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ABSTRACT
We present a study of the galaxy environment of 9 strong H i+C iv absorption line systems (16.2 <
log(N (HI)) < 21.2) spanning a wide range in metallicity at z ∼ 4 − 5, using MUSE integral field
and X-Shooter spectroscopic data collected in a z ≈ 5.26 quasar field. We identify galaxies within a
250 kpc and ±1000 km s−1 window for 6 out of the 9 absorption systems, with 2 of the absorption
line systems showing multiple associated galaxies within the MUSE field of view. The space density
of Lyα emitting galaxies (LAEs) around the H i and C iv systems is ≈ 10− 20 times the average sky
density of LAEs given the flux limit of our survey, showing a clear correlation between the absorption
and galaxy populations. Further, we find that the strongest C iv systems in our sample are those that
are most closely aligned with galaxies in velocity space, i.e. within velocities of ±500 km s−1. The
two most metal poor systems lie in the most dense galaxy environments, implying we are potentially
tracing gas that is infalling for the first time into star-forming groups at high redshift. Finally, we
detect an extended Lyα nebula around the z ≈ 5.26 quasar, which extends up to ≈ 50 kpc at the
surface brightness limit of 3.8 × 10−18 erg s−1 cm−2 arcsec−2. After scaling for surface brightness
dimming, we find that this nebula is centrally brighter, having a steeper radial profile than the
average for nebulae studied at z ∼ 3 and is consistent with the mild redshift evolution seen from
z ≈ 2.

Key words: galaxies: groups: general – galaxies: evolution – galaxies: high-redshift
– (galaxies:) intergalactic medium

1 INTRODUCTION

The flow of baryons onto, out of, and around galaxies
is crucial to our understanding of galaxy evolution as a

? E-mail: rmbielby@gmail.com (RMB)

whole, dictating how galaxies form their stellar content.
Star-forming galaxies predominantly occupy a relatively nar-
row (≈ 0.3 dex) main sequence, relating star-formation to
stellar mass (e.g. Brinchmann et al. 2004; Daddi et al. 2007;
Elbaz et al. 2007; Noeske et al. 2007; Salim et al. 2007). The
gas depletion timescales on this main-sequence are relatively
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short (tdepl ≈ 109 years, e.g. Leroy et al. 2008; Bigiel et al.
2008, 2011; Tacconi et al. 2013), and to sustain the observed
star-formation levels, a steady flow of cold gas from a main-
sequence galaxy’s surroundings is necessary. Such inflows
are required to co-exist with the large scale outflows com-
monly detected in star-forming galaxies across a wide range
of cosmic time (e.g. Heckman et al. 1990; Pettini et al. 2001;
Shapley et al. 2003; Martin 2005; Lilly et al. 2013). Effec-
tively, the existence of the main sequence (alongside the ob-
served galaxy stellar mass function) necessitates that the
bulk of the star-forming galaxy population exists in a quasi-
steady state of gas inflow, outflow and consumption (e.g.
Bouché et al. 2010; Davé et al. 2012; Dekel & Mandelker
2014; Tacchella et al. 2016).

The large scale transport of baryons is surmised to be
intrinsically connected to the presence of strong H i ab-
sorption systems, and in particular Lyman limit systems
(LLS) and damped Lyα systems (DLA) identified in quasar
sightlines (e.g. Prochaska & Wolfe 2009; Prochaska et al.
2010; Fumagalli et al. 2016a). Cold accretion, the domi-
nant form of gas accretion at z & 1 in simulations (e.g.
Kereš et al. 2005; Dekel et al. 2009), is predicted to follow
collimated filamentary gas structures which would be de-
tected at high H i column densities given a background
source (e.g. Faucher-Giguère & Kereš 2011; Fumagalli et al.
2011b). Considering outflows, simulations predict that galac-
tic winds from relatively low mass galaxies should contain
entrained cold gas clumps that would similarly be detected
in absorption as high H i column density systems, likely with
higher than average metallicities (e.g. Faucher-Giguère et al.
2016). Further, the observed kinematics of DLAs are seen
to be reproduced in simulations only when outflows are
implemented (Barnes et al. 2011; Barnes & Haehnelt 2014;
Bird et al. 2015).

Detecting the host galaxies of strong H i absorbers
has long been a challenge in observational astronomy.
Early studies provided few, if any, detections of galaxies
in close proximity of DLAs (e.g. Møller & Warren 1993;
Steidel et al. 1994; Lowenthal et al. 1995; Djorgovski et al.
1996; Bunker et al. 1999; Fynbo et al. 2000; Bouché et al.
2001; Grove et al. 2009). Significant progress on connecting
strong Lyα absorbers to the galaxy population was made
with the introduction of integral field spectrograph (IFS) in-
struments. In particular, SINFONI on the Very Large Tele-
scope (VLT) provided some of the first significant datasets
based on blind searches for Hα emission in the observed near
infrared (i.e. 0.7 . z . 2) from faint galaxies within a rel-
atively small field of view around background quasars (e.g.
Bouché et al. 2007; Péroux et al. 2011). These surveys probe
the absorber environment up to ≈ 50 kpc, focusing on small
scale associations and so effectively probing the halos of the
closest galaxies in absorption. Such surveys produced detec-
tion rates for galaxies in the proximity of N (HI) & 1019 cm−2

absorption line systems of ≈ 30% at z ∼ 1, falling to just
. 10% at z ∼ 2 (Péroux et al. 2016).

Parallel with these studies, the introduction of the X-
Shooter spectrograph on the VLT showed that the detec-
tion of associated galaxies was tied to the metallicity of
the strong absorption system, with higher metallicity sys-
tems ([Si/H] > -1) showing significantly enhanced detec-
tion rates (≈ 60%) of associated galaxies (Fynbo et al. 2013;
Krogager et al. 2017).

With the MUSE IFS (Bacon et al. 2010) on the VLT,
systematic blind surveys are now possible over larger scales
(≈ 1 arcmin), detecting simultaneously direct associations
at small impact parameters as well as the environment
at larger impact parameters. Whilst past targeted surveys
have revealed a handful of galaxy groups in the proximity
of strong absorption line systems (e.g. Bergeron & Boisse
1986; Møller & Warren 1998; Kacprzak et al. 2010), dedi-
cated MUSE surveys are beginning to uncover greater num-
bers of associations with galaxy groups at low redshifts (e.g.
Péroux et al. 2017; Bielby et al. 2017a, 2019; Fossati et al.
2019; Hamanowicz et al. 2020) as well as similarly complex
environments traced by Lyα emitters (LAEs) at 3 . z . 4
(e.g. Fumagalli et al. 2016b, 2017b; Mackenzie et al. 2019;
Lofthouse et al. 2019). Such studies are now also being
complemented by ALMA observations mapping the galaxy
population in [CII] and CO emission (e.g. Neeleman et al.
2017, 2018; Klitsch et al. 2018, 2019; Neeleman et al. 2019;
Péroux et al. 2019).

With large surveys currently ongoing at z . 4, extend-
ing blind searches to higher redshifts, approaching the epoch
of re-ionization, is now critical for a complete view of the
gas-galaxy connection across cosmic time. To this end, red-
shifts of z ≈ 5 − 5.5 become particularly relevant as late
re-ionization models predict that the end of re-ionization
may extend to z ≈< 5.5 (Hartoog et al. 2015; Becker et al.
2015; Kulkarni et al. 2019; Nasir & D’Aloisio 2019). More-
over, differently from z & 6 (e.g. Becker et al. 2012), it
is still possible to identify individual absorption line sys-
tems within the thick Lyα forest with high-resolution spec-
troscopy, which is crucial for a detailed characterization of
the hydrogen content and hence metallicity of the systems
(e.g. Rafelski et al. 2014).

At present, only a handful of studies have focused on
this redshift range. Cai et al. (2017) presented a narrow
band search for Lyα emitters at z ≈ 5 around C iv absorbers,
finding one candidate pair within . 40 kpc and two further
candidate pairs at 160 kpc and 200 kpc. D’Odorico et al.
(2018) reported on a serendipitous CO detection of a z ≈ 5.9
galaxy associated with a metal poor DLA at a distance of
≈ 40 kpc, surmising the DLA to be tracing either a satel-
lite galaxy or filamentary gas structure. Likewise, Dı́az et al.
(2014, 2015) conducted narrow band plus spectroscopic
follow-up analysis of LAE galaxies around two z > 5 C iv ab-
sorption line systems, finding both systems resided in large
scale regions hosting galaxy over-densities.

Using more statistical techniques, Meyer et al. (2019a)
argued for an excess of galaxies in the proximity of C iv ab-
sorbers leading to an associated excess of Lyα transmission
in quasar sightlines through such regions. Further to these,
Keating et al. (2019) discussed how LAEs should be hard to
detect close to deep neutral H i absorption at these redshifts,
as those may be the regions not yet ionized, and that it may
be instead easier to detect galaxies in the proximity of C iv
absorbers, where the local medium is perhaps more likely to
be ionized by galaxies.

Leveraging the discovery of several very bright quasars
at z & 5 (Wang et al. 2016) for which we have collected
high quality optical and NIR spectroscopy, we can now
extend these previous studies by conducting a systematic
search of galaxies in high-redshift quasar fields. In this pa-
per, we present a detailed MUSE+X-Shooter analysis along
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the sightline of the quasar SDSS J074749.17+115352.4 at
z ≈ 5.26, within which we detect multiple strong H i absorp-
tion line systems.

In Section 2, we present the details of the observations
and data reduction. Section 3 presents the search for galaxies
within the MUSE cube and Section 4 presents the analysis of
the absorption line systems, including associated metal tran-
sitions. Section 5 introduces the simulation data used in this
study. In Section 6, we present the results of combining the
two datasets, whilst Section 7 provides our summary and
conclusions. Throughout this paper, we assume a cosmol-
ogy defined by the parameters in Planck Collaboration et al.
(2016, i.e. H0 = 67.7 km s−1 Mpc−1, Ωm = 0.307 and
ΩΛ = 0.693) and express magnitudes in the AB system.
Unless stated otherwise, distances are given in the proper
coordinate frame.

