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ABSTRACT

The discovery of supermassive black holes few hundred megayears after the Big Bang represents a major
challenge to our understanding of black holes and galaxy formation and evolution. Their luminosity is produced
by extreme gas accretion onto their central black holes, which already reached masses of My > 10° M by
z ~ 6. Simultaneously, their host galaxies form hundreds of stars per year, using up gas in the process. To
understand which environments are able to sustain the rapid formation of these extreme sources we started a
VLT/MUSE effort aimed at characterizing the surroundings of a sample of 5.7 < z < 6.6 quasars dubbed:
the Reionization Epoch QUasars InvEstigation with MUSE (REQUIEM) survey. We here present results of
searches for extended Ly« halos around the first 31 targets observed as part of this program. Reaching 5-c
surface brightness limits of 0.1 — 1.1 x 10'7ergs~! cm—2 arcsec~2 over a 1 arcsec? aperture we were able to
unveil the presence of 12 Lya nebulae, 8 of which are newly discovered. The detected nebulae show a variety
of emission properties and morphologies with luminosities ranging from 8 x 10*2 to 2 x 10** ergs~!, FWHMs
between 300 and 1700 km s 1, sizes < 30 pkpc, and redshifts consistent with those of the quasar host galaxies.
As the first statistical and homogeneous investigation of the circum—galactic medium of massive galaxies at
the end of the reionization epoch, the REQUIEM survey enables the study of the evolution of the cool gas
surrounding quasars with cosmic time. A comparison with the extended Ly« emission observed around z ~ 3
quasars indicates little variations on the properties of the cool gas surrounding quasars in the first 2 Gyr of the

Universe.
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1. INTRODUCTION

Where do the first quasars form? Two decades after the
discovery of the first quasar at z > 6 (i.e., J1030+0524
at z = 6.3, Fan et al. 2001), this question still puzzles as-
tronomers. Assuming a simple model where a massive black
hole grows at the Eddington limit starting at a certain time ¢q
from a seed with mass Mpp(to) = Mseed, the evolution of
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the mass with time can be expressed as:

MBH(t) = Mseed X exp (fDuty ! il ! tO) (1)

€  tRdd
where fpuiy is the duty cycle, € is the radiation efficiency, n
is the fraction of rest mass energy released during the ac-
cretion. The time scale of the mass growth is set by the
Eddington time: tgaqa = orc/ (4n Gmy) = 450 Myr!
(Salpeter 1964). In standard radiatively efficient accretion

! The presence of helium, with a mass of ~ 4 X my, and 2 free electrons,
allows a faster growth of the black holes. Considering a plasma with abun-


http://orcid.org/0000-0002-6822-2254
http://orcid.org/0000-0002-4770-6137
http://orcid.org/0000-0003-4793-7880
http://orcid.org/0000-0002-7054-4332
http://orcid.org/0000-0003-2895-6218
http://orcid.org/0000-0002-0174-3362
http://orcid.org/0000-0002-2662-8803
http://orcid.org/0000-0001-6179-7701
http://orcid.org/0000-0002-5941-5214
http://orcid.org/0000-0001-8471-6679
http://orcid.org/0000-0002-2931-7824
http://orcid.org/0000-0003-0821-3644
http://orcid.org/0000-0003-3310-0131
http://orcid.org/0000-0002-4544-8242
http://orcid.org/0000-0001-9024-8322
http://orcid.org/0000-0002-7633-431X
mailto: emanuele.paolo.farina@gmail.com

2 FARINA ET AL.

disks, all the energy is radiated away and it is typically as-
sumed that e = n = 0.1 (Soltan 1982; Tanaka, & Haiman
2009; Davis & Laor 2011; Davies et al. 2019a). Equation 1
implies that, for instance, a 10> M remnant of a PoP III star
at z = 30 needs to accrete at the Eddington limit for its en-
tire life (fputy = 1) to reach a black hole mass > 109 Mg
at z ~ 6, as observed in quasars (e.g., Mortlock et al. 2011;
De Rosa et al. 2011, 2014; Wu et al. 2015; Mazzucchelli et
al. 2017; Banados et al. 2018; Shen et al. 2019; Reed et al.
2019; Pons et al. 2019). In addition, investigations at mm and
sub—mm wavelengths revealed that also the host—galaxies of
these first quasars are vigorously growing mass, with star for-
mation rates SFR. > 100 M, yr—! (e.g., Walter et al. 2009;
Wang et al. 2013; Willott et al. 2015, 2017; Decarli et al.
2018; Venemans et al. 2012, 2016, 2018; Kim, & Im 2019;
Shao et al. 2019; Wang et al. 2019; Yang et al. 2019a).

