and the associated 1 and
3% uncertainty regions are shown in Fig. 2.

4 C O M PA R I S O N W I T H OT H E R I N D I C ATO R S
O F S TA R F O R M AT I O N

4.1 Instantaneous indicators of star formation

Star formation rates are most often calculated from instantaneous in-
dicators (see Kennicutt 1998 or Calzetti 2007, for an overview). This

is typically emission associated with ongoing star formation. Since
very massive stars have lifetimes which are short compared to typi-
cal star formation event time-scales, emission associated with these
stars is used as an indicator of their formation rate. These young,
massive stars completely dominate the integrated ultraviolet (UV)
emission of a galaxy, which is thus used as an indicator for their pres-
ence. Emission from these stars, particularly that which is shortward
of the Lyman limit is reprocessed by hydrogen to produce nebular
lines such as H& and H'. These along with other indicators such
as forbidden lines and IR emission (in the case of heavily obscured

C% 2008 The Authors. Journal compilation C% 2008 RAS, MNRAS 385, 687–694

Growth of stellar mass density w cosmic 3me  
(Wilkins et al 2008) 



Lyman α emission from high‐z galaxies 

  Ly α ubiquitous from star‐forming region 
●  but escape frac3on fLyα may be low 
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Figure 13. (Left:) Fraction of spectroscopic dropout sample showing strong Ly! emission (WLy!,0 > 50 Å) as a function of UV
luminosity. The dashed lines corresponds to first order polynomial fits to the Ly! fractions in the range !22.0

"
< MUV

"
< !20.5 and

!20.0
"
< MUV

"
< !18.5. (Right:) Fraction of spectroscopic dropout sample showing strong Ly! emission (WLy! > 50 Å) as a function

of UV luminosity for samples with 3.5 < z < 4.5 (blue circles) and 4.5 < z < 6.0 (red circles). Vertical lines correspond to # 90%
completeness limits for B and V-drop samples. For the i!-drops, the completeness limits are # 0.7 mags brighter. Any incompleteness
would serve to increase the Ly! fractions further.

the low end with Ly! in the bluer filter). In principle, this
could lead to Ly! being preferentially recovered at higher
redshifts. But we minimize these biases by simultaneously
targeting the B, V, and i!-dropout population. For example,
sources with very strong Ly! emission at 5.5 < z < 5.7 (such
that the line falls in the i!775-band) may be scattered out of
the i!-drop selection but would instead appear in V-drop se-
lections. Thus, in this case, by conducting spectroscopy of
V-drops, we can account for this di!usion of Ly! sources.
Similarly, our B-drop sample will contain the small num-
ber of sources at 4.5 < z < 4.8 with very high strong Ly!
contaminating the V606-band filter (which would otherwise
have little flux). While we don’t target U-drops, Ly! emis-
sion from galaxies at 3.5 < z < 3.8 does not contaminate
the B435-band filter, so our B-drop sample should not have
redshift-dependent biases.

The redshift dependence of xLy! is a!ected not only
by evolution in the internal properties of galaxies but also
by the increase in the density of the IGM with redshift.
At z ! 6, the IGM provides a significantly greater optical
depth to Ly! photons than that at z ! 4, resulting in a sec-
ond order a!ect on the Ly! fraction. In the absence of IGM
density evolution, we would thus expect the redshift evolu-
tion of the Ly! fraction to be slightly greater than derived
above. We can attempt to estimate the variation in xLy!

that is intrinsic to galaxy evolution (e.g. dust, ISM kinemat-
ics) by subtracting the di!erential evolution expected from
changes in IGM density. Deconvolving the e!ects of the IGM
on Ly! radiative transfer requires careful modeling of the lo-
cal density, velocity, and ionisation field (e.g. Santos 2004;
Dijkstra et al. 2007a,b; Zheng et al. 2009). We delay such
a treatment to subsequent works, and instead we follow a
very simple approach adopted in Ouchi et al. (2008) which
yields a very rough estimate on the intrinsic redshift evo-
lution of the Ly! fraction. We compute the percentage of
photons absorbed by the IGM assuming that the blue side

