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1 INTRODUCTION

Early attempts to quantitatively detect dust in damped Lyalaha
absorbers in QSO spectra, by its differential extinctiomafiven
object, were made by Pei, Fall & Bechtold (1991). They found
higher extinction in a sample of 13 QSOs having dampedolLy
systems (DLAS) in their spectra compared to a sample of 15QS0
that had no DLAs indicating presence of dust in the DLA absrshb
albeit with E(B — V') <0.03. Ellison, Hall & Lira (2005) similarly
found only a slight reddeningi(B — V') < 0.04) in 14 out of 42

QSOs with DLAs.
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ABSTRACT

We have studied a sample of 1084 intervening absorptioresyswith 2.15 2z, <5.2,
having log(Ni1) > 20.0 in the spectra of QSOs in Sloan Digital Sky Survey (SD&8x
release 7 (DR7), with the aim of understanding the natureadmohdance of the dust and
the chemical abundances in the DLA absorbers. Compositgrapgere constructed for the
full sample and several subsamples, chosen on the basissoftey and QSO properties.
Average extinction curves were obtained for the samplesobyparing their geometric mean
composite spectra with those of two samples of QSOs, majéhirn.,,, and i magnitude with
the DLA sample, one sample without any absorbers along lineis of sight and the other
without any DLAs along their lines of sight irrespective bétpresence of other absorption
systems. We also derived relative extinction curves of séymirs of subsamples. While the
average reddening in the DLA sample is small, we find definitdesnce for the presence of
dust in subsamples based on absorber properties, in gartiba strength of metal absorption
lines. DLAs along lines of sight to QSOs which are not colalested are found to be more
dusty compared to those along the lines of sight to the mameenous colour selected QSOs.
From these studies and from the strengths of absorptios lm¢éhe composite spectra, we
conclude thak 10% of the DLAs in SDSS DR7 cause significant reddening, haeager
absorption lines and have higher abundances as compareel test of the sample. The rest
of the sample shows little reddening. While due to the domticalor selection method used
to target QSOs in the SDSS DRY7, this fraction of 10% likelyrespents a lower limit for
the global fraction of dusty DLAs at high-z, it is also podsithat the dust grain sizes at
high redshifts are larger, giving rise to a flat extinctiomwiover the observed range of
wavelengths.

Key words: Quasars: absorption lines-ISM: abundances, dust, ektmalaxies: high-
redshift

The Sloan Digital Sky Survey (SDSS) archive has been used
for several studies of extinction in sight-lines to QSOscHards
et al. (2003) showed that an observer frame colour excess; he
after, A(g — ¢), which is the difference between the actual colours
of a QSO and the median colours of QSOs at that redshift, could
be defined for the SDSS QSO spectra and could be used to form
templates of objects with apparent degrees of extinctimwéver,
they could not discern if the extinction so detected was ftben
QSO itself or from intervening systems. Hopkins et al. (208skd
composite QSO spectra to show that the extinction toward3KQS
is dominated by SMC-like extinction, which they argued wes-p
dominantly located at QSO redshifts. Wild & Hewett (2005yda
found evidence of dust in QSO absorption line systems with de
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tected Ca Il lines, withE(B — V) of 0.06. Wild, Hewitt & Pet-
tini (2005) find strong Ca Il absorbers to hak€B — V) > 0.1.
However, these samples are small and highly selective.oNest
al. (2008) find no evidence thatdy in DLAs is related to the
presence of dust depletion of Cr. Murphy & Liske (2004) stddi
the spectral indices of QSOs in SDSS Data Release 2 and faund n
evidence for the presence of dust in DLAs at a redshift. They
derived an upper limit of 0.02 o&(B — V).

York et al. (2006; hereafter Y06) gave definite evidence stdu
in the intervening Mg Il absorbers by comparing compositcta
of SDSS QSOs with absorbers with that of a matching {in and i
magnitude () sample (the non-absorber sample) of SDSS QSOs
without any absorbers in their spectra. The reddening waarsh
to be correlated with several absorber properties, in ddi the
strength of Mg Il lines (essentially, the velocity spreadnuiilti-
ple, saturated components). Vanden Berk et al. (2008)gLtsia
method of Y06, similarly obtained evidence for reddeningys-
tems associated with QSOs (having relative velocity wigpest
to the QSO smaller than 3000 km§. Ménard et al. (2008), in-
vestigated the effect of dust reddening and gravitatiogredihg of

peared to be at least broad enough that it could bevg ®g 11, or
some other doublet line with heavily blended componentsit ish
any feature broad enough that a common absorption douhiét co
not be visually resolved in the spectrum was considered dican
date BAL. (We call the objects “candidate” BALs because they
have not been quantitatively analyzed to determine if thegtm
various criteria listed in published BALQSO catalogs.) Betec-
tion procedure using this definition was simple to implemand
the results corresponded well with those in the Gibson €2a09)
catalog. We also inspected all of the post DR5 candidate BALQ
SOs identified by Shen et al. (2011), using the same selection
teria. Each post DR5 BALQSO candidate was inspected by st lea
three people. A total of 2206 BALQSO candidates were ideutjfi
among 28532 quasars. The candidate BALQSO fracfiori/) in

the post DR5 quasar sample is slightly larger than the BALQSO
fraction 6.5%) in the Gibson et al. (2009) catalog. Thus we have
likely selected somewhat more candidate BALQSOSs than the Gi
son et. al. procedure would have. For the purposes of thisrpap
the difference is minor, and it means that we are slightly ld®ly

to include quasars with strong (non-DLA) absorption amamg t

Mg Il absorbers in SDSS DR4 QSOs and derived the dependencematched samples.

of reddening on redshift and on Mg Il equivalent width.