2 OBSERVATIONS AND DATA REDUCTION

2.1 MUSE data

MUSE observations in the quasar field
SDSS J074749.17+115352.4 have been collected as part
of ESO programme 0102.A−0261 (PI: Bielby) between
December 2018 and March 2019, using the Wide Field
Mode combined with the GALACSI (Ground Atmospheric
Layer Adaptive Corrector for Spectroscopic Imaging) adap-
tive optics system (Ströbele et al. 2012). Conditions were
generally excellent, with clear sky and sub-arcsecond image
quality in dark time. We acquired a total of 24 exposures,
each of 900 second, for a total on-source exposure time of
6 hours. In between exposures, we applied small offsets
(≈ 3 − 4 arcsec) and 15 deg rotations to reduce systematic
errors.

Observations have been reduced following the method-
ology described in previous work (Fumagalli et al. 2016b,
2017b,a; Lofthouse et al. 2019). Briefly, we first use the stan-
dard ESO pipeline (v2.4.1; Weilbacher et al. 2014) to per-
form basic reduction by applying calibrations. We then re-
construct datacubes for each individual exposure, which we
then process with the Cubextractor pipeline (v1.8) to im-
prove the quality of the flat fielding and sky subtraction (see
Cantalupo et al. 2019). Finally, all exposures are combined
in a single cube with pixel size of 0.2 arcsec (spatial direc-
tion) and 1.25 Å (spectral direction), using both mean and
median statistics. Two independent cubes, each with half
the number of exposures are also produced. The white-light
image reconstructed from the mean cube is shown in Fig. 1.
The final image quality on this white-light image is found
to be ≈ 0.62 arcsec full-width at half-maximum (FWHM) as
measured by fitting Moffat profiles on point sources.

Following the procedure described in Lofthouse et al.
(2019), we further re-scale the final noise cubes using boot-
strap techniques of individual pixels across the 24 exposures
to correctly reproduce the pixel standard deviation. At this
stage, we also derive a model for the correlated noise aris-
ing from the resampling of the pixel table onto a final grid,
as described in Lofthouse et al. (2019). This model is de-
fined as a correction that needs to be applied to the prop-
agated error for a source in an aperture of N pixels on
a side, σN, to recover the effective noise, σeff . A second-
order polynomial fit describes this correction in the form

Table 1. Spectroscopic redshifts (including quality flags) and co-

ordinates for continuum-detected sources. Only the sources at
z > 4 are listed, with the full table available as online only-

material.

ID R.A./Dec. Redshift Q.F.

22 J074751.16+115331.7 4.6250 3

56 J074747.39+115346.9 4.0830 3
84 J074749.19+115352.2 5.2548 4

141 J074749.84+115415.9 5.0703 2

σeff/σN = 1.357 + 0.128N + 0.008N2, as computed in a spec-
tral window of 4 pixels between 6600−7900 Å (i.e. the range
where we search for Lyα emission).

2.2 X-Shooter data

The background quasar spectrum (Fig. 2) comes from a re-
cent dataset obtained at the VLT using X-shooter spec-
trograph (Vernet et al. 2011) to observe 41 z > 5 bright
quasar spectra (PID 98.A−0111 and 100.A−0243; PI: Rafel-
ski, Becker et al. 2019). These quasars were identified via
WISE IR color selection and confirmed with low resolution
spectroscopy (Wang et al. 2016; Yang et al. 2016, 2017). X-
shooter provides moderate resolution spectroscopy across
three wavelength ranges: UVB (300–550 nm), VIS (550–
1020 nm), and NIR (1020-2480 nm), although the UVB arm
contains no to little flux for quasars at this redshift. The
data typically have a signal to noise S/N > 10 per spectral
bin and we use slits of 0.9′′ in the optical and 0.6′′ in the
NIR to achieve a resolution of R ∼ 8000 − 9000, sufficient to
measure Lyα and accurate metallicities (Rafelski et al. 2012,
2014).

The X-Shooter data were reduced using standard tech-
niques with a dedicated pipeline, as detailed in Becker et al.
(2012) and López et al. (2016). A full description of the re-
duction of the X-Shooter spectrum, including sky subtrac-
tion, 1D extraction and corrections for telluric absorptions
is provided in Becker et al. (2019). Based on the X-shooter
spectrum, we measure a redshift of zqso = 5.265 ± 0.015 for
the quasar, by fitting the Si iv and C iv emission lines. We
note that these lines show velocity offsets from intrinsic red-
shifts of 1 . z . 6 QSOs across a range of ≈ ±500 km s−1

(Meyer et al. 2019b).

3 SEARCH FOR ASSOCIATED GALAXIES

As in previous analyses of MUSE data (e.g. Fumagalli et al.
2017b; Mackenzie et al. 2019; Lofthouse et al. 2019;
Fossati et al. 2019), we conduct a redshift survey of galaxies
detected in the continuum together with a search for line
emitters in the cube.

3.1 Continuum-detected galaxies

For continuum-detected galaxies, we run SExtractor
(Bertin & Arnouts 1996) on the deep white-light image,
folding in the propagated pixel variance and masking regions
where the number of exposures falls below 6 (i.e. the region
outside the dashed yellow bounding line in Fig. 1). Only

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article-abstract/doi/10.1093/m
nras/staa546/5775318 by U

niversity of D
urham

 user on 03 M
arch 2020



4 R. M. Bielby et al.

116°58'00" 57'40" 20" 00" 56'40"

11°54'20"

00"

53'40"

20"

R.A. (J2000)

De
c.

 (J
20

00
)

5
9

10 11

12 13
14

16
17

18
19 2021

22 2324
2526 27

28 2930
31

33 3436
3738 3941

42
43

4445 46 474849
50 52 5354 56

57 58
596061

62
63

6465
66676869

70 71 72 73747576 77 7880 81 82

84

86 8789
9091 9293 9596 9798

99100101 103
104 105 106107

108 110111 112113 114115

116117 118 119120121
122 123 124

125126 127
129 130 131

132133134 135 136
137 138

140141 142
143 144

145146
147 148

149150

151152 153155 156
159 160161

162163
166

Figure 1. Reconstructed white-light image from the final data cube, showing the quasar SDSS J074749.17+115352.4, marked with a

white cross near the centre of the field. Continuum-detected sources identified within the field are marked with apertures (red for sources
with spectroscopic redshifts). The dotted orange contours enclose the region covered by at least 6 exposures.
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Figure 2. Reduced spectrum of SDSS J074749.17+115352.4 from the VLT X-Shooter spectrograph (blue curve), with the associated 1σ
noise spectrum (pale blue) and the estimated continuum profile (solid red curve).
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Table 2. Properties of the emission line galaxies detected at S/N ≥ 6 in the MUSE cube between 6100 − 7900 Å. The area is calculated

for each source out to a surface brightness level of 10−18.25 erg s−1 cm−2 arcsec−2.

ID R.A. Dec. i MUV Fline Lline Redshift Area Class Type

(J2000) (J2000) (mag) (mag) (10−18erg s−1 cm−2) (1040erg s−1) (kpc2)

1 07:47:47.399 11:53:55.96 27.0 ± 0.5 −22.0 ± 0.5 2.87 ± 0.30 72.36 ± 7.66 4.8384 137 1 LAE

2 07:47:47.705 11:53:36.66 > 26.4 > −22.1 4.39 ± 0.39 113.27 ± 9.98 4.8820 225 1 LAE
3 07:47:47.988 11:53:51.94 > 26.6 > −21.7 1.01 ± 0.16 22.26 ± 3.50 4.5594 155 2 LAEa

4 07:47:47.991 11:53:49.79 > 27.4 > −21.4 2.53 ± 0.27 63.23 ± 6.85 4.8191 254 1 LAE

5 07:47:47.998 11:53:52.28 > 26.6 — 1.25 ± 0.17 0.25 ± 0.03 0.6582 - 1 [OII]b

6 07:47:48.188 11:54:07.18 > 26.9 — 3.22 ± 0.37 1.98 ± 0.22 1.0443 - 1 [OII]

7 07:47:48.278 11:53:59.98 > 27.0 > −21.8 1.82 ± 0.20 45.82 ± 5.12 4.8309 149 1 LAE

8 07:47:48.355 11:53:29.96 27.0 ± 0.5 −21.8 ± 0.6 16.44 ± 0.74 483.64 ± 21.92 5.1655 446 1 LAE
9 07:47:48.777 11:54:23.19 26.7 ± 0.6 −21.2 ± 0.6 16.76 ± 0.92 284.30 ± 15.59 4.0876 631 1 LAE

10 07:47:49.283 11:53:32.31 > 26.7 — 37.49 ± 1.37 20.97 ± 0.77 1.0054 - 1 [OII]
11 07:47:49.375 11:54:02.98 25.6 ± 0.2 — 2.31 ± 0.26 0.46 ± 0.05 0.6586 - 1 [OII]

12 07:47:49.415 11:54:16.36 > 27.0 > −21.1 11.13 ± 0.69 212.12 ± 13.23 4.2946 766 1 LAE

13 07:47:49.460 11:54:02.94 25.6 ± 0.2 −22.2 ± 0.4 1.09 ± 0.16 26.20 ± 3.94 4.7473 136 2 LAEc

14 07:47:49.915 11:54:15.94 > 26.9 > −22.0 14.47 ± 0.64 407.48 ± 17.97 5.0703 513 1 LAE

15 07:47:49.919 11:53:49.74 > 27.2 > −21.8 3.53 ± 0.32 91.09 ± 8.19 4.8830 249 1 LAE

16 07:47:50.196 11:54:18.30 26.3 ± 0.2 −21.6 ± 0.2 4.37 ± 0.41 75.53 ± 7.02 4.1194 231 1 LAEd

17 07:47:50.435 11:54:12.43 > 26.9 > −21.6 0.80 ± 0.13 19.42 ± 3.08 4.7516 120 2 LAE

18 07:47:50.801 11:53:32.26 > 26.9 — 1.64 ± 0.25 0.34 ± 0.05 0.6697 - 2 [OII]
19 07:47:50.805 11:54:18.27 > 26.9 > −21.8 5.34 ± 0.43 133.47 ± 10.67 4.8186 211 1 LAE

20 07:47:51.207 11:53:49.61 > 26.9 — 3.44 ± 0.38 0.71 ± 0.08 0.6698 - 1 [OII]

21 07:47:51.808 11:53:41.18 26.0 ± 0.3 −22.4 ± 0.4 1.35 ± 0.22 33.72 ± 5.39 4.8161 202 1 LAE

a Overlaps with emitter 4 in projection, but appears at different redshift. bClassification uncertain. c Overlaps with continuum source

108 in projection, but appears at different redshift. d Overlaps in part with continuum source 150 in projection, but appears at

different redshift.

sources above 5 times the propagated error and with mini-
mum area of 10 pixels are marked as detected. For each de-
tected source, we reconstruct a 1D spectrum using all pixels
within the segmentation mask, also transforming the wave-
length to vacuum.

