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Fig. 7. Flux-weighted velocity maps of the Lya-CEN for S/N > 3 regions relative to zcgn (left) and to zgso (right).
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Fig. 8. Flux-weighted velocity maps for S /N > 3 regions of the CIV-CEN. As in Fig. 7, the right and left panels show the velocity relative to zcen

and to zgso, respectively.
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Fig. 9. Radial profile of velocity (blue triangles) and dispersion (red
circles) derived from the modelling of a single Gaussian of the Ly«
profiles extracted in concentric annular region centred on the quasar
position.

(e.g. B16; AB19). The centroid of the narrow component corre-
sponds to a redshift of z ~ 3.562 + 0.001, which is consistent
with 2QS0-

5. Discussion

5.1. Comparison with the properties of other Lya-CEN
samples

We have reported the discovery of a Lya-CEN around the hyper-
luminous RQQ J1538+08, which exhibits a projected size of
~150kpc and a luminosity of Liy, ~ 2 x 10%ergs™. Previ-
ous MUSE studies at similar redshifts (i.e. z ~ 3—4) and expo-
sures (0.75-1h) reported Lya-CEN around similarly luminous
RQQs (B16) and quasars with slightly lower Ly, (AB19). The
Lya-CEN around J1538+08 exhibits a maximum projected size,
which is similar to the average value (~150 kpc) found for the
B16 sample, while its luminosity is one of the highest measured
thus far (see Fig. 14) and it is comparable to the luminosity of
the known ELANe (e.g, Cantalupo et al. 2014; Hennawi et al.
2015; Cai et al. 2017b; Arrigoni Battaia et al. 2018).

The SBiy, radial profile of our CEN, shown in Fig. 3,
exhibits a projected distance from the quasar at a SB of
~10"8 ergs~! cm~2 arcsec™? (i.e. ~50kpc), which is similar to
the one inferred from the average profiles from B16 and AB19.
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Fig. 10. Flux-weighted velocity dispersion maps for Lya- (left) and CIV- (right) CEN. The MUSE spectral resolution in these dispersion maps is

~70kms!.

PSF(O)

30 kpc

Fig. 11. Map of the CIV/Lya SB ratio. Only regions with S/N > 3, for
both the Lya- and CIV-CEN, are displayed.

This behaviour seems to be independent of the luminosity of the
quasar (AB19). However, it is important to notice that the SB
at this distance coincides with the level of the 20~ Poisson noise
of the image and, therefore, deeper observations are needed in
order to verify this claim.

Interestingly, some WISSH quasars are included in the B16
(JO124+00, J1621-00), AB19 (J0125-10, J0947+14), and Cai
et al. (2019) (J2123-00) samples. The size and luminosity of
the Lya-CEN detected around them appear to be heterogeneous
(see Fig. 14), suggesting that the properties of these CEN have no
simple dependence on the similar, large quasar radiative output
(i.e. Lyoy > 10* ergs™).

We also checked for possible dependencies on the RQQs
bolometric and 2500 A luminosities (derived from spectral
energy distribution modelling; Duras et al. 2017, and in prep.) to
verify if the nuclear radiative output could affect the properties of
the Lya-CEN around the WISSH quasars considered here. How-
ever, no significant trend with luminosity was observed, confirm-
ing the result reported by AB19 for a larger sample of quasars.