This left us with 1084 systems out of which 721 systems are

Recently, Frank and Péroux (2010; hereafter FP10) used theclassical DLAs, having log(h) > 20.3 and the rest, 363 are sub-

method of Y06 to study the dust content in intervening DLAs at
redshifts of > 2.2. They found no evidence of dust in their sam-
ple of 731 DLAs and subsamples there of. This result is ssHpri
ing in view of the fact that several of the highgN systems at
1.8<z,; < 4.2 have been found to have molecular hydrogen which
appears to be associated with significant depletion of FaefNo
daeme et al. 2008). Molecular hydrogen is believed to forrthen
surface of dust grains (Hollenbach & Salpeter 1970) andetiepi

of Fe is thought to be related, in some cases, to gas phastidapl
onto solid particles. The result of FP10 thus prompted usrtér
investigate the dust content of DLAs. We do note that Turolinst

al. (2002) have found modest amounts of iH the LMC and the
SMC along sight lines having lo#' (B — V). Both these clouds
are known to have dust properties different from those ofdiinst

in the Milky Way.

In this paper, we present the results of our investigatiSes-
tion 2 describes our sample selection and generation of aemp
ite spectra, section 3 describes the results and conchisienpre-
sented in section 4.

2 SAMPLE SELECTION AND GENERATION OF
COMPOSITE SPECTRA

A sample of intervening absorption systems (with relatieéwi-
ties with respect to QSQOs 5000 km s 1) having neutral hydrogen
column densities> 10*° cm™2 in the SDSS DR7 has been com-
piled by Noterdaeme et al. (2009b). We used their sampletwhic
consists of 1426 systems at redshifts between 2.15 and 5.2.
Following FP10, we removed QSOs having more than one
of these systems along the line of sight. Quasars contalikiely
broad absorption line systems (BALs) were removed from éine-s
ple and from the comparison sample of matched quasars {jdegcr
below). All BALQSOs identified in the SDSS Data Release 5
(DR5) catalog by Gibson et al. (2009) were removed. We manual
searched for BALQSOs among all of the quasars in the DR7 quasa
catalog (Schneider et al. 2010) that are not also in the DiRBaza
The number of quasars inspected is 28532. A broad absotpten
system candidate was defined as any absorption featurepghat a

DLAs, having log(Ni1) between 20 and 20.3. These 1084 systems
form our primary absorber sample S1. The redshift distidloubf

S1 is shown in Fig.1. It can be seen that most (93%) of the sys-
tems in S1 have redshifts between 2.25 and 4. Several sulessamp
constructed from S1 are listed in Table 1 which lists thecie
criteria, number of systems in the samples, and averagesai
N1, Ze» and m for the samples. Values df (B — V') (described
below) are also given.

We also inspected the matched non-DLA sample of FP10
(matched spectrum data list sent courtesy of Stephan Fitank)
check whether any BALQSOs may have been included in that
sample. Of the 731 matched quasars used by FP10, there are 60
candidate BALQSOs from our combined SDSS DRY7 list. In addi-
tion there are 29 DLAs which have inexplicably found theirywa
into the matching non-DLA sample used by FP10, most of which
are matches with the DLA itself. The inclusion of BALQSOs and
DLA quasars in the matched quasar sampég explain at least in
part why FP10 did not detect significant reddening assatiatth
DLAs —the matched sample may have been artificially reddened
due to the inclusion of BALQSOs which are known to be dusty
and quasars with DLAs. We have therefore, repeated someeof th
analysis of FP10.

Below we briefly describe the method of generation and use
of composite spectra as advocated by Y06. Further detailbea
found in Y06. To generate an arithmetic mean composite,fbe-s
tra were first normalized by reconstructions of the QSO owatj
using the first 30 QSO eigenspectra derived by Yip et al. (004
The spectra were then shifted to the absorber rest framepikéks
flagged by the spectroscopic pipeline as possibly bad in suaye
(Stoughton et al. 2002) were masked and not used in construct
ing the composites. Also masked were pixels withird ®f the
expected line positions of detected absorption systermedated to
the target system. After masking pixels, the normalizeddlenxsity
in each remaining pixel was weighted by the inverse of theass
ated variance, and the weighted arithmetic mean of all dmrting
spectra was calculated for each pixel.

The geometric mean of a set of power law spectra preserves
the average power law index of the spectra, so it is the apiptep
statistic to use to determine the characteristic extindgov (likely

(© 0000 RAS, MNRASD00, 000—000
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Table 1. Samples: Definitions and properties

Sample  Selection Criteria Number E(B—V)* E(B-V)® < zu > log<Ngr > <m; > < A(g—1) >
of systems
S1 Full sample 1084 0.0014 -0.0026 2.9323 20.72 18.98 -0.011
S2 nf <19.5 847 0.0046 0.0005 2.8914 20.74 18.77 -0.014
S3 m <19.5, 545 0.0044 0.0008 2.8436 20.72 18.99 0.000
[AMef <0.1& 7999 2.8703 20.74 18.82 -0.001
|AZerm |f < 0.05
S4 m; <19.5, 609 0.0050 0.0007 2.8644 20.73 18.96 -0.001
[AMS§| <0.15& 8309 2.8644 20.75 18.80 0.000
|AZem| < 0.1
S5 log(Na1) > 20.49 538 0.0028 -0.0009 2.9484 20.95 18.95 -0.008
S6 log(Ni1) < 20.49 546 0.0000 -0.0043 2.9164 20.25 19.01 -0.014
S7 m; >19.05 545 -0.0036 -0.0072 3.0814 20.69 19.47 0.002
S8 m; <19.05 539 0.0053 0.0008 2.7815 20.76 18.49 -0.024
S9 M; >-27.42 546 -0.0022 -0.0068 2.8614 20.68 19.39 0.00
S10 M; <-27.42 538 0.0065 0.0027 3.0042 20.76 18.57 -0.022
S11 Zp = 2.89 543 -0.0008 -0.0048 3.2943 20.75 19.14 0.014
S12 Zp < 2.89 541 0.0025 -0.0013 2.5688 20.69 18.83 -0.036
S13 Zm = 3.26 538 -0.0001 -0.0036 3.2370 20.76 19.10 0.033
S14 Zm < 3.26 546 0.0019 -0.0020 2.6320 20.69 18.86 -0.054
S15 A(g —1) > —0.01 547 0.0110 0.0068 2.9254 20.79 18.91 -0.012
S16 A(g —1) < —0.01 537 -0.0090 -0.0131 2.9393 20.64 19.06 -0.009
S17 \/\/SLiH > 0.62 213 0.0058 0.0010 2.8740 20.93 19.02 -0.015
S18 Wkirr < 0.62 226 0.0045 -0.0022 2.7281 20.73 18.48 -0.062
S19 log(Ng1) > 21.0 149 0.0081 -0.0014 2.9903 21.26 18.89 0.008
S20 log(N41) < 21.0 935 0.0004 -0.0030 2.9230 20.51 19.00 -0.014
S21 A(g—1) =03 60 0.0290 0.0290 3.1925 20.93 18.93 0.007
S22 A(g—1) <03 1024 -0.0002 -0.0045 2.9170 20.71 18.99 -0.012
S23 Wi = 1.0 106 0.0097 0.0054 2.9526 20.99 19.09 -0.009
S24 Wkirr < 1.0 333 0.0039 -0.0026 2.7500 20.78 18.64 -0.049
S25 Wi > 1.5 56 0.0092 -0.0008 3.0427 21.04 19.04 -0.001
S26 Wkirr < 1.5 383 0.0049 -0.0008 2.7633 20.80 18.70 -0.045