of the Ly! line is attenuated by exp["!(z)], where "!(z) is
the optical depth for Ly! photons as computed in Meiksin
(2006). With this approach, we find that the IGM absorbs
28, 42, and 49% of the Ly! line flux at z ! 4, 5, and 6.
In a more sophisticated and realistic treatment, the den-
sity and ionising background surrounding Ly! emitters is
likely to be greater than the mean, and infalling gas would
also erase a fraction of the Ly! line redward of rest-frame
1216 Å; the combination of these e!ects can cause the red-
shift evolution in the transmission of Ly! photons through a
reionised IGM to be considerably di!erent than implied by
our model above (e.g., Santos 2004; Dijkstra et al. 2007b).
We will model this e!ect in greater detail in the future. For
the sake of clarity, here we define the intrinsic WLy!,0,int as
the rest-frame equivalent width that would have been ob-
served if not for IGM attenuation, where the IGM absorp-
tion is taken to follow the numbers derived above. Adopting
a fixed intrinsic WLy!,0,int, we derive Ly! fractions as above
and find that the di!erential redshift evolution in xLy! in-
creases to dxLy!/dz ! 0.12. In the next section, we attempt
to understand the factors likely to be creating this redshift
trend and the luminosity trend presented in the previous
section.

4.3 The factors governing the Ly! escape fraction

Earlier we demonstrated that prevalence of strong Ly! emis-
sion increases toward lower luminosities and higher redshifts.
Here we discuss the factors that are likely governing the ob-
served trends prior to exploring the use of higher redshift
galaxies and their line emission as a probe of cosmic reion-
isation. In §4.3.1, we examine whether trends in dust ob-
scuration could potentially drive the observed Ly! fraction
relations. In §4.3.2 and §4.3.3, we discuss how the geomet-
ric distribution and kinematics of the surrounding ISM may
impact the Ly! fraction trends we observe and discuss fu-

Frac3on of con3nuum‐selected 
Galaxies with strong Ly α  
is func3on of LUV! 

  Ly α selec3on both efficient 
and representa3ve for lower mass 
galaxies. 

  But: Ly α emi_ers from current surveys s3ll found to be in very 
massive haloes, Mhalo ~ 1011.5 M (although much lower M*) 
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High-redshift Ly! emitters L3

Figure 2. Probability of finding a number, NLAEs, of LAEs in a single MW
realization, averaged over 80 hierarchical merger histories at z ! 5.7.

single MW realization, there are !50 star-forming progenitors with
stellar masses M" ! 107 M#, on average only one of them would
be visible as an LAE. We note that P = 0.32 for NLAEs = 0, while
it rapidly declines (P < 0.2) for NLAEs >1. We conclude that the
MW progenitors that would be observable as LAEs at z ! 5.7 are
rare (!1/50), but the probability of having at least one LAE in any
MW hierarchical merger history is very high, P = 68 per cent.

Let us now consider the physical properties of the building blocks
of the MW. Ṁ" represents the dominant physical factor to determine
whether a progenitor would be visible as an LAE, since it governs
the intrinsic Ly!/continuum luminosity, the dust enrichment (and
hence absorption) and T! , as both the size of the ionized region
around each source and the H I ionization fraction inside it scale
with Ṁ" (Dayal et al. 2008). This implies the existence of an SF
rate threshold for MW progenitors to be visible as LAEs which
is Ṁmin

" ! 0.9 M# yr$1 (panel a of Fig. 3). Since Ṁ" % Mg (see
Section 2), such a lower limit can be translated into a threshold gas
mass: Mmin

g ! 8 & 107 M# (panel b). In turn, the gas content of a
(proto-) galaxy is predominantly determined by the assembling his-
tory of its halo and the effects of SN (mechanical) feedback. While
the most massive MW progenitors (Mh > 1010 M#) display a tight
Mg–Mh correlation, the least massive ones are highly scattered,
reflecting the strong dispersion in the formation epoch/history of
recently assembled haloes (panel b). As a consequence, LAEs typi-
cally correspond to the most massive progenitors of the hierarchical
tree, i.e. the major branches (black points in the panels). In partic-
ular, we find that all haloes with Mh ' 1010 M# (40 haloes) are
LAEs. At decreasing Mh, instead, the progenitors can be visible as
LAEs only by virtue of a high gas mass content or extremely young
ages; there are five such objects, with Mh ! 109 M#, as seen from
panel (b).

