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ABSTRACT

Context. As the millimeter wavelength range remains a largely unexplored spectral region for galaxies, the IMEGIN large program aims to map
the millimeter continuum emission of 22 nearby galaxies at 1.15 and 2 mm.
Aims. Using the high-resolution maps produced by the NIKA2 camera, we explore the existence of very cold dust and take possible contamination
by free–free and synchrotron emission into account. We study the IR-to-radio emission coming from different regions along the galactic plane and
at large vertical distances.
Methods. New observations of NGC 891, using the NIKA2 camera on the IRAM 30 m telescope, along with a suite of observations at other
wavelengths were used to perform a multiwavelength study of the spectral energy distribution in the interstellar medium in this galaxy. This
analysis was performed globally and locally, using the advanced hierarchical Bayesian fitting code, HerBIE, coupled with the THEMIS dust model.
Results. Our dust modeling is able to reproduce the near-IR to millimeter emission of NGC 891, with the exception of an excess at a level of 25%
obtained by the NIKA2 observations in the outermost parts of the disk. The radio continuum and thermal dust emission are distributed differently in
the disk and galaxy halo. Different dusty environments are also revealed by a multiwavelength investigation of the emission features. Our detailed
decomposition at millimeter and centimeter wavelengths shows that emission at 1 mm is purely originated by dust. Radio components become
progressively important with increasing wavelengths. Finally, we find that emission arising from small dust grains accounts for ∼9.5% of the total
dust mass, reaching up to 20% at large galactic latitudes. Shock waves in the outflows that shatter the dust grains might explain this higher fraction
of small grains in the halo.
Conclusions. NIKA2 observations have proven essential for a complete characterization of the interstellar medium in NGC 891. They have been
critical to separate the dust, free–free, and synchrotron emission in the various emitting regions within the galaxy.

Key words. galaxies: individual: NGC 891 – galaxies: spiral – galaxies: ISM – infrared: galaxies – submillimeter: galaxies –
radio continuum: galaxies

1. Introduction

Observations of galaxies at different wavelengths reveal the dif-
ferent ingredients of which these objects consist and the differ-
ent physical mechanisms that are taking place within them. The
millimeter (mm) to centimeter (cm) part of the spectral energy
distribution (SED) of a galaxy is a very important but still vastly
unexplored wavelength range in which many physical mecha-
nisms manifest their presence.

Many studies have detected excess emission in the submil-
limeter (submm) to mm that was higher than expected from
several current dust models, including contamination by radio
continuum, molecular lines, and cosmic background (CMB) fluc-
tuations (e.g., Galliano et al. 2003, 2005, 2018; Zhu et al. 2009;
Paradis et al. 2011; Galametz et al. 2012; Rémy-Ruyer et al.
2013; Hermelo et al. 2016). In one of the proposed scenarios,
this emission originates from the heating of very cold dust
grains (T < 10 K), but other physical mechanisms have also

been proposed, such as temperature dependent emissivity and/or
magnetic dust grains (see Galliano et al. 2018, for a review).
Chang et al. (2020) have concluded that spiral galaxies with a
low mass and metallicity are more likely to show submm and/or
mm excess. Because high-resolution observations of galaxies
at millimeter wavelengths are limited, the interstellar medium
(ISM) must be mapped at these wavelengths to detect this excess
in different environments and to better constrain its origin.

The radio continuum emission, decomposed into free–free
and synchrotron emission, is also present at mm wavelengths.
It carries information on the energetics of electrons accel-
erated by electrostatic or magnetic forces. The synchrotron
emission in galaxies is known to be most prominent at radio
wavelengths down to 3 cm, and the average slope to range
between 0.7 and 0.75 (see, e.g., Klein et al. 2018, and refer-
ences therein). This emission dominates the halo of galaxies with
cosmic-ray electrons which are transported via diffusion along
the extraplanar magnetic fields or streaming and winds (e.g.,
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Schmidt et al. 2019; Tabatabaei et al. 2022). Free–free emission,
on the other hand, is an ideal tracer of ionized hydrogen clouds
(H ii regions) in which free electrons scatter off ions that are pro-
duced in these regions. The lack of measurements at this wave-
length range (especially in spatially resolved observations) has
limited our knowledge about the coexistence of these emission
mechanisms in different environments within galaxies (see, e.g.,
Mulcahy et al. 2018; Fatigoni et al. 2021).

In addition to the well-known thermal dust and free–free and
synchrotron emission components, another peculiar component
seen in excess is found to be present in some galaxies at this
wavelength range and peaks at λ ≈ 1 cm (see Bianchi et al.
2022; Ysard et al. 2022, and references therein). This anoma-
lous microwave emission (AME) is detected in both the diffuse
medium and in the more compact clouds and can be explained
as emission from spinning dust grains (Draine & Lazarian 1998;
Ali-Haïmoud et al. 2009; Galliano et al. 2018).

The way in which dust is distributed within the galaxies
with respect to the stars has been a topic of research for many
years. Radiative transfer models have revealed that the way in
which the bulk of the dust is distributed in spiral galaxies can be
approximated by an exponential disk with one to two times the
stellar disk scale length and half of the stellar disk scale height
(Xilouris et al. 1999; Smith et al. 2016; Casasola et al. 2017;
Popescu et al. 2000; Nersesian et al. 2020a,b; Mosenkov et al.
2022). In addition to this component of the diffuse dust, warmer
dust that is mostly concentrated in H ii regions has to be taken
into account. In radiative transfer models, this is often approxi-
mated with a thinner dust disk (Popescu et al. 2000; Dasyra et al.
2005; Bianchi 2008; Nersesian et al. 2020a,b). Furthermore,
far-infrared (FIR) observations (e.g., Bianchi & Xilouris 2011;
Mosenkov et al. 2022) and also ultraviolet (UV) maps of edge-
on galaxies (Seon et al. 2014) reveal large amounts of extrapla-
nar dust at distances of up to a few kiloparsecs above the plane
of the galaxies.

The geometry of nearby edge-on galaxies is ideal for study-
ing the properties of the ISM not only in their disks, but also
at large distances above the galactic plane (e.g., Xilouris et al.
1998; Bianchi 2008; Baes et al. 2010; De Looze et al. 2012a,b;
Mosenkov et al. 2016). It is very important to quantify how dust
grains of different sizes are distributed in the different environ-
ments within the galaxies. Dust has a strong impact on galactic
observables and substantially affects the star formation activity
of a galaxy. Therefore, a detailed knowledge of the dust grains
properties (e.g., size and temperature distribution and the com-
position) as well as their evolution is crucial in order to model
the ISM in galaxies. The general picture is that smaller grains
(with typical sizes smaller than 15 Å) are distributed around H ii
regions, while large grains, which make up the bulk of the dust
material, are distributed more evenly in the disk (Galliano 2022,
and references therein). Davies et al. (1998) produced a simple
analytical model for assessing the evolution of dust grains within
galaxies of various sizes. It was found that large grains >0.1 µm
can travel larger distances within the galaxies (within a period
of 109 yr) and can be recycled through the halo back to the disk,
while small grains do not travel far from the location in which
they were formed.

At a distance of 9.6 Mpc (Bianchi & Xilouris 2011),
NGC 891 is the closest edge-on spiral galaxy. It has been exten-
sively observed over a wide range of wavelengths and was
interpreted with a variety of models. It was observed in the
X-rays using both Chandra and XMM-Newton observatories
(Hodges-Kluck & Bregman 2013; Hodges-Kluck et al. 2018).
These observations revealed a hot-gas halo around the galaxy

with a lower metallicity (Z ∼ 0.1 Z�) than the disk metallic-
ity. The disk metallicity is thought to be similar to that of our
own Galaxy (Alton et al. 2000). This suggests accretion from
the intergalactic medium as the origin of the hot halo. FUV
and NUV observations of NGC 891 reveal extended emission
above the galactic plane with scale heights of ≈1.2−2.0 kpc
(Seon et al. 2014). These observations were interpreted as dust-
scattered starlight, indicating the existence of dust grain mate-
rial at large distances above the plane. Many studies sup-
port the scenario that dust is being transported at large dis-
tances above the plane through a network of dust chimneys
(Howk & Savage 1997; Alton et al. 2000), some of which are
associated with ionized gas structures. Deep optical observa-
tions have revealed an extended optical halo in NGC 891
that extends up to a few kiloparsecs above the galactic plane
(Bahcall & Kylafis 1985), as well as very low surface brightness
features extending up to ∼40 kpc from the main body of the disk
(Mouhcine et al. 2010).

