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Summary of Chapters 
Chapter 1 contains my work at the U of A using the ARO 12m 

Telescope on Kitt Peak. Here, I explore the precursors for massive star 
formation by searching for ‘inflow motion’ or a collapsing of a massive 
dense cloud of dust and gas or ‘starless clump’. By conducting a survey of 
~100 starless clumps we find that the signature of massive star formation is 
rare throughout our Galaxy. (see pgs 3-16) 

Chapter 2 work was conducted at the Australian National University 
during a study abroad opportunity. Working with resources on Mt. Stromlo I 
was able to do a theoretical project relating to my work at UA. I used 
DESPOTIC to model inflowing starless clumps and added a function that 
improved its functionality. (see pgs 17-21) 

Chapter 3 completed at the Harvard-Smithsonian CfA as an REU 
student. I compared different stages of young stellar objects (YSOs) to 
Infrared Dark Clouds (IRDCs) in search of relationships between the two. 
Using the Cygnus-X star-forming region I was able to show a strong 
clustering of YSOs to IRDCs and determined a strong inclination for earlier 
stage YSOs to be clustered near the center of their associated IRDC. (see pgs 
22-46)
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ABSTRACT
Recent Galactic plane surveys of dust continuum emission at long wavelengths have identified a population of
dense, massive clumps with no evidence for on-going star formation. These massive starless clump candidates
are excellent sites to search for the initial phases of massive star formation before the feedback from massive
star formation effects the clump. In this study, we search for the spectroscopic signature of inflowing gas toward
starless clumps, some of which are massive enough to form a massive star. We observed 101 starless clump
candidates identified in the Bolocam Galactic Plane Survey (BGPS) in HCO+ J = 1-0 using the 12m Arizona
Radio Observatory telescope. We find a small blue excess of E = (Nblue � Nred)/Ntotal = 0.03 for the
complete survey. We identified 6 clumps that are good candidates for inflow motion and used a radiative transfer
model to calculate mass inflow rates that range from 500 - 2000 M�/Myr. If the observed line profiles are indeed
due to large-scale inflow motions, then these clumps will typically double their mass on a free fall time. Our
survey finds that massive BGPS starless clump candidates with inflow signatures in HCO+ J = 1-0 are rare
throughout our Galaxy.
Keywords: stars: formation — ISM: clouds — ISM: molecules — ISM: structure

1. INTRODUCTION
Massive (M > 8 M�) stars form from dense prestellar cores

within massive molecular clumps (McKee & Ostriker 2007).
The theories of the dominant physical mechanisms responsi-
ble for their formation are still polemical (Motte et al. 2017).
Do massive protostars form from the monolithic collapse of
a massive (M > 30 M�) prestellar core or do protostellar
cores accrete surrounding material and grow rapidly through
a competitive accretion with the surrounding environment?
This long standing problem in the field of star formation can
be addressed by looking for signature of large scale accretion,
determining how often it occurs, and the rate at which ma-
terial is accreting. In this paper, we present a spectroscopic
survey of the optically thick, intermediate density gas tracer,
HCO+ 1-0, searching for the signature of large scale inflow
in massive clumps in the Milky Way for which no signature
of star formation has been previously detected.

Recent blind surveys of the Galactic plane at far-infrared
through submillimeter wavelengths (i.e BGPS, ATLASGAL,
HiGAL, JPS; Ginsburg et al. (2013); Urquhart et al. (2014);
Elia et al. (2017); Eden et al. (2017)) have identified a popula-
tion of tens of thousands of massive clumps (M > 200 M�)
which do not appear to be forming stars. These objects were
classified as Starless Clump Candidates (SCCs) in the evolu-
tionary analysis of clumps identified in the 1.1 mm Bolocam
Galactic Plane Survey (Svoboda et al. 2016). The typical SCC
has a median mass of 230 M�, a size of 1 pc, a gas kinetic
temperature (measured from NH3 observations) of 13 K, and

a starless phase lifetime that scales inversely with the mass
of the clump (Svoboda et al. 2016). The clumps are starless
candidates because current Galactic plane surveys are limited
to detecting protostars with luminosities L >⇠ 30 L� at a
distance of a few kpc (Svoboda et al. 2016). Even if there
is a population of undetected low-mass protostars already
forming in them, SCCs represent environments that are in a
early stage of star formation and which have not been severely
disrupted by feedback from intermediate or high-mass pro-
tostars (Matzner 2017). SCCs are ideal locations to search
for evidence of large scale flows that may be important in the
formation of massive protostars.

A spectroscopic signature of inflow is the presence of a blue
asymmetric, self-absorbed line profile meaning that the line
peaks at smaller velocities with respect to the vLSR of the
object and the line shape is double-peaked with a clear self-
abroption dip. The general conditions for the formation of this
line profile are that the tracer must be optically thick enough to
create self absorption with increasing excitation temperature
and a favorable velocity field along the line of sight (i.e. the
flow have a component projected along the line of sight).
The presence of a blue asymmetric self-absorbed profile is
not evidence of inflow alone as other physical mechanics
(namely rotation and outflow) can also mimic similar line
shapes under the appropriate conditions (see Evans (2003)).
Generally, a convincing case can be made when the spectral
line profile is mapped over a core and radiative transfer models
are used with independent constraints on the source physical

mailto:jcalahan@email.arizona.edu
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structure, for instance a density profile derived from dust
continuum observations, to successfully model the observed
line profile. Convincing collapse signatures seen in emission
have been observed toward individual dense cores (e.g. Choi
et al. (1995), Myers et al. (1995), Narayanan et al. (1998),
Tafalla et al. (1998), Evans et al. (2005), Seo et al. (2011)).
Recently there have been observations of purported large-scale
flows toward high-mass (Peretto et al. 2013), intermediate
mass (Kirk et al. 2013), and low-mass (Palmeirim et al. 2013)
star-forming regions. A survey searching for the signature of
inflow motions has not been performed yet toward the newly
identified SCCs in the BGPS. A survey for inflow motions
towards SCCs has the advantage that their kinematics should
not be dominated by outflows since there is no detected star
formation and therefore a blue asymmetric, self-absorbed
profile is more likely to be associated with inflow.

For this survey, we chose the HCO+ 1-0 line as an optically
thick kinematic tracer of intermediate density gas in SCCs.
HCO+ 1-0 has an effective excitation density of ⇠ 1000 cm�3

(Shirley 2015). We can assess the column density at which a
particular molecular tracer becomes optically thick using

N⌧=1(Tex)

�v
= 4

r
⇡3

ln 2

⌫3
ul

guAulc3

Q(Tex)

e�El/kTex � e�Eu/kTex

(1)
where Tex is the excitation temperature of the rotational transi-
tion from u ! l with energy levels Eu and El, frequency ⌫ul,
statistical weight gu and Einstein Aul. Q(Tex) is the partition
function assuming every energy level has the same Tex (the
CTEX approximation; see Mangum & Shirley (2015)). The
threshold optically thick column density N⌧=1 is a function
of Tex and the FWHM linewidth (�v given in cm/s) where
we have assumed a Gaussian line profile. Figure 1 shows
this threshold column densities for commonly observed dense
gas tracers assuming a FWHM linewidth of 1 km/s. Typical
HCO+ column densities observed toward clumps in Galactic
surveys are in the range 1013�1015 cm�2 (Shirley et al. 2013;
Hoq et al. 2013) which are well above the threshold column
density curve for all excitation temperatures Tex < 12 K.
HCO+ 1-0 is an excellent optically thick tracer of intermedi-
ate density, sub-thermally populated gas with which to search
for the kinematic signatures of inflow. Simulations of global
collapse agree with this assertion and further illustrate that the
1-0 transition is the best transition with which to search for
inflow signatures (Smith et al. 2013).

In this paper, we present a systematic survey of 101 SCCs
located toward the first quadrant of the Milky Way in HCO+

1-0 using the 12m Arizona Radio Observatory telescope. We
present the observations (§2) and analyze the line profiles
searching the signature of inflow (§3). We find 6 inflow candi-
dates and model their line profiles using the HILL5 radiative
transfer model (§4). Finally, we calculate mass inflow rates
and discuss how this may affect the evolution of these clumps
(§4).

2. OBSERVATIONS
We observed at the Arizona Radio Observatory (ARO) 12m

radio telescope on Kitt Peak for 19 observing shifts between

lt
Figure 1: The column density at which a molecular tracer be-
comes optically thick (defined here as ⌧ = 1) at the line peak
plotted as a function of the excitation temperature. The curves
were calculated assuming a FWHM linewidth of �v = 1
km/s. The HCN 1-0 curve has not accounted for hyperfine
structure; the curve for the strongest HCN 1-0 hyperfine tran-
sition (F = 2-1) would be the plotted curve multiplied by 9/5
= 1.8.

September 2015 and April 2016 1. We tuned to the J = 1-0
transition of HCO+ at 89188.5250 MHz in the lower sideband
using the ALMA Band 3 ARO prototype dual polarization
sideband-seperating reciever. Each polarization of the lower
sideband was connected to the Millimeter AutoCorrelator
(MAC) spectrometer (denoted MAC11 and MAC12) with
0.02 km/s (6.1 kHz) resolution. The FWHM beamsize at
this frequency was 67.600. Each source was observed for 60
minutes of total integration time where we position switched
between our source and an OFF position every 30 seconds.
We identified clean OFF positions (no HCO+ J=1-0 emission
at the velocities of our sources) along the Galactic Plane
every half-degree. Observations of Jupiter and Venus were
used to calibrate the spectra from the T⇤

A scale to Tmb scale
during each shift (Mangum 1993). Figure 2 shows the beam
efficiencies for each polarization. The median ⌘mb = 0.787
for MAC11 and ⌘mb = 0.801 for MAC12. Our average
baseline RMS was �Tmb = 0.067 K for the complete survey.

Sources were selected blindly from the starless clump candi-
date list in Svoboda et al. (2016) that had NH3 (1,1) detections.
The average distance of the sources was 4.3 kpc and range
from 1.2-11.8 kpc. Our main beam size on the 12m is approxi-
mately 1.39 pc at that average distance. The average diameter
of the sources is 2 pc, indicating that our single pointing obser-
vations cover most of the clump. Many of the sources had also

1 This project was the group radio observing project of the undergraduate
Astronomy Club at The University of Arizona
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Figure 2: Main beam efficiencies derived each day for each
polarization (MAC 11 and MAC 12) and used for that day’s
data reduction. For MAC 11 the median value is 0.787 and
for MAC 12 it is 0.801.

been previously detected in HCO+ 3-2 (Shirley et al. 2013),
but since that survey sacrificed spectral resolution (only 1.1
km/s channel width) for wide bandwidth, we are unable to
use the existing 3-2 observations to systematically search for
inflow in the SCC sample. Throughout this paper, we use
the BGPS v2.0.1 catalog number (Ginsburg et al. 2013) for
the source name (i.e. BGPS 4029). The observed sample is
101 objects in the first quadrant of the Galactic Plane with
a median distance of 4.1 kpc (see Table 1). Figure 3 shows
the comparison of the mass and peak mass surface density
between the 12m sample and the complete sample of SCCs
with well constrained distances (see Ellsworth-Bowers et al.
(2015) for an explanation of how distances are determined
toward BGPS clumps). The 12m sample has a median mass
of 300 M� and is representative of the full range of observed
mass, spanning masses up to 5550 M� (BGPS 3114); how-
ever, the observed 12m sample is biased to higher peak mass
surface densities by a factor of ⇠ 2 compared to the complete
SCC sample with well-constrained distances (see Svoboda et
al. (2016)).

For the best inflow candidates (§3), we also made obser-
vations in H13CO+ 1-0 at 86754.2884 MHz. The optically
thinner H13CO+ observations were directly compared to the
vLSR from NH3 observations (Svoboda et al. 2016) as a sec-
ondary check that an optically thin line peaks in the HCO+

1-0 absorption dip. The spectrometer setup and subsequent
analysis are identical to that of HCO+ 1-0 observations.

3. RESULTS
3.1. Line Asymmetry Statistics

We observed a total of 101 starless clump candidates in
HCO+ J=1-0. Two of the spectra were not used for the subse-
quent analysis because they were non-detections at the NH3

velocity (BGPS 3534 and BGPS 5183). All spectra were visu-
ally analyzed to search for blue asymmetric line profiles with
self-absorption dips. If NH3 peaked in the self-absorption dip
of a blue asymmetric profile, it was considered a candidate for
inflow. We found that six of the 101 sources ( 6% ) were good
infall candidates. Their line profiles are shown in Figure 4.
Spectra of all observed clumps are in the appendix. There are
some negative velocities, which would suggest emission in

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
log10(Mcl [M�])
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Figure 3: The mass and peak mass surface density of BGPS
starless clump candidates with well constrained distances.
Each point corresponds to the median value of the mass and
peak mass surface density probabilty density functions (see
Svoboda et al. 2016). “12m Sample” is the subset of sources
observed in this paper.

the off positions, but any negative peaks are located far from
the source spectra and will not affect analysis.

We checked these candidates by also observing the optically
thinner tracer H13CO+ 1-0. In all cases except for BGPS
2432, the H13CO+ peak velocity agreed with the NH3 veloc-
ity within 0.2 km/s. Even in the case of BGPS 2432 where the
velocity difference between H13CO+ and NH3 was +0.57
km/s, both lines still peak within the HCO+ absorption dip.
Thus H13CO+ observations confirm that an optically thinner
line peaks in the absorption dip for all 6 candidates. This re-
sult also indicates that the NH3 (1,1) and (2,2) transitions are
good tracers of the systemic velocity of the clumps, partly due
to their multiple hyperfine lines with different optical depths.
In the subsequent analysis, we consider the six sources (BGPS
2432, BGPS 3300, BGPS 3302, BGPS 3604, BGPS 4029,
and BGPS 5021) as inflow candidates.

All of the six inflow candidates have an HCO+ absorption
dip that is slightly red of the NH3 or H13CO+ peak velocities.
This effect has been observed in other inflow surveys (He et
al. 2016; Jin et al. 2016). As described in (Jin et al. 2016),
global collapse (i.e. in competive accretion models) could
potentially create a redshifted absorption dip. This can be
tested with higher resolution observations; at the single-dish
resolution of observations in this paper, these sources remain
only candidates for global inflow.

A visual analysis of the spectra is not a robust quantitative
measure of the asymmetry in the line profile; therefore we use
�v to measure the velocity shift between HCO+ and NH3. �v
was first defined by Mardones et al. (1997):

�v =
vHCO+ � vNH3

�vNH3

, (2)

where vHCO+ is the peak HCO+ velocity, vNH3 is the peak
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Figure 4: Line profiles of our best inflow candidates. Each
profile has blue asymmetry with an NH3 peak (shown as the
red dashed line) and H13CO+ peak (shown as a green dot and
dashed line) in the self absorption dip. These were the only
sources that met these two criteria as well as had reasonable
inflow velocities as modeled in §4

NH3 velocity, and �vNH3 is the FWHM linewidth of the
NH3 lines. Ammonia parameters were taken from Svoboda
et al. (2016). With this measure, if �v is negative, it has blue
asymmetry. If it is positive, it has a red asymmetry.