By comparing panels (b) and (c) of Fig. 3, we can see that
Md of the Galactic building blocks closely tracks Mg. Since the
gas mass content of the z ! 5.7 MW progenitors is reduced by
!1 order of magnitude with respect to the initial cosmic value,
due to gas (and dust) loss in galactic winds, their resulting dust
mass is relatively small: Md ! 104$5.7 M#. As a consequence, all
the progenitor galaxies have a colour excess E(B$V) < 0.025. In
panel (d), we see that as expected, E(B$V) increases with M", i.e.
more massive galaxies are redder. However the trend is inverted for

Figure 3. Physical properties of z ! 5.7 MW progenitors in 80 different
hierarchical merger histories. We show (i) all the progenitors (yellow cir-
cles), (ii) the major branches of each hierarchical tree (black filled points)
and (iii) the progenitors identified as LAEs (coloured open symbols). LAEs
pertaining to the same (different) realizations are shown with the identical
(different) coloured symbols (see the text and Fig. 2). Triangles are used
for those realizations in which there is only one LAE. As a function of the
total stellar mass M" the various panels show (a) the instantaneous SF rate,
Ṁ"; (c) the dust mass, Md; (d) the colour excess, E(B$V); (e) the average
stellar age, t"; and (f) the average stellar metallicity, Z. Panel (b) shows the
relation between the halo and gas mass, with the cosmic value ("b/"m)Mh
pointed out by the dashed line. Points with error bars are the observational
LAE data collected by Ono et al. 2010 (magenta squares, one LAE, four
different models), Pirzkal et al. 2007 (blue triangles, three LAEs) and Lai
et al. 2007 (green circles, three LAEs).

M" < 108 M#; even though the dust masses in these low-mass ob-
jects (M < 109 M#) are Md " 104.2 M#, due to their small virial
radius, both the gas distribution scale and the dust distribution scale
are very small (see Section 3). The concentration of the dust in a
small area leads to a large dust attenuation and hence a large value
of the colour excess.

MW progenitors visible as LAEs are generally intermediate-age
objects, t" ! 150–400 Myr, as seen from panel (e); the largest
progenitors tend to be the oldest ones, an expected feature of
standard hierarchical structure formation scenarios. However, the
ages show a large scatter, especially at decreasing M", reflect-
ing the great variety of assembling (and SF) histories of recently
formed haloes. Interestingly, the five Mh ! 109 M# newly formed
(z < 6) progenitors visible as LAEs have a very young stellar popu-
lation, t" ( 5 Myr. The high Ṁ" induced by the large mass reservoir
and the copious Ly! production from these young stars make them
detectable.

C) 2010 The Authors. Journal compilation C) 2010 RAS, MNRAS 407, L1–L5

Salvadori et al 2010 

 

Progenitors of Milky 
Way‐type galaxies: 

 Current NB surveys: 
only 3p of the 
iceberg 

 MUSE will go more than  
1 order of magnitude deeper! 



MUSE vs. Narrow‐band Ly α surveys 

Advantage Narrow‐band imaging: 

  Wide field of view (up to 0.5° x 0.5°) 
 Survey volume ~ 10 x bigger than for MUSE 
 sensi3ve to transverse clustering signal  

Advantage MUSE: 

  > 10 x higher sensi3vity (due to spectral resolu3on) 

  no filter edge losses 

  simultaneous wide redshim range (z = 2.9 ... 6.6)  

  get real spectra directly, not just LAE candidates 

  Image quality (GLAO) 
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Mock deep fields: from semi‐analy3cal calcula3on   
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Mock deep fields: from semi‐analy3cal calcula3on  
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Simulated LAE sample for HUDF area (3' x 3') 



Mock deep fields: from Hubble Ultra Deep Field  
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texp = 10h 

following conditions

10 exposures of 1h
Airmass 1.2
Moon 3 days after newmoon

the datacubes and associated images can be found in the Observed directory, Cubes, 
Images and Logs subdirectory
the Sky subdirectory contains the used sky at high and muse spectral resolution

the central field (5) has also been observed for 80x1 hours, it can be found as 
s5v20_05_80.fits
left: 10 hours, right: 80 hours

Figure 4: An illustration of the modification of galaxy spectra by the inclusion of the
high-resolution UV spectra from Starburst 99 as discussed in L10. The left column shows
overall spectral distributions from 0.1µm to 1µm, with the new augmented spectra in
black and the old BC03-based spectra overplotted in red. From the top down, the three
spectra are for an age of ! 108, 2 " 109 and 1010 years respectively. The middle and right
columns show zooms of various interesting regions in wavelength space (where the BC03
models have been normalised near the center of the wavelength range. Note that for the
near-UV in the right-hand panel the low resolution spectra corresponding to older stellar
populations (age >50Myr, see text) start to dominate for the older models.

