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ABSTRACT

The millimeter continuum emission from galaxies provides important information about cold dust, its distribution, its heating, and its role in the
interstellar medium (ISM). This emission also carries an unknown portion of the free-free and synchrotron radiation. The IRAM 30 m Guaranteed
Time Large Project, Interpreting Millimeter Emission of Galaxies with IRAM and NIKA2 (IMEGIN) provides a unique opportunity to study the
origin of the millimeter emission at angular resolutions of <18” in a sample of nearby galaxies. As a pilot study, we present millimeter observations
of two IMEGIN galaxies, NGC 2146 (starburst) and NGC 2976 (peculiar dwarf) at 1.15 mm and 2 mm. Combined with the data taken with the
Spitzer, Herschel, Planck, WSRT, and the 100 m Effelsberg telescopes, we modeled the infrared-to-radio Spectral Energy Distribution (SED) of
these galaxies, both globally and at resolved scales, using a Bayesian approach to (1) dissect different components of the millimeter emission, (2)
investigate the physical properties of dust, and (3) explore the correlations between millimeter emission, gas, and star formation rate (SFR). We
find that cold dust is responsible for most of the 1.15 mm emission in both galaxies and at 2 mm in NGC 2976. The free-free emission emits more
importantly in NGC 2146 at 2 mm. The cold dust emissivity index is flatter in the dwarf galaxy (8 = 1.3 = 0.1) compared to the starburst galaxy
(B = 1.7+0.1). Mapping the dust-to-gas ratio, we find that it changes between 0.004 and 0.01 with a mean of 0.006 + 0.001 in the dwarf galaxy. In
addition, there is no global balance between the formation and dissociation of H in this galaxy. We find tight correlations between the millimeter
emission and both the SFR and molecular gas mass in both galaxies.

Key words. galaxies: dwarf — galaxies: ISM — galaxies: individual: NGC 2146 — galaxies: individual: NGC 2976 — galaxies: spiral —
galaxies: starburst

1. Introduction Kramer et al. 2010; Aniano et al. 2012, 2020; Tabatabaei et al.
2014; Orellana et al. 2017; Galliano et al. 2018).

Dust in galaxies emits across a range of temperatures. The
warmer more emissive component of dust emits mostly in the

Dust is one of the most important constituents of the inter-
stellar medium (ISM) of galaxies, catalyzing the formation of

molecules needed to form protostellar cores (Gould & Salpeter L
) . . . mid-infrared (MIR) wavelength range. In contrast, the colder
1963; Perets & Biham 2006; Bron etal. 2014). By absorbing and more massive dust component emits at longer wavelengths

starlight and re-emitting it at ipfrared to millimeter Wavglengths in the far-infrared (FIR), up to 3 mm. This cold (15-30K) dust
(1 ~ 5Sum-3mm), dust significantly impacts the heating and

cooling processes of the ISM, and thus has a profound influence
on the overall physics of a galaxy (Tielens 1997; Smith et al.
2007; Pope et al. 2008; Galametz et al. 2013; Nersesian et al.
2019) as well as its appearance in the ultraviolet to infrared
wavelength range. Modeling the spectral energy distribution
(SED) of dust allows us to infer the physical properties of the
grains, such as their temperature, mass, composition, and size
distribution. Understanding these properties and their relation-
ship with other components of the ISM, such as gas and star
formation tracers, is essential in order to understand the evo-
lution of the galaxy (Draine et al. 2007; Galametz et al. 2009;

component is heated by the diffuse interstellar radiation field
(ISRF), mainly fed by photons from the global stellar pop-
ulation. However, the emission from this cold component is
often intermixed with emission from warmer dust peaking at
A ~ 70 wum, which is heated by star-forming regions, and hence it
is often poorly constrained. The submillimeter/millimeter wave-
band (500-3000 wm) is crucial for detecting this cold dust com-
ponent, and thus for making accurate estimates of the total dust
mass (Boquien et al. 2011; Tabatabaei et al. 2013a).

Space telescopes such as IRAS, ISO, Spitzer, and Herschel
have allowed us to study dust emission in galaxies up to 500 wm.
These telescopes have provided sensitive MIR to FIR observa-
tions to constrain the dust properties, particularly around the
* Corresponding author; gejlali@ipm.ir peak of the dust SED (100-200 um in star-forming galaxies).
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However, studying longer millimeter wavelengths, well beyond
the peak, is crucial for modeling the mass and temperature
of cold dust (e.g., Galliano et al. 2003; Galametz et al. 2011;
Rémy-Ruyer et al. 2013; Hunt et al. 2015). To fully sample the
dust SED, reliable data in the millimeter range is needed. The
Planck space telescope has observed the Milky Way and other
galaxies at millimeter wavelengths, but its resolution (300" at
best) does not allow the study of resolved ISM in most galax-
ies. As a result, even for many nearby galaxies, we lack high-
resolution observations at the low-frequency end of their dust
SED. This coarse sampling of the Rayleigh-Jeans tail of dust
emission in most galaxies has resulted in poor constraints on the
content and physical properties of cold dust in those objects.

The New IRAM KID Array (NIKA2) on the IRAM 30m
telescope, with an instantaneous field of view (FoV) of 6.5 and
angular resolutions of 11.1” and 17.6” at 260 and 150 GHz,
respectively, is an ideal instrument for studying the dusty ISM
of nearby galaxies in detail (Adam et al. 2018; Perotto et al.
2020). The Guaranteed-Time Large Project of the NIKA2 col-
laboration, Interpreting Millimeter Emission of Galaxies with
IRAM and NIKA2 (IMEGIN), led by S. Madden, has observed
a sample of 22 nearby galaxies with varying ranges of masses,
morphological types, star formation rates (SFRs), and ISM prop-
erties with distances less than 25 Mpc. This sample is expected to
provide essential data for studying the thermal emission of cold
dust and its relation to other components of the ISM in nearby
galaxies. The first IMEGIN paper was focused on the edge-on
galaxy NGC 891 (Katsioli et al. 2023). This paper is the second
IMEGIN paper that presents and analyzes the NIKA2 observa-
tions of the two galaxies, NGC 2146 and NGC 2976. These two
galaxies, which differ extensively in terms of mass, SFR, and
ISM properties, were among the first IMEGIN galaxies to have
their observations and data processing completed, which is the
reason why we selected these galaxies for this paper.

NGC 2146 is a barred spiral galaxy with a morphology type
of SB(s)ab pec (de Vaucouleurs et al. 1991) and a total stellar
mass of log M, = 10.3 My (Kennicutt et al. 2011). In optical
images it shows a bright central bulge and extended irregular
arms, in addition to an apparent dust lane that runs along the
major axis. NGC 2146 is a luminous infrared galaxy (LIRG)
with Lg_1000yum ~ 10" L, (Gao & Solomon 2004). As outflows
are reported to be common in LIRGs, NGC 2146 shows a super-
wind outflow along the minor axis that is observed in optical
and in X-ray (Greve et al. 2000; Kreckel et al. 2014). More-
over, Taramopoulos et al. (2001) claimed that NGC 2146 went
through a merger with a gas-rich low surface brightness spi-
ral companion that occurred about 1 Gyr ago. The companion
was destroyed during the interaction, as there is no evidence of
a double-nucleus in the center of the galaxy, indicating that it
is a highly evolved merger (Tarchi et al. 2004). This merger is
believed to be the cause of the starburst activity in NGC 2146,
given the high SFR of this galaxy, reported to be as high as
SFR = 39 + 11 Mgyr~' (Nersesian et al. 2019). The metal-
licity reported for NGC2146 is 12 + log(O/H) = 8.78 +
0.16 (De Vis et al. 2019, from the calibration of Pettini & Pagel
2004), equal to 1.2Z,, where Z; is the solar metallicity
(Asplund et al. 2009). The properties of NGC 2146 are presented
in Table 1.

NGC2976 is a peculiar dwarf galaxy (type SAc pec,
de Vaucouleurs et al. 1991), a weakly disturbed satellite mem-
ber of the M 81 group. It is a pure disk object with no visi-
ble spiral arms, although it is debated whether it has a gas-rich
bar and large-scale arms (Valenzuela et al. 2014). NGC 2976 has
a mass 22 times lower than that of NGC2146 and a SFR of
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Table 1. Properties of NGC 2146 and NGC 2976.

Galaxy

NGC2146

NGC2976

Position of

RA=6"18m37.7°

RA=9"47™15.3

nucleus (J2000) Dec=78°21'25" Dec=67°55"00"
Apparent size @ 6.0’ x 3.4’ 59" x2.7
Inclination 37° 60°
(0° = face on)
Distance (Mpc) ® 17.2 3.55
Physical scale equivalent 524 102
to 6” pixel (pc)
log M, (M) ® 10.3 8.9
SFR (M, yr~1)© 39+ 11 0.13+0.02
12 + log(O/H) @ 8.39 +£0.03 8.78 £ 0.16
Z(Zs) 1.2 0.5
Notes. @D,s in Blue filter, de Vaucouleursetal. (1991),

®XKennicutt et al. (2011), ©Nersesian et al. (2019), “@De Vis et al.
(2019).

0.13+0.02 Mg yr~! (Nersesian et al. 2019). The reported metal-
licity for this galaxy is 12+1log(O/H) = 8.39+0.03 (De Vis et al.
2019, from the calibration of Pilyugin & Grebel 2016), equal to
0.5 Z5. The properties of NGC 2976 are summarized in Table 1.