Guelin et al. (1993) presented the first map of NGC 891 at
mm wavelengths (1.3 mm) using the MPIfR 7-channel bolome-
ter array at the Institut de Radio Astronomie Millimétrique
(IRAM) 30 m telescope at 12′′ resolution with an RMS of
4–6 mJy beam−1 with observations along the major axis out
to ±10.3 kpc. These observations were conducted by scan-
ning in azimuth while switching the subreflector/wobbler in
azimuth. The resulting map shows a strong correlation of emis-
sion between the cold dust material that emits at 1.3 mm and
the emission of molecular gas traced by the CO(2-1) line
(Garcia-Burillo et al. 1992), but only a weak correlation with
H i emission. The strong spatial correlation between dust sur-
face mass densities and molecular gas that is traced by the
CO(3-2) line was confirmed more recently by Hughes et al.
(2014). They fit modified blackbody (MBB) models to pixel-
by-pixel SEDs comprising Herschel (Pilbratt et al. 2010) and
JCMT−SCUBA 850 µm (Israel et al. 1999) maps. The derived
dust temperatures range between about 17–24 K, with an aver-
age emissivity index of β = 1.9. An extended dust halo
was discussed by Bianchi & Xilouris (2011), Alton et al. (1998,
2000), and Israel et al. (1999). Planck detected the galaxy
at 350, 550, and 850 µm and at 1.38 mm at resolutions &5′
(Planck Collaboration I 2011).

In this paper, we profit from the New IRAM Kid Arrays 2
(NIKA2) camera on the IRAM 30 m telescope, based on which
we map the critical 1.15 mm and 2 mm emission throughout
NGC 891 to study the variations in the dust properties within
the disk and beyond. The NIKA2 wavelengths bridge the gap
between dust emission at Herschel FIR, submm, and the radio
emission extending beyond to cm wavelengths. The observa-
tions are part of the Interpreting the Millimetre Emission of
Galaxies with IRAM and NIKA2 (IMEGIN) large program (PI:
S. Madden), a guaranteed-time large program of 200 h target-
ing nearby galaxies (distance smaller than 25 Mpc). In Sect. 2
we present the NIKA2 observations and data reduction as well
as the ancillary data that are used in the subsequent analy-
sis. Section 3 describes the treatment of all the available maps
and additional corrections that have to be included so that the
maps can be used in the SED modeling analysis, as described
in Sect. 4. In the discussion that follows in Sect. 5, we exam-
ine the decomposition of the mm/cm wavelength range into dust
thermal emission, free–free emission, and synchrotron emission,
the spatial distribution of these components and of the various
dust components, as well as the properties and the distributions
of the small and large dust grains. Section 6 summarizes our
conclusions.
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2. Data

2.1. NIKA2 observations and data reduction

The observations were conducted with the NIKA2 camera at
the IRAM 30 m telescope at Pico Veleta in the Spanish Sierra
Nevada at an altitude of 2850 m. NIKA2 (Adam et al. 2018;
Calvo et al. 2016; Bourrion et al. 2016) is a focal-plane camera
that observes simultaneously in the two continuum wavebands at
1.15 and 2 mm by means of a dichroic mirror, with angular reso-
lutions of 11.1′′ and 17.6′′, respectively. There are two 1.15 mm
arrays, each made up of 1140 superconducting kinetic induc-
tance detectors (KIDs). The 2 mm array is made of 616 KIDs.
They fill the 6.5′ diameter instantaneous field of view (FoV) in
each case. The transmission bands of the detectors are broad,
with a ∼50 GHz full width at half maximum (FWHM) trans-
mission at both wavelengths. The noise-equivalent flux densi-
ties (NEFDs) are 33 mJy s1/2 at 1.15 mm and 8 mJy s1/2 at 2 mm.
The commissioning campaign was completed in April 2017;
the NIKA2 calibration and its performance were presented in
Perotto et al. (2020).

NGC 891 was observed on 21 October 2019, 11 December
2019, 15 January 2020, and 17 January 2020. A total of 7 h of
telescope time were used to conduct 12 on-the-fly (OTF) scans
on NGC 891, alternating the scanning directions of each map
between ±45◦ relative to the major axis of the galaxy to mini-
mize residual stripping patterns in the maps. The central detec-
tors of each array covered an area of 23.4′ ×10.4′. Scanning was
performed with a speed of 40′′s−1 and a spacing of 20′′ between
the subscans. The observations were taken under stable weather
conditions, with the 225 GHz zenith opacities varying between
0.1 and 0.25 with a mean of 0.16, corresponding to 2.7 mm
of precipitable water vapor (pwv). Pointing and focus observa-
tions and corrections were carried out on nearby quasars about
every one or two hours. Observations of primary and secondary
calibrators were conducted throughout the pool observing cam-
paign. Dedicated observations of the sky opacity by scanning in
elevations were also conducted, but were not used in the data
reduction presented here.

Half of the observations were obtained in the UT range
20:00 and 04:00, indicating that the main beams are likely to
be stable at their nominal values measured in the commission-
ing campaigns (Perotto et al. 2020, see their Fig. 12) with half
power beam widths (HPBWs) of 11.1′′ and 17.6′′. The remain-
der of scans were observed in the afternoon between 15:00 and
19:00 UT when the HPBWs often tend to degrade slightly to
∼12.5′′ and 18′′, respectively.

The observations were coadded and calibrated using the
piic/gildas1 software in the final version of the calibration
database with the data associated files (DAFs; Zylka 2013;
Berta & Zylka 2022). piic allows for several free parameters to
guide the data reduction. They were varied to find the optimum
setting, trying to avoid biases and minimize map artifacts. For
NGC 891, we ran piic (version of 3/2021) with 40 iterations,
using third-order polynomials to fit the subscan timelines, and
a threshold for the signal-to-noise ratio of 2 and 4 for 1.15 mm
and 2 mm, respectively, above which a pixel was considered as
a source and was protected in each iteration. To guide the algo-
rithm, the inner part of the source was masked using an ellipse
of 180′′ × 20′′ rotated by the position angle of NGC 891 and
centered on the nucleus. The opacities that were measured every
5 min by an on-site taumeter working at 225 GHz were inter-
polated and used to correct for atmospheric absorption at the

1 https://publicwiki.iram.es/PIIC/

NIKA2 wavelengths. The extended emission seen by the 30 m
error beams at 1.15 mm and 2 mm was filtered out through the
process.

To estimate the total absolute flux uncertainties of the
NGC 891 observations, we took an absolute flux uncertainty of
the primary planets of 5% into account (see Perotto et al. 2020,
and refereces therein), added in quadrature, with the observed
relative RMS scatter on the calibrators as reduced with piic1.
The average RMS during the three pool weeks of observations
during day and night, weighted with the number of scans per
week, was 5.5% at 1.15 mm and 2.1% at 2 mm. This resulted in
a total absolute flux uncertainty of 8% at 1.15 mm and 6% at
2 mm (see Table 1).

The final data were projected onto a grid with pixel sizes
of 3′′ and 4′′ for 1.15 mm and 2 mm, respectively, to create the
final maps (Fig. 1). Both maps show a similar morphology in
which the disk extends about ±13 kpc along the major axis from
the center of the galaxy and about ±1 kpc above and below the
plane at the 3.5 RMS level. The disk is hardly resolved in the
vertical direction. The inner disk shows regions of enhanced
emission. The most pronounced region lies in the direction of
the bulge of the galaxy, and two secondary fainter regions lie at
∼±3 kpc galacto-centric distance along the major axis. Further-
more, fainter blobs of emission are present at various positions in
the disk. The outermost regions of the disk at these wavelengths
show indications of a warped morphology. This morphology is
also evident in the H i map at the same spatial scales as the
NIKA2 maps, and it becomes more prominent at larger radial
distances up to ∼24 kpc from the center of the galaxy. In general,
the emission at the NIKA2 wavelengths agrees well with other
wavelengths at FIR and submm, even in the outermost regions
of the galaxy. A more detailed presentation of the morphology
of the mm maps and a comparison with other wavelengths fol-
lows in Sect. 5.

