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ABSTRACT

We describe the execution and data reduction of the European Southern Observatory Large Programme “Quasars and their absorption
lines: a legacy survey of the high-redshift Universe with VLT/X-shooter” (hereafter “XQ-100”). XQ-100 has produced and made
publicly available a homogeneous and high-quality sample of echelle spectra of 100 quasars (QSOs) at redshifts z ' 3.5–4.5 observed
with full spectral coverage from 315 to 2500 nm at a resolving power ranging from R ⇠ 4000 to 7000, depending on wavelength.
The median signal-to-noise ratios are 33, 25 and 43, as measured at rest-frame wavelengths 1700, 3000 and 3600 Å, respectively.
This paper provides future users of XQ-100 data with the basic statistics of the survey, along with details of target selection, data
acquisition and data reduction. The paper accompanies the public release of all data products, including 100 reduced spectra. XQ-100
is the largest spectroscopic survey to date of high-redshift QSOs with simultaneous rest-frame UV/optical coverage, and as such
enables a wide range of extragalactic research, from cosmology and galaxy evolution to AGN astrophysics.

Key words. surveys – quasars: general

1. Introduction

In the era of massive quasar (QSO) surveys, already encompass-
ing hundreds of thousands of confirmed sources (e.g., Pâris et al.
2014; Flesch 2015), there is a relative shortage of follow-up

? Based on observations made with ESO Telescopes at the La Silla
Paranal Observatory under programme ID 189.A-0424.
?? The XQ-100 raw data and the XQ-100 Science Data Products can
be found at http://archive.eso.org/eso/eso_archive_main.
html and http://archive.eso.org/wdb/wdb/adp/phase3_
main/form, respectively.
??? Alfred P. Sloan Fellow.

echelle quality spectroscopy. Moderate to high resolving power
(R ⇡ 5000�40 000) and wide spectral coverage are key to
many absorption line diagnostics that probe the interplay be-
tween galaxies and the intergalactic medium (IGM) at all red-
shifts. However, such observations are time consuming and re-
quire large telescopes, and even more so for high redshift QSOs
which tend to be faint. Another challenge for QSO absorption
line science is that as the redshift increases, more of the rest-
frame UV and optical transitions become shifted into the hard-
going near-infrared (NIR; 1 µm <⇠ � <⇠ 2.5 µm). Presently, pub-
lic archives contain echelle spectra of roughly a few thousand
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a uniform sample of 100 reduced X-shooter spectra1. We note
that this data volume increases the X-shooter QSO archive by
⇡30%.

The following sections provide an in-depth description of
the survey, along with its basic statistics. A description of our
target selection and the observations can be found in Section
Sect. 2; details of the data reduction, along with a comparison
between our own custom pipeline and the one provided by ESO
are given in Sect. 3; details of data post-processing (telluric cor-
rections and continuum fits) are given in Sect. 4; and, finally,
a description of the publicly released data products is given in
Sect. 5. For a technical description of the instrument, we refer
the reader to Vernet et al. (2011) and to the online X-shooter
documentation2,3.

2. Target selection and observations

2.1. Target selection

XQ-100 targets were selected initially from the NASA/IPAC
Extragalactic Database (NED) to have emission redshifts z > 3.5
and declinations � < +15 degrees. To fill some right-ascension
gaps lacking bright z > 3.5 targets, twelve additional targets with
+15 < � < +30 were selected from literature sources. Then the
Sloan Digital Sky Survey Data Release 7 database (SDSS DR7;
Schneider et al. 2010) was screened with the further criterion of
having SDSS magnitude r < +20. Finally, these candidates were
cross-correlated with the Automate Plate Machine (APM) cat-
alog4 to obtain uniform magnitudes in a single pass-band (R),
which we also use throughout the present paper. Our primary
selection is thus biased toward bright sources; however, as ex-
plained below, we made our best e↵ort to minimize biases af-
fecting the absorption line statistics.