To comprehend how these first quasars form and grow it is
important to understand where they are hosted. Efstathiou,
& Rees (1988) first proposed that, in the current ACDM
paradigm of galaxy formation (e.g., White, & Rees 1978),
only rare high peaks in the density field contain enough gas
to build—up the black hole and star mass (taking into ac-
count mass losses due to supernova—driven winds) of high—
redshift quasars. This scenario is supported by cosmological
hydrodynamic simulations (e.g., Sijacki et al. 2009; Costa et
al. 2014) and analytical arguments (e.g., Volonteri, & Rees
2006) showing that only the small fraction of black holes
that, by 2z ~ 6, are hosted by > 10'2 M, dark matter ha-
los can grow efficiently into a population of quasars with
masses and accretion rates matching current observational
constraints (but see discussion in Fanidakis et al. 2013). To
compensate for the rapid gas consumption, the host—galaxies
need a continuous replenishment of fresh fuel provided by
filamentary streams of 7' = 10* — 10° K pristine gas from
the intergalactic medium (IGM) and/or by mergers with gas
rich haloes (e.g., Keres et al. 2005, 2009; Yoo & Miralda-
Escudé 2004; Volonteri & Rees 2005; Volonteri 2010, 2012;
Li et al. 2007; Keres et al. 2009; Dekel, & Birnboim 2006;
Dekel et al. 2009; Fumagalli et al. 2011; van de Voort et al.
2012; Di Matteo et al. 2012; Habouzit et al. 2018; Mayer, &
Bonoli 2019). Observational validations of this framework
can be set by the detection of gas reservoirs and satellites
in the so—called circum—galactic medium (CGM, empirically
defined as the regions within few hundreds of kiloparsecs
from a galaxy) of high—-redshift quasars.

Historically, information on the CGM of high-redshift
galaxies has been provided by absorption signatures im-
printed on background sightlines (e.g., Steidel et al. 1994;
Bahcall, & Spitzer 1969; Chen, & Tinker 2008; Chen et

dances X = 0.75 for hydrogen and Y = 0.25 for helium, the Eddington
time becomes tgpqq = 390 Myr

al. 2010a,b; Gauthier et al. 2010; Nielsen et al. 2013a,b;
Churchill et al. 2013; Werk et al. 2016; Tumlinson et al.
2017). This technique have been successfully applied up
to z ~ 4 (a limit set by the rapid drop of the number den-
sity of bright background sources) revealing that intermedi-
ate redshift quasars are surrounded by massive (> 10 M),
metal rich (Z 2 0.1Z), and cool (" ~ 10*K) gas reser-
voirs (e.g., Bowen et al. 2006; Hennawi et al. 2006; Hen-
nawi, & Prochaska 2007; Decarli et al. 2009; Prochaska, &
Hennawi 2009; Prochaska et al. 2013a,b; Farina et al. 2013,
2014; Johnson et al. 2015; Lau et al. 2016, 2018). A promis-
ing way to push investigation of the CGM of quasars up to
the epoch of reionization is to probe the cool gas in emission.
The strong flux of UV photons radiating from the AGN can
be reprocessed in the Hydrogen Lya line at 1215.7 A (Ly-
man 1906; Millikan 1920) by the surrounding gas, giving
rise to an extended “fuzz” of fluorescent Ly« emission (e.g.,
Rees 1988; Haiman & Rees 2001; Alam & Miralda-Escudé
2002). Several pioneering efforts have been performed to re-
veal such halos in the vicinity of z ~ 2 — 4 quasars (e.g.,
Heckman et al. 1991a,b; Christensen et al. 2006; North et al.
2012; Hennawi & Prochaska 2013; Roche et al. 2014; Herenz
et al. 2015; Arrigoni Battaia et al. 2016, 2019a). This led to
the general consensus that 10 — 50 kpc nebulae are (almost)
ubiquitous around intermediate redshift quasars, and that few
objects (typically associated with galaxy overdensities) are
surrounded by giant Ly« nebulae with sizes > 300 kpc, i.e.
larger than the expected virial radius for such systems (e.g.,
Cantalupo et al. 2014; Martin et al. 2014; Hennawi et al.
2015; Cai et al. 2017).

