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ABSTRACT

A newfound interest has been seen in narrowband galaxy surveys as a promising method for achieving the necessary accuracy on
the photometric redshift estimate of individual galaxies for next-generation stage IV cosmological surveys. One key advantage is the
ability to provide higher spectral resolution information on galaxies, which ought to allow for a more accurate and precise estimation
of the stellar population properties for galaxies. However, the impact of adding narrowband photometry on the stellar population
properties estimate is largely unexplored. The scope of this work is two-fold: 1) we leverage the predictive power of broadband and
narrowband data to infer galaxy physical properties, such as stellar masses, ages, star formation rates, and metallicities; and 2) we
evaluate the improvement of performance in estimating galaxy properties when we use narrowband instead of broadband data. In
this work, we measured the stellar population properties of a sample of galaxies in the COSMOS field for which both narrowband
and broadband data are available. In particular, we employed narrowband data from the Physics of the Accelerating Universe Survey
(PAUS) and broadband data from the Canada France Hawaii Telescope legacy survey (CFHTLS). We used two different spectral
energy distribution (SED) fitting codes to measure galaxy properties, namely, CIGALE and PROSPECTOR. We find that the increased
spectral resolution of narrowband photom try does not yield a substantial improvement in terms of constraining the galaxy properties
using the SED fitting. Nonetheless, we find that we are able to obtain a more diverse distribution of metallicities and dust optical depths
with CIGALE when employing the narrowband data. The effect is not as prominent as expected, which we relate to the low narrowband
signal-to-noise ratio (S/N) of a majority of the sampled galaxies, the respective drawbacks of both codes, and the restriction of
coverage to the optical regime. The measured properties are compared to those reported in the COSMOS2020 catalogue, showing a
good agreement. We have released the catalogue of measured properties in tandem with this work.

Key words. techniques: photometric — galaxies: star formation — galaxies: stellar content

1. Introduction

The stellar content of galaxy populations offers important insights
into galaxy evolution and formation, as the physical properties
can provide a direct indicator of evolutionary paths for tracing
star formation histories and metal enrichment. At the same time,
the physical properties of galaxies are predictive with respect to

* Corresponding author; benjamin.csizi@uibk.ac.at

effects relevant to cosmological studies of galaxies, particularly
for their clustering bias and the degree of the intrinsic alignment
of a galaxy’s shape relative to the local tidal field (Benson et al.
2000; Li et al. 2006; Joachimi et al. 2013; Samuroff et al. 2021).
It is therefore vital to determine the distribution and the evolution
of stellar populations to constrain models of galaxy evolution and
answer current cosmological questions.

The common technique used to obtain galaxy stellar popula-
tion properties from photometric data is spectral energy distribu-
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tion (SED) fitting (for a review, see e.g., Conroy 2013). This pro-
cess requires three main ingredients, namely: the observational
data, a physical model of the galaxy population, and a method of
statistical inference to connect them. The fluxes or apparent mag-
nitudes of observed or simulated galaxies are related not only to
the underlying stellar population, but also depend on redshift, the
emission from gas and dust in the interstellar medium (ISM),
the history of star formation, and the dust attenuation of light
along the line of sight. A template-based fitting process hence
has to account for these contributions, which has the potential to
introduce a large number of degrees of freedom into the routine,
increasing consequently the complexity of the estimation.

The optimization of the SED fitting parameter space and a
statistically powerful and efficient approach is vital for the char-
acterization of galaxy populations in large-scale surveys. There-
fore, a collection of panchromatic SED codes have been devel-
oped based on stellar population synthesis (SPS) to forward-
model the galaxy population and fit a spectrum motivated by the
physical processes that account for the observed spectral distri-
butions (Walcher et al. 2011). These codes employ a variety of
different frameworks or templates, as well as various Bayesian
methods, such as Markov chain Monte Carlo sampling or y?
minimization on a model grid (Conroy 2013; Thorne et al. 2021;
Pacifici et al. 2023).

These SED fitting codes work by fitting real galaxy fluxes
with ones generated from template SEDs. The higher the resolu-
tion of the photometric data, the more reliable will be the galaxy
properties estimated via SED fitting. Additionally, the character-
istics of the models generated by the fitting code influence the
quality of the estimation, depending on their ability to describe
the plethora of observed galaxies accurately. Different initial
mass functions (IMFs) or dust attenuation laws for instance, as
well as assumptions about the stellar metallicity, may introduce
a difference in stellar mass estimates at a ~0.2 dex level (see
e.g., Speagle et al. 2014; Bernardi et al. 2018) or bimodality in
the stellar mass distribution (Mitchell et al. 2013). Previous tests
on mock catalogs by Mejia-Narvéez et al. (2017) determined an
improved accuracy in physical parameter estimation from the
Javalambre-PAU Astrophysical Survey (J-PAS) narrowband data
in comparison to broadband fluxes for passive galaxies only.
Additionally, studies with PAUS mocks showed high capability
to recover galaxy color-redshift relations (Manzoni et al. 2024).

Narrowband surveys can be a powerful niche between
spectroscopy and photometry for this task. While wavelength-
resolved spectroscopic data only comes at a detriment to tar-
get selection biases, flux-limitation, and long integration times,
broadband photometric surveys lack spectral resolution. How-
ever, an increased number of filter bands with narrow band-
passes can deliver a quasi-spectroscopic energy resolution with
high accuracy photometric redshifts, while the imaging approach
ensures time efficiency and thus a large sample size, which are of
paramount importance for statistical cosmological research and
the creation of a global model of the galaxy population. One such
narrowband survey is the Physics of the Accelerating Universe
Survey (PAUS) conducted at the Obervatorio del Roque de los
Muchachos on La Palma, Spain (Benitez et al. 2009; Marti et al.
2014; Serrano et al. 2023). The survey uses 40 uniformly spaced
narrowband filters with a full width at half maximum (FWHM)
of 12.5nm in the optical and achieves photo-z precisions up
to 0(2)/(1 + z2) ~ 0.0057 for iag < 22.5 over a volume of
0.3 (GPc/h)® (Eriksen et al. 2019; Alarcon et al. 2021; Soo et al.
2021; Cabayol et al. 2023; Navarro-Gironés et al. 2023).

Previous medium- and narrowband surveys such
as ALHAMBRA (Diaz-Garcidetal. 2015), miniJPAS
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(Gonzilez Delgado et al. 2021), and J-PLUS (San Roman et al.
2019) have demonstrated the constraining power of selected
SED codes in the analysis of simulated and observed data.
Studies on PAUS photometries have shown the estimation
capabilities for galaxy properties (Tortorelli et al. 2021) and
the improved detection of spectral features such as the 4000 A
break (Stothert et al. 2018; Renard et al. 2022). Nevertheless,
the gain of narrowband photometry for the estimation of
physical properties in comparison to ugriz data alone has not
been conclusively quantified yet and many widely used SED
fitting codes still remain to be tested. The degeneracy of galaxy
properties such as metallicity, age, and dust parameters lead
to correlated influences on the SED that cannot be broken by
the spectral forward-model (Worthey 1994; Sawicki & Yee
1998; Bell & de Jong 2001; Papovich et al. 2001). A quasi-
spectroscopic energy resolution in the optical (average R ~ 65),
could be able to improve the constraints on galactic SFHs due
to the capture of spectral features that trace galaxy properties,
such as the 4000 A break or the HB index as stellar evolutionary
trackers to infer ages (Leeetal. 2000), in addition to, for
example, abundance ratios from emission lines to estimate
the metal enrichment of the stellar population (Tremonti et al.
2004).

In this work, we employ narrowband data from PAUS
and broadband data from the Canada-France-Hawaii Telescope
Legacy Survey (CFHTLS, Cuillandre et al. 2012; Gwyn 2012)
to determine galaxy stellar population properties in the PAUS-
COSMOS field with two SED fitting codes, namely CIGALE
(Burgarella et al. 2005; Noll et al. 2009; Boquien et al. 2019)
and PROSPECTOR (Leja et al. 2017; Johnson et al. 2021). We
apply the SED fitting routine to a sample of PAUS-observed
galaxies, fitting both the narrowband and broadband combined
as well as the broadband data alone, to determine the distribution
of properties, quantify the benefit of the PAUS narrowband filter
set, and identify drawbacks and advantages of the two codes.