The observing strategy (fast scanning at ±45◦ relative to the
major axis of NGC 891) and data reduction (low-order polyno-
mials fit to the timelines, etc.) were optimized to retrieve the
extended mm emission of NGC 891 in the best possible way.
The global SED, constructed with the addition of Planck (and
Herschel) data (discussed in detail in Sect. 4.3), shows that,
indeed, NIKA2 retrieves the full emission (see Fig. 2). This is
made possible by the edge-on orientation of a relatively thin
disk. The FWHMs perpendicular to the major axis are about 2′
only at the Herschel wavelengths (Bianchi & Xilouris 2011). On
the other hand, the spatial scales at which NIKA2 starts to miss
extended emission, which is caused by residual drifts of electron-
ics and atmosphere, are larger than about 4′ (Ruppin et al. 2018;
Kéruzoré et al. 2020). A detailed discussion of the NIKA2 trans-
fer function as observed in the nearby face-on galaxy NGC 6946
will be presented in Ejlali et al. (in prep.).

2.2. Ancillary data

A set of high-resolution maps of the galaxy is necessary for
a resolved analysis. Modern instrumentation at infrared (IR)
and submm wavelengths renders the resolved analysis of the
dusty ISM feasible. High-resolution radio maps are needed to
constrain the SED of the radio continuum emission locally.
For the purposes of the current analysis, we compiled data
ranging from the near-infrared (NIR) up to cm wavelengths.
We used photometrical data received from space infrared and
submm telescopes: the Spitzer Space Telescope (SST), the
Wide-field Infrared Survey Explorer (WISE), Herschel, and the
Planck Space Telescope, as well as ground-based telescopes:
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Table 1. NGC 891 observing and map parameters and the total luminosities.

Telescope (Band) Central Resolution Pixel size Luminosity±RMS ±Calibration
wavelength (µm) (L�) uncertainty

WISE (W1) (a) 3.35 6.1′′ 1.4′′ (5.02± 0.15)× 109 (b) 3.2% (m)

Spitzer (IRAC1) (a) 3.56 1.7′′ 0.6′′ (5.07± 0.14)× 109 (b) 10.2% (m)

Spitzer (IRAC2) (a) 4.51 1.7′′ 0.6′′ (2.67± 0.08)× 109 (b) 10.2% (m)

WISE (W2) (a) 4.6 6.4′′ 1.4′′ (2.41± 0.09)× 109 (b) 3.5% (m)

Spitzer (IRAC3) (a) 5.76 1.9′′ 0.6′′ (5.57± 0.12)× 109 (b) 10.2% (m)

Spitzer (IRAC4) (a) 8. (6.86± 0.21)× 109 (b) 10.2% (m)

WISE (W3) (a) 11.56 6.5′′ 1.4′′ (3.51± 0.19)× 109 (b) 5% (m)

WISE (W4) (a) 22.09 12′′ 1.4′′ (2.41± 1.47)× 109 (b) 7% (m)

Spitzer (MIPS1) (a) 24. 6′′ 1.5′′ (2.07± 0.03)× 109 (b) 4% (m)

Spitzer (MIPS2) 70. (1.21± 0.12)× 1010 (b) 5% (m)

Herschel (PACS-Blue) (a) 70. 6′′ 2′′ (1.39± 0.13)× 1010 (b) 5.4% (m)

Herschel (PACS-Green) (a) 100. 8′′ 3′′ (2.10± 0.13)× 1010 (b) 5.4% (m)

Herschel (PACS-Red) (a) 160. 12′′ 4′′ (1.63± 0.09)× 1010 (b) 5.4% (m)

Herschel (SPIRE-PSW) (a) 250. 18′′ 6′′ (5.14± 0.42)× 109 (b) 5.9% (m)

Planck (HFI1) 350. (1.65± 0.11)× 109 ( f ) 4.3% (m)

Herschel (SPIRE-PMW) (a) 350. 25′′ 8′′ (1.56± 0.20)× 109 (b) 5.9% (m)

JCMT (SCUBA-450) 450. (6.11± 0.92)× 108 (e) 10% (n)

Herschel (SPIRE-PLW) 500. (4.35± 0.24)× 108 (b) 5.9% (m)

Planck (HFI2) 550. (3.02± 0.08)× 108 ( f ) 4.2% (m)

Planck (HFI3) 850. (4.85± 0.23)× 107 ( f ) 0.9% (m)

JCMT (SCUBA-850) 850. (4.67± 0.71)× 107 (e) 10% (n)

IRAM (NIKA2-1.15mm) (b) 1150. 11.1′′′′′′ 3′′′′′′ (1.56 ±±± 0.03) ××× 10777 (b) 8% (o)

Planck (HFI4) 1380. (8.68± 0.84)× 106 ( f ) 0.5% (m)

IRAM (NIKA2-2mm) (b) 2000. 17.6′′′′′′ 4′′′′′′ (1.15 ±±± 0.19) ××× 10666 (b) 6% (o)

AMI (c) 19341. 24′′ 5′′ (5.33± 0.52)× 104 (b) 10% (c)

OVRO 28018. (4.76± 0.31)× 104 ( f ) 10% (n)

Effelsberg 100 m 28018. (4.66± 0.80)× 104 (g) 10% (n)

Effelsberg 100 m 28416. (5.54± 0.30)× 104 (h) 10% (n)

Effelsberg 100 m 34459. (4.27± 0.57)× 104 (i) 10% (n)

EVLA (C-band) (d) 49965. 15.4′′ 2′′ (4.30± 0.52)× 104 (b) 2% (d)

WSRT 60019. (4.15± 0.43)× 104 ( j) 10% (n)

GBT 61813. (3.48± 0.42)× 104 (k) 10% (n)

Effelsberg 100 m 62457. (3.99± 0.41)× 104 (l) 10% (n)

Effelsberg 100 m 63114. (4.09± 0.41)× 104 (g) 10% (n)

Notes. The NIKA2 observations presented here for the first time are highlighted in bold. The entries with available resolution and pixel size
information are the maps we used for the resolved galaxy analysis, while the other observations were used for the global analysis. The indices in
parentheses in the first column indicate the repository from which the maps were retrieved, while those in the fifth and sixth columns indicate the
references that provide the luminosities and uncertainties: (a)DustPedia database; (b)This work; (c)Mulcahy et al. (2018); (d)Wiegert et al. (2015);
(e)Alton et al. (1998); ( f )Israel & van der Hulst (1983); (g)Gioia et al. (1982); (h)Dumke et al. (1995); (i)Beck et al. (1979); ( j)Allen et al. (1978);
(k)Gregory & Condon (1991); (l)Stil et al. (2009); (m)Galliano et al. (2021); (n)assumed; (o)https://publicwiki.iram.es/PIIC/.

the James Clerk Maxwell Telescope (JCMT), the Very Large
Array (VLA), the Arcminute Microkelvin Imager (AMI), the
100 m Effelsberg Telescope, the Owens Valley Radio Obser-
vatory (OVRO), the Westerbork Synthesis Radio Telescope
(WSRT), and the Green Bank Telescope (GBT). A complete list
of the telescopes and the detectors is given in Table 1.

Enriching the available dataset with the NIKA2 maps, pre-
sented in this work (see Sect. 2.1), allows for a high-resolution
study of NGC 891 at approximately kiloparsec scales. In order
to perform a multiwavelength study, all the maps were con-
volved to a common spatial resolution. Considering the need
to keep the resolution as high as possible, we considered
maps of 25′′ (1.17 kpc) resolution or lower. This excluded the
SPIRE− 500 µm map of 36′′. Because the submm part of the
spectrum is well represented at many wavelengths, omitting the

SPIRE− 500 µm map from the resolved analysis is not expected
to introduce any major uncertainties in constraining the SED.

Infrared and submm maps were collected from the DustPedia
database2, and radio maps were compiled from the NASA/IPAC
Extragalactic Database (NED)3. The basic properties of the maps
we used are given in Table 1. In this table, entries with an indica-
tion of the resolution and the pixel size refer to the resolved maps
that were used in the global and spatially resolved SED analysis
of the galaxy. The rest were only used as global measurements
in the SED analysis. Along with the broadband multiwavelength
measurements, we also used the CO(3-2) line emission map with
a resolution of ∼14′′ and a pixel size of 7.3′′ that was obtained

2 http://dustpedia.astro.noa.gr/
3 https://ned.ipac.caltech.edu/
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Fig. 1. NIKA2 maps of NGC 891 at 1.15 mm (top panel) and 2 mm (bottom panel) with a beam size of 11.1′′ and 17.6′′ (∼0.5 kpc and ∼0.8 kpc,
respectively; see the white circles in the bottom-left corner in each panel). The maps are centered at RAJ2000 = 2h22m33s, DecJ2000 = +42◦20′53′′
and have been rotated by 67.1◦ counterclockwise (the position angle of the galaxy) for illustration purposes. The surface brightness contours
correspond to 3.5, 8, 15, and 30 times the RMS. The RMS values are 1.0 mJy beam−1 and 0.3 mJy beam−1 at 1.15 mm and 2 mm, respectively.

with the JCMT (Hughes et al. 2014). Last, we used the atomic
hydrogen (H i) map at ∼20′′ resolution and 4′′ pixel size that
was observed with the WSRT telescope (Oosterloo et al. 2007).