We then measure redshifts using the Marz redshift-
ing software (Hinton et al. 2016), which we customize1 with
high-resolution synthetic templates for passive and star-
forming galaxies at z < 2. Following automatic template
fitting, individual sources are inspected and classified by
two authors (MFu and MFo) in four classes (4, secure red-
shift with multiple features; 3, good redshift with single but
unambiguous feature; 2, possible redshift, based on a sin-
gle feature; 1, unknown redshift). At z > 4, spectroscopic
identification is based on Lyα emission alone, which often
shows an asymmetric profile. Typical redshift uncertanties
are δz ≈ 0.0003. The continuum detected z > 4 objects are
listed in Table 1, including the quasar itself. Fig. 3 shows the
spectra of the three sources (excluding the quasar), focusing
on the spectral region where Lyα is detected.

To assess the completeness of our source catalogue, we
perform 10,000 repetitions of the analysis described above
on mock images constructed by injecting 80 mock sources at
each iteration (to avoid blending issues) in blank sky regions.
We repeat this experiment twice, the first time for point
sources matched to the image quality of the MUSE data
(0.6 arcsec) and the second time considering exponential

1 This version is available at
https://matteofox.github.io/Marz, described in Fossati et al.

(2019)

disks (neglecting inclination) with scale-length of 0.26 arc-
sec, convolved with the instrument point spread function
(PSF). In Fig. 4, we show the fraction of objects recovered
compared to the number of injected sources as a function of
magnitude, finding that our search is 50% (90%) complete
at 26.7 mag (26.4 mag) on the white-light image for point
sources and 50% (90%) complete at 25.7 mag (25.3 mag) for
extended sources.

3.2 Emission line galaxies

For emission line galaxies we follow the approach described
in Lofthouse et al. (2019), which we only briefly summarize
here. After reducing the cube to the wavelength range of
interest (λ = 6100 − 7900 Å, covering the redshift interval
z = 4 − 5.5 for Lyα), we subtract the quasar PSF and the
continuum of sources using the tools distributed as part of
Cubex (for details, see e.g. Cantalupo et al. 2019).

We then run Cubex to identify groups of at least 27 con-
nected voxels, covering more than 9 pixel2 once projected
along the wavelength axis, and 3 channels in wavelength.
Objects marked for extraction are then retained if the inte-
grated S/N corrected for correlated noise as discussed above
is S/N > 6.5. In contrast to previous work conducted mostly
at λ < 6000 Å, in this analysis we adopt a more conservative
cut in S/N to ensure that we minimize the contamination
arising from residuals of sky lines.

Following extraction, objects are classified in two con-
fidence classes. Objects in class 1 have integrated S/N ≥ 7
in the mean coadd, are detected with S/N > 3 within inde-
pendent coadds of only half of the exposures, and the S/N
of these two subsets agree within 50% of their value. This
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Figure 3. Spectra of all three continuum detected galaxies at
z > 4 (excluding the quasar, see also Table 1). At these redshifts,

spectroscopic identification is based on Lyα emission which often

shows an asymmetric profile.

class contains sources with the highest purity at the expense
of completeness. Objects in class 2 obey a similar classifica-
tion, but include the remaining objects with 6 ≤ S/N < 7,
which raises the completeness at the possible expense of the
purity. For this class, we also monitor the fraction of voxels
within the segmentation map that is contained in a 53 voxel
volume, which we find to be a good metric to reject spuri-
ous identifications such as very extended structures at the
edge of the field where the quality of the data is significantly
worse.

Next, we generate optimally-extracted maps (see e.g.
Borisova et al. 2016) of the mean, median cubes and two
independent-half cubes, and we extract a 1D spectrum by
projecting the segmentation map in 2D and summing flux
over the spatial direction as a function of wavelength. Us-
ing a dedicated GUI, we inspect these products, including
the 3D segmentation map, for all the objects to remove the
remaining false-positive (typically objects that present very
elongated chains of voxels in their segmentation map that
are not well-connected in wavelength). The remaining ob-
jects in class 1 are deemed to be real sources, with the ob-
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Figure 4. Completeness function for continuum sources for point

sources matched to the MUSE PSF (solid line) and for extended
sources with scale-length of 0.26 arcsec (dotted line). These ob-

servations are 50% (90%) complete at 26.7 mag (26.4 mag) for

point sources, and 50% (90%) complete at 25.7 mag (25.3 mag)
for extended sources.

jects in class 2 considered only candidate sources as they
approach the detection limit.

At this stage, we also assign a redshift to the
sources, according to the following criteria. Sources that
present a clear doublet emission can be classified as either
[OII]λλ3726,3729, CIII]λλ1907,1909, or MgIIλλ2796,2803
emitters. The classification of single line emitters is more
ambiguous as multiple rest-frame lines could be in principle
detected at any given redshift. For class 1 sources, we can
rule out Hα trivially for λ < 6563 Å and can classify Hα for
the remaining sources that show associated [OIII]λ5007 or
the [OII] doublet. C iv can be recognized by the associated
strong Lyα emission (unless Lya is absorbed or resonantly
scattered) or CIII] doublet emission. Finally, the identifica-
tion of Lyα is also strengthened by the characteristic shape
of the profile (where evident by eye in the spectra). These
criteria apply also to class 2 sources, although the vary-
ing sensitivity limit across the wavelength range and the
different line strengths make the classification more uncer-
tain. Following these criteria, we identify 14 additional z > 4
galaxies, 3 of which are in class 2, and 6 [OII] emitters, one
of which is in class 2 and a second one for which the classifi-
cation is ambiguous (i.e. good signal to noise emission line,
but of uncertain redshift). The properties of the sources are
detailed in Table 2, a map of the Lyα emitters is shown in
Fig. 5 and a gallery of the Lyα profiles is shown in Fig. 6.

The three continuum selected galaxies given in Table 1
are all also detected with the line detection method. One of
these (ID 141 in continuum and ID 14 in emission) shows a
small offset between the centroid of the continuum emission
and the line emission, with the line emission being signif-
icantly more extended than the continuum, whilst the re-
maining two are more consistent in extent and centroid with
the continuum detections. As such we include the line detec-
tion for this source in Table 2 for reference, but not the other
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Figure 5. Map of the Lyα emission detected in the MUSE cube at z > 4 (excluding the quasar itself). Solid contours show continuum
emission, whilst the colour scale gives the measured Lyα surface brightness. Objects detected in Lyα emission at z > 4 are numbered

and outlined in red. Continuum sources at z > 4 are numbered and circled in blue.

two continuum sources. All three are included and treated
as single objects in the analysis that follows, giving a total
of 17 z > 4 galaxies exhibiting Lyα emission.

Similarly to the analysis of continuum sources, we quan-
tify the completeness of our search by analyzing 5,000 mock
cubes constructed by injecting 500 mock line emitters in
empty regions of each mock cube (to avoid blending). Two
types of source are considered: compact emitters with size
matched to the MUSE PSF and line spread function with
FWHM of 2.5Å, and extended sources with exponential pro-
files of scale-length of 2, 3, and 4 kpc convolved with PSF
and line spread function with FWHM of 2.5Å. By analyzing
the mock cubes with CubEx as done for the real data, we
find the completeness function shown in Fig. 7 for S/N > 6.
Our analysis is 50% complete at ≈ 10−18 erg s−1 cm−2

for point sources and ≈ 3.1 × 10−18 erg s−1 cm−2 for ex-
tended sources with 3 kpc scale-length (at 90% complete-
ness, the limits for point and extended sources become

≈ 2.4 × 10−18 erg s−1 cm−2 and ≈ 7.7 × 10−18 erg s−1 cm−2

for a 3 kpc scale-length).

4 PROPERTIES OF STRONG ABSORPTION
LINES

4.1 Identification and measurement of column
densities

We perform a continuum fit of the X-Shooter spectrum us-
ing a combination of the lt continuumfit code, contained
within the linetools package2, and a template quasar con-
tinuum. The lt continuumfit code follows the steps out-
lined in Crighton et al. (2011); Bielby et al. (2017b), fitting
an initial cubic spline form to the data. However, due to the

2 https://github.com/linetools
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Figure 7. Completeness limits for extraction of line emitters at
S/N ≥ 6. The red solid curve refers to point sources matched to

the MUSE PSF. In contrast, the shaded region shows extended

sources with exponential profiles of scale-lengths of 2 – 4 kpc,
with the dashed curve showing the 3 kpc scale length result.

frequency of Lyα absorbers at z ∼ 4−5, the procedure under-
estimates the unabsorbed intrinsic continuum below λrest =

1215.67 Å and so we use the SDSS 0.04 . z . 4.78 quasar

composite spectrum calculated by Vanden Berk et al. (2001)
as a guide to correcting the initial cubic-spline fit.

We first normalize and redshift the Vanden Berk et al.
(2001) composite to fit the observed quasar continuum at
λrest ≈ 1200 − 1400 Å. To allow for a tilt in the template, we
apply a power-law factor to the composite at λrest < 1215 Å
of the form (1215.67− λrest)α , finding a slope of α = 0.045 by
normalising to the peak flux at the Lyβ emission wavelength
in the quasar spectrum. We then use this template as a
guide when fitting the continuum at λrest < 1215.67 Å using
lt continuumfit.

