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Abstract

Combining infrared and submillimeter observations and applying a two-temperature modified blackbody (TMBB)
model with a hierarchical Bayesian technique, we model the spectral energy distribution of 12 nearby dwarf
irregular (dIrr) galaxies. We aim to probe potential submillimeter excess emission at 350, 500, and 850 um and
investigate the properties of cold dust parameters. Based on the TMBB model with cold dust emissivity index (5.)
fixed to 2, one galaxy shows 500 um excess emission and nine galaxies show excess at 850 yum (five of them still
show 850 um excess in the case of free 3.). We find that the 850 ym excess emission is easily detected in the dIrr
galaxies with low star formation activity. The 850 um excess is more frequent and more prominent in dIrr galaxies
with low molecular hydrogen gas mass fraction or low ratios between cold dust mass and gas mass. As galaxies
evolve, the ratios between atomic hydrogen gas mass and stellar mass decrease and the 850 ym excess emission
tends to decrease or even disappear. Our results suggest that the cold dust temperature may increase, as the dIrr
galaxies have more intense star formation or richer metallicity. There is a weak anticorrelation between the cold
dust-to-stellar mass ratio and the specific star formation rate for our galaxies.

Unified Astronomy Thesaurus concepts: Dwarf irregular galaxies (417); Interstellar medium (847); Interstellar dust

(836); Submillimeter astronomy (1647)

1. Introduction

Interstellar dust plays a key role in star formation and galaxy
evolution. It absorbs the photons of stellar and ionized gas
radiating in the ultraviolet (UV) and visible wavelengths then
reemits them in infrared (IR) wavelengths (Rémy-Ruyer et al.
2013). Understanding how dust properties vary with galaxy
global properties may provide important constraints on galaxy
evolution. Most of the dust emission comes from the cold
phase (Galametz et al. 2012) and cold dust properties can be
inferred from the spectral energy distribution (SED) of galaxies
in the IR to submillimeter wavelength ranges (Hermelo et al.
2013).

The commonly used SED model to fit the dust emission is
the modified blackbody (MBB) model generally including the
single temperature modified blackbody (SMBB) model and the
two-temperature modified blackbody (TMBB) model, which is
simple and flexible. The MBB model depends on the dust
mass, temperature 7 and emissivity index §. An anticorrelation
between T and (3 has often been found (Dupac et al. 2003;
Désert et al. 2008; Shetty et al. 2009a, 2009b; Galametz et al.
2012; Lamperti et al. 2019; Chang et al. 2020). This
anticorrelation is likely artificial and is caused by noise in the
data. Therefore, the estimated T and (3 are not very accurate
leading to potential biases in the measured dust masses. In
order to break the degeneracy between T and (3, the hierarchical

Bayesian approach is introduced to fit the MMB model (Kelly
et al. 2012; Juvela et al. 2013; Veneziani et al. 2013; Galliano
2018; Lamperti et al. 2019), which allows us to study the
independent relation of these two dust quantities with other
global galaxy properties.

In nearby galaxies, cold dust properties vary with galaxies
properties, for example metallicity, star formation rate (SFR),
and stellar mass (Galametz et al. 2010, 2014; Cortese et al. 2014;
Lamperti et al. 2020). An excess emission at submillimeter
wavelengths is found in low-metallicity galaxies such as dwarf
galaxies (Bot et al. 2010; Gordon et al. 2010; Galametz et al.
2011; Galliano et al. 2011). The submillimeter excess is defined
as extra emission of the observation compared to the prediction
derived from ﬁttmg the SED in the infrared /submillimeter range
using a single A~ em1ss1v1ty law (Galametz et al. 2014). A
500 pm excess is often detected in dwarf irregular (dIrr) galaxies
(Dale et al. 2012; Rémy-Ruyer et al. 2013). Nevertheless, the
submillimeter excess emission is sometimes probed apparently
beyond Herschel bands stressing the necessity of observation
longer than 500 ym to properly investigate the presence of
submillimeter excess (Rémy-Ruyer et al. 2013). What cause
submillimeter excess is still an open debate by now. Some
studies support the view that the submillimeter excess is
associated with an additional dust component not included in
current models, for example, a very cold dust component with
temperature below 10 K (Chini et al. 1995; Krugel et al. 1998;
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Popescu et al. 2002), spinning dust emission or magnetic grains
(Draine & Lazarian 1998; de Oliveira-Costa et al. 2004;
Finkbeiner et al. 2004; Casassus et al. 2006; Dobler & Finkbeiner
2008; Miville-Deschénes et al. 2008), while other studies suggest
that those components are not enough to cause the excess
emission (Reach et al. 1995; Lisenfeld et al. 2002; Draine &
Hensley 2012). Some studies show that in some cases the
submillimeter excess can be explained by non-dust components,
such as CO(3—-2) line, free—free or synchrotron emission
(Galametz et al. 2014; Izotov et al. 2014), while other studies
find that in some cases non-dust components are not enough to
explain the submillimeter excess (Galliano et al. 2003; Chang
et al. 2020). It is necessary to conduct more studies linking the
submillimeter excess with cold dust properties, gas mass fraction,
and fundamental galaxy properties to understand the origins of
such excess or at least to know in which situation the excess will
be easily detected. We investigate the potential submillimeter
excess emission at 500 and 850 ym in 12 nearby dlir galaxies.
For the submillimeter'' completeness, we also investigate the
350 ym excess emission.

This paper is organized as follows. In Section 2, we present
the sample and the data set we used. In Section 3, we present
the global flux densities, the TMBB model, and the hierarchical
Bayesian technique, performing SED fitting and results for our
galaxies. In Section 4, we compare the 350, 500, and 850 ym
observed flux and modeled flux, investigate how the difference
between the observation and extrapolation at 850 um correlates
with gas mass fraction, cold dust parameters, and fundamental
galaxy parameters of our galaxies and analyze the properties of
cold dust parameters (temperature, dust emissivity index, and
mass). In Section 5, we finally summarize the main conclusions
of this study.

2. Sample and Data
2.1. Sample

In this paper, we study nearby irregular galaxies from the
DustPedia project'” (Davies et al. 2017; Clark et al. 2018).
First, we select those irregular galaxy that have photometry of
at least six wavelengths from mid-infrared to submillimeter
(22, 60/70, 100, 160, 250, 350, and 500 um) excluding the
galaxies with a major flag associated with the flux densities due
to their contamination, artefacts, or insufficient sky coverage
(flags “C,” “A,” “N,” respectively, given in the aperture
photometry table from the DustPedia project). Second, we
check the 850 ym data of the selected irregular galaxies. For
the galaxies that have known photometry at 850 ym from the
Second Planck Catalog of Compact Sources (Planck CCS2),"
those galaxies with signal-to-noise S/N = Flux /Flux,, > 3 are
preserved. For the remaining galaxies which are not present in
the Planck CCS2 catalog but have 850 pm images, we measure
their 850 pm flux densities from the maps (see Section 3.1 for
details) and retain the galaxies with S/N > 3. We thus get 13
nearby irregular galaxies with data ranging from 22-850 pm.
Third, we check that the 13 galaxies have similar stellar mass
and SFR to make sure they belong to the same population. This

' The submillimeter range is defined as wavelengths from about 300-1000 pm
(Dale et al. 2012).

12 DustPedia is funded by the European Union, as a European Research
Council (ERC) 7th Framework Program (FP7) project (PI: Jon Davies,
proposal 606824): http://dustpedia.astro.noa.gr.

13 https: / /irsa.ipac.caltech.edu/cgi-bin /Gator /nph-scan?submit=Select&
projshort=Planck
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is a requirement of the hierarchical Bayesian approach that we
want to use for the SED fitting (see Lamperti et al. 2019 for
details). After this check, we exclude one galaxy that has stellar
mass and an SFR too low (by > 0.5 dex) compared to the rest
of the sample. According to the latest definition of dwarf
galaxies (Bullock & Boylan-Kolchin 2017; Kong et al. 2019),
we classify our irregular galaxies into bright dlrr galaxies,
which is a type of dwarf galaxies with the largest stellar masses
(Bullock & Boylan-Kolchin 2017).

2.2. Data

Our data set consists of photometric points at 22 ym (Wide-
field Infrared Survey Explorer (WISE)), 60 um (IRAS)/70 um
(Spitzer or Herschel /PACS), 100 um (IRAS or Herschel /PACS),
160 pm (Herschel/PACS), 250, 350, 500 pm (Herschel /Spectral
and Photometric Imaging Receiver (SPIRE)), and 850 ym
(Planck). We also used auxiliary photometry at 12 yym observed
by WISE (see Appendix A). The details about the observations
and data reduction can be found in Clark et al. (2018).

