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ABSTRACT

Aims. We have devised a model for estimating the ultraviolet (UV) and optical line emission (i.e. CIII] 1909 A, Hg, [OI11] 5007 A,
Ha, and [NII] 6583 10%) that traces HII regions in the interstellar medium (ISM) of a subset of galaxies at z ~ 4—6 from the ALMA large
programme ALPINE. The aim is to investigate the combined impact of binary stars in the stellar population and an abrupt quenching in
the star formation history (SFH) on the line emission. This is crucial for understanding the ISM’s physical properties in the Universe’s
earliest galaxies and identifying new star formation tracers in high-z galaxies.

Methods. The model simulates HII plus PhotoDissociation Region (PDR) complexes by performing radiative transfer through 1D
slabs characterised by gas density (n), ionisation parameter (U), and metallicity (Z). The model also takes into account (a) the heating
from star formation, whose spectrum has been simulated with Starburst99 and Binary Population and Spectral Synthesis (BPASS) to
quantify the impact of binary stars; and (b) a constant, exponentially declining, and quenched SFH. For each galaxy, we selected from
our CLOUDY models the theoretical ratios between the [CII] line emission that trace PDRs and nebular lines from HII regions. These
ratios were then used to derive the expected optical/UV lines from the observed [CII].

Results. We find that binary stars have a strong impact on the line emission after quenching, by keeping the UV photon flux higher
for a longer time. This is relevant in maintaining the free electron temperature and ionised column density in HII regions unaltered
up to 5 Myr after quenching. Furthermore, we constrained the ISM properties of our subsample, finding a low ionisation parameter
of log U~ — 3.8 + 0.2 and high densities of log(n/cm™>)~2.9 + 0.6. Finally, we derive UV/optical line luminosity—star formation rate
relations (log(Lyie/erg s™") = alog(SFR/M,, yr~') + ) for different burstiness parameter (k) values. We find that in the fiducial BPASS
model, the relations have a negligible SFH dependence but depend strongly on the k, value, while in the SB99 case, the dominant
dependence is on the SFH. We propose their potential use for characterising the burstiness of galaxies at high z.

Key words. HII regions — photon-dominated region (PDR) — galaxies: high-redshift — galaxies: ISM — galaxies: star formation

1. Introduction

The Epoch of Reionisation (EoR; redshift 6 < z < 30) is a funda-
mental era of cosmic history during which the ionising photons
produced by star formation (SF) in the first galaxies affected
the ionisation state of the Universe (Dayal & Ferrara 2018;
Robertson 2022, and reference therein). For this reason,

* Corresponding author; enrico.veraldi2@unibo.it

shedding light on the SF process during the transition period
immediately after the EoR and before cosmic noon, when the
bulk of the stellar mass of the Universe was formed, is of the
utmost interest. Star formation is shaped by the properties of
the gas collapsing into stars (Tacconi et al. 2020); therefore,
constraining the properties of the interstellar medium (ISM) of
galaxies at z ~ 4-6 is crucial.

On the theoretical side, ISM models and simulations seem to
agree that the prevailing physical conditions within galaxies at
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the end of the EoR were different from those in the local Uni-
verse (Vallini et al. 2015; Katz et al. 2017, 2022; Lagache et al.
2018; Pallottini et al. 2019, 2022; Arata et al. 2020; Lupi et al.
2020). In particular, zoom-in simulations and analytical mod-
els developed to interpret neutral gas tracers (e.g. Vallini et al.
2015; Lagache et al. 2018; Pallottini et al. 2022), ionised gas
tracers (e.g. Moriwaki et al. 2018; Arata et al. 2020; Katz et al.
2022), and dust continuum emission (e.g. Behrens et al. 2018;
Di Cesare et al. 2023) find high turbulence (e.g. Kohandel et al.
2020), strong radiation fields (e.g. Katz et al. 2022), high den-
sities (e.g. Nakazato et al. 2023), and warm dust temperatures
(e.g. Sommovigo et al. 2021; Vallini et al. 2021) to be com-
mon on sub-kiloparsec scales in the ISM of star-forming high-z
galaxies. These findings have to be tested against high-resolution
observations.

In the last 10 years, the Atacama Large Millime-
tre/submillimeter Array (ALMA) has revolutionised the study
of neutral and molecular gas phases in high-z sources, by open-
ing a window onto (rest-frame) far-infrared (FIR) lines (Carilli
& Walter 2013). The 2P5/, —2 Py, fine structure transition of
the ionised carbon ([CII]) at 158 um, being the most luminous
line in the FIR band (Stacey et al. 2010), has become the most
widely targeted transition by ALMA in the high-z Universe (e.g.
Maiolino et al. 2015; Carniani et al. 2018; Matthee et al. 2019).
Its C” ionisation potential (11.26 eV) is lower than that of neutral
hydrogen (13.6eV), making C* abundant in the diffuse neu-
tral medium and in dense photodissociation regions (PDRs; see
Wolfire et al. 2022, for a recent review) associated with molecu-
lar clouds. PDRs are defined as regions where the far-ultraviolet
(FUV; 6-13.6eV) radiation from OB stars, energetic enough
to dissociate molecules but not to ionise hydrogen, drives the
chemistry and thermal balance of the gas.

In addition to [CII] campaigns targeting single galaxies, two
ALMA surveys have been carried out on large samples: the
ALMA Large Programme to Investigate [CII] at Early Times
(ALPINE; at z = 4-5; Le Fevre et al. 2020; Faisst et al. 2020;
Béthermin et al. 2020) and the Reionisation Era Bright Emis-
sion Line Survey (REBELS; at z = 6-7; Bouwens et al. 2022).
Due to the balance between [CII] cooling and heating from SF,
De Looze et al. (2014) established the [CII]-star formation rate
(SFR) relation on both galactic scales and a spatially resolved
level at z = 0. On galactic scales, this relationship seems to
hold both in ALPINE (e.g. Schaerer et al. 2020; Romano et al.
2022) and REBELS (Bouwens et al. 2022) and up to z = 7
(Carniani et al. 2018; Matthee et al. 2019), albeit with larger scat-
ter. In addition to the SFR, the luminosity of [CII] also correlates
with the gas mass (Zanella et al. 2018) due to the widespread C*
abundance in the neutral and molecular phases.

The ionised gas in galaxies is instead usually traced with
optical and ultraviolet (UV) nebular lines (e.g. [OII], HG, [OIII],
[NII], He, and [SII]; see Kewley et al. 2019, and references
therein). By leveraging line ratios diagnostics (e.g. R2, 0302,
R3, and R23) and the well-established correlations between their
luminosity and the SFR (e.g. Ly,-SFR and L;on-SFR; Kennicutt
1998), it is possible to characterise the ionised gas’s temperature
(Schaerer et al. 2022), metallicity (e.g. Curti et al. 2023; Venturi
et al. 2024), and density (Isobe et al. 2023). Observations of the
ionised gas in high-z galaxies have historically been performed
with ground-based facilities (e.g. the VLT and the Keck tele-
scope), by targeting rest-frame optical/UV emission lines up to
z ~ 3, and with the Hubble Space Telescope. Large programmes
such as the VIMOS Survey in the CANDELS UDS and CDFS
fields (VANDELS; McLure et al. 2018), the Keck Baryonic
Structure Survey (KBSS; Steidel 2014), or the MOSFIRE Deep
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Evolution Field (MOSDEF) survey (Kriek et al. 2015) enabled a
first analysis of the evolution of ionised gas properties, analysis
of the validity of commonly used line diagnostics (e.g. the BPT
diagram; Baldwin et al. 1991), and the derivation of the underly-
ing ionised gas properties in galaxies beyond the local Universe.
Overall, such works suggest a complex interplay between SF, gas
kinematics, and chemical enrichment in relatively young galax-
ies at z ~ 3 (Llerena et al. 2023). However, it is only in the last
two years that, thanks to the unprecedented sensitivity and reso-
lution of the James Webb Space Telescope (JWST), ionised gas
has become accessible well within the EoR with deep spectro
and photometric campaigns such as the JWST Advanced Deep
Extragalactic Survey (JADES; Eisenstein et al. 2023; Bunker
et al. 2023; Rieke et al. 2023; Tacchella et al. 2023), the Cosmic
Evolution Early universe Release Science Survey (CEERS; Yang
et al. 2023; Backhaus et al. 2024), and the Public Release IMag-
ing for Extragalactic Research (PRIMER; Dunlop et al. 2021;
Donnan et al. 2024). JWST is making it possible to test com-
monly used relations that have been calibrated on local galaxies
and to link the HII region properties with those of the neutral gas
traced with ALMA in [CII].