3. Data processing

We corrected all maps for background emission using the Python
Toolkit for SKIRT (PTS; Verstocken et al. 2020) framework.
First, we masked all pixels belonging to NGC 891 within an
elliptical aperture. Then, we used the mesh-based background
estimation from photutils (Bradley et al. 2018) to estimate the
large-scale pixel variations around the galaxy. In this method,
a particular image is divided into a grid of rectangular regions
in which the background is estimated. Following the method of
Verstocken et al. (2020), we defined square boxes with a side
of six times the FWHM of the image. The background emis-
sion and its standard deviation were calculated by interpolating
the photutils maps within the central ellipse of the galaxy.
Then, the background emission was subtracted from the orig-
inal image. For the NIKA2 maps, only a small offset was fit
and substracted that only accounts for less than 0.6% of the total
emission at 1.15 mm and for less than 0.1% at 2 mm. After the
background was subtracted, the error maps were generated for
each waveband. For the error maps, we calculated the pixel-to-
pixel noise by measuring the deviation of the pixel values from
the smooth background. Maps of the galaxy with a signal-to-
noise ratio higher than three in each pixel were then created in
order to be used in the subsequent SED modeling analysis. Pix-
els with fewer than two measurements between 60 and 500 µm
were masked out in order to ensure that there are sufficient data
to constrain the dust component.

The observed NIKA2 data may be contaminated by line
emission. We corrected the 1.15 mm NIKA2 emission for the
strongest possible contaminant, the CO(2-1) line, following the
method described in Drabek et al. (2012) using the observed

CO(3-2) map. To do this, we assumed a CO(3-2)/CO(2-1) line
ratio of 0.43 making use of the CO(3-2)/CO(1-0) ratio of about
0.3 found by Wilson et al. (2009) in the diffuse ISM of other
nearby galaxies and the CO(2-1)/CO(1-0) ratio of 0.7 found in
molecular clouds (e.g., Peñaloza et al. 2018). The NIKA2 trans-
mission curves are given in Perotto et al. (2020). The CO(2-1)
line accounts for 1.8% of the total flux for the whole galaxy,
while on local scales, the contamination varies. The highest val-
ues are encountered at the center of the galaxy (2.5−3.5%) and
at the emission peaks at either side of the center (1−3%). The
CO(2-1) contamination in the rest of the galactic disk ranges
from 0.1% to 1.5%.

Last, because a pixel-by-pixel modeling requires that all
the galaxy maps are homogenized in terms of units, resolu-
tion, and pixel size, the flux densities were converted into units
of monochromatic luminosity (L� Hz−1 pix−1), assuming a dis-
tance of 9.6 Mpc (Bianchi & Xilouris 2011) and the correspond-
ing pixel sizes (see Table 1). Then, we degraded all maps to the
350 µm map resolution of 25′′ and rebinned them to a common
grid with a pixel size of 8′′.

4. SED modeling

4.1. HerBIE SED fitting tool

In order to infer the physical parameters of the dust content and
also of the radio emission, we used the hierarchical Bayesian
inference for dust emission (HerBIE) SED fitting code. HerBIE
was described in Galliano (2018) and Galliano et al. (2021).
Using this code, we were able to reveal the integrated galaxy
properties, but also to derive the properties of the galaxy on local
scales along the line of sight.

The HerBIE SED fitting code is able to extract informa-
tion about the basic properties of galaxies using a hierarchi-
cal Bayesian approach. This means that the prior distributions
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are not set before running, but are inferred from the data. This
method is more robust than the least-squares approach, for exam-
ple, in deriving parameters close to the true values and in com-
puting realistic uncertainties. In addition, it is able to elimi-
nate the noise-induced scatter and correlation of the parame-
ters in order to recover the intrinsic scatter and correlation, in
contrast to the least-squares method or any other nonhierarchi-
cal Bayesian approach. The code samples the probability dis-
tribution of the physical parameters by applying a prior distri-
bution controlled by hyperparameters. The probability density
function (PDF) of the parameters, which are poorly constrained
by the observations, is largely determined by the prior. In con-
trast to nonhierarchical Bayesian models, the prior we used is
itself constrained by the whole distribution of parameters. Poorly
constrained parameters are thus inferred from the average dis-
tribution of the ensemble of pixels. In total, ten freely varied
parameters were considered in our analysis.

4.2. THEMIS dust model

HerBIE incorporates the advanced dust model THEMIS
(Jones et al. 2013, 2017), which consists of core-mantle car-
bon and silicate grains. The mantles on all grains are photopro-
cessed, H-poor, atomic-rich carbon. The size-dependent optical
properties of this model were constrained as much as possible
by laboratory data. HerBIE offers the opportunity of modeling
different physical conditions by taking into account realistic
optical properties, size, starlight intensity distributions, and
stochastic heating (Guhathakurta & Draine 1989). The code
takes the color correction and the calibration uncertainties of
each band into account (see Table 1). For this study, we used the
module powerU, which includes the formulation for a nonuni-
formly illuminated dust mixture, the starBB, which computes
the direct or scattered starlight, and the radio module, which
combines the free–free and the synchrotron emissions. Here-
after, the parameters of each module are subscribed with these
names. Their mathematical formalism is reported extensively in
Sect. 2.2 of Galliano (2018; see also Sect. 3 in Galliano et al.
2021).

4.3. Global SED

HerBIE allows for the use of external parameters as a prior
knowledge (e.g., gas mass and metallicity) in the SED fitting.
Galliano (2018) showed that including external parameters in
the prior distribution improves the recovery of potential corre-
lations between the external parameters and the dust properties.
In the current study, the maps of the atomic and the molecular
hydrogen as traced by the H i and CO(3-2) emission lines were
included in the prior distribution. In addition, after several SED
trial fits, it was evident that a reduced abundance of the carbona-
ceous nanoparticles (smaller than 10 nm) by a factor of two had
to be applied in order to achieve a better fit at MIPS− 24 µm
and PACS− 70 µm (see Appendix A.2 of Galliano et al. 2011).
As a first step, the SED of the whole galaxy was fit using avail-
able integrated luminosities from the NIR to radio wavelengths.
In this way, the stellar emission, the emission from insterstellar
dust, but also the radio emission (taking into account the contri-
butions from both the free–free and the synchrotron radiation)
were constrained on global scales.

The photometry data (luminosity values) for the global SED
fitting are listed in Table 1. The luminosities derived in the cur-
rent study (labeled “b” in Table 1) were computed within an

ellipse centered at the center of the galaxy (see Fig. 1), with
major and minor axes of 14 and 2.2 kpc, respectively. This con-
figuration ensured that the bulk of the emission originating from
the disk of the galaxy was measured. The median background
level and its RMS value were calculated within an elliptical ring
of inner major and minor axes of 18.2 and 7 kpc, and outer major
and minor axes of 23 and 12 kpc, respectively.

For the NIKA2 bands, we computed (1.56± 0.03)× 107 L�
and (1.15± 0.19)× 106 L� at 1.15 mm and 2 mm, respectively.
Guelin et al. (1993) used the MPIfR 7-channel bolometer array
at the IRAM 30 m telescope and measured 5.62× 106 L� at
1.3 mm, while the Planck observation at 1.38 mm measured
galactic emission of (8.68± 0.84)× 106 L�. The total 1 mm lumi-
nosities are difficult to compare because they were not obtained
at exactly the same effective frequency and with the same
bandwidth. The NIKA2 observations detect more of the faint
extended disk because its FoV is larger and the RMS is better
by a factor 4–6 than in Guelin et al. (1993). With these caveats,
the three 1 mm measurements agree reasonably well.