In this paper, in order to measure 850 ym flux density, we
use the data from Planck 2018 results (Planck Collaboration
et al. 2020a) based on the continuous observation between
2009 August 12 and 2013 October 23, and download them
from the Planck Legacy Archive.'* The maps at 850 yum are
provided in HEALPIX format (Gorski et al. 2005) with
resolution labeled by the N4, value of 2048 corresponding to
a pixel size of 1.71’. The FWHM of the effective beam of the
Gaussian is 4.94’ (see Table 12 in Planck Collaboration et al.
2020a). The dipole absolute calibration accuracy at 850 um is
0.024% (listed in Table 12 in Planck Collaboration et al. 2020a).
Their high frequency instrument data processing and calibration
procedures are described in detail in Planck Collaboration et al.
(2020a) and Planck Collaboration et al. (2020b). Based on our
goal of extracting the flux density, we use the Stokes I maps
(Planck Collaboration et al. 2020a). Those image maps of our
galaxies as cutout areas from sky map are in gnomonic re-
projection. The unit of these maps is converted from cosmic
microwave background (CMB) temperature (Kelvin) to jansky
per steradian when they are downloaded from the Planck Legacy
Archive. We also chose to subtract the CMB when downloading
those maps. There are emission of other components (e.g., cirrus
and cosmic infrared background) in the map (Hermelo et al.
2016). Because there is no matching data of those components
released in Planck 2018 results, we cannot subtract them when
downloading the map. According to Hermelo et al. (2016), we
subtract them from every pixel of the image as the mean value of
background in the annulus around the source (see Section 3.1).

3. Global SED Fitting
3.1. Global Flux Densities at All Bands

The global flux densities at 22-500 ym we used are obtained
from Clark et al. (2018), which are extracted from aperture-
matched photometry (see their Section 3 for details). No color
corrections are applied to these flux densities at this stage since
the color corrections rely on the shape of the SED. Thus, the
color corrections are applied as part of the SED fitting
procedure (see the description in Section 3.4). We ignored
the line contamination such as [N 1] 205 ym or CO at SPIRE
bands and free—free 4+ synchrotron emission at wavelengths

14 http: / /pla.esac.esa.int/pla/#maps
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shortward of 850 ym due to their minor contribution compared
to continuum emission (Galametz et al. 2014; Hermelo et al.
2016; Chang et al. 2020).

In our sample, the 850 um flux densities of only three galaxies
(IC 0010, NGC 4214 and NGC 4449) found in Planck CCS2 are
detected with S/N >3 (see Section 2.1). For the remaining
galaxies, we measured the 850 ym flux density according to the
method of aperture photometry described at length in Clark et al.
(2018) and Planck Collaboration et al. (2014), using a circular
aperture centering the position of source with radius equal to its
average FWHM of the effective beam (described in Section 2.2)
and annulus around this circular aperture for background with an
inner radius of 1 time FWHM and an outer radius of 2 times
FWHM. The annulus of background is used to evaluate the level
of the background and make a local estimate of the noise to
calculate the uncertainty in the estimate of the flux density. We
extract the 850 um flux density using the following formula
(Planck Collaboration et al. 2014):

Sobs = | Sap — San kioz s (1)
ks — kit

where k, is the radius of the circular aperture, k; and k, are the
inner and outer radius of the annulus, and S,, and S, are the
flux densities of the galaxy in the circular aperture and annulus.
The flux densities (Syps) need to be corrected due to the both
flux densities of the source missing from the circular aperture
and that eliminated through background subtraction (Planck
Collaboration et al. 2014). We use the formula below to correct
the Sgps to the Sy (Planck Collaboration et al. 2014):

4Q0pwam1 — QFWHMz)
SO s — S ues 2
b ( 30 " ()

where () is the beam solid angle (27.69 arcminz, see Planck
Collaboration et al. 2016b), and Qpwavi (25.32 arcmin®, see
Planck Collaboration et al. 2016b) and Qpwrno (27.53 arcmin?,
see Planck Collaboration et al. 2016b) are the solid angles of the
beam within the radius equal to 1 and 2 times the effective
FWHM, respectively.

Following Hermelo et al. (2016), we consider the
calibration uncertainties, Ay, /f, ~0.024% at 850 um (see
Section 2.2) and measurement uncertainty resulted from
background fluctuations, Ay, calculated from Apyex = Opack

\/Naper + Nazper /Nback (detailed in Section 3.4 of Hermelo et al.
2016) with oy, the standard deviation of background noise,
Naper the pixel number in source aperture, and Ny,ck the pixel
number in the annulus for background. The quadratic sum

of A.y and Ay, are calculated as final uncertainty of flux
density, Afpa = AZy + Al The measured 850 um flux

densities with their uncertainties are listed in Table 2 in
Appendix A.

It is significant to note that the 850 ym emission consists of
three components (Hermelo et al. 2016): (1) dust emission, (2)
free—free emission and synchrotron emission, (3) CO(3—2) line
emission, which falls into the Planck 850 pm filter. In order to
probe the dust emission excess at 850 um, those contributions
of non-dust components need to be removed. The non-dusty
emission correction for 850 yum flux densities is shown in
Appendix A. The fluxes at 850 ym corrected for CO(3—2) line,
synchrotron and free—free emission with their uncertainties are
listed in the Table 5 in Appendix B.

Chang et al.

3.2. The TMBB Model

The SMBB model usually overestimates cold dust tempera-
tures due to the non-negligible contribution of the warm dust at
24-70 pm (Galametz et al. 2012). To constrain the warm dust
emission, we apply a TMBB model (Galametz et al. 2012;
Lamperti et al. 2019; Chang et al. 2020). The model assumes
that dust grains are optically thin. In fact, dust models show
that this assumption is suitable for the wavelengths > 100 pum,
while the dust grains may be optically thick at shorter
wavelengths (Draine & Li 2007). However, some studies
suggest that even if the dust is optically thick, on global galaxy
scales, it has no much effect on the SED shape at 22 ym
(Lamperti et al. 2019 and references therein). The TMBB
model is defined as follows (Lamperti et al. 2019):

M, o By M, o Be
F = EKJO(T) B,(\, Ty,) + EHO(T) B,(\, ) (3)

each component being modeled as one MBB model, where B,
is the Planck function, M, and M, are the warm and cold dust
mass, D is the distance of the galaxy, (3, and (. are the
emissivity index of the warm and cold component, Ty, and T,
are the temperature of the warm and cold component, and « is
the reference dust mass absorption coefficient at \y. The g is
taken as a constant value ko= ~(500 um)=0.051 m’ kgf1
(Clark et al. 2016). In order to reduce the number of free
parameters in our model, we fix (3, to 2. We note that the 3,,
assumption has a negligible effect on the cold dust temperature
for our galaxies. We tested that assuming 3, = 1 (or 8, = 1.5)
instead of 3, =2, the cold dust temperatures decrease by less
than 1.1% on average, and these variations are smaller than the
uncertainties on 7,. This result is similar to that of Galametz
et al. (2012), which shows that their choice of 3, does not
effect the T, and also adopt 3y, = 2 in a similar TMBB model. For
the emissivity index of the cold component (5,), we adopt (5. = 2,
which allows us to compare our results with other works, to
define and identify potential submillimeter excess at 350-850 pm.
The value of 3. =2 is used here mainly because that has been the
standard value used in the previous studies and it is consistent
with the results derived from standard dust model (Desert et al.
1990; Li & Draine 2001; Relaiio et al. 2018). The TMBB model
with 5. =2 can account for the thermal emission modeled using
dust grains with standard properties (Galametz et al. 2014) and
can model the SEDs of nearby galaxies reasonably well (Dunne
& Eales 2001; Klaas et al. 2001). Generally, =2 in MBB
models is assumed for most works done previously to study
submillimeter excess (Rémy-Ruyer et al. 2013; Galametz et al.
2014; Chang et al. 2020). Referring to Galametz et al. (2014), we
also use the free 3. assumption for the purpose of testing which
values could explain the submillimeter slopes and detect potential
strong flattening of the submillimeter slope in our galaxies. In this
model, there are five free parameters (3., M, T., M,,, and T,).
The cold component of the TMBB model describes the emission
of the cold dust as an MBB model with a single temperature. The
T. and M. here should be thought as an approximation of the
actual cold temperature and mass structure of our galaxies. The 3,
here is not an intrinsic emissivity index of one grain population
but the sum of different grain populations, which is more
accurately the effective emissivity index and is identical to the
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intrinsic emissivity indices in the isothermal case. Details can be
found in Galametz et al. (2012).

3.3. The Hierarchical Bayesian Technique

Recently, Lamperti et al. (2019) used a hierarchical Bayesian
approach to reduce the 7— degeneracy effectively to obtain
more accurate measurements of the dust parameters. Using the
hierarchical Bayesian method, we can express the posterior
probability function of the dust parameters for the n galaxies in
a sample as (Lamperti et al. 2019):

p(0,,....0,, p, S|F,.. Fo)
I/, p(BIF™, p, 2) - p(p) - p(2)
I} _ (p(E™16) - pBlp, ) - p(p) - p(X),  (4)

where F°™ is the vector containing the flux emission at each
wave band. p and X are called hyperparameters and describe the
prior distribution of the parameters 6. p is the average of
the parameter vector 8 and ¥ is the covariance matrix describing
the standard deviation and correlation of 8. p(u) and p(X) are the
prior distributions of the hyperparameters. In order to define the
prior distributions of the parameters given the hyperparameters, a
multivariate Student’s t-distribution with f=28 degrees of
freedom is adopted (see Lamperti et al. 2019 for details):

p(6]p, ) = MultiStudent(8i|p, 3, f = 8). ©)

For the noise distribution, we use a normal distribution (see
Lamperti et al. 2019 for details). We assume that the
monochromatic likelihood of every galaxy i follows a normal
distribution. The form of the normal distribution for each wave
band j=1, --- ,m is (Lamperti et al. 2019)

P(ESP6, FS, 8)) = normal (FEPIFS 8), ) (6)
where ¢; is the calibration offset in the jth wave band. Fif}“’d (6)
is the modeled flux assuming the TMBB model as described in
Equation (3).

