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Outline of Results

•Intro
✦ Traditional QAL studies
✦ QSO Pairs

•QSO-MgII Clustering
✦ R0 = 4.55 +/- 0.8 Mpc h-1

‣ M ~ 1012 Msol
✦ Proximity effect for 

optically thick systems
•MgII toward GRB vs QSO
✦ There are 4x more galaxies 

in front of GRB than QSOs!?
•QSO-LLS Clustering
✦ Strong signal at z>2
✦ Proximity effect

SDSS QSO z=2.17

High z QSO candidate
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QAL Experiment

•Observe a quasar
✦ typically bright (V<19)
✦ Generally z>2

•Study the gas between 
us and the QSO
✦ Properties of the QSO are 

largely unimportant
✦ Absorption-line 

spectroscopy



Lyα

CIV

OVI

Quasar Continuum

zq=3.44



QAL Systems

•Lya forest
✦ N(HI) < 1017 cm-2

✦ δρ/ρ < 10
✦ Lots o’ science

•Lyman Limit Sys
✦ N(HI) > 1017 cm-2

✦ δρ/ρ ~ 100
✦ Unexplored

•Damped Lyα Sys
✦ N(HI) > 2 1020 cm-2

✦ Galaxies
•Metal-line sys
✦ MgII
✦ CIV
✦ etc.

3500 4000 4500 5000
Wavelength (Ang)

0

2

4

6

8

10

12

R
el

at
iv

e 
Fl

ux



!"#$ !%#" !%#$ !!#"
&'()*+,

!!-

!!$

!!.

!!/

!!!

!!%

&'
(
)0
+
,1
*
23
4

567(&8)9':8;!<=:

>=??=)@A7BC6'7

D'AE&8)9':8;!<=:

fHI: NHI Frequency distribution

PHW05α = −1.8



Chemical Evolution 

•>120 DLA
✦ Evolution in both 

unweighted and <Z>
✦ -0.26 dex per Dz
✦ About 2x per Gyr

•Scatter
✦ Roughly constant 

with z
✦ Uniform population?

•Metallicity floor
✦ [M/H] > -2.6
✦ DLA are linked to 

current or recent SF

(95% c.l.)



Chemical Abundances

•Dust-to-gas ratio
✦ Zn/Fe, Si/Fe
‣ Depletion patterns
‣ Obscuration 

implications
✦ Molecular content

•Star-formation 
histories
✦ Si/Fe, N/O, z
✦ ‘Morphology’
‣ Dwarf galaxies
‣ Outer spiral galaxy

Vladilo (2004)



Chemical Abundances

•Dust-to-gas ratio
✦ Zn/Fe, Si/Fe
‣ Depletion patterns
‣ Obscuration 

implications

•Star-formation 
histories
✦ Si/Fe, N/O, z
✦ ‘Morphology’
‣ Dwarf galaxies
‣ Outer spiral galaxy

Dessauges-Zavadsky et al. (2004)



QAL Systems

What we (think we) know:

NHI

Metallicity
Dust-to-gas ratio

Velocity field
1D Power spectrum

Chemical abundances

What we don’t know:

Density
Size

Mass of the host galaxy
Properties of the QSO host

Temperature
Stars associated with the gas



Quasar Pairs

Neutral Gas

Ionized Gas

Foreground QSO

Background QSO



Quasar Pairs: Previous work

•Low redshift
✦ Projected pairs
✦ Coherence of Lyα lines
‣ ~Mpc scales
‣ Suggest these ‘clouds’ 

fill large volume

•High redshift
✦ Gravitational lenses
‣ Small separation‣ Impressive coherence

✦ Small sample

Dinshaw et al.



Quasar Pairs: Previous work

•Low redshift
✦ Projected pairs
✦ Coherence of Lyα lines
‣ Mpc scales
‣ Suggest these ‘clouds’ 

fill large volume

•High redshift
✦ Mainly gravitational 

lenses
‣ Small separation‣ Impressive coherence

✦ Small sample of 
projected pairs
‣ Mainly >1’ separation
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SDSS Survey

•Data Release 4
✦ Over 3000 deg2

✦ Over 40,000 quasars
•Spectral quality
✦ R = 2000
✦ λ = 3800 - 9200 Ang

•Fiber survey
✦ Collisions limit 

placement to 1’
‣ 1’ = 1.5 Mpc h-1 at z=2



Close QSO Pairs

•SDSS Photometry
✦ Candidate QSOs near 

known SDSS QSOs
✦ Follow-up spectra at APO
‣ J. Hennawi thesis

•Terrific success
✦ Current sample 
‣ >50 sub-arcminute pairs

✦ Additional follow-up 
spectra
‣ Lyα forest properties
‣ QAL clustering‣ etc.