Using this estimated continuum model, we make an ini-
tial census of strong Lyα absorption (in the range bounded
by the intrinsic quasar Lyα and Lyβ emission) and metal
absorption systems along the sightline using pyigm guesses
(part of the pyigm suite of codes3). We include all systems
where we observe either damping wings in the H i absorption
or detected metal line absorption at a given redshift. This re-
sults in a sample of strong absorption systems, encompassing
primarily LLSs and DLAs, all of which show associated C iv
absorption features. The SDSS J074749.17+115352.4 sight-
line has a high incidence of metal and strong Lyα absorption
system lines in the redshift range 4 < z < zqso, which we list
in Table 3 (note that below z ∼ 4, C iv begins to fall in the
Lyα forest for our quasar sample, whilst z ∼ 4 Lyα is ob-
scured by z ∼ 5 Lyβ absorption). The strongest of these is

3 https://github.com/pyigm
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−200−100 0 100 200

∆v (km s−1)

0.0

0.5

1.0

F
lu

x

MgII 2796Å
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Figure 8. Model fits to the H i absorption and associated metal
lines in the X-Shooter spectrum for the DLA system at z = 5.1448.

The data is shown by the blue stepped line in each panel, with the
orange curve showing the overall fit within the wavelength range

and, in the case of the Lyman series panels, the red curves show

the individual strong H i system (with the width of the curves
showing the extent given by the best fitting ranges quoted in Ta-

ble 3). The upturned triangles in each metal absorption panel
identifies centroids of individual absorption components with the
given velocity range of the DLA. The grey crosses indicate absorp-
tion features identified as not being at the same redshift (within

the given velocity range) of the DLA.

a clear DLA at z ≈ 5.14. All but one of the other metal-line
detected systems lie at lower redshifts than the DLA, mean-
ing that for these we have no measurement of their Lyman
limit strengths, or in general any useful measurement of the
Lyman series beyond that of Lyβ.

For each strong absorption system, we perform a fit to
the region of the Lyα forest over a velocity range depending
on the strength of the absorber, using the alis line fitting

software package4. In the first iteration, we keep the redshift,
column density and velocity broadening of each Lyα absorp-
tion line as free parameters, whilst keeping the continuum
fixed to that estimated previously using lt continuumfit.
Taking this initial fit to the Lyα regime, we then produce the
resultant Lyβ profile over the same velocity range. Compar-
ing this Lyβ profile to the data, we add appropriate lower-
redshift Lyα absorption systems to complete the model spec-
trum in the primary Lyβ regime. We then perform a second
iteration of the fitting using alis to fit the primary Lyα and
Lyβ absorption as well as the secondary Lyα absorption si-
multaneously.

As a final step, we perform a further iteration, allowing
for addition of further absorbers in both regimes where nec-
essary. Taking this configuration, we then estimate the effect
of uncertainties on the continuum level on the fitting profiles.
In order to do so, we re-run alis using the final model fit,
but allowing the continuum level to be a free parameter, re-
calculating the parameters for the absorption systems. Any
change in the parameters for the strong absorber of interest
is then folded into the alis fitting estimated uncertainties
on each parameter.

The two lowest redshift (z ≈ 4.03 and z ≈ 4.12) ab-
sorbers have no associated coverage of Lyβ (or any higher
Lyman series orders), due to the presence, and absorption
below the Lyman limit, of the z ≈ 5.14 DLA. These are there-
fore purely constrained in H i by Lyα and thus have large
associated uncertainties on the H i column density measure-
ments. In contrast to these, the one absorber at z ≈ 5.16 has
available coverage up to Lyη, with all but the Lyη line be-
ing saturated. From the detected flux at Lyη observed wave-
lengths, we constrain this absorption line to most likely be a
partial LLS, with N (HI) = 1016.25±0.25 cm−2. This is the low-
est column density absorber in our sample, with the highest
being the z = 5.14 absorber with N (HI) = 1021.21±0.05 cm−2,
which is relatively well constrained via the damping wings
of the absorber.

Our fits to the H i and metal line absorption profiles for
the DLA system at z = 5.1448 are shown in Fig. 8, whilst
we provide plots of the rest of the z > 4 absorption systems
in the Appendix (Figs. A1, A2, A3 and A4). The fitted pa-
rameters and the estimated uncertainties are instead given
in Table 3, where we report only the integrated column den-
sities (i.e. across all components) for each reported species.

bf Whilst the above provides a sample of absorbers that
is effectively agnostic of the galaxy positions, we are in-
terested in the absorption properties of the whole galaxy
sample. We therefore make a secondary galaxy guided iden-
tification of absorption systems. We therefore identify the
most proximate candidate strong H i absorption feature
within ±1000 km s−1 of each galaxy with no already iden-
tified strong absorption feature and no other galaxy within
1000 km s−1 at a closer impact parameter (i.e. where we
have multiple galaxies at a given redshift, we only search
for absorption within ±1000 km s−1 of the closest to the
sightline). To identify absorption systems, we use the same
method as for the primary set of strong systems. We first
identify absorption systems within ±1000 km s−1 of the red-
shift of interest using pyigm guesses and then perform an

4 https://github.com/rcooke-ast/ALIS
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Table 3. Properties of absorption line systems identified in the sightline of SDSS J074749.17+115352.4.

Redshift logN(H i) logN(C ii) logN(C iv) logN(Mg i) logN(Mg ii) logN(Al ii) logN(Al iii) logN(Si ii) logN(Si iv) logN(Fe ii)

(cm−2) (cm−2) (cm−2) (cm−2) (cm−2) (cm−2) (cm−2) (cm−2) (cm−2)

5.1612 16.25±0.25 — 13.76±0.02 — <12.91 — <12.92 — <12.60 <12.81

5.1448 21.21±0.05 >14.94 13.63±0.03 11.95±0.06 >14.00 >13.00 — 15.87±0.08 13.18±0.04 14.77±0.03

4.8804 18.70±0.70 <13.40 14.14±0.07 — <12.78 — <12.84 <13.52 13.18±0.04 —

4.8004 19.00±0.80 — 13.54±0.02 — <12.46 <11.98 <12.91 <14.64 <12.94 <12.94

4.6917 17.40±1.00 — 13.18±0.04 — <12.33 <12.24 — — 12.62±0.05 <12.98

4.6651 19.03±0.40 — 13.49±0.03 — 12.76±0.03 <12.59 <12.77 <13.19 <12.80 <12.96

4.6169 19.92±0.17 — 13.60±0.04 — 13.02±0.04 <16.08 <12.85 <13.18 12.98±0.04 <13.11

4.1220 17.00±1.80 — 13.74±0.02 — >13.81 13.25±0.05 <12.62 14.20±0.01 — 13.44±0.03

4.0302 17.90±1.10 — >14.06 — 13.47±0.08 <12.38 <12.94 <13.15 — 12.73±0.22

iterative fitting process using alis (adding lines where ap-
propriate to improve the fit). We then identify the nearest
strong absorber (i.e. N (HI) & 17) to the galaxy redshift.
The resulting column density estimates and absorber red-
shifts are listed below our primary sample in Table 3. Given
these systems were not identified in the primary sample (i.e.
either through metal lines or clear strong absorption), these
secondary systems are all at the lower column density end of
our strong absorber range and are poorly constrained, lying
as they do in the flat section of the curve of growth.

4.2 Absorption line system metallicities

We now estimate the metallicities of the detected absorp-
tion line systems (including only those systems with at least
one clearly detected metal line). Whilst the DLA is likely
dense enough for partial ionization not to be an issue in
determining metallicities, the LLSs are at least partially
photoionized (e.g. Fumagalli et al. 2013), complicating the
estimation of metallicities from the observed ion column
densities. Using the identified H i and metal line features,
we therefore constrain the metallicity of each LLS using a
grid of photo-ionization models created with the cloudy
code (Ferland et al. 2017). We follow the method outlined
in Fumagalli et al. (2016a), creating a grid of models given
by the parameter ranges provided in Table 4 using cloudy.
Using the affine invariant MCMC ensemble sampler emcee
(Foreman-Mackey et al. 2018), we sample the full parame-
ter space, constraining the posterior probability distribution
function (PDF) for the metallicity of each absorber taking
the column density constraints given in Table 3 as priors
(see also Crighton et al. 2015).

For the DLA, we calculate the metallicity directly from
the measured column densities. Following Rafelski et al.
(2012), we use sulphur as first preference for calculating the
DLA metallicity finding [S/H] = −1.70 ± 0.11. We also com-
pute the measured Fe abundance, finding [Fe/H] = −1.91 ±
0.10. This translates to a metallicity of [M/H] = −1.61± 0.19
if we apply a correction of +0.3 dex to correct from Fe
abundance to α-element metallicity, consistent with the es-
timate from sulphur (with the caveat that this conversion
is estimated from lower redshift samples than our own, e.g.
Petitjean et al. 2008; Rafelski et al. 2012). Whilst the esti-
mates are consistent, we use the Sulphur derived metallicity
as the total DLA metallicity ([M/H]) in the analysis that
follows.

The resultant best estimates of the metallicities, plot-
ted versus redshift and N(H i), are shown in Fig. 9, with
the error bars showing the 10th and 90th percentile range

Table 4. Parameter ranges and steps adopted to create the photo-
ionization model grid used to constrain the metallicities of the

strong absorbers.

Parameter Min Max Step

Redshift 4.1 5.3 0.3

N (Hi) 16.0 21.0 0.25

[M/H] -4.5 0.00 0.25

n(H ) -4.25 0.00 0.25

in the MCMC-derived PDF. The circle, diamonds and ×
symbols identify absorbers as DLAs, LLSs and pLLSs (par-
tial Lyman Limit System) respectively (although we note
the uncertainties on the pLLS and LLS column density es-
timates mean the classification are themselves uncertain in
some cases). For reference, we also plot the properties of the
DLA samples presented in Rafelski et al. (2012, open circles)
and Rafelski et al. (2014, open pentagons), and the mean
results from the LLS sample of Fumagalli et al. (2016b,
open squares). In addition, the hatched region in the left
hand panel shows the mean metallicity as a function of
redshift estimated from the C iv mean density as reported
in Simcoe et al. (2011). The 9 absorbers identified in the
SDSS J074749.17+115352.4 line of sight cover a wide range
of metallicity (≈ 3 dex), enabling us to study a diverse range
of enrichment histories.

