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ABSTRACT

We present high angular resolution continuum images and molecular line spectra obtained at 345 GHz with
the Submillimeter Array (SMA) toward two massive cores that lie within Infrared Dark Clouds (IRDCs):
G034.43+00.24 MM1 and G024.33+00.11 MM1. Both of these cores contain bright, unresolved (<2”) objects
that have previously been imaged in the millimeter/submillimeter continuum with the Institut de RadioAstronomie
Millimétrique (IRAM) Plateau de Bure Interferometer and SMA and show complex molecular line chemistry.
The new, higher angular resolution SMA continuum images reveal that both cores contain massive (8, 26 M),
unresolved (0”6; ~3000 AU) continuum emission features and emission from many complex molecular transitions,
which confirm that these are hot molecular cores, an early stage in the formation of a high-mass star. Because these
hot cores are located within IRDCs, they may well represent the very earliest phases in the formation of high-mass
protostars and, hence, their detailed study may reveal the initial conditions within high-mass star-forming cores,
before they are shredded apart by stellar winds and radiation.
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1. INTRODUCTION

Due to their relatively short lifetimes and the fact that they
form within very dense, obscuring environments, the earliest
phases of high-mass (M > 8 M) star formation are difficult
to identify. Because high-mass stars begin hydrogen burning
and reach the pre-main-sequence before they emerge from their
natal molecular core, their presence is often inferred from their
effect on the surrounding molecular material. Hot molecular
cores (HMCs), ultra-compact Hu (UC Hu ) regions, masers,
and outflows are all signposts of the earliest phases of high-
mass star formation, as the strong stellar winds and intense UV
radiation from the young star interact with the surrounding dense
dust and gas.

One of the earliest and well-characterized phases associ-
ated with the early stage of high-mass star formation are the
HMCs (Garay & Lizano 1999; Kurtz et al. 2000; Churchwell
2002). HMCs correspond to the compact (<0.1 pc), dense
(~10°-10% cm~?), and massive (~10*> My; Garay & Lizano
1999; Kurtz et al. 2000; Churchwell 2002) molecular material
that is heated in the immediate vicinity of the recently formed
high-mass protostar. Because the environment is heated by the
UV radiation from the high-mass star, HMCs display a com-
plex chemistry and are characterized by a rich molecular line
spectrum, which is dominated by emission from many complex
molecules (e.g., Kurtz et al. 2000). Moreover, due to the internal
heating from the central high-mass protostar, they are also typ-
ically very luminous (>10* Lg). While the majority of HMCs
contain an embedded high-mass star that is providing the cen-
tral powering source, some HMCs appear not to be internally
heated (e.g., Mookerjea et al. 2007). These are typically found
in close proximity to H1I regions and are thought to be exter-
nally heated by the radiation field from the nearby high-mass
stars.

5 Current address: CSIRO Astronomy and Space Science, P.O. Box 76,
Epping NSW 1710, Australia.

Because most HMCs trace the immediate environment sur-
rounding a high-mass star that has already formed, HMCs cor-
respond to a stage in the sequence of high-mass star formation
after the central star has formed and well after the very earliest
cold, dense starless core phase. While some HMCs are associ-
ated with UC Hu regions, many have little or no observable
radio continuum emission (Kurtz et al. 2000). As a result, HMCs
are thought to be the precursors to UC Hu regions and, thus,
good signposts for an early phase of high-mass star formation.
Masers and outflows have also been observed during the later
HMC phase, which suggests that these HMCs may contain ac-
cretion disks (Kurtz et al. 2000; Beuther et al. 2002; Zhang et al.
2001, 2005; Zhang 2005; Cesaroni et al. 2007).