The global SED of NGC 891 is presented in Fig. 2 (the
first SED from top; the luminosity values are plotted as open
squares). The width of the model SED is representative of the
uncertainty of HerBIE when it derives the SED. Overall, the
global SED is well constrained by the observations, which is also
indicated by the relatively low value of 2.3 of the reduced χ2

(24 degrees of freedom are considered in this case for a total
number of 34 measurements). The best-fit parameters derived
with the HerBIE code are presented in Table 2. The quest for
a correct determination of the dust mass in a galaxy is a long-
standing problem and is mostly related to the availability of the
appropriate measurements. First attempts to measure the dust
mass of a galaxy were made in the Infrared Astronomical Satel-
lite (IRAS) era, in which observations were only sensitive to
the warm dust. This resulted in a strong underestimation of this
parameter. For NGC 891, the IRAS-derived dust mass was cal-
culated to be 8.8 × 106 M� (Devereux & Young 1990), scaled to
the adopted distance of 9.6 Mpc. The bulk of the dust could be
detected with the advent of higher sensitivity to the cold dust
at mm to submm wavelengths through space observatories such
as Infrared Space Observatory (ISO) and Herschel, but also the
ground-based telescope, JCMT. This resulted in dust masses that
were much higher than previously thought. Using SCUBA obser-
vations, Alton et al. (1998) computed a dust mass of 5.1×107 M�
that was later supported by the inclusion of ISO observations at
FIR wavelengths (7.2 × 107 M�; Popescu et al. 2004). Radiative
transfer models that only account for the extinction effects of the
stellar light by the dust (and do not take the dust emission into
account) have been successful in determining the dust mass quite
accurately (5.7 × 107 M�; Xilouris et al. 1999). Recent studies
that mostly exploited the Herschel capabilities (e.g., Hughes et al.
2014; Yoon et al. 2021) reported dust masses for NGC 891 rang-
ing between 8.5× 107 and 1.1×108 M�, depending on the regions
considered and the assumptions for the dust emissivity index fit
with a MBB, and with dust temperatures ranging between 17 K
and 24 K. With our analysis that includes the NIKA2 obser-
vations, adopts the THEMIS dust model, and uses the Bayesian
approach that HerBIE performed, we derive a dust mass of 3.48×
107 M� and a dust temperature of 24 K. The derived dust temper-
ature agrees well with previous studies. The dust mass value is
lower by a factor of∼2−3 than the values derived with other meth-
ods (e.g., MBBs) that only considered the Herschel data. This can
be explained by the different adopted codes and dust grain models
(see, e.g., Chastenet et al. 2021).
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Fig. 2. Spectral energy distributions at different positions throughout
the galaxy. The top SED shows the global SED (with HerBIE fitted
to the integrated luminosities), and the remaining six SEDs are at the
positions A to F that are indicated in the top panel and refer to an area
of 0.37× 0.37 kpc2 each. These positions are centered at −5.5,−3.4, 0.0,
3.0, 7.5, and 11 kpc along the major axis of the galaxy (A, B, C, D, E,
and F, respectively) and represent the regions of interest discussed in
various places in our analysis. The observed luminosities are indicated
with the different symbols for each SED. The respective model (and its
uncertainty) is presented with the continuous line. NIKA2 luminosities
are indicated in red in all the SEDs. The luminosity values are correct
only for the global SED, and the rest of the SEDs are scaled by the
number indicated next to each model. The vertical dashed line at 98 µm,
the peak wavelength of the IR SED in region A, indicates how the peaks
of the rest of the SEDs are placed with respect to this SED. This is
an indication of the relative dust temperature difference in the various
positions throughout the galaxy.

In order to calculate the total gas mass of NGC 891, we
used the WSRT 21 cm line measurements (Oosterloo et al. 2007)
for the atomic hydrogen mass (MHi ) and the JCMT CO(3-2)
line measurements (Hughes et al. 2014). We adopted a line
ratio of CO(3-2)/CO(1-0) = 0.3 (Wilson et al. 2009) to convert
the CO(3-2) line measurements into molecular hydrogen mass

Table 2. Global parameters of NGC 891 as inferred by the HerBIE SED
fitting code (see Sect. 4).

Parameters Global values

Mdust [M�] (3.48± 0.22)× 107

Msmall grains (3.32± 0.37)× 106

Mlarge grains (3.15± 0.24)× 107

Mgas/Mdust 261± 26
Tdust (24.03± 0.34) K
Lstar [L�] (6.80± 0.37)× 1010

Ldust [L�] (3.39± 0.13)× 1010

〈U〉 [2.2 × 105 W m−2] 2.63± 0.95
qAF 0.10± 0.01
fion 0.21± 0.11
β 1.88± 0.47
αs 0.79± 0.07

Notes. In adapting the THEMIS model to HerBIE, qAF, the mass frac-
tion of a-C(:H) lower than 15 Å, is an analog to the qPAH in the model
of Draine & Li (2007), and fion, the mass of the a-C(:H) lower than 7 Å
divided by the mass of a-C(:H) lower than 15 Å, is an analog to the frac-
tion of ionized PAHs. HerBIE incorporates the ISRF of Mathis et al.
(1983) with a mean intensity 〈U〉, normalized in the solar neighbor-
hood, and it parameterizes the Rayleigh–Jeans spectral index β and the
synchrotron spectral index αs.

(MH2 ). We found 3.05×109 and 3.81×109 M� for MH2 and MHi ,
respectively. Multiplying the sum of the hydrogen mass by a fac-
tor of 1.36 to account for the contribution of helium and heavy
elements, we find a total gas mass of (9.08± 0.60)× 109 M� and
a gas-to-dust mass ratio of 261± 26.

4.4. Spatially resolved SED

In addition to the global SED, we computed the spatially
resolved SEDs of individual areas throughout the galaxy. This
provided us with information about the variation in the physical
parameters in different environments within the galaxy. Exam-
ples of the SED models are given in Fig. 2 at six positions
in the galaxy (see Fig. 2), and the typical parameters derived
with our analysis for these regions are provided in Table A.1
(see Appendix A for details). The pixels were chosen in such
a way as to represent different environments, such as the very
center of the galaxy (C), the secondary peaks around the center
(B, and D), the positions of enhanced brightness farther out in
the disk (A, and E), and a position at the very faint end of the
disk (F). The reduced χ2 values for the regions A to F are 8.85,
6.72, 3.16, 12.61, 8.59, and 2.53, respectively, considering seven
degrees of freedom (17 measurements). Although the observa-
tions compare well with the model, the high residuals found in
the outermost regions at mm wavelengths (at 11 kpc from the
center; see, e.g., the residuals in region F in Fig. 2) need fur-
ther investigation. At this position, the data seem to indicate an
excess of emission, and the dust appears to be underestimated
by HerBIE and THEMIS. In order to better visualize areas with
excess emission at mm wavelengths, we compared the observed
and modeled maps at 1.15 and 2 mm and computed the respec-
tive residual maps, which are shown in Fig. 3. The residual maps
clearly show that although the observed and modeled maps agree
well at the two wavelengths (the residuals are lower than 10% in
most places in the galactic disk), in regions in the outer part of
the disk (between 10 and 12 kpc), the observation is higher than
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Fig. 3. Observed and modeled maps (top and middle panels, respectively) at 1.15 and 2 mm (left and right panels, respectively). The maps are
displayed in linear brightness scale. The brightness levels are indicated in the color bars on the right in each panel in units of mJy per 25′′ beam.
The bottom panels indicate the percentage residuals between observation and model at both wavelengths. All maps are at a common resolution of
25′′, as indicated by the circle in the bottom left corner in each panel.

the model prediction by more than ∼25%. This may indicate an
additional component of very cold dust in the outer parts of the
galaxy. Another obvious point from the SEDs in Fig. 2 is that the
dust gradually becomes colder while moving from the center of
the galaxy to the edges. The vertical dashed line in the plot, cen-
tered at the peak of the dust emission (occurring at 98 µm) at the
center of the galaxy (region C), shows the relative displacement
of the peaks of the SEDs of the different regions. It indicates that
the SED peaks shift farther away from the center peak at longer
wavelengths (colder dust temperatures).

5. Discussion

5.1. Decomposing the emission in the mm to cm wavelength
range

The mm to cm wavelength range is a very complex region of the
galactic SED in which emission may originate from a variety of
mechanisms. The main emission sources are the thermal emis-
sion from dust grains (mainly from large dust grains emitting at
low temperatures) and the emission of the ionized gas compris-
ing free–free and synchrotron emission. In addition, other sec-
ondary less obvious mechanisms that are difficult to detect may
take place, revealing their existence at these wavelengths. These
can be very cold dust grains that produce excess emission at mm
wavelengths as well as anomalous microwave emission (AME)
emitting at cm wavelengths (see Galliano 2022, for a review).
We have carried out a detailed decomposition of the emitting
mechanisms to evaluate their relative importance, both spatially
and at different wavelengths.

