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NIRCam GTO “Origins” Topics, Times, and Leads

Initial Conditions Massive Star Formation:  18 hours (E. Young)
Evolution of Volatiles in Icy Clouds: 38 hours (K. Hodapp)
End of the IMF & Free-floating Planets:  12 hours (M. Meyer)
Protostars & Planets:  37 hours (J. Leisenring & T. Greene)
Physics and Chemistry of PDRs:  20 hours (K. Misselt)

Complementary NIRISS GTO:   

Star cluster slitless spectroscopy (A. Scholz & R. Jaywardhana)
Imaging Transition Disks with AMI (D. Johnstone)

Further synergies with MIRI, NIRSPEC, IDS, and ERS Teams. 



Initial Conditions of Massive Star Formation
Massive stars drive evolution of the ISM and impact local star formation.

Extreme star formation:  105 solar masses, temperatures ~ 5 – 10 K, 
column densities > 0.2 g-cm2 ( Av > 50m)

1.  What are the conditions in the earliest stages of massive star 
formation?  Core collapse or competitive accretion models predict 
differences in filament structure and local conditions. 

2.  When do the first UCHII regions emerge?  Could triggering be 
important?

Goals are i) characterize the size distribution clumps in the filaments using 
extinction mapping (minimum in opacity) and ii) search for evidence of 
the emerging clusters. 



NIRCam:  Star Formation in Molecular Ring

Left: IRAC 3-color image of the Brick (3.6, 4.5, 8 microns). Center: Herschel 70 micron  
(Molinari et al. 2011).  Right: SCUBA/JCMT 450 micron (Di Francesco et al. 2008).

Spitzer 4.5 mm, 8 mm, & 24 mm of the Snake: 
4 x 2 arc-minute box is shown. 

3276 K. Wang et al.

Figure 1. A Spitzer composite image (red/green/blue = 24/8/4.5 µm) of the ‘Snake’ nebula. The Spitzer data are taken from the GLIMPSE and MIPSGAL
legacy projects (Carey et al. 2009; Churchwell et al. 2009). The scale bar indicates the spatial extent of 5 pc at the source distance of 3.6 kpc. The arrows point
to two mid-IR sources, or protostars, as identified by Henning et al. (2010). Their ID numbers (9, 18) and associated clumps (P1, P6) are labelled accordingly.
Note this figure is plotted in the Galactic coordinate system, while other figures in this paper are in the J2000 Equatorial system.

the preferred wavelength of observations is in the sub-millimetre
regime, accessible by the Submillimeter Array (SMA) and by the re-
cently inaugurated Atacama Large Millimeter/submillimeter Array
(ALMA).

Compared to the numerous interferometric studies on massive
protoclusters (e.g. Rathborne et al. 2008; Beuther & Henning 2009;
Hennemann et al. 2009; Longmore et al. 2011; Palau et al. 2013)
and NH3 observations of IRDCs (Wang et al. 2008; Devine et al.
2011; Ragan, Bergin & Wilner 2011; Ragan et al. 2012b; Wang et al.
2012), there have been few high angular resolution studies dedicated
to pre-cluster clumps in the literature (Rathborne, Simon & Jackson
2007; Swift 2009; Zhang et al. 2009; Busquet et al. 2010; Pillai
et al. 2011; Wang et al. 2011; Zhang & Wang 2011; Beuther et al.
2013; Lee et al. 2013). Among these, only a small portion reached
a resolution better than the 0.1 pc core scale. Therefore, in the past
years we have used SMA and Very Large Array (VLA) to peer
into several IRDC clumps to study their fragmentation (Zhang et al.
2009; Wang et al. 2011, 2012, 2013; Zhang & Wang 2011). We use
SMA dust continuum emission to resolve hierarchical structures,
and VLA NH3 inversion transitions to precisely measure the gas
temperature. We strictly limit our sample to dense molecular clumps
that represent the extreme early phases (prior to the appearance of
hot molecular cores). This makes our programme unique in probing
the early fragmentation.

