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There has been many recent observations in the area of star formation.

High-resolution observations of other galaxies enabled a study of extragalactic

star formation in more detailed while large scale surveys of the Milky Way

enabled a more comprehensive study of Galactic star formation. The main goal

of this thesis is to use multi-wavelength, large-scale observations of the Milky

Way to connect Galactic to extragalactic star formation and to study star

formation regulation in molecular clouds. We tested the use of extragalactic

star formation rate tracers on nearby molecular clouds and found that the total

infrared and 24 µm luminosity underestimate star formation rates of nearby

molecular clouds by a large factor, indicating a problem of using extragalactic

tracers of star formation on small regions and regions with low mass or low

star formation rates. We studied the relation between star formation and

molecular gas distribution in a 11 deg2 of the Galactic Plane on various spatial

scales starting from a clump scale of around few parsecs to a scale of ≈ 200

parsec. The result shows a good correlation between molecular gas and star
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formation on a scale above ≈ 5 − 8′. The star formation relation that is

seen on disk-averaged scales in other galaxies shows a large scatter on the

small scales. We built a catalog of Galactic molecular clouds with measured

star formation rates and studied the relations between properties of molecular

clouds and star formation. We tested several models of star formation on

the catalog of molecular clouds. We found that the dense gas mass shows

significant correlations with star formation rates but the depletion time of

dense gas varies with other properties of the clouds. We found that the free-

fall efficiency is higher in dense gas compared to the general molecular gas of

the clouds.
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Chapter 1

Introduction

The fact that star formation is an important topic in many areas of

astronomy is not surprising given the integral role of star formation to cosmic

evolution, galaxy formation, and galaxy evolution. However there are many

questions that need to be answered for us to have a comprehensive understand-

ing of the process of star formation. On the one hand, low mass star formation

is quite well understood at the scale of cores collapsing to form stars. When

expanding to larger scale or to high-mass star formation, the picture becomes

less clear. What controls the process of converting gas into stars? Is the pro-

cess dominantly controlled by local properties of the cloud or by large scale

properties of the host galaxy? To have a comprehensive view of star formation,

we need to understand star formation from the scale of cores to the scale of

galaxies. Many extragalactic studies of star formation focus on the relation

between star formation and large scale properties of the galaxies. With the

recent improvements in the instrumental resolution, some extragalactic work

has begun to focus on the sub-galactic scale of star formation. The study of

star formation in the Milky Way usually focuses on star formation in indi-

vidual regions, or on scales of clumps or cores. The main goal of the work

described in this thesis is to use large scale observations of the Milky Way
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star formation regions to connect to the extragalactic work for the purpose of

studying the regulation of star formation in galaxies.

To study star formation, we need to be able to observe star formation

activities. The earlier attempts at measuring the star formation rates (SFR)

of galaxies were motivated by the study of relations between galaxy types and

SFR (Tinsley 1968, Searle et al. 1973, Kennicutt 1998). Since then, major

developments in the calibrations of SFR tracers have improved both the meth-

ods and accuracy (Kennicutt 1998, Kennicutt & Evans 2012, Calzetti 2013).

The most direct method of measuring SFR would be to detect individual stars

of known mass and age. This method is not viable for most galaxies; therefore

we have to rely on more indirect methods. There have been many extragalac-

tic studies calibrating the SFR tracers using integrated light from different

parts of the spectrum (Kennicutt et al. 1998). These SFR tracers are mostly

tracing the presence of short-lived, high-mass stars, which dominate most of

the light associated with star formation in galaxies. The light from high-mass

stars can then be used to infer the star formation rate over the timescale of the

high-mass stars’ lifetime. Among the common tracers of SFR, some trace the

direct emission from the stars, while others trace emission from gas and dust

affected by the stellar radiation. The ultraviolet continuum emission traces

the photospheric emission from young stars. The ionized gas in HII regions

surrounding high-mass stars can be traced by recombination lines such as Hα,

Pα, or radio recombination lines and from the free-free emission in radio con-

tinuum. Emission from high-mass stars in galaxies or regions with a lot of dust
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will get heavily extincted, and the dust will absorb and reradiated the energy

in the infrared part of the spectrum. SFR tracers using the dust include the

total infrared luminosity or monochromatic infrared tracers in mid-infrared

and far-infrared (Calzetti et al. 2007, Calzetti et al. 2010).

