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ABSTRACT

Recent ALMA large surveys unveiled the presence of significant dust contimuum. emis-
sion in star-forming galaxies at z > 4. Unfortunately, such large pregrams -~ i.e.
ALPINE (z ~ 5) and REBELS (z ~ 7) — only provide us with a single Far-Infrared
(FIR) continuum data point for their individual targets. Therefote; high-z galaxies
FIR spectral energy densities (SEDs) remain mostly unconstrained, hinging on an
assumption for their dust temperature (T4) in the SED fitting preeedure. This in-
troduces uncertainties in the inferred dust masses (My), infrared luminosities (Lig),
and obscured Star Formation Rate (SFR) fraction at z> 4.\In"this work we use a
method that allows us to constrain T4 with a single band measurement by combining
the 158 ym continuum information with the overlying [C\u] emission line. We analyse
the 21 [C ] and FIR continuum detected z ~ 5 galaxies in ALPINE, finding a range
of Tg =25-60 K and My = 0.6 —25.1 x 107 MyrGivenythe measured stellar masses of
ALPINE galaxies, the inferred dust yields are aroundMy/M, = (0.2-8)x 1073, consis-
tent with theoretical dust-production constraints:We find that 8 out of 21 ALPINE
galaxies have Lig > 10'? Ly, comparable.to\ UltraLuminous IR Galaxies (ULIRGSs).
Relying on ultraviolet-to-optical SED fitting, the SFR was underestimated by up to
2 orders of magnitude in 4 of thes€ 8 ULIRGs-like galaxies. We conclude that these 4
peculiar sources should be characterised by a two-phase interstellar medium structure
with “spatially-segregated” EIR andyultraviolet emitting regions.

Key words: galaxies: high-redshift, infrared: ISM, ISM: structure, methods: analyt-
ical — data analysis

1 INTRODUCTION

The Atacama Large Millimeter Array (ALMA), opened a
new window on the rest-frame far-infrared, (FIR) emission
of the first generations of galaxies, dramatically improv-
ing our understanding of the dust build-up in the early
Universe. Dust grains shapesthe galaxies Spectral Energy
Distributions (SEDs), by abserbing the stellar ultraviolet
(UV) and optical radiation, and”thermally re-emitting at
mid-infrared (MIR, rest-framme 5 — 50 pum) and far-infrared
(rest-frame 50 — 1000 um) wavelengths (Draine 1989; Meurer
et al. 1999; Calzétti et al>2000; Weingartner & Draine 2001;
Draine 2003). Dust ‘FIR emission is typically modelled as
a single-temperature grey-body emission (e.g. Capak et al.
2015; Bouwens et al. 2016; Carniani et al. 2018b; Laporte
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et al. 2019; Hashimoto et al. 2019; Bakx et al. 2020, 2021, see
also Sommovigo et al. 2021), which is characterised mainly
by the dust temperature Ty and the dust mass M.

Recently, the ALMA large program ALPINE (PIL: Le
Fevre, Le Fevre et al. 2020; Béthermin et al. 2020; Faisst
et al. 2020a) provided us with the most abundant sam-
ple of FIR continuum detected galaxies at high-z (23 at
z ~ 5), featuring precise stellar masses M, determinations
thanks to the wealth of photometric data points available
for individual targets. Interestingly, dust-to-stellar mass ra-
tios as large as My/M, = 0.002 — 0.056 have been inferred
for ALPINE galaxies (Pozzi et al. 2021). Such large dust
yields at these early epochs are in tension with theoretical
predictions, adding to the so called “dust budget crisis” (e.g.
Rowlands et al. 2014, and references therein).

The favoured dust production mechanism at z > 5
is short lived supernovae (SNe, Todini & Ferrara 2001;
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Lesniewska & Michalowski 2019), due to the stringent time
constraints imposed by the age of the Universe combined
with the young stellar populations in galaxies'. However,
several works suggest that the dust yield produced in each
SN event might be < 0.1 Mg after reverse shock process-
ing (Bocchio et al. 2016; Matsuura et al. 2019b; Slavin
et al. 2020a; Dayal et al. 2022). This would imply very
stringent limits on the expected dust-to-stellar mass ratios,
My/M, < 1073, in tension with some high-z measurements in-
cluding the ALPINE ones (see also Tamura et al. 2019; Dayal
et al. 2022; Witstok et al. 2022, for higher-z examples).

It is important to stress that these dust masses mea-
surements are heavily dependent on the cold dust tem-
peratures (Ty = 25 K for ALPINE galaxies) assumed in
the FIR SED-fitting procedure. In fact, most FIR contin-
uum observations at z > 4 (typically in ALMA bands 6,7)
probe a narrow wavelength range far from the emission
peak, where different grey-body curves would deviate the
most (e.g. Bouwens et al. 2016; Barisic et al. 2017; Bowler
et al. 2018; Hashimoto et al. 2019; Tamura et al. 2019).
Therefore, T4 is often fixed in the SED fitting procedure
to reach convergence. As a result, all the quantities inferred
from fitting, namely My, the IR luminosity?, Lir, and the
dust-obscured SFR (SFRg/Moyr~! = 107'%Lz /L, Kennicutt
1998), are highly uncertain as they depend strongly on the
agssumed Ty (SFRjg o< Lig o< MdTg , see Behrens et al. 2018;
Liang et al. 2019; Sommovigo et al. 2020 for a detailed dis-
cussion).

Several theoretical works have suggested the presence
of warmer dust (Ty 2 60 K) in high-z galaxies (Behrens et al.
2018; Liang et al. 2019; Sommovigo et al. 2020; Pallottini
et al. 2022), with temperatures as large as ~ 100 K being
reached in the most compact star-forming regions, Giant
Molecular Clouds (GMCs, Behrens et al. 2018; Sommovigo
et al. 2020). So far, warm dust temperatures Ty ~ 40 — 60 K
have been measured in some of the few z > 5 galaxies (2 of
which are included in the ALPINE sample) for which mulé
tiple FIR data are available (Faisst et al. 2020a; Bakx et=al.
2021; Witstok et al. 2022). Values as large as Ty > 80 K
have been measured in the only two galaxies detected in
multiple ALMA bands at z ~ 8 (Laporte et al.”2019; Bakx
et al. 2020). Warmer dust temperatures have important im-
plications. They reduce the requirements.on=Mgy.to, produce
the same observed FIR emission (reducing/eliminating the
tension with dust production constraints from Supernovae,
Behrens et al. 2018; Sommovigo et al. 2020)¢ Warmer T, val-
ues also imply larger obscured SFR fractions (up to ~ 90%
as early as early as z ~ 7, e.g. ‘Bakx et al. 2021), despite
most of high-z sources observed with ALMA are selected as
UV-bright.

Stacked SEDs analysis across a wide redshift range (z =
0-10, e.g. Viero et al. 2013; Magnelli et al. 2014; Béthermin

I Asymptotic Giant)Branch (AGB) stars are the main dust pro-
duction sources'at low-z. However, at z > 5 the galaxies ages are
typically, comparable to the lifetimes of AGB stars (> 150 Myr),
making their'contribution to dust production likely sub-dominant
(e.g.- Mancini et al. 2015; Lesniewska & Michatowski 2019; Liu &
Hirashita 2019; Burgarella et al. 2020; Nanni et al. 2020; Dayal
etpal’ 2022).

