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A B S T R A C T 

ALMA observations have revealed that many high-redshift galaxies are surrounded by extended (10–15 kpc) [C II] -emitting 

haloes that are not predicted by even the most advanced zoom-in simulations. Using a semi-analytical model, in a previous work 

we suggested that such haloes are produced by starburst-driven, catastrophically cooling outflows. Here, we further impro v e the 
model and compare its predictions with data from seven star-forming (10 � SFR / M � yr −1 � 100) galaxies at z = 4–6, observed 

in the ALPINE surv e y. We find that (a) detected [C II] haloes are a natural by-product of starburst-dri ven outflo ws; (b) the outflo w 

mass loading factors are in the range 4 � η � 7, with higher η values for lower mass, lower star formation rate systems, and 

scale with stellar mass as η ∝ M 

−0 . 43 
∗ , consistently with the momentum-driven hypothesis. Our model suggests that outflows are 

widespread phenomena in high- z galaxies. Ho we ver, in lo w-mass systems the halo extended [C II] emission is likely too faint to 

be detected with the current levels of sensitivity. 

Key words: (photodissociation region (PDR) – galaxies: high-redshift – galaxies: ISM. 
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 I N T RO D U C T I O N  

nvestigating the complex environments of galaxies at the end of the
poch of Reionization (EoR; redshift z � 5.5; for recent re vie ws,
ee Dayal & Ferrara 2018 ; Hodge & da Cunha 2020 ) is one of the
ost pressing research goals of modern astrophysics. As shown by

osmological simulations (Hopkins et al. 2018 ; Vogelsberger et al.
020 ; Katz et al. 2021 ; Pallottini et al. 2022 ), galaxies at the EoR show
ifferent properties with respect to the ones seen in the local Universe
e.g. smaller sizes, higher specific star formation rates (SFRs), and
armer dust]. 
In the last few years, astounding progress has been made in

etecting primordial galaxies up to z ∼ 13 (Oesch et al. 2012 ;
arikane et al. 2022 ). This has fuelled a strong and widespread

nterest in detailed studies of their internal structure. As a re-
ult, these early systems are now being routinely identified in
arge-scale optical/near-infrared (NIR) surv e ys (Bacon et al. 2017 ;
ouwens et al. 2015 ), and targeted interferometric observations at
 ar-infrared (FIR) w avelengths (Le F ̀evre et al. 2020 ; Bouwens et al. 
022 ). 
Specifically, the Hubble Space Telescope ( HST ) measured sizes

nd morphological properties of high-redshift galaxies at rest-frame
ltra violet (UV) wa velengths (Oesch et al. 2009 ; Shib uya, Ouchi &
arikane 2015 ; Bradley et al. 2014 ; Bouwens et al. 2015 ; Oesch et al.
016 ; Bouwens et al. 2017 ; Livermore, Finkelstein & Lotz 2017 ;
awamata et al. 2018 ). These studies successfully characterized the

volution of the rest-frame galaxy UV luminosity functions (LFs),
tar formation, stellar build-up history, and size gro wth, gi ving a first
tatistical characterization of galactic systems up to z ≈ 10. 
 E-mail: pizzati@strw .leidenuniv .nl 
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At the same time, the appearances of the Atacama Large Mil-
imeter/submillimeter Array (ALMA) and the NOrthern Extended

illimeter Array (NOEMA) have opened a ne w windo w on the
rimordial Univ erse, e xploring the obscured star formation and inter-
tellar medium (ISM) line emission at rest-frame FIR wavelengths up
o z ≈ 13 (Harikane et al. 2022 ). Combining the information coming
rom the dust continuum emission, as well as from some rele v ant
IR emission lines such as [C II] 158 μm, [O III ] 88 μm, and CO from
 arious rotational le vels, se veral works studied the internal properties
f galaxies, such as their assembly history, ISM thermal structure,
as dynamics, dust/metal enrichment, and interstellar radiation field
ISRF; Maiolino et al. 2015 ; Capak et al. 2015 ; Pentericci et al.
016 ; Matthee et al. 2017 ; Carniani et al. 2018 ; Gallerani et al. 2018 ;
ashimoto et al. 2018 ; Carniani et al. 2020 ; Calura et al. 2021 ). 
In particular, the [C II] 2 P 3/2 → 

2 P 1/2 fine-structure transition
as been the workhorse for many observational and theoretical
ndea v ours. Due to its brightness and ubiquity (it traces many
ifferent phases of the ISM, e.g. Stacey et al. 1991 ; Hollenbach &
ielens 1999 ; Wolfire et al. 2003 ), this line can provide essential

nformation on the physics of galaxies at high redshift (e.g. Vallini
t al. 2015 ; Olsen et al. 2017 ). F or instance, different works hav e
ocused on interpreting the local [C II] –SFR relation (De Looze
t al. 2014 ; Herrera-Camus et al. 2015 , 2018 ) in the context of early
ystems (Carniani et al. 2018 ; Carniani et al. 2020 ; Schaerer et al.
020 ), studying its dependence on the burstiness of the star formation
rocess, the gas density, and the intensity of the ISRF (Ferrara et al.
019 ; Pallottini et al. 2019 ; Vallini et al. 2021 ). 
A key result that emerged thanks to spatially resolved observations

f the [C II] line is the existence of extended [C II] haloes around
ormal, star-forming galaxies at high redshift (Fujimoto et al. 2019 ;
ujimoto et al. 2020 ; Ginolfi et al. 2020 ; Herrera-Camus et al.
021 ; Akins et al. 2022 ; Fudamoto et al. 2022 ). These haloes imply
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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he presence of singly ionized carbon extending out to distances 
ignificantly larger than the size of galactic discs. 

The first evidence for such haloes was obtained by Fujimoto 
t al. ( 2019 ) who stacked ALMA observations of 18 main-sequence
alaxies at redshifts z = 5–7 directly in the uv-visibility plane. The
ata hav e rev ealed the presence of a [C II] surface brightness ≈5 ×
imes more extended than the HST stellar continuum and ALMA 

ust continuum maps. This implies the presence of a carbon halo 
xtending out to ≈10 kpc from the stacked galaxy centre (i.e. well 
nto the circumgalactic medium of these galaxies). 

This early result was then backed up by detailed observations 
ithin the ALMA ALPINE Large Program (B ́ethermin et al. 2020 ;
aisst et al. 2020 ; Le F ̀evre et al. 2020 ). This programme opened up
or the first time the possibility of studying extended haloes around 
ormal, high-redshift galaxies at the individual level. Fujimoto et al. 
 2020 , hereafter F20 ) measured the physical extent of [C II] line-
mitting gas in 23 star-forming galaxies at z = 4–6. This study found
hat, in the vast majority of cases, the size of the [C II] emitting region
xceeds the size of the UV stellar continuum by factors of ∼2 −3, and
oncluded that at least ∼30 per cent of the sources have a [C II] halo
 xtending o v er ten-kpc scales. Interestingly, the authors studied also
he dependence of the size of this extended [C II] line structure on
ew galactic properties, finding a positive correlation with e.g. star- 
ormation rate (SFR) and stellar mass. Follo w-up observ ations are 
eeded to test whether [C II] haloes are a universal feature in high-
edshift star-forming galaxies, and to investigate the observed spread 
n the haloes size and morphology. 

On top of these findings, observations of SPD.81, a z ≈ 3 gravita-
ionally lensed dusty star-forming galaxy, showed that ∼50 per cent 
f [C II] emission arises in the external (i.e. not FIR-bright) region
f the galaxy (Rybak et al. 2019 ). Another interesting result came
rom deep observations of HZ4, a typical star-forming galaxy at z ≈
.5 (Herrera-Camus et al. 2021 ). These authors found evidence for a
C II] emission extending beyond the dust and UV continuum disc, 
nd forming a halo of ≈6 kpc in radius. 

More recently, further signatures of [C II] haloes have been found 
t high redshift ( z ∼ 7), both in stacked and individual studies. Within
he context of the REBELS survey (Bouwens et al. 2022 ), Fudamoto
t al. ( 2022 ) observed a stacked [C II] emission × ∼2 larger than
he dust continuum and the rest-frame UV ones, in agreement with 
he results of F20 at z ∼ 5. This suggests that normal, star-forming
alaxies present an extended [C II] emission feature over a wide range
f redshifts. Using individual observations of the galaxy A1689-zD1 
 z = 7.13), Akins et al. ( 2022 ) comes to the same conclusion by
roving that the [C II] line is extended up to a radius r ∼ 12 kpc ,
ith the [O III ] line and the UV-continuum not extending farther than
 ∼ 4 kpc . 

