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Benson et al. 2003; Silk & Mamon 2012; Behroozi et al. 2013;  Bower et al. 2006; Cattaneo et al. 2009; Fabian 2012; Dekel 
& Silk 1986; Heckman et al. 1990; Hopkins et al 14.… 

Massive stars ( ︎>8 M⊙) emit copious high-energy photons during their 
lifetimes, injecting large amounts of energy and momentum in the surrounding 
gas during SN explosions, in the final stage of their evolution. 

Intense episodes of star formation induce powerful SN-driven winds, that can 
efficiently accelerate the gas to hundreds of km/s.

Woosley et al. 2002; Dekel & Silk 1986; Mac Low & Ferrara 1999; 
Hopkins et al. 2012, 2014;  Veilleux et al. 2005; Erb 2015
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A remunerative method to trace the kinematics of cold and warm outflowing gas consists in 
measuring the blueshift of metal absorption lines in the rest-frame UV and optical bands, 
respect to the systemic redshift (usually measured through strong optical emission lines). 

Arribas et al. 2014; Chisholm et al. 2015; 2016, 2017; Cicone et al. 2016; Shapley et al. 2003; 
Steidel et al. 2004, 2010; Rubin et al., 2014; Heckman et al. 2015; Sugahara et al. 2019….

At z>3-4, detecting outflows through absorption line 
spectroscopy becomes challenging:

(i) increasingly weaker metal absorption features;

(ii) large uncertainties on the systemic redshifts, 

which most of the time rely on Lyα.

Absorption Line Spectroscopy

Far-UV Spectra: Gas Flows  

Composite spectra of z~3 UV-
selected galaxies 

Velocity profiles in selected 
transitions relative to zsys Leiden August 2012 
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Strong quasar feedback in the early Universe L67

an age of only ∼3 Gyr, requires that the quasar feedback quench-
ing mechanism must have been at work already at z > 6 (age of
the Universe less than 1 Gyr), i.e. close to the reionization epoch.
Quasar-driven winds have been observed up to z ∼ 6 (Maiolino et al.
2001, 2004); however, these are associated with ionized gas in the
vicinity of the black hole, accounting only for a tiny fraction of the
total gas in the host galaxy. So far, no observational evidence was
found for the massive, quasar-driven outflows at z > 6 required by
feedback models to explain the population of old massive galaxies
at z ∼ 2.

Here we focus on one of the most distant quasars known,
SDSS J114816.64+525150.3 (hereafter J1148+5251), at z =
6.4189 (Fan et al. 2003). CO observations have revealed a large
reservoir of molecular gas, MH2 ∼ 2 × 1010 M⊙, in the quasar
host galaxy (Bertoldi et al. 2003b; Walter et al. 2003). The strong
far-IR thermal emission inferred from (sub)millimetre observations
reveals vigorous star formation in the host galaxy, with star for-
mation rate (SFR) ∼ 3000 M⊙ yr−1 (Bertoldi et al. 2003a; Beelen
et al. 2006). J1148+5251 is also the first high-redshift galaxy in
which the [C II] 158 µm line was discovered (Maiolino et al. 2005).
High-resolution mapping of the same line with the Institute de
Radioastronomie Millimetrique (IRAM) Plateau de Bure Interfer-
ometer (PdBI) revealed that most of the emission is confined within
∼1.5 kpc, indicating that most of the star formation is occurring
within a very compact region (Walter et al. 2009).

Previous [C II] observations of J1148+5251 did not have a band-
width large enough to allow the investigation of broad wings tracing
outflows, as in local quasars. In this Letter, we present new IRAM
PdBI observations of J1148+5251 that, thanks to the wide band-
width offered by the new correlator, have allowed us to discover
broad [C II] wings tracing a very massive and energetic outflow in
the host galaxy of this early quasar. We show that the properties of
this outflow are consistent with the expectations of quasar feedback
models.

We assume the concordance !-cosmology with H0 =
70.3 km s−1 Mpc−1, "! = 0.73 and "m = 0.27 (Komatsu et al.
2011).

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

Observations with the IRAM PdBI were obtained mostly in 2011
April in D configuration (mostly with precipitable water vapor
(PWV) in the range 1.5–3.5 mm), while a few hours were also ob-
tained in 2011 January in C+D configuration (PWV < 1.5 mm). The
resulting synthesized beam is 2.2 × 1.8 arcsec2. The receivers were
tuned to 256.172 GHz, which is the rest-frame frequency of [C II] at
the redshift of the quasar, z = 6.4189 (Maiolino et al. 2005). The fol-
lowing flux calibrators were used: 3C 454.3, MWC 349, 0923+392,
1150+497, 3C 273, 3C 345, 1144+542, J1208+546, J1041+525
and 1055+018. Uncertainties on the absolute flux calibration are
20 per cent. The total on-source integration time was 17.5 h, result-
ing in a sensitivity of 0.08 Jy km s−1 beam−1 in a channel with width
100 km s−1.

The data were reduced by using the CLIC and MAPPING packages,
within the IRAM GILDAS software. Cleaning of the resulting maps
was run by selecting the clean components on an area of ∼3 arcsec
around the peak of the emission. For each map, the resulting resid-
uals are below the 1σ error, ensuring that sidelobes are properly
cleaned away. Anyhow, as discussed in the following, the size de-
termination has been investigated directly on the uv data, therefore
independently of the cleaning.

3 RES ULTS

3.1 Detection of broad wings

The continuum was subtracted from the uv data by estimat-
ing its level from the channels at v < −1300 km s−1 and at
v > +1300 km s−1. The inferred continuum flux is 3.7 mJy, which is
fully consistent with the value expected (4 mJy) from the bolomet-
ric observations (Bertoldi et al. 2003a), once the frequency range
of the latter and the steep shape of the thermal spectrum are taken
into account.

Fig. 1(a) shows the continuum-subtracted spectrum, extracted
from an aperture of 4 arcsec (corresponding to a physical size of
11 kpc). Fig. 1(b) shows the spectrum extracted from a larger aper-
ture of 6 arcsec that, although noisier than the former spectrum,
recovers residual flux associated with the beam wings and with any
extended component.

The spectrum shows a clear narrow [C II] 158 µm emission line,
which was already detected by previous observations (Maiolino

Figure 1. IRAM PdBI continuum-subtracted spectrum of the [C II] 158 µm
line, redshifted to 256.172 GHz, in the host galaxy of the quasar J1148+5152
extracted from an aperture with a diameter of 4 arcsec (top) and 6 arcsec
(bottom). The spectrum has been resampled to a bin size of 85 km s−1. The
red lines show a double Gaussian fit (FWHM = 345 and 2030 km s−1) to
the line profile, while the blue line shows the sum of the two Gaussian
components.

C⃝ 2012 The Authors, MNRAS 425, L66–L70
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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3. Methods

In order to investigate the presence of high velocity wings of the
[CII] emission, we performed a stacking analysis of the distant
QSOs in our sample. The stacking technique has the potential to
greatly increase the sensitivity of the stacked spectrum or stacked
cube and, therefore, favours the detection of even modest out-
flows traced by weak [CII] wings. As a first step, the cubes were
aligned at the [CII] rest frequency (1900.5369 GHz) according
to z[CII] and spatially centred on the peak of the QSO continuum
emission. In this way, spatial or spectral interpolation of the data
during the stack was not needed. We did not include in the stack
spectral regions corresponding to an atmospheric transmission
< 0.5 for a 1 mm precipitable water vapour. Then, we combined
the data from the 48 sources in our sample according to the rela-
tion below, defining the weighted intensity I0k of a generic spatial
pixel (x0, y0) in the stacked cube for each spectral channel k, and
the relative weight W 0k as follows (Fruchter & Hook 2002):

W 0k =
nX

j=1

wj,k =

nX

j=1

1
�2

j,k

=
1
�02k

(1)

I0k =

Pn
j=1

⇣
ij,k · wj,k

⌘

W 0k
(2)

where ij,k is the intensity at the same spatial pixel (x j, y j) and
same spectral channel k of source j, and n = 48. We applied
a standard variance-weighted stacking, i.e. we used a weighting
factor wj,k = 1/�2

j,k, where �j,k is the rms noise estimated chan-
nel by channel from cube j. Furthermore, with this method we
accounted for the noise variation with frequency in the spectral
range covered by the ALMA [CII] spectra, i.e. ⇠ 4 GHz, and
considered only the contribution of sources with available spec-
tral coverage in our weighted mean.

We performed the stacking in two alternative, complemen-
tary ways: by stacking the 1D spectra extracted from the indi-
vidual cubes and by stacking the 3D cubes into a single stacked
cube. In the first case the continuum-subtracted spectrum of each
target was extracted from an elliptical aperture with same posi-
tion angle of the beam, but over an area four times larger. This
approach allows us to collect most of the flux from the QSO (for
a point source, ⇠ 94% of the flux lies within two beam axes) and
limits the contamination of possible companions. The individual
spectra were therefore stacked according to Eq. 1 and Eq. 2.

In the second approach, the continuum-subtracted cubes of
the single sources were stacked by applying Eqs. 1,2 to each
spaxel. This resulted in a stacked data cube, containing the con-
tribution of each source to the di↵erent channels and spatial po-
sitions.

Finally, to verify that the presence of broad [CII] wings was
not associated with few QSOs but instead a general properties
of our sample, we recomputed 1000 times the stack of the in-
tegrated spectrum on di↵erent subgroups of sources. Each time
we excluded a di↵erent combination of 5 sources, i.e. ⇠ 10% of
our sample. The resulting rms variation of the [CII] wings in the
velocity range 400 < |v| < 1800 km s�1 corresponds to ⇠20% of
the peak flux density of the broad [CII] wings (presented in Sect.
4.1).

Fig. 3. Whole sample stacked integrated spectrum. Top panel: number
of sources contributing to the stack at di↵erent velocities. Middle panel:
[CII] flux density as a function of velocity, in bins of 60 km s�1. The red
curve represents the best-fit 2 Gaussian components model: the com-
bination of a core component (blue) and a broad component (green) is
needed to properly reproduce the data. Labels indicate the number of
stacked sources and the luminosity of the broad [CII] wings. The inset
shows a zoom on the broad component. Bottom panel: residuals at dif-
ferent velocities. The 1� rms of the spectrum is also indicated by the
shaded region.

