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ABSTRACT

We present the discovery of a giant 2100 kpc Ly« nebula detected in the core of the X-ray emitting cluster CL J1449
+0856 at z = 1.99 through Keck/LRIS narrow-band imaging. This detection extends the known relation between
Lya nebulae and overdense regions of the universe to the dense core of a 5-7 x 10'* M_, cluster. The most plausible

candidates to power the nebula are two Chandra-detected AGN host cluster members, while cooling from the X-ray
phase and cosmological cold flows are disfavored primarily because of the high Lya to X-ray luminosity ratio
(Liya/Lx ~ 0.3, 210-1000 times higher than in local cool-core clusters) and by current modeling. Given the physical
conditions of the Lya-emitting gas and the possible interplay with the X-ray phase, we argue that the Ly« nebula would
be short-lived (<10 Myr) if not continuously replenished with cold gas at a rate of >1000 M, yr '. We investigate the
possibility that cluster galaxies supply the required gas through outflows and we show that their total mass outflow rate
matches the replenishment necessary to sustain the nebula. This scenario directly implies the extraction of energy from
galaxies and its deposition in the surrounding intracluster medium (ICM), as required to explain the thermodynamic
properties of local clusters. We estimate an energy injection of the order of ~2 keV per particle in the ICM over a 2 Gyr
interval. In our baseline calculation, AGNs provide up to 85% of the injected energy and two-thirds of the mass, while
the rest is supplied by supernovae-driven winds.

Key words: galaxies: active — galaxies: clusters: individual (CL J1449+0856) — galaxies: clusters: intracluster
medium — galaxies: high-redshift — galaxies: star formation — Galaxy: evolution

1. INTRODUCTION

Since their first discovery in the late 1990s (Francis
et al. 1996; Steidel et al. 2000), high-redshift, extended
(=100 kpc), and luminous (few 10%-10" ergs™') gas
reservoirs shining by the emission of Ly« photons have
progressively become a matter of debate. Despite two decades
of investigation, several aspects of these “Lya nebulae” remain
puzzling, including the origin of the Lya-emitting gas, its
powering mechanism, the possible effects on the evolution of
the embedded galaxies, and, ultimately, its fate (i.e., Matsuda
et al. 2004; Dey et al. 2005; Geach et al. 2009; Prescott
et al. 2009; Cantalupo et al. 2014). Understanding where Ly«
nebulae fit in the current theoretical framework of structure
formation has sparked particular interest, since they call into
question a cornerstone of modern astrophysics: the complex
interplay of supply, consumption, and expulsion of gas that
shapes high-redshift systems. In this work, we focus on a
specific feature of Lya nebulae: the connection with their
surrounding environment. This perspective complements the

approaches already presented in the literature and allows us to
shed light on several of the problematics listed above. First,
there are observational hints that Lya nebulae preferentially
reside in overdense regions of the universe or sparse
protoclusters (Steidel et al. 2000; Matsuda et al. 2004; Vene-
mans et al. 2007). This suggests a possible connection with the
formation of massive structures, even if it is not clear in which
density regimes this correlation holds. Interestingly, in the local
universe, the presence of kiloparsec-size, filamentary reservoirs
of ionized gas in the center of “cool-core” X-ray emitting
clusters (CCs) has been known for decades (Fabian et al.
1984b; Heckman et al. 1989; Hatch et al. 2007; McDonald
et al. 2010; Tremblay et al. 2015). From this angle, it is
tempting to view the high-redshift Ly« nebulae as the
counterparts of local filaments, with sizes and luminosities
reflecting the extreme conditions of the primordial universe
(McDonald et al. 2010; Arrigoni-Battaia et al. 2015). However,
the detailed physics of the nebular emission is still debated
even for local clusters, despite the quality of the available data.
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A mix of different heating mechanisms is probably at the origin
of the emission by the ionized filaments, with a possible
important role played by young stars formed in situ (Tremblay
et al. 2015 and references therein). The origin of the cold gas
has not been fully clarified either: even if modern models of
auto-regulated cooling from the X-ray emitting intracluster
medium (ICM) successfully reproduce several properties of the
nebulae in CCs (i.e., Gaspari et al. 2012; Tremblay et al. 2015;
Voit & Donahue 2015), the cold gas might also originate from
a starburst event or the active galactic nuclei (AGNs) in the
central brightest cluster galaxy (BCG, Hatch et al. 2007), or be
uplifted by propagating radio-jets and buoyant X-ray bubbles
(Churazov et al. 2001; Fabian et al. 2003), or stripped in a
recent merger (Bayer-Kim et al. 2002; Wilman et al. 2006).
Therefore, physical insights might not be straightforwardly
gained from the simple observation of local filaments.

An attempt at assessing the validity of this suggestion can be
done through the observation of giant Ly« nebulae in the core
of high-redshift galaxy clusters. To date, we have lacked strong
observational evidence primarily because of the scarcity of
bona fide X-ray emitting structures discovered at z > 1.5 (i.e.,
Andreon et al. 2009; Papovich et al. 2010; Gobat et al. 2011,
2013; Stanford et al. 2012; Brodwin et al. 2015; Santos et al.
2011). Here we study in detail the case of the most distant
among these X-ray detected structures, CL J1449+0856 at
z = 1.99 (Gobat et al. 2011, 2013; Strazzullo et al. 2013, G11,
G13 and S13 hereafter). Its extended emission from hot plasma
and the dominant population of red, massive, and passive
galaxies in the compact core (G11, G13, S13) place it in a more
advanced evolutionary stage than protoclusters at similar
redshift and make it a suitable candidate to start the search
for nebulae in far away clusters. In this work, we present the
results of a recent narrow-band imaging campaign we
conducted with Keck/LRIS, with which we identified an
~100 kpc Lya-emitting nebula in the cluster core. However,
the detailed analysis of the conditions of the nebula and its
environment shows some tensions with the current picture of
filaments in local clusters. Even if cooling from the X-ray
emitting plasma may partially contribute to the Ly luminosity,
the nebula is plausibly powered by AGNs in the cluster core.

Motivated by this discovery, we further investigate the
relationship between the Lya nebula, galaxy activity in the
form of star formation and black hole growth, and the total
energy content of the ICM at this early stage of the cluster
evolution. The latter is a controversial issue in modern
astrophysics. In fact, it has been known for more than two
decades that the observed X-ray properties of the ICM in
nearby clusters are inconsistent with the predictions from pure
gravitational settling and an extra energy contribution is
missing (Kaiser 1991; Ponman et al. 1999; Tozzi & Nor-
man 2001). In cosmological simulations, this energy is
provided by star-forming galaxies (SFGs) and AGNs through
outflows, and their efficiencies can be calibrated to reproduce
the properties of the local universe (e.g., Le Brun et al. 2014;
Pike et al. 2014). Although the most successful models are
those in which heating of the ICM happens early, such as
(cosmo-) OWLS (Schaye et al. 2010; McCarthy et al. 2011),
this process is still poorly constrained observationally: the
timing and duration of this phenomenon, its main energy
source (galactic winds from either supernovae (SNe) or AGN),
and the energy transfer mechanism are subject to debate (i.e.,
McNamara & Nulsen 2007; Davé et al. 2008; McCarthy et al.
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2011; Fabian 2012). Here we argue that the presence of the
Ly« nebula is interlaced with the observed vigorous activity of
galaxies in the cluster core and that it may signpost a significant
energy injection into the ICM. Eventually, we estimate the
amount of this injection due to strong galaxy feedback during a
phase that, if prevalent in high-redshift structures, would be
crucial to set the final energy budget and metal content of
present-day clusters.

This paper is organized as follows. In Section 2, we present the
narrow- and broadband imaging observations that led to the
discovery of the Ly nebula, along with the results of a recent
Chandra follow-up of CL J1449+0856. In Section 3, we discuss
the physical properties of the Ly« nebula, the possible powering
mechanisms, and the timescales regulating its evolution, conclud-
ing that a substantial gas replenishment is necessary to feed the
system. In Section 4, we focus on galaxy outflows as a plausible
source of gas replenishment and we study the corresponding
injection of energy into the ICM. Concluding remarks are
presented in Section 5. Unless stated otherwise, we assume a
ACDM cosmology with Q,,, = 0.3, Q4 = 0.7, and Hy = 70 km
s~' Mpc ' and a Salpeter initial mass function (Salpeter 1955).
All magnitudes are expressed in the AB system.

2. OBSERVATIONS AND DATA ANALYSIS

In this section, we present the Keck/LRIS narrow-band
imaging of CL 14494-0856. We also describe recent Chandra
observations, which we use to update the cluster X-ray
properties previously constrained by XMM-Newton follow-up
only. Specifically, we revise the total extended X-ray
luminosity, gas temperature, and halo mass, presenting a new
estimate from the velocity dispersion.