The mounting observational evidence for the existence of these 
xtended haloes inevitably calls for a thorough theoretical investi- 
ation of their origin, properties and evolution. In principle, these 
ssues could be clarified by zoom-in cosmological simulations. With 
heir ability to resolve structures down to molecular cloud scales, 
hey are well suited to study the internal structure of primordial 
alaxies and of their circumgalactic medium (CGM; e.g. Pallottini 
t al. 2019 ). Ho we ver – as sho wn by Fujimoto et al. ( 2019 ) –
ock observations generated by using z = 6 zoom simulations 

Pallottini et al. 2017b ; Arata et al. 2019 ) fail to reproduce the
bserved [C II] surface brightness distribution of the emitting material 
n extended haloes. These independent studies agree in predicting 
 [C II] emission that is slightly more extended than the stellar
ontinuum but drops very rapidly at distances considerably smaller 
han 10 kpc . The resulting profiles are characterized by a value of the
urface brightness which, in the external regions, is at least one order
f magnitude lower than observed. This mismatch between theory 
nd observations could originate either from issues in modelling 
IR emission lines or because of some key physical ingredients that
re not well captured by the numerical implementations adopted in 
he cosmological simulations. In any case, such tension represents a 
erious challenge in our understanding of early galaxy formation. 

In order to bridge the gap between simulations and observational 
ata, exploratory work can be useful to examine the physical 
mplications of the observed emission, and guide the development of 
ew simulations on the right track. In this context, Pizzati et al.
 2020 , hereafter P20 ) showed that the [C II] haloes observed by
ujimoto et al. ( 2019 ) can be reproduced by assuming that they
re created by past (or ongoing) galactic outflo w acti vity. In P20 ,
e developed semi-analytical model for a supernov a-dri ven galactic 
ind, and computed the [C II] emission expected to arise from the
utflowing gas. We found very good agreement between the stacked 
ujimoto et al. ( 2019 ) data and the model predictions, provided that
a) the outflow mass loading factor η = Ṁ / SFR , where Ṁ is the
utflow rate, is relatively high ( η ≈ 3); (b) the escape fraction of
onizing photons from the parent galaxy is low ( f esc < 1 per cent ).
he first condition ensures that the density of the outflowing gas

s high enough to match the observed [C II] surface brightness; the
econd prevents the galaxy radiation from ionizing the gas in the halo
nd leaving only scarce amounts of C II in the gas. For simplicity, we
xplored the two extreme cases f esc = 20 per cent (i.e. photons from
he galaxy dominate the radiation budget) and f esc = 0 (i.e. the UV
ackground is the dominant source of radiation in the halo), and find
hat only the latter scenario can explain the presence of the observed
C II] extended emission. 

Here, we elaborate further on the possible connection between 
utflo w acti vity and [C II] haloes by significantly improving the P20
odel. In particular, we introduce a more realistic treatment of the

ravitational influence e x erted by the parent galaxy and its dark
atter (DM) halo on the outflowing gas, and we account for the

osmic microwave background (CMB) suppression of the [C II] line 
e.g. Vallini et al. 2015 ). We then compare the results of this updated
odel with the [C II] surface brightness profiles observed by the
LPINE surv e y ( F20 ). We aim to study galaxies at the individual

evel, in order to characterize the properties of these systems and
tatistically infer possible scaling relations present at high redshift. 

The paper is structured as follows. In Section 2 , we summarize
he main features of the P20 model, with particular emphasis on
he impro v ements introduced in this work. Section 3 contains a
rief o v erview of the ALPINE observational data used in this work.
ections 4 and 5 focus on the comparison between model results
nd ALPINE data. These results are discussed and interpreted in 
he framework of current galaxy formation and evolution theories in 
ection 6 . Conclusions are given in Section 7 . 

 OUTFLOW  M O D E L  

he P20 model makes quantitative predictions on the properties of 
 [C II] halo generated by outflowing gas from a galaxy. It takes as
nputs three key parameters: the outflow mass loading factor ( η), the
arent galaxy SFR, and circular velocity of the hosting DM halo
 v c ). Once these three parameters are set, the model can predict the
patial distribution of the [C II] surface brightness produced by the
utflowing gas. The profile can then be convolved with the same
eam as the observations, and compared directly with data. 

The model builds on previous studies of galactic winds: we 
onsider the same setting as the pioneer work of Che v alier & Clegg
MNRAS 519, 4608–4621 (2023) 
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 1985 , hereafter CC85 ). The active star forming region of the galaxy
s modelled as a sphere of radius R = 300 pc . Energy and mass are
niformly injected from this region at a constant rate to mimic the
nput of supernovae (SN) associated with the star formation activity.
his energy and mass deposition drives a spherically symmetric, hot,
nd steady wind that expands freely in the region outside the galaxy
the presence of the IGM/CGM is neglected). 

As shown by e.g. Thompson et al. ( 2016 ), the assumption of
diabatic expansion in the original CC85 model breaks down for
igh values of the outflow mass loading factor ( η � 1). For large
values, then, the inclusion of radiative cooling results in a rapid

ecrease of the gas temperature, creating a cold/warm wind mode
 T ≈ 10 2 −4 K) that propagates outward with lower velocity and
igher density. This physical process is so abrupt and dramatic
hat is known as catastrophic cooling , and it has been advocated
y both semi-analytical models and simulations as one of the main
old wind formation channels (McCourt et al. 2018 ; Sarkar, Nath &
harma 2015 ; Thompson et al. 2016 ; Scannapieco 2017 ; Schneider,
obertson & Thompson 2018 ; Gronke & Oh 2020 ; Fielding & Bryan
022 ). In P20 , we focus on this cooling scenario, as the formation
nd survi v al of [C II] in the gas is guaranteed only for relati vely lo w
emperature values ( T � 10 4 K). Radiative losses are described in
ur wind equations by the net (i.e. cooling-heating) cooling function
 , computed from the tables in Gnedin & Hollon ( 2012 ). We assume

ere solar metallicity for the gas, in accordance with the results
f simulations at z ≈ 6 (Pallottini et al. 2017a , 2022 ) and with
he extrapolation of the mass–metallicity relation at high redshifts
Mannucci, Salvaterra & Campisi 2011 , we are interested in the mass
ange of 10 9 –10 11 M �). 

Under the hypothesis of photoionization equilibrium (PIE), the
ooling (and heating) rates are strongly dependent on the ionizing
adiation fields impinging on the gas. In turn, these fields can be
roduced either by leakage of ionizing photons from the parent
alaxy, or by the cosmological contribution from all the other galaxies
nd quasars (the UV background, UVB). In P20 , we e xtensiv ely
iscuss how the o v erall properties of the wind depend on the relative
ntensity of these two radiation fields. As already explained in the
ntroduction, models in which f esc is substantial, dramatically reduce
he abundance of the C II ion by populating higher ionization states
f the atom (C III , C IV ). Thus, we follow P20 and fix f esc = 0, i.e. we
onsider only we consider the UVB as the only radiation field acting
n the gas. 
Along with cooling, it is important to consider the gravitational

ffects of the galaxy disc and DM halo on the gas, which are neglected
n the original CC85 formulation. This is an important effect: as the
as cools down radiatively, it slows down considerably, and thus
ts velocity becomes comparable with the escape velocity from the
alactic system. In P20 , the effects of the DM halo gravitational
otential on the gas are included by parametrizing them with the
alo circular velocity v c . 
With these assumptions, a cool wind that drives carbon (and other
etals) into the CGM of the galaxy is produced. The wind is slowed

own by the gravitational potential, and reaches a stalling radius r stop 

t distances comparable with the sizes of the observed [C II] halo
Fujimoto et al. 2019 ). The hypothesis of PIE is then used to compute
he abundance of neutral hydrogen and C II in the gas. 1 Together
ith the outflow temperature and density, relative abundances of H I

nd C II determine the emissivity of the [C II] line. Considering that
he line is typically optically thin, a straightforward line integration
NRAS 519, 4608–4621 (2023) 

 We use a carbon abundance A C = 2.69 × 10 −4 (Asplund et al. 2009 ). 

r  

2

olds the [C II] surface brightness distribution. Further details about
he outflow model and [C II] line emission predictions can be found
n Sections 4 and 5 of P20 , respecti vely. We no w proceed on to detail
wo new specific impro v ements we hav e implemented with respect
o P20 . 