5.2. Kinematics of the Lya- and CIV-CEN of J1538+08

From the velocity maps of the Lya- and CIV-CEN (Figs. 7 and 8),
no coherent kinematic structures that possibly hint at bulk motions
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Fig. 12. Skewness map of the line profile of the Lya@-CEN.

and rotations were detected. However, the velocity map of the
Lya-CEN exhibits a large fraction (79’:?0%)3 of pixels with
S/N > 3 with negative velocities relative to zcgn. This can
be justified by the presence of the additional blueshifted com-
ponent in the Ly line profile (see Sect. 4.5 and Fig. 2). For
the CIV-CEN, where we did not detect any significant addi-
tional component, the velocity map shows a roughly equal
number of pixels with negative and positive velocities. Interest-
ingly, by adopting zgso as a reference redshift for the veloc-
ity maps of the Lya- and CIV-CEN, we find that ~100% of the
S /N > 3pixels have negative velocities. Furthermore, our Lya-
CEN shows a peak with a negative velocity of —438 +267 kms~!.
This can be an indication that our zgso estimated from the HB
may suffer from systematic uncertainties. Indeed, for a sample
of 849 quasars, Shen et al. (2016) find that the determination of
the quasar redshift from Hf is subject to uncertainties as large as
~400kms~!. This can compensate the reported negative veloc-
ity offsets of the Lya peak and the velocity distribution of the
S/N = 3 pixels at levels of ~1-20.

Regarding the velocity dispersion, we measured a spatially
averaged value ¢, = 733 + 85kms™! from the dispersion map
(see Table 1). This is a factor of two larger than those measured

3 Errors were derived from the uncertainties to the redshift of both the
quasar and nebula.
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Fig. 13. Lya spectrum extracted from the CEN region with sk < —0.5
and S/N > 3 and modelled (blue solid line) by two Gaussian com-
ponents (red dotted and green dashed lines). Interestingly, the broad
(~1170kms™") wing is blueshifted by ~1520kms~! from the narrow
component. The grey area is not considered in the modelling as it
includes a region contaminated by a sky feature. The yellow region
reports the +10- uncertainty on the zgso.

Table 2. Properties derived from the two-component Gaussian fit of the
Lya-CEN spectrum extracted from regions with S /N > 3 and sk < —0.5.

Components Narrow Broad
Acen [A] 5546.3+ 1.3 5518.3+6.5
oy [kms™!] 470 =70 1170 = 260
Flux @ [x107 "% ergs™' cm™2] 7.4+0.7 2.7+0.9
Vanite ) (1520 + 360) km s™!
Vimax (3860 + 870) km s~!
¥2/d.o.f. 402/366

Notes. @Integrated fluxes of the narrow and broad Gaussian compo-
nents. ¥ Velocity offset between the positions of the broad and narrow
components. “Maximum velocity of the blueshifted, broad component
defined as vyax = Venire + 207y, Where o, is the dispersion derived for the
broad component.

around the quasars of B16 and AB19 samples, which span the
range of o, = [200,400] km s~!. This value is more similar to
the reported values for Lye-CEN around high-z radio galaxies
in the regions affected by radio jets (o, = 600kms~!'; van Ojik
etal. 1997; Villar-Martin et al. 2003; Humphrey et al. 2006; Silva
et al. 2018).

Interestingly, the dispersion map of the Lya-CEN around
J1538+08 reports several discrete and compact regions with very
high o, * 1000kms~' at an average distance from the quasar
of 20-30kpc (see Fig. 10). These high o regions could be
due to the turbulence generated by continuum or line-emitting
active sources at zcgn, which possibly inject energy into the
CGM. However, no continuum sources in the MUSE FOV are
associated with high o, values within the Lya-CEN. Similar
to AB19, we used CubExtractor to search for Lya emitters
by setting §/Ny, > 5 and N * = 50. We did not detect any
source within the CEN. We only found a source with a flux of
3.5x 107'%ergs! cm™2, at the redshift of the CEN (z ~ 3.560),
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Fig. 14. Maximum projected size versus luminosity of the Lya-CEN
around J1538+08 (green star) and around quasars from the B16 (orange
squares), Cai et al. (2019) (blue triangles) and Ginolfi et al. (2018)
(purple cross) samples. The values for the ELANe (diamond symbols)
detected by Cantalupo et al. (2014) (black), Hennawi et al. (2015) (red),
Cai et al. (2017a) (green), and Arrigoni Battaia et al. (2018) (blue) are
also included. WISSH quasars are marked with an additional red cir-
cle. We also report the two Lya-CEN around the WISSH quasars from
the AB19 sample, i.e. those with the lower luminosities. For these two
Lya-CEN, the maximum distance from the quasar spanned by the Ly«
emission within the 20 isophote multiplied by a factor of two is shown
since AB19 do not report the values of the maximum projected size.

outside its boundaries and at a projected distance of ~250kpc
from the quasar (RA =15:38:28.7, Dec = +8:55:00.80), which
very likely cannot affect the nebular emission.

