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ABSTRACT

We present a high-sensitivity (10 < 1.6 mJy beam™') continuum observation in a 343 arcmin? area of the northeast region in
the Small Magellanic Cloud at a wavelength of 1.1 mm, conducted using the AZTEC instrument on the ASTE telescope. In
the observed region, we identified 20 objects by contouring 100 emission. Through spectral energy distribution (SED) analysis
using 1.1 mm, Herschel, and Spitzer data, we estimated the gas masses of 5 x 1037 x 10* M, assuming a gas-to-dust ratio
of 1000. Dust temperature and the index of emissivity were also estimated as 18-33 K and 0.9-1.9, respectively, which are
consistent with previous low resolution studies. The relation between dust temperature and the index of emissivity shows a weak
negative linear correlation. We also investigated five CO-detected dust-selected clouds in detail. The total gas masses were
comparable to those estimated from the Mopra CO data, indicating that the assumed gas-to-dust ratio of 1000 and the X¢o factor
of 1 x 10?! cm™ (K km s‘l)‘l, with uncertainties of a factor of 2, are reliable for the estimation of the gas masses of molecular or
dust-selected clouds. Dust column density showed good spatial correlation with CO emission, except for an object that associates
with bright young stellar objects. The 8 ym filamentary and clumpy structures also showed similar spatial distribution with the

2

* Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation
from NASA.
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CO emission and dust column density, supporting the fact that polycyclic aromatic hydrocarbon emissions arise from the surfaces
of dense gas and dust clouds.

Keywords: galaxies: individual (SMC) — ISM: clouds — ISM: molecules — Magellanic Clouds
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1. INTRODUCTION

The Small Magellanic Cloud (SMC) is a dwarf galaxy
characterized by a metal-poor environment (Kurt et al. 1999;
Larsen et al. 2000; Leroy et al. 2007; Planck Collaboration
et al. 2011; Gordon et al. 2014) and active star formation
(e.g., Vangioni-Flam et al. 1980; Le Coarer et al. 1993; Bo-
latto et al. 2007). Because of the proximity (~60 kpc, e.g.,
Hilditch et al. 2005) compared to other nearby galaxies, the
SMC provides an invaluable opportunity to investigate the
physics of the interstellar medium (ISM) and star formation
along with the Large Magellanic Cloud (LMC) (e.g., Fukui
& Kawamura 2010).

Previously, studies to unveil the star formation activity in
the SMC were primarily motivated by the detection of gi-
ant molecular clouds (GMCs), which are the principal for-
mation sites of stars (e.g., Rubio et al. 1993b,a, 1996, 2000;
Lequeux et al. 1994; Israel et al. 1993, 2003; Muller et al.
2003; Hony et al. 2015). The first GMC survey toward the
full SMC was conducted by the Columbia survey, where
the detection of five GMCs detection was reported, with the
masses of ~ 10°~10" M, at ~ 160 pc resolution (Rubio
et al. 1991). A subsequent GMC survey at ~ 50 pc res-
olution was conducted with the NANTEN 4-m telescope,
and twenty-one GMCs, whose masses were ~ 10*-10° Mg,
were detected (Mizuno et al. 2001). High-resolution follow-
up observations toward the NANTEN GMCs were also con-
ducted by the Mopra telescope (Muller et al. 2010, 2013),
resolving the NANTEN GMCs into compact (103-10* M)
molecular clumps. These studies pointed out that CO emis-
sion in the SMC is very weak, and the conversion factor,
Xco ~ 10?" em™2(K km s71)7!, is about 10 times larger than
the typical value in the Milky Way galaxy. Recent numer-
ical studies have suggested that the formation of molecules
(H; and CO) in the low-metallicity ISM can occur later than
the beginning of star formation (Glover & Clark 2012a,b).
These results imply that observations of CO lines are not al-
ways suitable for the detection of dense gas clouds that are
connected to star formation in low-metallicity environments.

As a complementary approach to CO line observations,
dust continuum emission can also be a good tracer of
dense gas clouds via thermal emission from cold dust.
Toward the SMC southwest (SW) region, observations by
SEST/SIMBA at 1.2 mm (Rubio et al. 2004; Bot et al. 2007)
and APEX/LABOCA at 870 um succeeded at detecting the
CO clouds (Bot et al. 2010b). N66 has also been investigated
by LABOCA and Herschel in detail by Hony et al. (2015).
Recently, Takekoshi et al. (2017) attempted a new cloud
identification method using 1.1 mm continuum survey data
toward the full SMC obtained by AZTEC on ASTE. They
identified 44 dust-selected cloud samples in the full SMC
with a gas mass range of 4 x 10°-3 x 10°M,. This survey
also discovered dust-selected clouds not associated with CO

lines or star formation activity; these objects are expected to
be rare samples of the youngest evolution phase of GMCs in
the SMC.

Takekoshi et al. (2017), however, did not report the detec-
tion of the two CO clouds discovered by NANTEN in the
northeast (NE) region. These objects are characterized by
relatively weak star formation activity compared to the other
GMCs in the SMC. This suggests that these clouds have a
low dust temperature or low surface brightness, which are
not sufficient to detect the peak flux, because of the inad-
equate survey sensitivity. Thus, it is important to observe
these objects by the 1.1 mm continuum with high-sensitivity
observations.