Converting the light from tracers to SFR involves some assumptions

and models. The common method is to use a stellar synthesis model such as

starburst99 (Leitherer et al. 1999) to connect stellar populations with the light

output of the SFR tracers (Kennicutt 1998). First, stellar evolution models

along with atmospheric models or libraries are used to provide the evolution

of mass and luminosity over time for each stellar spectral type and convert

them into the output spectra. Integrating the spectra over all the stellar mass,

weighted by the adopted stellar initial mass function (IMF), gives the spectrum

of a single age stellar population. A choice of star formation history (SFH)

can be used to obtain the integrated spectra of the regions over the desired

timescale. One output from the model is the number of ionizing photons,

which, along with observational data, can be connected to the light of the

SFR tracers. As a result, the calibrations of SFR tracers depend on the input

of assumptions and models that went into the calculations, and the resulting

calibrations apply to regions differently based on how well the assumptions

hold.

The SFR calibrations for integrated light tracers were derived from ex-

tragalactic data, and the calibrations apply to large scale systems such as whole

galaxies. However, star formation occurs in more localized regions within the
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galaxies. To study the conditions and regulations of star formation in detail,

we need to be able to measure SFR in smaller systems such as in GMCs.

Some previous Galactic work used the direct method of counting young stel-

lar objects of certain types inside the GMCs to measure their SFR (Lada et

al. 2010, Heiderman et al. 2010). This is the most accurate method to date

of measuring SFR in GMCs. Currently this method is impractical for mea-

suring SFR in most of the GMCs in the Milky Way. Wu et al. (2005) used

the extragalactic calibration of total infrared luminosity as a SFR tracer for

massive dense clumps. Applying the extragalactic SFR calibrations to regions

in small scale objects such as clouds or clumps are problematic since the as-

sumptions that went into the derivation of SFR calibrations do not hold in

such small regions. The main discrepencies originated from the assumptions

of continuous, fully-sampled IMF and a long timescale of the selected (usually

constant) SFH (Calzetti et al. 2012, Fumagalli et al. 2012). To apply simi-

larly calibrated SFR tracers to GMCs, one should know the limitations of the

extragalactic calibrations in describing SFR in GMCs, and how the accuracy

and uncertainties depend on the properties of the region.

If we can measure SFR on smaller scales, we can study the process of

star formation in more detail. It has long been observed that star formation

occurs in molecular gas and that there is a strong relation between SFR and

molecular gas mass (Wong & Blitz 2002, Kennicutt 2007, Bigiel et al. 2008,

Bigiel et al. 2011, Schruba et al. 2011). Observations also show that star

formation is a very slow process (Zuckerman & Evans 1974, Krumholz 2007).
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The process of an individual dense core collapsing to form a star may occur

on something like the free-fall timescale, but the gas depletion time (the time it

would take for all the gas in a molecular cloud to collapse and form stars given

the current SFR) is generally much longer than the free-fall time (Krumholz

2007). The molecular depletion time in galaxies (including measurements on

sub-galactic scales) is ≈ 2 Gyr (Leroy et la. 2013) while the depletion time

in the nearby GMCs is ≈ 100 Myr (Heiderman et al. 2010, Lada et al. 2010,

Evans et al. 2014). What are the causes behind the discrepencies between

Galactic and extragalactic results? One important difference is the method

in analyzing the data. The Milky Way analysis focuses on individual cloud

basis, and the SFRs were directly measured by the star counting method.

The extragalactic works used the integrated light tracers of SFR, and the

regions were defined by various methods (Bigiel et al. 2008, Blanc et al. 2009,

Kennicutt et al. 2007, Leroy et al. 2013). There is also a difference in the

scale of the regions: GMCs on the order of 10 parsecs versus the scale of

more than 100 parsecs for extragalactic regions. How does the spatial scale

affect the estimates of the depletion time, and what is the typical depletion

time of the Milky Way regions if measured on large scale? Answering this

question would help in understanding the discrepancies between the Galactic

and extragalactic result, which will help us focus on the important questions

of the efficiency of star formation.

There have been many postulated hypotheses and models for the reg-

ulation of star formation in galaxies both from observational and theoretical
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perspectives. The most prominent one is the star formation relation or the

Schmidt-Kennicutt relation, stating that SFR surface density ΣSFR ∝ Σn
gas ,

where Σgas is the gas mass surface density (Schmidt 1959, Kennicutt 1998).

Later studies found that instead of total gas, SFR is more directly correlated

with molecular mass, even in regions where atomic gas dominates the mass

(Wong & Blitz 2002, Bigiel et al. 2008, Schruba et al. 2011). The molecular

form of the star formation relation was observed in many galaxies with varying

fitted power law slopes (Kennicutt et al. 2007, Bigiel et al. 2008, Blanc et al.