Many HMCs have been identified within regions of high-
mass star formation, including two within infrared dark clouds
(IRDCs; Rathborne et al. 2007, 2008). Because IRDCs are
thought to harbor the very earliest stages of high-mass star and
cluster formation (Rathborne et al. 2006), these HMCs may rep-
resent a very early phase in the hot core stage. Identified as ex-
tinction features against the bright Galactic mid-IR background,
IRDCs are molecular structures that have very high column den-
sities (~10%-10% cm~2) and very low temperatures (<25 K;
Egan et al. 1998; Carey et al. 1998, 2000). They are the densest
structures in much larger giant molecular clouds (Simon et al.
2006) and are currently undergoing the process of fragmenta-
tion and condensation, as evidenced by the many cold, dense,
compact cores identified within them (Lis & Carlstrom 1994;
Carey et al. 2000; Garay et al. 2004; Ormel et al. 2005; Beuther
et al. 2005; Rathborne et al. 2005, 2006). Because the majority
of these cores show no evidence for active star formation (e.g.,
Chambers et al. 2009; Rathborne et al. 2010), many of them
are good candidates for the very earliest starless core phase of
high-mass star formation. The remaining cores that do show
evidence for current, active star formation are associated with
bright 24 ym emission, broad molecular line emission, shocked
gas, and maser emission (Chambers et al. 2009). Many of the
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Table 1
Core Properties
Core Coordinates VLsr?® D? Peak Deconvoled Mass b Xz
R.A. Decl. Flux Diameter
(J2000) (J2000) (kms™h (kpc) (mJy) (pc) (Mo) (Lo) (gem™2)
G034.43+00.24 MM 1 18:53:18.01 1:25:25.5 57.1 3.7 748 0.0105 8 10%4 19
G024.33+00.11 MM1 18:35:08.14 —7:35:04.1 113.4 6.3 843 0.0112 26 10*7 56

Notes.
4 From Rathborne et al. (2006, 2007).

b From the gray-body fit to the SEDs presented within Rathborne et al. (2010). We assume that all of the observed bolometric luminosity arises from

the single, high-mass object.

most massive and luminous of these cores are thought to har-
bor high-mass protostars (Beuther et al. 2005; Rathborne et al.
2005, 2010; Pillai et al. 2006; Wang et al. 2006).

Because of its short evolutionary timescale, high-mass star
formation remains poorly understood. Since they are so young,
IRDCs provide an excellent opportunity to study high-mass pro-
tostars in their very earliest phases. Because IRDCs are typically
at distances of ~4 kpc, millimeter/submillimeter interferomet-
ric observations are critical to probe their internal structure.
Indeed, our recent Institut de RadioAstronomie Millimétrique
(IRAM) Plateau de Bure Interferometer 1.3 mm (Rathborne
et al. 2007) and SMA 345 GHz (Rathborne et al. 2008) obser-
vations toward two high-mass IRDC cores that show evidence
for star formation, revealed very rich molecular spectra from
a compact (<0.04 pc; 8,000 AU) region. These IRDC cores,
G034.43+00.24 MM1 and G024.33+00.11 MM, likely con-
tain very young HMCs.

Our previous interferometric data also show circumstel-
lar structure: toward G034.43+00.24 MM1 we see extended
13CO (3-2) emission with a large velocity gradient (Rathborne
et al. 2008). This emission appears to be tracing a large ro-
tating structure. Moreover, both single-dish and interferometric
CO and SiO observations show evidence for a powerful and
energetic outflow perpendicular to this rotation (Shepherd et al.
2007; Q. Zhang 2010, private communication; Sanhueza et al.
2010). Evidence for disks around high-mass protostars exists
for only a few objects (Garay & Lizano 1999; Zhang 2005;
Cesaroni et al. 2007). Thus, the existence of circumstellar disks
associated with young hot cores will confirm that high-mass
stars can form via accretion, in a similar way to low-mass stars,
rather than via coalescence. Because hot cores in IRDCs are
very young, they are the best candidates to search for high-mass
accretion disks given their short lifetimes.

In this paper we present new observations obtained using
the extended array configuration of the SMA. These data
further probe the small-scale structure of the two high-mass
protostellar cores: G034.43+00.24 MM1 and G024.33+00.11
MM1. Both of these cores show evidence for active, high-mass
star formation: bright 24 um point source, broad molecular
line emission, shocked gas, water maser emission, molecular
outflows, and HMC chemistry (Garay et al. 2004; Shepherd
et al. 2004; Rathborne et al. 2005, 2006, 2007, 2008; Wang
et al. 2006; Sanhueza et al. 2010). G034.43+00.24 MM1 also
shows weak radio continuum emission consistent with a deeply
embedded B2 protostar (Shepherd et al. 2004). We find that
both cores contain a single, unresolved, bright, central source
in the continuum images, while their molecular line spectra
reveal many emission lines from complex molecules. Our results
confirm that these cores indeed contain an HMC and are thus
tracing the environment surrounding a recently formed high-
mass star.