In this paper, we present the results of a 1.1 mm deep ob-
servation toward the SMC NE region in order to reveal the
hidden aspects of GMCs in the low-metallicity ISM using
dust, CO, and star formation tracers. In Section 2, the obser-
vation and data reduction of the AzZTEC and Herschel data
are described. In Section 3, we present the multi-wavelength
images and catalog of the 1.1 mm objects. Section 4 de-
scribes the method of spectral energy distribution (SED)
analysis by both object- and image-based approaches. The
statistical properties of the low-mass dust-selected clouds in
the NE region are discussed in Section 5. The relationship
between the distribution of dust, CO, and star formation ac-
tivity are discussed with the result of the image-based SED
fitting toward the NANTEN GMCs in Section 6. Finally, we
summarize the results of this study in Section 7.

2. OBSERVATION AND DATASETS
2.1. AZTEC/ASTE observation

Observations of the 1.1 mm continuum toward the SMC
NE region were conducted by the AzZTEC instrument (Wilson
et al. 2008b) mounted on the ASTE 10 m telescope (Ezawa
et al. 2004, 2008) on August 28-31, October 4-6, 2007, and
August 28-30, 2008. The observation region is shown in
Figure 1. The zenith opacity at 220 GHz was in the range
of 0.01-0.16 and the median was 0.06. The total observing
time was about 20 hours. The observations were performed
by 16’ x 16’ and 10’ x 10’ lissajous scans with a peak velocity
of 330” s~!. Pointing observations toward quasars J0047-579
or 2355-534 were observed every 1.5 hours, and the accu-
racy was better than 3” rms (Wilson et al. 2008a). The un-
certainty of the flux calibration by Uranus was 8% (Wilson
et al. 2008a; Liu et al. 2010).

Data reduction was performed by the FRUIT method,
which is an iterative principal component analysis cleaning
method (Liu et al. 2010; Downes et al. 2012; Scott et al.
2008) to recover extended emission. The FRUIT method
effectively removes atmospheric emission, which is a dom-
inant noise source of ground-based continuum observation,
extended over the field of view of the instrument, and corre-
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Figure 1. Spitzer 160 pm image of the SMC. The observation re-
gions of AZTEC/ASTE are represented by the yellow outline. The
white contours represent the NANTEN CO intensity (0.5 K km sh.

lated among bolometer pixels. At the same time, widely ex-
tended astronomical signals, which are also correlated among
bolometer pixels, are also removed. Simulations of repro-
ducibility of extended sources using Gaussian model sources
show that > 60% of the total flux density and ~ 100% of
peak flux density are recovered for compact objects smaller
than < 3’ full-width at half-maximum (FWHM) in our cases,
which corresponds to the typical size of the detected objects
in the observation region, as shown in Section 3 (Komugi
et al. 2011; Shimajiri et al. 2011; Takekoshi et al. 2017).

As a result of the FRUIT method, the achieved minimum
and median noise levels were 1.16 and 1.31 mJy beam™!, re-
spectively. The total area better than 1.64 mJy beam™', which
is v2x the minimum noise level and used for further data
analysis in this paper, was 343.4 square arcminutes (roughly
20" x 20"). The FWHM of the point response function (PRF)
after the FRUIT procedure was 40", which corresponds to
12 pc. FRUIT also added an uncertainty of 10% to the pho-
tometry of the detected objects (Takekoshi et al. 2017). The
total photometric accuracy was estimated to be 13% by the
root sum square of the flux calibration and FRUIT photomet-
ric accuracy.

2.2. Herschel data

We used the Herschel/PACS (100 and 160 pm) and SPIRE
(250, 350, and 500 pm) data (Meixner et al. 2013; Gordon
et al. 2014) to estimate the amount and property of the cold
dust component. Some part of the extended component of
the 1.1 mm data analyzed by the FRUIT procedure, which
is removed as correlated noise similar to atmospheric emis-
sion, is lost. In order to compare with the 1.1 mm data di-

rectly, the FRUIT procedure was applied to the Herschel im-
ages in the same manner as Takekoshi et al. (2017). After
the FRUIT procedure, the FWHM of the PRF was 40”. The
image noise levels after the FRUIT analysis were 383, 213,
25.6, 12.8, and 8.5 mJy beam™' for the Herschel 100, 160,
250, 350, and 500 pum data, respectively. We also considered
the propagation of 1.1 mm image noise that was caused by
the FRUIT analysis. The photometric accuracy of the Her-
schel data after the FRUIT analysis was 14% and 13% for the
PACS and SPIRE data, respectively, which was estimated by
the root sum square of the calibration accuracy (8% and 10%
for SPIRE and PACS data, respectively) and additional error
by the FRUIT analysis (10%, Takekoshi et al. 2017).

2.3. Molecular gas and star formation tracers

We used the CO (J = 1-0) data obtained by the Mopra
telescope (MAGMA-SMC, Muller et al. 2010, 2013). The
observation was made toward the GMCs detected by the
NANTEN survey (Mizuno et al. 2001). The spatial resolu-
tion was 33” FWHM with a sensitivity of about 150 mK and
velocity resolution binned to 0.35 km s7!. In the observa-
tion region of the AZTEC 1.1 mm continuum, Muller et al.
(2010) reported the detection of 4 CO clumps in this region,
which have gas masses of 10°~10* M, with the assumption
of Xco =1 x 10%! em™ (K km s7H7.

In order to investigate the star formation activity, we used
the Sptizer/IRAC 8 pm and MIPS 24 and 70 pum data (Gor-
don et al. 2011). We did not apply FRUIT analysis, as the
spatial distributions differed greatly from the AzTEC and
Herschel data because of the tracing of different dust compo-
nents (very small grains or polycyclic aromatic hydrocarbons
(PAHs)). The noise levels and photometric accuracy were
0.02, 0.06, and 0.5 MJy st™!, and 5%, 4%, and 5% for 8, 24,
and 70 pm, respectively. We also used the Spitzer young stel-
lar object (YSO) catalogs provided by Bolatto et al. (2007)
and Sewito et al. (2013) to determine whether star formation
activity is associated. In addition, we compared with the Ha
data obtained by the Magellanic Cloud Emission-Line Sur-
vey project (Smith et al. 2000), and radio continuum data at
8.64 and 4.8 GHz (ATCA and Parkes, Dickel et al. 2010) as
another tracer of star-forming regions.