3.4. Performing the SED Fittings and the Results

To apply the hierarchical Bayesian method to the SED
fitting, we use Stan'> (Carpenter et al. 2017), which is a
software for Bayesian inference employing the No-U-Turn
sampler and runs PyStan'®, which is the Python interface to
Stan (Stan Development Team 2018). A detailed description
can be found in Lamperti et al. (2019). Beam corrections and
color corrections (also called filter corrections) have been
applied to the Herschel fluxes using an iterative approach
following Lamperti et al. (2019). These corrections depend on
the shape of the SED, which is described by the values of
temperature and (3. For each galaxy, we first ran the SED fitting
to derive T and (3, then we applied the beam and color
corrections using the derived T and (3 values. Then rerun the
SED fitting using the corrected fluxes. The details can be found
in Lamperti et al. (2019). These corrections are small when
compared with uncertainties of the fluxes, thus they do not
significantly affect our results.

Our aim is to explore potential submillimeter excess at 350,
500, and 850 pm, so we carry out three sets of SED fits using

'S hup: //mc-stan.org/
16 http:/ /pystan.readthedocs.io/en/latest/
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data in the 22-250 yum range, 22-350 um range and
22-500 pm range, respectively, referring to Galametz et al.
(2014) and Chang et al. (2020). The fitting parameters (3., M.,
T., M, and T,,) and their corresponding errors can be inferred
from their respective posterior distributions. The median values
of the marginalized posterior probability distributions are taken
as the result for parameters and the uncertainties are estimated
from the values corresponding to the 16th and 84th percentiles.
The model fluxes are calculated using the fitting result of
parameters above by Equation (3). To estimate the uncertainties
on the SED modeled fluxes, we consider the parameters with
likelihood values in the highest 68th percentile according to
Lamperti et al. (2019). Then we estimate the SED modeled
fluxes using these parameters and we use the minimum and
maximum flux values to estimate the uncertainty range. The
modeled fluxes we derived at 350, 500, and 850 yum and their
uncertainties in the case of §. =2 or free for each galaxy are
listed in Tables 3-5 in Appendix B, respectively.

Figure 1 shows an example of the hierarchical Bayesian SED
fitting for IC 3268 using the TMBB model in the case of 5. =2
(the first line panels) and [, free (the second line panels). The
SEDs of the remaining 11 galaxies are shown in Figure 10 in
Appendix D. The SED fittings, which were done using data
sets of 22-250 pm, 22-350 pm and 22-500 pm to predict the
flux at 350, 500, and 850 um, respectively, are shown in the
panels from left to right. The shadow area represents the lower
and upper uncertainties of the modeled flux. Obviously, using
B. as free, the uncertainty of the modeled flux density is larger
than that using [, fixed to 2 (see the shadow). For this galaxy,
the models could match the observation within uncertainty at
350 and 500 pm. There is an excess emission at 850 ym in both
cases of (. (see the red point). We will discuss the excess at
submillimeter in detail in the next section.

4. Analysis and Discussion
4.1. Comparing Prediction with Observation

Following Chang et al. (2020), we define the submillimeter
excess as the observed flux above the modeled flux based on
the TMBB model of (3, =2 and §.=2 (see Section 3.2 for
details) in the same band taking into account uncertainties of
both observations and predictions. Additionally, we will also
compare the observed flux with the modeled flux derived from
the TMBB model with a free .. Specifically, we consider a
galaxy to have a submillimeter excess in a particular band when
the following condition is satisfied for that band:

Fobs _ Fmodel > Feorlr)s + F@I;lrodel- (7)

In other words, if the residual between observation and
prediction at 350, 500, and 850 pm is greater than the sum of
both error (10 criteria), there is an excess at those submillimeter
bands (Ré€my-Ruyer et al. 2013, 2015).

We find that the TMBB model with 3. =2 matches the
observations within uncertainties at 350 yum for all galaxies.
Therefore, the observed 350 pzm emission in our galaxies can be
accounted for by thermal emission modeled using dust grains
with standard properties. At 500 pm, only NGC 4214 shows an
excess emission based on (3. =2. However, using a flatter G,
(6. < 2.0) can provide a prediction matching the observed flux
within uncertainty. This may suggest that different properties of
the dust grains or a different dust composition in this galaxy can
explain the excess emission. There are nine galaxies (IC 3268,
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Figure 1. An example of global SEDs of IC 3268 obtained using the TMBB model (3, =2 and 3. = 2 or . as free) with the hierarchical Bayesian technique. The
first line panels show the SED fits in the case of 3. = 2 and the second line panels show the SED fits in the case of (3. as free, from left to right, using the data ranging
from 22-250 pm to predict 350 pm flux, from 22-350 pm to predict 500 ym flux and from 22-500 pm to predict 850 pm flux, respectively. The fitting result of the
parameters is shown in the upper left corner of each panel. The warm component (with (3, fixed to 2) is overlaid in red and the cold component (with 3. fixed to 2 or
free) is in green. The blue area represents the sum of warm component and cold component. The dotted line represents the model flux. The shaded regions show the
lower and upper 1o uncertainties on the SED models. WISE, Herschel, or Planck data (included in the fitting procedures) are overlaid with blue solid circles. The red
solid circles (not included in the fitting) represent the observations at 350, 500, or 850 xzm shown in the panel from left to right, where the observed Planck flux density
at 850 pum has been corrected for CO(3—2) line, free—free and synchrotron emission.

IC 3476, NGC 1427A, NGC4032, NGC4214, NGC4376,
NGC 4449, NGC 4630, and NGC 7694) showing excess emis-
sion at 850 ym based on . = 2. It is interesting that five of them
(IC 3268, NGC 1427A, NGC 4032, NGC 4376, and NGC 7694)
still exhibit a clear 850 ym excess when 3, is free.

Before comparing the observations at 850 ym with extra-
polations, the contributions of CO(3—2) line, synchrotron and
free—free emission to the total flux at 850 um have been
removed except for NGC 1427A. The total 850 ym flux density
of NGC 1427A has been only corrected for the CO(3—2) line
emission since the mid-frequency radio flux were not found to
extrapolate the free—free and synchrotron emission at 850 ym
(see Appendix A). The excess emission at 850 um are not
accounted for by those non-dust contributions for our galaxies.
However, for NGC 1427A, we cannot determine whether
synchrotron or free—free emission is the cause of excess
emission at 850 pum.

4.2. The Correlation between 850 pum Excess and Physical
Parameters

In this section, we investigate how the differences between the
850 pum observed and modeled flux densities vary with gas mass
fraction, cold dust parameters, and fundamental galaxy properties
of our galaxies, to identify under which situation the 850 yum
excess is prominent. This will shed light onto the circumstances
that might be more likely to make galaxy show submillimeter
excess at 850 um. Following Galametz et al. (2014) and Chang
et al. (2020), we characterize the differences between the 850 ym
observed and modeled flux densities as the ratios between them,
which are listed in Table 5 in Appendix B. Those 850 um

observed flux densities here have been corrected for the non-dust
emission. We note that for one galaxy (NGC 1427A), we could
not subtract the free—free and synchrotron emission at 850 ym
because of the lack of mid-frequency radio data (See Appendix A
for a detailed explanation). Since only one galaxy shows an
excess emission at 500 ym, and no galaxy shows excess emission
at 350 ym, we only analyze 850 um emission in this work (see
Sections 4.2.1-4.2.3). It should be noted that our following
discussions are based on the limited number of galaxies in our
sample.

4.2.1. The Correlation between 850 um Excess and Gas Mass
Fraction

The gas mass fraction is defined as the mass of hydrogen gas
divided by the stellar mass (molecular hydrogen gas mass
fraction My, /My and atomical hydrogen gas mass fraction
My1/M,). In Figure 2, we plot the 850 um observed-to-
modeled flux density ratios in the case of 3. =2 or free as
functions of My, /My and My 1/M,.. These parameters are listed
in Table 1. There is an anticorrelation between 850 pum
observed-to-modeled ratios and My, /My in the case of 3. =2
with a Pearson correlation coefficient'’ Rpear=—0.42 and
weak anticorrelation in the case of free 5. with Rpe,r = — 0.34
for our galaxies (see the top panel in Figure 2). Moreover, for

7 The Pearson correlation coefficient, Rpe,, indicates the degree of linear
correlation between two variables. The larger the absolute value of Ry, is, the
stronger the correlation is. The classification of absolute value of Rpe,,: 0.0-0.2
no correlation, 0.2-0.4 weak correlation, 0.4-0.6 medium correlation, 0.6-0.8
strong correlation, and 0.8-1.0 highly strong correlation. If Ry, is larger than
zero, it means that the two variables are positively correlated. if Ry, is smaller
than zero, it means that the two variables are negatively correlated.
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Table 1
Sample Information

Galaxyl HT? a 58 Distance® 12 + log(O/H)® ]é/[; SFR® 1 log(My)° log(My,)'° Velocitylll