a: Extinction of the absorber sample with respect to theesponding non-absorber sample assuming SMC extinction law
b: Extinction of the absorber sample with respect to theesponding non-DLA sample assuming SMC extinction law

c: i magnitude corrected for Galactic extinction

d: Oneo error from bootstrap analysis 180.0015

e: Absolute i magnitude

f: Absolute values of the difference between absorber amdatsorber QSO pairs

g: Values in this row are obtained when non-DLA sample is w@sethe matching sample.

h: Rest equivalent width of SiN1526

to be approximated by a power law) of the absorber sample. The used only parts of spectra havig > 1250 A'in the rest frame
geometric mean composite spectrum for an absorber sampgle wa of QSOs in order to avoid any contamination by the Lyman alpha
generated by shifting the spectra to the absorber rest famd forest in the spectra.

taking their geometric mean. The non-absorber sample was co
piled by selecting one non-absorber QSO (not having anyrpbso
tion lines in its spectrum) for each QSO in the absorber sampl
having nearly the same.z and M; (see Y06 for details). To gen-
erate the geometric mean of the non-absorber sample, each no
absorber spectrum was first shifted to the rest frame of therbbr

in the corresponding absorber QSO. As long as the specpigsco
properties of the QSOs in the absorber and non-absorberleamp

Although FP10 use the method of composite spectra as advo-
cated by Y06, their procedure differed from Y06 in respecthef
use of the matching non-absorber sample. They used the aafpl
QSOs not having DLAs (non-DLA sample) as their non-absorber
sample, arguing that any other (lower H | column densityjeays
will be found with equal probability in the absorber as wellthe
non-DLA sample and the effect of these systems should cantel

are statistically equivalent (which is ensured by theirihgsimi- We use both types of comparison samples: one comprising of
lar z.., and M), except for the effects of the intervening absorption QSOs having no absorbers along the line of sight (the noorabs
systems, dividing the absorber composite by the non-absctm- sample) and the other comprising of QSOs having no DLAs along
posite will yield the relative extinction curve in the abiser frame. the line of sight irrespective of the presence or absencéhef ab-
In doing this, the non-absorber spectrum is scaled so teafith sorption systems (the non-DLA sample). The composite spect

erage flux densities in the reddest 10@f both spectra are equal.  the non-absorber sample would be completely devoid of rédde
The extinction curve can be fitted with the SMC, LMC or Milky ~ due to intervening absorbers and a comparison with the csitepo
Way (MW) extinction curves to obtain the averagéB — V) for of QSOs having DLAs along their lines of sight should revegl a

the absorber sample. For generating both types of comppsite ~ weak reddening present in these QSOs. On the other haneredd
ing caused by any non-DLA absorption systems would steaithyi

(© 0000 RAS, MNRASD00, 000—-000
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Figure 1. Histograms showing the redshift distribution of systemsam-
ples S1, S3 and S4. About 93-94% of the systems in all threplsarhave
redshifts between 2.25 and 4.
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Figure 2. Plot showing the differences between,zand M; of the QSOs in
the full DLA sample (S1) and the matching non-absorber sanmplsome
cases the differences are large, wWiffvem | and| AM;| reaching up ta>1.
The points for QSOs in S3 are shown in red.
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Figure 3. Histograms showing absolute values of the difference betwe
the i magnitudes (upper panel) and emission redshifts (ipagel) of the
absorber-non-absorber QSO pairs for subsamples S3 and S4.

As identification of absorption systems is difficult in theespra of
faint QSOs (which have smaller S/N) we constructed a sublsamp
of S1 having QSOs with Galactic extinction corrected, i magte

< 19.5 so that the S/N of the corresponding non-absorber rgpect
will be sufficiently high to ascertain the absence of absonpys-
tems. This subsample of S1 (S2) has 847 systems.

The values of the differences in;Mind z.,,, of the pairs of
QSOs in the absorber subsample S2 and the corresponding non-
absorber sample are also as large as those for S1, and thie matc
between M and z,, of the absorber and non-absorber QSO pairs
is not as good as that obtained for the lower redshift Mg Il gdam
of Y06 or the non-DLA-absorber sample of FP10. For better-com
parison of the composites, we therefore, chose two subsamp8
having 545 systems withtAM;| < 0.1 and|Az..,| < 0.05 and S4
having 609 systems wittAM;| < 0.15 and|Az.»| < 0.1. The
redshift distributions for these subsamples are also sliowig.1.

cancel out when the composite of absorber sample is comparedAbout 94% of the systems in these subsamples also have ¢akeir r

with that of the matching non-DLA sample, giving an estimatte

reddening due to the DLAs alone.

shifts between 2.25 and 4. The points corresponding to syfisa
S3 are shown in red in Fig.2. The histograms showing theidistr

For compiling the matching non-absorber sample, we selecte butions of|AM;| and|Az..,| for these subsamples are shown in
from DR7, QSOs without any absorption systems of grade Aand B Fig.3. The values are mostly small and the subsamples casdok u
We chose to ignore any grade C, D, E systems that may be presento get reliable estimates of reddening. We constructed titelmng

in the QSO spectra as these are not likely to produce signified-

sample of non-DLAs in similar way. The number of non-DLAS in

dening as noted by Y06. Details of the system grades can Ineifou SDSS DR7 being very large, better matches were obtainecebatw

in Y06. In Fig.2 we have plotted the difference in; Mnd z,,,

the parameters of the QSOs in S1 and those of the matching non-

between the full sample S1 and the corresponding non-a@isorb DLA QSOs, with|Az.,,| and|AM;| being smaller than 0.32 and

sample. For some QSOs, differences are large, reachingxfto

0.4 respectively.