2 Lr is defined as the integrated continuum luminosity in the
rest-frame wavelength range 8 — 1000 um.

et al. 2015; Schreiber et al. 2018; Bouwens et al. 2022; Viero
et al. 2022), so far seem to confirm that on average dust
is warmer at high-z, further suggesting the existence of a
strong correlation between Ty and redshift. A consensus on
the Ty — z evolution is yet to be reached, with the largest
discrepancies arising at higher-z end, where lesser and more
uncertain data are available. In Sommovigo et al. (2022) we
proposed a physical model which motivates the increasing
T4 — z trend with the decrease of the total gas depletion
time fgep = Mg,s/SFR at high-z, due to the more vigorous
cosmological accretion at earlier times. We show that Ty o
t;elp/ % implying a mild cosmic evolution as Ty o« (1 + )42,

The purpose of this paper is to investigate the individ=
ual dust and FIR emission properties of the numerous z’~5
ALPINE galaxies. We are able to do so despite the“avail-
ability of the single ALMA band-6 measurement thanks to
a new method to derive Ty presented in Sommovigo et al.
(2021). This method relies on combining the flux at rest-
frame 1900 GHz (158 um) with the overlying [€.u] émission-
line. In particular, the [C 1] luminosity Lcy serves'as a proxy
for the dust mass, breaking the degeneragy between My and
Ty in the FIR SED-fitting procedure.

With our analysis we can infer.the dust masses of
ALPINE [C 1] and continuwh detected sources without the
need to rely on an assumption.on Ty. We can compare these
new results with theoretical*dust production constraints at
z ~ 5. Moreover we,_can study individual galaxies Ty, Lig
and SFRpr, providing,a,complementary view to stacked FIR
SEDs analysis (Béthermin et al. 2020). Deriving ALPINE
galaxies Ty.also \provides a fundamental anchoring to the
T4 — z evolution recently extended in the Epoch of Reioniza-
tion (EoR) thanks to the REBELS galaxies study at z ~ 7
(Soramovigo et al. 2022, for details on the REBELS sur-
véy seéyBouwens et al. 2022). ALPINE continuum-detected
galaxies are almost ~ 2 times more numerous than REBELS
onesyand span a wider SFR and M, range (see Fig. 3), thus
constituting a less biased sample with respect to REBELS
galaxies (which in turn have the advantage of probing
higher-z, where empirical Ty — z relations differ the most). A
consistent analysis and thorough comparison of both sam-
ples is crucial to solidify our understating of dust properties
at high-z.

The paper® is organised as follows. In Section 2 we sum-
marize the Sommovigo et al. (2021) method used to compute
T4 and its application to ALPINE galaxies. We present our
results on the dust temperatures and the T4 — z evolution in
Sec. 3. We then discuss the inferred dust masses and com-
pare them with theoretical dust production constraints at
Z ~ 5 in Sec. 4. In Sec. 5 we discuss our estimates on the
IR luminosities and obscured SFR fraction, and compare
them with the SFR estimates previously obtained based on
dust-corrected UV and optical data for ALPINE galaxies.
We conclude with a brief summary of our results in Sec. 6.

3 We assume a ACDM model with the following cosmological
parameters: Qy = 0.3075, Qp = 1 — Qu, Qp = 0.0486, h = 0.6774,
and og = 0.81. Qm, Qp, Qp are the total matter, vacuum, and
baryonic densities, in units of the critical density; & is the Hubble
constant in units of 100kms™', and oy is the late-time fluctuation
amplitude parameter (Planck Collaboration et al. 2016).
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2 METHOD

In Sommovigo et al. (2021) we proposed a novel method to
derive the dust temperature in galaxies relying on a single
ALMA measurement, by combining the continuum flux and
the [C 1] line emission. We briefly summarize the method in
the following.

We re-write the equation for the dust continuum flux
F, observed against the CMB at rest-frame frequency v =
1900 GHz (F900) in a more compact form, yielding the fol-
lowing explicit expression for Tg:

T
T, 1900 1)

"+’

where Ti990 = 91.86 K is the temperature corresponding to
the [C 1] transition energy at 1900 GHz. The function f is
defined as:

f = [exp(T1o00/Tems) — D17 + A7 F g0, (2)

where Tcyp is the CMB temperature at a given redshift.
The non-dimensional continuum flux Fg9 and the constant
A correspond to:

3 F
Flo00 = 0.98 x 10716 (ﬂ)
mly

26
86)|\Ms )’
where g(z) = (1 +z)/d§ and dp is the luminosity distance at
redshift z.

We use the [C 1] luminosity, Lcy, as a proxy for the total
gas mass M,, and thus for M, given a dust-to-gas ratio D.
There is a consensus that D scales linearly with the metal-
licity, Z, as D = 1/162 (Z/Z,), with little scatter down to
Z ~ 0.1 Z, (James et al. 2002; Draine & Li 2007; Galliano
et al. 2008; Leroy et al. 2011; Rémy-Ruyer et al. 2014). We
adopt such scaling for D since we do not expect metallicities
Z < 0.1 Zg in relatively evolved and massive ALPINE galax=

ies (Vanderhoof et al. 2022). We can then write the following
expression for Mjy:

A=433%x10"*

My = DM, = D aciLcn, (4)

where acy is the [C u]-to-total gas conversion factor.

An analytic expression for acy is derived by parametris-
ing in terms of empirical relations, such as. the Kenni-
cutt—Schmidt relation (Kennicutt 1998, hereafter, KS), and
the De Looze relation between Lcy—SFR#(De Looze et al.
2014), which has been shown té,be valid for ALPINE galax-
ies by Schaerer et al. (2020). Thisyyields

2
acn = 3247 25 5% % (5)
Ky ®
where Zgr is thé SFR.surface density* and «, is the “bursti-
ness parameter” which quantifies deviations from the KS
relation, k(= Z¢mw/(10712 Eéi) (ks > 1 for starbursts and
ks < 1 for'quiescent galaxies; see Ferrara et al. 2019; Pallot-
tini et"al. 2019; Vallini et al. 2020). The [C n]-to-UV emission
size ratiopy = rcy/ry, is introduced as there is growing ev-
idence that at z > 4 [C ] emission extends further than
star-forming regions (1.5 £y £ 3 at z > 4, see Carniani et al.

4 Ygpr is in units of [Meyr~'kpc™2.
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2017, 2018a, 2020; Matthee et al. 2017, 2019; Fujimoto et al.
2019, 2020; Rybak et al. 2019; Ginolfi et al. 2020).

The method described here has been tested on a sam-
ple of 19 local galaxies and 10 galaxies at z 2 4 (Sommovigo
et al. 2021, 2022; Bakx et al. 2021). For all these galax-
ies’ multiple data points in the FIR SED are available, al-
lowing us to compare our inferred dust temperatures with
robust Ty estimates obtained with traditional SED fitting.
We recovered consistent dust temperatures within +30% un-
certainty spanning the redshift range z = 0 — 8.31 as well as
the temperature range 20 K < Ty < 100 K. We also tested our
method on simulations, applying it to the z ~ 6.7 galaxy Zin-
nia (a.k.a. serra05:s46:h0643) from the SERRA simulation
suite (Pallottini et al. 2022). Also in this case, we recover Ty
in agreement with single-temperature grey body SEDAitting
performed at the frequencies corresponding to ALMAybands
6, 7, and 8.

2.1 Application to ALPINE galaxies

We aim at deriving the dust masSses ‘and“temperatures
(Mg, Ty) of the 21 ALPINE galaxiestdetected both in [C 1]
and in continuum® at rest-frame 1900#GHz. The physical
properties needed for the application of our method are all
constrained by observations’ (see Tab. 1 for all galaxies mea-
sured properties used in\this work), with the exception of
(ks, Z).

The burstiness \parameter «; and metallicity Z of
ALPINE galaxiestare unknown, thus a broad range of values
is assumed.for each guantity. Values as large as «; ~ 100 have
been observed, in star-forming galaxies both locally and at
interntediate-redshift (see e.g. Daddi et al. 2010). By apply-
ing“the [C n]-emission model given in Ferrara et al. (2019)
on 12 bright UV-selected galaxies at z = 6 — 9, Vallini et al.
(2020,,2021) found that &, values spanning the range ~ 3—80.
Based on these findings, for ALPINE galaxies we choose a
random uniform distribution in the range 1 < & < 80.