3. RESULTS
3.1. Maps

Figure 2 shows the continuum emission at AzZTEC 1.1 mm,
Herschel 100-500 pm, and Spitzer 8, 24, and 70 pym in the
observation region. We did not subtract free-free emissions
from the maps, because the observed region shows no strong
radio continuum emission. The 1.1 mm emission over 50
shows good spatial correlation with the Herschel images.
This indicates that the AZTEC and Herschel bands trace a
cold dust component. In contrast, the images at shorter
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wavelengths exhibit a compact spatial distribution because
these bands efficiently trace thermal dust emission from hot-
ter and more compact star formation activity (e.g., Bolatto
et al. 2007; Leroy et al. 2007). All CO clouds discovered by
NANTEN and Mopra in this region were detected over 100
in the 1.1 mm image, which we will discuss in Section 6.

3.2. The 1.1 mm Object Catalog

The 1.1 mm objects (hereafter called NEdeep objects) were
identified by contouring over 100 emission on the 1.1 mm
image. As a result, 20 objects, listed in Table 1, were identi-
fied in the observing area. Out of the detected objects, three
objects were detected on the edge of the 1.1 mm image. We
did not use these objects for statistical analysis in Section 5.
In the same manner as Takekoshi et al. (2017), the 1.1 mm
objects were classified by whether star formation tracers such
as HII regions, YSO candidates, or bright 24 pum sources
(> 10 MJy sr™!) exist in the objects. As a result, we identi-
fied eight objects exhibiting star formation activity, and some
of them are compact and faint at 1.1 mm such as NEdeep-15
and 18. Therefore, the 1.1 mm objects are good candidates
of dense gas clouds that are likely to form massive stars.

The spatial distribution of the identified NEdeep objects is
presented in Figure 3. The NANTEN objects at the eastern
and western sides consist of two and three compact NEdeep
objects, respectively. NEdeep-1 and 3, located at the north-
east edge, are continuously connected from the N66 star-
forming region. The compact objects at the western side
seem to be packed into some small regions and could be as-
sociated with each other. In contrast, NEdeep-2, 6, 11, 14,
15, and 20 seem to exist as independent compact objects.

4. SED ANALYSIS

As shown in Figure 2, the 1.1 mm emission shows a rea-
sonable spatial correlation to the Herschel 100-500 pm emis-
sion. This indicates that these bands are emitted from the
cold dust component that dominates the total dust mass. In
order to estimate the dust temperature and dust mass of the
identified 1.1 mm objects, SED analysis was performed us-
ing the 1.1 mm, Herschel 100, 160, 250, 350, and 500 um
data with the assumption of a single dust temperature. We
also used the photometry of the Spitzer 24 pym and 70 ym
as upper limits. The total flux density of cold thermal dust
emission at a wavelength A, Sqps , can be modeled by

Smodel,)\ = ’idust,)\B)\(Tdust)MdustD_zv (1

where Ky, » 1s the emissivity of dust grains, B}, is the Planck
function, My, is the total dust mass, Tg,s i the dust tempera-
ture, and D = 60 kpc is the distance to the SMC (e.g., Hilditch
et al. 2005). For the emissivity of the cold dust component,
we used Kausex = 12.5 x (160 pm/\)? cm? g7! (Draine & Li
2007; Draine et al. 2014). We estimated the posterior dis-
tributions of Tgys, Maust, and the index of emissivity 8 using

Markov chain Monte Carlo (MCMC) method. The likelihood
function is defined as

L:HL,\, 2)
A

and
(Sobs)\ - Smod.)\)2

2
200bs,>\

Ly =exp(= )- 3)
For the upper limits of photometry, we used the one-sided
Gaussian distribution:

1 (0 < Smodel,)\ < S)\,obs)

Ly x _(Sobs,)\ _Smod,)\)2

eXP( ) (Smodel,)\ > Sobs,)\) .

“)
We assumed the uniform prior probability distributions for
the fitting parameters, with the ranges of 0 < T (K) < 60,
0 < log(Maust/Mp) < 4, and 0 < 8 < 5. We used PyMC3
(Salvatier et al. 2016) to implement the MCMC method.

By just selecting a previously known gas-to-dust ratio
GDR = 1000 (with a possible error of a factor of 2, Leroy
et al. 2007; Planck Collaboration et al. 2011; Gordon et al.
2014; Roman-Duval et al. 2014), the total gas masses Mg,
were estimated by

2
2O'obs,/\

Mgas = GDR X Mgys- &)

SEDs of the 1.1 mm objects are presented in Figure 4 and
the obtained physical properties are summarized in Table 3.

In Section 6, we also attempted an image-based SED fit to
discuss the detailed structures of the detected clumps. Us-
ing the same posterior distributions of dust temperature and
index of dust emissivity, and the uniform posterior for the
column density of cold dust Ny, in the range of —10 <
log(Naust /(g cm™2)) < -3, we estimate the parameters using
the following equation:

I = Hdusl,)\B)\(Tdust)Ndusty (6)

where I, is the flux density of each pixel.

