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Figure 2. Left panel: the optical/UV stellar properties of Eris at z = 0. The
images, created with the radiative transfer code Sunrise (Jonsson 2006), show
an i, V, and FUV stellar composite of the simulated galaxy seen face-on and
edge-on. A Kroupa IMF was assumed. Right panel: projected face-on and edge-
on surface density maps of Eris’s neutral gas at z = 0. The color bar shows the
neutral gas fraction.
(A color version of this figure is available in the online journal.)

Eris’ bulge-to-disk ratio (as determined by a two-component
fit to the i-band surface brightness profile), B/D = 0.35, is
also typical of Sb spirals, which are characterized by a median
(±68/2%) value log B/D = !0.53+0.27

!0.30, and of many Sbc
galaxies, which have log B/D = !0.86+0.34

!0.40 (Graham & Worley
2008). A three-component decomposition (disk + bar + bulge)
will lower the B/D ratio further. The bulge Sérsic index,
ns = 1.4, is indicative of a “pseudobulge” rather than a
classical one: according to Weinzirl et al. (2009), "3/4 of
all bright spirals have low ns ! 2 bulges. Eris’ large final
disk (disk-to-total ratio D/T = 0.74) is not typically found in
lower-resolution simulations of Milky Way sized galaxies that
impose no restrictions on merger history: e.g., only one of the
eight galaxies simulated by Scannapieco et al. (2010) has a
photometric D/T as large as 0.68 (and six have D/T < 0.5),
and only one out of the six galaxies above Mvir = 1011 M#
simulated by Brooks et al. (2011) has a disk-to-total ratio
comparable to Eris’ (“h239,” which is offset, however, from
the stellar-mass–halo-mass relation).

3.3. Stellar Content

Eris’ total mass in baryons is Mb = 9.5 $ 1010 M#,
corresponding to a mass fraction fb = 0.12 that is 30% lower
than the universal value (for the adopted cosmology) of 0.175.
Stars (and their remnants) comprise 41% of all baryons within
Rvir: the total stellar mass, M% = 3.9 $ 1010 M#, is comparable
to the value estimated for the Milky Way, (4.9–5.5) $ 1010 M#,
by Flynn et al. (2006).

To make a bias-free comparison with the stellar-mass–halo-
mass relation derived from the abundance matching technique
by Behroozi et al. (2010) we adopt the following procedure.
We fit the SDSS u, g, r, i, z broadband colors from the mock
Sunrise images with the flexible stellar population synthesis
code of Conroy et al. (2009): the fit assumes a Kroupa IMF
and provides a photometric stellar mass estimate of M% =
3.2 $ 1010 M# (C. Conroy 2011, private communication), 18%

Figure 3. One-dimensional i-band radial surface brightness profile of Eris at
z = 0. This is well fitted by a Sérsic bulge with index ns = 1.4, an exponential
disk with scale length Rd = 2.5 kpc, and a bulge-to-disk ratio B/D = 0.35. The
dust reddened, face-on two-dimensional light distribution created by Sunrise
was analyzed with Galfit (Peng et al. 2002) following a procedure similar to
that detailed in Weinzirl et al. (2009). The “downbending” in the brightness
exponential profile at about five disk scale length and the surface brightness
where the break occurs, 23.5 i-mag arcsec!2, are characteristic of late-type
spiral galaxies (Pohlen & Trujillo 2006).
(A color version of this figure is available in the online journal.)

lower than the value directly measured in the simulation. The
photometric stellar mass of Eris can now be weighted self-
consistently against the Behroozi et al. (2010) average stellar-
mass–halo-mass relation (which uses a Chabrier 2003 IMF), free
of IMF systematics, after offsetting all Behroozi et al. (2010)
stellar masses by 0.06 dex (to correct from Chabrier to Kroupa
IMF). The comparison, depicted in the right panel of Figure 4,
demonstrates that Eris’ implied “baryon conversion efficiency,”
! & (M%/Mvir) $ (!M/!b) = 23%, is in excellent agreement
with that predicted by the abundance matching technique.
This contrasts with the recent analysis of many hydrodynamic
simulations of galaxy formation by Guo et al. (2010), who show
that the great majority of them lock too many baryons into
stars to be viable models for the bulk of the observed galaxy
population. Note that the intrinsic scatter in the stellar mass at
a given halo mass is estimated to be 0.17 dex, independent of
halo mass (Yang et al. 2009).