Figure 4 presents the modeled emission map at 2 mm. The
emission was decomposed using the HerBIE model into dust
emission, free–free emission, and synchrotron emission. It is
worth noticing here that the modeled map at 2 mm is more
extended than the observed emission (Fig. 1). This is because,
as described in Sect. 3, the produced modeled maps depend on
all the available maps that are used in the HerBIE fitting code,
which consider the more extended emission that is detected at
other wavelengths.

On the global scale of the galaxy, 91% of the total 2 mm
emission arises from cold dust, 5% from free–free emission,

and 4% from synchrotron emission. The bulk of the emission
is concentrated along the disk of the galaxy, but a prominent
halo component is also present. The dust disk is composed of
four prominent components, a central peak C, two secondary
peaks B and D, and a diffuse halo component that extends to
vertical distances beyond the plane of the disk, to up to 5 kpc.
The enhanced dust emission feature above the center of the
galaxy (region C) at a distance of ∼4 kpc is also interesting.
Yoon et al. (2021) also indicated dusty filaments such as this one
using image-sharpening techniques (see their Fig. 9), rising up to
∼4 kpc above the galactic plane, based on FIR observations. We
find that this feature carries 1.95×105 M� of dust, 14% of which
is small dust grains (see also Sect. 5.3). The dust halo shows a
symmetric elliptical distribution that keeps its shape even at large
distances away from the disk of the galaxy.

The free–free emission map shows enhanced emission in the
disk, but no obvious emission is detected at the center of the
galaxy (region C). In contrast, enhanced free–free emission is
seen in regions B and D, but also in regions A and E. The free–
free emission at high galactic latitudes seems to follow the gen-
eral shape of the features in the disk (i.e., a deficit in the central
region C and enhancement in regions A, B, D, and E), form-
ing a peanut-shaped halo. The synchrotron emission map, on the
other hand, shows the opposite topology with respect to that of
the free–free emission, with enhanced emission at the center of
the galaxy (region C) that decreases toward regions A, B, D, and
E. The synchrotron emission halo maintains the same peanut-
shaped distribution as in the case of the free–free emission.

In Fig. 5 we show the relative contribution of the three main
mechanisms at four wavelengths (1 mm, 2 mm, 5 mm, 2 cm, and
20 cm) bracketing the cases where dust thermal emission and
radio emission dominate the SED (at 1 mm and 20 cm, respec-
tively). The leftmost panels show the fractions of the different
emission mechanisms in the disk of the galaxy (see the central
lane indicated in the top map, and the rightmost panels indicate
the fractions in the halo of the galaxy). These were calculated as
the median values within two parallel lanes above and below the
disk of the galaxy centered at 3 kpc from the plane of the disk.

In the disk of the galaxy (leftmost panels in Fig. 5), the
emission at 1 mm clearly mainly arises from thermal dust (at
a 98−99% level), with negligible contamination from free–free
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Fig. 4. Decomposition of the modeled emission at 2 mm into dust, free–
free, and synchrotron emission. The top panel shows the total modeled
emission, and the next three panels show the dust, the free–free, and
the synchrotron emission maps from top to bottom, respectively. The
color bars are in mJy per 25′′ beam. The vertical dotted lines indicate
the positions of regions A to F (see Fig. 2).

emission (∼1−2%) and practically no synchrotron emission. At
2 mm, the free–free emission begins to increase and is more
prominent at the secondary peaks around the center (regions
B and D; with a contribution of ∼15%), while the synchrotron
emission begins to be detected at the center (with a contribu-
tion of only ∼2−3% ). At 5 mm, the radio emission becomes the
prominent component, and emission from thermal dust is only
∼20−30%, depending on the position inside the galaxy. From
the radio emission, the free–free component is the most impor-
tant with up to ∼70% in the secondary peaks, which drops to
∼39% in the center. The interplay between the two radio emis-
sion mechanisms with synchrotron emission filling in the gaps
where free–free emission shows a deficit is interesting (e.g., in
the center of the galaxy). This becomes more obvious at longer
wavelengths (2 cm) where the dust emission is negligible (lower
than 1%). As a result, the center of the galaxy is synchrotron
dominated (∼70%), while the secondary peaks are high in free–
free emission (∼60–70%). At much longer wavelengths (20 cm),
synchrotron emission dominates the disk with up to ∼93% in the
center and with ∼75–80% in the rest of the disk.

The galaxy halo (rightmost panels in Fig. 5) shows signif-
icant differences in the way the different emission mechanisms
are distributed compared to the galactic disk. At 1 mm, the differ-
ence is negligible because dust emission dominates both regions
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Fig. 5. Emission components that contribute to the total flux at 1, 2,
and 5 mm, 2 and 20 cm (top to bottom panels) in the galactic plane (left
panels) and in the halo (right panels). The emission percentages for the
dust, free–free, and synchrotron emissions are shown as orange, red,
and blue bars, respectively. The actual percentage for each emission
mechanism at each position is given in numbers in the plots. The top
two panels indicate the positions along the major axis of the galaxy
where the decomposition was made. For the halo at |z| ∼ 3 kpc (right
panel), the mean values in the two horizontal lanes indicated in the plot
were taken into account.

at ∼99%. At 2 mm, the halo of the galaxy is still dominated by
dust emission at ∼93%, and the free–free and synchrotron emis-
sion begin to increase, but at lower level than in the disk (by
∼4−6% and ∼2−4% for the free–free and the synchrotron emis-
sion, respectively). The difference compared to the disk in the
distribution along the major axis is also notable. It is flatter in
the halo, without obvious central and secondary peaks. At 5 mm,
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Fig. 6. Distribution of different dust components as traced by
the MIPS− 24 µm, the PACS− 70 µm, the PACS− 160 µm, and the
NIKA2− 1.15 mm (top to bottom panels, respectively) convolved at an
FWHM of 12′′. The profiles along the major axis are plotted in the
bottom panel. All profiles are normalized at 6 kpc. The vertical dotted
lines indicate the positions of interest introduced in Fig. 2. The colors
were scaled in such a way as to detail the disk morphology and not the
extended emission above the plane.

the dust emission in the halo is the weakest component, at a
somewhat higher fraction compared to the disk (∼30−40%). The
free–free emission is at the level of ∼30%, much lower than in
the disk, and its distribution is flat, while the synchrotron emis-
sion starts to become the dominant emission and contributes up
to ∼47%. At 2 cm and 20 cm, synchrotron emission has become
the dominant emission in the halo of the galaxy and contributes
up to ∼84% and ∼97% at 2 cm and 20 cm, respectively. The dif-
ference compared to the disk of the galaxy is evident: the con-
tribution of free–free emission is far lower, and the distribution
along the major axis is flatter.

5.2. Distribution of the warm and cold dust

In the general picture of the dust distribution in spiral galax-
ies, the cold dust material is distributed diffusely throughout
the disk of the galaxy and along the spiral arms, and the warm
dust is mainly found near the H ii regions. This is directly vis-
ible in the face-on geometry because disk, spiral arms, and
H ii regions can be easily spotted, but they are hard to distin-
guish in the edge-on configuration. Kramer et al. (2010) and
Xilouris et al. (2012) have examined this by studying the dis-
tribution of the warm and cold dust in the face-on Local Group
galaxy M 33, but recent radiative transfer modeling of face-on
galaxies also examined the detailed geometry of dust that is dif-

Fig. 7. Graphical illustration of the different dust emitting regions in
NGC 891 in a face-on and an edge-on configuration (top and bottom,
respectively). This illustration presents the diffusely distributed dust
along the dust disk (blue), the cold dust along the spiral arms and the
bulge (yellow), and warm dust emitting from individual H ii regions
(orange).

fusely distributed in the disk and also concentrated in compact
H ii regions (see, e.g., Verstocken et al. 2020; Nersesian et al.
2020a,b; Viaene et al. 2020).