SDSS QSO z=2.17

High z QSO candidate



Outline of Results

•Intro
✦ Traditional QAL studies
✦ QSO Pairs

•QSO-MgII Clustering
✦ R0 = 4.55 +/- 0.8 Mpc h-1

‣ M ~ 1012 Msol
✦ Proximity effect for 

optically thick systems
•MgII toward GRB vs QSO
✦ There are 4x more galaxies 

in front of GRB than QSOs!?
•QSO-LLS Clustering
✦ Strong signal at z>2
✦ Proximity effect

Prochter, Hennawi, Prochaska (2006)
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MgII Search in QSO Spectra
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dN/dz of MgII

•dN/dz
✦ Number of absorbers per 

unit redshift
✦ Roughly, 1 QSO has 1 unit 

of redshift coverage
•SDSS
✦ 20,000 quasars with 

sufficient SNR
‣ Automatically identify     

10,000 MgII systems
➡ Each is verified by eye‣ Stat sample is 7000 with      
Rest EW > 1A
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dN/dX of MgII

•dN/dX
✦ Number of absorbers per 

unit cosmological distance
‣ Assume LCDM

✦ Proportional to the number 
density times cross-section
‣ dN/dX ~ n σ

•Result
✦ Minimal evolution at z>1
‣ Suggests the number density is 

not significantly evolving
✦ M < 1012 Msol
‣ Press-schecter argument

Prochter, Prochaska, & Burles (2006)
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MgII-QSO Pairs (Transverse)
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MgII-QSO Clustering (Trans.)

•Correlation func.
✦ ξT = (R/R0)γ

✦ Assume γ = -1.6
•Results
✦ R0 = 4.55 +/- 0.8 Mpc h-1

‣ QSO-QSO: R0 = 5 Mpc h-1

‣ LBG-LBG:  R0 = 3 Mpc h-1

✦ No significant 
redshift evolution
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MgII-QSO Clustering (Mass)

ξT = bMg bqso ξDM

Mo & White formalism



MgII-QSO Clustering (EW)

•Cut on MgII EW
✦ Equivalent Width
‣ Driven by velocity field 

of MgII gas
✦ Examine mass 

dependence
•Results
✦ No systematic 

difference
✦ Contradicts results 

from LRG (Bouche)?
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QSO Proximity Effect 
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MgII-QSO Clustering (Radial)

•Radial clustering
✦ Complicated by QSO 

redshift error
‣ Corrected to MgII 

emission
‣ 300 km/s uncertainty

•Results
✦ z<1.4
‣ Stronger signal in 

fainter QSOs‣ Clear proximity effect
✦ z>1.4
‣ Absence of signal 

indicates proximity effect
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MgII-QSO Summary
•SDSS Sample
✦ Supplemented by 2QZ
✦ Automated MgII search

•Transverse clustering
✦ R0 = 4.55 +/- 0.8 Mpc h-1

‣ No redshift dependence
‣ No EW dependence

✦ Suggests mass of ~ 1012 Msol
‣ Crude estimate, but one of the 

best now available

•Line-of-sight clustering
✦ Minimal enhancement
‣ Less enhancement for brighter 

QSOs
✦ Proximity effect for optically 

thick absorbers
‣ Enhancement of CIV, NV?



Outline of Results

•Intro
✦ Traditional QAL studies
✦ QSO Pairs

•QSO-MgII Clustering
✦ R0 = 4.55 +/- 0.8 Mpc h-1

‣ M ~ 1012 Msol
✦ Proximity effect for 

optically thick systems
•MgII toward GRB vs QSO
✦ There are 4x more galaxies 

in front of GRB than QSOs!?
•QSO-LLS Clustering
✦ Strong signal at z>2
✦ Proximity effect

Prochter et al. (2006)
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ON THE INCIDENCE OF STRONG MG II ABSORBERS ALONG GRB SIGHTLINES

G.E. Prochter1, J.X. Prochaska1, H.-W. Chen2, J. S. Bloom3, M. Dessauges-Zavadsky4,
R. J. Foley3, M. Pettini5, A. K. Dupree6, P. Guhathakurta1