This paper is organized as follows. After explaining the
NIKA?2 observations and the complementary data in Sect. 2,
we present the resulting millimeter maps in Sect. 3. We then
describe the framework for modeling the SED of continuum
emission from the radio to FIR domains, and present the results
on both global and resolved scales in Sect. 5. Our results are then
discussed in Sect. 6 and summarized in Sect. 7.

2. Data
2.1. NIKA2 observations

We observed NGC 2146 and NGC 2976 as a part of IMEGIN
with NIKA2, which operates simultaneously at two wavelengths,
1.15 mm and 2 mm. Observations of NGC 2146 were conducted
from 13 to 17 January 2021. A total of 46 scans were taken dur-
ing 6.2 hours of on-the-source telescope time. The sky condi-
tions were stable. In addition, the atmospheric opacity 7225GHz
ranged between 0.11 and 0.28, with an average of 0.23 + 0.05.
NGC2976 was observed between 25 October 2020 and 14
February 2021. In total, 66 scans were taken in 8.3 hours of
on-the-source telescope time. During this time, the sky opacity
TasGH, varied in the range 0.19 and 0.32, on average equal to
0.22 + 0.06.

In general, the scans were conducted along directions at +45°
relative to the major axis of each galaxy. The scan sizes were
17.3" x 8.12" and 17.6’ x 7.35" for NGC 2146 and NGC 2976,
respectively. The on-the-fly scans were conducted at the max-
imum possible scanning speed for both galaxies (60”/s), given
the elevation of the source at the time of the observations and
the limitations of the telescope drive system to overcome sky
fluctuations as much as possible. Pointing was corrected every
hour, and the focus was adjusted every three hours.

The NIKA2 data were reduced with the Scanam_nika
pipeline, as explained in Appendix A. The reduced observed
maps at 1.15mm and 2 mm are presented in Fig. 1. The color
bars show the flux density in units of mJybeam™', and beam
sizes are indicated as a filled circle in the lower left corner of
each map. The 1.15 mm maps have an original resolution, full
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Fig. 1. Observed NIKA2 maps of NGC 2146 (top) and NGC 2976 (bottom) at 1.15 mm (left) and 2 mm (right). The color bars show the flux density
in units of mJy/beam. The circle in the bottom left corner of each panel indicates the angular resolution (beam widths) which is 12" and 18" at
1.15 mm and 2 mm, respectively. The contours show the MIPS 24 um emission at levels 9, 54, and 324 Jy/pixel in the top panels and 0.8, 2.4, and
7.2 Jy/pixel in the bottom panels. The FoV is 4’ X 4" and 5’ X 5’ for NGC 2146 and NGC 2976, respectively.

width at half maximum (FWHM), equal to 12" and a pixel size
of 3”. In Fig. 1, the beam of the 1.15mm maps corresponds
to a physical scale of ~1kpc and ~0.2kpc in NGC 2146 and
NGC 2976, respectively. The original resolution of 2 mm maps,
on the other hand, is 18", which corresponds to ~1.6 kpc and
~0.3kpc physical scale in NGC 2146 and NGC 2976, respec-
tively (Table 1). The pixel size of 2 mm maps are also 3”. In addi-
tion, we were able to reach a 107 noise level of 0.98 mJy/beam
at 1.15mm and 0.47 mJy/beam at 2 mm for NGC 2146. Simi-
larly for NGC 2976, a 10y, noise level of the 1.15 mm map is
0.97 mJy/beam, while it is 0.37 mJy/beam at 2 mm.

2.2. Complementary data

Table 2 summarizes the complementary data used in this work.
A collection of the maps used in this work is presented in Figs. 2
and 3 for NGC 2146 and NGC 2976, respectively. We further
explain the complementary data below.

Both these galaxies were observed with Spitzer MIPS.
NGC 2976 was observed as part of the Spitzer Nearby Galaxies
Survey (SINGS, Kennicutt et al. 2003) project and NGC 2146
by Engelbracht et al. (2008). We acquired the MIPS 24 um data
from the DustPedia archive (Clark et al. 2018).

These galaxies were also observed with Herschel PACS and
SPIRE cameras as part of the Key Insight in Nearby Galaxies: A

Far-Infrared Survey (KINGFISH, Kennicutt et al. 2011) project.
Moreover, we acquired Planck observations of these two galax-
ies at 1.38 mm from the DustPedia archive (Clark et al. 2018),
originally presented in Planck Collaboration I (2014).

NGC2146 and NGC2976 were observed at 6 cm with the
Effelsberg 100 m telescope as part of the Key Insight in Nearby
Galaxies Emitting in Radio (KINGFISHER, Tabatabaei et al.
2017) project with 2.5" angular resolution. Resolved radio con-
tinuum (RC) maps of these galaxies were taken with the West-
erbork array as part of the WSRT SINGS project (Braun et al.
2007) with 10” and 12.5” angular resolutions at 18 cm and
21 cm wavelengths, respectively. In addition, we used archival
photometry from Niklas et al. (1995), which includes observa-
tions at 2.8 cm with the Effelsberg 100 m telescope.

To take into account the contamination by the CO line emis-
sion in the NIKA?2 1.15 mm observations and to trace molecular
gas, we used CO(2—1) data from the HERA CO Line Extragalac-
tic Survey (HERACLES, Leroy et al. 2009, 2013; Schruba et al.
2011; Sandstrom et al. 2013), observed with IRAM 30m tele-
scope. In order to study different neutral gas components,
we made use of the VLA HI 21cm observations as part of
The HI Nearby Galaxy Survey (THINGS, Walter et al. 2008)
project, which is available only for NGC2976. As explained
in Schrubaetal. (2011), the HI emission from the disk of
NGC 2146 is severely self-absorbed, which left us without useful
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Table 2. Complementary data used in this study and their properties.

Angular NGC2146 NGC2976
Telescope Wavelength  resolution O rms O s Reference
WSRT 21 cm 12.5” 6.5x107° 27x107 Braun et al. (2007)
WSRT 18 cm 10” 47x107 3.8x107° Braun et al. (2007)
Effelsberg 6.2cm 144" 50x10™* 2.0x1073 Tabatabaei et al. (2017)
Effelsberg 2.8cm 69” - - Niklas et al. (1995)
Planck 1.38 mm 301" 1.8x 107!  6.8x 1072 Planck Collaboration I (2014), Clark et al. (2018)
Herschel-SPIRE 500 um 36" 53x1072 14x1072 Kennicutt et al. (2011)
Herschel-SPIRE 350 wm 25" 74x107% 1.8x1072 Kennicutt et al. (2011)
Herschel-SPIRE 250 pm 18" 14x 107" 7.9%x 1072 Kennicutt et al. (2011)
Herschel-PACS 160 um 11.4” 92x 107" 3.6x 107! Kennicutt et al. (2011)
Herschel-PACS 100 pm 6.8" 37x10° 93 x 107! Kennicutt et al. (2011)
Herschel-PACS 70 um 5.6” 3.6x10°  6.8x107! Kennicutt et al. (2011)
Spitzer-MIPS 24 um 6" 52x1073 8.6x107* Engelbracht et al. (2008), Kennicutt et al. (2003)
GALEX-FUV 153 nm 43" 6.3x 1077 42x1077 Gil de Paz et al. (2007), Clark et al. (2018)
IRAM 30m HERA  COQ2-1) 13.4” 42x1071 27x107! Leroy et al. (2009)
VLA HI 5”7 - 2.7 x10° Walter et al. (2008)

Notes. The first and second columns show the instrument and wavelength of each band, next to the angular resolution in the third column. The
fourth column is the oy, of each band, expressed in units of Jy/beam, except for CO, which is in Kkm/s and for HI which is in Jy/beam m/s.
The maps listed cover the whole disk of our two galaxies. Resolutions are FWHM on each map. HI data was only available for NGC 2976. The
integrated flux at 2.8 cm and its corresponding uncertainty is quoted from Niklas et al. (1995) and was not measured for this work.

information on the neutral atomic gas from millimeter-emitting
regions of this galaxy.

We also used GALEX far-ultraviolet (FUV) data of these
galaxies (Gil de Paz et al. 2007) acquired from the DustPedia
archive (Clark et al. 2018). For the sake of comparison with opti-
cal structures, Figs. 2 and 3 also show R-band optical maps
observed with the Jacobus Kapteyn Telescope (JKT, James et al.
2004). We note, however, that they were not used in this analysis.

3. Millimeter emission from NGC 2146 and
NGC 2976

Figure 1 shows that the millimeter emission emerges from
an elliptical disk that is brightest toward the galaxy center in
NGC 2146. No characteristic galactic substructures, such as spi-
ral arms, are evident at millimeter wavelengths, which is simi-
lar to what is found at FIR/submillimeter and radio wavelengths
(Fig. 2). The maximum flux density is 295 mJy/beam at 1.15 mm
and 55 mJy/beam at 2 mm at the position of the nucleus at the
central source. The integrated flux densities are 529 + 38 mJy
and 130 + 9mlJy at 1.15 mm and 2 mm, respectively.

NGC 2976, on the other hand, shows more structural details
due to its proximity. Notably, the two bright star-forming regions
in the north and south of this galaxy are prominent in the NIKA2
maps, similar to those in the FIR maps (Fig. 3). Its maxi-
mum occurs in the northwestern star-forming region with val-
ues of 14.0mJy/beam and 6.2 mJy/beam at 1.15 mm and 2 mm,
respectively. The southeastern source peaks at 10.8 mJy/beam at
1.15mm and 4.4 mJy/beam at 2 mm. The integrated flux of the
1.15 mm and 2 mm maps are 465 + 34 mJy and 84 + 8 mly.