2. OBSERVATIONS AND DATA REDUCTION

Interferometric observations of G034.43+00.24 MMI1 and
G024.33+00.11 MM1 were carried out with the Submillimeter
Array® (SMA; Ho et al. 2004) on 2007 September 3 with seven
antennas in the extended configuration. The projected baselines
of the visibility data range from 25 m to 220 m. The double-
sideband receivers cover a total of 4 GHz bandwidth. The digital
correlator was configured to cover 329.1-331.1 GHz for the
lower sideband and 339.1-341.1 GHz for the upper sideband
with a uniform channel spacing of 0.8125 MHz (~0.7 km s!)
across the entire band.

The 336 GHz zenith opacities, measured with the NRAO
tipping radiometer located at the Caltech Submillimeter Obser-
vatory, were T ~ 0.14 (scaled from the 225 GHz measurement
via T336GHz = 2.8 X T25GHz). The measured double-sideband
system temperatures corrected to the top of the atmosphere were
between 150 and 400 K.

The primary beam of the SMA at these frequencies is ~37”.
The phase centers for the observations are listed in Table 1.
We used the quasars 1751+096 and 1743—038 to calibrate time
dependent gains, and 3C454.3 to remove the gain variations
across the passband. The flux scale was referenced to Uranus.
The visibility data were calibrated with the IDL superset MIR
package developed for the Owens Valley Radio Observatory
(OVRO) interferometer. The absolute flux level is accurate to
about 25%. After the calibration in MIR, the visibility data
were exported to the MIRIAD format for further processing
and imaging. The continuum is constructed from the line-free
channels in the visibility domain, and is further self-calibrated
using the clean components of the image as input models.
The gain solutions from the continuum self-calibration are then
applied to the spectral line data. The rms noise in the naturally
weighted maps is ~35 mJy beam ™~ in the continuum images and
200 mJy beam™! per channel in the line data. The average of the
major and minor axis of the final synthesized beam was ~076
which corresponds to a physical size of ~0.011 pc (~2300 AU)
and ~0.020 pc (~4000 AU) for the assumed distances of 3.7 kpc
for G034.43+00.24 MM and 6.3 kpc for G024.33+00.11 MM,
respectively.

3. RESULTS

Figure 1 shows the new SMA extended array 345 GHz
continuum images toward the two IRDC cores. Coincident with
the peak in lower angular resolution images (2”and 11”), we
find that the continuum emission toward these cores arises from

6 The Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute of Astronomy
and Astrophysics, and is funded by the Smithsonian Institution and the
Academia Sinica.
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Figure 1. SMA 345 GHz continuum images toward the cores G034.43+00.24 MM1 (left panel) and G024.33+00.11 MM (right panel). The contour levels in both
cases are 150-800 in steps of 100 mJy beam™!. These cores were first identified in single-dish observations at 11” angular resolution (the approximate extent of these
images). We find that in these high angular resolution images both cores are dominated by a single, unresolved, massive emission feature. Table 1 lists their derived

properties.
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Figure 2. Spectrum toward G034.43+00.24 MM 1. Both the lower and upper sidebands are shown (lower and upper panels, respectively). The spectrum is averaged
over a ~1”2 region centered on the peak in the high-angular resolution continuum image. Note the strong emission from the many complex molecules, confirming
that G034.43+00.24 MM is an HMC associated with the very earliest stage in the formation of a high-mass protostar. The expected frequencies for a selection of
molecules within this range are plotted on the spectrum. The gray boxes mark the lines for which integrated intensity images and channel maps are shown in Figures 4

and 5 respectively.

a single, unresolved object (~0.01 pc; ~2000 AU). Compared
to the previous interferometric images, we find that ~30% of
the continuum flux has been recovered in the new data, which
is consistent with a centrally condensed emission feature and
the increase in angular resolution. Table 1 lists the positions,
deconvolved sizes, and peak fluxes which were determined from
Gaussian fits to the emission.