2.1. The Lya Nebula Detection: Narrow-band Imaging

We observed CL J1449+4-0856 (Figure 1) for 3.5 h with the
narrow-band filter NB3640 installed in the blue arm of the Keck/
LRIS camera on 2014 March 27, reaching a magnitude limit of
27.1 (50) in an r = 0”6 circular aperture. The average seeing
during the observation was 0”79 (full width half maximum). We
processed the images in a standard way with the publicly available
LRIS pipeline.' In particular, we modeled and subtracted a super-
sky image obtained as the clipped median of all the widely
dithered, processed frames. We co-added individual frames
weighting them by measured seeing and transparency variations
during the observing night. We then combined the final narrow-
band image with an aligned U-band frame from VLT/FORS2 (50
limiting magnitude of 27.4, S13) using the formalism presented in
Bunker et al. (1995) to obtain a Ly emission map (Figures 2 and
11 in the Appendix). Color corrections are negligible, given the
optimal overlap of the central effective wavelengths of the
narrow- and broadband filters (3640, 3607 A respectively). We
checked the absolute flux calibration against Sloan Digital Sky
Survey data, finding an agreement within 0.01 mag. We selected
individual Lya absorbers and emitters by running SExtractor in
dual image mode on a x* detection image and on narrow- and
broadband images. We built the x* detection image averaging the
U and NB3640 frames weighting by their signal-to-noise ratio
squared. Besides an obscured AGN (#661 in G13, see 3.3.1
below for further details), we detected only two individual bright
peaks in the Lya emission map of the cluster core (~50) both

15 http:/ /www.astro.caltech.edu/~dperley /programs /Ipipe.html
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Figure 1. Cluster of galaxies CL J1449+0856 at z = 1.99. HST/F140W (red), F105W (green), and F6O6W (blue) RGB-composite image of CL J1449+0856. The
central concentration of red galaxies represents the core of the cluster. The cyan line marks the 1o contour of the Ly« nebula from the wavelet reconstruction.

through a classical aperture photometry approach and a wavelet
analysis (Figure 3). However, they are not associated with known
cluster members within a 1” radius in the adjacent U and B bands,
nor in the deeper, but redder Hubble Space Telescope (HST)/
F140W band or in the X-ray bands, suggesting that these peaks
are not associated with SFGs in the cluster core. The uncertainty
on the position of 5o peaks of Ly« emission is 0”07. The bright
knots may just be the densest regions of the extended Ly« nebula
and the granularity (Figure 2, panel (c)) could suggest the
presence of gas substructures (Cantalupo et al. 2014) or shock
fronts currently beyond our detection threshold. To further
confirm the detection of Lya photons on large scales, we
performed a wavelet analysis with an iterative multi-resolution
thresholding and a Gaussian noise model'® (Starck et al. 2010).
The basic concept underlying wavelet decomposition is to split an
image into a set of spatial frequencies, each one including the
signal from sources with power on that scale. The original image
is exactly recovered by adding all the “slices.” The advantage of
this technique is to reduce (or remove) the impact of small-scale
objects when looking for large-scale structures and its efficacy for
detecting Lya nebulae has already been shown (Prescott
et al. 2012, 2013). We used this technique for the purpose of
visualization (Figures 1, 2, and 11 in the Appendix) and to cross-
check the results from a classical aperture photometry approach.

16 http:/ /www.cosmostat.org /software /isap/

After subtraction of the contribution from the point-like, obscured
AGN (<8% of the total emission), we measure a total flux of
(8.1+1.0) x 107" ergem™ s in a ~140 arcsec® polygonal
aperture enclosing the whole nebula, fully consistent with the
results provided by the wavelet analysis. The residual Lya flux
surrounding the AGN in the wavelet image is extended on scales
larger than the point-spread function (PSF, with a full width half
maximum of 0779) and contributes to the luminosity of the
nebula. We also retained the flux from the other individual bright
peaks since no counterparts are detected in any other band. We
estimated the 1o uncertainty as the rms of the distribution of
fluxes inside circular apertures of area equal to the one in which
we measured the flux of the nebula. The total flux corresponds to
an observed luminosity of Ly, = (2.3 +0.3) x 10% erg s
The morphology of the Lya nebula is elongated from AGN
#661 toward the center of the cluster, suggesting a physical
connection (Section 3.3.1). The asymmetric shape and the mis-
centered location of the AGN is observed in several other
nebulae at high redshift (i.e., Borisova et al. 2016) and it might
simply reflect the AGN illumination cone and the gas
distribution in the cluster, which naturally concentrates toward
the bottom of the potential well. In fact, the peaks of the Ly«
luminosity and the extended X-ray emission traced by XMM-
Newton and Chandra (Section 2.3) are spatially coincident in
projection, and so is the peak of the stellar mass density
distribution (Figure 4), implying that the nebula effectively sits
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Figure 2. 100 kpc extended Ly« nebula at z = 1.99. Images of CL J1449+0856 in the broad U band (panel (a)) and NB3640 narrow-band (panel (b)), and a
continuum-subtracted Ly« emission line map smoothed on scales of 1” (panel (c)). The white circle indicates the heavily obscured AGN #661 (G13). The extended
emission southward is the Ly« nebula. Panel (d) shows the HST/WFC3 F140W image. In panels (c) and (d), the blue line marks the 1o contour of the large-scale Ly«
emission from the wavelet reconstruction after the subtraction of point-like sources. For reference, 15” correspond to ~125 kpc at z = 1.99.

in the cluster core. Note that the peaks mapped by XMM-
Newton and Chandra are consistent within the positional
uncertainties (16” and 4" respectively). In Figure 5, we show
the radial profile of the Lya surface brightness and the
projected stellar mass density. For both profiles, we fixed the
same center at the peak of the projected stellar mass density
distribution. Moreover, we merged the measurements at the
two farthest positions from the cluster center to increase the
signal, and we subtracted the contribution of AGN #661. As
opposed to the stellar component that traces the cluster
potential well, the Ly« surface brightness profile appears flat
over the whole extension of the nebula. A drop is expected to
occur at some radius, but Figure 5 suggests that this happens at
larger scales than for the stellar component.

2.2. Extended Continuum Emission

We measured the continuum emission associated with the Ly«
nebula from a pure “continuum emission map” (Bunker
et al. 1995) and both Subaru/Suprime-Cam B (G11) and Keck/
LRIS V-band imaging. We do not expect strong emission lines
from sources at z = 2 to fall in the observed B and V bands. These
frames are, respectively, 2.5 times and 3.3 times deeper than the
continuum image and provide a better constraint on the Ly«
equivalent width of the nebula (EW(Lyq)). In unobscured SFGs,

the flux density F), is roughly constant at wavelengths bluer than
2000 A, and thus possible color biases in the evaluation of the
EW(Lya) using B- and V-band continua are limited. We
measured the continuum emission only where we detected the
extended Ly« emission at more than a 5o significance (Figure 11
in the Appendix, panel (d)). Evident B- and V-band sources were
masked so as not to contaminate the diffuse emission. We did
not individually detect a significant integrated continuum emis-
sion in any of the frames. Assuming a constant F,, and combining
the three bands, we estimated an average continuum emission of
(3.38 £ 0.95) x 1072 ergem 2 s~ angstrom ™" and a corresp-
onding Ly equivalent width of EW(Lya)= 27177 A,
compatible with the 20 lower limit we derived from the sole
continuum image (EW(Lya) > 192 A). We note here that the 3¢
detection is formally reached only by including the V band, which
could contain residual contaminating emission from red passive
galaxies. Thus, it would be appropriate to regard the quoted EW
measurement as a lower limit.

2.3. Chandra X-Ray observations

CL J1449+40856 has been imaged both with XMM-Newton
(80ks, G11, Brusa et al. 2005) and Chandra (94 ks, Campisi
et al. 2009). Details of the XMM-Newton detection have already
been reported in G11. However, that analysis suffered from a
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Figure 3. Bright knots in the Ly« nebula. Ly emission line map smoothed over a 1” area (panel (a)) and U-band (panel (b)), B-band (panel (c)), and F140W band
(panel (d)) images of CL J1449+4-0856. Individual Ly« emitters detected at ~5¢ are marked (white circles). The position of the AGN # 607 is reported for clarity, but
this source is not identified as a Ly« emitter. For reference, 15” corresponds to ~125 kpc at z = 1.99.

large uncertainty on the localization of the cluster center. Based
on the statistical analysis of galaxy groups in COSMOS
(George et al. 2011), the difference between the most massive
members and the X-ray peak positions is typically 15”
(Figure 4, panel (b)). The measured distance between the core
of the cluster and the XMM position is 9”.

Archival ACIS-I Chandra observations of the field consist of
a mosaic of three partially overlapping pointings of ~30 ks
each, covering a total area of ~500 arcmin” at different depths.
These three observations (5032, 5033, and 5034) were
performed in 2004 June by the Advanced CCD Imaging
Spectrometer (ACIS) with the I0 CCD at the aimpoint and all
ACIS-I CCDs in use. Faint mode was used for the event
telemetry, and ASCA grade 0, 2, 3, 4, and 6 events were used
in the analysis (full details are reported in Campisi et al. 2009).
In Cycle 16, we followed-up the field with the ACIS-S camera
(aimpoint at CCD = 7) for a nominal exposure of 94.81 ks in
very faint mode. This new Chandra observation has a higher
spatial resolution because it is pointed at the location of the
diffuse emission and, thus, improves the localization of the
cluster core and the association between the extended X-ray
source and the optical/near-IR counterpart. For both ACIS-I
and ACIS-S data, reprocessing was carried out using CIAO
version 4.6 and adopting the latest relevant calibration
products. From a wavelet reconstruction of the ACIS-S image,
we detected a >40 extended feature co-aligned with the core