Submitted to ApJL

ABSTRACT

We report on a survey for strong (rest equivalent width Wr ≥ 1Å), intervening Mg II systems along
the sightlines to long-duration gamma-ray bursts (GRBs). The GRB spectra which comprise the survey
have a heterogeneous mix of resolution and wavelength coverage, but we implement a strict, uniform
set of search criteria to derive a well-defined statistical sample. We identify 15 strong Mg II absorbers
along 12 GRB sightlines (nearly every sightline exhibits at least one absorber) with spectra covering a
total pathlength ∆z = 13.8 at a mean redshift z̄ = 1.1. In contrast, the predicted incidence of such
absorber systems along the same path length to quasar sightlines is only 3.4. The roughly four times
higher incidence along GRB sightlines is inconsistent with a statistical fluctuation at greater than 99.9%
c.l. Several effects could explain the result: (i) dust within the Mg II absorbers obscures faint quasars
giving a lower observed incidence along quasar sightlines; (ii) the gas is intrinsic to the GRB event; (iii)
the GRB are gravitationally lensed by these absorbers. We present strong arguments against the first
two effects and also consider lensing to be an unlikely explanation. The results suggest that at least one
of our fundamental beliefs on absorption line research is flawed.

Subject headings: gamma rays: bursts

1. INTRODUCTION

Shortly after the discovery of quasars (Schmidt 1963),
researchers realized that one could study distant gas in
the universe by analyzing absorption lines in the spectra
of these distant objects (e.g. Bahcall & Salpeter 1965).
Although debate persisted for many years as to whether
the observed gas was intrinsic to the quasar or at cosmo-
logical distance, current research focuses on studying the
dark matter power spectrum (e.g. Croft et al. 2002), the
interstellar medium of high z galaxies (Wolfe, Gawiser &
Prochaska 2005), metal enrichment (Schaye et al. 2003;
Simcoe, Sargent & Rauch 2004), and reionization (White
et al. 2003).

Upon establishing that long-duration (t > 2s) gamma-
ray bursts (GRBs) are extragalactic (Metzger et al. 1997)
with redshifts exceeding all but the most distant quasars
(Kawai et al. 2006), researchers realized that one could
use the transient, bright afterglows to perform similar ob-
servations as those for quasars (e.g. Vreeswijk, Møller &
Fynbo 2003; Chen et al. 2005). Although the majority
of analysis to date has focused on the gas associated with
the GRB host galaxy (e.g. Mirabal et al. 2002; Savaglio,
Fall & Fiore 2003), even the first GRB spectrum showed
the presence of intervening gas (Metzger et al. 1997). The
proposed applications include studying reionization at yet
greater distance than QSOs and probing the Lyα forest on
a well-behaved, power-law continuum (e.g. Lamb & Re-

1UCO/Lick Observatory; University of California, Santa Cruz;
Santa Cruz, CA 95064; xavier@ucolick.org

2Department of Astronomy; University of Chicago; 5640 S. Ellis
Ave., Chicago, IL 60637; hchen@oddjob.uchicago.edu

3Department of Astronomy, 601 Campbell Hall, University of Cal-
ifornia, Berkeley, CA 94720-3411

4Observatoire de Genève, 51 Ch. des Maillettes, 1290 Sauverny,
Switzerland

5Institute of Astronomy, Cambridge University, Madingley Road,
Cambridge, CB3 0HA, United Kingdom

6Harvard-Smithsonian Center for Astrophysics, 60 Garden St.,
Cambridge, MA 02138

ichart 2000; Lazzati et al. 2001).
Here, we report the results from a survey of strong Mg II

absorption systems. These systems were among the first
intervening absorption lines discovered in quasar spectra
because (i) the large rest wavelengths of the doublet allows
for its detection in optical spectra for redshifts as small as
0.15; and (ii) the doublet has a large oscillator strength
and is resolved with even low-resolution (FWHM ≈ 5Å)
spectroscopy. As such, the Mg II absorbers were one of
the first classes of quasar absorption line systems to be
surveyed (Steidel & Sargent 1992). Follow-up observations
have shown that these absorbers trace relatively bright
galaxies (Lanzetta 1993; Ménard et al. 2005) and reside
in dark matter halos with M ≈ 1012M! (Bouché, Murphy
& Péroux 2004; Prochter et al. 2006).