The observed millimeter emission represents a mixture of
thermal dust and free-free emission as well as the nonthermal
synchrotron emission. In star-forming galaxies the free-free and
synchrotron radiations are extinction-free tracers of the SFR
(e.g., Condon 1992; Tabatabaei et al. 2017; Heesen et al. 2022).
The radiation from dust grains is due to heating by different
sources, and the peak of dust emission depends on the average
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energy of the radiation field. Warmer dust is heated mainly by the
energetic radiation field near young massive stars dominated by
UV photons, and therefore emit at shorter wavelengths. Colder
dust, which emits at longer wavelengths, is heated mainly by
the less energetic ISRF, dominated by optical photons from the
old stellar population (see, e.g., Bendo et al. 2015). However, the
ISRF itself depends on local physical conditions within a galaxy,
such as the star formation rate and the ISM density of a galaxy.
For instance, the ISRF in a starburst galaxy is expected to be
dominated by ionizing UV photons from young massive stars
rather than optical photons from old stars. There is a similar
expectation in a dwarf star-forming galaxy with a low-density
ISM, due to weak shielding and a high probability of the escape
of ionizing photons. Despite different dust heating sources, the
total IR emission of galaxies (e.g., integrated in the wavelength
range of 8-1000 um) is also widely used as a tracer of the SFR
(Kennicutt & Evans 2012). On the other hand, cold dust emis-
sion can also trace the total gas content of galaxies, including
dark gas, that is not traced by CO or HI (e.g., Abdo et al. 2010).
Considering that the SFR and the gas surface densities are cor-
related through the Kennicutt—Schmidt relation, a more indi-
rect correlation between the cold dust emission and the SFR is
also expected (Boquien et al. 2011; Bendo et al. 2012). Hence,
the millimeter emission can be strongly correlated with SFR
and/or the molecular gas content of galaxies. Figure 1, which
includes contours of 24 pm emission as a tracer of SFR overlaid
on NIKA?2 maps, shows a strong agreement between the two.
This is further investigated in Sect. 6.1. We determined the con-
tribution of each millimeter component through modeling the
FIR-radio SEDs. This was also needed to study the physical
properties of dust. Prior to the SED analyses, we assessed and
subtracted the CO line contamination.

4. Contribution of the CO(2-1) emission

The NIKA2 passband at 1.15mm overlaps partly with
the CO(2-1) molecular line emission at 230.5GHz
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10~ 1073 1072 107! 10°

CO(2-1)

Fig. 2. Complementary data used in this work for NGC 2146. GALEX FUYV, Spitzer MIPS, Herschel SPIRE and PACS, radio, and CO(2—-1) maps
are presented. The optical image in the Red filter displays the optical features of this galaxy and is not used in the analysis. The Planck 1.38 mm
and radio 6.2 cm maps are also not shown due to poor resolution. All the demonstrated maps have the same FoV of 3.5 x 4’, centered on the
galaxy. The maps are displayed in logarithmic scale and their original resolution (see indicated Table 2); the beam size is represented by a white

circle in the bottom left corner of each map.

Fig. 3. Same as Fig. 2, but for NGC 2976. The HI map, which is only available for this galaxy, is also included. The optical map in the Red filter
displays the optical features of this galaxy and is not used in the analysis. The Planck 1.38 mm and radio 6.2 cm maps are also not shown due to
poor resolution. All the demonstrated maps have the same FoV of 3.7" x 4.2’ centered on the galaxy. The maps are all shown in logarithmic scale
and at their original resolution (see Table 2); the beam size is represented by a white circle in the bottom left corner of each map.

Fig. 4. Maps of the CO fraction defined as the ratio of the CO(2—-1)
line emission to the observed 1.15 mm emission in NGC 2146 (left)
and NGC 2976 (right) at 18" angular resolution. Only pixels above the
30ms level of the observed NIKA2 map are shown. Contours show
the intensity of CO emission in each galaxy, starting from 1o, and
increasing by factors of 3. The circles in the bottom left corners indi-
cate the beam area.

(Perotto et al. 2020). Therefore, while measuring the con-
tinuum flux of our targets at 1.15mm with NIKA2, we
inevitably included line emission from CO(2-1). Hence, to

study dust continuum emission separately, we had to determine
the contamination by the CO(2—1) line and subtract it from the
total emission at 1.15mm. In Appendix B we explain how we
took the emission of the CO(2-1) line into account.

We quantified the contribution of the CO line emission at
18" resolution as this was our working resolution throughout
the analysis. Therefore, we convolved the NIKA2 1.15 mm and
CO(2—-1) maps to 18” resolution. Figure 4 shows the map of
the fraction of the NIKA2 1.15 mm emission that is attributed
to CO (2—-1), calculated for pixels with values above the 307y
level. Up to 30% of the observed 1.15 mm emission is due to
CO line emission in the starburst galaxy NGC 2146. Moreover,
in this galaxy, most of the CO line contamination occurs along
the forward dusty arm of this galaxy (cf. R-band optical map in
Fig. 2). In NGC 2976 the CO fraction is smaller with a maximum
of only 10% (Fig. 4), consistent with the fact that dwarf galaxies
have smaller reservoirs of molecular gas.

We found a mean CO(2-1) fraction (within pixels above
30 ms limit) of 17 + 6% (error is the standard deviation) in
NGC 1246 and 5 + 2% for NGC 2976. We also derived a global
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value for the CO fraction by dividing the integrated fluxes of
the CO(2—-1) and NIKAZ2 1.15 mm maps (limited to above 307 s
levels). The global CO fraction amounts to 20% in NGC 2146,
and lower (5%) in the dwarf galaxy NGC 2976.

5. SED modeling

As mentioned in Sect. 3, the emission at millimeter wavelengths
is a combination of dust emission and the RC emission com-
ponents: the thermal free-free and the nonthermal synchrotron
emission. The observed continuum flux density at millimeter fre-
quency v (S)"™) can be expressed as
smm = gdust 4 s 4 5", (1)
where S9! is the thermal emission from dust, and SX¢ = S +5*"
is the total flux of the RC emission with ST being the thermal
free-free emission and S,’" the nonthermal synchrotron emis-
sion. The synchrotron component has a power-law spectrum,
S = Agynv ™™, with @, the synchrotron spectral index and Ay,
a scaling factor. The free-free emission is linearly proportional to
the free-free Gaunt factor, gg(v), assuming optically thin emis-
sion (Draine 2011). We model it as Sﬁ = Ag gg(v), where Ag is a
scaling coeflicient that depends weakly on the electron temper-
ature T,.'. It is often useful to report the fraction of the free-free
emission in the RC component at a given frequency v, defined
as

Yo

ST sy

Yo

fie(vo) = )

Although the dust emission in the IR to millimeter range can
represent a continuum of temperatures, we model the dust emis-
sion assuming a double-component modified blackbody (MBB)
radiation, one from a warm dust component and the other from
a cold dust component:

< M, Y My
Seust =K (VL) BV(TC) + Ko ( v ) BV(TW) (3)
0

D? vw) D*

Here M, T, and B are dust mass, temperature, and emissivity
index, respectively, and B,(T) is the Planck function. The suf-
fixes ¢ and w denote the cold and warm dust components. For
the dust absorption coefficient, we use the value of k(200 um) =
0.66 m?kg~! following Ysard et al. (2024).

In summary, we use the following equation to model the con-
tinuum emission in millimeter wavelengths:

v M
S?m = K() (V—O) D—; BV(TC)

2
v\ M, o
+ Ko (V_) B,(Ty) + Ag gg(v) + AsynV " 4)
0

D
Equation (4) includes nine free parameters: M., T, B¢, My, Tw,
Bw, Agt, Agyn, and a,. To reduce the number of free parameters
and considering that warm dust constitutes only a small fraction

of the total dust content of galaxies, we set 5, = 2 throughout
this work (Tabatabaei et al. 2014).

! We set T, equal to 10* K, and we note that changing T, from 10* K
to 5000 K results in $3% difference in A .
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Table 3. Integrated flux densities of the maps used for the global SED
analysis.

Galaxy NGC2146 NGC2976
Wavelength S, Jy) S, Jy)

21 cm 1.11£0.06  0.070 +0.004
18 cm 0.94 +0.05 0.062 +0.003
6.2cm 0.43+0.02  0.030+0.005
2.8cm 0.224 +£0.006  0.021 +0.003
2 mm 0.13+0.01 0.08 £0.01
1.38 mm 0.3+0.1 0.2+0.1
1.15mm 0.48 +£0.03 0.45+0.03
500 um 7+1 5+0.3
350 pm 22+1 11+1
250 pm 55+4 22+2
160 um 160+ 13 43+4
100 pm 23118 39+4

70 um 193+15 22+2

24 um 15+1 1.3+£0.1

5.1. Global SED modeling

The SED model presented in Sect. 5 is used to fit the observed
integrated flux densities from the IR to the radio wavelengths.
This is required for a precise decomposition of the millimeter
emission components and to obtain the global properties of dust
in NGC 2146 and NGC 2976.