5.3. Metals in CGM

The CIV-CEN revealed around J1538+08 is one of the few
extended (75 kpc) CIV-emitting regions detected at high signif-
icance (50)* and spatially mapped around a RQQ. This pro-
vides a clear indication of a metal enriched medium (i.e. non-
pristine) around this quasar. The luminosity of this CEN (L¢py =
10 ergs™!) is comparable to those measured for CIV-CEN
detected around radio galaxies at similar redshift (Villar-Martin
et al. 2007a). However, its morphology shows a marked asym-
metry relative to the central quasar position. This is at odds with
symmetrically distributed CEN reported around radio galaxies
(e.g. Villar-Martin et al. 2007b; Silva et al. 2018). Interestingly,
the ratio between the SB radial profiles of the CIV and Ly«
reported in Fig. 6 (i.e. in the southern wedge containing the SB
Lya peak and the CIV-CEN) is a factor of ~0.1 and is constant
up to ~25kpc (i.e. the distance where the Poisson noise starts
to dominate the CIV-CEN radial profile). This evidence and the
spatial co-location of the SB peaks of the two CEN suggest that
they could trace the same gas and, hence, be triggered by the
same mechanism. Deeper observations would hopefully reveal
fainter CIV emission with the same size and morphology of the
Lya-CEN in J1538+08.

5.4. Powering mechanisms for the Lya CEN

The possible powering mechanisms of the Lya-CEN include
quasar photoionisation (i.e. fluorescence), collisional excitation

4 This value represents the integrated S/N computed for the extended
CIV emission line.
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(i.e. cooling), and shocks. In the case of fluorescence, assuming
that the quasar is surrounded by cold and spherical clouds, we
can estimate the CEN SB in the following two extreme regimes:
optically thin (with a column density of Ny < 10'7?cm™2)
and optically thick (Ng > 102 cm™2; Hennawi & Prochaska

2013). We obtain SBE’yifYk ~ 2.8 x 107 ergscm™2 arcsec™? and

SBn ~2.2x 10~ erg s cm™* arcsec™?, for optically thick’ and
optically thin® gas, respectively. In our case, we find that SBy,
for regions with S /N > 3is ~2.3x107!7 erg s cm~2 arcsec 2. This
value is more compatible with SBg‘y‘g than with SBE‘y‘fyk, support-
ing the presence of an optically thin medium as already reported
in previous works (e.g. AB19; Cai et al. 2019).

The CIV/Lya and Hell/Lya ratios could be used to under-
stand if shocks or collisional excitation are viable powering
mechanisms for the observed Lya-CEN (but see Cantalupo et al.
2019). The detection of the CIV-CEN allows us to rule out cool-
ing due to gravitational accretion as the powering mechanism
of this CEN. However, it is notoriously difficult to disentangle
photoionisation models from shock models in a Hell/Lya ver-
sus CIV/Lya diagram (Arrigoni Battaia et al. 2015a). Neverthe-
less, photoionisation models usually do not predict lower lev-
els of Hell/Lya with respect to CIV/Lya (e.g. Humphrey 2019;
Cantalupo et al. 2019). On the contrary, they predict ratios of the
same order for the two transitions. This is because these two emis-
sion lines have similar ionisation energies, 64.5eV for CIV and
54.4 eV (4 Ryd) for Hell. On the other hand, shock models (Allen
et al. 2008) do show cases in which the Hell/Lyea ratio is lower
than the CIV/Lya ratio. Indeed, according to shock and precur-
sors models presented by Allen et al. (2008) and Arrigoni Battaia
et al. (2015b) regarding the origin of extended nebular emission,
the values of CIV/Lya and Hell/Ly« inferred from our analysis
are consistent with a shock propagating at 200-300kms~! in a
ng ~ 10—100cm™3 gas or with a faster >1000kms~' shock in
a denser gas (ng > 100 cm™3). If we assume that the vgis =
1520kms™! is the velocity of the shock, then the emitting gas
is required to be at high densities (ny > 100 cm™3).