4. Results

4.1. Stacked spectrum

The integrated spectrum resulting from the stack of all 48 QSO
individual (1D) spectra in our sample is shown in Fig. 3. The
stacked spectrum clearly reveals very broad wings beneath the
narrow line core, clearly tracing fast outflows of cold gas. The
red line shows the best-fit with two Gaussian components, in-
dicated with blue and green lines. The �2 minimisation of the
fit was performed by using for each channel the weight W 0k
(see Eq. 1) and gives a �2

⌫ = 3.7, a factor of ⇠ 2 smaller
than the �2

⌫,1G = 8.6 resulting from a single Gaussian fit of the
spectrum. This reduction in �2

⌫ indicates that the second, broad
Gaussian component is required with very high confidence level
(> 99.9%). The reduced �2 is yet larger than unity, hence sug-
gesting that the line profile might be more complex than two
simple Gaussian components. The median rms of the stacked
spectrum is ⇠ 0.065 mJy/beam (see Table 2), which is nicely
consistent with the noise expected by stacking the original spec-
tra if the noise is Gaussian. To give an idea of the significant
improvement in sensitivity obtained with the stack, the sensitiv-
ity level reached in this work is a factor of ⇠ 14 lower than that
of the J1148+5251 observations of Cicone et al. (2015), where a
massive [CII] outflow was found.

In the stacked spectrum the core emission component has a
width of FWHMcore

[CII] = 364 ±4 km s�1, while the underlying very
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An alternative method to rest-frame FUV absorption line spectroscopy 
consists in studying the broad wings in the high-velocity tails of FIR-line 
spectra (e.g. the brightest is [C II] 158 μm), similarly to what is commonly 
done for luminous AGN-driven outflows.



An alternative method to rest-frame FUV absorption line spectroscopy 
consists in studying the broad wings in the high-velocity tails of FIR-line 
spectra (e.g. the brightest is [C II] 158 μm), similarly to what is commonly 
done for luminous AGN-driven outflows.
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Strong quasar feedback in the early Universe L67

an age of only ∼3 Gyr, requires that the quasar feedback quench-
ing mechanism must have been at work already at z > 6 (age of
the Universe less than 1 Gyr), i.e. close to the reionization epoch.
Quasar-driven winds have been observed up to z ∼ 6 (Maiolino et al.
2001, 2004); however, these are associated with ionized gas in the
vicinity of the black hole, accounting only for a tiny fraction of the
total gas in the host galaxy. So far, no observational evidence was
found for the massive, quasar-driven outflows at z > 6 required by
feedback models to explain the population of old massive galaxies
at z ∼ 2.

Here we focus on one of the most distant quasars known,
SDSS J114816.64+525150.3 (hereafter J1148+5251), at z =
6.4189 (Fan et al. 2003). CO observations have revealed a large
reservoir of molecular gas, MH2 ∼ 2 × 1010 M⊙, in the quasar
host galaxy (Bertoldi et al. 2003b; Walter et al. 2003). The strong
far-IR thermal emission inferred from (sub)millimetre observations
reveals vigorous star formation in the host galaxy, with star for-
mation rate (SFR) ∼ 3000 M⊙ yr−1 (Bertoldi et al. 2003a; Beelen
et al. 2006). J1148+5251 is also the first high-redshift galaxy in
which the [C II] 158 µm line was discovered (Maiolino et al. 2005).
High-resolution mapping of the same line with the Institute de
Radioastronomie Millimetrique (IRAM) Plateau de Bure Interfer-
ometer (PdBI) revealed that most of the emission is confined within
∼1.5 kpc, indicating that most of the star formation is occurring
within a very compact region (Walter et al. 2009).

Previous [C II] observations of J1148+5251 did not have a band-
width large enough to allow the investigation of broad wings tracing
outflows, as in local quasars. In this Letter, we present new IRAM
PdBI observations of J1148+5251 that, thanks to the wide band-
width offered by the new correlator, have allowed us to discover
broad [C II] wings tracing a very massive and energetic outflow in
the host galaxy of this early quasar. We show that the properties of
this outflow are consistent with the expectations of quasar feedback
models.

We assume the concordance !-cosmology with H0 =
70.3 km s−1 Mpc−1, "! = 0.73 and "m = 0.27 (Komatsu et al.
2011).

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

Observations with the IRAM PdBI were obtained mostly in 2011
April in D configuration (mostly with precipitable water vapor
(PWV) in the range 1.5–3.5 mm), while a few hours were also ob-
tained in 2011 January in C+D configuration (PWV < 1.5 mm). The
resulting synthesized beam is 2.2 × 1.8 arcsec2. The receivers were
tuned to 256.172 GHz, which is the rest-frame frequency of [C II] at
the redshift of the quasar, z = 6.4189 (Maiolino et al. 2005). The fol-
lowing flux calibrators were used: 3C 454.3, MWC 349, 0923+392,
1150+497, 3C 273, 3C 345, 1144+542, J1208+546, J1041+525
and 1055+018. Uncertainties on the absolute flux calibration are
20 per cent. The total on-source integration time was 17.5 h, result-
ing in a sensitivity of 0.08 Jy km s−1 beam−1 in a channel with width
100 km s−1.

The data were reduced by using the CLIC and MAPPING packages,
within the IRAM GILDAS software. Cleaning of the resulting maps
was run by selecting the clean components on an area of ∼3 arcsec
around the peak of the emission. For each map, the resulting resid-
uals are below the 1σ error, ensuring that sidelobes are properly
cleaned away. Anyhow, as discussed in the following, the size de-
termination has been investigated directly on the uv data, therefore
independently of the cleaning.

3 RES ULTS

3.1 Detection of broad wings

The continuum was subtracted from the uv data by estimat-
ing its level from the channels at v < −1300 km s−1 and at
v > +1300 km s−1. The inferred continuum flux is 3.7 mJy, which is
fully consistent with the value expected (4 mJy) from the bolomet-
ric observations (Bertoldi et al. 2003a), once the frequency range
of the latter and the steep shape of the thermal spectrum are taken
into account.

Fig. 1(a) shows the continuum-subtracted spectrum, extracted
from an aperture of 4 arcsec (corresponding to a physical size of
11 kpc). Fig. 1(b) shows the spectrum extracted from a larger aper-
ture of 6 arcsec that, although noisier than the former spectrum,
recovers residual flux associated with the beam wings and with any
extended component.

The spectrum shows a clear narrow [C II] 158 µm emission line,
which was already detected by previous observations (Maiolino

Figure 1. IRAM PdBI continuum-subtracted spectrum of the [C II] 158 µm
line, redshifted to 256.172 GHz, in the host galaxy of the quasar J1148+5152
extracted from an aperture with a diameter of 4 arcsec (top) and 6 arcsec
(bottom). The spectrum has been resampled to a bin size of 85 km s−1. The
red lines show a double Gaussian fit (FWHM = 345 and 2030 km s−1) to
the line profile, while the blue line shows the sum of the two Gaussian
components.

C⃝ 2012 The Authors, MNRAS 425, L66–L70
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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1912 S. Gallerani et al.

Figure 2. Left-hand panel: The coloured histogram shows Rtot × ⟨σ n⟩, i.e. the combined normalized residuals, multiplied for the mean value of the noise
of all galaxies ⟨σn⟩ = 0.7 mJy. The magenta region refers to pixels characterized by |v| < vcont, where vcont = 700 km s− 1, while the blue region represents
the region used for the noise determination, namely |v| > vcont. The grey hatched histogram represents Gtot, i.e. the combined standard normal deviates (see
footnote 5). Both signals have been rebinned to 50 km s− 1. For each spectral bin we report, on the top of the spectrum, the number of galaxies that contribute
to the corresponding flux. The thin solid black line shows Rtot × ⟨σ n⟩ at a resolution of 20 km s− 1. Right-hand panel: CDFs of Rtot (solid black line) and Gtot

(dashed black line), rebinned to a spectral resolution of 20 km s− 1. The solid thick magenta (dot–dashed blue) line shows the CDF of Rtot computed in the
velocity range |v| < vcont (|v| > vcont). The grey shaded region represents the CDFs of 500 standard normal deviates, while the dotted line denotes the error
function. See the main text for a description of the insets.

Table 1. Results for the Kolmogorov–Smirnov (KS) and Anderson–Darling
(AD) tests.

KS KS AD
probability statistics statistics

Gtot 0.55 0.07 0.01
Rtot 4 × 10− 3 0.17 0.12
Rtot (|v| < vcont) 3 × 10− 5 0.28 0.31
Rtot (|v| > vcont) 0.90 0.08 0.02

CDF of Gtot and Rtot and we report the results in Table 1. Moreover,
we quantify the deviation of the CDFs of the random Gaussian
deviates Gi from the error function erf. In the bottom-right and
top-left insets of Fig. 2 (right-hand panel), we show the probability
distribution function (PDF) of DGi

KS and P Gi
KS, respectively, along

with the results shown in Table 1. The residual flux clearly exceeds
that of a standard normal deviates. This result is also confirmed by
applying the Anderson–Darling (AD) test to the data. According to
this test, a sample is significantly different from a random Gaussian
deviate if the AD statistics is larger than 0.05 (see the third column
in Table 1).

4 INTERPRETING THE FLUX EXCESS

The reported flux excess leads us to reject the null hypothesis that a
Gaussian model accurately describes the [C II] line profiles observed
in the C15 sample. Thus, the next step is to look for alternative
hypothesis that better describes the [C II] line shape of these high-z
galaxies. Several effects can explain the deviation of an emission
line from a Gaussian profile:

(i) If SN-driven outflows are present as predicted (e.g. Pallot-
tini et al. 2017, see also Section 5), broad wings superposed to a
narrower Gaussian core should feature the [C II] line profile.

(ii) A multipeaked profile might result from the collective emis-
sion of satellite galaxies (e.g. Vallini et al. 2013, 2015).

Table 2. Parameter ranges for Monte Carlo simulations of synthetic
profiles.

Outflow Satellites Rotating disc

F narrow
Peak (mJy) 1–7 – –

σ narrow(km s− 1) 60–160 – –
F broad

Peak (mJy) 0.3–0.6 – –
σ broad(km s− 1) 100–500 – –
# satellites – 1 –
F sat

Peak(mJy) – 0.1–0.4 –
σ sat(km s− 1) – 20–50 –
F RD

Peak(mJy) – – 1–7
vc(km s− 1) – – 50–200
σgas(km s− 1) – – 8–50

(iii) If a rotating disc is present, the line profile might take a
double-horned profile (e.g. de Blok & Walter 2014).