7 High-resolution UV spectra

The standard BC03 (and pretty much any other) library has poor spectral resolution in
the UV. This can be improved by taking the new high resolution library from Leitherer
et al (2010, L10) and matching that to the library. The L10 library has 0.4Å resolution
in the UV from 900Å to 3000Å. As discussed in some detail by L10, this library matches
observational data from the FUSE satellite very well and is very well suited for young
stellar populations.

However the library does not contain high resolution spectra of older stars. These
are instead implemented with lower (10Å) resolution Kurucz models. The crossing point
happens for an age of about 50 Myr.

For the use here I have then created a set of single stellar populations (SSPs) with
Starburst 99 for di!erent metallcities. These are then matched in metallicity (linearly
interpolating in log Z if necessary) to the stochastic library mentioned above and convolved
with the star formation history appropriate for each model. This results in a good match
of spectra.

8
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reconstructed white light image, 
3' x 3' 



Mock deep fields: from cosmological hydro simula3on  
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Reconstructed 10 hours integration image of cone 3 in AO-WFM mode and 0.65 arcsec 
seeing conditions. 

white light image, 
1' x 1' 



Measuring physical proper3es of faint high‐z galaxies 

  Halo masses: from clustering; also from Ly α absorp3on  
  Star forma3on rates, stellar popula3ons & masses, dust 

ex3nc3on: 
●  HST deep fields 
●  James Webb Space Telescope 

  Warm gas:  
●  James Webb Space Telescope 

  Cool gas, dust: 
●  ALMA 
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Galaxy assembly by smooth accre3on 
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Cold accre3on streams penetra3ng hot haloes 
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Figure 2. Streams in three dimensions. The map shows radial flux for the galaxy of Fig. 1 in a

box of side length 320 kpc. The colours refer to inflow rate per solid angle of point-like tracers at

the centers of cubic-grid cells. The dotted circle marks the halo virial radius. The appearance of

three fairly radial streams seems to be generic in massive haloes at high redshift — a feature of

the cosmic web that deserves an explanation. Two of the streams show gas clumps of mass on the

order of one-tenth of the central galaxy, but most of the stream mass is smoother (SI, Fig. 10).

The >
!1010M! clumps, which involve about one-third of the incoming mass, are also gas rich —

in the current simulation only 30% of their baryons turn into starts before they merge with the

central galaxy.

simulation in a comoving box of side length 71 Mpc and a resolution of 1.4 kpc at the
galaxy centers (SI §3). The gas maps in Figs. 1 & 2 demonstrate how the shock-heated,
high-entropy, low-flux medium that fills most of the halo is penetrated by three narrow,
high-flux streams of low-entropy gas (SI, Figs. 7-10). The flux map demonstrates that more
than 90% of the inflow is channeled through the streams (blue), at a rate that remains
roughly the same at all radii. This rate is several times higher than the spherical average
outside the virial sphere, ṁvir"8 M! yr"1rad"2 by eq. (4). The opening angle of a typical
stream at Rv is 20##30#, so the streams cover a total angular area of !0.4 rad2, namely a
few percent of the sphere. When viewed from a given direction, the column density of cold
gas below 105K is above 1020cm"2 for 25% of the area within the virial radius. While the
pictures show the inner disk, the disk width is not resolved, so the associated phenomena
such as shocks, star formation and feedback are treated in an approximate way only.

The penetration is evaluated from the profiles of gas inflow rate, Ṁ(r), through shells
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Ly α cooling radia3on from cold streams: predic3ons 
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622 T. Goerdt et al.