In many of the GRB spectra acquired to date, the au-
thors have reported the presence of a Mg II absorber with
rest equivalent width Wr > 1Å. Jakobsson et al. (2004)
noted that the galaxies identified with these absorbers may
consistently occur at small impact parameter (ρ ≈ 10kpc)
from the GRB sightline. Over the past year, our col-
laboration (GRAASP7) has obtained moderate to high-
resolution observations of afterglows for GRB discovered
by the Swift satellite (Gehrels et al. 2004). In this Let-
ter, we will perform a search for strong (Wr > 1Å) Mg II

absorbers along these GRB sightlines and those reported
in the literature. We will then compare the results to our
recent determination of the incidence of strong Mg II sys-
tems along the sightlines to quasars in the Sloan Digital
Sky Survey (SDSS; Prochter, Prochaska & Burles 2006;
Prochter et al. 2006).

2. THE STRONG MG II STATISTICAL SAMPLE ALONG GRB
SIGHTLINES

Owing to the transient nature of GRB afterglows, opti-
cal spectroscopy has been obtained at many observatories
with a diverse set of instruments and instrumental config-
urations. This includes our own dataset (Prochaska et al.

7http://www.graasp.org
1



MgII Result for non-QAL Folks
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MgII Search in QSO Spectra
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dN/dz of MgII

•dN/dz
✦ Number of absorbers per 

unit redshift
✦ Roughly, 1 QSO has 1 unit 

of redshift coverage
•SDSS
✦ 20,000 quasars with 

sufficient SNR
‣ Automatically identify     

10,000 MgII systems
‣ Stat sample is 7000 with      

Rest EW > 1A
0.5 1.0 1.5 2.0

z
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Prochter, Hennawi, Prochaska  (submitted)
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the telescope during the observations (!25!) and a problem with
the Keck II lower shutter, approximately half of the telescope
aperture was blocked during the exposures. Instrumental sensitivity
was calibrated by an observation of the standard star15 BD+284211,
but owing to an approximate correction for the occulted aperture
the absolute calibration is only rough.

The resulting combined spectra from 11 May is shown in Fig. 1a.
It is customary to represent the spectral flux density (Fn) of a non-
thermal source by a power law, Fn ! na; here n is the frequency. The
optical index computed from the spectrum is aO ¼ " 0:9 # 0:3.
The large uncertainty is due to the uncertain correction for atmo-
spheric extinction in the blue region of the spectrum at the large
zenith angles of our observations.

Several absorption features are evident; the strongest, near 7,600
and 6,870 Å, are due to telluric O2. In the region between 4,300 and
5,300 Å (Fig. 1b), there are several significant absorption features16

that we identify. The identifications were made based on Mg II

doublet (5,129 and 5,143 Å) line ratios, and assigning further rough
identification of other metal lines based on wavelength ratios
between these and the Mg doublet. Table 1 shows the lines identified
in the spectrum; independent redshifts are computed from each
line. This reveals a relatively strong17 metal line absorption system at
z ¼ 0:8349 # 0:0002, and a weaker Mg II system at z ¼ 0:768. The
eight lines present in the strong absorption system make the redshift
assignment unambiguous. The continuum source is either more
distant and absorbed by a gas cloud at this redshift, or perhaps is
located physically within the cloud, but the absorption places a firm
lower limit to the redshift of the source, z $ 0:835.

Such absorption systems are commonly seen in the spectra of
high-redshift quasi-stellar objects (QSOs)17. An imaging study of
such systems18 reveals that most are associated with normal galaxies
close to the line of sight to the QSO. An analysis of these systems19 at
redshift similar to the system we identify in OT J065349+79163
indicates a correlation (with significant scatter) between line
equivalent width and impact parameter. As the absorption we see
should be similar to QSO systems, we expect that deep images
(perhaps taken after the transient fades) would reveal a galaxy
responsible for this absorption system, though it is difficult to
predict its brightness or separation from the transient. A hint of
such an object has already been suggested20. Note that as the OTwas
far brighter than any other nearby object, any contamination of the
spectrum is negligible and thus the OT features were a physical
absorption.