Figure 5 show the histogram of �v values for the observed
SCC sample (also see Table 1). Most of the sources are
clustered within the range of �2  �v  2. One notable
exception is the source BGPS 3125 with a �v < �4. Visual
inspection of the source indicates that the HCO+ 1-0 is a
rare example of a triple-peaked spectrum with the NH3 well
aligned with a weaker peak in HCO+. Therefore, BGPS
3125 is not a good infall candidate and its large negative �v
should be ignored. All of the 6 best infall candidates have
�v < �0.48. Of the remaining sources with �v < �0.5,
eight of the sources are single-peaked in HCO+ with no self-
absorption dip, two sources are double peaked but the peaks
are nearby equal in height (BGPS 2533 and BGPS 3151), one
source is double-peaked but a poor inflow candidate due to
NH3 not peaking within the self-absorption dip (BGPS 2984),
and three sources have more than 2 peaks in HCO+. See
Figures 1 and 2 in the Appendix for spectra of all observed
clumps.

There is a very slight bias of blue asymmetry over red asym-
metry in our observed �v distribution. We use the definition
of blue excess given in Mardones et al. (1997):

E =
Nblue � Nred

Ntotal
, (3)

where Nblue is the number of blue asymmetric profiles, Nred

is red asymmetric, and Ntotal is the total number of clumps
in our sample. Using the limit that a �v is less than �.25 is a
significant blue asymmetry and greater than .25 is a significant
red asymmetry (since the ±0.25 threshold is approximately
5 times our median error in �v), we then have Nblue = 35
clumps and Nred = 32 clumps. This leaves another 32 clumps
that had a �v value between �.25 and .25 (the total number
of clumps with a valid �v value is 99 clumps). Using these
values we come to a blue excess of E = 0.03.

Compared to other surveys that calculated the blue excess
also using HCO+, our value for blue excess is on the low end.
He et al. (2015), Fuller et al. (2005), Wu et al. (2007), Purcell
et al. (2006), and Rygl et al. (2013) have each completed
survey of various stages of star formation while using the
chemical tracer HCO+. Four out of the five of the surveys
found excess values near E = .2 while one found a value near
ours at E = .02. He et al. (2015) and He et al. (2016) used the
MALT 90 survey data (Jackson et al. 2013) to calculate their
blue excess, and their pre-stellar objects were most similar
to our sample of SCCs; clumps with no mid-infrared sources
identified by a flux cut in the ATLASGAL survey. We found a
larger fraction of objects with red excess as compared to their
results. We should note that there is significant difference
between the definition of a inflow candidate between He et al.
(2016) and our paper; namely, we require the line profile to
have a blue asymmetry with a self-absorption profile while
the He et al. (2016) paper only required that the source have
�v < �0.25 in at least one optically thick tracer and no
red skewed profiles in any optically thick tracer. We find
several sources with �v < �0.5 but which are single-peaked
in HCO+ 1-0. With a single pointing survey and a large beam
that encompasses the entire clump, we cannot confidently
claim that these large negative �v single-peaked HCO 1-0
sources are good inflow candidates; the observed velocity
offset betwen HCO+ and NH3 may be due to variations in
the chemical or excitation structure of the clumps. In addition
to this, our sample was selected blindly from SCCs which had
previously been detected in NH3 emission while the MALT90
pre-stellar clumps were selected from a flux cut and therefore
represent the brightest ATLASGAL clumps in that category.

The only study with a similar blue excess to ours is that of
Purcell et al. (2006) which observed methanol masers asso-
ciated with massive YSOs. It is likely their E=0.02 is con-
taminated by strong outflow motions associated with massive
protostars which can create a red asymmetric line profile. Our
survey is unique in that we are observing the earliest stage
of star formation where there should not be strong contami-
nation due to outflows from intermerdiate or high-mass stars.
With our value of E = 0.03 we see that the earliest stages of
star formation does not strongly favor blue or red asymmetric
HCO+ 1-0 line profiles for BGPS starless clump candidates.

3.2. Comparison with Physical Properties of the Clumps
We compared �v to the virial parameter, and clump mass

as seen in Figure 5. There is no strong relationship between
�v and the mass, meaning that given a certain clump’s mass
we cannot accurately predict that same clump’s �v value. We
might have expected there to be a slight relationship that
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Figure 5: We compare �v to mass (upper left panel), virial parameter (upper right panel) , and clump radius (lower right panel).
The histogram of �v values are shown in the lower left panel. There is no obvious correlation present in the three �v comparison
graphs. The spearman-rank coefficient of these three plots is 0.19 for mass, -0.12 for virial parameter, and 0.18 for radius. The red
points are clumps with a red asymmetry �v > +.25, and the blue points are clumps with a blue asymmetry �v < �.25 while black
points fall in a middle range of �v.

suggested more massive clumps were more likely to have
a blue �v value, since the more massive clumps might be
more likely to be gravitationally collapsing, but we observe
no trend.

Another indicator of the potential for gravitational collapse
is the virial parameter, ↵vir. An ↵vir <⇠ 2 signifies that a
clump is gravitational bound and may undergo collapse. Many
of our clumps are defined as gravitationally bound, but the
�v value once again does not correlate with this parameter. It
is important to note that in our calculation of ↵vir we only
account for kinetic and potential energy but we do not account
for external pressure or magnetic field support. As discussed
in Svoboda et al. (2016), a modest magnetic field of only a
few hundred micro-Gauss is needed to raise the typical SCC
virial parameter above 2. A proper virial analysis also needs
to consider the weight of the surrounding cloud on the clump
and turbulent surface pressure (see Kirk et al. (2017)).

We were unable to find any significant trend between �v
and physical parameters of the clumps. This statement in-
cludes the six best inflow candidates which are not strongly

clustered in mass or virial parameter. Our lack of correlation
is in contrast to the recent survey of 17 massive clumps that
are 70 µm dark by (Traficante et al. 2018) which did find a
correlation between HCO+ 1-0 line asymmetry (defined in a
different method than used here) and the peak mass surface
density of the clumps; however the peak surface densities in
our survey are generally lower (see Figure 3) than the 0.1 g
cm�3 threshold for which they observe more asymmetric line
profiles.

4. ANALYSIS & DISCUSSION
Only 6% of observed starless clump candidates show a sig-

nature of inflow in HCO+ 1-0. This result, taken without
caveats, indicates that large-scale inflow motions are either a
rare occurrence in our Galaxy or that a global initial inflow
process during the starless phase is very quick, and is there-
fore only observable in a few percent of clumps. Svoboda
et al. (2016) estimated the starless phase lifetime of clumps
and showed that the phase lifetime varied inversely with the
mass of the clumps. If the low percentage of observable in-
flow signatures is attributable to a brief massive inflow phase,
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then the (Svoboda et al. 2016) relationship indicates that this
massive global inflow starless phase lasts ⇠ 60,000 years for
the median inflow candidate in our sample. However we must
consider the caveats as there are many different factors that
could result in non-detection of inflow. The detection of a
blue asymmetric profiles requires a specific set of conditions;
namely increasing excitation temperature along the line of
sight, being optically thick along the line of sight, and a favor-
able line of sight velocity field. Simulations of global collapse
show that there is a directional efficiency factor of up to ⇠ 50
]% for observing blue asymmetric line profiles with common
dense gas tracers (Smith et al. 2012, 2013), meaning our ob-
served inflow detection rate of 6% could be 12% in reality.
Furthermore, we are only sensitive to motions that are fast
enough to produce a measurable blue asymmetry meaning
that a slow flow comparable to the FWHM linewidth observed
in our large beam will not be detected. Radiative transfer
simulations (Smith et al. 2013) also show that larger beam
sizes suppress blue asymmetries. So, our observational result
is likely a lower limit to the number of clumps with detectable
inflow. In this section, we shall model and analyze the profiles
of the best inflow candidates, calculate the mass inflow rate,
and the total change in mass of the clump in a free fall time.

We model our best inflow candidates using the analytic
HILL5 model from De Vries & Myers (2005) with 5-
parameters: ⌧0 the optical depth at the peak observed line
temperature Tpk, vin the inflow velocity, vLSR, and � the
linewidth. The HILL5 model solves the equation of radiative
transfer with the assumption that the excitation temperature
is a linear function of optical depth (a ”HILL” model). De
Vries & Myers (2005) found that the 5 parameter version of
the HILL model most consistently and accurately recovered
the inflow velocity when fit to synthetic spectra created from
radiative transfer models compared to other parametrizations
of the HILL model and the simpler “two layer” model of
Myers et al. (1996). We apply Bayesian parameter estimation
to fit the HILL5 model independently to each HCO+ 1-0
spectrum. We use the affine-invariant Markov chain Monte
Carlo (MCMC) ensemble sampler emcee (Foreman-Mackey
et al. 2013) to maximize its log-likelihood function

ln p(T |✓) = �1

2

X

n


(Tn � fh5(✓))2

�2
T

�
(4)

over each channel n in the spectrum with observed main beam
temperature Tn, uniform baseline RMS �T , and HILL5 model
value (Equation 4) for parameter set ✓. Uniform priors were
chosen with ranges between ⌧0 = 0 � 10, �vLSR = ±3
km s�1, vin = 0 � 1 km/s, � = 0 � 10 km s�1, and Tpk =
0 � 100 K. This range was chosen to accommodate the range
of physical values while preventing non-physical solutions
when the model spectra extend outside the data range. Initial
guesses start with ⌧0 = 1, �vLSR = 0 km s�1, vin = 0 km/s,
� = �NH3 km s�1, and Tpk = 2THCO+ K.

The modeling results from the clump BGPS 3302 are shown
in Figure 6. The inflow velocity is well constrained to be
vin = 0.72 ± 0.03 km/s. We find good fits to all of the best
inflow candidates with inflow velocities that range from 0.25
km/s to 0.84 km/s. The median inflow velocity is 0.72 km/s

Figure 6: Here we show the relationship between infall veloc-
ity as modeled by HILL5 and clump mass. We do not find any
significant correlation here. The Spearmann rank correlation
coefficient is -0.66. We are working with a low number of
objects, and our �v analysis showed that there is no correla-
tion between radius (a factor in vin) and inflow likelihood as
represented by �v. (See figure 5). Infall velocity and other
HILL5 results can be found in the Appendix

and the median uncertainty from the MCMC analysis is 0.13
km/s. These motions, if attributed to inflow, are supersonic.
We also modeled two additional sources (BGPS 2533 and
BGPS 3151) which had nearly equal temperature blue and red
peaks. Unsurprisingly, the HILL5 model is consistent with
zero inflow velocity in these two cases.

The inflow velocities are plotted versus mass of the clumps
in the upper left panel of Figure 5. The inflow velocities do
not correlate with the mass of the clumps; however, the inflow
candidates with masses below the median 300 M� of the
sample all tend to have the largest inflow velocities.

Using the inflow velocity estimated by our HILL5 modeling,
we calculate the mass inflow rate taken from López-Sepulcre
et al. (2010):

Ṁ =4⇡R2vin⇢ =
3Mvin

R

=3068
M�
Myr

✓
M

1000M�

◆✓
vin

1km/s

◆✓
1pc

R

◆
. (5)

The highest inflow rate is BGPS 3302 with 1880 M�/Myr
and the lowest inflow rate is BGPS 4029 with 520 M�/Myr.
We are assuming complete symmetrical collapse of the clump
with all of the mass of the clump participating in the inflow
motions. The calculated mass inflow rate will be an overesti-
mate if only a fraction of the mass of the clump is associated
with inflow motions within the 12m telescope beam. On the
other hand, we only measure velocities along the line of sight,
and this geometry likely underestimates the inflow velocity
and subsequent mass accretion rate. It is not clear which fac-
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tor would dominate and therefore our mass accretion rates are
highly uncertain.

Large scale inflow has been observed in both high-mass and
low-mass star-forming regions. Peretto et al. (2013) studied
star forming regions centered at a massive inflowing filament,
similar to the type of object we are searching for. They found
a mass inflow rate of 2500 ± 1000 M�/Myr, which overlaps
with the upper range of Ṁ seen in our sample; however, this
clump is known to already be forming massive stars, and is not
starless. Liu et al. (2017) observed large-scale inflows near
1000 M�/Myr from maps of HCO+ 1-0 toward three proto-
stellar BGPS clumps that were also observed in the MALT90
survey. Barnes et al. (2010) observed a dense molecular core
undergoing gravitational collapse and also used Hill5 model-
ing and HCO+ observations. They found a mass inflow rate
of 3400 ± 1700M�/Myr which is a higher rate than most
of our candidates, but does overlap with our highest inflow
rates. Kirk et al. (2013) observed a filament inflowing into a
central region in the intermediate-mass Serpens star forming
cloud and found that along the filament Ṁ = 30 M�/Myr and
radially the rate was 130 M�/Myr. These values are smaller
than the range in which we observe, however the object they
were observing was lower in mass than our inflow candidates
(⇠ 20 M� in the filament). It is doubtful that we could detect
such low inflow rates toward BGPS SCCs given the mod-
est linewidths and our requirement that we observe a clear
self-absorption dip in the HCO+ 1-0 line profile. Setting a
lower limit of vin = 0.2 km/s to produce a self-absorption dip
for the typical BGPS SCC linewidth, then for a 0.5 pc, 100
M� clump, we have a limiting detectable mass inflow rate
of ⇠ 120 M�/Myr. Thus, it is entirely possible that we have
missed the types of inflow deteced in the Serpens star-forming
region and are only detecting massive, large-scale flows.

The candidate inflow clumps in our survey appear to be in
an earlier phase than the examples where large scale flows are
observed that are described above. The only published inflow
survey of comparable objects with calculated mass inflow
rates is the study of He et al. (2016) which analyzed spectra
towards pre-stellar clumps observed in the ATLASGAL and
MALT90 surveys. The objects are classified as pre-stellar
based on the lack of mid-infrared or far-infrared compact
source emission. He et al. (2016) find a median mass inflow
rate of 2600 M�/Myr which is higher than our mass inflow
estimates and comparable to the mass inflow rate observed
by Peretto et al. (2013) toward a massive star-forming hub-
filament complex. The He et al. (2016) inflow sample is
generally more massive (500 M�) and has higher peak mass
surface densities (0.14 g cm�3) by a factor of 3 � 4 than our
sample. As noted in §3.1, our constraints to qualify a source
as an inflow candidate are more stringent than in the He et al.
(2016).