(Mpc) (10°Me) (Mg yr ) M) M) (kms™)
IC 0010 1B 00"20™17.3% +59918™m14° 0.79 8.04 5.27 0.30 7.88 7.41 +£0.53 —348
IC 3268 1 1224™07 45 +06436™m27° 34.35 8.24 32.79 0.90 9.29 8.65 £ 0.25 728
IC 3476 1B 12"32m41.9% +14%03™02° 11.59 8.35 5.18 0.20 8.10 8.26 + 0.23 —169
NGC 1427A 1B 03"40™09.3s —35937m28" 16.40 8.14 10.88 0.15 9.21 7.78 £ 0.22 2028
NGC 4032 1 12"00™32.88 +20%04™26° 28.41 8.30 49.44 0.83 9.48 8.73 £ 0.25 1268
NGC 4214 1 12"15™m39.28 +36419™m37° 2.98 8.08 8.10 0.19 8.62 7.98 +0.22 291
NGC 4376 1 12h25™18.08 +05944™28° 22.18 8.21 17.37 0.34 8.85 8.35+0.25 1136
NGC 4449 1B 12"28™11.18 +44%05m378 4.26 8.23 7.23 0.77 9.05 8.54 £0.24 207
NGC 4630 1 12"42m31.18 +03957m378 15.77 8.44 23.76 0.37 8.64 8.70 £0.25 737
NGC 7694 1 23133m)5 8s —02%42m10° 14.12 8.37 9.91 0.14 8.68 8.11 £0.23 2281
UGC 04305 1 08"19™M05.08 +70%3m12°8 3.57 7.77 2.26 0.08 8.74 6.81 +£0.40 142
UGC 05720 1 10"32M32.08 +54924m02° 24.90 8.36 30.77 1.54 8.89 9.08 4+ 0.26 1430

Note. (1) Galaxy name, (2) morphological classification of Hubble type (HT), (3) J2000.0 Right ascension, (4) J2000.0 decl., (5) the best distance, and (6) global
oxygen abundance using PG16S calibration derived from DustPedia project, except for NGC 7694 and UGC 05720; the oxygen abundance of these two galaxies are
calculated using the 10,143 star-forming regions detailed in De Vis et al. (2019) and Casasola et al. (2020), (7) the stellar mass, (8) the SFR, (9) the atomical hydrogen
gas mass (H 1) in log(M), (10) the molecular hydrogen gas mass (H,) in log(M) calculated based on flux at 12 um (see Appendix A), (11) velocity in kilometers per
second derived from NED'®. The values of Columns 2,5,7, 8, and 9 are derived from DustPedia project.

the galaxies showing 850 um excess emission, the 850 um
observed-to-modeled flux density ratios and My, /My show
a stronger decreasing trend in the case of [F.=2 with
Rpear = — 0.77 and a weak decreasing trend in the case of free
B with Rpear = — 0.34 (see the black and red triangles in the
top panel). This may suggest that the excess emission at
850 um is easily detected in the dIir galaxies with low
molecular hydrogen gas mass fraction, i.e., the smaller My, /M
is, the stronger the 850 um excess is.

We find that the 850 um observed-to-modeled flux density
ratio correlates with My /M, for our sample in the case of
Be =2 (Rpear = 0.42) and in the case of free 3. (Rpear = 0.37) in
the bottom panel of Figure 2. Since My /M, is a proxy for
how far the galaxies are progressing in their evolution (De Vis
et al. 2017), this correlation suggests that the 850 ym excess
may depend on the evolutionary state of a galaxy. As galaxies
evolve, the My1/M, decreases and the 850 pum excess
emission tend to decrease or even disappear.

4.2.2. The Correlation between 850 pm Excess and Cold Dust
Parameters

To study how the difference between the observation and
extrapolation at 850 pm varies with the cold dust parameters of
our galaxies, we plot the ratios of 850 um observed-to-modeled
flux densities in the case of 3. =2 or free as functions of M,
and T in the left and middle panels of Figure 3 for our sample.
We adopt the M. and T, derived from SED fitting with data
ranging from 22-500 pm since extrapolation at 850 pm is
derived using the results of the fit in this wavelength range.
Those 7. and M, are listed in Table 6 in Appendix C. The
850 ym observation-to-prediction ratios do not show a
particular trend with M, in both 3. fixed to 2 (Ryear = 0.08)
and free (Rpeor=0.20) in the left panel of Figure 3. This
suggests that the 850 um excess does not depend on the cold
dust mass for our galaxies. There is no relation between the
850 um observation-to-prediction ratios and 7 in the case of
Be =2 (Rpear = — 0.19). A weak anticorrelation between those
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Figure 2. The correlations between the ratios of 850 pm observed-to-modeled
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Figure 3. The ratios of observation to prediction at 850 pm flux as functions of cold dust mass (left panel), cold dust temperature (middle panel). and the cold dust-to-
gas mass ratios (right panel) in the case of 5. =2 or free. For the convention on colors and symbols, see Figure 2.

ratios and T is found in the case of . as free (Rycar = — 0.28).
However, we do not think that this anticorrelation is significant
because the cold dust temperature values span a very small
range (only 3 K) when /. is free. This indicates that the 850 m
excess emission does not correlate with the cold dust
temperature in our sample.

We also plot the ratios of 850 pum observed-to-modeled flux
densities in the case of §. =2 or free as a function of the ratio
between cold dust mass and gas mass (M./My,, see the right
panel of Figure 3). The dust-to-gas mass ratios play a key role
in studying the circulation of substance in a galaxy. Since most
of the dust in galaxies is in the cold phase, we can use the cold
dust mass as the total dust mass directly (Galametz et al. 2012).
Specifically, the fraction of warm dust mass to cold dust mass
in our galaxies ranges from 0.05%-0.3% in the case of 5. =2
and from 0.02%-0.6% in the case of free (. in the range of
22-500 pm SEDs. We sum the atomic and molecular hydrogen
gas masses to obtain the total gas mass (H 1 mass and H, mass,
see Galametz et al. 2011), which are listed in Table 1. As the
M. /Mg, decreases, the ratio of 850 m observed-to-modeled
flux density tends to increase in the case of 8. =2 (Rpear = —
0.40) and free 3. (Rpear = — 0.30) in our sample. Moreover, for
the galaxies with 850 um excess, there is also an increasing
trend of those ratios with decreasing MC/MgaS in the case of
Be =2 (Rpear = — 0.51). In the case of free 3., although there is
no trend of those ratios with M./M,,, the galaxies with
850 um excess have relatively low M./M,,s and high 850 m
observed-to-modeled flux densities ratios in our galaxies (see
the red triangles in the right panel of Figure 3). Our results
suggest that the 850 um excess emission is more likely to occur
in the dIrr galaxies with low M./M,,,. The lower the M./M,,;
is, the stronger the 850 um excess is.

4.2.3. The Correlation between 850 pm Excess and the Fundamental
Galaxy Properties

To test how the difference between the observation and
extrapolation at 850 pm varies with the fundamental properties
of galaxies, in Figure 4 we plot the ratios of observed to
modeled at 850 yum flux densities in the case of . =2 or free
as functions of (from left to right): the oxygen abundance, the
stellar mass (M) and specific star formation rate (sSFR). The
850 um observation-to-prediction ratios do not show a
particular trend with the oxygen abundance in the case of
Be =2 (Rpear = — 0.07) or free (Rpear = — 0.02). A rather weak
correlation between the 850 um observation-to-prediction
ratios and M, is found in the case of 3. =2 (Rpear = 0.24) or
free (Rpear = 0.33) for our galaxies. Since such correlation is
very weak, it is not safe to say that 850 um excess is likely to

be detected in our galaxies with higher M,.. Maybe the 850 um
excess has no particular dependence on M.,.

There are strong anticorrelations between the 850 ym observed-
to-modeled flux ratios and the sSFR in our sample in the case of
B.=2 with Ry,,=—0.68 and in the case of free (. with
Rpear = — 0.69 (see the right panel of Figure 4) agreeing with the
result of Relafio et al. (2018), which shows anticorrelation
between their 500 um excess and SFR at spatial scales for the
spiral galaxy Ms;. If we consider only our dlir galaxies with
850 um excess, the ratios are anticorrelated with the sSFR
(Rpear = — 0.59) in the case of 3. =2 (see the black triangles in
the right panel). Although there is no trend of those ratios with
sSFR in the case of free 3., the dlrr galaxies with 850 um excess
have a relatively low sSFR and high 850 pim observed-to-modeled
flux ratios in our sample (see the red triangles in the right panel).
These results suggest that the 850 pum excess is easily detected in
the dIir galaxies with low sSFR. The lower the sSFR is, the
stronger the 850 um excess emission is. In other words, there may
be no presence of 850 pm excess emission in the dIrr galaxies in
which intense star formation is taking place.

4.3. Cold Dust Temperature and Cold Dust Emissivity Index
4.3.1. The Influence of Submillimeter Data on T,

Including more submillimeter data at wavelengths longward of
160 um (e.g., 500 or 850 um) in SED fitting is necessary to
accurately determine the dust temperature and masses of galaxies
(Galametz et al. 2011, 2012; Rémy-Ruyer et al. 2015). It is needed
to position the peak of dust SEDs accurately and sample the
submillimeter slope of SEDs correctly (Galametz et al. 2011,
2012). In this work, we also perform the SED fitting using data up
to 850 ym. Figure 11 in Appendix D shows the SEDs of our
galaxies using this data coverage employing the TMBB model
(6w =2 and §. =2 or free) with the hierarchical Bayesian method.