For the metallicity, we assume a uniform random dis-
tribution of values in the range 0.3 — 1 Z,. This is based on
numerical simulations results for galaxies at z < 6 with sim-
ilar stellar masses as ALPINE galaxies 10° < M, /M, < 10"

5 The 10 high-z galaxies test sample includes 4 sources from the
Capak et al. (2015) sample, followed-up in multiple ALMA bands
by Faisst et al. (2020b). Two of these 4 sources (HZ4 and HZ6)
are also included in the ALPINE sample, see the discussion in
Sec. 3.

% We do not consider 2 out of the 23 [C 1] and continuum detected
ALPINE sources, as their UV sizes, ry, and/or stellar masses M
were not constrained.

7 Measurements of rcy are provided by Fujimoto et al. (2020)
for all ALPINE sources except the galaxy VC 5101209780, which
was left out due to its signal-to-noise ratio SNR < 5. For this
source, we measure the [C 1] radius in this work. We retrieve the
ALMA continuum-subtracted, integrated [C 1] line map (from the
ALPINE website, http://alpine.ipac.caltech.edu) and exploit the
CASA task imfit software. We fit the [C 1] map with a 2D ellipti-
cal Gaussian model, and measure the beam-deconvolved FWHMs
in arcseconds. We then infer rcyp from the mean of the beam-
deconvolved major and minor axes. The result is given in Tab.
1. We have checked that this procedure gives rcy estimates con-
sistent to the ones provided by Fujimoto et al. (2020), where
available.
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Figure 1. Left Panel: Dust temperature Tg and dust mass My derived for the ALPINE galaxiessdetected both in [C 1] and FIR
continuum. The points are colour-coded according to their observed continuum flux Fjgoo. Thestwo sources HZ4 and HZ6 for which
multiple continuum data (and thus T4, My estimates) are highlighted. The horizontal lines and blué.shaded area show the T4 values and
associated uncertainties, obtained by fitting the stacked data shown in the right panel with the same’colors. Right panel: FIR SEDs
obtained using the (T4, Myq) and associated uncertainty derived for ALPINE galaxies (shown in'the left panel). The lines are colour-coded
as in the left panel. The blue and green points show the stacked data by Béthermin ‘et al. (2020) at z = 4 — 6. The three different
colours correspond to different cuts in the redshift and SFR of the stacked sourcessz = 41— 5»and SFR > 10 Mg /yr (green), z =4 -5 and
SFR > 100 Mg /yr (light blue), and z =5 -6 and SFR > 10 Mg/yr (darkblue). The grey shaded area marks the FIR wavelengths traced by
ALMA bands 6 -9 (ALMA band 7 is the one used in the ALPINE survey).

(Ma et al. 2016; Torrey et al. 2019), and several observa-
tional studies which analyse FIR lines (such as [N n], [N m],
[C 1], [O 1] and [O w]) to infer Z in galaxies up to z ~ 6 -8
(Pereira-Santaella et al. 2017; Hashimoto et al. 2019;.De
Breuck et al. 2019; Tamura et al. 2019; Vallini et als2020;
Bakx et al. 2020; Jones et al. 2020; Ucci et al. 2021). Inypar,
ticular, Vanderhoof et al. (2022) infer an average‘metallicity
Z/Zs ~ 0.5 for 10 ALPINE galaxies based on their measured
[O 1]-to-CII ratios. Better constraints on galaxies\metallici-
ties out to z ~ 10 will be available soon thanks to the James
Webb Space Telescope (JWST) spegetroscopic’ observations
of rest-frame optical nebular lines (such as/HB , He , [N 1],
[O 1] and [O m], Maiolino & Mannucci 2019; Chevallard et al.
2019; Curti et al. 2022).

We can now compute ‘the, [C n]-to-total gas conversion
coefficient acy for the ALPINE sources using eq. 5. We find
on average {(acp) = ng, which)is consistent with our previous
findings for z > 4 galaxies (Sommovigo et al. 2021, 2022).
Note that in lecalysourees we find much larger conversion
factors, up 6 acyes 10°. This might suggest that for a given
[C 1] luminosity high-z galaxies have a lower gas content (or
that for a given gas content they have higher [C 1] emission;
for & detailed’discussion see e.g. Ferrara et al. 2019). For the
compatison with the empirical molecular-to-[C u] conversion
factor dcumor = Zm,/Zcn = 31ﬁé derived in Zanella et al.
(2018) we refer to Sommovigo et al. 2022 (Sec. 3).

We can now estimate My and Ty for all the targets, and

thus*Lig and SFRg. The results are summarised in Fig. 1,
reported in Tab. 2, and discussed in detail in the following
Sections.

3 DUST TEMPERATURES

We find the dust temperatures of ALPINE galaxies to lay
within the wide range 25-60 K, with an average value around
(Tq) = 48 + 8 K. The relative error associated to the individ-
ual sources Ty is around ATy/T4q ~ 30%, with the dominant
contributions to this uncertainty coming from the metallic-
ity and burstiness parameter. Albeit large, this ATy/Ty is
comparable to that obtained from traditional SED fitting
at similarly high-z when multiple FIR data are available
(see e.g. Harikane et al. 2020; Hashimoto et al. 2019; Bowler
et al. 2018). Among the ALPINE targets there are two galax-
ies, DC 494057 and DC 848185 (HZ4 and HZ6 from Capak
et al. 2015), for which ALMA bands 6,7, and 8 observations
are available thanks to dedicated follow-up observations by
Faisst et al. (2020b). For both sources, the T4 values derived
with our method are consistent with traditional SED fitting
results within less than < 20% uncertainty.

In Béthermin et al. (2020) the authors attempt at con-
straining the average Ty of ALPINE galaxies by fitting the
stacked, single-dish FIR data from a photometric sample
similar to ALPINE at z = 4 — 6. The stacked targets in
Béthermin et al. (2020) are selected to resemble ALPINE
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Figure 2. Main panel: Dust temperature T4 as a function of redshift for star-forming galaxies in the@range 2,="0 — 8 (updated version
of Fig. 2 in Sommovigo et al. 2022). The purple triangles represent the UV-to-IR normal star-forming, galaxies/detected in the HRS and
CANDELS fields studied in Schreiber et al. (2018), which have comparable M, to ALPINE and REBELS galaxies (10° < M, /Mg < 10'19).
The maroon and red empty symbols represent respectively the sub-mm galaxies observed at z 2 (Yang et al. 2007; Magdis et al. 2014;
Huang et al. 2014; Chapman et al. 2005; Clements et al. 2018) and at z =2 —4 (SPT samplepReuteret al. 2020). The grey points show
the individual UV-selected galaxies at z > 5 for which T4 estimates are available thanks to multiple’FIR continuum observations. Both
the T4 values obtained with our method and with traditional SED fitting are shown (respectively as stars and triangles; we note that
in all cases the two estimates are consistent within 1 — o, for further details see Sommovigo,et al. 2022). Finally, in green and blue we
show the results obtained with our method for individual ALPINE and REBELS ‘galaxies, respectively. The coloured region shows the
Tq4-redshift evolution that we derive analytically in Sommovigo et al. 2022 (for an increasing effective UV optical depth ryy from blue to
red). We find that on average Ty raises with redshift due to the decreasing gas depletion time tgep, = My/SFR at higher-z, as T4(z) « t;elp/ °,
This dependence is shown by the grey dashed line for #gep oc (1 + 7)723 — derived, from numerical simulations — implying Ty o« (1 + z)%*. For
comparison, we also show the Ty -z relation we would predict based on.the empirical evolution #gepn, o (1 +2)~19 inferred by Tacconi et al.
2020 for main-sequence galaxies (grey dotted-dashed line). Inset panel:\74 values obtained from stacked SEDs fitting in the redshift
range 0 < z £ 8 (grey, purple, green and yellow points, from Béthermin et al. 2015; Schreiber et al. 2018; Béthermin et al. 2020; Viero
et al. 2022, respectively). The grey hatched area shows the different Tq — z trends empirically derived in these works, with the lower
(upper) bound being set by Liang et al. 2019 (Viero et al. 2022): The linear T4 — z relation derived by Schreiber et al. 2018 is also shown.
The green (blue) star corresponds to the average temperature derived here for ALPINE (REBELS) galaxies.

