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Highly Multiplexed

 Diffuse Media

• Intergalactic Medium (IGM; >>1 Mpc)
• Intracluster Medium (ICM; ~1Mpc)
• Circumgalactic Medium (CGM; ~100kpc)
• ‘Ambient’ Interstellar Medium (ISM; 10kpc)

• Constituents
‣ Gas, metals, dust
‣ Neutral and ionized gas
‣ Accreting and outflowing material
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My (loose) definition:    nH < 1 cm-3

} >99% of the volume
>90% of z~0 baryons
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‣ Accreting and outflowing material

2

My (loose) definition:    nH < 1 cm-3

} >99% of the volume
>90% of z~0 baryons

The Diffuse Medium has too low density to be 
detected in emission beyond the local universe.  

Absorption is King+Queen
Tuesday, September 13, 2011



Highly Multiplexed

Science with Diffuse Media

• Cosmology
‣ BAO
‣ Power spectrum
✦ Non-gaussianity
‣ Baryonic Census
✦ Gas, metals, dust
‣ Characterizing the IBL
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Science with Diffuse Media

• Galaxy Formation
‣ ISM dynamics
‣ Chemical evolution
‣ Gas accretion
‣ Feedback processes
✦ Energy, gas, metals
‣ Mergers (tidal debris)
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Highly Multiplexed

Science with Diffuse Media

• Star Formation
‣ Formation of H2

‣ Dust depletion
‣ Nucleosynthetic yields
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Science with Diffuse Media

• ‘Fundamental’ Physics
‣ Evolution of the physical 

constants
‣ Neutrino mass

6

Probing fundamental constant evolution with neutral atomic gas lines 3

FIG. 1.— HI 21cm and CI spectra towards [A] Q2337!011 and [B] Q0458!020. In each panel, the solid line shows the 1-gaussian fit to the spectrum. The
small-dashed and large-dashed vertical lines indicate the CI and HI 21cm redshifts, respectively; the CI redshift is seen to be higher than the HI 21cm redshift in
both panels.

FIG. 2.— A comparison between the CIλ1657 line profiles obtained on 18
and 19 September, plotted as squares and triangles, respectively. The dashed
vertical lines indicate the CI redshifts obtained from 1-gaussian fits to each
spectrum; these are offset from each other by ∼ 2 km/s. The solid circle
shows the HI 21cm redshift; see main text for discussion.

the observed velocity offset between the HI 21cm and CI tran-
sitions.
Mis-calibration of the absolute wavelength scale of the

optical spectra could arise from a number of causes (e.g.
Murphy et al. 2001). In particular, the spectrum towards
Q0458!020 was obtained in 1995, before Keck-HIRES was
fitted with an image rotator. It was thus not possible to hold
the slit perpendicular to the horizon during these observations,
implying that atmospheric dispersion across the slit could pro-

duce errors in the wavelength scale (Murphy et al. 2001). Fur-
ther, while the data towards Q2337!011 were obtained in
2007, with the use of the image rotator, Griest et al. (2010)
have found evidence for drifts in the Keck-HIRESwavelength
scale with time, with amplitudes of ∼ 2 km/s over multiple
observing epochs. The source of these velocity drifts is still
unclear, although temperature changes, changes in the posi-
tion of the quasar on the slit, as well as physical shifts in the
echelle grating or cross-disperser are all possible causes.
To test for systematic effects in the absolute wavelength

calibration of the optical spectra, we analysed archival Keck-
HIRES data towards 0458!020 from 5 and 6 October 2004
(obtained using the image rotator). While this spectrum
has lower S/N than the 1995 spectrum (as the optically-
variable quasar was in a fainter state in 2004), the unsaturated
NiIIλ1317 transition from a higher-redshift (z = 2.03945)
damped Lyman-α system is clearly detected in both spec-
tra; this line lies at ∼ 4003 Å, within 10 Å of the CIλ1560
line shown in Figure 1[B]. Cross-correlating the NiII lines de-
tected in the two HIRES spectra yielded a cross-correlation
peak at a velocity offset of +1.60± 0.84 km/s; the error
was determined by cross-correlating 10000 pairs of simulated
spectra with the shape and noise properties of the actual spec-
tra. If this velocity offset between the NiII lines arises due
to atmospheric dispersion across the slit during the 1995 ob-
servations, it would imply that the CI line redshift has been
under-estimated in the 1995 spectrum. Correcting for this ef-
fect would increase the redshift offset between the HI 21cm
and CI lines.
We also separately analysed the Keck-HIRES data to-

wards Q2337!011 from 18 and 19 September 2006, to test
whether the same line redshift was obtained from the two
runs. Figure 2 shows the CIλ1657 line profiles obtained
on 18 and 19 September; these are clearly offset from each
other. A single-component gaussian fit was used to measure
the CIλ1657 redshift from each spectrum; the offset between
the CIλ1657 redshifts is 2.15± 0.44 km/s. Similar velocity

Kanekar+10
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DM: Lessons from SDSS

• Advantages
‣ Sample size
‣ Spectrophotometry

• Disadvantages
‣ Spectral resolution
‣ Limited blue coverage
✦ Higher density of UV 

transitions at higher energies 
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(Focus on the Quasar Spectroscopy of SDSS)

Tuesday, September 13, 2011



Highly Multiplexed

SDSS: Absorber Surveys

• 100,000 quasars
‣ Semi-automated searches
‣ Human vetting was tractable

• Spectrophotometry not essential
8

Damped Lya Systems (ISM) MgII Systems (ISM/CGM)
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SDSS: Absorber Surveys

• Primary science (from counting absorbers)
‣ Limited by systematics (e.g. dust), not statistics
‣ Additional sample size may have limited value

• Mainly comes for ‘free’ in the main survey
9
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saturated at W k2796
0 k 2 8. Thus, we note the possibility that if

the column density distribution (which is not measurable with
SDSS data) is described by a power law over the range of line
strengths in our sample, curve-of-growth effects could conceiv-
ably cause the corresponding @N=@W k2796

0 to deviate from a
power law atW k2796

0 k 2 8 consistent with our results. Nonethe-
less, the directly measurable @N=@W k2796

0 is parameterized very
well by a single exponential for systems with 0:3 8 ! W k2796

0 P
5 8 , and by two exponentials for W k2796

0 " 0:02 8.