(© 0000 RAS, MNRASD00, 000-000
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3 RESULTS

3.1 Reddening

The composites of S1 and of the corresponding non-absoaber s
ple, as well as the ratio of the two composites (the extimotiorve

for S1) are plotted in Fig.4. The best fit extinction curvesS&C

as well as for the MW are plotted. Values Bf B — V) are small.
E(B-V) does not change if we restrict the spectra to wavelengths
smaller than 240@. In Table 1 we give values dE(B — V) with
respect to both the non-absorber and non-DLA matching ssnpl
for all subsamples, assuming the SMC extinction law. Valoies
E(B — V) for S3 and S4, using non-absorber samples, are 0.0044
and 0.0050 respectively. Formal errors are rather smalbamabt-
strap analysis for S3 indicatesdlerror ~ 0.0017 for both non-
absorber as well as non-DLA matching samples. Thus thereakw 0 I I I
(2-3 o) evidence for reddening along the average DLA sight lines
when compared to the non-absorber sample. Using the non-DLA
matching sample gives even smaller reddening (listed ifeTap
which is expected as the reddening caused by other non-DEA ab
sorption systems along the line of sight could cancel out.

Pettini et al. (1997) have argued that the dust to gas ratio is
likely to be smaller in high redshift DLAs as compared to thé/M 06 -
due to their lower metal abundance, and lower depletiorofact L
compared to that in the MW, resulting in a small amount ofrexti 1500 2000 2500
tion. Following their argument, assuming the dust to gas tatbe Wavelength, A (£)

1/30" of that in the MW, and assumingdN/E(B—V) ~ 5x10%!
cm~2 for the MW (Diplas & Savage 1994), our subsamples S3
and S4 would have?(B — V) of ~ 0.003 in the absorber rest- Figure 4. The top_panel shows the c_ompqsite spectrum (geometric mean)
frame. This is considerably larger than, but is withir 2f, the ?r: the absorbzr_s In SUbssmpLe S1, |nbt|he|rTrcra]st-t1:Irvames,:SaT;d that of

. . . . € corresponding non-apsorpers, In pblue. e (WO speeatra been nor-
E(B — V) obtained using the r_]on-.DI__A matching Samplg. Itis malized atpthe hig?her wavelength end. The bottom pa?lel shtiosvsatio of
somewhat smaller than, but agr_:un withi Df, the value obtained the two spectra along with the best fit SMC extinction curveeshand MW
using the non-absorber matching sample. However, we nate th gyinction curve in green. Pink squares are average fluitgiersios over
several of the QSOs in our DLA sample should have lower red- 1004 bands, plotted to guide the eye.
shift Mg Il systems which should produce extinction as foinyd
YO06. Their full sample of 809 Mg Il systems with W, ;1 > 0.3 .
A has E(B — V) of 0.01 which will correspond to an E(B-V) of in a GRB has the 2178 bump in its rest frame (Eliasdottir et al.
0.0053 in the rest frame of the present DLA sample assumiag th 2009).
SMC extinction law. So theZ(B — V') obtained using the non-
absorber sample also seems to be much smaller than the expect
value, albeit within 3o of it. Note that 0.0053 should roughly be
the difference between thE(B — V') values obtained using the  To explore the issue of dust in DLAs further, we looked at tis¢rd
non-absorbers and non-DLA matching samples (values imuwu butions of theA (g — ) values of the absorber and the non-absorber
4 and 5 of table 1). This seems to be true for most of the subsam- sample. These are shown in Fig.5a for subsample S3. Thé distr

-
T

S1: Absorber sample E

S1: Non-absorber sample

Relative Flux Density f,
[
T

MW dust:
E(B-V)=0.0025

08

Flux Density Ratio

SMC dust:
E(B-V)=0.0014

3.1.1 Distribution of A(g — 7)

ples having low reddening (for which the difference of 0.804l| butions do appear to be different. The mean, sigma and median
be significant). So the method seems to be giving consistenits values for the absorber and the non-absorber samples @ igiv
and the average reddening in the whole DLA sample appeass to b Table 2. Similar values are also given for S4. The érror on the
very small. difference in the mean values (g — ¢) is ~ 0.012.Thus the

We do expect some DLAs at high redshifts to have higher red- A(g — ) values of the absorber and non-absorber samples differ at
dening in view of the following facts: (1) According to Notlreme 6 o level. The Kolmogorov-Smirnov (KS) probabilities for thisd

et al. (2008) at least 16% of the DLAs (having log{y > 20) at tributions of A(g — 4) for the absorber and non-absorber samples
high redshifts have molecular hydrogen and there is a stpoeiy to be similar is close to zero for both S3 and S4. We note theat th
erence of H bearing DLAs to have significant depletion factors, KS test compares the shapes of distributions ofAlie — i) values
0.95>[X/Fe]>0.3, which could indicate significant amount of dust  of the absorber and the non-absorber sample rather tharecmgp

in these systems. A correlation between molecular hydragén their average or median values, and gives the probabilitshiotwo
umn density and colour excess is seen in the MW clouds (Retthfo distributions being drawn from a parent distribution. Weéhalso

et al. 2002) forE(B — V) < 0.1. (2) Some of the DLAs at high plotted in Fig.5a the\ (g — ¢) distribution for the 9768 DR7 QSOs
redshifts have been found to have depletion patterns sitnithose having z,, > 2.2 and m < 19.5. Values of the mean and variance
in the MW (Srianand et al. 2008), indicating the presenceust d for this sample are also included in Table 2. The mean valtes a
similar to that in cold ISM of the Galaxy. (3) DLAs at redshift different at high significance level from those for the absoras
1.5 have been found to exhibit the 2113(3)ump (e.g. Noterdaeme  well as the non-absorber sample. The KS probability for iktrie