For our six best inflow candidates, we calculate the change
in mass of the clump assuming a constant mass accretion
rate over the average clump free fall time (�M = Ṁtff ).
Using the median free-fall time for each clump calculated
in Svoboda et al. (2016), we find that BGPS 4029 has the
lowest �M of 310M� and BGPS 2432 has the highest value
of 1410M�. If we divide the total change in mass during the

free fall time by the mass of the clump we find that most of the
clumps would double in mass over a free fall time (See Table
2). It should be noted that the free fall time corresponds to the
time for the clump to collapse at the average clump volume
density and corresponds to a median value of 0.7 Myr for the
inflow candidates. This timescale is longer than the median
gas depletion timescale of M/Ṁ = 0.5 Myr for the inflow
candidates which may indicate that the clumps are growing in
mass from the surrounding medium. While most SCCs may
have a phase lifetime longer than their clump-average free fall
timescale (Svoboda et al. 2016), the inflow candidates may
be rare examples of clumps that are in a phase where they are
embedded within a supersonic flow and are growing in mass
at a significant rate.

Our single-dish survey, while a good first step for identify-
ing promising inflow candidates, cannot exclude the possibil-
ity that observed line profiles are due to unresolved motions
between dense cores within the clump. Furthermore, our
analysis of the mass inflow rates have made the very sim-
ple assumption that the total mass of the clump is associated
with the inflow motions. These objects are clearly interesting
targets for higher resolution observations (i.e. with ALMA)
which can directly address these caveats.

5. CONCLUSIONS
We observed 101 massive Starless Clump Candidates from

the BGPS survey using the optically thick, intermediate den-
sity gas tracer HCO+ J=1-0. We found only 6 clumps (6%)
had line profiles that had a self-absorption dip at nearly the
same velocity (slightly redshifted) as the peak of NH3 (1,1)
emission and had a HCO+ 1-0 peak intensity blue-ward of its
self-absorption dip (blue asymmetry). The complete sample
of SCCs has a small blue excess of only E = 0.03 indicating
that blue asymmetric line profiles are rare toward BGPS star-
less clump candidates in HCO+ 1-0. We found no correlation
between �v and the physical parameters of the clumps such
as mass and virial parameter. Using HILL5 radiative transfer
modeling of the best inflow candidates we determine inflow
velocities and mass inflow rates that range from 500 - 2000
M�/Myr. At these accretion rates, the SCCs would double in
mass over a free-fall time. These clumps may be in a phase
where they are embedded within a supersonic inflow and are
growing in mass at a significant rate.

The 12m ARO telescope has a beam size that is about the
same size or slightly larger than the clump radii we were ob-
serving. As a result, our 6 inflow candidates are only just
candidates for inflow motions. Higher spatial resolution map-
ping observations on telescopes such as the GBT and ALMA
are necessary to confirm whether these objects are truly star-
less and whether they have global inflow motions.
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APPENDIX
The Appendix contains Table 1 listing the 100 objects targeted using HCO+ with their distance (RA, Dec), distance in kpc, peak

vLSR, �vLSR , ��v value, and ��v. Figures 1 and 2 contain the 96 spectra of HCO+ detections with their NH3 peak indicated by
a red dashed line. Figure 3 has the HILL5 results of the best six candidates. The results are shown in a triangle graph showing
the parameters in columns (from left to right) and rows (top to bottom) corresponding to optical depth, vLSR, infall velocity,
dispersion, and peak Tmb.

Table 1. Starless Clump Candidates

Source ↵ � Distance vLSR(HCO+)pk �vLSR �v ��v

(hh:mm:ss)a (dd:mm:ss) (kpc) (km/s) (km/s)

BGPS 2427 18 : 9 : 33.88 -20 : 47 : 0.76 4.670 30.491 0.045 -0.108 0.032
BGPS 2430 18 : 8 : 49.41 -20 : 40 : 23.82 5.013 22.262 0.094 0.353 0.035
BGPS 2432 18 : 9 : 44.59 -20 : 47 : 10.21 4.369 29.002 0.036 -1.236 0.036
BGPS 2437 18 : 10 : 19.41 -20 : 50 : 27.45 4.437 -1.464 0.01 0.305 0.018
BGPS 2533 18 : 10 : 30.29 -20 : 14 : 44.2 4.975 30.623 0.121 -1.247 0.129
BGPS 2564 18 : 10 : 6.08 -18 : 46 : 5.64 3.013 29.404 0.038 -0.263 0.069
BGPS 2693 18 : 11 : 13.56 -17 : 44 : 54.85 2.103 18.695 0.115 -0.874 0.230
BGPS 2710 18 : 13 : 49.04 -17 : 59 : 33.25 1.200 34.246 0.027 -0.354 0.029
BGPS 2724 18 : 14 : 13.61 -17 : 59 : 52.02 1.185 34.428 0.115 -0.543 0.045
BGPS 2732 18 : 14 : 26.85 -17 : 58 : 50.93 1.191 35.082 0.07 -1.189 0.084
BGPS 2742 18 : 14 : 29.1 -17 : 57 : 21.83 1.183 34.528 0.057 -0.542 0.038
BGPS 2762 18 : 11 : 39.52 -17 : 32 : 9.4 3.304 18.597 0.062 0.459 0.046
BGPS 2931 18 : 17 : 27.51 -17 : 6 : 8.42 3.285 23.119 0.04 0.564 0.067

Table 1 continued

https://ds9.si.edu
https://www.iram.fr/IRAMFR/GILDAS/
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Table 1 (continued)

Source ↵ � Distance vLSR(HCO+)pk �vLSR �v ��v

(hh:mm:ss)a (dd:mm:ss) (kpc) (km/s) (km/s)

BGPS 2940 18 : 17 : 17.15 -17 : 1 : 7.47 3.366 19.903 0.013 -0.061 0.009
BGPS 2945 18 : 17 : 27.35 -17 : 0 : 23.66 1.178 23.031 0.013 0.585 0.027
BGPS 2949 18 : 17 : 33.74 -16 : 59 : 34.94 1.279 22.352 0.025 -0.217 0.040
BGPS 2970 18 : 17 : 5.08 -16 : 43 : 28.66 3.568 40.159 0.02 0.102 0.016
BGPS 2971 18 : 16 : 48.12 -16 : 41 : 8.91 1.815 40.371 0.059 3.434 0.160
BGPS 2976 18 : 17 : 7.84 -16 : 41 : 14.59 1.830 40.413 0.022 0.902 0.032
BGPS 2984 18 : 18 : 18.23 -16 : 44 : 52.26 1.855 17.818 0.026 -1.170 0.062
BGPS 2986 18 : 18 : 29.68 -16 : 44 : 50.69 2.014 20.446 0.017 0.660 0.025
BGPS 3018 18 : 19 : 13.88 -16 : 35 : 16.47 6.522 19.27 0.045 0.281 0.043
BGPS 3030 18 : 19 : 19.68 -16 : 31 : 39.82 1.784 18.887 0.027 -0.180 0.046
BGPS 3110 18 : 20 : 16.27 -16 : 8 : 51.13 2.005 17.217 0.006 -0.219 0.008
BGPS 3114 18 : 20 : 31.5 -16 : 8 : 37.8 1.848 23.525 0.016 0.229 0.005
BGPS 3117 18 : 20 : 6.68 -16 : 4 : 45.75 2.001 18.519 0.022 -0.032 0.028
BGPS 3118 18 : 20 : 16.17 -16 : 5 : 50.72 2.001 16.214 0.017 -0.557 0.030
BGPS 3125 18 : 20 : 6.11 -16 : 1 : 58.02 3.466 18.139 0.046 -4.215 0.216
BGPS 3128 18 : 20 : 35.27 -16 : 4 : 53.81 4.170 19.044 0.011 -0.396 0.029
BGPS 3129 18 : 20 : 12.99 -16 : 0 : 24.13 4.289 18.812 0.046 -0.781 0.080
BGPS 3134 18 : 19 : 52.72 -15 : 56 : 1.56 4.083 20.658 0.004 0.139 0.010
BGPS 3139 18 : 20 : 34.24 -15 : 58 : 14 5.408 21.103 0.037 -0.805 0.057
BGPS 3151 18 : 20 : 23.19 -15 : 39 : 31.96 3.379 38.86 0.041 -0.614 0.048
BGPS 3220 18 : 24 : 57.03 -13 : 20 : 32.39 3.874 46.916 0.024 0.190 0.009
BGPS 3243 18 : 25 : 32.74 -13 : 1 : 31.05 4.597 68.069 0.019 -0.547 0.030
BGPS 3247 18 : 25 : 14.45 -12 : 54 : 16.74 4.447 44.886 0.2 -0.344 0.244
BGPS 3276 18 : 26 : 24.92 -12 : 49 : 30.07 3.379 66.515 0.047 -0.521 0.046
BGPS 3300 18 : 26 : 28.42 -12 : 37 : 3.98 11.668 62.427 0.031 -0.704 0.031
BGPS 3302 18 : 27 : 15.23 -12 : 42 : 56.45 11.785 64.66 0.044 -0.967 0.033
BGPS 3306 18 : 23 : 34.02 -12 : 13 : 52.79 4.777 57.082 0.016 -0.030 0.023
BGPS 3312 18 : 25 : 44.52 -12 : 28 : 34.11 5.271 47.098 0.012 -0.292 0.100
BGPS 3315 18 : 25 : 33.24 -12 : 26 : 50.63 4.793 47.678 0.021 2.111 0.184
BGPS 3344 18 : 26 : 40 -12 : 25 : 15.81 4.314 65.583 0.19 -0.132 0.227
BGPS 3442 18 : 28 : 13.51 -11 : 40 : 44.94 3.442 67.007 0.003 1.165 0.022
BGPS 3444 18 : 28 : 27.26 -11 : 41 : 33.99 3.297 69.749 0.082 0.061 0.081
BGPS 3475 18 : 28 : 28.28 -11 : 6 : 44.16 3.426 77.643 0.27 0.641 0.108
BGPS 3484 18 : 29 : 15.74 -10 : 58 : 28.73 3.484 56.316 0.023 -0.017 0.041
BGPS 3487 18 : 29 : 22.77 -10 : 58 : 1.69 3.490 53.283 0.061 -0.459 0.073
BGPS 3534 18 : 30 : 33.45 -10 : 24 : 19 3.225 · · · · · · · · · · · ·
BGPS 3604 18 : 30 : 43.92 -9 : 34 : 42.15 11.010 50.725 0.013 -0.770 0.017
BGPS 3606 18 : 29 : 41.95 -9 : 24 : 49.1 4.214 49.143 0.028 -0.419 0.054
BGPS 3608 18 : 31 : 54.82 -9 : 39 : 5.03 4.081 61.869 0.121 -0.597 0.041
BGPS 3627 18 : 31 : 42.32 -9 : 24 : 29.17 4.169 82.71 0.126 1.181 0.115
BGPS 3656 18 : 32 : 49.54 -9 : 21 : 29.26 3.906 77.655 0.061 0.215 0.042
BGPS 3686 18 : 34 : 14.58 -9 : 18 : 35.84 2.939 76.927 0.121 -0.301 0.103
BGPS 3705 18 : 34 : 32.69 -9 : 14 : 9.4 3.116 63.207 0.013 0.771 0.048
BGPS 3710 18 : 34 : 20.55 -9 : 10 : 1.94 2.505 74.405 0.024 -0.113 0.013
BGPS 3716 18 : 34 : 24.15 -9 : 8 : 3.6 3.146 75.039 0.082 -0.225 0.027
BGPS 3736 18 : 33 : 28.22 -8 : 55 : 4.36 5.031 65.62 0.016 0.139 0.018

Table 1 continued
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Table 1 (continued)

Source ↵ � Distance vLSR(HCO+)pk �vLSR �v ��v

(hh:mm:ss)a (dd:mm:ss) (kpc) (km/s) (km/s)

BGPS 3822 18 : 33 : 32.06 -8 : 32 : 26.27 3.370 55.14 0.045 0.389 0.035
BGPS 3833 18 : 33 : 36.5 -8 : 30 : 50.7 4.493 56.113 0.044 0.403 0.036
BGPS 3892 18 : 35 : 59.74 -8 : 38 : 56.48 5.300 62.643 0.027 -0.816 0.015
BGPS 3922 18 : 33 : 40.98 -8 : 14 : 55.3 9.876 89.299 0.021 0.071 0.022
BGPS 3924 18 : 34 : 51.17 -8 : 23 : 40.02 5.782 81.11 0.029 -0.089 0.017
BGPS 3982 18 : 34 : 30.79 -8 : 2 : 7.36 11.582 54.019 0.054 0.109 0.073
BGPS 4029 18 : 35 : 54.4 -7 : 59 : 44.6 3.539 80.687 0.027 -0.458 0.022
BGPS 4082 18 : 35 : 10.07 -7 : 39 : 43.55 5.084 98.994 0.027 -0.433 0.024
BGPS 4085 18 : 33 : 57.05 -7 : 29 : 31.43 5.087 96.409 0.025 -0.131 0.026
BGPS 4095 18 : 35 : 4 -7 : 36 : 6.46 5.353 114.384 0.06 1.359 0.061
BGPS 4119 18 : 36 : 29.65 -7 : 42 : 6.09 5.577 54.339 0.136 -0.352 0.050
BGPS 4135 18 : 37 : 44.06 -7 : 48 : 15.35 3.572 62.11 0.047 0.618 0.022
BGPS 4140 18 : 36 : 49.66 -7 : 40 : 36.83 3.617 96.106 0.025 0.114 0.032
BGPS 4145 18 : 36 : 52.95 -7 : 39 : 49.2 4.985 96.52 0.023 -0.010 0.022
BGPS 4191 18 : 37 : 4.58 -7 : 33 : 12.26 5.123 97.211 0.019 -0.226 0.016
BGPS 4230 18 : 35 : 50.85 -7 : 12 : 23.58 5.034 109.337 0.052 1.604 0.065
BGPS 4294 18 : 38 : 51.58 -6 : 55 : 36.52 5.688 58.936 0.146 2.106 0.115
BGPS 4297 18 : 38 : 56.37 -6 : 55 : 8.44 4.973 59.254 0.025 0.464 0.024
BGPS 4346 18 : 38 : 49.58 -6 : 31 : 27.06 5.823 95.56 0.111 0.741 0.030
BGPS 4347 18 : 38 : 42.93 -6 : 30 : 27.83 5.295 95.789 0.066 1.196 0.037
BGPS 4354 18 : 38 : 51.42 -6 : 29 : 15.38 5.840 93.949 0.085 -0.013 0.045
BGPS 4356 18 : 37 : 29.48 -6 : 18 : 12.13 4.453 110.176 0.021 0.143 0.014
BGPS 4375 18 : 39 : 10.19 -6 : 21 : 15.9 3.793 92.913 0.014 -0.160 0.019
BGPS 4396 18 : 38 : 34.74 -5 : 56 : 43.97 4.266 112.998 0.027 0.241 0.026
BGPS 4402 18 : 39 : 28.64 -5 : 57 : 58.57 4.285 100.149 0.124 0.679 0.091
BGPS 4422 18 : 38 : 47.88 -5 : 36 : 16.38 3.917 111.503 0.049 0.728 0.054
BGPS 4472 18 : 41 : 17.32 -5 : 9 : 56.83 3.216 47.937 0.084 1.138 0.093
BGPS 4732 18 : 44 : 23.4 -4 : 2 : 1.21 3.782 89.609 0.074 1.020 0.060
BGPS 4827 18 : 44 : 42.45 -3 : 44 : 21.63 4.928 89.611 0.04 3.011 0.082
BGPS 4841 18 : 42 : 15.65 -3 : 22 : 26.19 4.266 83.534 0.031 -0.288 0.022
BGPS 4902 18 : 46 : 11.36 -3 : 42 : 55.73 4.656 84.262 0.136 0.050 0.056
BGPS 4953 18 : 45 : 51.82 -3 : 26 : 24.16 5.502 90.192 0.054 -0.328 0.033
BGPS 4962 18 : 45 : 59.61 -3 : 25 : 14.53 6.092 88.765 0.078 0.493 0.091
BGPS 4967 18 : 43 : 27.8 -3 : 5 : 14.94 3.681 81.2 0.021 0.697 0.025
BGPS 5021 18 : 44 : 37.07 -2 : 55 : 4.4 5.181 78.77 0.072 -0.843 0.049
BGPS 5064 18 : 45 : 48.44 -2 : 44 : 31.65 5.210 100.608 0.009 -0.081 0.011
BGPS 5089 18 : 48 : 49.88 -2 : 59 : 47.86 6.534 85.137 0.012 -0.042 0.015
BGPS 5090 18 : 46 : 35.81 -2 : 42 : 30.19 5.181 95.464 0.04 -0.554 0.036
BGPS 5114 18 : 50 : 23.54 -3 : 1 : 31.58 3.681 67.254 0.02 0.802 0.015
BGPS 5166 18 : 47 : 54.26 -2 : 26 : 7.11 6.092 102.403 0.019 -0.263 0.024
BGPS 5183 18 : 47 : 0.29 -2 : 16 : 38.63 6.534 · · · · · · · · · · · ·
BGPS 5243 18 : 47 : 54.7 -2 : 11 : 10.72 5.210 96.62 0.048 0.708 0.048

aAll coordinates are epoch J2000.0.
bDistances are the maximum likelihood distance of the DPDF (Distance Probability Density Function) in Svoboda

et al. (2016)
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Table 2. Inflow Candidates