To analyse these possibilities, we produce three sets of 500 Monte
Carlo simulations of [C II] emission lines with different profiles,
depending on the scenario considered (see Sections 4.1, 4.2, 4.3
below). To simulate the observed noise, we add to each synthetic
spectrum a Gaussian deviate with zero mean and 0.3 < σn/[mJy] <

1.3. For each scenario, we divide the full synthetic sample into sub-
samples of nine galaxies, and we apply to each sub-sample the same
method as described in Section 3: we first fit each synthetic profile
with a single Gaussian (presented in Fig. 4 in the next section); then,
we normalize the residual to σ n; finally, we stack the nine simulated
residuals into a single signal and we multiply it for ⟨σ n⟩ (presented
in Fig. 5 in the next section).

4.1 Outflow

In this first scenario, synthetic [C II] emission lines are constituted
by the sum of a narrow Gaussian (defined by its peak flux F narrow

peak

and RMS σ narrow) plus a broad Gaussian profile (F broad
peak ; σ broad). We

consider the parameter ranges shown in Table 2. We assume the

MNRAS 473, 1909–1917 (2018)
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1.1 The importance of C+: C+ is the dominant coolant 
making it one the strongest FIR lines. The primary C+ 
emission is from photo-dissociation regions (PDR) and cold 
neutral medium (CNM) of molecular clouds. C+ at high-z 
has raised considerable interest as it probes the gas from 
which stars form in normal galaxies, and then broadly 
traces star formation activity, offering an important window 
on galaxy formation (Carilli & Walter 2013, De Looze et al. 
2014). This led to the detection of strong C+ emitters, up to 
very high redshifts (Capak et al., 2015, Carniani et al., 
2017), an easier measurement than the FIR continuum. 
Searching for C+ emission, interpreting and simulating the 
observations, and comparing with other line emission like 
Lyman-D, has therefore become a major new way of 
studying high-z galaxies. The strong UV radiation in high-z 
galaxies results in a non-negligible fraction of C+ emission 
from the extended warm ISM (e.g., Capak et al. 2015, 
Faisst et al. 2017). The evolution of C+ emission and its 
resolved velocity profile provide important information on the SFR and ISM properties, setting constraints 
on galaxies dynamical and gas masses. The morphology of the C+ emission indicates if star formation is 
compact or extended, an important element to understand high-z star formation (e.g., Wellons et al. 2016). 
Beyond the line flux, the FIR continuum emission adjacent to C+ is near the peak of the FIR emission, and 
constrains of the total FIR luminosity, and provides a good measure of the total SFR when combined with 
UV continuum measurements. The continuum flux can also be combined with UV color and luminosity to 
construct the Infrared-Excess (LFIR/LUV, IRX) vs. UV color (β) diagnostic, providing insight into the spatial 
distribution of dust, dust grain properties, and metallicity (Reddy et al.2012, Faisst et al. 2017).  

1.2 Sample: 1.2.1 Sample selection: We propose to obtain C+ and continuum observations in band-7 
for an unprecedented sample of 122 galaxies in the COSMOS and ECDFS fields at  4.4<zspec<5.8 (<zspec> ~ 
4.7; excluding 4.65<z<5.05 where C+ falls in a low transmission window), UV-selected with LUV>0.6L* to 
include most of the star formation traced by the UV, and excluding AGN. Accurate redshifts come from 
extensive spectroscopic campaigns at VLT and Keck (VUDS: Le Fèvre et al. 2015; Keck-COSMOS: 
Capak et al. in prep.), unbiased against Lyman-D emitters or absorbers. The absolute UV luminosity cut 
(MUV<-20.2) is equivalent to SFR>10 M~/yr (Figure 1). This sample is representative of the overall 
population, rather than ULIRGS.  

Our sample covers a wide range of SFR (~10<SFR<~300 M~/yr) and stellar masses 
(~9<log(Mstar/M~)<~11) with a tremendous wealth of ancillary space and ground based data available, 
including very deep optical+near-IR HST as well as Spitzer observations (e.g., Grogin et al. 2012, Le Fèvre 
et al., 2015, Laigle et al. 2016).  This will enable statistical studies of ISM properties in relation to a full 
range of robustly determined physical parameters from SED fitting (e.g., Mstar, SFR, and age), as well as 
from rest-frame UV spectroscopy (e.g., Lyα in emission or absorption and UV lines like CIV, OIII, HeII, as 
tracers of metallicity, e.g. Amorin et al. 2017), and characterize any change in ISM properties. The sample 
size is set to have two redshift bins (z~4.5 and z~5.5), each with three sub-bins in physical galaxy 
properties with <30% errors to search for evolutionary effects. We set the integration times object-by-
object based on the observed relationship between C+ flux and SFR, log 𝑆𝐹𝑅 = 1.01 × log(𝐿[𝐶𝐼𝐼]) − 6.99, 
for galaxies within the same mass range (Capak et al. 2015). We note that this approach leads to very 
conservative estimates and accurately predicts both detections and non-detections in the literature for z>6 
galaxies. We request an angular resolution of >0.7” comparable to the size of galaxies, maximizing C+ 
detection (Capak et al., 2015). This will result in >5σ C+ detections for ~80% of our sample (235km/s 
resolution element), and >3σ for all, the former enabling us to measure FWHM([CII]) to better than 20%. 

Figure 1. Stellar mass vs. SFR distribution of ALPINE 
galaxies colored by expected C+ line peak flux estimated 
from Capak et al. (2015). The cross represents the average 
1V uncertainty. The large proposed sample will allow us to 
quantify average trends over a large range of galaxy 
properties. ALPINE will provide C+ emission line 
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Figure 2: The fraction of flux density 
emitted by galaxies at 2<z<6 directly in the 
UV (top/light shading), from UV-selected 
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from galaxies seen only in blind FIR surveys 
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Figure 3. (Left) SFRD evolution currently measured from UV observations (cyan), and 
from HD and FIR observations (red) only up to z~3.  ALPINE will provide the first 
measurement of the SFRD at 4<z<6 consolidated from the UV and FIR. (Right) [CII] 
luminosity predicted as a function of SFR. The grey data points are from Lagache 
&Cousin (in prep) model, obtained by coupling eGALICS semi-analytical model with 
Cloudy photoionisation code, following the De Looze et al. relation (2014, black line), 
albeit with a large scatter. Blue points are measurements (4.5< z < 5.5). ALPINE will 
verify the L[CII] vs. SFR relation at z>4 by increasing the current samples 10-fold. 

[C I I ] and F IR cont inuum emiss ion for a 
representative sample of 118 main sequence star-
forming galaxies at 4 < z < 6, with SFR > 10 Msun/yr 
and stellar mass ~9 < log(Mstar) < ~11.

(some) key questions: 

- SFRD at z~4-6 from UV+FIR and [CII]; 

- [CII] - SFR relation at z > 4; 

- kinematics at z~4-6; 

- redshift evolution of gas fraction; 

- SF-driven outflows; 

- environment & interactions… merger rates; 

- dust attenuation in the early Universe; 

- UV / CII / IR offsets; 

- … many other things.

PI: O. Le Fevre; co-PI: M. Bethermin, P. Capak, 
S. Schaerer, A. Faisst, P. Cassata, L. Yan,            
J. Silverman  +  >30 co-Is


…many ALPINErs are in this room :-)



A few examples…



The final sample adopted in this work consist of 50 ‘non interacting’ 
normal star forming galaxies at z ~ 4.5 - 6


Note that this does not prevent us from being somehow still contaminated by       
unresolved, HST/ALMA undetected, faint satellites (<1.5 Msun/yr).                           
However many arguments suggest that this effect should not be significant.

We must exclude  
mergers!
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Figure 1. Redshift (a), SFR (b), and M? (c) distributions of our final sample of normal galaxies used in this work, and drawn from
the ALPINE survey. The gap in the redshift distribution is due to the original ALPINE sample selection, tailored to avoid a prominent
atmospheric absorption at ⇠ 325 GHz, in the ALMA band 7. The magenta dashed line in panel b) represents the median SFR of galaxies
in our sample.

in the high-velocity tails of the stacked spectrum/cube,
to avoid contamination from satellite galaxies (which may
mimic these e↵ects; see a discussion in Gallerani et al. 2018)
we exclude from our analysis few objects with obvious signs
of close interactions, namely double (or triple) systems with
spatial projected separation of ⇠1-beam size and velocity
shifts consistent with the [C II] line-widths of the individual
components. For those systems, a proper spatial or spectral
deblending cannot be performed and any attempt does not
guarantee to remove the contamination.

The final sample consists of 71 main sequence star-
forming galaxies at redshift 4.4 < z < 5.85 (Fig. 1.a), with
SFR ⇠ 5�600 M� yr�1 (Fig. 1.b) and log(M?/M�) ⇠ 9�11
(Fig. 1.c).
Maybe 2-3 lines to say how physical properties have been
measured, photometry used etc (citing forthcoming pa-
pers)...?

3.1.1 Combining the Residuals

Before searching for signatures of star formation-driven out-
flows in the high-velocity tails of the stacked [C II] spectrum,
we check the null hypothesis that the [C II]-line profiles of
our galaxies are well (and completely) described by a single-
Gaussian model. We therefore perform the simple standard
procedure (see e.g., Gallerani et al. 2018) described in the
following:

(i) we fit a single-Gaussian profile to each [C II] spectrum
(where the peak flux, centre velocity5 and FWHM are free
parameters), and compute the expected value Gi, in each
independent 25 km s�1-sized spectral bin i;
(ii) for each spectrum we compute the residuals Ri, by sub-
tracting in each channel the best-fitting Gaussian model Gi

to the observed flux Fi, i.e., Ri = Fi �Gi;

5 Note that, since the spectra were spectrally centred and aligned
at z[CII] (as discussed in Section 3.1), the centre velocity is by
definition 0 km s�1.

(iii) we combine the residuals performing a variance-
weighted stacking:

R
stack
i =

PN
k=1 Ri,k · wkPN

k=1 wk

, (1)

where N = 71, and the weighting factor wk is defined as
wk = 1/�2

k, where �k is the spectral noise associated with
the object k. We compute �k as the root mean square (rms)
of the noise contained in each spectrum excluding channels
in the velocity range [�800 : +800] km s�1 around the cen-
tre, where we expect any potential deviation from a single-
Gaussian fit to contaminate our �k estimation6.