(Figure 4, panel (a)). The X-ray source is centered on
coordinates 14:49:13.670, +8:56:28.25 with a 1o uncertainty
on the position of 4” (Figure 4, panel (b)) and a distance to the
cluster core of 5”. We measured the extended source flux in the
area where the significance of the wavelet map was higher than
20. We derived ACIS-S and ACIS-I counts independently,
using the same extraction region. Within a 10” aperture, the net
(i.e., background-subtracted) number of counts from the
extended source in ACIS-S is 11.0 £ 5.3 (94 ks exposure) in
the 0.5-2keV band, corresgonding to an aperture flux of
(8.5£3.0) x 1071¢ ergem— s~ '. The ACIS-I counts and
aperture flux are 5.2 +2.5 and 1.2 x 1075 ergem™2 s°!
respectively (49 ks exposure). The average flux of the source
is therefore (1.0 = 0.4) x 1071 ergcm™ s~!. This corre-
sponds to an observed total X-ray luminosity of Ly =
(9+3) x 10° ergs ' in the 0.1-2.4keV rest-frame band
within Rsq, defined as the radius enclosing a mean overdensity
500 times larger than the critical density of the universe. We
do not detect bright radio sources close to the cluster core in
deep Jansky Very Large Array observations at 3 GHz down to
2.7 uJy (rms), except for two galaxies with a ~30 ply
continuum emission, fully consistent with pure star formation
activity seen at ultra-violet and infrared wavelengths. Thus,
inverse Compton scattering off extended radio-galaxy jets is
not likely to be the origin of the extended X-ray emission as in
potentially similar cases (i.e., Miley et al. 2006).
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Figure 4. Spatial distributions of stellar mass density, Ly« surface brightness, and X-ray extended emission. Stellar density maps are derived from a mass complete
sample of cluster members and candidates with M, > 10'%4 M_ (S13, background colored image in panels (a)-(c)). The prominent stellar mass density peak
represents the cluster core region (red area). Lya nebula >3¢ contours from wavelet reconstruction are superimposed (blue lines). Note that point-like sources have
been subtracted before tracing the contours. Extended X-ray contours from XMM-Newton and Chandra observations (red lines) are displayed in panel (a). The
positional uncertainties of the peak of the X-ray extended emission from both sets of observations are shown in panel (b) (red circles). A zoom on the central region is

shown in panel (c). For reference, 15” corresponds to ~125 kpc at z = 1.99.
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Figure 5. Lya nebula and projected stellar mass density profiles. We show the
stellar mass density (red circles) and normalized Ly« surface brightness (blue
circles) radial profiles. The center of the profiles are spatially coincident and
fixed at the position of the barycenter of stellar mass (S13). For the Ly« surface
brightness profile, we merged the measurements at the two farthest positions
from the cluster center to reach the formal detection threshold. Moreover, the
Lya flux of AGN #4661 has been subtracted in the corresponding bin. For the
stellar mass density profile, error bars include both the Poisson error and the
uncertainties in membership determination (S13). For the surface brightness
profile, error bars represent the 1o uncertainties on flux measurements. The best
fit of the stellar mass profile is a classical beta-model (S13).

2.4. Halo Mass and Gas Temperature

Scaling the observed total X-ray luminosity within Rsg
(Leauthaud et al. 2010), we estimated a halo virial mass of
Mo = (5=7) x 103 M, and a virial radius of R, = 0.5 £
0.1 Mpc, in agreement with previous determinations (G11, G13).
This estimate is consistent with that expected from a total stellar
mass enclosed in cluster members of 2 x 10'* M., in particular,
in six massive and passive galaxies in the core (S13,
Mo = 47 x 108 M., including the latest calibration by
van der Burg et al. 2014). We independently evaluated M, from
the velocity dispersion derived from HST/WFC3 and Subaru/
MOIRCS spectroscopy (G13, Valentino et al. 2015). After

excluding obvious interlopers at redshift z < 1.95 and z > 2.05,
we estimated the systemic redshift and the velocity dispersion
fixing the reduced X?ed = (Z[’\;I(Zi — Zsys)z/(o—i + a?ﬁsp))/
dof =1, applying a clipping at 30, and iterating until
convergence. This procedure allows us to fully take into account
the uncertainties on spectroscopic redshifts. We then estimated the
uncertainties as the 15.87-84.13 percentile ranges of the
distribution of 15,000 bootstrap simulations. We obtain
Zoys = 1.99570003 and o, = (830 & 230) kms~'. We find
consistent results modeling a Gaussian curve on the galaxy
redshift distribution (Figure 6). Assuming virialization, we find a
lo lower limit on the virial mass of My, = 4 x 1083 M,
obtained adopting the 1o lower limit on o,. Then, we calculated
a total intracluster mass in the hot phase of Mjcy ~ 0.08 x
Mpgo ~ 5 x 1012 M. (Renzini & Andreon 2014). The gas
fraction may vary with redshift, but even considering a value close
to the universal baryon fraction, the main result of this work
would not change. Assuming spherical geometry for the halo and
a mean molecular weight of 1 = 0.6, the average particle density
is (8+2) x 107* cm™> within the virial radius. Finally, we
estimated a temperature of 2.1 keV from the Lx — T relation
(Finoguenov et al. 2007) and an absorbing column density of
Ny =2 x 10 cm 2. We stress here that the current X-ray
data set allows only for an estimate of the integrated X-ray
luminosity Lyx. We do not have in-hand the spatial profiles of
X-ray derived quantities such as the temperature, entropy, density,
or the metallicity of the hot ICM. In order to estimate these
physical quantities, we rely on the extrapolation of well
established relations at low and moderate redshift (z < 1).

3. PHYSICS OF THE LYa NEBULA

In this section, we study the physics of the Ly« nebula. First,
we estimate the mass and electron density from its luminosity
and size. We then explore the possible powering mechanisms
and conclude that the most plausible source of ionizing photons
are AGNs embedded in the nebula, with a possible contribution
from dissipation of the mechanical energy due to galaxy
outflows. Finally, we discuss the typical timescales regulating
the evolution of the nebula. We find that, barring an
observational coincidence, in our favored scenario the nebula
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Figure 6. Cluster redshift distribution. The black histogram shows the redshift
distribution of galaxies in CL J14494-0856. The red curve is the best Gaussian
model fitting the curve. The uncertainties represent the formal 68.3% Poisson
confidence interval.

is constantly replenished with cold gas to survive evaporation
due to the surrounding hot X-ray plasma.

3.1. Mass and Density

Assuming photoionization, we can estimate the mass My,
and the electron density n. of the ionized gas from the Ly«
luminosity (McCarthy et al. 1990; Dey et al. 2005):

Miyo = 125mynof V= (1 — 10) x 10° M, (1

where my, is the proton mass, f'the volume filling factor, and V the
volume of the nebula. For the sake of simplicity, we assumed a
spherical geometry for the nebula with a radius of R, = 46 kpc,
the average value of the long and short axes measured in the
wavelet reconstructed image. The choice of the shape does not
affect the final result of this work, i.e., adopting a cylindrical
symmetry the volume changes by =10%. We assumed
f=107-10"" as detailed in the next section. The electron
density is derived from the Ly« luminosity estimate through

JHﬂ

Jive
Liya = =22 offf huggne ny f V — ne = 09 — 9cm=3, (2)

where ji . and jyg are the emission coefficients for Ly« and
Hg, Oé%ffg is the effective recombination coefficient for Hj, hvpgs
is the energy of an HS3 photon, and n, is the proton number
density (n. ~ 1.2 n, accounting for doubly ionized helium).
The range of n. values corresponds to f= 1073-1073,
assuming case B recombination (Osterbrock & Ferland 2006)
and T = 10* K. We notice that the gas appears marginally
optically thick to ionizing radiation, given the column density
of neutral hydrogen averaged over the projected area of the
nebula of (N ;) ~ 10'72 cm ™2 (see Equation 11 in Hennawi &

Prochaska 2013). Moreover, n, < (\/7 )~! and My, o \/f,
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reducing the two orders of magnitude range of uncertainty that
we allowed for f. Finally, My, might be a lower limit for the
total mass of cold gas reservoirs in the cluster if AGNs are the
powering sources (see Section 3.3), as beamed emission may
illuminate only a portion of the gas. In addition, the true Ly«
luminosity may be higher than reported due to dust and neutral
hydrogen absorption.

3.2. Volume Filling Factor

The mass and density of the nebula depend on the volume
filling factor f, which is not directly constrained by our
observations. However, it is reasonable to assume pressure
equilibrium between the ionized gas and the hot X-ray ICM,
allowing us to put an upper limit on the possible values of f. To
estimate the pressure exerted by the hot ICM, we assumed the
universal pressure profile of galaxy clusters (Arnaud et al. 2010),
properly rescaled in mass and redshift, as representative for
CL J14494-0856. Then, dividing the pressure by ~10* K, the
typical temperature of the Ly« gas, we obtained the radial density
profile of a medium in pressure equilibrium with the X-ray
emitting plasma. The range of possible values of 7. over the radial
extension of the nebula is 1 ~ 1-10 cm >, corresponding to
f~107-107°, a pressure of p ~ 10*-10° K cm ™, and masses of
ionized gas of My, ~ (1 — 10) x 10°M_,. Absent an observed
X-ray profile, this is an order of magnitude calculation, given that
the pressure profile in low-mass systems might be different and,
notably, flatter than in clusters (Le Brun et al. 2015), leaving the
door open for larger values of f and lower densities. However,
higher values of f (~0.01-1) are disfavored by a simple argument
based on gravitational stability: if larger and more massive clouds
were in place, they would be Jeans-unstable and form new stars, a
scenario disfavored by the observed high value of EW(Lya)
(Section 3.3.2). On the contrary, solutions with f< 107> are
gravitationally stable, considering the simplified case of auto-
gravitating spheres of stably ionized gas at 10* K.

On the other hand, much smaller values of f are not easily
maintained for long timescales. As recognized in classical
works (Fabian et al. 1987; Crawford & Fabian 1989), lower
volume filling factors and higher densities would imply clouds
dissipating by thermal expansion on short timescales
(10° years), with consequent difficulties to explain the size of
the nebula and its lifetime.