5.1.1. Photometry

We fit our SED model (Eq. 4) to the integrated flux densities at
24 um, 70 pm, 100 pm, 160 wm, 250 pm, 350 um, and 500 um, as
well as the millimeter and centimeter domain including NIKA2
1.15mm and 2 mm, Planck 1.38 mm, RC 2.8 cm, 6.2cm, 18 cm,
and 21 cm. We obtained the integrated fluxes using the CASA
software (CASA Team 2022). We integrated the maps in a cir-
cular aperture, using the task imstat in CASA. The radius of
the reference circular aperture used for the photometry is 160”
and 175” for NGC 2146 and NGC 2976, respectively, which is
almost equal to Rys of each galaxy.

The resulting photometry values are listed in Table 3. The
uncertainty of integrated fluxes in this table is computed fol-
lowing the method in Appendix C. Additionally, the integrated
fluxes reported for NIKA2 1.15 mm and Planck 1.38 mm are cor-
rected for the CO contamination, as explained in Sect. 4 and
Appendix B.

5.1.2. Fitting method and results

We employed a Bayesian approach to model the IR to radio
SEDs on a global scale, utilizing all available maps in this
range. We used the Markov chain Monte Carlo (MCMC) method
to implement the Bayesian approach. For each free parameter,
we reported the median of the posterior probability distribution
functions as the resulting value and 20%—80% percentiles as
error margins. During the fitting process, we accounted for the
transmission functions of the various telescopes from which we
obtained the data. The details of the fitting process are explained
in Appendix D.

The SEDs modeled are illustrated in Fig. 5, including the
uncertainty of the modeled flux as a shaded area. The relative
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Fig. 5. Global IR-to-radio SED (solid black curve) and its decomposed
individual components of the cold dust (blue dashed curve), warm dust
(orange dot-dashed curve), free-free (purple dotted curve), and syn-
chrotron emission (green solid curve) in NGC 2146 (top) and NGC 2976
(bottom). The shaded gray area shows the uncertainty of the model. The
relative residual of the model and observations with respect to the obser-
vation is shown at the bottom of each plot. The resulting SED parame-
ters are listed in Table 4.

residual (observation-model/observation) of each data point is
shown in the bottom panels of each SED in Fig. 5. The relative
residuals are 0% and 4% at 1.15 mm and 2 mm, respectively, in
NGC 2146. For NGC 2976, they are 4% and 6% at 1.15 mm and
2 mm, respectively. At other wavelengths, the relative residuals
are less than 10% (20%) in NGC 2146 (NGC 2976).

The resulting parameters listed in Table 4 show that a large
part of the dust content in NGC 2146 has a temperature of ~32 K,
while only about 0.1% of it can be attributed to the warm dust
component with a temperature of ~88 K. A similar condition is
present in NGC 2976, although most of the dust content is slightly

Table 4. Resulting SED parameters in the global modeling.

Galaxy NGC2146 NGC2976
T.(K)  323%L 27408
T,(K)  87.6772 85.1+99
M,(Mo) 333707107 7.56%23 x 10°
My(Mo) L7130 104 7354330 5 10!
Be 1724597 1.25+0:06

A 0.016+090% 0.003%0:00}

A, 1.42+006 0.079%0.007

an 0.94+90¢0 1144037

Notes. The reported values are the median and the errors are 20 and
80% quantiles of the posterior probability distribution function of each
parameter.

colder (=27 K) than thatin NGC 2146. The total dust mass listed in
Table 4 is consistent with previous findings reported by Hunt et al.
(2019) and Nersesian et al. (2019) for both of these galaxies.
Galliano et al. (2021) accounted for the mixing of the physical
conditions in their dust modeling and obtained a higher dust mass
(by a factor of 2). This disparity, as explained in Galliano et al.
(2021), arises from the fact that the MBB model is an isothermal
approximation and does not consider the coldest, less emissive,
yet substantial regions in the galaxy, leading to a potential sys-
tematic underestimation of mass.

Considering the RC components, we find a free-free frac-
tion of fzx = 0.21f8:82 at 6cm and fi = 0.08f8:g§ at 21 cm for
NGC2146. Higher fractions are obtained for NGC 2976 with
fir equal to 0.58"029 and 0.27*))] at 6cm and 21 cm, respec-
tively, as expected for dwarf galaxies (Tabatabaei et al. 2017).
Figure 5 shows that in NGC2146 the free-free emission is
dominating the SED between 25 and 240 GHz. The contribu-
tion of the free-free emission to total emission peaks at 67%
at 76 GHz. Similar values have been reported in other star-
burst galaxies such as M 82 (Condon 1992; Peel et al. 2011)
and NGC 3256 (Michiyama et al. 2020), or in the central star-
burst regions of normal star-forming galaxies such as NGC 4945
(Bendo et al. 2016), NGC253 (Peel etal. 2011; Bendo et al.
2015), and NGC 1808 (Salak et al. 2017; Chen et al. 2023).

The global continuum emission of these two galaxies is
decomposed into its three components at NIKA2 wavelengths:
the emission from the free-free, synchrotron, and dust (Eq. 4).
The results of this decomposition are reported in Table 5. As
expected, moving from 1.15 mm to 2 mm, the contribution of
dust emission decreases, while the contributions of free-free and
synchrotron emission increase.

We note that at 2 mm, 87.3% of the emission is due to dust
in NGC 2976, which agrees with that reported by Katsioli et al.
(2023) for the normal star-forming galaxy NGC 891. However,
this contribution is smaller in NGC 2146 (47.6%), indicating that
this starburst galaxy has stronger radio emission at 2 mm. There-
fore, we emphasize that assuming a dominant dust component at
2mm is not always correct, and it can depend on the ISM and
star formation properties.

5.2. Resolved SED modeling

In the following we describe the pixel-wise analysis of the IR-
to-radio SED used to map the millimeter emission constituents
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Table 5. Contribution of the three constituents of continuum emission
with respect to the modeled flux at 1.15 mm and 2 mm.

Galaxy NGC2146 NGC 2976

Wavelength  1.15mm 2mm [.15mm 2mm
Free-free 10.0%  42.2% 2.3% 12.4%
Synchrotron 1.6% 10.2% 0.1% 0.3%
Dust 884% 47.6% 97.6%  87.3%

(dust, free-free, and synchrotron), dust physical parameters, and
the free-free fraction in NGC 2146 and NGC 2976.

5.2.1. Photometry

We chose 18” (the FWHM at 2 mm and 250 um) as our work-
ing resolution to study the SED on spatial scales of ~1.6kpc
and ~0.3 kpc in NGC 2146 and NGC 2976, respectively. There-
fore, the Planck 1.38 mm, SPIRE 350 um, SPIRE 500 pm, radio
2.8 cm, and radio 6 cm maps are excluded from this analysis due
to their poorer angular resolutions (Table 2). We convolve the
Spitzer MIPS, Herschel PACS and 1.15 mm map to the 18" res-
olution using Gaussian kernels. The various bands sampling the
dust SED were observed with different instruments, from space
or on the ground, with very different final performance levels
regarding flux conservation and noise subtraction. To homoge-
nize the spatially resolved dust SED (both in terms of recovered
flux fraction and noise properties), and in order to obtain reliable
parameters from the SED fitting that are as unbiased as possible,
we built simulations as explained in Appendix A.

The radio maps are similarly convolved with a Gaussian ker-
nel with CASA software, using the task imsmooth. Ultimately,
we reprojected all the maps to the same geometry and coordi-
nate system and regridded them to 6" pixel size. We note that
the pixel size was chosen to be one-third of the beam size to
ensure Nyquist sampling. Our analysis is limited to pixels with
a signal-to-noise ratio, S/N > 3, for all maps used over the entire
analysis.

5.2.2. Fitting method and results

The lack of resolved RC maps at 2.8 and 6 cm prevents us from
constraining the synchrotron spectral index if it is chosen as a
variable. Therefore, we opted to use the globally obtained «,
(Table 4) for different pixels. We should note that this assump-
tion is not entirely realistic because studies show that @, can
vary in different parts of a galaxy (e.g., Tabatabaei et al. 2013b;
Baes et al. 2010). However, to constrain the SEDs locally, more
resolved maps are needed to cover the radio domain, which is
not available currently. Moreover, to reduce parameter distri-
bution biases caused by degeneracy and noise-injected correla-
tions between the dust SED parameters, particularly that of the
dust temperature and emissivity index (e.g., Shetty et al. 2009;
Juvela & Ysard 2012; Kelly et al. 2012), we also fixed S, to its
global value (see Table 4). This choice was then assessed by
repeating the analysis using different fixed S, values around its
global value in each galaxy (Table 6). The goodness of the SED
fits was then evaluated for each S, selected. In the context of
the Bayesian approach, posterior predictive p-values are used to
assess the quality of a fit (Galliano et al. 2021; Galliano 2022).
In this method, a p-value close to 0.5 suggests that the model is
a good fit for the data, while a p-value close to 0 or 1 suggests
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Table 6. Mean of p-values in the pixel-wise SED modeling with a
fixed ..

NGC2146
Be 1.6 1.7 1.8 1.9 2.0
p-value 038 044 049 053 0.56
NGC2976
Be 1.1 1.2 1.3 1.4 1.5 1.6
p-value 022 032 041 048 0.53 0.55
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Fig. 6. IR-to-radio SEDs of a selected pixel in NGC 2146 (top) and
NGC 2976 (bottom). The curves show the cold dust (blue dashed curve),
warm dust (orange dot-dashed curve), free-free (purple dotted curve),
and synchrotron (green solid curve) emissions.

that the model may not be a good fit. The p-values per pixel
for each S, are calculated and reported in Table 6. The data is
best reproduced taking 8. = 1.8 for NGC2146 and 5. = 1.4
for NGC 2976, which agree with the global results (Table 4)
taking into account their uncertainties. We note that fixing 3.
is a first approximation, as it can spatially vary inside a galaxy
(Tabatabaei et al. 2014).