The two SED fitting codes have a range of hyper-parameters
that can be tuned by the user. Therefore, in order to iden-
tify the best set of hyper-parameters that can be later applied
to data, we generated a set of synthetic PAUS-like galaxies
simulated with PROSPECTOR and the underlying Flexible Stel-
lar Population Synthesis (FSPS) framework (Conroy et al. 2009;
Conroy & Gunn 2010; Johnson et al. 2022). The knowledge of
the true values of simulated galaxy properties allows us to adjust
the hyper-parameter space and benchmark the two codes against
one another. The tuned parameter space is then used to measure
stellar masses, star formation rates (SFRs) and mass-weighted
ages for observed galaxies in the COSMOS field. The results
are then compared to the COSMOS2020 catalog (Weaver et al.
2022), to which our sample is cross-matched by RA
and Dec.

Section 2 describes the PAUS and CFHTLS observational
data used in our work. Section 3 presents in detail the two
SED fitting codes CIGALE and PROSPECTOR. Furthermore, we
also provide a description of how we generate the library of
mock galaxies and the priors. In Sect. 4, we tune the hyper-
parameter of CIGALE and PROSPECTOR by fitting mock galaxy
photometry and compare the results between the two codes.
Section 5 uses the tuned hyper-parameter space to measure the
stellar population properties of observed galaxies in the COS-
MOS field with narrowband-+broadband, as well as broadband
only, and compares them against COSMOS2020 catalogue prop-
erties. Throughout this work, we assume a flat ACDM cosmol-
ogy with Q,, = 0.32, Q4 = 0.68, and Hy = 67.4kms™! Mpc™!
(Planck Collaboration VI 2020).



Csizi, B., et al.: A&A, 689, A37 (2024)

e
o0

l CFHTLS broadbands
I W PAUS narrowbands

e
39
T

g

s o
[V B =)
L
4=

—

=

total throughput
o
N
T

o
w
T

e ¢
o
T

e
—_
T

L

4000 5000 6000 7000
wavelength [A]

.

9000

0.0

8000 10000

Fig. 1. Total throughput (including the effects of atmosphere, telescope
optics, filter design and detector assembly) of the 40 PAUS narrowband
filters (colored) spanning the wavelength range from 4550 A to 8450 A
and the CFHTLS ugriz broadband filters (gray).

2. Observational data

This section describes the observational data analyzed in this
work. The PAUS filter set contains 40 equally spaced slightly
overlapping narrowband filters with a FWHM of 12.5 A in the
spectral range from 4550 A to 8450 A. The total throughputs of
the filters, including atmospheric effects, as well as telescope,
filter, and detector effects, such as the CCD quantum efficiency,
are shown in Fig. 1. PAUCam has 18 red-sensitive full depletion
CCDs, of which only the 8 central ones are used for narrow-
band imaging due to vignetting and image curvature. Its filters
were commissioned to the prime focus of the William Herschel
Telescope and they cover a total FOV of ~1 deg? at an average
pixel scale of 0.265” (Benitez et al. 2009; Castander et al. 2012).
We use fluxes, flux errors and photometric redshifts from the
PAUS+COSMOS v0.4 flux/photo-z catalogs hosted on Cosmo-
Hub (Alarcon et al. 2021).

The additional broadband photometry was taken from the
final data release of CFHTLS (Cuillandre et al. 2012). This sur-
vey has been conducted at Mauna Kea, Hawaii, using MegaCam
(Boulade et al. 2003) and covers 175 deg2 in ugriz bands with
sub-arcsecond seeing at a pixel scale of 0.187”. Figure 1 shows
a plot of the total throughput of PAUS narrowbands and the com-
plementary CFHTLS broadband filters.

Both these surveys have common coverage in the COS-
MOS field (=CFHTLS D2 field), which is one of the most
widely observed fields in astrophysics. Originally investigated
by the Cosmic Evolution Survey (COSMOS, Scoville et al.
2007) today there are multi-wavelength data available over
a ~2 deg2 surface centred at RA=150.12deg (10:00:28.6)
Dec =+2.21 deg (+02:12:21.0) (J2000) near the celestial equa-
tor. More recent COSMOS catalogues of improved photometric
redshifts and physical property estimates using a broader wave-
length baseline including narrow- and medium band filters have
since been released (Laigle et al. 2016; Weaver et al. 2022), the
latter of which is used in this work for comparison to our results.
We performed the analysis on the common sample of both sur-
veys, consisting of 25,491 galaxies up to redshift z ~ 2 and
iag ~ 23.5, all of which have observations in all 40 PAUS bands
and the five CFHTLS ugriz bands.

3. Methods

This section describes the SED fitting codes we employed for
estimating galaxy stellar population properties from photomet-
ric data, namely CIGALE and PROSPECTOR, focusing on their
different evaluation approaches for inferring SEDs and the cor-
responding population properties using stellar population syn-
thesis (SPS). We also describe the method we used to cre-
ate simulated galaxy populations using PROSPECTOR with non-
parametric star formation history with independent star forma-
tion rates over several time bins. This library contains synthetic
PAUS and CFHTLS magnitudes and associated errors, as well as
ground truth physical properties, which can then be utilized for
parameter space optimization and the general testing of the SED
fitting accuracy with narrowband photometries.

3.1. CIGALE

The Code Investigating GALaxy Emission (CIGALE), introduced
in its newest python implementation by Boquien et al. (2019),
is a modular SED code covering emission from X-ray and FUV
wavelengths up to the FIR and radio regime. Once a set of mod-
els for the desired contributions to the galactic SED has been
chosen and a range of values for the free parameters has been
set, CIGALE computes the grid of these models and evaluates
them on the data based on their XZ value, which is calculated
according to

v 2
[Fj?b - Zk,l,m Q’k,l,mf/lj (\Pk’ gl’ fm)]

=) = )

J J

Here, F 3}35 is the observed flux in the j* band, o5 is the cor-
responding uncertainty of the observation, and ay . f), are the
model fluxes created from a star formation history ¥, a metal
enrichment £ and additional contributions from for instance dust
or nebulae £. CIGALE draws simple stellar population (SSP) spec-
tra from the Bruzual & Charlot BC0O3 stellar evolution synthesis
templates (Bruzual & Charlot 2003) given an initial mass func-
tion (IMF) and a set of discrete metallicity values. These spectra
are then combined with a parametric star formation history (SFH),
attenuated by a flexible attenuation curve as well as corrected for
emission from ionized gas and interstellar dust. CIGALE takes the
maximum likelihood model from the customized grid with a stan-
dard likelihood £ = exp(—x?/2) as the resulting SED with its
associated properties. For the BC0O3 templates, CIGALE provides
low- and high-resolution spectra, with the latter facilitating emis-
sion line recovery but with an increased run time. Version 2022.1
of the code is used throughout this project.

3.2. PROSPECTOR

While the approach employed by CIGALE can be computation-
ally fast for low-dimensional problems, the grid size grows
exponentially with the number of fitted parameters, thus result-
ing in high computational requirements for a complex param-
eter space. PROSPECTOR, on the other hand, finds the best-fit
SED with Markov chain Monte Carlo (MCMC) sampling from
an initial prior space using the Metropolis-Hastings algorithm
implemented within the emcee package (Foreman-Mackey et al.
2013). PROSPECTOR draws hyper-parameter samples, creates
observed-frame SEDs using the FSPS framework, generates
mock photometry from the model SED and evaluates the log-
likelihood log £(D|6, @), where D is the data and 6,« are
the model parameters and nuisance parameters. For our pur-
poses, we employ a modified log-likelihood that consists of two
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separate likelihood terms, one for the narrowband and one for
the broadband data, as:
log L. = 0.8 log Lng + 0.2 log Lgg. 2)
Given the larger number of narrowbands and their higher spec-
tral resolution, we assigned a greater weight to the narrowband
(NB) likelihood with respect to the broadband one.

Limitations of the code mainly arise from the size or shape
of the parameter priors, as for example large uniform priors pro-
vide a space that is too uninformative or takes too long to reli-
ably cover with a reasonable amount of computing time, while
narrow Gaussians can be too tight for a large sample of vari-
ous galaxy types. PROSPECTOR provides as output the MCMC
chains for all free model parameters of the fitting model, which
constitute probability density functions (PDFs) that can be then
used to infer more statistically reasonable properties. This can
be achieved by exploration of the posterior space to for instance
break degeneracies or analyze multiple peaks in the posterior,
which lead to multiple possible physical property values for the
respective galaxy SED fit. If only the best-fit model is desired,
the maximum a posteriori (MAP) value can be determined from
the chains. The current build v1.1 is used in this work.