3.3. Powering Mechanism and Origin of the Gas

We consider five different physical scenarios to explain the
extended Lya emission: hard ionizing spectra of AGNs
impacting gas reservoirs in the cluster core, the continuous
formation of young massive stars, cooling of dense cosmolo-
gical cold flows penetrating into the dark matter halo, cooling
of plasma from the X-ray phase, and dissipation of the
mechanical energy from galaxy outflows in the core.
Eventually, we point to the AGN radiation field as the most
plausible powering source of the Ly« nebula, with a potential
contribution from shocks induced by galaxy outflows.

3.3.1. AGNs in the Cluster Core

Two spectroscopically confirmed X-ray AGNs in the cluster
core (#607, 661 in G13) are suitable candidates for ionizing the
nebula. The depth of the new Chandra observation, coupled with
an optimal on-axis alignment, allowed us to perform a basic X-ray
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spectral analysis despite the limited photon statistics (34 and 20 net
counts in the observed 0.5-7 keV band for sources #607 and 661,
respectively). Source #607 is characterized by a power-law
spectrum with photon index I'=2.0 4+ 0.6; the observed
2-10keV flux is 1.776 x 107" ergem 2 s, corresponding
to a rest-frame 2-10keV luminosity of 5.2734 x 10% ergs™',
typical of a luminous Seyfert galaxy. The X-ray spectrum of
source #0661, the point-like Ly emitter (Figure 2), is flat: fitting
the data with a power-law model provides I' = —0.705, highly
indicative of strong obscuration. We then included an absorption
component and fixed the photon index to 1.8, as expected for the
intrinsic AGN emission (e.g., Piconcelli et al. 2005). This model
results in a column density of Ny = 9.3735 x 102 ecm 2 ie.,
consistent with marginal Compton-thick absorption (1.5 x 10%*
cm 2. The tentative detection of an iron Ko emission line at
6.4 keV (with equivalent width of ~24keV rest frame), if
confirmed, would further support the heavily obscured nature of
source #661. The derived 2-10keV flux is (7.4 £2.2) x 1071
ergem © s ', corresponding to a rest-frame luminosity of
Ly_10kev = 2.9702 x 10% ergs ™', placing source #661 in the
quasar regime. We do not detect any bright counterpart in deep
Jansky Very Large Array observations at 3 GHz down to 2.7 plJy
(rms), and we thus classify source #661 as radio-quiet. From
aperture  photometry, we estimated a Lya flux of
(6.7 + 0.7) x 1077 ergem 2 s, corresponding to a luminosity
of (1.940.2) x 10** ergs™'. The spectral energy distribution
(SED) of #661 is shown in Figure 7. From SED modeling, which
benefits from near-, mid-, and far-IR observations from Spitzer and
Herschel, we estimated a bolometric luminosity for the AGN of
(27+15) x 10 ergs™'. A similar value (3.2+0.6 x 10¥
erg sfl) is derived using the observed [OTI]AS007 A luminosity
obtained from recent Subaru/MOIRCS spectroscopy of the galaxy
(Valentino et al. 2015), converted into a bolometric luminosity as
Lyoi/Liom = 3500 (Heckman et al. 2004). Assuming the
luminosity-dependent bolometric correction as in Lusso et al.
(2012), we predict an intrinsic 2-10keV luminosity for source
#661 of 1.674¢ x 10* ergs™'. This value is consistent, within
the uncertainties due to the adopted relations and measurements,
with that derived from the X-ray spectral analysis reported above.

Furthermore, we normalized the “radio-quiet AGN” template
by Elvis et al. (1994) to match the estimated L,. We then
integrated over wavelengths bluer than the Lyman continuum
limit to obtain the ionizing ;)hoton flux ¢ from both sources.
We obtained ¢ ~ 1.3 x 10°> and ¢ ~ 7.3 x 10°* photons s~
for source #661 and #607, respectively. Taking into account
the distance between the AGN and the peak of diffuse Ly«
emission, a conical illumination pattern of the neutral gas, and a
covering factor of the ionized gas fc ~ 1 consistent with the
observations (Section 3.5), we estimate that (6.5-15.3)% and
(14.5-49.2)% of ionizing photons from #661 and #607 reach
and ionize the gas. The number of ionizing photons necessary
to explain the observed Ly luminosity is

L o
o 118 x 109 photons s~ A3)

hv Lya §Ly(y

where &y, = 0.68 is the fraction of ionizing photons
converted in Ly (Spitzer 1978). Thus, the AGNs are likely
capable of producing a sufficient amount of ionizing radiation
to power the gas emission, even if fc were a factor of several
times smaller. We note that the flat Ly« surface brightness
distribution in Figure 5 is not a priori in contradiction with
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Figure 7. SED modeling of the marginally Compton-thick AGN #661. U-
band to Herschel/SPIRE 250 pum observations are shown (red circles). The
contributions of stars (red line) and the AGN (blue line) are shown
independently. The full model is the sum of the two components (black line).
The spectroscopic redshift is from Subaru/MOIRCS (Valentino et al. 2015).
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powering from the AGN. The geometry of the system, the
absorbing torus around the AGN, and the distribution of the
cold clouds impact the observed profile: the flatness might just
reflect covering factors close to unity. In fact, for volume filling
factors f = 10 °~10"> and a covering factor f- ~ 1, energetic
photons from the AGN may ionize gas at large distances.
Finally, we note that resonant pure scattering of Lya photons
from #661 can hardly contribute to the diffuse luminosity
farther than ~10 kpc—Iess than 10% of the whole extension of
the nebula—as detailed radiative transfer modeling shows
(Cantalupo et al. 2005; Dijkstra et al. 2006).

3.3.2. Young Massive Stars

Ongoing and continuous formation of young stars spread
over the nebula might be a possible alternative ionizing source
(Miley et al. 2006). The total star formation rate (SFR) inferred
from the Lya luminosity is 21 & 3 M., yr ' (Kennicutt 1998),
assuming an intrinsic ratio of LLya/LHa = 8.7 (Case B
recombination, Osterbrock & Ferland 2006). This estimate
should be regarded as a strong lower limit on the total SFR
since we do not correct Ly, for dust obscuration and scattering
from neutral hydrogen. However, both truly diffuse star
formation and the emergence of undetected galaxies populating
the low-mass end of the mass function and contributing to the
diffuse emission (Zibetti et al. 2005) are disfavored: the high
value of EW(Lya) = 27 lfé87 A implies ages too young to be
reasonably observable (Section 2.2 and Figure 7 in
Schaerer 2003). Assuming a continuous star formation history,
we should observe stars younger than <3 Myr distributed over
a 100 kpc scale, much larger than the typical super-star cluster
size. For comparison, EW(Ly) is ~100 A for the continuous
star formation regime. A single, simultaneous starburst event
on the same scale seems even less likely. Small effects due to
the choice of the initial mass function or metallicity do not
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change these results, unless considering extreme Population IIT
stars (Schaerer 2003). We stress here that the weak continuum
detection is formally reached only by averaging the U frame
with redder bands, which could contain residual contaminating
emission from red passive galaxies. In addition, the Ly« flux is
not corrected for dust absorption and scattering from neutral
hydrogen. Hence, the quoted EW measurement is reasonably a
lower limit of the true value.

3.3.3. Cosmological Cold Flows

Another viable origin for the Ly« photons is the cooling of
the dense streams penetrating into dark matter halos currently
predicted by hydrodynamical cosmological simulations (Dekel
et al. 2009; Goerdt et al. 2010). The current status of these
models disfavors this scenario showing that, given the halo
mass of CL J14494-0856, these cold flows should have stopped
reaching the cluster core ~1 Gyr prior to observation, being
shock-heated to the virial temperature (Valentino et al. 2015).
Nevertheless, in the cluster core, we estimate a total SFR of
~1000 M, yr~' (Section 4.1) that must be constantly fueled by
fresh cold gas given the 0.5 Gyr gas depletion timescale typical
at z = 2 (Daddi et al. 2010; Tacconi et al. 2013). This points to
an inconsistency with the prescriptions of present-day models.
Note, however, that the mass and redshift regimes at which
cold flows should not penetrate into the hot ICM have not been
observationally confirmed yet, and suffer from substantial
scatter in simulations (Dekel et al. 2009). In addition, there are
hints that within this scatter a cluster progenitor at z = 2 may
be crossed by dense gas streams supporting high SFRs and
powering extended Lya nebulae (Danovich et al. 2015). For
the rest of the paper, we will adopt the predictions of current
cosmological simulations, excluding a substantial contribution
to the Lya luminosity from cold flows. We defer a more
detailed discussion to future work.