In one of our studies of G28.34−P1, we found hierarchical frag-
mentation where turbulent pressure dominates over thermal pres-
sure. This is in contrast with low-mass star formation regions where
thermal Jeans fragmentation matches well with observations (e.g.
Lada et al. 2008), and is consistent with studies that turbulence be-
comes more important in high-mass star formation regions (Wang
et al. 2008, 2009, and references therein). Whether this kind of
fragmentation is a common mode of the initial fragmentation, and
how the fragments grow physically and chemically, are of great
importance, yet remain unexplored. In this paper, we address these
questions by extending our study to two early clumps. The paper is
structured as follows. After a description of the targets (Section 2)
and observations (Section 3), we present results in Section 4 on
hierarchical structures (Section 4.1), masers (Section 4.2), outflows

(Section 4.3), chemical differentiation of the cores (Section 4.4) and
NH3 emission (Section 4.5), followed by discussion in Section 5
on hierarchical fragmentation (Section 5.1), shock enhanced NH3

ortho/para ratio (Section 5.2), a possible proto-binary with an out-
flow/disc system (Section 5.3), and a global evolutionary sequence
of cores and clumps (Section 5.4). Finally, we summarize the main
findings in Section 6.

2 TARGETS: D ENSE CLUMPS
I N I R D C G 1 1 . 1 1−0 . 1 2

G11.11−0.12, also known as the ‘Snake’ nebula, is one of the first
IRDCs identified by Egan et al. (1998) from the Midcourse Space
Experiment images owing to its remarkable sinuous dark features in
the mid-IR (see Fig. 1 for an overview). Shortly after the discovery
of Egan et al. (1998), Carey et al. (1998) observed H2CO line
emission, a tracer of dense gas, in the central part of the Snake,
and thus directly confirmed (in addition to the infrared extinction)
the existence of dense gas in the IRDC. A kinematic distance of
3.6 kpc was then inferred based on the radial velocity of the H2CO
line, putting the Snake on the near side of the Scutum–Centaurus
arm (see Tackenberg et al. 2012 and Goodman et al. 20131 for a
Galactic illustration). Later, Carey et al. (2000) and Johnstone et al.
(2003) obtained James Clerk Maxwell Telescope (JCMT) 450 and
850 µm continuum images for the entire Snake, and identified seven
major emission clumps P1 through P7. Pillai et al. (2006b, 2006a)
mapped the entire cloud in NH3 using the Effelsberg 100 m Radio
Telescope and found a consistent VLSR around 29.8 km s−1 along the
Snake, thus the elongated (aspect ratio 28 pc/0.77 pc = 36:1) cloud
is indeed a physically coherent entity, not a chance alignment.

As a demonstration case for the Herschel key project ‘Ear-
liest Phases of Star Formation’, Henning et al. (2010) studied
G11.11−0.12 with deep Herschel images in multiple wavelengths
and identified 18 protostellar ‘cores’ along the Snake filament,

1 See a paper in preparation at https://www.authorea.com/users/23/articles/
249.
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H. Beuther et al.: Filament Fragmentation in High-Mass Star Formation

Fig. 3. The left and 2nd panel show the Spitzer 24 µm emission in color with a stretch to increase the visibility of the mid-infrared
dark filament. The left panel presents in contours the 3.2 mm continuum emission with natural weighting and the same levels as
in Fig. 2. For comparison, the 2nd panel shows in contours the integrated N2H+(1 � 0) emission covering all hyperfine structure
components between 35 and 55 km s�1. The third and 4th panel present the 1st and 2nd moment maps (intensity-weighted peak
velocities and line-width) extracted from the isolated most negative hyperfine structure component. In the 3rd panel, the velocities
are shifted by the separation of the hyperfine structure line of 8 km s�1 to the vlsr. The contours in the 3rd and 4th panel both show
the same continuum contours as in the left panel. The black line in panel 3 gives the direction of the position-velocity cut shown in
Fig. 6. A scale-bar is depicted in the left panel.

tween the 12 cores identified in Fig. 2 and Table 1. These values
result in a mean projected separation between the fragments of
⇠0.40 pc with a standard deviation of 0.18 pc. This mean sep-
aration should be considered as an upper limit because more
fragments along the filament may exist that were not identified
within the spatial resolution and mass sensitivity of our data. For
comparison, we can estimate the Jeans length for mean densities
of the large-scale filament between 104 and 105 cm�3 at 15 K to a
range between ⇠0.23 and ⇠0.07 pc. These Jeans scales are con-
siderably smaller than the observed mean fragment separation.
Although the measured fragment separations are projected upper
limits, a di↵erence of more than a factor of 2 between measure-
ments and Jeans lengths appears significant. We will discuss this
result in the context of filament fragmentation in section 4.1.