With a circular velocity at the radius, R80 = 6.8 kpc,
containing 80% of the i-band flux of V80 = 210 km s!1, our
Galaxy lies close to the Tully–Fisher relation of the Pizagno
et al. (2007) galaxy sample (see the left panel of Figure 4).
As discussed in Pizagno et al. (2007), the Tully–Fisher relation
uses V80 as the primary velocity measure rather than V2.2, the
circular velocity at 2.2 disk scale lengths, since the former is
less sensitive to the degeneracies of bulge–disk decomposition.
The ratio V2.2/V200 = 214 km s!1/129 km s!1 = 1.66 in Eris,
where V200 is the circular velocity at the radius enclosing a
mean overdensity of 200 "crit (R200 = 177 kpc), is equal to the
value suggested by the dynamical model for the Milky Way
of Klypin et al. (2002). It is also consistent with the recent
measurements of the virial mass of the Milky Way by Smith et al.
(2007) and Xue et al. (2008), implying V2.2/V200 = 1.48+0.25

!0.26
and V2.2/V200 = 1.67+0.31

!0.24, respectively.4 Note that while

4 The V2.2/V200 ratios from Smith et al. (2007) and Xue et al. (2008) were
computed by Dutton et al. (2010) from these data sets after converting different
virial mass definitions and for an assumed Milky Way’s V2.2 = 220 km s!1.
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Figure 1. Left panel: the rotation curve of the simulated Milky Way sized galaxy (“Eris”) at z = 0. The figure shows the contributions to the circular velocity
Vc =

!
GM(< r)/r of the various mass components: dark matter (long-dashed curve), stars (short-dashed curve), gas (dot-short-dashed curve), and total mass (solid

curve). The data points show two realizations of the rotation curve of the Milky Way from observations of blue horizontal-branch halo stars in the SDSS (Xue et al.
2008), and have been offset slightly from each other in radius for clarity. Right panel: the total inner rotation curve at z = 1 for the fiducial high-threshold simulation
(Eris, solid line) and for the low-threshold (ErisLT, dot-short-dashed line) twin run. The short-dashed line shows Eris’ inner rotation curve at z = 0 for comparison.
The star formation threshold has a significant effect on the mass distribution: a more prominent stellar bulge forms at early times in ErisLT and is responsible for the
peaked rotation curve.
(A color version of this figure is available in the online journal.)

Table 1
Properties of the Simulated Galaxy

Galaxy Mvir Vpeak M" fb fcold mDM mSPH !G !SF NDM Ngas N" B/D Rd

Eris (z = 0) 7.9 238 3.9 0.121 0.12 9.8 2 120 0.1 7.0 3.0 8.6 0.35 2.5
Eris (z = 1) 5.4 237 2.9 0.126 0.40 9.8 2 120 0.1 4.8 2.0 6.2 0.30 1.8
ErisLT (z = 1) 5.5 308 3.4 0.158 0.18 9.8 2 120 0.05 4.9 2.9 8.3 0.42 1.4

Notes. Columns 2, 3, 4, 5, and 6 list the virial mass (in units of 1011 M#), peak circular velocity (in km s$1), total stellar mass of the halo (in units of 1010 M#),
baryonic mass fraction, and cold (T < 3 % 104 K) gas fraction. Columns 7 and 8 list the mass resolution of individual dark matter and SPH particles (in units
of 104 M#), and Columns 9 and 10 list the spline gravitational force softening (in pc) and the star formation efficiency. Columns 11, 12, and 13 list the total
number (in units of 106) of dark matter, gas, and star particles within the virial radius of the halo. Columns 14 and 15 list the bulge-to-disk ratio and disk scale
length (in kpc) estimated from the i-band photometric decomposition.