5 SIMULATION DATA

To provide additional context to our observations, we incor-
porate predictions for absorption line column densities from
the eagle suite of cosmological hydro-dynamical ΛCDM
simulations (Crain et al. 2015; Schaye et al. 2015). The sim-
ulations were run with a modified version of the smoothed
particle hydrodynamics (SPH) code GADGET3, incorporat-
ing state-of-the-art numerical techniques and subgrid models
used to capture physical processes important to galaxy for-
mation and evolution. These include radiative gas cooling,
star formation, mass loss from stars, metal enrichment, en-
ergy feedback from star formation and AGN and gas accre-
tion onto, and mergers of, super-massive black holes. The
efficiency of stellar feedback and the mass accretion onto
black holes is calibrated to match the present-day stellar
mass function of galaxies (subject to the additional con-
straint that the galaxy sizes need to be realistic), and the
efficiency of AGN feedback is calibrated to match the ob-
served relation between stellar mass and black hole mass.
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Table 5. Galaxy-absorber associations and derived absorber metallicities. The first sample comprises absorbers purely detected via the
presence of absorption by hydrogen and metal species in the quasar sightline. The second sample lists the absorbers identified via a

search for saturated H i absorption features within |∆v | < 1000 km s−1.

Absorber N (HI) [M/H] Closest galaxy ρ ∆v Ngal
redshift log[cm−2] (kpc) (km s−1) (< 1000 km s−1)

5.1612 16.25 ± 0.25 −2.93+0.25
−0.33 Em-8 162.4 +209.3 1

5.1448 21.21 ± 0.05 −1.70 ± 0.11 Em-8 162.4 +1009.4 1

4.8804 18.70 ± 0.70 < −3.65 Em-15 74.2 +134.1 2

4.8004 19.0 ± 0.80 < −3.99 Em-4 118.0 +963.4 3
4.6917 17.40 ± 1.00 < −2.99 — — — 0

4.6651 19.03 ± 0.40 −2.93+0.26
−0.35 — — — 0

4.6169 19.92 ± 0.17 −2.75+0.18
−0.20 Cn-22 241.8 +430.5 1

4.1220 17.00 ± 1.80 −1.28+0.08
−0.09 Em-16 210.9 −152.1 1

4.0302 17.90 ± 1.10 −2.21+0.16
−0.14 — — — 0

5.0672 16.9 ± 1.1 — Em-14/Cn-141 165.6 +107.5 1

4.7437 16.9 ± 1.4 — Em-13 74.4 +190.1 2
4.5474 17.1 ± 1.2 — Em-3 120.2 +649.1 1

4.2884 17.2 ± 1.1 — Em-12 166.8 +352.7 1
4.0862 16.9 ± 2.1 — Cn-56 193.5 −186.6 2
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Figure 9. Inferred absorber metallicities as a function of red-

shift (left) and H i column density (right). Blue circles, triangles
and squares show our own sample split into DLA, LLS and pLLS
subsets. Literature measurements are shown from Rafelski et al.
(2012) and and Rafelski et al. (2014) for DLAs (open circles and
triangles respectively). The hatched region shows the mean metal-

licity of the IGM based on the C iv measurements by Simcoe et al.

(2011).

To compare with observations, we select a represen-
tative sample of simulated galaxies from the L100N1504
simulation cube, which consists of a cube of side length
100 (comoving) Mpc and resolution 15043 dark matter
particles. Based on LAE clustering analyses (Ouchi et al.
2010), we select central galaxies of halos in the mass
range 1011.2−11.8 M� and with star formation rates of >
0.3 M� yr−1. This selection, effectively matching to observed
clustering of LAEs, gives galaxy space densities from EA-
GLE of ρ = 1.04 × 10−3 Mpc−3. This space density is con-
sistent with observed number densities of LAEs at z ∼ 4 − 5

(e.g. Drake et al. 2017a), given the flux limits of our data
(see Sec. 3.2).

Calculating accurate simulated H i column densities
from the simulations requires that the main ionizing pro-
cesses that shape the distribution of neutral hydrogen are
accounted for. After the collisional ionization (which is dom-
inant at high temperatures), photoionization by the meta-
galactic UVB radiation is the main contributor to the bulk
of hydrogen ionization on cosmic scales, particularly at z & 1
(e.g. Rahmati et al. 2013a). Rahmati et al. (2015) show that
radiation from local sources is important at small scales
and high column densities, reducing the covering factors of
LLSs and DLAs by only ≈ 10% at ≈ Rvir, but by up to
≈ 60% at ≈ 0.1Rvir for high (N (HI) & 1022 cm−2) column
density systems (see also Rahmati et al. 2013b; Shen et al.
2013; Rahmati & Schaye 2014). The computationally expen-
sive treatment of ionisation by local sources is not included
in the simulation volume used in this work and so we note
that covering fractions of H i may be over-predicted in the
simulated volumes by ≈ 10 − 20% for LLSs in our sample
and ≈ 20 − 50% for DLAs (albeit within . Rvir, equivalent
to ≈ 30 − 40 kpc as discussed later). On the other hand,
the HI covering fraction may be underrepresented based on
resolution effects of the simulations themselves as recently
demonstrated in zoom-in simulations (Peeples et al. 2019;
van de Voort et al. 2019; Rhodin et al. 2019).

Following Rahmati et al. (2013b, 2015);
Oppenheimer et al. (2016), we calculate column densi-
ties using SPH interpolation and projecting the ion content
of desired regions onto a 2D grid (with 1 pkpc resolution).
This projection into 2D was performed through a box
of ±600 kpc around each galaxy, equivalent to ≈ 20 Rvir
from each galaxy along the line of sight. We project maps
for each galaxy in the x, y, and z directions that are 600
pkpc across with the depth of 1200 kpc. SPH particles
are smoothed onto a grid using the SPH kernel function.
We then calculate the median column density profiles and
percentile ranges from the resultant sample, using the three
projections for each galaxy selected.
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6 THE CIRCUMGALACTIC MEDIUM AT z ≈ 5

6.1 Galaxy-absorber associations

6.1.1 Distribution of neutral hydrogen around z = 4 − 5
LAEs

The observations reveal a wide range of galaxy environ-
ments around z > 4 strong absorption systems. Two of the
strong absorbers show galaxies with Lyα emission detected
within the field of view at |∆v−200 | < 100 km s−1, with
one of these showing two LAEs within this velocity range.
Three more of the absorption systems are seen to lie within
|∆v−200 | ≈ 1000 km s−1 of single LAEs, whilst a further ab-
sorption system lies at |∆v−200 | ≈ 1000− 2000 km s−1 from 5
LAEs tracing a galaxy over-density at z ≈ 4.83. The remain-
ing 3 systems show no detected galaxies within |∆v−200 | ≈

2000 km s−1. In summary, 6 of the 9 strong H i absorption
systems are found to lie within |∆v−200 | ≈ 1000 km s−1 and
≈ 250 kpc of at least one detected Lyα emitter at the depth
of our search.

Comparing to targeted and small-scale IFU searches
for galaxies around such absorption systems, where detec-
tion rates of ≈ 10% are common at z & 1 on scales of
. 100 kpc (e.g. Péroux et al. 2012), the MUSE observations
offer a more comprehensive overall picture, with at least one
galaxy detected for 66% of the absorbers (up to scales of
≈ 300 kpc). Such high incidence of galaxies identifications
per absorber are comparable with similar MUSE searches at
z ≈ 3 (Mackenzie et al. 2019).

From clustering analyses (e.g. Gawiser et al. 2007;
Ouchi et al. 2010; Bielby et al. 2016), LAE samples across
redshifts of 3 . z . 7 are inferred to inhabit dark mat-
ter halos with masses of Mh ≈ 1011.5±0.3 M� . We derive an
estimated virial radius from this halo mass as:

Rvir =

(
3Mh

4πρcrit(z)∆c

)1/3
(1)

where ρcrit is the critical density and ∆c ≈ 18π2

(Bryan & Norman 1998). This gives Rvir ≈ 30 − 50 kpc at
z = 4−5. Translating this into a Hubble flow velocity, such a
separation would equate to ∆v ≈ 20 km s−1. Indeed, as the
Hubble parameter at z ≈ 4 − 5 is H ≈ 500 Mpc/(km s−1),
the vertical axis in Fig. 11 extends to ≈ 2 Mpc. Following
Bryan & Norman (1998), a halo mass of ≈ 1011.5±0.3 M� at
z ≈ 4−5 corresponds to a velocity dispersion of ≈ 140 km s−1.
The concentric dashed ellipses in Fig. 11 show scales of 1,
2, 4 and 8× the typical virial radius and velocity dispersion
for a Mh = 1011.5 M� halo. Given the assumed halo mass
and associated virial radius, all of the proximate galaxies lie
& 2Rvir from the sightline absorbers.

Despite the high number of sources identified near
strong absorbers, it is important to maintain the aware-
ness that the detected LAE galaxies are not a comprehen-
sive census of z ∼ 4 − 5 galaxies within the field. Beside
the incompleteness related to the sensitivity of our data,
MUSE observations have also limited sensitivity to sources
with moderate dust obscuration or where the galaxy Lyα
emission is significantly absorbed by the ambient gas. For
example, Shapley et al. (2003) report 60% of LBGs at z ∼ 3
to show Lyα primarily in absorption, which are more diffi-
cult to identify in fainter objects due to limited S/N in the

continuum. It is therefore possible that undetected sources
lie in closer proximity to the sightline for some absorbers,
and likewise that the 3 absorbers with no galaxy counterpart
may in fact still arise from objects that are undetected. Nev-
ertheless, the current observations provide a valuable census
of relatively-bright LAEs up to scales of ≈ 6 − 8 Rvir.

In Fig. 12, we show the H i column density ranges for the
absorbers as a function of galaxy impact parameters for all
galaxies within |∆v−200 | < 1000 km s−1 of an absorber. The
differing symbols again represent the different absorbers,
are colour coded by redshift and are assigned consistently
with Fig. 11. Galaxies lying within |∆v−200 | < 500 km s−1

of an absorber are plotted with a ring around their primary
marker, whilst those with additional galaxies at the same
redshift are given chevrons (with the number of chevrons de-
noting the number of additional galaxies within 1000 km s−1

of the absorber). The dotted horizontal lines denote the ob-
servational criteria for the different categories of strong H i
absorbers. The dashed curve and shaded regions show the
median, [32%,68%] and [10%,90%] column density ranges
predicted as a function of impact parameter around the
galaxy sample extracted from the eagle simulation volume.