A change of gear in these searches was driven by the recent
development of the new generation of sensitive integral field
spectrographs (IFS) on 10—m class telescopes, i.e. the Multi—
Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010) on
the ESO/VLT and the Keck Cosmic Web Imager (KCWI;
Morrissey et al. 2012, 2018) on the Keck II telescope. These
instruments have been successfully exploited to map the dif-
fuse gas in the CGM of hundreds of intermediate redshift
galaxies (e.g., Wisotzki et al. 2016; Leclercq et al. 2017) and
quasars (e.g., Husband et al. 2015; Borisova et al. 2016; Fu-
magalli et al. 2016; Arrigoni Battaia et al. 2018a, 2019a,b;
Ginolfi et al. 2018; Lusso et al. 2019). The picture emerging
is that the cool gas around z ~ 2 — 4 radio—quiet quasars
has a quiescent kinematics and it is likely to be constituted
of a population of compact (with sizes of < 50pc) dense
(ng = 1cm™3) clouds that are optically thin to the quasar
radiation (e.g., Hennawi & Prochaska 2013; Hennawi et al.
2015; Arrigoni Battaia et al. 2015b; Cantalupo 2017; Can-
talupo et al. 2019).

However, by z = 4 the Universe is already 1.5 Gyr old
and a population of massive, quiescent galaxies is already in
place (e.g., Straatman et al. 2014, 2016). To probe the first
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stages of galaxy formation it is thus necessary to push these
studies at z 2> 6. To date, extended Ly« halos have been re-
ported only for a handful of z ~ 6 quasars exploiting differ-
ent techniques: narrow—band imaging (Goto et al. 2009; De-
carli et al. 2012; Momose et al. 2018), long—slit spectroscopy
(Willott et al. 2011; Goto et al. 2012; Roche et al. 2014), and
IFS (Farina et al. 2017; Drake et al. 2019). This small sample
showed that the first quasars can be surrounded by extended
nebulae with luminosities up to L(Lya) ~ 10** ergs~! and
sizes < 40 pkpc. However, a detailed interpretation of these
results is hampered by the small number statistic and by the
heterogeneity of the data.

To overcome these limitations, we started the Reionization
Epoch QUasars InvEstigation with MUSE (REQUIEM) sur-
vey aimed at performing a statistical and homogeneous cen-
sus of the close environment of the first quasars. In this Pa-
per, we report results from the investigation of the first 31
5.7 < z < 6.6 quasars part of this ongoing program (includ-
ing the re—analysis of MUSE data from Farina et al. 2017 and
Drake et al. 2019), focusing our attention on the properties of
the extended Ly« halos as a tracer of the gas reservoirs able
to fuel the activity of the first quasars. We defer the analysis
of the close galactic environment of these systems to a future
paper.

To summarize, the analysis of the MUSE observations (see
section 3) of the 31 targets presented in section 2 with the
procedure described in section 4 led to the discovery of 12
extended Lya nebulae above a surface brightness limit of
SBLya ~ few x 108 ergs™" cm~2 arcsec™2 (~ 40% of the
cases, see section 5). In section 5 we report on the attributes
of the detected halos, we compare them with the properties
of the quasar host galaxies and of the central supermassive
black holes, and we test for possible signature of evolution
of the CGM of quasars down to z ~ 3. Finally, a summary is
given in section 6.

Throughout this paper we assume a concordance cosmolo-
gy with Hy=70km s~ Mpc !, Q);=0.3, and Q4 =1-Q;=0.7.
In this cosmology, at z=6.2 (the average redshift of our sam-
ple) the Universe is 0.877 Gyr old, and an angular scale of
6=1" corresponds a proper transverse separation of 5.6 kpc.
We remind the reader that MUSE is able to cover the Ly«
line up to redshift z ~ 6.6 at a spectral resolution of R =
MAX ~ 3500 at A ~ 9000 A with a spatial sampling of
0”72 x 0”72 (corresponding to 1.1 pkpcx1.1pkpc at z = 6)
over a ~ 1 arcmin? field—of-view.