We should pay attention to the possibility of larger Kgust -
In the SMC and LMC, Gordon et al. (2017) suggested that
Kausi.160pm = 30.2 cm? g7!, which is about three times larger
than that of some physically motivated models (e.g., Draine
& Li 2007). This causes a dust mass estimate about three

times lower than our kg » value.

5. PHYSICAL PROPERTIES OF NEDEEP OBJECTS
5.1. Comparison with the wide-survey objects

The 1.1 mm objects identified by Takekoshi et al. (2017,
hereafter wide-survey objects) are potential candidates of
dense gas clouds that are forming or about to form massive
stars. In the wide-survey objects, only NE-1 was detected as
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Figure 2. Multi-band continuum images of the SMC NE region. The white contours represent the 1.1 mm image, starting from 6.5 mJy beam™

(~ 50) with a step of 6.5 mlJy beam™. (a) AzZTEC/ASTE 1.1 mm. (b) Herschel/SPIRE 500 pm. (c) Herschel/SPIRE 350 pym. (d) Her-
schel/SPIRE 250 pym. (e) Herschel/PACS 160 pym. (f) Herschel/PACS 100 pym. (g) Spitzer/MIPS 70 pm. (h) Spitzer/MIPS 24 pm. (i)
Spitzer/IRAC 8 pm. The edge of the 1.1 mm image is also indicated by the white contour.
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Table 1. AZTEC/ASTE 1.1 mm extended source catalog of the SMC NE region.

Object ID el 5 I.Imm Peak flux ~ S/N 1.1 mm total flux R Star formation? ~ Map edge?
(J2000) (J2000) (mJy beam™) (mJy) (pc)

NEdeep-1 ~ 00"58"45.9°  -72°13"18"’ 487423 21.0 28.8 4.1 8.0 Yes Yes
2 00"57M30.7°  -72°32/30" 34.1 £1.3 27.2 425455 10.2 Yes No
3 00"58m31.5° 72015712 31.6 £1.5 21.5 191.1 +24.5 22.9 No No
4 00"56"42.0° -72°23'29" 244412 20.2 142.0 £18.2 20.0 Yes No
5 00"56"46.1°  -72°21'05" 21.9 +1.2 18.0 27.1 +3.6 9.2 Yes No
6 00"58M38.8° -72°35'00" 21.5 422 9.6 10.4 +2.6 5.8 No Yes
7 00"58"41.1°  -72°27"18" 21.3 £1.2 17.6 19.3 +2.6 7.6 Yes No
8  00"56™543° -72°16'35" 212 41.7 125 156.6 £20.1 22.6 Yes Yes
9  00"58"17.3° -72°28"18" 18.6 1.2 15.0 11.6 £1.9 6.1 No No

10 00"55"59.9°  -72°21'34" 183 +1.3 13.8 123 42.0 6.2 No No
11 00"58"58.1°  -72°21'59" 174 +12 14.3 20.1 2.7 8.3 No No
12 00"56™12.9° -72°23"46" 17.14+1.2 13.9 12.7 42.0 6.5 No No
13 00"58™17.3° -72°30"18" 169 £1.3 13.4 16.7 £2.3 7.6 No No
14 00"56"49.5° -72°30"23" 16.6 1.3 13.1 14.4 2.1 7.1 No No
15 00"56"07.1° -72°28'22" 16.6 1.3 12.4 7.6 £1.8 5.0 Yes No
16 00"56"03.6° -72°23"46" 16.0 +1.2 12.8 102 +1.8 5.9 No No
17 00"56™05.2° -72°20"52"" 159 +1.3 11.9 <4.9 420 4.1 No No
18 00"56™26.1°  -72°23'29" 158 +1.2 13.0 77 £1.7 5.1 Yes No
19 00"56™00.1°  -72°19'58" 154 £1.4 10.8 14.8 £2.2 7.2 No No
20 00"58"07.9°  -72°23'06" 15.0 1.2 12.6 <50+18 42 No No

NOTE—The columns give (1) source ID, (2) right ascension, (3) declination, (4) observed peak flux and noise level at 1.1 mm, (5) signal-
to-noise ratio, (6) 1.1 mm total flux, (7) source radius, (8) whether the object associates with YSOs or 24 pm objects, and (9) whether

the object is located at the map edge or not.
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Figure 3. The 1.1 mm image of the SMC NE region. The iden-
tified dust-selected clouds are shown in the white contours. The
green contours represent the NANTEN CO intensity with a step of
0.3 Kkm s starting from 0.3 Kkms™. The numbers represent
the object IDs. The circles at the bottom left corner represent the ef-
fective resolutions of AZTEC/ASTE 1.1 mm (white) and NANTEN
CO (green).
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Figure 4. SEDs of AZTEC/SMC NEdeep objects. The solid line
represents the maximum likelihood SED models for the cold dust
component. The red (1.1 mm), green (Herschel 100, 160, 250, 350,
and 500 pm), and blue (Spitzer 24 and 70 pm) points represent
the fitting points for the cold dust SED. The fitting parameters of
the maximum likelihood model are shown in each figures. (The
complete figure set is shown in the appendix.)

a counterpart of the NEdeep-1 object in the NE field. The
sensitivity of the wide-survey is about 6 mJy beam™ in this
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Table 3. Physical properties of the 1.1 mm extended objects.

