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ABSTRACT

We present results from a search for strong H, absorption systems proximate to quasars (Zups ~ Zem) in the Sloan Digital Sky Survey
(SDSS) Data Release 14. The search is based on the Lyman-Werner band signature of damped H, absorption lines without any prior
on the associated metal or neutral hydrogen content. This has resulted in the detection of 81 systems with N(H,) ~ 10'9—10% cm™2
located within a few thousand kms~! from the quasar. Compared to a control sample of intervening systems, this implies an excess
of proximate H, systems by about a factor of 4 to 5. The incidence of H, systems increases steeply with decreasing relative velocity,
reaching an order of magnitude higher than expected from intervening statistics at Av < 1000 kms~!. The most striking feature of
the proximate systems compared to the intervening ones is the presence of Ly—a emission in the core of the associated damped H1
absorption line in about half of the sample. This puts constraints on the relative projected sizes of the absorbing clouds to those of
the quasar line emitting regions. Using the SDSS spectra, we estimate the H 1, metal and dust content of the systems, which are found
to have typical metallicities of one tenth Solar, albeit with a large spread among individual systems. We observe trends between the
fraction of leaking Ly—« emission and the relative absorber-quasar velocity as well as with the excitation of several metal species,
similar to what has been seen in metal-selected proximate DLAs. With the help of theoretical H1-H, transition relations, we show
that the presence of H, helps to break the degeneracy between density and strength of the UV field as main sources of excitation and
hence provides unique constraints on the possible origin and location of the absorbing clouds. We suggest that most of these systems
originate from galaxies in the quasar group, although a small fraction of them could be located in the quasar host as well. We conclude
that follow-up observations are still required to investigate the chemical and physical conditions in individual clouds and to assess the

importance of AGN feedback for the formation and survival of H, clouds.
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1. Introduction

Damped Ly-a absorption systems (DLAs, see Wolfe et al. 2005)
observed in the spectra of distant light sources belong to
two main categories, intervening and associated, depending on
their origin with respect to the background sources. Interven-
ing DLAs are produced by neutral H1 gas located by chance
along the line of sight to the background sources without being
related to the sources themselves. Using intervening absorp-
tion systems identified in large spectroscopic surveys (such
as the Sloan Digital Sky Survey, hereafter SDSS), it is pos-
sible to conduct a census of the neutral gas in the Universe
and study its evolution over cosmic time (e.g. Péroux et al.
2003; Prochaska et al. 2005; Noterdaeme et al. 2012). More-
over, DLAs are very useful probes of cosmic chemical evo-
lution (e.g. Rafelski et al. 2012; De Ciaet al. 2018), and the
physical conditions of the absorbing medium can be probed by
studying the excitation of various species, in particular molecu-
lar hydrogen (e.g. Srianand et al. 2005; Noterdaeme et al. 2007,
Jorgenson et al. 2010; Balashev et al. 2017). Overall, interven-
ing DLAs exhibit characteristics and a complexity indicating an

origin from interstellar or circumgalactic gas. Indeed, a direct
connection between intervening DLAs and galaxies is now
emerging thanks to the detection of galaxies in emission at the
absorption redshift (e.g. Krogager et al. 2017; Neeleman et al.
2019).

Associated systems, in contrast, originate from gas belong-
ing to the close environment of the background sources. As
such, they provide unique information about the sources them-
selves or their environment. For example, in the case of long-
duration y-ray burst (GRB) afterglows, strong DLAs are almost
systematically detected. While the so-called GRB-DLAs may
not necessarily be associated to the GRB explosion site itself
(which is thought to be associated to the death of a massive star),
they still likely probe the gas in the GRB host galaxy, as evi-
denced by a N(H 1)-distribution skewed to high column densities
(Fynbo et al. 2009). The luminous and rapidly varying afterglow
also leads to specific effects such a time-varying UV-pumping
of excited levels of atomic species (Vreeswijk et al. 2007) or the
presence of vibrationally excited H, (Sheffer et al. 2009).

In the case of quasars, associated DLAs may arise from
infalling or outflowing gas, gas in the quasar host, or from
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nearby galaxies in the group environment, all of which possi-
bly affected by the quasar via radiation or mechanical feedback.
For example, quasar activity can result in quenching of star for-
mation in the quasar host due to gas consumption or gas ejec-
tion from the galaxy through powerful winds (so-called negative
feedback). However, quasar activity may also lead to positive
feedback on star formation through compression of the gas (e.g.
Zubovas et al. 2013). The presence of a quasar may also affect
the gas in nearby galaxies, and consequently their star formation.
Moreover, the feeding of quasars with infalling gas is one of the
most challenging problems in the field and lacks direct obser-
vational evidence. Finally, while outflows driven by the quasar
are ubiquitously observed in various states, from highly ionised,
atomic phases to molecular phases, detecting these in absorp-
tion will provide unique clues as to their physical and chemical
states.

The various possible origins for the associated DL As suggest
that the frequency of these could be in excess compared to inter-
vening systems, and that associated DLAs may exhibit different
characteristics. However, it is not trivial to distinguish between
intervening and associated systems through observations. The
most direct piece of information regarding the respective loca-
tion of the intervening and associated systems is the apparent
velocity difference. Noting that 1000 kms~! in the Hubble flow
correspond to about 3 Mpc proper distance at z ~ 3, systems with
apparent velocity differences larger than a few thousand kilo-
metres per second are generally considered as intervening since
peculiar motions are unlikely to reach such values. Nonethe-
less, it cannot be excluded that outflowing winds may produce
DLAs with large velocities. For velocity differences less than a
few thousands of kilometres per second, the absorber can either
be associated (including the various possible origins discussed
above) or still unrelated to the source environment (i.e. inter-
vening). Such systems are therefore dubbed “proximate” until
further information is available.

Based on the CORALS survey, Ellison et al. (2002) reported
a factor of ~4 excess of proximate DLAs (PDLAs) compared to
intervening ones. From a systematic search of SDSS data release
5 (DRS5), Prochaska et al. (2008a) later reported an excess of
only a factor of ~2 at redshift z ~ 3, but no statistically sig-
nificant excess at z < 2.5 and z > 3.5. Studies of metal lines
in both composite SDSS spectra (Ellison et al. 2010) and indi-
vidual high resolution spectra (Ellison et al. 2011) suggest that
PDLASs have properties that are only marginally different from
those of intervening DLAs; On average the former have higher
metallicities (although spreading a wide range) and stronger
high-ionisation lines.

A more striking difference between PDLAs and intervening
DLAs is the existence of a population of PDLAs that do not
fully cover the Ly-a emission region of the background quasar
(Finley et al. 2013). This results in an additional flux in the core
of the DLA, which complicates their identification as DLAs. The
system will appear as a coronagraphic DLA when the broad line
region (BLR) of the quasar is fully covered by the absorbing
cloud but the narrow line region (NLR) is not. Depending on
the relative strength and width of the emission compared to that
of the DLA absorption, there exists a continuous range of sit-
uations, starting from DLAs where some emission is seen in
the core to systems where the damping wings are barely visi-
ble due to strong Ly-a emission (Jiang et al. 2016). We note that
part of the emission can also be due to Ly-a photons originat-
ing from the quasar host galaxy or from Ly-a photons scattered
out to very large distances (tens of kpc, e.g. Courbin et al. 2008;
Cantalupo et al. 2014; Borisova et al. 2016; North et al. 2017).
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However, the total flux of such kpc-scale Ly-a emission is sig-
nificantly smaller than that from the NLR (Fathivavsari et al.
2016), yet sometimes becoming comparable to the later (e.g.
Fathivavsari et al. 2015). In some extreme cases (called ghostly
DLAs by Fathivavsari et al. 2017), the BLR is not fully covered
either and the absorption system is only witnessed by its Ly-3,
Ly-y and higher series H1 lines as well as low-ionisation metal
lines that indicate the presence of neutral gas along the line of
sight. Based on an observed relation between the strength of
leaking Ly-a emission and the fine-structure excitation of metal
species, Fathivavsari et al. (2018a) suggested that systems with
strong Ly-a emission could be located closer to the quasar where
mechanical compression of the gas would be at play. We note
that the enhanced UV flux may then also play a role in the exci-
tation of the metal species.

Investigating the presence of molecular gas (in particular
H,) in PDLAs could bring new clues to the overall picture
since the production and destruction of molecules is very sen-
sitive to the physical conditions of the gas. In cold neutral gas,
the molecular hydrogen fraction is governed by the equilibrium
between the formation of H, on the surface of dust grains and
photo-dissociation by UV photons through line absorption in the
Lyman and Werner bands (see e.g. Wakelam et al. 2017). The
proximity of the central engine not only increases the photo-
dissociation rate but may also lead to complex effects such as an
increase of the dust temperature that decreases the formation effi-
ciency of H, on the surface of grains. On the other hand, the frag-
mentation of dust due to strong UV radiation increases the grain
surface-to-mass ratio, which could increase the H, formation,
but at the same time, the grains fragments will also be heated.
It is therefore not obvious what the net effect on the H, forma-
tion rate would be. Additionally, mechanical feedback from the
quasar may result in an increase in the number density, ny, and
thus a significant increase in the H, production rate, which scales
as ”12-1 More generally, it is crucial to investigate how H, clouds
can survive or form in harsh environments and thereby how star
formation is affected close to the quasar.

The presence of molecular hydrogen proximate to the quasar
was first shown by Levshakov & Varshalovich (1985) who
detected H, with N(H,) ~ 108 cm™2 at zs = 2.811 towards
PKS 0528-250 (zem = 2.77). This was later confirmed by
Foltz et al. (1988) who also discussed the possible reasons for
the existence of H, gas when the extinction measured towards
the quasar is low. The authors suggested that the formation rate
could be more efficient than seen locally, that the incident UV
flux could actually be low, or that H, could be formed in non-
equilibrium in cooling zones behind shocks. Levshakov & Foltz
(1988) discussed the transverse size of the associated atomic
gas from the complete absorption of Ly-a+N v emission by the
DLA and Klimenko et al. (2015) demonstrated that the emis-
sion regions were not fully covered by the molecular cloud. A
detailed investigation of physical conditions in this system from
the excitation of various species is still to be done (Balashev
et al., in prep.).

It is also remarkable that the proximate H, system
from Levshakov & Varshalovich (1985) also represents the
first detection of molecules in absorption at high-redshift.
Since then, several systematic searches have been performed
to search for intervening H, towards quasars (Ledoux et al.
2003; Noterdaeme et al. 2008, 2018; Jorgenson et al. 2014;
Balashev et al. 2014), but no systematic search has been per-
formed for systems proximate to the quasar, for which the avail-
able pathlength is actually much smaller. Considering the very
large number of quasar spectra now available in the SDSS, we
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initiated a campaign to study molecular gas absorbers proximate
to quasars. In this paper, we present our results based on a auto-
mated search of H; in the SDSS quasar catalogue. The SDSS
is indeed a gold mine for such studies since strong H, absorp-
tion systems can be efficiently identified in the SDSS spectra, as
demonstrated by Balashev et al. (2014). We present the search
of strong H, systems proximate to the quasar without any other
prior in Sect. 2 and build a sample of about 80 such systems. In
Sect. 3, we study the excess of such systems compared to what
could be expected from intervening statistics. We then investi-
gate the main properties of the systems, as can be derived from
SDSS data in Sect. 4. In Sect. 5, we discuss our results within a
theoretical frame for the transition from atomic to molecular gas,
and lastly, we offer a summary of our main findings in Sect. 6.