3.3. PROSPECTOR -« simulated stellar populations

To calibrate the hyper-parameters of CIGALE and PROSPECTOR
and use them on real data, we generated mock photometry using
the PROSPECTOR code itself. We generate a library of 10000
synthetic galaxies with 0.1 < z < 1.0 and ixg < 22.5. These
ranges are dictated by the PAUS limiting magnitude and the cov-
erage of the bulk of the PAUS redshift distribution. We used the
PROSPECTOR-a-model described in Leja et al. (2017), Leja et al.
(2019) to create the photometric data and the associated set of
physical properties. This setup uses a non-parametric SFH, a
two-component Charlot & Fall (2000) curve for modeling the
dust attenuation separated based on contributions from stellar
birth clouds and the diffuse ISM optical depths (with the lat-
ter having a modified wavelength scaling that accounts for the
UV bump, see Noll et al. 2009, Kriek & Conroy 2013), and a
dust emission model from Draine & Li (2007) and Draine et al.
(2014), along with nebular emission using the Cloudy templates
(Ferland et al. 2017). We first drew 50000 samples from the
prior space described in Table 1 and then we randomly selected
10000 sources having ixp < 22.5.

In the PROSPECTOR-a model (Leja et al. 2019), galaxy stel-
lar metallicities are drawn from the Gallazzi et al. (2005) mass-
metallicity relation (MZR). For each draw from the stellar mass
prior, a stellar metallicity value is sampled from a clipped nor-
mal distribution that is characterized by the means and standard
deviations of the corresponding mass bin. o is thereby defined as
the difference of the 84™ and 16" percentiles. For consistency, we
assume a Chabrier (2003) shape for the IMF throughout this work.

The SFH priors for the non-parametric SFH are set over
seven age bins distributed according to PROSPECTOR-«a up to the
age of the universe at the respective redshift. Therein, the ratios
of SFRs x,,,+1 in adjacent bins are modeled by independent pri-
ors with a Student’s #-distribution:

1 sl
I (%) + (-xn,n+1/0—)2) z

G

3

St(-xn,n+l s V) =

with v = 2,0 = 0.3. Using these ratios and the total stellar
mass formed, PROSPECTOR computes the SFRs for each age bin,
from which a recent SFR over a specified time range (usually
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Table 1. PROSPECTOR-« parameters and priors.

Parameter Prior distribution

Redshift z cNu =0.6,0 =0.25, min = 0.1, max = 1.0)
log(M./Ms) U(min =9, max = 12.5)

log(U) fixed at —2

log(Zgas/Zo) U(min = -2, max = 0.5)

FAGN log U(min = 107, max = 3)

TAGN log U(min = 5, max = 150)

n U(min = -1, max = 0.4)

Unin U(min = 0.1, max = 15)

Y U(min = 0.0, max = 0.15)

4grAH U(min = 0.1, max = 7.0)

T2 cN({u=0.3,0=1,min = 0,max = 4)
Ta1/Taz cNu =1.0,0 =0.3,min = -3.3, max = 3.3)

Notes. Parameters and their priors from which we sample our input for
the photometric simulations using the PROSPECTOR-a-model: log(U) is
the ionization parameter, fA%N is the AGN fraction of the bolometric
luminosity, Tagn is the optical depth of the AGN dust torus, n is the
slope modifier of the Calzetti attenuation curve (Calzetti 2001), Upin
is the minimum dust emission radiation field, v is its illuminated frac-
tion, gpap is the fraction of PAHs, 7, is the diffuse dust optical depth,
and 7, is the birth cloud optical depth in the two-component model
from Charlot & Fall (2000) . In this table, U specifies a uniform prior
that is bound by min and max values, N designates a Gaussian prior
characterized by a mean u and a standard deviation, o; finally, cN is a
clipped Gaussian prior that can be used to truncate a specific parameter
to exclude, for example, sampling from negative values.

100 Myr) can be calculated to be able to later compare with the
SFR estimates from CIGALE.

Figure 2 shows the distributions of the parameters we are
most interested in for the scope of this work. We also show
the mass-metallicity relation assumed for the joint prior sam-
pling of stellar mass and stellar metallicity, as well as a few
non-parametric SFHs from the sample. Note that due to the i-
band magnitude cut, the distributions do not necessarily still fol-
low a uniform or Gaussian PDF, as visible for example in the
log(M../M) histogram.

For each of the 10000 prior draws, we generated the galaxy
SED with PROSPECTOR and we obtain synthetic PAUS and
CFHTLS model magnitudes. The SED fitting routines compute
the best-fitting parameters taking into account the photometric
errors. Therefore, to realistically mimic the SED fitting mea-
surement of real data, we assigned errors to the galaxy model
magnitudes. The CFHTLS photometric errors are assigned by
modeling the magnitude errors as function of magnitude rela-
tion using a Gaussian process regressor. To do this, we first split
the CFTHLS COSMOS field ugriz data into thin magnitude bins
and compute mean and standard deviations of the magnitude
errors in each bin. Then, the resulting data was used to train a
Gaussian process regressor. The latter was then used to predict
the magnitude errors based on the input model magnitudes. The
same approach can be implemented for PAUS filters, by using
the Flagship-PAU catalogue from Castander et al. (in prep.),
Cabayol et al. (2023), which includes photometry of ~130000
simulated galaxies in the PAUS bands with ixg < 23.

4. Optimization with simulated galaxies

The following section presents the results of SED fitting on the
simulated photometric library. We use simulated galaxies to
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250 Parameter Grid values
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redshift z logao(M-/M o) {t-)m [Gyr] IMF 1 (Chabrier)
_ 1500 _ Metallicity Z. 0.0001, 0.0004, 0.004,
1000} ) f 0.008, 0.02, 0.05
10007 1000¢ delayed-t SFH
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© _ _ o Burst/quench age fpq [Gyr] 0.01,0.1,0.5
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Fig. 2. Prior distributions of selected parameters used for the generation
of mock spectra and photometries for (a) redshift z using the PAUS
redshift distribution (red); (b) logarithm of the stellar mass; (c) mass-
weighted stellar age (t.),,; (d) SFR over the last 100 Myrs; (e) stellar
metallicity Z,; (f-g) the ISM and BC optical depths, 7,,, T4; (h) mass-
metallicity relation adopted from Gallazzi et al. (2005), and (i) random
sample of ten of the non-parametric SFHs.

optimise the hyper-parameter space for CIGALE and
PROSPECTOR. Afterwards, we present the results of both
codes on the simulations for a set of galaxy physical properties
that we deem relevant for this study.

4.1. Parameter Space Selection

The comparison between the input properties of the
PROSPECTOR-a simulations and the SED fitting procedure
applied on simulations allows us to fine-tune the selection of
models and associated parameters and priors for CIGALE and
PROSPECTOR.

In doing so, we decided to keep the redshift fixed to its true
input value. A similar choice was performed also on real data,
where the redshifts are fixed to the values quoted in the PAUS
photo-z catalogue described in detail in Alarcon et al. (2021).
Keeping the redshift fixed allows us to reduce the dimensional-
ity of the problem and remove degeneracies between the redshift
and the galaxy physical properties.