3.1.1. Redshift Evvolution of N # and W #

In order to investigate evolution in W #, we split our sample
into three redshift bins, 0:366 ! z < 0:871, 0:871 ! z < 1:311,

and 1:311 ! z < 2:269, chosen such that there are an equal
number of systems in each bin. The three @N=@W k2796

0 distri-
butions are shown in Figure 5. Figure 6 shows the resultingW #

for each redshift bin (circles) and the Monte Carlo input values
(squares). The bars represent the variance from the different ran-
dom number seeds only. The curve in Figure 6 is the power-law
fit described in x 3.3.

3.2. Distribution of Absorption Redshifts

Figure 7 shows the absorption redshift distribution for our
sample. Absorption redshifts span the range 0:367 ! z ! 2:269.
The total number of sight lines with sufficient signal-to-noise
ratio to detect lines with W k2796

0 " Wmin
0 for several values of

Wmin
0 is shown in Figure 8 as a function of redshift. The con-

spicuous features at z > 1:5 are due to poor night-sky subtrac-
tions in many of the spectra. The depression near z ¼ 1:1 is due
to the dichroic (Stoughton et al. 2002).

Fig. 5.—Redshift evolution of @N=@W
k2796
0 . The solid lines represent maxi-

mum likelihood fits of the form @N=@W k2796
0

¼ N#=W #ð Þe' W=W #ð Þ. Left: 0:366 !
z < 0:871, with maximum likelihood value W # ¼ 0:585( 0:024 8 and corre-
spondingN# ¼ 1:216( 0:124.Middle: 0:871 ! z < 1:311,withmaximum like-
lihood value W # ¼ 0:741( 0:032 8 and corresponding N# ¼ 1:171( 0:083.
Right: 1:311! z< 2:269, with maximum likelihood valueW # ¼ 0:804( 0:0348
and corresponding N# ¼ 1:267( 0:092. Note the steepening of the slope with
lower redshifts.

Fig. 6.—Redshift evolution of W #. The horizontal bars represent the bin
sizes. The open circles are from the data, while the squares represent the Monte
Carlo input values (see x 3.1). The points are offset slightly in zabs for clarity. The
solid line represents the prediction forW # for a fit of the formW #(z) / (1þ z)!

described in x 3.3. [See the electronic edition of the Journal for a color version of
this figure.]

Fig. 7.—Distribution of absorption redshifts forMg ii systems withW k2796
0 "

0:3 8 found in the survey.

Fig. 8.—Total number of sight lines with sufficient signal-to-noise ratio to
detect lines with W k2796

0 " Wmin
0 as a function of redshift, for Wmin

0 ¼ 2:0, 1.0,
0.6, and 0.3 8. The conspicuous features at z > 1:5 are due to poor night-sky
line subtractions in many of the spectra. The depression near z ¼ 1:1 is due to
the dichroic.

Mg ii ABSORPTION SYSTEMS IN SDSS QSO SPECTRA 641No. 2, 2005

Prochaska+09 Nestor+05
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SDSS: Needles in the Haystack

• Tails of the distributions
‣ In metallicity, kinematics, HI, dust content, etc.
‣ Rarer than 1/100

• Push physical processes to their limits
10

Damped Lya Systems (ISM) MgII Systems (ISM/CGM) Galactic wind hosts at z ! 0.7. 7

Figure 3. Same as figure 1, but for SDSS J141751.84+011556.1. Yellow slitlet indicates a star.

Figure 4. Same as figure 2, but for SDSS J141751.84+011556.1. Top: G14-1. Bottom: G14-2.

models, we added a 0.05 mag systematic uncertainty to the
resulting synthetic photometry in each band. The parame-
ters that determine the model fluxes are drawn from prior
distributions motivated by “typical” libraries (e.g. Salim et
al. 2007), which are in turn motivated by observational ev-
idence when possible. The prior parameter distributions in-
clude: (i) a flat metallicity distribution from Z=0.04 to 2; (ii)
an e-folding time of the exponentially decaying SFR given

by a flat distribution in its reciprocal over the range 0 to 1
Gyr−1; (iii) ages nearly-uniformly distributed from 0.1 to 6
Gyr; (iv) dust attenuation of young stars (ages < 107 yrs,
i.e., [H ii] regions) given by τV with a ∼flat prior proba-
bility distribution (see da Cunha 2008); (v) dust attenua-
tion of older stars given by µ × τV with the µ prior given
by a Gaussian centered at 0.3 with 0.2 dispersion, over the
range µ = 0.1 to 1 (Calzetti, Kinney, & Storchi-Bergmann,

Nestor+10
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SDSS: Needles in the Haystack

• Rare configurations
‣ Physical or projected
‣ Sensitive probes of kpc scales (CGM)

• Target selection critical
11

Quasar/Quasar Pairs Quasar/Galaxy Pairs

Prochaska–U086 2012A Proposal–Quasars Shining Light on Merging Galaxies 3
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Fig. 1.— (left) SDSS 5 color image of the quasar (top) and galaxy (bottom) of the J2049-0012 system.

Note how the stellar distributions in this image give no hint of an interaction between the two galaxies

while the the spectrum clearly presents tidal debris connecting them. (right) 2D discovery spectrum of

the J2049-0012 quasar/galaxy system (z = 0.369) centered near Hβ and [O III] emission made using the

Keck/LRIS 600/7500 grating. The continuum light of the quasar (top) and galaxy (bottom) are the bright

horizontal bands in the image. The bright quasar spectrum is centered at the 0 kpc (0′′) spatial position and

saturates the image in this stretch. These emission lines are detected for the quasar, its host galaxy, and the

companion galaxy as well as a ‘bridge’ of emission that connects the two objects. Rotation can be seen in

both galaxies (see Fig. 3). The emission lines are not detected beyond the spatial slice presented here.