enclosing a mean density of 93"crit; Bryan & Norman 1998),
total mass Mvir = 7.9 % 1011 M#, spin parameter # = 0.019
(à la Bullock et al. 2001), and 7.0, 3.0, and 8.6 million dark
matter, gas, and star particles within Rvir, respectively. The min-
imum smoothing length for gas particles is five times smaller
than the force softening. The total mass enclosed within 60 kpc
is M<60 = 3.3 % 1011 M#. The rotation curve, shown in
the left panel of Figure 1, has a peak circular velocity of
Vpeak = 238 km s$1 (reached at 1.34 kpc) and a value at 8 kpc
(the solar circle) of Vc,# = 206 km s$1. Its overall shape out to
20 kpc, including the peak in the central bulge-dominated kpc,
is reminiscent of the recent reconstruction of the Milky Way
rotation curve by Sofue et al. (2009). The circular velocity
decreases gently to distances of 60 kpc from its value at the
solar radius, in agreement with observations of blue horizontal-
branch halo stars in the Sloan Digital Sky Survey (SDSS;
Xue et al. 2008). The measured Vc,#,M<60, and Mvir agree
within the errors with the values of Vc,# = 221 ± 18 km s$1,
M<60 = (4.0 ± 0.7) % 1011 M#, and Mvir = 1.0+0.3

$0.2 % 1012 M#
derived recently for the Milky Way using the narrow GD-1
stream of stars (for Vc,#; Koposov et al. 2010) and halo stars as
kinematic tracers (for M<60 and Mvir; Xue et al. 2008).

3.2. Brightness Profile

To correctly compare simulations with observations, we
created artificial images of our simulations and from them mea-
sured photometric bulge-to-disk ratios and disk scale lengths.
The mock images were created using the radiation transfer code

Sunrise (Jonsson 2006), which produces spectral energy dis-
tributions using the age and metallicities of each simulated star
particle, and takes into account the three-dimensional effect of
dust reprocessing. The results for a Kroupa IMF are shown in
Figure 2. A two-dimensional photometric decomposition was
performed on the dust-reddened i-band light distribution with
the Galfit program (Peng et al. 2002). At the present epoch,
the total i-band magnitude is Mi = $21.7, and a stellar disk
with a scale length Rd = 2.5 kpc dominates the light distribu-
tion (Figure 3). The disk scale length is comparable to the value
Rd = 2.3 ± 0.6 kpc, adopted for the Milky Way in the com-
pilation by Hammer et al. (2007), and with the scale length of
the Milky Way thin disk, 2.6 kpc, as traced by M dwarfs in the
solar neighborhood (Jurić et al. 2008). Its value also agrees with
the scaling relations of spiral galaxies (Courteau et al. 2007).
The SDSS u $ g = 1.03 mag and g $ r = 0.49 mag integrated
colors, obtained directly from the Sunrise images, fall within
1$ of the mean optical colors of late-type galaxies as luminous
as Eris (Blanton et al. 2003). The “downbending” observed
in Eris’ brightness exponential profile at about four disk scale
lengths appears to be characteristic of late-type spirals (Pohlen &
Trujillo 2006). As in the sample of truncated late-type spirals of
Bakos et al. (2008), there is no break in the stellar surface mass
density profile of Eris: rather, Eris’ stellar age profile shows a “U
shape” with a minimum of 6 Gyr at the break radius, explaining
the origin of the break as a radial change in stellar population
likely caused by the stochastic radial migration of young stars
from the inner parts of the disk to the outskirts (Ros̆kar et al.
2008).
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Figure 1. Growth of Eris2’s metal-enriched CGM. The figure shows the projected gas metallicity (i.e., the surface mass density of metals divided by the total mass
surface density) at different redshifts in a cube of 600 (proper) kpc on a side. The galaxy’s stellar disk is seen nearly edge-on in this projection. At z = 2.8, the galaxy
center is indicated by the plus sign at coordinates (x, y) = (0, 0), and its virial radius is marked by the black circle. Also marked are the virial radii of the five most
massive nearby dwarfs and satellites. The metallicity is given in units of solar, Z! = 0.0142 (Asplund et al. 2009).
(A color version of this figure is available in the online journal.)

