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ABSTRACT

Inferring the star formation rates (SFR) in high-redshift galaxies remains challenging because of observational limitations or uncer-
tainties in calibration methods that link luminosities to SFRs. We used two state of the art hydrodynamical simulations, NEWHORIZON
and NEWCLUSTER, post-processed with the radiative transfer code SKIRT, to investigate the systematic uncertainties and biases in the
inferred SFRs for z = 5 galaxies, an epoch in which galaxies build up their stellar mass. We created synthetic observables for widely
used tracers: the Ha nebular line, the [CII] 158 wm fine-structure line, the total infrared (IR) continuum luminosity, and hybrid (IR +
UV). We find that Ha-inferred SFRs, time-averaged over 10 Myr, are sensitive to the choice of calibration and exhibit substantial scat-
ter driven by dust attenuation, viewing angle, and dust-to-metal ratio. A steeper attenuation curve reduces this scatter significantly,
but does not fully eliminate systematic uncertainties. IR continuum-based SFRs trace intrinsic SFRs time-averaged over 100 Myr
timescales when a well-sampled continuum emission between rest frames 8 and 1000 um is available, and they underestimate them
with typical approaches when IR data are limited. Nevertheless, IR SFRs display a considerable scatter, largely due to UV photon
leakage and strong variations in the star formation history. When UV data are available, hybrid (IR + UV) SFRs provide a more
robust estimate, reducing scatter compared to IR-based SFRs while avoiding explicit attenuation corrections. Finally, we derived a
[Cu]-SFR relation finding a steeper relation than previous studies, but with significant scatter linked to gas density and metallicity.

Overall, IR-, hybrid-, and [C11]-based tracers remain more robust than Ha against variations in optical depth.
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1. Introduction

The star formation rate (SFR) is a fundamental quantity for
understanding galaxy evolution because it provides a measure of
how galaxies grow and evolve by converting gas into stars. It has
been established that the cosmic SFR density increased rapidly
in the first 1 Gyr of evolution, reaching a peak around z ~ 2—4,
before declining toward the present (Madau & Dickinson 2014;
Zavala et al. 2021). At redshifts 4 < z < 6, the Universe is in a
critical transition period, when these so-called teenage galaxies
are still building up their stellar mass. This makes this epoch
important for bridging the transition between primordial and
more mature galaxies. However, it remains challenging to accu-
rately estimate the SFRs because of dust attenuation, obser-
vational limits, and uncertainties in calibrations derived from
the local Universe (e.g., Buat et al. 2014; Shivaei et al. 2015;
Figueira et al. 2022).

The most commonly used and direct tracer for the SFR
is the rest-frame ultraviolet (UV) continuum at wavelengths
in the range 1500A < A < 2800A. Emitted by recently
formed massive stars (O and B type), the UV luminosity traces
the SFR over timescales ~100Myr (e.g., Salim et al. 2007).
Although the UV continuum can be observed to very high red-
shifts (Bouwens et al. 2009), it presents several challenges as a
diagnostic tool. At these wavelengths, a significant fraction of

* Corresponding author: diana.ismail@astro.unistra. fr

UV photons are reprocessed by dust (more than 40%), particu-
larly in heavily obscured star-forming galaxies. Moreover, the
UV luminosity-to-SFR conversion depends on the metallicity
(Madau & Dickinson 2014).

The Ha nebular emission line, arising from ionized gas in
star-forming regions, is another popular SFR tracer that until
recently was only possible to observe up to z ~ 2. The James
Webb Space Telescope (JWST) and its NIRSpec instrument
(Ferruit et al. 2022) now enable us to observe this emission
line at z > 3. This nebular line probes the young stellar pop-
ulation, tracing timescales of <20 Myr of massive stars, with
M, > 10 Mg, which provides an instantaneous measurement of
the SFR. Similarly to UV emission, He is also affected by dust
attenuation, but it was argued to be the most reliable SFR estima-
tor when the Balmer decrement is measured with high precision.
By measuring the observed ratio of two Balmer line fluxes (typ-
ically He/HB) and comparing it to the intrinsic ratio, which is
theoretically known, any deviation allows us to precisely calcu-
late the dust optical depth along the line of sight (Hirashita et al.
2003; Groves et al. 2012).

While UV and Hea are affected by attenuation, the infrared
(IR) radiation provides an indirect but powerful diagnostic for
the SFR that traces the reprocessed stellar radiation absorbed by
dust. At rest-frame wavelengths ~8—1000 um, the emission is
dominated by dust grains that are primarily heated by the young
stellar population, with additional heating from other compo-
nents (e.g., older stellar populations), tracing SFRs at timescales
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comparable to that of UV emission (~100Myr). At z ~ 5,
the rest-frame IR is shifted into the observed submillimeter
(submm) to millimeter (mm) wavelengths and can be observed
with ground-based instruments such as the Atacama Millime-
ter/submillimeter Array (ALMA) and the NOrthern Extended
Millimeter Array (NOEMA). In general, the IR luminosity can
be a very robust SFR estimator, but some surveys lack a sufficient
sampling of the IR spectral energy distribution (SED), particu-
larly around the peak of the dust emission, which might lead to
biases in IR luminosity estimates due to necessary approxima-
tions and assumptions.

Since UV light is dust attenuated and reradiated in the IR
continuum while a certain amount of UV light also escapes from
the galaxy, it has been suggested that a hybrid SFR might be
used to measure a bolometric SFR through the addition of the
monochromatic far-UV (1500 A) and the total IR (8—1000 um)
luminosities (Madau & Dickinson 2014). This approach has
been widely used for UV-selected samples in low- (z < 1; e.g.,
Freundlich et al. 2019) and high-redshift (e.g., Béthermin et al.
2020) studies.

More recently, the singly-ionized carbon, [CII] at 158 pm has
become a widely used tracer of star formation activity, espe-
cially at high-z (e.g., Matthee et al. 2019; Fudamoto et al. 2020;
Mitsuhashi et al. 2024). [C11] luminosity is found to be tightly
correlated with the SFR (e.g., Stacey et al. 2010; De Looze et al.
2014; Herrera-Camus et al. 2015), which sometimes makes it a
more reliable SFR tracer than the dust continuum, particularly
when observations are limited. The fine-structure transition orig-
inates from HII regions and photodissociation regions (PDRs;
Vallini et al. 2013), but it was also argued that it originates pri-
marily from PDRs (e.g., Stacey et al. 2010). As one of the bright-
est far-IR emission lines (Stacey et al. 2010), [CII] is observable
with ALMA band 7 at z ~ 5.

The UV continuum, the Ha nebular line, the IR contin-
uum, and the [CII] fine-structure line are key tracers of star
formation in current high-z studies. Despite their prevalence,
the calibrations and underlying uncertainties remain poorly con-
strained. Moreover, observational studies at high-z are inher-
ently biased toward the most massive and luminous systems
by sensitivity limits, leaving the properties of lower-mass sys-
tems unexplored and calibrations limited to high-mass sys-
tems. To overcome observational limitations, we leveraged two
state of the art hydrodynamical simulations: NEWHORIZON
(Dubois et al. 2021), representing an average-density field envi-
ronment, and NEWCLUSTER (Han et al. 2026), capturing the for-
mation and evolution of galaxies in a dense cluster environment.
The simulated galaxies were post-processed with the 3D radia-
tive transfer code SKIRT (Camps & Baes 2020) to generate syn-
thetic SEDs from the UV to millimeter wavelengths. We aimed
to systematically quantify the accuracy and scatter of SFR esti-
mation at z ~ 5 using the nebular Ha emission line, the total
IR continuum, the hybrid (IR + UV) approach, and the [CII]
158 um fine structure line, which provide insights into the inter-
pretation of current and future observational data. Additionally,
with access to intrinsic properties, we also investigated the effect
of the physical properties on the SFR diagnostics.

This paper is organized as follows. In Sect. 2 we briefly
describe the simulations we used and the sample selection. In
Sect. 3 we describe the post-processing method we followed
using the SKIRT radiative transfer code and the reconstruc-
tion of observables. In Sect. 4 we compare the inferred SFRs
with the intrinsic ones across tracers. In Sect. 5 we explore
the effect of the dust-to-metal ratios on SFRs, the He attenua-
tion curve, the relation between [CII] with Lz, and the realis-
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tic IR luminosity estimates. The results are then summarized in
Section 6.