Figure 8. Images of two simulated CDB galaxies at z = 2.3 (left- and right-hand panels). The virial masses are Mv ! 4 " 1011 M#. The box side is 140 kpc
(physical). The outer circle marks the virial radius and the inner circle is at 0.2Rv. Top: neutral hydrogen column density. Contours are shown for 1020 and
1021 cm$2. Middle: rest-frame surface brightness S, with f ! = 0.85, showing contours at 1039 and 1040 erg s$1 kpc$2. Bottom: ‘observed’ surface brightness I,
at an angular resolution of %0.1 arcsec, with contours at 10$18 and 10$17 erg s$1 cm$2 arcsec$2, corresponding to the contours of S. The fraction of luminosity
that originates from within these contours is 80 and 20 per cent, respectively.

C& 2010 The Authors. Journal compilation C& 2010 RAS, MNRAS 407, 613–631

140 kpc  Goerdt et al 2010 
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Probing ouilows from Ly α emi_ers: Quasar sightlines 
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half of the galaxies within 1000 (!80 kpc) are associated with C iv
absorption so strong. This implies that the galaxies in our sample
can account for roughly one-third of C iv lines withW0(1548) >
0:4 8. Galaxies missed by our UV color selection techniques
could easily account for the remainder.

The large equivalent width W0(doublet) ’ 2:7 8 of the ab-
sorption at ! < 500 has an interesting implication. C iv can attain
so high an equivalent width only if peculiar velocities spread the
absorption over a large range of wavelengths. The minimum
velocity spread is!v " 260 km s#1, but this assumes a contrived
situation in which each line in the doublet is saturated and has a
boxcar (i.e., maximally compact) absorption profile. In realistic
situations the C iv absorption will have complicated substructure
(e.g., Pettini et al. 2002) and a significantly larger velocity spread
will be required to produce W0(doublet) ’ 2:7 8. Our lower
limit to the velocity spread (!v " 260 km s#1) is smaller than the
likely escape velocity at 40 kpc from a galaxywithM ! 1012 M$
(e.g., Adelberger et al. 2004), but it nevertheless shows that
significant chaotic motions in the gas extend to large radii.

Further evidence comes from one of the two cases in our survey
where a foreground galaxy lieswithin 1500 of theQSO sight line and
the QSO is lensed into two detectable components with!100 sep-
aration. In this case, shown in the left panel of Figure 6, the galaxy’s
gas produces significantly different absorption profiles in the spec-
tra of the twoQSO components. The implied substructure on half-
kpc scaleswould be erased by thermalmotions in a fewdozenMyr

if it were not maintained somehow. The gas along the two sight
lines might have supersonic relative motions or might be gravi-
tationally confined in two separate minihalos. Substructure of this
sort is rare in the low-density intergalactic medium (Rauch et al.
2001b) but common among C iv systems (Rauch et al. 2001a).

3.2. Radii rk80 proper kpc

Although the metal absorption lines continue to weaken
beyond r ! 80 kpc, they are not always absent. High signal-
to-noise QSO spectra reveal that absorbing gas extends out to
100–200 proper kpc in at least some cases. Figure 7 shows three.
Absorption from metal-enriched, multiphase gas is detected in
each. (See xx 2.5.13 and 2.5.15 of Simcoe et al. 2002 for a dis-
cussion of the physical conditions in two of these absorption
systems.)
These three cases are not typical, but neither are they extraor-

dinarily rare. Figure 8 shows the total detected C iv column den-
sity within 100–500 km s#1 of the 29 galaxies in our NIRSPEC
sample that lie within 1.0 h#1 projected comovingMpc of a QSO
with detected C iv.6 The C iv column densities of the three
examples in Figure 7 are the second, third, and seventh highest in
this 29 object sample.

Fig. 4.—Left: Schematic view of galaxy/galaxy absorption. A foreground
galaxy, B, is surrounded by a gaseous envelope that may be expanding. Light
from the background galaxy, galaxy A, passes through this envelope and is
imprinted with absorption lines. (Galaxy A may have an expanding envelope of
its own, but this is suppressed for simplicity.) Right: Example LRIS spectra of a
galaxy pair with 200 separation and redshifts z " 1:61 and 2.17. Spatial position
varies along the x-axis and wavelength increases toward higher values of y. The
Ly" emission line of the higher redshift object is visible at the bottom of the
rightmost spectrum. The gas associated with the lower redshift object, on the left,
produces absorption lines ( labeled) in the spectra of both objects. Its radius must
therefore exceed 17 kpc (i.e., 200 at z " 1:61).