Figure 2. The far-UV flux impinging on Eris2’s CGM. The solid line shows
the z = 2.8 UV diffuse background from Haardt & Madau (2012), while the
colored lines show the local stellar radiation at different distances from the
center, assuming an escape fraction of fesc = 3% for the ionizing photons
that leak from the star-forming regions into the CGM. The synthetic galaxy
spectrum was produced running Starburst99 (Leitherer et al. 1999) assuming
a (constant) star formation rate of 20 M! yr"1 and a Kroupa (2001) IMF.
(A color version of this figure is available in the online journal.)

where s is the frequency integrated absorption cross-section
(proportional to the oscillator strength f of the transition),
!!j # !0(bj/c) is the Doppler width, aj # "/(4"!!j ),
xj # (! " !j )/(!!j ), !j # !0(1 " vj/c) is the line center
frequency corrected for the gas velocity along the line of sight,
bj #

!
2kTj/m is the Doppler parameter, and all other symbols

have their usual meaning. We assume that the galaxy is at
zero velocity, and include the contribution of bulk motion and
Hubble expansion to the particle velocity vj . The flux decrement
in Equation (5) is integrated over ±500 km s"1 centered on
the galaxy’s position, and each line of sight passes through a
simulation volume 1 Mpc (physical) across.

Figures 3(a) and (b) show the total projected column densities
in H I, C II, C IV, Si II, Si IV, and O VI for Eris2’s z = 2.8 CGM,
and the columns of high-ionization species that are cool and
warm-hot, respectively. Figures 4(a) and (b) show the same
columns for inflowing and outflowing CGM material only (gas
particles are separated in inflowing and outflowing according
to the sign of their radial velocities relative to the center of
the main host), while the distribution of all enriched gas in the
temperature–density plane is depicted in Figure 5.

Metal-enriched outflows are bipolar and perpendicular to
the plane of the disk. Heavy elements are clearly spread over
a large range of phases, from cold star-forming material at
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(a)

(b)

Figure 3. (a) A map of the projected column density in a cube of 500 (proper) kpc on the side from the Eris2 simulation at z = 2.8. The six panels show H I, C II, C IV,
Si II, Si IV, and O VI. Intervals of column density in the range 1011–1022 cm!2 for H I and 1011–1016 cm!2 for all metal ions are marked in the panels with different
colors. (b) The multi-phase nature of Eris2’s CGM. Same as Figure 3(a) but for cool (T < 105 K, top panel) and warm-hot (T > 105 K, bottom panel) gas only, as
traced by the high-ionization species C IV, Si IV, and O VI.
(A color version of this figure is available in the online journal.)

T < 104 K and n ! nSF = 20 atoms cm!3 (corresponding
to ! " "/"mean ! 106.15 at z = 2.8) to hot T > 106 K low-
density ! # 1 intergalactic gas that cannot cool radiatively over
a Hubble time. O VI is diffuse, has a large covering factor, and
extends beyond 4 Rvir = 200 kpc from the center of Eris2. C IV

absorption is much clumpier and less extended than O VI, while
low-ionization species like C II and Si II trace narrow inflowing
streams as well as dense outflowing clumps. The covering
fraction of low-ionization species declines faster than that of
O VI or C IV.

Inflows and outflows coexist in Eris2, with about one-third
of all the gas within Rvir found to be outflowing. At Rvir,
the mean metallicity of inflowing gas is 0.05 Z$, while the
mean metallicity of outflowing gas is 0.56 Z$ (the average is
taken over all gas particles within a thin shell of radius Rvir
and thickness 0.02 Rvir). Inflowing enriched gas traces large-
scale cold filaments that penetrate deep into the virial radius
(see Figure 4(a) and Section 4.2), as well as material raining
back onto the disk as part of a “galactic fountain.” About 77%,
32%, 44%, 66%, 50%, and 66% of the total H I, O VI, C IV,
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No. 1, 2009 UV CONTINUUM SLOPE AND DUST OBSCURATION FROM z ! 6 TO z ! 2 955

6.1. The Inferred Star Formation Rate Density at z ! 2–6

It makes sense for us to use the effective dust extinction
inferred in the previous section (Table 5) to revise our estimates
the SFR density at z ! 2–6. As per our calculation above, we
adopt the UV LFs derived by Reddy & Steidel (2009) at z ! 3
and Bouwens et al. (2007) in calculating the SFR densities. In
order to convert luminosities in the UV into estimates of the SFR
we use the transformation presented by Madau et al. (1998; see
also Kennicutt 1998):

LUV =
!