.1 Gravitational potential 

ravity can significantly slow down the gas expansion. This effect
an be accounted for by introducing a gravitational potential φ( r )
roduced by a matter density distribution ρ( r ). Under the assumption
f spherical symmetry, we can write the radial gradient of the
otential as 

d φ( r) 

d r 
= 

GM ( r ) 

r 2 
= 

v 2 c ( r) 

r 
. (1) 

n this expression, M is the total mass contained in a sphere of radius
 , and v c ( r ) is the local circular velocity: 

 c ( r) = 

√ 

GM ( r ) 
r 

(2) 

The total mass is the sum of the DM halo contribution, M DM 

( r ),
nd of the central galaxy’s baryonic component, M b ( r ). 2 In P20 ,
e included only the contribution from the DM halo (neglecting

he presence of the galactic disc) by assuming a singular isothermal
phere, for which ρ ∝ r −2 . Such choice is particularly convenient
ecause it yields M ∝ r and v c ( r ) = const. Assuming an isothermal
rofile was a reasonable approximation in P20 , as our aim was to
ompare our model only with stacked ALMA observations (Fujimoto
t al. 2019 ). In this work, ho we ver, it becomes essential to model
he effects of gravity in a realistic way to ensure a fair comparison
etween our model predictions and the individual galactic properties
nferred from observations. 

For this reason, we assume here a Navarro–Frenk–White (NFW;
avarro, Frenk & White 1997 ) density profile for DM. Hence, the
M total mass M DM 

( r ) can be obtained analytically by integrating
he density profile ρNFW 

( r ) in a volume of radius r : 

 DM 

( r) = 

M vir 

log (1 + c) − c 
1 + c 

[
log 

(
r s + r 

r s 

)
+ 

r s 

r s + r 
− 1 

]
, (3) 

here M vir ( r vir ) is the virial mass (radius) of the halo, c is the
oncentration parameter, and r s = r vir / c . Clearly, this is valid only
or r < r vir , which is canonically defined as r vir = (3 M vir / 4 πδc ̄ρ) 1 / 3 ,
here δc = 200 is the mean halo o v erdensity with respect to the

osmic background density ρ̄ at redshift z. For the concentration
arameter, c ( M vir , z), we adopt the fit given by Dutton & Maccio
 2014 ). 

We also include the baryonic contribution to the total mass.
onsistently, with our assumption of spherical symmetry for the

ystem, we adopt a Sersic profile with n = 1 (i.e. an exponential
istribution) for the radial component of the stellar density: 

b ( r ) = 

M ∗( M vir , z) 

8 πr 3 
e −r/r ∗( r vir ) , (4) 

here M ∗ is the total stellar mass and r ∗ is the scale radius of the
istribution. We link the halo mass M vir and the stellar mass M ∗ – for a
iven redshift z – via the abundance matching approach of Behroozi,
echsler & Conroy ( 2013 ). Further, we compute the radius r ∗ a

unction of the virial radius by introducing the spin parameter λ =
 ∗/ r vir , which we set to λ = 0.01 (Shibuya et al. 2015 ). By integrating
 We neglect outflow self-gravity. 



[C II] Haloes in ALPINE galaxies 4611 

t  

o  

a  

n  

T
m  

u
t

 

M  

c  

o  

a  

r
v

V

 

g  

V  

r
i
a  

z

p  

m  

P  

p  

a
≈  

l
r

e
e
r  

t  

o  

t  

r

2

S
i
t  

P  

p
e  

o  

r
[  

a
w

 

b  

e  

n
r
a  

T

ζ

w  

f
T  

o  

s  

i
 

p
d  

<  

t
T  

b
fi

F  

a  

i
e  

f  

d
a

 

m  

d
s  

i  

t  

n

�

T
i  

c
 

s  

T  

F  

c
≈
r
p  

r  

h  

m  

a  

c  

fi  

o

3

T  

2  

S  

d  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/3/4608/6967912 by Luisa Ferrini user on 09 Septem
ber 2025
he density ρb ( r ), we can then find the baryonic mass inside a sphere
f radius r , M b ( r ), and consequently the total mass distribution M ( r )
nd the circular velocity v c ( r ). Note that in this formulation we are
ot accounting for the contribution of gas to the baryonic mass.
his component may be a significant fraction of the total baryonic 
ass (e.g. Dessauges-Zavadsky et al. 2020 ); ho we ver, it is largely

nconstrained and to a first approximation we neglect its presence in 
he galaxy mass budget. 

The only parameters in this formulation are then the virial mass
 vir and the redshift z. Once they are set, we can characterize

ompletely the halo gravitational potential φ( r ) and study its effect
n the outflow. In P20 , we used the (constant) circular velocity v c as
 model parameter. Thus, here it is convenient to introduce a similar
eparametrization of M vir by defining the (dark-matter-only) circular 
elocity at the virial radius: 

 c ≡
√ 

GM vir 

r vir 
. (5) 

In the left-hand panel of Fig. 1 , we plot v c ( r ) as a function of the
alactocentric radius r , and for different values of the virial mass M vir .
alues of v c ( r ) are shown only for r < r vir , where our region of interest

esides. The dark-matter-only, isothermal-sphere case adopted in P20 
s plotted for comparison with dashed horizontal lines. These lines 
lso represent the value of the circular velocity at virial radius V c ( M vir ,
). Fig. 1 (right-hand panel) quantifies the impact of different density 
rofiles on the outflow velocity, v. Again, solid lines refer to the
odel used in this work, while dashed lines show the results for the
20 model. In these runs, the following fiducial values of the model
arameters have been fixed: SFR = 50 M � yr −1 , V c = 200 km s −1 ,
nd z = 5. The mass loading factor η is varied in the range η

0.5–7. As detailed in P20 , higher values of η result in lower
aunching velocities for the wind, and ultimately in lower stalling 
adii. 

Adopting the NFW halo density profile considerably reduces the 
ffects of gravity, especially for high values of η. Introducing the 
ffects of baryonic matter increases the circular velocity in the central 
egions of the galactic system, but it does not have a strong impact on
he evolution of gas at large radii ( r � 5 kpc ). As a result, the peak
utflow velocity in the present is very similar to the one in P20 , but
he subsequent decrease is less steep here. Thus, the stalling radius
 stop is larger for a fixed value of the mass loading factor η. 

.2 CMB line suppression 

everal works have pointed out that, as redshift progressively 
ncreases, CMB photons start to play an important role in regulating 
he FIR lines emission (Gong et al. 2012 ; da Cunha et al. 2013 ;
allottini et al. 2015 ; Vallini et al. 2015 ; Kohandel et al. 2019 ). In
articular, at z ≈ 4–6, the temperature of CMB photons becomes high 
nough to produce an important effect on the o v erall [C II] emission
f the gas. This effect is twofold: on the one hand, the CMB
adiation field affects the atomic level populations, and hence the 
C II] transition rate; on the other hand, the [C II] emission is observed
gainst the CMB uniform background, which must be subtracted out 
hen computing the [C II] surface density. 
In P20 , we ignored these effects for simplicity. However, as shown

y e.g. Kohandel et al. ( 2019 ), their role in suppressing [C II] line
mission in the e xternal, low-density re gions of high- z may be non-
egligible. Thus, we take these effects into account by introducing the 
atio ζ between the specific intensity of the [C II] emission observed 
gainst the CMB and the intrinsic one (see e.g. da Cunha et al. 2013 ).
his ratio can be written as (Gong et al. 2012 ): 

= 1 − B ν∗ ( T CMB ( z)) 

B ν∗ ( T exc ) 
, (6) 

here B ν is the black body intensity and ν∗ 	 1901 GHz is the rest-
rame frequency of the [C II] transition. The excitation temperature 
 exc describes the effect of the CMB photons on the populations
f the levels involved in the [C II] transition (i.e. the C II fine
tructure doublet, 2 P 3 / 2 − 2 P 1 / 2 ). An expression for T exc is obtained
n Appendix A (equation A6 ). 

In Fig. 2 (left-hand panel), we sho w ho w the excitation tem-
erature depends on two key parameters: the gas (electronic) 
ensity n e , and the flux in the UV band – in the range −19
 log 10 ( I UV [ergs −1 cm 

−2 Hz −1 sr −1 ]) < −11. Specifically, we show
he ratio between the excitation temperature and the CMB one, 
 exc / T CMB ( z = 5). As such ratio approaches unity, the [C II] emission
ecomes indistinguishable from the CMB background, and thus the 
nal [C II] flux is strongly suppressed. 
We can identify three different physical regimes determining T exc . 

or n e 
 1 cm 

−3 , collisions dominate and the excitation temperature
pproaches the gas kinetic temperature T ; if a strong UV flux is
lluminating the gas, the excitation temperature gets approximately 
qual to the UV colour temperature ( T UV ≈ 10 4 K; see equation A4 );
or low n e densities and weak UV fluxes, instead, CMB photons
ominate the transition rates, and thus the excitation temperature 
pproaches T CMB . 