2. Sample: Hydrodynamical simulations
2.1. NewHorizon and NewCluster simulations

We used the zoom-in cosmological NEWHORIZON' simulation
presented in Dubois et al. (2021), which we briefly summarize.
The NEWHORIZON simulation is a sub-volume of (16 Mpc)3
embedded within the large-scale parent Horizon-AGN cos-
mological simulation (Dubois et al. 2014; Kaviraj et al. 2017).
NEWHORIZON was run with the adaptive mesh refinement code
RAMSES (Teyssier 2002) using cosmological parameters based
on the 7 yr Wilkinson Microwave Anisotropy Probe (WMAP-7)
data with a ACDM cosmology (€, = 0.272, Q) = 0.728,
Hy=70.4km s Mpc‘l; Komatsu et al. 2011). The mass reso-
lutions of dark matter and stellar particles are 1.2 x 10° M, and
1.3 x 10* M, respectively, while the spatial resolution reaches
34 pc in the densest regions. NEWHORIZON accounts for gas
heating from a uniform UV radiation field (Haardt & Madau
1996), with a simple self-shielding approximation applied in
optically thick regions (Rosdahl & Blaizot 2012). Radiative
cooling was modeled through collisional ionization, excitation,
recombination, bremsstrahlung, and the Compton effect down to
~10*K, and additional metal-line cooling of gas down to 0.1 K
(Sutherland & Dopita 1993; Rosen & Bregman 1995). Star for-
mation was modeled in gas denser than 10 Hcm™ following a
Schmidt relation with a nonuniform star formation efficiency
(SFE) per free-fall time (Federrath & Klessen 2012; Kimm et al.
2017). Feedback from Type II supernovae was included using
a mechanical scheme (Kimm et al. 2015). The simulation also
follows the growth and evolution of massive black holes and
the associated feedback from active galactic nuclei (AGN;
Dubois et al. 2012) via the release of mass, momentum, and
energy at low Eddington rates (Dubois et al. 2012), and of ther-
mal energy at higher rates (Teyssier et al. 2011).

We also used the NEWCLUSTER? (Han et al. 2026) simula-
tion, a zoom-in cosmological simulation following the forma-
tion and evolution of a galaxy cluster and therefore serving as a
massive halo counterpart to the average-density field captured
by NEWHORIZON. NEWCLUSTER shares many of its subgrid
prescriptions with NEWHORIZON, and we therefore highlight
only their differences and refer to Han et al. (2026) for a detailed
description. NEWCLUSTER, ran with the OpenMP version of
RAMSES (Teyssier 2002; Han et al. 2025), is a zoomed-in region
targeting a cluster of virial mass My, ~ 4.7 x 10", M, with
a radius of 3.5R;; (~17.7Mpc/h) at z = 0. The mass reso-
lutions of dark matter and stellar particles are 1.3 x 10° M,
and 2 x 10* M, respectively, with a maximum spatial resolu-
tion of 68 pc reached in the densest regions. Star formation was
modeled in gas denser than 5 Hcm™ following the prescription
adopted in NEWHORIZON. In addition to feedback from Type II
supernovae, NEWCLUSTER also includes Type Ia, both imple-
mented following mechanical scheme of Kimm & Cen (2014),
and stellar winds. Chemical enrichment for ten tracked elements
was computed using the Starburst99 code (Leitherer et al. 1999,
2014) with yields from stellar winds assuming the Geneva stellar
wind model (Schaller et al. 1992; Maeder & Meynet 2000), and
tabulated yields from Kobayashi et al. (2006) and Iwamoto et al.
(1999) for Type II and Type Ia supernovae, respectively. Unlike
NEWHORIZON, NEWCLUSTER also includes dust formation,

' https://new.horizon-simulation.org/
2 https://gemsimulation.com/
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Table 1. Physical properties of the NEWHORIZON and NEWCLUSTER
galaxies.

NEWHORIZON NEWCLUSTER

Number of sources 40 57

M, [Mg] 108-108? 10°-10'0
TMgas [MO] 107.1_108.7 108.6_10948
SFR o [Mg yr~'] 0.2-3 2-58
SFR [Mg yr™'] 0.1-20 0.4-126
Ry > [kpc] 0.15-1.04 0.39-3.38

Notes. " The ranges correspond to the gas mass enclosed within the
galaxy stellar half-mass radius.

growth, destruction, and size evolution (see Byun et al. 2025),
following the model of Dubois et al. (2024). The two simula-
tions adopted a Chabrier Initial Mass Function (IMF) for stellar
particles, which was consistently used throughout the radiative
transfer modeling and SFR conversions.

2.2. Sample selection

We selected the 1% most massive sources from each simulation
atz = 5 with M, > 10° M, for NEWCLUSTER and M, > 108 M,
for NEWHORIZON. This selection allowed us to investigate the
most massive sources from different environments (cluster and
field galaxies), which might shed light on the various biases orig-
inating from the intrinsic properties of galaxies. We note that
by extending our analysis to NEWCLUSTER galaxies, it allowed
us to access higher masses that are currently observed, but not
reached in NEWHORIZON because its volume is smaller.

Stellar particles and gas cells were extracted within a cubic
region extending to ten effective radii (R;,; stellar half-mass
radius). Each galaxy was visually inspected to verify whether the
selection captured the entire galaxy and whether it was a merger.
The latter were removed from the sample, and for the former,
we readjusted the extraction box size, which reached 20-30 R,
for a few galaxies. With this selection, we obtained a total of
97 galaxies from both simulations, covering a wide range in the
parameter space of physical properties. The stellar mass varies
between 10® and 10'° M, the gas mass varies between 107!
and 10°® M, and the stellar half-mass radius varies between
0.15 and 3.4 kpc. The SFRs of these sources were averaged over
100 Myr and vary between 0.2 and 58 M yr™!, and instanta-
neous SFRs averaged over 10 Myr that vary between 0.1 and
126 M, yr~!. The properties of these galaxies are summarized
in Table 1.

3. Methods
3.1. Post-processing with SKIRT

We post-processed our sample galaxies with the open-source
3D Monte Carlo radiative transfer code SKIRT® (Baes & Camps
2015; Camps & Baes 2020), which is important to reproduce
multiwavelength (from UV to mm) observables affected by the
absorption, scattering, and reemission by dust grains. Below, we
describe the SKIRT configuration we used to perform the radia-
tive transfer analysis of our sample.

To prepare the inputs for SKIRT, we extracted gas cells and
star particles from the NEWHORIZON and NEWCLUSTER sim-

3 We use version 9 of SKIRT; https://github.com/SKIRT/SKIRT9

ulations at the chosen snapshot (see Sect. 2.2). The coordinate
system was rotated to align with the angular momentum vector
of the stellar particles, so that the viewing angle corresponded
to a face-on configuration. For each galaxy, stellar particles (pri-
mary sources) were treated based on their age: the evolved stel-
lar components with ages above 10 Myr, and the star-forming
regions with ages <10 Myr. The SEDs of evolved star particles
were modeled using the Bruzual & Charlot (2003) library with
a Chabrier (2003) IMF. This model requires the stellar mass
at birth, age, and metallicity, all of which are available from
the NEWHORIZON and NEWCLUSTER snapshot data. In con-
trast, star-forming regions were modeled using the TODDLERS
(Kapoor et al. 2023, 2024) template library, which includes ther-
mal dust emission originating from starburst regions, while
incorporating HIT regions and PDRs. The TODDLERS library
requires five parameters: the mass of the gas cloud, the system
age, the gas metallicity, the SFE, and the birth-cloud density.

We chose the smoothed particle data import for old stars and
star-forming regions, which requires the spatial positions and the
smoothing length, which we fixed to 100 pc*. The smoothing
length was chosen to be larger than the spatial resolution (34 pc
in NEWHORIZON and 68 pc in NEWCLUSTER), which ensured
that at least one stellar particle and one gas cell were in the vicin-
ity of each other. For star-forming regions, we also imported the
velocities of the young stellar particles and estimated the veloc-
ity dispersion from the gas cells within 100 pc of each young
stellar particle.