2. Detection of proximate H, absorbers
2.1. Parent sample

We searched for H, lines at the redshift of the quasars in the
SDSS DR14 catalogue (Paris et al. 2018). A total of 103320
quasars have emission redshifts z > 2.5 and are therefore suit-
able to search for H, bands in their SDSS spectra. In case several
spectra are available for a given quasar, we used the combined
spectrum that consists of the co-addition of all exposures of
that object. We then rejected spectra with median signal-to-noise
ratio (S/N) per pixel lower than 2 in the 1400—1500 A region in
the rest-frame of the quasar, yielding a parent sample of 82 564
quasars (including also quasars with broad absorption line fea-
tures) whose spectra were effectively searched for strong proxi-
mate H, absorption.

2.2. Searching procedure

We used a Spearman’s rank correlation analysis to search for
strong H; lines by correlating the observed data with a synthetic
H, profile. We used a synthetic H, template built consider-
ing a total column density N(H;) = 10%°cm™ that is dis-
tributed over the first three rotational levels, assuming an exci-
tation temperature Tp;2, = 100K (as typically seen for Hj
clouds in absorption). This theoretical profile was convolved
with the SDSS instrumental line-spread function (correspond-
ing to a resolving power of R = 1500 in the blue) and re-binned
to the same grid, that is, with a constant log(1) pixel-spacing of
10* dex, or equivalently 69 kms~!. We note that our procedure
is little sensitive to the exact column density and excitation tem-
perature since the lines we are looking for are intrinsically satu-
rated and because the rank correlation is mostly sensitive to the
global “comb-like” shape of the H, absorption profile and not on
their actual strength. Nevertheless, we tested that changing the
column density (by a factor of ten either upwards or downwards)
and excitation temperature in the template has no effect on the
detection of strong H, systems. Since we do not know a priori the
exact velocity shift between any H, absorber and the quasar red-
shift and because the later is not known to high accuracy, we first
cross-correlated the template with the data over a velocity inter-
val that encompasses the pipeline and visual redshift estimates
and extends by 2000 kms~! on each side. We then calculate the
significance of the Spearman’s correlation coefficient at the red-
shift of the maximum cross-correlation. The significance of the
deviation from zero is expressed in terms of a probability which
we call P. A small P-value indicates a significant correlation.
The Spearman’s correlation test is performed over the regions of
H; bands (from v/ = O up to v/ = 9), avoiding L(6-0), which is
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Fig. 1. Portion of the SDSS spectrum of quasar J 103142240 (black)
with detected H, lines. The H, template is shown in orange arbitrarily
scaled and shifted above the observed spectrum for visual clarity. The
pixels used here to calculate the Spearman’s correlation are highlighted
by red dots. The blue label on the top of each Lyman (L) band indicates
the vibrational level of the upper-state of that band.

blended with Ly-3 and restricting to Agps > 3650 A because of
the significantly increased noise level and frequent data issues. In
order to ascertain the presence of strong H; lines, we also mea-
sure the median ratio of the flux at the expected position of the
H; lines with respect to the flux in-between the lines. In other
words, this parameter provides a measurement of the contrast.
In what follows, this “flux ratio” parameter is denoted FR. An
example of a quasar spectrum with H, detection is shown along
with the comparison template in Fig. 1.

2.3. Selection of the H, candidates and visual inspection

The distribution of the parameters P and FR for all the quasar
spectra is shown in Fig. 2. The presence of a strong H, system
in the search window is expected to result in small values for
both P (i.e. high correlation significance) and FR (decrease in
flux at expected position of Hy). The corresponding points also
naturally appear as outliers compared to the main locus. Based
on these considerations, we used two approaches to select the
candidate H; absorbers. For the first approach (selection #1), we
isolate all candidates (170) that have log P < —7 and FR < 0.75
(dashed lines on Fig. 2), noting that beyond these values, it is
generally hard to confirm or reject any putative H, system. We
call this sample: S”,. ;- This selection has the advantage of sim-
plicity, but the number of candidates also increases quickly when
both P and FR values increase, while the fraction of them being
confirmed visually decreases. The second approach (selection
#2) is based on a detection of outliers from the main locus of
points in the (P, FR) parameter space. The selected candidates
(188) are those found beyond the contour containing 99.73% of
the points (equivalent to 30~ for normal statistics). We call this
sample: Sf ,- One advantage of this selection is the possibility to
explore candidates where one of the two parameters is peculiar
for the given value of the other parameter. In particular, some
systems may have strong H; lines (i.e. low FR), visually recog-
nisable despite a low significance of correlation due to noisy data
etc. There is a natural overlap between the two selections, with
78 candidates in common out of a total of 280 (coloured and
black points in Fig. 2).

We visually inspected all these 280 candidates. During the
visual inspection, not only did we pay attention to the region cov-
ering the position of the expected H; lines, but also to the overall
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SDSS spectrum, looking for the presence of other signatures of
absorption systems, such as metal, Hr lines and dust features.
Our visual inspection led to the confirmation of 50 strong prox-
imate H, systems, coloured green in Fig. 2. For another 8 can-
didates (filled yellow), H; lines are likely present but it remains
difficult to disregard the possibility that the lines are coincidence
from the Ly-a forest. We assign a visual grade “A” for the former
50 and “B” for the latter 8 in Table 1. The remaining candidates
are either clearly false positive systems or systems for which the
data are inconclusive. The spectral regions covering the H, and
H1 lines are shown in the Appendix A.

We finally note that the visual inspection remains somewhat
subjective by nature and it is still possible that systems graded
A or B are spurious or that we missed H, systems among the
selected (hence inspected) candidates. While we believe these
fractions to be very small, follow-up data with higher S/N and
resolution are required to firmly establish the quality of our
visual inspection.

2.4. Additional proximate H, systems

In spite of effective selection criteria, during the code testing,
we came across several candidates that were quite evident by
visual inspection but remain inside the main locus of the param-
eter space (i.e. less significant than the 99.73% confidence level
imposed above). Some proximate'! H, systems may also be
located outside the redshift window used to build our statis-
tical sample. This can happen when the quasar redshifts pro-
vided by the DR14Q catalogue are wrong or when the absorbers
are very significantly redshifted (i.e. more than our limit of
2000 kms™1).

In order to explore differently or further inside the main
locus or even systems not considered in the previous search, we
performed a second, independent search using a method simi-
lar to that presented by Balashev et al. (2014). This independent
method proved to be an efficient way to identify strong inter-
vening Hj-bearing DLAs in the SDSS. We slightly modified the
method, adjusting the numerical values that specify the crite-
ria used to search for Hy-bearing DLAs. We again searched all
z > 2.5 quasars, but used a 3000 km s~ search window around
the best redshift value reported by Paris et al. (2018). The identi-
fication of probable H, systems is based on a “y2-like” selection
function and the probabilities of false detection for the candi-
dates were estimated using Monte Carlo simulation, as described
by Balashev et al. (2014).

As before, we then visually inspected all 23 additional sys-
tems, i.e. new systems found by this second procedure, systems
found by our main code but outside the selected statistical sam-
ple as well as serendipitous systems. Unsurprisingly, it is also
generally more difficult to judge the reality of these additional
systems, so that we ended up having a high fraction of grade B
(11 out of 23) compared to our main selection. We also include
these in Table 1; However, they are not considered for the statis-
tical analysis of the incidence rate. The systems, for which we
have measurements of the parameters FR and P at the same red-
shift but where FR and P fall within the rejection contour, are
over-plotted in Fig. 2 as red and orange dots corresponding to
visual grade A and B, respectively.

' Any system with z., > Zem is naturally considered as proximate, inde-

pendent of the exact velocity shift.
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Fig. 2. Core-to-continuum median flux ratio versus significance of the
Spearman correlation for all quasar spectra searched in a proximate
velocity window (top, within a velocity window encompassing the
pipeline and visual redshifts estimates, extended 2000 kms™! on each
side) and an intervening window with the exact same width for each
spectrum, but shifted by 5000 km s~! bluewards (bottom). The vertical
and horizontal dotted lines show our cuts defining the samples S, (top)
and Sil (bottom). Points located outside the solid contour (containing
99.73% of the points) define, respectively, S%, (fop) and S’, (bottom).
Candidates belonging to either one or both of these selections (black
points) were visually checked and coloured green when strong H, is
confirmed (grade A) or yellow when considered tentative only (grade
B). Red and orange points correspond to additional systems described
in Sect. 2.4 with, respectively, grade A and B.

2.5. Note on sample completeness

The detection of additional H, systems inside our rejection con-
tour indicates that the detection of strong H; in the overall parent
sample of quasar is not complete. Indeed, the actual complete-
ness of our statistical sample is expected to be a complex func-
tion of the quasar redshift and the S/N over the wavelength range
where the H, bands are located. Furthermore, it depends on the
column density of the H, system, the strength and exact location
of Ly-a forest lines, and the presence of other absorption sys-
tems. In principle, this prevents us from deriving the absolute
incidence of strong H, systems but should have little impact
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Table 1. Sample of strong proximate H, absorbers in SDSS.

RA Dec MJID-plate-fiber @  zy,  logN(H1) logN(Hy)® Ay © Fly-o fieak @ Flag @
(J2000) (J2000) (cm™2) (em™2) (mag) (1077 ergs™' cm™?)