In order to account for CMB effects on [C II] emission in our
odel, we insert the suppression factor ζ (equation 6 ) in the integral

efining the [C II] surface density. Exploiting the assumed spherical 
ymmetry, we express � C II as a function of a single variable, the
mpact parameter b (i.e. the distance between the line of sight and
he centre of the galaxy), by integrating the [C II] emissivity ε̇ C II =
 

2 � C II (equation 17 in P20 ) along the line of sight: 

 C II ( b) = 

∫ +∞ 

−∞ 

ε̇ C II ζd s = 2 
∫ +∞ 

b 

ε̇ C II ( r ) ζ ( r ) 
r √ 

r 2 − b 2 
d r . (7) 

his integral depends implicitly on the thermodynamic and ion- 
zation state of the outflow, as well as the ionizing radiation field
ontributions from the galaxy and the UVB. 

As an illustration, in Fig. 2 we show the b dependence of the
urface brightness profiles as a function of the mass loading factor η.
he other parameters are set to their fiducial values (see Section 2.1 ).
rom the figure, we see that the suppression of the [C II] emission
an be significant. The effects are dramatic for low η values ( ζ

0.05–0.3), and more moderate (but still rele v ant) in the high η
ange ( ζ ≈ 0.3–0.8). Therefore, we conclude that CMB suppression 
lays an important role in regulating the total [C II] emission at high
edshift, by diminishing the total [C II] luminosity and fa v ouring
igh gas densities in the outflo w (or, equi v alently, high v alues of the
ass loading factor). The surface density profiles shown in Fig. 2

re converted into fluxes per unit area (see equation 24 in P20 ) and
onvolved with the same beams as the observations by F20 . These
nal steps allow us to directly compare the model results to the
bservations. 

 ALPI NE  SAMPLE  

he ALMA ALPINE surv e y (Le F ̀evre et al. 2020 ; F aisst et al.
020 ; B ́ethermin et al. 2020 ) targeted 118 normal, star-forming (10 �
FR / M � yr −1 � 100) galaxies at z ≈ 4–6. It measured the spatial
istribution of the [C II] line (64 per cent detection rate) and the
rest-frame) FIR continuum (21 per cent ). On top of that, it exploited
MNRAS 519, 4608–4621 (2023) 
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Figure 1. Left: Circular velocity, v c , as a function of radius for a NFW halo density profile (Navarro et al. 1997 ) and a Sersic-like stellar distribution (solid 
lines). Different haloes are colour-coded according to their virial mass, M vir . The dashed lines represent the profiles for v c employed in P20 , and also the values 
of V c that are used as parameters in our model. Right : Outflow velocity (note the different scale with respect to the left-hand panel) for different values of the 
mass loading factor η. The other parameters are fixed to the fiducial values reported in the text. The NFW + bulge (isothermal sphere) case is shown with solid 
(dashed) lines. 

Figure 2. Left : Heat map showing the ratio between the excitation temperature and the CMB one ( T exc / T CMB ( z)), computed at redshift z = 5, as a function of 
the free electron density, n e , and UV radiation field intensity, I UV at 1330 Å. The latter quantity is also expressed in terms of the Habing flux G 0 (in units of 
the averaged Milky Way value 1 . 6 × 10 −3 erg cm 

−2 s −1 ; right axis). The gas temperature is assumed to be T = 10 3 K, and the gas electron fraction is fixed to 
x e = n e / n = 0.5. Right : [C II] surface density � C II (equation 7 ) as a function of the impact parameter b , for dif ferent v alues of the mass loading factor η. Solid 
(dashed) lines show the results with (without) the inclusion of CMB suppression. 
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bservations from HST , VLT, and Spitzer to build a multiwavelength

atalogue for these systems (Faisst et al. 2020 ). 
F20 analyse ALPINE observations focusing on the extension of

he [C II] emitting galactic haloes. They select the 23 galaxies from
he ALPINE sample whose [C II] emission is observ ed abo v e the 5 σ
ev el, and the y compare the (av eraged) radial profile of the [C II] line
ith the ones of the rest-frame UV (stellar) and FIR (dust) continuum.
Out of these 23 galaxies, they identify 7 systems belonging to

he ‘[C II] halo’ category. These are defined as systems whose
eripheral region (i.e. the region obtained by masking the central
alaxy contribution) shows a [C II] line at > 4 σ and the (rest-frame)
V and FIR continuum at < 3 σ . Note that such thresholds inevitably
NRAS 519, 4608–4621 (2023) 
epend on the sensitivity of observ ations. Ne w, deeper observ ations
ould in principle reveal the presence of [C II] haloes even in other
LPINE systems that were not inserted in the ‘[C II] halo’ category
y F20 (for more details, see Herrera-Camus et al. 2021 ). Ho we ver,
his classification is the first attempt to characterize [C II] haloes in
ndividual high- z galaxies and to study the statistical properties of
heir host systems. For this reason, the work of F20 is ideally suited
or comparing the outputs of our model with observational data. 

The 7 ‘[C II] halo’ galaxies identified in F20 have redshifts in the
ange z C II ≈ 4 . 5 –5 . 5, SFR > 15 M �yr −1 , and stellar masses M ∗ >

 × 10 9 M �. In Table 1 , we report the value of z C II , SFR, and M ∗
nferred from observations. Redshifts are measured spectroscopically
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Table 1. Properties of the ‘C II halo’ sample taken from the F20 study. From left to right: name of the ALPINE source (‘DC’ stands for ‘DEIMOS COSMOS’, 
while ‘VC’ stands for ‘VUDS COSMOS’); values of redshift ( z C II ), SFR, and stellar mass ( M ∗) taken from Faisst et al. ( 2020 ); halo mass ( M vir ) and global 
circular velocity ( v c ) inferred from Behroozi et al. ( 2013 ); results form our MCMC analysis, i.e. median and 1 σ uncertainties of the posterior distributions for 
the three parameters considered in our model: η, SFR, and V c ; χ2 of the model-data comparison for the values of the parameters that maximize the posterior 
distribution, � max . Uncertainties on the redshift measurements are very small and not shown here. 

Galaxy data Model Predictions 
ID z C II SFR M ∗ M vir V c SFR V c η χ2 ( � max ) 

(M � yr −1 ) (10 9 M �) (10 11 M �) ( km s −1 ) (M � yr −1 ) ( km s −1 ) 

DC396844 4.54 55 + 40 
−25 7 . 3 + 2 . 6 −2 . 6 4 . 4 + 2 . 8 −1 . 8 210 + 90 

−66 64 + 51 
−29 170 + 54 

−46 5 . 1 + 2 . 2 −1 . 6 3.6 

DC630594 4.44 31 + 24 
−15 5 . 9 + 2 . 3 −1 . 7 3 . 9 + 2 . 6 −1 . 5 199 + 85 

−59 34 + 32 
−16 196 + 43 

−47 6 . 8 + 4 . 6 −2 . 4 4.1 

DC683613 5.54 58 + 44 
−26 14 . 7 + 5 . 7 −4 . 4 6 . 7 + 5 . 9 −3 . 7 241 + 145 

−102 84 + 60 
−37 160 + 72 

−44 4 . 8 + 2 . 0 −1 . 5 2.7 

DC880016 4.54 32 + 25 
−15 5 . 6 + 2 . 3 −1 . 6 3 . 7 + 2 . 6 −1 . 4 197 + 85 

−58 37 + 30 
−17 170 + 51 

−40 5 . 5 + 2 . 5 −1 . 8 5.8 

DC881725 4.58 88 + 61 
−43 9 . 1 + 4 . 0 −2 . 1 4 . 9 + 3 . 5 −2 . 1 217 + 98 

−68 102 + 50 
−44 222 + 75 

−82 4 . 3 + 3 . 2 −1 . 2 4.1 

VC5100537582 4.55 15 + 14 
−6 5 . 7 + 2 . 0 −1 . 6 3 . 8 + 2 . 6 −1 . 4 198 + 83 

−58 23 + 15 
−9 162 + 29 

−27 6 . 9 + 2 . 7 −2 . 0 9.5 

VC5110377875 4.55 99 + 79 
−41 14 . 7 + 4 . 7 −5 . 6 6 . 8 + 5 . 1 −3 . 9 243 + 125 

−97 107 + 78 
−49 241 + 63 

−41 3 . 7 + 2 . 0 −1 . 1 4.4 
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sing the [C II] line, while SFRs and stellar masses are inferred from
ED fitting of the multiwavelength ancillary data (Faisst et al. 2020 ).
As detailed in Section 2.1 , we convert the values of the stellar
asses inferred observationally into DM halo virial masses using the 
tting functions obtained by Behroozi et al. ( 2013 ). We also compute

he resulting circular velocity at virial radius from equation ( 5 ). We
btain virial masses in the range M vir ≈ (3 –7) × 10 11 M � and circu-
ar velocities V c ≈ 200 –250 km s −1 . For reference, these quantities
re shown in Table 1 together with the rest of observational data. 