Indeed, we find that the T, obtained using submillimeter data
longward of 160 um differ from those derived with data from
22-160 pum only. We test the influence of including data
longward of 160 pum on the measured 7, of our galaxies. Those
T, values derived from SEDs using the multiple data ranges
above are listed in Table 6 in Appendix C. We compare
directly the T derived from the SED fitting with the data up to
250, 350, 500, and 850 ym to those derived with the data
ranging from 22-160 um. We find that for our galaxies 7. in
the case of (3. = 2 obtained with data up to 250, 350, 500, and
850 pum differ from the 7, using data up to 160 um on average
by —3%, —6%, —9%, and —24%, respectively. Figure 5 shows
how T, varies with submillimeter data at longer wavelengths
added in the SED fitting in the case of [G.=2. As more
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Figure 4. Ratios between the 850 um observed flux densities and the extrapolations in the case of 3. = 2 or free as functions of oxygen abundance, stellar mass, and
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submillimeter observations at longer wavelengths are added in
the fits, the T, derived decreases for most of our galaxies. As
the number of submillimeter data increases, the better the peak
of SED can be located, and the more accurately the cold dust
temperature can be measured. The 7. derived from the SED
fitting with data ranging from 22-850 pm is the lowest for our
galaxies except for UGC 05720, where the T, derived with data
up to 500 um is the lowest. The SED of this galaxy peaks at a
shorter wavelength (about 50 ym) than that in the other
galaxies (at 100 pum < Apea < 200 pm, see Figure 10 and
Figure 11 in Appendix D). Therefore, for this galaxy, the
wavelength of radiation dominating the cold dust components
is shorter than that of other galaxies in our sample. For
NGC 7694 and UGC 04305, there are no T, derived by using
data up to 160 pum in the SED fitting due to no observation at
160 pm, which does not impact the trend of their 7, decreasing
with increasing number of data points at longer submillimeter
bands included in the fitting. However, the effect trend of
submillimeter data on 7, is different when 3, is free. The T, is
the highest using data up to 850 um for free (. because the
850 ym data added tend to flatten the slope of SED at
submillimeter bands. It may be due to the fact that some
galaxies show 850 um excess. Above all, 850 um data is
important to estimate cold dust temperature accurately for our
sample.

4.3.2. The Correlation between T, and (3.

Lamperti et al. (2019) showed that hierarchical Bayesian
approach could reduce the degeneracy between 7. and [,
effectively. They show that there is an anticorrelation between
T. and (. (Rpear = — 0.52). We also derive the same antic-
orrelation between T, and 3. (Rpear = — 0.64) seen in Figure 6
using the same data range from 22-850 pm as Lamperti et al.
(2019). We note that in this work, we have applied a
hierarchical approach with the aim to reduce the degeneracies
between fitting parameters. It is possible that given the small
sample size, the hierarchical approach has not be able to break
this degeneracy completely. As an alternative, it is also possible
that an intrinsic anticorrelation between T, and (. is present in
this sample. In fact, we also plot the (. as a function of T, using
the data in the 22-250 pm range, in the 22-350 um range, and in
the 22-500 ym range (not shown here). There are positive
correlations between T, and [, in these three wavelength ranges.
However, these correlations may be artificially produced by the
hierarchical SED fitting method. The values of 3. derived from
SED fits using those three wavelength ranges are very similar.
This may be an artificial effect. When 3, is free, in the three
cases of fits up to 250, 350, and 500 pym, there may be not
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coverage included in SED fitting (TMBB model with 8, = 2 and 3. = 2). Cold
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38

enough data points to constrain 7, and (. well. In fact, we fit five
to seven data points with the TMBB model, which has five free
parameters (Ty, My, T., M, and 3.). Thus, the range of T, and 3,
are very small when we consider 3, as a free parameter in these
three cases (see Table 6 in Appendix C). When we include the
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850 pm data, we can better constrain the 7, and /.. Although the
values of 3. derived with data up to 850 um are smaller by 44%
on average than the values of (. derived from the SED fitting
with data from 22-500 pm. This is due to the fact that the slope
of the SED tends to become flatter when the 850 um flux is
included in the fitting, which may be related to the presence of a
submillimeter excess in some galaxies.

4.3.3. The Relationships between Cold Dust Temperature and
Fundamental Galaxy Parameters

To study the correlation between 7, and fundamental galaxy
parameters, we plot the 7. as functions of sSFR, oxygen
abundance, and M, in the case of 5. =2 in Figure 7 from left
to right. In this section and Section 4.4.2, we analyze the
properties of cold dust temperature and masses of our galaxies
based on the TMBB model using G, =2 since the =2 for
MBB models is consistent with the results derived from
standard dust model (Desert et al. 1990; Li & Draine 2001;
Relafio et al. 2018). The details are described in Section 3.2.
For accuracy we adopt the T, derived from the SED fitting with
data 22-850 um (see Section 4.3.1 for details). We see that
with the increase of sSFR, the T, increases for our galaxies
(Rpear = 0.52). This is consistent with the result of Rémy-Ruyer
et al. (2015), who show the quantity oU (which is linked to the
temperature) strongly correlates with the sSFR. This result also
can be seen in Clemens et al. (2013), Cortese et al. (2014), and
Lamperti et al. (2019). These suggest that higher star formation
activity increases the average temperature of the cold dust
component. There is a positive correlation between 7. and
12 + log(O/H) for our sample (Ryear = 0.48). Only a rather
weak relation between T, and M, in our sample is found with
Rpear =0.25. We may think that there is no relationship
between them.

4.4. Cold Dust Mass
4.4.1. The Influence of Submillimeter Data on M,

The far-IR/submillimeter (longward of 160 um) data is
crucial to determine dust masses (Gordon et al. 2010; Galametz
et al. 2011). In our sample, the M, derived with submillimeter
data do differ from the M, derived using data only up to
160 pm. To show the influence of data longward of 160 um on
the cold dust mass, we directly compare our dust masses
derived with the data up to 250, 350, 500, or 850 um to those
derived with the data up to the 160 um constraint. These M,
measured are all listed in Table 6 in Appendix C. The M,
derived by the SED fitting using the data up to 850 um or at
least 500 um are the highest in the case of (. =2. Figure 8
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Figure 8. Variation of the cold dust mass with submillimeter data coverage
included in SED fitting (TMBB model with 3, =2 and (3. = 2). Cold dust
masses are normalized to M, obtained with the data coverage from 22-850 pm
(called “M. up to S850”). The x-axis describes the longest wavelength in the
fitting. For example, “500” shows that using data range from 22-500 ym. The
color for every galaxy is shown in the right bottom.

shows how the cold dust masses vary with the submillimeter
coverage included in fitting in the case of 3. fixed to 2. The M,
derived show a trend of increase when more submillimeter data
at longer wavelengths were included in the fitting, except for
UGC 05720. M, of UGC 05720 also increase with the addition
of number of SPIRE bands and its M. is the highest when using
data up to 500 um. For the other galaxies, the M, derived from
fits with data up to 850 pum is the highest. Similarly to the effect
we observed on 7T, this may be due to the fact that the peak
wavelength (at about 50 pm) of UGC 05720 is shorter than that
of the other galaxies (at 100 < Apea < 200 pm). For NGC 7694
and UGC 04305, there is no M. derived from 22-160 ym SED
fitting due to no observation at 160 pym. But M. of them
increase with addition of data at longer submillimeter bands.
These behaviors in the case of 3, =2 are more in line with the
general view that the higher dust mass are derived using
submillimeter data than dust mass derived not using sub-
millimeter data for metal-poor galaxies due to the flattening of
the submillimeter slope (Galametz et al. 2012). Galametz et al.
(2012) also shows that the cold dust mass derived using the
complete SPIRE data are good to obtain the dust mass in the
case of fixed .. They do not test the influence of 850 ym data
on the M.. Above all, using submillimeter data included in
fitting (such as data up to 850 um or at least up to 500 um) is
necessary to get an most accurate estimation of the M, in the
case of fixed B.=2. However, the effect of submillimeter
wavelengths coverage on cold dust mass is different when g, is
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Figure 9. Dependence of M,;/M,, on oxygen abundance (left), sSFR (middle), and stellar mass (right). The M,, is the cold dust mass derived from the TMBB model fits
with 8. =2 applying a hierarchical Bayesian method with the data from 22-850 pm. The diagram is the same as Figure 6.

left free to vary. The behavior of cold dust mass is different for
each galaxy with increase of number of data at submillimeter
bands (see Table 6 in Appendix C). The cold dust mass we
obtained using data up to SPIRE bands or 850 um is still
different from those derived with data stopping at 160 pm.