At these redshifts, the number of Mg II absorption systems with
rest equivalent widths Wl % 0:3 Å per unit redshift is of the order of
unity17. Detection of one or two such absorption systems in our
spectrum is thus not unusual. However, the ratio of line strengths
(Mg I/Mg II) seems unusually high, and combined with the high

strength of the Mg II absorption system provides some evidence for a
dense foreground interstellar medium. This implies either a small
impact parameter19, or, more likely, that the z ¼ 0:835 system is due
to the GRB host galaxy itself. We can also place an approximate
upper limit to the source redshift from the absence of apparent
Lyman-a absorption features in our spectra. The short-wavelength
limit of our data corresponds to zLya " 2:3. In addition to the lack of
individual lines, the mean observed continuum decrement at this
redshift is21,22 DA " 0:1–0:2, and it increases with redshift. If present,
such a continuum drop should be detected in our data for
wavelength l % 4;000 Å. We can thus place an approximate upper
limit to the source redshift of z & 2:3.

One might ask whether from current observations we should
expect to see a host galaxy for the burst, if such a galaxy were
present. If we assume a minimum redshift of z ¼ 0:835 in a standard
Friedmann cosmology with H0 ¼ 70 km s " 1 Mpc " 1 and Ω0 ¼ 0:2,
the luminosity distance is 1:49 ' 1028 cm. The B band would be
redshifted just slightly past the Gunn i band, and for observations13

made on 10 May UT, the observed flux in the redshifted B band is
!39 (Jy. For the assumed redshift and cosmology, this implies an

Figure 1 The spectrum of the optical variable. a, Full spectrum; b, expansion of a

limited region,with strongabsorption linesand identifications indicated. The lines

marked with an asterisk are identified with an absorption system at redshift

z ¼ 0:835, the others at z ¼ 0:767. The spectrum has been smoothed with a three-

pixel boxcar filter. A few additional weak features (not shown) have also been

tentatively identified with the z ¼ 0:767 system. Fn is the flux density, and d is the

wavelength in Å.

Table 1 OT J065349+79163 absorption lines

lvac

(Å)

Unc. Wl

(Å)

Unc. lrest

Å

z Assignment

.............................................................................................................................................................................
4,302.5 1.8 1.3 0.3 2,344.2 0.8354(8) Fe II

4,359.7 1.4 1.3 0.3 2,374.5 0.8360(6) Fe II

4,372.2 1.5 1.4 0.3 2,382.8 0.8349(6) Fe II

4,746.7 1.7 1.0 0.4 2,586.7 0.8350(7) Fe II

4,769.7 1.3 2.3 0.2 2,600.2 0.8344(5) Fe II

4,941.1 1.5 1.3 0.3 2,796.4 0.7670(5) Mg II

4,953.9 1.5 1.0 0.4 2,803.5 0.7670(5) Mg II

5,130.4 1.1 2.7 0.2 2,796.4 0.8346(4) Mg II

5,144.0 1.1 3.0 0.2 2,803.5 0.8348(4) Mg II

5,232.6 1.3 1.8 0.2 2,853.0 0.8341(5) Mg I
.............................................................................................................................................................................
Table gives measured parameters for identified absorption lines in OT J065349+79163 and
the inferred redshift of each feature. lvac is the measured wavelength of each line, corrected
to vacuum, and the following column is the uncertainty (in Å); Wl is the observed (not rest
frame) equivalent width of the line in Å, along with the corresponding uncertainty; the last
three columns list the assigned physical absorption for each line, with rest vacuum
wavelength (lrest), implied redshift, and element/ionization state.

•MgII 
✦ Often establishes the GRB 

redshift (z<2.5)
‣ Rest EW > 2A in most cases

•Intervening MgII
✦ Easy to identify
‣ Even with low-res data

✦ Limited to large EW systems 
in many cases

•GRB 970508
✦ Even an example in the first 

optical spectrum



GRAASP Swift Sample
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GRB MgII Sample– 10 –

Table 1. Survey Data for Mg II Absorbers Along GRB Sightlines

GRB zGRB zstart zend zabs Wr(2796 Å) ∆v (km s−1 ) Reference

Wr(2796) ≥ 1 Å Mg II Statistical Sample

000926 2.038 0.616 2.0 8
010222 1.477 0.430 1.460 0.927 1.00 ± 0.14 74,000 1

1.156 2.49 ± 0.08 41,000
011211 2.142 0.359 2.0 2

020405 0.695 0.359 0.684 0.472 1.1 ± 0.3 65,000 11
020813 1.255 0.359 1.240 1.224 1.67 ± 0.02 4,000 3