SFR
M"yr#1

"
8.0 $ 1027erg s#1 Hz#1, (3)

where a 0.1–125 M" Salpeter IMF and a constant SFR of
! 100 Myr are assumed. Conversion to a Kroupa (2001) IMF
would result in factor of !1.7 smaller SFR estimates.

In view of the young ages (! 10–50 Myr) inferred for many
star-forming galaxies at z ! 5–6 (e.g., Yan et al. 2006; Eyles
et al. 2007; Verma et al. 2007), it is clear that adopting a simple
formula like Equation (3) (which requires the assumption of
! 100 Myr ages) would result in a systematic underestimate of
the SFR density of the universe at very early times (e.g., Verma
et al. 2007; Reddy & Steidel 2009; Stanway et al. 2005). In any
case, given our uncertain knowledge of how the age distribution
of star-forming galaxies varies as a function of redshift and
luminosity, it is difficult to know precisely how much we must
revise our estimates upward. Working with a sample of bright
z ! 5 galaxies, Verma et al. (2007) estimate that the actual SFRs
may be twice as large as what Equation (3) would suggest. Of
course, this effect may be partially offset by the fact that for these
same young star-forming systems that standard dust corrections
(e.g., following Meurer et al. 1999) seem to overpredict the SFRs
by factors of !2 (Reddy et al. 2006; Siana et al. 2008). In any
case, going forward, we will need to obtain tighter constraints
on the age distribution of galaxies as a function of redshift and
especially to very low luminosities (since faint galaxies provide
the dominant contribution to the SFR density).

Our results are presented in Figure 11 and Table 6. These
dust-corrected SFR densities are somewhat lower than presented
by Bouwens et al. (2008). This is because the average dust
extinction including the lowest luminosity galaxies is less than
when only considering L% galaxies. We will discuss these results
in more depth in Section 6.4 after including the contribution
from ULIRGs.

6.2. Contribution of ULIRGs to the Star Formation Rate
Density at z ! 2–6

Of course, we would expect the extinction estimates above to
underestimate the effective extinction, given that Equation (1)
does not accurately describe galaxies with very high SFRs,
dust extinctions, and bolometric luminosities (e.g., Elbaz et al.
2007), particularly those systems where Lbol > 1012L". The
SFR from such galaxies can be better accounted for by a direct
consideration of IR LFs (e.g., Caputi et al. 2007).11 Reddy &
Steidel (2009) have already performed such a calculation at

11 While there has been some suggestion that galaxies whose IR luminosities
exceed that predicted by the IRX-! relationship fail due to a contribution from
an obscured AGN (e.g., Daddi et al. 2007) and therefore the SFR derived from
the IRX-! is correct after all, it has been found (e.g., Murphy et al. 2009) that
this is only partially the explanation, and that part of the IR excess would
appear to be due to star formation. We therefore consider it safer to include the
contribution from > 1012L" IR-luminous galaxies explicitly through the use
of IR surveys.

Figure 11. Star formation history inferred using the dust corrections determined
here (upper set of points; orange shaded region) and without those dust
corrections (lower set of points; blue shaded region). These dust corrections
(Table 5) are applied to the luminosity density determinations at z > 2 by
Reddy & Steidel (2009), Bouwens et al. (2007, 2008). Otherwise, the dust
corrections of Schiminovich et al. (2005) are assumed. The top panel is based
upon the total UV luminosity density integrated to 0.3 L%

z=3 and the bottom
panel is based upon the total UV luminosity density integrated to 0.04L%

z=3.
The rest-frame UV continuum luminosity density is converted to a SFR density
assuming a constant > 108 yr star formation model and a Salpeter (1955)
IMF (Madau et al. 1998). Conversion to a Kroupa (2001) IMF would result
in a factor of !1.7 (0.23 dex) decrease in the SFR density estimates given
here. Assuming younger ages for star-forming galaxies in high-redshift samples
would increase the SFR density estimates by a similar factor (Verma et al. 2007).
Shown are the luminosity density determinations by Schiminovich et al. (2005;
black hexagons), Reddy & Steidel (2009; green crosses), Bouwens et al. (2007;
blue/red circles), and Bouwens et al. (2008; blue/red circles and 1" upper
limit). The open symbols show the SFR densities that would be inferred if we
applied the same dust correction to > 0.04L%