 C O M PA R I S O N  WITH  DATA  

e now proceed to compare our model predictions with the observed 
C II] profiles for the seven systems presented in Section 3 . We
ake as parameters in our model the mass loading factor (log η),
he log SFR, and the circular velocity (log V c ). For every one of
he systems considered, we assume flat priors on log η, and use the
nformation presented in Section 3 to set Gaussian priors on log SFR
nd log V c (the median and variance are chosen according to the
alues reported on Table 1 ). A detailed discussion of our methods is
iven in Appendix B . 
We run a Markov chain Montecarlo (MCMC) using the PYTHON 

ackage EMCEE to explore the posterior distributions. As an illus- 
ration, the corner plot in Fig. 3 shows the 1D and 2D marginalized
osterior for one of the galaxies in the sample, DC396844. The same
lots for the other galaxies are shown in Appendix C (Fig. C1 ). The
redicted median values and 1 σ errors of the different parameters 
re given on the right side of Table 1 . 

We also show the values of χ2 ( � max ) (computed at the peak of the
osterior distribution, � max ) in the last column of Table 1 . We find
hat the χ2 are reasonably low (the number of degrees of freedom 

or our three-parameter model is ndof = 6), implying that our model
eproduces observations quite well. This can be confirmed visually 
y the right-hand panel of Fig. 3 , where we plot the observational data
red points) along with synthesized emission profiles from our model 
grey lines), created by randomly sampling the posterior distribution. 

 RESULTS  

he corner plots shown in Figs 3 and C1 reveal that, for most sources,
here is evidence for a bimodal shape of the posterior distribution.
he origin of the bimodality can be understood focusing on the 
mission profiles for DC396844 (the right-hand panel of Fig. 3 ): the
C II] profiles for low- V c haloes are even more extended than the
bserved ones; on the contrary, higher V c values result in a more
ompact emission that is barely compatible with the observed ones. 
iven the large relative uncertainty on data points at large impact
arameter, both behaviours are consistent with the data. 
In almost all cases, the reco v ered values for SFR and V c (blue-

haded regions in the corner plots) match very well the independent 
eterminations from the SED fitting (red-shaded regions). This is 
artly due to our choice for the prior distributions; even so, given the
ood agreement between our model and the data profiles, it signifies
hat well-matching solutions can be found for values of the SFRs and
tellar masses that are compatible with observational estimates. 

The posterior distributions we obtain for the η parameter are 
articularly interesting, as they represent one of the few (indirect) 
easurements of the mass loading factor available at the high 

edshift. As shown in Table 1 , we infer relatively high median values
or the mass loading factor, 4.3 ≤ η ≤ 6.8. 

As the mass loading factor depend on the SFR and stellar mass of
alaxies, it is useful to plot the predicted values of η as a function
f these two physical properties. In Fig. 4 , we plot the results and
erform power-law fits, finding that both η − M ∗ and η − SFR 

re inversely correlated. The best-fitting power-law scalings are as 
ollows: 

log η = ( −0 . 43 ± 0 . 14) log ( M ∗/ 10 10 M �) + log (4 . 7 ± 0 . 3) , (8) 

log η = ( −0 . 32 ± 0 . 05) log ( SFR / M � yr −1 ) + log (17 . 5 ± 3 . 6) . (9) 

he dependence η ∝ M 

−0 . 43 
∗ is close to that expected from a

omentum-dri ven outflo w, for which η ∝ M 

−1 / 3 
∗ (Finlator & Dave

008 ; Dav ́e, Finlator & Oppenheimer 2012 ). This is consistent with
he fact that outflowing gas in our model solutions loses much of
ts thermal energy via radiative cooling in a region very close to the
aunching site (Section 2 ). The analogue dependence for the η −
FR is a consequence of the galaxy main sequence, where most of

he ALPINE systems reside (Faisst et al. 2020 ). 
Numerical simulations of starburst galaxies also find mass loading 

actors that are compatible with momentum-dri ven outflo ws. For 
nstance, Muratov et al. ( 2015 ) uses the FIRE zoom cosmological
imulations (Hopkins et al. 2014 ) to obtain the following power-law
elation with stellar mass M ∗: 

log η = ( −0 . 36 ± 0 . 02) log ( M ∗/ 10 10 M �) + log (3 . 6 ± 0 . 7) . (10) 
MNRAS 519, 4608–4621 (2023) 
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Figure 3. Left: Corner plots of the 3D posterior distribution P (log η, log SFR, log V c | d , m ) for the galaxy DC396844. The values of the parameters SFR and 
V c inferred from observations (Table 1 ) are shown with red dashed lines, together with their uncertainties (red shaded regions). The blue dashed vertical lines 
represent the median values of the parameters (1 σ errors are again shown as shaded regions). Similar plots for the full ALPINE ‘[C II] halo’ sample are shown 
in Fig. C1 . Right : Comparison of predicted [C II] profiles (light grey lines) obtained for DC396844 with the observed one ( F20 , red points). The theoretical 
profiles are generated by randomly sampling the posterior distribution 500 times. The blue dashed lines correspond to the values of the parameters for which the 
posterior exhibits a local peak (see left-hand panel). 

Figure 4. Left : Dependence of the mass loading factor η (shown are median values and associated 1 σ error) on the stellar mass M ∗. Stellar masses are obtained 
from observational data (Table 1 ). The blue line shows the best power-law fit to the data. For reference, we also show predictions from simulations (Muratov 
et al. 2015 , orange, equation 10 ) and observations Herrera-Camus et al. ( 2021 , grey rectangle). Data points are colour-coded according to their SFR, as inferred 
from observations. The size of every point is proportional to the value of the likelihood L ( � max ) (equation B1 ). Right : Same as left-hand panel, but for the SFR. 
The colour of the data points corresponds to their virial velocity V c (see colourbar), as described in Table 1 . 
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e add this relation to our results in Fig. 4 for comparison.
e find a perfectly compatible scaling, but our values of η tend

o be systematically higher; it is hard, ho we ver, to tell whether
his difference ( ≈1 − 2 σ ) is due to some systematical bias (see
ection 6.2 for more details) or it contains some interesting physical

nsight. 
NRAS 519, 4608–4621 (2023) 
Note that, in principle, the presence of additional energy sources
uch as active galactic nuclei (AGNs) may disrupt the simple power-
aw scaling between η and M ∗ (see e.g. Zhang et al. 2021 ). We do
ot expect, ho we ver, our sample to be affected by this, as galaxies
n the ALPINE catalogue show no sign of AGN activity (Barchiesi
t al. 2022 ; Faisst et al. 2022 ). 
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 DISCUSSION  

n this work, we have applied the (improved) P20 model to ALPINE
ystems showing signs of extended [C II] emission, arguing that (a)
etected [C II] haloes are a natural by-product of starburst-driven 
utflows; (b) the mass loading factors of these outflows have values 
n the range 4 � η � 7 and scaling compatible with the momentum-
riven hypothesis. In the following, we further elaborate on this 
icture by investigating its consequences and comparing it with 
revious studies. 

.1 Halo-outflow connection: observational evidence 

iven that the ubiquity of galactic winds at all redshifts and their
ey role in shaping galaxy properties have been widely acknowl- 
dged (Rupke 2018 ), a causal connection between outflows and the 
ormation of [C II] haloes seems at least plausible. Ho we ver, this
onnection needs to be backed up by direct observational evidence 
f galactic winds in [C II] halo-hosting systems. The best way to
robe the presence of these winds is by studying the kinematics 
f the gas. Looking at the spectrum of the [C II] line, in fact, it is
ossible to search for a broad component that is commonly associated 
ith the presence of outflowing gas. Indeed, several works have 

lready found preliminary evidence for this. The first disco v ery of
C II] haloes in normal star-forming galaxies (Fujimoto et al. 2019 )
as accompanied by a statistical indication of the presence of broad 
ings in the stacked [C II] spectra of nine of these z ≈ 6 galaxies

Gallerani et al. 2018 ). In the context of the ALPINE survey, Ginolfi
t al. ( 2020 ) performed a stacking of the [C II] spectra of a subsample
f ALPINE galaxies, finding evidence for a broad Gaussian feature 
 HWHM ≈ 275 km s −1 ) that becomes even more prominent when 
nly highly star-forming ( SFR > 25 M � yr −1 ) systems are consid- 
red. 

An even more convincing sign of the direct link between haloes 
nd outflo w acti vity comes from deep observations of the individual
ystem HZ4 (Herrera-Camus et al. 2021 ). In addition to the spatially
xtended [C II] emission already mentioned in Section 1 , from the
ine broad wings the authors identify the presence of an outflow 

n two adjacent sub-regions of ≈ 2 kpc size, extending from the 
entral disc in the direction of the minor axis. These findings point
o the presence of an active outflow, with velocities in the range
 ≈ 300 –400 km s −1 , launched from the inner galactic regions and
eaching out the CGM, that is detected as [C II] extended emission. 