Furthermore, the mass-to-length ratio M/l can be compared
to the critical mass per length M/lcrit in an equilibrium situa-

tion (e.g., Ostriker 1964; Fiege & Pudritz 2000a,b). Deviations
from this M/lcrit indicate non-equilibrium modes. While fila-
ments with line masses below M/lcrit expand if not supported by
external pressure, filaments with line masses strongly exceeding
M/lcrit can collapse radially perpendicular to the main long axis
of the filament. Such radial collapse would be on very short time-
scales and hence prohibit further fragmentation along the main
axis of the filament (e.g., Inutsuka & Miyama 1992). If turbu-
lent pressure dominates over thermal pressure, using ⇠2.5 km s�1

as an approximate line width from the single-dish data for the
dense gas of the IRDC 18223 filament (Fig. 1, third panel 2nd
moment map), one can estimate a critical mass to length ra-
tio (M/l)crit�turb ⇡ 84 ⇥ (�v)2 ⇡ 525 M� pc�1 (e.g., Jackson
et al. 2010), more than 20 times higher than the (M/l)crit�therm ⇡
25 M� pc�1 for an undisturbed filament using the thermal sound
speed at 15 K of 0.23 km s�1 (Ostriker 1964).
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3.2 mm continuum (left) and   N2H+ emission (right).  
Data taken at the Plateau de Bure Interferometer.
Beuther et al., 2015, A&A, 584, 67B



§ Study three Bok globules in distinct early stages of evolution. 
§ Obtain absorption spectra of ice grains against background field stars. 
§ Observe grain growth and chemistry initiated on icy grains that transmutes volatile 

budget in star (and planet) forming cloud cores. 

Specific Questions to address:

1.  What self-shielding is required for the onset of ice mantle formation (H2O & CO)?
2.  When do grain surface reactions begin leading to CO2, CH3OH, and XCN? 
3.  Under what conditions does H2O ice crystalize?

Evolution of Volatiles in Icy Clouds:  Energetics & Alchemy



B68: 17 22 38.2,  -23 49 34 (J2000) 
a stable starless large clump.

L694-2: 19 41 04.5, +10 57 02 (J2000) 
a collapsing starless core.

B335: 19 37 01.0, +07 34 10 (J2000) 
a Class 0 star-forming globule.

NIRCam: Globules in Three Evolutionary Stages



End of the IMF:  Science Goals 

• Determine the IMF 
down to 1 Mjup

• Companion Mass 
Ratios  down to 
planetary masses 
beyond 100 AU.

• Identify free-floating 
planetary mass 
objects for follow-up 
spectroscopy.
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NIRCam: Expectations for NGC 2024
• Carefully assess target density, field contamination, and our 

ability to distinguish between them. 
• “normal” IMF predicts 30+ cluster members (2-30 Mjupiter),   

30+ ejected planets (?), and 30+ contaminating field stars.
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F140M, F182M, F300M, and F335M 
gives SNR needed to sort old field 
objects (4.8 < logg < 5.2) from 2 Myr 
old members (3.1 < logg < 3.6) at temp 
(1000-3000 K) complete > 2 Mjupiter.

100+ candidates per field with < 50 % 
contamination for NIRSPEC follow-up to 
get C/O ratio.



An alternative approach:  NIRISS Slitless

GTO Leads:  A Scholz & R. Jaywardhana
Slitless spectroscopy
NGC 1333: spectra of free-floating planets 
down to 1 MJup



Proto-planets Detection & Characterization

HD 100546 K ~ 5.4 (protoplanets + disk structure) NIRISS AMI (led by D. Johnstone). 

NIRCam Direct imaging:  saturate core, PSF roll subtraction (total time 18.4 hours).

PDS70 K ~ 8.5 (protoplanets < 1”+ multiple rings) + NIRISS AMI.
SAO206462 K ~ 5.8 (protoplanets predicted at 1”) + NIRISS AMI.
MWC 758 K ~ 5.8 (protoplanets expected ~ 1”). 
HL Tau K ~ 7.4  (ALMA image show multiple rings) 
TW Hya K ~ 7.3 (ALMA and scattered light show multiple rings) 



Origins of Stars and Planets: 
You too may be assimilated… 
NIRCam+NIRISS programs are complementary, 
cross-cutting a matrix of astrophysical interest:

X - Age (pre-stellar cores to transition disks).

Y – Mass (isolated YSO to massive star-forming events) 

Z - Environment (nearby "normal" star formation, 
triggered regions, low/high metallicity).

- Whole program is greater than the sum of parts.
- Links to  exgal and exoplanet (GTO+ERS) programs. 