As would be expected given the galaxy incompleteness
and the patchy nature of the CGM, this analysis shows a
large scatter in column density versus impact parameter.
Four of the detected galaxies show column densities broadly
consistent with the range predicted by the simulation, with
the weakest two absorbers aligning with galaxies at large
impact parameters (b & 150 kpc). The comparison with sim-
ulations further reinforce the idea that galaxies may exist at
smaller impact parameters in any of these 4 cases, as well as
the 2 cases where we see enhanced column densities at large
impact parameters compared to the eagle predictions. As
a slight aside, it is also interesting to note that the eagle
predicted distribution appears to trace lower redshift results
well (e.g. Chen et al. 2001; Keeney et al. 2018).

Whilst inevitably there will be galaxies at the stud-
ied redshifts that lie below both our continuum and line
emission detection thresholds, the MUSE detected galax-
ies still provide us with a valuable tracer population for
the over-density of objects in the proximity of strong ab-
sorbers. To this end, we now estimate the average galaxy
environment around our sample of absorption systems with
N (HI) > 1016.2 cm−2, and compare it with previous studies
and the general field population. Specifically, we compute
the space density of galaxies detected in our sample within
|∆v−200 | < 1000 km s−1 of the identified absorption line sys-
tems as a function of impact parameter (i.e. within cylin-
drical volumes assuming the velocity offsets transform to a
distance via the Hubble flow), treating the upper end of this
velocity range as a physical spatial separation along the line
of sight. Note that for this analysis, we only use the 9 absorp-
tion systems that were detected without prior knowledge of
the galaxies identified in the MUSE data. The result is shown
in Fig. 13 and is given by the square points. The hatched
regions show the mean spatial density of galaxies over the
redshift range 4.08 < z < 5.16 in our MUSE field and the
space density of LAEs at z = 4.5, given our observational
Lyα flux limits, calculated from the luminosity functions of
Drake et al. (2017a,b). A clear and significant over-density
of galaxies is evident on average around the absorption sys-
tems in our field, establishing a physical connection between

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article-abstract/doi/10.1093/m
nras/staa546/5775318 by U

niversity of D
urham

 user on 03 M
arch 2020



Into the jungle 13

     
0

50

100

150

200

250

b 
(k

pc
)

Emission detected
Continuum detected

4.2 4.4 4.6 4.8 5.0 5.2
Redshift

0.0
0.4
0.8

Fl
ux

Figure 10. Redshift distribution of galaxies and absorbers. The top panel shows emission (plus symbols) and continuum (circle symbols)
detected galaxies as a function of redshift and impact parameter (note the galaxy at z ∼ 5.07 is detected by both the emission and

continuum algorithms). The lower panel shows the flux normalised quasar spectrum. Dashed lines covering both panels highlight redshift

positions of strong absorption lines with associated C iv absorption. Dotted lines indicate the positions of the strongest identified
absorption features in the proximity of galaxies with no strong absorbers identified in the first pass of the quasar spectrum.
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Figure 11. Associations between LAEs and strong absorbers

along the sightline to SDSS J074749.17+115352.4. Points are
colour coded by redshift with sizes proportional to the log(Lline)
of each galaxy. Galaxies clustered around the same absorber

share the same symbol. The dotted line and shaded region show
∆v = 200± 100 km s−1, i.e. the typical offset of Lyα emission from

intrinsic galaxy redshift. The top axis scale is in units of Rvir is

calculated assuming a Mh = 1011.5 M� halo at z = 4.8.

the gas probed in absorption and the distribution of galax-
ies within the adopted window. Mackenzie et al. (2019) pre-
sented a similar analysis showing the over-density of LAEs
around DLAs at z ≈ 3.2 − 3.8, shown here as the filled green
region. Our own result at this higher redshift shows a com-
parable clustering of LAEs (in agreement within 1σ level)
around absorption systems, including lower column density
ones.

6.1.2 Metal absorption around z ∼ 4 − 5 LAEs

C iv absorption in quasar sightlines has been shown to have a
significant correlation with galaxies via clustering analyses
at z ∼ 3 (e.g. Adelberger et al. 2003; Crighton et al. 2011;
Turner et al. 2014), whilst lower redshift studies (i.e. z ∼

50 100 150 200 250
Impact parameter (kpc)

15

16

17

18

19

20

21

lo
g[

N
(H

I)]

pLLS

DLA

LLS

4.2

4.4

4.6

4.8

5.0

Re
ds

hi
ft

Figure 12. Neutral hydrogen column densities as a function
of impact parameter from the nearest detected galaxy within

|∆v−200 | < 1000 km s−1. Symbols are consistent with those

given in Fig. 11. Absorber-galaxy pairs lying within |∆v−200 | <

500 km s−1 are circled. Where multiple galaxies are detected at

the same redshift as a given absorber, chevrons are added to the

symbol denoting the number of additional galaxies. Limits to the
right mark the column density of the absorbers for which we do

not identify galaxies. The dashed curve and shaded regions illus-

trate the median and [32%,68%] and [10%,90%] column density
ranges predicted by the eagle simulations.

0.01) have shown that C iv systems are more common in
low galaxy-density regions (e.g. Burchett et al. 2016).

With these new observations, we can now investigate
the link between C iv and galaxies at z > 4. In the top panel
of Fig. 14, we show C iv column density versus galaxy im-
pact parameters. Where a C iv detection is made, we show
all galaxies within |∆v−200 | = ±1000 km s−1. In this fig-
ure, we also include upper limits on the column density
(grey crosses) computed with |∆v−200 | = ±250 km s−1 from
galaxies within the field of view with no detected absorber.
Finally, we mark the three absorbers where we fail to de-
tect any galaxies by lower limits with respect to the impact
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Figure 13. LAE space density within |∆v−200 | = ±1000 km s−1

of identified strong absorption systems, as a function of impact
parameter (square points). The light green band shows the over-

density measured around lower-redshift DLAs by Mackenzie et al.

(2019). The hatched regions show the mean spatial density of all
galaxies detected over the redshift range 4.08 < z < 5.16 in our

MUSE field and the space density of LAEs at z = 4.5 from the lu-

minosity function of Drake et al. (2017b), given our observational
Lyα flux limits.

parameter. As in Fig. 12, the dashed and shaded regions
show the median, [32%,68%] and [10%,90%] column den-
sity ranges predicted around the galaxy sample extracted
from the eagle simulation volume. The central panel shows
our equivalent to the top panel, but for Mg ii, whilst the
lower panel shows the estimated metallicities derived from
the MCMC analysis described previously. The hatched re-
gion in the lower panel marks the range in metallicities of
the CGM at 4 < z < 5 estimated from Simcoe et al. (2011)
as in Fig. 9.

We find that of the 17 galaxies detected in the MUSE
field of view between 4 . z . 5.3, 8 lie within 1000 km s−1

of a detected C iv absorber (with a further 2 galaxies within
2000 km s−1 of C iv absorption). The remaining galaxies
show upper limits on C iv absorption. Fig. 14 highlights
that the 3 systems with the highest C iv column densi-
ties are all within 500 km s−1 of a detected galaxy. Mind-
ful of the small sample size and selection biases described
above, this finding is at least consistent with the conclu-
sion of previous work (Meyer et al. 2019a; Keating et al.
2019), according to which galaxies at these redshifts are
expected to reside within ionized regions, and thus cluster
more with high-ionisation lines rather than neutral species.
We note, however, that this correspondence is not unique,
and that gas with different ionization stages is still found
close to galaxies at these redshifts. Indeed, our sample con-
tains also galaxies in proximity to absorbers showing high
column density of both C iv and Mg ii, but with low col-
umn density of H i. We note how there seems to be a lack of
clear correlation between metallicity and proximity to galax-
ies both in projection and in velocity space. Evidence of
inhomogeneous enrichment is indeed building up at lower
redshifts (e.g. Fumagalli et al. 2011a; Mackenzie et al. 2019;
Lofthouse et al. 2019; Fossati et al. 2019), and it is thus not
surprising to find hints of similar inhomogeneity at these
higher redshifts, where the time available for enriched pock-
ets to grow is limited.
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Figure 14. Column density of C iv and Mg ii and inferred

metallicity as a function of impact parameter to galaxies iden-

tified within |∆v−200 | < 1000 km s−1. Galaxies lying within
∆v = ±500 km s−1 of absorbers are circled. Each detection is

colour coded by redshift as given by the colour bar, with the sym-
bols assigned as in Fig. 11. Where multiple galaxies are detected

at the same redshift as a given absorber, chevrons are added to

the symbol denoting the number of additional galaxies. Upper
limits (grey × symbols, 3σ upper limits) are estimated within

±250 km s−2 of high-confidence galaxies at 4 < z < 5.2 with no

detected C iv. Absorbers with no detected proximate galaxy are
instead shown by lower limits in impact parameter.

When compared to the eagle simulated data, we find in
our observations a significant fraction of upper limits at im-
pact parameters of > 100 kpc, consistent with the predictions
from simulation. However, we also find several absorbers
with high column density of C iv, in excess to the eagle
predictions for a given impact parameter. While this may re-
flect again incompleteness in our search towards low impact
parameters, a deficit of strong C iv near simulated galaxies
has been documented in the literature before (Finlator et al.
2016), and may be common feature of simulations. Adding to
this line of enquiry, we show in Fig. 15 the C iv absorber col-
umn densities as a function of the UV absolute magnitude of
the nearest galaxy. There is no clear correlation between the
UV brightness of the galaxies and the C iv column density,
although the strongest absorber does lie in the proximity of
one of the faintest galaxies (which also happens to be the
closest galaxy to the quasar sightline).

