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In anticipation of JWST data, today’s study of early Universe galaxies focuses on preparations
for efficient data handling. For that reason, in our previous work (Burgarella et al. 2022), we
constructed an IR template which is based mainly on the ALPINE data sample with an addition of
a few other well-studied galaxies, which includes galaxies in the redshift range 4.5 < 𝑧 < 6.2. To
build the IR template, a sample of galaxies with a well-sampled SED was chosen and SED fitting
was performed on the entire sample using the flux data of all available filters. This mainly served
to constrain the UV part of the SED, give an idea about the type of IR SED that we might expect,
and have a best-fit model of the entire SED. Then, by normalising the SEDs of each individual
galaxy at the rest-frame 200 `m flux, a composite IR SED was constructed from the normalised
ALMA Band 6 or 7 fluxes of all galaxies, this time in the observer frame. When shifted to the
observer frame, the flux of the ALMA Bands is at a different wavelength for each galaxy, due to
the difference in redshift. We call this technique “using the Universe as a spectrograph”. Finally,
these data points were fitted to create a SED template representative of the entire studied sample.
The IR template is expressed through the parameters of three different dust emission models that
are required as input in the SED fitting code CIGALE which we consistently use in our work.
By using these values of the parameters, the number of models needed to fit the SED is greatly
reduced. In this work, we use older data from Bouwens et al. (2016) to test the IR template.
Three of the objects from this dataset were already used in building the IR template, however, the
majority of them did not meet the required minimum of 5 data points in the UV-optical and the
S/N > 1.5 criteria. The SED fitting with CIGALE is first carried out by using a grid of models for
dust emission. In a second fitting run, the parameters of the IR template are used. We compare the
main output parameters of the models, i.e. the characteristics of the galaxies, as well as the typical
diagnostic diagrams for this kind of sample, such as the SFR-M𝑠𝑡𝑎𝑟 , IRX-M𝑠𝑡𝑎𝑟 and IRX-𝛽𝑈𝑉

diagrams.
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1. Introduction

Answering the questions pertaining to the evolution of galaxies requires understanding the
dust within them and the cycles it undergoes. As the observing capabilities grow, so does science
dive deeper into the history of the Universe, probing the earliest type galaxies at the epoch of
reionization (EoR) at redshifts 𝑧 > 5. Even though this journey of discovery has begun decades
ago [1] with the study of high-redshift Lyman Break Galaxies (LBGs), the question of the far-
infrared (far-IR) emission of galaxies is still open. Many advancements have been made due to
the powerful observatories, such as the Herschel space observatory (Herschel), the Atacama Large
Millimeter/Submillimeter Array (ALMA), and the Northern Extended Millimeter Array (NOEMA),
as well as the hard work of many scientific groups [2–11, and many others].

One of the main tools used to study the galaxy parameters is Spectral Energy Distribution
(SED) fitting, a method that uses observations in a wide range of bands and compares the measured
fluxes to ones estimated by models. The SED fitting models include information about the synthetic
stellar population, as well as prescriptions for dust absorption and emission where infrared (IR)
data is available. Information about the properties and history of the stellar population is contained
within the ultraviolet (UV) part of the SED, while the IR emission is generally associated with the
dust emission, primarily the thermal continuum radiation of the dust grains [12]. For more details
on SED fitting, we refer to the review by Conroy [13]. In this work, the SED fitting is consistently
performed by the code CIGALE1 [14–16]. Below we mention some of the main parameters used
in this work that can be extracted with SED fitting, with their definitions and common ways of
estimating.

The galaxy’s stellar mass, which represents the total mass of stars contained in the galaxy is
estimated using the mass-to-light ratio, multiplied by a measured near-IR (NIR) luminosity:

𝑀∗
𝐿NIR

= 0.6
𝑀⊙
𝐿⊙

, (1)

where the 𝐿NIR is commonly at 1.65`m [17, H band], 2.15`m [18, K band], or 3.6`m [19].
The stellar mass and SFR are output parameters in the SED fitting codes, and they are estimated

through the SSP templates and Initial Mass Function (IMF) assumed during the fitting.
The SFR is usually determined with the use of a classical calibration [20]. In the UV continuum

(between 1250 and 2500 Å) young stars dominate, and this luminosity can be converted to SFR
with the following calibration relation, derived from stellar population synthesis:

SFR(𝑀⊙yr−1) = 1.4 × 10−28𝐿a (ergs−2Hz−1) (2)

Finally, a quantity called Infrared Excess (IRX) is used in this work, and its purpose is to serve
as a proxy for estimating the dust attenuation in a galaxy. It is defined as [21]:

IRX = log
𝐿 (TIR)
𝐿 (FUV) (3)

1https://cigale.lam.fr/
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Here, 𝐿 (TIR) represents the total infrared luminosity, and 𝐿 (FUV) is the FUV luminosity at
1600 Å.