Source vin �vin tff a Ṁ �M �M/M

(km/s) (km/s) (Myr) (M�/Myr) (M�)

BGPS 2432 0.718 0.196 0.661 823 544 2.9
BGPS 3300 0.841 0.165 0.871 607 529 3.2
BGPS 3302 0.723 0.034 0.751 1876 1408 1.4
BGPS 3604 0.728 0.119 0.704 748 526 2.8
BGPS 4029 0.296 0.130 0.593 521 309 0.7
BGPS 5021 0.347 0.082 0.694 567 393 1.0

aThe median of the free-fall probability density function calculated in (Svoboda
et al. 2016).
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Figure 1: The line profiles of the first half of the 99 clumps that have detections in HCO+. The y-axis is in km/s and the x-axis is in
Kelvin. The red dashed line shows the observed ammonia peak.
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Figure 2: The line profiles of the second half of the 99 clumps that have detections in HCO+. The y-axis is in km/s and the x-axis
is in Kelvin.The red dashed line shows the observed ammonia peak.
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Figure 3: Triangle plots of the results of the five HILL5 modeling parameters (⌧ , vLSR, vin, �, and Tpk) for the best infall candidates.
Shown starting from the upper left are 4029, 3604, 3302, 2432, 5021, and 3300 ending at the lower right.
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ABSTRACT
The motivation behind this research project is to better understand protostellar objects and their links
to early stellar formation. I utlized the pipeline DESPOTIC which takes in an inverse P Cygni line
profile of a molecular cloud undergoing infall motion, and gives back the infall rate that is required
for that line profile. Specifically for this project, I added a new feature to DESPOTIC: the radio
beamwitdh. This imporved the accuracy of DESPOTIC and this tool and my addition is used widely
in the star formation community. This addition has added to the end goal of DESPOTIC which
is to reverse engineer an observed line profile to give back the infalling velocity, the density, and
temperature profiles of the cloud.

1. INTRODUCTION

In this project, we use what we call line profiles. Line
profiles show the intensity of the radiation from a par-
ticular transition of a certain molecule as a function of
the velocity along the line of sight. A line profile can
contain information throughout the cloud because of the
Doppler effect. A certain wavelength corresponds to a
certain velocity, so we have the ability to see motion of
a cloud from front to back. An example of the line of
sight and cloud motion is seen in the top part of Figure
1. The dashed line is the line of sight.

The specific line profile we use to explore these ob-
jects is the inverse P Cygni line profile. P Cygni is a
luminous blue star that has a unique line profile. While
most stars like P Cygni have a line profile that shows
emission lines (from elements such as hydrogen, helium,
and beyond) P Cygni shows absorption lines in the bluer
wavelengths and emission lines in redder wavelengths. It
became apparent that these now called “P Cygni” profiles
come about when we are observing an object that has a
very hot center, which is surrounded by an outflowing
material1.

We will be looking at what we call “inverse P Cygni
profiles” which are the exact opposite of what P Cygni
profiles are. The objects we are looking are collapsing in
on themselves, what we call infall motion. A cartoon of
how we get a P Cygni profile is shown in Figure 1. As we
can see in that figure, we have a core that is collapsing.
There is both blueshifted light (material falling towards
us) and redshifted light (material falling away from us)
represented in the line profile. However, the blueshifted
light is more intense than the reshifted light. This is not
because there is more material falling away from us than
towards us, but instead it is an effect due to a simple
thermodynamic principle.

There are two types of temperatures in play when we
talk about radiative transfer, which is the driving force

1 https://www.aavso.org/vsots_pcyg, Oct 23rd

Figure 1. How a line profile describes a molecular cloud (Smith
et. al. 2012)

behind these line profiles, and we need to keep both in
mind when creating line profiles. There is the kinetic
temperature, with is related to the kinetic energy of a
molecule and is what we are most familiar with in day to
day life. Then there is excitation temperature, which de-
pends on the ratio between molecules in an upper quan-
tum state and a lower quantum state. These tempera-



2 Calahan

Figure 2. The first part of Figure 1, with added color to describe
the kinetic temperature within the cloud. The blue represents hot
while the red represents cold. The eye on the left is the observer.

tures can often be assumed to be equal, and when they
are, we call this state local thermodynamic equilibrium,
or LTE. If we assume a molecular cloud is in LTE, we can
derive the radiative transfer equation using the number
density of molecules in the cloud and the kinetic temper-
ature. The radiatve transfer equation is the basis behind
calculating a line profile, and is described in the next
section.

To get an inverse P Cygni line profile, we need the tem-
perature in the center of the cloud to be warmer than the
outside of the cloud. In the simplest model of a molecular
cloud, we imagine it to be four separate sheets of cloud.
This is illustrated in Figure 2. On the redshifted side,
there is a cool sheet in front of a hot sheet and contin-
uing through the cloud there is a hot sheet in front of a
cool sheet, which is the material that is blueshifted. This
is where some thermodynamics comes into play. When
we look at the redshifted side, we see cool in front of hot.
We also know that when we have a cool gas in front of
a hot gas, the cool gas will absorb a lot of the energy
from the hot gas. The reverse comes into play on the
blueshifted side. There is a hot sheet in front of a cool
sheet, so there is not as much absorption as there is on
the redshifted side. This is what causes the cloud’s line
profile to have more intensity on the blueshifted side of
the velocity spectra. This is the inverse P Cygni profile,
and is also called blue asymmetry.

However, the kinetic temperature of a molecular cloud
can be considered constant, or even cooler in the center
of a molecular cloud. This is because there is no internal
heat source within the cloud at the beginning of infall.
Only once there is a high enough density in the center
to begin adiabatic heating can we assume that the cen-
ter has a higher kinetic temperature than the outside of
the cloud. But for a very young protostellar object, we
assume that the main source of heat is from background
starlight, so the cloud is heated on the outside, but not
so much the inside, and the temperature throughout is
on the order of 10 K. So, in order to get this inverse P
Cygni profile, it is the excitation temperature that makes
the difference. In these molecular clouds, we can assume
that there is LTE near the center of the cloud, but not on
the outside, so there is a higher excitation temperature in
the center than there is on the outside. It is this excita-
tion temperature that governs the temperature difference
that allows us to see an inverse P Cygni profile.

In order to see this line profile, astronomers need to
probe the cloud using a certain molecular tracer. The

way that we look at a molecular cloud with a radio tele-
scope is we tune the telescope to a certain frequency
that corresponds to a transition from a certain excited
state of a molecule to a lower energy state. In choosing
the molecule to use, we need to be careful. We need a
molecule that is relatively abundant, that can be excited
at cold temperatures, and has a strong transition, and is
somewhere in-between optically thin and optically thick.
Optically thick means that a photon emitted in the cloud
has much less than a 50 percent chance of escaping the
cloud, but rather will be reabsorbed by the cloud. Opti-
cally thin is the exact opposite; a photon emitted has a
very high chance of escaping the cloud. A molecule that
is completely optically thin would not produce an inverse
P Cygni profile. It would be difficult to detect much from
the cloud at all. If a cloud is too optically thick, then
we do not get the asymmetry that is characteristic in an
inverse P Cygni profile.

One might think that molecular hydrogen would be a
great molecule to use, because it is by far the most abun-
dant molecule in the universe, and it is sure to be quite
abundant in a molecular cloud. However, the problem
with molecular hydrogen is that, at the low temperatures
characteristic of collapsing molecular clouds, there are no
observed excitations of the molecule at this temperature.
Other abundant molecules have different problems. It is
possible for them to be too abundant in the cloud, to a
point where the cloud becomes optically thick. We need
a molecule that not only has active transitions at tem-
peratures around 10K, but also is abundant to a point
where it is between being optically thick and optically
thin. There are a few special molecules out there that
work well. HCN, CS, N2H+, and HCO+ are all exam-
ples of molecules that still have active transitions at these
temperatures, they are all relatively abundant, as well as
being marginally optically thick. They all have the abil-
ity of creating an inverse P Cygni profile with varying
precision.

Looking out for these inverse P Cygni profiles primarily
allows us to find and identify molecular clouds that are
undergoing infall motion. This is the earliest stage in
star formation, and is not fully understood.

2. DESPOTIC AND INVERSE P CYGNI PROFILES

We are just starting to understand and create sur-
veys of these prestellar objects. Thanks to the Bolocam
Galactic Plane Survey (BGPS), we have discovered over
2200 massive starless “clump” candidates (Svoboda, et
al. 2016). “Starless clump”, being a massive molecular
cloud with no stellar activity, meaning there is no in-
ternal heat source within the cloud. From this survey,
within the 2200 line profiles, astronomers are searching
for infall candidates with inverse P Cygni line profiles
(See Figure 3). Once we find these inverse P Cygni pro-
files we want DESPOTIC, which is software to Derive
the Energetics and SPectra of Optically Thick Interstel-
lar Clouds (Krumholz, 2013) to give us the required infall
rates for these line profiles.

In order to accomplish this, we first needed
DESPOTIC to probe the cloud using a Gaussian shaped
beam, similar to a radio telescope. In its previous state,
the code was set out to create a line profile of a cloud
by assuming that radio telescope had an infinitesimally
small pencil beam. In reality, radio telescopes have a
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Figure 3. Inverse P Cygni line profiles of two infall candidates
from the BGPS survey using the chemical tracer HCO+ 1-0 (Cala-
han et. al in prep)

Figure 4. Shape of a radio telescope beama
ahttp://www.ras.ucalgary.ca/radiotel/beam1.gif, Oct 23rd

Gaussian beam (see Figure 4). In order to get the code
to make a line profile using a Gaussian beam, all we had
to do was edit the lineProfLTE.py section of code to in-
tegrate a pencil beam over a Gaussian shape which could
have a size as given by the user. We used the original
lineProfLTE pencil beam and integrated over the surface
of a Gaussian shape. Specifically, we used the following
equation to determine the intensity across the cloud:

Iavg =

Z
I(v, x0)G(x� x0)dA

Where I(v, x0) was the intensity at velocity v and offset
from the center of the cloud x’ and G(x� x0) is the Gaus-
sian equation with a specified dispersion that is given by
the user. If the user did not specify a beam size, then it
would assume a pencil beam. We would then integrate
Iavg from 0 to 1, being from the center of the cloud to
the radius. We would end up with an array of Iavg values
that corresponded to a v values. That is what became
the line profile of the cloud. Figure 5 shows two line
profiles, both with the same cloud properties, but one
being probed with a pencil beam and the other with a
Gaussian beam with sigma value being half the size of
the cloud. You can see that using a Gaussian beam in
the modeling process makes a big difference in the line
profiles. Not only does the shape change from pencil to
Gaussian, but also the peak intensity will change, which
follows what we see in observations and in the theory.

Figure 5. Two line profiles of a molecular cloud with constant
parameters except for the beam size.
This was a subtle change in the lineProfLTE code, and
a simple change to make, but can make a world of differ-
ence when modeling molecular cloud line profiles.

Now that we have a more realistic beam for our model-
ing, we need run DESPOTIC with certain density, veloc-
ity, and temperature profiles as described in Krumholz
et al. (2016) and as seen in the following equations. If
given the number density of the molecular tracer, the ini-
tial temperature T0, initial density of the cloud ⇢0, the
radius of the cloud R, and the mass infall rate Ṁ , we
have enough information to calculate the line profile of a
cloud.

T (r) = T0(r/R)�0.3

⇢(r) = ⇢0(r/R)�3/2

v(r) =
Ṁ

4⇡R2⇢0
(r/R)�1/2

These conditions of density, temperature, and veloc-
ity are derived in Krumholz et al. 2016 and describe
material free-falling onto a point mass with a constant
mass flux. From these conditions, LineProfLTE numer-
ically integrates the transfer equation, which is derived
in Krumholz, 2013 as the following:

dIf
dx

= n0
s
gue�✓l/t

4⇡Zs(T )
[e�✓/t � ⌧0(1� e�✓/t)If ]�f
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and n0
s = ns

ns(R) , t =
T

T (R) ,  = �NT
�NT (R) , u = v

v(R) , Eu

is the energy at the upper level, El is the energy at the
lower level, µs is the mass of a particle of species s, f
is a dimensionless frequency v

�E/h , gu is the degeneracy
of the upper states of the molecule, and Zs(T ) is the
partition function for species s at temperature T.

After defining the transfer equation above using the
values that the user gives us, we use the scipy integrate
function odeint, and integrate over a range of velocities
(that either lineProfLTE creates, or is given to us by the
user). What we get out of that is an array of intensity
values that we can plot verse the range of velocities in
order to plot the line profile, an example of which is in
Figure 5.