Further, we plot in Fig. 16 the distributions of closest
galaxy properties with the blue diagonal hatched histograms
showing galaxies with proximate C iv absorption and the red
vertical hatched histograms showing galaxies with no prox-
imate C iv absorption. We see no clear difference between
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Figure 15. Column density of C iv as a function of the ab-

solute UV magnitude of the nearest galaxy identified within
|∆v−200 | < 1000 km s−1. Galaxies lying within ∆v = ±500 km s−1

of absorbers are circled. Each detection is colour coded by red-

shift as given by the colour bar, with the symbols assigned as in
Fig. 11. Where multiple galaxies are detected at the same red-

shift as a given absorber, chevrons are added to the symbol de-

noting the number of additional galaxies. Upper limits (grey ×
symbols, 3σ upper limits) are estimated within ±250 km s−2 of

high-confidence galaxies at 4 < z < 5.2 with no detected C iv.

the two samples for impact parameter, UV brightness MUV,
Lyα flux and galaxy environment (Ngal).

Inverting the question, we now investigate the absorp-
tion line system properties as a function of the nearest
galaxy Lyα luminosity. We show the proximate absorber H i
column density, C iv column density, and metallicity as a
function of galaxy Lyα luminosity in the top, middle and
bottom panels of Fig. 17 respectively.

We see little indication of any clear correlations between
the absorber system properties and the proximate galaxy
Lyα luminosity. The galaxies are found in the proximity of
a range of absorbers at N (HI) & 1016 cm−2, covering a wide
range in metallicities with no clear correlation with galaxy
Lyα emission. Of course the sample probes a wide range of
impact parameter between galaxy and absorber, which as
suggested by the EAGLE predictions in Fig. 12 and Fig. 14
will contribute to scatter in the results. In addition, the sim-
ulations predict a significant scatter in the absorber column
densities for a given galaxy halo, such that the column den-
sity of gas any given sightline may pass through is modulated
by the patchy covering factor at any specific location. Our
observations seem to support this in so much as the absorber
properties show little correlation with the measured galaxy
properties in this small sample.

Our own results resolving LAEs around strong absorp-
tion systems coincident with C iv absorption are comple-
mented by two concurrent studies: Finlator et al. (2020) and
Dı́az et al. (2020). Both studies see a clear trend for C iv
absorption to be coincident with the galaxy population at
scales of ∼ 100−200 kpc, as we have also shown here. Further
Dı́az et al. (2020) also report a preference for the galaxies in
the proximity of C iv absorption to be towards the faint end
of the Lyα luminosity function, something that we do not
observe in our own sample.

6.2 The gas environment of z > 4 groups

Looking in more detail at the two incidences of multiple
galaxies at the same redshift as a given absorption line sys-
tem (those highlighted by × and hexagonal symbols), we
find in both cases prominent H i absorption giving rise to
LLSs, which themselves are found to have low metallicity
(. 10−3).

Considering the group of five emitters detected at z ≈
4.82, these lie along an axis on the plane of the sky from
East to West. This can be seen in Fig. 5, where the z ∼ 4.81
structure is traced by LAE sources 1, 4 and 7 clustered to-
gether closely in the East to 19 and 21 scattered in the West
of the image. The galaxy pair at z = 4.88 (LAEs 2 and 15)
lies along a similarly projected axis on the sky. Should the
five z ≈ 4.82 galaxies lie in a galaxy group or proto-cluster
environment, a halo mass of Mh ≈ 1012.5−13.5 M� would per-
haps be reasonable (e.g. Jenkins et al. 2001; Springel et al.
2005), which would give a virial radius of rvir ≈ 80−160 kpc.
In projection then at least, the strong absorber may well lie
within ≈ 1 − 2Rvir of a group environment traced by these
galaxies.

Similarly to the C iv case of Burchett et al. (2013) at
low redshift, for example, the coincidence of multiple galax-
ies with metal poor gas may be a case of intergalactic gas
accreting onto the galaxy group, or it may be tracing the
CGM of an undetected galaxy in the observed group environ-
ment. Indeed, that these two relatively pristine absorption
systems align with apparently dense galaxy environments
also finds commonality with recent studies of the galaxy en-
vironment of metal poor LLSs at z ∼ 3 (Fumagalli et al.
2016b; Lofthouse et al. 2019). As in the two cases here, the
z ∼ 3 metal-poor environments show galaxy over-densities
at 80 kpc . b . 300 kpc, within |∆v−200 | . 1000 km s−1.
Similarly to these previous works, we argue that the low
metallicities that we measure for these systems suggests they
are not outflows in nature, but more likely tracing cold gas
within the cosmic web of gas surrounding the galaxy over-
density. Indeed, as with the previous examples at z ≈ 3.1,
the presence of an over-density strongly favours this gas ulti-
mately being accreted onto the galaxy population with time,
further fuelling star formation in this region. Interestingly,
these systems would appear to fit with recent simulated re-
sults (Mandelker et al. 2019), which suggest there should be
a population of metal-poor LLS in the IGM. Such systems
are predicted from the merger and collapse of sheets of gas,
forming pressure confined cool . kiloparsec-scale gas clouds
with densities of n & 10−3 cm−3.

6.3 Extended emission associated to the quasar

Complementing the investigation of the CGM in absorption,
the MUSE data also provides a probe of the CGM via Lyα
emission around the background quasar, exploiting the pres-
ence of the bright central active galactic nucleus which illu-
minates the surrounding gas (e.g. Christensen et al. 2006;
Goto et al. 2009; Cantalupo et al. 2014; Martin et al. 2014;
Hennawi et al. 2015; Fumagalli et al. 2016b; Borisova et al.
2016; Arrigoni Battaia et al. 2019; Farina et al. 2019).
Whilst the LAEs and LBGs predominantly probe halo
masses of ∼ 1011 M� (e.g. Adelberger et al. 2003;
Ouchi et al. 2010; Bielby et al. 2016, 2013), quasars are
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Figure 16. Properties of closest detected galaxies (including both emission and contfinuum detected) split by whether proximate C iv

absorption is detected (blue diagonal hatched histograms) or not detected (red vertical hatched histograms).
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Figure 17. Absorption line properties as a function of near-

est galaxy Lyα luminosity, showing the H i column density (top
panel), the C iv column density (middle panel) and the absorber

metallicity (bottom panel).

more often found in higher mass halos (e.g. Ross et al. 2009;
Chehade et al. 2016; Stott et al. prep) offering a probe of the
gas in halos at the higher end of the halo mass function.

For this analysis, we first prepare the MUSE data
cube by subtracting the quasar PSF and the continuum of
other sources using the CubEx tools, as described in detail
in Borisova et al. (2016) and Arrigoni Battaia et al. (2019).
After smoothing the cube with a Gaussian filter of 3 pix-
els in radius, we search for extended Lyα emission at the
quasar redshift, running CubEx to detect connected pixels
with S/N ≥ 3. We repeat this procedure on the mean- and
median-combined cube, finding consistent results.

With this analysis, we clearly identify an extended neb-
ula with size of ≈ 50 kpc at a Lyα surface brightness level
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Figure 18. Optimally-extracted narrow-band image of
the diffuse Lyα emission at the redshift of the quasar

SDSS J074749.17+115352.4. The dotted contours are at
surface brightness levels of 10−18,−17,−16 erg s−1 cm−2 arcsec−2.

of ≈ 10−18 erg s−1 cm−2 arcsec−2 and a peak surface bright-
ness of > 10−16 erg s−1 cm−2 arcsec−2. The nebula, shown
in Fig. 18 in an optimally-extracted narrow-band image, ap-
pears roughly symmetric at the current surface brightness
limit of 3.8 × 10−18 erg s−1 cm−2 arcsec−2 integrated in a
25Å window, with a hint of elongation in the North direc-
tion. In Fig. 19, we compare the nebula’s surface brightness
profile (extracted from a narrow-band image of 25 Å in width
and centred at the peak line emission of the nebula) with
the average profiles of other nebulae detected with MUSE
at z > 3 (Borisova et al. 2016; Arrigoni Battaia et al. 2019;
Farina et al. 2019) and with the Keck Cosmic Web Imager
(KCWI) at z ∼ 2 (Cai et al. 2019). Once corrected for the
cosmological surface brightness dimming, the nebula around
SDSS J074749.17+115352.4 is found to be broadly consis-
tent with the ranges measured for such nebulae at z > 3,
but with somewhat enhanced surface brightnesses at scales
of r . 80 comoving kpc. The surface brightness profile of
SDSS J074749.17+115352.4 is also comparable to the pro-
files reported around z ≈ 6 quasars in Drake et al. (2019)
and Farina et al. (2019).

Although only a single object,
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Figure 19. Surface brightness profiles of Lyα nebulae, as a function of comoving radius (left), proper radius (centre) and units of the
virial radius of the inferred host halo mass (assuming Mh = 1012.5 M� , right). The results based on SDSS J074749.17+115352.4 in this

work are shown by the filled black sqaures. Also shown are the average profiles from Cai et al. (2019) at z ≈ 2.3 (blue dot-dashed line

and shaded region - which shows the 10-90th percentile range), Arrigoni Battaia et al. (2019) at z ≈ 3.17 (dashed line), Borisova et al.
(2016) at z ≈ 3.5 (green dotted line and shaded region - which shows the 10-90th percentile range taken from Marino et al. 2019);

and Farina et al. (2019) at z ≈ 6.3 (solid red curve and shaded region). The open black squares in the right panel show the profile
for SDSS J074749.17+115352.4 renormalized assuming a virial radius of 50 kpc (i.e. Mh = 1012 M�) instead of 80 kpc. The profile for

SDSS J074749.17+115352.4 appears to be brighter and steeper compared to lower redshifts systems.

SDSS J074749.17+115352.4 aligns with the mild red-
shift evolution noted in Cai et al. (2019) between z . 3 and
z & 3. Based on the argument in Arrigoni Battaia et al.
(2019), we could be witnessing an increase in the amount
of cold gas at z ≈ 5 in this host galaxy possibly due
to intense gas accretion. It should be noted, however,
that SDSS J074749.17+115352.4 is among the brightest
quasars known at z ≈ 5 (Wang et al. 2016). Indeed,
after re-normalising the X-Shooter spectrum using a
curve-of-growth analysis of the quasar photometry in
the reconstructed i−band from MUSE data, we measure
a quasar luminosity of M1450 = −28.069 ± 0.003 mag.
This is in excellent agreement with the value reported
by Wang et al. (2016), M1450 = −28.04 mag, thus rul-
ing out significant variability over the time-scale of our
observations. Compared to the characteristic luminosity
of z ≈ 5 quasars, M∗1459 = −26.98 ± 0.23 (Yang et al.
2016), SDSS J074749.17+115352.4 is clearly among the
brightest quasars at these redshifts, and is at the bright
end of the luminosity distribution probed at z ≈ 3 (e.g.
−28.29 ≤ M1450 ≤ −25.65 in Arrigoni Battaia et al. 2019).
Therefore, while no significant trend has been observed
thus far between the quasar luminosity and the bright-
ness of the Lyα nebulae (e.g. Christensen et al. 2006;
Arrigoni Battaia et al. 2019), it remains possible that the
surface brightness enhancement may be linked to the quasar
luminosity.