In NEWCLUSTER, dust evolution is followed on the fly,
including formation and destruction processes. However, we did
not use this information in order to ensure a fair comparison with
NewHorizon, which does not track dust evolution. In this case,
the dust distribution was estimated in SKIRT using gas cells as a
transfer medium. Gas cells were imported as cuboidal cell data,
which required information about their positions, metallicities
(Zgas), masses (My,s), and temperature (T'g,), all available from
the snapshot data. We estimated the SFE (=M. /Mg,; M, being
the stellar mass at birth) and birth-cloud density using gas cells
and stellar particles within 100 pc. For each galaxy, we adopted
a global SFE corresponding to the median value across star-
forming regions, as the SFE distribution varies little, while the
density was allowed to vary for individual star-forming regions.
This approach captures the typical efficiency of star formation
per galaxy while retaining local variations in the physical con-
ditions of the birth clouds. We limited the dust distribution to
regions in which the gas temperature was below 10° K because
dust grains are destroyed due to thermal sputtering around the
hotter gas (e.g., Draine & Salpeter 1979; Hirashita et al. 2015).
The dust mass, M 4., was then calculated as follows:

ust Zoas Maas  if Taas < 100K
Mdustz{ﬁj St £-gas gas 1 gas <10 (1)

0 otherwise

where fjus 1S the dust-to-metal (DTM) ratio, or in other words,
the amount of metals locked up in dust grains. We used faus =
16% following the relation derived by Vogelsberger et al. (2020)
between the DTM ratio and the redshift by comparing the sim-
ulated UV luminosity functions to observational ones. The rela-
tion is given in the form fyus(z) = 0.9 (z/ 2)~192 for z > 2. Given
the substantial uncertainty in this quantity and the lack of a clear
consensus on its value, we examine the effects of varying the
DTM ratio in Sect. 5.1.

4 By increasing the smoothing length to 500 pc, we found no effect on
the IR and [CI1] luminosities. An increase of ~0.12 dex was found for
Ha luminosities.
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Fig. 1. Projection of the gas mass (left) and post-processed SKIRT out-
put of the Ha (middle) and [C11] (right) emission of the most and least
massive NEWCLUSTER (top two rows) and NEWHORIZON (bottom two
rows) galaxies in a face-on configuration. The bar shows the physical
scale of each source in kiloparsec.

A THEMIS dust mix (Jones et al. 2017) was adopted. This
model is based on the physical conditions surrounding the dust
grains, which vary between the diffuse and dense ISM. It there-
fore is a global model. This model requires setting a distribution
of grain size bins for the silicate and hydrocarbon populations,
which we set to 15 bins for each population. Stochastic heating
of dust grains was taken into account, as assuming local thermo-
dynamic equilibrium (LTE) mainly affects small grains that emit
in the rest-frame mid-IR. While an LTE assumption has very lit-
tle effect on the far-IR and submm emission, it still results in
an underestimation of the total IR luminosity (e.g., Vijayan et al.
2022).

The wavelength grid was discretized over 100 logarithmic
grid points between 1 and 1000 um in rest-frame. We adopted
a separate spatial cell grouping scheme that provided a higher
accuracy. Random density samples of 500 were adopted, based
on which we estimated the mass in each spatial cell. We chose
a grid refinement with a minimum of 6 and a maximum of 12,
and a maximum dust fraction in each cell of 107%. We chose a
grid at the galaxy center; in this case, we used the center of the
stellar mass with a grid size depending on the extent of each
source. We placed four detectors (or instruments) assuming four
different inclinations of the galaxy disk ranging from face-on to
edge-on, in order to infer the effect of the viewing angle on the
derived SEDs.
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The SKIRT radiative transfer calculations were performed
using 5 x 107 photon packets for NEWHORIZON and
NEWCLUSTER. We adopted resolutions based on the instrument
capabilities while also aiming for a reasonable binning of the
output SEDs that sufficed to resolve the emission lines. In the
optical and near-IR bands, we adopted R = 2700, which is
compatible with the best resolving power of JWST NIRSpec
IFU, and R = 10000 at far-IR wavelengths, which corresponds
to ~30km/s velocity resolutions at ~300 GHz, comparable to
typical resolutions of observed lines for high-z galaxies (e.g.,
Béthermin et al. 2020). The number of photon packets was cho-
sen to ensure a low Poisson noise at the adopted resolution
while keeping the computational cost per source tractable (see
Appendix A). We iterated over secondary emission for a self-
consistent calculation with the code converging when the total
absorbed dust luminosity fell below 1% of the total absorbed
stellar luminosity or when it changed by less than 3% compared
to the previous iteration. Camps et al. (2018) demonstrated that
neglecting self-absorption can underestimate submm luminosi-
ties by a factor of 2.5, particularly for compact star-forming
galaxies. We also accounted for the cosmic microwave back-
ground (CMB) effects by adopting the correction provided in
the SKIRT code. At z = 5, the CMB temperatures, Tcpyp =
TéT\fI)B(l + z) = 16K, become comparable to the dust tem-
peratures, thus affecting the far-IR luminosities (da Cunha et al.
2013). Last, we used the flat ACDM cosmological parameters
adopted in the NEWHORIZON and NEWCLUSTER simulations
(see Sect. 2.1).

Figure 1 shows the most and least massive sources in both
simulations, demonstrating the gas mass distribution and the
post-processed emission of He and [CII] at 158 um lines. This
figure highlights that while both tracers follow the morphology
of the gas, the Ha emission exhibits emission peaks that trace the
dense ionized star formation regions. In contrast, the [CII] emis-
sion is more diffuse and traces the total gas reservoir. It exhibits
a few bright peaks compared to He. We also demonstrate the
observed integrated spectral energy distribution (SED) in Fig. 2
(left) produced by SKIRT for one of the NEWCLUSTER sources in
the face-on (black) and edge-on (teal) configurations assuming a
DTM = 16%. This illustrates the continuum and the resolved
emission lines across the electromagnetic spectrum we consid-
ered, from A ~ 107! to 5 x 10° um. The two configurations show
the effect of inclination on the observed SEDs, where shorter
wavelengths are more affected by dust attenuation (given the
small DTM assumed), and little to no effect on IR wavelengths.
To the right, we show zoom-ins on the continuum-subtracted
emission lines in both viewing angles that were directly used.
The increased dust column densities in the edge-on configuration
demonstrate the effect of dust on the shorter-wavelength emis-
sion lines Ha and HB compared to the far-IR [CII] emission at
158 um.

3.2. Luminosities and SFR conversions

From the SEDs produced by SKIRT, we used the line-free con-
tinuum® emission in the IR range between rest frames 8 and
1000 pm to estimate the total IR luminosity. We also estimated

5 To extract the line-free continuum, we used the
SCIPY.SIGNAL.MEDFILT function with a kernel size of 99 to smooth
out the SED. While it is not a standard technique for far-IR continuum
extraction, median filtering has been employed to isolate broad spectral
features from narrower line emission (e.g., Arun 2025). We verified its
reliability by comparison with a manual line-masking approach.
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Fig. 2. Integrated spectral energy distribution of one representative NEWCLUSTER galaxy as produced by the SKIRT radiative transfer simulations
assuming a DTM ratio of 16%. Left: Full SED in the observed frame, shown for the face-on (black) and edge-on (teal) configurations, spanning
wavelengths from the ultraviolet to the millimeter. The shaded vertical regions show the coverage of ALMA bands 3, 7, and 9, and the dashed line
demonstrates the JWST IFU range. Right: Examples of continuum-subtracted emission lines extracted from the same SED.

the line luminosities for Ha, HB, and [CII] at 158 um at differ-
ent inclinations using the continuum-free fluxes. In SKIRT, we
adopted spectral resolutions that mimic those of JWST-IFU and
ALMA, where the spectral lines are resolved with spectral chan-
nel widths of ~100kms~' for Ha and HB, and ~30kms~! for
the [CI1] line (see Sect. 3.1). We performed an automatic fit-
ting procedure using the curve_fit function from Scipy, mod-
eling each spectral line with a single Gaussian to estimate its
flux (and luminosity) at each inclination. Because this routine
returns a fit regardless of whether an emission line is present,
we applied a signal-to-noise ratio (S/N) >5 threshold to identify
reliable detections. The S/N is defined as the ratio of the maxi-
mum line flux and the noise level, where the noise is estimated
using the median absolute deviation of the spectrum excluding
the emission line, measured over the velocity range 2500 and
4000kms™".