The aforementioned photoionisation and shock models do not
include a contribution from resonant scattering of Lya photons
from the quasar. In a case in which such a contribution is impor-
tant, the CIV/Lya and Hell/Ly« ratios predicted by those models
need to be corrected and shifted to lower values. However, it has
been shown that the efficient diffusion in velocity space allows the
Lya resonantly scattered photons, which were produced by the
quasar itself, to escape the system at very small scales of <10kpc
(Dijkstra et al. 2006). Therefore, this should result in a negligi-
ble contribution of scattered Ly« emission on scales >10 kpc (e.g,
Cantalupo et al. 2014). A firm characterisation of the Ly« reso-
nant scattering contribution requires a full radiative transfer cal-
culation on a three dimensional gas distribution that represents
this system. This approach is beyond the scope of this work.

5.5. Evidence of outflowing gas in the CGM

The blueshifted broad component in the Lya spectrum of
the CEN provides tantalising evidence for the presence of

> The luminosity at the Lyman edge, which is required by the formula
(15) by Hennawi & Prochaska (2013), has been estimated by the Lj4so
(see Duras et al., in prep.) as detailed in Lusso et al. (2015) and Farina
et al. (2019). Moreover, we adopted as a CEN radius, 40 kpc (see Fig. 3)
and a covering factor f, = 0.5.

6 We used the formula (10) in Hennawi & Prochaska (2013) and
adopted the following fiducial values: Ny = 10?° cm™2, density ny =
0.1cm™, and £, = 0.5.
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outflowing gas reaching a projected distance of 20-30 kpc from
the quasar, that is, into the CGM surrounding J1538+08. The
latter also exhibits a host-galay scale [OIII] outflow with a
mass outflow rate of ~530 My yr~', a maximum velocity of
~2900km ™!, and kinetic power of Eyj, = 1.4x10% ergs™! (see
Vietri et al. 2018). In an energy conserving scenario in which the
large-scale outflow reported in this paper is in the later stage of
the AGN-driven [OIII] one (e.g. Bischetti et al. 2017; Vietri et al.
2018), by assuming an expansion at voy = Vepire ~ 1500 km s7L,
we estimated a mass outflow rate of Moy, =~ 300 My yr~!, which
is comparable to the [OIII] one. It is important to notice that,
assuming voy = 300kms~! as suggested by the CIV/Lya and
Hell/Lya values in shock+precursor models, (see Sect. 5.3) we
would obtain a M, that is larger by a factor of 25 but that is still
comparable with the typical Moy reported for [OIII] outflows in
the WISSH sample (Bischetti et al. 2017). By assuming a con-
stant velocity of 1500kms~' (see Table 2), we estimated that
an outflow at host galaxy scales (i.e. ~5—-10kpc Bischetti et al.
2017) would take ~7—13 Myr to reach the distance of our CGM
outflow (i.e. ~30kpc). In adopting a velocity of ~300kms~!,
we would obtain an upper limit to the outflow time a factor of 5
larger than the previous estimate.