00:15:14.82  18:42:12.34  56270-06111-0908  2.628 20.85 19.8 0.09 497+19 0.19 3A
00:19:30.55  —01:37:08.46  55536-04366-0874  2.529 21.00 20.0 0.03 45+19 0.02 3A
00:46:05.89  00:43:27.81 55444-04222-0981  2.940 20.00 19.3 0.10 -04+0.8 0.00 0A
00:59:17.64  11:24:07.70  56165-05706-0118  3.034 21.75 19.0 0.07 124+24 0.04 1A
01:02:11.89  02:52:07.18 57281-07858-0826  2.657 20.80 19.5 -0.00 -05+15 0.00 0A
01:25:55.11  —01:29:25.00  56898-07877-0966  2.665 21.75 20.2 0.17 70.0+5.0 0.27 2A
01:26:54.45  11:38:23.29 55831-04669-0080  2.603 20.50 19.2 0.04 213+1.3 0.07 3A
01:36:44.02  04:40:39.10  55508-04274-0691  2.779 20.75 19.5 -0.04 1.6+13 0.01 3A
02:16:02.33  04:13:57.35 55486-04266-0012  2.661 20.55 19.7 -0.34 163+1.4 0.12 3A
02:19:26.55  —01:10:57.30  55478-04237-0364  2.812 20.00 19.0 0.42 7.9+0.6 0.23 0B
02:23:16.90  —03:07:21.42  56904-07832-0378  2.583 22.00 20.0 0.01 23.9+3.6 0.08 3A
07:54:02.68  43:59:28.25 57067-08276-0092  2.948 21.40 19.5 0.22 71.6+3.0 0.36 3A
07:56:34.69  11:23:30.35 55602-04511-0874  3.315 21.00 20.1 -0.15 1.9+1.7 0.03 3A
07:59:01.28  28:47:03.43 55535-04453-0850  2.822 21.30 19.5 -0.03 156+ 1.6 0.04 3A
08:03:51.64  50:03:17.65 56992-07317-0693  2.977 20.65 19.0 0.62 3.6+1.0 0.03 0A
08:07:57.45  51:52:3424  56741-07377-0768  3.124 21.00 19.3 0.11 88+1.4 0.10 0A
08:16:14.21  03:58:19.77 55869-04763-0096  3.682 20.00 19.0 -0.00 59+1.4 0.08 3B
08:21:26.13  36:26:06.10  57449-08857-0340  2.597 21.30 19.3 -0.01 —40+23 0.00 3A
08:55:02.19  42:09:37.16  57375-08296-0646  2.719 22.30 19.8 -0.16 -3.6+3.8 0.00 3A
08:58:59.67  17:49:25.19 55913-05297-0566  2.625 20.40 19.8 0.05 -05+15 0.00 3A
09:11:46.70  41:10:48.00  55999-04603-0104  2.840 21.15 20.0 -0.06 38.8+2.2 0.12 3A
09:18:50.50  52:20:03.56  57039-07289-0121  3.230 21.35 20.0 0.25 1614 0.02 3A
09:47:38.40  06:38:00.16  55926-04873-0354  2.954 20.80 19.2 -0.12 13.8+1.4 0.23 0A
09:48:27.31  07:22:36.97 55926-04873-0684  2.671 21.40 20.0 -0.01 10.8+2.0 0.05 3A
09:55:49.68  60:57:41.34  56014-05719-0786  2.894 20.10 18.8 0.08 43+12 0.05 1B
10:06:40.78  36:02:34.14  57453-08856-0500  3.210 21.20 19.1 0.25 -25+2.1 -0.01 0A
10:08:52.61  47:55:52.51 56338-06663-0946  2.852 21.55 20.1 -0.13 -23+2.7 0.00 3A
10:11:04.27  32:39:11.00  56329-06461-0750  2.540 21.35 19.8 0.08 0.6+1.8 0.01 2A
10:14:04.96  27:23:11.48 56334-06470-0814  3.025 21.75 19.9 0.24 7.6+2.5 0.07 2B
10:31:43.87  22:40:15.19 56298-06425-0304 2516 21.50 20.1 0.09 103+1.6 0.02 3A
10:45:02.97  15:02:11.36  56009-05350-0802  3.657 21.60 20.6 0.07 23+1.8 0.03 3A
10:47:21.79  29:15:47.78 56356-06449-0618  2.978 20.65 19.5 0.14 0.6+1.5 0.01 3A
10:52:51.23  18:09:15.66  56035-05887-0388  2.866 21.50 20.8 0.36 1.0£2.1 0.01 3A
11:10:41.05  67:15:50.46  56741-07111-0732  3.343 20.60 19.2 -0.03 3411 0.04 1A
11:11:03.78  33:16:14.09 56370-06440-0770  2.960 20.00 19.0 0.10 104+1.0 0.20 0B
11:11:24.18  14:47:56.09 56017-05362-0176  3.049 21.70 19.1 0.05 -1.8+27 0.00 3A
11:22:14.56  42:19:58.69 56013-04686-0206  2.620 20.60 19.9 -0.02 156+13 0.12 3A
11:23:40.09  15:53:53.66  55986-05367-0926  3.392 21.20 19.6 0.27 -02x15 0.00 0B
11:31:55.38  08:12:39.18 55947-05374-0724 2716 21.20 19.2 0.22 36.7+1.2 0.44 0B
11:35:17.10  29:57:22.08 56342-06405-0832  2.694 21.40 19.3 0.08 45+2.0 0.02 0B
11:44:10.88  47:34:51.98 56401-06678-0237  2.588 21.00 19.7 0.32 11.7+2.6 0.08 2A
11:44:52.49  20:36:44.15 56309-06432-0648  3.118 21.05 19.0 0.09 09+13 0.01 0B
11:45:52.44  49:51:1426  56412-06684-0118  3.043 20.80 19.0 0.13 56+1.2 0.04 0A
11:53:14.86  58:14:4020  56658-07091-0724  2.663 21.00 20.0 0.77 0.0+1.4 0.01 2A
12:00:51.84  14:08:31.46  56009-05387-0256  3.034 19.35 19.3 0.19 39+0.5 0.16 3B
12:28:56.08  31:47:53.86  56364-06479-0390  2.544 20.55 19.5 0.02 27+12 0.04 0B
12:36:02.11  00:10:24.54  55647-03848-0266  3.033 20.55 19.5 -0.09 —0.1+1.4 0.00 3A
12:41:10.70  38:35:36.46  57424-08836-0360  2.950 20.80 19.3 0.14 -22x15 -0.01 3B
12:42:01.74  20:06:25.54  56088-05855-0612  3.387 20.95 19.7 0.12 75+1.4 0.06 3A
12:42:34.82  44:48:13.10  56365-06617-0748  2.872 21.40 18.9 0.21 36.9+1.6 0.28 0A
12:45:27.17  32:21:36.08 56358-06482-0070  3.206 20.35 18.7 0.10 24+09 0.04 0B
12:48:29.51  06:39:35.62  56016-04835-0844  2.530 20.55 19.8 -0.07 -12+13 0.00 3A
12:59:17.31  03:09:22.51 55325-04005-0624  3.246 21.40 19.1 -0.09 247+2.1 0.03 3A
13:07:09.97  30:28:18.71 56362-06487-0380  3.594 21.35 19.8 0.13 22.9+3.0 0.14 3A
13:11:29.11  22:25:52.58 56066-05992-0136  3.092 20.80 19.4 0.09 -30%15 0.00 3A
13:19:04.34  13:56:49.57 56003-05425-0142 3253 20.65 18.9 -0.01 42+09 0.05 1B

Notes. “Modified Julian Date, plate number and fibre number corresponding to the SDSS spectra used in this work. ®H, column densities values
correspond to those used in the figures shown in the Appendix A. These should be considered as indicative only and require confirmation at higher
spectral resolution (see Sect. 4.1). Typical uncertainty of 0.12 mag from intrinsic quasar power-law variations (see Sect. 4.4). Conservative
uncertainty of about 0.3 dex (see Sect. 4.2). YThe flag number corresponds to the selection (0: non-statistical systems described in Sect. 2.4), 1:
systems belonging to S?; 2: systems belonging to S%,; 3=1+2. The flag letter corresponds to the visual classification (grade A or B).

cl?
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Table 1. continued.

RA Dec MID-plate-fiber @  zy,  logN(HI1) logN(Hy)® Ay © Fly-o fieak @ Flag ©
(J2000) (J2000) (cm™2) (cm™2) (mag) (1077 ergs™' cm™2)

13:26:18.07  25:58:51.56  56096-05996-0912  2.887 21.60 20.2 0.31 -1.6+24 0.00 3A
13:31:11.41  02:06:09.06  55622-04045-0836  2.922 21.30 19.6 -0.01 349+2.3 0.15 3A
13:36:50.63  25:13:28.32  56089-05999-0079  2.810 20.25 19.5 0.03 0.1+0.8 0.01 0B
13:58:08.94  14:10:53.29  56014-05446-0139  2.892 21.20 19.4 0.02 41+18 0.02 1A
13:59:35.08  09:00:51.36  55958-05447-0810  2.766 20.30 19.5 0.08 02+1.7 0.01 0A
14:11:18.14  02:15:12.03  55634-04030-0564  2.969 20.10 19.2 -0.02 1.0+1.0 0.03 0A
14:17:4590  36:21:27.46  55246-03859-0592  3.339 2245 19.9 0.12 3.6+2.1 0.02 3A
14:21:41.26  52:45:51.69  56799-07339-0068  2.653 21.45 19.6 0.40 58+1.5 0.04 0A
14:30:42.90  05:49:07.95  55691-04860-0172  2.837 20.80 20.0 0.02 34+19 0.05 3A
14:49:24.08  24:41:23.11  56067-06021-0794  3.293 20.80 19.0 0.17 1.0+0.9 0.02 3A
15:04:50.99  30:22:45.32  55245-03876-0340  2.781 21.60 20.2 0.04 77+1.7 0.06 3A
15:12:22.27  38:21:07.40  56066-05167-0082  2.977 21.65 19.3 -0.09 49+27 0.03 3A
15:15:04.52  14:48:23.19  56030-05486-0112  2.782 20.70 20.0 0.77 3.7+1.4 0.08 2B
15:44:43.05  18:29:45.89  55352-03937-0212  3.166 21.45 19.4 -0.18 155+2.1 0.08 3B
15:46:20.43  42:44:51.62  56101-06042-0364  3.324 20.90 19.5 -0.11 12+1.4 0.02 3A
16:04:32.33  57:57:22.03  56448-06786-0724  2.867 20.65 19.0 -0.15 0.0+1.3 0.00 1A
16:06:38.54  33:34:32.98  55721-04965-0091  3.085 20.80 19.0 0.05 -09+1.2 0.00 3A
16:38:31.22  48:57:26.04  57186-08056-0154  2.757 20.30 19.8 0.22 17.0+1.2 0.13 0A
16:41:04.00  43:33:56.06  56091-06031-0436  3.024 20.20 19.0 0.45 -12+1.0 -0.03 0B
17:06:15.68  37:56:13.71  55836-04983-0122  2.831 21.65 20.1 0.19 163+2.6 0.05 3A
21:58:28.89  24:04:35.77  57311-07640-0252  2.688 21.30 20.0 0.28 12+1.8 0.00 3A
22:28:07.36  —02:21:17.17  55857-04380-0296  2.770 20.85 19.5 -0.08 8.8+12 0.01 3A
22:55:06.64  19:49:10.14  56959-07609-0172  2.914 20.50 19.2 0.05 -0.7+1.1 -0.01 0B
23:25:06.62  15:39:2931  56267-06143-0586  2.615 21.70 20.0 0.02 3.8+2.6 0.01 3A
23:36:07.16  22:53:25.83  56566-06519-0141  2.701 21.00 19.7 0.04 113+1.6 0.08 3A

on the relative incidence between proximate and intervening
systems discussed in the next section. We can still roughly esti-
mate the overall H, detection rate in PDLAs using the statisti-
cal sample (i.e. log N(H1) > 21.1) of metal-selected PDLAs from
Fathivavsari et al. (2018a). This sample contains 201 systems
with z > 2.5 searched by our code, among which we found 20
H,-bearing systems (18 grade A and 2 grade B) within our sta-
tistical selection, plus another 5 in our list of additional systems.
This implies a H, covering fraction higher than 10% in strong
(log N(H1) > 21.1) metal-selected PDLAs. This appears to be in
qualitative agreement with the H, covering fraction for inter-
vening systems. For example, Balashev & Noterdaeme (2018)
found 4% (DLAs/sub-DLAs with log N(H1) >20), 8% (DLAs
with prominent metal lines) and 37% (extremely strong DLAs
with log N(H1) > 21.7).