We finally converted luminosities into SFRs. Starting with
He, one of the most widely used conversions between its lumi-
nosity (Ly,) and SFR was derived by Kennicutt (1983) and cali-
brated for a Chabrier (2003) IMF by Murphy et al. (2011),

SFRy, [Moyr™'] = 5.37 x 107 Ly, [erg s '], )

where Ly, is the attenuation-corrected luminosity. More
recently, Reddy et al. (2022) derived a conversion factor for
high-z galaxies based on the BPASS population synthesis models
with lower stellar metallicities (Z, = 0.001) that includes stellar
binaries assuming a Chabrier (2003) IMF with a maximum mass
of 100 M,

SFRyq [Moyr™'] = 2.14 x 107 Ly, [erg s™!1. 3)

To correct for attenuation, we used the relation between the
intrinsic (Fpin) and observed (F,qpbs) fluxes that is given in the
form

F/l,inl = F/l,obs X 10().4A(/l)’ (4)

where A(1) = k(1) E(B — V) is the attenuation at A, k() is the
attenuation curve value at A, and E(B — V) is the color excess
between the B and V bands. In this case, the Balmer decrement
was used to estimate the attenuation by comparing the observed

line ratio of Ha to HB with the theoretical one. The Ha attenua-
tion, Ay,, can be summarized as follows:

_ 2.5 kH(, | (FHoz/FH,H)obs
(FH(Y/FHﬁ)int ’

where (Fro/Fug)obs and (Fuo/Fug)ine are the observed (attenu-
ated) and intrinsic (dust-free) line ratios, respectively. We used
the intrinsic ratio of 2.86, assuming case B recombination with
electron temperature 7 = 10*K and electron density n, =
100 cm™ (Osterbrock & Ferland 2006). ky, = 2.53 and kug =
3.61 represent the attenuation curves at the Ho and HB wave-
lengths, respectively, adopting the Calzetti et al. (2000) attenua-
tion law for local starbursts.

In addition to the attenuation correction applied to the
observed Ha flux, this line is contaminated by the [NII] dou-
blet at rest-frame wavelengths 6548 and 6583 A. Several studies
have investigated the effect of [NII] emission on the total flux
of Ha, particularly its evolution with redshift (e.g., Kewley et al.
2013; Shapley et al. 2015; Kashino et al. 2017). Recent works
suggested that the contribution from [NII] becomes negligible at
z 2 4 (e.g., Sanders et al. 2023; Cameron et al. 2023) due to sub-
solar metallicities, but other studies indicated that a small correc-
tion might be necessary, with 96% of the total flux dominated by
He (Sandles et al. 2024). We adopted the latter.

The IR luminosity is most commonly converted into SFR
using the Kennicutt (1998) conversion modified for a Chabrier
(2003) IMF,

&)

Ho =
* " kup — kne

SFRg [Moyr 1= 1.09 x 1071 Lig [Lo], (6)

where Ljg is the total IR luminosity integrated between rest
frames 8 and 1000 um. While this conversion is not the most
recent, it remains widely used for high-z galaxies. At these red-
shifts, observational constraints typically provide access to only
sparse continuum measurements (e.g., ALPINE-[CII] survey;
Le Fevre et al. 2020; Fudamoto et al. 2020). We computed Lir
using the full IR continuum emission from the SKIRT outputs,
however, which represents an idealized scenario in which the
dust emission is fully sampled. In Sect. 5.4 we discuss the impli-
cations for real observations and whether measuring the peak of
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Fig. 3. Ha-derived SFRs using Eq. (3) vs. SFRgmy for NEWCLUSTER
(black squares) and NEWHORIZON (red circles) simulated galaxies in
a face-on configuration. The identity line is shown in black, and the
dotted purple and orange lines show the best-fit of the He-derived SFRs
using the conversion of Reddy et al. (2022) and Murphy et al. (2011),
respectively (see Sect. 4.1 for details). In the top left corner, the slopes
and offsets are shown with the same color code as the lines, and the
scatter o of the inferred SFRs.

dust emission at these redshifts (e.g., with ALMA Band 9) would
be sufficient.

Studies have also defined the total SFR, which is the addi-
tion of the IR and far-UV SFRs (e.g., Béthermin et al. 2020;
Schaerer et al. 2020). This hybrid approach mitigates the dust
attenuation that biases UV-based SFRs and missed IR contribu-
tions from less obscured regions. The total SFR is defined as

SFRir+uv [Mo yr '] = SFRig + SFRyy, @)

where SFRig = «r Lir is the total IR-inferred SFR as defined
in Eq. (6). SFRyy = kyv Lyv, where Lyy is the monochromatic
luminosity at 1500 A, and kyy = 1.47 x 107" Mo yr~' L' is
the conversion factor from luminosity to SFR assuming a Char-
bier IMF (Madau & Dickinson 2014). We note that we did not
pursue a purely UV-based SFR analysis because its interpreta-
tion is strongly affected by dust attenuation, whose effect has
been extensively studied (see Madau & Dickinson 2014, and ref-
erences therein) and remains challenging to constrain.

Numerous studies have also explored the relation between
the [C1] luminosity, Licy), and the SFR as it probes the cool-
ing of neutral and ionized gas heated by young starts (e.g.,
Stacey et al. 2010; De Looze et al. 2014; Herrera-Camus et al.
2015; Olsenetal. 2017; Lagache et al. 2018; Harikane et al.
2020; Schaerer et al. 2020; Accard et al. 2025). The relation can
be expressed by a power law,

log (Licmy/Lo) = @ + 7y log (SFR/M@yr_l), (8)

where @ and y are calibration coeflicients that depend on the
considered samples. De Looze et al. (2014) investigated the reli-
ability of the [C11] line as a SFR tracer using a diverse sample of
galaxies with various types. They found a wide range of calibra-
tion coeflicients between metal-poor dwarf galaxies, local star-
bursts, ultraluminous infrared galaxies, and high-redshift galax-
ies. Lagache et al. (2018) extended this analysis to 4 < z < 8
using semi-analytical simulations coupled with the photoioniza-
tion code CLOUDY, while assuming that the [CII] line originates
only from PDRs. They found a relation similar to that found
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Fig. 4. Same as Fig. 3 for an edge-on viewing angle.

in De Looze et al. (2014) for starburst galaxies and reported a
small evolution of the Licyy — SFR relation with redshift for
Licu > 107 L. We calibrated the coefficients to our sample and
discuss this in Sect. 4.4.

4. Inferred SFRs

In this section, we derive the SFRs of each tracer, Ha in
Sect. 4.1, the IR continuum in Sect. 4.2, and hybrid (IR +
UV) in Sect. 4.3, and compare them to SFR,, that is, to the
time-averaged SFR estimated from the simulation over 10 or
100 Myr. We note that when estimating SFR.,., we corrected
stellar particle masses with ages >5Myr for mass loss due to
mass ejection during feedback processes: 31% in NEWHORIZON
and 40% in NEWCLUSTER. For each of the three tracers, we per-
formed a power law, finding the slope and offset based on the
adopted conversions in Sect. 3.2. In Sect. 4.4 we calibrate the
Lici — SFR coefficients to our sample of galaxies. The scatter of
each tracer is estimated as the standard deviation of the residuals
= 10g(SFRyacer / SFR rue)-

4.1. Hae SFR

In Fig. 3 the Balmer-corrected Ha SFRs as a func-
tion of SFRjomyr are shown for a face-on configuration
of NEWHORIZON- and NEWCLUSTER-simulated galaxies. A
power-law fit to the simulation data using the Reddy et al. (2022)
conversion (Eq. (3)) yields a slope of (0.83 + 0.05) and an
insignificant offset of 0.005 dex. This means that we overesti-
mate SFRs with intrinsic SFRgmy, below 5 Mg yr~! and over-
estimate higher values up to a factor of ~1.5. In contrast, the
Murphy et al. (2011) conversion (Eq. (2)) yields the same slope,
but the SFRs are systematically overestimated, for instance,
SFRigmyr < 300 Mg yr‘1 with an offset of 0.4 dex. Based on
these results, we adopted the Reddy et al. (2022) conversion for
the rest of the study, for which we found a scatter of 0.37 dex.
In Fig. 4 we inspect the effect of inclination on the derived
SFRs since geometrical configurations have a direct effect on
attenuation, especially at shorter wavelengths. For an edge-
on configuration, we found that the inferred SFRs reproduce
SFRomyr similar to the face-on configuration with a slope of
(0.83 £ 0.06) and a small offset of —0.02 dex. However, we find
an increase in scatter up to 0.41 dex that is due to an increase in
the column densities along the line of sight. The scatter varies
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Fig. 5. Same as Fig. 3 for the IR-inferred SFRs vs. time-averaged SFR
over 100 Myr. The SFRs are derived using Kennicutt (1998) conversion
(Eq. (6)), and the best fit is shown by the dashed purple line.

between different inclinations and reaches ~0.5 dex for an incli-
nation of 60° (see Fig. B.1 for the effect of different inclinations).
We note that He is detected in most sources across inclinations,
while HB detections vary across inclinations, thus varying the
number of sources for which we estimated a SFR, and might
slightly vary the scatter.