2. SAMPLE SELECTION

Our sample consists of 31 quasars in the redshift range
5.77 < z < 6.62 located in the southern sky (e.g., Fan et
al. 2001, 2003, 2006; Willott et al. 2007, 2010; Venemans et
al. 2013; Jiang et al. 2016; Bafnados et al. 2016; Reed et al.
2017; Mazzucchelli et al. 2017; Matsuoka et al. 2018; Wang

et al. 2018; Yang et al. 2019b). This includes all available
MUSE observations of z > 5.7 quasars present in the ESO
Archive at the time of writing (Aug. 2019). These quasars
have an average redshift of (z) = 6.22 and an average ab-
solute magnitude of (M1450) = —26.9 mag (see Table | and
Figure 1). Among these, only J22284-0110 is a confirmed
radio—loud quasar (considering radio—loud quasars as hav-
ing R=f, sqHz/ fv, 4400ang.>10, Kellermann et al. 1989;
Banados et al. 2015b, in prep.).

In the following we will refer to the entire dataset as our
full sample, and to the subset of 23 quasars with My450 <
—25.25mag and 5.95 < z < 6.62 as our core sample.
This well defined sub—sample is highly representative of
the high—z population of luminous quasars (see Figure 1)
and largely overlaps with the survey of dust continuum and
[C11] 158 um fine—structure emission lines in z > 6 quasar
host—galaxies using the Atacama Large Millimeter Array
(ALMA) presented in Decarli et al. (2017, 2018) and Ven-
emans et al. (2018).

2.1. Notes on Individual Objects

J0305—3150—Farina et al. (2017) reported the presence of a
faint nebular emission extending ~ 9 pkpc toward the south-
west of the quasar. In addition, the presence of a Ly« emit-
ter (LAE) at a projected separation of 12.5 kpc suggests that
J0305—3150 is tracing an overdensity of galaxies. This hy-
pothesis is corroborated by recent high-resolution ALMA
imaging that revealed the presence of three [C1I] 158 um
emitters located within ~ 40kpc and ~ 1000 kms~! from
the quasar (Venemans et al. 2019). These observations also
showed the complex morphology of the host—galaxy, possi-
bly due to interactions with nearby galaxies (Venemans et al.
2019). Ota et al. (2018), using deep narrow—band imaging
obtained with the Subaru Telescope Suprime—Cam, reported
an LAE number density comparable with the background.
However, the displacement between the location of the red-
shifted Lya emission and wavelengths with high response of
the NB921 filter used (see Fig. 2 in Ota et al. 2018) may have
hindered the detection of galaxies associated with the quasar.

P231-20—ALMA observations of this quasar revealed the
presence of a massive [C1I] 158 um bright galaxy in its im-
mediate vicinity (with a projected separation of 13.8 kpc and
a velocity difference of 591 kms™!, Decarli et al. 2017). A
sensitive search for the rest-frame UV emission from this
companion galaxy is presented in Mazzucchelli et al. (2019).
An additional weaker [C11] 158 pm emitter has been identi-
fied by Neeleman et al. (2019) 14 kpc south—southeast of the
quasar. Deep MUSE observations already revealed the pres-
ence of a ~ 18 pkpc Ly« nebular emission around this quasar
(Drake et al. 2019).
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Table 1. Quasars observed with MUSE