In practice, accurately modelling the dust emission of high redshift galaxies is not a simple
matter, especially if we are interested in the particulars of individual objects. Combining several
objects to account for the less-than-ideal accuracy and narrow wavelength coverage currently
available for such faint objects is one approach that has been used in the literature [22–24]. Starting
from the assumption that the sample of galaxies chosen has a common characteristic dust emission,
it is possible to build a template that will be representative of the sample and which will improve
the assumptions we make when faced with a lack of data.

As new facilities become available to observe distant galaxies, the number of objects for
which we have data increases. Fitting the SEDs of a large number of sources requires significant
computational time, and this can become quite expensive when we are trying to achieve better
accuracy of our results. This is another aspect of why building IR templates is important; they are a
technique that could possibly reduce the computational time necessary to extract quality information
from our observations. This work is the continuation of the Burgarella et al. (2022, [25], B22
henceforth) paper, where one such IR template was proposed. Our aim is to test the template on a
completely different data set and determine how efficient it would be in larger, more model-heavy
SED fitting runs. In this paper, we assume a Chabrier initial mass function [IMF, 26]. We use
WMAP7 cosmology [27].

2. The sample of studied galaxies

Two different galaxy samples are relevant to this work. The first sample of galaxies is the
basis of the IR template and it is described in B22. The data used to construct the template mainly
consists of ALPINE data [8, 28, 29], combined with a few other sources collected from various
works and presented in [9]. The ALPINE sample was chosen because it falls in the redshift range
4.5 < 𝑧 < 5.5, and is representative of high redshift Star-Forming Galaxies (SFGs). They have
been determined to be located on or near the main sequence of the SFR-𝑀𝑠𝑡𝑎𝑟 diagram for their
appropriate redshifts [30, 31], and the sample is dominated by UV-selected galaxies.

The ALPINE sample of 118 objects was not used in its entirety, but only as a sub-sample with
the best-quality data. The final sample consists of 27 objects with ALMA detections, while the
78 ALMA upper limits were used in later stages after the first version of the template was created
and tested for homogeneity. The rest were not used due to a lack of UV-optical-near-IR range
data. Generally, the objects that were included in the final sample were the ones that fulfilled the
following selection conditions:

• ALMA band 7 or band 6 detection with S/N > 3

• ALMA band 7 upper limits (for the second version of the template)

• SFGs with more than 5 bands in the UV and optical

• UV-optical-IR detections with S/N > 2.5

• [CII]158`m measurement

3
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Figure 1: A histogram of the B16 data, binned by stellar masses (left panel) and SFR (right panel), used to
verify the homogeneity of the sample.

The second sample used in this work is the data on which we test the IR template. It is the
dataset presented in Bouwens et al. (2016, [2], B16 henceforth). We have taken the flux data
directly so that we are better able to compare the results from the SED fitting, as opposed to taking
the parameter values estimated in [2] using a different SED fitting software. It should be noted that
the B16 data was considered in the work of B22, however, none of the objects satisfied the selection
criteria described above. The B16 data comprises of HST and ALMA band 6 observations of
high-redshift SFGs within the Hubble Ultra Deep Field (HUDF) and it is composed of 78 galaxies
from within the redshift range of 𝑧 ≈ 4 − 10. Histograms of the sample per stellar mass and SFR
are shown in Fig. 1.

3. Method

As this paper is based on the B22 work, a simplified summary follows. The relevant goal
of the B22 paper was to find an IR template that is representative of star-forming galaxies in the
early Universe. Once the sample was selected, SED fitting was performed in a few phases in the
following order:

1. Fit the SEDs of the entire sample using all of the available data

2. Normalise the flux observations of each object with the rest-frame 200 `m flux obtained from
the best-fit SED of step 1

3. Construct a composite IR SED from the normalised ALMA Band 6 or 7 fluxes of all galaxies,
each shifted to the observer frame. This way, the ALMA flux of each object is at a slightly
different wavelength, due to the differences in redshift. This method is referred to as "Using
the Universe as a spectrograph"