Toward the peak of the continuum emission for both
cores, we find that the spectra contain numerous emission
lines from many complex nitrogen-, oxygen-, and sulfur-rich

molecules and their isotopomers (Figures 2 and 3). Labeled
on these spectra are the expected locations of the molecules
CH;CN, CH30H, CH30CH3, CH30CHO, SO, SO,, NH,CHO,
C,HsOH, C,HsCN, CN, NH,CHO, H,CS, OCS, and HNCO
and their isotopomers. However, due to the large number of
complex molecular transitions, many of the observed emission
features may arise due to the blending of several individual
species. Moreover, because of the large number of molecular
transitions within this frequency range, this list of molecules
is by no means complete. Without a detailed comparison to all
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Figure 3. Spectrum toward G024.33+00.11 MM1. Both the lower and upper sidebands are shown (lower and upper panels, respectively). The spectrum is averaged
over a ~1”2 region centered on the peak in the high angular resolution continuum image. Note the strong emission from the many complex molecules, confirming
that G024.33+00.11 MM is an HMC associated with the very earliest stage in the formation of a high-mass protostar. The expected frequencies for a selection of
molecules within this range are plotted on the spectrum. The gray boxes mark the lines for which integrated intensity images and channel maps are shown in Figures 7
and 8 respectively. Note that the spectrum is artificially truncated in the upper side band for frequencies <339.4 GHz.

(potentially) expected molecules a definitive line identification
cannot be made. Thus, not all the molecules labeled on these
plots may be proper identifications. Nevertheless, because many
of these complex molecules are produced and excited in the im-
mediate surroundings of a recently formed high-mass protostar
as the grain ice mantles are evaporated (see Kurtz et al. 2000
and references therein), their detection over small spatial scales
confirms the presence of HMCs within these cores.

In contrast to the single-dish (11”) and previous interferomet-
ric data (2”), the new spectra reveal very little CO emission. Both
the '*CO (3-2) and C'80 (3-2) transitions are within the band,
but we observe no significant emission. The previous data re-
veal extended CO emission on spatial scales of >0.5 pc (>11").
Thus, the lack of CO emission in these data indicates that the
CO emission is diffuse and extended and reflects the absence of
short baselines in these data. The fact that CO is detected in the
lower angular resolution images but is completely resolved out
by the interferometer at the higher angular resolution suggests
that CO is not associated with the dense core gas at the smallest
scales.

4. DISCUSSION
4.1. CH;CN: Excitation Temperatures and Column Densities

With the detection of such a rich molecular spectrum, one
can use the combination of the molecular transitions to obtain
estimates of the physical parameters of the gas. While we
detected over 70 molecular transitions from more than 15
molecules and their isotopomers, we use the methyl cyanide
(CH3CN) emission as a tracer of the gas temperature and density.
Because CH3CN is a symmetric top molecule with a high dipole

moment (3.913 Debye), it is particularly sensitive to regions
of high density. Moreover, CH3CN has a further advantage of
having, for a given J rotational transition, several K quantum
number transitions that can be observed simultaneously. Since
the relative intensities of the K components directly measure
collisions, it is closely related to the kinetic temperature (7%)
and density of the gas (Solomon et al. 1971). Thus, simultaneous
observations of several K components from the same J level can
provide an estimate of 7; and the total beam-average column
density without being affected by calibration errors. In the high
density limit and assuming local thermal equilibrium (LTE)
conditions, Ty ~ T, the rotational temperature.

Within our spectra we see emission from the J = 18-17
rotational level and the K = 0, 1, 2, 3, 4, 5, 6, 7, and 8
components. We use the averaged spectrum at the peak of the
submillimeter continuum shown in Figures 2 and 3 as input to
the fitting routine. Using the code of Qiu & Zhang (2009), which
assumes LTE conditions, the best-fit rotational temperature,
column density, and beam filling factor are determined via a
x? minimization between a synthetic spectrum and the input
data. For G034.43+00.24 MM1 the K = 0 and 1 components
were severely blended, so the fits were generated using only
the K = 2-8 components. Table 2 lists the values derived from
these fits.

Because we have also observed G034.43+00.24 MM1, with
this spectral setup of the SMA in the compact configuration
(2" angular resolution; Rathborne et al. 2008), we can use
these additional data to also derive the gas parameters over
the larger spatial region. These results are also listed in Table 2.
As expected, the derived (beam averaged) CH3CN temperature,
column density, and filling factor () are lower in the data that
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Figure 4. G034.43+00.24 MM integrated intensity images for a selection of the bright, unblended lines identified in Figure 2. In all cases the contour levels are —30,
30 to 190 in steps of 1o, where o is 1.0 K km s~!. The cross marks the position of the peak pixel in the continuum emission. The axes on all images are labeled in
arcseconds offset from the pointing center of the observations (R.A. 18:53:18.0, decl. +01:25:24, J2000), which was taken from the low-resolution (11”), single-dish

continuum image.