We avoided targets with known broad absorption line fea-
tures, and targets with an intrinsic color selection bias from the
SDSS. The SDSS color selection is biased at the lower redshift
end of our survey (z < 3.6, see Worseck & Prochaska 2011).
Here, we required SDSS QSOs to be radio-selected or previously
discovered with other techniques such as slitless spectroscopy.
Without these precautions, our goal of obtaining a truly blind
and unbiased target selection would have been undermined, de-
spite the relatively small number of targets impacted. For ex-
ample the SDSS color bias would result in (1) underestimates
of the mean free path (Prochaska et al. 2009); (2) overesti-
mates of the DLA –and also the LLS– incidence (Prochaska,
O’Meara & Worseck 2010); (3) a higher metal dN/dz due to
the higher incidence of LLSs and partial LLSs; (4) a higher frac-
tion of proximate LLSs that a↵ect proximity e↵ect studies; and
(5) potentially a slight bias in the mean QSO spectral energy
distribution towards red QSOs (Worseck & Prochaska 2011).
We should also note that although earlier color survey designs
(Palomar Spectroscopic Survey, APM BR, APM BRI) consid-
ered color selection e↵ects at the low-z end (Irwin et al. 1991;
Storrie-Lombardi et al. 1994), these were never well quantified.
Thus, follow-up on color-selected QSOs close to the stellar locus
should be done with care (or avoided altogether), as the sight-
lines are potentially biased in their LLS statistics.
1 Available at http://archive.eso.org
2 http://www.eso.org/sci/facilities/paranal/
instruments/xshooter/doc.html
3 http://www.eso.org/observing/dfo/quality/X-shooter/
qc/problems/problems_xshooter.html
4 http://www.ast.cam.ac.uk/~mike/apmcat/
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Fig. 1. Sky distribution of XQ-100 sources. The color scale indicates
emission redshifts.
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Fig. 2. XQ-100 emission redshifts.

During program execution we replaced four targets in our
original list that had been observed by Matejek & Simcoe (2012)
using Magellan/FIRE; however, we intentionally observed three
other FIRE targets in order to have a reference in characterizing
absorption line detection limits: J1020+0922 at z = 3.640,
J1110+0244 z = 4.146, and J1621-0042 at z = 3.711.

Our final sample, taking into account the various selections
described above and also considering the relative paucity of high
redshift QSOs, has emission redshifts ranging from 3.508 to
4.716. Since the most distant QSO in our sample is the only tar-
get with zem > 4.5, for simplicity we refer to the redshift range
of the survey as zem ' 3.5–4.5 throughout this paper.

Figure 1 shows the sky distribution of the observed XQ-100
sample. A color scale depicts emission redshifts. Figures 2 and 3
show the final distribution of QSO emission redshifts and R-
magnitudes, respectively.

The full target list is provided in Table A.1, along with basic
target properties (see Sect. 3). A full catalog with all observed
target properties (listed in Table A.2) is provided online along
with the data5.

2.2. Observations

The observations were carried out in “service mode” between
April 1, 2012, and March 26, 2014. During this time X-shooter
was mounted on unit 2 of the VLT. Service mode allows the
user to define the Observation Blocks (OBs), which contain the
instrument setup and are carried out by the observatory under
the required weather conditions.

5 http://archive.eso.org/eso/eso_archive_main.html
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. 7. XQ-100 spectrum of QSO J1117+1311 at z = 3.622, a representative case of the whole sample in terms of S/N. The flux is not corrected for
telluric absorption (Sect. 4.1) or rebinned for display purposes. Some emission lines are marked. The red line depicts a manually placed continuum
made of cubic splines (see Sect. 4.2 for details). The complete set of XQ-100 spectra is shown in Fig. B.1.
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in MANUAL mode, the position of the centroid and the trace
width are both set constant. The idl package fits the ob-
ject trace directly on the detector space; when the trace is
too faint, it is interpolated from the adjacent orders based on
o↵sets from a standard star trace. Optimal extraction is per-
formed using a variant of the Horne (1986) algorithm.

– Coaddition of spectra: the ESO pipeline coadds multiple
“nodding” exposures by aligning the object trace in the 2D
rectified spectra. Coaddition of already rebinned spectra is
not recommended, as it introduces a correlation between the
error in adjacent pixels. Conversely, the idl package does not
attempt to add the 2D frames. Instead, it optimally extracts a
single 1D spectrum from all exposures in the same arm for a
given object.