et al. 2009a; Jiang et al. 2010) which again indicates theegoiee bution of A(g — ¢) in DRY plotted in the figure and the absorber
of MW type dust in these absorbers. (4) A DLA at redshift of®2.4  subsamples S3 and S4 as well as corresponding non-absamer s
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Figure 5. (a; left panel) The figure shows the histogram, in red, of pleseframe colour exces&(g — ¢) for the subsample S3. The distribution for
corresponding non-absorber sample is shown in blue. Thendristogram shows the distribution for 9768 QSOs in DR7rwgalactic extinction corrected
i magnitude smaller than 19.5 and having,z > 2.2. (b; right panel) The plots in this panel are similar excéytt only QSOs wit2.8 >z.,, > 2.2 are
included in all the three samples. There are 5378 DR7 QSOssiplot.

Table 2. Mean and median values &(g — ¢) for various subsamples

Sample Absorber subsample Non-absorber sample DR7 sulesamp

Mean Sigma median Mean Sigma median Mean Sigma median

S3 0.02 0.20 -0.001  -0.058 0.19 -0.075 0.14 0.31 0.075
S4 0.02 0.22 0.000 -0.058 0.20 -0.076
s? 0.00 0.14 -0.009 -0.032 0.12 -0.042 0.16 0.29 0.085

a: DR7 QSOs having < 19.5 and 2. Zey, < 5.2
b: Values in this row are for systems with,z < 2.8

Table 3. Relative reddening between subsamples

Sample A Sample B E(B-V)*
Subsample Criterion ~ Subsample Criterion SMC LMC MW
S5 log(Nyr) > 20.49 S6 log(Nyqry < 20.49  0.000 -0.002 -0.003
S7 m >19.05 S8 m <19.05 0.004 0.025 0.044
S9 M; >-27.42 S10 M <-27.42 -0.006 0.001 0.020
S11 Zip = 2.89 S12 Zp < 2.89 -0.000 -0.024 -0.036
S13 Zm = 3.26 S14 Zzm < 3.26 0.009 0.020 0.018
S15 A(g—1i) > —0.01 S16 A(g—1i) < —-0.01 0018 0.031 -0.006
S17 Wsir1 > 0.62 S18 Weirr < 0.62  0.006 0.021  0.015
S19 log(N41) > 21.0 S20 log(Nyy < 21.0  0.006 -0.001 -0.017
S21 A(g —1i) >0.30 S22 A(g—14) <030 0.038 0.069 0.010
S23 Weirr > 1.0 S24 Weir < 1.0 0.008  0.019  0.006
S25 Wit > 1.5 S26 Wyip < 1.5 0.006  0.015  0.009
S22 A(g —1) <0.30 S16 A(g—1i) < —0.01 0.007 0.013 0.000

@ Relative extinction of subsample A with respect to subsanipl
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ples to be similar is also close to 0. This could partly be dughé
presence of BALQSOs in the DR7 sample as seen from the high
A(g — 1) tail of the green histogram in Fig.5a and Fig.5b.

The KS test shows that thi&(g — 4) distributions of the ab-
sorber and non-absorbers samples are different. Thosibdigins
are also different than the distributions of intermediaigshift Mg
Il systems described by YO06; there is a clear difference eetw
Fig.5a and the Fig.3 of YO06. In the former, the red tail toveattte
high A(g — 4) is clearly missing. It may, however, be noted that
the (¢ — ) colour loses its meaning for QSOs with,z > 2.8 as
for these QSOs, the band falls in Lyman alpha forest and can be
dictated by fluctuations from object to object in the totaéatia-
tion in the Lyman alpha forest. Only 136 out Of the 847 QSOs4n S
have emission redshifts smaller than 2.8. Thus comparistmden
A(g—1) values for the absorber and non-absorber samples may not
be very meaningful as indicators of dust content of the dlessr In
Fig.5b we have plottedh (g — ) distributions for the three samples
as in Fig.5a, restricting to QSOs having,z < 2.8. The statisti-
cal details for these samples are included in the last rowabfer
2. The mean and median values for the absorber and non-absorb
samples now differ at 2 level and the KS probability for the dis-
tributions of A(g — ) for the absorber and non-absorber samples to
be similar is 0.07 indicating smaller difference in the disitions
of spectral shapes for the absorber and non-absorber saniple
KS probabilities for theA(g — 4) distributions of the 5378 DR7
QSOs (having z,, between 2.2 and 2.8 and; . 19.5) and those
of the absorber and non-absorber samples, plotted in Fith3i®
similar are still close to zero.

In Fig.6, we have plottech (g — ¢) vs. Nur for the entire sam-
ple S1. There does exist a weak correlation between the tan-qu
tities which could result due to the fact that stronger Lyrafpha
lines, which lie in the g band for most (84%) of the QSOs (with
Zem > 2.8), will result in higher g magnitudes. The slope of the
best fit line drawn in the figure, is 0.103. Restricting to ti85 1
QSOs with z,,, < 2.8, the correlation is much weaker, the slope
of the best fit line being 0.027. This lends support to the atav
gument. In this figure we have indicated the QSOs which hate no
been colour selected but have been selected based on ttesir de
tion in the radio or X-ray bands or have been discovered dgen
tously. The best fit line for these is flatter and has a slope@f2
The slope of bestfit line for purely colour selected QSOsQD)1
is very close to that for the full sample S1. The KS test shdwas t
the probability that thé\ (¢ — 7) distribution for the colour selected
and rest of the QSOs in S1 to be same is 0.2.