4.4.2. The Relationships between the Cold Dust-to-stellar Mass Ratio
and Fundamental Galaxy Parameters

In this section, we consider the dust-to-stellar mass ratio
(M;/M.,) and its relation with fundamental galaxy parameters.
Past studies suggest that M;/M, has a strong correlation with
sSFR (da Cunha et al. 2010; Skibba et al. 2011; De Vis et al.
2017), but weak anticorrelation with M, (Skibba et al. 2011;
Bourne et al. 2012; De Vis et al. 2017), or increases with the
decrease of metallicity (Skibba et al. 2011). We plot the cold
dust-to-stellar mass ratio as a function of oxygen abundance
(left panel), sSFR (middle panel), and stellar mass (right panel)
of our galaxies in the case of .= 2 in Figure 9. For accuracy
we use the M, derived from the SED fitting with data ranging
from 22-850 pm (see Section 4.4.1 for details). Since the warm
dust mass are only 0.007%-0.400% of cold dust mass using
this coverage of data in the case of 3. = 2, we use the M, as the
total dust mass (M) directly (Galametz et al. 2012). Similar to
the properties of cold dust temperature analyzed in
Section 4.3.3, we analyze the above relation in the case of
B. =2 since this case is the model using dust grains with
standard properties (Galametz et al. 2014). We find that M,/ M,
decrease weakly with the increase of sSFR for our galaxies
(Rpear = —0.29). This is different from previous results
mentioned above reporting a strong correlation between
M, /M, and sSFR. A weak anticorrelation between M;/M,
and oxygen abundance is found with Rpe,r = — 0.25 in the
sample. We can think that there is no relationship between
them. This is also true for the correlation between M;/M,. and
M, for our galaxies (Rpear = — 0.24). Perhaps our sample is not
large enough to show a strong trend. We need more nearby dlir
galaxies to test these trends.

5. Summary and Conclusions

We combine WISE, IRAS, Spitzer, Herschel, and Planck
data to model the SED of 12 nearby dIir galaxies with a TMBB
model in the case of F. =2 or (. as free using a hierarchical
Bayesian method. Based on the TMBB model with 8, = 2 and
(. =2, we probe the potential submillimeter excess emission at
350, 500, and 850 um. And we analyze which situation could
be likely to promote the existence of 850 ym excess emission.
The main conclusions are as follow:
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1. No galaxy shows excess emission at 350 um. One galaxy
(NGC 4214) shows an excess emission at 500 ym. Nine
galaxies (IC 3268, IC 3476, NGC 1427A, NGC 4032,
NGC 4214, NGC4376, NGC 4449, NGC4630, and
NGC 7694) show 850 um excess emission, and five of
them (IC 3268, NGC 1427A, NGC 4032, NGC 4376, and
NGC 7694) still exhibit a clear 850 um excess for free (..

2. We confirm that the excess emission at 850 um are not
accounted for by non-dust contributions (CO(3-2) line,
synchrotron and free—free emission) for our dlIrr galaxies.
But for NGC 1427A, we do not know if the synchrotron
and free—free emission cause its 850 ym excess.

3. For our dIrr galaxies, the 850 yum observed-to-modeled
flux ratio increases with atomic hydrogen gas mass
fraction and decreases with molecular hydrogen gas mass
fraction. The 850 pm excess emission is more likely to be
detected in the dIrr galaxies with high atomic hydrogen
gas mass fraction or low molecular hydrogen gas mass
fraction. The smaller the molecular hydrogen gas mass
fraction is, the stronger the 850 um excess is.

4. There is no connection between the 850 pm observed-to-
modeled flux ratio and cold dust mass and cold dust
temperature for our dlrr galaxies. As the ratio between
cold dust mass and gas mass (M./M,,s) decreases, the
850 um observed-to-modeled flux ratio tends to increase
for our galaxies. The 850 ym excess emission is more
likely to occur in the dlrr galaxies with low M./M,,,.
And the lower the M./M,,, is, the stronger the 850 um
excess is.

5. The 850 um observed-to-modeled flux ratio does not
show a particular trend with the oxygen abundance for
our galaxies. There is a rather weak correlation between
the 850 ym observed-to-modeled flux ratio and stellar
mass for our galaxies. The 850 um observed-to-modeled
flux ratio is strongly anticorrelated with sSFR for our dlrr
galaxies. The 850 um excess emission is not related to
metallicity and seems to be independent of the stellar
mass for our dIrr galaxies. The 850 yum excess is easily
detected in the dlrr galaxies with low sSFR. The lower
the sSFR is, the stronger the 850 ym excess is.

In this work, we also derive the cold dust parameters
(Te, M., and 3.) from SED fitting using different data coverage
of 22-160 um, 22-250 pum, 22-350 pm, 22-500 pm, and
22-850 pum with the same technique. We test the influence
that including observations at wavelength >160 ym in the SED
fitting on the measured 7 and M_, discuss the distribution of T,
with G, and study the different correlation between cold dust
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parameters (7, and M;/M ) and fundamental galaxy properties.
The main findings are as follows:

1. Generally, including submillimeter data in the SED fitting
(at least up to 500 pum) in the case of 3. =2 allows us to
estimate cold dust temperature and cold dust mass more
accurately.

2. The cold dust temperature T, correlates with sSFR and
oxygen abundance for our galaxies.

3. The cold dust-to-stellar mass ratio (My/M,) is weakly
anticorrelated with sSFR for our galaxies.

Considering the limited number of galaxies in our sample,
we need more nearby dlir galaxies to test our results.
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Appendix A
Non-dust Contribution to the 850 pum Flux Densities

There are very few observations of CO for our sample since
CO observation of dwarf galaxies is difficult (Rémy-Ruyer et al.
2013). Although there are CO maps of Planck data (Planck
Collaboration et al. 2016a), they rely on the velocity range of the
Milky Way (Tibbs et al. 2018). Since the velocities of most
galaxies in our sample are large with respect to the velocity range
of the Milky Way (see Table 1), we should not use the published
Planck CO maps to estimate CO emission for our galaxies. The
same is true for M33 (see Section 3.3 in Tibbs et al. 2018) with
velocity of —179kms™', which is substantially different to the
velocity range of the Milky Way applied to producing Planck CO
maps. We also checked the maps of Planck CO emission then
determined that they are not suitable for our analysis in this work.
So we had to estimate the contribution from the CO(3—2) line at
850 pm indirectly. We calculate the luminosity at 12 ym for each
galaxy with their 12 pum flux obtained from Clark et al. (2018),
then get the total molecular hydrogen gas mass, log(My,), using
the formula (Jiang et al. 2015)

log My, (CO;1_p) = (0.88 £ 0.03)log L2 ym

+ (1.49 £ 0.27). (A1)

The values of log(My,) for our sample are listed in Table 1. The
MHZ(COI,O) is calculated by 1‘4].[2 = aCOLCOIOs where aco is
the CO(1—0)-to-H, conversion factor. Considering that aco
varies with metallicity (Shi et al. 2016; Accurso et al. 2017), we
use the following relation (Accurso et al. 2017) to derive aco
for each galaxy:

log aco(£0.165 dex) = 14.752 — 1.623

x[12 + log(O/H)] + 0.062log A(MS) (A2)

AMS) =
SSFR casurea denotes specific SFR of our galaxies

with the distance from the main

$SFR measured
sSFRus(z, My)
calculated by ratio between SFR and stellar mass (listed in

Table 1). The sSFR,,s(z, M) is related to redshift (z) and stellar
mass (M) by the equation (Accurso et al. 2017):

1og(sSFRy(z, My)) = —1.12 + 1.14z — 0.1972
—(0.3 + 0.13z) x (logMy — 10.5)(Gyr™ ).

sequence,

(A3)

The derived o in units of M, (K km s~ !'pc?)~! are listed in
Table 2 in Appendix A. In this way, we derive the luminosity
of CO(1—0) line, Lcoio.- Then, we derive the intensity of
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Table 2
The Flux of the Planck 850 pm, CO(3—2) Line and Free—Free + Synchrotron at 850 pm in Units of Jansky and CO(1—0)-to-H, Conversion Factor in Units
of Mo (Kkm s~! pc2)~!

Galaxy SSSO SCO(372) Sfree—free+synchmlmn Qco

IC 0010 5.81 £1.36 0.0182 0.0934 53.01 £ 20.14
IC 3268 0.12 £0.02 0.0004 0.0020 24.81 £9.42
IC 3476 0.15 £0.02 0.0020 0.0053 16.24 £ 6.17
NGC 1427A 0.13 £0.01 0.0002 33.81 £12.84
NGC 4032 0.22 £0.02 0.0008 0.0020 19.37 £7.36
NGC 4214 1.25 £0.08 0.0059 0.0150 43.54 £ 16.54
NGC 4376 0.18 £0.02 0.0004 0.0002 26.85 £ 10.20
NGC 4449 1.36 £0.08 0.0165 0.0330 27.24 £10.35
NGC 4630 0.20 £ 0.02 0.0078 0.0016 11.27 £4.28
NGC 7694 0.19 £ 0.02 0.0011 0.0020 1431 £5.43
UGC 04305 0.26 £ 0.02 0.0001 0.0015 138.93 + 52.78
UGC 05720 0.06 £ 0.02 0.0029 0.0061 1642 £ 6.24

Note. The Planck 850 um fluxes are not corrected for non-dust contribution. NGC 1427A have no available mid-frequency radio flux to extrapolate free—free and
synchrotron emission at 850 pm.

