
A MUSE survey of the dense halo gas in z~3 galaxies near
optically-thick absorbers

 Abstract

This is the second data release (DR2) of MUSE cubes obtained in quasar fields at z~3-4.5 as part
of the Large Programme ID 197.A-0384, aimed at studying the distribution of gas around galaxies.
For each of the 28 quasar fields in the survey we release the final coadded data cubes reduced
using the CubEx software (Cantlaupo et al. 2019) along with the associated white-light images.

Overview of Observations

Observations for this large programme have been obtained between period 96 and period 103
using the MUSE instrument in wide-field mode with extended wavelength coverage,
encompassing a region of approximately 1x1 arcmin2 with the targeted quasar close to the centre
of the field of view. Observations collected exclusively as part of the Large Programme ID
197.A-0384 have been acquired in a series of 5 observing blocks, where each observing block was
composed of ~3x960s exposures, totaling ~4 hours of observation on source. Four objects
(J012403+004432, J111113-080401, J120917+113830, J193957-100241) include also archival
data, collected as part of the programmes ID 094.A-0585, 094.A-0131, 095.A-0200, 096.A-0222.
For three of these objects (all but J012403+004432), the archival data have been collected in
nominal wavelength mode and combined with data in extended mode collected as part of this
large programme. In this data release, we also include the CubEx reductions for five quasars
taken solely from archival data, including from the MUSEQuBES survey (Muzahid et al. 2020).
These systems are J095852+120245, J102009+104002, J142438+225600, J162116-004251,
J200324-325145 and data was observed as part of the programmes 094.A-0280, 095.A-0200,
099.A-0159, 097.A-0089, 094.A-0131.

Release Content

Data for the sources listed in the following table1 are released.

The table lists: the reference name of the quasar; the common name in the NASA/IPAC
Extragalactic Database (NED); the right ascension and declination of the quasar near the centre of
the field (J2000), note that the RA and Dec of the associated fits files report the centre coordinates of
each field; the quasar r-band magnitude with its associated uncertainty; the quasar redshift
derived from rest-frame UV lines with its associated uncertainty; the number of known strong
absorption line systems; the total on-source exposure time of MUSE observations; the
programme number under which observations have been collected; the resulting image quality in
the reconstructed r-band from MUSE data; the limiting flux (1σ pixel rms) measured at 5500A
and the corresponding AB magnitude (2σ) for a 0.7 arcsec aperture. For further details on the
listed quantities see Lofthouse et al. 2020, doi:10.1093/mnras/stz3066.

1 This table is extracted from the publication Lofthouse et al. 2020 in Monthly Notices of the Royal
Astronomical Society, Volume 491, Issue 2, January 2020, Pages 2057–2074,
https://doi.org/10.1093/mnras/stz3066
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https://ui.adsabs.harvard.edu/link_gateway/2019MNRAS.tmp.2667L/doi:10.1093/mnras/stz3066




Release Notes

 Data Reduction and Calibration

The products included in this data release have been reduced using CubEx reduction software
(Cantalupo et al. 2019 and in prep). This additional reduction performed using CubEx improves on the
data products released in DR1 by correcting residual imperfections in the sky subtraction and
illumination corrections as shown in Fig 1. of Lofthouse et al. (2020), and reproduced here.

From Lofthouse et al. 2020,
MNRAS, 491, 2057.
doi:10.1093/mnras/stz3066

We begin with the standard reduction using the ESO pipeline. The reduction pipeline is based on the
recipes distributed as part of the ESO MUSE pipeline (Weilbacher et al. 2014, version 2 or
greater), which processes the raw data and applies standard calibrations to the science
exposures. Briefly, the pipeline generates a master bias, a master flat, processes the arcs, and
reduces the sky flats. Next, calibrations are applied to the standard star and a sensitivity function
is then generated. Finally, these calibrations are applied to the raw science exposures and data
cubes with associated pixel tables are reconstructed.