Fig. 2.— Portions of the discovery
spectrum taken with Keck/LRIS on
2008-10-03 after continuum
subtraction. The star denotes the
spatial position of the quasar and the
open circle marks the position of the
companion galaxy. A grey bar has
been placed over the core of the quasar
to aid the eye. These images have
been interpolated to be on the same
spatial and velocity grid. The detection
of [Ne V] among other considerations
demonstrate the ionization source to be
the quasar. These line ratios allow us
to constrain the ionization parameter of
the gas which enable us to characterize
the distribution of ionizing radiation
from the quasar. The variation of
line ratios across the companion galaxy
(±10 kpc of the spatial position of
the circle) possibly suggests a strong
impact of the ionizing radiation on that
galaxy even at a separation of ∼40 kpc.
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Fig. 1.— (left) SDSS 5 color image of the quasar (top) and galaxy (bottom) of the J2049-0012 system.

Note how the stellar distributions in this image give no hint of an interaction between the two galaxies

while the the spectrum clearly presents tidal debris connecting them. (right) 2D discovery spectrum of

the J2049-0012 quasar/galaxy system (z = 0.369) centered near Hβ and [O III] emission made using the

Keck/LRIS 600/7500 grating. The continuum light of the quasar (top) and galaxy (bottom) are the bright

horizontal bands in the image. The bright quasar spectrum is centered at the 0 kpc (0′′) spatial position and

saturates the image in this stretch. These emission lines are detected for the quasar, its host galaxy, and the

companion galaxy as well as a ‘bridge’ of emission that connects the two objects. Rotation can be seen in

both galaxies (see Fig. 3). The emission lines are not detected beyond the spatial slice presented here.

Fig. 2.— Portions of the discovery
spectrum taken with Keck/LRIS on
2008-10-03 after continuum
subtraction. The star denotes the
spatial position of the quasar and the
open circle marks the position of the
companion galaxy. A grey bar has
been placed over the core of the quasar
to aid the eye. These images have
been interpolated to be on the same
spatial and velocity grid. The detection
of [Ne V] among other considerations
demonstrate the ionization source to be
the quasar. These line ratios allow us
to constrain the ionization parameter of
the gas which enable us to characterize
the distribution of ionizing radiation
from the quasar. The variation of
line ratios across the companion galaxy
(±10 kpc of the spatial position of
the circle) possibly suggests a strong
impact of the ionizing radiation on that
galaxy even at a separation of ∼40 kpc.
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SDSS: Smoothing the Samples

• Great for visualization of absorption lines
‣ Spectrophotometry not essential

• Limited physical measurement 12

Stacked spectra (Absorber frame)3
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Highly Multiplexed

SDSS: Smoothing the Samples

• Dust extinction
‣ Map diffuse dust to tens of kpc
‣ Extinction law (SMC)
‣ Spectrophotometry (and photometry) critical

13

Stacked spectra (Absorber frame)8 D. G. York, P. Khare et al.

Figure 2. The top panel shows the composite spectrum (geometric mean)
of the absorbers, in their rest-frames, in red, and that of the corresponding
non-absorbers, in blue. Note that smeared out emission lines do appear in
the absorber rest-frame composite spectrum due to the small range in emis-
sion and absorption redshifts considered here. The absorption lines in the
red spectra are the obvious, detected absorption lines seen in Figure 1. The
bottom panel shows the ratio of the two spectra along with the best fit SMC
extinction curve in red. The derived absorber rest frame E(B − V ) value
is given. The MW extinction curve for the derived SMC E(B − V ) value
is shown in green. Extinction curves for sub-samples with comparable and
higher values of E(B − V ) are given, in this same format, in Figure 5.

absorber sample and that the extinction curves we measure mainly
refer to gas in the intervening absorbers. The nature of the few non-
absorber QSOs having high values of∆(g− i) is the topic of a sep-
arate paper. These could be due to statistical errors in the colours
or could involve circum-QSO dust or dust in intervening galaxies
in an environment with a high dust-to-gas ratio or a high dust-to-
H I ratio (i.e., hot gas, with dust, Ferland et al. 2003) or could be
due to intervening absorbers at zabs <0.5 (which can not be easily
detected). They could also involve peculiar energy distributions in-
trinsic to the QSO itself. Figure 3b shows the same histograms for
the absorber and non-absorber samples but additionally shows the
distribution of ∆(g − i) as a function of zem. The data points are
colour coded by Mg II line strength. It is clear that the strongest Mg
II lines can occur in systems of any colour excess, but that the high-
est relative colour excess objects generally have the highest Mg II
absorption line strengths as well (the reverse is not true). Out of 111
systems in the absorber sample having ∆(g − i) >0.2, 105 have
WMg IIλ2796 >1.0 Å.

High∆(g − i) values appear selectively at high emission red-
shifts (Figure 3b). This is possible as high zabs systems are ex-
pected to be present in the spectra of QSOs with high zem and the
more reddened (UV) part of the spectrum gets shifted to the SDSS
filters giving higher values of∆(g−i), as∆(g−i) is the colour ex-

Figure 3a. Histogram of observer frame colour excess∆(g− i) for the full
absorber sample is shown in red and for the non-absorber sample is shown
in blue. The fractional number in each bin is plotted. Note the excess of
QSOs with high values of ∆(g − i) in the absorber sample. The average
values of ∆(g − i) for the absorber and non-absorber samples and full
DR1 are 0.013, -0.013 and 0.003 respectively. Note that the average for full
DR1 is close to zero as expected from the definition of∆(g − i). The K-S
probability for the ∆(g − i) values for our absorber and the non-absorber
samples to be taken from the same distribution is 1.03×10−5, while that
for the absorber sample and the full DR1 is 0.126, and for the non-absorber
sample and DR1 is 1.15×10−6 . The histograms show the clear, red tail of
our sample of QSO absorbers.

cess in the observer frame. We check this as follows. Assuming an
SMC reddening law, Aλ = 1.39λ−1.2E(B−V ) (Prevot et al. 1984)
we determine the rest frame colour excess,E(B−V )(g−i) from the
observed∆(g− i) values (assuming they are due to the intervening
absorber). Taking λg and λi to be 4657.98 and 7461.01 Å respec-
tively, this gives E(B − V )(g−i) = ∆(g − i)(1+zabs)

−1.2/1.506.
In Fig. 3c we have plotted the histograms for E(B − V )(g−i) for
the absorber and the non-absorber samples. These are similar to the
histograms for∆(g− i) (Fig. 3a) and show that the absorber QSOs
have higher rest frame E(B − V )(g−i) values as compared to the
non-absorber QSOs. Values of E(B − V )(g−i) for individual sys-
tems, colour coded by the strength of Mg II lines are overplotted as
a function of emission redshift. As is the case with∆(g − i), there
is still a tendency for higher E(B − V )(g−i) with increasing zem.
This could then be possibly caused by the presence of circum-QSO
dust in some QSOs as discussed later in the paper.