2009, Liu et al. 2011, Shetty et al. 2013). The relation becomes more uncertain

when we look at smaller scales within the disks of galaxies. High-resolution re-

sults for nearby galaxies, where regions can be resolved down to sub-kiloparsec

scales, show that the star formation relation shows a much larger scatter than

when looking at the disk-averaged scale (Onodera et al. 2010, Schruba et al.

2010, Leroy et al. 2013). One explanation of these results is that the star

formation relations seen on large scales result from averaging over many star

forming regions with different properties (Onodera et al. 2010, Schruba et

al. 2010, Kruijssen & Longmore 2014). This means that the relation between

SFR and molecular gas mass is not a result of the physical processes of star

formation in molecular gas but a result of larger scale processes.

Observations of dense gas in normal, luminous, and ultraluminous

galaxies show a tight relation between dense gas mass and SFR as observed in

HCN(J=1-0) (Gao & Solomon 2004). Wu et al. (2005) observed a similar rela-

tion between dense gas mass and SFR in Galactic massive dense clumps with
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total infrared luminosity higher than 104.5 L�, showing that the relation holds

from local regions to high-redshift systems spanning more than 7-8 orders of

magnitude in infrared luminosity. These studies support the hypothesis that

SFR is controlled by the amount of dense gas. From studying relations be-

tween dense gas and SFR in nearby molecular clouds, Heiderman et al. (2010)

and Lada et al. (2010) proposed a gas surface density threshold for star forma-

tion of ≈ 125 M�pc−2. The dense gas threshold hypothesis states that SFRs

in molecular clouds are propotional to the amount of gas with density above

the threshold density.

From theoretical and semi-empirical studies, the slow process of star

formation or the low efficiency of star formation were explained by various

models that include different turbulence models and different roles of the mag-

netic field (Mac Low & Klessen 2004, Krumholz & McKee 2005, Padoan &

Nordlund 2011). A simple approach is that the SFR is propotional to the

amount of molecular gas over the timescale of star formation, which is the

free-fall time (tff ) (Krumholz & McKee 2005). This model, in which SFR

∝ MH2/tff , was tested in different systems ranging from local star forming

regions in the Milky Way to high-redshift galaxies (Krumholz et al. 2012,

Evans et al. 2014). The result from Krumholz et al. (2012) shows a relation-

ship ranging over many orders of magnitude in gas surface density and SFR

surface density. Testing this model for individual star forming regions in the

Milky Way however shows that the free-fall model does not fit the data well.

Testing this model on a larger sample of GMCs will provide more information
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on whether the model can describe star formation on GMC scales or if the

relation arises from averaging over larger scales.

Most of the previous observational results in the study of star formation

regulations have been on scales larger than those of individual star forming

regions, and for the Galactic studies where individual regions can be resolved,

the samples are limited to either nearby clouds with no high-mass star for-

mation or to dense gas observations in massive dense clumps. To test these

different models of star formation regulations on small scales, we need to test

them on a larger sample of molecular clouds with a larger range in properties.

The work in this thesis aims to use the multiwavelength, large-scale ob-

servations of the Milky Way to provide some observational constraints on star

formation, test some of the models of star formation regulation, and help con-

nect the results from Galactic studies to extragalactic star formation. Chap-

ter 2 describes the work on testing the use of extragalactic SFR tracers, total

infrared luminosity and 24 µm luminosity, in Galactic star forming regions.

Chapter 3 describes the study of the relation between SFR and molecular gas

mass on a large scale of the Galactic plane. The study provides the measure-

ments of the depletion time on various spatial scales, and investigate the break

down of the star formation relation on small scales for regions in the Galac-

tic plane. Chapter 4 describes work on measuring SFR for a set of Galactic

GMCs; the associations between molecular gas, HII regions, and SFR tracers;

and testing different models of star formation regulation in molecular clouds.
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Chapter 2

Testing 24 µm and Infrared Luminosity as

Star Formation Tracers For Galactic Star

Forming Regions

We have tested some relations for star formation rates used in extra-

galactic studies for regions within the Galaxy. In nearby molecular clouds,

where the IMF is not fully-sampled, the dust emission at 24 µm greatly under-

estimates star formation rates (by a factor of 100 on average) when compared

to star formation rates determined from counting YSOs. The total infrared

emission does no better. In contrast, the total far-infrared method agrees

within a factor of 2 on average with star formation rates based on radio con-

tinuum emission for massive, dense clumps that are forming enough massive

stars to have LTIR exceed 104.5 L�. The total infrared and 24 µm also agree

well with each other for both nearby, low-mass star forming regions and the

massive, dense clumps regions.