3.3.4. Classical Cooling Flows and Cool-cores

Cooling from the X-ray emitting phase to a cold ~10* K
temperature is known to occur at low redshift and is generally
considered the origin of the nebular filaments observed in cool-
core clusters (CCs, Fabian et al. 1984b; Heckman et al. 1989;
Hatch et al. 2007; McDonald et al. 2010; Tremblay et al. 2015).
More extreme manifestations of the same mechanism are the
classical cooling flows, though obvious cases are not currently
known in the local universe (Peterson & Fabian 2006). Even
though we cannot properly classify CL J1449+0856 as CC or
non-CC according to the standard X-ray based definition owing
to poor X-ray sensitivity at z = 2, we find several incon-
sistencies between this cluster and the typical local CCs or
classical cooling flows. First, the ratio between the Lya
luminosity of the nebula and the total X-ray luminosity of the
ICM is orders of magnitude larger in CL J1449+0856 than
predicted for classical cooling flows or observed in local CCs.
In CL J1449+0856, we find Liy./Lx ~ 0.3, while L./
Lx ~ 107 and ~0.5 x 107> for classical stationary cooling
flows (Cowie et al. 1980; Bower et al. 2004; Geach et al. 2009)
and CCs, respectively. To compute the ratio for local CCs, we
collected measurements of extended Ha luminosities from the
survey by McDonald et al. (2010) and the X-ray flux observed
with ROSAT (Ledlow et al. 2003). Assuming Ly y,/Ly, = 8.7
(Case B recombination, Osterbrock & Ferland 2006), we
derived an average Ly y,/Lx ratio of 5 x 10~* (40% less when
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including only the extended filaments and not the flux from the
BCG) for 13 structures in the Abell catalog. This is a
conservative upper limit, since our Lya measurement for
CL J1449+4-0856 is not corrected for reddening nor scattering.
The only cases when L y,/Lx ~ 0.01 happen in the presence
of strong radio-galaxies (i.e., Hydra A), while we exclude the
presence of such sources in CL J4494-0856 thanks to our deep
JVLA 3 GHz maps down to 2.7 pJy (rms). This was already
recognized in the seminal paper by Heckman et al. (1989)
where the highest LLya/LX ratios strongly correlate with the
presence of a bright radio-galaxy in the core (Cygnus A,
3C 295, Perseus) and consequently show high excitation lines
in the spectra of the nebulae. For reference, the widely studied
case of the Perseus cluster (i.e., Fabian et al. 1984a; Conselice
et al. 2001; Hatch et al. 2005, 2007) shows Ly, /
Lx <5 x 107°. We stress once more that we do not measure
a proper observed X-ray profile for the cluster. Thus we cannot
isolate the core luminosity (better correlated with the nebular
luminosities, Figures 9 and 11 in Heckman et al. 1989), but we
can only compare global properties (their Figure 10). Overall,
the Lya nebula we discovered is hugely overluminous with
respect to local analogs: only <1% of its luminosity could be
explained if CL J1449+0856 were the high-redshift version of
a typical low-redshift CC.

Moreover, local nebular filaments are frequently connected
with episodes of star formation. If not in the filaments
themselves—observationally there is not clear evidence
disproving this possibility (McDonald et al. 2010; O’Dea
et al. 2010; Tremblay et al. 2015)—star formation should occur
at least in the central galaxies, fueled by the gas cooled from
the X-ray phase. The presence of large molecular gas reservoirs
associated with the filaments (Salomé et al. 2011; McNamara
et al. 2014) further supports this argument. In CL J1449+0856
this is not observed: the peak of the extended Lya emission
(once the contribution of the offset point-like AGN has been
removed) does not overlap with any cluster member, nor to any
evident source in all bands from U to near-infrared HST/
F140W. In this sense, if cooled gas is flowing toward the
bottom of the potential well where the peak of the Lya
emission lies (Figure 4), it is not triggering star formation nor
AGN feedback in any object.

Finally, as we will show later in Section 4.2, SFGs and
AGNs in the cluster core can inject a huge amount of energy
into the surrounding medium. Considering only mechanical
energy, this quantity is five times higher than the observed
X-ray luminosity at z = 1.99, largely enough to offset global
catastrophic cooling from the ICM and to strongly disfavor the
hypothesis of a classical cooling flow. However, local rapid
cooling may arise at the peak of the density distributions in the
ICM, caused by the onset of thermal instabilities. This
argument is at the base of modern feedback regulated models
of ICM cooling, which have proved to successfully reproduce
several properties of the local nebular filaments (Gaspari
et al. 2012; Sharma et al. 2012). Here we cannot directly test
the simple prescription proposed in these models based on the
ratio between the free-fall time and the timescale necessary to
start the thermal instabilities. Nevertheless, we note that
feedback is likely to play a role (Section 4.2), even if a
circular “on-off” auto-regulated regime might not be easily
established at high redshift, given the long gas depletion
timescales in galaxies (0.5-1 Gyr, Daddi et al. 2010; Tacconi
et al. 2013) compared with the age of the universe.
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We conclude that the observed Lya emission is not due to
cooling from the X-ray phase in the form of a classical
stationary flow. On the other hand, if moderate cooling partially
contributes to the total Ly« luminosity regulated by feedback,
it generates very peculiar features not observed in local CCs.

3.4. Shocks

Ly« emission could be powered by shocks induced by galaxy
outflows on the surrounding pressurized ICM. We constrain the
maximum fraction of total kinetic energy injected by winds that is
lost by radiative losses simply dividing the total power radiated
through emission lines (=2 times the observed total Ly«
luminosity Ly ) by the instantaneous energy injection ensuing
galaxy outflows Ey;, (Section 4.2). This fraction (~10%) is
presumably a strong upper limit, considering the large number of
ionizing photons emitted by AGNs and star-forming galaxies in
the core, and the low density of the ICM. If shocks were
dominating the Ly emission, we could not estimate the mass
from Equation (1), but rely on alternative working hypotheses,
i.e., pressure equilibrium and geometrical assumptions. Future
spectroscopic follow-up will help to quantify the contribution of
shocks to the nebular emission, i.e., from UV lines ratios (Dey
et al. 2005; Prescott et al. 2009).

3.5. Time Evolution of the Lyo. Nebula

The evolution and the lifetime of the Ly« nebula are globally
driven by cooling and heating processes, the dynamics of the
gas, and their typical associated timescales. In the following,
we envisage the time evolution of the system assuming that it is
stable and exploring different physical scenarios.

3.5.1. Dynamics

As mentioned in Section 3.2, a single massive nebula at rest
at the bottom of the potential well would rapidly collapse and
form stars, since the pressure exerted by the particles of a
10* K, Lya-emitting gas would be insufficient to balance the
effect of gravity. This scenario is not consistent with our
observations (Section 3.3). On the other hand, the Ly« nebula
may be globally at rest at the bottom of the potential well if
structured in smaller and denser clouds moving with a typical
velocity comparable to the velocity dispersion of the cluster.
However, the Lya clouds would dissipate energy through
turbulence. If not energized by external factors, they would
inevitably start cooling and collapsing. All things considered, if
the Lya nebula were globally at rest in the dark matter halo, it
would quickly disappear on a cooling timescale, making our
discovery an unconvincingly lucky coincidence. Planned
spectroscopic follow-ups will directly probe the dynamical
state of the nebula and test our predictions.

3.5.2. Cooling and Heating

Absent a strong powering mechanism, the continuous
irradiation of Lya photons would lead to the quick collapse
and disappearance of the clouds. This would happen on time-
scales of feoo1 & 2.07 X 10" s(T/10*K) (n./1cm™ )* x (A
(T)/lO erg em’s H 71~ 0. 1Myr where T = 10* K is the
gas temperature, 1. ~ 1-10 cm ™ the electron density corresp-
onding to plausible values of the volume filling factor
(f=10"-10"°), and A(T) the cooling function (Sutherland
& Dopita 1993; Dey et al. 2005). Strong cooling of the Ly«
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clouds is disfavored by the large extension of the nebula and
the absence of features of recent star formation occurring in the
ICM (Section 3.3). Moreover, the cold gas is immersed in a
bath of energetic photons produced by the AGN that can keep a
large fraction of it ionized. This would be compatible with the
geometry of the system and dust absorption (Section 3.3.1). In
addition, magnetic fields in the ICM can insulate and stabilize
the ionized clouds, further preventing cooling and prolonging
their lifetime up to ~10 Myr, as proposed for nebular filaments
in local CCs (Conselice et al. 2001; Fabian et al. 2003, 2008).
Conversely, Lya-emitting gas clouds in macroscopic motion
with respect to the hot medium, can be thermalized through
hydrodynamical instabilities and shocks. We estimate the
timescale for the interaction between the cold and hot ICM
phases following Klein et al. (1994):

1/2
1 neLYﬂ
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Rcloud
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Cs

“

where Rouq 1 the radius of individual Lya-emitting clouds, and
¢ ~ 500 kms ™' is the sound speed in the hot medium. This
speed is also comparable to the velocity dispersion in the cluster
(Section 2.4). For simplicity, we adopted the classical hydro-
dynamical, non-radiative case where we considered the effects of
hot winds moving at a typical speed of the order of ¢, much
greater than the sound speed in the cold gas. However, a fully
numerical treatment including radiative losses gives similar results
(Scannapieco & Briiggen 2015). We allowed for possible
clumpiness in the nebula assuming R joud < Rpey When the
volume filling factor is f < 1, where Ry, = 46 kpc is the radius
of the whole nebula (Section 3.1). To constrain Ry, We adopted
a pure geometrical approach (Hennawi & Prochaska 2013).
Assuming spherical clumps spatially uniformly distributed in the
spherical nebula of radius R, and with a single uniform clumps’
gas density, we can link f'to R o, through the covering factor fc:

cloud

f=le—— &)

neb

The relative smooth morphology of the nebula and the flat
surface brightness profile are consistent with f- of the order of
unity, though we cannot determine its accurate value. Assuming
f=10""-10">, we obtain a typical timescale for thermalization of
tiherm ~ 0.1-3 Myr. Relaxing the constraint on the covering factor
up to a factor of five, we find tpemm ~ 0. 5-10 Myr, consistent
with the lower limit on the lifetime of filaments in local CCs.