ID RA Dec. Redshift Mias0 Prog. ID. Exp. Time Image Quality SB: .,
(J2000) (J2000) (mag) (sec.) " (ergs™ cm™? arcsec ™)
J0305—3150 03:05:16.916 —31:50:55.90 6.6145+0.0001* —26.12 094.B-0893 8640. 0.53 0.29x10717
P323+412 21:32:33.191  +12:17:55.26  6.5881+0.0003° —27.06 0101.A-0656 2964. 0.85 0.48x10717
P231-20 15:26:37.841 —20:50:00.66  6.5864+0.0005 —27.14 099.A-0682 11856. 0.63 0.30x1017
P036+03 02:26:01.876  +03:02:59.39  6.541240.0018° —27.28 0101.A-0656 2964. 0.61 0.33x10717
J2318—3113 23:18:18.351 —31:13:46.35 6.4435+£0.0004 —26.06 0101.A-0656 2964. 0.65 0.54x10~17
P183+405 12:12:26.981 +05:05:33.49 6.4386+0.0004 —26.98  099.A-0682 2964. 0.62 0.92x10~17
J0210—0456 02:10:13.190 —04:56:20.90 6.4323+0.0005¢ —24.47 0103.A-0562 2964. 1.24 0.26x10~17
J2329—-0301 23:29:08.275 —03:01:58.80 6.4164+0.0008° —25.19 60.A-9321 7170. 0.65 0.18x10717
J11524-0055 11:52:21.269 +400:55:36.69  6.3643+0.0005 —25.30 0103.A-0562 2964. 1.18 0.90x10~17
J2211-3206 22:11:12.391 —32:06:12.94 6.3394+0.0010 —26.66 0101.A-0656 2964. 0.73 1.49x10717
J0142—-3327 01:42:43.727 —33:27:4547 6.3379+£0.0004 —27.76 0101.A-0656 2964. 0.71 1.11x107Y7
J01004+2802 01:00:13.027 +28:02:25.84 6.3258+0.0010° —29.09 0101.A-0656 2964. 1.29 1.13x10717
J1030+0524 10:30:27.098 +05:24:55.00 6.3000+0.0002¢8 —26.93  095.A-0714 23152. 0.51 0.08x10~17
P308-21 20:32:09.996 —21:14:02.31 6.2341+£0.0005 —26.29  099.A-0682 17784. 0.77 0.26x10717
P065—-26 04:21:38.052 —26:57:15.60 6.187740.0005 —27.21 0101.A-0656 2964. 0.68 0.25x1017
P359-06 23:56:32.455 —06:22:59.26  6.1722+0.0004 —26.74 0101.A-0656 2964. 0.58 0.28x10717
1222941457 22:29:01.649 +14:57:08.99  6.1517+0.0005" —24.72 0103.A-0562 2964. 0.54 0.27x10717
P217—16 14:28:21.394 —16:02:43.29 6.1498+0.0011 —26.89 0101.A-0656 2964. 0.90 0.32x10717
J221940102 22:19:17.217 +01:02:48.90  6.1492+0.0002° —22.54 0103.A-0562 2964. 0.69 0.48x10~17
J2318—3029 23:18:33.100 —30:29:33.37 6.1458+0.0005 —26.16 0101.A-0656 2964. 0.73 0.30x 10717
J1509—-1749 15:09:41.778 —17:49:26.80 6.1225+0.0007 —27.09 0101.A-0656 2964. 0.88 0.46x10717
J2216—0016 22:16:44.473 —00:16:50.10  6.0962+0.0003' —23.82 0103.A-0562 2964. 1.12 0.48x10717
J2100—1715 21:00:54.616 —17:15:22.50 6.0812+0.0005 —25.50  297.A-5054 13338. 0.67 0.23x107Y7
J2054—0005 20:54:06.481 —00:05:14.80 6.0391+0.0001' —26.15 0101.A-0656 3869. 0.81 0.24x107Y7
P340—18 22:40:48.997 —18:39:43.81 6.0140.05™ —26.36  0101.A-0656 2064. 0.55 0.26x10717
J0055+0146  00:55:02.910 +01:46:18.30  6.0060+0.0008" —24.76 0103.A-0562 2964. 0.75 0.27x107Y7
P009—10 00:38:56.522 —10:25:53.90 6.0039+0.0004 —26.50 0101.A-0656 2964. 0.67 0.27x10717
P0074-04 00:28:06.560 +04:57:25.68 6.0008+0.0004 —26.59 0101.A-0656 2964. 1.19 0.35x10717
J2228+0110 22:28:43.535 +01:10:32.20 5.9030+0.0002™ —24.47 095.B-0419 40950. 0.61 0.11x107Y7
J1044—0125 10:44:33.042 —01:25:02.20 5.7847+0.0007° —27.32 0103.A-0562 2964. 0.94 0.32x10717
J0129—0035 01:29:58.510 —00:35:39.70 5.7787+0.0001' —23.83 0103.A-0562 2964. 1.19 0.26x10717

References—Unless otherwise specified, we report systemic redshifts measured from the [C 11] 158 pm emission lines by Decarli et al. (2018).