z=3 as we apply to > 0.3L%
z=3. It

is clear then that ignoring the fact that lower luminosity galaxies have much
lower values for the dust extinction will result in an overestimate of the SFR
density. See also Table 5. Table 5 and Figure 10 from Reddy & Steidel (2009)
make a similar point. The equivalent SFR density (UV luminosity density) is
also shown assuming no extinction correction (lower set of points).

z ! 2, integrating the z ! 2 IR LF of Caputi et al. (2007)
down to bolometric luminosities of 1012L".12 Reddy & Steidel
(2009) infer an SFR density of 0.03 M" yr#1Mpc#3 (Kroupa
IMF) at z ! 2 from this population. Obviously, there are some
modest uncertainties as to the exact bolometric luminosity down
to which one should integrate the Caputi et al. (2007) LF (to
correct for the ULIRG population not reasonably accounted for
by the Meurer et al. 1999 relation), and so this SFR density could
be larger. For example, assuming we integrated the Caputi et al.
2007 LF down to 1011.8Lbol instead, the ULIRG contribution
could increase by !50%.

12 There has been sizeable variation in the literature in the relationships used to
convert from 24 µm fluxes to the bolometric flux in the IR (e.g., Bavouzet et al.
2008 versus that implied by the Chary & Elbaz 2001 templates found to work
in the local universe), and therefore large differences in the reported LFs in the
IR (e.g., Pérez-González et al. 2005 versus Caputi et al. 2007). Fortunately, the
situation seems to have become more clear from the observations, and Caputi
et al. (2007) adopt an apparently more justified linear relationship (Bavouzet
et al. 2008) to convert between the 24 µm flux and the bolometric IR flux.
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IMF) at z ! 2 from this population. Obviously, there are some
modest uncertainties as to the exact bolometric luminosity down
to which one should integrate the Caputi et al. (2007) LF (to
correct for the ULIRG population not reasonably accounted for
by the Meurer et al. 1999 relation), and so this SFR density could
be larger. For example, assuming we integrated the Caputi et al.
2007 LF down to 1011.8Lbol instead, the ULIRG contribution
could increase by !50%.

12 There has been sizeable variation in the literature in the relationships used to
convert from 24 µm fluxes to the bolometric flux in the IR (e.g., Bavouzet et al.
2008 versus that implied by the Chary & Elbaz 2001 templates found to work
in the local universe), and therefore large differences in the reported LFs in the
IR (e.g., Pérez-González et al. 2005 versus Caputi et al. 2007). Fortunately, the
situation seems to have become more clear from the observations, and Caputi
et al. (2007) adopt an apparently more justified linear relationship (Bavouzet
et al. 2008) to convert between the 24 µm flux and the bolometric IR flux.

So let’s test those predictions!
And let’s do it at z~2 (during the brouhaha)... 
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Plan of attack:
1. Find galaxies at z~2
2. Measure their CGM (in absorption)
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Crighton et al.

QSO at z = 2.9
Foreground LBG at z = 2.2

! !

!"#$%&'()*
+,-."/.01234

5'&6%&'()*.
%"7"89."/.01232

:;.$<#
=4."&#>6#?

@!AB@!C.D%&.EF"%6>

80 kpc

see also:
Adelberger et al. 2005, Steidel et al. 2010, Rudie et al. 2012

We’ve mostly searched for z~2 galaxies in emission...
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But one may also search in absorption.
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(What are DLAs, really?)

Galaxy Counterparts of metal-rich DLAs 3

QSO, 30% of the DLA-galaxy centres will be lost. We prefer to use
long slits as this strategy provides superior data for the QSO itself
and the data analysis is more robust.

Due to an error in the execution of our Observing Blocks at
the telescope, the object was observed twice at PA= 0o and once
at PA= !60o. Hence, we did not get a spectrum at PA= 60o. The
observing conditions were variable with a seeing degrading from
0.8 to 1.6 arcsec (as measured in the B-band). The airmass ranged
from 1.0 to 1.2 and there were no clouds.