Figure 3d shows the same histograms with the absorption line
redshift plotted instead of the QSO emission redshift. Now, it is
seen that the distribution of the highest extinction QSOs, in the rest
frame, is much more uniform. In the last column of Table 1 (below
in section 6), we give the average E(B − V )(g−i) for the QSOs
in each of our subsamples. Comparing the color excesses derived

6 Ménard et al.

Figure 3. The anti-correlation between quasar magnitude and foreground galaxy overdensity due to magnification, as a function of scale.
The light blue and orange data points show the measurements in the g and i bands and their systematic offset suggests the existence of
dust extinction. We illustrate its effect in the inset where we show, for the five SDSS passbands, the wavelength dependence of the signal
on small scales. For reference the physical scale at the mean redshift of the galaxy sample is shown in the top axis.

4 RESULTS

Following the above procedure we measure the correlation
between the observed QSO brightness excess and galaxy
density wα(θ) (Equation 24), where α denotes one of the five
SDSS pass bands, with the errors estimated from bootstrap
resampling. The results shown in Figure 3 are examples for
the g and i bands. We observe that quasar magnitude shifts
and galaxy overdensities are anticorrelated. In other words,
quasars appear to be brighter when closer to galaxies, which
implies a dominance of magnification over extinction effects
for the main sample of SDSS galaxies with i < 21. At the
same time, the systematically larger amplitude in the red-
der band indicates the presence of a wavelength-dependent
effect which could be attributed to dust extinction.

Before interpreting these signals, we note that both
magnification and reddening effects are observed over a wide
range of scales, from about 5′′to a few degrees. We have
therefore expanded the angular range used in the detection
of magnification by Scranton et al. (2005) to both smaller

and larger separations. Using the mean galaxy redshift com-
puted in Equation 22 an angular scale of one arcminute cor-
responds to roughly 150 h−1 kpc. The above angular range
thus corresponds to physical scales from ∼ 20 h−1kpc to
∼ 30 h−1Mpc, as indicated in the top abscissa of the figure.

In the inset of Figure 3, we show the wavelength de-
pendence of the signal on small-scale with measurements
of wα(θ) with the u, g, r, i and z filters. We can observe a
continuous trend as a function of wavelength: the signal is
systematically stronger in redder bands, consistent with red-
dening by dust. This also shows that probing magnification
requires a correction for the effects of dust extinction.

Systematics Tests

Based on the same quasar sample and a slightly brighter
galaxy sample (selected with r < 21) Scranton et al. (2005)
used a density-based estimator and showed that the domi-
nant magnification signal of the quasar-galaxy correlation
follows the expected dependence as a function of quasar

c© 0000 RAS, MNRAS 000, 000–000

York+06

Menard+10
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SDSS: Smoothing the Samples

• Coincident [OII] emission
‣ Spectrophotometry critical

• Cosmological SFR density from diffuse gas tracer 14

Stacked spectra (Absorber frame)4 B. Ménard et al.

Figure 2. Median flux in erg/s/cm2/Å from composite spectra
in the region of the [O ii] emission line, for five bins of Mg ii rest
equivalent width. The red line is the best fit emission doublet.
The spectra have been offset for display purposes.

the most convenient being the 2803 doublet partner. A 5σ
significance level was required for all λ2796 lines, as well as a
3σ significance level for the corresponding λ2803 line. Only
systems 0.1c blue-ward of the quasar redshift and red-ward
of Ly−α emission were accepted. From this catalogue we
select systems where both Mg ii and [O ii]λλ3727,3730 are
simultaneously covered by the accessible wavelength range.
The final sample contains 8523 absorption line systems with
0.7 < W0 < 6.0 Å and 0.4 < z < 1.3.

The redshift distribution of the systems used in this
analysis is presented in the left panel of Figure 1 as the filled
histogram. The right panel shows the observed distribution
of absorber rest equivalent width W0. As described above,
the intrinsic distribution of rest equivalent widths follows an
exponential distribution down to W0 = 0.3 Å (see Eq. 1).

3.2 Measuring [O ii] luminosities

3.2.1 Composite spectra and line measurement

In general, the [O ii] emission lines from galaxies with z !
0.4 are not detected in individual SDSS spectra. A small

fraction of direct detections can be made at low redshift
and will be discussed in future work. In the present anal-
ysis we estimate the average [O ii] emission of samples of
Mg ii absorbers by creating composite spectra in the ab-
sorber rest frame. In this procedure masks are applied to
absorption lines expected at the redshift of all known Mg ii

absorber systems as well as sky emission lines. The contin-
uum is defined with an iterative running median of sizes
ranging from 500 to 15 pixels. Narrow features caused by
unidentified systems with z "= zabs cannot be masked with
a reliable uniformity, and are thus treated as an additional
noise contribution. Each continuum-subtracted spectrum is
converted into units of luminosity surface density (see be-
low) and samples of spectra are combined to create average
and median composites. In general the results from these
two estimators are found to be similar. Since the former
ones are usually noisier we will focus only on median values
below.

In each composite spectrum the [O ii]λλ3727,3730 dou-
blet was fit with a double Gaussian with line ratio fixed at
4:5 and freely varying line width. Line luminosity surface
densities (see below) were measured from the fitted Gaus-
sian parameters. In order to estimate the noise level of the
line detection we applied the same fitting procedure to the
region of the spectrum 3500 < λrest < 3600 Å where no
strong emission/absorption line is expected.

Examples of average composite spectra around the [O ii]
line are shown in Fig. 2 for samples of Mg ii absorbers with
different rest equivalent widths. We note that no shift in the
centroid of the [O ii] lines with respect to those of the Mg ii

lines is detected. These results indicate a strong correlation
between [O ii] emission and Mg ii absorption rest equivalent
width. This correlation will be analyzed quantitatively be-
low.