We made some changes to the lineprofLTE code in at-
tempts to make it more precise. First, we adjuted the
radius limits that we gave odeint, Originally we just gave
it the outer bounds, from the back of the cloud to the
front of the cloud. We then added a limit that was the
radius at which the line of sight velocity was, to make
sure the integrator hit that key point. We also added
points around it. A visual representation of this is seen
in Figure 6 where we graph the right hand side of the
transfer equation as a function of radius at a given ve-
locity. The radius at the line of sight is the point at which
the transfer equation peaks and it varies depending on
the velocity you are exploring. Solely adding those lim-
its was not enough, because in linear space, that jump in
the transfer equation is like a delta function, especially
when you go up to higher velocities, it is very hard for
the odeint function to find. So, we made a new definition
for the right hand side of the transfer equation. We told
lineProfLTE to integrate over a log scale where we wrote
the normalized radius in terms of a log scale. We did this
because as you can see in Figure 6, it was easy to for us
to see the point in which the transfer function peaked,
and so could odeint. We had to write a new version of
the transfer equation. We wanted the following:

dI

dlog(r)
=

dI

ds
⇥ ds

dlog(r)

Where dI
ds is from the normal transfer equation and

ds
dlog(r) depended on the location of the beam. With this
change, the resulting line profile was much more realistic,
and we had made lineProfLTE more flexible for other
astronomers using the program.

With this code, we will be able to create a line profile
with known density, temperature, and velocity disper-
sion. We can then add some noise to that line profile
and use a fitting program from scipy on that noisy line
profile. Using that fitting program and the line profile
with known features, we can figure out ways to start with
an observed profile and derive the density, temperature,
and velocity profiles of the cloud. We will have the abil-
ity to take an infall candidate from the BGPS and use
DESPOTIC to then vary the parameters until a fit is

Figure 6. Right hand of the transfer equation as a function of
radius on a logarithmic scale at a velocity of -10 km/s

found.

3. FUTURE APPLICATIONS

Despotic is a very exciting tool that is making huge
strides in the modeling and overall understanding of pro-
tostellar objects and stellar formation. With this project
in particular, we have improved the ability to model a
molecular cloud undergoing infall motion. Growing on
that, it would be incredibly helpful if we were able to
take an observed line profile and determine the density,
velocity, and temperature profile of that cloud. The sec-
ond part of the project has taken the first steps in being
able to do just that.

Within that large Bolocam Galactic Plane Survey of
2200 starless candidate, we at the University of Arizona
are combing through and blindly searching for infall can-
didates. We do this by creating a line profiles for the
best starless clump candidates and when we find an ob-
ject that has an inverse P Cygni profile, we call that a
good candidate for infall motion, which, as discussed, is
the precursor for stellar formation. After identifying and
integrating over around 100 objects, we found 6 objects
that were good candidates for infall. For further confir-
mation of infall motion, it is necessary to use bigger radio
telescopes with higher resolution in order to get a more
detailed view with the cloud. But in the meantime, there
is not much information we can get from that profile, just
that it is a good candidate for infall and we can find ways
to quantitatively express the degree of blue asymmetry.
If we were able to determine such things as the density,
temperature, and/or velocity profile of the cloud it would
unearth extremely valuable information, which would be
incredibly useful and insightful. Perhaps we can deter-
mine how good of an infall candidate it is, and then we do
not have to waste time on a highly sought after research
telescope. We could compare and contrast these param-
eters with the mass of the cloud, the distance from us,
and the size of the cloud, which is information we have
from BGPS. The possibilities seem endless if we could get
that information just from a cloud’s line profile. There
is just still so much we do not understand about stellar
formation, and being able to answer a few of these ques-
tions will help us understand these objects that underlie
everything from planetary to galactic evolution.
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ABSTRACT

Star formation is one of the most important physical processes in the universe. It impacts planet
formation, stellar evolution, cosmology, supernovae and everything in between. However, many details
about how molecular clouds collapse and form stars remain poorly understood. Massive stars are
known to form within infrared dark clouds (IRDCs), so here we determine the relationship between
the dark cloud mass and the population of young stellar objects (YSOs) associated with the cloud
to shed light on the physical processes occurring within these star forming regions. We chose to use
a sample of IRDCs and YSOs within the Cygnus-X region, a close-by giant star formation complex
that has every stage of star formation represented. Using observations from IRAC, MIPS, PACS,
and SPIRE on Spitzer and Herschel we were able to obtain data for a sample of 30,903 YSOs and
167 IRDCs. We derived the class of each YSO as well as YSO and IRDCs masses from the flux
information. Using these parameters, as well as their locations in the cloud, we were able to sort
IRDC fragments into larger filaments and associate a set of YSOs with each IRDC. By measuring
and comparing parameters such as YSO total mass, number of YSOs, Class 0, Class I, and Class
II populations, distance from host filament, and filament mass we were able to test for correlations
between the YSO and IRDC parameters. We find that Class 0 and I objects are located more closely
to their host IRDC than their Class II counterparts. We also find that high-density IRDCs are better
environments for star formation than low-density IRDCs. However, we find no correlation between
the total mass of the IRDC and the YSO parameters.

Keywords: stars:formation — YSOs — IRDCs — Cygnus-X

1. INTRODUCTION

Understanding star formation is key to understanding
many other areas of astronomy. Young Stellar Objects,
or YSOs, have jets of outflowing material that can dis-
rupt accretion and eject materials into the ISM which
are crucial to continued star and planet formation. The
study of exoplanets relies on a better understanding of
star formation, especially concerning later stage YSOs
with accretion disks, and it opens the door to many
new questions in astrochemistry as to how and where
in the disk planets form and evolve. YSOs are formed
from clouds of dust and gas called Infrared Dark Clouds
(IRDCs) (Perault et al. 1996) since in the Infrared they
are seen as dark. Massive YSOs and IRDCs have been
di�cult to observe and thus our understanding of mas-
sive stars is missing crucial pieces of information. There
have not been many large surveys of massive objects, so
specific questions of their formation remains unanswered.
The way an IRDC is depleted of mass on a macro scale
is yet to be observed and understood. Massive YSOs

may be associated with larger mass IRDCs, since they
have more material for the YSOs to use. Or perhaps the
less massive IRDCs host larger mass YSOs, because the
YSOs have depleted much of the mass. Additionally, how
many protostars will form from a massive IRDC? Given
one massive IRDC, is it more likely to form one mas-
sive YSO, or a cluster of YSOs? What defines the num-
ber of protostars that an IRDC can create? Where are
these YSOs formed, and where do they end up? There is
the assumption that later stage YSOs are located farther
from their host IRDC than there younger YSO relatives.
There’s also the assumption that high-density IRDCs are
better at forming stars than low-density IRDCs. Can we
actually observe this? In order to answer some of these
questions, we need to observe IRDCs and their associ-
ated YSOs. The Cygnus-X region allows us to observe a
large sample of IRDCs and YSOs in detail.
Stars are formed from the largest objects in the Galaxy,

molecular clouds. These complex objects span multiple
parsecs, full of dust and gas. Within molecular clouds,
denser regions are called Infrared Dark Clouds (IRDCs)
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(Perault et al. 1996). Stars form in these IRDCs, usu-
ally in a clustered pattern. Stars start to form once the
IRDC reaches a critical density that allows for gravita-
tional collapse which can be triggered by a supernova or
massive star in the area. Once material in the clump
starts to undergo infall, the cloud can amass enough ma-
terial to spark fusion, which marks the beginning of an
embedded protostar. The protostar then starts to accrete
matter onto a disk as it starts to dissipate the cloud that
surrounds it. Eventually the envelope of gas and dust is
completely gone, and the protostar is much more appar-
ent. It has reached the last stage of protostellar forma-
tion once the disk has dissipated and the spectrum we
get not too unlike a pure stellar black-body spectrum.
A YSO goes though di↵erent classifications which corre-
spond each of these stages.They are assigned a Class 0, I,
II, or III, which is defined by its Spectral Energy Distri-
bution (SED). An SED is a plot of flux as a function of
wavelength. Examples of SEDs and their assigned Class
are shown in Figure 1. The specific stage of evolution is
defined by the slope ↵ between 2-20 µm(Lada 1987).
We understand these basic steps as a star goes from a

cloud of dust and gas into an evolved protostar and into
a star, but we have not been able to observe many of
these stages and compare them to each other until very
recently. This process takes place from either hundreds
of thousands or millions of years, depending on the mass
of the initial cloud, so it is impossible to observe one con-
tinuous evolution of a protostar. So to better understand
how a star forms, we must put together the snapshots of
formation by observing YSOs in di↵erent evolutionary
stages that are found in our Galaxy.
In order to study these snapshots of formation, we need

to study a region that has a large number of YSOs at the
various stages of evolution and a range of masses. There
must also be complexes of IRDCs in order to compare
mass and clustering patterns against the YSOs in the
same area. Cygnus-X is a massive star formation com-
plex located in the constellation Cygnus at 20h 31m and
+40d 20s and spans 5 degrees by 5 degrees. It is one
of the most massive continuous star formation regions
(Schneider et al. 2006) and is relatively close to us. This
makes it an ideal region to study massive star formation
on a large scale. It has every stage of star formation,
from IRDCs to late stage YSOs. By surveying the re-
gion, locating each YSO and sorting them by class, we
are able to study these di↵erent stages of evolution.
One aspect of star formation that we can examine is

the relationship between the IRDC mass and the stars
that form from that cloud. A certain minimum density
and opacity is necessary in order for any star formation
to take place so that the forces of gravity overpower the
pressure within the cloud. We would expect the more
massive IRDCs will produce more massive and a greater

Figure 1. A Diagram of the di↵erent Classes of YSOs
with its morphology on the right column and its cor-
responding SED on the left. In the SEDs, the shaded
region is flux from the protostar and the dotted line is
from the disk. Figure source: Maeder (2009, Chapter
19.1); via Laws (2017, Figure 2)

number of stars. With the available data we can probe
the relationship between IRDCs and YSOs to better un-
derstand the process of how IRDCs collapse and form
stars. By looking at these di↵erent stages of YSOs, we
can travel though time and see how a protostar evolves.
Knowing if mass increases, decreases, or stays the same
from IRDC to YSO will be an important addition to our
understanding of star formation. We measure the mass
and can estimate density of IRDCs in our survey from
the flux collected. We measure the mass of our mostly
unresolved YSOs, by using their SEDs to determine their
physical characteristics. By creating an SED we can es-
timate properties of the object in question. SEDs have
been used to better understand YSOs, although it cer-
tainly is not trivial to measure an accurate SED if the
YSO is unresolved (Robitaille et al. 2007), as most of our
YSOs are.
We used both our own data and publicly available data

from the Spitzer Space Telescope. Using our observations
we constrained the location and flux measurements of
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YSOs and IRDCs in the area. We are assuming Cygnus-
X to be between 1.4±0.08 kpc (Rygl et al. 2012) and the
extinction, AV to be between 5 and 10. When measuring
the flux of a YSO in Cygnus-X, it was assumed that all
of the flux measured on a single source belonged to a
single YSO. There is the possibility for there to be a
binary or other multiple protostar system giving o↵ two
indistinguishable flux measurements. This is a common
assumption, since there is not currently a way to observe
two protostars forming in the same region, and studying
multiple star formation is a brand new field of study.
In this study, we hope to explore the relationship be-

tween IRDC mass and YSO mass and population. We
also hope to map the position of di↵erent classes of YSOs
to see if YSOs are clustered around IRDCs, which they
may be associated with. We also want to explore the lo-
cation of young YSOs and old YSOs and use our results
to test present day theories. We expect younger YSOs to
be located near the center of their associated IRDC and
that older YSOs are located a bit further out than their
younger counterparts, since they have had more time to
drift away from their formation point and the cloud has
dissipated some. We also would like to test the idea that
IRDCs with a strong power-law tail in their flux distri-
bution are more likely to host star formation. If true,
it would suggest that high-density IRDCs are better at
forming stars than low-mass IRDCs.

2. OBSERVATIONS

Figure 2. A map of all of the overlap between Herschel
wavebands and IRAC data. Our IRAC data is shown
in red while the Herschel 70, 100, and 160 µm point
sources are shown together in pink, green, and orange
respectively. Each survey has a varying degree of overlap.
The 70 µm has 2,552 objects in common with our IRAC
catalog, 100 µm has 60 and 160µm has 2,447 objects.

Figure 3. A map showing all of the SPIRE data available
to us (blue) and how it corresponds to our IRAC data
(red). There were 300 YSOs in the SPIRE catalog that
were also in the IRAC data. This is about 1% of our total
sample, but any additional flux points will help constrain
the YSO mass estimates

Figure 4. A map showing all the YSOs in Cygnus-X that
we have at least three flux values for. The dots in red are
YSOs that also have flux values taken from either PACs
or SPIRE, or in rare circumstances, both. These are all
the objects we ran though the SEDfitter in order to get
their mass estimates.

2.1. IRAC and MIPS observations

We used data from surveys of the Cygnus-X region
(Hora et al. 2007, 2009; Hora 2011) which used the IRAC
(Fazio et al. 2004) and MIPS (Rieke et al. 2004) in-
struments on the Spitzer Space Telescope (Werner et al.
2004). In the survey of the Cygnus-X region, over 3 mil-
lion sources were detected, and out of that survey 30,903
objects were identified as a certain class of YSO using
the techniques described by (Saral et al. 2015).
Up to eight flux measurements can come from the

Spitzer catalog. There is near-IR data (J, H, K) from
2MASS or the UKIDSS survey, and IRAC was sensitive
to 3.6, 4.5, 5.8, and 8 µm, while MIPS was at 24 µm.
A select few will also have additional flux measurements
from PACs or SPIRE. The more flux measurements from
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di↵erent bands will allow us to have better approxima-
tions for the mass of each YSO. Figures 2 and 3 show
the overlap between each survey and the Cygnus-X re-
gion. Figure 4 shows the YSOs found and classified in
the IRAC survey and red dots are YSOs that overlap
with either a PACs or SPIRE survey. All figures were
made using TOPCAT (Taylor 2005).

2.2. PACS and SPIRE observations

One of our major goals is to determine a well-
defined mass estimate of as many YSOs in Cygnus-X
as possible. We utilized surveys from the PACS
(Poglitsch et al. 2010) and SPIRE (Gri�n et al. 2010)
instruments on the Herschel Observatory (Pilbratt
et al. 2010) in order to do so. Data was taken from
the publicly-available Herschel point source catalog
(https://www.cosmos.esa.int/web/herschel/pacs-point-
sourcecatalogue) at 70, 100, and 160 µm. The first
version of the Herschel/PACs point source catalog has
half a million entries and was publicly released in May
2017. The entries were distributed over the three bands
that the instrument was sensitive to. The entire survey
mapped approximately 8% of the sky in the far infrared.
The 70 µm band has an allowed angular resolution of
5.6”, the 100 µm band has 6.8” and the 160 µm band
has 11.3”. The goal of the survey was to collect point
source flux measurements along the galactic plane as
well as star forming regions, such as Cygnus-X. The
overlap between each of the bands and the Cygnus-X
region is shown in Figure 2. All together, each of the
bands have 2,447 point sources that are located in the
Cygnus-X region.
SPIRE had surveys in the 250, 350, and 500 µm wave-

bands. There were a total of 1.6 million entries over the
three bands. The SPIRE instrument was able to cover
9% of the sky in sub-millimeter wavelengths. The 250
µm band had an angular resolution spanning 17.9”, the
350 µm spanned 24.2”, and the 500 µm spanned 35.4”.
The survey avoided regions with strong galactic emission,
mostly along the galactic plane. The first round of pub-
licly available data was released in February 2017. The
overlap between the SPIRE survey and Cygnus-X is seen
in Figure 3, and there were 300 objects that were in the
region.