The sudden increase of the velocity dispersion of the Lya-
CEN to oy ~ 900kms™! at a distance of ~20kpc (see Fig. 9)
could be partially due to the presence of the outflow compo-
nent and hence to an incorrect parameterisation of the line profile
with a single Gaussian component. Unfortunately the S/N of our
observations did not allow us to recompute the radial profile of
the v and o, of the Lya line using a two-component Gaussian
modelling because the S/N of the broad Ly line in each bin is
too low. Deeper MUSE observations are therefore needed to ver-
ify the presence of a broad and blueshifted component over the
entire Lya-CEN and assess if the CIV-CEN also shares the same
kinematics.

Given the resonant nature of the Ly transition, complex
radiative transfer models that account for the velocity field, the
density structure of the CEN, and the geometry of the radia-
tion field are needed in order to properly interpret the proper-
ties derived by the Ly line profile fitting (e.g. Cantalupo et al.
2005; Gronke & Dijkstra 2016). It is worth noting that the pres-
ence of an expanding shell surrounding the quasar, assuming
spherical symmetry and isotropic geometry of the photoionising
radiation field, may produce an asymmetric double peak pro-
file in which the blue-ward component is strongly suppressed
(Verhamme et al. 2006; Laursen et al. 2009; Steidel et al. 2010;
Chung et al. 2019). This would provide support to the hypoth-
esis of an outflowing CEN whose two components of the Lya
profile are associated with the same expanding gas. It is impor-
tant to notice that in this simple model (i.e. symmetric, homoge-
neous, and isotropic gas distribution), the main peak component
is always on the red side compared to the systemic redshift of
the CEN. However, assuming that zgso = zcen, our Lya-CEN
does not show such a red line component (see Fig. 13). To test
the nature of this putative outflow in the context of an asymmet-
ric, inhomogeneous gas distribution, MUSE observations with a
higher S/N are needed along with a more accurate determination
of zgso (e.g. from the CO line) and radiative transfer models.

6. Summary and conclusions

In this paper we have presented a VLT/MUSE investigation on
the CGM around J1538+08, a z = 3.6, broad-line, RQQ belong-
ing to the WISSH quasars sample (Bischetti et al. 2017). The
main results can be summarised as follows.
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— We discovered a CGM emission nebula (CEN) detected in
Lya of ~150 kpc surrounding J1538+08, which is among the
most luminous Lya-CEN (~2 x 10* erg s~!) reported so far
(Borisova et al. 2016; Arrigoni Battaia et al. 2019; Farina
et al. 2019). Our nebula appears roughly symmetric on large
scales (several tens of kiloparsecs) and exhibits a bright SB
peak located at ~10—15 kpc southwards of the quasar.

— We obtained one of the first 2D-mappings of a signifi-
cantly detected (~50), extended (~75 kpc) CIV-CEN around
a RQQ. Given its spatial coincidence with the Lya SB peak
and a similar SB profile, it is very likely associated with the
Lya-CEN.

— We find no significant velocity pattern in the kinematics of
the Lya-CEN. Remarkably, the average velocity dispersion
dy ~ 700km s~ is higher than the typical values measured
in RQQs and it is notably more similar to the dispersion
observed for Lya-CEN around high-redshift radio galaxies
(van Ojik et al. 1997; Villar-Martin et al. 2003; Humphrey
et al. 2006; Silva et al. 2018) and outflow-dominated systems
(Ginolfi et al. 2018).

— We obtained one of the first 2D characterisation via IFU
spectroscopy of an ionised outflow at CGM scales (>10 kpc)
around a RQQ by performing the spectral analysis of an
extended region with a negative skewness value.
Specifically, the analysis of the skewness map of the Lya-
CEN reveals a region within 30 kpc that is to the south of the
quasar in which the skewness is negative (see Fig. 12); addi-
tionally, the Lya emission profile is significantly asymmetric
with a blue tail. This region roughly overlaps with the SB
peak of the Ly@-CEN and includes the CIV-CEN.