Table 2
Results from the CH3CN Fitting

Core SMA R Trot N(CH3CN) n*
po) (K (cm™2)
G034.43+00.24 MM1®  Compact ~ 0.010 110 3%10'° 0.10
Extended  0.005 210 1x10"7 0.50
G024.33+00.11 MM 1 Extended  0.005 670 7%x10"7 0.09

Notes.

4 7 is the beam filling factor.

® Due to significant blending, the fits for this source were generated by excluding
the K = 0 and 1 components.

samples the larger spatial region (marked as SMA-compact in
Table 2). The differences in these derived parameters are similar
to other HMCs observed on comparable spatial resolutions (e.g.,
Olmi et al. 1996) and represent the values for the hotter, compact

core and the cooler, more extended halo. This temperature
gradient suggests central heating with a reasonable exponent,
which is expected if the hot cores are internally heated by the
recently formed high-mass star.

4.2. Masses and Luminosities

Using the peak fluxes measured from the 345 GHz continuum
images and assuming that the emission is optically thin, we
calculate the core gas masses using the expression

kK D?

N kyRB,(Tp)

(Hildebrand 1983), where F, is the observed source flux density,
D is the distance, k, is the dust opacity per gram of dust,

and B,(Tp) is the Planck function at the dust temperature,
Tp. In all cases, we assume that R, the gas-to-dust mass ratio,
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are —30, 30 to 190 in steps of 1o, where o is 0.17 Jy beam™~!. Note that the emission is extended and that an ~5 km s~ velocity gradient is apparent in the CH;OH
emission. The axes on all images are labeled in arcseconds offset from the pointing center of the observations (R.A. 18:53:18.0, Decl. +01:25:24, J2000), which was
taken from the low-resolution (11”), single-dish continuum image.

is 100. We estimate kog7mm by scaling the value of xj3mm We assume a value for Tp of 100 K and for 8 of 1.5. Mod-
(1.0 cm? g~!; Ossenkopf & Henning 1994) by v, where B is eling of the dust temperature as a function of radius from
the dust emissivity index. HMCs shows that this temperature is typical for a radius of
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Figure 6. SMA 345 GHz continuum image toward the core G034.43+00.24 MM overlaid with left panel: '*CO (1-0) emission (thick contours; red shifted emission
is from 63.1 to 61.8 km s~', blueshifted emission is from 52.3 to 49.5 km s~ levels are 0.3, 0.6, 0.9 Jy beam™!; Shepherd et al. 2007) and '*CO (3-2) emission
(thin contours; redshifted emission is at 61 km s~ !, blueshifted emission is at 55 km s~!, levels are 1.7 to 6.7 in steps of 1.0 Jy beam™!; Rathborne et al. 2008), and
right panel: the CH30H (8_3 6—9_, g) emission zoomed in around the submillimeter continuum peak (redshifted emission is at 61 km s~!, blueshifted emission is at
55kms~!, levels are 1 to 4 in steps of 0.4 Jy beam™!). These images show the morphology of the various emission tracers with respect to the submillimeter continuum
peak and to each other. On large scales, the 13CO (1-0) emission is tracing an outflow in the southwest to northeast direction. On intermediate scales, the 13CO (3-2)
emission traces a velocity gradient in the southeast to northwest direction, while on the smallest scales the CH3OH emission shows a southwest to northeast velocity

gradient.

~0.01 pc (~2000 AU; Osorio et al. 1999). We choose this dust
temperature because the rotational temperature derived from
the CH3CN fitting above arises from a small region within
the beam (see the beam filling factors listed in Table 2). Be-
cause the gas and dust are unlikely to be completely ther-
mally coupled, we choose a dust temperature of 100 K to
represent the dust emission arising from the larger, and pre-
sumably cooler, core region. Therefore, the calculated masses
of 8 and 26 M, corresponds to the mass detected within the
~0.01 pc region. If we assume a dust temperature equal to
the rotational temperatures derived above, the core masses are
both ~4 M, o

Bolometric luminosities were recently estimated for these
cores from gray-body fits to their IR—submillimeter broadband
spectral energy distributions (SEDs; Rathborne et al. 2010).
Because the SEDs were generated using single-dish data with
angular resolutions of 8’—15", the values derived from fits to
these SEDs correspond to the larger ~1 pc core. Assuming that
these cores will give rise to a high-mass star and, hence, a cluster,
then they ought to contain numerous low-mass stars in close
proximity to the high-mass protostar. However, at the distances
to these cores, the 30 detection limit in the continuum emission
corresponds to ~8 Mg (assuming a dust temperature of 30 K).
Thus, these data are not sufficiently sensitive to detect low-mass
protostars and, hence, we are currently unable to determine
the multiplicity within these cores. Nevertheless, if these cores
contain a high-mass protostar, then it is likely that the derived
bolometric luminosity will be dominated by the high-mass star,
regardless of the number of undetected low-mass protostars that
may be within this larger core.