For the resolved study, Eq. (4) is applied using the flux den-
sities per pixel instead of the integrated flux densities. Similarly
to the global study, we implemented the MCMC Bayesian infer-
ence. The fitting method and uncertainties are explained in detail
in Appendices C and D. Figure 6 shows the resulting SEDs of
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Fig. 7. Maps of the resulting SED parameters for NGC 2146 for 6” pixels (=525 pc). Shown (from left to right) are cold dust temgerature T. (K),

cold dust mass surface density Xy, (Mo kpc’z), warm dust temperature T (K), warm dust mass surface density Xy, (Mg kpc™

), and thermal

free-free fraction at 21 cm fi(21 cm). The SED analysis only uses pixels with intensities >30 s at all wavelengths. The beam width of 18" is
demonstrated in the lower left corner of the first panel. Also shown is the percentage of relative error of each parameter (bottom row).
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Fig. 8. Same as Fig. 7, but for NGC 2976. The SED analysis only uses pixels with intensities >107, at all wavelengths for this dwarf galaxy.

a selected pixel for each galaxy. The resulting parameter maps
(i.e., medians of the posterior distribution functions) for T¢, Xy,
Tw, Zp,, and fg(21 cm), along with their relative uncertainty
maps, are shown in Figs. 7 and 8. We note that the surface density
of the dust mass is corrected for the inclination of each galaxy.
The mean value and dispersion of each parameter are reported in
Table 7. These maps are discussed as follows.

In NGC2146, no spiral arms or star-forming regions are
evident in the resulting SED parameter maps at the resolution
of this study (~1.6kpc), as expected from the observed maps
(Fig. 1). With T, varying mainly in a narrow range of 253 to
35’:% K, the cold dust component has a higher surface density
in the inner disk of NGC 2146 reaching a maximum of X, =
2. 62 % 10® M, kpe ™2 in the center of this galaxy. The warm dust
component (61*)' < Ty, < 74*1K) becomes denser toward the
center reaching a peak of Xy, = 1.1%/ x 10* Mg kpc™. The
mass surface density of the warm dust is lower than that of the
cold dust by more than two orders of magnitude while its vari-
ation over the galaxy is three times larger. Both 7. and T, are

higher in the inner part of this galaxy, with slightly different dis-
tributions, but overall consistent within the error margins.

At about 0.3 kpc resolution, the resulting SED parameter
maps exhibit resolved structures in NGC 2976. Cold dust with
temperatures ranging between 22f} K and 293 K is denser in
the star-forming regions, particularly the one in the northwest
that hosts the maximum surface density of Xy, = 1.99‘&2 X

10° My kpc™2. The warm component with temperatures rang-
ing between 56tg K and 70’:?1 K follows a similar distribution,
although it is more concentrated in the star-forming regions com-
pared to the cold dust (the star-forming versus non-star-forming
contrast is five times larger than that of the cold dust). The cold
and warm components have similar temperature distributions
across NGC 2976, although Ty, has a higher fluctuation than 7.
This indicates that both components are effectively heated by
young massive stars in this galaxy.

Figures 7 and 8 also present the maps of the free-free frac-
tion, fi (Eq. 2), at 21 cm. We note that the large relative errors
o fi are due to poor sampling of the SED in the radio domain,
particularly in regions of lower S/N. In NGC 2146, fy varies
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Table 7. Statistics of resolved SED modeling.

Galaxy NGC 2146 NGC 2976

T, (K) 30.5+2.6 260+ 1.3

i Mokpe?)  (82£59)x10° (9.7 +2.5)x 10*
Ty (K) 69.3 +2.9 64.0 + 2.6

i, Mokpe?)  (22+25)x 103 (1.0 £ 1.0) x 10
fr 0.09 + 0.04 0.65 + 0.33

Notes. Mean of the resulting SED parameter maps with their standard
deviation as errors. The free-free fraction fi; refers to the wavelength of
21 cm.

between 10% in the outskirts and 20% in the inner disk of this
galaxy, but with ¢ fi as large as 50%. The mean fi obtained is
the same as the global value reported in Sect. 5.1 and agrees with
that of spiral galaxies (Tabatabaei et al. 2017). In NGC 2976,
about 100% of the RC emission is due to the free-free emis-
sion in its star-forming regions in the north and south, with a
small relative error. In other regions, f is about 50%, but largely
uncertain. This is also consistent with the global analysis show-
ing that the free-free emission has an important contribution to
the observed RC emission from this dwarf galaxy.

The contributions of different components of the millimeter
emission at 1.15 mm and 2 mm are shown in Fig. 9. The mean of
each map is consistent with its globally determined contribution
listed in Table 5. Several known facts are demonstrated in this
figure; for example, moving from 1.15 mm to 2 mm, the contri-
bution of dust emission decreases, while that of the RC emission
increases, as expected from the model. In addition, Fig. 9 shows
that in both galaxies and at both millimeter wavelengths, the RC
emission is dominated by the free-free emission. In NGC 2976,
the 1.15 mm emission is almost entirely produced by dust, but
at 2 mm, the free-free emission becomes as strong as dust emis-
sion in the star-forming regions, resulting in equal contributions.
This trend is more pronounced in NGC 2146, where the con-
tribution of the free-free emission increases more than that of
dust in the inner disk, moving from 1.15 mm to 2 mm. In addi-
tion, synchrotron emission is negligible at both wavelengths in
NGC 2976, whereas it has a contribution as large as 30% at 2 mm
in NGC2146. We note that a larger contribution of dust emis-
sion in NGC 2976 does not mean that a larger amount of dust
is present in the ISM of this dwarf galaxy; it simply shows that
NGC 2146 emits the free-free and synchrotron radiation much
more intensely than NGC 2976 at millimeter wavelengths. This
is clearly seen in Figs. 2 and 3 and Tables 4 and 7. Conse-
quently, we emphasize that dust may account for only 30% of the
observed 2 mm emission in certain regions of a starburst galaxy.

Finally, subtracting the contributions of the free-free and
synchrotron emission from the observed millimeter emission, we
present maps of the pure dust emission (the sum of both warm
and cold dust emission) at 1.15mm in Fig. 10 (see Eq. 3). We
recall that the 1.15 mm emission was already corrected for the
contamination by the CO(2—-1) line emission in Sect. 4.

6. Discussion

In the previous sections we show that the NIKA2 observations
enable the IR-to-radio SED of galaxies in the millimeter domain
to be constrained. We determined the contribution of dust emis-
sion to millimeter emission at 18" angular resolution and pre-
sented maps of the mass and temperature of the cold and warm
dust components in NGC 2976 and NGC 2146. In this section
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we explore any correlations between the NIKA2 maps and the
SFR and molecular gas tracers in NGC 2146 and NGC 2976 as
prototypes for starburst and dwarf galaxies, respectively. Then,
we discuss the interplay between dust and total neutral gas in
NGC 2976.

6.1. Relating millimeter emission to SFR and molecular gas

As discussed in Sect. 3, the millimeter continuum emission can
be strongly correlated with the SFR and with the molecular gas.
The correlation with SFR is indicated by an agreement between
the millimeter emission and the 24 pm emission contours in both
NGC 2146 and NGC 2976 in Fig. 1. We further investigate the
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Fig. 11. Relation of millimeter emission with SFR and H,. Left: Correlations between the surface densities of the SFR (Zsgr) and the observed
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means that they are smaller than the symbol size.

correlations between the 1.15 mm and 2 mm emission observed
with NIKA?2 and the surface density of SFR (Xsgr) as well as the
molecular gas surface density (Xy,) in more detail.

To compute Xgpr, we used the dust emission at 24 um
(assuming heating by young massive stars as its main source) in
combination with dust-obscured FUV emission as a hybrid SFR
tracer. The calibration proposed by Hao et al. (2011) combines
Spitzer MIPS 24 um observations with GALEX FUV observa-
tions to compute the SFR with the following relation: SFR =
3.36 X 107*(Lpyv + 3.89Lo4m). In this relation, the SFR is
expressed in Mg yr~!' and luminosity in ergs™', and a Kroupa
IMF (Kroupa & Weidner 2003) is assumed. We additionally cor-
rected for the inclination of each galaxy.

To compute the molecular hydrogen gas mass, we used
CO(2-1) line emission as a tracer. We used the rela-
tion given in Leroy etal. (2009), which is Iy, [Mopc™2] =
5.5Ico [Kkms™']. In this relation Leroy et al. (2009) assumed
Xco =2x 102 cm=2 (Kkms™!)~! to be equal to the solar neigh-
borhood, and that the ratio of COJ =2 —» 1toJ =1 = 0
is Ry; = 0.8. This equation also includes a factor of 1.36 to
account for helium. Additionally, we corrected for the inclina-
tion of each galaxy. In the previous sections, we explain that we
used a Nyquist sampling to avoid aliasing, choosing our working
pixel size (6”") to be one-third of our working resolution (18”).
For the cross-correlation analyses, to ensure that we were work-
ing with independent data points, we regridded the maps to one
pixel per beam. In addition, we limited our analysis to pixels
above the 30 s limit of the NIKA2 maps.