021004 2.328 0.359 2.0 1.380 1.81 ± 0.3 97,000 4
1.602 1.53 ± 0.3 72,000

030226 1.986 0.359 1.966

030323 3.372 0.824 1.646 7
050505 4.275 1.414 2.0 1.695 1.98 176,000 6

050730 3.97 1.194 2.0
050820 2.6147 0.359 1.850 0.692 2.877 ± 0.021 192,000

1.430 1.222 ± 0.036 113,000
050908 3.35 0.814 2.0 1.548 1.336 ± 0.107 147,000
051111 1.55 0.488 1.533 1.190 1.599 ± 0.007 45,000

060418 1.49 0.359 1.473 0.603 1.251 ± 0.019 124,000
0.656 1.036 ± 0.012 116,000

1.107 1.876 ± 0.023 50,000

Other Mg II Systems Reported/Detected Along GRB Sightlines

970508 0.835 0.767 0.736 ± 0.3 17,000 7
991216 1.022 0.770 2.0 ± 0.8 40,000 2

0.803 3.0 ± 0.7 34,000
011211 0.316 2.625 ± 1.418 210,000

030226 1.963 5.0 ± 0.2 2,000 5
1.042 0.9 ± 0.1 109,000



Statistically Solid Result
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Possible Explanations
•Dust obscuration?
✦ MgII absorbers contain dust
‣ Could remove quasars from a 

magnitude limited sample
‣ Underestimate dN/dz

✦ But, dust content is low
‣ Effect is small

•Gas is Intrinsic to the GRB?
✦ v > 100,000 km/s !
✦ Galaxies have been identified

•Gravitational lensing?
✦ One MgII per sightline
‣ Double lens enhancement

✦ But, flux counts are flat
‣ No GRB pairs?

•Beam size? (Frank et al.)
✦ Very unlikely



Bizzare (fundamental?) result



Outline of Results

•Intro
✦ Traditional QAL studies
✦ QSO Pairs

•QSO-MgII Clustering
✦ R0 = 4.55 +/- 0.8 Mpc h-1

‣ M ~ 1012 Msol
✦ Proximity effect for 

optically thick systems
•MgII toward GRB vs QSO
✦ There are 4x more galaxies 

in front of GRB than QSOs!?
•QSO-LLS Clustering
✦ Strong signal at z>2
✦ Proximity effect

Hennawi & Prochaska (2006)

!"" !"""
#$$%&'()*+

!"!!

!""

!"!

!",

!
%#
-"
$.
+

$

$

$

$

$

$

$

$



QSO-LLS Pairs

•SDSS Quasars
✦ Standard identification
✦ FWHM=2A spectra

•QSO Pairs
✦ SDSS photomotery
‣ APO follow-up

✦ 2DF QSO’s too
•Follow-up spectra
✦ Keck, Gemini
‣ FWHM ~ 2A resolution
‣ SNR > 5 per pixel

•Identify HI absorbers
✦ NHI > 1017 cm-2

Hennawi et al. (2006)
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Sample Spectra

Hennawi et al. (2006)
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NHI > 1019 Sample

Hennawi & Prochaska (2006)

4 HENNAWI & PROCHASKA

TABLE 1
Super-LLSs Near Quasars from QPQ1

Name zbg zfg ∆θ R zabs |∆v| ∆vfg log NHI gUV Telescope
(′′) (h−1 kpc) (km s−1) (km s−1) (cm−2)

SDSSJ0225−0739 2.99 2.440 214.0 4310 2.4476 690 500 19.55 ± 0.2 5 SDSS
SDSSJ0239−0106 3.14 2.308 3.7 72 2.3025 540 1500 20.45 ± 0.2 6369 Keck
SDSSJ0256+0039 3.55 3.387 179.0 4195 3.387 20 1000 19.25 ± 0.25 20 SDSS
SDSSJ0338−0005 3.05 2.239 73.5 1415 2.2290 960 1500 20.9 ± 0.2 13 SDSS
SDSSJ0800+3542 2.07 1.983 23.1 415 1.9828 40 300 19.0 ± 0.15 488 Keck

SDSSJ0833+0813 3.33 2.516 103.4 2112 2.505 980 1000 19.45 ± 0.3 18 SDSS
SDSSJ0852+2637 3.32 3.203 170.9 3917 3.211 550 1500 19.25 ± 0.4 13 SDSS
SDSSJ1134+3409 3.14 2.291 209.2 4073 2.2879 320 500 19.5 ± 0.3 11 SDSS
SDSSJ1152+4517 2.38 2.312 113.4 2216 2.3158 370 500 19.1 ± 0.3 30 SDSS
SDSSJ1204+0221 2.53 2.436 13.3 267 2.4402 370 1500 19.7 ± 0.15 625 Gemini