In Figure 2.a we show the resulting stacked residuals, Rstack
i ,

where for each spectral channel i, we report on the top panel
the number of sources contributing to the corresponding
flux. We find a clear flux excess with significance up to 4-�
(where � is computed as the ratio between R

stack
i and �k)

in the velocity range v ⇠ [�700 : +500] km s�1 (see violet
bins), while the flux distribution in the stacked residuals at
|v| & 800 km s�1 is (unsurprisingly) noise-dominated. To
facilitate the interpretation and improve the visualization,
we re-bin the stacked residuals in channels of 75 km
s�1 (averaging over three contiguous spectral elements),
finding that the significance of flux excess peaks in the
v ⇠ [�700 : +500] km s�1 velocity region increases up to
> 5�.
We note that in the hypothesis that our [C II] spectra
were completely described by a single-Gaussian profile, the
resulting flux from the stacked residuals should be simply
consistent with noise.

To explore the origin of the observed deviation from a

6 We found ±800 km s�1 to be an optimal compromise between
(i) having a large number of independent spectral bins to use for
the determination of noise and (ii) conservatively excluding the
velocity range usually found to be a↵ected by stellar outflows. The
e↵ectiveness of this choice is probed a posteriori by our own re-
sults, since (as discussed in the following) no significant residuals
are found at |v| > 600� 700 km s�1.
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(where the peak flux, centre velocity5 and FWHM are free
parameters), and compute the expected value Gi, in each
independent 25 km s�1-sized spectral bin i;
(ii) for each spectrum we compute the residuals Ri, by sub-
tracting in each channel the best-fitting Gaussian model Gi

to the observed flux Fi, i.e., Ri = Fi �Gi;

5 Note that, since the spectra were spectrally centred and aligned
at z[CII] (as discussed in Section 3.1), the centre velocity is by
definition 0 km s�1.

(iii) we combine the residuals performing a variance-
weighted stacking:
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where N = 71, and the weighting factor wk is defined as
wk = 1/�2

k, where �k is the spectral noise associated with
the object k. We compute �k as the root mean square (rms)
of the noise contained in each spectrum excluding channels
in the velocity range [�800 : +800] km s�1 around the cen-
tre, where we expect any potential deviation from a single-
Gaussian fit to contaminate our �k estimation6.

In Figure 2.a we show the resulting stacked residuals, Rstack
i ,

where for each spectral channel i, we report on the top panel
the number of sources contributing to the corresponding
flux. We find a clear flux excess with significance up to 4-�
(where � is computed as the ratio between R

stack
i and �k)

in the velocity range v ⇠ [�700 : +500] km s�1 (see violet
bins), while the flux distribution in the stacked residuals at
|v| & 800 km s�1 is (unsurprisingly) noise-dominated. To
facilitate the interpretation and improve the visualization,
we re-bin the stacked residuals in channels of 75 km
s�1 (averaging over three contiguous spectral elements),
finding that the significance of flux excess peaks in the
v ⇠ [�700 : +500] km s�1 velocity region increases up to
> 5�.
We note that in the hypothesis that our [C II] spectra
were completely described by a single-Gaussian profile, the
resulting flux from the stacked residuals should be simply
consistent with noise.

To explore the origin of the observed deviation from a

6 We found ±800 km s�1 to be an optimal compromise between
(i) having a large number of independent spectral bins to use for
the determination of noise and (ii) conservatively excluding the
velocity range usually found to be a↵ected by stellar outflows. The
e↵ectiveness of this choice is probed a posteriori by our own re-
sults, since (as discussed in the following) no significant residuals
are found at |v| > 600� 700 km s�1.
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Figure 8. Circularly averaged radial profiles computed in con-
centric 0.300-binned annuli are shown for (i) the psf of our ALMA
observations (black solid lines for galaxies in our sample, and
black dashed line for ALPINE continuum-detected galaxies), (ii)
the stacked FIR-continuum (orange squares) and (iii) the stacked
maps of [C II] cores ([�200 : +200] km s�1) for galaxies in the
low-SFR (light green squares) and high-SFR (blue square) groups.
Error bars are indicative of the ± 1� dispersion of fluxes in each
annulus, while the thin dashed lines represent the Poissonian noise
associated with the radial profiles.

- Routfl is the typical spatial extension of the outflows, that
we estimate measuring the beam-deconvolved sizes11 of
the high-velocity [C II] emission in the stacked cube from
the full and high-SFR (sub-)samples (high-velocity [C II]
emission is only tentatively detected in the low-SFR bin;
see Figure 7), finding typical values of Routfl ⇠ 6 kpc.
We therefore obtain mass outflow rates of
- Ṁoutfl = 23± 6 M� yr�1 for the full sample, and
- Ṁoutfl = 28± 8 M� yr�1 for the high-SFR group.

Interestingly these values are lower than the median
SFR measured in the two bins, i.e., SFRmed = 30 M� yr�1

and SFRmed = 60 M� yr�1 in the full sample and the
high-SFR group, respectively. However we emphasize that
these mass outflows rates refer only to the atomic phase of
the outflowing gas, as traced by the [C II] emission, while
a significant fraction of the outflowing gas is likely to be
in the molecular and ionised form, as commonly observed
in local star forming galaxies a significant fraction (e.g.,
Veilleux et al. 2005; Heckman & Thompson 2017; Rupke
2018). For instance, a recent work by Fluetsch et al. (2019),
who study the multi-phase outflows in a sample of local
galaxies and AGN, show that when including all the gas

11 We calculate beam-deconvolved sizes fitting a 2D-Gaussian
model and subtracting in quadrature the major/minor axis
FWHM of our stacked synthesized beam.
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Figure 9. A comparison of our results with a compilation of data
at low-z, in the log(Ṁoutfl)-log(SFR) diagram. The red square
(diamond) indicates the result obtained from the stacking of the
full (high-SFR) sample, while arrows show the expected Ṁoutfl

increase when a correction for multi-phase outflow is taken into
account. Orange (blue) dashed line indicate the best fits from
single-phase (total, i.e., molecular, ionised and atomic) Ṁoutfl

observations in local star-forming galaxies, while the magenta
dashed line represents the best fit from observation of local AGN
(from Fluetsch et al. 2019). Filled coloured regions are indicative
of the 2� dispersion around the best fits. The green points show
the distribution of a sample of local starbursts (Heckman et al.
2015). The black solid line indicates the 1:1 relation (⌘ = 1).

phases, the total mass loss rate increases roughly by 0.5
dex, suggesting that a reasonable estimation ot the total
Ṁ

tot
outfl can be obtained multiplying by a factor of 3 the

Ṁoutfl measured in a single-phase.
Assuming that similar consideration can apply to our
sample of high-z normal galaxies, we estimate multi-phase
corrected mass outflow rates of
- Ṁ tot

outfl ⇠ 70± 18 M� yr�1 for the full sample, and
- Ṁ tot

outfl ⇠ 84± 24 M� yr�1 for the high-SFR group.

In Figure 9 we show a comparison of our results, with
a compilation of local starbursts (Heckman et al. 2015) and
the best-fits of local AGN and normal star forming galaxies
by Fluetsch et al. (2019), in the log(Ṁoutfl)-log(SFR)
diagram. We find that for the high-z normal galaxies from
ALPINE, our [C II] observations of atomic outflowing gas

yield mass-loading factors, ⌘ =
Ṁoutfl

SFR
, lower (or consistent)

with the unity (⌘atom ⇠ 0.4 � 0.9), in analogy with what
found in local star-forming galaxies (see e.g., Garćıa-Burillo
et al. 2015; Cicone et al. 2016; Fluetsch et al. 2019; see the
orange line). After correcting for the multi-phase outflowing
gas contribution (using the calibration discussed above; see
blue dashed line) we find higher mass-loading factors (see
red arrows), in the range ⌘

tot ⇠ 1.7 � 3, though still well
below the ⌘ observed in local AGN (e.g., ⌘

AGN
> 5 for

values of the host-galaxy SFR around 30 M� yr�1; see e.g.,
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- Ṁoutfl = 23± 6 M� yr�1 for the full sample, and
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at low-z, in the log(Ṁoutfl)-log(SFR) diagram. The red square
(diamond) indicates the result obtained from the stacking of the
full (high-SFR) sample, while arrows show the expected Ṁoutfl
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- Ṁ tot

outfl ⇠ 70± 18 M� yr�1 for the full sample, and
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in our sample, i.e., SFR 7 30 M� yr�1. We then collapse
the spectral slices of the [C II] stacked cubes in the velocity
ranges (i) [�200 : +200] km s�1, and (ii) [�600 : �200],
[+200 : +600] km s�1 to produce velocity-integrated flux
maps of (i) the [C II] core and (ii) the [C II] high-velocity
tails, respectively (see Figure 7, where the central 800 ⇥ 800

regions of pseudo-narrow band images from the stacked
cubes are shown). We find that:

- [C II] emission is detected up to 4� (5�) in the velocity-
integrated maps at [�600 : �200] and [+200 : +600] km
s�1 of the stacked cube obtained combining the full sample
(high-SFR group), while only tentative detections (2 � 3�)
are revealed in the high-velocity tails of the stacked cube
from the low-SFR group (see side panels of Figure 7). Where
detected, the high-velocity [C II] emission is marginally re-
solved (compared with the average beam of the observations
in the stack9), extending on 2D Gaussian-fitted angular sizes
of ⇠ 0.900, for the full sample, and ⇠ 1.200 for the high-SFR
group, corresponding to ⇠ 6 � 7.7 kpc at zmed = 5 (the
median redshift of our galaxies);

- in the pseudo-narrow band image at [�200 : +200] km
s�1, which traces the core of line, we detect [C II] emission at
exceptionally high significance in all our three (sub-)samples,
i.e., & 50� in the full sample and high-SFR bin, and & 30� in
the low-SFR group (see central panels of Figure 7). Interest-
ingly, while in all three cases [C II] emission is fully resolved
and extended on scales of > 200 (> 15 kpc at zmed = 5),
the core of [C II]-line emission appears to be more extended
in the stacked bin of high-SFR galaxies, with low-S/N (2�)
features extending up to scales of & 300, corresponding to
about 20 kpc at zmed = 5.