3. The excess of strong proximate H, absorbers

In this section, we investigate whether or not there is an excess
of strong proximate H, systems compared to what is expected
from intervening systems. In other words, we wish to quantify
whether or not there is a higher probability for a H, cloud to
be located close to the quasar in velocity space. To do this, we
apply the exact same procedure, selection and visual inspection
as for our statistical sample of proximate systems, with the only
difference that we shifted the search window for each individual
spectrum by 5000kms~' to the blue. This velocity shift corre-
sponds to what is typically considered a safe limit to treat the
systems as intervening. At the same time, the velocity shift is
large enough to avoid overlap of the search window with that
used for proximate H, systems while being small enough so that
the probed spectral regions and the redshifts remain very similar.
In spite of this, a slight shift is observed for the main locus in the
(P, FR) parameter space as compared to proximate systems. This
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results in a larger number of candidates following selection 1
(Si1 with 396 candidates). However, these are mostly seen close
to the chosen limits and the bottom-left corner of the plot (with a
high probability of a given system to be real) is clearly much less
populated than for proximate candidates. This alone already tells
us that the incidence of strong intervening systems per velocity
bin is much lower than for the proximate systems. Applying our
outlier selection (#2), we obtain a total of 174 candidates (Siz).
From visual inspection of all 525 candidates (45 are in common
between the two selections), only 13 are graded A (Sf‘) and 6 are
graded B (S%).
In Fig. 3 we present the distribution of velocity offsets,

R* -1
Br1
where R = (1 + Zup)/(1 + Zem) for the strong H; systems detected
in both search windows (i.e. centred on z.;, and shifted blue-
wards by 5000kms™!). For a fair comparison of the two dis-
tributions, we used only those systems satisfying selection 2,
but note that the results do not change significantly when using
selection 1 or the union or intersection of both selections. The
shaded regions in Fig. 3 show the minimal 4000 km s~'-wide
search windows. Both the intervening and the proximate dis-
tribution slightly extend beyond these boundaries as the search
windows for each spectrum were defined to take into account the
uncertainties on the quasar redshift. The statistical results dis-
cussed below are however strictly restricted to systems falling
in the respective 4000 km s~! windows. The intervening systems
are uniformly distributed over the velocity interval, which is
expected for systems randomly intercepted by a quasar line of
sight. On the other hand, proximate systems are on average 5
times more numerous (4.2 if including grade B systems as well)
at Av = 0 = 2000kms~! than at Av = —5000 + 2000kms~!
(shaded areas in Fig. 3). These are conservative lower limits

Av = ey
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Fig. 3. Distribution of relative velocities with respect to the quasar
redshift for our sample of strong proximate H, systems (orange his-
tograms) compared to those found in a region shifted by 5000 km s~
(blue). We here used the “zbest” provided by the DR14Q catalogue as
the quasar redshift and the z,,; measurement directly from our search
algorithm. Negative velocities indicate z,ps > Zem. Note that the x-axis
goes from positive velocities (blueshifted compared to the quasar) on
the left to negative velocities (redshifted) to the right. Both distribu-
tions are restricted to visually-checked systems (unfilled histograms:
grade A or B, filled histograms: grade A only) isolated using the out-
lier selection (# 2). The grey regions show the corresponding minimal
search windows. Systems falling outside these regions are not con-
sidered when comparing incidence rates. The horizontal dashed line
shows the mean number of intervening strong H, systems per veloc-
ity bin (~1 per 500kms~! bin). A significant excess of H, systems at
the quasar redshift is observed and cannot be explained by intervening
statistics.

.
~2000 -400(

since the number of intervening systems at significantly negative
velocities (i.e. Zaps > Zem) should be close to zero, as we expect
little peculiar velocities of intervening gas to shift systems in
that region. The distribution of proximate systems is also clearly
peaked around the quasar redshift. The excess of proximate sys-
tems is about a factor of 2.5 in the velocity range from 1000
to 2000km s~! compared to what is expected from the statistics
of purely intervening systems (dashed blue horizontal line). In
the central 1000km s~!, however, 28 strong H, systems are seen
when ~2 are expected from intervening statistics. We note that
the uncertainty on the quasar emission redshifts as provided by
the SDSS quasar catalogue is of the order of 500—1000 km s~
Hence, the observed distribution of proximate H, absorbers may
well appear wider than it is intrinsically.

In summary, we observe more than an order of magnitude
excess of Hy absorbers close to the quasar compared to what is
expected from chance alignment with the quasar. This means that
most of the proximate H; systems presented in this work must be
related to the quasar environment and not to intervening galax-
ies in the Hubble flow. The question now becomes whether these
systems are directly associated to the quasar, its host galaxy,
or arise from galaxies in the quasar group environment. In the
absence of detailed understanding of the physical conditions in
the clouds, this is a difficult question to answer. In the following

sections, we shed light on this from the observed properties of
the proximate Hj systems as seen in the SDSS data.

4. Properties of the proximate H, systems

In this section, we derive some of the main properties of the
proximate H; systems from the SDSS data alone. These are the
atomic and molecular hydrogen column densities, Ly-@ emis-
sion, metal content, and dust properties.

4.1. Hrand H, column densities

We fitted a Voigt profile to the damped Ly-« line keeping the
redshift fixed to that obtained from H, and metal lines. We also
simultaneously fitted the other lines from the Lyman series and
estimated the quasar continuum using a spline function. Since
the latter task is complicated by the quasar blended Ly-« and Nv
emission lines, we guided the placement of the spline knots using
the quasar composite spectrum from Vanden Berk et al. (2001)
matched to the spectrum redwards of the quasar Ly-o emis-
sion. When necessary we adjusted the strength of the Ly-a+Nv
emission line by considering those of other emission lines in the
spectrum. However, the derivation of the exact unabsorbed con-
tinuum will inevitably partly rely on implicit assumptions about
the shape and strength of the Ly-a+N v emission line, which are
hard to quantify. We therefore paid particular attention to the
width of the profile close to the bottom, which is little influenced
by the exact continuum placement but note that in some cases, it
can still be affected by the presence of strong leaking Ly-a emis-
sion. The measurement of the H 1 column density was also helped
by the presence of Ly-8 and other Lyman series lines for which
the emission-line-to-continuum ratio is different. The obtained
N(H71) then sets the strength of the DLA (or sub-DLA) wings,
and the continuum is then re-adjusted if necessary until we
obtain a satisfactory fit. During this process, we remarked that
the obtained H1 column densities typically varied by no more
than 0.2 dex. Our final N(H 1) measurements are given in Table 1
and the corresponding figures in the Appendix A. We note that
automatically determined N(Hr1)-measurements of intervening
DLAs based on Ly-a absorption only have typical uncertainties
of 0.2 dex in SDSS (Noterdaeme et al. 2009). In the case of prox-
imate DLAs, follow-up observations by Ellison et al. (2010) are
actually in very good agreement (~0.05 dex) with those obtained
by Prochaska et al. (2008a) from SDSS data using a manual fit-
ting scheme very similar to the one used here. Nevertheless,
since we here discuss the overall population, the N(H1) uncer-
tainty for individual systems does not affect the main results and
conclusion of the paper.

We also obtain rough estimates of the H, column densities
by manually adjusting the total column density of a H, template
with a fixed excitation temperature and fixed Doppler parameter.
We derive typical column densities of log N(H) ~ 19.5 but cau-
tion that individual values are very uncertain in the absence of
high-S/N, medium/high-resolution spectroscopy. The values of
N(H,) provided in Table 1 should then be considered as indica-
tive only. We remark that we already have medium or high res-
olution data for several H,-bearing DLAs (including four from
this sample: J1311+2225, Noterdaeme et al. 2018, J0136+0440,
JO858+1749, J1236+0010, Balashev in prep.), in which we
found that SDSS-based values typically underestimate the H;
column density by up to 0.3 dex. In one outlier, however, the H,
column density differs by about 0.8 dex compared to the SDSS-
based estimate. Therefore, while the H; lines are intrinsically in
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Fig. 4. Distribution of H1 column densities in our statistical samples
with visual grade A (proximate: filled, intervening: red).

the saturated regime, we do not use the column density estimates
in the following.

The distribution of H1 column densities for intervening and
proximate DLAs is shown in Fig. 4. The observed distribution
for H,-bearing PDLAs is slightly shifted towards higher H1 col-
umn densities (by about 0.3 dex) compared to intervening Hy-
bearing DLAs. This may be due to the fact that higher H1 col-
umn densities are necessary for the Hp/H1 transition closer to
a strong UV source, as expected from transition theories (e.g.
Krumbholz et al. 2008; Sternberg et al. 2014), if the other param-
eters are kept unchanged. It is also possible that part of the
observed H1 is unrelated to the H, gas, and the excess column
density is only due to a more gas-rich environment close to the
quasar.

Our H;-selection of PDLAS can also provide an independent
estimate of PDLA clustering close to the quasar. Indeed, if the
conditions for the formation of H, are not very different, then the
observed factor of 5 excess of proximate H, over intervening Hj
systems corresponds to the excess of proximate DLAs over inter-
vening DLAs. This is well above the factor of two excess found
by Prochaska et al. (2008a) in the SDSS-II. If, in turn, H, is more
difficult to form in the quasar environment (as we could naively
expect from the strong UV field), then the discrepancy is even
larger. We note however that the PDLA detection algorithm from
Prochaska et al. (2008a) was based on the zero-flux in the core
of the DLA and hence likely missed most of the systems with
leaking Ly-a emission. The clustering of neutral gas around the
quasar could also depend on the column density, being stronger
at high N(H1) (as observed here) than for the overall population
of DLAs. Finally, it remains possible that H, is instead formed
more efficiently in the quasar environment (i.e. a positive AGN
feedback) owing to higher metallicities, larger total surface of
dust grains or gas compression.