Object ID Tust Myt Mgas B ny, Nu,
(K) Mgp)  (x10°Mg) (Hy/em®)  (x10°°H, /cm?)
NEdeep-1 243+23 <86 <86 1.0640.14 < 180.0 <592
2 330423 107933 10.743% 1244011 35753 15.0137
30195407 704 704t 1124001 21.0%%2 19.8%49
4 263413 35272 35272 1.0940.10 157732 12,9139
5 234+12 163937 16337 1474011 75.1%072 28.4%3
6 252455 <97 <97 1124031 <529.1 < 126.8
7 301418  84%% 8.417 1.46+£0.10  69.6°39 21770
8 20.1+1.6 251733 251733 093+010  7.8%1] 7.243
9 207427 <181 <18.1 1.5440.19 < 868.5 <2169
10 236451 <93 <93 1004024 <4111 < 105.3
11201425 <162 <162 1224018 <303.8 < 103.7
12 308+36 <18 <18 0.86+0.13 <722 <192
13 228+1.6 11.057 11.05373 1.4940.13  91.173]7 28.4786
14 260437 <65 <65 1L1240.17 <1958 <572
15 223446 <86 <86 1174027 <7326 <1513
16 258446 <5.1 <5.1 1014020 <2665 < 64.8
17 17.6+45 <219 <219 1.8840.57 < 3516.3 <5874
18 242445 <60 <60 1124025 <4774 < 100.5
19 279423 5073 5.0473 1.2840.12  48.87148 14.47%4
20 189453 <552 <552 1904050 < 8122.2 < 1396.1

NOTE—The columns give (1) Source ID, (2) dust temperature, (3) total dust mass, (4) total gas mass, (5)
index of emissivity (6) Ha density, and (7) H, column density. The errors and upper limits are provided
by 1o and 30, respectively.
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region, which is not sufficient to detect the other NEdeep ob-
jects with > 5¢0. Thus, the high-sensitivity NEdeep observa-
tions provide information about many objects that are unde-
tectable in the wide-survey.

Table 4 presents the typical physical properties of the
NEdeep and wide-survey objects. We did not include the
three objects in the NEdeep samples located at the edge of the
1.1 mm images, and N88-1 of the wide-survey objects in the
statistics. Takekoshi et al. (2017) assumed a fixed 8 = 1.2 for
estimating the dust temperature and mass of the wide-survey
objects. Here, we estimated the average and standard devia-
tion values of 5 = 1.3 £0.3 for the NEdeep objects, and this
difference between free 5 and 5 = 1.2 fits causes the system-
atic average differences of 5% and 8% for dust temperature
and mass (except for upper limit values) estimate, respec-
tively. Thus, roughly speaking, sets of physical properties
between the wide-survey and NEdeep objects are able to be
compared directly.

Comparing the physical properties between the wide-
survey and NEdeep objects, statistical physical properties
of the NEdeep objects, other than the mass and size, are
roughly consistent with those of the wide-survey objects. In
contrast, the mass and size of the NEdeep objects are rel-
atively smaller than wide-survey objects, which indicates
that the high-sensitivity observation makes it possible to de-
tect smaller mass objects. These low-mass objects are also
good candidates for dense gas clumps that are connected to
massive star formation, because about 40% of the NEdeep
objects host YSOs, including lower mass objects, such as
NEdeep-15 and 18.

The dust temperature of the NEdeep objects may be
slightly lower than that of the wide-survey objects. The
difference of star forming activity between the NEdeep and
wide-survey objects would explain this difference, because
the wide-survey objects include very active star forming re-
gions such as Lirs49, SMCB-2N, and N66, which show the
dust temperature of ~ 40 K (Takekoshi et al. 2017). We
avoid further discussion regarding the comparison with the
wide-survey objects here, because of the difference of the
SED fit models.

The observed area in the SMC NE region is only about
2% of that of the wide field, and therefore, a more sensitive
(~ 1 mJy rms) and wider (a few square degrees) survey of
the SMC at 1.1 mm will provide several hundred samples of
dust-selected clouds, down to a gas mass of 1 x 10° M. It
is also important for high-resolution observations to detect
gas clumps of < 10° M, because the sizes of many NEdeep
objects are very close to the diffraction limit.

5.2. Index of emissivity and B — Ty relation

Here, we investigate the characteristics of the index of
emissivity in detail. Firstly, as shown in Table 3 and 4, the

Table 4. Summary of physical properties between the SMC NEdeep
and wide survey objects.

This study (NEdeep) SMC wide survey

Cloud number 17 43

Tiust Tange 17.6-33.0 K 17-45 K
Tyust ave.Estd. 243+44K 28.74+44K
3 range 0.9-1.9 1.2 (fixed)

B ave.*%std. 1.2940.29 -

Mgy range (5.0-700x10° Mg~ (4.1-336)x 10° Mg,
M s median 11.0 x 10* Mg 44.6 x 10° Mg
R range 4-23 pc 640 pc

R median 7.1 pc 11.8 pc

H, density range 16-91 cm™ 17-171 cm™
H, density ave.+std. dev. 49429 cm™ 68436 cm™

H, column density range (13-28)x10% em™  (10-44)x10%° cm™
H; column density ave.%std. dev.  (20£6)x 10% cm™? (2948)x10?° cm™

NoTE—Upper limit values of My,s, Ha density, and H, column density are excluded
from the statistics.

range of 3 is 0.9—1.9. This is consistent with the reasonable
range of single temperature dust particles, 1 < 8 < 2, mo-
tivated by the Kramers-Kronig relation at long wavelengths
and the emissivity model for silicates (e.g., Draine & Lee
1984).

Secondly, previous studies, using lower resolution datasets,
show 8 ~ 1.2 in the SMC (Aguirre et al. 2003; Leroy et al.
2007; Bot et al. 2010a; Israel et al. 2010; Planck Collab-
oration et al. 2011). The obtained average (4 standard
deviation) value . = 1.3+ 0.3 in the NEdeep objects is
consistent with these studies. On the other hand, the wide
range of S values among the NEdeep objects suggests that
the existence of a complex temperature structure or differ-
ence of dust composition affects the index of emissivity of
each dust-selected cloud.