3. RESULTS

3.1. SED Fitting

Using TOPCAT, we combined all of the individual cat-
alogs into one master catalog containing all of the near-
IR, IRAC, and MIPS objects plus all available flux from
Herschel. Only 815 YSOs, or 2.6%, had any extra data
from PACs or SPIRE (see Figure 4). However, any extra
data points will help constrain the SED fit and make the
results all the more accurate.

We used the Python script SEDfitter (Robitaille et al.
2007) in order to make our mass estimates of the YSOs
in the Cygnus-X region. SEDfitter takes in flux measure-
ments along with filter, aperture, range of extinction, and
distance. SEDfitter compares these data to 20,000 dif-
ferent models of SEDs at 10 di↵erent viewing angles, or
200,000 di↵erent possible SEDs (Robitaille et al. 2007).
The 10 di↵erent viewing angles are important to model
because we will be viewing YSOs at a random assortment
of angles, from the disk being parallel to our line of sight
to perpendicular. We have a total of 30,903 YSOs iden-
tified in the Cygnus-X region. SEDfitter will attempt
to get mass estimates for each one. We can be more
confident of SED fits with three or more data points, es-
pecially points that vary widely across the wavelength
regime. So our 815 YSOs with extra flux data points in
the far infrared and sub-millimeter bands will be partic-
ularly interesting and, ideally, more accurate.
SEDfitter makes a few assumptions. Primarily, we as-

sume that the system SEDfitter is modeling, with the
disk and envelope disbursement detailed in the Intro-
duction section, is a good physical approximation of the
YSOs. In particular, we assume that every star, regard-
less of mass, goes though that sequence. Each of the
200,000 models have a unique angle that limit the pos-
sible mass estimates, and they also make common as-
sumptions such that the gas to dust ratio in the ISM is
1:100 and Rv = 3.6. For a particular object, one or more
of these assumptions may be incorrect, resulting in the
best fit model being di↵erent from the physical situation
in the YSO. However, we have a large number of YSOs
and the fitting process is the same for all objects in the
region, so we should be able to see relative di↵erences
in the distribution of YSOs and their properties around
di↵erent IRDCs, even if individual objects have fit errors.
After running our 30,903 objects through SEDfitter,

there were 30,625 objects where fits were found within
the maximum chi-squared constraints. We used an ex-
tinction range (AV ) of 5 to 10 and a distance range of
1.3 to 1.5 kiloparsecs. As a result we received our 30,625
YSOs with mass estimates that corresponded to their
best fit SED along with maximum and minimum mass
values. A mass distribution of all YSOs can be seen in
Figure 7. Unsurprisingly there are more low-mass YSOs
than high-mass, with a total of 69 high-mass YSOs. We
used these mass estimates in our subsequent analysis as
we grouped clusters of YSOs to filaments of IRDCs.

3.2. Calculating IRDC Fragment Mass

In order to determine the mass of an IRDC of gas and
dust that contain multiple IRDC fragments, we located
and measured the size of individual IRDC fragments by
surveying over our sampling region and looking for sta-
tistically significant absorption regions as compared to
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the background emission. Each IRDC can then be rep-
resented in a box region file in DS9 (?) containing the
RA and Dec as well as the width and height, see Figure
24.
The area of each IRDC was found by measuring the

number of pixels (npix) in absorption regions and mul-
tiplying that value by the pixel per area value of IRAC
photometry, which is Apix = 1.56 ⇥ 1036cm2. There is
an oversampling factor, fos = 7.7, that we have to divide
the raw area calculation by to get a final area estimate
of an IRDC (T. Armstrong 2011).

AIRDC =
Apixnpix

fos
(1)

Our mass estimates of IRDCs are based on the meth-
ods in (Ragan et al. 2009) and is supported by 13CO
observations on infalling gas. Mass estimates are derived
from 8 µmabsorption observations which are used to find
optical depths which are then paired with our IRDC area
estimate to find the mass of the cloud. To find the op-
tical depth, ⌧8µm, we use our IRAC observations of the
background noise, IBG and measured flux from an IRDC
in 8 µm, I8µm.

⌧8µm = ln
IBG

I8µm
(2)

The column density N(H) can then be found by taking
the optical depth and dividing it by the dust absorption
cross section at 8µm, �8µm, and the correction factor fos
(T. Armstrong 2011).

N(H) =
⌧8µm

�8µmfos
(3)

Using the column density and the area of the cloud,
we are able to find the mass of an IRDC:

MIRDC = 1.16mHN(H)AIRDC (4)

Where 1.16 is the correction factor for helium, and mH

is the mass of hydrogen. The mass distribution of IRDCs
in the Cygnus-X complex from this method is shown in
Figure 5.

3.3. Filament and YSO Grouping

Using this information we wrote a Python script to
sort each of these individual IRDCs into larger groups of
entire filaments. By sorting the clouds into groups, we
determined the mass of each filament by using the pre-
viously calculated mass information. See the Appendix
for a detailed explanation of how the code sorted IRDC
fragments and YSOs. With the newly grouped IRDCs,
we were then able to assign YSOs to filaments in order
to compare their di↵erent qualities.

Figure 5. The distribution of IRDC fragment masses.
The y-axis is in log scale, and the last bin at 200 M�
contains all masses above 200 M�, which there is only
one of and it is located near 500 M�. Many clouds that
were found to have a low mass (less than 1 M�). The
masses estimates were results from the method described
in Section 3.2.

Figure 6. The resulting filament masses that our code
found. Any filament with a mass higher than 150 M�
was put in the last bin. The most massive was near 800
and there are two others above 150 M�, one near 200
M� and the other 250 M�. These extreme mass IRDCs
are interesting objects in themselves, and are worth ex-
ploring separately. Detailed explanation of the code and
how it made estimates of the IRDCs is in the Appendix.

Using our calculated values for each of the individual
IRDCs (Figure 5), we were able to determine the mass
of entire filaments (Figure 6) using the python script as
described in the Analysis section. We defined 200 arcsec-
onds in declination and 300 arcseconds in right ascension
to be the distance that the edge of two clouds had to be
from each other to be considered part of the same fil-
ament. These limits did well in grouping IRDCs that
were associated with a filament while leaving out iso-
lated IRDCs. Table C1 in the Appendix shows all our
results from our Python filament sorting code. The table
presents information on each individual group/filament
in each row. Our final IRDC list has 167 members, with
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Figure 7. The YSO mass distribution as found by SED-
fitter. The plot includes all 30,623 sources in the Cygnus-
X region. There were 278 YSOs that were not within the
maximum chi-squared constraints. With these mass es-
timates of the YSOs in conjunction with our code we can
now compare the mass of the YSOs with their associated
IRDCs.

Figure 8. A comparison of the mass distributions of
IRDCs and YSOs. All IRDCs greater than 12 M� are
put in the last bin. This is an example of one group (blue)
and its corresponding YSOs (green). This group is fila-
ment number 0 (Table C1). It is a typical distribution
of, with the YSOs mainly being smaller and IRDCs also
having larger number of small IRDCs, but with outliers
well beyond the masses of YSOs.

some long filaments, and many IRDCs that contain only
one or two from the original list. We found the most
massive filament to be just over 800 M�. The next most
massive filament was 263 M� and 52 filaments were over
10M�. The average mass of a filament was about 20M�.
A histogram representing the masses in M� in Figure 6.
The result of the IRDC grouping in the central region

of Cygnus-X is shown in Figure 10. IRDCs assigned to
the same group are shown in the same color. The groups
overlaid on the full Cygnus-X region are shown in the
Appendix, Figure 25. Using our newly constructed list
of 167 IRDCs, we then determined which YSOs were
associated with each IRDC in our list. We previously

identified YSOs in the area and know their location and
classification by using IRAC, MIPs, PACs, and SPIRE
surveys, as detailed in the Observations section. A to-
tal of 30,623 YSOs had mass information in addition to
location and class, and these were grouped according to
their proximity to the IRDCs. YSOs were grouped with
an IRDC if they were within 350 arcsec of the center of
the nearest IRDC fragment. If they were within that dis-
tance of more than one IRDC, they were grouped with
the closest IRDC. Out of the 30,623 YSOs, 11,830 were
within in a 350 arcsecond radius of a filament. Here, we
are assuming that the YSOs within 350 arcseconds of an
IRDC are associated with that IRDC. It is important to
note that that is not necessarily true. There are back-
ground or foreground YSOs that may not be physically
near the IRDC but their projection from our perspective
makes it appear to be very close to the IRDC. There will
be a random sample of YSOs within Cygnus-X that are
not physically associated with their nearest IRDC on the
sky. However, when looking at all of the YSOs in the re-
gion, there is a clear clustering pattern around IRDCs,
and a much lower density of objects in other areas (see
Figure 28). Randomly distributed YSOs will contribute
equally to all IRDCs according to their area, and will
not a↵ect our analysis of YSO clustering as a function
of IRDC properties. Figure 26 shows the clustering of
YSOs around their respective filaments.

3.4. Comparing IRDC and YSO Parameters

To study the relationship between the YSOs and their
presumed host filament, we compared various parame-
ters of YSOs to their filament mass. The highest mass
YSO vs. IRDC mass for each of the groupings is shown
in Figure 13. The total number of YSOs as compared to
filament mass is seen in Figure 15. The combined mass
of all the YSOs versus the filament mass is seen in Fig-
ure 14. We derived mass distributions for each of the
YSO clusters and calculated the slope of each mass dis-
tribution. An example of a mass distribution for a single
filament and its corresponding YSOs is seen in Figure 8.
All 166 clusterings of YSOs had their own mass distri-
bution, resulting in 166 di↵erent slopes which we could
then compare to the IRDC filament mass, which results
in Figure 11. A plot showing the number of Class 0,
I, and II objects corresponding to each IRDC is seen in
Figure 16. In order to get a better idea of how many late-
stage vs. early-stage YSOs each filament had around it,
we calculated the ratio of Class 0 and Class I objects to
Class II objects. Each filament had a ratio of early and
late stage objects that we can then compare to the mass
of the filament, as well as noting the ratios though out
the entire cloud, regardless of location or corresponding
filament. Figures 17 and 18 show these ratio results.
Combining many of these parameters, we can attempt
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Figure 9. A sample of 14 di↵erent mass distributions for di↵erent combinations of YSO mass and IRDC filament
mass. From left to right the total mass of the filament increases and the total mass of all the YSOs is increasing
upwards. Each mass distribution is a histogram of the di↵erent masses of individual YSOs, with frequency on the
y-axis and mass in solar masses on the x-axis. Each mass distribution corresponds to a group of YSOs that are all
clustered around the same filament, and their group numbers are in the upper right of each graph. The group number
corresponds to Table C1 in the Appendix.

to get a better understanding of the region by looking
at how the di↵erent values of ratios are spread through-
out Cygnus-X. We created a plot of the region with the
location of each IRDC at a circle. The circle was given
an area proportional to its mass and a color correspond-
ing to the ratio of early to late stage YSOs. This map
would be able to show us if there is any pattern in the
way YSOs are spread out on a larger scale. The resulting
map is Figure 12.

4. ANALYSIS

4.1. Mass Distributions

This Python code was also able to output arrays con-
taining individual mass information of IRDCs and YSOs
within groups that correspond to each other. With these
arrays we were able to create simple mass distribution
diagrams comparing individual filaments and clusters.
Figure 8 is an example of comparing the IRDC mass dis-
tribution and the YSO distribution. In one way that it is
typical is that the YSOs greatly outnumber the IRDCs,
so the YSO mass distribution will have a better defined
slope than the IRDCs. The IRDC distribution is also
more widely dispersed with many low mass IRDCs but
the occasional massive IRDC (> 8M�) being sprinkled
around sparsely.
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Figure 10. A view of a region within Cygnus-X with a
strong dark cloud filament that is easy to pick out by
eye. Each image is approximately 3,244 arc seconds by
6,340 arc seconds and was taken using the IRAC channel
1 at 3.6 µm. The bottom image shows the region files
that had been sorted using the methods described in the
Appendix. The boxes that are in the same color represent
one IRDC. Larger IRDCs, such as the one in green, can
be described as a filament. But then there are IRDC
fragments that were not near any others, so they were
sorted to be a ’group’ on their own.

Figure 11. The slope of the YSO mass distribution vs
IRDC mass in log-log scale. A slope near zero would
indicate there is a nearly even spread of high mass and
low mass YSOs and a more extreme slope would indicate
there are many more low mass YSOs than high mass.

Each grouping of YSOs had a mass distribution and
examples of group mass distributions are shown in Fig-
ure 9. A linear fit was found using polyfit in Python and

the slope was extracted in order to describe the mass
distribution in a way where we could compare it to its
corresponding IRDC filament. Figure 11 shows how they
relate to each other. The slope did not correlate very
strongly with the IRDC filament mass, however it very
strongly correlates with YSO mass and number. No mat-
ter the number of YSOs, there are always going to be a
high number of low mass YSOs and a few high mass
YSOs. As the number of YSOs increases, there will be
more and more low mass YSOs and continued wide range
of high mass YSOs. The slope is always negative and only
approaches zero when there are few YSOs in the group.
A more extreme slope corresponds to a higher number of
YSOs, since it is very common for there to be low mass
YSOs. One can see that YSO mass may have more of an
e↵ect on the slope by observing the ranges in Figure 9.