In Table 2, we list the grid of hyper-parameter values for the
CIGALE SED fitting routine. These values have been obtained
by finding the right parameter combination that returns the high-
est degree of consistency between the recovered properties and
the input ones. The hyper-parameters are utilised throughout
this work, including the estimation of real galaxy properties.
In CIGALE, we used the BCO3 simple stellar population tem-
plates and a delayed-t shape with optional late star-burst or
quench for the SFH (Lee et al. 2010; Madau & Dickinson 2014).
For a schematic overview of this SFH’s parameters, we refer
to, for example, Fig. 1 in Manzoni et al. 2021. Furthermore,
we employed a Charlot & Fall (2000) dust attenuation curve, a
parameterized dust emission templates from Draine & Li (2007)
and the CLOUDY nebular emission templates. The main dif-
ferences to the simulated galaxies lie in the stellar templates,
MILES (Sanchez-Blazquez et al. 2006) vs BCO3 for Prospec-
tor and CIGALE, respectively, and in the use of the delayed-tau

Gas-phase metallicity Zg,s 0.001, 0.014, 0.041
Charlot & Fall dust attenuation

ISM V-band attenuation ATM

0.001, 0.01, 0.2, 0.4,
0.6,0.8, 1.0, 1.5, 2.0,

2.5
AIVSM/(A?;C + AIVSM) 0.3,0.5,0.7, 1.0
Power-law slopes nism, e -1.0,-0.5,04
Draine & Li dust emission
PAH fraction gpay 3.90
Minimum radiation field U;, 1.0
Illuminated fraction y 0.01

Notes. Overview of the module and parameter selection for CIGALE.
Unspecified parameters of the respective model are fixed at their default
values. A list of parameters for each module is available in the appendix
of Boquien et al. (2019).

SFH instead of the non-parametric one. CIGALE does not con-
tain the latter option in the same manner, as there is a non-
parametric SFH, but without the possibility of constraining SFR
ratios between adjacent bins.

For the SED fitting with PROSPECTOR, we use the same
PROSPECTOR-« setup that had generated the synthetic galaxies.
The only difference is in the stellar metallicity prior which is
chosen to be uniform, U (min = -2, max = 0.5). We chose this
distribution due to our limited knowledge about the metallicities
of the observed galaxies as we intend to apply the same model to
simulations and observations. Thus, this broad uninformed prior
should not be able to introduce an additional bias into the esti-
mation. We use the MILES empirical stellar spectral library and
the MIST isochrones (Choi et al. 2016).

4.2. Results with CIGALE

The hyperparameter grid from Table 2 has been determined as
the one providing the highest degree of consistency with the
input simulated data. We show in Fig. 3 the Bayesian maxi-
mum a posteriori estimates from CIGALE for six SED proper-
ties in relation to the true input values of the PROSPECTOR-«
mock photometries. The properties shown are the stellar mass,
M., the mean mass-weighted stellar ages (z.),,, the SFR over the
last 100 Myrs, the stellar metallicity, Z., and the optical depths
of the two-component dust attenuation model 7,; and 7, for
the contributions from birth clouds and the ISM, respectively.
Additionally, below each 1:1 relation, we show the residuals
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Fig. 3. Hexbin plots showing the ground truth from the PROSPECTOR-«
stellar population simulations on the x-axis versus the MAP value from
the CIGALE y? analysis, for stellar mass M., mean mass-weighted stel-
lar ages (t.)., SFR over the last 100 Myrs, stellar metallicity Z, and the
optical depths of the two-component dust attenuation model 7,, and
7,.1. The red points and errorbars show the median and standard devia-
tion for several bins. Below each panel, we show mean the residuals and
their standard deviations over ten bins covering the parameter range.

ri = pf) —{p{) and their standard deviations o-l(’ for 10 bins cov-
ering the parameter range, where ( pf) and (p{) are the mean val-
ues in the i™ bin from CIGALE and the simulated library, respec-
tively. The respective bin means are also shown directly in the
plot.

The results show that the input stellar masses are well recov-
ered by CIGALE for most of the sample, as shown by the resid-
uals being consistent with zero over the whole mass range. The
absolute values of the residuals tend to increase towards small
stellar masses. The results are not surprising since stellar masses
have been shown to be quite stable against different choices of
the SFH and spectral resolution, leading to robust estimates from
even simple SPS models (Pforr et al. 2012).

The input SFRs averaged over the last 100 Myrs, instead
show a different behavior. They are well recovered for input
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Fig. 4. Example comparison of non-parametric PROSPECTOR-a SFHs
(blue) and the corresponding CIGALE parametric delayed-r model best-
fit (red) for three galaxies where the current SFR estimation error
exceeds two orders of magnitude. Corresponding objects have the same
line thickness in the plot.

SFRs down to roughly 10° M/yr, but they depart from the 1:1
relation for lower values of the input SFR. In particular, for
a fixed input SFR, CIGALE tends to overpredict the SFR with
respect to the simulations, with residuals up to 2-3 dex for input
SFRs smaller than 1072 My yr~'. The results imply that our
CIGALE setup is not able to reliably recover the range below
SFR < 10° Mg yr!.

We attribute these large residuals to the different SFH mod-
els, as the SFR recovery from spectra using SPS tends to largely
depend on the selected SFH model as well the dust priors due
to the dust-age-metallicity degeneracy (Sawicki & Yee 1998;
Papovich et al. 2001). To compare the star formation histories
between the two data sets, we show in Fig. 4 example SFHs for
strong outliers where the difference between input SFR and fitted
value exceeds two orders or magnitude, so |A(SFR)| > 102

Figure 4 depicts three such comparisons. Clearly, the SFHs
differ heavily by their current and integrated star formation rate,
as well as its temporal development and the maximum age of the
galaxy stellar population. These large model differences natu-
rally translate to the best-fit SPS parameters. The SPS framework
incorporated in CIGALE, using BCO3 templates as simple stel-
lar populations of different metallicities, differs from the genera-
tion of SEDs in our simulations with PROSPECTOR-a, leading to
potential inconsistencies due to the usage of different isochrones
and stellar spectral libraries. Additionally, the delayed-T model
cannot achieve the same level of flexibility as the non-parametric
SFH from PROSPECTOR-a, as seen in Fig. 4.

As a result, mass-weighted ages show a less consistent
behavior with respect to stellar masses and SFRs. The turn-over
seems to be at 1 Gyr: galaxies with input ages smaller than 1 Gyr
have systematically over-predicted ages, while input ages larger
than 1 Gyr lead CIGALE to under-predict the mass-weighted age,
although with smaller residuals with respect to small input ages.
The mean mass-weighted stellar age is heavily dependent on
the individual SFR ratios of the PROSPECTOR-a SFH continuity
bins, while the functional form of the delayed-t cannot account
for multiple changes on the overall rate of star formation, for
instance an initial starburst followed by a later quench once the
galaxy passes through the green valley. Nevertheless, we would
have expected a better agreement of the recovered ages with



Csizi, B., et al.: A&A, 689, A37 (2024)

respect to the input ones due to the addition of the PAUS data, as
for example the 4000 A break, a strong age indicator, is within
our baseline for the majority of the sample galaxies. While the
PAUS filters do not cover the break in the rest-frame, it shifts
into the available wavelength range at approximately z = 0.13,
meaning that >95 % of our simulated sample have narrowband
coverage at the 4000 A break.

Mean stellar metallicities of the galaxy population have
residuals from the one-to-one relation that are consistent with
zero for the range half-solar to super-solar metallicities. Low
input metallicity galaxies are instead scattered in the whole
parameter space so they are not recovered at all. One reason
for difficulties in metallicity estimation is the sparsely sampled
metallicity grid within the BC0O3 templates accessible in CIGALE,
which can lead to an uninformative posterior and thus inaccurate
property estimates. Still, even at Z = Zg, the scatter is signif-
icant. This shows that there are other influences on the fitting
accuracy such as the age-dust-metallicity degeneracy, making
it difficult to obtain reliable estimates on either of these prop-
erties without strongly constrained priors. Moreover, at low-Z,
SSPs are complicated in general, with also MILES-based mod-
els only being able to model old ages reliably (Vazdekis et al.
2010; Coelho et al. 2020).

As ages and metallicity in particular are strongly correlated
with emission lines and the 4000 A break, we tested if the usage
of the high-resolution BC03 templates improves the recovery.
We however find only a slight improvement on the metallicity
with no effect on age estimation. Therefore, we choose to employ
the low-resolution stellar spectra throughout this work in order
to reduce computational requirements.

The optical depths, 7, and 7,2, of the two-component dust
model have residuals consistent with zero in the range 0.2-2,
while they heavily differ at smaller input values. This is not sur-
prising since age, dust and metallicity are degenerate and one
parameter influence the other.

4.3. Results with PROSPECTOR

Applying PROSPECTOR-« to the set of mock photometries cre-
ated with the model itself should allow to consistently recover
reasonable posteriors and allow the fine-tuning of the MCMC
parameters, such as the number of walkers and iterations. We
run PROSPECTOR-a on the simulated photometries to recover
the model hyper-parameters and estimate the fitting accuracy.
In Fig. 5 we again show the same comparison of the maxi-
mum a posteriori SED estimates to true simulation values for
the PROSPECTOR code.