3.1.2 Dependence on QSO and absorber properties

To explore the issue of reddening further we tried to studydé-
pendence of the slope of the composite spectra on the albsorthe
QSO properties. We divided the absorber sample in two rqughl
equal halves (see Table 1) depending af ,Necrn, Zap, Mi, My,
A(g—1) and Wsipg (rest equivalent width of the Si N1526) (sub-
samples S5-S18). Over the redshift range covered by our R s
ple, Mg Il doublets fall outside the SDSS spectra in mostsasel
the most convenient lines to use as surrogates of Mg |l seteate
Sill A1526 and Al Il A1670. Even though these lines are expected
to be weaker than the Mg Il doublet lines, they are still nednis-
tion. We also constructed a few subsamples with differenitiing
values of Nir, A(g — 4), and W1 (subsamples S19-S26). The
E(B — V) values in Table 1 show that the reddening is higher for
subsamples with (i) higher i, (ii) fainter QSOs, (iii) lower gy,

(iv) higher Ws;11 and (v) higherA(g — ¢). We have also confirmed

(© 0000 RAS, MNRASD00, 000—-000
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Figure 6. Plot showing observer frame colour exceés& — ) as a function
of H | column density in individual DLAs in S1. QSOs not seltton the
basis of colours but selected on the basis of having beentddten FIRST
or ROSAT survey or detected serendipitously are shown inTad weak
correlation for the full sample (slope of best fit line = 0.183possibly due
to the fact that systems having higher H | may increase theagnitudes
more due to their stronger Lymanlines which lie in the g band for QSOs
with zen, > 2.8. These QSOs form 87% of sample S1. For the remaining
13% of QSOs with z,, < 2.8 the best fit line is flatter having a slope
of 0.027. Red line is the bestfit line for the red points andatdt (slope
0.042) than the black line.

that the conclusions for subsamples based on the equivaigthts
of Si 11A1526 also hold for subsamples based on the equivalent
widths of Al lIA1670.

In Fig.7, we have plotted the composites of five sets of sub-
samples together. The spectra are normalized at the long-wav
length end. It can be seen that the slope of the compositedihde
depends on the absorber properties. Subsamples basedsion W
andA(g — ¢) show definite relative reddening. We also constructed
relative extinction curves for pairs of subsamples by dingdthe
composite spectrum of one subsample with that of anothet. fge
values of E(B — V) for all three types of extinction curves, SMC,
LMC and MW, are given in Table 3. The three values for givempai
of subsamples are different. The quality of fit in the thresesais
similar, SMC giving the smalles{? values in most cases. Most
of the E(B — V) values are small. We conclude that though the
reddening is not large, there is definite signature of reudefor
subsamples divided with respect te:NWsiir andA(g — ). We
further discuss this below.

3.1.3 Dependence on the mode of selection of SDSS QSOs

We studied the dependence of the dust content of the DLAsenN th
mode of selection of SDSS QSO targets. It has been argued that
dusty QSOs might be missed due to the process of colour select

of targets in SDSS QSO survey (Ménard et al. 2008). In sa®ple

65 QSOs have not been selected on the basis of their colotirs bu
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have been selected on the basis of their radio or X-ray ptieger
have been serendipitously detected. We have construaeplasite

of this sample (NCS65 sample) and also of the sample of thefres
the 1019 colour selected QSOs (CS1019 sample) in samplen81. T
relative F(B — V') of the NCS65 with respect to CS1019 is 0.0027.
The emission redshift distributions of these two sampleshamv-
ever different, KS test giving the probability that the twetss of
redshifts to be drawn from the same distribution close to,zre
CS1019 sample having higher redshifts. Thus the relatiddee-
ing could partly be due to the difference in emission redstof

these systems from S21 makes the line strengths the samesas th
for S22 (indicating that the highek(g — 7) in rest of the systems

in S21 may not originate in the intervening absorbers anddcou
be intrinsic to the quasar), while removing these systeors 623

still leaves lines significantly stronger than those for SBus we
conclude that the line strengths are most sensitive toWS23
forms~ 10% of the DLA sample. Some of these could be the dusty,
high abundance systems found at high redshifts as mentioned
section 3.1. In the second from bottom panel of the figure we ha
compared lines for subsamples S19 and S23. Lines of S23 geem t

the two samples (e.g. see samples 13 and 14 in tables 1 an& 3). Wbe stronger than those for S19.

therefore selected QSOs from the colour selected samplé1¥ 1
systems (CS1019) which have,zand m values close to those of
the QSOs in the sample which were not colour selected (NGS65)
using the procedure described in section 2. This new sanfi@® o
colour selected QSOs (CS65) has similar distributionof and

In the bottom panel of Fig.9, we have plotted lines for the
sample of QSOs based on colour selection and not based air colo
selection (NCS65 and CS65 as described in section 3.1.8¢sLi
of C and Al are weaker in the colour selected sample, those of S
are of similar strength, while all lines of Fe Il (only one ofieh is

m; as that for the sample of QSOs which are not colour selected included in Fig.9) are stronger in this sample. The lines\G302

(NCS65), KS test yielding the probability for the distrilmuts to
be same to be- 0.93. The relative?(B — V') of NCS65 with re-

and Si IN1304 are exceptionally weak in CS65 which can not be
real in view of the strength of SiN1526 line. We believe this may

spect to CS65 is 0.0020. So the QSOs selected by methods othebe caused by the fact that the samples are small and for ahalbst

than colour selection appear to be more reddened as comigared
the colour selected QSOs. We have plotted composites fobCS6
and NCS65 in the bottom panel of Fig.7. We note that only 4 sys-
tems are common in NCS65 and S23.

3.2 Linestrengths

We next studied the absorption lines in the composite spewotr
order to examine any correlation with absorber and QSO prope
ties. The arithmetic mean composite of the sample S1 is slmown
Fig.8. The equivalent widths of absorption lines for thiscpum
are given in Table 4. The table also includes equivalent vsidif

the sample 1 (full sample) of YO6. The DLA systems appear to
have lower ionization compared to the full sample of YO6 anse
from the considerably lower equivalent widths of C IV and Al |
lines.

In order to study the dependence of line strengths on the ab-

sorber and QSO properties we have plotted in Fig.9 lines.araé

of the samples these lines lie in the Lyman alpha forest aunsdl th
may be severely affected. The average Wf both samples differ

by only ~ 0.1 dex. The composite spectra thus may indicate lower
abundances in the colour selected sample and higher depleiti

Fe and possibly Si in the sample not selected on the basidafrco
This is consistent with higher dust content of the DLAs albngs

of sight to QSOs which are not colour selected.