A clear difference is observed between the two simulations:
NEWHORIZON sources exhibit a lower scatter of ~0.2 dex, while
NEWCLUSTER sources show a broader distribution with a scat-
ter of ~0.5dex and a small number of outliers. This trend con-
tinues to hold at different inclinations (see Fig. 4 and B.1). We
inspected the line profiles and spectral fits of the NEWCLUSTER
sources that contribute to the larger scatter (i.e., those with resid-
uals >0.7 dex) and found no failure originating in the method
of the spectral fitting. These differences can have several rea-
sons. NEWCLUSTER galaxies are generally more massive and
have higher gas masses than NEWHORIZON ones, which leads to
higher dust masses at a fixed DTM (see Eq. (1)) and higher dust
optical depths. The comparison of lower-mass NEWCLUSTER
galaxies with NEWHORIZON counterparts reveals similar behav-
ior, suggesting that the scatter is primarily driven by underlying
physical processes and not by simulation-specific conditions.

While a single attenuation curve has shown to produce
adequate results for z = 5 galaxies from the low- to the
high-mass end on average, increased dust optical depths, dust
distributions, and dust geometry make attenuation curves non-
trivial (e.g., Scicluna & Siebenmorgen 2015; Lin et al. 2021).
This highlights that optical tracers at these redshifts are highly
susceptible to uncertainties introduced by complex dust physics,
particularly for high-mass systems. We further explore the atten-
uation curves in Sect. 5.2.

4.2. IR SFR

The inferred SFRs from the total IR luminosity using the
Kennicutt (1998) conversion reproduce the SFRs traced by the
simulations over 100 Myr timescales with a slope close to unity
(1.09+0.06) and an offset of —0.19 dex. In contrast to SFRy,, we
systematically underestimate SFR g myr below ~30-50 M, yr‘1
and overestimate higher SFRs by a factor of ~1.5.

We found a scatter of 0.37dex whose origin is generally
due to differences in stochastic heating of small dust grains
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Fig. 6. Same as Fig. 3 for the hybrid-inferred SFRs (IR + UV) vs. time-
averaged SFR over 100 Myr. The SFRs are derived using the conversion
in Eq. (7), and the best fit is shown by the dashed purple line.

(Draine & Li 2001). As expected, we do not see variations in
the resulting SFRs (and a constant dispersion) when we changed
the galaxy inclinations (Fig. B.1). However, we can see a dif-
ference in the scatter between NEWHORIZON (0.41 dex) and
NEWCLUSTER galaxies (0.28 dex), which could be attributed
to several factors, such as galaxy mass, star formation histories
(SFH), and dust content.

As mentioned in Sect. 4.1, NEWHORIZON galaxies have
a lower dust content than NEWCLUSTER ones. Systems with
lower dust masses tend to have a higher leakage of UV pho-
tons and thus lower IR luminosities (Buat et al. 2007), where it
is argued that SFRs become questionable when Lig < 10°3 L
(Rieke et al. 2009). We estimated the monochromatic far-UV
luminosities for a face-on configuration using the rest-frame
1500 A flux densities and inferred the IR-to-UV ratio. We
found that this ratio varies homogeneously in both samples (see
Fig. C.1), which explains some of the increased scatter observed
for NEWHORIZON galaxies. We discuss this further in Sect. 4.3.

Studies have also shown that low-mass galaxies (at M, <
1033 M) experience a more stochastic, bursty star formation
than their higher-mass counterparts (e.g., Ciesla et al. 2024,
Perry et al. 2025; Covelo-Paz et al. 2025). The NEWHORIZON
and NEWCLUSTER simulations both capture this bursty star for-
mation (see details in Dubois et al. 2021; Han et al. 2026). The
SFH of our galaxies shows evidence of bursty star formation
over timescales of ~10Myr (see Appendix D and Fig. D.1).
This means that while the IR conversion to SFR offers a good
estimate of SFRs time-averaged over 100 Myr, it fails to do
so when galaxies undergo bursty episodes of star formation,
leading to increased uncertainties, particularly for low-mass
NEWHORIZON galaxies (M, < 10° My). This agrees with the
literature.

4.3. Hybrid SFR (IR + UV)

Figure 6 shows the hybrid SFR estimated using Eq. (7) versus
SFR gomyr for our sources. We find a slope very close to unity
(0.93 +0.04) and an offset of 0.1 dex. As expected from the pre-
vious discussion on SFRg, the dispersion significantly decreases
to 0.27 dex.

The scatter significantly decreases for the less massive
NEWHORIZON sources, dropping from 0.41 dex for IR-inferred
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SFRs (see Fig. 5) to 0.3 dex, but only a slight decrease in scatter
is observed for NEWCLUSTER sources (from 0.28 to 0.25 dex).
The lower gas content (cc dust content) in these systems leads
to significant UV photon leakage (see Fig. C.1), which makes
the IR luminosity an incomplete tracer of the total star forma-
tion. By accounting for the unattenuated UV component, the
hybrid tracer recovers the escaped radiation, providing a more
robust SFR time-averaged over 100 Myr particularly for the low-
mass regimes (M, < 10° M,). Additionally, the offset decreases
from 0.1 to 0.06 dex when the galaxies are rotated to an edge-on
configuration (Fig. B.1). This improvement is likely due to the
increased optical depth along the line of sight, which decreases
the sensitivity to UV luminosity variations that may contribute
to the observed offset.

Despite these improvements, a scatter of 0.27 dex remains.
This suggests that while the hybrid SFR corrects for underes-
timated IR luminosities due to UV-photon leakage, it cannot
eliminate uncertainties arising from SFH stochasticity and the
stochastic heating of small dust grains, both of which contribute
to the scatter of IR luminosities.

4.4. [Cu] SFR

In Fig. 7 we plot Licyy as a function of SFR oo my,. We performed
a linear regression fit to our sample of simulated sources, deriv-
ing the following relation:

log (Licuy/Lo) = (6.060.09)+(1.39£0.10) log (SFR/Muyr ™).
(&)

The slope we found is generally steeper than most values
derived in the literature. Schaerer et al. (2020) derived the rela-
tion for massive (M, > 10'° M) z ~ 5 ALMA-observed sources
from the ALPINE (Le Fevre et al. 2020; Fudamoto et al. 2020)
sample of galaxies, finding a slope close to unity (0.96 + 0.09).
Our values are closer to the findings of Accard et al. (2025),
however, where the reported slope was ~1.25 + 0.25 using
resolved measurements of ALMA-observed galaxies at z ~ 5.
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Harikane et al. (2020) find an even steeper slope = 1.6 for a sam-
ple of z = 6-9 ALMA-observed galaxies. Lagache et al. (2018)
derive a relation that varied with redshift, where the slope = 1.05
at z = 5 for a sample of semi-analytical simulated galaxies
with Licyy > 107 L. Interestingly, some of our sources, particu-
larly at similar L;cyy, lie on the relation found in Lagache et al.
(2018). Olsen et al. (2017) found a significantly shallower slope
of 0.58 + 0.11 at z = 6 for a sample of 30 main-sequence
galaxies from the MUFASA cosmological simulation (Davé et al.
2016), post-processed with CLOUDY. Their inferred [CII] lumi-
nosities are generally fainter (6 X 10° < Licmyp < 6% 107 Ly)
than those in Lagache et al. (2018). By limiting our sample to
the respective luminosities of the mentioned samples, we found
slopes of 0.99 + 0.18 and 0.37 + 0.09 — both of which agree
with Lagache et al. (2018) and Olsen et al. (2017). This high-
lights that the slope of the Ljcy; — SFR relation may depend on
the luminosity range probed.