Assuming that all of the observed bolometric luminos-
ity arises from the single object detected in these high-
angular resolution images, we find that their luminosities are
>10* L, consistent with the presence of a high-mass protostar
(see Table 1). Moreover, their calculated luminosity-to-mass
ratios (L/M) are ~2500 Ly /Mg and mass column densities,
%, are ~20-50 g cm™2. These values are consistent with re-
cent theoretical models that predict critical values for L/ M >

10 Lo/Mg and £ >1 g cm™ for the formation of a high-mass
star (Krumholz & McKee 2008).

4.3. Kinematics
4.3.1. G034.43+00.24 MM 1

Previous single-dish CO (3-2), SiO (2-1), and CS (2-1) ob-
servations (17”-55") show that at least one massive and ener-
getic outflow originates from this core (Sanhueza et al. 2010).
The direction of this outflow is consistent with interferometric
12CO (1-0) and SiO (1-0) observations showing a large-scale
outflow extending from the southwest to the northeast of the
central core (outflow radius of 0.85 pc; Shepherd et al. 2007, Q.
Zhang 2010, private communication). This large-scale outflow
appears to be orientated perpendicular to an extended (~0.12 pc)
13CO0 (3-2) structure. The velocity gradient of the '*CO emission
and its morphology suggests that the emission may be tracing an
extended rotating envelope surrounding the embedded protostar
(Rathborne et al. 2008).

While the '3CO emission is resolved out by the interferometer
at the angular resolution of our new data, the emission from
the many lines of complex molecules can be used to further
probe the kinematics within this core. Unresolved at spatial
scales of 2”, we find that the line emission from the complex
molecules is now resolved in the higher angular resolution
data. Figure 4 shows the integrated intensity images for several
molecular lines detected toward this core. These transitions were
selected as they are bright, appear isolated and are unlikely to be
significantly blended. Included in this figure are molecules that
typically trace hot cores (CH3;CN, CH3;0H, and CH3;0CH3;), a
shock tracer (SO), and their isotopomers ('*CH;CN, '3CH;0H,
and 3*S0).

Toward this core we find that the emission from these
molecules peak at approximately the same location, which is
offset by ~0.25 arcsec from the peak in the submillimeter
continuum. This offset could be a result of either temperature or
chemical structure surrounding the central protostar. Moreover,
extended structure is seen particularly in the SO and CH3;OCHj3
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Figure 7. G024.33+00.11 MM1 integrated intensity images for a selection of the bright, unblended lines identified in Figure 3. In all cases the contour levels are —3¢,
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1. The cross marks the position of the peak pixel in the continuum emission. The axes on all images are labeled in

arcseconds offset from the pointing center of the observations (R.A. 18:35:08.1, decl. —7:35:04, J2000), which was taken from the low-resolution (11”), single-dish

continuum image.

lines. Channel maps for these molecular lines (Figure 5) reveal
complicated morphologies and, in the CH3;OH emission, a
~5 km s~! velocity gradient. If the emission lines from these
complex molecules do indeed arise in the immediate vicinity
of a high-mass star, then they can potentially be used to trace
a rotating disk: clear evidence for a velocity gradient indicative
of rotation exists for at least five other HMCs (see Beltran et al.
2011 and references therein).

While this velocity gradient is interesting, its direction relative
to the larger scale '*CO (3-2) and CO (1-0) structures is
puzzling. Figure 6 shows the morphology of the various tracers
with respect to the submillimeter continuum peak and to each
other. For simplicity we show the large-scale outflow using
contours of *CO (1-0) emission (Shepherd et al. 2007),
the intermediate-scale motion using the '*CO (3-2) emission
(Rathborne et al. 2008), and the small-scale motions using the
CH3OH emission.