The goal of this work is to link the luminosity of nebular lines
that trace ionised gas to that of [CII], which traces neutral gas,
and to clarify the effect of binary stars and quenching episodes
in SF on line luminosity and ratios. In particular, we focused on a
subsample of ALPINE galaxies at z = 4-6. A JWST proposal to
observe 18 representative ALPINE galaxies between 4.4 < z <
5.7 with NIRSpec and obtain all major optical lines ([OII], HS,
[OIII]5007/°%, [NII], He, and [SII]) has been accepted (PI: A.
Faisst, Cycle 2). We provide luminosity predictions based on the
known properties of ALPINE galaxies inferred from [CII] and
dust continuum observations for this planned programme.

Works based on pre-JWST data suggest that ALPINE-like
galaxies (z ~ 5; Faisst et al. 2016) and a subsample of ten
ALPINE sources (Vanderhoof et al. 2022) are characterised
by Z = 0.5Z;, while ALMA [CII] and continuum detections
allowed the morphology and distribution of the cold gas and
dust to be characterised (Fujimoto et al. 2020; Pozzi et al. 2021),
the gas mass to be measured (Dessauges-Zavadsky et al. 2020),
and the [CII]-SFR relation to be established (e.g. Béthermin
et al. 2020; Schaerer et al. 2020; Dessauges-Zavadsky et al.
2020; Romano et al. 2022) in ALPINE. The upcoming JWST
data, complemented with the models presented in this paper,
will provide us with the unique opportunity of having a UV-
to-sub-millimetre benchmark sample with well-characterised
multi-phase properties.

This paper is organised as follows: in Sect. 2 we present
the model. In Sect. 3 we describe the method used to apply
the model to the selected ALPINE subsample. In Sect. 4 we
discuss the results, in particular predictions about the relation
between UV/optical lines ([OIIT]5007 A, [NII]6583 A, Ha, Hp,
and CIII]1909 A) and the SFR and the impact of binary stars
and quenching on these predictions. In Sect. 5 we present our
conclusions.

2. Model outline

The line emission from the ionised and neutral gas in the [CII]-
detected galaxies considered in this work was computed by
combining the radiative transfer calculations performed with
CLOUDY (version C22.02; Chatzikos et al. 2023) with the
analytical treatment of the [CII] emission presented in Ferrara
et al. (2019). More precisely, we used CLOUDY to derive the
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Table 1. Parameter grid of the developed CLOUDY models.

log(n/ cm™?)
log(U)
Z(Zo)

[0.5,7], 0.5 dex steps
[-4.5,-0.5], 0.5 dex steps
[0.15,0.55], 0.1 dex steps

line emissivity as a function of the radiation field, gas density,
and metallicity (see Sect. 2.1 for details), while we used the
Ferrara et al. (2019) model to derive the gas density and ionisa-
tion parameter from the measured SFR surface density (Zsgr),
thus enabling the selection of tailored CLOUDY models for
each galaxy from our simulation library (see Sect. 3.2 for
details).

2.1. CLOUDY modelling

CLOUDY (Ferland et al. 2017) is a non-local thermodynamic
equilibrium photoionisation code designed to simulate astro-
physical environments and their emerging spectra. We employed
CLOUDY v22.02 (Chatzikos et al. 2023) to model the ISM
conditions within our galaxy sample. We focused on the HII
regions, created by the extreme ultraviolet (EUV; hv > 13.6eV)
photons, and on the PDRs produced by FUV (6 < E < 13.6¢eV)
radiation from newly formed OB stars. CLOUDY simulates HII
region + PDR complexes by performing the radiative transfer
through a 1D gas slab for which we assumed a constant hydrogen
number density (n), ionisation parameter (U)', and gas metal-
licity (Z). We produced a grid of CLOUDY models by varying
the hydrogen number density in the range log(n/cm™3) = [0.5,7]
(0.5 dex steps), the ionisation parameter in the range logU =
[-4.5,-0.5] (0.5 dex steps), and the gas metallicity in the range
Z|Zs = [0.15,0.55] assuming 0.1 dex steps (see Table 1).

The abundances of metals at solar metallicity were set to
match those by Grevesse et al. (2010). We assumed that they all
scale linearly with Z and thus that their relative ratios remain
constant with Z. We included the CLOUDY default ISM grain
distribution (Mathis et al. 1977), and we assumed the dust-to-gas
ratio to linearly scale with Z (Baldwin et al. 1991; Weingartner &
Draine 2001; van Hoof et al. 2004; Weingartner et al. 2006). We
accounted for the cosmic microwave background (CMB; Mather
et al. 1999) at the redshift of the ALPINE galaxies (z ~ 4-5.5,
Tems = 2.7(1 + z) K). We set the microturbulence gas veloc-
ity to vy = 1.5km s7!, and we included the effect of cosmic
rays (CRs) by assuming an ionisation rate &g = 2 X 10710 57!
(Indriolo et al. 2007). Turbulence affects the shielding and pump-
ing of the lines, while CRs must be included because their impact
on the gas heating and chemistry is not negligible when the
calculation extends into the molecular region. We stopped the
CLOUDY simulations when we reached a total hydrogen col-
umn density Ny = 10?> cm™2 in order to fully sample both the
HII region and the neutral gas in the PDR out to the edge of
the fully molecular part. In all our simulations, we assumed
that a stellar spectral energy distribution (SED), normalised
with U, illuminates the gas slab from one side. In what fol-
lows, we provide an extensive discussion regarding the SED
modelling.

' The ionisation parameter (U) is defined as the dimensionless ratio of
hydrogen-ionising photon flux (¢) to total-hydrogen density () at the
illuminated face of the gas slab:

v=2 M

ne’

2.2. Incident radiation field

Given that the majority of the ALPINE galaxies do not show
any significant active galactic nucleus activity (see Sect. 3.1 for
details), our model assumes that the only source of radiation
striking the gas slab is that produced by SF. We considered
the average stellar age within the ALPINE sample to be ¢, =
224 Myr, which Faisst et al. (2020) estimated from SED fit-
ting assuming a Chabrier initial mass function (IMF). We tested
three possible star formation histories (SFHs): (I) continuous
SF through At = 224 Myr, (II) an exponentially declining SFH
(< e77) as assumed by Faisst et al. (2020) to fit the majority of the
ALPINE SEDs, and (III) a constant SFH with an instantaneous
quenching episode Az, = 5 Myr prior to the observation.