The inferred SFRs show a uniform behavior in both sam-
ples. We found that they reproduce SFRgomy: With a scatter of
0.35 dex at all inclinations (see Fig. B.1). Because [CII] is gen-
erally optically thin and is unaffected by dust attenuation, we
expect no significant variations in the integrated luminosities or
the corresponding inferred SFRs. De Looze et al. (2014) demon-
strated that while a correlation exists between the [CII] emission
and SFR, this relation is dispersed, where they found a scatter of
~0.41 dex for observed galaxies. Recent results of the resolved
[CH] — SFR relation (Accard et al. 2025) of ALMA-observed
galaxies at z ~ 5 show a smaller intrinsic of 0.19 dex, suggest-
ing that properly accounting for measurements and their uncer-
tainties can significantly decrease the scatter. It was also shown
that the relation is highly dependent on gas density, metallic-
ity, and dust temperature (see also Herrera-Camus et al. 2015;
Liang et al. 2024).

While our data are unaffected by observational uncertain-
ties, we further studied the dependence of this correlation on
the physical parameters of the ISM. In SKIRT, the [CII] line is
produced using the TODDLERS template for star-forming regions.
To this end, we computed for each galaxy the median gas den-
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+1 dex, respectively. In the top left corner of each plot, the dispersion of the entire sample is shown.

sity and the median metallicity of star-forming regions with stel-
lar ages <10 Myr (see Sect. 3.1 for our detailed configuration in
SKIRT). In the left and middle panels, we show the Ljcy) — SFR
color-coded by the gas metallicity and density, respectively.
Galaxies with a lower metallicity clearly lie above the relation
and galaxies with a higher metallicity lie below it, while the gas
density shows the opposite of the trend found for the metallicity.

We also assessed the dependence on the dust temperature
(right panel). For simplicity, we estimated the dust temperature
by assuming Wien’s law® (Apeax T = 2.989 x 103 um K). How-
ever, most of the peak source temperatures are ~33 K, making
the sample relatively homogeneous. Only a few sources have
higher temperatures, reaching ~40 K, and over this limited 10 K
range, a temperature dependence is not evident.

5. Discussion
5.1. Effect of the DTM ratio on SFRs

The DTM has been studied in depth, particularly in the local
Universe (e.g., Rémy-Ruyer et al. 2014; De Vis et al. 2019). At
higher redshifts, studies suggest that the DTM ratio depends on
the gas metallicity (e.g., Li et al. 2019) and redshift (e.g., Inoue
2003). Popping et al. (2017) found a varying DTM with gas
metallicity, stellar mass, and redshift, with DTM < 18% atz = 5
for all metallicities and stellar masses, which is consistent with
the relation of Vogelsberger et al. (2020). A ratio similar to the
Galactic one was also adopted throughout the literature (~40%
Liang et al. 2019). In this section, we explore higher DTM ratios,
particularly 25% and 40% (in addition to the previously adopted
value of 16%), to understand its effect on the inferred SFRs. The
results are shown in Fig. 8 for all four tracers.

As expected, the scatter for the Ha-derived SFRs increases
substantially (from 0.37 to 0.5 dex). At these wavelengths, the
attenuation strongly affects the ability to recover the intrin-
sic SFRs, and as previously stated, larger dust reservoirs
(i.e., higher optical depths for a fixed galaxy size) introduce
more scatter due to the complexity of attenuation curves (e.g.,
Scicluna & Siebenmorgen 2015; Lin et al. 2021). Additionally,
the total sample decreases due to HB nondetections for DTM =
40% with a total of 71 sources, compared to 85 sources for a

% At a fixed dust emissivity 3, the correction applied to the Wien peak
temperature to derive, for example, the modified blackbody temperature
results in a constant rescaling (Liang et al. 2019).

DTM of 16%, further increasing the scatter. In contrast, [C11],
IR continuum, and hybrid (UV+IR) SFRs show little to no vari-
ation when the DTM changed. Nevertheless, we found a mod-
est increase in the IR-inferred SFRs, by a factor of 1.13, when
we adopted a DTM of 40%. This trend reflects the higher dust
masses at higher DTM values, which enhance the far-IR peak
of the SED and thus increase the total IR luminosities. In addi-
tion, the scatter in the IR-inferred SFRs decreases slightly, from
0.37 to 0.35dex, which is driven by the increased dust column
densities that limit the leakage of UV photons.

For the remainder of the study, we adopt DTM = 16% unless
stated otherwise.

5.2. Ha attenuation

The Ha-derived SFRs are strongly dependent on the assumed
attenuation law. While the Calzetti et al. (2000) laws have been
widely used for high-z studies, particularly the calibrations made
for local starbursts, we are still limited in our understanding
of the ISM at these redshifts. We explored the attenuation
curve for our simulated sources from the NEWHORIZON and
NEWCLUSTER simulations.

Using the TODDLERS library, we processed the sources with
SKIRT while excluding dust (includeDust="false") following
the same criteria as outlined in Sect. 3.1. This allowed us to
recover the intrinsic Ha line flux. Combined with the atten-
uated line fluxes, we estimated the Ha attenuation Ay, =
—2.510g(Fobs/ Fint). We also estimated the ratio of Hae and HB
attenuation curves, Ky, /kng, using Eq. (5). In Fig. 9 we show the
derived attenuation curve ratios for a varying DTM compared to
some of the attenuation laws in the literature.

We found that our sources exhibit a large scatter and sys-
tematically lie below the relations derived by Tacchella et al.
(2022) and Kapoor et al. (2024) for local simulated sources
and post-processed with SKIRT. We note that their curves were
derived from spatially resolved maps, which we did not pur-
sue. As expected, the attenuation (Ay,) increases with DTM.
For the NEWHORIZON and NEWCLUSTER sources, the result-
ing kyo /kup ratios span broad ranges: for DTM = 16%, the val-
ues range from ~0.4-0.7, for DTM = 25%, they range from
~0.5-0.7, and for DTM = 40%, they range from ~0.55-0.72
(see the histogram in Fig. 9). These values agree in general
with earlier high-redshift studies (z < 3; e.g., Buatet al. 2012;
Kriek & Conroy 2013; Reddy et al. 2015) and more recent ones
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simulated galaxies from Tacchella et al. (2022) (dashed gray line)
and Kapoor et al. (2024) (dash-dotted teal line) and that derived by
Calzetti et al. (2000) (dashed blue line) for local starbursts are shown.
Right: Distribution of the derived attenuation law ratios for our sources
at different DTM ratios.

with JWST (Cooper et al. 2025), who argued that attenuation
curves are steeper (i.e., lower ky,/kpg values) at these red-
shifts than the widely used curve with a ratio ~0.7 found by
Calzetti et al. (2000) for local starbursts. Additionally, the atten-
uation curves flatten with DTM, as expected because the opti-
cal depth increases (Narayanan et al. 2018). Sources from both
simulations exhibit differences in the attenuation curve, where
NEWHORIZON galaxies exhibit shallower curves (i.e., higher
kto/kup values) and vice versa, which are attributed to their
physical conditions (e.g., Shivaei et al. 2020, 2026). By using
an average value of the attenuation curve ratio of 0.58, we
reestimated the Ha-corrected SFRs (see Fig. E.1) and found
a significant decrease in the scatter that reached 0.16dex at
SFR < 5M, yr~!, but underestimated the SFR by a factor of ~2
at higher SFRs. These results highlight the importance of obtain-
ing a more diverse library of attenuation curves that can con-
strain the corrections applied to the attenuation at high z better.

5.3. [Cu] deficit

In the local Universe, the [CII] deficit is defined as a sys-
tematic decrease in the Ljcy/Lir ratio with increasing Lig,
observed for luminous and ultra-luminous infrared galaxies
(e.g., Mufioz & Oh 2016; Diaz-Santos et al. 2017). In contrast,
at highz, it is used to describe galaxies with Licy)/Lir < 1073 for
IR-bright sources (310'? L), even in the absence of a decreas-
ing trend. This deficit is attributed to different factors, such as
increased dust column densities, reduced photoelectric heating,
or [CII] saturation at a high gas temperature (e.g., Casey et al.
2014; Goicoechea et al. 2015; Muioz & Oh 2016).