2.1 introduction

Star formation is a fundamental process in the formation and evolution

of galaxies (Kennicutt 1998b, Hopkins 2004, Bigiel et al. 2008, Gao & Solomon
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2004). A unified picture of star formation across different scales and types of

regions would benefit from unified measures of star formation rates (Krumholz

et al. 2011a, 2011b; Schruba et al. 2011; Shi et al. 2011; Kennicutt 1998a).

The most direct way to measure the rate of star formation is to count stars of

a known age and mass. Because most galaxies are too far away for individual

star forming regions to be resolved, alternative measures of star formation

rates have been developed.

Many different methods have been used to estimate the star formation

rate (SFR) in galaxies (Kennicutt 1998b, hereafter K98). Commonly used

tracers include continuum UV emission, recombination lines of hydrogen and

other atomic species, total infrared luminosity (LTIR), monochromatic infrared

emission, and radio emission (Kennicutt 1998b; Kennicutt et al. 2003, 2009;

Calzetti et al. 2007, 2010; Perez-Gonzalez et al. 2006; Murphy et al. 2011;

Kinney et al. 1993; Condon 1992). Each of these indicators traces star for-

mation in somewhat different ways, averaging over different timescales (e.g.,

Kennicutt & Evans 2012). UV continuum emission in the wavelength range

of 125-250 nm directly measures radiation from high mass stars, with peak

contributions from stars of several M�; consequently, it can average SFR over

10-200 Myr. Hydrogen recombination lines, such as Hα, or free-free radio con-

tinuum emission trace HII regions surrounding high mass stars (M > 15M�),

with a peak contribution from M = 30 to 40 M�; thus they average SFR over

only 3-10 Myr (Kennicutt & Evans 2012 and references therein).

Most studies of star formation in galaxies use UV continuum or optical
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lines (e.g., Bigiel 2008, Kinney 1993, Salim 2007, Hao et al. 2011). However,

optical emission can be strongly affected by dust-extinction, and the UV con-

tinuum is even more sensitive to extinction (Calzetti 1994, Hao et al. 2011,

Buat et al. 2005, Burgarella et al. 2005). The recombination lines trace only

very massive stars, so they are sensitive to assumptions about the IMF (see

Figure 1 in Chomiuk & Povich 2011).

As supplements to UV and optical tracers, IR fluxes have been used to

study SFR in regions that are obscured by dust (Calzetti et al. 2007, 2010;

Perez-Gonzalez et al. 2006; Kennicutt et al. 2009). Infrared dust emission

traces the stellar luminosity that has been absorbed by dust and reemitted in

the infrared (K98, Calzetti et al. 2007). It is less biased towards the highest

mass stars and hence less sensitive to the IMF. If all the photons inside star

forming regions get absorbed by dust, then the total infrared emission from

dust (LTIR) should trace the total luminosity of the stars. One problem with

using LTIR to trace star formation is that sources other than young stars, such

as older stars or AGNs, can contribute to heating the dust. For galaxies less

active in star formation, a significant amount of dust heating can come from

the general interstellar radiation field, arising from older stellar populations

(K98, Draine et al. 2007). In that case, LTIR would trace emission that is not

relevant to the current star formation.

Monochromatic IR emission has also been widely used. One particu-

larly widely used tracer is the 24 µm continuum emission (Calzetti et al. 2007,

Wu et al. 2005a, Rieke et al. 2009, Alonso-Herrero et al. 2006, Helou et al.
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2004). In principle, 24 µm emission has the advantage over LTIR that it re-

quires quite warm dust. In active star forming regions, the warm dust is more

intimately associated with the forming stars. The diffuse part of the inter-

stellar medium that has been heated by the average interstellar radiation field

should be at a comparatively low temperature and should not emit much in the

24 µm wavelength band compared to the emission from high mass star forming

regions. Stronger radiation fields from high mass stars can heat the dust to

higher temperatures over a larger region; therefore, 24 µm emission should be

a good tracer for high mass star forming regions with less contamination from

non-star-forming sources.

There are several studies of how emission from non-star-forming sources

compares to emission relevant to star formation in the 24 µm wavelength

(Rahman et al. 2011, Verley et al. 2008, Draine et al. 2007). Draine et al.

showed from fitting dust models to numbers of galaxies that for galaxies with

high star formation rates (starburst galaxies), the main contribution to the 24

µm emission comes from photodissociation regions associated with high mass

stars. For high mass star forming regions, 24 µm emission should be a good

tracer of SFR. Observations of nearby galaxies show strong concentrations of

24 µm emission toward HII regions, but with a diffuse component.