3.3 Abundances

For the weakest lines in the composite spectrum, the lefesttafl

by saturation, the equivalent widths in the full YO6 samptel a
those of S1 are nearly the same (see Table 4), implying the typ
cal column densities are similar (to within factors of 2) lehthe
average column density ofil¥ differs by a factor of 5 (log<Nur >

species for some of the subsamples from Table 1. Lines for two = 20.72 for S1 and equals 20.00 for the full sample of Y06)-Evi

subsamples (in red and in black) are plotted in each row; ¢keild
of the subsamples are given in the last column of that rowo Als
plotted in green, are thedl errors in flux of the composite spectra.
As expected, lines of higher ionization are somewhat weaker
those of lower ionization are somewhat stronger in the supta
having higher H I column density. Subsample S11 with higher z
seems to have somewhat weaker lines of higher ionizatiotiespe
as compared to the corresponding subsample S12 at lowdnifteds
The difference is not very significant for Si IV lines. Thefdience
is not likely to be due to the slight difference in the averayé
column densities in these subsamples. If true this may atelia
change in the ionizing radiation.

Line strengths do seem to depend on the limiting values of
A(g — i) and more strongly on W as seen from the'5 and 6"
rows in Fig.9. In the third from bottom panel of the figure weda
compared lines for subsamples S16 and S22. The equivaldtitsvi
of lines of subsamples havin§y(g — i) < —0.01 (S16) andA(g —

i) < 0.3 (S22) are very similar. The relativg(B — V') between
these two subsamples is 0.007 (see Table 3). This indidzdéethe
systems withA (g — ) < 0.3 are basically all similar and it is only
a few systems withA(¢g — i) > 0.3 that have larger equivalent
widths and also higher H | column densities (see Table 1)y Onl

dently, all of the involved species (Si ll, Zn I, Cr II, Fe Mn II)

are more deficient compared to H | in the sample S1 of this paper
The composite spectrum thus implies lower abundance offedav
ements, in general, at high redshifts than at lower redshifthe
regions probed by QSO absorption systems. In Table 5 we have
given the abundances obtained from weakest lines of théespec
mentioned above, assuming them to be on the linear part of the
curve of growth. The abundances are about 4% of the solaevalu
with Fe and Mn having somewhat lower abundances. The abun-
dances are consistent with the predictions of chemicaluéeol
model of Pei et al. (1999). We however, note that these vaues
obtained from single lines and may not be robust.

As noted above, the composite spectrum for subsample S23
shows stronger lines compared to those of all other subsanpl
including subsample S5 (log¢ly) > 20.48) which has the same
average H | column density and compared to those of subsample
S19 which has almost twice the H | column density of as that for
S23. This is also true for few other weak lines which are seé¢nd
spectrum, namely, Al IRX 1862 and Ni IIA1741. Thus it appears
that the average abundance of S23 is higher than the reseof th
sample. As noted above, the abundances of elements otinefF¢ha
seem to be lower in DLAs along the lines of sight of colour sidd

13 systems are common between samples S21 and S23. Removin@SO0s.

(© 0000 RAS, MNRASD00, 000—000



Dust in high redshift DLAs 9

— Nill

Nl
™~ Coll
Sill
—1P1
j F

0l

0.6 S = = o
0.4 I \ I I \ I I \ I I \ I I \ I I \ .
1300 1400 1500 1600 1700 1800

1.4 = — T \: ‘ ‘ T =
o g E=SE= 3 g8 - =T 5 Z = =%

1.2 - <t N e O B O 5 =~ =2 =5 = (&) w@i
E [ AV T AN [ 0/7 1

0.8 H \
0.6 @ = g CEC 7 = = =
0a L L1 L L1 L L ]
1900 2000 2100 2200 2300

1.4 = \ \ m‘ - \ \ ]
1.2 i E Er_—ri = E ]
LF
0.8 | L] \_I_I_% | | | | .
0.6 = S R = 2 2 ZEE|lE 2 O
C n O n

0. C | \ | | \ | | \ | | \ | | \ | l

2400 2500 2600 2700 2800

Absorber Restframe Wavelength A

Figure 8. The arithmetic mean composite spectrum of the systems ifuthgample (S1) in the absorber rest frame. The equivalédths of the absorption
lines are given in Table 4.

4 CONCLUSIONS widths and redshifts of the two samples. Mg\2796 is covered

in only 22 of the SDSS spectra of the DLA sample, so we are un-
We have used the method of composite spectra to investigate t able to get meaningful value of the average equivalent witlie
dust content of DLAs in the SDSS DR7 QSOs. We find definite average redshift of S3 is 2.84 (Table 1). From Table 1 of Y06 we
evidence of dust, the reddening depending most sensitiretye see that their full sample, sample 1, has an average red$hif83
equivalent width of Si IN1526 and Al 1IA1670 lines and as ex- and E(B — V) of 0.01. Assuming that the redshift dependence
pected theA(g — ) values. The spectra of 80% of QSOs having of absorber restfram& (B — V') derived by Ménard et al. (2008)
high (>0.3) values ofA (g — i) appear to be reddened intrinsically namely,E(B — V) o (1 + z4) ! for z,, < 2 is valid at higher

to the QSOs. The average differential extinction in DLA syss$ redshifts, sample S3 (assuming it has similar average Mguive
appears to be very small. We also compared the strengths-of ab alent width) can be expected to hal#¢B — V') of ~ 0.006 which
sorption lines in the composite spectra of different sulgam The is higher than théZ(B — V') obtained for the full sample.

lines are strongest for the subsample with values efii\&> 1.0.
Based on these studies, we conclude th&0% of the DLAS in
our sample have significant amount of dust, and have higher-ab
dances as compared to the rest of the sample.