To constrain with more accuracy the typical extension of the
stacked [C II]-line core, and quantify the SFR-induced size-
evolution suggested by the flux maps in Figure 7, we com-
pute circularly averaged radial profiles form the low-velocity
pseudo-narrow band images of our stacking (sub-)samples
(see Figure 8). We then compare them with the radial pro-
files extracted from the stacked psf-image and the stacked
FIR-continuum, where the former is obtained stacking the
ALMA psf-cubes of galaxies in our sample (using Eq. 3)
and collapsing the channels at [�200 : +200] km s�1, and
the latter is obtained stacking the FIR-continuum images of
the 23 ALPINE continuum-detected galaxies (see details in
Bethermin et al. 2010 and Khusanova et al., in prep.). In
Figure 8 we show that:

- the radial profile of both the stacked FIR-continuum
and the stacked [C II]-core in the low-SFR group, are slightly
more extended than the average psf radial profile. Both of
them have typical radii of ⇠ 1.400 (⇠ 8.5 kpc at zmed = 5),
calculated as the radii beyond which the standard deviation
of the circularly averaged flux becomes comparable with the
Poissonian noise associated to each annulus10. The size sim-
ilarity between FIR-continuum and [C II] core-emission in

9 The stacked synthesized beam of our observations has a major
axis FWHM of 0.8900, a minor axis FWHM of 1.0200 and a position
angle of �20.02 deg.
10 The Poissonian noise level can be estimated by dividing the
rms of the pseudo-narrow band (or continuum) images by the
square root of each annulus area.

low-SFR galaxies suggest that they are both likely tracing
gas emitted on the same (galactic ??) scale.

- the radial profile of the stacked low-velocity [C II] from
the high-SFR sub-sample extends well beyond the FIR-
continuum and psf radial profiles, reaching an angular ra-
dius of 2.200, corresponding to a physical distance of ⇠ 14
kpc at zmed = 5.

The detection of low-velocity [C II] emission extended on
such large scales (diameter-size scales of ⇠ 30 kpc) suggest
the typical presence of an enriched circumgalactic halo sur-
rounding main sequence high-z galaxies, confirming (with
larger statistics and significance) the result obtained by Fu-
jimoto et al. (2019), who found a 10-kpc scale [C II] halo
in the stacked cube of 18 galaxies at 5 < z < 7 (see their
discussion for an overview of the theoretical mechanisms pro-
posed to explain the extended emission). Since outflows of
processed material are needed to enrich the carbon abun-
dance in the primordial CGM of early systems, the detected
[C II] halo is an evidence of (i) star formation-driven outflow
remnants, and (ii) gas mixing at play in the CGM of high-z
normal star-forming galaxies (see a discussion in Section 4).

4 DISCUSSION

Still work in progress.. may be incomplete in some points..
The stacking analysis of [C II] spectra and cubes of ALPINE
galaxies, described in Section 3, demonstrates that out-
flows are unambiguous in normal star-forming galaxies at
4 < z < 6. Interestingly, we find that the intensity and the
significance of [C II] emission in the broad wings at the high-
velocity tails of the stacked spectra/cubes increases with the
SFR, confirming the star formation-induced nature of the
observed outflows.

Mass outflow rate and e�ciency of star formation-driven
outflow

To estimate the net e�ciency of star formation-driven out-
flows at play in high-z galaxies, we measure the mass loss
produced by winds in a unit of time, namely the mass out-
flow rate (Ṁoutfl). We estimate the mass of the outflowing
atomic gas mass, Matom

outfl , from the luminosity of the broad
[C II] component, L[CII], following a similar approach to pre-
vious studies of outflows in the [C II] spectra of AGN-host
galaxies (e.g., Maiolino et al. 2012; Bischetti et al. 2018):

M
atom
outfl

M�
= 0.77

✓
0.7 L[CII]

L�

◆
⇥

✓
1.4⇥ 10�4

XC+

◆
⇥

1 + 2e�91 K/T + ncrit/n

2e�91 K/T
,

(4)

where XC+ is the abundance of C+, n is the gas density, ncrit

is the critical density of the [C II] 158 µm transition (i.e.,
⇠ 3 ⇥ 103 cm�3), and T is the gas temperature (Hailey-
Dunsheath et al. 2010). We use Eq. 4 assuming (i) a gas
density much higher than ncrit (this approximation gives
a lower limit on the mass of the atomic gas, as discussed
in Maiolino et al. 2012) and (ii) a conservative C+ abun-
dance (XC+ ⇠ 1.4 ⇥ 10�4; Savage & Sembach 1996) and
gas temperature (T ⇠ 200K) both typical of PDRs (Hailey-
Dunsheath et al. 2010; Bischetti et al. 2018).
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SFR < 30 M̥/yr

SFR > 30 M̥/yr

a)

b)

c)

Figure 7. Velocity-integrated [C II] flux maps (central 800 ⇥ 800 regions) are shown in di↵erent velocity ranges, from the combined cubes
obtained stacking the full sample (a), the low-SFR (b) and the high-SFR (c) groups. Left and right panels are representative of the
high-velocity tails of the [C II] emission ([�600 : �200] and [+200 : +600] km s�1, respectively), while maps in the central panels
trace the [C II] core ([�200 : +200] km s�1). Significance levels of the black contours are reported below the panels of a). The stacked
synthesized beam is shown in the lower-left corner, while a reference size-scale of 15 kpc is reported on the lower-right corner.

Applying Eq. 4 to the stacked [C II] spectra of our full
and high-SFR (sub-)samples (where broad components are
detected) we infer a mass of the outflowing neutral gas,
M

atom
outfl = (2.8 ± 0.3) ⇥ 108 M� for the full sample, and

M
atom
outfl = (3.2 ± 0.2) ⇥ 108 M� for the high-SFR group.

Following the procedure that previous work adopted for the
same calculation (see e.g., Maiolino et al. 2012; Bischetti
et al. 2018; Gallerani et al. 2018), we compute the atomic
Ṁoutfl assuming time-averaged expelled shells or clumps

(Rupke et al. 2005):

Ṁoutfl =
voutfl Moutfl

Routfl
, (5)

where:
- voutfl is the typical velocity of the atomic outflowing gas
traced by [C II]. We adopt a voutfl ⇠ 500 km s�1, based on
the typical largest velocities at which we observe significant
deviations from a single-Gaussian model in the stacked
residuals and spectra (see Figures 2, 3.b and 4.b);

MNRAS 000, 1–13 (2015)
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Stellar feedback does not play 
a dominant role in  quenching 
galaxies at z>4. AGN feedback 
and additional mechanisms 
capable of preventing further 
accretion are needed.
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Interestingly these values are lower than the median
SFRs measured in the two bins, i.e., SFRmed = 25 M�
yr�1 and SFRmed = 50 M� yr�1 in the full sample and the
high-SFR group, respectively.

However we emphasise that our estimate only accounts
for the atomic gas phase of the outflow, while a signifi-
cant fraction of the outflowing gas is likely to be in the
molecular and ionised form, as commonly observed in local
star forming galaxies (e.g., Veilleux et al. 2005; Heckman
& Thompson 2017; Rupke 2018). For instance, a recent
work by Fluetsch et al. (2019), who study the multi-phase
outflows in a sample of local galaxies and AGN, show that
when including all the gas phases, the total mass loss rate
increases roughly by 0.5 dex with respect to the value
estimated from the atomic outflow, suggesting that a rough
estimation of the total Ṁ tot

outfl can be obtained multiplying
by a factor of 3 the Ṁoutfl measured in a single-phase.
Hypothesising that similar considerations can apply to our
sample of high-z normal galaxies, we estimate multi-phase
corrected mass outflow rates of
- Ṁ tot

outfl ⇠ 70± 18 M� yr�1 for the full sample, and
- Ṁ tot

outfl ⇠ 84± 24 M� yr�1 for the high-SFR group.

In Figure 10 we show a comparison of our results, with a
compilation of local starbursts (Heckman et al. 2015) and
the best-fits of local AGN and normal star forming galaxies
by Fluetsch et al. (2019), in the log(Ṁoutfl)-log(SFR)
diagram. We find that for the high-z normal galaxies from
ALPINE, our [C II] observations of outflowing gas yield

mass-loading factors, ⌘ =
Ṁoutfl

SFR
, lower (or consistent)

with the unity (⌘atom ⇠ 0.3 � 0.9), in analogy with what
found in local star-forming galaxies (see e.g., Garćıa-Burillo
et al. 2015; Cicone et al. 2016; Fluetsch et al. 2019; see
the orange line). Assuming corrections for the multi-phase
outflowing gas contribution (using the calibration discussed
above; see blue dashed line) we find higher mass-loading
factors (see red arrows), in the range ⌘

tot ⇠ 1 � 3, though
still below the ⌘ observed in local AGN (e.g., ⌘AGN

> 5 for
values of the host-galaxy SFR around 25 M� yr�1; see e.g.,
Fluetsch et al. 2019; Fiore et al. 2017 for a discussion on
the dependence of ⌘

AGN on the AGN properties). There-
fore, even assuming that all the gas phases significantly
contribute to the outflowing gas, the total mass loss rate
produced by star formation-driven outflows still remains
roughly comparable with the SFR. This suggests that stellar
feedback is a relatively ine�cient mechanism for quenching
the star formation in normal star-forming galaxies in the
early Universe, and cannot be considered, e.g., a dominant
contributor in explaining the observed population of passive
galaxies at z ⇠ 2� 3 (e.g., Merlin et al. 2018; Santini et al.
2019, refs?).

Intergalactic/circumgalactic metal enrichment

It is still not even clear whether or not the star formation-
driven outflows can actually escape the DM halos and there-
fore e↵ectively remove the fuel for future star formation.

On the one hand, the sensitivity of currently available
data (even in the deepest integrations with ALMA, tracing
both atomic and molecular FIR-lines) is far from su�cient
for revealing the spatial extension of the star formation-

driven winds around individual high-z main sequence galax-
ies, on scales comparable with their virial radii.

On the other hand, while the stacking of ALPINE-like
large samples can provide significantly improved sensitivity,
the randomness of wind directions and geometries strongly
challenge the detection of spatially extended outflowing gas
(as seen in Section 3.4, where the high-velocity [C II] flux
is fairly more compact than the core component).