We assumed the third SFH type when assessing the impact
of binary stars in sustaining emission shortly after SF cessation.
We note that with none of the three SFHs do we account for stars
older than 224 Myr. Nevertheless, even if old stellar populations
account for a major fraction of the stellar mass, they do not sig-
nificantly affect the ionising photon budget; thus their emission
is not relevant for the CLOUDY modelling.

For each SFH we built the composite SED by summing sin-
gle stellar populations (SSPs) computed with Starburst99 v7.0.1
(SB99 hereafter; Leitherer et al. 1999) and Binary Population
and Spectral Synthesis (BPASS) v2.2.1 (Stanway & Eldridge
2018). SB99 is a spectral synthesis code that returns the SED of
SSPs without binary stars. To build the SSPs, we chose Geneva
evolutionary tracks with standard mass loss (Schaerer et al. 1993)
in order to generate a SED with a stellar metallicity Z, = 0.4 Z,
(Vanderhoof et al. 2022) and a Chabrier IMF (Chabrier 2003,
see our Table 2). The stellar metallicity is consistent with that
inferred for the ALPINE sample and similar galaxies (Faisst
et al. 2016; Vanderhoof et al. 2022). Fixing Z. can affect the
hardness of the spectra, leading to uncertainties in the esti-
mated value of the ionisation parameter U. The upcoming JWST
data will alleviate this problem by constraining Z. to a better
precision.

BPASS is a suite of synthetic stellar population and binary
stellar evolution models. Unlike SB99, BPASS includes the
effect of mass transfer in binary systems. That provides addi-
tional fuel to burn as an accretion disc (Karttunen 2007), and
this leads to a greater emission in FUV and EUV for a longer
time than if there were no binaries (Eldridge & Stanway 2022).
Many authors (e.g. Stanway et al. 2014; Jaskot & Ravindranath
2016a; Xiao et al. 2018, 2019) pointed out that this might have
a non-negligible effect on the resulting HII region properties
and on the related line emission. For this reason, we tested
the effect of BPASS SEDs on our CLOUDY models by com-
paring them with those obtained assuming the same SED but
computed with SB99. In line with the SB99 modelling, we set
Z, = 0.4Z, and IMF parameters listed in Table 2. BPASS SSPs
use BPASS-developed evolutionary tracks.

For a given SFH, the radiation emitted by the composite stel-
lar population, F(1) was computed using the following equation:

224 Myr

F() = yofo(DAL + Z Yifi(DAL;, )

i=1

where i denotes different SSPs of different ages, f; is the flux
of the SSPs in the corresponding age bin (At;), and y; is the
instantaneous SFR in the i-bin. For the continuous SF mode,
we assumed log(SFR/M,, yr™!) = 1.7, namely, the average value
in the ALPINE sample (Faisst et al. 2020). For the SFH with
quenching, we stopped the summing of the SSPs (see Eq. (2)) at
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Table 2. SSP settings for BPASS and SB99 SED modelling.

M., IMF exponent (a) IMF exponent (b) M, range

Mp) (0.1-0.5 M) (0.5-300 M) M)

10° -1.30 -2.35 0.1-300
Notes. The two IMF exponents are valid in the reported range of

masses. An IMF constructed with these exponents exhibits behaviour
similar to a Chabrier one (Kennicutt & Evans 2012). The first column,
M., is the mass of stars formed in each starburst.

Electronvolt Bin
[272.1-54.4) eV [54.4-24.5) eV [24.5-13.6) eV

S 10F .
I
(2]
D)
8 - .
£ / SB99
O / .
< II —— continuous SF
- / ——- quenching (Aty =5Myr)
E 6 ! ]
- /
~ /
() !
O 41 / BPASS
II —— continuous SF
,I —=—- quenching (Aty =5Myr)
/
[45-228) A [228-506) A [506-912) A

Wavelength Bin

Fig. 1. Incident ionising flux -¢(H)) per energy and wavelength bin
(CLOUDY model logU = -1.00, logn = 2, Z = 0.55Z;) for SB99
(red lines) and BPASS (blue lines). The different SFH models are rep-
resented with solid (no quenching) and dashed lines (Az, = 5 Myr).

the age assumed for quenching. For the exponentially decreasing
SFH, we assumed () o< ¢~* with 7 = 0.3 Gyr, which is the best-
fit value for the majority of the ALPINE galaxies. We normalised
y such that log(SFR/Mg yr~!) ~ 1.7 at 224 Myr.

2.3. Impact of SB99 versus BPASS on the Hll region
properties

As outlined in Sect. 2.2, in our work we computed the SED for
three SFHs. The exponentially declining SFH and the continuous
one return SEDs with comparable fluxes in all the energy bins
(see Appendix A). For this reason, in the remainder of this work
we only consider the continuous SFH and that characterised by
the quenching episode 5 Myr prior to observation.

We started by analysing differences in the ionising-photon
budget with a fixed SFH between SB99 and BPASS spectra.
In Fig. 1 we show the incident H-ionising photon flux at the
gas slab, ¢, in bins with decreasing energy (A [272.1-54.4) eV,
B [54.4-24.5)eV, and C [24.5-13.6)eV) for a fixed ionisation
parameter, log U = —1, as computed by CLOUDY.

The impact binary stars have on the ionising photon bud-
get is negligible for continuous SF (solid lines), and hence the
SB99 and BPASS models are almost identical. In fact, stars are
continuously formed and the youngest among them dominate the
ionising photon flux in all the energy bins. The UV photons from
binary systems are therefore negligible.
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We instead observe differences if the SFH is characterised by
a quenching episode. For SB99, the quenching of SF leads to a
rapid decrease in ¢ in bins A and B (dotted and dashed red lines).
This is not the case for BPASS, where the presence of binary
stars keeps the EUV flux high, showing only some negligible dif-
ferences in bin A (dotted and dashed blue lines). This behaviour
is comparable to what has already been discussed in literature
by Gotberg et al. (2019) and presented for single starburst in
Stanway & Eldridge (2018).

The different hardness of BPASS versus SB99 SEDs, for
varying SFHs, affects the transition from the HII region to the
PDR. This is shown in Fig. 2, where we plot the free-electron
temperature (7,) and the H* number density (ny+) as a function
of the gas column density for two CLOUDY models: logU =
—-4.00, logn = 3.00, Z = 0.55Z; (left panels), log U = —2.00,
logn = 1.00, and Z = 0.55Z; (right panels). These are repre-
sentative of typical ISM conditions inferred for ALPINE (see
Table 3). The transition from the HII region to the PDR is
marked by a drop in T, and ng-. In the continuous SF case, the
HII regions created by BPASS and SB99 approximately extend
to comparable hydrogen column densities (Ny ~ 10'%% cm™
and Ny ~ 10%*8 cm=2, respectively) and comparable temperature
(T ~ 10*K). The intensity of the ionising radiation determines
the thickness of the HII region: an higher U results in a larger
HII region. For the quenched SF cases, the BPASS SED keeps
the HII region depth and temperature at values comparable to
those produced by a continuous SF. On the other hand, the drop
in the ionising photon budget for SB99 models causes the HII
sizes to shrink, and their temperature to decrease. For larger U,
the temperature drop is sharper, clearly separating the HII region
from the PDR. Smaller U result in a smoother temperature drop,
leading to a gradual transition from the HII region to the PDR.
The same holds true for the ngy+ profile. These differences, as we
discuss later, affect the nebular emission from the ionised gas as
well as the line ratios with respect to the [CII].