After this stage, we reconstruct cubes that are sky subtracted by the ESO pipeline with models of
the sky continuum and sky lines that are computed using the darkest pixels in the field of view.
After aligning the individual exposures by using point sources in the field, we generate a stack of
all science frames into a single final cube. Finally, we register this final stack on a reference
coordinate system by imposing an absolute zero-point for the world coordinate system using the
position of the quasar at the centre of the field. For our reference system, we use Gaia astrometry
(Gaia Collaboration 2018). Wavelengths are in air with barycentric corrections applied. Readers
can refer to Lofthouse et al. 2019 (doi:10.1093/mnras/stz3066) for further details on the
reduction.

Following this, we post-process individual exposures using the tools distributed as part of CubEx
(v1.8). Briefly, we use an initial pass of the CubeFix tool to correct residual differences in the relative
illumination of the 24 MUSE IFUs and of individual slices followed by CubeSharp which implements
an algorithm to perform local sky subtraction. This applies a more accurate removal of the sky lines
compared to the standard ESO pipeline. These steps are applied iteratively to achieve the highest
quality masking of sources within each of the datacubes. We combine all the individual exposures for
each sightline into a single data cube, masking edges and visually inspecting each exposure to
manually mask out any artefacts. From the resulting high S/N datacube, we create the white-light
CubEx image. Readers can refer to Lofthouse et al. 2020 (doi:10.1093/mnras/stz3066) for further
details on the reduction.

 Data Quality

The CubEx reduction procedure is successful in improving the sky subtraction, especially for sky
lines at λ > 7000Å and in the continuum at λ < 5500Å. To quantify the relative improvement with
respect to the ESO reduction, we compute the ratio of the flux standard deviation in a sky



spectrum within the range 6000-9000Å, finding a ratio of 0.30 for the CubEx reduction compared
to the standard ESO one.

Likewise, the CubEx reduction pipeline significantly improves the quality of the illumination
homogeneity across different IFUs and slices. The uniformity of the illumination can be quantified
by comparing the flux standard deviation of sky pixels in the white-light image from the CubEx
processing relative to the ESO reduction. We find a ratio of 0.14 confirming the visual impression
from Fig. 1 of Lofthouse et al. (2020).

The detector noise is propagated through the various reduction steps however due to the
multiple transformations performed on the pixels, the resulting pipeline variance does not
accurately represent the effective standard deviation of the voxels in the final data cube, see Fig.2
in Lofthouse et al. (2020) and reproduced below (left). To correct for this, we bootstrap the pixels
in the individual exposures using the resampled cubes after the CubEx post-processing to
reconstruct an estimate of the noise for the final mean, median, and half-exposure cubes. We then
use the bootstrap estimates to derive a wavelength-dependant scaling coefficient that we then
apply to the pipeline variance.
While this method yields a better estimate of the pixel rms, the resampling of individual pixels
introduces correlations that result in an underestimate of the effective noise and hence produce
an overestimate of the S/N of a source. To model the change in noise as a function of number of
pixels within an aperture, we compute the effective noise as the standard deviation of fluxesσ

𝑒𝑓𝑓
from empty regions (Fig. 3 of Lofthouse et al. (2020) and reproduced below (right)). A quadratic
fit to the median ratios across the different cubes yields an expression of the form

where L is the diameter of the aperture in arcsec. Thisσ
𝑒𝑓𝑓

/σ
𝑁 

=  1. 429 +  0. 091𝐿 −  0. 008𝐿2

fitting function is useful to estimate the corrected S/N of extended sources.

From Lofthouse et al. 2020, MNRAS, 491, 2057. doi:10.1093/mnras/stz3066

Previous releases

There is one previous data release from this project (DR1) which contains the 23 MUSE cubes
observed as part of our large Programme ID 197.A-0384. These datacubes were reduced using
the standard ESO reduction pipeline. In comparison, this release (DR2) contains the same 23
MUSE cubes along with an additional 5 from archival observations which have all been
post-processed using the CubEx software.

Data Format

 Files Types



The cubes and white-light images released follow the standard format described in the MUSE
pipeline manual with the ‘_cubex’ suffix to indicate reduction using the CubEx software. Cubes
and images are named according to the following convention:
JHHMMSS.ss+DDMMSS.s_cube_cubex.fits
JHHMMSS.ss+DDMMSS.s_image_cubex.fits

where JHHMMSS.ss+DDMMSS.s is the short form of the quasar R.A. and Dec. (J2000).
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