The Lya spectrum that was extracted from the region
showing negative skewness is well modelled with two Gaus-
sian components (Fig. 13). This fit resulted into a sys-
temic narrow (o, ~ 500kms~') component and a broader
(ov =~ 1200kms~!) one. The latter is blueshifted by vy =
1500kms~! and is indicative of outflowing gas on CGM-
scales.
All of the reported results clearly indicate the presence of a
metal-enriched (i.e. non pristine) gas with kinematic features
that are consistent with an outflowing gas component at scales of
tens of kiloparsecs. Both deeper spatially resolved spectroscopic
observations of the CGM around this hyper-luminous quasar and
dedicated radiative transfer modellings are necessary in order to
confirm and refine this scenario. Specifically, they are needed to
accurately characterise the CEN and outflow physical properties
and understand the role of the outflow in transporting metals in
the CGM.
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Appendix A: Stellar contamination
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Fig. A.1. Images obtained by collapsing the final PSF- and continuum-
subtracted datacubes in the spectral regions of Lya- (left panel) and
CIV-CEN (right panel), respectively. The homogeneous blue area on the
upper-left corner represents the mask applied to the exposures during
the data reduction in order to exclude the saturated stellar flux in the
FOV.

Figure A.l reports the image of the MUSE FOV that was
obtained by collapsing the spectral region of the Lya- (left) and
CIV- (right) CEN in the PSF- and continuum-subtracted dat-
acube. The upper-left corner of each image represents the region
that is contaminated by the luminous star, which was masked
during the data reduction. A visual inspection reveals no resid-
ual contamination at the CEN position. We performed a more
quantitive estimation by measuring the average flux in concen-
tric annular regions centred on the star. We found no significant
stellar contamination on the nebular emissions. The average con-
tamination was estimated in concentric annuli with respect to the
centre of the star by excluding the nebular region. We estimated

a stellar contamination of the order of ~11%, ~6%, and ~6% in
the north and south Lya-CEN regions and over the entire CIV-
CEN, respectively.

Appendix B: Blue tail

In this Appendix we report on several tests we performed in
order to check for possible contamination of the weak CEN
emission from the bright quasar emission line residuals after the
Ly« subtraction. The left panel of Fig. B.1 shows the SB emis-
sion of the more blueshifted portion of the blue tail (i.e. high-
lighted in red in the right panel). This was obtained by collapsing
the spectral region including the wing of the blue tail in order to
avoid any possible contamination of the narrow Ly component.
To remove possible residuals at each pixel, we applied a subtrac-
tion of the continuum, which was measured from the spectral
region highlighted in green in Fig. B.1. The final pseudo-NB
image exhibits an asymmetric shape with respect to the quasar
position and it is spatially associated with the peak of the SB of
the Lya-CEN. In case of residual AGN contribution, we would
have expected a symmetric emission around the quasar. This pro-
vides an indication that the blue tail is not the result of emission
line contamination from the quasar Lya.

We find that the average intensity of the PSF subtraction
residuals are three times lower than the intensity of the blue tail,
which is, moreover, spatially coincident with a high S/N region.
We further checked the quasar emission line contamination by
inspecting the region of the bright quasar SilV emission line.
We measured the PSF-subtracted radial profile of the slope of
the blue tail at the wavelength of the SilV line. We found a flat
radial profile with an average value around zero. This provides
a further indication that the quasar emission does not contribute
to the blue tail emission and, hence, that this is a genuine and
intrinsic emission of the CEN.
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Fig. B.1. Left panel: pseudo-NB image obtained by collapsing the spectral region of the blue tail (see red area in the right panel) and by subtracting
the continuum estimated in spectral regions without line features (see green areas in the right panel). Right panel: spectrum that is extracted from
the PSF- and continuum-subtracted datacube by only selecting the spaxels that belong to the CEN with S/N > 5. The red and green areas mark
the spectral region that is collapsed and subtracted, respectively, to obtain the pseudo-NB in the left panel.
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