We processed the spectra using a preliminary version of the X-
shooter data reduction pipeline (Goldoni et al. 2006). The pipeline
performs the following actions. First, the raw frames are corrected
for the bias level (UVB and VIS) and dark current (NIR). Then,
after background subtraction, cosmic ray hits are detected and cor-
rected using the method developed by van Dokkum (2001) and sky
emission lines are subtracted using the Kelson (2003) method. Af-
ter division by the flat field, the orders are extracted and rectified
in wavelength space using a wavelength solution previously ob-
tained from calibration frames. The orders are then merged and
in the overlapping regions the merging is weighted by the errors
which are being propagated in the process. From the resulting 2D
merged spectrum, a one-dimensional spectrum is extracted at the
source’s position. The one-dimensional spectrum with the corre-
sponding error file and bad-pixel map is the final product of the
reduction. Intermediate products such as the sky spectrum and in-
dividual echelle orders (with errors and bad-pixel maps) are also
produced.

To perform flux calibration, we extracted with the same pro-
cedures a spectrum of the flux standard BD +17o 4708 (Bohlin &
Gilliland 2004). This spectrum was divided by the flux table of
the same star from the CALSPEC HST database (Bohlin 20071) to
produce the response function. The response was then interpolated
where needed in the atmospheric absorption bands in the VIS and
NIR spectra and applied to the spectrum of the source. No telluric
correction was applied. We compare our flux calibration to the flux
calibrated spectrum from the Sloan survey (Adelman-McCarthy et
al. 2009) and find that our calibration gives 30% larger fluxes com-
pared to the Sloan calibration, but the shapes of the two spectra
match very well. We have chosen to rescale our spectrum so that is
matches the Sloan spectrum.

3 RESULTS

3.1 Emission properties of the DLA-galaxy counterpart

We clearly detect Ly! emission in the DLA trough in all three in-
dividual spectra. The strongest component of the Ly! emission in
the two PA = 0o spectra is clearly asymmetric and redshifted by
"200 km s!1 relative to the redshift of low-ionisation absorption
lines (see below). There is also a weak, but significantly detected,
component blueshifted by a similar amount (see Fig. 7 below). The
impact parameter in these spectra is 0.57 ± 0.03 arcsec. From the
PA = !60o spectrum, which has been taken under the worst see-
ing, we measure a redshift which is consistent with the measure-
ment from the PA = 0o spectra. The maximum velocity shift we
can expect with a dispersion of 0.25 Å per pixel and a slit width of
9 pixels is about 2.3 Å, which at the wavelength of Ly! would cor-
respond to 170 km s!1. The impact parameter in the PA = !60o

spectrum is !0.20 ± 0.10 arcsec. From just two position angles

1 http://www.stsci.edu/hst/observatory/cdbs/calspec.html
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Figure 1. Left panel: A simulation based on the model in Fynbo et al. (2008)
on how many DLA-galaxy counterparts with metallicities above 0.1 solar
will be missed by our three X-shooter slit positions. In this coordinate sys-
tem, the background QSO is located in the origo. The three slits are marked
with dashed lines and the centres of 5000 simulated DLA-galaxy counter-
parts are marked with blue (if inside one of the slits) or red (if they fall
outside all three slits). Slightly above 90% of the galaxy centres are cov-
ered by at least one slit. In the upper right corner, we show the size of
the seeing disk for a seeing of 0.8 arcsec. Due to seeing, substantial flux
will be detected even for some galaxies with centres outside of our slits.
The full-drawn rectangle illustrates the field-of-view of the X-shooter IFU.
Right panel: Here we show the triangulation of the DLA-galaxy counter-
part towards Q 2222!0946. The dashed lines again show the PA = 0o

and PA = !60o slits. The position of the QSO is marked with a star
and the seeing (in the B-band) for the three spectra are illustrated with blue
circles. The dotted lines mark the 1! regions for the measured impact pa-
rameter in the two slits. The overlapping region lies close to the edge of
both slits (formally outside the PA = !60o slit) at a position angle of 40o
and with an impact parameter of 0.8 arcsec.
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Figure 2. The damped Lyman-" absorption line in one and two dimensions.
The upper two plots show the two-dimensional spectra from the PA =