We find robust estimates for stellar masses and SFRs, which
in this case is expected due to the same star formation histories
used for the generation of the data and the forward-modeling of
the fitted SED. Dust parameters are also recovered accurately on
a 0.5 dex level for the majority of the sample galaxies, albeit with
some objects where the birth cloud dust attenuation is not reli-
ably recovered. The overall intrinsic scatter from the 1:1 relation
apparent for every free parameter is a consequence of fits where
the MCMC chain is not fully converged yet after the set number
of iterations, as well as parameter degeneracies and the simu-
lated uncertainties of the model photometry.

Our setup, however, struggles to estimate accurate stellar
metallicity posteriors, mainly for older populations with high
Z,, where the estimated values seem to be mostly clipped to the
edges of the uniform prior space. We attribute this to the prior
differences during the simulation and the sampling phase, where
we once chose a joint mass-metallicity prior and later a uniform
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Fig. 5. Hexbin plots showing the ground truth from the PROSPECTOR-«
stellar population simulations on the x-axis versus the MAP value from
t PROSPECTOR, for stellar mass, M,, current SFR, mean mass-weighted
stellar ages, (t.),, stellar metallicity, Z, and the optical depths of the
two-component dust attenuation model, 7,, and 7, ;.

distribution for sampling. Increasing the number of likelihood
calls with more MCMC iterations or more walkers can help to
alleviate this problem, as we restricted these hyper-parameters
due to computational limitations. We show in Appendix A an
example fit with an increased iteration count, which can lead
to substantial shift of the best-fit parameters. Additionally, and
most likely due to the age-metallicity degeneracy, (t.), is not
estimated well for a substantial subset of mock objects, where
especially the ages of young stellar populations are overesti-
mated by up to one order of magnitude. This then also influences
the metallicity estimates and hinders an accurate measurement of
both of these parameters without a joint prior.

The main caveat of the PROSPECTOR code is the run time of
each likelihood calls. With a large prior space of 16 free parame-
ters, many of which being broad uniform priors, a large number
of walkers and iterations is needed to have a converging poste-
rior with high fidelity accurate SED fitting and parameter estima-
tion. Using 2048 iterations of 48 walkers, which is our selection
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Fig. 6. Distribution of MAP values of the selected properties as deter-
mined by CIGALE: stellar mass, mass-weighted stellar age, SFR over
100 Myrs, stellar metallicity and optical depths of ISM and BC dust
components. Blue shows the results from using narrowband and broad-
band data, red depicts the properties from using CFHTLS ugriz alone.

throughout this work, leads to fitting times of up to 24 hours per
galaxy on a single core. For future applications to large galaxy
datasets, improved sampling algorithms have to be implemented
that reduces the computational requirements.

Additionally, we note that the reliance on only the MAP
value of the posterior distribution is usually not always suffi-
cient, mostly due to degeneracies of the parameters. Looking at
some full posteriors from our estimates, one can identify mul-
tiple peaks with a high likelihood that where found exploring
different regions of a joint dust-age-metallicity prior. We show
an example of such a posterior distribution in Appendix A.

5. Stellar population properties

Using our selection of fitting hyper-parameters and CIGALE grid
values, we show the results from both codes on the sample of
25491 galaxies in the COSMOS field. We complete two runs
for CIGALE on the catalog, once using CFHTLS ugriz data
only and once with additional 40 PAUS narrowband fluxes.
For PROSPECTOR, we only run the code once with narrow-
band+broadband data, due to the required ~500k CPU hours for
one run on the full sample. We first show the overall distribu-
tions of our parameter estimation as well as the robustness of
the inferred properties. We also perform a comparison between
the two codes and the COSMOS2020 catalog to determine the
predictive power of the PAUS narrowband filter set in relation
to previous studies with broad filter baselines that also include
narrowband photometries.

5.1. SED fitting with CIGALE

In Fig. 6, we show the distributions of the inferred physical prop-
erties obtained with CIGALE on our catalogue of 25491 galaxies
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in the COSMOS field. The blue contours and histograms show
the distributions resulting from running the SED fitting routine
on the combined PAUS (narrowband) and CFHTLS (broadband)
dataset, while the red contours were determined by using the
broadband ugriz data alone.

We first note that the stellar mass, which usually represents
the most robust property inferred by SED fitting, is similarly
constrained by either using only the broadband or the combi-
nation of narrowband and broadband data. The other proper-
ties, especially metallicity and dust component optical depths,
show that with the addition of the narrowband, we can capture a
broader range of physical values with respect to the sole use of
the broadband. Since these physical properties are strongly cor-
related to distinct spectral features, the net effect of an increased
photometric resolution manifests in the form of a more diverse
distribution. Broadband filters alone tend to estimate metallici-
ties that only slightly differ from Z, = Z, as well as ages towards
the high-end tail of the mass-weighted age distribution and low
optical depths 7,,.; of the dust attenuation model. This can be
interpreted as a result of the large impact of the prior choice and
size on these parameters in the broadband-only case, resulting in
a narrower posterior.

Nevertheless, the effect of the narrowband data is not as
strong as expected, where most of the sample galaxies are
still similarly fitted with reasonable property estimates from the
underlying SPS forward-model using ugriz data alone. However,
we see that narrowbands do not lead to to a different region of
the parameter space with respect to the use of broadband data
only, which indicates that the model is performing in the same
manner with either setup. Additionally, we note that the over-
all coverage of the prior ranges set by the CIGALE parameter
space from Table 2 is largely diminished in the posterior distri-
bution. This means that either the priors are too wide and the true
observations do not cover the ranges set from the PROSPECTOR-
a model, or the sparse grid leads to an incomplete sampling of
the high-dimensional parameter space. This is facilitated by the
degeneracies of certain model properties. We fill further explore
this after analyzing the PROSPECTOR results and the comparison
with COSMOS2020.

To validate the inferred properties robustness we plot the M., -
SFER relation for five redshift bins up to z < 1.0. This relation
reveals the main populations of galaxies, namely the star forming
main sequence (SFMS) and the red sequence of older, non-star-
forming quiescent galaxies. There exist multiple empirical laws
for the SFMS that have made use of various SFR tracers to obtain
a robust formulation of the redshift dependence of this sequence
(Popesso et al. 2023). Previously, more variable laws over larger
redshift ranges have been proposed, for example by Thorne et al.
(2021), where the SFR as a function of stellar mass is given by

M\ (M
log,y SFR = § —log, [(ﬁo) +(M0) ],

with S, My, @, and S as empirical parameters that depend
on redshift. Popessoetal. (2023) recently presented a new
parametrization of the star forming main sequence as a function
of time, ¢, by combining previous studies to a common calibra-
tion following:

“

log,, SFR = ag + ajt — log,o(1 + (M, 10™%7%H)7%), 5

where ag, ay, ay, as are the model parameters, for which we use
the best-fit values from the original paper.

Figure 7 shows the M.-SFR relation for the different red-
shift bins, color coded by their mean mass-weighted stellar ages.
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It can be seen that the main population of young, star forming
galaxies (SFMS) matches with the empirical laws mostly for the
low-z subset, while a constant offset to higher SFRs with respect
to the empirical formulation can be observed. This behavior is
similar to the overestimation bias measured with CIGALE on
the simulations and likely has the same source, that is the sim-
plified CIGALE SFH model that can heavily reduce the con-
straining power on related properties. Overall however, older,
red and quiescent galaxies exhibit lower SFRs and lie below
the SFMS, with intermediate galaxies where star formation has
started quenching populating the green valley between the main
clouds (Gallazzi et al. 2017; Kalinova et al. 2021).

We go on to we separate the main galaxy populations by a
cut of the specific star formation rate, SSFR = SFR/M.. The

threshold is hereby set as:
(6)

as previously used by Weinmann et al. (2006), Salim et al.
(2009), Lara-Lopez et al. (2010), Annunziatella et al. (2014),
Tortorelli et al. (2018). Applying this cut to the CIGALE output
allows us to plot the distributions of properties for these two
main populations. Figure 8 shows again the distributions of esti-
mated properties, now separated by their affiliation to either the
red or blue galaxy population, respectively, as well as a his-
togram of the sSFR with the aforementioned cut.