Due to their relative location with hot cores, emission from
CH;CN or CH3OH is typically used as a disk tracer, with CO
tracing any larger scale outflow (e.g., Beltran et al. 2011). In the
case of this HMC, a simple interpretation of an outflow/disk
system is problematic. On large scales, the '*CO (1-0) emis-
sion is tracing a gradient in the southwest—northeast direction.
On intermediate scales, the '*CO (3-2) emission traces a ve-
locity gradient in the southeast—northwest direction, while on
the smallest scales the complex molecular emission shows a
southwest—northeast velocity gradient. The gas traced by the
CO (3-2) lines shows velocity gradient perpendicular to the
(1-0) emission, which may be explained by optical depth ef-
fects and excitation differences within the central core. The 90
degree change in the direction of the apparent velocity gra-
dient between the '3CO (1-0) and the (3-2) emission makes
any interpretation as pure outflow /rotation difficult. Shepherd
et al. (2007) do note, however, a second, smaller outflow
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Figure 8. G024.33+00.11 MM channel maps of the bright, unblended lines shown in Figure 7. The Vi gsr for this source is 113.4 km s~1. In all cases the contour
levels are —30, 30 to 190 in steps of 1o, where o is 0.17 Jy beam™!. While most lines peak at the Vi sg of this core (113 km s~1), it appears that the SO and 3*SO
peak at different velocities (115 and 111 km s~!), respectively. These differences may arise due to temperature and density gradients within the core.

emanating from this region that is perpendicular to the larger
outflow (and, thus, parallel to the '3CO (3-2) emission).
While the orientation of this smaller outflow is perpendic-

ular to the large-scale outflow, it is consistent with the

outflow/rotating structures seen on the smaller scales. Thus,

the structure that we seen on the small scales may correspond to
this smaller outflow and not the larger CO (1-0) and SiO (1-0)
outflows.

Nevertheless, the densest and presumably hottest gas in the

immediate vicinity of the central star (in this case traced by the
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CH;OH emission) is likely to be excited in a disk rather than an
outflow. While the velocity gradient apparent in the hot core lines
is suggestive of rotation of a disk, the angular separation between
the CH3;0H , red, and blue components is ~0725, which at the
distance to this core corresponds to linear scale of ~1000 AU
(~0.004 pc). This separation and the observed velocity gradient
correspond to a dynamical mass for the CH3CN structure of
~12 M. Because typical accretion disks are seen on spatial
scales of a few hundred AU and contain only a few solar masses
of material, the CH3;OH emission detected here is still tracing a
relatively large, rotating structure and is unlikely to be arising
from an accretion disk.

4.3.2.G024.33+00.11 MM 1

Similar to G034.43+00.24 MM1 we find that while the con-
tinuum emission is unresolved in the higher angular resolution,
the molecular line emission is typically resolved and often ex-
tended (Figure 7). Moreover, we find that for most molecules,
the peak in the integrated intensity emission is slightly offset
from the peak in the submillimeter continuum emission (marked
with a cross). The exception is for the CH3;0CH3(19;,15-185,17)
emission, which appears coincident with the peak in
continuum.

Channel maps for these complex molecules are shown in
Figure 8. Interestingly, for this HMC, the channel maps reveal
that the emission from different molecular transitions often peak
at slightly different velocities. In the majority of cases, the
emission peaks at the Vi sg of the core (~113 km s~'). However,
the SO emission peaks at 115 km s~!, while the 3*SO peaks at
111 km s~!. Detailed modeling is needed to determine whether
these differences arise due to temperature and density gradients
within the core.

5. CONCLUSIONS

Using the SMA we have obtained high-angular resolution
submillimeter continuum images and molecular line spectra
toward two cores within IRDCs. These cores are bright (>1 Jy),
luminous (>10* L), and massive (10°> M) and both show “hot
core” chemistry. We find that the continuum emission from the
cores remains unresolved at spatial scales of ~0.01 pc. From
continuum emission toward these small, hot regions, we derive
dust masses of ~8 and 26 M.

We find that both cores contain emission from numerous
complex molecules and their isotopomers, indicating the pres-
ence of “hot cores” within them. Their velocity structures
reveal complex kinematics which, for G034.43+00.24 MM1,
may trace a rotating structure surrounding the central proto-
star. Detailed modeling of the numerous molecular lines found
within these cores will reveal whether the observed kinemat-
ics arise because of temperature or density gradients within
the cores. Due to their short lifetimes, HMCs within IRDCs
may reveal important clues to the formation of high-mass
stars.
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