CO(1-0) line in units of jansky kilometer per second, S,oxv™* with radio spectral indexes ow=0.1 for free—free

Sco10AV, by using the formula (Solomon et al. 1997) emission and o = 0.8 for synchrotron emission (Condon 1992;
Niklas et al. 1997) to fit the above mid-frequency radio fluxes
in order to extrapolate radio flux at 850 um. The synchrotron

with the s observing frequency of CO(1—0) line of 115 GHz and free—free emission contribute from 0.1-10% to the total
and the D, Iluminosity distance in Mpc derived from 850 um flux for our galaxies except for NGC 1427A. These

D, = D(1 Mao et al. 2010). D is the best dist £ contributions at 850 pum are listed in.Tz.lble 2 in Appendix A.
L (1+2) Mao et a ) 15 the best distance of @ Those values are less than the uncertainties of 850 pm flux (see

Table 2). So we ignore the error of synchrotron and free—free
emission. For NGC 1427A, we did not find the available flux at

Lcoio = 3.25 x 107Sco10 & VviDi(1 + 203 (A4)

galaxy listed in Table 1. Finally, to derive the flux densities of
the CO(3—2) line, we use the following relation (Hermelo et al.

2016): those mid-frequency radio wavelengths, so the contamination
v )2 of synchrotron and free—free emission at 850 yum is not
S =Ry X (E) (Sco10AV), (AS5) removed.

For the uncertainty of 850 um corrected flux, we ignore the
where S is the flux density of the CO(3—2) line, and Rj; is the error of CO(3—2) line, synchrotron and free—free emission due
CO line ratio Rz =Is/Ip. We adopt a typical value to their smaller values than the uncertainty of 850 um flux. The
R3; =0.55 (Lamperti et al. 2020). The v is the observing fluxes at 850 ym corrected for CO(3—2) line, synchrotron and
frequency of the CO(3-2) line of 345 GHz. The Planck 850 um free—free emission with their uncertainties are listed in the

filer has a width of 101.4GHz (85,032 kms™') and  taPle S in Appendix B.
transmission close to 100% at the frequency of the CO(3-2)
line. The fluxes of the CO(3-2) line we derived are listed in
Table 2 in Appendix A. The CO(3-2) line emission contributes
from 0.04%—-4.83% to the total 850 um flux for our galaxies.

Appendix B
Observations and Predictions at 350, 500, and 850 p/m

We ignore the error of the CO(3-2) line flux, since their values In this section, Tables 3-5 give the observed flux densities
are smaller than the uncertainties of the 850 um flux densities and modeled flux densities at 350, 500, and 850 yim using the
(see Table 2). TMBB model with G,=2 and B.=2 or (. as free and

applying hierarchical Bayesian techniques, where the 850 ym
observed flux have been corrected for non-dust emission (CO(3
—2) line emission, free—free and synchrotron emission).

To estimate the contribution from synchrotron and free—free
emission at 850 um, following Chang et al. 2020 we searched
for some fluxes of mid-frequency radio continuum emission

ranging from 1.4-10.7 GHz first from NED, which are mainly Tabl.e ‘5 also  gives agsocﬁ,‘flgﬁifgin, of observations and
contributed by free—free and synchrotron emission (see Figure predictions at 850 m as —==———=— in the case of B.=2 and

1 of Condon (1992)). Then we combine two power laws, 0. as free.

12



THE ASTROPHYSICAL JOURNAL, 915:51 (20pp), 2021 July 1 Chang et al.
Table 3
The 350 um Observations and Predictions
Galaxy F,(350 um) Bo=2 Be tree
dy) 350 modeled (Jy) Values 350 modeled (Jy)
IC 0010 52.93 + 40.42 62.66719572 1.30 +0.48 7348714586
IC 3268 0.53 £ 0.08 0397012 1.40 + 0.41 0.437038
IC 3476 121 +£0.11 1.08%937 1.25 +0.47 1205937
NGC 1427A 0.40 F 0.09 0.29751] 1.15 £ 0.60 0.347034
NGC 4032 0.86 & 0.12 0647032 129 4051 075733
NGC 4214 10.72 + 0.89 8.58722 131 +0.41 9.54+483
NGC 4376 0.57 £ 0.08 0.477013 1.38 4+ 0.42 0.567933
NGC 4449 15.29 + 1.02 15.09%3733 1.51 4+ 0.38 16.59798¢
NGC 4630 1.67 +0.17 1587939 1.22 +0.48 1.84709%
NGC 7694 0.74 + 0.08 0.621913 1.30 + 0.49 0.72+937
UGC 04305 1.13 + 0.68 09573 1.10 + 0.55 1.0950 87
UGC 05720 0.70 £ 0.70 0.677938 1.63 4 0.43 0.717948
Note. The SED fits using the data coverage from 22-250 pm.
Table 4
The 500 pum Observations and Predictions
Galaxy F,(500 yim) Be=2 Be free
dy) 500 modeled (Jy) Values 500 modeled (Jy)
IC 0010 21.08 + 14.08 2373138 1.31 4+ 0.30 322718318
IC 3268 0.23 £ 0.05 0.15%993 1.50 +0.27 0.175942
IC 3476 0.49 £ 0.05 0.4070:08 1.38 +0.24 0.4875%
NGC 1427A 0.17 F 0.05 0.1275%8 1.29 4+ 0.30 0.157583
NGC 4032 0.36 & 0.04 025754 1.4140.24 0.3075%
NGC 4214 5.02 +0.47 3.3140% 1.42 +£0.25 4007359
NGC 4376 0.23 £ 0.05 0.1775% 1.47 +£0.23 0217513
NGC 4449 6.00 £ 0.48 5.02549% 1.67 +0.22 5755330
NGC 4630 0.58 & 0.06 0.57518 1374022 0.697931
NGC 7694 0.30 & 0.04 0.2379:%¢ 1.44 4 0.26 028703
UGC 04305 0.63 £ 0.43 0.37577 1.30 + 0.39 0.46743¢
UGC 05720 0.29 £ 0.05 0.2379% 1.76 + 0.33 0.23517
Note. The SED fits using the data coverage from 22-350 ym.
Table 5
Comparison of 850 ym Observations and Predictions
Galaxy F,(850 um) =2 Pe tree
dy) 850 modeled (Jy) 78525?;2:23“ values 850 modeled (Jy) 78525? ;izzchd
IC 0010 5.70 + 1.36 4.781747 1.19 £0.57 132 +£022 7.10518% 0.80 + 0.46
IC 3268 0.12 £+ 0.02 0.037591 4.52 £0.89 1.40 £ 0.17 0.0475% 2.92 £0.76
IC 3476 0.14 £ 0.02 0.0713% 1.94 +0.32 135+ 0.16 0.1175% 1.31+£0.25
NGC1427A 0.13 £ 0.01 0.02+0%2 5.94 4125 1.26 +0.23 0.0475% 3.56 + 0.96
NGC 4032 0.22 £+ 0.02 0.05709; 433 +£0.70 1.35+0.18 0.0770:98 3.01 £0.58
NGC 4214 1.23 +0.08 0.6470% 1.914+0.24 1.28 £ 0.17 1.037064 1.19 £ 0.19
NGC 4376 0.18 £ 0.02 0.03*591 5.91+0.87 1.41 £0.16 0.0575% 3.89 +0.80
NGC 4449 1.31 +0.08 0.897011 1.46 £0.14 1.55 +0.16 118404 1.11 +£0.16
NGC 4630 0.19 £ 0.02 0.1075% 1.94 £ 0.25 1.46 £ 0.16 0.1375% 1.44 +0.23
NGC 7694 0.19 £ 0.02 0.04*591 439+ 0.73 137 4+ 0.16 0.0675% 2.94 +0.59
UGC 04305 0.26 + 0.02 0.07+3% 3.48 4 1.60 1.21 +0.31 0.1210% 2.09 + 1.29
UGC 05720 0.05 +0.02 0.04102 1.29 £ 0.43 1.60 £ 0.22 0.0559% 1.05 + 0.40

Note. Results of the SED fits using the fluxes in the wavelength range from 22-500 pm. The 850 pm observed fluxes in this table have been subtracted for the
contribution of non-dust components (CO(3-2) line emission, free—free and synchrotron emission) for our sample except for NGC 1427A. The 850 ym observed flux

of NGC 1427A has been only corrected for CO(3-2) line emission (see Appendix A). The uncertainty on the 850 um observed-to-modeled flux (

850 obs corrected
850 modeled

combines the uncertainty from modeled flux (the standard deviation of posterior distributions of modeled flux) and the uncertainty of the observed flux (F,(850 pm)).
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Appendix C
Cold Dust Parameters Derived from the SED Fitting

Table 6 lists the fitting results of cold dust parameters (3, T, , and M.) derived from SED fits with data ranging from 22-160 pm, 22-250 pm, 22-350 pm, 22-500 pm, and
22-850 pm, respectively, included in the fitting program using the TMBB model with 5, =2 and 8. =2 or (. as free and applying hierarchical Bayesian techniques.