The mass-weighted ages of the red sequence peak at around
4 Gyr, while the blue cloud has a mean age of around 1.5 Gyr;
their stellar masses show distributions peaked at ~10'! M, and
~10'° M, respectively.

It is apparent that we are able to recover the bi-modality of
galaxy populations (Baldry et al. 2006). Galaxies identified as
red, with sSFR < 10710 yr‘l, are older, have higher mass, lower
SFR, contrary to blue star forming galaxies that have higher SFR
and 7, are younger and thus have also a lower M... The bimodal-
ity is not as evident for the dust components and log(Z/Z), but
we can still observed the younger population to have lower mean
stellar metallicities and more attenuation by interstellar dust, as
expected.

-10 , —1
SSFuniescent <10 yr - < SSFRStar—forminga

5.2. SED fitting with Prospector

In this section, we analyze the PAUS narrowbands and CFHTLS
ugriz observational data by running the Prospector MCMC esti-
mation. We also plot the property distributions of the maximum
a posteriori SED of the chains, which is displayed in Fig. 9. In
this figure, the galaxies are already separated by the aforemen-
tioned sSFR cut into blue and red populations and shown with
the respective CIGALE 2D distributions. We also plot the pho-
tometric redshift z, although this is not a free parameter of the
fitting routine and just depicts the value from the PAUS catalog.

Overall, we can clearly see that the distributions appear
largely different from the CIGALE results for some of the prop-
erties. For once, the mean age estimate for blue galaxies is
much higher with PROSPECTOR, while it also finds best-fit values
over a larger range of the age prior. Mass-weighted stellar ages
there have values up to 10 Gyrs from PROSPECTOR-a. This effect
can be traced throughout the entire parameter space, where the
PROSPECTOR overall property ranges strongly exceed the distri-
bution widths from the previous CIGALE estimates, with espe-
cially the dust components and metallicity exhibiting a more
widely spread posterior space. Still, the means of the 1D his-
tograms are similiar between both codes, for instance, for 7,
TA1-

The galaxies however do not show a pronounced mass-
bimodality, with both populations covering the full range of val-
ues as opposed to the CIGALE results. This could, however, be
caused by the tight PROSPECTOR-a mass prior, which does not
allow SED models with M, < 10° My, resulting in a pile-up
at the prior edge. Still, we observe a clear separation in mass-
weighted ages and SFRs, however again not as clearly for the
metallicity and 7,2, T4.

The size of the posterior is here mainly related to the size of
the prior, as CIGALE is not able to sample outside of its prior and
thus cannot cover the same parameter ranges as PROSPECTOR-
a due to the restrictive parameter space. We note however that
increasing the grid values of CIGALE for example for the dust
components did not yield better results. Hence, the differences
are likely rooted in the sampling techniques and the different SPS
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from CIGALE.

models — mainly the star formation history complexity which,
aside from age and SFR, especially influences metallicity and
dust attenuation. The box-like shape of the PROSPECTOR metal-
licity distribution suggests that the accessible value range is
either still not wide enough, that the prior is not informative
enough (or the number of MCMC iterations is too low), making
it hard to sample high-quality constraints, or that the photometry
is not able to constrain this property accurately. Given the results
for Z. on the simulation, we favor the latter explanation, given
the inherent dust-age-metallicity degeneracy.

To validate our findings we again plot the SFR-M, rela-
tion over the specified redshift bins in Fig. 10 and compare it
to the CIGALE results. First of all, the clear cut-off in the mass
prior is visible, as no galaxies with M, < 10° M, appear. Over-
all, the subplots paint a similar picture to the CIGALE analysis,
where the parametric law fits well at lower redshifts, but increas-
ingly breaks down at higher photo-z. Still, we observe a clear
separation by mass-weighted stellar age and roughly follow the
empirically expected SFR-M, relation. It is however clear that
a broader mass-prior would be beneficial for the analysis of our
dataset, thus favoring the CIGALE mass estimates.

The discrepancies between CIGALE and PROSPECTOR for Z,,
ages, T, and T, are interesting to observe, as they indicate
the strong dependence of SED fitting results on prior choices
and SPS models, where just a more complex SFH model might
strongly change the parameters of the best-fitting spectrum. The
overall distributions of SFRs and stellar masses however are
mostly similar. This is expected for stellar masses, however, this
is not entirely natural for the SFR, given that it is directly related
to the SFH. Since the CIGALE parameter space was however cho-
sen by analysis on PROSPECTOR-a simulations, a similar con-
straining power can be explained by the SPS model optimization
process.

Given the similar measurement quality of the dust attenua-
tion components for both codes on the simulations, the differ-
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Fig. 10. SFR as function of M, for five redshift bins in the range 0 <
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ences on the observations on these specific properties require
further explanation. The distribution of PROSPECTOR-« priors,
from which the simulated photometries where sampled, likely
does not consistently cover the whole range of true parameters
in the COSMOS field. CIGALE and PROSPECTOR will not access
SPS models with parameters outside of the fixed grid or the prior,
respectively, that we matched towards the simulation priors. As
both codes handle the likelihood maximization very differently,
discrepancies may naturally arise for some galaxies, that can be
mostly attributed to the age-dust-metallicity degeneracy, which
are the parameters for which we observe the strongest differ-
ences. Besides, finding a low-y? fit is more complicated with
many tightly spaced narrowband fluxes, which may lead to inef-
ficient exploration of the prior space or strong degeneracies.
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Broadband SED fitting quality studies might have avoided
such issues due to simpler template fitting approaches or smaller
filter baselines, where the likelihood of a model SED is more eas-
ily maximized given a low number of widely spaced filters. Pre-
vious narrowband results from for example J-PAS also attributed
differences in spectra and SED fits of narrowband photometry
to the signal-to-noise ratio (S/N) and the age-metallicity degen-
eracy due to a lack of corresponding indicators in the base-
line (Mejia-Narvéez et al. 2017). The impact of this might not
be as important for photo-z estimates, but it would require fur-
ther study on a broader range of SED codes to quantify the
effect of SPS model choices. Still, we acknowledge that our
PROSPECTOR results could demand a longer sampling process to
cover the large high-dimensional prior space and thus might pro-
vide more similar results to CIGALE with longer chains or more
walkers. On the other hand, the latter does not allow a flexible
SFH and a more sophisticated sampling method, which could
facilitate a better exploration of the parameter space. Such tech-
niques, such as MCMC, although infringe the code’s applicabil-
ity to next-generation surveys, where the amount of data requires
faster techniques. In general however, one expects higher qual-
ity results from the MCMC fitting with a flexible non-parametric
SFH prior, as in the PROSPECTOR-a model. Still, we do not know
which of the results more closely matches the real values, as
there exists no ground truth for observations and we thus can-
not be certain if our priors tested on mocks are able to generate
the real plethora of observed SEDs. A possible validation can
be made through comparison with COSM0OS2020, although we
cannot be sure about the quality of the physical parameter esti-
mates in the catalog either, due to the same limitations as with
our setup.

Finally, we can also compare the results on a per galaxy basis
to show the real discrepancies between both codes below the
population level analysis (given in Fig. 11). As discussed ear-
lier in this paper, the stellar mass estimates are robust within
0.5 dex, aside from clipping at the prior edge with PROSPECTOR-
a. Similarly, SFRs are constrained well, which is not usually the
case from photometry, suggesting a powerful hyper-parameter
setup. While ages also seem constrained better than expected
given the two different SFH approaches, a 0.5 dex level accuracy
is large for estimates on a two orders of magnitude scale. Still,
both codes find alike SFHs for a majority of the sample. The
other properties on the other hand exhibit stronger discrepancies.
Mainly the metallicity is not well constrained by the photome-
try as both codes produce extremely different values and distri-
butions. For the dust parameters, CIGALE does not find best-fit
models over the whole grid size, while PROSPECTOR-« covers
a larger range of values, leading to matching values only close
to the mean of the distribution. Given the varying Z, and (z. ),
it is a natural consequence that also the third contribution to the
aforementioned degeneracy does not produce a congruent rela-
tion between the two setups. To remove this issue and break the
degeneracy, at least partly, in the future, sampling via a joint
prior that is calibrated on a spectroscopically observed mass-
metallicity relation (as done for the creation of simulated SEDs
with the Gallazzi et al. 2005 prior), will be beneficial, although
this is for now only possible for the PROSPECTOR code.