As a direct consequence, barring an improbable observa-
tional coincidence, maintaining the nebula stable against
evaporation requires a replenlshment of cold gas at a rate of
Mrepl My, / therm <, 1000 M yr~ ! Note that this estimate is
sensitive to the presence of colder gas reservoirs not shining in
Lya and possible localized cooling partially compensating the
heating, which could lower the final value. On the other hand,
the quoted number could be regarded as a lower limit, since the
parameters in the equations could substantially increase the
replenishment rate in the plausible ranges we considered. The
replenishment rate is directly proportional to fc, but mildly
depends on f through both terms of the fraction (M o< f~0%),
making the minimum replenishment stable against the range of
values we allowed for the filling factor. Physically, the smaller
the volume filling factor, the smaller the total mass of the
nebula, but the shorter the evaporation time of the denser and



THE ASTROPHYSICAL JOURNAL, 829:53 (18pp), 2016 September 20

clumpier gas. The density contrast term and the size of the
clumps act in opposite ways on fgerm, With Rejouq dominating
the final value: smaller clumps are crossed by shocks or
hydrodynamical perturbations more rapidly than larger clouds
and, consequently, they are disrupted faster.

If not continuously sustained against evaporation, the nebula
would disappear on timescales of fg,em OF, analogously, very
short timescales imply unphysical replenishment rates Mrepl to
explain the presence of the nebula. We note that the
evaporation timescale is shorter than the nebula crossing time
(~90 Myr), given a radius of R = 46 kpc and a typical wind
speed of 500 km s~ (i.e., Forster Schreiber et al. 2014). This
raises the problem of explaining the extension of the nebula,
since the Lya-emitting clouds should evaporate well before
filling the observed volume. The issue would be naturally fixed
if the clouds primarily form in situ by cooling from the X-ray
emitting ICM. Globally, this is unlikely to be the case
especially far away from the cluster center, where cooling
times from bremsstrahlung are long. However, local thermal
instabilities might be established in the densest portions of the
ICM, providing part of the cold gas needed. On the other hand,
if the gas replenishment is due to galaxies (as we envisage in
the next section), the size of the nebula is explained both by the
distribution of cluster members over a large area, since in this
case clouds being injected at different positions would not need
to cross the whole nebula, and by recent models of radiatively
cooling winds (Thompson et al. 2015). Moreover, galaxies are
rapidly moving in the cluster core and, consequently, winds are
naturally spread over large portions of the nebula.

4. DISCUSSION

In the previous section, we have shown that the nebula must
be constantly replenished of cold gas at a rate of =>1000
M., yr~ " in order to shine for timescales longer than ~10 Myr.
Here we focus on galaxy outflows as a plausible mechanism to
supply this gas. We introduce independent constraints on the
amount of gas released by galaxies based on the observed star
formation and AGN activities and we show that outflows are
sufficient to explain the presence of the nebula. We further
discuss the implications of mass and energy extraction from
galaxies and the ensuing injection into the ICM, a process
necessary to explain the thermodynamics of local clusters. We
also draw a comparison with state-of-the-art cosmological
simulations to test the consistency of our estimate.

4.1. Gas Replenishment through Galaxy Outflows

The gas necessary to sustain the Lya nebula can be supplied
by galaxy members through SNe and AGN-driven outflows, a
feature ubiquitously observed in high-redshift galaxies (i.e.,
Newman et al. 2012; Forster Schreiber et al. 2014; Genzel
et al. 2014; Harrison et al. 2015) and strongly supported by
theoretical models and cosmological and zoom-in simulations
(i.e., Davé et al. 2008; Hopkins et al. 2012; Lilly et al. 2013;
Gabor & Bournaud 2014). Is the galaxy activity in CL J1449
+0856’s core sufficient to provide a minimal mass rate of
>1000 M, yr' as required by the Lya nebula? To answer this
question, we computed the total mass outflow rate considering
both contributions from the observed SFR and AGN activity
(Figure 8). We converted members’ SFRs into mass outflow
rates M,,; by multiplying by a conservative mass loading factor
N = My, /SFR = 1. This is likely to be a lower limit for
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the ionized and molecular gas expelled by galaxies, both
observationally and theoretically (i.e., Hopkins et al. 2012;
Newman et al. 2012; Gabor & Bournaud 2014, Hayword et al.
2015). This order of magnitude is also necessary to explain the
metal enrichment of the ICM. Indeed, the same amount of
metals is locked into stars and distributed in the ICM, favoring
the equality M,y =~ SFR (i.e., Renzini & Andreon 2014). The
SFRs were derived either from SED modeling from our
13-band photometry (S13), Ha from our recent Subaru/
MOIRCS follow-up (Valentino et al. 2015), or 870 um
continuum detection in ALMA maps applying a main-sequence
galaxy template (Magdis et al. 2012). ALMA observations,
reduction and analysis will be presented in a forthcoming paper
(V. Strazzullo et al. 2016, in preparation). The total SFR in the
central region is SFR ~ 1000 M. yr '. An individual bright
ALMA source stands out in the cluster field. Its 870 pm flux is
Fg70,m = 5.5 mly, corresponding to a total infrared luminosity
between 8-1000 um of Lig=6. 6x 10* L. and
SFR = 1100 M. yr ' at z = 1.99 (Figure 8). The measure-
ment errors are negligible with respect to the 0.15 dex
uncertainty due to modeling (V. Strazzullo et al. 2016, in
preparation). As there is no spectroscopic confirmation that the
ALMA source is a member of the cluster, we have
conservatively excluded it from the SFR accounting. We note
that, if confirmed to be part of the cluster, this source would
increase by a factor of two times the total SFR in the core.
The growth of black holes further contributes to the mass
outflow rates. We estimated its order of magnitude by directly
converting Ly, into mass outflow rates using the empirical
calibration by Cicone et al. (2014). In this case, we obtain ~~600
and 800 M., yr' for #607 and #661, respectively. Moreover, it
appears that we have not captured the system during a phase of
exceptional AGN activity. In fact, the integrated SFR/Lx ratio
observed in the cluster core is close to the cosmic average value
(Mullaney et al. 2012). The predicted X-ray luminosity is
(Lx) = SFR x 4.46 x 10% ergs™' ~4.5 x 10" ergs™', while
the observed value from the two AGNs is 3.4 x 10* ergs™'. We
remark that the calibration by Cicone et al. (2014) is based on a
sample of local bright IR galaxies with previously known
outflows, which, in principle, may overestimate the outflow rates
if the relation captures a phase shorter than the AGN duty cycle.
On the other side, contribution from phases other than molecular
and the uncertain CO luminosity-to-gas mass conversion can
increase the outflow rates derived with this calibration. Indeed,
strong nuclear ionized winds are now observed in fractions up to
50%—-70% of high-redshift AGNs (Harrison et al. 2015), showing
how common these features are. Moreover, the calibration by
Cicone et al. (2014) is in line with the expectations from
simulations reproducing the relations among black hole and
galaxy bulge masses or velocity dispersions. In terms of the ratio
between the kinematic energy released by AGNs per unit time and
their bolometric luminosity, simulations usually assume a
coupling efficiency ¢; ~ 0.05-0.15 (i.e., Di Matteo et al. 2005;
Le Brun et al. 2014 and Section 4.3 below). As we show in
Section 4.2.1, the instantaneous kinetic energy associated with
AGN and mass outflow rates estimated from the Cicone et al.
(2014) relation is indeed ~5% of the observed bolometric
luminosities. Therefore, all things considered, we do include an
AGN contribution following Cicone et al. (2014) in our fiducial
estimate of the total mass outflow rate. Finally, we note that the
reasonable agreement between the replenishment rate estimates
from the galaxy activity in the core and from the Ly« nebula
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Figure 8. Map of the activity in the central cluster region. For each cluster star-forming (blue circles) or AGN (red circles) member in the HST/WFC3 F140W image,
we indicate the indirect estimates of the outflow rate in M, yr~" as derived in Section 4.1. When available, we provide the SFR estimated from the continuum at 870
pm from ALMA observations (green contours). Question marks denote outflow rates associated with ALMA sources without redshift confirmation and hence not

included in our most conservative approach.

would be just incidental if the Lya emission were predominantly
powered by shocks induced by galaxy outflows on the
surrounding pressurized ICM (see Section 3.4), suggesting a
lesser contribution from this mechanism. In this case, the estimate
of the replenishment rate reported in Section 3.5 would not be
valid. However, the independent constraint on the energy injection
by galactic winds presented in the following section would be
unaffected.

4.2. Energy Injection into the ICM

Together with mass, outflows extract energy from galaxies
and then deposit it into the surrounding ICM through
dissipation, shocks, or turbulence. In the following sections,
we estimate the kinetic energy injection, neglecting alternative
contributions, i.e., from radiation.