As found here, most DLAs do not have significant amount
of dust while 10% of the observed DLAs do have some dust and
likely higher abundances. Some of these could be the dusty sy
tems found by Srianand et al. (2008). It is possible thatetlieia

The reason for the difference between the dust content of Mg bimodal distribution of dust in DLAs as was pointed out by kdha
Il samples investigated by Y06 and the DLA sample studied in et al. (2007): there may be systems with much higher dustobnt
this paper could possibly be the difference in the Mg Il eglaat and QSOs behind such dusty systems are too faint to be seen in

(© 0000 RAS, MNRASD00, 000—-000
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Figure 9. Comparison of several absorption lines in the compositetsppef a number of subsamples, defined in Table 1, constructehe basis of absorber
and QSO properties. The lines for the full sample are ploittethe top panel. Each row shows different lines in the cortpaspectra of the same two
subsamples (one in red and the other in black), which ardetbia the last column of each row. Each column containsslioithe same species, indicated in
the top row of that column, the wavelength of which is indéchbelow each column. Onreerrors in the flux of the composite spectra are shown in green f
each pixel. Scales are identical for all rows of a given caluaxcept for the second from bottom panel, for which y axédesgoes to smaller values because
of the stronger lines for the subsamples plotted in that Tdwe tick marks on the y axis are 0.1 units apart. The x axi5$mﬁv§‘ in all columns.
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Table 4. Equivalent widths in A for metal absorption features

in the absorber rest frame in sample S1 ST
'
Sample 3 5 55: Ny 2 2049 E
Wavelength ~ Species S1 1(Y06) 2 J \ ‘MF\~ :\MEE Ny < 2049 3
1302.17 ol 41314 3 e
1304.37 Sill 26614 B H—+————————————+—+
1334.53 cl 5759 4k 3
1370.13 Nill 475 3 $8: m, < 1905 3
1393.32 Si v 3067 2 $7:m, 2 190 E
1402.77 Si IV 2367 :
1526.71 Sill 4474  383:10 50 S I R
1548.20 o\, 515 839t10 : ISIZ' ) zagl '
1550.78 clIv 30621  580k9 3 e O
1608.45 Fell 2274 N2 Sl 7, 2 289
1656.93 cl <12 1944 r
1670.79 Alll 458k4 4716 £ 1
1709.60 Ni Il 49£5 2245 g frr—r L po e L L
1741.55 Ni Il 16+5 28+4 4 E
1751.92 Ni Il 284 <11 3 S15: Ng-i) 2 -001 E
1808.00 Sill 532 68+5 9 S16: Ag-i) < -001 E
1827.94 Mg | <7 <5 B W
1854.72 ALl 1073 1834 Y S B O S
1862.79 Allll 4742 11244 LT
2026.48 Mg 1+Zn I 335  40+4 4 S 1 d 3
2056.26 cril 263 39+4 3 el 3
206224  Crieznll  2m4 484 2 316 My < 1 |3
2066.16 cril <8 1444 1E \.Mwmwwwq
2249.88 Fe ll 326  35&4 i
2260.78 Fell 384 46+4 4F S0s selection based on colours (85 systems)
2344.21 Fell 4628 550+4 3 QS0s selection not based on colours (65 syslems)
2367.59 Fell <15 <4 )
2374.46 Fell 24511 2984 |
2382.77 Fell 7539 7614
2576.88 Mn I 368 544 0
2586.65 Fell 49116 5094
2594.50 Mn i <27 5044
2600.17 Fell 72413 783t4
2606.46 Mn i <16 264
2796.35 Mg IF 169880  1432t4 Figure 7. The geometric mean composite spectra of five sets of subsampl
2803.53 Mg Il 836:73 12614 are plotted in the top five panels. The spectra are normatizete long

wavelength end. The subsamples are detailed in the leg@heésscales
along the x axis are the same for all panels except for the ganel where
it goes from 1250-235@ as the low redshift composite spectra does not

a: Only 22 systems have Mg Il inside SDSS spectra

Table 5. Abundances as obtained from weakest lines extend beyond that. The dust content is most clearly caeeklavith Si
121526 equivalent width and\ (g — 7). In the bottom panel we have plot-

Sample [Si/H] [Cr/H] [Mn/H] [Fe/H] [Ni/H] [Zn/H] ted the composites for DLAs along the lines of sight to coleelected

S1 -1.29 -1.49 -1.99 -1.63 -1.35 -1.38 QSOs (CS65) and along the lines of sight to QSOs not selectddeoba-

sis of colour (NCS65). The latter sample is more reddenecpeoed to the
colour selected sample. Note that both samples match irsemisedshift

magnitude limited surveys and/or are too reddened to beded and i magnitude distribution.

in the colour selected samples. Even though no evidencéifoist

found from studies of radio selected samples of QSOs (eligoEl

et al. 2001; Akerman et al. 2005; Jorgenson et al. 2006), yt loea sistent with the expectations that dusty QSOs might be mhigse
worth noting that a few of such QSOs have been observed by SDSSSDSS due to colour selection bias. Therefore, the fracti@id\s

through other means of selection (see e.g. Noterdaemee08ah) we find containing dust in the SDSS810%) may be considered a
and have higher dust content and higher abundances. The SDS3ower-limit with respect to the global sample.

data base would thus have very few of such systems. Ménaid et A larger survey of high-z QSOs selected without regard to
(2008) have shown that the fraction of missed absorbers fieen optical colors is needed to more accurately measure thédnac

1 to 50% with increase in Mg Il rest equivalent width from 1to 6 of dusty DLAs at these redshifts. A substantial fraction loé t

A. z>2.2 quasars now being observed by the SDSS-IIl Baryon Oscil-

We find a significantly higher dust content in DLAs along the lation Spectroscopic Survey have been targeted by aleemath-
lines of sight to SDSS QSOs that have not been selected ormathe b ods (Ross et al. 2011). These spectra may provide the negessa
sis of colours. Though the difference in the dust contenheftivo statistics to better explore the dust content of DLAs at ¥sigh
samples split by method of selection is not large, the findirapn- Should the small fraction of dusty DLAs hold in a less-biased

(© 0000 RAS, MNRASD00, 000—-000
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sample, one might speculate that the dust grain sizes majf-be d
ferent (larger) at high redshifts than those at lower rédtishf the
grains are large, there is no selective extinction at wanghes be-
low about 1/6 the smallest grain size in a mix which can explai
the absence of reddening. The distribution of grain sizestha
extinction curve may then be changing with cosmic time. Exam
ples of such flat extinction curves exist in the Galaxy, when+5
instead of the normal value of three (e.g. Mathis 1990). Weme
these conclusions for future work.
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