Finally, the relation between dust temperature and index of
emissivity is shown in Figure 5. As a result of fitting with a
linear function, we obtained the relationship:

B(Taqust) = (—0.03 £0.01) Tyuse +(1.93 £0.34). )

The negative correlation of the 3 — Ty, relation has already
reported by Gordon et al. (2014) in the SMC, using the pixel-
based SED fit with the minimum x> method. Some stud-
ies revealed that the minimum x? method is very suscepti-
ble to data noise, and makes the negative 3 — Ty, relation
(e.g., Shetty et al. 2009a,b). On the other hand, the MCMC
method can significantly reduce the noise-induced S — Tyug
correlations (Kelly et al. 2012; Juvela et al. 2013). Thus,
our result suggests that the negative 3 — Ty, relation in the
NEdeep objects is intrinsic, and its origin can be attributed to
the difference in physical structures or dust properties.
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Figure 5. The relation between dust temperature and index of emis-
sivity.

Some possible interpretations of the negative 5 — Ty re-
lation have been proposed by model and simulation studies
of molecular cores (e.g., Shetty et al. 2009a; Malinen et al.
2011; Juvela & Ysard 2012). The difference of line-of-sight
temperature structures of dust-selected clouds, particularly
internally-heated objects, creates a negative 3 — Ty relation.
Although this picture is consistent with the dust temperature
and Spitzer 24 pm relation, which supports the fact that the
heating source of the dust-selected clouds is mainly local star
formation activity (Takekoshi et al. 2017), we cannot find a
clear relation between existence of star formation activity in
the 3 —Tyys relation, as shown in Figure 5. On the other hand,
the photometric errors and band selections also cause a weak
negative or positive bias, even in the case of MCMC fit. Fur-
ther investigation using analytic or simulation modeling, and
larger and more sensitive observation of dust-selected clouds,
are necessary to reveal origin of the 3 — Ty, relation.

6. COMPARISON WITH CO EMISSION AND STAR
FORMATION TRACER

The 1.1 mm objects already detected by the NANTEN and
Mopra CO observations in the observation region exhibit a
weaker star formation activity than the other CO-selected
molecular clouds in the SMC. Therefore, these objects may
remain at the initial state of molecular cloud evolution with-
out the influence of star formation. Thus, these 1.1 mm ob-
jects are very important to understand the relationship be-
tween the chemical and dynamical evolution of molecular
clouds under the low-metallicity environment.

In this section, we reveal the characteristics of the molec-
ular clouds that have already reported CO detection (Mizuno
et al. 2001; Muller et al. 2010) by comparing the gas mass
obtained by the CO data and distribution of YSOs. In addi-
tion, we investigate the internal structure of these objects by

Table 5. Comparison of gas masses estimated from dust and CO.

Object ID MgasAdust Mgas‘C()
(10°Mg)  (10° Mg)

Mgas qust/ Mgas,co Lco
(10 K km st pc?)

NEdeep-4 352777 442444 0.80 203423
NEdeep-5 16377 9.1£09 1.79 42404
NEdeep-7 84717 107411 0.79 49405
NEdeep-9 < 18.1 6.7+£0.7 - 3.1£03
NEdeep-13  11.0737 84408 1.31 39404

comparing the CO and PAH distributions and the result of the
map-based SED analysis of dust continuum data.

6.1. Gas mass estimate from CO

The gas masses estimated from the SED fit of the ther-
mal dust continuum are not taken into consideration for the
possible bias caused by the gas-to-dust ratio, emissivity, and
temperature distributions in the objects. Therefore, it is im-
portant to compare the gas masses estimated by the CO lumi-
nosity as another tracer of gas mass to check the consistency.
We estimated the gas masses of the NEdeep-4, 5, 7, 9, and 13
objects using the Mopra CO data assuming an Xco factor by
the following steps. First, we estimated the CO luminosity
within the contours of the 1.1 mm objects and velocity range
of the CO line. Second, we estimated the gas masses using
the following equation:

Mgas coM@) =2 pmpXcoLco ®)
=21.8 Lco(K km s~ pc?), )

where the Xco factor is 1 x 10?! cm™ (K km s™))!, which
is reported by Muller et al. (2010) in the northeast region.
This Xco factor is also consistent with the estimate from the
NANTEN CO and Herschel dust continuum (Mizuno et al.
2001; Roman-Duval et al. 2014).

A summary of gas mass estimates by CO and dust is pre-
sented in Table 5 and Figure 6. The estimated gas masses
by CO and dust are consistent with each other within the er-
rors of a factor of 2. Therefore, the gas masses estimated
from the dust continuum can be used to estimate the total
CO luminosity of dense clouds in the SMC. Thus, the as-
sumption of a gas-to-dust ratio of 1000, and the X0 factor of
1 x 10?! em™ (K km s™")™', with uncertainties of the factor
of 2, respectively, are reliable to estimate CO or continuum
fluxes for future GMC studies. In contrast, these samples are
biased in CO-detected objects, and the dust-selected clouds
that have not been detected by CO lines are not included.
Therefore, it is important to conduct further CO line obser-
vations on the CO-dark dust-selected cloud samples reported
in this study and Takekoshi et al. (2017).
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Figure 6. Comparison of gas mass estimated by dust and CO
Xco =1 x 10*! em™ (K km s™)™) of NEdeep objects. The range
of CO luminosity is also shown on the right vertical axis. The lines
Show Mas.co = aMgas,aust Witha =1, 2, and 0.5 in solid (red), dashed
(green), and dashed-dotted lines (blue), respectively.