SDSSJ1213+1207 3.48 3.411 137.8 3246 3.4105 30 1500 19.25 ± 0.3 39 SDSS
SDSSJ1306+6158 2.17 2.111 16.3 302 2.1084 200 300 20.3 ± 0.15 420 Keck
SDSSJ1312+0002 2.84 2.671 148.5 3129 2.6688 200 500 20.3 ± 0.3 23 SDSS
SDSSJ1426+5002 2.32 2.239 235.6 4529 2.2247 1330 500 20.0 ± 0.15 19 SDSS
SDSSJ1430−0120 3.25 3.102 200.0 4517 3.115 960 1500 20.5 ± 0.2 26 SDSS

SDSSJ1545+5112 2.45 2.240 97.6 1873 2.243 320 500 19.45 ± 0.3 30 SDSS
SDSSJ1635+3013 2.94 2.493 91.4 1861 2.5025 820 500 > 19 111 SDSS

Note. — Optically thick absorption line systems near foreground quasars. The background and foreground quasar
redshifts are denoted by zbg and zfg, respectively. The angular separation of the quasar pair sightlines is denoted by
∆θ, which corresponds to a transverse comoving separation of R at the foreground quasar redshift. Absorber redshift is
indicated by zabs, and |∆v| is the velocity difference between the absorber redshift and our best estimate of the redshift
of the foreground quasar. Our estimated error on the foreground quasar redshift is denoted by ∆vfg. Foreground quasar
redshifts and redshift errors were estimated according to the detailed procedure described in § 4 of QPQ1. The logarithm
of the column density of the absorber from a fit to the H I profile is denoted by log NHI. The column labeled “Telescope”
indicates the instrument used to observe the background quasar. The quantity gUV = 1 + FQSO/FUVB is the maximum
enhancement of the quasars ionizing photon flux over that of the extragalactic ionizing background at the location of the
background quasar sightline, assuming that the quasar emission is isotropic (see Appendix A of QPQ1). We compare to the
UV background computed by F. Haardt & P. Madau (2006, in preparation)

are well suited to constructing a complete (! 95%) sam-
ple of DLAs (log NHI > 20.3) at z > 2.2; however, the
completeness at the lower column densities log NHI > 19,
considered here has not been systematically quantified.
Furthermore, aggressive SNR criteria were employed in
QPQ1 in order to gather a sufficient number of projected
quasar pairs. Line-blending can significantly depress the
continuum near the Lyα profile and mimic a damping
wing, biasing column density measurements high or giv-
ing rise to false positives. Any statistical study will thus
suffer from a ‘Malmquist’-type bias because line-blending
biases lower column densities upward, and the line den-
sity of absorbers dN/dz, is a steep function of column
density limit.

Based on visually inspecting the 149 background
quasar spectra and a comparison with echelle data for
three systems, we estimated that the QPQ1 survey
was ∼ 90% complete for log NHI > 19.3 for all the
Keck/Gemini/MMT spectra and ∼ 3/4 of the SDSS
spectra, which accounts for about 125 of the 149 spectra
searched. To address the false positive rate, we com-
pared with echelle data for three systems and found that
our column density was overestimated by ∼ 2.5σ for one
system, raising it above the super-LLS (log NHI > 19)
threshold. However, this absorber was located blueward
of the quasars Lyβ emission line, in a part of the spec-
trum ‘crowded’ by the presence of both the Lyα and Lyβ
forests. A more careful examination of the completeness
and false positive rate of super-LLSs identified in spec-
tra of the resolution and SNR used in QPQ1 is definitely
warranted. In § 5 we explore how our clustering mea-
surement changes if we discard systems within ≈ 1σ of

the log NHI = 19 threshold.
Relevant quantities for the super-LLS-quasar pairs

which are used in our clustering analysis are given in
Table 1. The distribution of foreground quasar redshifts,
transverse separations, and ionizing flux ratios probed by
all of our projected pair sightlines is illustrated in Fig-
ure 1. The filled symbols outlined in black indicate the
sightlines which have an absorption line system near the
foreground quasar with log NHI > 19 (see Table 1) and
open symbols are sightlines with no such absorber.