2.4. CLOUDY output

The CLOUDY outputs used in this work are the cumulative
emergent fluxes (j,(n, U, Z) in ergs™' cm™2) of selected emis-
sion lines as a function of Ny. We used the g, at the end
of the gas slab, where Ny = 1022c¢m~2. This is a conserva-
tive assumption because HII region tracers reach the plateau at
Ny ~ 10"%2cm™2 and Ny ~ 10298 cm~2, respectively, for low U
(left panels) and high U (right panels of Fig. 2). Out of all the
possible lines, we focused on the emergent [CII] 158 um flux
as the ratios with respect to [CII] were later used to anchor our
predictions for the nebular lines (HS, [OIII] 5007A, Ha, [NII]
6583 /0%). We also focused on the CIII] 1909A flux because theo-
retical studies (Feltre et al. 2016; Jaskot & Ravindranath 2016a;
Nakajima et al. 2018) suggest that galaxies with low metallic-
ities at z > 5 show prominent CIII] emission relative to other
UV tracers. The current highest-redshift source spectroscopi-
cally confirmed with JWST (z = 14.32; Carniani et al. 2024) has
a tentative CIII] 1907, 1909 A doublet detection. Additionally,
CIII] and [CII] emissions arise from the same element, so their
ratio is unaffected by possible variations in the relative elemen-
tal abundances with Z. Through the paper we discuss in detail
the CIIT] 1909 A, [OII1] 5007A and Ha emission while the inter-
ested reader is referred to Appendix C for predictions concerning
[NII] 6583 A and HB.

In the upper panels of Fig. 3 we plot the [CII] cumula-
tive flux, as a function of the hydrogen column density Ny,
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Fig. 2. Free electron temperature (7,; upper panels) and H" number density (ny+; lower panels) as a function of the hydrogen column density (Ny).
We show CLOUDY models log U = —4.00, logn = 3.00, Z = 0.55Z, (left) and log U = -2.00, logn = 1.00, Z = 0.55 Z (right). These models
represent typical ISM conditions for the ALPINE galaxies (Table 3). Solid and dashed lines represent the temperature and density profiles obtained
for different SFHs. Red lines represent SB99 models, and blue lines BPASS models.

for CLOUDY models corresponding to log U = —4.00, logn =
3.00, Z = 0.55Z; (left, low U), logU = -2.00, logn = 1.00,
Z = 0.55Z; (right, high U), but characterised by different SFHs
and/or stellar population. In general, all the models show a
similar [CII] profile. However, in the high U case the [CII] cumu-
lative flux produced by the SB99 quenched SF is systematically
higher with respect to those produced by the other models. This
is linked to the excitation energy of the transition (7., ~ 92K;
Osterbrock & Ferland 2006), making the [CII] emission only
mildly sensitive to temperature variations in the PDR above
~ 100 K. As can be noticed by looking at Fig. 2, the PDR plateau
temperature of all the models is 7, ~ 100-200 K, but in the SB99
quenched SF case the PDR is more extended, thus boosting the
[CII] emission.

In the middle panels of Fig. 3 we plot the cumulative flux of
[OIII] as a function of Ny for low U and high U. We observe a
saturation of the cumulative flux of the line at Ny ~ 10'%2 cm™2
(left) and Ny ~ 1028 cm™2 (right), corresponding to the end of
the HII region. This mirrors the temperature profile (see Fig. 2)
that in the case of the SB99 quenched SFH drops at a slightly
lower Ny in both the low and high U cases. The [OIII] traces
the ionised gas phase; thus an increasing U boosts the satu-
ration plateau for all models. At fixed Ny, we observe that in
both low U and high U cases, the cumulative flux of [OIII] for
SB99 quenched SF (dashed red lines) is systematically lower
with respect to the other cases. This is due to the softer spectrum
returned by SB99 for a quenched SF that reduces the thickness
and temperature of the HII region (see Sect. 2.3). The [OIII]
line is, indeed, extremely sensitive to temperature variations
due to the high excitation energy (7,, > 20000 K; Osterbrock
& Ferland 2006). Even small T, variations in the HII region,
caused by variations in U, SFH, and/or binary presence, have a

significant impact on [OIII] emission. This is true for all the UV
and optical lines that have a high excitation energy.

Finally, in the bottom panels of Fig. 3 we show the cumula-
tive flux of Ha. At any fixed value of Ny, the Ha cumulative flux
in the SB99 quenched SF scenario (dashed red lines) is higher
compared to the other cases. This depends on the SED normal-
isation with U. In fact, at fixed U the total number of photons
above the Lyman limit (hv > 13.6eV) is the same, but for the
(softer) SED resulting from quenched SF this translates into an
increase in the number of photons near 13eV. This causes a
slight enhancement in the Ha emission. Moreover, the temper-
ature variation of the HII region minimally affects the Ha flux
(emissivity ratio €g,/€np at fixed density logn = 2 cm™3 is 3.0,
2.8, and 2.7, respectively, at T,, = 5000, 10000, and 20000 K;
Osterbrock & Ferland 2006).

In Fig. 4 we show the contour plots of the flux ratios between
nebular lines and the [CII], as a function of n and U, assuming
Z = 0.55Zs. By comparing the observed nebular-to-[CII] line
ratios with the theoretical contours, one can put constraints on
the ISM properties characterising the targeted galaxies.

In the upper panels, we show the CIII]/[CII] ratio for BPASS
continuous SF (left panel) and SB99 quenched SF (right panel).
The ratio increases with increasing U and n. This is due to the
rise of the cloud temperature/widening of the HII region with
U (see Figs. 2 and 3), and to the higher CIII] critical density
with respect to that of [CII]. SB99 quenched SF case shows,
for fixed U and n, a systematically lower ratio with respect to
the BPASS continuous SF case. This is due, as already dis-
cussed, to the softer spectrum returned by SB99 quenched SF
case. In the middle panels, we show instead the [OIII]/[CII] ratio
for BPASS continuous SF and SB99 quenched SF cases. This
ratio shows a similar behaviour with respect to the CII]/[CII]
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Table 3. Physical properties of the 44 ALPINE galaxies considered in this work.

u low log U, log n

Galaxy 1D ziew  log () log(hi:];?’[‘) log(;FeRy[rﬂi‘) k; = 0.34 “fiducial” ( kfz 1 e ky =5 ks =10