galaxies in stellar mass, M, > 3x10'° My, and star formation
rate, SFR> 10 My /yr (derived from optical/‘andmear-infrared
SED fitting). They are divided in two redshift'bins at z = 4-5
(5749 sources) and z = 5—6 (1883 sources). The comparison
of these stacked data with the individual ALPINE galaxies
SEDs derived with our method is shown in Fig. 1. We find
that most (all but 3) of the individual/ALPINE galaxies FIR
SEDs are bracketed by the'stacked’SEDs. In fact, by fitting
the stacked SEDs with theSame dust model adopted for
the individual galaxies® we find Ty = 37 — 54 K, consistent
(albeit slightly lower) with the range of dust temperatures
obtained with.our‘method. This consistency between SEDs
of individual continuum-detected sources and stacked data
is encouraging as/stacking is widely used to extend star-
forming galaxies IR emission studies out to z 2 4 (see e.g.

8, We consider Milky Way-like dust, for which standard values for
the dust opacity «, = ke (V/vy )P4 are (Kwe» Vaer Ba) = (10.41 cng’l7
1900 GHz, 2.03), from Weingartner & Draine 2001; Draine 2003.

Béthermin et al. 2015; Schreiber et al. 2018; Béthermin et al.
2020; Viero et al. 2022).

3.1 Cosmic Ty evolution

Recently, several works have alluded to the presence of a
cosmic evolution of the dust temperature in star-forming
galaxies (Magdis et al. 2012; Magnelli et al. 2013; Viero
et al. 2013; Béthermin et al. 2015; Schreiber et al. 2018;
Faisst et al. 2020a; Liang et al. 2019; Bouwens et al. 2020;
Reuter et al. 2020). In most of these studies, the average Ty
at a given epoch is derived by fitting stacked data, including
observations at wavelengths shorter than A < 350 ym from
the Herschel space observatory. Herschel was the only in-
strument probing these MIR-to-FIR wavelengths, which are
crucial to obtain stringent constraints on Ty. However, Her-
schel cannot detect individual galaxies at z 2 2 because of
confusion (e.g. Magdis et al. 2012; Magnelli et al. 2014),
thus requiring to rely on stacking at higher-z.

Interestingly, different works find discrepant results (see

220Z JaquIsAON /(0 UO Jasn e28)ol|qig alouadng ajewloN jonds Aq 9S5+£9/9//6629BIS/SEIUW/SE0 L 0 | /10p/3[o1Le-80UBAPE/SRIUW/WOoo dnoolwapese//:sdiy wWoll papeojumod



6  Sommovigo et al.

inset panel in Fig. 2). Some works suggest a linearly increas-
ing Ty — z trend based on stacked SEDs fitting results in
the redshift range z = 0 — 5 (Schreiber et al. 2018), coupled
with a few individual detections at z 2 5 (Bouwens et al.
2020). Other works predict a much milder evolution (Mag-
nelli et al. 2013; Viero et al. 2013; Reuter et al. 2020); in
particular Liang et al. (2019) find a substantial flattening in
the increase of Ty at z 2 4 based on SED fitting procedure
applied to the FIRE simulations at z = 2 — 6. This flattening
in the T4 — z evolution is consistent with individual galaxies
peak dust temperatures (Tpex ~ 2.9 X 103(/lpeak/um)’l) mea-
sured at z ~ 4—5 by Faisst et al. (2020b). However, Tpex can
significantly differ from 7y depending on the adopted SED
fitting function. In fact, Faisst et al. (2020b) finds T4 > Tpeax
(6Ty ~ 13 K on average), consistently with our derivation
(see Sec. 3). It is worth mentioning that the only two z ~ 8
ALMA-detected sources host hot dust with temperatures
T4 = 90-100 K (see also Behrens et al. 2018; Bakx et al. 2020;
Laporte et al. 2019), possibly questioning such scenario. We
stress that for these 2 galaxies we are able to uniquely de-
rive Ty by combining the [C 1] luminosity information with
the rest-frame 88 um continuum flux®. These hot dust tem-
peratures at z ~ 8 are consistent with the results by Viero
et al. (2022), where they exploit the recently released COS-
MOS2020 catalogue (Weaver et al. 2022) to extend stacked
SEDs studies up to unprecedentedly high-z (z ~ 10). The
reliability of these stacking results at z > 4 is somewhat
uncertain, as individuating low-z interlopers and/or correct-
ing for the bias towards the brightest sources becomes more
challenging (see the discussion in Viero et al. 2022). We cau-
tion that Viero et al. (2022) find a nearly constant number of
very massive sources (~ 60 at M, 2 10'' My) in their stacked
bins at z = 3.5-4 and z = 8— 10, which is in contrast with the
predictions from the stellar mass function. In fact, extrapo-
lating abundance matching results (Behroozi et al. 2019) and
observations (Song et al. 2016) at z < 8 and M, < 3x10'" Mo,
we would expect a > 2 odm drop in the number density of
M, 210" M, sources from z = 4 to z > 8. Semi-analytical
models such as DELPHI (Dayal et al. 2022) agree with this
prediction, with a steep drop in the number density (7 odm)
at the high-mass end (M, = 4 x 10!° M) from,z/= 4'to
z = 10. Upcoming JWST observations will allow us, t0 ex-
tend the census of massive systems at z >=8mtesting these
predictions (Castellano et al. 2022; Naiduet al. 2022; Labbe
et al. 2022).

Thanks to our method, for the first time we constrain Ty
in a large number of sources (40) at z 2 4, thus adding fun-
damental and highly complementary information from indi-
vidual galaxies analysis to'stacked’'SED results. At z = 4.9,
the mean redshift of [C(u] and continuum detected ALPINE
galaxies, we find an average (Ty) = 48 = 8 K, whereas
(Tq) = 44 + 4 K for, the 13 [C 1] and continuum-detected
REBELS galaxieshat z-~ 7 (Bouwens et al. 2022; Inami
et al. 2022)/ We note“that this value for REBELS galaxies
(Ty) is slightly lower than the one reported in Sommovigo
et al. (2022) (T3 = 47 £ 7 K). We have updated the stellar
magsses of REBELS galaxies to the latest values by Top-

9.Erom traditional SED fitting only a lower limit on T4 > 50,80 K
is obtained (Bakx et al. 2020; Laporte et al. 2019), see Appendix
B in (Sommovigo et al. 2022).

ping et al. (2022), obtained by assuming a non-parametric
star-formation history (SFH, instead of constant SF). A non-
parametric SFH results in an increase in M, up to one order
of magnitude for galaxies with large specific SFR'’. Larger
M, imply slightly larger dust My and lower T4 to reproduce
the same observed Fgg.

The comparable average T4 in ALPINE and REBELS
galaxies, whose main difference is the redshift of the
sources'!, questions the validity of the simple, linearly in-
creasing Ty — z trend suggested by Schreiber et al. (2018);
Bouwens et al. (2020) (predicting an increase from T4 ~ 46 K
at z=4.9 to 56 K at z = 7). On the other hand, the flattening
in the Ty —z trend at z > 4 inferred by Magnelli et al. (2013);
Liang et al. (2019) seems too extreme (they predict colder
temperatures, Ty ~ 37 K at z=4.9 and Ty ~ 39 K at.25 7).
The largest discrepancy is with the preliminary results by
Viero et al. (2022), whose best fitting T4 — z relation,features
a sharp increase in Ty at z 2 5 reaching Ty ~' 87 K atvz = 7
(almost x2 higher than the average dust*temperature we
find in REBELS galaxies at the same redshift).’A possible
caveat is that both ALPINE and REBELS sources are UV-
selected as the brightest sources at their tespective redshift,
thus constituting a biased sample,\possibly skewed toward
colder dust temperatures (elgiChen et al. 2022b). JWST
will allow us to probe relatively ‘WV-faint galaxies also at
z > 5; by following-up JWSTwebservations with ALMA, we
will investigate also UV-faint high-z galaxies dust properties,
possibly reducing the current observational bias.