4. Fit the composite IR SED as if it were the SED of a single object

5. The best-fit model of the composite IR SED becomes the template which is representative of
the entire studied sample.

4
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The template is given both as flux values for rest-frame wavelengths, and as a set of input
parameters that were used in CIGALE to give the best-fitting SED. We use the latter in the work
presented below, specifically the values for the DL2014 dust emission model, their values being:

𝑞𝑃𝐴𝐻 = 0.47 (4)
𝛼 = 2.39 ± 0.44 (5)

𝑢𝑚𝑖𝑛 = 18.1 ± 12.7 (6)
𝛾 = 0.54 ± 0.35 (7)

We use these values to test the IR template of B22. We fit our SEDs with both the average
values given here, as well as with 2 or 3 values within the error bars, with no significant difference.
In fact, in this work we only perform the first part of Step 1 above on our sample of galaxies, we
fitted the SED with CIGALE without concerning ourselves with the IR dust emission. All CIGALE
models and input parameters are the same as the ones used in B22, except the dust emission model.

Testing the template requires determining the galaxy parameters in a trustworthy way for
comparison. For this purpose, we perform a second SED fitting in our usual manner, meaning we
test the full range of dust emission model parameters. The galaxy parameters obtained this way are
denoted as “all models” on the plots in Fig. 2. The only difference between the input parameters of
both the “all models” and the “IR template” SED fitting runs is in the dust emission models, so any
differences we find in the results should be due to the assumptions we make on the dust emission.

4. Analysis of the results

To estimate the method, we start by making assumptions on what type of objects is expected
from the selection criteria. Then, an analogy with what we know about this galaxy type allows us
to check that we are in agreement, with the expected results. Firstly, we directly compare the results
of the SED fitting with the IR template to our “usual” SED fitting scheme. Secondly, we examine
the main diagnostic tools, which would enable us to compare our results to standards that have been
studied widely in the literature.

The first comparison is presented in Fig. 2. The three main parameters are shown, the stellar
mass of the galaxies, the SFR and the IRX. We can see that the stellar mass is significantly closer to
the 1:1 line compared to the other two parameters. What is noticeable about all three plots is that
even though some correlation can be noticed, the scatter is quite significant.

To quantify the scatter we examine the difference between the parameter values, defined as
Δ𝑃 = 𝑃𝑎𝑙𝑙 − 𝑃𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒, where 𝑃 stands for each of the parameters (log 𝑀 , SFR or IRX), and the
subscripts 𝑎𝑙𝑙 and 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 refer to the parameter obtained when the fitting was performed with the
full range of models and the IR template, respectively. For the stellar masses, 56 objects (72%) have
a difference Δ𝑃log 𝑀𝑠𝑡𝑎𝑟

< 0.3dex and 32 objects (41%) have a difference Δ𝑃log 𝑀𝑠𝑡𝑎𝑟
< 0.1dex.

Conversely, for the SFR only 12 objects (15%) have a difference Δ𝑃log 𝑆𝐹𝑅 < 0.3dex and this
value goes as low as 4 objects (5%) for a difference of Δ𝑃log 𝑆𝐹𝑅 < 0.1dex. The situation is
similar, though slightly better for the IRX, with the counts being 41 objects (52%) for a difference

5
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Figure 2: Comparison plots between the SED fitting results obtained by running a full range of models (all
models) and by running a reduced number of models, where the dust emission parameters are taken from the
template by B22 (IR template). The top panel represents the stellar masses, the middle is the star formation
rate and the bottom is the infrared excess. On each, a 𝑥 = 𝑦 line is shown to mark the deviation of the values
for each parameter.

6



P
o
S
(
B
P
U
1
1
)
0
4
2

Testing the IR Template J. Bogdanoska

Figure 3: Comparison of the best-fit 𝜒2 of the SED fitting results obtained by running a full range of models
(all models) and by using the template by B22 (IR template). The left panel represents the 𝜒2 and the right
is the reduced 𝜒2.

Δ𝑃𝐼𝑅𝑋 < 0.3dex and 16 objects (21%) for Δ𝑃𝐼𝑅𝑋 < 0.1dex. This confirms what was expected
from a visual inspection of the plots, the discrepancy between the results is quite significant.