4.2. YSO and IRDC Relations

We compared five di↵erent parameters of the YSOs in
each group: the highest mass YSO, the total number of
YSOs, combined mass of all the YSOs, the number of
Class 0, I, and II objects, and the ratio of Class 0 and I
to Class II objects. The comparisons are shown in Fig-
ures 13, 15, 14, 16, and 17. Unsurprisingly, the combined
mass of the YSOs in the cluster does not indicate with
any precision the mass of its host IRDC. This is seen in
Figure 14. The points trend upwards, although there is
wide scatter with the points. The mass of each IRDC
tightly corresponds to the area of the IRDC, as seen in
Equation 4. The more massive the IRDC, the more area
it will covered, and the more area it covers the more
YSOs it will be associated with. The more YSOs associ-
ated with a cloud, the more massive the combined mass
of the cluster will be. Because of that we expect some
correlation between IRDC mass and YSO mass. Fig-
ure 14 has this positive slope, as expected, but the wide
scatter in the points suggests that we cannot purely rely
on the total mass of the YSOs to correspond to IRDC
mass or vice versa. There are plenty of outliers and scat-
ter among the points that keep us from proposing the
two properties strongly relate to each other. A similar
conclusion can be made when comparing the number of
YSOs near the IRDC filament (Figure 15). Considering
the fact that there is a trend that more massive IRDC
filaments cover more space, they are naturally going to
include more YSOs, which will explain the positive slope
of the plot. Since the total mass of the YSOs directly
related to the number of YSOs, there are very similar
patterns between the two graphs.
Another property we would like to explore is the num-

ber and clustering of di↵erent types of YSOs around the
Cygnus-X region. Figure 16 shows the relationship be-
tween the number of Class 0, I, and II objects and its
associated IRDC. The distributions look similar to what
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Figure 12. A map showing the Cygnus-X region with colored circles with area corresponding to the filament mass and
color corresponding to the ratio of early to late-stage YSOs near the filament. The ratio was found by the sum of the
number of Class 0 and Class I objects over the number of Class II objects in the YSO cluster that was associated with
a certain filament. Ratios that were high (red) had more young YSOs while ratios that were near zero (dark blue) had
only late stage YSOs

is seen for the total YSO mass versus IRDC mass in Fig-
ure 14 which suggests that the mass the the filament does
not predict the types of YSOs around it. Another way
we can visualize the spread of types of YSOs is by find-
ing the ratio of early-type to late-type and plotting that
ratio versus IRDC mass. This relationship is plotted in
Figure 17. Once again, we can see that there does not
seem to be any correlation between the ages of nearby
protostars and their host IRDC’s mass. Figure 12 repre-
sents the location, Class 0+I to II ratio, and IRDC mass
of each group. There is not a strict segregation of regions

according to the YSO class, although there may be some
large scale trends the macro scale. There are several red
and orange IRDC regions in the eastern and northwest
regions, and the central regions are dominated by more
moderate ratios, represented by the green colors. There
are very few clusters of YSOs that have ratios greater
than .45 and everything under .5 has significantly more
Class II objects than Class 0 and Class I objects.
Within these filaments, there is an assumption that

Class 0 will tend to be close to the filament, Class I
objects will be a bit farther out, and Class II objects
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Figure 13. The relationship between the most massive
YSOs in each group and its corresponding IRDC fila-
ment mass in log-log scale. Each point corresponds to
an identified IRDC filament and its nearby YSOs. We
do not see much of a trend here, which is not surprising.
The most massive YSOs in each group has an element of
randomness, a better metric of comparing mass of YSOs
to IRDCs would be combining the total mass (Figure 7)

Figure 14. The relationship between the total combined
mass of YSOs in each group to its corresponding IRDC
filament mass. Both axis are in log scale. Each point cor-
responds to an identified IRDC filament and its nearby
YSOs. There does seem to be a slight upward trend,
which is expected, since there will be more YSOs near
more massive/extensive IRDCs (see Figure 15). The
more YSOs the more massive their combined mass, which
would explain what we see in this plot.

even farther out. We have the ability to measure these
distances and test this theory. As our python script de-
termines if a YSO is nearby a filament, it saves that
distance information and it fills and array of YSO dis-
tances. We can then determine the distance each type
of YSO is from the filament. The code determines the
distance a YSO is from the filament by comparing the
center of an IRDC fragment to the YSO. It is not the
best way to measure the distance all YSOs are from the
filament as a whole, but we will get a base understanding
of how di↵erent types of YSOs are clustered around its
host IRDC filament. Figure 19 show the distribution of

Figure 15. The relationship between the total number of
YSO in each group to its corresponding IRDC filament
mass. Both axis are in log scale. We can see an upwards
trend, similar to what we see in the Figure 14.

distances of Class 0, Class I, and Class II objects, respec-
tively. It cuts o↵ at the limit we set for defining nearby
YSOs of 350 arcseconds.
These results agree with what we expect for these re-

gions. Class 0 and Class I objects have a high frequency
of close distances to its host filament while Class II ob-
jects have a distribution that peaks slightly farther away,
with a much broader distribution. To be sure of these re-
sults, we compared these distance distributions to a ran-
dom sample. Using the maximum and minimum values
of the RA and Dec in the Cygnus-X region, we gener-
ated a random distribution of YSOs across the region.
We constructed the random distribution with the same
number of YSOs as our sample and the same amount of
Class 0, I, and II objects. We analyzed the YSO distances
using the real IRDC filaments with our random sample
of YSOs, and the results are shown as the darker colored
histograms in Figure 19. Comparing our results to the
random sample definitively shows that our findings are
significant. We show that, indeed, Class 0 and I objects
are nearby the filament, and Class II objects tend to be
located a bit farther out and more broadly distributed.
The random sample also comes up with fewer occurrences
within the set limit to the filament at all, showing that
YSOs in general tend to be clustered near IRDCs. In
our random sample there are just as many YSOs located
in empty regions as there are near IRDCs, but the real
YSOs in Cygnus-X tend to cluster near the filaments.
We could already see that by plotting the YSOs on top
of the IRDCs, but that fact is amplified in these distance
histograms.

4.3. Extracting High-Density Information

We had flux information for each of the IRDC frag-
ments in our sample, and have used them to extract the
size and mass of each one. Now that we have sorted each
of them into complete IRDCs we can combine the flux
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Figure 16. The relationship between the number of dif-
ferent Classes of YSOs in each group and IRDC filament
mass. Both IRDC mass and YSO population are in log
scale, and each point corresponds to an identified IRDC
filament and its nearby YSOs. Class 0 and Class I objects
are not numerous in our sample due to how embedded
they are and di�cult to locate and extract flux informa-
tion from, which is why there are so few of them. Overall,
each of the graphs have similar trends.

values of each IRDC fragment, and create flux distribu-
tions for each IRDC. In particular, we hope to see power-
law tails in some IRDC flux distributions, which suggests
that the IRDC is a high-density cloud. Very high-density
clouds are IRDCs that have many IRDC fragments that
have power-law tails, and when we combine all the IRDC
fragment’s flux measurements, we get flux distributions
show in Figure 20. The first three, IRDC 0, 2, and 25, all
have very strong power law tails and had multiple IRDC
fragments that had power-law tails. The bottom two,
IRDC 75 and 11, had no IRDC fragments with power-
law tails, and as a result the entire IRDC does not have
a strong power-law tail. The x-axis of each flux distribu-

Figure 17. The relationship between the ratio of early
and late stage YSOs to the IRDC mass in log scale. The
ratio is defined by the number of Class 0 + the number
of Class I objects over the number of Class II objects in
each clustering around a certain filament. A high ratio,
therefore, has more younger YSOs and a ratio near zero
has more late stage YSOs. Out of all the relationships,
this seems to have the most scatter, and IRDC mass can-
not predict a ratio of young to old YSOs. We will further
explore the ratio relationships with IRDCs in Figures 18
and 12.

Figure 18. The distribution of the ratios representing the
types of YSOs in each YSO cluster. A ratio over 1 mean
that there are more young YSOs than old YSOs. A ratio
under 1, which most YSO clusters are, have mostly Class
II objects. We can see this ratio distribution represented
in Figure 12.

tion is in the same range, so one can see how strong that
power-law tail can be. A strong power-law tail is sug-
gestive of a high-density cloud (Schneider et al. 2015).
The long power-law tail is a result of large scale gravita-
tional collapse and local free-free collapse, but indicative
of early star formation.
With this high-density information, we can re-explore

some of the relationships explored in section 4.2 YSO
and IRDC Relationships. A new one to explore would
be the relationship between the total number of YSOs
and IRDC area, as seen in Figure 21. We can make
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Figure 19. Distributions of the distances of YSOs from their associated IRDC. Class 0, Class I, and Class II distance
distributions are shown. The lighter color is our data and the darker color shows what our comparison random sample
would produce. Although there are not many Class 0 objects identified, since they are di�cult to detect, we can see
a significant amount of very nearby objects less than 0.2 parsecs. We can see a significant count of Class I objects at
around 0.2 parsecs, which suggests Class I objects tend to be near their host filament. Class 0 and I objects can both
be identified as young YSOs, and they peak at nearly the same location. As for Class II objects there is not as defined
of a peak as the Class 0 and I objects, but it is clear that Class II objects are clustered around the IRDCs and tend
to be farther from the filament than Class 0 and I objects, peaking at around .6 parsecs from their host cloud.

a guess of what the plot should look like by estimat-
ing the YSOs per IRDC area. We took the total num-
ber of YSOs associated with an IRDC and divided it by
the total area of all the IRDCs and used that value as
the slope for the line of best fit. If the points deviated
from that line, then that would suggest that there is an
extra factor at play determining the number of YSOs
around that IRDC. In fact, in Figure 21 the low mass
IRDCs have more YSOs that expected, in fact most of
them are also low density, which is surprising. Especially
since there have been studies that suggest IRDCs with a
strong power-law tail (thus, high-density) are more likely
to have protostars associated with them. To get an idea
of whether or not high-density clouds have more YSOs
associated with them, we can plot the distribution of
number of YSOs associated with an IRDC and compare
the results of high-density and low-density clouds, which
is Figure 22. We can see in this figure that there is a
clear discrepancy between the low density and high den-
sity clouds. High density clouds are more likely to have
a high number of YSOs near them. The lines in the his-
togram correspond to the average number of YSOs asso-
ciated with the di↵erent populations of IRDCs. The low-
density IRDCs had an average of 34 associated IRDCs
while high-density IRDCs averaged 129 YSOs. However,
we cannot go on to say that all high-density IRDCs are
going to have more YSOs than an low-density counter-
part with a similar area. Both the low-density and high-
density populations have a wide distribution of number
of YS0s associated with them and there is an overlap

between the two.
In order to get a better idea of how density relates to

YSO distributions, we can redo Figure 19, but split the
high-density and low-density groups and compare them
instead of using all IRDCs. If both the low-density and
high-density populations peak at the same location as
the peaks in Figure 19, then both low and high-density
IRDCs may have environments that are equally as likely
to form YSOs. Figure ?? shows once again, the distri-
bution of distances each type of YSO is from its asso-
ciated IRDC. The result is clear, low-density clouds do
not have a distribution of closely-associated YSOs above
what is seen for a random distribution. In Figure 19
we saw clearly that YSOs tend to form near their associ-
ated IRDC, with Class II objects less centrally than their
Class 0 and I counterparts. We do not see this relation-
ship in the low-density sample. The random sample is a
better analog to the low-density YSO distribution, sug-
gesting that there could be an element of randomness in
the YSO distribution around low-density IRDCs. With
this, we can definitively say that high-density IRDCs are
better environments for star formation.

5. CONCLUSION

The goal of this project was to study star formation
and study relationships between IRDCs and YSOs. Us-
ing extensive surveys in a wide range of infrared wave-
lengths we identified IRDCs and YSO as well estimated
of the mass. With their size, location, and mass infor-
mation we sorted these objects into groups containing a
host filament and YSOs clustered near the filament. We
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Figure 20. Flux distributions of three high-density IRDCs (IRDC 0, 2, and 25) and two low-density IRDCs (IRDC 75
and 11). The power-law tail can be see when we create a distribution of the flux in a log-log scale, and it suggests
that the IRDC is a high-density cloud. The x-axis of each flux distribution is equal, so we can see just how strong
that power-law tail is. We came to these flux distributions for the complete IRDC by combining the flux information
for each individual IRDC fragment as identified by T. Armstrong (2011).

computed the number of individual IRDCs that made
up each filament, the filament mass, the total number of
nearby YSOs, the total mass of all YSOs, and the center
of the filament in degrees, all of which is shown in Table
C1. Using these results we compared di↵erent properties
of the YSOs to the mass of corresponding filaments.
We found that there was no correlation between IRDC

mass and their associated YSO mass. We did find that
older YSOs are mostly located farther from their host
cloud than younger YSOs in the same cluster.
In regards to the relationship between the masses of the

YSOs and their filaments nor the population of YSOs as
compared to the IRDC filament mass, we had mass dis-
tribution information for both the YSOs and the IRDCs

of each grouping. The slope of the mass distribution
of the YSOs in a grouping became a parameter we could
compare to the mass of the IRDCs, however there seemed
to be no strong correlation. As for measuring the dis-
tance of the YSOs, we found that YSOs are likely to be
located near filaments, which allows us to assume that
the YSOs near a filament formed from that filament.
This basic assumption is what allowed us to compare pa-
rameters of YSOs to IRDCs that were within 350 arcsec-
onds away (which converts to approximately 2.38 parsecs
away). From those distance distributions, we also found
that younger-stage objects, Class 0 and I, were mostly
found very close to their host filament, within 0.2 par-
secs. Class II objects were a bit more spread out, but
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Figure 21. The relationship between the total number of
YSOs in each group to its corresponding IRDC filament
area. There is also a line in cyan that has a slope of the
total number of YSOs over the total area of YSOs, as a
predictor for what the points should be. At lower masses
the points stray pretty far from the line, and they are
also mostly low density clouds, too.

had a peak density population near 0.6 parsecs. This
relationship is expected since the Class II objects would
have had more time to migrate away from the IRDC
where they may have formed.
We were also able to explore high-density IRDCs as

compared to low-density IRDCs. Using the flux infor-
mation of the IRDC fragments, we were able to deter-
mine which IRDCs were high-density and which were
low-density, based on the presence of a power-law tail in
its flux distribution. By splitting up the IRDCs into
two groups of density, we could explore any relation-
ship between density and probability of star formation.
We found that high-density IRDCs were better environ-
ments for star formation than low-density IRDCs. More
YSOs are found near high-density IRDCs and there is
a clear clustering pattern of YSOs around high-density
clouds while there a more random distribution around
low-density clouds.
The Cygnus-X region is a unique region that allowed us

to test so many of these parameters with a large sample
of IRDCs and YSOs. It is a large complex that repre-
sents many stages of star formation, but it is only one
region. To best understand star formation, these param-
eters should be measured and collected from dark clouds
and YSOs across our Galaxy. In this study, we also had
a disproportionately large amount of Class II objects to
Class 0 and Class I objects. In their very nature, Class 0
and I objects are di�cult to find and glean information
from since they can be embedded in clouds. It would
benefit this study to include more Class 0 and I objects,
and to do that, we need surveys done in sub-millimeter
wavelengths, since those objects tend to be deeply em-
bedded in shells of dust and gas. There are still many
open questions in star formation, and detailed, deeper

surveys can help us better understand one of the most
important processes in the universe.
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APPENDIX

A. DETAILED CODE ANALYSIS

A.1. IRDC Grouping

To begin the process of identifying filaments we used box region files derived from T. Armstrong (2011). A ’box
region file’ is in a format compatible with DS9 that creates boxes on an image. In this case it draws boxes on and
image of Cygnus-X that highlights the location of IRDCs. The IRDC fragments were found by scanning the entire
complex for local regions of absorption. A minimum absorption level was required before the region was determined
to be an IRDC and then all of the neighboring pixels with values at least one sigma below the local background were
defined to be in the IRDC. A box was defined to enclose the IRDC which was simply the maximum and minimum
extent of the region in RA and Dec. The variations of the absorption along a filament and the blind search process
divided many of them into smaller fragments. Our goal was to create a code to piece the fragments together into larger
scale IRDCs.
To group IRDCs together into filaments and locate YSOs near each filament, we wrote a Python code to automate

the task. The code takes box region files as inputs. The region file consists of the ID number for each filament, the
RA and Dec in units of degrees, and the width and height of each box. Additional information includes the area of
each box, and the mass of each IRDC. For YSO information, the code takes in each YSO’s mass and location in RA
and Dec.
We first start with arrays of the source postion (RA, Dec), width, height, and ID number for all of the IRDCs

located in the region. The arrays are sorted in the same order, so the information for a single IRDC is represented by
the arrays at a single position. The arrays are in descending order of box area. The code takes the first IRDC and
goes though the rest of the array searching for first-order neighbors. The code examines the RA and Dec of that first
IRDC to all the other RA’s and Dec’s of the rest of the IRDCs in the array. To be considered first-order neighbors,
the clouds would have to be at most 200 arcseconds apart from each other. Once we have a list of the initial cloud
and all of its neighbors, the code examines the list of neighbors and looks for second-order neighbors: IRDCs that are
within 200 arcseconds of the initial IRDC’s first-order neighbors. After searching for all of the second-order neighbors,
it looks for third-order neighbors. The code keeps looping though the growing list of neighboring clouds until it ceases
to add any more. At this point, that list is set aside and saved as group, or filament. The code then deletes the IRDCs
in that first group from the master array of IRDCs, and repeats the whole process for the next largest box left in the
master array. It continues this process until there are no more objects in the master array, meaning all of them have
either already been included in a group or a search for its neighbors performed. One of the output options is a box
region file consisting of the groups in a variety of colors. The results for Cygnus-X are shown in Figure 10 and 25.
After creating these groups, we determined the mass of the entire filament by taking each group list and summing

each of the individual IRDC masses to get one total mass of the cloud. We can determine the number of IRDCs in
each group by finding the length of the array. The approximate location of the center of the filament by taking the
max and min values of the RA and Dec and finding the average. The location calculation is not a perfect method, but
it serves its purpose of just purely locating the cloud in the Cygnus-X region. Each of those values is an output value
in a text file that becomes Table C1.