4.2.1. Instantaneous Injection

First, we can estimate the instantaneous injection of energy
at the time of observation:

1

Ekin = 51"40utv2 (6)

where M, is the total amount of gas ejected per unit time at
z =199 by galaxies and v is the outflow velocity. We do not
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measure v in individual members in our sample, but its statistical
average is quite well constrained by increasing samples of high-
redshift observations. Therefore, our estimate of Ej;, should be
taken in a statistical sense. We assign a wind speed of 500 kms ™'
to SN-driven outflows for each star-forming galaxy, while for
AGN-driven outflows, we assume a typical speed of 1000
kms ! (Cicone et al. 2014; Forster Schreiber et al. 2014; Genzel
et al. 2014). Given the baseline mass outflow rate in Section 4.1,
we obtain Ein(z = 1.99) ~ 5 x  10* ergs™'. This energy is
a factor of 20 times (5 times) larger than the observed Ly«
(X-ray) extended luminosity. The five times factor with respect to
the X-ray luminosity is sufficient to offset the global radiative
cooling of the hot plasma. Assuming the balance between heating
and the observed cooling rate as in local clusters would thus imply
an energy injection five times lower than estimated above.
However, net heating is necessary to justify the presence of the
Ly« nebula, since the cooling from the X-ray globally occurs on
long timescales and is not sufficient to explain the Ly« emission
(Section 3.3.4). The injected energy is coming predominantly
from AGN activity (~85%) with a non-negligible contribution
from star formation (~15%), while, in terms of mass, AGNs are
responsible for up to two-thirds of the total gas released into the
ICM. SFGs would dominate the mass and energy injection only if
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Figure 9. Expected efficacy of outflow energy injection as a function of halo mass and redshift. Based on the empirical mapping of the star formation and galaxy
clustering evolution through cosmic time (Béthermin et al. 2013), we model the redshift evolution of the outflow energy injection over the thermal energy of the ICM
(panel (a)). The mechanical energy injection scales as the integrated SFR in the halo, while the total thermal energy of the hot ICM increases as
Etperm X Tyir Mgy X Mgﬁo, assuming a gas fraction varying with the halo mass (Renzini & Andreon 2014). Hence, the y axis in panel (a) represents the “efficacy” of
the energy injection. In panel (b), we show the evolution of the SFR as a function of redshift and halo mass in Béthermin et al. (2013). The ratio SFR/M},,, changes

slowly between 2 < z < 4 (panel (c)).

we largely overestimated the contribution from AGNs. We note
that CL 144940856 is not anomalous in terms of star formation
activity with respect to potentially similar structures at comparable
redshift (i.e., Tran et al. 2010; Yuan et al. 2014; Gobat et al. 2015;
Santos et al. 2015) and it is globally consistent with the tracks
reported in Figure 9 based on the model by Béthermin et al.
(2013). The instantaneous energy input from AGN corresponds
only to 0.05 LASN a factor of three times lower than typically
assumed in simulations (Section 4.3), supporting the estimate of
the mass outflow rates reported in Section 4.1, while from star
formation it is just 0.003 LS5, In general, given the SFR/Lx
cosmic average (Mullaney et al. 2012) and the adopted
calibrations, we expect AGN outflows to provide 5-10 times
more energy than winds induced by star formation.

4.2.2. Integrated Energy Injection

We can now estimate the fofal energy injection up to
z = 1.99, integrating Ey;, over time prior to observation:

Eiin = f Exin dt.
1(2>1.99)

For simplicity, we assume that the instantaneous energy
injection is proportional to the SFR:

Ekin = ﬂ SFR

)

(3)
where 8z = 1.99) ~ 1.6 x 10% erg Af@l. Then from Equation (7),

Byin = f 3 SFR(1)dr
1(z>1.99)

__B
1-R
B

= — *

1—-R

SFR(1)(1 — R)dt
t(z=1.99)

©)

where M, is the total stellar mass of 2 x 10'* M, observed at
z = 1.99 (Section 2.4 and S13) and R = 0.4 is the mass return
into the interstellar medium (Bruzual & Charlot 2006).
Eventually, we obtain Ey, = 5 x 10%! erg. Considering a
universal baryon fraction of fi, = 0.15 in the ICM (Planck
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Collaboration X VI et al. 2014), the total energy per particle in
the hot ICM then is ~2keV. This value is ~10% of the
binding energy of the halo at z = 1.99 and of the same order
of magnitude in cluster progenitors. Hence, part of the ICM
particles might have been expelled by the structure at some
early stage. The integrated energy is also comparable to the
thermal energy per particle Eger = 3/2 kT. Indeed, assum-
ing virialization, kT = kTi; = GMyyo pimy/2R,i; ~ 1.9 keV
and, thus, Eyem ~ 2.8 keV. This is an order of magnitude
estimate, as the structure is unlikely to be fully virialized at
this stage—simulations suggest a thermodynamic temperature
that is 15%—-20% smaller than T.,;. (Section 4.3). We stress
here that our estimate of the integrated energy injection is
affected by uncertainties on the total mass outflow rate,
outflow velocities, the halo mass, and its baryon content and it
depends on the assumptions we described. All things
considered, the estimate may well increase or decrease by a
factor of ~0.5 dex.

This approach relies on the use of M, in CL J1449+4-0856 as
a proxy for the total mass ejected through outflows in the past.
This presumes the adoption of a mass loading factor of n =1
and that v depends on local galaxy properties not evolving with
time. The advantage of using M, is the straightforward
inclusion of the contribution to the energy injection by galaxies
active in the past, but observed to be passive at z = 1.99.
However, there are two important assumptions behind this
results: first, we suppose that the total AGN mass outflow rate
is proportional to the total SFR at any time and second, that 3 is
constant with time.

4.2.3. Caveats

We justify the first assumption considering that SFR and
AGN activity are correlated (Mullaney et al. 2012): statisti-
cally, on large samples the average AGN X-ray luminosity is
equal to (Lx) = SFR x 4.46 x 10* ergs~'. Nevertheless, the
AGN mass outflow rate might depend nonlinearly on the AGN
luminosity. For example, in the empirical relation by Cicone
et al. (2014), My, o< L, with b = 0.72. From Equation (6),
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this nonlinear term becomes

~AGN 1 - AGN

Eml__EM' vign = ki Ly"? = ky SFRO72 (10)

out
where k; and k, are constants including the bolometric correction
linking Ly and Ly, the velocity term v2/2, and the coefficients in
the Cicone et al. (2014) and Mullaney et al. (2012) relations.
Simply combining Equations (8) and (10), we obtain

B = ¢ + ¢, SFRO2-1 (11)

where ¢; and ¢, are constants. Thus, the nonlinear term
introduced by the AGN mass outflow rate impacts our result
only when the total SFR in the progenitors of CL J1449+4-0856
drops significantly. Equation (11) justifies also our second main
assumption that (§ is roughly constant with time, depending
only on numeric constants and the total SFR in all the cluster
progenitors.

Does the total SFR in the cluster progenitors evolve with
redshift? At z > 1.99, the SFR is spread over several subhalos
that will form the observed cluster by merging. Here we trace
the growth of individual dark matter halos from simulations
using the Fakhouri et al. (2010) model. According to
Béthermin et al. (2013), in each subhalo, the total SFR peaks
at z ~ 2 and then slowly decreases (black curve in Figure 9,
panel (b)). However, to compute the total SFR contributing to
the energy injection over time, we have to consider all of the
subhalos. This corresponds to normalizing the individual SFR
to the halo mass at each redshift (Figure 9, panel (c)). In this
case, the function X (z) = (SFR(z))/Mha1o(z) mildly increases
with redshift. Thus, the nonlinear term in Equation (11)
becomes less important with redshift.

4.2.4. Final Remarks

We attempted an alternative estimate of the total kinetic energﬁy
purely base on the tracks in Figure 9. We obtain Eg, ~ 5 x 10°!
erg released by galaxies over 2 < z < 4 computed as

e [ X6
Eyin = ) MEPIV J:(z:4) X(t(z=2))

where the function X (z) = (SFR(z))/Mhaio (z) accounts for the
expected flat trend of (SFR) at 2 < z < 4 and incorporates the
integrated activity spread in halo progenitors of lower masses
(Figure 9, panel (c)). The net effect of the integral is an increase
of the time interval, from 1.7 Gyr between 2 < z < 4 to
4.4 Gyr. This result is consistent with the one presented above,
providing ~2keV per particle in the hot ICM, assuming a
universal baryon fraction f; = ,/Q, = 0.15.

Here we limit the integral to z = 4, before which the masses
of individual progenitor halos rag)idly become similar to
individual galaxy halos (~1 x 10"* M., following Fakhouri
et al. 2010). At these masses, fast winds would have easily
expelled the material from the halo, that later would have been
reaccreted with the halo growth. However, observed properties
of local structures may disfavor this scenario for energy
injection (Ponman et al. 2003).

We note that the tracks in Figure 9 are calibrated on the
observed stellar mass function of passive and star-forming
galaxies residing in halos of masses of 11.5 < My, < 13.5 at
high redshift. However, the model does not assume any
environmental dependence of galaxy properties, prominent at

t(z=2)

dt (12)
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lower redshift. The transformation of cluster galaxies into red,
passive, early-type systems at low redshift makes the predicted
SFR a likely overestimation at z < 1.5 (Popesso et al. 2015).
Below z ~ 1.5 the outflow energy contribution to the ICM is
expected to be negligible with respect to the internal energy, as
shown in Figure 9. We remark here that we do not make any
prediction on the later growth of a massive central galaxy and
its associated black hole, whose “radio” maintenance feedback
looks necessary to avoid overcooling in the cluster core
(McNamara & Nulsen 2007; Fabian 2012; Gaspari et al. 2012).