The apparent steeper surface brightness profile (com-
pared to the average nebulae profiles) shown in Fig. 19
would appear suggestive of a more compact nebula. In the
right panel of Fig. 19, we investigate whether this differ-
ence can be attributed to a scaling proportional to the typ-
ical size of the host halo. For this, we re-scale the profiles
assuming the virial radius at a characteristic halo mass of
log Mhalo/M� ≈ 12.5, independent of redshift (see discussion

in Arrigoni Battaia et al. 2019), which is Rvir ≈ 80 kpc at
z ≈ 5.26. Admittedly, there is very large uncertainty on
the evolution of the typical halo mass of quasar hosts be-
yond z > 3 (Timlin et al. 2018), with uncertainties over
a factor of 2 − 3. However, unless the virial radius is .
50 kpc, corresponding to halos with log Mhalo/M� . 12 at
this redshift (open squares in Fig. 19), the nebula around
SDSS J074749.17+115352.4 suggests an intrinsic difference,
e.g. due to the underlying density profile. Again, we note
the quasar’s high intrinsic luminosity, which would suggest
a larger, rather than smaller, host halo. Indeed, given the
high luminosity of SDSS J074749.17+115352.4 a virial ra-
dius of Rvir ≈ 100 kpc would not be unreasonable.

7 SUMMARY AND CONCLUSIONS

We have presented a survey of galaxies in a single field
observed with the VLT MUSE IFU, in conjunction with
VLT X-Shooter moderate resolution spectroscopy of a back-
ground quasar at z ≈ 5.26 exhibiting multiple strong absorp-
tion lines. Our analysis shows the following key results.

(i) Based on 9 C iv detected, N (HI) & 1016 cm−2, ab-
sorbers we find a galaxy detection fraction of 67% (6/9) for
galaxies within b < 250 kpc and |∆v−200 | < 1000 km s−1.
Applying a more stringent velocity offset cut of |∆v−200 | <

500 km s−1, we find a detection fraction of 44% (4/9). This
is based on a Lyα flux limit of 3.1 × 1018 erg s−1 cm−2 (50%
completeness for extended sources).

(ii) Taking the systems together as a whole, we find that
galaxies are correlated with the strong absorption systems,
showing a statistically significant over-density of galaxy
numbers when compared to the background population at
z ∼ 4 − 5 and given the flux limit of our observations.
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(iii) We detect two low metallicity absorption systems ap-
parently associated (at ≈ 100 kpc separation) with candidate
group environments, with 2 or more detected LAE galaxies
within the MUSE field of view.

(iv) We detect extended Lyα emission around the z = 5.26
quasar, reaching extents of ≈ 50 kpc at a surface brightness
limit of 3.8 × 10−18 erg s−1 cm−2 arcsec−2. After scaling
for surface brightness dimming, we find that this nebula is
centrally brighter, with a steeper radial profile, than the av-
erage for nebulae studied at z ∼ 3, hinting at a mild redshift
evolution in such nebulae.

Overall, we find a picture that, whilst strong H i systems
are correlated with LAE galaxies at z ∼ 5, this coverage is
patchy. Our results have shown that, on average, the galaxy
environment is over-dense around LLSs and DLAs at z ∼ 4−
5, similarly to Mackenzie et al. (2019) and Lofthouse et al.
(2019) at z ≈ 3 − 4. The individual systems lie across a
wide range of galaxy environments however, from groups of
LAEs to no detected LAEs at all (although of course there
will inevitably be fainter galaxies below our detection limits
in most cases, c.f. Rahmati & Schaye 2014). Uttimately, we
find that H i gas is often associated with complex structures
as opposed to, or as well as, single galaxies.

All the detected LAEs in our sample are at im-
pact parameters of b & 2Rvir, lending support to the
analysis of Keating et al. (2019), suggestive of Lyα emis-
sion from galaxies in close proximity to strong absorp-
tion being absorbed, potentially due to patchy re-ionization.
Whilst Keating et al. (2019) and Becker et al. (2018) mea-
sure under-densities of LAEs at impact parameters of up to
≈ 3 Mpc in simulations and observations respectively, we
find a lack of LAEs only at . 60 kpc around the LLS and
DLA systems presented here. This smaller on-sky scale may
indeed be expected if the strong absorbers in our sample
are tracing multiple smaller islands of non-reionized material
compared to the extended trough observed by Becker et al.
(2015) and Becker et al. (2018). The statistical uncertainties
on our sample however can not rule out a continuation of
the over-density of LAEs detected at 60 kpc . b . 300 kpc
to these smaller scales at b . 60 kpc from strong H i ab-
sorbers. Complementing the analyses of the neutral H i gas
distribution, our analysis of metals and system metallicity
suggest an inhomogeneously enriched medium. Both obser-
vations and simulation predictions show a large scatter in
C iv column density around z ∼ 5 galaxies, whilst no corre-
lation is evident between metallicity and galaxy proximity.

These data, alongside similar recent studies at
lower redshift (Bielby et al. 2017a; Mackenzie et al. 2019;
Chen et al. 2019; Lofthouse et al. 2019; Fossati et al. 2019),
highlight the value of deep IFU observations in performing
blind identification of galaxies in the proximity of quasar
sightline data. Going forward the available VLT X-Shooter
sample of bright z ∼ 5 quasars present an indispensable base
for developing these studies with further VLT/MUSE IFU
observations. In conjunction with this, the simulations have
shown that if we are to properly understand the galaxy-
absorber connection, higher signal to noise sightline spec-
tra are required beyond the existing data in order to probe
to lower column density metal absorption features. In sum-
mary, these data lay the ground for a survey comprising
deep sightline spectra combined with extensive MUSE IFU

data and ultimately supported by NIR spectroscopic obser-
vations, either with JWST or the E-ELT, to probe more
fully the component of the galaxy population not obscured
in Lyα emission.

ACKNOWLEDGEMENTS

Based on observations made with ESO Telescopes at
the La Silla Paranal Observatory under programme ID
0102.A−0261. RMB and MF acknowledge support by the
Science and Technology Facilities Council [grant number
ST/P000541/1]. This project has received funding from the
European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation programme
(grant agreement No. 757535). MR acknowledges support
by Space Telescope Science Institute’s Director’s Research
Funds. SC gratefully acknowledges support from Swiss Na-
tional Science Foundation grant PP00P2-163824. The Cos-
mic Dawn center is funded by the Danish National Research
Foundation (DNRF). SL was funded by project FONDE-
CYT 1191232. For access to the codes and advanced data
products used in this work, please contact the authors or
visit http://www.michelefumagalli.com/codes.html. Raw
data are publicly available via the ESO Science Archive Fa-
cility.

REFERENCES

Adelberger K. L., Steidel C. C., Shapley A. E., Pettini M., 2003,

ApJ, 584, 45

Arrigoni Battaia F., Hennawi J. F., Prochaska J. X., Oñorbe
J., Farina E. P., Cantalupo S., Lusso E., 2019, MNRAS,

482, 3162

Bacon R., et al., 2010, in Proc. SPIE. p. 773508,
doi:10.1117/12.856027

Barnes L. A., Haehnelt M. G., 2014, MNRAS, 440, 2313
Barnes L. A., Haehnelt M. G., Tescari E., Viel M., 2011, MNRAS,

416, 1723

Becker G. D., Sargent W. L. W., Rauch M., Carswell R. F., 2012,
ApJ, 744, 91

Becker G. D., Bolton J. S., Madau P., Pettini M., Ryan-Weber

E. V., Venemans B. P., 2015, MNRAS, 447, 3402
Becker G. D., Davies F. B., Furlanetto S. R., Malkan M. A., Boera

E., Douglass C., 2018, ApJ, 863, 92

Becker G. D., et al., 2019, ApJ, 883, 163
Bergeron J., Boisse P., 1986, A&A, 168, 6

Bertin E., Arnouts S., 1996, Astronomy and Astrophysics Supplement Series,

117, 393
Bielby R., et al., 2013, MNRAS, 430, 425

Bielby R. M., et al., 2016, MNRAS, 456, 4061
Bielby R., Crighton N. H. M., Fumagalli M., Morris S. L., Stott

J. P., Tejos N., Cantalupo S., 2017a, MNRAS, 468, 1373

Bielby R. M., et al., 2017b, MNRAS, 471, 2174
Bielby R. M., et al., 2019, MNRAS, 486, 21

Bigiel F., Leroy A., Walter F., Brinks E., de Blok W. J. G.,

Madore B., Thornley M. D., 2008, AJ, 136, 2846
Bigiel F., et al., 2011, ApJ, 730, L13
Bird S., Haehnelt M., Neeleman M., Genel S., Vogelsberger M.,

Hernquist L., 2015, MNRAS, 447, 1834
Borisova E., et al., 2016, ApJ, 831, 39
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−250 0 250

∆v (km s−1)

0

1

HI 937.8Å
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0.0

0.5

1.0

F
lu

x
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Figure A1. As in Fig. 8, but for systems at z = 5.16 (left) and z = 4.88 (right).
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−200−100 0 100 200

∆v (km s−1)

SiII 1527Å
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Figure A2. As in Fig. 8, but for systems at z = 4.80 (left) and z = 4.69 (right).
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0.0

0.5

1.0

F
lu

x
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Figure A3. As in Fig. 8, but for systems at z = 4.67 and z = 4.62.

0.0

0.5

1.0

1.5

F
lu

x
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0.0

0.5

1.0

1.5

F
lu

x
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Figure A4. As in Fig. 8, but for systems at z = 4.12 and z = 4.03.
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