In Fig. 10 we plot the Licy/Lir ratio estimated for the
NEWHORIZON- and NEWCLUSTER-simulated galaxies as a
function of the IR luminosity. The Ljcy;/Lir ratio varies between
~107* and ~2 x 1073 for the entire sample. Within the luminos-
ity ranges we considered, particularly within the 10''-10' L
range, the ratio is comparable to that of z ~ 5 sources.
For comparison, we plot the ALPINE-[CII] survey sources
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(Schaerer et al. 2020), which align with the most luminous
NEWCLUSTER sources, even though they occupy a narrow range
in the Licyy/Lir — Lir space. While ALPINE sources are more
massive than NEWCLUSTER galaxies, we were able to repro-
duce the observed ratios of bright [CII] emitters on average.
In general, we found that galaxies from both simulations dis-
play an increasing trend in the Licy/Lir — Lir plane. However,
some sources deviate from the general trend and show excep-
tionally low ratios. To explore the deviation from the general
trend, we investigated the ratio dependence on gas metallicity
and gas density, represented by color maps in Fig. 10. In the
left panel, a clear deviation is observed for some sources with
increased metallicities, where the Ljcyj/Lir ratio decreases with
increasing Lir, particularly for the NEWCLUSTER sources. In the
right panel, the gas density shows a similar trend, where a [CII]
deficit appears to follow sources with a lower gas density. At this
stage, it is difficult to draw conclusions from a few data points.
As reported previously, we found no difference in the [CII] lumi-
nosities and a modest increase of 13% in IR luminosities while
varying the DTM ratios, which means that increased dust col-
umn densities would not affect the [CIT]-IR luminosity ratios of
our sample significantly.

5.4. Lir with realistic IR sampling

In Sect. 4.2 we presented an ideal-case scenario of estimating
Lir assuming that we are able to sample the IR SED between rest
frames 8 and 1000 um. However, this is not a realistic coverage
for high-z galaxies, whose current sampling is limited to a few
measurements in the far-IR with instruments like ALMA and,
when available, mid-IR from JWST-MIRI. Particularly, some
of the [CH] surveys at z > 4 are limited to one photomet-
ric measurement in the IR, which has motivated approaches
based on stacking (e.g., Béthermin et al. 2020) or deriving
dust temperatures from a single continuum measurement com-
bined with priors or scaling relations (Sommovigo et al. 2022).
Béthermin et al. (2020) also derived the ratio of monochromatic
continuum luminosity to the total IR luminosity. We investigated
two approaches: 1) luminosities inferred from a modified black-
body, and 2) monochromatic luminosities (vL,) at a rest-frame
frequency v.

To understand whether a modified blackbody (MBB) might
estimate a reliable Ligr, we assumed that we are able to sam-
ple the peak of dust emission in addition to the photometric
data from ALMA band 7, where the [CII] line is observed. For
galaxies at z = 5, the peak of dust emission is roughly in the
observed wavelength range 4 ~ 0.4—0.5 mm, which is covered
by ALMA Band 9. From SKIRT, we obtained the broadband
fluxes” of ALMA bands 7 and 9 with central wavelengths at 450
and 940 um, respectively (see Fig. 2). The data were fit with a
single-temperature MBB in its optically thin form and sampled
using EMCEE (Foreman-Mackey et al. 2013). We followed the
method described in Ismail et al. (2023), which also accounts for
the CMB effects (da Cunha et al. 2013), but we fixed the value
of the dust emissivity index to 8 = 2.2 following the findings in
Ismail et al. (2023), Algera et al. (2025), Boogaard et al. (2026).
In the case of monochromatic luminosities, we estimated vL, for
ALMA bands 7 and 9, which correspond to rest-frame wave-

lengths Ag> o = 75um and Ag% . ~ 157 um at z = 5, respec-
tively.

7 SKIRT computes broadband fluxes by convolving them with
the built-in transmission curves for each band. See more:
skirt.ugent.be/skirt9/class_broad_band.html.
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12.5
B Modified blackbody

vLy ALMA Band 9
UL, ALMA Band 7

12.0 4

1154 *

11.0 1

10.5 4

10.0 A

9.5 1

IOg II'-IR, appma(h”-o

— = offset = —0.29 dex
— offset = —0.27 dex
-~ offset = —0.64 dex

T T T T
9.5 10.00 105 11.0 115 12.0

log LR, Total /Lo

12.5
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ALMA band 7. The black line is the identity line, and the dashed black,
solid red, and dotted blue lines represent the best fit of each inferred Lig.

In Fig. 11 we compare IR luminosities inferred from the dif-
ferent approaches to the total Lig derived from a fully sampled
continuum in Sect. 4.2. We also fit a power law to assess the
relation between them. We found that all three cases, the MBB
and the monochromatic luminosities, systematically underesti-
mate the total IR luminosity, but the resulting slopes are ~1.
The MBB fit underestimates the total luminosity by a factor of
~2 (—=0.29 £ 0.06 dex). This is expected since the MBB mod-
els the far-IR emission of large thermal dust grains, but fails to
capture the contribution from small grains and polycyclic aro-
matic hydrocarbons at wavelengths Ay < 50 um. Interestingly,
the monochromatic luminosity at ALMA band 9 performs simi-
larly to the MBB with an offset of —0.27 + 0.08 dex. This arises
because band 9 closely samples the peak of the dust SED of
our sample. Because our galaxies exhibit a relatively uniform

peak dust temperature of ~33 K (see Sect. 4.4), the monochro-
matic measurement at rest-frame 75 um captures the bulk of the
energy emission with little scatter, which would not be the case
if the dust temperature varied. The monochromatic luminosity
in band 7, on the other hand, underestimates the total Lig by a
factor of ~4.4 (0.64 £+ 0.19 dex), which is smaller than the factor
found in Béthermin et al. (2020, ~6.5), but their SEDs exhibit
dust temperatures >40 K. While the correlation stays tight fol-
lowing a nearly linear slope (0.98 + 0.02), the scatter is larger
since the emission is sensitive to the dust mass and dust grain
properties at these wavelengths, assuming a constant dust tem-
perature. Nevertheless, the linearity of these relations provide a
framework based on which we can correct for the total Lig for
z = 5 galaxy samples, where current observations are limited in
photometric measurements.

6. Summary and conclusions

We analyzed simulated galaxies at z = 5 drawn from two hydro-
dynamical cosmological zoom-in simulations, NEWHORIZON
and NEWCLUSTER, which were post-processed with the 3D
radiative transfer code SKIRT. We derived SFRs using observ-
ables relevant at high z: the Ha nebular emission line, the [CI1]
158 um fine-structure line, and the FUV and IR continua. These
observables were generated at spectral resolutions comparable to
those of current facilities, namely JWST and ALMA. We further
examined how the inferred SFRs depend on the physical prop-
erties of the interstellar medium and on intrinsic factors such as
the viewing angle and the dust-to-metal ratio. Our main findings
are summarized below.

— The Ha—inferred SFRs, corrected via the Balmer decre-
ment, reproduce the intrinsic SFRs with timescales of 10 Myr
using the Reddy et al. (2022) conversion, while it is over-
estimated with the Kennicutt (1983) conversion. Neverthe-
less, the inferred SFRs exhibit the largest dispersion of all
tracers, with a scatter that varies between 0.3 to 0.5dex
for the entire sample because it depends on the view-
ing angle and the assumed dust-to-metal ratio. For more
massive sources (M, > 10°My), the scatter is signifi-
cantly larger (~0.5dex) than for the lower-mass galaxies
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(~0.2 dex), primarily because their dust reservoirs are larger
and their dust optical depths are correspondingly higher,
which increases the complexity of attenuation corrections.
We inferred an effective attenuation ratio of kpo/kps span-
ning 0.4-0.7 across different dust-to-metal ratio assump-
tions, which is generally steeper than the canonical ratio of
0.7 that is usually assumed. A value of 0.58 reduces the
scatter at low SFRs, but leads to an underestimation of the
inferred SFRs by a factor of ~2 at high intrinsic SFRs.