Recent studies on the reliability of SED fitting techniques
in general by Pacifici et al. (2023) tested the modeling uncer-
tainties on different physical properties between different codes.
They found that the stellar mass distribution is the most robust,
with a higher uncertainty for SFH-related parameters (such as
the SFR, especially at low SFR) and dust properties, due to their
correlation. This relates well to our findings, where mostly the
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Fig. 11. 1:1 relations to compare the results on the PAUS-COSMOS
observations with both codes. On the x-axis we plot the CIGALE esti-
mates on physical parameters, while the y-axis depicts the respective
values from PROSPECTOR.

dust optical depth and metallicity distributions can vary strongly
between the two setups. Therefore, modeling choices, as well
as caution during interpretation of SFH, dust and metallicity
parameters without spectroscopic information, are of paramount
importance for SED fitting.

Aside from the statistical framework, the prior selection,
the likelihood function and the dust-age-metallicity degener-
acy, the two setups also differ in their stellar template libraries
(MILES for PROSPECTOR and BCO03 for CIGALE). Previous stud-
ies have tested the effect of varying spectral libraries with fixed
fitting codes to test their respective contributions on physical
property estimates. Coelho et al. (2009) and Dias et al. (2010)
found that the choice of spectral templates (BC03, PEGASE-HR
Le Borgne et al. 2004 and MILES) can have a significant impact
on the age estimate in for example composite stellar populations
of M32 or the Small Magellanic Cloud (SMC), without strongly
affecting the overall metallicities derived from the integrated
spectra. Gonzdlez Delgado & Cid Fernandes (2010) on the other
hand found a stronger effect of the stellar library choice (MILES,
GRANADA Martins et al. 2005, STELIB Le Borgne et al. 2003)
on the metallicity, with typically 0.1dex and 0.3 dex model-
to-model dispersions for stellar ages and metallicities, respec-
tively. This was however performed on stellar clusters, which
can be characterized by a single age and do not require com-
plex modeling a composite stellar populations over a wide range
of ages. A recent work by Byrne & Stanway (2023) reported a
stronger impact of the stellar spectral library on stellar popula-
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Fig. 12. Comparison of stellar mass, age and SFR from our measure-
ments with CIGALE and PROSPECTOR and the EAZY estimates from
the COSMOS2020 catalog.

tion synthesis, where line indices, can particularly vary strongly
between different templates, leading also to deviations in age and
metallicity. Extensive studies over the impact on the assump-
tions of SED models are also outlined in Siudek et al. (in prep),
who found that using different SSPs leads to a median absolute
bias on a 0.25dex or 0.2dex level for the stellar mass and the
SFR, respectively. This difference can be related to the incorpo-
ration of incorporation of thermally pulsating asymptotic giant
branch (TP-AGB) stars in Maraston et al. (2010) models, which
are not included in the BCO3 templates. Overall, this shows
that the observed differences between the two setups are not
only caused by the different code properties, but also by the
basis of the applied SPS process itself. In Appendix B, we plot
a comparison of simulated composite stellar populations from
CIGALE and PROSPECTOR given different input SSPs and com-
pare how such differences affect the simulated observed mag-
nitudes in the PAUS and CFHTLS bands. We there show that
even without influences from dust or gas models, the best-fit
photometry from simulated spectra will vary at up to ~0.2 mag
level between our two setups for identical input physical
parameters.

5.3. Comparison with COSMOS2020

To relate our results to previous findings with different codes
and a larger photometric baseline, we compare the findings from
CIGALE and PROSPECTOR with our full dataset to the estimations
from the COSMOS2020 catalogue calculated using the photo-z
code EAZY (Brammer et al. 2008). We note here that the COS-
MOS2020 analysis incorporates >40 filters across a broad base-
line, thus also including IR and UV data, but without a fine reso-
lution within the optical such as PAUS. We again match the two
libraries by RA and Dec and get 22.899 galaxies with common
coverage. As the metallicity and dust extinction were fixed to
solar/half-solar metallicity and Ay = 0.1, respectively, and no
delayed-7 or non-parametric SFH was used for the determina-
tion of COSMOS2020 properties, we can only compare stellar
masses, stellar ages and the SFR.

Figure 12 depicts the overall distribution contours between
the COSMOS2020 data, and our CIGALE and PROSPECTOR esti-
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mates with narrowband PAUS and broadband CFHTLS obser-
vations on the matched sample. We find that the properties esti-
mated with CIGALE match more closely those from the COS-
MOS2020 catalogue, in particular for the stellar mass and the
stellar ages, while Prospector better matches the SFR distri-
bution of COSMO0S2020. Even though COSMOS2020 finds a
larger population of red sequence objects towards lower SFRs,
the SFMS is mostly similarly recovered with both of our codes
and within COSMOS2020. The ages, on the other hand, show
similar distributions between COSMOS2020 and CIGALE; how-
ever, with a offset of around 1 Gyr, where either COSM0OS2020
underestimates the ages or CIGALE overestimates them. As pre-
viously shown, the PROSPECTOR results on ages strongly differ
from the other two samples, which we relate to the aforemen-
tioned different SFH treatment that allows overall higher ages
with a more pronounced right tail of the distribution.

Stellar masses, the most robust property from SED fitting,
exhibits closely matching histograms, with the main differ-
ence being an overall more peaked histogram for CIGALE and
PROSPECTOR due to some galaxies having no mass estimate
in the COSMOS2020 data set. Additionally, PROSPECTOR only
has a uniform mass prior between 10° M and 10'>° M, which
explains the sharp cutoff and the distribution differences at the
low-mass tail. Combined, we observed mostly similar SFR-M.
planes for all samples, with COSMOS2020 and PROSPECTOR
measuring more low-SFR red sequence galaxies compared to
CIGALE.

Again, we also show the 1:1 relations for both codes with
respect to the COSMOS2020 property values in Fig. 13. As
expected, stellar masses are well recovered and have match-
ing values in all three results. The SFR appears to be offset
from the 1:1 relation with CIGALE, with considerable scatter
towards higher SFRs. The latter observation can also be made for
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PROSPECTOR, although the values here more closely match the
COSMOS2020 findings for the majority of galaxies. Looking at
the stellar ages, CIGALE finds similar best-fit values for most of
the objects, while the difference are increasingly large and biased
towards higher ages with PROSPECTOR. This however is again
mostly related to the SFH differences, as the COSMOS2020 fit-
ting setup also relies on simple parametrizations of the star for-
mation history, which manifest is largely different stellar ages
when compared to non-parametric model fits. These results show
the difficulties in determining mean stellar ages of galaxy stellar
populations, even in the presence of high-resolution photometry
of broad baselines, as it is the case for the COSM0OS2020 data.

5.4. Differences to previous narrowband results

Previous studies of SED fitting with narrowband data have been
performed as part of the miniJPAS and J-PAS surveys, where the
effect of an increase in photometric resolution and of a change
of fitting code on the SED and physical property estimates was
analyzed (Mejia-Narvdez et al. 2017; Gonzdlez Delgado et al.
2021). These studies found reduced biases in the physical
parameter estimation with miniJPAS narrowbands with respect
to broadband data. Moreover, they determined that the age-
metallicity degeneracy is mostly hidden at broadband resolu-
tions, only emerging at quasi-spectroscopic resolutions. While
we cannot confirm a reduction in deviations between narrow-
bands and broadbands on these parameters, the larger parameter
space indicates some degree of improvement due to the higher
resolution.

Moreover, we confirm that especially stellar masses are
mostly independent of the applied SED model, with a robust
estimate for all fitting codes. Similarly, we identify difficulties
in the age recovery, as the miniJPAS results also found distribu-
tion mismatches between different codes for this property. On the
other hand, we find a strong dependence of the metallicity on the
SED code, which is not apparent in their results. We relate this
though to the short sampling and the more flexible dust models
applied, as well as the difference in stellar template libraries in
our setups, which was not an issue for miniJPAS due to applica-
tion of the latest version of the BCO3 templates (Plat et al. 2019)
for all codes.