Another way to figure out the fate of the outflows, is
to compare their typical velocities, voutf , with the escape
velocities, vesc, of the DM halos. We estimate vesc of the
DM halos hosting the galaxies in our sample, using the
formula:

vesc =

r
2 G MDM

rDM
, (6)

where rDM is the virial radius and MDM is the mass of the
halo. We calculate rDM, using the commonly adopted hy-
pothesis of virialised halos (see e.g., Huang et al. 2017):

rDM =


3 MDM

4 ⇡ 200 ⇢crit(z)

�1/3

, (7)

where ⇢crit(z) is the critical density of the Universe at red-
shift z, and we estimate MDM using empirically-calibrated
stellar mass-halo mass (SMHM) relations (see Behroozi et al.
2013, 2019).

Galaxies in the high-SFR group of our sample, where
(as discussed in 3) the signatures of atomic star formation-
driven outflows are unambiguous, have stellar masses in the
range M? = 1010 � 1011.2 M�. Those stellar masses, at the
redshifts of ALPINE galaxies, according to the SMHM re-
lation by Behroozi et al. (2019) correspond to DM halos
masses in the range MDM ⇠ 7 ⇥ 1011 � 5 ⇥ 1012 M�, and
virial radii of rDM ⇠ 40� 100 kpc (Eq. 7 ). Therefore, using
Eq. 6, we find typical escapes velocities of vesc ⇠ 350� 800
km s�1. Those values of vesc, if compared with the typi-
cal velocities of the outflowing gas, voutfl ⇠ 500 km s�1,
found in our stacked [C II] spectrum, suggest that a frac-
tion of gas, especially in galaxies with M? . 5 ⇥ 1010 M�
(roughly corresponding to MDM . 1012 M�, at zmed = 5),
can e↵ectively escape the halo and contribute to the IGM
enrichment, as expected by models (see e.g., Oppenheimer
et al. 2010; Pallottini et al. 2014; Muratov et al. 2015). The
outflowing gas that cannot escape the halo, will instead be
trapped in the CGM and eventually virialize after mixing
with the quiescent and inflowing primordial gas, producing
the large reservoir of enriched circumgalactic gas that we
observe in [C II] (see Section 3.4; see also a discussion in
Fujimoto et al. 2019). Altogether these results confirm the
expectations of cosmological simulations (see e.g., Somerville
& Davé 2015; Hopkins et al. 2014; Hayward & Hopkins 2017)
that the baryon cycle and the enriched gas exchanges with
the CGM are at work in normal galaxies already in the early
Universe.

5 CONCLUSIONS

#TODO: Simple bullet point list of main results.

Max 1 column.

MNRAS 000, 1–15 (2019)
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Figure 3. Natural-weighted 4′′ × 4 field image after the visibility-based stacking of the [Cii] line and the dust continuum for the ALMA-
ALL (left) and ALMA-HST (right) samples. The red and green contours denote the 2, 2

√
2, 4, ... ×σ levels of the [Cii] line and the dust

continuum emission, while the white contours indicate the −2σ and −2
√
2σ levels. The synthesized beams are presented at the bottom

left in each panel.

centroids based on the peak pixel positions (pixel scale
= 0.′′01) in the fiducial [C ii] velocity-integrated maps,
having smoothed spatially with a uv-taper of 0.′′6. (3)
We produce [C ii] spectra with an aperture diameter of
1.′′2 at the fiducial source centroids. (4) We obtain the
peak frequencies and FWHMs of the [C ii] line emission
by fitting a single Gaussian to the [C ii] spectra. (5) We
re-create velocity-integrated maps with velocity ranges
of 2× the FWHM. (6) We measure final positional cen-
troids in the new velocity-integrated map in the same
manner as step (2). Note that we use the smoothed map
(via the uv-taper) instead of the naturally-weighted map
in steps (2) and (6) because Monte-Carlo simulations in
the uv-visibility plane show that smoothed maps have
lower uncertainties in the positional measurements than
the intrinsic maps (Fujimoto et al. 2018). We list the
final positional centroids and redshifts in Table 1.

3.2. ALMA Visibility-based Stacking

We carry out visibility-based stacking for our ALMA
data via the following procedure. First, we split the visi-
bility data into the [C ii] line and the rest-frame FIR con-
tinuum datasets. For the [C ii] line dataset, we extract
the visibility data with the [C ii] line channels across a
velocity range of 100km s−1 (= ± 50 kms−1), where the
velocity centre is the [C ii] frequency peak (the 3D po-
sition in our ALMA cubes). We do not adopt a wider
velocity range because of the potential contamination of
the close companions (Jones et al. 2017; Carniani et al.
2018). For the rest-frame FIR continuum dataset, we
produce the visibility data whose [C ii] line channels in
a velocity range of 2×FWHM are fully removed. Sec-
ond, we shift the coordinate of the visibility datasets by
re-writing the source centre as ”00:00:00.00 00:00:00.0”
with stacker (Lindroos et al. 2015). Third, we combine
the visibility datasets with the concat task. Fourth, we
re-calculate the data weights for the combined visibility
datasets with the statwt task, based on the scatter of
visibilities, which includes the effects of integration time,
channel width and system temperature.
Figure 2 indicates the uv-visibility coverage after the

visibility-based stacking for the ALMA datasets of the

ALMA-ALL sample. For comparison, the uv-visibility
coverage for an individual dataset, before stacking, is
also plotted. In the stacked data, the uv-visibility cov-
erage is well sampled, especially for the short baselines,
< 500kλ, which is important to recover the flux density
from diffuse, extended structures.
In Figure 3, we show the natural-weighted images of

the [Cii] line and dust continuum after the visibility-
based stacking for the ALMA-ALL (ALMA-HST) sam-
ple, where the standard deviation of the pixel values in
the dust continuum image achieves 4.1 (8.3) µJy/beam
with the synthesized beam size of 0.′′43 × 0.′′36 (0.′′74 ×
0.58). The peak pixel signal-to-noise (S/N) ratio shows
21σ (20σ) and 10σ (8σ) significance levels for the [Cii]
line and dust continuum, respectively, for the ALMA-
ALL (ALMA-HST) sample. The spatially resolved [C ii]
line emission in the ALMA-ALL sample is detected at
the 9.3 σ level in the aperture radius of 10 kpc even after
masking the emission in a central area up to 2×FWHM
of the ALMA synthesized beam, based on the random-
aperture method. Because the extended structure is dif-
ficult to be modeled by the clean algorithm perfectly,
we use the dirty images for both the [C ii] line and the
rest-frame FIR continuum in the following analyses.
In Figure 4, we present the radial surface brightness

profile of the stacked [C ii] line, and summarize vari-
ous tests for the extended [C ii] line structure. First,
we compare our stacking and individual results. In the
left panel of Figure 4, we show the individual results for
several [C ii] line sources whose lines are detected at high
S/N, with an ALMA beam size of ! 0.′′8 to recover the
diffuse, extended structures. We find that the stacked
results are consistent with the individual results within
the scatter, suggesting that our ALMA stacking result
provides a faithful representative of the 18 [C ii] line
sources. Second, we remove the sources that are I) taken
with the lowest resolutions (BDF2203, NTTDF6345, and
WMH13), and II) reported to have companions (WMH5,
Hz2, Hz6, and Hz8; Jones et al. 2017; Carniani et al.
2018), and obtain a newly stacked data. In the mid-
dle panel of Figure 4, we present the radial profiles of
the [C ii] line emission in the newly stacked data. We

Fujimoto+1918 galaxies at z~5-7, with SFR~10-70 Msun/yr

Stacked [C II] ‘core’ is 
extended on ~15 kpc.

Let’s play again 
the game of 

splitting in SFR..
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Fluetsch et al. 2019; Fiore et al. 2017 for a discussion on
the dependence of ⌘AGN on the AGN properties).
And then? What can we say here? Maybe something like....
Therefore, even assuming that all the gas phases signifi-
cantly contribute to the outflowing gas, the total mass loss
rate produced by star formation-driven outflows remains
still roughly comparable with the SFR, suggesting that
stellar feedback in main sequence galaxies at 4 < z < 6 is a
relatively ine�cient mechanisms of quenching, and cannot
be considered, e.g., a dominant contributor in explaining
the observed population of passive galaxies at z ⇠ 2 � 3
(e.g., Merlin et al. 2018; Santini et al. 2019, ...). ??

4.0.1 Intergalactic/circumgalactic metal enrichment

The following part is very tentative. I need a logic step
to introduce the circumgalactic enrichment / extended [C
II]-halo etc...
It is still not even clear whether or not the star formation-
driven outflows can actually escape the DM halos and
therefore e↵ectively remove the fuel for future star forma-
tion. On the one hand, the sensitivity of currently available
data (even in the deepest integrations with ALMA, tracing
both atomic and molecular FIR-lines) is far to be not
su�cient at revealing the spatial extension of the star
formation-driven winds around individual high-z main
sequence galaxies, on scales comparable with their virial
radii. On the other hand, while stacking of ALPINE-like
large sample can provide significantly improved sensitivity,
the randomicity of wind directions and geometries strongly
challenge the detection of spatially extended outflowing gas
(as seen in Section 3.1.3, where the high-velocity [C II] flux
is fairly more compact than the narrow component).

Another way to figure out the fate of the outflows, is
to compare their typical velocities, voutf , with the escape
velocities, vesc, of the DM halos. We estimate vesc of the
DM halos hosting the galaxies in our sample, using the
formula:

vesc =

r
2 G MDM

rDM
, (6)

where rDM is the virial radius and MDM is the mass of the
halo. We calculate rDM, using the commonly adopted hy-
pothesis of virialised halos (see e.g., Huang et al. 2017):

rDM =


3 MDM

4 ⇡ 200 ⇢crit(z)

�1/3

, (7)

where ⇢crit(z) is the critical density of the universe at red-
shift z, and we estimate MDM using empirically-calibrated
stellar mass-halo mass (SMHM) relations (see Behroozi et al.
2013, 2019). Galaxies in the high-SFR group of our sam-
ple, where (as discussed in 3) the signatures of atomic
star formation-driven outflows are unambiguous, have stel-
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voutf ~ 500 km/s

Vesc ~ 350-750 km/s

A significant fraction of gas  
won’t escape the DM-halo and 
will be trapped in the CGM

Behroozi+13,18



High-SFR

Low-SFR

+

a) b)

SFR < 25 M̥/yr SFR > 25 M̥/yr

a) b)

SFR < 25 M̥/yr SFR > 25 M̥/yr

A quantitative study of spatially extended outflows and enriched CGM 
(extension, morphology, kinematics, outflow rate, etc…) at high-z, and their 
dependence on galaxy properties (mass, SFR, morphology), requires the 
detection of these components in (many) individual galaxies.