We explored the correlations between the surface density of
the observed luminosity at 1.15 mm and 2 mm (in the form of vL,
and without subtracting the RC and CO contributions), XL,
and Zgpr in these galaxies. The left panel of Fig. 11 shows the
resulting correlations. The error bars indicate the oy noise in
the corresponding maps. We find the best-fit line in each case
with the ordinary least-squares bisector (OLS-bisector) method
(Akritas & Bershady 1996). The slopes of the fitted lines in the

log—log plane and the Pearson correlation coefficients rp are
reported in Table 8.

As shown in Fig. 11 and Table 8, there is a strong correla-
tion between Zgpr and XLy, at both wavelengths and in both
galaxies, although the correlations are tighter in NGC 2146. The
relation of Xgpg versus the millimeter emission is super-linear,
particularly in the case of the dwarf galaxy NGC 2976. In other
words, the NIKA2 millimeter maps do not increase linearly
with the SFR. Exploring possible sources of this super-linearity,
the correlations with the different components of the millimeter
emission (RC and dust) are also investigated separately. In all
cases, there is a strong correlation; however, a linear correlation
is found only with the emission from the RC component, XLgc,
at both millimeter wavelengths and in both galaxies (Table 8).
Linear Xgpr—XLgc is expected since the millimeter RC emis-
sion is dominated by the free-free emission, which is a linear
tracer of the SFR. On the other hand, the correlation of Xgrg
with the dust component of the millimeter emission, XLy, iS
not only super-linear, but also has the steepest fitted slope (in
the log—log plane) in each galaxy. The super-linearity occurs as
Y Lgpr drops faster than XLy, toward the low surface density tail
of dust emission (or an excess of XLg,-to-XLsrr). Hence, the
millimeter dust emission from galaxies must be partly produced
by a diffuse or extended component that is heated by a diffuse
ISRF instead of young massive stars. The super-linearity of the
Zsrr—2Lym correlation is then linked to the extended dust com-
ponent. We note that the relation is much steeper in NGC 2976
than in NGC 2146 (Table 8). The more significant contribution
of dust than the RC emission (as SFR tracer) in NGC 2976 than
NGC 2146 (Sects. 5.1.2 and 5.2.2) can lead to this difference if a
significant portion of dust is diffuse, more extended in NGC 2976
compared to that in NGC 2146. A relative excess of dust-to-RC
emission in this dwarf galaxy is also evident by comparing its
global SED in the centimeter to submillimeter range to that of
NGC2164 (Fig. 5). An excess of extended cold dust emission
was also reported in the LMC by Galliano et al. (2011).
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Table 8. Relation of different components of millimeter emission with SFR and Hj.

NGC2146 X Y a rp Y a rp
Y Loym  Zser 1501 099+0.01 Xy, 13+0.1 0.97+0.02
1.15 mm YXLgust Zspr  1.6+£0.1 099+001 Xy, 14+02 0.97+0.02
YLlre  XZspr 1.1£0.1 097+0.02 Xy, 09+0.1 0.96+0.03
XLym sk 1.3£0.1 099+0.01 Xy, 1.1+£0.1 0.97+0.02
2 mm YLause XZspr 1.6+£0.1 098+0.01 Xy, 14+02 0.97+0.02
Xlge  Xger  1.1£0.1 098+0.02 Xy, 09+0.1 0.96+0.02
NGC2976 X Y a rp Y a rp

XLom  Zsrr 25+£0.8 0.89+0.04 Xy, 25+1.0 0.78+0.08
1.15mm YLawst XZspr 2.9+0.7 092+0.03 Xy, 2.7+09 0.87+0.05
YXlre  Zspr 09£0.1 0.78+0.08 Xy, 09+02 0.57+0.13
XLpm  Zser 23x05 086+0.05 Xy, 23+0.7 0.78+0.08
2 mm YXLaue XZspr 29+0.7 091+003 Xy, 2.8+08 0.87+0.05
YLgce Zspr 1.0£0.1 0.79+0.08 Xy, 09+02 0.57+0.13

Notes. Parameters of the linear fits in logarithmic scales (logY = alogX + b) in Fig. 11 obtained using the OLS-bisector method
(Akritas & Bershady 1996) with rp the Pearson correlation coefficient.

~2.00 emission in galaxies, including normal star-forming spirals, will
o B : aos be presented in the forthcoming IMEGIN papers.
ot
= 210 6.2. Interplay of dust and gas in NGC 2976
-2.15%

g In this section we present how we obtained the total neutral gas
F -2202 content of NGC 2976, explore the correlation of dust and neutral
I n 225 gas components, and investigate the role of dust in the forma-
tion of molecular gas in the ISM of this galaxy. As explained in
—230 Sect. 2.2, this analysis was not done for NGC 2146 due to a lack

. -2.35 of suitable HI data.

Fig. 12. Map of the dust-to-gas mass ratio (DGR) in logarithmic scale, o
log(Must/Mgss) at >307 s level at 18” angular resolution in NGC 2976. 6.2.1. Neutral gas and distribution of DGR

The total gas mass is a sum of the molecular gas mass My, and
the atomic gas mass My, that is My, = M + My, (we neglect

Cold dust emission is often used to trace the gas content of ~the relatively small amount of ionized gas). To compute My, in
galaxies (Boulanger et al. 1996; Bianchi et al. 2022). Although NGC2976, we used the emission of the CO(2—1) line as a well-
the millimeter correlation with the SFR already implies a corre- known tracer and used the relation explained in Sect. 6.1. We
lation with gas (due to the Kennicutt—Schmidt relation), we also ~ report a total molecular gas mass of 7.3 X 107 M, throughout the
investigated the relations between NIKA2 emission at 1.15 and map, consistent with the value reported in Leroy et al. (2009).
2 mm with molecular gas. Inside our working aperture (i.e., for pixels above the 307y, noise

Figure 11-right shows the molecular gas mass surface den- level of the NIKA2 1.15mm map), we find a total molecular
sity, Zyy,, plotted against Ly, (from vL,). The Pearson corre- hydrogen mass of My, = 4.1 X 10’ M, in NGC 2976.
lation coeflicients and slopes of the best-fit lines are listed in To estimate the atomic gas mass, we first convolved and
Table 8. In NGC 2146, the correlation coefficients between Xy, regridded the HI map to our working resolution and geometry.
and the millimeter components agree within the errors. The cor- Then we converted the flux density of HI to the mass of HI in
relation is always linear with ZLgc and super-linear with XLy, ~ €ach pixel using My [Mo] = 2.36 X 10° D? Iy [Jy/beam m/s),
at both millimeter wavelengths. In NGC 2976, Xy, is well cor- with D the distance to NGC2976 in megaparsec (Walter et al.
related with the millimeter emission components, although the ~2008). We computed the total HI mass over the whole map to be
scatter is larger with dust than with RC. 1.4 x 108 M, (consistent with the value reported in Walter et al.

Overall, the slopes of the Xy, correlations with millimeter 2008). We find a total atomic hydrogen mass of My = 3.9 X
emission and its components are consistent with those of Zggr 10’ Mo in the same regions of the Hy mass determination. After
within the errors as expected from the Kennicutt—Schmidt rela- ~computing the masses of both molecular and atomic gas, the total
tion. We note that, in NGC 2146, the correlations of both Zggr neutral gas mass was derived in each pixel for NGC 2976.
and 2y, with XL, are flatter and closer to linearity at 2 mm than Knowing the gas and dust mass per pixel, we created a map
at 1.15 mm which can be explained by a larger contribution of the ~ Of the dust-to-gas ratio (DGR), as shown in Fig. 12. The DGR
RC emission at that longer wavelength in this starburst galaxy. varies from 0.004 to 0.009 in NGC2976. On average, the DGR

As discussed, the different correlations in these two galaxies 18 0.006 +0.001 (the error is the standard deviation). Integrating
simply reflect their very different properties such as the ISM den-  the dust mass in the same way as for the gas mass explained
sity and dustiness, radiation field, and metallicity. A more gen- above and dividing them by each other, we find a global value
eral overview of the effect of these properties on the millimeter ~ of the DGR equal to 0.006, which equals the mean DGR. These
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results agree with the DGR values reported by Sandstrom et al.
(2013) for NGC 2976 within error margins.

6.2.2. Molecular and atomic gas fractions

In this section we investigate the relations between the different
gas components and dust. The analysis uses independent pixels
of beam size (>301,s) to prevent internal correlation between the
data points. Figure 13 shows that the masses of both atomic My
and molecular My, gas increase as the total (cold + warm) dust
mass Mg, increases. However, My increases with a smaller
slope in the log—log plane (slope ~1) than My, (slope ~2).
Figure 13 shows that as we move from regions with low dust
masses to regions with high dust masses, My increases by a
factor of about 3, while My, increases by a factor of approxi-
mately 10, which is three times larger. It is inferred from Fig. 13
that although gas is mixed with dust in the ISM of galaxies,
and hence shows a positive correlation, different gas compo-
nents have different relations with dust. Therefore, moving from
low dust mass regions to high dust mass regions, the amount of
molecular gas increases faster with the amount of dust. Figure 14
shows this relation more evidently, in which the ratio of molecu-
lar gas to atomic gas, My, /My, is plotted against the dust mass,
Musi, and Zspr 1s shown as the color scale. At the bottom left
of the plot, where dust masses are minimal, atomic gas mass
is almost twice the molecular gas mass. However, moving from
low dust mass regions to high dust mass areas in the top right
corner of the plot, the ratio My, /My increases from 0.5 to more
than 1.5. This trend is accompanied by an increase in star forma-
tion activity. This indicates that in regions characterized by high
dust mass and intense star formation activity, the contribution
from molecular gas is almost twice that of atomic gas.