4.2. Leaking Ly-a emission

Significant (>30) residual flux in the core of the DLA absorp-
tion is the most evident peculiar feature of our systems and
observed in about half of our sample. We measured the total
Ly-a flux (Fiy_,) for each system by integrating the observed
flux spectrum over the DLA trough. The associated uncertainty
is obtained from the error spectrum. These values are robust
since they do not depend on the assumed unabsorbed quasar
emission and are provided in Table 1 for reference. However,
since the Ly-a emission can be strong and is generally broad, it
most likely corresponds to leaking Ly-a photons from the back-
ground quasars’ emission line regions rather than arising solely
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Fig. 5. Fraction of leaking Ly-a photons at the core of the DLAs as a
function of its relative velocity to the quasar redshift. Filled points corre-
spond to systems from the two statistical selections described in Sect. 2
(flag # 0 in Table 1). Unfilled symbols correspond to the additional sys-
tems described in Sect. 2.4 (flag=0). The colour indicates the visual
classification (black:A, grey:B). Finally, red squares are overplotted on
top of systems with clear Sin* absorption. The solid (resp. dashed) seg-
ments correspond to the median (resp. mean) values in different velocity
bins, using only statistical rank A systems. Values measured to be less
than 0.01 are set to 0.01 for plotting convenience. The cross at the top-
left corner shows typical (albeit conservative) uncertainties along both
axes.

from local star-formation activity in the quasar host. Therefore,
the most interesting quantity to consider is actually the fraction
of leaking photons at the DLA wavelength rather than the actual
luminosity of this residual. Thus, we define fi.,x as the ratio of
the observed flux integrated in the DLA core over the unab-
sorbed flux integrated over the same region. In spite of our
efforts to reconstruct the unabsorbed quasar continuum (see pre-
vious section), the fraction fiex is highly uncertain. However, it
remains a convenient way to distinguish between systems that
allow a significant fraction of photons to leak at the DLA wave-
length, and those systems that do not support such a leakage?.
We assign a conservative estimate of the uncertainty of a fac-
tor of two to take into account the observed dispersion of Ly-a-
emission-to-continuum ratio seen between different quasars (e.g.
Selsing et al. 2016).

Splitting the sample into two sub-samples with fi.,x above or
below the median value (0.02), we then found that the systems
with high fi.,x are located on average twice closer in velocity
space than those with low fiax (|AV] ~ 500 vs 1000kms™).
Figure 5 illustrates this further with fi..x plotted as a func-
tion of the relative velocity with respect to the quasar redshift®.

2 We note that fieu represents the total leaking fraction of photons at
the DLA wavelength. In other words, this includes not only Ly-a pho-
tons but also photons from the continuum. The actual fraction of escap-
ing Ly-a photons at the DLA wavelength should then be slightly higher
than the fie,x values.

3 Whenever necessary, we corrected the quasar redshift provided in
the DR14Q catalogue through a careful reassesment using the reddened
composite.
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Systems without significant emission span the full range of
velocities, while systems with high fi..x tend to concentrate
closer to zero velocities. Separating the systems according to
their velocity shift to the quasar, we can indeed see that the
mean and median fi.,x values are higher at small velocity sep-
aration than at high velocity separation. Interestingly enough,
we note that the leaking fraction seems to be higher for systems
with Av < =1000km s~! than for those with Av > 1000 kms~".
To summarise, it appears that DLAs with absorption redshift
very close to that of the quasar emission cover less of the cor-
responding Ly-a photons than those with significant velocity
shifts. Among the latter, those redshifted compared to the quasar
(i.e. moving towards the quasar) tend to cover less than those
moving away from the quasar.

The observed dependence of fi, on the relative absorber to
quasar velocity can in principle be explained as a purely observa-
tional effect. DLAS redshifted onto either wing of the quasar Ly-
a emission will absorb Ly-a photons with wavelengths shifted
relatively far away from resonance (1215.67 A x (1 + zgso)) and
hence arising mostly from the BLR. Conversely, DLAs located
exactly at the quasar redshift correspond to Ly-a photons aris-
ing both from the BLR and from narrower Ly-a emission aris-
ing from regions further away from the central engine, up to
the very outskirts of the quasar host (see e.g. Fathivavsari et al.
2015). This “narrow” and likely more extended component can
therefore more easily leak through the absorbers. If this is the
case, then we can expect that intervening H,-bearing clouds
also have projected sizes smaller than emission region of the
quasar at the peak Ly-a wavelength. This potentially could be
detected as a partial coverage effect in the metal absorption lines.
Indeed, Balashev et al. (2017) have recently observed an unam-
biguous partial coverage of the Ly-a emission by the S m absorb-
ing gas (see their Fig. 12) associated to an intervening DLA
(Zabs = 2.786, zgso = 2.92) with damped H, lines. A system-
atic study of the partial coverage of Ly-a emission by different
absorbing clouds, and as a function of wavelength shift com-
pared to systemic redshift, would provide clues on the origin and
extent of the different Ly-a emission components.

However, there may also be a physical reason for the clouds
at small velocity separation covering statistically less of the Ly-a
emission than those at large velocity separation. Indeed, neutral
gas clouds close to the UV source may typically have higher den-
sity and hence be smaller (for a given column density) than those
located farther away, as proposed by Fathivavsari et al. (2017).
This would also explain the observations if systems close in
velocity space are also statistically closer in distance. This is a
valid possibility as clouds rotating with the quasar galaxy host
should have little velocity along the line of sight while those
located in other galaxies of the group could have larger |[Av|. Gas
flows (either winds or infall) can however complicate the pic-
ture, being located relatively close to the source but still possibly
having large relative velocities. Interestingly, there is a trend for
systems with positive velocities (possibly due to infalling gas) to
have larger leaking fraction and also featuring at the same time
excited levels of silicon (red squares on Fig. 5). Both collisions
(denser cloud) and enhanced UV field (closer to quasar) would
help populating the fine-structure levels.

All this means that the presence of leaking Ly-a alone is
probably not enough to differentiate between wavelength depen-
dence of the emission size or distance dependence of the size
of the absorbing cloud. However, metal lines (in particular in
excited states) as well as molecular lines may provide further
information in order to distinguishing between the different
scenarios.
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Fig. 6. Distribution of the rest-frame equivalent widths of Sim 41526
for grade A systems, including (unfilled) or not (filled) the additional
systems described in Sect. 2.4. The vertical line shows the median value
(identical for the two samples).

Finally, we note that it is very likely that other clouds, sim-
ilar to that giving rise to the DLA, are located in the same
galaxy (e.g., the quasar host or a group member) yet spatially
offset from the line of sight to the quasar central engine. While
these clouds do not intercept the line of sight to the compact
continuum source they may still contribute to the absorption of
the spatially extended Ly-a emission. Absorption signatures of
such clouds would however be very difficult to identify. Only
detailed measurements of absorption lines falling on top of emis-
sion lines, arising from the spatially extended emission region,
would reveal the presence of such complex absorption geome-
tries. In order to carry out such detailed analyses of the absorp-
tion and emission geometry, higher resolution spectroscopy with
better S/N is required.

We also caution that the uncertainties on Av are large and
dominated by the uncertainty on the quasar redshift. Measuring
accurately the quasar systemic redshift through follow-up obser-
vations of the narrow forbidden emission lines in the near infra-
red would be imperative to confirm or reject the above discussed
trends.

4.3. Metal lines

Metal absorption lines are systematically seen associated to the
H, systems. However, at the typical S/N and given the low res-
olution of the SDSS spectra, the only information we can obtain
is the equivalent width of strong lines, which are very likely
intrinsically saturated. The equivalent width of such lines is
therefore mostly determined by the velocity spread of the pro-
file. Observationally, high resolution studies of DLAs indicate
that the velocity extent of metal lines correlates well with the
metallicity (Ledoux et al. 2006). This means that we can in prin-
ciple use the observed equivalent width to get an idea of the
metallicity. We measured the Sin 41526 equivalent widths using
an automated procedure and obtain the distributions shown on
Fig. 6. The median equivalent width in our statistical sample is
about 1 A, i.e. similar to that observed by Balashev et al. (2014)
for the population of strong intervening H, systems. Using the
empirical relation [X/H] = —0.92 + 1.411og(W;11526) from
Prochaska et al. (2008b), the median equivalent width corre-
sponds to a metallicity of about one tenth Solar. However, we
caution that this empirical equivalent-width metallicity relation
has been obtained using intervening systems and thus may not
actually apply here.
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Therefore, we further test this result using a stacked spec-
trum built by median averaging all systems visually classified A.
The obtained composite spectrum, shown in Fig. 7 has a S/N of
about 50, allowing us to detect weak absorption lines that are
otherwise undetectable in individual spectra and whose equiva-
lent width will then depend rather on the column density than the
velocity extent. The typical species seen in the overall population
of DLAs are detected but we also detect significant C1 lines, that
are otherwise much less frequent in DLAs (Ledoux et al. 2015).
This is consistent with our H, selection since C1 is known to be
a good tracer of molecular gas (Noterdaeme et al. 2018).

Using the unblended and undepleted S 41253 line, and
assuming optically thin regime, we obtain a metallicity of about
[S/H] ~ — 0.9 using the median log N(H1)=21. Similarly, we
obtain [Zn/H] ~ — 0.8 from Znu 242026 and [Si/H] ~ — 1 from
Sinm A1808. This exercise shows us that the average metallic-
ity of our sample should be roughly 1/10th of the Solar value.
This is higher than the typical value seen in DLAs, albeit lower
than purely Cr-selected systems, that have Solar metallicity
(Zou et al. 2018, Ledoux et al., in prep.). Nonetheless, it is
important to keep in mind that the metal equivalent widths in
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our proximate molecular systems spread over a wide range, so
that the metallicities are also likely to differ significantly from
one system to another. Still, we attempt to identify some global
trends in the following.

We then compare the composite spectrum with that obtained
for a subset with significant leaking Ly-a emission. Overall,
there is no striking difference between the strength of the main
metal lines. However, it appears that the equivalent width of the
weak Sim 41808 line remains almost unchanged while other Simt
lines (11260, 1304, 1526) are weaker for systems with leaking
Ly-a. This suggests that the column densities (and the metal-
licities, since the median log N(H1) is unchanged) in the Ly-
a-leaking sub-sample are similar to the overall average, but
that systems with leaking emission may have smaller velocity
spreads than the average. This could also explain the narrower
C1v seen in the “leaking” sub-sample.

A more significant difference is seen for the Cu line.
While the overall median composite spectrum already shows
clear evidence of Cun* absorption in the wing of the
Cn 41334 line, the composite spectrum corresponding to
the Ly-a-leaking sub-sample apparently has a much higher
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Cir*/Cu ratio (Wr(Cu")/Wr(Cm)) ~ 0.4 overall versus
(Wr(Cu")/Wr(Cu)) ~ 0.8 for Ly-a-leaking systems). A
zoomed version of Fig. 7 is shown in Fig. 8, along with the com-
posite spectrum built for systems with even stronger Ly-a leak-
ing fraction (fieax > 0.2). In the last composite spectrum, albeit
noisier given only four grade A systems contributing to the stack,
the Cur* line appears even stronger than C 1. All this indicates an
increasing excitation of C m with increasing leakage of Ly-a con-
sistent with the findings of Fathivavsari et al. (2018a). Since the
excited level of ionised carbon is mostly excited by collisions
(Silva & Viegas 2002; Goldsmith et al. 2012), this would favour
a dependence of Ly-a leaking fraction on the compactness of the
cloud. However, detailed investigation through follow-up obser-
vations and numerical modelling is needed to confirm the higher
Cur* excitation and to understand its origin.