The edge-on configuration of NGC 891 reveals a dust
morphology that is not smoothly distributed, but has obvi-
ous enhancements at several positions throughout the disk of
the galaxy. This is evident in Fig. 6, in which we plot the
MIPS− 24 µm, the PACS− 70 µm, the PACS− 160 µm, and the
NIKA2− 1.15 mm maps. The maps here were convolved to an
FWHM of 12′′, the limiting resolution of PACS− 160 µm (see
Table 1), and they are meant to reveal the morphology of the
central plane of the disk and not the extended halo. The emis-
sion along the central spine shows the six substructures intro-
duced in Fig. 2, which are marked with vertical dotted lines in
the four maps. The diffuse dust emission is present in all bands,
and the different wavelengths show varying relative intensities
of the disk substructures. Structure C, at the very center of the
galaxy, appears in all bands and seems to dominate the bulge
region. Structures B and D are very prominent at PACS− 160 µm
and NIKA2− 1.15 mm and become dimmer at shorter wave-
lengths (especially B, which is very faint at MIPS− 24 µm). On
the other hand, structures A and E are bright at MIPS− 24 µm
and become progressively fainter at increasing wavelengths.
Because MIPS− 24 µm is mostly sensitive to warmer dust, while
PACS− 160 µm and NIKA2− 1.15 mm trace the cool dust, it
might be argued that these are three different types of dust envi-
ronments, with C, the central bulge region, hosting both warm
and cold dust grain material, B and D being dominated by cold
dust, and A and E mostly composed of warm dust material.

One scenario that explains the different regions at differ-
ent wavelengths is presented in Fig. 7 with the schematic of
the edge-on view of the galaxy with the predominant dust
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components and the corresponding face-on orientation of the
galaxy. Here, the blue color represents the dust that is smoothly
distributed in the disk of the galaxy, yellow is the, mostly, cold
dust that is distributed along the spiral arms, and orange indicates
warm dust in H ii regions. This sketch is only meant to describe
the dust emission distribution and is kept in a very simplistic
form, even though it is known that more complicated structures
(e.g., a central bar; Garcia-Burillo & Guelin 1995) are present.
According to this scenario, B and D in Fig. 6 could be the pro-
jection of the dust in the spiral arms that we see along the line
of sight in the edge-on orientation, while A and E are the accu-
mulation of H ii regions dominating the line of sight, harboring
warm dust emitting at MIPS− 24 µm (hardly visible at FIR and
mm wavelengths; see Fig. 7). This picture agrees well with the
decomposition reported by Xilouris et al. (2012) for M 33. These
differences can be better visualized in the bottom panel of Fig. 6,
where the profiles along the major axis of the galaxy are over-
plotted, normalized at their values at 6 kpc (this region is free of
any obvious enhanced emission in all bands). This plot clearly
shows that region A stands out prominently at 24 and 70 µm, but
is not significant at longer wavelengths (similar to region E, but
much fainter at all wavelengths). Regions B and D are visible
at all wavelengths (dimmer at mm wavelengths), while the cen-
tral region, C, is prominent at all wavelengths, but is especially
bright at 70 µm. Finally, region F at the extremes of the disk
(11 kpc) clearly shows the relative dominance of very cold dust
in this area. The NIKA2− 1.15 mm emission is stronger than
at other wavelengths, resulting in the emission excess relative
to the fitted HerBIE model that we discussed in Sect. 4.4 (see
also Fig. 3).

5.3. Distribution of small and large dust grains

The properties of the dust grains in HerBIE are described using
the THEMIS model. THEMIS is based on laboratory data account-
ing for the aromatic and aliphatic MIR features with a sin-
gle population of small partially hydrogenated amorphous car-
bons, noted a-C(:H). Although largely dehydrogenated, small
a-C(:H) are very similar to polycyclic aromatic hydrocarbons
(PAHs). The other main component of THEMIS is a population
of large a-C(:H)-coated amorphous silicates, with Fe and FeS
nano-inclusions. The distribution of aromatic-feature-emitting
grains is parameterized in such a way as to distinguish between
very small a-C(:H) (VSAC; smaller than 7 Å) and small a-C(:H)
(SAC; radius between 7 Å and 15 Å) and between medium and
large a-C(:H) (MLAC; with a radius larger than 15 Å). Hereafter,
the population of VSAC and SAC grains are referred to as small
grains, and MLAC as large grains. The free parameter that con-
trols the mass fraction of small grains is qAF = qVSAC + qSAC,
which, multiplied by the total dust mass, provides the dust mass
of small grains. The mass of the small dust grains emitting in
the NIR/MIR wavelengths is largely constrained by the Spitzer
and WISE observations, while the Herschel and IRAM – NIKA2
measurements are necessary to constrain the emission from large
grains that constitute the bulk of the dust mass (see the emitting
spectral regions of each component in Fig. 1 of Galliano et al.
2021). In the case of NGC 891, the dust mass of small grains
is calculated to be Msmall grains = 3.32× 106 M� (see Table 2),
which accounts for 9.5% of the total dust mass.

The map of the mass fraction of small grains is presented
in Fig. 8. The mass fraction of small grains in most of the disk
plane of the galaxy is ∼10% (blue), with lower values found in
the region of the bulge (region C) of the galaxy (∼6%), while
regions of the disk with enhanced emission (regions A, B, D,
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Fig. 8. Mass fraction of the small dust grains (VSAC and SAC) over
the total dust mass for NGC 891. The vertical dotted lines indicate the
positions of interest introduced in Fig. 2.

and E) show increased abundances of small grains with mass
fractions reaching up to ∼15%. At large distances above and
below the plane of the disk (>2 kpc), the mass fraction of small
dust grains increases and reaches up to ∼20%. For comparison,
the mass fraction of small a-C(:H) in the solar neighborhood
from the THEMIS model is 17% (Galliano et al. 2021).

Figure 8 indicates that the small dust grain abundance is low
where the interstellar radiation field (ISRF) is intense and vice
versa. In order to better quantify this anticorrelation, we plot in
Fig. 9 the mass fraction of small grains with the mean ISRF (〈U〉)
from the HerBIE fit for every pixel. We focus on the A-F disk
regions. Region A seems to be a particular outlier with respect
to the rest of the disk regions: the mass fraction of the small dust
grains is higher than that of the average ISRF. This agrees with
the previous finding in Sect. 5.2, according to which this region
is extremely bright at MIR wavelengths (indicating a large abun-
dance of small grains) with very low emission of cold dust at
FIR/submm emission. The enhancement of the fraction of the
small grains at high ISRF, such as in region A, might thus orig-
inate from the fact that some of these grains are shielded in the
molecular cocoon of this giant H ii region. In this plot, the dust
feature at ∼4 kpc above the center of the galaxy (see Fig. 4) is
in the locus between the disk and the halo regions (gray square
and error bars), indicating that although it is located in the galac-
tic halo, its properties are more similar to those of the disk. In
this area, however, both the mass fraction of small grains and
the mean ISRF (〈U〉) have large uncertainties, which are also
reflected in the relatively large error bars of this point compared
to those calculated for regions A to F.

Figure 9 clearly shows that although the abundance of
small dust grains is anticorrelated with 〈U〉, two distinct pop-
ulations (the disk and the halo) occupy two different loci
in this plot. Small a-C(:H) could be destroyed within strong
radiation fields. A negative correlation between the small
grain abundance and 〈U〉 has already been reported (e.g.,
Draine et al. 2007; Galliano et al. 2008, 2021; Khramtsova et al.
2013; Rémy-Ruyer et al. 2015). Therefore, a different process-
ing mechanism may be active in the halo of the galaxy.
Yamagishi et al. (2012) detected the 3.3 µm feature in the halo
of M82, indicating the presence of small PAHs. It is possible
that we obtain an excess of small a-C(:H) due to the shattering
of larger carbon grains by shocks. The disk population, shown as
cyan crosses in Fig. 9, is spread over at least one order of mag-
nitude in 〈U〉 and a mass fraction of small grains ranging from
∼0.06 to ∼0.2, while the halo population, shown as red crosses
in Fig. 9, is very localized in the parameter space, with 〈U〉 hav-
ing values within a relatively small range and a mass fraction of
small grains ranging between ∼0.125 and ∼0.2.
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Fig. 9. Mass fraction of the small dust grains (VSAC and SAC) as
a function of the mean insterstellar radiation field 〈U〉. The cyan and
red points are measurements for the individual pixels (along with their
uncertainties) for the disk and the halo, respectively (with a crude sepa-
ration at |z| = 2 kpc). The purple symbols are median values and uncer-
tainties within circular apertures with a radius of 0.8 kpc centered at the
regions from A to F. The gray square in this plot shows the median value
(and the respective uncertainty) of the dust emission feature located at
∼4 kpc above the center of the galaxy (see Fig. 4) within an elliptical
aperture encompassing the feature.

The increase in the abundance of small dust grains with
galactic latitude (compared to large grains) is shown in Fig. 10,
where the vertical profiles crossing the regions A, B, C, D, E,
and F are plotted. The profiles of the small dust grains are scaled
so that they match the profiles of the large dust grains at their
central peaks. These profiles show that the small dust grains at
∼|z| > 2−2.5 kpc (depending on the position) show a flatter dis-
tribution compared to the large grains. This difference is more
prominent in the region C, where large grains decrease more
steeply than small grains, which is evident already at ∼1 kpc.