In Sommovigo et ‘al. (2022) we produced a model aimed
at physically motivating the cosmic evolution of the dust
temperature’\ Assuming FIR and UV emission to be co-
spatialyfrom simple conservation of energy argument, we
show, that T4 anti-correlates with the total gas depletion time
as Ty oc t;el/ ®The increase of the cosmological accretion rate
at early times (Fakhouri et al. 2010; Dekel & Krumholz 2013,;
Correa et al. 2015), results in high-z galaxies being more ef-
ficiently star forming, thus implying shorter f4, at high-z.
As a result, we predict mild increase of Ty with redshift as:
Ty o 1) ~ (142", (6)
where the adopted f4p — z evolution (fgep o (1 + 2)72d) is
taken from numerical simulations (Fakhouri et al. 2010;
Dekel & Krumholz 2013; Correa et al. 2015) due to the
lack of observational constraints on the atomic gas con-
tent of high-z galaxies. The molecular gas depletion time,
taepH, = My, /SFR, has been indirectly studied up to z ~ 6 re-
lying on CO and dust observations ( e.g. Walter et al. 2020;
Tacconi et al. 2020; Dessauges-Zavadsky et al. 2020). For
main-sequence galaxies, different works consistently infer an
evolution of f4pu, with redshift around teepn, o (1 + )71
(Tacconi et al. 2020). Adopting such empirical f4epn, (2) rela-
tion, would imply an milder - but still significant- cosmic Ty
evolution Ty o (1 +2)*%. This is also shown in Fig. 2.

On top of the Ty — z trend, Sommovigo et al. (2022)

10 This increase in My is due to the presence of a significant old
stellar population that is out-shined by the recent star formation
(SF) burst

Il REBELS galaxies stellar masses and SFRs are similar -albeit
spanning a narrower range- to that of ALPINE galaxies, being
9 < log(My /M) £ 10 and 20 < SFR/Mgyr~! < 200.
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showed that the scatter in the measured T4 values at a given
redshift can be explained by the variation of a few key in-
dividual galaxies properties, namely the optical depth 7yy,
metallicity and column density Ny ~ 10*'tyy/Z cm™2. The re-
sults derived in this paper for individual ALPINE galaxies
are consistent with the predictions from our physical model,
as shown in Fig. 2. Due to the different redshifts of the
ALPINE and REBELS samples, we expected a minor mean
temperature variation |<Td,REB> - <Td,ALP> |/ <Td,ALP> ~ 14%.
However, such variation is comparable to the 1 — o error
associated to (Ty) in the two samples.

The slightly warmer Ty of ALPINE galaxies with re-
spect to REBELS galaxies could be explained by larger UV
optical depths, implying a more efficient dust heating. This
prediction is qualitatively confirmed by the measured aver-
age UV slopes (Byy) for the two samples. In fact, (Byy) is
redder in ALPINE galaxies (—1.4 + 0.5) than in REBELS
galaxies (—1.8 £0.3), implying a larger dust-obscuration (as
a reference, we remind the intrinsic UV slope'? amounts to
Bint = —2.406, Ferrara et al. 2022). Our prediction of warmer
dust temperatures in more UV-obscured systems is also con-
firmed by the comparison with sub-millimeter galaxies stud-
ies at z £ 6 (see Fig. 2). In fact, on average sub-mm galax-
ies host warmer dust than UV-trasparent galaxies (see also
Faisst et al. 2020b), reaching values around Ty ~ 40 K in the
local Universe (Yang et al. 2007; Magdis et al. 2014; Huang
et al. 2014; Chapman et al. 2005; Clements et al. 2018), and
T4~ 60 K at z ~ 5 (Reuter et al. 2020)'.

4 DUST MASSES

We derive the dust masses for our sample of the
ALPINE galaxies finding them to vary within the range
6.77 < log(M4/My) < 8.41, with the average value being
(log(My/My)y = 7.47 = 0.37. This value is a factor ~ 7 lower
than the values reported in Pozzi et al. (2021) for these samé
galaxies. Pozzi et al. (2021) assume a very cold dust temper-
ature of 25 K, to derive the dust masses from the continuum
fluxes Fjo00. They state that this value (which is close, to
Temp(z = 6)) should correspond to the mass-wéighted dust
temperature of typical z ~ 6 galaxies. However, by analysing
an average simulated galaxy at z ~ 6 fromthes"SERRA sim-
ulation suite (Pallottini et al. 2019, 2022), in Sommovigo
et al. (2021) we found that the mass-weighted dust tem-
perature and Ty derived from fitting the sitmulated spectra
(using mock continuum obseryations in ALMA band 6,7,
and 8 or our method) actually correspond, and are > Tcvp
(T4 ~ 60 K, see also Pallottinivet al. 2022 for an extended dis-
cussion). The temperatures that we infer for ALPINE galax-

12 The quoted imtrinsic UV slope is obtained from STARBUST99
(Leitherer et/ al. 1999), assuming continuous star formation,
Salpeter IME 1 — 100 Mg, metallicity Z = 1/3 Zo, and stellar age
150 Myr.

13 Wé caution-that the SED-fitting procedure used in Reuter
et al. (2020)for SPT galaxies is different with respect to the one
adopted here, which assumes an optically thin grey-body emis-
sion. Nevertheless, when testing our method on the only SPT
galaxy with available metallicity measurements (SPT 0418-47),
we found consistent results with Reuter et al. (2020) within 1 -0
(Sommovigo et al. 2021).
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Figure 3. Dust mass Mgtassa-function of stellar mass M,. The
solid green stars show the My values that we derive for ALPINE
galaxies, whereas the|transparent ones were obtained by Pozzi
et al. (2021) assuining\Zgq = 25 K. The blue stars (empty stars)
represent REBELS galaxies, where M, is inferred assuming a non-
parametric SEH (constant SF, Topping et al. 2022). The solid
lines show the\fidueial predictions at z ~ 5 from semi-analytical
modelg“Such as DELPHI (black, Dayal et al. 2014, 2022), Santa
Cru# (yellow, Popping et al. 2017), DUSTY SAGE (orange, Tri-
ani et al. 2020), and L-GALAXIES (red, Vijayan et al. 2019). The
dashed, lines show the maximal predictions of the corresponding
models, assuming no dust destruction or ejection, and saturated
grain growth. We find that all but one ALPINE galaxies are con-
sistent with theoretical predictions. This is not true for higher-z
REBELS galaxies (particularly under the assumption of constant
SF), whose Myq — M, relation appears flat; possible explanations
are discussed in the text (see also Dayal et al. 2022). The dashed
blue line shows the My detection threshold for the REBELS pro-
gram assuming a non-detection flux limit of 42 uJy and T4 = 48 K.

ies are similarly warm, Ty ~ 48 K, with a single exception
represented by the galaxy VC 5180966608 for which we infer
T4 = 25 K. This cold dust results from the peculiar, and likely
unreliable, [C 1]-to-UV size ratio measured for this galaxy.
In fact, from eq. 4-5 it follows that My o« y* = (rcu/ry)?,
resulting in a much larger dust mass for VC 5180966608,
whose y = 10, with respect to the other galaxies in the
ALPINE sample, where on average (y) ~ 3. This massive
dust content (log(Mq/M,) = 8.41), coupled with a relatively
low continuum flux (Fjg00 = 462 uJy), results in the excep-
tionally cold dust temperature derived for this galaxy. How-
ever, the [C 1] size of VC 5180966608 is flagged as unreli-
able by Fujimoto et al. (2020) due to its complicated mor-
phology. In fact, in the latest analysis by Romano et al.
(2021) VC 5180966608 is classified as a merger; treating it
as a single source might have lead us to misinterpreting its
properties. Upcoming deeper ALMA [C 1] observations and
higher resolution FIR continuum data from the CRISTAL
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large program (PI: Herrera-Camus) will allow us to further
investigate this hypothesis.