4.4. Dust reddening

In order to obtain a measure of the reddening induced by
dust, we fitted the individual spectra using the quasar tem-
plate by Selsing et al. (2016) assuming either the extinction law
of the Small Magellanic Cloud (SMC) or that of the giant
shell in the Large Magellanic Cloud (LMC2) as parameterised
by Gordon et al. (2003). However, due to the limited wave-
length coverage of the spectra, we were not able to signifi-
cantly distinguish the two extinction laws. In what follows, all
measurements of dust reddening are therefore reported assum-
ing the SMC extinction curve. Since the broad emission lines
may vary significantly from one quasar to another, we masked
out the corresponding parts of the spectra. This was done by
defining “bona fide” continuum regions in the quasar rest-
frame which were used to constrain the fit. These regions were
defined as: 1314-1351, 1430-1490, 1585-1600, 1700—-1830,
and 2000-2225 A.

The best-fit values of Ay are given in Table 1. Due to the
intrinsic variations of the spectral power-law index of quasars,
we report negative reddening for some targets. This does not nec-
essarily mean that there is no dust reddening, but it is not possi-
ble to break the degeneracy without spectroscopic data covering
the full rest-frame optical range of the quasar spectral energy
distribution.

We can quantify the significance of the Ay measurements
by calculating the expected dispersion in Ay introduced by vari-
ations in the power-law index. Based on the measured intrin-
sic dispersion of the quasar power-law index of o = 0.186

12

T T
TR

10

T
1

— T T T T
| TSR R R S

Freq.
(o))
T

T T
TR

1

— T
| I

T T

TR

oL 1.

-0.5

1.

0.5

1.C

Fig. 9. Distribution of Ay measurements in all grade-A systems (hashed
histogram) and in our statistical sub-sample (filled).

(Krawczyk et al. 2015), we calculate an expected 1-o- disper-
sion in Ay of 04, = 0.12mag. We can therefore state that
any target with Ay > 204, is significant at 95% confidence
level, and any value below this threshold should be consid-
ered an upper limit, i.e., Ay < 0.24mag. In spite of a few
exceptions, most of the quasars present no significant redden-
ing (see Fig. 9), with a median Ay of only 0.04 mag, which is
consistent with the value measured for the sample of interven-
ing Hy-bearing DLAs selected in SDSS (Balashev et al. 2014).
The typical dust-to-gas ratio in our sample is then roughly
Ay/N(H) ~ (1-2) x 10723 mag cm?, which is similar or less than
the typical value for intervening DLAs (~(2—4)x 1072* mag cm?,
Vladilo et al. 2008) and much lower than values measured in the
local ISM (where the dust-to-gas ratio is about 30 times higher,
e.g. Watson 2011) and in C1-selected molecular-rich intervening
systems (Ledoux et al. 2015; Zou et al. 2018) that also typically
have Solar metallicities and low N(H1). Our current sample may
be biased against systems with high reddening, not only because
the colour selection may preclude their presence in the SDSS-
IIT spectroscopic database, but also because of the decreased
S/N in the blue, impeding the detection (and visual confirma-
tion) of the H, lines. Indeed, including the additional (non-
statistical) systems, the median Ay /N(H) increases by a factor of
two, owing to the inclusion of several significantly reddened sys-
tems with lower N(H1) values. Given the low dust-to-gas ratios,
the presence of H, might then rather be due to higher densi-
ties than those typically derived in intervening Hy-bearing DLAs
(50-100 cm™3, see e.g. Srianand et al. 2005; Noterdaeme et al.
2017), with the notable exception of the extremely strong H, sys-
tem towards SDSS J0843+0221 (Balashev et al. 2017), which
has a low metallicity ([Zn/H] ~—1.5) and high density, ng ~
300 cm™3.

5. Discussion

By construction, we select only saturated H, systems (with
log N(H;) ~ 20). At such large H, column densities, we expect
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that the H1-H, transition has already occurred. We can then
use the theoretical description of the Hi-H, transition by
Sternberg et al. (2014, see also Bialy & Sternberg 2016) to con-
strain the physical properties of the cloud. Following their for-
malism, the surface density of Hr1 at which the transition occurs
is given by

Sy, = 052 1n(—“G + 1) Mo pc, )
0y 3.2
where
100 cm™3 99 \*
_ -8 .
aG =2.85x 10 Fo( - )(H&%g) 3)

In these equations, &y = 0/(1.9 X 1072! cm?) is the dust

grain Lyman-Werner (LW =11.2-13.6eV, 911.6A-1107 A)
photon absorption cross section per hydrogen nucleon nor-
malised to the fiducial Galactic value. ny is the hydrogen number
density of the cloud and Fy is the free-space LW photon flux
(cm™2s7!) irradiating the cloud (see Bialy et al. 2015, 2017).
Note that the constant factor in Eq. (2) is a factor of two lower
than that used in previous works (e.g., Ranjan et al. 2018) con-
sidering a slab of gas illuminated on both sides while we here
consider one-sided illumination dominated by the quasar. Know-
ing the quasar luminosity at the LW band and H1 column den-
sity in the cloud, we can then derive the number density of the
H; cloud as a function of its distance to the quasar, for a given
dust enrichment. In Fig. 10, we illustrate the relation between
the cloud density and its distance to the quasar UV source for
the typically observed quasar and cloud properties. More specif-
ically, the relation is calculated for the median quasar luminos-
ity at the LW band assuming a median H1 column density of
(log N(H1)) = 21.3. We considered a typical value of &, = 0.1,
corresponding to the median Ay and N(H1) values of our sample
(Fy = 4.8 x 10°A1w/N(H), but we also included a calculation
for &°; = 0.5. Finally, we considered two calculations: one with
and one without a local source of UV photons, yjoc, expressed
in units of the interstellar radiation field as measured by Draine
(1978).

We find that, farther than about 0.3 Mpc, atomic hydrogen
can transition to H, in relatively low-metallicity clouds with den-
sity ngg ~ 100 cm™3, similar to what has been derived in interven-
ing Hy-bearing DLAs observed so far (e.g. Srianand et al. 2005;
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Fig. 11. Composite spectra obtained by median-averaging the spectra
of five systems with clear Sin* detection (black) and another five where
this detection is tentative (green).

Noterdaeme et al. 2017; Ranjan et al. 2018). In other words, at
such distances, the conditions for the formation of H, become
similar to those of intervening clouds, as seen from the inflexion
point where the influence of a realistic local UV field becomes
comparable to that of the quasar. Since such clouds would typ-
ically be of parsec scales, it is not surprising that Ly-a photons
from the narrow line region of the quasar (and at fortiori from
extended emission regions) can leak around the absorbing cloud.

Closer than 0.1 Mpc, the quasar UV flux likely dominates
and the density must be higher (ny o r~2) for H, to form
efficiently. It is important to note, however, that this depends
strongly on the & X N(H1) product and hence on the total
dust extinction, with ngy o exp(Ay) — 1 (when ignoring the
slow dependence on s of the second factor in Eq. (3)). For
example, while keeping the same N(H1), a value of &y ~ 0.5
results in a decrease of the required density for H, formation
by about an order of magnitude. This may be the case for the
most reddened systems in our sample. As we get closer to the
quasar, we expect that higher densities, together with a stronger
UV field, will result in the excitation of fine-structure levels of
species like Simr and O1. While we do not see any evidence for
excited fine-structure levels in most of the systems, nor in the
median stack, we do find clear evidence of Sin* in five sys-
tems (JOO15+1842,J0125-0129, J1131+0812, J1242+4448 and
J1421+5245) as well as tentative evidence in another five sys-
tems (JO756+1123,J0911+4110, J11354+2957, J1358+1410 and
J1512+3821). Composite spectra of these systems around the
main Sin* lines are shown in Fig. 11. Interestingly, these systems
with Sin* tend to have stronger and wider leaking Ly-a emission
than seen on average, while not necessarily being located at the
exact quasar redshift*.

Similarly, Fathivavsari et al. (2018a) show that excited lev-
els of silicon and oxygen are systematically seen in proximate
(metal-selected) DLAs with Ly-a emission in their trough. The
authors find a sequence in which the equivalent width of the fine-
structure lines increases with increasing leaking Ly-« emission.
In the case of eclipsing DLAS, the fine-structure lines are weak
whereas the lines are much stronger in the case of ghostly DLAs,
which the authors interpret as an effect arising from clouds so
compact that the BLR is not fully covered. However, in the
absence of detailed investigation through follow-up studies, the
number density remains degenerate with the strength of the UV
flux since an increase of both these quantities increases the exci-
tation of the fine-structure lines. The presence of H, should help
break this degeneracy since an atomic-to-molecular transition

4 One of them (J0125-0129) is particularly intriguing since the equiv-
alent width of the Sin*11264 line is larger than that of the nearby Sin
A1260. This is confirmed by a significant Sin*2A1533 line, despite a 10
times lower oscillator strength than Sin*41264. This system also has
very significant Ly-« emission in the DLA trough, with about 30% pho-
ton leakage at the corresponding wavelength.
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requires the cloud to be denser when the UV field is stronger
(or equivalently when the cloud is located closer to the quasar).
Additionally, the excitation of high rotational levels of H, could
also be efficiently used to discriminate between enhanced UV
flux and increased number density, since these are predominantly
populated via UV pumping.

The distance-density constraint can be converted into a con-
straint between cloud-size and distance, using [ = N(H)/ny,
where N(H) ~ N(H1). For example, at 10 kpc, the required den-
sity for a Hi-H, transition (ny ~ 2 X 10*em™ for &, = 0.1,
log N(H1) =21.3) would imply a cloud-size less than 0.1 pc. This
is a strict upper limit since part of the observed column density
may be unrelated to the H; cloud. Indeed, not only the numerator
in the expression of / is decreased, but the denominator is also
increased through Eqs. (2) and (3). On the other hand, we can
estimate the size of the BLR using the relation between quasar
luminosity and BLR size obtained from reverberation mapping.
For the typical quasar luminosity AL;(1350 A) ~ 10* ergs™" in
our sample and using the relation from Kaspi et al. (2007), we
obtain a C1v BLR size of about 0.1 pc. This is already compa-
rable to the expected cloud size at 10kpc derived above. Fur-
thermore, the Ly-a BLR is likely to be more extended than the
C1v BLR owing to scattering. In other words, the compression
of neutral clouds required for an atomic-to-molecular transition
to occur, if located closer than 10 kpc, could be such that the pro-
jected size of the cloud becomes comparable to that of the BLR.
When the partial covering of the BLR gets significant, the sys-
tem may be seen as a ghostly DLA. Since this is not the case for
our systems, these are most likely located farther away, i.e. in
other galaxies from the same group or in large-scale gas flows.
Notwithstanding, H, may still form at distances of ~10 kpc from
the quasar in more diffuse clouds (hence possibly covering fully
the BLR, i.e. non-ghostly DLAs) provided their metallicity is
high enough (e.g. purple line on Fig. 10).

Because Ly-a transfer complicates the apparent velocity and
spatial extent of the emission compared to that of the gas pro-
ducing it>, it will be interesting to look for signatures of par-
tial coverage of other emission lines by different species as
done for intervening systems by e.g. Balashev et al. (2011) and
Bergeron & Boissé (2017). C1is an interesting species since not
only does it trace the same gas as that seen in Hy, but it has sev-
eral transitions, one of which (at 1560 A) falling on the wing of
the C1v emission line, when other C1 lines are located on the
quasar continuum which arises from the extremely small accre-
tion disc. The continuum, by selection, should be fully covered
by the absorbing clouds.