6.2.3. Formation and dissociation of H,

Reach & Boulanger (1998) proposed that in relatively cold and
dense phases of atomic gas, where the formation and destruc-
tion of H, molecules are balanced, the column density of H;
should change with the column density of HI to a power of 2.
Nieten et al. (2006) and Tabatabaei & Berkhuijsen (2010) found
such a relationship in M 31, which suggested that a balance in the
formation and dissociation of hydrogen molecules holds on aver-
age in the ISM of this galaxy. Investigating this in NGC 2976,
we find that H, is proportional to HI to a power smaller than 2
(1.40 £ 0.30, see Table 9). This indicates that the formation and
destruction of hydrogen molecules are imbalanced in NGC 2976.
This refers to a different ISM condition than that found in M 31

slope=0.910.1
—.—
——
—
Fig. 13. Relation of atomic gas mass My
(blue) and molecular gas mass My, (pink) with
dust mass Mg, in NGC 2976. A 307, cutoff is
—— —— . applied on the included pixels. The lines show
\ Z]\XI 0 St A OLS-bisector fits; the slopes are indicated in the
aust (Mo) insets (see also Table 9).
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Fig. 14. Ratio of molecular to atomic gas mass (My, /My;) vs dust mass
(Mgys) color-coded according to SFR surface density in NGC 2976.

Table 9. Relation between different gas components and dust.

X Y a b rp

Mg My, 2.04+£021 -258+090 0.88+0.04
Mas Mpr 0.88+0.13 2.40+0.55 0.80+£0.07
My My, 140+030 -252+1.87 0.67+0.11

Notes. The relations shown consider logY = alog X + b, with rp the
Pearson correlation coefficient.

because of which a relatively cold and dense phase of atomic
gas in balance with H, is not easily maintained. This agrees
with other studies showing that, in dwarf galaxies, the frac-
tion of the H, mass fraction, which is sensitive to the dust-to-
gas ratio and the strength of the interstellar radiation field is
out of chemical equilibrium (Hu et al. 2016) and the formation
of hydrogen molecules is less efficient than in dustier spirals
(Hirashita & Harada 2017; Hunter et al. 2024).

7. Summary

In this work we present the first NIKA2 millimeter observa-
tions of two nearby galaxies, NGC 2146 (a starburst spiral) and
NGC 2976 (a peculiar dwarf), at 1.15 mm and 2 mm, as part of
the Guaranteed Time Large Project IMEGIN. These observa-
tions provide robust resolved information about the dust physical
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properties by constraining their FIR-radio SED in the millime-
ter domain. After subtracting the contribution from the CO line
emission, the SEDs were modeled both globally and locally
within galaxies using a Bayesian approach. We utilized a double-
component MBB model with a variable . in the global anal-
ysis, while keeping it constant for the resolved analysis, as a
first-order approximation. This resulted in the generation of cold
and warm dust mass, temperature, and free-free fraction maps of
these galaxies, allowing us to decompose the components of the
millimeter emission and study the relations between the proper-
ties of dust and gas. We summarize our main findings as follows:

— The millimeter emission at 1.15mm is contaminated by
the CO(2—-1) line emission by 20% (5%) in NGC 2146
(NGC2976) on average, with a maximum variation of ~30%
(~10%) across these galaxies.

— Studying the global IR to radio SEDs, we find that a dust
component with a temperature of ~32K constitutes more
than 99% of the total dust mass in NGC2146. A similar
portion of the dust in NGC 2976 is found at lower tempera-
tures ~27 K, making up the majority of the total dust. With a
total dust mass lower than that of NGC 2146 by two orders of
magnitude, NGC 2976 has a dust emissivity index 8. ~ 1.3,
which is flatter than that of NGC 2146 . ~ 1.7, as expected
for a low-metallicity dwarf galaxy.

— The global millimeter emission of these galaxies is domi-
nated by dust (~88%) at 1.15 mm. At 2 mm this contribution
decreases to less than 50% in NGC 2146, while it remains
almost unchanged in NGC 2976.

— The pixel-by-pixel SED analysis shows that the dust temper-
ature is generally higher in the inner disk in NGC 2146 and in
the star-forming regions in NGC 2976. Cold and warm dust
components exhibit similar distributions in the two galax-
ies, although the warm (minor) component shows a larger
fluctuation.

— By computing the total gas content of NGC 2976, we present
a map of the DGR in this galaxy. The DGR ranges between
0.004 and 0.1, while its mean value is 0.006+0.001. We show
that the contribution from molecular gas is almost twice that
of atomic gas in regions characterized by high dust mass and
intense star formation activity. In addition, there is no global
balance between the formation and dissociation of H, in this
dwarf galaxy.

— Tight but super-linear correlations are present between Zgpr
and the millimeter emission in general. Similarly, Xy, is
well correlated with millimeter emission in both galaxies. As
Ysrr—RC correlation is almost linear, the super-linear corre-
lation of Lsgr with the millimeter emission is linked to its
super-linear correlation with dust. A diffuse distribution of
the millimeter dust emission can explain the super-linearity
of its correlation with Xgpg.

Finally, we emphasize that the different results obtained for
NGC 2146 (starburst) and NGC 2976 (peculiar dwarf) can be
linked to their very different natures, stellar masses, SFRs, and
ISM properties. Similar studies in normal and intermediate-mass
spirals will shed light on this in the forthcoming IMEGIN papers.
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Appendix A: Data processing
A.1. Recalibration of detector gains and beam solid angles

The flux calibration is applied through the NIKA2 pipeline
according to the analysis presented in Perotto et al. (2020) which
is strictly valid only for point sources. In addition, the response
of individual detectors to extended emission is corrected, by
using the atmospheric emission in the raw data of the science
observations themselves as a template of very extended emis-
sion. This is possible whenever the scan duration is longer than
about 5 min and the sources (to be masked in the process) occupy
a small fraction of the map. Both conditions are met in the IME-
GIN observations. The gains are very stable on the timescale of
an observing pool.

All Uranus beam maps (large maps in the azimuth direction,
with optimal redundancy provided by a fine sampling in ele-
vation) acquired within 19 runs from October 2017 to January
2023, spanning all IMEGIN observations, were reduced and ana-
lyzed to monitor variations of the beam solid angle during that
period. With an aperture size of 2.5 FWHM (2 mm), correspond-
ing to twice the half-power beam width (HPBW) in maps of both
bands convolved to the same angular resolution (a compromise
for maps containing a mixture of compact sources and diffuse
emission), and excluding the outlier run 50 (December 2019),
we found effective beam solid angles Q.g(1.15mm) = (188 %
11)arcsec? and Qep(2mm) = (381 + 11)arcsec?, correspond-
ing to rms flux calibration uncertainties of 5.9% at 1.15mm
and 2.9% at 2mm. The rms uncertainty is in line with that
Perotto et al. (2020) derived from three reference runs at both
wavelengths.

A.2. Processing of NIKA2 data

The NIKA?2 data were processed with the Scanam_nika soft-
ware, adapted from Scanamorphos originally developed for
Herschel on-the-fly imaging data. The underlying principle is
to fully exploit the redundancy built in the observations (each
sky position within the nominal-coverage area being sampled by
multiple detectors at multiple times, and in variable atmospheric
conditions) while making minimal assumptions about the atmo-
spheric and instrumental noise, as described by Roussel (2013)
and Roussel et al. (2020). The low-frequency noise, or drift, is
decomposed into the following components:

— the average drift time series averaged over all valid detec-
tors, each one weighted by its inverse variance at the highest
frequencies;

— the drift per electronic box time series, averaged over all
valid detectors of each of the 4 (2mm) or 16 (1.15 mm) elec-
tronic boxes; and the equivalent component obtained by arti-
ficially slicing the detector arrays into the same number of
boxes, but orthogonal to the physical boxes;

— the individual noise time series (one function of time for each
detector);

— the noise series not as a function of time, but binned per posi-
tion on the sky along the array trajectory, projected on the
long axis of the electronic boxes; and the equivalent compo-
nent projected on the short axis of the electronic boxes.

The latter components were introduced to remove a significant
residual noise remaining after subtraction of the other corre-
lated noise components and found empirically by the resem-
blance of their spatial pattern in the map with that of standing
waves. They correspond to a genuine electronic noise best
seen in instrumental coordinates, arising in the cryostat (inter-
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nal NIKA2 communication from F.X. Désert and N. Ponthieu,
March 2023).

The minimum timescale of the drifts, 7., is determined by
the stability length and the scanning speed (see Roussel 2013).
The average drift is subtracted on this timescale, while the other
drift components are subtracted on successively smaller or larger
timescales, multiples of 7.

The process is iterative and uses a source mask that is auto-
matically updated at each iteration, as the sources gradually
emerge from the decreasing residual noise. The mask is always
constrained to be confined within a Sos isophote in the SPIRE
500 um map, to avoid contamination by spurious structures cre-
ated by noise.

At the end of the processing, the median surface brightness
of the sky and oy, are calculated in the area of the field with
optimal coverage, excluding the pixels contained within the final
source mask. The sky level is then subtracted from the map.