A.2. YSO Grouping

We also have YSOs in the area that we want to pair with each of the groups. After running the YSOs through
SED fitter we had estimates of their mass in addition to their RA and Dec values. After the code found a group of
IRDCs, it then went though the array of YSO RA and Dec values in order to find all YSOs within a maximum cuto↵
distance from the IRDC, here chosen to be 350 arcseconds. First, it went though the list of individual IRDC fragments
and found all of the YSOs within the cuto↵ distance. After finding a nearby YSO, it would then take that YSO and
compare its location to all the other IRDCs in the Cygnus-X region. If there was another IRDC that was closer to
the YSO than the original IRDC, then it would skip that YSO. This ensured that the YSOs would be associated with
the closest filament, no matter what order the filaments were organized. After finding a YSO that was both within
the cuto↵ distance and that was not closer to any other IRDC, it would then be removed from the master array of
YSOs. The code continues to look for YSOs within the distance cuto↵ until it searches through the entire YSO list.
Then the script moves on to the next cloud then continues the process, until it gets to the end of the IRDC group.
Those YSOs were then put into a point region file and each cluster was given a uniform color that was di↵erent than
its corresponding group (see Figure 26). Once it was done with that filament, it moved onto the next until all 167
filaments searched for to find its nearest YSO neighbors. The number and total mass of all the YSOs was recorded
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and put into the same text file as the other information that became Table C1.

B. FIGURES

Figure B24:. Each green box is a region file corresponding to a single dark cloud as displayed in DS9. The region file
contains the RA and Dec of the center of each box as well as the width and the height.

C. TABLES
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Figure B25:. This is the result after our script that sorts individual IRDCs into groups. Each region file has been
sorted into groups, or filaments. Each filament is a di↵erent color and has a di↵erent amount of IRDCs which can be
found in more detail in Table 1.
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Figure B26:. This is the result of matching YSOs with mass information to filaments. The filaments can be seen as
boxes on top of their corresponding YSOs. A cluster of YSO will be in one color and they correspond to IRDCs that
make up a filament of another color. An example of a zoomed in portion of the
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Figure B27:. A zoomed in version of Figure 26. The positions of the YSOs are marked by an x and x’s of the same
color are part of the same cluster, each of which corresponds to its filament.
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Figure B28:. The Cygnus-X region with Class 0 and I objects in blue and Class II objects in red. We found that both
Classes of objects tend to be clustered around IRDCs, enough were we can assume most of the YSOs within a certain
distance of an IRDC are associated with that IRDC. We can also see that Class II objects are more often located
farther from their host IRDC than their Class I and 0 counterparts. We expected to see this, since Class II objects
would have more time to drift from their original position and the IRDC may have dissipated from its original size.
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Table C1:. This table lists filament numbers, the number of individual IRDCs in each filament as defined by a region
file, the total mass of an entire filament, and the location of the filament in RA and Dec. This corresponds to Figure
25 and 24, and is continued for the next few pages.

Filament Number of Mass of Number of Mass of

Number IRDCs in Filament YSOs all YSOs RA (deg) Dec (deg)

Filament (M�) (M�)

0 88 801.8 919 1232.1 308.21413 40.300418

1 72 194.4 475 673.6 306.648525 39.289463

2 32 263 177 238.5 306.130455 42.25001

3 27 79.7 180 238.6 307.458725 39.411378

4 5 36 34 33 308.77252 42.079565

5 7 113.9 254 349.8 309.558915 42.66828

6 1 9 2 1.1 309.73072 39.305934

7 15 23.4 116 146.1 309.034585 42.159832

8 4 1 43 48 309.393665 40.41188

9 1 0 23 30.2 309.77497 42.568584

10 64 67 1136 1453.2 309.821605 42.098751

11 18 20 67 101.9 310.298315 41.258636

12 5 1 62 89.6 306.126735 37.804052

13 44 63.5 328 415.5 306.253575 39.973632

14 8 9 66 97.5 309.103745 39.688081

15 4 31.3 36 46.2 309.15843 40.437204

16 43 69.9 426 562.9 309.32802 42.13961

17 2 12 20 39.3 309.506555 41.699674

18 19 76.6 370 511.8 307.378255 40.194138

19 1 0 53 68.8 306.03307 37.585205

20 2 10.6 17 16.1 308.72119 42.644327

21 1 0 14 15.5 308.94566 42.820027

22 7 6.6 95 185.1 306.151135 38.588211

23 4 21.4 47 70.6 306.218485 39.201462

24 10 96.6 82 129 306.90104 40.169664

25 28 88.6 102 146.8 310.4607 39.697975

26 31 33.9 349 475.9 307.31606 40.588146

27 3 27.9 25 34.4 306.385935 40.539349

28 4 8.7 11 14.8 310.57943 39.889041

29 49 71.1 310 415 308.4943 39.768957

30 127 28.9 276 340.6 308.493795 38.381252

31 4 5.8 73 93.1 305.742435 39.966945

32 3 2.2 61 105.1 310.148805 41.617086

33 1 0.3 32 27.6 308.85303 40.200802

34 2 6.2 44 51.1 306.98574 40.309678

35 5 49.6 35 43.7 311.033695 41.559486

36 4 0.1 42 54.6 308.188695 40.155715

37 22 3 160 179.9 309.215985 39.855461

38 4 39.9 42 49.9 306.29427 40.676963

39 20 112.2 327 372 309.87229 41.264576

40 12 111.3 24 32.1 310.49186 40.34096

41 22 14.2 107 140.2 310.68067 42.557076

42 62 7.6 279 406.4 305.78104 37.433542

43 10 18.7 57 70 309.2286 40.043734

44 12 12.2 68 96.4 309.03747 40.296665

45 5 42.6 34 30.8 310.254785 41.4813

46 1 0.5 3 6.6 304.17609 39.271764

47 4 16.2 45 87.6 305.319535 40.593697

48 1 13.2 31 38.2 305.77983 38.566313



23

Filament Number of Mass of Number of Mass of

Number IRDCs in Filament YSOs all YSOs RA (deg) Dec (deg)

Filament (M�) (M�)

49 1 0 14 36.5 310.17353 42.844328

50 8 5.1 109 140.1 310.3819 42.015545

51 3 2.4 52 71.8 304.93155 39.715331

52 6 6.3 4 2.2 310.12841 39.193553

53 2 0.6 20 37 305.27164 37.895972

54 3 10.4 26 37.6 306.097015 38.921763

55 1 9.2 60 98.1 305.22712 41.2308

56 2 23.9 23 25.7 310.22854 40.909744

57 1 27.3 24 35.9 306.63604 41.398827

58 2 23.8 75 91.7 310.069385 42.925576

59 17 13.4 149 196.2 309.70634 42.023854

60 4 1.7 29 33.6 308.191835 39.182828

61 3 17.8 15 18 304.536765 39.755614

62 3 26.6 52 66.4 305.133785 41.421993

63 5 0.3 83 107.6 307.72416 39.640222

64 3 16.1 17 22.2 305.8413 41.391716

65 2 0.7 64 77.7 309.364585 41.563573

66 8 4.1 77 90.6 306.45957 38.027033

67 3 19.4 72 107.3 304.224295 39.363142

68 1 0.3 62 89.3 308.17315 38.730371

69 5 63.6 60 65.2 309.114455 42.873109

70 16 8.5 96 89.7 310.992285 42.089482

71 9 8.4 82 101.4 307.584875 40.201883

72 2 0 10 14 305.791215 42.015831

73 1 3 40 39.6 307.10418 39.758386

74 1 6.3 16 20.5 306.33196 38.238808

75 11 5.3 165 189.7 310.35658 42.109802

76 3 6 6 15.4 305.538305 42.029023

77 1 1.8 19 27.4 308.07692 39.092033

78 3 15.6 38 51.6 304.98844 41.275941

79 3 1.8 22 32 309.5599 38.616901

80 1 0 28 42.6 305.81929 38.27698

81 2 33.6 7 10 311.110665 42.025243

82 43 18.9 182 210.9 310.90518 42.766264

83 3 38.4 14 24.4 308.62264 43.039305

84 3 16.2 54 88.8 309.14646 42.505342

85 3 8.1 24 27.8 309.354855 38.806899

86 1 3.2 23 36.7 308.93716 40.100241

87 9 9.3 25 25.4 310.285695 40.122245

88 3 10.7 129 169.9 310.035225 41.487805

89 2 21.1 20 18.4 306.446245 41.385276

90 2 0.7 20 31.6 306.266985 38.873621

91 5 2.8 20 24.8 309.099935 38.0609

92 1 0 2 0.8 309.88535 38.995773

93 6 0.3 22 33.7 307.488905 40.564035

94 7 0.3 29 49 306.31087 37.835984

95 6 14.5 74 79 309.11374 41.940691

96 1 13.5 19 17 310.974 41.687894

97 8 1 77 107.6 307.089495 40.666986

98 5 2.2 59 84 308.99278 42.325357
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Filament Number of Mass of Number of Mass of

Number IRDCs in Filament YSOs all YSOs RA (deg) Dec (deg)

Filament (M�) (M�)

99 8 1.5 28 34.7 309.14901 39.000702

100 1 1.4 5 3.8 310.03452 38.998405

101 1 1.6 25 29.1 307.12608 39.911141

102 3 0.9 45 49.8 307.871515 39.745837

103 2 0.4 35 48.2 307.345325 40.975099

104 3 1 134 169.7 310.534935 42.872606

105 3 1 42 63.6 306.563065 39.007762

106 1 0.8 20 39.9 307.51851 38.93419

107 3 3.8 35 41.6 309.893685 41.657575

108 1 0.4 38 55.4 309.07722 39.954866

109 1 2.9 10 19.2 306.09421 39.398037

110 1 0.1 14 15.9 308.26696 38.443254

111 1 0 15 17.1 305.02922 40.322176

112 3 0 38 60.5 307.162125 41.007697

113 1 0.1 16 23 307.08874 40.136312

114 4 1 19 28.8 310.39007 42.856291

115 1 2.3 75 110.3 310.04955 41.314451

116 1 0.2 36 39 307.98688 39.744521

117 1 0.2 37 52.9 308.31202 38.991405

118 1 0.7 83 88 309.55094 42.237706

119 1 22.1 14 8.5 310.9889 41.391588

120 2 0.3 17 20.5 309.455845 39.906558

121 1 0 32 28.8 307.70622 40.525085

122 3 2.8 61 78.3 305.933115 41.25799

123 1 3.5 11 15.2 310.3734 41.725818

124 2 0 27 29.4 305.583125 41.305705

125 1 2.5 11 15.7 308.66479 42.736591

126 2 1.5 21 24.3 309.341345 41.878833

127 1 2.5 30 41 309.70027 41.856559

128 4 0.4 19 30 309.267205 39.623894

129 1 3.3 8 9.2 310.42536 40.785465

130 1 1.7 8 11.8 306.03091 40.353765

131 2 0.5 26 41.6 307.687615 38.920737

132 4 0 40 29.3 309.10334 42.414568

133 1 1.9 56 74.1 305.54508 37.411499

134 1 0 33 46.6 310.50574 42.253558

135 1 2.1 29 42 305.26008 41.010906

136 1 0.1 12 18.3 309.42157 39.598366

137 1 0 52 54.1 306.74195 40.048583

138 1 0 56 93.1 306.98636 39.600489

139 1 0.2 5 7.8 305.93188 41.617608

140 1 0.3 40 69.1 304.9129 41.182587

141 1 0.2 17 26.3 305.66403 37.64135

142 1 0 13 30.1 304.79675 39.628267

143 1 0 19 17.3 310.69175 42.25105

144 1 0 9 9.8 309.41111 38.593293

145 1 0.3 8 7.7 310.35051 41.306816

146 1 0 19 25.3 305.19141 40.282339

147 1 0.1 0 0 305.96442 41.707338



25

Filament Number of Mass of Number of Mass of

Number IRDCs in Filament YSOs all YSOs RA (deg) Dec (deg)

Filament (M�) (M�)

148 1 0.7 61 79.5 306.84412 39.671637

149 2 0 89 122.9 310.43746 41.878597

150 1 1.2 10 4.9 311.24059 42.040356

151 1 0.2 86 108.7 309.56214 42.145646

152 1 2.1 30 49.3 306.49552 41.061701

153 1 0.5 3 3.2 305.64953 41.552874

154 1 0.2 19 26.8 305.9406 39.24232

155 1 0 49 60.8 307.58427 40.705442

156 1 0 11 11.5 309.36408 39.413616

157 1 0 11 16 309.34265 39.350619

158 1 0.6 30 39.7 305.85353 39.72228

159 1 0 18 16.1 308.82149 42.779751

160 1 9.4 35 38.3 306.49445 37.026219

161 1 0 21 37.2 307.55301 39.67413

162 1 0 9 8.8 310.78422 42.573937

163 1 0 17 33.1 305.66016 38.845499

164 1 0 1 0.3 310.48464 40.052525

165 2 0 48 65.5 308.604275 40.734987

166 1 0 47 86.6 307.83031 40.648569