2rCcm) 158 pm redshift from Venemans et al. (2013).

b [C 11 158 um redshift from Mazzucchelli et al. (2017).

€[C11] 158 um redshift from Bafiados et al. (2015a).

d[C 1] 158 pm redshift from Willott et al. (2013).

€[C11] 158 um redshift from Willott et al. (2017).

f1C 111158 jum redshift from Wang et al. (2016).

9Redshift derived by De Rosa et al. (2011) from the fit of the Mg IT broad emission line.

h[C 11] 158 pm redshift from Willott et al. (2015).

i [C11] 158 pm redshift from Izumi et al. (2018).

! [C11] 158 pum redshift from Wang et al. (2013).

™lhe [C11] 158 um emission of P340—18 was not detected in 8 minutes ALMA integration by Decarli et al. (2018). We report the redshift
inferred from the observed optical spectrum by Bafiados et al. (2016).

"Redshift derived by Roche et al. (2014) from the measurement of the Ly line.

NOTE— Seeing and 5-¢ surface brightness limits have been estimated on pseudo—narrow—band images obtained collapsing 5 wavelength

channels (for a total of 6.25 A) at the expected location of the Lyc emission of the quasars.
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Figure 1. Distribution of all z > 5.5 quasars known to date in the
redshift vs. absolute magnitude plane at 1450 A (light blue circles
and histograms). Orange diamonds and histograms mark targets
from our survey. Histograms are normalized by the total number
of targets and by the bin size (with steps 0.15 in redshift and of
0.6 mag in absolute magnitude). The limits in luminosity and red-
shift of our core sample (see section 2) are plotted as gray dashed
lines. The five quasars outside these boundaries are: J0129—0035
at z = 5.78,J1044—0125 at z = 5.78, J2228+4-0110 at z = 5.90,
J0055+0146 at z = 6.01, J2216—0016 at z = 6.10, J22194-0102
at z = 6.15, J2229+41457 at z = 6.15, and J2318—3113 at
z = 6.44. A 2D Kolmogorov—Smirnov test (Fasano & Franceschini
1987) performed with bootstrap re—sampling of the parent dataset
of the 5.95 < z < 6.62 and Mi450 < —25.25mag quasars does
not refute the null hypothesis that our core sample has a different
distribution as the parent dataset distribution (p — value 2 0.2).

P183+05—For this quasar Banados et al. (2019) reported
the presence of a proximate damped Ly« absorption system
(pDLA) located at z=6.40, making this system the highest
redshift pDLA known to date. It shows an H I column density
of Nygp=1020-77%0-25 c;n =2 and relative chemical abundances
typical of an high redshift low—mass galaxy. A deep search
for emission arising from this absorption-selected galaxy will
be presented in a future paper of this series (Farina et al., in

prep.)

J2329—0301 —The Ly« halo of this quasar has been the sub-

ject of several studies (Goto et al. 2009, 2012; Willott et al.
2011; Momose et al. 2018; Drake et al. 2019). Goto et al.
(2017) reported the complete absence of LAEs down to a
narrow—band magnitude of NB906=25.4 mag (at 50% com-
pleteness) in the entire field—of—view of the Subaru Telescope
Suprime—Cam (~200 cMpc?).

J01004-2802 —With My450 = —29.09mag, JO100+2802
is the brightest (unlensed) quasar known at z > 6 (Wu
et al. 2015). Sub-arcsecond resolution observations of the
[C1r] 158 um and CO emission lines suggest that the host
galaxy has a dynamical mass of only ~ 1.9x 10! M, (Wang
et al. 2019). Given this high luminosity, its proximity zone
appears to be small [R, = (7.12 £ 0.13) pMpc], imply-
ing that this quasar is relatively young, with a quasar age of
tqso ~ 10° years (Eilers et al. 2017; Davies et al. 2019b).

J1030+0524 —Deep broad band optical and near—IR investi-
gation evidenced an overdensity of Lyman—Break galaxies in
the field of this quasar (Morselli et al. 2014; Balmaverde et al.
2017). Searches for the presence of Lya extended emission
around this target has already been investigated with sensitive
HST observations by Decarli et al. (2012) and with MUSE by
Drake et al. (2019).