The abo v e body of evidence, although still limited in size and
obustness, supports the outflow-halo model proposed in this work. 
ur model, in fact, is characterized by gas velocities ranging (for the
est-fitting η values) from v ≈ 200 km s −1 to v ≈ 500 km s −1 (Fig. 1 ,
ight-hand panel). Such values of the gas velocity are comparable to 
he halo virial velocity, V c (Fig. 1 , left-hand panel). This implies
hat outflows are likely unable to escape the global gravitational 
otential of the galaxy. Rather, the expelled gas builds up a relatively
igh-density and high-metallicity halo that can survive for several 
ynamical timescales of the parent galaxy. Also, we predict that 
C II] emission extends out to r ≈ 15 kpc , which is in very good
greement with observed halo sizes. 

This general concordance between the wind model considered 
ere and observational evidence for [C II] haloes does not rule out
he possibility that alternative wind models are also compatible with 
he formation of haloes at the high redshift. For instance, cold wind
odes (for which the amount of C II is expected to be significant,

ee P20 for more details) can also be formed by ISM clouds that are
ntrained in the hot outflowing medium. However, despite the fact 
hat many theoretical efforts have been directed to study the evolution
f these clouds in the wind (e.g. Scannapieco & Br ̈uggen 2015 ;
cCourt et al. 2015 ; Br ̈uggen & Scannapieco 2016 ; Schneider &
obertson 2017 ) – a general consensus on the role of this mechanism
s a viable cold-mode formation channel has yet to be reached. As
ielding & Bryan ( 2022 ) suggests that it is possible that both radiative
ooling of hot gas and cold-cloud entrainment can play a role in
etermining the final multiphase structure of the outflow. Further 
ork is needed to investigate whether this scenario gives rise to an

xtended [C II] emission in agreement with observations. 
Two additional remarks are worth adding here. First, the presence 

f a halo does not necessarily imply an ongoing outflow, i.e. some
aloes maybe be remnants of past outflow activity and could be
bserved well after gas ejection from the galaxy has ended. This
ituation might, ho we ver, easily lead to the non-detections reported
y F20 and Spilker et al. ( 2020 ) as the low velocities implied make the
dentification of the broad wings problematic. Secondly, we underline 
hat our model describes a steady-state solution (for details, see P20 ),
hich implicitly requires that the outflow lasts for several [C II] -halo

rossing times ( ≈50 Myr). If the system is caught at early times,
he outflow might not yet have had sufficient time to build the 
alo. 

.1.1 [C II] halo non-detections 

f SF-dri ven outflo ws are responsible for the formation of
C II] haloes, then it is fair to ask why haloes are not observed in
very starburst galaxy. In fact, one of the key findings of F20 is
hat not all of the galaxies are [C II] halo hosting systems. About

25 per cent of them ( ∼70 per cent considering galaxies classified 
s ‘other’) show no detectable signs of extended [C II] emission.
nterestingly, these authors find that galaxies belonging to this ‘no 
C II] halo’ class tend to have lower SFRs and stellar masses with
espect to [C II] halo-hosting ones. A similar conclusion was also
rawn by Ginolfi et al. ( 2020 ), whose stacking revealed the presence
f extended [C II] emission only for the subsample of galaxies with
FR > 25 M � yr −1 . 
A possible explanation for these trends is that low-mass and 

ow-SFR galaxies cannot launch outflows that are powerful enough 
o transport carbon away from the galactic centre. Ho we ver, such
ypothesis is in contrast with the fact that outflows are seen in
imulations in every mass range, and are expected theoretically from 

he metal enrichment scenario at high- z (e.g. Dav ́e et al. 2012 ; Wise
t al. 2014 ; Pallottini et al. 2014 ); even more critically, in low mass
ystems they might be more prominent as a result of their larger mass
oading factors (see Section 5 and Muratov et al. 2015 ). 

Our model naturally offers a different interpretation for the non- 
etections. In lo w-mass systems, outflo ws are indeed present and
ransport carbon into the circumgalactic medium, but the resulting 
xtended emission is too faint to be detected with the current
e vel of sensiti vity . This can be sho wcased by considering our
odel with two dif ferent v alues of the stellar mass: M ∗ = 10 9 M �

labelled as low mass ) and M ∗ = 10 10 M � ( high mass ). Using the
− M ∗ (equation 8 ) and η − SFR (equation 9 ) relations, as

ell as the stellar mass-halo mass relation from Behroozi et al.
 2013 ), we can express the three model parameters as a function of
 ∗ only. In particular, M ∗ = 10 9 M � corresponds to ( η, SFR, V c )
 (12 . 8 , 2 . 6 M � yr −1 , 143 km s −1 ); for M ∗ = 10 10 M �, we find (4.7,

2 M � yr −1 , 218 km s −1 ). 
In Fig. 5 (upper panel), we plot the surface brightness of the

C II] emission for these two runs. The high-mass system has a larger
MNRAS 519, 4608–4621 (2023) 
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Figure 5. Top : [C II] surface density � C II (equation 7 ) as a function of the 
impact parameter b , for the two runs considered in Section 6.1.1 . The low- 
mass system (green line) has a stellar mass of M ∗ = 10 9 M �, corresponding 
to a mass loading factor η = 12.8, an SFR = 2 . 6 M � yr −1 , and a circular 
velocity V c = 143 km s −1 . The high-mass system (teal line), instead, has 
M ∗ = 10 10 M �, η = 4.7, SFR = 62 M � yr −1 , V c = 218 km s −1 . Bottom : 
Predicted flux for the two systems, obtained by convolving the surface 
brightness with the same beam as observations (dash–dotted grey line) and 
converting the units to mJy arcsec −2 . In this way, a direct comparison with 
observational data is possible (the data points correspond to the system 

DC396844 and are shown only as a reference). The gre y-shaded re gion shows 
the ALMA sensitivity threshold for ALPINE observations. 
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urface brightness at all radii, but the profile is quite compact, because
he outflow is halted by gravity at 	 4 . 5 kpc from the launching site.
n the other hand, the low-mass one is more extended, but the

bsolute value of the surface brightness is 10 × lower at the centre,
lso showing a steeper radial decline. 

Concluding that larger η values correspond to dimmer profiles may
eem counterintuitive, as one might naively expect that an outflow
ith high η is loaded with more material. Ho we ver, the relati vely

hallow η( M ∗) trend in momentum-driven winds implies that it is
he SFR, rather than η, that ultimately go v erns the mass outflow rate
or a system. More massive and star-forming systems are therefore
haracterized by mass-loaded outflows that can be dense and bright
nough to form extended haloes in [C II] . 

This is clear by looking at the bottom panel of Fig. 5 , where
e convolve the surface brightness profiles with the ALMA beam

nd transform the surface brightness in a flux per unit solid angle
measured in mJy arcsec −2 ). We have assumed the beam size,
edshift, and FWHM of the system to be equal to those of DC396844;
uch choice does not affect our conclusions in any rele v ant way. As
 reference, we also plot the data for DC396844 (red points), as well
s the associated line sensitivity (grey-shaded region) taken from
NRAS 519, 4608–4621 (2023) 
20 (corresponding to an integration time of ∼20 min , B ́ethermin
t al. 2020 ). The flux of the high-mass system is well abo v e the
oise level, and reaches an effective size of r � 10 kpc , which is
artly due to beam smoothing. Thus, this system would be classified
s a galaxy with a [C II] halo. On the other hand, the low-mass
ystem flux radial profile is very faint: it is slightly below the ALMA
ensiti vity le vel at the centre, and it declines rapidly such that the
e gion e xtending farther than the beam size has a v ery low surface
rightness ( ∼10 −3 mJy arcsec −2 ). 
These results are in line with observations, as a mass of
 ∗ = 10 10 M � falls exactly in the range where [C II] haloes have

een detected by the ALPINE surv e y (Table 1 ). The low-mass
ystem ( M ∗ = 10 9 M �) is instead representative of the group of
o w-mass/lo w-SFR galaxies whose [C II] emission is not extended
nough to be classified as a halo by F20 and by the Ginolfi et al.
 2020 ) stacking. Probing the presence of [C II] haloes in this set of
alaxies with future observations may not be trivial, as a very high
ensitivity is required due to the steep decrease in surface brightness
t large radii. The optimal solution could consist in improving
oth the sensiti vity le vel and the angular resolution of observa-
ions, in order to constrain the emission in the peripheral region 
t r ∼ 4 –8 kpc . 

The abo v e discussion argues in fa v our of a picture in which
tarburst-dri ven outflo ws are widespread in high- z galaxies at all
asses. The detection of the extended [C II] emission associated
ith this outflo w acti vity, ho we ver, is subject to the sensitivity level

nd spatial resolution of observations. We highlight the fact that this
iscussion is useful to interpret the general trends observed in F20 ,
ut it is not able to capture the differences in the halo properties
hat the authors found in systems with very similar stellar masses
nd SFRs. We expect that other factors, such as time-dependent
ffects discussed abo v e and not included in our simplified model,
ay contribute to create these differences. 