Overall, such discrepancies between similar studies again
emphasize how unstable physical property estimates even at sim-
ilar resolutions can be. If the SPS model assumptions, stellar
spectral libraries, or inferences frameworks differ, varying biases
in the recovery of physical properties of stellar populations of
galaxies have to be expected. This arises especially for ages, dust
attenuation parameters and the mean stellar metallicity, given the
difficulty in their estimation with clearly resolved emission lines
or other spectral features. Recent work by Nersesian et al. (2024)
also concluded that stellar populations properties from SED fit-
ting with PROSPECTOR are dominated by the modeling approach
even with deep photometric data with a broad baseline, includ-
ing narrowbands. This, combined with the differences between
our results and previous narrowband studies, indicates that the
increased spectral resolution of current narrowband surveys does
not yield an improved robustness of galaxy physical properties
measurements, due to the large biases induces by the SPS mod-
eling choices.

6. Conclusion

In this work, we tested SED fitting to quantify the effect of
optical narrowband photometries from the PAU Survey on the

predictive power of galaxy stellar population properties with
modern SPS codes. We find that while the accessible range
of parameter values is increased with the narrowband filters
using CIGALE, the overall difference in comparison with ugriz
data only is not especially pronounced. This can be caused by
multiple reasons: non-flexible SPS models, inefficient parame-
ter space coverage, likelihood maximization difficulties, or low
narrowband S/N values. With PROSPECTOR, tests have to be per-
formed to validate whether the metallicity issue might be caused
by the rise of the age-metallicity degeneracy with increased
spectral resolution, for example by comparing to broadband fit-
ting only.

Still, we find that the PAUS filter set, as well as the CFHTLS
broadbands, both of which only cover the optical range and thus
cannot rely on for example UV or IR bands for a more robust
estimation of related properties, such as the SFR, are still able
to recover previous measurements with larger baselines, that is
COSMOS2020. With the majority of our sample covering a red-
shift range where the 4000 A break lies within the regime of the
PAUS bands, a more reliable SFH modeling is facilitated that
allows robust SFR constraints.

Furthermore, we show that the PROSPECTOR-a model is able
to recover stellar masses and SFRs of the COSMOS sample,
although with similar values compared to CIGALE. This code
provides moreover increased flexibility in its age range and
can provide SEDs with more diverse dust and metallicity val-
ues. To test how much of this discrepancy compared to CIGALE
and COSMOS2020 depends on the PAUS filters will have to
be further explored by PROSPECTOR fits on only ugriz broad-
bands. As this however requires an extreme amount of com-
puting resources for MCMC chain convergence per galaxy, the
applicability to large data sets is heavily constrained. While we
expect the PROSPECTOR code to be able to create more diverse
SEDs with physically motivated SPS models, the broader range
of age-dust-metallicity values could be either related to superior
SED forward-modeling, or simply be caused by incomplete cov-
erage of the prior space due to the limited number of iterations.

Differences between the results from both codes can occur
for a number of reasons. The statistical framework, prior choices,
different models for contributions to the SED, as well as the
choice of stellar spectral templates all influence the quality of
the best-fit spectrum and its derived physical properties. While
these do not seem to have a large effect on stellar masses (or
even SFRs), the differences in the age-dust-metallicity space
indicate that SED fitting results should not be over-interpreted
in galaxy evolution studies, even with large baselines or quasi-
spectroscopic resolutions. This is mainly due to the property
degeneracies, but also caused by model and template choices in
the applied SED code, as well as its statistical inference method.

Overall, we find that while the PAUS narrowband photome-
try provides a large improvement on the accuracy of photomet-
ric redshifts, the effect on the estimation of physical properties
of galaxy stellar populations is not very significant. With stel-
lar masses and SFRs being mostly derived robustly with broad-
bands only, slight improvements can in general be expected for
ages, metallicities, or dust-attenuation model parameters. Still,
the choice of SED fitting code, stellar spectral library as well as
for example dust or gas models have a large impact too. Thus,
this approach requires caution in the interpretation of physical
parameters from photometry in galaxy studies and shows the
clear drawbacks of even well resolved photometry in compari-
son the spectroscopy.

Finally, we have obtained a catalogue of new age, dust
and metallicity measurements on the PAUS-COSMOS sample,
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which provides a more flexible and physically meaningful esti-
mation, as it does not rely on simplified template fitting or fixing
multiple SPS parameters (e.g., Z, or the dust attenuation curve)
to reduce the dimensionality of the prior.
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Appendix A: ProspecTor example posterior distributions

Figure A.1 shows an example of a fit from PROSPECTOR where the chains do not converge, with many properties showing posteriors
with multiple peaks. This is not due to short sampling, as the shown plot was obtained after MCMC with 64 walkers for 8192
iterations each, leading to an overall outcome of > 500 000 likelihood calls. The stellar mass is seemingly unaffected, with a tight
constraint, but metallicity, the slope modifier of the dust attenuation model and some SFR ratios clearly show a degenerate behavior.
While this is not apparent for all galaxies, it still showcases how the correlation between dust, metallicity, and SFH can account for
the large differences between simulated ground truth and fitted properties. Moreover, it proves that simply sampling longer does not
necessarily improve the results as the degeneracy is not easily broken.

Next, we illustrate how an increase of likelihood calls can positively affect the (or change in general) the posterior distribution
and thus the values of the best-fit SED model. Figure A.2 depicts the results from two PROSPECTOR runs on the same object, once
with our nominal setup and once using 64 walkers with 8192 iteration each. While the stellar mass, as well as the SFR bin ratios
of the non-parametric SFH do mostly agree within their 10 contours, the ratio of diffuse and birth cloud dust optical depth and the
stellar metallicity can shift significantly given more likelihood calls. This shows how the metallicity and dust property estimates can
be unstable during the sampling process and show no clear convergence. However, this does not necessarily result in better results
after longer sampling, due to the dust-age-metallicity degeneracy, where multiple points in this parameter space might have similar
high likelihoods. Moreover, the shown example is not fully representative, as it is just a random sample. This can and will look
significantly different, depending on the properties of the objects that is fitted. Still, it shows that we can have confidence in our
stellar mass and SFR estimates, but caution is required for galaxy evolution studies in general when relying on SED fitting to infer
specific physical parameters such as the mean stellar ages or metallicities.
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Fig. A.1. Posterior distribution of an example galaxy with non-converged properties from PROSPECTOR. The properties shown are the metallicity,
the diffuse dust optical depths 7,, the ratio between diffuse dust and birth cloud optical depths, the dust slope modifier, n, the stellar mass, and the
ratios of SFRs between adjacent age bins, which define the non-parametric SFH.
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Fig. A.2. Comparison of the posterior distributions depending on the overall number of likelihood calls. The gray contour show the posteriors of
the shown properties with 2048 iteration and 48 walkers, while the green contours depict the results from another run with iterations walkers and
64 walkers.
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Appendix B: Comparison of SED with varying SSPs

As aforementioned, the SSP templates available in CIGALE and PROSPECTOR differ, leading to biases in the SED modeling given
the same set of parameters. We here show in Fig. B.1 a comparison plot between the output simulated composite stellar populations
given the same set of input physical properties. The simulations assume a fixed metallicity Z = Z, a redshift z = 0.0, and a delayed-
7 shape of the SFH with (z,) = 5 Gyr, 7. = 2 Gyr, with no dust attenuation, dust emission or nebular emission. Thus, the models
only differ by their applied stellar templates, with BCO3 for CIGALE and MILES for PROSPECTOR. The first subplot shows the
overall rest-frame SEDs derived from both codes for the input parameter set, with the second subplot depicting the residual between
the two curves. Below, we plot the magnitude differences for the observed photometry in the PAUS and CFHTLS bands extracted
from the observed-frame spectra. Therein, we see that the MILES templates produce overall brighter magnitudes than BC03. The
relative magnitude difference decreases with the wavelength up to the g-band, but increases again towards to near-infrared. Such
differences in the UV, optical and infrared thus naturally lead to differences in the physical parameters, if the same photometry is fit

using varying SSPs.

flux density F), [Jy]

C
v

FP—

p C
Mag — MAB

Fig. B.1. Comparison of rest-frame SED and magnitudes between BCO3 (CIGALE) and MILES (PROSPECTOR). The uppermost panel shows the
rest-frame spectra, with the residual between the curves plotted below. The lower plot illustrates the magnitude differences in the CFHTLS and
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PAUS filter bands extracted from both SED simulations.
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