Fig. 5.—Mean gas absorption as a function of galactic impact parameter.Top:
Mean spectrum of the foreground galaxies in pairs with angular separation
100 < !< 500 (8PbP40 proper kpc). Their absorption lines are sensitive to the gas
density at impact parameters smaller than their half-light radii, i.e., !P0B2. The
names of different absorption and emission lines are indicated. The darker shaded
region at the bottom of the panel is the bootstrap error spectrum, estimated by
recalculating the mean spectrum for random ensembles of foreground galaxy
spectra. Middle: Mean absorption observed in the spectrum of the background
galaxy at the redshift of the foreground galaxy. This panel is noisier, owing to our
masking of interstellar features and (at bluer wavelengths) to Ly" forest absorption
in the spectra of the background galaxies. Apparent features should be viewed
skeptically. Comparison to the error spectrum shows that some of them are not
significant (e.g., absorption near 13758, emission near 15808).Bottom:Similar to
the middle panel, but this is the mean absorption produced in the spectra of back-
ground galaxies with angular separation 500 < !< 1000 (40PbP80 proper kpc).

6 A small fraction of our QSOs were too faint to allow us to detect significant
numbers of C iv systems.
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Figure 21. Dependence of IS absorption line strengths on the galactocentric impact parameter in physical kpc, for the galaxy–galaxy pair samples outlined in Tables 2
and 4. The values near b ! 0 are an average of the points for the three distinct foreground galaxy samples P1(fg), P2(fg), and P3(fg). These values have each been
corrected upward to account for the estimated contribution to the line strength from the “far side” of the gas distribution, assuming symmetric kinematics of outflowing
material. Each color (for points and connecting line segments) represents a different ISM transition as indicated in the box legend; downward arrows on points indicate
upper limits. The dashed curves using the same color coding are predictions for W0(b) using the model described in the text (summarized in Table 5). The two points
for Ly! represented by open squares were measured from HIRES spectra, as described in the text. The corresponding spectra are plotted in Figure 22.

Returning to Figure 21, the high-quality HIRES spectra have
allowed us to extend the W0 versus b relation for Ly! to see
the point where the line strength decreases rapidly, evidently
b ! 250 kpc. It seems likely that the rapid falloff in W0
indicates that Ly! is becoming optically thin. Indeed, under
this assumption, the line strength in the bin with the largest b
is W0 = 0.31 ± 0.05 Å, which would correspond roughly to
log N(H i) ! 13.25. Thus, as for the metal line transitions, a
combination of decreasing covering fraction and linear curve of
growth effects steepens the W0 versus b relation.

We now explore the possibility that a simple schematic
outflow model might reasonably reproduce the observations of
both the b = 0 constraints (line strength and line shape in galaxy
spectra) and the observed variation of absorption line strength
with impact parameter.

7. A SIMPLE MODEL FOR OUTFLOWS AND
CIRCUMGALACTIC GAS

7.1. Line Strength and the Spatial Extent of Circumgalactic
Gas

Assuming a spherically symmetric gas flow with (galacto-
centric) radial velocity outward, vout(r) (note that this is not a
“shell”), the strength of absorption lines produced by material
along an observer’s line of sight at impact parameter b will de-
pend on the line-of-sight component of vout and on the radial
and velocity dependence of the covering fraction, fc(r, v). For
the moment, we characterize the rapid falloff at some galacto-
centric radius Reff (which may differ for each ionic species) as
an “edge” beyond which no absorption would be detected.

Figure 22. Average spectrum near Ly! in regions of HIRES spectra centered
on the systemic redshifts of galaxies with QSO line-of-sight impact parameters
of 120 kpc ! b ! 200 kpc (blue; "b# = 170 kpc) and 200 kpc < b ! 280 kpc
(red; "b# = 240 kpc). Each spectrum represents an average of 21 galaxy–QSO
sightline angular pairs. The centroid velocities are very close to v = 0, indicating
that our estimates of the galaxy systemic redshifts are accurate. The equivalent
widths fall on an extrapolation to larger b of the relationship obtained from
galaxy pairs.
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Relay op3cs 
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First IFU technical first light 
January 2010 at CRAL

3750 spectra, only 1/24 !
HgCd + Ne + Xe arc 
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