Table 6
The Fitting Results of Cold Dust Parameters Derived from the SED Fits with Different Data Coverage
Galaxy 160 pm 250 pm 350 ym 500 pem 850 pm
Be T(K) M, (logMy) Be T(K) M, (logM.) Be T«(K) M, (log M) Be T(K) M, (logM.) Be T(K) M, (log M)
1C 0010 2 21.5+£25 6.01+034 2 21.0£ 1.5 6.07+£021 2 204+13 6134019 2 19.6 1.4 6244021 2 181 £1.2 638£0.13
1.0£06 264+49 6.19 £ 0.31 1.3£05 263+34 6.04 £0.26 1.3+03 250+ 2.1 6.11 £0.23 13£02 252+£20 6.09+0.19 1.0+£02 303+28 5.84 £0.12
IC 3268 2 233+14 695+0.15 2 222+£1.0 7.09£0.09 2 21.7+£08  7.15£0.08 2 21.1£08  7.20 £ 0.07 2 200+ 1.2 730 £0.09
13+£08 279+48 7.03+022 14+04 264+3.1 7.07 £0.09 15£03 253+£19 7.10+£0.07 14+£02 257+£16 713+£006 06+02 334+3.0 7.11 £0.06
IC 3476 2 215+ 1.4 6.55 £ 0.16 2 20.8 £ 0.7 6.65 £ 0.07 2 203 +£0.7 6.69 £ 0.06 2 19.7 £ 0.6 6.75 £ 0.05 2 182+ 0.8 6.87 £ 0.06
1.0+£07 262+46 6.68 £0.17 13£05 253+£32 6.63+£0.07 1.4+02 245+18 6.63+0.05 14+£02 247+£15 6.63+0.05 1.0£02 284£19 657+£0.05
NGC 1427A 2 209 £2.1 6.33 £+ 0.31 2 203 £ 1.1 6.41 £0.12 2 198 £ 1.1 6.49 £0.10 2 191+12 6.55+0.10 2 99+12 7.63 £0.18
1.0£07 250+46 6.46+0.29 12+£06 249+£32 642+£0.12 13+£03 242+£20 644 +0.09 13+£02 241+£18 645+0.09 0.1+0.1 31.5+22  6.50+0.06
NGC 4032 2 225+ 1.6 6.77 £ 0.25 2 213+ 1.1 7.18 £ 0.09 2 20.7 £ 1.1 7.25 £ 0.09 2 19.6 £ 1.3 7.35 £ 0.10 2 12.1 £ 0.9 8.07 £ 0.11
1.1£07 272+£49 688+026 13+05 259436 7.18+0.09 14+£02 248+£19 720+£0.07 14+£02 249+£17 723+£006 03+02 340+29 7.18=£0.06
NGC 4214 2 21.6 £1.8  6.31+0.19 2 21.2+£1.0 6.35+0.08 2 203+£09 643 £0.07 2 192+1.0 653 +0.07 2 149 £0.7 691 +0.06
1.0+£06 264+47 644+0.18 1.3+£04 259+33  6.324+0.08 14+£03 248+£20 636+0.07 13+£02 251+£17 640+0.06 09+0.1 300+22  6.30+0.06
NGC 4376 2 226+12 6.73+0.12 2 220£09  6.80£0.07 2 21.5+£09 6.84 £0.07 2 209 £08  6.89 £+ 0.07 2 194 £ 1.1 7.03 £ 0.09
12+£07 272+46 681+0.19 14+£04 262+£36 6.81+£0.07 15+£02 252+£19 682+0.06 14+£02 257+£16 681+006 05+02 33.6+26 6.83+£005
NGC 4449 2 232+ 1.1 6.82 £ 0.10 2 229 +0.8 6.83 + 0.06 2 22.7+0.8 6.85 £ 0.05 2 22.1+0.8 6.89 £ 0.05 2 204 +£0.8 7.02 +0.04
12+£08 280+48 691+£0.15 1.5+04 268+34 6.81£0.06 1.7+£02 258 +21 6.80 £ 0.06 1.6+02 266+£18 6.80+£0.05 13+£01 296+£15 673£0.04
NGC 4630 2 225+12 6.80+0.14 2 20.7£08  7.09 £0.07 2 20.54+0.7  7.1140.06 2 20.1+£06  7.13 £0.05 2 18.6 £0.7  7.26 £0.05
1.1+£07 273+£48 6.89+0.19 12+05 255+38  7.08+0.07 14+£02 246+19 7.05+0.06 15+£02 248+17 7.00+£0.06 1.1+0.1 29.1+2.1 6.93 £+ 0.06
NGC 7694 2 212+ 1.0 6.56 + 0.08 2 20.6 £ 0.9 6.62 £ 0.07 2 198 £ 1.0 6.68 +£0.07 2 157+ 1.6 7.00 +0.14
1.3£05 259+33 6.55+£0.10 1.4+03 248+19 6.55+0.07 14+£02 251+£16 656+£006 06+£02 31.8+24 6524005
UGC 04305 2 19.7 £ 1.8 5.63 £0.23 2 194 £ 1.7 5.67 £0.23 2 18.6 £ 1.7 5.76 £0.23 2 115+ 13 6.660 £0.12
1.1+£06 247+37 561+£024 1.3+£04 241+£25 5.60£0.22 124+£03 241+£26 564+£019 05£02 300£39 566+0.12
UGC 05720 2 23.1+£20 7.05+0.19 2 229+ 1.6 7.00 £0.11 2 223+14  7.03%0.08 2 216 £1.5 7.07 £0.08 2 220+ 1.6 7.06 £0.09
124+£08 280+£55 7.14+£0.23 1.6 04 267+39 695+£0.10 1.8+03 256+£27 693 £0.08 1.6+02 266+£26 6.96+£0.08 1.5+02 306+30 6.86+£0.07

Note. “160 pm,” “250 pm,” “350 pm,” “500 pm,” and “850 ym” mean that the data from 22-160, 250, 350, 500, and 850 ym are used in the fitting procedure, respectively. NGC 7694 and UGC 04305 have no
observation at 160 pm.
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Appendix D to extrapolate 350, 500, and 850 um flux in the data
The Global SEDs of Sample ranges of 22-250 pm, 22-350 pm, and 22-500 pm, respec-
tively. Figure 11 shows the global SEDs of our sample

Figure 10 shows the global SEDs of the remaining 11 . . :
with data ranging from 22-850 um using the same

galaxies obtained using the TMBB model (8, =2 and

. . . . : technique.
B. =2 or (. as free) with a hierarchical Bayesian technique q
1C0010 350 1C0010 500 1C0010 850
s 2 6.13£0.19 M s log Moy =6.24 £021 M
10 T T. 10 T, Lok
104 104 346 +0.17 M,
135200 K
10°
10 . == 5
& S p 1.
=10 By o B
10° J/
101} !
102)/ 102}/
3 3 3
1097 107 10° 1037 107 10° 10901 102 10°
Wavelength [1um] Wavelength [1um] Wavelength [;zm]
s s 4= 609019 M
10% 10 10 S0
102
10° 10
10° 10°
= 102 .
1 Sy T
o 10 . N
10°
107} 107
102}/ 107 102
1075t 107 10° 1075t : 107 10° 1075t . 107 10°
Wavelength [zim] Wavelength [im)] Wavelength [;im]
1C3476 1C3476 1C3476
669006 M 6752005 M
102 102 10 6063 K
840120
156K
10t 100
E 10° ) N =
= = Se N 4
= N = 4
r's
107 / \ 101 Y, 101 /
10? / 102 / 102 |
1035 107 10° 1035 107 10 1035 - 107 i
Wavelength [zum]
107 102
10t 10t
= 100 = 100
101 107 g
102 102 / 102 /
1035t 107 10° 1030t ? 10° 1040t : 107 - 10°
Wavelength [;im] Wavelength [;im] Wavelength [;im]
NGC1427A NGC1427A NGC1427A
102 6.41£0.12M 102 i soi0 102 5
10! 10! 10!
= 100 = 100
< “t N
[ y D % [
107 ) 107
¢ Y y
107 N 107 J 107
035" 107 - 10° 1035 107 10° 10361 3
Wavelength [;im Wavelength [zzm]
107 10? 10?
10t 10t 10t
= - pammia =
& 10° ,I/ l\*\ e T & 10°
= R S =
100 NS 1ot
\ < ¥ o
107 g 107 / 107
3 . - -3 / S 3 / 3 i
10767 107 10° 10767 107 10° 10767 107 10°
Wavelength [;im) Wavelength [zom] Wavelength [;im)

Figure 10. The global SEDs of the remaining 11 galaxies obtained using the TMBB model (8, = 2 and (3. = 2 or [3, as free) with a hierarchical Bayesian technique. For
every galaxy, the first line of panels shows the SED fits in the case of 5. = 2 and the second line of panels shows the SED fits in the case of 3, as free. From left to right,
the SEDs is to predict 350 ym flux using the data ranging from 22-250 pm to predict 500 pm flux using the data ranging from 22-350 pm and to predict 850 pm flux
using the data ranging from 22-500 pm, respectively. The warm component (3,, fixed to 2) is overlaid in red and the cold component (3. fixed to 2 or free) is in green. The
blue area represents the sum of warm component and cold component. The shadow area shows the lower and upper 1o uncertainties on the SED models. WISE, Herschel,
or Planck data (included in the fitting procedures) are overlaid with blue solid circles. The red solid circles (not included in the fitting) represent the observations at 350,
500, or 850 pm shown in the panels from left to right, where the observed Planck flux densities at 850 ;zm have been corrected for CO(3—2) line emission, free—free and
synchrotron emission except for NGC 1427A. For NGC 1427A, the 850 pm flux density has been only corrected for CO(3—2) line emission.
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Figure 11. The global SEDs of our sample fitted with data from 22—-850 ym obtained by the same technique as Figure 10. For the convention on colors and symbols,
see Figure 10. The 850 pm flux densities have been corrected for CO(3—2) line emission, free—free and synchrotron emission except for NGC 1427A. The 850 pm
flux density of NGC 1427A has been only corrected for CO(3—2) line emission.
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