P308—21—The [C1I] 158 um emission line of this quasar
host—galaxy is displaced by ~25 kpc and shows an enormous
velocity gradient extending across more than 1000 kms~*
(Decarli et al. 2017). High-resolution ALMA and HST obser-
vations revealed that the host—galaxy emission is split into (at
least) three distinct components. The observed gas morphol-
ogy and kinematics is consistent with the close interaction of
a single satellite with the quasar (Decarli et al. 2019). Deep
Chandra observations the companion galaxy might contain a
heavily—obscured AGN (Connor et al. 2019). A direct com-
parison of our new MUSE data with the ALMA [C11] 158 ym
and dust maps will be presented in a forthcoming paper (Fa-
rina et al. in prep.).

J2229+1457—With a size of only R, = (0.45+0.14) pMpc,
the proximity zone of this object is the smallest among the 31
5.8 < z < 6.5 quasars investigated by Eilers et al. (2017).
This suggests a short quasar age (tqso < 10° years) for this
object (Eilers et al. 2017; Davies et al. 2019b).

J2219+0102—This is the faintest target in our survey.
Despite the low luminosity of the accretion disk, the
host galaxy is undergoing a powerful starburst detected at
mm-wavelengths (with an inferred star—formation rate of
SFR ~ 250 M yr—1) and appears to be resolved with a size
of 2-3 kpc (Willott et al. 2017).

J2216—0016 —The rest—frame UV spectrum of this faint
quasar shows a NV broad absorption line (Matsuoka et al.
2016). The structure of the [C11] 158 um line appears to
be complex, suggesting the presence of a companion galaxy
merging with the quasar host—galaxy (Izumi et al. 2018)

J2100—1715—Decarli et al. (2017) reported the presence of a
[C11] 158 pum bright companion located at a projected separa-
tion of 60.7 kpc and with a velocity difference of —41 kms~*
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from the quasar’s host galaxy. The search for the Ly« emis-
sion arising from this companion in the MUSE data is pre-
sented in Mazzucchelli et al. (2019). Drake et al. (2019)
reported the absence of extended Lya emission around this
quasar.

P007+04 —The broad Ly« line of this quasar is truncated by
the presence of a pDLA (see Figure 14 in Appendix A). The
analysis of the absorbing gas generating this feature and the
search for its rest—frame UV counterpart will be presented in
a future paper of this series (Farina et al., in prep.).

J22284-0110—A faint, extended Ly« emission has been de-
tected by Roche et al. (2014) in deep long—slit spectroscopic
observations of this faint radio—loud quasar (with radio—
loudness: R~60, Bafiados et al. 2015b). The presence of
the halo was confirmed by Drake et al. (2019) with MUSE
observations.

J1044—0125—ALMA 0!2 resolution observations of the
[C11] 158 pum fine structure line showed evidence of turbulent
gas kinematics in the host galaxy and revealed the possible
presence of a faint companion galaxy located at a separation
of 4.9 kpc (Wang et al. 2019).

3. OBSERVATIONS AND DATA REDUCTION

Observations of the quasars in our sample have been col-
lected with the MUSE instrument on the VLT telescope
YEPUN as a part of the ESO programs: 60.A-9321(A, Sci-
ence Verification), 094.B-0893(A, PI: Venemans), 095.B-
0419(A, PI: Roche), 095.A-0714(A, PI: Karman), 099.A-
0682(A, PI: Farina), 0101.A-0656(A, PI: Farina), 0103.A-
0562(A, PI: Farina), and 297.A-5054(A, PI: Decarli). Typ-
ically, the total time on target was ~50min, divided into
two exposures of 1482 s differentiated by a <5” shift and a
90 degree rotation. For eight targets, longer integrations have
been acquired and the shift and rotation pattern was repeated
several times (see Table 1)

Data reduction was performed as in Farina et al. (2017) us-
ing the MUSE DATA REDUCTION SOFTWARE version 2.6
(Weilbacher et al. 2012, 2014) complemented by our own set
of custom built routines. Basic steps are summarized in the
following. Individual exposures were bias subtracted, cor-
rected for flat field and illumination, and calibrated in wave-
length and flux. We then subtracted the sky emission and
re—sampled the data onto a 0/2x072x1.25A grid’. White
light images were then created and used to estimate the rel-
ative offsets between different exposures of a single target.