Before summarising our results, we remark that the transition
theories used in the discussion implicitly assume a steady-state
regime. Accurate measurements of the density and dust content
in the molecular phase would allow us to investigate whether
the molecular formation has reached an equilibrium or not. This
would provide additional insights into the understanding of H,
in quasar environments.

6. Summary

We have developed a novel technique to directly detect strong
H, absorbers in low-resolution spectra solely from their Lyman-
Werner band absorption, without any prior on the associated
H1 or metal content. Applying our technique to the SDSS-

3> For example, the velocity width of the Ly-a emission does not repre-
sent the bulk gas velocity since Ly-a photons escape more easily when
scattering with atoms at the end of the velocity distribution.

DR14 database, we have assembled a significant sample of
strong H, systems proximate to the quasar redshift, with |Av| <
2000km s~'. We have studied the absorber statistics and investi-
gated the basic characteristics that can be derived from the SDSS
data. Our main findings are the following.

(1) We found that the incidence of proximate H, systems is
about four to five times higher than that expected from the statis-
tics of intervening systems. We further found that the excess of
H, systems peaks at the quasar redshift, with an excess of more
than an order of magnitude compared to intervening statistics.
This shows that most of the proximate systems are actually asso-
ciated to the quasar environment, arising either from galaxies in
the same group, or to the quasar host itself. The observed veloc-
ities are hence not corresponding to the Hubble flow, but to the
individual cloud velocities.

(2) Unsurprisingly, the proximate H, systems are also
damped Ly-a systems. The column density distribution is how-
ever skewed to much higher values than the overall population
of intervening DLAS, but only about a factor of two higher than
our strong intervening H, systems selected the same way. The
higher N(H1) values could be expected in order to shield H,
clouds closer to a strong UV source.

(3) We detected significant Ly-a emission in the core of
the DLA profile for about half of our sample. We showed that
the fraction of leaking Ly-a photons is higher when the DLA
is located at small velocity separation from the quasar’s sys-
temic redshift. This indicates that the relative projected sizes
of the absorbing cloud and the Ly-a emission region decreases
with decreasing velocity separation. This effect can then be
explained by Ly-a emission at the emission peak arising from
both the broad line region and gas located farther out (narrow
line region, or even kpc-scales), while photons in the wings
of the Ly-a emission arise only from the compact broad line
region, and hence are easily covered by the cloud. It is also pos-
sible that clouds with smaller velocity separation belong to the
quasar host compared to those at high velocities which could be
due to other galaxies in the group. In this case, clouds located
closer to the UV source could be more compact, as suggested by
Fathivavsari et al. (2018a), hence covering less the quasar emis-
sion.

(4) The equivalent width distribution as well as the average
metal strength seen in a composite spectrum indicates that the
proximate H, systems have metallicities around one tenth Solar,
albeit with a wide dispersion between individual systems. We
also identify several cases with signatures of high excitation,
namely the presence of fine-structure lines of Sinand C 1. These
tend to be related to the fraction of leaking Ly-a photons, sug-
gesting that the corresponding clouds are indeed more compact
than typical DLA clouds.

(5) The measured high H, abundance allows us to bring fur-
ther clues to the understanding of the clouds’ origin. Follow-
ing the Hi-H, transition theory developed by Sternberg et al.
(2014), we show that the number density required for a transi-
tion to occur depends strongly on the distance to the quasar, for
a given metallicity and column density. Clouds located in galax-
ies from the group further than about 100 kpc from the quasar
may have characteristics very similar to intervening clouds. In
turn, clouds located within the quasar host or belonging to flows
to or from the quasar would need ny ~ 10*~10° cm™ to form
H; and hence have very small dimensions. This could be the case
for the systems with the highest excitation (dense gas, close to
UV source) and large Ly-«a leaking fraction (due to less coverage
of the quasar emission line regions). On the other hand, it will
be interesting to study the presence and excitation of H; in the
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overall population of proximate DLAs, in particular the ghostly
DLAs, which are expected to be the sub-population located clos-
est to the central engine (Fathivavsari et al. 2018b).

In conclusion, given the spread in absorber characteristics
(metallicities, dust extinction, excitation of fine-structure lines,
and the presence, strength and width of leaking Ly-a emission),
it is likely that there is no single origin for such clouds. While
a large fraction, even with leaking Ly-a emission, is likely to
belong to other galaxies in the group, several systems in our sam-
ple may well be directly associated to the quasar host or flows
to or from the quasar. Follow-up at higher spectral resolution is
required to investigate the partial coverage of the emission line
regions by the absorbing clouds, to measure the exact relative
velocity between the quasar and the cloud, to estimate the chem-
ical enrichment in individual systems, and finally to investigate
the physical conditions in order to estimate the cloud’s density
and distance to the UV source. The excitation of fine structure
levels of ionised silicon and carbon as well as neutral oxygen
and carbon will bring important constraints, together with the
presence and excitation of molecules.

Acknowledgements. We thank the referee, Sergei Levshakov, for a thorough
reading of the paper and useful comments and suggestions. PN and JKK warmly
thank the Ioffe institute in Saint Petersburg for hospitality where this work was
initiated and the Russian-French collaborative programme (PRC) for support-
ing their visit. SB is supported by the Russian Science Foundation grant 18-72-
00110. The research leading to these results received support from the French
Agence Nationale de la Recherche, under grant ANR-17-CE31-0011-01 (Project
“HIH2” — PI Noterdaeme). PN, RS and PPJ also acknowledge support from
the Indo-French Centre for the Promotion of Advanced Research under con-
tract 5504-B. HF thanks the Institut d’ Astrophysique de Paris for hospitality and
support from the ANR under grant ANR-16-CE31-0021 (Project “eBOSS” —
PI Yeche). PN and JKK are also grateful to the ESO office for science for
supporting a visit to the ESO headquarters in Santiago de Chile. We acknowl-
edge the use of SDSS-III data. Funding for SDSS-III has been provided by
the Alfred P. Sloan Foundation, the Participating Institutions, the National Sci-
ence Foundation, and the US Department of Energy Office of Science. The
SDSS-III web site is http://www.sdss3.org/. SDSS-III is managed by the
Astrophysical Research Consortium for the Participating Institutions of the
SDSS-III Collaboration including the University of Arizona, the Brazilian Par-
ticipation Group, Brookhaven National Laboratory, Carnegie Mellon University,
University of Florida, the French Participation Group, the German Participa-
tion Group, Harvard University, the Instituto de Astrofisica de Canarias, the
Michigan State/Notre Dame/JINA Participation Group, Johns Hopkins Univer-
sity, Lawrence Berkeley National Laboratory, Max Planck Institute for Astro-
physics, Max Planck Institute for Extraterrestrial Physics, New Mexico State
University, New York University, Ohio State University, Pennsylvania State Uni-
versity, University of Portsmouth, Princeton University, the Spanish Participation
Group, University of Tokyo, University of Utah, Vanderbilt University, Univer-
sity of Virginia, University of Washington, and Yale University.

References

Balashev, S. A., & Noterdaeme, P. 2018, MNRAS, 478, L7

Balashev, S. A., Petitjean, P., Ivanchik, A. V., et al. 2011, MNRAS, 418, 357

Balashev, S. A., Klimenko, V. V., Ivanchik, A. V., et al. 2014, MNRAS, 440, 225

Balashev, S. A., Noterdaeme, P., Rahmani, H., et al. 2017, MNRAS, 470, 2890

Bergeron, J., & Boissé, P. 2017, A&A, 604, A37

Bialy, S., & Sternberg, A. 2016, ApJ, 822, 83

Bialy, S., Sternberg, A., Lee, M.-Y., Le Petit, F., & Roueff, E. 2015, ApJ, 809,
122

Bialy, S., Bihr, S., Beuther, H., Henning, T., & Sternberg, A. 2017, ApJ, 835, 126

Borisova, E., Cantalupo, S., Lilly, S. J., et al. 2016, ApJ, 831, 39

Cantalupo, S., Arrigoni-Battaia, F., Prochaska, J. X., Hennawi, J. F., & Madau,
P. 2014, Nature, 506, 63

Courbin, F,, North, P., Eigenbrod, A., & Chelouche, D. 2008, A&A, 488, 91

A32, page 14 of 19

De Cia, A., Ledoux, C., Petitjean, P., & Savaglio, S. 2018, A&A, 611, A76

Draine, B. T. 1978, ApJS, 36, 595

Ellison, S. L., Yan, L., Hook, I. M., et al. 2002, A&A, 383, 91

Ellison, S. L., Prochaska, J. X., Hennawi, J., et al. 2010, MNRAS, 406, 1435

Ellison, S. L., Prochaska, J. X., & Mendel, J. T. 2011, MNRAS, 412, 448

Fathivavsari, H., Petitjean, P., Noterdaeme, P., et al. 2015, MNRAS, 454, 876

Fathivavsari, H., Petitjean, P., Noterdaeme, P., et al. 2016, MNRAS, 461, 1816

Fathivavsari, H., Petitjean, P., Zou, S., et al. 2017, MNRAS, 466, L58

Fathivavsari, H., Petitjean, P., Jamialahmadi, N., et al. 2018a, MNRAS, 477,
5625

Fathivavsari, H., Petitjean, P., Jamialahmadi, N., et al. 2018b, ApJ, submitted

Finley, H., Petitjean, P., Paris, 1., et al. 2013, A&A, 558, Al11

Foltz, C. B., Chaftee, Jr., F. H., & Black, J. H. 1988, ApJ, 324, 267

Fynbo, J. P. U,, Jakobsson, P., Prochaska, J. X., et al. 2009, ApJS, 185, 526

Goldsmith, P. F., Langer, W. D., Pineda, J. L., & Velusamy, T. 2012, ApJS, 203,
13

Gordon, K. D., Clayton, G. C., Misselt, K. A., Landolt, A. U., & Wolff, M. J.
2003, ApJ, 594, 279

Jiang, P., Zhou, H., Pan, X., et al. 2016, ApJ, 821, 1

Jorgenson, R. A., Wolfe, A. M., & Prochaska, J. X. 2010, ApJ, 722, 460

Jorgenson, R. A., Murphy, M. T., Thompson, R., & Carswell, R. F. 2014,
MNRAS, 443, 2783

Kaspi, S., Brandt, W. N., Maoz, D., et al. 2007, Ap]J, 659, 997

Klimenko, V. V., Balashev, S. A., Ivanchik, A. V., et al. 2015, MNRAS, 448, 280

Krawczyk, C. M., Richards, G. T., Gallagher, S. C., et al. 2015, AJ, 149, 203

Krogager, J. K., Mgller, P., Fynbo, J. P. U., & Noterdaeme, P. 2017, MNRAS,
469, 2959

Krumholz, M. R., McKee, C. F.,, & Tumlinson, J. 2008, ApJ, 689, 865

Ledoux, C., Petitjean, P., & Srianand, R. 2003, MNRAS, 346, 209

Ledoux, C., Petitjean, P., Fynbo, J. P. U., Mgller, P., & Srianand, R. 2006, A&A,
457,71