A.3. Simulations for homogeneous dust SEDs from
instruments with dissimilar transfer functions

The astrophysical signal at 1.15 and 2 mm is filtered in a com-
plex way, depending on the atmospheric conditions and stabil-
ity at the time of observations, source brightness and geome-
try, observation parameters such as scanning speed, scan geom-
etry, and the processing algorithm. In general, sources bigger
than the instantaneous FoV of NIKA?2 (6.5’) as well as regions
with low signal-to-noise ratios are filtered due to those effects.
By contrast, all spatial scales smaller than the map size can be
accurately recovered with the Herschel and Spitzer space obser-
vatories. Hence, to build coherent spatially resolved dust SEDs
traced from 24 ym to 2 mm, this discrepancy has to be mitigated:
the Herschel and Spitzer maps have to be filtered in the same way
as the NIKA2 maps. The ratio of the sky map that is obtained to
the map that would be obtained by a perfect instrument outside
the atmosphere is hereafter called the transfer function. We chose
to apply the transfer function of NIKA2 at 2 mm (assuming that
it is equivalent to that at 1.15 mm, since the observations in both
bands are simultaneous) to all observations of dust from space.
For a given Herschel/Spitzer band, the process is the following:

— convolve the map with a Gaussian kernel to bring it approx-
imately to the same FWHM as that of the 2 mm map (except
at 350 and 500 ym);

— correct for any small astrometric offset between the maps, by
fitting the brightest compact source with a Gaussian for each
band;

— rescale the map so that the ratio of the MIPS or Herschel
band to the 2 mm band has a median of 1 within the galaxy
extent;

— simulate time series from the map as if it had been observed
with NIKA2 with the same scan geometry and duration;

— add to these time series the low-frequency and high-
frequency noise that was extracted from the 2mm data
(drifts, glitches, etc.) and a realization of the white noise
present in the 2 mm data;

— process these time series in the same way as the NIKA?2 data
and project the result on the same spatial grid;

— rescale the map back to its original unit.

The comparison of the simulated output map with the initial map
directly gives the spatially resolved transfer function, and it can
be checked that it is very similar for all Spitzer and Herschel
bands. In addition, for these small galaxies, it is very close to
unity in all signal-to-noise ratio bins, as shown in Fig. A.1.
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Fig. A.1. Transfer functions at 250 um (with a FWHM of 18”) binned as
a function of signal-to-noise ratio (S/N) where the noise standard devi-
ation oy is from a simulation including only white and high-frequency
noise. The red curve and red shaded area show the cumulative fraction
of the flux that is recovered and the associated uncertainties, from the
lower S/N limit (30-gr for NGC 2146 and 20y for NGC 2976) up to the
maximum of the current S/N bin.

The main benefit of applying the NIKA?2 transfer function
to the other bands, instead of using the original maps, is then to
homogenize the noise properties across the dust SED, so that the
parameters extracted from the SED fits are as unbiased as pos-
sible. The NIKA2 transfer function was not applied to the UV,
optical, and gas maps, because these data are not used in SED
fitting. Therefore, it is irrelevant that their noise properties are
inhomogeneous, since for these two galaxies, the only signifi-
cant effect of applying the NIKA?2 transfer function is to alter
the noise properties, and not to alter the flux.

Appendix B: CO contamination

The emission measured at 1.15 mm with NIKA2 consists mainly
of continuum emission and partly of the CO(2-1) line emission.
This is caused by the fact that the NIKA?2 passband includes the
CO (2-1) emission line at 230.5 GHz. In this section we explain
how we compute the amount of this contamination and subtract
it from the total observed continuum emission to obtain pure dust
emission in the 1.15 mm NIKA?2 band for the SED modeling.
The CO(2-1) line intensity is measured in units of the main
beam temperature, while the continuum flux density is measured
in units of mJy/beam. We follow the procedure explained in

Drabek et al. (2012) to convert from K km/s to mJy/beam

C _F,
mJy beam ™ 'per Kkm s~ fTMB dv’

(B.1)

where F, is the line flux density and Icp = f Twms dv is velocity
integrated main beam temperature of the CO(2-1) line emission
in units Kkms™!, and C is the conversion factor. This is equiva-
lent to

C _ 2kv? g,(line)

= Qglco.
mJy beam™!per K kms™ c d pico

(B.2)

In the above equation, k is Boltzmann’s constant, v is the line
frequency, Qg is the solid angle corresponding to NIKA?2 beam
area, and g,(line) is the transmission function at the molecular
line frequency and f gy dv is the integral of the transmission
function of the NIKA2 1.15 mm detector over the whole range
of filter frequencies, Perotto et al. (2020). We find the value of

20 1,y integrating on the NIKA?2 1.15 mm pass-band and find
fg dv

it to be 7.85 x 1073 GHz™!. Also, the beam area corresponding
to our working resolution of 18” is 8.63 x 10~ steradians. We
find the conversion factor C to be equal to 0.085 mJy/beam per
K kmy/s for NIKA?2 1.15 mm pass-band.

The Planck pass-band at 1.38 mm is also affected by line
emission contamination (Planck Collaboration I 2014). We fol-
low a similar procedure to subtract CO(2-1) contamination from
the Planck 1.38 mm map before including it in the SED fitting
process. Using Eq. B.2 and taking into account Planck’s pass-
band and resolution (301”), we find C = 50.6 mJy/beam per

Kkmy/s.

Appendix C: Error estimation

The measured integrated flux in each waveband can be subject
to different stochastic or systematic uncertainties. We estimate
the stochastic error by measuring the rms noise level, o, of
the maps. The calibration uncertainty of the observations (see
Sect. 2) is used to estimate the systematic error. The total error
is then

Oer = ,/65{1[ + 020 (C.1)
For the integrated flux densities, o, 1S given by

a [ N
Orms = Orms VNpeam = o-rmsa mv (C2)

where o is the rms noise level in Jy/beam, Npey, and N is
the number of beams and number of pixels in the aperture, 6 the
angular resolution and a the pixel size, both in units of arcsec?.
We note that because the maps have different resolutions and

pixel sizes, N, 6, and a vary for each map (see Table 2).

Appendix D: Model fitting using Bayesian approach

To model the SED, we fit a model with ng;, free parameters to
ngare data points. For the two galaxies, we have studied, in the
global case ng, = 8 and ng,, = 14, and in the resolved case
ngim = 6 and ng,, = 9. In the context of the Bayesian approach,
we look for the Probability Distribution Function (PDF) of the
posterior p(x|d), which is the PDF of the free parameters, con-
ditional on the data points. The Markov Chain Monte-Carlo
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(MCMC) method is an algorithm that can sample a PDF -
here the posterior. To implement the MCMC method to sam-
ple the posterior distribution, we use the emcee Python pack-
age (Foreman-Mackey et al. 2013). This package uses a pre-
specified number of random walkers (nyaers) in the parameter
space. The parameter space has ny;, dimensions and is defined
by the prior PDFs. The random walkers explore the parameter
space. In each step, the likelihood PDF is computed, which is a
function of the absolute difference between the model and the
data points at different wavelengths. After the random walkers
move a total of ngy,,, steps, we have an array of length g,
of the values that each random walker has acquired in each
step. This array should be refined in two ways. Firstly, the ini-
tial np,,, steps are deleted, because they incorporate the initial
steps that the random walkers are not close to the best value.
Second, this array is filtered by every n;, number to resolve
the autocorrelation between the steps. We chose ny,;, such that
the length of the time series produced by random walkers is at
least 40 times the autocorrelation function of the time series. We
found the value ranges nyukers = 40, ngeps = 60000 — 100000,
and ny;, = 200 — 1000 are appropriate for our problem. We
assume flat prior PDFs for all free parameters. Also, to be able
to sweep all the parameter space, we set the boundaries of our
free parameters to be 5K < T, < 35K, 35 < T, < 95,
10'Mg < M < 108M,, 0.5 < B8 < 3.0, =0.01 < A4; < 0.1,
-0.001 <A; <1,and 0.2 < @, < 2.5.

The joint posterior PDF of random walkers moving in the
parameters space is then plotted. This joint PDF is a sample of
the posterior PDF of the free parameters, which can be displayed
in a corner plot. We report the median value as the resulting value
for each free parameter and the 20% and 80% percentiles as the
error margins. Since the posterior distributions are not necessar-
ily symmetrical, we report asymmetrical error margins for each
parameter in Table 4. Figure D.1 shows the corner plots of the
global SED modeling of the two galaxies.

Each step of the random walkers is assigned to a set of values
for the ngy;, free parameters. This set of values results in a value
for the model function in that step. Then prediction of this par-
ticular model value for each ng,,, wavelength is compared to the
actual observed data points. In other words, in each step, the pre-
diction of the model for ny4,, wavelengths is computed. To cor-
rectly compute the prediction of the model for each wavelength,
the likelihood function should be convolved with the transmis-
sion function of each instrument. This is essential because we
need to know the prediction of the model as observed with each
instrument at each wavelength. To have a correct prediction of
each instrument in their nominal wavelengths, we implement
the transmission function of all the involved instruments in the
likelihood function. This process makes the core slower, and we
compensate for that by implementing multiprocessing methods.

Figure D.2 presents a compilation of all SEDs for all the pix-
els, which shows the significance of NIKA2 observations, rep-
resented by green dots, in resolved studies. It is evident that
without NIKA?2 observations, it would be impossible to con-
strain the trough of the SED in the millimeter regime.
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Fig. D.1. Corner plots of joint posterior PDFs as a result of the MCMC
process, carried out for global SED modeling of (top) NGC 2146 and
(bottom) NGC 2976. The median of each distribution function is shown
with the red lines. We note that the axis for A; is in units of 10? for
clarity.
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Fig. D.2. Compilation of all the SEDs for individual pixels (above 307

limit) in NGC 2146 (fop) and NGC 2976 (bottom). The green dots show
NIKA?2 observations.
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