C_GOODSS_32 ® 4.4 1.74 1.83 1.62 (-3.8,2.7) (-3.1,2.1) (21, L1) (-1.7,0.6)
DC_308643 4.5 1.72 1.77 1.67 (-3.8,2.7) (3.1,2.1) (2L, L1) (-17,0.6)
DC_351640 5.7 1.23 1.43 1.03 (-4.0,3.7) (-34,3.0) (24,20) (=19, 1.6)
DC_372292 5.1 1.59 1.65 1.51 (=3.7,2.4) (-3.0,1.7) (-2.0,0.7) (-1.6,0.3)
DC_396844 ) 4.5 1.93 2.00 1.84 (4.0, 3.6) (33,29 (23,19 (-19,15)
DC_416105 5.6 1.28 1.43 1.14 (-3.5,2.0) (-29,13) (-1.9,03) (-1.4,-0.1)
DC_417567 5.7 2.00 2.08 1.91 (-4.0,3.5) (33,29 (23,19 (-19,14)
DC_422677 ® 4.4 1.94 2.05 1.79 (4.0, 3.6) (-33,29) (23,19 (=19, 15)
DC_432340 44 1.73 1.78 1.69 (=3.7,2.6) (-3.1,2.0) (=2.1,1.0) (-1.6,0.5)
DC_434239 45 175 1.82 1.68 (3.5, 1.8) (-28,12) (-1.8,02) (-1.4,-0.3)
DC_454608 4.6 1.56 1.60 1.52 (-3.7,2.6) (-3.0,1.9) (-2.0,0.9) (-1.6,0.5)
DC_488399 ® 5.7 1.95 2.01 1.87 (—4.1,3.9) (-34,32) (-24,22) (-2.0,1.8)
DC_493583 ® 4.5 1.79 1.90 1.65 (-3.9,3.3) (-32,2.6) (22,16) (-1.8,12)
DC_494057 ® 5.5 1.87 1.95 1.78 (4.0, 3.5) (-33,2.8) (=23,1.8) (-1.9,1.4)
DC_494763 5.2 1.20 1.41 1.03 (=3.7,2.4) (3.0, 1.7) (=2.0,0.7) (-1.6,0.3)
DC_519281 5.6 1.38 1.46 1.30 (-3.8,3.0) (-32,23) (22,13) (-1.7,0.9)
DC_536534 5.7 1.59 1.69 1.48 (-3.7,2.6) (-3.0,1.9) (-2.0,0.9) (-1.6,0.5)
DC_539609 ® 5.2 1.85 1.93 1.74 (-3.9,3.1) (=3.2,24) (22,14) (-18,1.0)
DC_552206 5.5 2.04 2.14 1.93 (-3.9,3.1) (-32,24) (22,14) (-18,1.0)
DC_627939 4.5 1.66 1.72 1.59 (-3.7,2.7) (-3.1,2.0) (=21, 1.0) (-1.7,0.6)
DC_630594 44 1.48 1.54 1.42 (=3.7,2.6) (-3.0,1.9)  (=2.0,09) (-1.6,0.5)
DC_683613 ™ 5.5 1.88 1.97 1.77 (4.0, 3.5) (-3.3,29) (-23,19) (-19,1.4)
DC_709575 4.4 1.45 1.48 1.40 (-3.7,2.6) (-3.1,2.0) (2.1,1.0) (-1.6,0.5)
DC_733857 4.5 1.61 1.66 2.30 (-3.9,3.1) (=3.2,24) (22,14) (-18,1.0)
DC_773957 5.7 1.24 1.45 3.26 (-3.6,2.3) (-29,1.6) (-19,0.6) (-1.5,02)
DC_818760 ) 4.6 2.38 243 233 (—4.1,3.9) (-34,32) (=24,22) (=2.0,1.8)
DC_834764 4.5 1.49 1.58 1.41 (=3.7,2.4) (-3.0,1.8) (=2.0,0.8) (-1.6,0.3)
DC_842313 4.6 2.20 2.25 2.15 (-3.7,2.5) (-3.0,1.8) (-2.0,0.8) (-1.6,0.4)
DC_848185 53 2.10 2.15 2.04 (-3.9,3.3) (-32,2.6) (23,1.6) (-1.8,12)
DC_873321 5.2 1.78 1.85 1.71 (-3.8,2.8) (-3.1,2.1) (21, L1) (-1.7,0.7)
DC_873756 ) 4.5 2.45 2.47 2.42 (4.0, 3.5) (-33,29) (23,19 (-19,14)
DC_880016 4.5 1.39 1.47 1.31 (-3.7,2.5) (-3.0,1.8) (-2.0,0.8) (-1.6,0.4)
DC_881725 ® 4.6 1.92 2.02 1.80 (—4.0,3.4) (33,27 (=23,17) (=19, 1.3)
ve_5100537582 4.6 113 1.25 1.01 (-3.7,2.5) (-3.0,1.9) (-2.0,09) (-1.6,0.4)
ve_5100541407 4.6 1.50 1.57 143 (-3.7,2.5) (-3.0,1.8) (-2.0,0.8) (-1.6,0.4)
ve_5100559223 4.6 1.44 1.52 1.36 (-3.6,2.2) (-29,1.6) (-19,0.6) (-1.5,0.1)
ve_5100822662 4.5 1.78 1.84 1.70 (-3.6,2.3) (-3.0,1.7) (=2.0,0.7) (-1.5,0.2)
ve_5100969402 4.6 1.90 2.00 1.76 (4.0, 3.5) (-33,2.8) (=23,1.8) (=19, 14)
ve_5100994794 ) 4.6 1.54 1.64 1.40 (3.5, 1.7) (-2.8,1.1) (-1.8,01) (-1.4,-0.4)
ve_5101218326 4.6 2.08 2.14 2.01 (-3.7,2.6) (-3.1,2.0) (2.1,1.0) (-1.6,0.6)
ve_510786441 4.5 1.71 1.78 1.64 (-3.8,2.8) (-3.1,2.1) (2.1, L1) (-1.7,0.7)
ve_5110377875 4.6 1.91 1.98 1.84 (-3.8,3.0) (-32,23) (22,13) (-1.7,0.9)
ve_5180966608 ) 4.5 2.00 2.07 1.91 (-4.0,3.4) (-33,2.8) (=23,1.8) (-1.9,13)
v_efdcs_530029038 ¥ 4.4 1.64 1.74 1.50 (3.4, 1.7) (-2.8,1.0) (-1.8,0.0) (-1.3,-0.4)
Average 4.8 1.72 - (-3.8,2.9) (-3.1,22) (=21,12) (-1.7,0.8)

Notes. The ionisation parameter U and the hydrogen density n have been estimated for different values of the burstiness parameter k; (see Sect. 3.2).
SFR;” and SFR" are the upper and lower bounds of the total SFR. "Galaxies infrared detected.

tot tot

because of the same physical reasons. In the lower panels, we
finally plot the Ha/[CII] ratio. As in the cases discussed above,
the ratio increases with increasing n and U. However, the ratio
remains the same between the BPASS continuous SF case and
the SB99 quenched case for fixed U and n values. This trend can
be explained by looking at Fig. 3. In both [CII] and He cases,
the cumulative flux at Ny = 10%2 cm™ increases in the SB99
quenched SF case, resulting in a ratio that remains the same as
in the BPASS continuous SF case. The trends discussed so far
are fundamental to interpreting the line luminosity predictions
for ALPINE galaxies, which we discuss in Sect. 4.
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3. Model application

3.1. Dataset

ALPINE (Béthermin et al. 2020; Le Fevre et al. 2020; Faisst
et al. 2020) is an ALMA large programme aimed at measur-
ing [CII] 158 um and rest-frame FIR continuum emission from
a representative sample of 118 main-sequence galaxies at 4.4 <
z < 5.8. Observations were carried out between May 2018 and
February 2019 (Béthermin et al. 2020; Faisst et al. 2020). All
galaxies are located in the Cosmic Evolution Survey (COSMOS;
Scoville et al. 2007), and in the Extended Chandra Deep Field
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Fig. 3. Cumulative flux of [CII] 158 pm (upper panels), [OIII]SOO7A (middle panels), and He (lower panels) as a function of the hydrogen
column density (Ng). We show CLOUDY models log U = —4.00, logn = 3.00, Z = 0.55 Z, (left panel; low U) and log U = —-2.00, logn = 1.00,
Z = 0.55 Z;, (right panel; high U). The different SFHs are represented with solid (continuous SF) and dashed lines (quenching Az, = 5 Myr). Red

lines are associated with SB99 models, blue with BPASS models.

South (ECDEFS; Giacconi et al. 2002) fields. The sample was
selected to exclude as much as possible galaxies with evident
active galactic nucleus signatures. However, a low-luminosity
active galactic nucleus was recently discovered in one source of
the sample (GDS J033218.92-275302.7; Barchiesi et al. 2023;
Ubler et al. 2023). ALPINE galaxies are characterised by SFR>
10 Mg yr~! and stellar masses M, ~ 10°-10"" Mg, (Faisst et al.
2020). Among the 118 sources, 75 and 23 are [CII] and 158 pm
continuum detected, respectively.