In the disk, the negative correlation between the small
grain fraction and the ISRF intensity (Fig. 9) probably results
from the progressive destruction of these small grains by UV
photons. This is indeed a well-known relation in the nearby
Universe. Above the plane, the grains might be expelled from
the galaxy via outflows. In these outflows, the shock waves could
shatter the grains and thereby replenish the small grain reservoir.
The contribution of this outflow to the total emission is negli-
gible, but the edge-on orientation of NGC 891 allows us to see
it precisely.

Seon et al. (2014) reported a non-negligible amount of dust
(3−5% of the total dust mass) located at distances beyond 2 kpc
from the midplane, in accordance with Bocchio et al. (2016),
who reported 2−3.3%. We find a higher mass fraction of small
dust grains (8%) for |z| > 2 kpc. Furthermore, Bocchio et al.
(2016) reported that the relative abundance of small grains with
respect to the large grains (mSG/mLG) varied from 0.06 in the
disk to 0.03 at a vertical distance of z = 2.5 kpc. With our anal-
ysis, we find higher values of mSG/mLG ranging from ∼0.07 to
0.15 in the disk and from ∼0.1 to 0.2 in the halo (at distances
larger than 2 kpc from the midplane). Our result that the ratio
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Fig. 10. Vertical profiles of the mass surface density of small (VSAC
and SAC; brown) and large grains (green) at different positions through-
out the galactic disk. The profiles of the small dust grains are normalized
so that they match the profiles of the large dust grains at z = 0 kpc.

of mSG/mLG increases with distance from the midplane differs
from previous studies. It is probable that the different modeling
techniques used or the different wavelength coverage (e.g., in
Bocchio et al. 2016, the large grain emission is constrained by
wavelengths only up to 250 µm) can explain these discrepancies.

6. Conclusions

We explored the complex mm wavelength range of the SED of
the edge-on nearby galaxy NGC 891. We presented new obser-
vations of the galaxy at 1.15 and 2 mm obtained with the NIKA2
camera on the IRAM 30 m telescope. Making use of these unique
mm data combined with a set of multi-wavelength ancillary data
and the HerBIE SED fitting code, we conclude the following:

– By comparing the modeled maps at 1.15 and 2 mm, we find
that there is significant evidence of submm/mm dust emission
in excess compared to the dust model in the outermost regions
of the galaxy (between 10 and 12 kpc). The NIKA2 fluxes are
higher by up to 25% than the model-predicted emission.

– Decomposing the emission at mm wavelengths into dust,
free–free, and synchrotron, we find different morphologies of
each component in the disk and in the halo of the galaxy. Specif-
ically, at 2 mm, the disk emission shows prominent dust and syn-
chrotron emission in the bulge region without obvious free–free
emission. Regions of enhanced cold dust emission away from
the center of the galaxy do not seem to correlate well with free–
free and synchrotron emission features. Bright free–free emis-
sion features in the disk show deficits in the synchrotron map.
On the other hand, the dust halo of the galaxy maintains an ellip-
tical shape similar to that of the disk, even at high galactic lati-
tudes, while the synchrotron and free–free maps show a peanut-
like shaped halo.

– The emission at mm/cm wavelengths was decomposed in
detail, and the relative contributions of the dust, the free–free,
and the synchrotron emissions were presented for regions in the
disk and in the halo of the galaxy. At 1 mm, the emission comes
from the dust (with negligible emission coming from free–free
emission), and the free–free emission begins to increase at 2 mm
at levels of ∼5−15% depending on their location in the disk or
halo. At 5 mm, the radio emission becomes the primary compo-
nent, and the free–free emission dominates in the disk, where
it reaches emission levels up to ∼70%, while both free–free
and synchrotron emission dominate in the halo. Dust at 5 mm
is still a significant emission source with a surprisingly larger
contribution in the halo rather than in the disk (∼30−40% in
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halo compared to ∼20−30% in the disk). At 2 cm, only radio
emission with the free–free emission dominates the disk and the
synchrotron emission the halo, while at 20 cm most of the emis-
sion in the disk and in the halo of the galaxy is synchrotron
emission.

– Comparing the dust morphology seen at warm and cold
dust tracers, we detected enhanced emission features in the
galactic disk seen at all wavelengths (e.g., the central bulge
region), only at MIR wavelengths, and only at FIR/mm wave-
lengths. We explained this by a simple scenario in which cold
regions are the product of the projection in the edge-on geome-
try of the cold dust situated along the spiral arms of the galaxy,
while warm dust emission arises from dust in large compact H ii
regions.

– Taking advantage of the analysis performed with the
HerBIE code, we decomposed the dust emission into two com-
ponents, one component originating from small dust grains
(smaller than 15 Å), and the other originating from the larger
grains. We concluded that the mass fraction of the small grains
accounts for ∼9.5% of the total dust mass. In the disk of the
galaxy, the mass fraction of small dust grains varies from ∼6%
in the center of the galaxy to ∼10% in other regions in the disk,
reaching up to ∼15% of enhanced dust emission. At large dis-
tances above and below the disk (>2 kpc), the mass fraction of
the small dust grains increases, reaching up to 20%. The distri-
bution of small grains from the disk into the halo is flatter than
the distribution of the large grains, indicating the increase in the
relative abundance of this dust population at high galactic lati-
tudes. We speculate that the grains are expelled from the galaxy
via outflows in which the shock waves shatter the grains and
thereby replenish the small grain reservoir.

The NIKA2 observations at 1.15 and 2 mm of the nearby
galaxy NGC 891 have proven to be very important in constrain-
ing the SED of the galaxy at mm wavelengths and to investi-
gate the morphology of the cold dust with respect to warmer
dust as well as the radio emission. Similar studies, exploiting
the NIKA2 observations of nearby galaxies observed within
the framework of the IMEGIN program, are expected to fur-
ther advance our understanding of the ISM properties and of
the thermal/radio emission mechanisms that are taking place in
galaxies.
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Appendix A: Model-derived parameters for the regions of interest

Table A.1 lists the parameters derived with our analysis in regions A to F (see Fig 2). The values are averages within circular
apertures with a radius of 1 kpc centered at these regions. The typical SEDs in these regions of interest are shown in Fig. 2.

Table A.1. Values of the model parameters in regions A to F (see Fig. 2).

Parameters A B C D E F

Σdust [M� pc−2] 0.828 ± 0.048 1.068 ± 0.061 1.154 ± 0.063 0.948 ± 0.059 0.678 ± 0.040 0.569 ± 0.034
Σsmall grains [M� pc−2] 0.098 ± 0.006 0.111 ± 0.007 0.086 ± 0.005 0.097 ± 0.007 0.081 ± 0.005 0.070 ± 0.005
Σlarge grains [M� pc−2] 0.730 ± 0.042 0.958 ± 0.055 1.068 ± 0.058 0.851 ± 0.053 0.597 ± 0.035 0.499 ± 0.030
Σgas/Σdust 239 ± 27 203 ± 23 170 ± 20 237 ± 28 196 ± 23 184 ± 21
Tdust [K] 24.50 ± 0.27 24.02 ± 0.26 25.17 ± 0.27 24.41 ± 0.28 22.28 ± 0.25 21.10 ± 0.23
Lstar [L� pc−2] 804 ± 24 1260 ± 29 3075 ± 55 1229 ± 29 632 ± 15 422 ± 10
Ldust [L� pc−2] 902 ± 19 1018 ± 21 1400 ± 32 989 ± 21 427 ± 9 268 ± 5
<U> [2.2 × 105 Wm−2] 5.46 ± 0.34 4.84 ± 0.31 7.01 ± 0.45 5.31 ± 0.36 3.14 ± 0.21 2.32 ± 0.15
qAF 0.117 ± 0.003 0.104 ± 0.003 0.076 ± 0.002 0.102 ± 0.003 0.119 ± 0.003 0.123 ± 0.003
fion 0.497 ± 0.016 0.517 ± 0.018 0.573 ± 0.026 0.568 ± 0.017 0.546 ± 0.017 0.519 ± 0.016
β 2.481 ± 0.027 2.483 ± 0.017 2.487 ± 0.012 2.484 ± 0.018 2.482 ± 0.018 2.481 ± 0.015
αs 0.894 ± 0.003 0.894 ± 0.003 0.895 ± 0.002 0.894 ± 0.003 0.894 ± 0.003 0.894 ± 0.003
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