2 Cosmic rays could have an impact on the final quality of the cubes when
only two exposures have been collected. Their rejection is performed by the
pipeline in the post—processing of the data considering a sigma rejection
factor of crsigma=15.

From these images we also determined the relative flux scal-
ing between exposures by performing force photometry on
sources in the field. Finally, we average—combined the expo-
sures into a single cube. Residual illumination patterns were
removed using the ZURICH ATMOSPHERE PURGE (ZAP)
software (version 2.0 Soto et al. 2016), setting the number of
eigenspectra (nevals) to 3 and masking sources detected
in the white light images. This procedure, however, comes
with the price of possibly removing some astronomical flux
from the cubes. In the following, we will present results from
the “cleaned” datacubes. However, we also double checked
for extended emission in the data prior to the use of ZAP.
To take voxel-to—voxel correlations into account, that can
result in an underestimation of the noise calculated by the
pipeline, we rescaled the variance datacube to match the mea-
sured variance of the background (see e.g., Bacon et al. 2015;
Borisova et al. 2016; Farina et al. 2017; Arrigoni Battaia et
al. 2019a). The astrometry solution was refined by matching
sources with the Pan—~STARRS1 (PS1) data archive (Cham-
bers et al. 2016; Flewelling et al. 2016) or with other avail-
able surveys if the field was not covered by the PS1 footprint.
We corrected for reddening towards the quasar location using
E(B —V) values from Schlafly & Finkbeiner (2011) and as-
suming Ry =3.1 (e.g., Cardelli et al. 1989; Fitzpatrick 1999).
Absolute flux calibration was obtained matching the z—band
photometry of sources in the field with PS1 and/or with the
Dark Energy Camera Legacy Survey’. In Table 1 we report
the 5-¢ surface brightness limits estimated over a 1 arcsec?
aperture after collapsing 5 wavelength slices that were cen-
tered at the expected position of the Ly« line shifted to the

systemic redshift of the quasar (SB}M’LYQ). These range
from SBg, 1,,=0.1to 1.1x10~erg s~ cm™? arcsec™? de-

pending on exposure times, sky conditions, and on the red-
shift of the quasar. Postage stamps of the quasar vicinities
and quasar spectra are shown in Appendix A.

4. SEARCHING FOR EXTENDED EMISSION

An accurate PSF subtraction is necessary to recover the
faint signal of the diffuse Lya emission emerging from the
PSF wings of the bright unresolved nuclear component. The
steps we executed on each datacube to accomplish this goal
are summarized in the following:

1. We removed possible foreground objects located in
close proximity to the quasar. To perform this step, we
first collapsed the datacube along wavelengths blue-
ward of the redshifted Ly« line location. Due to the
Gunn—Peterson effect, the resulting image is virtually
free of any object with a redshift consistent with or
larger than the quasar’s one. For each source detected

3 http://legacysurvey.org/
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in this image we extracted the emission over an aper-
ture 3 times larger than the effective radius. We used
this as an empirical model of the object’s light pro-
file. This model was then propagated through the dat-
acube by rescaling it to the flux of source measured
at each wavelength channel. Finally, all these models
were combined together and subtracted from the dat-
acube.

2. An empirical model of the PSF was created by sum-
ming up spectral regions virtually free of any extended
emission, i.e. > 2500 kms~! from the wavelength of
the Lya line redshifted to the systemic redshift of the
quasar. For this procedure, we excluded all channels
where the background noise was increased by the pres-
ence of bright sky emission lines.

3. In each wavelength layer, the PSF model was rescaled
to match the quasar flux measured within a radius of
2 spatial pixels, assuming that the unresolved emission
of the AGN dominates whitin this region.

4. Following a similar procedure as in, e.g., Hennawi &
Prochaska (2013); Arrigoni Battaia et al. (2015a); Fa-
rina et al. (2017) we created a smoothed ¥, ,,» cube
defined as:

SMOOTH [xy,y2] =
_ CONVOL [DATA » — MODEL ,]

\/ CONVOL? [02 |

where DATA, , » is the datacube, MODELy , » is
the PSF model created in the step above, o 4 x is the
square root of the variance datacube, and th