For the present analysis, we selected a subset of 44 galax-
ies with measured [CII] luminosities (Faisst et al. 2020) and UV
radii (Fujimoto et al. 2020). These galaxies represent the com-
plete subsample of Fujimoto et al. (2020), excluding two galaxies
lacking in SFR and UV radius data (Table 3). The UV radius
data, together with the SFR, are needed to exploit the analyti-
cal model described in Sect. 3.2 used to infer the fiducial n and
U values for the ALPINE galaxies. In our work we considered
the total SFR (SFRyvy.r), namely the sum of the unobscured
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Fig. 4. Contour plots of the ratio between the [CII] line and the cumulative flux of CIII]1909 A (upper panels), [OIII]5007 A (middle panels), and
Hea (lower panels) as a function of the ionisation parameter (U) and the H number density (n). The gas metallicity is fixed to Z = 0.55Z. Left
panels: CLOUDY models using BPASS with a continuous SFH. Right panels: CLOUDY models using SB99 with a quenched SFH (At, = 5 Myr).

(SFRyv) and obscured (SFRir) one. We derived the SFRyy from
the UV luminosity at 1500 A (Faisst et al. 2020) uncorrected for
dust extinction and the SFRyg from the IR luminosity reported
in (Béthermin et al. 2020) using the Kennicutt (1998) relation.
For the galaxies not detected in continuum with ALMA, we
derived the Lig from the infrared excess (Lir/Lyy) computed
for the ALPINE galaxies by Fudamoto et al. (2020) from the UV
spectral slope, 3.

3.2. Fiducial CLOUDY models for ALPINE

Following Ferrara et al. (2019) (F19 hereafter), we assumed that
each galaxy can be represented as a flat, parallel slab of gas with
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a uniform number density (n), metallicity (Z), and total gas col-
umn density (Zg,). The slab is illuminated by a (stellar) source
of ionising and non-ionising radiation. F19 allowed us to infer
(n, U) —two of the three free parameters of the CLOUDY mod-
els (see Sect. 2.1) — by linking them to global galaxy properties
using the following relations:

n=54x10"2%,2072 [em™], )

x

= 17x 104258 )
gas

where X, is the gas surface density, Zgpr is the SFR sur-

face density, and o is the rms turbulent velocity in km/s. We
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derived the Xggr from the SFRyy,r and the IR radius (rr) for
the ALPINE galaxies. Given the recent results by Pozzi et al.
(2024) in ALPINE and Mitsuhashi et al. (2024) in CRISTAL,
we assumed rig = 2ryy. We assumed o ~ 50km s, the average
value found for the ALPINE sample by Jones et al. (2021) and
Parlanti et al. (2023) based on low-resolution observations. This
value approaches the upper limits measured in high-resolution
studies of starburst galaxies (o ~ 40kms~!; Rizzo et al. 2021;
Lelli et al. 2021; Roman-Oliveira et al. 2023). Choosing a reason-
able o is crucial due to its impact in estimating the gas density,
n. Halving o quadruples the value of n, as shown in Eq. (3).

We instead computed the Xg, using the Kennicutt-Schmidt
(KS) relation (Heiderman et al. 2010), adopting the notation
introduced by F19:

Torr = 1071%k,2"

s [Mo yr ' kpc™?] (m = 1.4). (5)
In Eq. (5), F19 defined the burstiness parameter (k;), defined as
the deviation from the KS relation. Galaxies with k; > 1 have a
larger SFR per unit area with respect to those located on the KS
relation, so they are starburst and can convert gas in stars more
efficiently with a shorter depletion time (#4)).

Equation (5) ultimately allows us to derive Zg, from the
measured Xgpgr in ALPINE as a function of the free parameter k;.
We assumed four different values for the k; parameters. From the
spatially resolved analysis presented by Béthermin et al. (2023)
for four ALPINE galaxies the average value of the burstiness
parameter is 0.34 (see Fig. 5) derived by converting the depletion
time g, = Zgas/ZsFR € k;@;ﬂ:“. Moreover, we also considered
ks = 5 and k; = 10, which are values representative of moderate
and extreme starburst galaxies at high z (Vallini et al. 2021), and
the ‘standard” KS law, namely k; = 1. The galaxies presented in
Béthermin et al. (2023) are among the brightest [CII] galaxies
in the ALPINE sample. This is why, in order to avoid bias, we
included predictions for various k; values. For k; = 0.34, using
Egs. (3), (4), and (5), we obtain a median value logU = —3.8 +
0.2 and 10g(n/cm’3) = 2.9 + 0.6 within our ALPINE subsample.
The associated errors are the subsample standard deviations for
the two parameters. These are comparable with those inferred by
Vanderhoof et al. (2022) for ten ALPINE galaxies, where the
measured dust-corrected luminosity ratios of log(Liom/Licm)
and log(L;om /L) required ionisation parameters log(U) < -2
and electron densities log(n./ [ecm™3]) ~ 2.5-3. In Table 3 we
report the ALPINE fiducial U and n values and those computed
fork, =1, 5, 10.

The inferred n and U for each ALPINE galaxy were then
exploited to compute

LY = Ryje(n, U, Z) x L2, (6)

line
from the corresponding CLOUDY models, where

8line(n’ U, Z)
Ripe(n, U, 2) = — 7
tne ) giem(n, U, Z) @

is the CLOUDY predicted ratio of each line with respect to the
[CII]. For the entire ALPINE sample we assumed Z = 0.5Z¢,
similar to what has been found in Vanderhoof et al. (2022) from
UV absorption lines in ALPINE sample. The gas metallicity has
a smaller impact on the line ratios with respect to n and U. For
fixed values of n and U, the line ratio increases of 0.34 — 40.4
dex when metallicity varies from 0.15Z to 0.55Z. However,
we defer a dedicated analysis to a future work.
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Fig. 5. KS law (solid magenta line; Heiderman et al. 2010). The
coloured points represent the location on the KS plane of the subset
of ALPINE galaxies analysed by Béthermin et al. (2023). Each galaxy
is resolved in two different beams, providing two measures for Xy, and
Ysrr- Following the notation of Ferrara et al. (2019), this corresponds to
a burstiness parameter k; = 0.34 (purple line). For comparison, we also
report the relation obtained by substituting k; = 5 and 10 in Eq. (5) with
dashed orange and dotted yellow lines, respectively. The y dispersion is
o =0.28.

4. Results
Nebular line predictions and their relation with the SFR

Following the procedure described in Sect. 3, for each ALPINE
galaxy we derived theoretical predictions for the nebular line
luminosities starting from Ry;,.(n, U, Z) and the observed Licy-
We then derived relations between the theoretical line luminosity
and the total observed SFRyv IR,

log(Liie/ergs™) = alog(SFR/My yr™") + 3, 8)

by employing a Bayesian Markov chain Monte Carlo fitting
method implemented with the open-source Python package
emcee (Foreman-Mackey et al. 2013). We ran emcee with 44
random walkers exploring the parameter space for 5 x 10°
chain steps. Table 4 summarises the slope (@) and intercept
(B) coefficients for the BPASS cases together with their 1o
dispersion for the fiducial ALPINE model (k; = 0.34) and for
ky=1,5,and 10%.