3.2.2 Aperture correction

The available sample of absorbers for which both Mg ii and
[O ii] lines are simultaneously accessible spans a substantial
redshift interval: from 0.4 to 1.3. In this range, the physical
area corresponding to a given angular aperture varies by a
factor of about 2.5. This is illustrated in Fig. 7 in the Ap-
pendix in which we show the physical size covered by the
3′′ diameter SDSS fibre aperture as a function of redshift.
In order to combine coherently, or compare, signals from
different redshifts, we estimate the [O ii] luminosity surface
density, ΣLOII

. For each Mg ii absorber, we thus convert the
spectrum from flux units into luminosity units, at the red-
shift of the absorber. We then divide by the surface area of
the SDSS fibre at this redshift, to obtain luminosity surface
density:

ΣLOII
(z) =

LOII(z)
Ωf D2

A

, (3)

where Ωf = πθ2
f and θf is the angular radius of the SDSS

fibre and DA(z) is the angular diameter distance at the red-
shift of the absorber.

c© 0000 RAS, MNRAS 000, 000–000
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LOII(z) = E(z)

Z

dW0
d2N

dW0 dz
ΣLOII

(W0, z) (9)

where d2N/dW0 dz is the completeness-corrected distribu-
tion of rest equivalent widths given by Nestor et al. (2005),
see Eq. 1. The relative contribution of the integrand is shown
in the left panel of Fig. 4 for the sample spanning the entire
redshift range. It shows that most of the [O ii] luminosity
surface density, and therefore most of the star formation, is
associated with systems having W0 ∼ 2 Å. Interestingly, the
same result was obtained regarding the dust content of Mg ii

absorbers (Ménard et al. 2008). We will return to this point
in the discussion. We note that estimating the integral in
Eq. 9 from the lowest rest equivalent width available in this
analysis, i.e. W0 = 0.7 Å, gives a result only 15% lower than
integrating from zero with the extrapolated fitting functions
at the mean redshift of the sample.

We compute LOII using Eq. 9 for the three redshift
bins defined above and the results are given in Table 1. The
results are presented in the right panel of Figure 4. The or-
ange data points show direct measurements for our sample
of Mg ii absorbers with W0 > 0.7 Å and the red ones show
the estimate for all Mg ii absorbers, i.e. including the con-
tribution from weaker systems. For comparison, we show a
compilation of measurements of the total [O ii] luminosity
density obtained from narrow band filter and emission line
surveys. Note that no dust correction has been applied to
any of these datasets, allowing direct comparisons between
observed quantities. This figure shows that, at z ∼ 1, the
amount of [O ii] luminosity density traced by Mg ii absorbers
is a substantial fraction of the total density in the Universe
estimated from direct emission measurements. Given the
non-negligible scatter in the reported values of LOII from
photometric and spectroscopic surveys at around z = 1, it
is not yet possible to precisely quantify the fraction of [O ii]
luminosity traced by Mg ii absorbers. Nevertheless our re-
sults show that at least half of the [O ii] luminosity density
is traced by strong Mg ii absorbers. This implies that a high
fraction of star-forming galaxies are associated with strong
Mg ii absorbers and vice-versa. In other words, the presence
of Mg ii absorbers around a galaxy depends on its (recent)
star formation rate.

To further illustrate this connection, we explore the red-
shift dependence of LOII . As shown above, this quantity is
given by the product of two observables: d2N/dW0 dz, which
has been accurately measured up to z = 2.2 (see Eq. 1) and
ΣLOII

(W0, z) which is parametrized in Eq. 5 up to z = 1.3.
In order to estimate LOII up to z = 2.2, we use an extrapola-
tion of Eq. 5, a relation which is weakly redshift dependent.
The result is shown in Fig. 4 with the solid line. The over-
all redshift dependence appears to be in agreement with the
trend given by direct [O ii] emission surveys.

4.3 Star formation history

We now show how the global star formation probed by Mg ii

systems compares to the overall star formation history in
the Universe estimated by various techniques. As mentioned
above, [O ii] luminosity can be used as an estimator of star

redshift LOII for W0 > 0.7 Å LOII for all W0

interval [1039 erg s−1 Mpc−3] [1039 erg s−1 Mpc−3]

0.36 < z < 0.67 1.08 ± 0.13 1.37 ± 0.16
0.67 < z < 0.99 1.35 ± 0.17 1.64 ± 0.21
0.99 < z < 1.30 1.70 ± 0.24 2.00 ± 0.28

Table 1. [O ii] luminosity density traced by Mg ii absorbers as a
function of redshift. No dust corrections have been applied.

Figure 5. Star formation rate density as a function of redshift.
The gray data points are from the Hopkins (2004) compilation
and use various types of estimators. The orange and red data
points show the SFR density traced by W0 > 0.7 Å and all Mg ii

absorbers. The red curve shows the SFR density estimate using
dN/dz measured up to z = 2.2 and the extrapolated [O ii]-Mg ii

relation.

formation rate, however the scaling between these two quan-
tities is not straightforward: it is based on empirical rela-
tions, calibrated at various redshifts and subject to dust ex-
tinction corrections (Kennicutt 1998; Moustakas, Kennicutt,
& Tremonti 2006). Here we choose to apply the average scal-
ing coefficient used in a recent analysis by Zhu et al. (2009)
for galaxies with 0.75 < z < 1.45 (see their Table 2). These
authors made use of the empirical correlation derived by
Moustakas et al. (2006) between the absolute B-band mag-
nitude, and the L[O ii]/SFR ratio. This calibration statisti-
cally accounts for the gross systematic effects of reddening,
metallicity, and excitation, all of which correlate with opti-
cal luminosity, and has been shown to work reasonably well
for star-forming galaxies at 0.7 < z < 1.4 (Moustakas et al.
2006; Cooper et al.2008). Averaging their scaling coefficients
over the redshift interval 0.75 < z < 1.45, we get

ρ̇! = 4.2 10−41 × LOII M" yr−1 Mpc−3 (10)

c© 0000 RAS, MNRAS 000, 000–000
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SDSS: Smoothing the Samples

• Average IGM opacity
‣ Lya forest (DA)
‣ Mean free path 15

Stacked spectra (Quasar frame)
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SDSS: Smoothing the Samples

• Search for Galactic-scale winds 
‣ Offset NaI absorption
‣ Correlate with galaxy properties (e.g. inclination)

16

Stacked spectra (SF galaxies)450 CHEN ET AL. Vol. 140
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Figure 5. Example of a stacked spectrum (black) and its best-fit continuum model (red). The spectrum is a composite of 2000 randomly selected galaxies in
Sample A with ΣSFR > 0.1 M! yr−1 kpc−2. The two insert drawings highlight regions near the Mg i (left) and Na i lines (right). The vertical black lines mark the
rest-frame wavelength of the Mg i λλ5167, 5173, 5184 triplet, the [N i] λ5198, the He i λ5876 emission line, and the Na i λλ5890, 5896 doublet. A Gaussian fit to the
He i emission line is shown in cyan.
(A color version of this figure is available in the online journal.)

where the sum is over i = 1, 2, . . . , n galaxies with normalized
flux f (i, λ). We set mask(i, λ) = 0 for bad pixels (identified
in the SDSS mask array), and mask(i, λ) = 1, otherwise. This
method gives equal weight to all spectra, but excludes bad pixels
from the composite.