3. QUANTIFYING QUASAR-ABSORBER CLUSTERING

In the absence of clustering, the line density of ab-
sorption line systems per unit redshift above the column
density threshold NHI is given by the cosmic average〈

dN

dz

〉
(> NHI, z) = nAfcov

c

H(z)
, (1)

where n is the comoving number density of the galaxies
or objects which give rise to absorption line systems, A
is their absorption cross section (in comoving units), fcov

is the covering factor, and H(z) is the Hubble constant.
Note that the line density is degenerate with respect to
the combination nAfcov and only their product can be
determined by measuring the abundance of absorption
line systems.

At an average location in the Universe, the probability
of finding an absorber in a background quasar spectrum
within the redshift interval ∆z = 2(1 + z)∆v/c, corre-
sponding to a velocity interval 2∆v is simply P = 〈dN/
dz〉∆z. For a projected pair of quasars, clustering around
the foreground quasar will increase the probability of



•Absorbers
✦ NHI > 1019 cm-2

✦ Malmquist bias may be 
important
‣ Line blending
‣ Control by removing 

systems with NHI ~ 1019 cm-2

•Quasars
✦ SDSS
✦ 2QZ
✦ APO sample

Hennawi & Prochaska (2006)

NHI > 1019 Sample
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Hennawi & Prochaska (2006)

Clustering Result
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•Correlation func.
✦ χ = (R/R0)γ

✦ Assume 
‣ γ = -1.6  (Blue)
‣ γ = -2  (Red)

•Results
✦ R0 = 9.2 +/- 1.5 Mpc h-1

‣ LBG-LBG: Green 
✦ R0 = 5 for γ = -2
✦ In the transverse 

direction from quasars, 
the presence of strong 
Lya is enhanced



Clustering Anisotropy
•Line-of-sight
✦ Probability of 

intersecting an absorber
‣ Dependent on size
‣ Project clustering func.

✦ Compare with observed 
rate 

•Results
✦ Proximate DLAs
‣ 2x enhancement
‣ Russel et al. (2006)

✦ Our prediction
‣ >5x enhancement‣ At least 50% are ‘missing’

✦ Proximity effect for DLA!
‣ Implies typical volume 

density of nHI = 10-1 cm-3

Hennawi & Prochaska (2006)
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DLA Density Estimate

Hennawi & Prochaska (2006)
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QSO Flourescence
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Adelberger et al. (2006)

•QSO ionizes outer skin
✦ Gas recombines
✦ 60% of the QSO radiation 

is emitted in Lya
‣ Relatively high surface 

brightness

•Investigate
✦ QSO emission
‣ Anisotropy
‣ Lifetime

✦ Absorber size
‣ Size/Geometry
‣ Volume density



QSO Flourescence

Hennawi & Prochaska (in prep)

•gUV = 7900 x UVB
✦ Expect µLya = 19.5 / sq”

•Observe
✦ Gemini (3hr integration)
✦ No unresolved emission
‣ QSO anistropy?
‣ But, note the intriguing 

feature in the 1D spectrum

•Future
✦ Sample of over 10 

flourescence candidates
✦ Stay tuned...



QSO Halo gas
1204+0221

RA=12:04:16.69 DEC=+02:21:11.0

=13.3 =-61.8 =-86.0 =-22.8

z=2.53 =19.01 =20.53



Keck HIRESb Obs.
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QSO Halo gas
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•Metallicity
✦ High:  [Si/H] > -0.5

•Velocity field
✦ Extreme
✦ Suggestive of outflow
✦ ‘Wind’ of 100’s km/s

•Ionization state
✦ Modest: Low SiIV/SiII
✦ But, high NII/NI
✦ Consistent with low UV 

flux but high X-Ray



QSO-LLS Clustering
•Anistropic clustering
✦ Transverse
‣ R0 = 9.2 +/- 1.5 Mpc h-1

✦ Proximate prediction
‣ Expect one LLS per QSO
‣ Observe ~2x increase in DLA

✦ Implication: QSO ionization of 
NHI > 1019 absorbers
‣ nHI ~ 10-1 cm-3

•Other applications
✦ Flourescence
‣ QSO ‘beaming’, lifetime‣ Size, geometry

✦ High resolution studies
‣ Gas kinematics, ionization, 

metallicity in QSO Halos