— The IR-inferred SFRs reproduce intrinsic SFRs time-
averaged over 100 Myr with a slope close to unity and a
small offset of —0.19 that underestimates intrinsically low
SFRs. These SFRs exhibit a significant scatter of 0.37 dex
that is due to bursty SFHs and to UV-photon leakage, which
becomes significant in galaxies with a lower gas content.
Under a realistic sampling of the IR energy distribution, we
derived correction factors to recover the IR luminosities from
limited data. We found that Lz is underestimated by a fac-
tor of ~2 for a MBB and monochromatic luminosities at the
peak of the SED (ALMA band 9 in this case). Measurements
along the RJ tail with ALMA band 7 exhibit a larger under-
estimation by a factor of ~4.4.

— The hybrid SFR (UV + IR) shows a lower scatter of 0.27 dex
than IR-based SFRs. The inferred SFRs reproduce intrinsic
SFRs over 100 Myr timescales, with a slope close to unity
and a small offset of 0.1 dex. This hybrid estimator mitigates
the effect of UV-photon leakage that contributes to the scatter
in IR continuum-based SFRs while simultaneously avoiding
the need for uncertain dust attenuation corrections to the UV
emission. This makes it a robust SFR tracer for UV-selected
samples, particularly for galaxies with a lower gas content.

— The [Cr]-inferred SFRs show a consistent but relatively high
scatter of 0.36dex around the identity line. We found the
[C1] to be independent of the viewing angle and DTM ratio,
making it more robust as a SFR tracer than the former opti-
cal line. The Licy; — SFR relation for our sample of galax-
ies exhibits a steep slope of ~1.4 and a high scatter. We
demonstrated that the steepness of this relation is sensitive
to the range of luminosities assumed for the fit, and the scat-
ter depends on gas metallicity and gas density. This agrees
with literature studies. We also showed that our most mas-
sive galaxies from NEWCLUSTER reproduce the Licy/Lir
ratios of ALMA-observed sources from the ALPINE survey.
A general increasing trend is observed between Lici/Lir
and LR, but a [CII] deficit is not very clear with the current
galaxy sample.

In summary, we provided quantitative benchmarks for widely
used observables at z = 5 across galaxies spanning a wide range
of stellar masses (8 < logM.,/M, < 10). In the future, we
will explore these tracers in more detail, particularly the emis-
sion lines, while also integrating nonuniform dust distribution
and properties that are modeled on the fly in the NEWCLUSTER
simulation.
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Appendix A: Choice of number of photon packets

To determine the number of photon packets required for an
optimal balance between the signal and the Poisson noise, we
perform a test on the most massive galaxy from NewCluster
(M, = 1.1 x 10'°M,) by varying the number of photon packets
between 10° and 10% photons. As shown in Fig. A.1, the Pois-
son noise decreases significantly for 5 x 107 photon packets for
emission lines in the optical and far-IR with different spectral
resolutions. However, there is no significant change when using
a larger amount of photons.

Flux density

Ha + [NII] [s1]

1e8 photons lef photons === 5ef photons —— 3e7 photons  —— 1e7 photons

Flux density

[CIN] 158 um
T T

wavelength

Fig. A.1. Zoomed-in view of a galaxy SED showing optical (top) and
far-IR (bottom) spectral lines computed using different numbers of pho-
ton packets.

Appendix B: SFR variation with inclination

We investigate the impact of the galactic viewing angle on the
derivation of SFRs across different tracers. Figure B.1 compares
the SFRs inferred from He, [CI1], total IR luminosity, and hybrid
(UV + IR) luminosities against the intrinsic SFRs averaged over
10 and 100 Myr. By varying the inclination from face-on to edge-
on, we observe how dust attenuation and geometry affect the
scatter and bias of these indicators which is further discussed in
Sect. 4. Overall, the Ha-inferred SFR is the most sensitive to dust
attenuation, showing an increasing scatter especially at 60° and
edge-on configurations. In contrast, the other tracers show little
to no dependence on viewing angle, highlighting their robustness
against geometric effects and dust optical depths.
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Fig. B.1. Left to right: SFR comparisons of Ha versus SFRowmy,, [CIT] at 158 um versus SFRggmyr, IR versus SFR joomyr, and (UV + IR) versus
SFR joomyr for galaxies in the NEWCLUSTER (black squares) and NEWHORIZON (red circles) simulations. Each row corresponds to the different
viewing angles: face-on, 30°, 60°, and edge-on (top to bottom). The solid gray line is the identity line, while the dashed, dotted and dash-dot lines
indicate offsets of +0.3, +0.7, and +1 dex, respectively. On the top left corner of each plot, the dispersion of the entire sample is shown.

A102, page 15 of 16



Ismail, D., et al.: A&A, 710, A102 (2026)

Appendix C: Leakage of UV photons: Effect on
SFRir scatter

The relationship between Lir and the SFR relies on the assump-
tion that dust effectively absorbs and reprocesses UV radia-
tion from young stars. To understand whether the scatter dis-
cussed in Sect. 4.2 is dominated by UV photon leakage, we
explore the SFRig — SFRgomyr as a function of L /Lpyv ratio.
Figure C.1 shows that IR SFRs are systematically underesti-
mated as Lig/Lgyy ratio becomes smaller, and it is more pro-
nounced for low-mass galaxies (NEWHORIZON). Conversely,
sources with IR-to-UV ratios ~1 are closer to the identity line.
This highlights that UV-photon leakage contributes significantly
to the scatter observed, particularly for underestimated SFRs. On
the other hand, Lir/Lryv > 1 do not show a systematic offset
and likely reflect effects such as stochastic star formation histo-
ries and stochastic heating of small dust grains, rather than UV
leakage.

O
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Fig. C.1. IR inferred SFRs versus time-averaged SFR over 100 Myr for
NEWCLUSTER (squares) and NEWHORIZON (circles) simulated galax-
ies. We color code the data points based on the ratio of the total IR
(8—1000 um) and far-UV (1500/5\) luminosity (see Sect. 4.2 for details).

Appendix D: Star Formation History: effect on Lig

We select sources from the simulations with the largest scatter in
the SFRir — SFRgomyr plane (Fig. 5) with residuals larger than
0.5 dex, and derive the SFH over 200 Myr to inspect their bursti-
ness at the galaxies’ young age (< 20 Myr). In Fig. D.1, we show
in black and red the SFH of NEWCLUSTER and NEWHORIZON
sources, respectively, which clearly display rising peaks of SFRs
att ~ 10 Myr. The burstiness is seen to be stronger in lower mass
galaxies from NEWHORIZON with M, < 10° M, and a contin-
uous decreases before stabilizing the rate of star formation in
comparison to higher mass ones from NEWCLUSTER. For com-
parison, we also plot the SFH of sources from simulations with
residuals < 0.2 dex in gray and light red, where the SFRs show
a more stable evolution with time.
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Fig. D.1. SFR as a function of lookback time relative to z = 5, shown
over 200 Myr interval. The black and dark red lines corresponds to the
NEWCLUSTER and NEWHORIZON sources, respectively, with SFRg
residuals > 0.5dex. The gray and light red lines corresponds to the
NEWCLUSTER and NEWHORIZON sources, respectively, with SFRg
residuals < 0.2 dex. (see Sect. 4.2 for details).

Appendix E: SFR with updated attenuation curves

To evaluate the improvement provided by attenuation modeling,
we compare the Ha-inferred SFRs using the dust attenuation
ratio derived in Sect. 5.2. Figure E.1 displays the results using
the standard Calzetti et al. (2000) law and our updated curves,
which displays a tighter correlation between Ha-inferred SFRs
and the intrinsic SFR oMy, and a significant decrease in the scat-
ter compared to the canonical attenuation curve. Nevertheless, a
systematic offset is observed for intrinsically higher SFRs, lead-
ing to their underestimation by a factor of ~2.

103 —
m NC KH,J/KHB =0.58 - } ,/’
® NH Kya/Kip = 0.58
1024 ® NCCalzetti “
- © NH Calzetti et
\; .EI
© 14
= 10
=}
I
o
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N 100 4
101 F

10! 10° 103

SFRiomyr [Mo yr™11

10°

Fig. E.1. Ha-inferred SFRs versus 10 Myr time-averaged SFR.
NEWHORIZON sources are shown in red circles, while NEWCLUSTER
ones are shown in black squares. The solid colors indicate the SFRs
inferred using the attenuation curves derived in Sect. 5.2 with kg, /kug =
0.58, while transparent colors denote SFRs inferred with Calzetti et al.
(2000) attenuation law. The dashed line represents the identity line.
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