We adopt an adaptive binning approach to produce composite
spectra in different parameter bins with equal S/N. The galaxies
are sorted by the physical parameter of interest and added to the
stack one at time, from lowest to highest. After each addition,
the S/N of the continuum near Na D is computed. The process
is repeated until an S/N of 300 is reached. The value of the
physical parameter of interest in each bin is computed from the
median of the individual measurements.

3.2. Fitting the Continuum

The aim of this study is to use the ISM Na D absorption
to probe galactic winds in star-forming galaxies. However, as
discussed in Section 2.3, we cannot disregard the fact that
interstellar Na D absorption is superimposed on stellar Na D
absorption. In previous studies of LIRGs and ULIRGs (Martin
2005, 2006; Rupke et al. 2005a, 2005b), stellar Na D absorption
was estimated from Mg i, and deemed to contribute only a
small fraction (<10%) to the total line EW. However, in the
investigation of 32 far-IR-bright starburst galaxies, Heckman
et al. (2000) found that >40% of the galaxies (mostly edge-
on systems) had strong stellar contamination. It is well known
that Na D is strong in the spectra of cool stars, with a peak
strength in the range from K3 to M0 (Jacoby et al. 1984). These
stellar types are expected to make a significant contribution to
the current sample since the SDSS spectra are obtained through
a 3′′ circular fiber aperture that samples the central 3–12 kpc of
our current sample. In these regions, bulge K-giants are likely
to make a strong contribution to the integrated the stellar light
(Heckman 1980; Bica et al. 1991).

To separate the stellar and ISM contribution to the Na D
absorption we model the stellar continuum of each stacked
spectrum using the CB08 stellar population synthesis models.
In the Appendix, we show that our results are insensitive to
the choice of stellar population models. Our continuum fitting
procedure is nearly the same as that used in fitting individual
spectra (see Section 2.1). The main difference between the
individual and stacked spectra is that the stacked spectra have
much higher S/N. This makes it possible for us to constrain
the stellar contribution using a larger number of SSP templates.
We therefore fit the stacked spectra with all 40 templates (four
metallicities and 10 ages) simultaneously. This allows the best-
fit model to consist of a mixture of metallicities, unlike the
situation for the individual spectra (Section 2.1).

The He i λ5876 nebular emission line on the blue side of
Na i λ5890 is broad enough to slightly influence our measure-
ment of Na D. Since the line presumably originates in H ii
regions behind the Na D absorbing gas, we include it in our
continuum model. We fit a Gaussian to the blue wing of He i
emission and add a model of the full line to the stellar continuum
before normalizing the spectrum.

Observationally, in local galaxies, galactic winds are a gen-
eral consequence of high SFR or ΣSFR (Lehnert & Heckman
1996); they are common in galaxies above a ΣSFR threshold of
0.1 M! yr−1 kpc−1 (Heckman 2002). To illustrate our contin-
uum and absorption-line fitting procedure, we randomly select
2000 galaxies with ΣSFR > 0.1 M! yr−1 kpc−2 from Sample A
and stack them. Figure 5 shows the resulting stacked spectrum
(black line) and our stellar continuum fit (red line). We highlight
the regions near Mg i (left insert drawing) and Na i (right insert).
The vertical black lines mark the rest-frame wavelength center
of the Mg i λλ5167, 5173, 5184 triplet, [N i] λ5198, He i λ5876,
and the Na i λλ5890, 5896 doublet. A Gaussian fit to the He i
emission line is shown in cyan. From this plot, we infer that (1)
the stellar continuum model provides a very good fit overall,
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Figure 7. Continuum-normalized spectra binned by galaxy inclination. Different
inclination bins are indicated by different colors, with the galaxies closest to
face-on in red and the galaxies closest to edge-on in black.
(A color version of this figure is available in the online journal.)

low inclinations to become the dominant absorption component
at high inclinations. The outflow component (blue) evolves
strongly in the opposite sense, dominating the line profile
in face-on systems, but becoming a minor contributor to the
absorption in edge-on galaxies.

The EW, velocity (voff), line width (b), covering factor (Cf ),
and optical depth at line center (τ0) of the two absorption-line
components are shown as a function of inclination angle in
Figure 9. At i < 60◦, the outflow velocity depends only weakly
on inclination, and has a median value of ∼140 km s−1. Above
i = 60◦, the velocity drops precipitously. The line width of
the outflow component decreases by ∼40% as galaxies go from
face-on to edge-on, but shows considerable scatter. The EW of
the outflow component changes smoothly and nearly linearly
from EW = 0.7 Å at i ∼ 0◦ to nearly 0.1 at i = 90◦. This trend

appears to be driven primarily by a decrease in the gas covering
factor. The optical depth of the outflow component increases
sharply above i = 60◦. This may indicate that the wide-angle
outflow of dusty material has a more transparent and fast-
moving “core” (i < 60◦) and a surrounding sheath of optically
thick slower-moving entrained material (i > 60◦)—sort of a
“turbulent boundary layer.” However, the outflow component
makes a relatively small contribution to the total EW in this
regime, so some caution in interpreting the result is advised.