.1.2 The role of the escape fraction 

inally, we also point out that the arguments presented here are
ome what sensiti ve to the assumptions concerning the ionizing
hoton escape fraction, f esc � 1 (see Section 2 ). A negligible escape
raction is a key requirement for our model to be compatible with
he observed halo luminosities, as photons emitted from the central
alaxies drastically reduce the amount of neutral gas in the outflow.
o we ver, the conclusion f esc ∼ 0 holds true only for galaxies that have
een observed to host a [C II] . Indeed, since f esc has a major impact
n the formation of [C II] haloes, its variation in different mass ranges
e.g. Xu et al. 2016 ; Wise et al. 2014 ) could also be responsible for
he absence of observed [C II] haloes in low-mass systems. If this is
he case, then we foresee the opportunity of using the presence of
C II] haloes as a tracer of f esc at high redshifts. The JWST could help
s testing this by determining the value of the escape fraction in the
o w-mass, lo w-luminosity range (Chisholm et al. 2018 ). 

A small but non-negligible value of f esc is expected in low masses
alaxy, which are the main driver of the first stages of Reionization
e.g. Ma et al. 2020 ). Ho we ver, the presence of neutral gas in the
GM is not in contrast with the leakage of ionizing photons from the
entral galaxy, as photons preferentially escape through low-column
ensity paths that co v er only a small fraction of the solid angle (e.g.
tern et al. 2021 ). For this reason, we can speculate that high f esc 

hannels provide a sufficient amount of ionizing photons to reionize
he IGM, while, at the same time, the thermal/ionization structure
f the outflows is preserved in most of the volume. This possibility
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an be explored within our model by dropping the assumption of
pherical symmetry. We defer this study to future work. 

.2 Outflow mass loading factors 

t is interesting to compare the mass loading factors we obtain in
ection 5 (4.3 < η < 6.8) with observational estimates, both at 

ow and high redshifts. However, it is important to highlight the 
act that our analysis focuses only on the systems showing clear 
vidences of a [C II] halo. Therefore, the values of η we find are
epresentative only of this special class of high- z galaxies, which may
e a biased sub-sample of the whole high- z, star-forming galaxies 
opulation. 
Moreo v er, although the outflow properties largely depend on η as

hown by Thompson et al. ( 2016 ), other model parameters such
s the wind energy coupling and the number of supernovae per 
nit stellar mass ( α and ν in P20 , respectively) may also play a
ole in determining the final extension and property of the resulting
C II] halo. In P20 , we assumed α = 1 (consistently with observational
stimates from Strickland & Heckman 2009 ) and ν = 0 . 01 M 

−1 
� .

lthough reasonable, different choices for these parameters may 
ffect the optimal η range found in this work. 

With these caveats in mind, we briefly re vie w other estimates in
he literature. A rele v ant work by Heckman et al. ( 2015 ) uses UV
bsorption lines to study the properties of starburst-driven outflows 
n local starburst galaxies. They find that η weakly anticorrelates with 
oth SFR and V c (or, equi v alently, M ∗), and 1 � η � 4. This range
s lower than the one we find in our study. This discrepancy may
e explained by an evolution of η with redshift (e.g. Nelson et al.
019 ), which is expected given the different properties of the ISM
n high- z galaxies (Pallottini et al. 2022 ). Other estimates, ho we ver,
nd significantly larger η values, which are compatible with our 
onclusions. For instance, using H α emission lines originating in 
he CGM of local galaxies, Zhang et al. ( 2021 ) measure η in different
anges of halo masses. In the range rele v ant for the ALPINE galaxies
tudied here, they find 2 � η � 7, in very good agreement with the
alues found here. 

The Ginolfi et al. ( 2020 ) analysis of stacked ALPINE systems
i ves relati vely lo w v alues of η ( ≈0.5–2). Ho we ver, Herrera-Camus
t al. ( 2021 ) – using deep observations of the galaxy HZ4 – find
imilar η values only when considering the total SFR of the galaxy. 
ccording to their study, only a sub-region of the galaxy is driving

he wind; when computing the mass loading factor by using the local
FR of the regions showing signs of outflow activity, they find η =
–6 (grey-shaded box in Fig. 4 ). This estimate is compatible with our
esults and suggests that measurements of the mass loading factors 
ould be underestimated when considering the entire galaxy as the 
utflow launching site. Deeper observations are needed to determine 
hether this is the case for the majority of galaxies in the ALPINE

ample. 

 SU M M A RY  

n this work, we showed that the recently disco v ered, e xtended
 ≈ 10 –15 kpc ) [C II] emitting haloes around high- z galaxies can be
roduced by ongoing (or past) outflow activity. We impro v ed and
xtended the model presented in P20 , by adopting a more realistic
DM + baryons) density distribution, and accounting for the effects 
f CMB suppression. Our model generates synthetic [C II] radial 
rofiles depending on three key parameters: the outflow mass loading 
actor ( η), the galaxy SFR, and the parent DM halo circular velocity at
irial radius ( V c ). Using a MCMC-based approach, we compare our
odel with individual targets in the ALPINE surv e y (Fujimoto et al.
020 ), and infer the values of these parameters for each [C II] halo-
osting system. The results are summarized as follows: 

(i) Our impro v ed model is in broad agreement with the results from
20 : outflows launched by SN explosions in the centre of galaxies
xpand in CGM with velocities in the range of 200 –500 km s −1 .
ithin the first kpc, the gas catastrophically cools to T ≈ few ×

00 K, and then it is slowly heated up again to T ≈ 10 3 K by
he cosmic UV background. Such conditions are fa v ourable for the
ormation of C II ions. If the escape fraction of ionizing photons
rom the parent galaxy is low ( � 1 per cent), the outflows remain
argely neutral, with a significant C II abundance at any stage of their
volution. 

(ii) The halo gravitational pull slows down the outflow, typically 
topping it completely at r ≈ 10 –15 kpc . These values are perfectly
ompatible with the extension of the observed [C II] emission. 
ravitational effects are particularly important for large η values. 
(iii) CMB can suppress the [C II] emission of the halo by a

actor of 2 −4. Even accounting for this suppression the observed
C II] luminosity ( L C II ≈ 5 –15 × 10 8 L �) can be reco v ered. 

(iv) By comparing our model predictions with observational data 
f individual galaxies in the ALMA ALPINE surv e y, we show that
a) detected [C II] haloes are a natural by-product of starburst-driven
utflows; (b) the mass loading factors of these outflows have values
n the range 4 � η � 7 and scalings compatible with the momentum-
riven hypothesis ( η ∝ M 

−0 . 43 
∗ ). 

(v) Our model (and simulations in the literature) suggest that 
utflows are widespread phenomena in high- z galaxies. However, 
n low-mass systems the halo extended [C II] emission is likely too
aint to be detected with the current sensitivity levels. 

The fact that the extended [C II] haloes surface brightness can
e successfully fit by our model does not entail that outflows
re the only possible explanation. Other possibilities need to be 
onsidered. These include the presence of faint satellite galaxies and 
isturbed morphologies due to ongoing merger activity. While such 
lternative scenarios seem plausible, given that mergers and satellites 
re common features in simulations at high redshift (Kohandel et al.
019 ; Gelli et al. 2020 ), note that Fujimoto et al. ( 2019 ) discard
alaxies with disturbed morphologies from the sample used in 
heir analysis. Also, the increasing trend of the [C II] luminosity-
FR surface density ratio with radius would imply a non-physical 
C II] emissivity in satellites. It is difficult to confirm the dynamical
ffect of merger/satellites from current observations (Rizzo et al. 
022 ). Thus, dedicated ALMA observations, such as the ongoing 
RISTAL Large Program (PI: Herrera-Camus), can probe the role of 
utflo ws and alternati ve halo formation scenarios either by spatially
esolving the presence of satellites and disturbed morphologies, or 
y finding direct signs of outflows in the [C II] line spectra of halo-
osting systems (Section 6 ). The JWST can also be used to resolve the
alo regions in z ∼ 4–6 galaxies and to, e.g. gauge the contribution
f satellite galaxies to the total [C II] extended emission (Gelli et al.
021 ). 
In any case, exploring theoretically multiple scenarios is especially 

ppropriate considering that, despite its success, the model presented 
ere contains several limitations and hypotheses that will need to be
urther refined in the future. For instance, the assumption of spherical
ymmetry prevents a thorough study of more realistic haloes mor- 
hologies revealed by observations. In the same way, the steady-state 
pproach hinders a careful assessment of the halo evolution under the
nfluence of the dark matter gravitational potential. Gas turbulence 
nd interactions with the external CGM/IGM environment may also 
MNRAS 519, 4608–4621 (2023) 
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ffect the wind evolution and change the density structure of the gas,
hich is directly connected to the final [C II] emission. Furthermore,
on-equilibrium cooling and recombination should also be included,
s they can significantly alter the final temperature profiles (Gray
t al. 2019 ; Danehkar, Oey & Gray 2021 ). 