Summary

- We explore the efficiency of galactic feedback in the early Universe by stacking 
the [C II] 158 μm emission in a large sample of normal star-forming galaxies at 
4 < z < 6, drawn from ALPINE. 

- we observe: 
# deviations from a single-Gaussian model in the combined residuals; 
# broad emission in the stacked [C II] spectrum, at velocities of ~ 500 km/s; 
# the significance of these features increases with SFR, confirming their star             

         formation-driven nature.  

- Average mass outflow rates are consistent with the SFRs, yielding mass-
loading factors of the order of the unit. 

- Stacking the cubes of high-SFR sub-sample, we find indication of an enriched 
CGM, traced by a ~30 kpc-sized [C II] halos. This corroborates previous similar 
studies, and confirms that baryon cycle and gas exchanges with the 
circumgalactic medium are at work in normal galaxies already at early epochs.



Thanks for your attention!

The coloured Bologna :-)
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a) b)

SFR < 25 M̥/yr SFR > 25 M̥/yrHigh-SFR (>25 M☉/yr)Stacked Residuals

The integrated spectra of 
rotating disks (typically double-
horned profiles) are not well 
described by a single Gaussian. 
The symmetric residuals that we 
see may be caused by the 
presence of rotating disks in our 
subsample?

Let’s check - we subtract 
3DBAROLO models of our 
rotators and indeed we find that 
they lead some residuals but on 
lower velocities (consistent with 
the average FWHM of our [C II]-
lines).

Begeman et al. 1989; Carniani et al. 2013; De Breuck et al. 2014; Di Teodoro & Fraternali 2015; 
Jones et al. 2017; Talia et al. 2018; Smit et al. 2018; Kohandel et al. 2019..



Morpho-dynamical classification
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Figure 1. "Optimally-extracted" Ly↵ images from PSF and continuum subtracted MUSE datacubes obtained with CubExtractor for each quasar observed in this
study. Each image has a linear projected size of 44 arcsec, and the original position of the quasar is marked by a black dot. The white bar indicates a physical
scale of 100 kpc. The images have been produced by collapsing the datacube voxels associated with the CubExtractor three-dimensional segmentation maps (the
"3D-mask") along the wavelength direction (see 4.1). The 3D-masks have been obtained with a signal-to-noise ratio (SNR) threshold of 2 per smoothed voxel
as discussed in Section 3. For display purposes, we have added - by means of the union operator - to the object 3D-mask one wavelength layer of the cube
corresponding to the central wavelength of the nebulae. The spatial projection of the 3D-mask is indicated by the thick contours that typically correspond to a
SB of about 10-18 erg s-1 cm-2 arcsec-2. The thin contours indicate the propagated SNR in the images. The two highest contour levels represent SNR=2 and
SNR=4, while the other contours are separated by �SNR=6. As is clear from this image, each field shows the presence of extended Ly↵ emission at a high
significance level.

QSO MUSEUM 9

Figure 1. Atlas of the 61 “optimally extracted” NB images for the Lya emission around the quasars in the QSO MUSEUM sample.
Each image shows the SB maps of 3000 ⇥3000 (or about 230 kpc ⇥230 kpc) centered on each quasar after PSF and continuum subtraction
(see Section 3.1 for details). Each of the system is numbered following Table 1. In each image the white crosshair indicates the position
of the quasar prior to PSF subtraction. For reference, we overlay a magenta circle with a radius of 50 kpc on the image with ID 38.
To highlight the significance of the detected emission, for each SB map we indicate the contours for S/N = 2, 4, 10, 20, and 50. A cyan
diamond in the bottom-left corner indicates when the quasar is radio-loud. The detected extended Lya emission shows a diversity of
extents, geometries and substructures. North is up, east is to the left.
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models are used to obtain scaling relations between the observable
Lyman-a surface brightness from the intergalactic gas surrounding the
quasar and the hydrogen column densities (see Extended Data Fig. 3).
These scaling relations are consistent with analytical expectations. Note
that the estimated column densities for scenario (1) depend on the
ionized gas clumping factor (C 5 ,ne

2./,ne.
2, where ne is the electron

density) below the simulation resolution scale, ranging from about 10
physical kpc for diffuse intergalactic gas to ,160 physical pc for the
densest regions within galaxies.

The results are presented in Fig. 4. The observed Lyman-a emission
requires very large column densities of ‘cold’ (T , 5 3 104 K) gas, up
to NH < 1022 cm22. The implied total, cold gas mass ‘illuminated’ by

a b

Figure 1 | Processed and combined images of the field surrounding the
quasar UM 287. a, b, Each image is 2 arcmin on a side, and the quasar is located
at the centre. In the narrow-band (NB3985) image (a), which is tuned to the
Lyman-a line of the systemic redshift for UM 287, we identify very extended

(,55 arcsec across) emission. The deep V-band image (b) does not show any
extended emission associated with UM 287. This requires the nebula to be line-
emission, and we identify it as Lyman-a at the redshift of the quasar.
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Figure 2 | Lyman-a image of the UM 287 nebula. We subtracted from
the narrow-band image the continuum contribution estimated from the
broad-band images (see Methods). The location of UM 287 is labelled with ‘a’.
The colour map and the contours indicates, respectively, the Lyman-a (Lya)
surface brightness (upper colour scale) and the signal-to-noise ratio per arcsec2

aperture (lower colour scale). The extended emission spans a projected
angular size of ,55 arcsec (about 460 physical kpc), measured from the
2s (,10218 erg s21 cm22 arcsec22) contours. The object marked with ‘b’ is an
optically faint (g< 23AB) quasar at the same redshift as UM 287 (see Extended

Data Fig. 2). The nebula appears broadly filamentary and asymmetric,
extending mostly on the eastern side of quasar UM 287 up to a projected
distance of about 35 arcsec (,285 physical kpc) measured from the 2s
isophotal. The nebula extends towards the southeast in the direction of the
optically faint quasar. However, the two quasars do not seem to be directly
connected by this structure that continues as a fainter and spatially narrower
filament. The large distance between the two quasars and the very broad
morphology of the nebula argue against the possibility that it may originate
from an interaction between the quasar host galaxies (see Methods).
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Floriane Leclercq et al.: The MUSE Hubble Ultra Deep Field Survey

Fig. 2. Representative sample of 7 LAEs from the MUSE UDF mosaic field. Each row shows a di↵erent object. First column: HST image (see
section 3.1.2) of the LAE indicated by the contour of its HST segmentation mask or by a white cross if it is not detected in the HST images (axis in
arcsec). The MUSE ID, z and the HST band are indicated. Second column: MUSE white-light image summed over the full MUSE spectral range
(axis in arcsec). The white contours correspond to the HST segmentation mask convolved with the MUSE PSF. The HST coordinates (Rafelski
et al. 2015) are indicated by the cross. Third column: Ly↵ line extracted in the HST segmentation mask convolved with the MUSE PSF. The purple
area shows the NB image spectral width (indicated in purple). The two vertical black dotted lines indicate the bandwidth (in Å) used to integrate
the total Ly↵ flux (see section 5.3.2). The rest-frame FWHM of the single-peaked lines is also indicated. Fourth column: Ly↵ narrowband image
with SB contours at 10�17 erg s�1 cm�2 arcsec�2 (central dotted white), 10�18 erg s�1 cm�2 arcsec�2 (dashed white), and 10�19 erg s�1 cm�2 arcsec�2

(outer dotted white). The radius of the solid white circle corresponds to the measured CoG radius rCoG (see section 5.3.2). Last column: radial SB
profiles of Ly↵ emission (blue), UV continuum (green), and the PSF (red). Article number, page 5 of 24
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Fig. 2: Stacking and construction of representative radial Lyman-↵ profiles. a, Ly↵ surface
brightness profiles of the individual galaxies in the HUDF and HDFS, azimuthally averaged in
concentric annuli. Horizontal bars specify the widths of the annuli. The three panels represent
three disjoint redshift ranges as indicated. Radial coordinates are given in angular (bottom axes) as
well as physical (top axes) units, the latter evaluated at the centre of each redshift range assuming
a cosmological model with h = 0.7, ⌦m = 0.3 and ⌦⇤ = 0.7. b, Median-stacked Ly↵ images
for these redshift bins. The contours trace surface brightnesses of (0.5, 2) ⇥ 10�20 erg s�1 cm�2

arcsec�2 after subtracting a model image, smoothing the residual with a Gaussian of 200 FWHM
and adding back the model. The overplotted circles show the boundaries of the annuli used to
extract the radial profiles. c, Azimuthally averaged radial profiles of the median-stacked images.
The vertical bars on the data points quantify the 1� errors within each annulus, while the horizontal
bars again indicate the widths of the annuli. The black line in each panel traces the radial shape of
a scaled point source, demonstrating that the median Ly↵ emission is well-resolved for radii >⇠ 1
arcsec. The solid, coloured curves show the extracted profiles from 2-dimensional surface bright-
ness model fits to the images, with the shaded regions indicating the estimated 1� uncertainties of
the fits.
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Fig. 1. Molecular gas on multiple scales in the Spiderweb Galaxy. 12CO (J=1→0) total-
intensity contours from the Australia Telescope Compact Array (light blue) overlaid onto a 
negative grey-scale Hubble Space Telescope image taken with the Advanced Camera for Surveys 
through the combined F475W and F814W filters (HST image ©AAS, reproduced with 
permission (6)). Contour levels: 0.020, 0.038, 0.056, 0.074, 0.092, 0.110, 0.128 Jy beam-1 × km 
s-1. Red contours show the 36 GHz radio-continuum from our Very Large Array (VLA) data at 
0.20, 0.43, 0.80, 1.40 mJy beam-1. The top-left inset shows the CO (J=1→0) total-intensity 
contours from the VLA (dark blue) at 2.8σ, 3.5σ, 4.2σ, with σ=0.019 Jy beam-1 × km s-1. No 
negative contours are visible at this level around the central radio galaxy in the VLA data, likely 
because underlying large-scale flux skews the noise to slightly more positive values (Fig. S1). 
The uncertainty in the astrometry of the HST image is ~0.3". The two inner radio-continuum 
components (red contours in the top-left inset) likely trace the two-sided base of the radio jets. 
The dashed ellipses in the bottom left-hand corners visualize the beam-size at full width of half 
the maximum intensity (FWHM). Coordinates are given in epoch J2000. 