The lower dust masses that we infer for ALPINE galax-
ies have important implications in terms of the comparison
with theoretical dust production constraints at z ~ 5. We
discuss this in detail in the following Section.

4.1 Dust production at 72 5

We begin by computing the dust yield yq per SN which would
be required to produce the dust masses derived in this work
for ALPINE galaxies. This is yqs/My = My/(vsnM,), where
vsn = (53 Mg)™! is the rate of SNe per solar mass of stars
formed assuming a Salpeter 1 —100 My, IMF (Ferrara & Tol-
stoy 2000). We find that on average (yq) = 0.15 £ 0.09 M,,
which is consistent with the SN dust production constraints
by Lesniewska & Michalowski (2019). However, other works
suggest that the dust yield spared in a SN blast is as low as
2 0.1M; (Bocchio et al. 2016; Matsuura et al. 2019a; Slavin
et al. 2020Db).

In order to investigate dust production further, in Fig.3
we compare the dust-to-stellar mass relation that we find
for ALPINE galaxies with predictions from semi-analytical
dust production models at z ~ 5. We include the DELPHI
model (Dayal et al. 2014, 2022), the Santa Cruz model (Pop-
ping et al. 2017), DUSTY SAGE (Triani et al. 2020), and L-
GALAXIES (Vijayan et al. 2019), which (mostly) cover the
ALPINE stellar mass range M, = 10° — 10" My. All these
models include varying prescriptions for gas cooling, star
formation, SN feedback, chemical enrichment and key dust
processes, namely dust formation, astration, destruction in
SNe shocks, ejection in outflows, and grain growth. The DEL-
PHI model does not include the contribution of AGB stars
to dust production, which is likely sub-dominant due to the
long timescales required for such dust production mecha-
nism ( 2 150 Myr) and the conflicting young stellar ages of
z 2 5 galaxies (e.g. Le$niewska & Michalowski 2019; Liu &
Hirashita 2019; Nanni et al. 2020; Dayal et al. 2022).

Our results are consistent (within 1 — o) with DELPHI
and L-GALAXIES theoretical predictions, with the Santa CGruz
model favouring slightly larger dust masses (for’ nearly\50%
of the sample). The slope of the My—M, relation is consistent
with our results in all the four models. theréfore;it is not
necessary to invoke unphysical scenariosswith no dust de-
struction or ejection, and saturated grain growth. Moreover,
dust production from SNe described bysthie DELPHI model
is able to reproduce the inferrfed dust masses for most of
the ALPINE galaxies (72% within }'— o and the remain-
ing ones within 1.5 —-0), confirming that the contribution to
dust production from AGB stars'in ALPINE galaxies is sub-
dominant. The most discrepant galaxy is VC 5101218326, for
which we predicts surprisingly low dust mass My = 1074 My,
roughly one order of magnitude below theoretical predictions
given the galaxy largestellar mass M, = 10'! M. This source
is one of the two most peculiar sources in the ALPINE sam-
ple inderms of its dust properties and will be discussed in
detail in the following Section.

Finally, we compare our results for the dust-to-stellar
mass ratios in ALPINE galaxies, with the ones obtained for
the REBELS sources with the same method (Sommovigo
et al. 2022; Dayal et al. 2022). By using the larger M, val-
ues derived for REBELS galaxies assuming a non-parametric

SFH instead of constant SF (Topping et al. 2022), the dis-
crepancy with theoretical models is reduced (none of the
sources exceeds the maximal dust production constraints).
In fact, for less massive objects (log(M,/Mg) < 10°3) the in-
crease in M, can be as large as 1 dex, while My is marginally
affected (30% variation). However, differently from ALPINE
galaxies, in the higher-z REBELS sample we do not recover
the Myq—M, correlation predicted by analytical models (inde-
pendently from the assumed SFH). In fact, REBELS galax-
ies dust masses appear to be independent from their stellar
masses. ALPINE galaxies are more massive than REBELS
objects, and overall cover a larger range of M, values. This
might indicate that flatness of the My — M, trend found for
REBELS galaxies largely depends on an observational bias
due the limited range of stellar masses probed by thisisur-
vey'*. Further ALMA observations probing the dust content
of galaxies in a wider stellar mass range both at z= 7and
z =5, will confirm whether we are witnessingan evolution in
the dust-to-stellar mass relation between.these.two epochs.
This could imply that also the mass-metallicity relation (to
whom our dust-to-stellar mass relation is\directly connected
as we assume D o« Z) breaks down at.z>'6.

5 IR LUMINOSITIES AND TOTAL SFR

We compute the IR luminosities using the following relation
(Ferrara et al. 2022; \Sommovigo et al. 2022):

_ Md Td 6.03
L‘R‘(E) (8.5K) Lo ™

valid for"the Milky Way (MW) dust model adopted here.
WeAind that ALPINE galaxies IR luminosities vary in the
range W7 <10 Ly < Lig < 8.7x10" Ly. Among the 21 galax-
ies’analyzed here, as many as 8 have IR luminosities com-
parable to Ultra-Luminous InfraRed Galaxies'> (ULIRGs,
ie. Lir > 102 Ly, see Lonsdale et al. 2006). This finding
is quite surprising as ALPINE galaxies are selected as UV-
brightest sources in the given redshift range z = 4 — 6. Our
results suggest that a large fraction of their star formation is
dust-obscured, which is consistent with stacking results by
Fudamoto et al. (2020) (suggesting that on average 45% of
SFR is obscured at z =35 - 6).

The inferred IR luminosities correspond to obscured
SFRs in the range SFRg ~ 17—878 M, /yr (assuming the con-
version factor given in Table 2). The largest value for SFRjg =
878 Mg /yr is found in the galaxy DC 873756, the least UV-
bright galaxy among the FIR continuum detected ALPINE
sources. Its UV magnitude (Myy = —20.9) corresponds to a
monochromatic luminosity at 1500 A around Lyy = 10107 L,
implying an anattenuated'® SFRyy = 4 Mg/yr. Compared to
its surprisingly large SFRyg, this implies that more than 99%

14 In Fig. 3 we show the My detection threshold for the REBELS
program assuming a non-detection flux limit of 42 pJy Inami et al.
2022 and the average dust temperature Tq =47 +7 K.

15 For comparison, only one ULIRG-like galaxy, REBELS-25, is
found among the 13 REBELS galaxies (Sommovigo et al. 2022;
Inami et al. 2022, see also Algera in prep. for a detailed analysis
of the source).

16 SFRyy = Lyv/Kis00, where the conversion coefficient Kjsoo =
1.174 x 10'° Lo /(Mpyr™!) is taken from Ferrara et al. (2022).
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of the SFR in DC 873756 is obscured!’. These results is
highly in contrast with UV-to-optical SED-fitting results
by Faisst et al. (2020a), who derive a total, dust-corrected
SFRggp = 571° My/yr. Using only UV-to-optical data the to-
tal SFR of DC 873756 was underestimated by more than
two orders of magnitude'®.