The systemic absorption component changes with inclination
in the opposite sense of the outflow component: the line width
increases with inclination by ∼20% and the EW increases, from
emission at i ∼ 0◦ to 0.7 Å of absorption at i ∼ 90◦. The lack
of zero-velocity ISM absorption component at low inclinations
is consistent with the result of Weiner et al. (2009), in which
they found that in the bluest subset, which are likely to be
galaxies viewed face-on, there was no component of absorption
at systemic velocity. Again, most of this change can be attributed
to the covering factor; the optical depth shows little trend with
inclination and considerable scatter. The scatter in Figure 9
represents a lower bound to the uncertainties in the fits.

The trends shown in Figure 9 are in agreement with our basic
hypothesis that Na D absorption arises in both the galaxy disk
and in an outflow directed along the galaxy minor axis. Notably,
the strength of the systemic component increases as galaxies are
viewed more nearly edge-on and a greater path length through
the disk is probed. This leads us to conclude that the systemic
component arises in the warm neutral medium of the disk. These
disk clouds could either be in the central star-forming region, in
which case they must be too massive or too pressure-confined to
be affected by feedback from young star clusters, or the clouds
could be in the outer more quiescent part of the disk which is
probed by the fiber at high galaxy inclinations.

The outflow absorption component covers a wide angle, but
seems stronger within ∼60◦ of the disk rotation axis; it likely
arises from a large-scale galactic wind, like that seen in Figure 3.
Notably, the velocity is roughly constant at i < 60◦, as expected
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Figure 8. Absorption-line profile fits to composite spectra in different inclination bins. The black lines show the continuum-normalized composite spectra, the red
line shows the absorption-line component fixed to the galaxy systemic velocity, the blue line shows the outflow component, and the green line shows the combined fit.
Note the appearance of Na D emission at the systemic velocity in the low inclination bins.
(A color version of this figure is available in the online journal.)
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BigBOSS Requirements: Diffuse Media

• Signal-to-noise
‣ >5 for individual absorbers

• Wavelength coverage
‣ Bluer is better; nuff’ said

• Spectral resolution
‣ R=3,000 is too low to faithfully 

measure column densities
✦ Physical quantity
‣ R=5,000 is tantalizing
✦ Would require very high S/N (>20)

• Spectrophotometry
‣ Critical to ‘smoothing’ experiments
✦ Relative more than absolute
‣ Can high precision be achieved 

with 1.5’’ fibers?
17

(My) Technical requirements; not targeting
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Open Science Topics/Questions in DM

• Enrichment of the z<1 IGM
‣ Do metals extend beyond the CGM?

• HI Reionization at z>6
‣ HeII reionization at z~3, too

• Extent/Mass/Energy of Feedback
‣ SF-driven (SNe, radiation)
‣ Quasar-driven

• WHIM or not a WHIM?
• Thermal history of the IGM
‣ Blazars?!

• Dust beyond SF regions
‣ Distribution, composition

• Morphology of the ISM
18

Some of which lie beyond BigBOSS

Tuesday, September 13, 2011



Highly Multiplexed

DM: Community-based BB Projects
• Main survey
‣ Faint quasar spectroscopy across 

the sky
✦ Unprecedented absorber statistics
‣ Needles in the haystack
✦ May require targeting non-standard 

sources

• Piggy-back mode
‣ Community fibers
‣ Key for rare objects on the sky

• Full instrument
‣ High-spatial mapping of diffuse 

medium
‣ Requires high-density of sources
✦ Challenging for absorption studies

19
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DM: Community-based BB Projects

20

Getting the ball 
rolling...
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IGM/Galaxy Connection at z<1

• Science
‣ CGM characterization
‣ Environment/gas connection
‣ Galactic feedback
‣ ‘Mapping’ the cosmic web

• Observations
‣ HST/COS will obtain exquiste UV 

spectra of several 10’s quasars
✦ High S/N
✦ Coverage of range of ionization states
‣ Dedicated+deep galaxy survey on small 

and medium scales
✦ 100kpc to tens of Mpc
✦ sub-L* => R~23mag

21
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Characterizing Galactic-Winds at z~0.5
• Science
‣ Nature of feedback across cosmic time
✦ z~0, z~1, z>2 are under heavy study
‣ Connect to galaxy properties (AGN,SF)

• Observations
‣ Target 50,000+ SF galaxies at z~0.5
✦ e.g. 10 dedicated fibers per BB pointing
✦ r<22mag with S/N~1 in the continuum
✦ Coverage of FeII, MgII, NaI absorption
‣ Stacked spectra (for most analysis)
‣ BOSS project underway

• Ancillary
‣ Incredible dataset for studying SF 

galaxies at modest redshift
‣ Galaxy/galaxy tomography

• Can this be extended to z>1?
22
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Hot Gaseous Halos 3

Figure 1. Column density maps of HI (top) and OVI (bottom) for both the MUGS (left) and high feedback (right) simulations. The
maps are all aligned so that the disks of the galaxies are edge on to the viewer.
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Mapping the CGM at z~0.5
• Science
‣ Census of metals, dust, gas in the   

CGM of galaxies
✦ Propagation of metals to the IGM (feedback)
‣ Reservoir for future SF (“recycling”)

• Observations
‣ Require probes (ideally multiple) on 

projected scales of a few hundred kpc
✦ BB provides coverage of FeII, MgII
‣ Need target galaxies (see previous slide)
✦ Rare configurations =>  Select fibers
✦ Could re-map BB fields too
✦ LRGs too
‣ Background sources
✦ Quasars, SF galaxies
✦ Leverage existing SDSS/BOSS spectra
‣ Stacked and individual spectra

23

Galaxies probing galaxies 5

Fig. 2.— Keck/LRIS spectrum (unsmoothed) obtained with our slitlet observations (with orientation shown with the solid lines in
Figure 1) of the background galaxy. This galaxy exhibits Mg II, Mg I and Fe II absorption offset by ∼ −300 km s−1 from systemic velocity
(shown in red), indicating an outflow of cool gas. Fe II fine-structure transitions at the systemic velocity of the background galaxy are
marked above the spectrum with short vertical red lines. The green line at flux levels ≈ 0.1 × 10−17erg s−1 cm−2 Å−1 shows the 1σ error
in each pixel. Strong Mg II, Mg I and Fe II absorption features from the foreground galaxy are shown in blue.