Ledoux, C., Noterdaeme, P., Petitjean, P., & Srianand, R. 2015, A&A, 580, A8

Levshakov, S. A., & Foltz, C. B. 1988, Sov. Astron. Lett., 14, 464

Levshakov, S. A., & Varshalovich, D. A. 1985, MNRAS, 212, 517

Neeleman, M., Kanekar, N., Prochaska, J. X., Rafelski, M. A., & Carilli, C. L.
2019, ApJ, 870, L19

North, P. L., Marino, R. A., Gorgoni, C., et al. 2017, A&A, 604, A23

Noterdaeme, P., Petitjean, P., Srianand, R., Ledoux, C., & Le Petit, F. 2007,
A&A, 469, 425

Noterdaeme, P., Ledoux, C., Petitjean, P., & Srianand, R. 2008, A&A, 481, 327

Noterdaeme, P., Petitjean, P., Ledoux, C., & Srianand, R. 2009, A&A, 505, 1087

Noterdaeme, P., Petitjean, P., Carithers, W. C., et al. 2012, A&A, 547, L1

Noterdaeme, P., Krogager, J. K., Balashev, S., et al. 2017, A&A, 597, A82

Noterdaeme, P., Ledoux, C., Zou, S., et al. 2018, A&A, 612, A58

Paris, 1., Petitjean, P., Aubourg, E., etal. 2018, A&A, 613, AS51

Péroux, C., McMahon, R. G., Storrie-Lombardi, L. J., & Irwin, M. J. 2003,
MNRAS, 346, 1103

Prochaska, J. X., Herbert-Fort, S., & Wolfe, A. M. 2005, ApJ, 635, 123

Prochaska, J. X., Hennawi, J. F., & Herbert-Fort, S. 2008a, ApJ, 675, 1002

Prochaska, J. X., Chen, H.-W., Wolfe, A. M., Dessauges-Zavadsky, M., &
Bloom, J. S. 2008b, ApJ, 672, 59

Rafelski, M., Wolfe, A. M., Prochaska, J. X., Neeleman, M., & Mendez, A. J.
2012, ApJ, 755, 89

Ranjan, A., Noterdaeme, P., Krogager, J. K., et al. 2018, A&A, 618, A184

Selsing, J., Fynbo, J. P. U., Christensen, L., & Krogager, J.-K. 2016, A&A, 585,
A87

Sheffer, Y., Prochaska, J. X., Draine, B. T., Perley, D. A., & Bloom, J. S. 2009,
ApJ, 701, L63

Silva, A. I, & Viegas, S. M. 2002, MNRAS, 329, 135

Srianand, R., Petitjean, P., Ledoux, C., Ferland, G., & Shaw, G. 2005, MNRAS,
362, 549

Sternberg, A., Le Petit, F.,, Roueff, E., & Le Bourlot, J. 2014, ApJ, 790, 10

Vanden Berk, D. E., Richards, G. T., Bauer, A., et al. 2001, AJ, 122, 549

Vladilo, G., Prochaska, J. X., & Wolfe, A. M. 2008, A&A, 478, 701

Vreeswijk, P. M., Ledoux, C., Smette, A., et al. 2007, A&A, 468, 83

Wakelam, V., Bron, E., Cazaux, S., et al. 2017, Mol. Astrophys., 9, 1

Watson, D. 2011, A&A, 533, A16

Wolfe, A. M., Gawiser, E., & Prochaska, J. X. 2005, Annu. Rev. Astron.
Astrophys., 43, 861

Zou, S., Petitjean, P., Noterdaeme, P, et al. 2018, A&A, 616, A158

Zubovas, K., Nayakshin, S., King, A., & Wilkinson, M. 2013, MNRAS, 433,
3079


http://www.sdss3.org/
http://linker.aanda.org/10.1051/0004-6361/201935371/1
http://linker.aanda.org/10.1051/0004-6361/201935371/2
http://linker.aanda.org/10.1051/0004-6361/201935371/3
http://linker.aanda.org/10.1051/0004-6361/201935371/4
http://linker.aanda.org/10.1051/0004-6361/201935371/5
http://linker.aanda.org/10.1051/0004-6361/201935371/6
http://linker.aanda.org/10.1051/0004-6361/201935371/7
http://linker.aanda.org/10.1051/0004-6361/201935371/7
http://linker.aanda.org/10.1051/0004-6361/201935371/8
http://linker.aanda.org/10.1051/0004-6361/201935371/9
http://linker.aanda.org/10.1051/0004-6361/201935371/10
http://linker.aanda.org/10.1051/0004-6361/201935371/11
http://linker.aanda.org/10.1051/0004-6361/201935371/12
http://linker.aanda.org/10.1051/0004-6361/201935371/13
http://linker.aanda.org/10.1051/0004-6361/201935371/14
http://linker.aanda.org/10.1051/0004-6361/201935371/15
http://linker.aanda.org/10.1051/0004-6361/201935371/16
http://linker.aanda.org/10.1051/0004-6361/201935371/17
http://linker.aanda.org/10.1051/0004-6361/201935371/18
http://linker.aanda.org/10.1051/0004-6361/201935371/19
http://linker.aanda.org/10.1051/0004-6361/201935371/20
http://linker.aanda.org/10.1051/0004-6361/201935371/20
http://linker.aanda.org/10.1051/0004-6361/201935371/22
http://linker.aanda.org/10.1051/0004-6361/201935371/23
http://linker.aanda.org/10.1051/0004-6361/201935371/24
http://linker.aanda.org/10.1051/0004-6361/201935371/25
http://linker.aanda.org/10.1051/0004-6361/201935371/25
http://linker.aanda.org/10.1051/0004-6361/201935371/26
http://linker.aanda.org/10.1051/0004-6361/201935371/27
http://linker.aanda.org/10.1051/0004-6361/201935371/28
http://linker.aanda.org/10.1051/0004-6361/201935371/29
http://linker.aanda.org/10.1051/0004-6361/201935371/30
http://linker.aanda.org/10.1051/0004-6361/201935371/31
http://linker.aanda.org/10.1051/0004-6361/201935371/32
http://linker.aanda.org/10.1051/0004-6361/201935371/33
http://linker.aanda.org/10.1051/0004-6361/201935371/33
http://linker.aanda.org/10.1051/0004-6361/201935371/34
http://linker.aanda.org/10.1051/0004-6361/201935371/35
http://linker.aanda.org/10.1051/0004-6361/201935371/36
http://linker.aanda.org/10.1051/0004-6361/201935371/36
http://linker.aanda.org/10.1051/0004-6361/201935371/37
http://linker.aanda.org/10.1051/0004-6361/201935371/38
http://linker.aanda.org/10.1051/0004-6361/201935371/39
http://linker.aanda.org/10.1051/0004-6361/201935371/40
http://linker.aanda.org/10.1051/0004-6361/201935371/41
http://linker.aanda.org/10.1051/0004-6361/201935371/42
http://linker.aanda.org/10.1051/0004-6361/201935371/43
http://linker.aanda.org/10.1051/0004-6361/201935371/44
http://linker.aanda.org/10.1051/0004-6361/201935371/45
http://linker.aanda.org/10.1051/0004-6361/201935371/46
http://linker.aanda.org/10.1051/0004-6361/201935371/47
http://linker.aanda.org/10.1051/0004-6361/201935371/48
http://linker.aanda.org/10.1051/0004-6361/201935371/49
http://linker.aanda.org/10.1051/0004-6361/201935371/50
http://linker.aanda.org/10.1051/0004-6361/201935371/51
http://linker.aanda.org/10.1051/0004-6361/201935371/52
http://linker.aanda.org/10.1051/0004-6361/201935371/53
http://linker.aanda.org/10.1051/0004-6361/201935371/54
http://linker.aanda.org/10.1051/0004-6361/201935371/55
http://linker.aanda.org/10.1051/0004-6361/201935371/55
http://linker.aanda.org/10.1051/0004-6361/201935371/56
http://linker.aanda.org/10.1051/0004-6361/201935371/57
http://linker.aanda.org/10.1051/0004-6361/201935371/58
http://linker.aanda.org/10.1051/0004-6361/201935371/58
http://linker.aanda.org/10.1051/0004-6361/201935371/59
http://linker.aanda.org/10.1051/0004-6361/201935371/60
http://linker.aanda.org/10.1051/0004-6361/201935371/61
http://linker.aanda.org/10.1051/0004-6361/201935371/62
http://linker.aanda.org/10.1051/0004-6361/201935371/63
http://linker.aanda.org/10.1051/0004-6361/201935371/64
http://linker.aanda.org/10.1051/0004-6361/201935371/65
http://linker.aanda.org/10.1051/0004-6361/201935371/65
http://linker.aanda.org/10.1051/0004-6361/201935371/66
http://linker.aanda.org/10.1051/0004-6361/201935371/67
http://linker.aanda.org/10.1051/0004-6361/201935371/67

P. Noterdaeme et al.: Proximate molecular quasar absorbers

Appendix A: SDSS spectra of proximate H, systems

J021926.55-011057.30,,2.812 )

\

50E- J001514.82+184212.34,,z2.628 /o =

ol
-5

J022316.90-030721.42,,72.583 I

,
nd

o5E. J075402.68+435928.25,,72.948 i

20
15
10

=4
K

J075634.69+112330.35,,23.315 N
15

10

pd AEEE N

40 J
J080351.64+500317.65,,22.977

- 7 30F

20}~ J012555.11-012925.00,,z2.665 A - E
E SN ] 20E-

15F- EANU E
F E 10

10~ = 7
L

0
80 J012654.45+113823.29,,z2.603 ,’ﬁ\ {
60 S E

[ I /4 A

50
40
30
20
10

0EY
80

F, (107 erg s cm?A™) F, (10 erg s'cni?A™) F, (10" erg s ecm?A™) F, (107 erg s cm?2A™) F, (107 erg §' cni?A™) F, (10 erg ' cm?A™) F, (107 erg s cm2A™) F, (10 erg §' cmi?A™) F, (10" erg §* cm?A™Y)

F, (10" erg s cm?2A™) F, (10" erg s cm?A™) F, (107 erg §' cmi?A™) F, (10 erg s*cm2A™) F, (10 erg s*cmi?A™) F, (10 erg s cm?A™) F, (10" erg ' cm?A™) F, (10 erg §' cm?A™) F, (10" erg s*cm2A™)

? J021602.33+041357.35,,22.661 Fa E 60 "
305 . E o
E , N E 40
2= Y&l |
E___t~ : 20
o |
H W 0
0Er { = 10! 125(
1000 1050 1100 1150 1200 125(C Rest-frame wavelength (A)

Rest-frame wavelength (A)

Fig. A.1. Proximate H, systems. The panels show a portion of the SDSS Fig. A.1. continued.

spectra (black), shifted at the quasar rest-frame. The estimated unab-
sorbed quasar spectrum is shown as dashed blue curve. The synthetic
Hi1+ H, profile is overplotted in red. The shaded area in the core of the
PDLA highlights the leaking flux.
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