In Fig. 6 (left panel) we show the best-fit Ley—SFRyv4+r
relations, together with their 1-20 dispersion, for the two con-
sidered SFHs and assuming k; = 0.34. Figure 6 highlights the
strong impact of considering binary stars when computing the
radiation illuminating the ISM. For models without binaries
(SB99 cases), the CIII] is sensitive to SF quenching. In the SB99
quenched SF case (upper panel), the CIII] emission drops by
almost 1 dex at a fixed SFR for Az, = 5 Myr. This is a conse-
quence of the very high ionising potential of C* (24.45¢eV) and
the shrinking of the HII region due to a softer incident spec-
trum (see Sects. 2.3 and 2.4). BPASS models (lower panel), on
the other hand, are not influenced by quenching since the emis-
sion remains stable up to Af, = 5 Myr. This is due to binaries
being able to delay the drop of the UV photon budget for a stellar
population that is experiencing a quenching in SF.

2 The SB99 cases are reported in Appendix B.
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Table 4. Slope (@) and intercept (8) of the linear regression for the CIII] 1909 A, [OI1I] 5007 A, and He lines.

CII] 1909 A

[OIII] 5007 A He
SFH ks B 5 o B N B

¢ T 0.2 0.38 0.2 0.38 0.2 0.39
0.34 “fiducial’  0.24°2%, 40.66°38.  0.36°2),  40.80°35, 0.85°2), 41.34%3%
continuous SF 1 0.70°2% 39.88%38.  0.51°2),  41.77°3, 0.84%2), 41.57°%,
5 0.66°2L  40.69°3% 0.87°22,  42.00°3, 0.90°2), 41.71°3%,
10 0.87°2%, 40.34°8 . 0.88%2)  42.19°3%.  0.96%2),  41.84°3%
0.34 “fiducial’  0.57°2,  39.47%37.  036°2), 40.84%3 . 0.83%2L  41.27°3%,
quenching 5 Myr 1 0.73°2,, 39.84°3%, 0522}, 41.78%3. 08192 41.56°3%,
5 0.66°2L,  40.72°37. 0.86°2),  42.02°38.  0.94%°2)  41.65°7

10 0.87°2L,  40.37°38.  0.85°21  42.24°37  0.91°2),  41.81°3%,

Notes. Linear regression log(Ly;,./ergs™) = alog(SFR/M, yr™!) + 8 computed with a Monte Carlo fitting technique. The « and 8 were obtained
assuming the fiducial BPASS incident spectrum.
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Fig. 6. Predicted luminosity of CIII] 1909 A as a function of the total SFR (SFRyv.r) for k, = 0.34 (left panel) and k; = 5 (right panel). The colours
correspond to 1-2¢ dispersion. The central region between the dashed grey lines represents the SFR range of the ALPINE subsample modelled in
this work. Red and blue represent the two SFHs considered in this work: continuous and Az, = 5 Myr. The black points are the observed data from

Llerena et al. (2023), the blue points from Markov et al. (2022).

In Fig. 6 (right panel) we show the best-fit Lcyy—SFRuy 4z
relations, together with their 1-2¢- dispersion assuming k; = 5.
The observed trends are comparable to those shown for k; =
0.34. The relations obtained for k; = 5 agree within the errors
with the location onto the L —SFRyy.4 g plane of z = 3 low-
mass star-forming galaxies with stellar masses in the range 7.9 <
log(M, /M) < 10.3 selected from the CIII] 1909 A emission by
Llerena et al. (2023). This is true for all SFH scenarios examined
in this work for BPASS, as well as in the case of a continuous SF
assuming a SB99 spectrum. In Fig. 6 we also include the z = 6-7
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sources from Markov et al. (2022), jointly detected in CIII]
1909 A and [CII] 158um. Markov et al. (2022) data are system-
atically higher than our best-fit relations. This suggests that the
three galaxies are experiencing starburst phase (k; > 5, in line
with the conclusions by Markov et al. 2022).

With a fixed SFR, the CIII] luminosity for k; = 5 is system-
atically higher than that obtained for k; = 0.34. Using k; = 0.34
results in higher values of gas surface densities compared to
ks = 5 (see Eq. (5)). This results in a relatively high cloud den-
sity n and a relatively low ionisation parameter for k; = 0.34
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Fig. 7. Same as Fig. 6 but for [OIII] 5007 A.

compared to ks = 5 (see Eq. (3)). A small value of U will pro-
duce a small HII region (see Fig. 2), thus reducing the emission
of UV and optical lines with high ionisation energies, as already
remarked in Sect. 2.4.

In Fig. 7 we show the theoretical predictions for the [OIII]
5007 A line for k; = 0.34 (left panel) and k; = 5 (right panel).
The data presented by Llerena et al. (2023) are near the best-fit
relation found with k;, = 5, in the two SFH scenarios exam-
ined in the BPASS case, as well as in the case of a continuous
SF for SB99. As for CIII], binary systems keep the brightness
of the [OIII] line constant even if the galaxy is experiencing
a quenching of Az, = 5 Myr. SB99 quenched SF cases show
instead a large drop in Ljomy), as already underlined for CIII].
This is related to the ionisation potential of O" (35.1eV) and to
the shrinking of HII region due to a softer incident spectrum.

In Fig. 8 we show the predictions for the Ha line. Contrary
to CIII] and [OIII] 5007A (Figs. 6 and 7) the Ha line does not
show a marked dependence on the presence of a quenching in SF,
at least up to Az, = 5Myr, in both the BPASS and SB99 cases.
This is due to the behaviour of the cumulative flux of [CII] and
Ha in the case of quenching discussed in Sect. 2.4. For SB99,
both lines show an enhancement in flux for the quenched case.
The result is that the ratio between the two lines does not vary.
For BPASS, due to the presence of binaries (see Sect. 2.3), the
emission of the two lines is not affected by the quenching in SF,
so the ratio remains constant.

Ha predictions represent a key tool for verifying whether our
model can reproduce well-established relationships from the lit-
erature that link He to the SFR of a galaxy (e.g. Kennicutt 1998;
Kennicutt & Evans 2012). As outlined in Fig. 8, our model is
able to reproduce these relationships, within a factor of 10. For

SB99 ks =5

N
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ks = 0.34 (left panel), we observe that the Kennicutt (1998) and
Kennicutt & Evans (2012) relations agree within 1-2¢0- disper-
sion of our modelling fits. For k; = 5 (right panel) the predictions
consistently exceed those from Kennicutt (1998); Kennicutt &
Evans (2012), even remaining in the region of 20~ dispersion.
These results suggest that caution should be taken when apply-
ing locally calibrated relations to starburst galaxies. The Ha
predictions are not significantly affected by an abrupt quench-
ing At, = 5Myr or by the presence of binary systems. This
aligns with the fact that 90% of the Ha emission originates
from a stellar population with an average age of 10 Myr, preclud-
ing observable luminosity variations in the analysed quenching
scenario (Kennicutt & Evans 2012).

Considering the BPASS models as fiducial given the inclu-
sion of binary stars, the UV and optical lines are not affected
by the SFH of a galaxy. Instead, the line luminosity depends on
the assumed value of the k; parameter (see Table 4). From the
position of an observed galaxy in the UV/optical-SFR relations,
we can therefore place a constraint on the galaxy’s deviation
from the local KS relation (i.e. an estimation for the k; parame-
ter), for instance the constraint already proposed in Vallini et al.
(2021, 2024) for FIR lines (for HB and [NII] predictions, see
Appendix C).