Fig. 3.— U −B vs. MB for TKRS galaxies with 0.60 < z < 0.80
(left-hand panel) and 0.37 < z < 0.57 (right-hand panel). Back-
ground (TKRS4389) and foreground (TKRS4259) galaxies are
marked with a large circle and square, respectively. The solid
line divides the “red sequence” from the “blue cloud” as given in
Willmer et al. (2006). The foreground galaxy lies in the so-called
“green valley” and may evolve to the bright end of the red sequence
(e.g., Faber et al. 2007).

as it falls on the opposite side of the D560 dichroic, and
because it lacks spectral features useful for distinguish-
ing star formation histories. The portion redward of this
range is quite noisy and is subject to atmospheric ab-
sorption.

For each model, we find the best-fit value of τV , with an
attenuation curve parametrized in Charlot & Fall (2000),
by performing a χ2 minimization. The models do not in-
clude nebular or AGN line emission, so emission lines
in the data are masked out prior to fitting. We find
that both solar and super-solar metallicity model spec-
tra cannot simultaneously match the strengths of the
Balmer absorption and the Ca II K and G band absorp-
tion in the data. The addition of a featureless power-
law (QSO) component (Fλ = λαλ with αλ = −1.6;
Vanden Berk et al. 2001) does not improve the fits sig-

Fig. 4.— Spectrum of the foreground galaxy smoothed over 7 pix-
els (black) and the smoothed post-starburst model spectrum which
yields the best fit (with A = 4 and tburst = 1.0 Gyr; red). The
smoothed error values in the data are shown with the dotted line.
Emission lines and the central regions of Balmer absorption lines in
the galaxy spectrum were masked out prior to fitting (masked re-
gions are shown in green), as the model spectra do not include line
emission from AGN or H II regions. Bad pixels are also masked
out. Models with 600 Myr ≤ tburst ≤ 1.4Gyr successfully repro-
duce the strong Balmer, Ca II K and G band absorption in the
data.

nificantly. These results suggest that there is no ongoing
star formation in this galaxy. A strictly passively evolv-
ing model is ruled out by the spectrum as well.

3.2.2. Post-starburst Scenario

We also wish to investigate alternative star formation
histories. One possible star formation history that
suggests itself, based on the location of the galaxy in
the CMD as well as its morphology, is one in which the
galaxy evolved passively for several billion years and
then experienced a burst of star formation, which has
since ceased (“post-starburst”; e.g., Dressler & Gunn
1983). We again generate a suite of solar metallicity
models, all with a SSP which formed 7 Gyr ago. A

150kpc
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Close QQ and QG Pairs at all z
• Science
‣ CGM of quasars and galaxies
✦ Gas, metal, dust distributions
‣ Small-scale feedback processes
‣ IGM thermal history, enrichment
‣ Quasar triggering
‣ Galaxy/galaxy mergers

• Observations
‣ Target any/all sources within a few 

arcseconds of a known QSO
✦ SDSS and BOSS

• Ancillary
‣ Tremendous follow-up value

24

Prochaska–U086 2012A Proposal–Quasars Shining Light on Merging Galaxies 3
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Fig. 1.— (left) SDSS 5 color image of the quasar (top) and galaxy (bottom) of the J2049-0012 system.

Note how the stellar distributions in this image give no hint of an interaction between the two galaxies

while the the spectrum clearly presents tidal debris connecting them. (right) 2D discovery spectrum of

the J2049-0012 quasar/galaxy system (z = 0.369) centered near Hβ and [O III] emission made using the

Keck/LRIS 600/7500 grating. The continuum light of the quasar (top) and galaxy (bottom) are the bright

horizontal bands in the image. The bright quasar spectrum is centered at the 0 kpc (0′′) spatial position and

saturates the image in this stretch. These emission lines are detected for the quasar, its host galaxy, and the

companion galaxy as well as a ‘bridge’ of emission that connects the two objects. Rotation can be seen in

both galaxies (see Fig. 3). The emission lines are not detected beyond the spatial slice presented here.

Fig. 2.— Portions of the discovery
spectrum taken with Keck/LRIS on
2008-10-03 after continuum
subtraction. The star denotes the
spatial position of the quasar and the
open circle marks the position of the
companion galaxy. A grey bar has
been placed over the core of the quasar
to aid the eye. These images have
been interpolated to be on the same
spatial and velocity grid. The detection
of [Ne V] among other considerations
demonstrate the ionization source to be
the quasar. These line ratios allow us
to constrain the ionization parameter of
the gas which enable us to characterize
the distribution of ionizing radiation
from the quasar. The variation of
line ratios across the companion galaxy
(±10 kpc of the spatial position of
the circle) possibly suggests a strong
impact of the ionizing radiation on that
galaxy even at a separation of ∼40 kpc.
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Highly Multiplexed

Needles
• Science
‣ Highly enriched gas
✦ Dust production; nucleosynthesis
‣ “Metal-free” gas
✦ BBN; feedback; PopIII stars
‣ HeII reionization
‣ High z IGM

• Observations
‣ Targeting matters
✦ Quasars with highly reddened color
✦ Quasars within the stellar locus
✦ Fainter quasars at z>4
‣ BB offers an unprecedented 

opportunity to target the unknown
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Fig. 4.— The figure is similar to figure 1 but 2MASS data was not included. The template spectrum
in this figure are the arithmetic composite spectrum of template, the Fe II EW of which is consistent
with the Fe II EW of target quasars in 1σ uncertainty. The extinction curve in figure 2 was also
plotted in comparison (dashed lines).
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Highly Multiplexed

Small-scale structure of the ISM
• Science
‣ Density structure of the neutral ISM
‣ Morphology of atomic ‘clouds’

• Observations
‣ Target large stellar clusters on the sky
✦ Open clusters?
‣ High S/N spectra for NaI, CaII 

absorption
✦ Not optimal ions, but only options
‣ Examine kinematic, spatial variations

• Ancillary
‣ High S/N spectra will enable 

characterization of stellar atmospheres
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Highly Multiplexed

Extinction Maps of Local Galaxies

• Science
‣ Galactic-scale feedback
✦ Traced by metals/dust
‣ Dust formation/destruction
‣ Characterization of the diffuse ISM

• Observations
‣ Choose nearby galaxies
✦ Large angular extent
✦ ~100kpc in the BB field-of view
‣ Target (R<22 sources)
✦ Galactic stars -- Galactic extinction
✦ Quasars, red-and-dead galaxies
‣ Photometry will be essential
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