For a final direct comparison between these two differently obtained results of the same objects,
we compare the 𝜒2 and the reduced 𝜒2 of both, as shown in Fig. 3. The difference is quite dramatic
between the two 𝜒2 estimates, with an average difference 𝜒2

𝑎𝑙𝑙
− 𝜒2

𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒
= 4.6 (Fig. 3, left). The

reduced 𝜒2 seems a lot better, 𝜒2
𝑎𝑙𝑙,𝑟𝑒𝑑𝑢𝑐𝑒𝑑

− 𝜒2
𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒,𝑟𝑒𝑑𝑢𝑐𝑒𝑑

= 0.23 on average (Fig. 3, right).
This apparent improvement is expected because the reduced 𝜒2 takes into account the difference in
free parameters in the models. However, even the difference in absolute 𝜒2 seems less substantial
if we consider that the objects have a high 𝜒2 to start, which is of little wonder considering the data
we used was below the quality standards of B22.

Except for testing our method internally with two similar SED fitting methods, we check
whether the results we get are in accordance with what is found in the literature. Using the galaxy
parameters from the SED fitting with the IR template, we build some of the classical diagnostic
plots for our sample. We show the location of our data on a SFR-M𝑠𝑡𝑎𝑟 diagram, an IRX-M𝑠𝑡𝑎𝑟

diagram and a IRX-𝛽𝑈𝑉 (defined in e.g. [32]).
The top panel of Fig. 4 represents the SFR-M𝑠𝑡𝑎𝑟 diagram, and as expected since our sample is

built from SFGs, our objects lie near the main sequence. The comparison is made to the following
equation by Pearson et al. (2018) [31]:

log(𝑆𝐹𝑅) = (1.00 ± 0.22) (log(𝑀𝑠𝑡𝑎𝑟 ) − 10.6) + (1.92 ± 0.21) (8)

The IRX-M𝑠𝑡𝑎𝑟 relation is presented on the middle panel of Fig. 4. This one is very relevant to
our investigation, as the IRX serves as a proxy for dust attenuation. We use the "consensus" relation
of [2], even though more recent updates on this relation exist. The main reasoning is that many

7
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Figure 4: Diagnostic plots representing some of the main relations the objects of our sample are expected
to follow. The top panel represents the relation between the stellar mass and star formation rate, the middle
panel shows the dependence of the IRX on the stellar mass, and the bottom is the relationship between the
IRX and the UV slope 𝛽. The dashed lines represent literature relations for comparison, the equations are
given in the text.
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of these works find a redshift dependence of this relation [33, 34], while our sample has not been
divided by redshift and spans a significant redshift range. The consensus relation is the following:

log10(𝐼𝑅𝑋) = log10(𝑀𝑠𝑡𝑎𝑟/𝑀⊙) − 9.17 (9)

Finally, the bottom panel shows the relationship between the IRX and the UV slope 𝛽𝑈𝑉 .
Here we also encounter the issue of the redshift dependence of this relation, nevertheless, we use a
relation estimated for a given redshift of 𝑧 = 5.5. The relation is that of Schulz et al. (2020) [35].
We can see that most of our data is within the expected range, with some outliers which are to be
expected. The relation is the following:

𝐼𝑅𝑋 = log10(1.68) + log10(10(0.4) (3.85+1.95(𝛽+𝛽𝑧 ) ) − 1) (10)
𝛽𝑧 = 0.142𝑧 − 0.081 (11)

5. Conclusions

Modelling the IR dust emission of distant galaxies is quite difficult, even with the aid of state-
of-the-art facilities. To achieve better results, we can combine as much available data as possible
to better understand the properties and processes ongoing in these early Universe galaxies. For
that purpose, B22 propose an IR template that can be used to model the dust emission, especially
when little to no data is available. The mission of this work was to test the proposed template
and to estimate whether or not it is a reasonable assumption to be made in future work. From our
investigations we can point out the following:

• Fitting the SED with and without a template gives relatively different results, however, the
diagnostic plots obtained are still within the expected range

• The 𝜒2 of the fit is worse when using the template, but the difference in the reduced 𝜒2 is
not so significant. The loss in the goodness of fit seems less significant if we also look at the
absolute values of the 𝜒2, which are very high for both fits

• The computational time was reduced significantly, as the SED fitting runs with the template
took around 1-2 hours on a personal laptop, while the full models fitting would be completely
impossible on such a modest machine

The current reality is that it is not uncommon when fitting the IR SED, to only have a single
data point in this range. Given the lack of options, having a template as a "prior" to input in the
SED fitting models is as good of a starting point as any. As the results shown previously suggest,
the IR template presented by B22 may not be an ideal solution, but it does provide useful results,
especially when faced with the usual lack of more detailed data. This means that the proposed
template can serve as a foundation stone which can and will be further improved as similar galaxies
are studied in more detail, and our knowledge of the overall processes ongoing in galaxies becomes
better understood.
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