4.3. Comparison with Cosmological Simulations

We compared our observational results with the total energy
injected by black holes into the ICM of systems similar to
CL J1449+0856 at z = 2 in simulations. We used the two models
from the suite of hydrodynamical cosmological simulations
presented in Le Brun et al. (2014), which form an extension to
the Overwhelmingly Large Simulations project (OWLS, Schaye
et al. 2010). The first is a standard non-radiative model
(NOCOOL), while the second further includes prescriptions for
metal-dependent radiative cooling, star formation, stellar evol-
ution, mass loss, chemical enrichment, stellar feedback, and AGN
feedback. Among the models described in Le Brun et al. (2014),
we selected the AGN 8.0 model as it provides the best match to
the X-ray, Sunyaev-Zel’dovich, and optical observations of local
groups and clusters (Le Brun et al. 2014; McCarthy et al. 2014).
In these two models, we selected the halos with M,y =
(5-7) x 10" M, at z = 2 (yielding respectively 79 and 91 such
systems in the AGN 8.0 and NOCOOL physical models). For
each of these structures, we computed the mass-weighted
temperature within a 300kpc aperture, the mean entropy
S=kT/ nez/ 3 within 0.15 Rsq, the virial temperature kT%;., and
the binding energy. The energy injected by all the black holes
lying within Rsq i Ejnj = Mgy (<Rsop) et 6r/(1 — €), where
& = 0.1 is the radiative efficiency of the black hole accretion disk,
er = 0.15 the efficiency of the coupling of the AGN feedback to
the gas, and c the speed of light. We estimate the average injected
energy per particle assuming f, Msqo/pum, baryonic particles in
the ICM, where f,, = 0.15 is the universal baryon fraction (Planck
Collaboration X VI et al. 2014), p = 0.6 is the mean molecular
weight, and m,, is the proton mass. We obtain that the mean
injected energy is of the order of 8 x 10%'erg (x2.8keV per
particle, Figure 10, panel (a)), which is of the same order of
magnitude as the typical binding energy of the selected systems.
Using M, instead of Msq in the definition of the number of
particles reduces the estimate by a factor of 1.4 times. However,
we stress that this is a rough estimate of the overall effect on the
whole ICM, while in the simulations the energy injection is
effective mostly in a small region surrounding the AGN. All
things considered, this estimate is fully consistent with our
observational estimate of ~2keV per particle. The mean
temperature increases from 1.44keV to 1.73 keV when efficient
AGN feedback is included (Figure 10, panel (b)). Moreover, the
entropy within 0.15 Rsq, tracing non-gravitational heating and
cooling, increases from 19.9 keV cm? to 58.0 keV cm? (Figure 10,
panel (c)). As the mean baryonic fraction within Rsq, decreases
from 14% in the non-radiative model to 10.7% in the AGN 8.0
model, some of the gas, which should have been contained within
Rs00 in the absence of AGN feedback, has been ejected, similarly
to what was previously found for progenitors of z = 0 groups
(McCarthy et al. 2011, but see Pike et al. 2014 who find that most
of the AGN feedback energy is released at z < 1 in their simulated
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Figure 10. Temperature and entropy increase in z = 2 clusters when AGN feedback is active in simulations. We show the distribution of the energy per particle
injected in Mooy = (5-7) % 103 M, systems at z = 2 when AGN feedback is turned on in our suite of cosmo-OWLS simulations (panel (a)) and its effect on the
mass-weighted temperature within 300 kpc in units of the virial temperature k7;, (panel (b)) and entropy at 0.15R,;; (panel (c)). Blue lines indicate the reference AGN
8.0 feedback model, while red lines mark the non-radiative model (Le Brun et al. 2014). The yellow lines in panel (a) show our fiducial estimate of ~2 keV per particle

from observations and a 0.5 dex uncertainty.

clusters). Overall, this set of cosmological simulations predicts an
energy injection due to AGN of the same order of magnitude of
our estimate based on the average properties of galaxy outflows.

4.4. Future Lya Surveys of High-redshift Clusters

The energy injection scenario based on galaxy outflows
replenishing huge gas reservoirs of cold and warm gas should
apply for structures similar to CL J1449+4-0856 and comply with
the general increase of star formation and AGN activity observed
in high-redshift galaxies. Do we thus expect to see giant Ly«
nebulae in all massive cluster progenitors? The answer could be
negative. In fact, AGN activity—which illuminates the gas
expelled through outflows and keeps it ionized—might be a
prerequisite for the presence of Ly systems. Absent a powerful
ionizing source, dense environments hosting strong star formation
activity might not show any extended Ly« blob. This might be the
case for the massive halo inside the proto-cluster region at
z=3.09 in the SSA22 field (Steidel et al. 2000; Kubo
et al. 2015). A statistical assessment of the number of active
galaxies in clusters at each stage of their evolution is important to
address this issue. Nevertheless, galaxy outflows remain a ubi-
quitous feature of high-redshift galaxies. Are the massive gas
reservoirs replenished by outflows destined to collapse and form
stars according to their cooling and free-fall time? The gas in
outflows is not at rest by definition. Moreover both simulations
(Bournaud et al. 2014) and observations (Martin & Bouché 2009)
show that outflows accelerate at larger radii because of pressure
gradients in steady-state flows. This results in long collapse
timescales, possibly preventing the formation of stars spread over
several tens of kiloparsecs. The assembly of larger samples of
clusters progenitors will allow us to test these predictions.

5. CONCLUSIONS

In this work, we presented the discovery of a giant 100 kpc
extended Lya nebula in the core of a 5-7 x 10" M, X-ray
detected cluster at z = 1.99. This discovery reveals the
coexistence of warm ionized blobs and the hot intergalactic
medium and extends the known relation between Lya nebulae
and overdense regions of the universe to the dense core of a
relatively mature cluster. We pinpointed two X-ray AGNs as the
most likely candidates to power the nebula, disfavoring ionization
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from very young stars and cooling from the X-ray phase in the
form of a stationary classical cooling flow. In principle, regulated
cooling as in local cool-core clusters could partially contribute to
the Lya luminosity, but several inconsistencies between
CL J1449+0856 and local systems are evident. Above all, the
ratio between the Lya luminosity and the total X-ray luminosity is
a factor 10-1000 times higher in CL J1449+0856 than in local
CCs even in those cases where strong radio-sources are present
(i.e., Perseus). Dissipation of mechanical energy injected by
galaxy outflows may also contribute to the total Lya luminosity.
The interaction between the Lya nebula and the surrounding hot
ICM requires a >1000 M., yr ' gas replenishment rate to sustain
the nebula against evaporation. We explore galaxy outflows in the
cluster core as a possible source of gas supply and find that the
generous total SFR (21000 M., yr ") and the outflow rate owing
to the growth of supermassive black holes (=~1400 M., yr~"') are
sufficient to replenish the nebula. This directly implies a
significant injection of kinetic energy into the ICM up to ~2
keV per particle, in agreement with the predictions from the
cosmo-OWLS  simulations and with constraints set by the
thermodynamic properties of local massive structures. In our
baseline scenario, the AGN channel provides up to 85% of the
total injected energy, with the rest supplied by star formation
through SNe-driven winds. The instantaneous energy injection
exceeds by a factor of five times the current X-ray luminosity,
offsetting the global cooling from the X-ray phase. Nevertheless,
the high star formation and black hole accretion rates deep in the
potential well of this cluster support the general increase in galaxy
activity observed in similar structures at comparable redshift and
challenge the current prescriptions on the fueling by cosmological
cold flows penetrating in massive halos. If this structure is not just
a curious anomaly, the potential presence of cold streams despite
its high mass would lead to important consequences on the “halo
quenching” mechanism and, thus, on galaxy formation and
evolution in general.

The advent of forthcoming facilities will allow us to drastically
reduce observational uncertainties and avoid a heavy resort to
assumptions. Measurements of temperature, pressure, and entropy
profiles of the hot ICM in young clusters will be possible with the
foreseen Athena X-ray satellite, while the systematic follow-up of
Lyo emission in clusters at z > 2-3 could start soon with new
wide-field integral field spectrographs on large telescopes, like
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Figure 11. Wavelet reconstruction of the Ly« image. We show the original unsmoothed Ly« emission line map of the central region of CL J1449+0856 in panel (a).
The 1o contour of the large-scale Ly« emission from the wavelet reconstruction (blue line) and the X-ray obscured AGN (white circle) are marked for reference.
Panels (b)—(d) show the reconstructed wavelet contours at >1o0, >30, and >50, respectively, (blue lines) of the Ly« emission line map. Point-like sources have been
subtracted before computing the surface brightness contours. The number of contours is arbitrary and chosen to pinpoint the peak of the extended emission. For

reference, 15” corresponds to ~125 kpc at z = 1.99.

MUSE and KCWI. Spectroscopy in the ultra-violet range provides
crucial information on the kinematics of the nebula, the metal
enrichment, and its main powering mechanism. If the scenario we
propose here is correct, we expect the Lya nebula to show
signatures of complex motion due to outflows and to be fairly
metal-rich. Eventually, the arising coherent scenario we sketch
could help us to understand the global early evolution of massive
structures.
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APPENDIX

We show the unsmoothed Ly« image from the Keck/LRIS
narrow-band follow-up of CL J1449+4-0856 in panel (a) of
Figure 11. The only purpose is to demonstrate that the Ly«
emission is not dominated by individual galaxies, but it is
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distributed fairly homogeneously over several square arcse-
conds. The very low surface brightness regimes probed in this
image make the identification of the nebula difficult by eye. It
is easier to recognize it comparing the original narrow- and
broadband images shown in Figure 2 or, alternatively, with a
moderate smoothing (1”, Figures 2 and 11 panels (b)—(d)). To
guide the eye and pinpoint the peak of the extended emission,
in panels (b)-(d) of Figure 11, we show the contours of the
wavelet reconstructed Ly« image. In each panel, we show the
contours after the subtraction of point-like sources, retaining
only the signal on larger scales, namely the Lya nebula. Panel
(b) shows the maximum extension of the Ly« nebula, while the
smoother denoised contours in panels (c) and (d) allow for
the identification of the peak of the extended emission. The
appearance of two peaks in panel (c) depends on the number of
scales adopted to slice the image with the wavelet technique
and does not affect the main findings of this work. The region
spanned by the >50 detection in panel (d) is the same used to
measure the extended continuum emission (Section 2.2). In
every panel, the number of contours is chosen arbitrarily to
highlight the peak of the emission and do not correspond to a
fix step in surface brightness.
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