5. Conclusions

In this work we have developed a physically motivated ISM
model for the line emission from HII regions and PDRs using
CLOUDY (Ferland et al. 2017) and two different codes for sim-
ulating the incident radiation from a stellar population: SB99 and
BPASS (the latter includes binary stars). By using the theoretical
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Fig. 8. Same as Fig. 6 but for Ho 6563 A. The dashed green line is the Kennicutt & Evans (2012) relation.

ratio from our model, we obtained predictions for the UV/optical
line luminosity from the observed [CII] luminosity for a subsam-
ple of ALPINE galaxies. The main results can be summarised as

follows:

— The presence of binary stars as modelled by the BPASS
code makes the UV spectrum from a composite stellar pop-
ulation harder with respect to what is obtained with SB99
without binary systems. This effect is particularly evident
for a quenched SFH as binary stars delay the drop in the
EUV photon flux after the quenching. The EUV flux is
sustained by UV photon production from mass-exchange
processes in binary systems. These processes significantly
affect the ionising photon rate and hence the size and temper-
ature of the HII regions. Assuming an abrupt SF quenching
for SB99 models, the decrease in the EUV photon budget
in the incident radiation reduces the width and alters the
chemical properties of the HII region. Conversely, the binary
stars included in the BPASS code are able to sustain emis-
sion in EUV after quenching, thus keeping the HII region
unchanged for at least Az, = 5 Myr. Therefore, the presence
of binaries must be considered in a complete line emission
model (as suggested by e.g. Jaskot & Ravindranath 2016a);

We derived the ISM physical properties (hydrogen den-
sity, n, and ionisation parameter, U) of a subsample of
44 ALPINE galaxies. We used the analytical model from
Ferrara et al. (2019) to associate n and U with the gas sur-
face density (Zg,), obtained from the KS relation, and the SF
surface density (Zspr) of each galaxy, through the burstiness
parameter, k. For the ALPINE subsample we considered a
fiducial value of k, = 0.34, estimated from Béthermin et al.
(2023) data. We obtain log Uy 34 (3.8 = 0.2) and log ng 34
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(2.9£0.6). These values are consistent with those inferred by
Vanderhoof et al. (2022), who investigated a smaller subset
of ALPINE galaxies;

We derived UV/optical lines luminosities—SFR relations in
the form log(Ljin./erg s™") = arlog(SFR/M,, yr~!) + g for dif-
ferent k; values: the fiducial for ALPINE galaxies (k; ~ 0.34)
and k; = 1,5, and 10 (see Table 4). We suggest that these
relations, which are in line with the high-z data from Llerena
et al. (2023), can be used at high z for galaxy SFR char-
acterisation. The strong alignment of the Kennicutt (1998)
and Kennicutt & Evans (2012) relations with our model pre-
dictions for k; = 0.34 attests to our models’ robustness. For
starburst galaxies (ky > 1), our predictions exceed those of
the Kennicutt relation, suggesting caution should be taken
when applying locally calibrated Kennicutt laws to highly
efficient star-forming galaxies;

In the models that use the spectral synthesis code BPASS
to estimate the radiation from the stellar population, the
relations have a negligible SFH dependence but a strong
dependence on the &, value, with line luminosities increasing
for higher k; (i.e. for starburst galaxies). For the SB99 cases,
the key dependence is on the SFH, and the lack of binaries
results in a significant flux drop even after a short quench-
ing period (At, = 5 Myr) for at least a UV/optical line with a
high ionisation energy.

Our method can be used to place stringent constraints on the
UV/optical line luminosities, drawing from the robust [CII]
ALMA observations. Looking ahead, the future JWST follow-up
of ALMA observations promises to provide state-of-the-art data

that
ing

can be used to test the efficacy of our method in characteris-
the SFR of high-z galaxies, and to allow us to characterise
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the SF mode in galaxies at the end of the EoR. In a forth-
coming paper, the imminent JWST NIRSpec integral field unit
observations of 18 ALPINE galaxies will offer a great oppor-
tunity to exploit our theoretical predictions, thereby potentially
confirming the physical properties found for these galaxies.
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Appendix A: Exponential declining SF
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Fig. A.1. Incident ionising flux, ¢(H), per energy bin and wavelength bin (CLOUDY models U = —1.00, n = 2, Z = 0.55Z;) for BPASS (blue
lines) and SB99 (red lines). The different SFH models are represented with solid (continuous SF) and dashed lines (exponential declining SF
7 = 0.3 Gyr).

Appendix B: CIil], [Olll], and He SB99 predictions

Table B.1. Slope (@) and intercept (8) of the linear regression for the CIII] 190914, [OI1I] 50071&, and Ha lines.

CIIT] 1909A [OIII] 5007A Ha
SFH ks o 5 N 5 N 3

0.34 “fiducial’  0.53°22 39.70°3%, 038021, 40.72°3. 0.84°2)  41.33%3%
continous SF 1 0.66°2)  39.76%38,  0.52°2)  41.70%37,  0.84%2L  41.56°7

0.21 0.38 0.21 0.3 0.2 0.38
5 0.66(_)%121 40.56(_)%;7 0.87(_)%121 41-93(_)%;33 0.90(_)% 122 41.70(_)%57
10 0.87°2L,  4021%37. 0.88°2)  42.12°37  0.95%21,  41.84°3%

3 sl 0.22 0.38 0.21 0.38 0.2 0.38
0.34 “fiducial’  0.34°22  38.17%3%,  0.56°2), 37.8262 5 0.85°2L  41.27%3%
quenching 5 Myr 1 047%75, 3935075, 042°75, 39.34%7%  0.84%0;,  41.5307%
5 0.582’%1 39.262%7 0.76;_"%:21 40.22%-(228 1.082-()2:21 41.20;3-5:,,8
10 0.85°22 38.76%3%,  0.69°2)  40.7193% 0.97°2L  41.34°3%,

Notes. Linear regression log(Ly;,./ergs™) = a1log(SFR/M, yr™!) + 8 computed with a Monte Carlo fitting technique. The a and 8 were obtained
assuming the SB99 incident spectrum.

A34, page 14 of 16



Appendix C: [NIl] and Hp predic
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Fig. C.1. Same as Fig. 6 but for [NII] 6583A.
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Table C.1. Slope (@) and intercept (8) of the linear regression for the [NH]6583A and Hg lines.

Hp [NII] 6583A
SFH ky SB99 BPASS SB99 BPASS
@ B @ B @ B @ B
0.34 °f.  0.84°2)  40.87°3%.  0.85%2,  40.88%3%.  0.89°22, 40.83°38  0.88°2L,  40.87%3%,
continous SF 1 0.85%2,, 41.08%%, 0.84%2L,  41.09°3%, 0.99°2L  40.75°38.  0.98°22)  40.80%
5 0.95%2,  41.15%3%.  0.96°2L, 41.15%3%  1.18°2L  40.08°3%  1.19°22,  40.10%3%,
10 0.91%2)  41.30%3%,  0.93°2L  41.29°3%  1.1192)  40.00%37,  1.12°2),  40.00°35,
0.34 f>  0.84°2)  40.79°38.  0.84°2)  40.78°38, 0.95°2,  40.27°37.  0.89°2L  40.77°3%,
quenching 5 Myr 1 0.85%2%, 41.03°7, 0.81%%  41.08%%,  0.89%7,  40.72°%.  0.96°7,,  40.75%%,
5 1.08°2%,  40.69°3%,  0.94%°2)  41.17°37.  1.10°2L,  40.48°38, 1.13%2L  40.16°38,
10 0.97°2,  40.83%3%, 091°2)  41.32°38  1.01922, 40.55°3%  1.09°2),  40.09°77

Notes. Linear regression log(L/ergs™") = alog(SFR/M, yr™!) + B8 computed with a Monte Carlo fitting technique.
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Fig. C.2. Same as Fig. 6 but for HB.
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