Despite the intrinsic limitations of our model, it is very encourag-
ng to find such a good level of agreement with data within a clear,
hysically moti v ated frame work. On this basis, we concluded that
bserved haloes are the likely smoking gun of early CGM enrichment
aused by supernov a-dri ven outflo ws in primordial galaxies. 
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PPEN D IX  A :  DETA ILS  O N  T H E  C M B  

UPPRESSION  

e study the effects of CMB photons on the C II level populations.
pecifically, we focus on the levels that give rise to the [C II] 158 μm
 

2 P 3/2 → 

2 P 1/2 ). We consider these two levels as a closed system, and,
ssuming statistical equilibrium, we write the balance equation for 
hese two levels as (Gong et al. 2012 ; da Cunha et al. 2013 ) 

 l ( n e γlu + B lu I ( ν)) + P 

(UV) 
lu = n u ( n e γul + A ul + B ul I ( ν)) 

+ P 

(UV) 
ul . (A1) 

n this relation, n l and n u are the numeric densities of the two levels,
nd n e is the density of free electrons, i.e. the main collisional
artners for [C II] in the range of densities we are interested in
Vallini et al. 2015 ). A ul , B ul , lu , the Einstein coefficients, γ ul , lu the
ollisional excitation rates, and I ( ν) = B ( ν, z) is the (black-body)
pecific intensity of the CMB radiation. 
Finally, P 

(UV) 
ul ,l u are UV excitation and de-excitation rates. These 

ccount for the UV pumping effect: in the presence of FUV radiation
t 1330 Å, electrons can be pumped from the 2 P 3/2 ( 2 P 1/2 ) level
o 2 D 3/2 at 1335.66 Å (1334.53 Å). This can lead to the [C II] fine
tructure transitions 2 D 3 / 2 → 

2 P 3 / 2 → 

2 P 1 / 2 , resulting in a mixing
f the levels of the C II doublet. The UV rates parametrize this effect
n the context of a two-level treatment, and are given by the following
xpressions (Field 1958 ): 

 

(UV) 
ul = 

g k 

g u 

A kl A ku 

A kl + A ku 

(
c 2 I UV ( νku ) 

2 hν3 
ku 

)
, (A2) 

 

(UV) 
lu = 

g k 

g l 

A kl A ku 

A kl + A ku 

(
c 2 I UV ( νkl ) 

2 hν3 
kl 

)
, (A3) 

here I UV is the UV radiation intensity, and k is the level 2 D 3/2 ,
hich has de generac y g k = 4; A kl = 2 . 41 × 10 8 s −1 ( νkl ) and A ku =
 . 76 × 10 7 s −1 ( νku ) are the Einstein coefficients (frequencies) of the
 D 3 / 2 → 

2 P 1 / 2 and 2 D 3 / 2 → 

2 P 3 / 2 transitions, respectively. 
The ratio between the UV rates determines the UV colour temper-

ture , defined as (for the case of interest, T UV ≈ 10 4 K) 

 UV = T ∗ log 

( 

g u P 

(UV) 
ul 

g l P 

(UV) 
lu 

) 

, (A4) 

here T ∗ ≈ 91 K is the equi v alent temperature of the C II transition.
It is also convenient to introduce the excitation temperature of the

ransition, which is defined in a similar way: 

 exc = T ∗ log 

(
g u n l 

g l n u 

)
. (A5) 

sing the relations linking the three Einstein coefficients, and the two
ollisional excitation rates, we can rewrite equation A1 and obtain 
he following expression for T exc : 

T ∗
T exc 

= log 

( 

A ul 

(
1 + c 2 I ( ν∗) / 2 hν3 

∗
)
) + n e γul + P 

(UV) 
ul 

A ul c 2 I ( ν∗) / 2 hν3 ∗ + n e γul e −T ∗/T + P 

(UV) 
lu 

) 

. (A6) 

Once T exc is known, it is possible to compute the CMB suppression
actor according to equation 6 (Section 2.2 ). 

PPENDI X  B:  DETA I LS  O N  T H E  MODEL-DATA  

O M PA R I S O N  

o compare our model with data, we adopt a Bayesian framework,
.e. we compute the likelihood and posterior distributions. The former 
uantifies the model-data agreement; the latter determines the best-fit 
alues of the model parameters. 

We denote the parameter set with � , and our model with m ( b ;
 ), where b is the impact parameter of the surface brightness

rofiles. We consider as parameters (a) the mass loading factor 
, (b) the SFR, and (c) the circular velocity V c . In principle, the
edshift, z, is another parameter. Ho we ver, for our sample high-
uality spectroscopic redshifts are available (Table 1 ). Hence, we set
 = z C II , and limit our parameter space to � = ( η, SFR, V c ). 

The likelihood of a set of n data points d = { y i ( b i ) ± σ i } is 

 ( d | �, m ) = exp 

( 

−
n ∑ 

i= 1 

( y i − m ( b i ; � )) 2 

σ 2 
i 

) 

. (B1) 

The posterior can be expressed in terms of the likelihood and the
rior distributions. Our a-priori knowledge of the parameters varies. 
he mass loading factor is largely unconstrained both theoretically 
nd observ ationally; e ven its order of magnitude is quite uncertain,
anging from η � 0.1 to η � 10 (e.g. Muratov et al. 2015 ). For this
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eason, the most suitable prior for η is a logarithmic prior (i.e. a
niform prior for log η). Therefore, from now on we work with the
arameter log η, assigning to it a uniform distribution in −1 < log η
 1.5. 
On the other hand, both the SFR and V c are somewhat constrained

y the ancillary data reported in Table 1 . In principle, we could set
hese parameters to the median values inferred from observations.
o we ver, the inferred SFRs and virial masses are relatively uncertain

errors � 50 per cent ). Given that our model turns out to be sensitive
o relatively small changes in these parameters, we include them in
he analysis, using the information we have from observations to
et the priors properly. Given that the uncertainties of SFR and V c 

re roughly symmetric in logarithmic space, we choose lognormal
riors for both of these quantities. The mean of the distribution is
aken to be equal to the (logarithm of) their measured values, and the
tandard deviation is set to half of the total (upper + lo wer) relati ve
ncertainty on these values. 
Overall, the prior distribution we consider is null outside the region
1 < log η < 1.5; inside this region it is proportional to 

( � | m ) ∝ exp 

(
−

(
log 10 SFR − log 10 SFR i 

)2 

2 σ 2 
log , SFR ,i 

−
(
log 10 V c − log 10 V c ,i 

)2 

2 σ 2 
log ,V c ,i 

)
, (B2) 

here log 10 SFR i ± σ log , SFR, i , and log 10 V c ,i ± σlog ,V c ,i refer to the
alues displayed in Table 1 . 
NRAS 519, 4608–4621 (2023) 
Once the priors are set, the posterior distribution is well-defined,
nd it can be explored with a sampling algorithm such as an MCMC
Metropolis et al. 1953 ; Hastings 1970 ). Here, we use the well-
nown code EMCEE (F oreman-Macke y et al. 2013 ) to run an MCMC
sing the af fine-inv ariant ensemble prescription to generate new
amples (Goodman & Weare 2010 ). For each system considered
Table 1 ), we run the MCMC algorithm by placing m = 48 w alk ers
istributed randomly in the parameter space and evolving them for
 > 10 5 steps. We set the final number of steps so that our chain

s at least 100 times longer than the autocorrelation time τ (see e.g.
harma 2017 ). This is easily achieved for the unimodal posteriors

n Fig. C1 , while it takes longer integration times for some of the
ystems showing a bi-modal behavior (i.e. DC630594, DC689613,
nd DC881725). As the final chain is produced, we discard the first k
 10 3 elements to account for the burn-in phase, and we thin the chain

onsidering only one element every τ steps in order to account for 
utocorrelations. 

PPENDI X  C :  RESULTS  F O R  T H E  W H O L E  

AMPLE  

n Fig. C1 , we show the posterior distributions for all the systems
onsidered in Table 1 with the exception of DC396844, which is
iscussed at length in the main text (see Fig. 3 ). 
/article/519/3/4608/6967912 by Luisa Ferrini user on 09 Septem
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Figure C1. Corner plots for all the systems but DC396844 (shown in the main text). Details can be found in Fig. 3 (left-hand panel). 
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