– Ease of use: the ESO pipeline can be run automatically
through the Reflex interface. The same is true for the idl
package, which is easily scriptable. One advantage of the
latter is the possibility of obtaining both individual and co-
added spectra from an arbitrarily large set of exposures in a
single run, shortening the overall execution time.

4. Post-processing

In addition to the (approximately) flux calibrated spectra, we de-
liver to the community two other higher level science data prod-
ucts: telluric-corrected spectra and QSO continuum fits.

4.1. Removal of telluric features

Telluric absorption a↵ects spectra in both the VIS and NIR arms.
Correcting these airmass-dependent spectral features using stan-
dard star spectra, even taken relatively close in time to the sci-
ence targets, can become highly non-trivial owing to the rapidly
changing NIR atmospheric transparency. Instead, we opted to
derive corrections using model transmission spectra based on the
ESO SKYCALC Cerro Paranal Advanced Sky Model (Noll et al.
2012; Jones et al. 2013), version 1.3.5. The SKYCALC mod-
els are a function of both airmass and precipitable water vapor
(PWV) and span a grid in these parameters providing a spectral
resolution of R = 100 000. These corrections were applied to
individual-epoch spectra of all XQ-100 sources. Figure 8 shows
an example of the results.

Synthetic atmospheric transmission spectra based on the
SKYCALC models were fit separately to each VIS and NIR
1D spectrum as a way to remove the observed telluric absorp-
tion features. The sky model airmass and PWV parameters, as
well as a velocity o↵set and Gaussian FWHM smoothing ker-
nel, were interactively adjusted for each spectrum in order to
minimize the residuals in the model-subtracted spectrum over
spectral regions observed to have moderate amounts of absorp-
tion, e.g., ⇠7150�7350 Å, ⇠7620�7680 Å, ⇠8120�8350 Å,
⇠8950�9250 Å, ⇠9400�9600 Å, ⇠11 000�11 600 Å, and
⇠14 600�15 000 Å. Following this initial, interactive parameter
selection, an automated parameter selection was performed that
searched a grid of only airmass and PWV values in a narrow
grid, relative to the best-selected parameters from the interactive
search. Multiple sets of best-fit automated parameters were de-
termined for each spectrum by maximizing the S/N measured
in the model-subtracted VIS or NIR spectrum over each of the
wavelength regions listed above, separately, as well as an aver-
age S/N based on all VIS or NIR regions, respectively. The set

Fig. 8. Spectrum of QSO J0003�2603 at z = 4.125 before (black) and
after (blue) telluric corrections. Three spectral windows with strong tel-
luric absorption are shown. In the middle panel the tickmarks above the
spectrum indicate two Fe ii absorption lines, �2586 and �2600 Å, asso-
ciated with the z = 3.390 DLA. In the bottom panel we note how the
Mg ii emission line stands out in the corrected spectrum.

of parameters used to create the final, telluric-correction model
was selected by eye from these multiple, best, model-subtracted
spectra.

Owing to the complex nature of correcting for the telluric
absorption in this way, which is a↵ected by, for example, the
degeneracy between fit parameters and the variable atmospheric
conditions during each observation, a single set of parameters
generally was not able to optimize the telluric absorption correc-
tion at all wavelengths. Similarly, a single quantitative measure
of “best” was not attempted. So while the final correction re-
mains somewhat subjective, this allowed an optimization of the
correction over the wavelength regions of greatest interest, e.g.,
near QSO emission lines, such as C iv or Mg ii (see bottom panel
of Fig. 8) that will be important for further analysis, and varies
for objects at di↵erent redshifts.

The telluric correction models were fit to all available 1D
spectra. This includes individual-epoch spectra for all objects,
as well as spectra co-added from multiple epochs. We note,
however, that these model-subtracted, co-added spectra are of
poorer quality than those from the individual epochs. This is
a result of the coadd of the multiple epochs being done to the
pre-telluric-corrected, 2D, unrectified images, which was done
to avoid rebinning multiple times. However, this necessarily re-
sults in mixed atmospheric features in the co-added spectrum.
Such features cannot be cleanly fit by the atmospheric models. In
these cases, an argument can be made for coadding the telluric-
corrected, 1D spectra instead of the uncorrected 2D frames,
even if an additional rebinning is required; however, such post-
processing decisions and procedures are left to the user.
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