6.2. Internal structure of the 1.1 mm objects

We focus on the relationship between the dust, CO, and
star formation in five CO-detected dust-selected clouds in the
SMC NE region by resolving the spatial structures. Figures
7 and 8 present the distributions of dust properties (dust col-
umn density, dust temperature, and index of emissivity) and
star formation tracers (Spitzer 24 pum, 8 pum, and Ha) of the
1.1 mm objects that have already been detected by CO (J=1-
0) by NANTEN and Mopra (Mizuno et al. 2001; Muller et al.
2010).

6.2.1. Star formation activity

Here, we will examine the star formation activities of the
CO-detected dust-selected clouds. First, extended Ha emis-
sion is not observed in these dust clouds at a resolution of
about 1 pc (3”—4"). In contrast, YSOs or bright 24 ym ob-
jects are present inside or near the dust-selected clouds. In
particular, NEdeep-7 has a bright YSO at 24 um on the east
side of the object, and dust temperature becomes high. Ex-
cept for this object, we cannot find radio continuum emis-
sion at 8.64 and 4.8 GHz. In addition to the bright YSO in
the NEdeep-7, a YSO at the peak of NEdeep-5 also may af-
fects the ISM because the dust temperature around this YSO
is slightly higher than that of the other high column density
regions. Although the existence of point-like Ha objects can-
not disprove the existence of very compact HII regions, we
can say that NEdeep-4, 9, and 13 are young evolution phases
of the GMCs that are not affected by strong UV radiation
from massive young stars. Therefore, these dust-selected
clouds can be good candidates for investigation of the ini-

tial conditions for massive star and cluster formation under
low-metallicity environments.

In the CO-detected dust-selected clouds in the SMC NE re-
gion, we cannot find reliable starless objects. Takekoshi et al.
(2017) also reported the lack of CO-detected and starless ob-
jects in the dust-selected cloud samples selected in the full
SMC. A possible explanation is that the timescale of star for-
mation (2-3 Myr) is shorter than that of CO molecule forma-
tion in the low-metallicity ISM, as pointed out by a numerical
study of Glover & Clark (2012b).

6.2.2. Coincidence of peak positions among dust, CO, and star
formation

In Figures 7 and 8, we notice that the CO-detected objects,
except for NEdeep-7, show good agreement with the distri-
butions between CO and the dust column density estimated
from dust. This suggests that both CO and dust column den-
sity effectively trace dense molecular gas regions in GMCs.
On the other hand, the positions of YSOs do not correspond
to CO and dust column peaks. In particular, NEdeep-7 shows
the distances between YSO and the dust peak of about 10 pc
(~30"), which are sufficiently larger than the pointing errors
of <5”, < 3", and < 1” for Mopra CO, cold dust (ASTE
1.1 mm and Herschel), and star formation tracers (Spitzer,
Ha), respectively. This implies that the strong UV radiation
from YSOs in NEdeep-7 affects CO and cold dust distribu-
tion, but should be investigated by high resolution studies in
detail.

An interesting fact, particularly shown in NEdeep-4, is that
the filamentary structure traced by 8 ym, which mainly traces
emission from PAHs, shows good correlation with the CO
emission. The spatial correlation of PAHs and CO emis-
sion has already been pointed out by previous low-metallicity
ISM studies. Sandstrom et al. (2010) demonstrated that the
PAH fraction spatially correlates with the CO intensity with
a resolution of about 50 pc in the SMC. Recently, a low-
metallicity (~ 0.2 Z)) dwarf galaxy NGC 6822 was observed
by a CO line using ALMA with a resolution of about 2 pc, re-
porting that the CO emission shows a better correlation with
8 pm than 24 ym and Ha (Schruba et al. 2017). These stud-
ies support the notion that PAHs emissions effectively trace a
photo-dissociated surface of dense molecular gas clouds ob-
served by CO and dust continuum. Our result also indicates
that the PAH clumps or filamentary structures are good can-
didates of CO-emitting regions in the low-metallicity ISM,
although it also should be confirmed by high resolution study
using ALMA.

We should also note that the extended dust component is
found outside the PAH structures or CO emission. The most
extended emission at 24 and 8 pm shows a good correspon-
dence with the 1.1 mm objects. We can understand that this
extended dust emission traces the photo-dissociated surface
of barely evolved gas clouds. The high dust column den-
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Figure 7. Spatial distribution of (a) Dust column density, (b) dust temperature, (c) index of emissivity, (d) Spitzer 24 pm, (e) Spitzer 8 um,
and (f) Ho in the NEdeep-4, 5, and 11 regions. The Mopra CO emission is represented as red (150 km s~ component) contours with a step of
0.5 K km s starting from 2.5 K km s™'. The gray contours represent the edges of the AZTEC 1.1 mm objects. The star symbols indicate the

positions of YSOs (Bolatto et al. 2007; Sewito et al. 2013).

sity implies the ability to form massive stars in the future but
may not have yet formed compact gravitationally bound fila-
ment/clumps. In such regions, CO molecules would also not
have formed yet, because of the long formation timescale of
CO, as suggested by Glover & Clark (2012b).

7. SUMMARY

The main results of this study are summarized below.

1. We obtained a 1.1 mm image by the AzZTEC instrument
on the ASTE telescope toward the SMC NE regions
with an effective resolution of 40” (~ 12 pc). A me-
dian rms noise level of 1.3 mJybeam™' was achieved
for a field of 343 square arcminutes (~ 20’ x 20).