In order to understand the nature of this discrepancy
and whether DC 873756 represents an isolated case, in Fig. 4
we compare the SFR derived from UV-to-optical SED-fitting
with SFRyy + SFRyg for all the ALPINE sources considered
here. We find that in most cases (80%) the two methods give
consistent results within 1 — . The uncertainties on SFRp
are very large (see Tab. 2) due to the strong dependence of
this quantity on Ty (SFRRr o L o T§)7 which is only con-
strained within £10 K. There are 4 outliers (DC 539609, VC
5100969402, DC 873756, VC 5101218326); for these sources
the ratio'” between the UV-to-optical SED-derived SFR and
that obtained from our method is < 1/3. In all these sources
strong FIR continuum emission (SFR > 100 M /yr) coexists
with blue UV slopes Byv < —1, which would in contrast sug-
gest low dust obscuration. These 4 galaxies are highlighted
in Fig. 4, with the two most extreme cases being the galaxies
DC 873756 and VC 5101218326. We note that if we do not
include these two sources in the SFRggp vs. SFRyy + SFRig
linear fit we recover a slope which is perfectly consistent with
the bisector 1.1+0.4 (albeit the large scatter), whereas if we
include them we find —0.1 £ 0.1.

One possible scenario to explain these peculiar galaxies
is that they host Active Galactic Nuclei (AGN). Indeed, (Di
Mascia & al., in prep. 2022) show that AGN can emit signif-
icantly not only at MIR, but also at FIR wavelengths. Thus,
not accounting for AGN contribution, results in an overes-
timation of the host galaxy Lir and obscured SFR. How-
ever, this scenario seems unlikely based on these ALPINE
galaxies optical-to-UV spectra, which do not show any pe-
culiar feature with respect to the other sources in the sam-
ple. Nevertheless, whether AGN could contribute to the FIR
emission of the most massive ALPINE galaxies such as-V.C
5101218326 (whose M, = 10'! M, is the largest amgng all
ALPINE galaxies) is still an open question (Barchiesi et als
in prep., Shen at al. in prep, Faisst et al. 2022):

A clue for the interpretation of these outliers.comes’from
computing their molecular index (Ferrara‘eteals=2022):

_ (FIQOO/FI'JV) ®)
(:BUV _ﬁmt)
where B = —2.406 for the MW. Assuming the interstel-

lar medium (ISM) to be described by a single zone model,
where dust and stars are uniformly mixed?’, Ferrara et al.

m

17 Following the saine‘procedure, we infer obscured SFR fractions
in the range ~ 60 —90% for the remaining ALPINE galaxies.

18 We note that a mildér correction to account for the obscured
SFR fraction, was already applied by Schaerer et al. (2020) to
some ALPINE galaxies; due to the lack of constraints on individ-
ual galaxies IR-luminosities, they relied on the dust temperature
derived by Béthermin et al. (2020) from stacking.

9 This discrepancy is larger than what can be explained by the
different assumptions on the IMF in the two derivations (here we
assume a Salpeter 1 — 100 Mg, whereas Faisst et al. 2020a adopt
a Chabrier.

20 And UV and IR emission are co-spatial
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(2022) obtains the following analytical expression for I, ~
7062 )ce‘“”ﬁ7 where x = Zt4ep /(8 — Bin)- This expression has a
maximum [ =~ 1120 (located at x = 64). Indeed, Fi9p0 and
thus I, can be increased by raising either the dust mass or
the temperature. However, increasing Ty requires larger ef-
fective optical depths (Byy —Bin) (see also Sec. 3.1), which are
excluded in a relatively transparent single zone medium. It is
possible to raise My while keeping (Buy —Buv.int) low, but this
implies pushing the dust temperatures progressively closer
to Teums, thus preventing Fio9, and hence I, to increase in-
definitely. Interestingly, we find that the only galaxies in the
ALPINE sample for which I, > I, are the outliers in Fig.
4 (see also Tab. 2 for the I, value of each source), with the
largest value I, = 6752 corresponding to the most peculiax
galaxy DC 873756.

These large I, values®' can be achieved only if the’FIR
and UV emitting regions are spatially decoupled(Ferrara
et al. 2022). In this scenario, the observed streng FIR contin-
uum emission in these peculiar ALPINE galaxies comes from
optically thick, star-forming clumps (likely, giant molecular
complexes), whereas the small UV /optical depth (i.e. blue
Buv) traces the diffuse, interclump gas’component in which
young stars are embedded after they.disperse their natal
cloud (see also Faisst et al¢"2017). This scenario, referred
to as “spatial-segregation” of WV and IR emission has been
proposed by other theoretical*works focusing on sources at
the EoR (Behrens etpal. 2018; Liang et al. 2019; Sommovigo
et al. 2020; Pallottini\et al»2022; Dayal et al. 2022). Current
ALMA observations do not to probe the ISM morphology
down to such scalesp(< 1 kpc). Future ALMA observations
at higher spatial*resolution, combined with JWST images
(see eg e 1007pc resolution images of z = 6 — 8 galaxies
by ©hen et al. 2022a) will help us confirm or discard the
scenario, proposed here.

So far, a significant spatial offset between ALMA and
HST“data has been observed in some z > 5 star-forming
galaxies (Hodge et al. 2012; Carniani et al. 2017; Laporte
et al. 2017; Inami et al. 2022; Bowler et al. 2018). At lower
redshift, spatial-segregation has been invoked to motivate
the blue Byv slopes found in some z ~ 2 dusty star forming
galaxies (DSFGs, Casey et al. 2014), which strongly devi-
ate from the local IRX-8 relation (where IRX = Lgr/Lyv).
Similarly, the IRX excess observed in some z ~ 2 starbursts
(Elbaz et al. 2018) and z ~ 4.5 sub-mm galaxies (Gémez-
Guijarro et al. 2018) has been associated to spatially de-
coupled UV and IR emission in resolved ALMA and HST
maps.

6 SUMMARY

In this paper, we study the dust continuum emission prop-
erties of the Far Infrared (FIR) continuum detected z = 5
galaxies from the ALMA Large Program ALPINE (Le Fevre
et al. 2020; Faisst et al. 2020a). To derive their dust tempera-
ture T4 using the single available FIR continuum observation
(at rest-frame 158 um), we apply the method presented in

2l Iy > I}, are also measured in few REBELS galaxies (4 out of
the 14 continuum detected sources)
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Figure 4. Main panel: Total SFR inferred for ALPINE galax-
ies through dust-corrected optical-to-UV SED fitting, SFRsgp
(Faisst et al. 2020a) vs. that obtained from the UV and IR lu-
minosities multiplied by the corresponding calibration factors,
SFRyy + SFRir. The dashed area shows the area around the bi-
sector +50% uncertainty. The light green symbols represent the
most peculiar sources in the sample, for which SFRjg > 100 Mg /yr,
largely deviating from the SFR deduced from optical-to-UV data
SFRgsgp < 30 Mg/yr. The green dotted dashed line shows slope of
the best fitting linear relation obtained when excluding these
outliers, consistent with the bisector. Inset panel: Distribution
of the molecular index I, = (Fi900/Fuv)/(Buv — Bint) among the
ALPINE continuum detected galaxies. The vertical dashed line
shows the upper limit I, = 1120 obtained in a single phase ISM
model, where UV and IR emission are cospatial. This limit_is
exceeded in 3 among the 21 ALPINE galaxies considered here,
which correspond to the outliers in the main plot (but,one). We
speculate that these peculiar galaxies have spatially’segregated
UV and IR emission.

Sommovigo et al. (2021). This method relies on the combi-
nation of the dust continuum flux with the overlying [C 1]
emission line luminosity; Lcy serves as a proxy for the dust
mass My, breaking the degeneracy between My and T4 in the
FIR SED fitting procedure.

Having constrained, Ty and My for all the ALPINE galax-
ies, we can uniquely derive dust-temperature-dependent
properties such as.the-IR.luminosity Lir and obscured SFR
fraction SFRg. Providing this insight for ALPINE galaxies
is fundamental as they, constitute the most abundant sample
of dusty star-forming galaxies at z > 4. Moreover, using the
results from Semmovigo et al. (2022), we can compare them
withthe higher-z REBELS galaxies (Bouwens et al. 2022),
consistently-investigating the cosmic evolution of dust prop-
erties inyan unprecedentedly large number of sources from
z~5toz~T.