0o spectrum taken under the best seeing and the PA = !60o spectrum.
The Ly" emission from the DLA-galaxy counterpart is seen close to the
red wing of the DLA line offset by 0.57 arcsec above the QSO trace in
the PA = 0o spectrum and 0.20 arcsec below the trace in the PA =

!60o spectrum. In the lower plot, we show the one-dimensional spectrum
combining all three spectra. The noise spectrum is plotted as a dotted line.
The dashed line shows the result of a Voigt-profile fit to the DLA line from
which a column density of logN = 20.65 ± 0.05 is inferred. The Ly"
emission in the trough is indicated with an arrow. Note that in this one-
dimensional spectrum the Ly" emission is not entirely recovered as the
spectrum is extracted from the combined QSO spectrum along the QSO
trace and the Ly" emission is spatially offset from the QSO trace.

Fynbo et al. 2010

DLA bias suggests they arise in halos with masses up to 1012 Msun  
(Font-Ribera et al. 2012)

Lyα

4 Fynbo et al.
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Figure 2. Top 9 panels: 5!5 arcsec2 sections centred on the QSO in F606W, F105W and F160W (from left to right). The DLA galaxy is seen south-west
of the QSO at an impact parameter of 2!!. The top row shows the science images, the middle row shows the GALFIT model and the bottom row shows the
residuals after subtracting the model (QSO PSF and galaxy models) from the science images. The field size is 5!5 arcsec2 and the images are oriented with
North up and East to the left. The arrow in the lower left panel indicates the possible signature of the z = 2.412 DLA galaxy. The tail extending below the
QSO is a result of Charge Transfer Inefficiency. Bottom panel: 19!19 arcsec2 sections centred on the QSO in the u-, g-, and Ks-bands after PSF-subtraction.
Also show to the right is the HST/F160W band image on the same scale for comparison. The position of the z = 2.583 DLA galaxy is marked with a dotted
circle. Again the images are oriented with North up and East to the left.

QSO

DLA

Fynbo et al. 2013

SFR ~ 30 Msun/yr
log M*/Msun ~ 10

SFR ~ 10 Msun/yr
L ~ 0.1L*Ha
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Finding galaxies in absorption at z~2

zbg = 2.13 
zfg  = 2.12 
R! = 62 kpc 

"# = 7.2”  
2’ 

f/g QSO 

Rubin, Hennawi+ in prep 

z = 2.12
z = 2.13

Rperp = 62 kpc

Search SDSS
+BOSS for:

(Hennawi et al. 2006,10)
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Finding galaxies in absorption at z~2

To date: Gemini/GMOS, Keck/LRIS, Magellan/MagE, LBT/MODS, or 
BOSS spectroscopy of ~35 QSO pairs with intervening DLAs

zbg = 2.13 
zfg  = 2.12 
R! = 62 kpc 

"# = 7.2”  
2’ 

f/g QSO 

Rubin, Hennawi+ in prep 

z = 2.12
z = 2.13

Rperp = 62 kpc

Search SDSS
+BOSS for:

(Hennawi et al. 2006,10)
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The CGM of DLA-galaxies in neutral hydrogen:
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Prochaska+13

Adelberger+05, Simcoe+06, Steidel+10, Rakic+11, Rudie+12, Crighton+13

Chen+01, Prochaska+11, Werk+12, Tumlinson+13
Bordoloi+ (COS-Dwarfs)

The CGM of DLA-galaxies in neutral hydrogen:
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Tracing optically-thick HI in the CGM of DLA-galaxies

LBGs
Rudie et al. 2012
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Low-Ionization Metals in the CGM of DLA-galaxies

Rvir (LBGs)
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Much of this material is bound.
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CII 1334 SiII 1526

And how did Eris do?

Shen et al. 2013
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There is an optically thick, metal-enriched CGM 
around DLA-galaxies extending to at least 100 

kpc, and having a covering fraction ~50% 

Conclusions:

The large observed HI and low-ion EWs are 
inconsistent with those predicted by Eris...
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