2. We identified 20 objects in the observation region. Two
NANTEN CO clouds that were not detected in a pre-
vious 1.1 mm survey were detected and resolved into
multiple dust-selected clouds.

3. The dust mass and temperature were estimated by SED

analysis using the MCMC method with the 1.1 mm,
Herschel, and Spitzer data. Although the gas and dust
masses of twelve 1.1 mm objects were estimated as
upper limits, the other eight objects show the gas mass
range of 5 x 1037 x 10* M, assuming a gas-to-dust
ratio of 1000. The ranges of dust temperature and in-
dex of emissivity were 18-33 K and 0.9-1.9, respec-
tively.

. The 1.1 mm objects discovered by this study (NEdeep

objects) show smaller dust masses and lower dust
temperatures than the shallower 1.1 mm survey of
Takekoshi et al. (2017). The fact that 40% of the
1.1 mm objects host YSOs, including relatively low-
mass dust-selected clouds, suggests that the 1.1 mm
objects trace dense gas clumps related to massive star
formation.
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Figure 8. Spatial distribution of (a) Dust column density, (b) dust temperature, (c) index of emissivity, (d) Spitzer 24 pm, (e) Spitzer 8 pum,
and (f) He in the NEdeep-7, 9, and 13 regions. The Mopra CO emission is represented as red (150 km s™' component) and blue (120 km s™"

component) contours with a step of 0.5 Kkm s

figure.
5.

-1

The average of the index of emissivity is comparable
to previous low resolution studies in the SMC. The re-
lation between the dust temperature and the index of
emissivity shows a slightly negative correlation.

. We investigated five dust-selected clouds that have al-

ready been detected by CO in detail. The total gas
masses of the 1.1 mm objects estimated from the Mo-
pra CO data are comparable with the gas masses esti-
mated by the SED analysis of thermal dust emission.
Xco=1x10* cm (K km s™')7! and a gas-to-dust ra-
tio of 1000, with uncertainties of a factor of 2, respec-
tively, are reliable for the estimate of the total gas mass
of molecular or dust-selected clouds each other in the
SMC.

. We compared the internal structure of dust-selected

clouds estimated by an image-based SED fit with
the Mopra CO and various star formation tracers.

starting from 2.5 K km s~

1

. The gray contours, star symbols are the same as the previous

These objects exhibit no extended Ha emission, al-
though they were associated with YSOs or 24 um
point sources, suggesting that these objects are young
GMCs where star formation has just started; these are
important targets to investigate the initial environment
of massive star formation in low-metallicity environ-
ments. Dust column density show good spatial cor-
relation with CO emission except for NEdeep-7. The
8 pm filamentary structures and clumps show a simi-
lar spatial distribution with the CO emission and dust
column density estimated by the image-base SED fits,
implying that the filamentary structures or compact
clumps traced by PAH emission are very good can-
didates of CO emitters. The extended emission at 24
and 8 pm, which do not show CO emission, exhibits
a similar spatial distribution to the 1.1 mm objects,
also suggesting that the cold gas component not yet
affected by the gravitational contraction in GMCs are
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also traced by the emission from very small grains and
PAH.

To obtain a more detailed understanding of the relation
among cold dust, CO, and PAH emission, it is essential to
conduct high-resolution CO and dust continuum observations
toward the dust-selected clouds by ALMA, with a resolution
comparable to the Spitzer/IRAC bands (~ 1”).

The ASTE project was driven by NRO/NAOJ, in collab-
oration with the University of Chile and Japanese institutes
including the University of Tokyo, Nagoya University, Os-
aka Prefecture University, Ibaraki University, Hokkaido Uni-
versity, and Joetsu University of Education. Observations
with ASTE were carried out remotely from Japan using
NTT’s GEMnet2 and its partner R&E networks, which are
based on the AccessNova collaboration between the Univer-
sity of Chile, NTT Laboratories, and NAOJ. This work is
based on data products made with the Spirzer Space Tele-

scope (JPL/Caltech under a contract with NASA). Data anal-
ysis was, in part, carried out on the open-use data analysis
computer system at the Astronomy Data Center, ADC, of
the National Astronomical Observatory of Japan. This re-
search made use of the SIMBAD database, operated at CDS,
Strasbourg, France. This research made use of Astropy, a
community-developed core Python package for Astronomy
(Astropy Collaboration et al. 2013). This study was sup-
ported by the MEXT Grant-in-Aid for Specially Promoted
Research JP20001003 and the JSPS Grant-in-Aid for Sci-
entific Research (S) JP17H06130. M.R. acknowledges sup-
port from CONICYT (CHILE) through FONDECYT grant
N°1140839.

Facilities: ASTE, Spitzer (MIPS, IRAC), Herschel
(SPIRE, PACS), NANTEN, MOPRA, ATCA, Parkes

Software: 1DL, Astropy (Astropy Collaboration et al.
2013), PyMC3 (Salvatier et al. 2016), NumPy (Walt et al.
2011), SciPy (Jones et al. 2001), Matplotlib (Hunter 2007)
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APPENDIX
A. SPECTRAL ENERGY DISTRIBUTION OF THE 1.1 MM OBIJECTS
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Figure 9. SEDs of NEdeep objects. The solid line represents the maximum likelihood SED models for the cold dust component. The red
(1.1 mm), green (Herschel 100, 160, 250, 350, and 500 pm), and blue (Spitzer 24 and 70 pm) points represent the fitting points for the cold
dust SED. The fitting parameters of the maximum likelihood model are shown in each figure.
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