������

������

������

����
������

�	
��������	��

�
��
�	�
��
	�
�

������

������ �����

������ ������

���

Massive protocluster galaxies can grow 
out of very extended reservoir of 
molecular gas. The gaseous halo must 
have been polluted with recycled 
material, processed by previous SF and 
subsequently expelled back into the IGM.

extended [CI],CO(1-0) 
and CO(4-3) on 70 kpc 
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Figure 6. Radial surface brightness profiles for the ALMA-HST (circles) and ALMA-ALL (squares) samples. The radial values are
estimated by the median of each annulus. The red, green, and blue symbols denote the [C ii] line, rest-frame FIR, and rest-frame UV
continuum emission. The rest-frame UV continuum profile is directly derived from the mock HST/H-band image whose resolution is
matched to that of the ALMA image. The black dashed and solid curves denote the ALMA synthesized beams in the stacked images of
the ALMA-HST and ALMA-ALL samples, respectively. All radial profiles are normalized to the peak value of the [Cii] line. The green
and red symbols are slightly shifted along the x-axis for clarity.

is smaller than that of the rest-frame UV continuum,
which is consistent with the recent ALMA results of the
compact rest-frame FIR size more than the rest-frame
UV and optical sizes among the star-forming galaxies at
z ∼ 2− 4 (e.g., Simpson et al. 2015; Ikarashi et al. 2015;
Hodge et al. 2016; Fujimoto et al. 2017, 2018).

4.2. Effect of [C ii]-UV offset

Recent studies report a possibility that [Cii]-line emit-
ting regions are physically offset from the rest-frame UV
ones (e.g., Maiolino et al. 2015). To evaluate the poten-
tial effect from the [Cii]-UV offsets in our results, we
perform the ALMA and HST stacking for the ALMA-
HST sample by adopting two different stacking centers:
HST/H-band and ALMA [C ii] line peak positions, and
compare the radial profiles from these stacking results.
In Figure 7, the circle and cross symbols represent the

stacking results derived with the common stacking cen-
ters of the HST/H-band continuum and ALMA [C ii] line

peak positions, respectively. We find that the [C ii] line
profile is extended more than both the rest-frame FIR
and UV continuum profiles in any cases. This suggests
that the [C ii] line originates from much wider regions
than the continuum emission at rest-frame FIR and UV
wavelengths, and clearly shows that the extended struc-
ture of the [C ii] line is not caused by the [Cii]–UV off-
sets.

4.3. Radial ratio of L[CII] to total SFR

To test whether the extended [C ii] line structure is
caused by satellite galaxies, we investigate radial values
of the [C ii] line luminosity L[CII] at a given SFR derived
from the rest-frame FIR and UV continuum. Because the
ALMA-ALL and ALMA-HST results are consistent with
each other (Figure 6), we adopt the rest-frame UV results
from the ALMA-HST sample, while the [C ii] line and
rest-frame FIR continuum results from the ALMA-ALL

Fujimoto+19

18 galaxies at z~5-7, 
with SFR~10-70 Msun/yr
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Figure 7. "Velocity dispersion maps" obtained from the second moment of the flux distribution for each of the MUSE nebulae. For consistency with previous
works in the literature, we show the Gaussian-equivalent FWHM (i.e., 2.35 times the velocity dispersion). The black circle indicates the position of the quasar.
We note that Ly↵ emission may be broadened by radiative transfer effects, therefore the measurements presented here are not necessarily representative of the
thermal or turbulent motion of the gas but they are typically an upper limit on these quantities. In relative terms, radio-quiet nebulae have significantly narrower
lines with respect to radio-loud systems, in agreement with the expectations from the literature (the only exception is again nebula #6).

100 kpc

ID 3

~ 600 km s-1

Borisova+16

QSO MUSEUM 33

Figure 10. Atlas of the 61 maps for the flux-weigthed velocity dispersion of the Lya emission around the quasars in the QSO MUSEUM
sample. The velocity dispersion is calculated as second moment of the flux distribution. Each image is presented on the same scale of
Figure 1, 3000 ⇥3000 (or about 230 kpc ⇥230 kpc), even though we use only the information within the extracted 3D-masks to compute these
“velocity-dispersion maps”(see Section 3.1). In each image the white crosshair indicates the position of the quasar prior to PSF subtraction.
A cyan diamond in the top-left corner indicates that the quasar is radio-loud. We indicate in the bottom-left corner of each image the
average velocity dispersion hsLya i for each map. The extended Lya nebulae show an average velocity dispersion hsLya i < 400 km s�1 (or
FWHM< 940 km s�1), irrespective of the radio-loudness of the targeted quasars.
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Figure 11. Plot of the average flux weighted velocity dispersion
hsLya i of each Lya nebulosity versus the absolute i-band magni-
tude normalized at z = 2, Mi(z = 2), using Ross et al. (2013). We in-
dicate in blue the radio-quiet systems, while in red the radio-loud
objects. The size of the symbol for the radio-loud objects sym-
bolizes the flux listed in Table 1, i.e. larger symbols mean larger
fluxes following the relation sizeradio = sizequiet +5⇥ log(FRadio). The
crosses indicates the objects for which we do not have information
on their radio flux. The average flux-weighted velocity dipersion
do not depend on the current quasar luminosity or strength of
radio emission.

lower levels of Lya emission or extends only to much smaller
distances from the central quasar down to the same SB limits
(see Figure 4). The ELAN around the quasar PKS 1017+109
has been studied in detail in Arrigoni Battaia et al. (2018),
where we have indicated the common peculiarities with the
other ELAN discovered at z ⇠ 2, with particular emphasis
on the identification of active companions in their surround-
ings.

It has been proposed that the higher SBLya in these
ELAN traces patches with higher volume densities than the
average population at both redshifts (Hennawi et al. 2015;
Arrigoni Battaia et al. 2016) and/or gas reprocessing the
additional contribution to the ionizing radiation from the
active companions (Arrigoni Battaia et al. 2018) in the en-
vironment of ELAN. The higher density patches could be
due to substructures interacting with the main halo hosting
the targeted quasars (Arrigoni Battaia et al. 2018).

Further, to clarify how easy it is to detect ELAN with
current facilities and how a detected Lya nebulosity around
a quasar could “grow” with longer integration times, in Fig-
ure 12 we show the histogram of the area spanned by each of
the Lya nebulosities in our sample for di↵erent S/N detec-
tion threshold (the di↵erent colors). For each histogram, we
indicate the position of the nebula around the quasar with
ID 13, or PKS 1017+109 (Arrigoni Battaia et al. 2018). It
is clear that ELAN are clearly visible as extended objects
even with shorter integration times than used here, as the
area for S/N = 10 is already > 200 arcsec2 for ID 13. In
the same figure, an additional x-axis indicates the corre-

sponding radius for a circular nebula with the same area,
i.e. R =

p
(Area/p). Even with the threshold of S/N = 10

this ELAN has R > 60 kpc.
The plot in the inset of Figure 12 shows how the area

grows for each nebulosity as a function of S/N with respect
to the area for S/N = 10. In the same plot, we color coded
the line for each Lya nebula depending on the final observed
area for S/N = 2. This plot shows that the nebulae with
the larger sizes (lines with lighter colors) do not increment
their extent as fast as smaller nebulae if deeper observations
are conducted. This occurrence could reflect the di↵erent
scales probed by the di↵erent nebulae. Indeed, while small
Lya nebulae most probably trace the gas within the central
portion of the dark matter halo hosting a quasar, nebulae
with 100 kpc sizes start to probe IGM regions where the
densities are expected to be lower. This has been also the
case for the nebula around UM 287 (Cantalupo et al. 2014),
which was detected after only 20 minutes of NB imaging with
the Low Resolution Spectrograph (LRIS; Oke et al. 1995)
instrument on the Keck telescope. The size of the nebula
did not increase significantly with the total observing time
acquired in those observations of ⇠ 10 hours.

If the relation for the large nebulosities shown in the
inset of Figure 12 holds for even larger areas, one would need
to increase the S/N by a factor of 8 to roughly double the
detected area. This would then require additional ⇠ 64 hours
on a previously detected 200 arcsec2 Lya nebula in data
as deep as our survey. However, the characteristics of the
powering mechanisms and the volume density of the gas can
both change on larger scales, most probably requiring longer
integration times to detect the IGM.

5.2 Is there a redshift evolution of extended
Lyman-Alpha emission around quasars?

As anticipated in Section 4.1.3 and shown in Figure 6,
the current observations of Lya halos around radio-quiet
quasars hint to a clear di↵erence between the z ⇠ 3 and
z ⇠ 2 population. Indeed, the Lya emission seems to be much
stronger at z ⇠ 3 than at z ⇠ 2, maybe suggesting a larger
mass in the cool (T ⇠ 104 K) phase of the CGM at z ⇠ 3 than
at z ⇠ 2 (Mcool > 1010 M�; Prochaska et al. 2013a, 2014). Here
we investigate this hypothesis.

To further check the presence of a redshift evolution, we
split our large sample of radio-quiet quasars into two redshift
bins, and look for any trend that would confirm the strong
di↵erence between z ⇠ 2 and z ⇠ 3. Given the large uncertain-
ties on the systemic redshift of our sample (see Section 3.2),
we built the two redshift bins by maximizing the number
of objects in each bin, while excluding quasars whose red-
shift is so uncertain that they could sit in the other bin both
because of the uncertainty on the systemic redshift zsystemic,
and/or the di↵erence in redshift between the Lya nebula
zpeakLya and zsystemic. We find that a cut zpeakLya < 3.191 and
zpeakLya > 3.229 satisfies our conservative criteria, resulting
in two almost equally populated subsamples of 17 and 18 ob-
jects each, respectively. The selected quasars cannot change
their bin even with a 3s deviation from their current red-
shift. The median redshift for the two samples is zlow = 3.114,
and zhigh = 3.336. Such a redshift di↵erence corresponds to
about 0.15 Gyr in the standard cosmology assumed in this
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Kinematics from Lya is challenging.              
But strong outflows may leave signatures of 
Lya-broadening in the CGM.