‘We summarize below our findings:

e The dust temperatures for ALPINE galaxies vary

within the range 25—-60 K. The average value (Ty) = 48+8 K
is consistent with the result from stacked SED fitting by
Béthermin et al. (2020). It also matches the predictions
from the physical model for the cosmic T4 evolution by Som-
movigo et al. (2022), which finds a mild increase in the dust
temperature with redshift Ty oc (1 + z)%4;

e Dust masses for ALPINE galaxies are in the 0.6—25.1 x
107 My, range. Due to the ~ 2 times warmer Ty that we infer
for ALPINE galaxies, My are 7 times lower than previously
reported by Pozzi et al. (2021). Thus, the resulting dust
yields (My/M,) = 2x 1073 are now consistent with theoretical
dust production constraints at z ~ 5. In particular, we do not
need to invoke extreme scenarios, e.g. saturated grain growth
or no dust destruction, which might instead be needed at
z ~ 7 for a few peculiar REBELS galaxies (see also”Dayal
et al. 2022).

e The linear My — M, relation predicted by theoretical
models is consistent with our results, differently fromrwhat
is found at z ~ 7 for REBELS galaxies where itiappears flat.
This might be evidence of a rapid evolution of the My — M,
relation at z > 5. However, probing a wider stellar mass range
at both redshifts is needed to completely, exclude that this
is due to an observational bias;

e We find 8 ALPINE sourceswith Lz > 10'2 L, compara-
ble to Ultra-Luminous InfraRed Galaxies (ULIRGs). Among
these 8 ULIRGs-like sources;"there are 4 extreme systems
where SFRig > 100 Mg /yr, exceeding by a factor > 3 the total
SFR deduced from UV-to=eptical SED fitting. These outliers
are the only sources showing large molecular index values
I = (Fio00/Euv)/(Boy’— Bin) > 1120, the critical value for a
single phase ISM*(Ferrara et al. 2022). We thus predict that
these joutliers are spatially-segregated systems, where FIR
emission comes from clumpy giant molecular clouds whereas
the UViarises from the diffuse, UV transparent ISM.

High-resolution observations at sub-kpc scales for both
the UV (such as Chen et al. 2022a) and the dust continuum
(also including shorter-wavelengths ALMA bands 8 and 9) of
the ALPINE spatially-segregated galaxies will help us clar-
ify the morphology of their ISM. An immediate improve-
ment will be provided by upcoming high-resolution ALMA
band 6 observations within the CRISTAL large program (PI:
Herrera-Camus) and by JWST, whose pointings include 2 of
these 4 peculiar sources.
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Table 1. Measured properties of the 21 [C 1] and continuum detected ALPINE galaxies together with adopted relative errors ([z, Lcir, Fi900]
from Béthermin et al. 2020, [M4, Myv,Buv] from Faisst et al. 2020a, and [rci, «] from Fujimoto et al. 2020). The value of rcy derived in
this work is marked with a * (see Sec. 2 for the details). We also show the molecular index value I, (see eq. 8) directly derived from the

data.
[C ii] AND CONTINUUM DETECTED ALPINE GALAXIES: DATA
name Z Len F1900 log M, ren ' Muyv Buv In
[10°® L] [uJy] [Mo] [kpc] [kpc] [mag]
CG 32 44105 82+08 230 + 65 9.7570:28 19403  091+0.13 21274 -0.859157 397
DC 396844 45424 115+1.0 346 + 69 9.86*01%  256+033  058+02 -21.665 -1.38062 658
DC 417567 56700  3.1+05 201 + 60 9.817018  207+058 065+020 -22919 -1.86659 320
DC 422677 44381  42+0.7 375+123 98501 110+050 058014 -21.634  -1.2423 624
DC 488399 56704  10.8+0.5 25232 10207013 132+0.16 047032 -22.058 -1.88283 913
DC 493583 45134 4306 235+ 81 9.61*013 1.89+051 064+0.17 -21.765 -2.01243 1051
DC 494057(HZ4) 5.5448  7.2+0.5 179£30 10157012 248+025 088+0.16 -22373  -1.87832 ~ 466
DC 539609 5.1818  4.9+0.6 187 + 54 9.387012  1.65+043 0.77+0.16 -22.357 -2.20637 | 1179
DC 683613 55420 78+07 24554 10177018 182033 057024 21428 130484 729
DC 848185(HZ6) 52931 160+095 31950  103770% 347025 0.9+0.3 —22.54  L1.14217 7 277
DC 881725 45777 6.87+0.63  349+90 9.967016  226+033  0.67+021 -21.553 _=120243 634
VC 5100822662 45205 7.86+0.65 21038 10177013  2.59+037 1.32£033 20891 131549 303
VC 5100969402 45785 523+055 32799 10007012 1.62+033  059£0.15 ,7=2153 ) -194423 1583
VC 5100994794 45802 5.57+0.51 117 + 36 9737013 1.86+£0.32  1.63+0.35 =21.342 -1.62524 398
VC 5101209780 45701  731+156 311+£112 1005713 325+£072* 1.00+£024 -22.143 -191506 803
VE 530029038 44298  69+08 125+ 58 993102 276065 1.96%:0.14 » -21.95 —1.4904 197
DC 552206 55016  152+1.1 285+73 1058701 3412035 £096¥0.64 22642 -0977538 211
DC 818760 45613 43.0+17  1077+£130 10.63*)))  2.59+0.16 \075+0.17 -22225 -0.548038 679
DC 873756 45457 36213  1354£76  1025709% 236+ 0.1 "WL08+£043 -20869 -1.59125 6752
VC 5101218326 45739  18.3+08 462+79  11.01*307  237%0.15 71464032 -22345 -0.86014 315
VC 5180966608 4529 13.7+1.1 41984  10.82*012 “510+042 0.59+024 -21.743 -0.826991 479
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Table 2. Predicted properties of the 21 [C 1] and continuum detected ALPINE galaxies, respectively: [C 1]-to-total gas conversion factor
acn (eq. 5), dust temperature Ty and mass Mg, IR luminosity log Lir, SN dust yield y; and obscured SFR, SFRRr[Moyr!] = 10710 Lir[Lo)

(Kennicutt 1998).

[C ii} AND CONTINUUM DETECTED ALPINE GALAXIES: RESULTS

name acn T4 log My Yd log Lir SFRr
(K] [Mo]  [Mo/SN] [Lo) [Mo/yr]
CG 32 443 5173 7207038 0157008 11.87103F 75018
DC 396844 12710 3702 7754030 041408 116704 400]3
DC 417567 16+ 48+l 733703 018702 11.970% 79D
DC 422677 ofsl 54t 7247032 0131001 12117008 128438
DC 488399 5% 53716 7.38%033 00870, 1227047 157+%
DC 493583 1041 48+ 7257037 02370 1179708 61t}
DC 494057 (HZ4) 8% 47715 73703 009700 1183103 68+
DC 539609 67 5511% 737031 030703 120793 101+12
DC 683613 810 491 7431030 0.10*002 12017048 102726
DC 848185 (HZ6) 11*5% 3973  7.86%03% 016702 1186103 735
DC 881725 132 47014 749%034 018%022 11967045 91712
VC 5100822662 5% 50 7.2703% 0067007 11.86%03  72HLT8
VC 5100969402 ofyt  s2h3 733703 01y 1206103 11674
VC 5100994794 273 607 6.77703% 0067007 11.871048  q5+1ss
VC 5101209780 13 4248 753703 01670% 1172703, 5275
VE 530029038 3r 48T 697103 0067007 1157055 N 314108
DC 552206 1042 37+% 779037 0.097012  11.66T0 38w, 745+3
DC 818760 677 45715 8.04*03¢ 0147017 12387033 2407
DC 873756 570 59%1¢ 788047 022703 12,9470 878+
VC 5101218326 355 59717 7.40103% 0.017092 N 12487048 3034352
VC 5180966608 47750 257 841*03 0207026 1123701 174!
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