Unifying studies of star formation in other galaxies with studies within

the Milky Way can be mutually illuminating. Chomiuk and Povich (2011) have

compared tracers of SFR on global scales and found a potential discrepancy

of a factor of two between extragalactic relations applied to the Milky Way as
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a whole and more direct measures of the Milky Way star formation rate. Our

goal is to test extragalactic relations on still smaller scales of individual clouds

and dense clumps.

Images of the Galactic Plane at 24 µm are available from MIPS on

Spitzer from the infrared survey of the plane of the Milky Way (MIPSGAL)

(Carey et al. 2009) and at 25 µm from IRAS. If these could be used to measure

star formation rates in regions of our Galaxy, it would be very useful. The goal

of this paper is to test the limits of applicability of the extragalactic relations

for regions within our Galaxy. Since we can observe star forming regions in

the Milky Way in more detail, testing extragalactic SFR relations on nearby

regions can also provide some perspective on the use of such relations in other

galaxies.

In order to test how well 24 µm emission can trace SFR, another method

for tracing SFR is needed for comparison. We tie our measurements to those

in nearby clouds, where we can count YSOs of a certain age. These provide a

completely independent and reasonably accurate measure of the SFR. These

nearby clouds are not forming high mass stars, which means that the IMF is

not fully-sampled in these regions. Since one of the assumptions in deriving

SFR from IR emission is that the IMF is fully-sampled in the regions, studying

the use of IR tracers in these nearby clouds can tell us about the effect of

under-sampling the IMF on SFR calibration. We then extend the study to

regions forming massive stars. These regions are at larger distances than the

nearby clouds, and counting individual YSOs in these regions as a measure of
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SFR is not applicable. With the lack of a direct method of measuring SFR,

we instead compared SFR measured from 24 µm, LTIR and radio continuum

emission. In section 2 we describe the sample of star forming regions used in

the study. In section 3 we describe how the SFR was calculated for a sample

of nearby molecular clouds. In section 4, we consider high mass star forming

regions using samples of massive, dense, clumps from Wu et al. (2010). The

resulting comparison of all the SFRs in this study is described in section 5,

and we summarize the results in section 6.

2.2 The Sample

Two groups of sources were included in this study. The first group

consists of nearby molecular clouds with evidence of low-mass star formation.

This group has the advantage of having an independent estimate of the SFR

from counting YSOs. The second group consists of massive dense clumps with

evidence of high mass star formation. This group does not have SFRs from

YSO counting, but it is more representative of the star formation regions that

might be seen in other galaxies.

The first group consists of 20 clouds within 1 kpc of the Sun, in the

structure known as the Gould Belt (GB). They have data from Spitzer Legacy

programs and ancillary data (Evans et al. 2003, core to disk (c2d); and Allen

et al. in prep., GB). The clouds are listed in Table 2.1, along with their

distances. All the clouds have been observed in all IRAC (3.6, 4.5, 5.6, 8.0

µm ) and MIPS bands (24, 70, 160 µm), using the same procedures and
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data reduction methods. Young Stellar Objects (YSOs) were identified and

categorized into their SED classes (Class I, Flat, Class II, and Class III) using

the spectral index following the criteria from Green et al. (1994). The details

on identifying YSOs and calculating SFR in these clouds can be found in Evans

et al. (2009) and Heiderman et al. (2010). We also make use of data from the

IRAS data archive for assessing the large scale emission from the clouds.

The second group contains massive dense clumps with evidence of high

mass star formation, selected from Wu et al. (2010). This sample is a sub-

sample of a large survey by Plume et al. (1997) of regions associated with

water masers, which are indicators of an early phase of massive star formation,

most of which contain compact or ultracompact HII regions. These clumps

have characteristic densities from CS excitation of about 106 cm−3 (Plume et

al. 1997). The mean and median virial masses are 5300 and 2700 M�, re-

spectively. Most of these clumps have been observed in many molecular line

transitions, such as CS lines (Plume et al. 1992, 1997; Shirley et al. 2003),

HCN J = 1→ 0 and J = 3→ 2 (Wu et al. 2010), HCO+ and several others

(Reiter et al. 2011). Some of the clumps have also been observed in 350 µm

dust continuum emission by Mueller et al. (2002), who also tabulated IRAS

data.

2.3 Analysis of the Regions Forming Low-mass Stars

Emission at 24 µm has been used in many extragalactic studies as a

star formation tracer. A number of studies have derived an expression for the
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SFR as a function of the 24 µm emission [SFR(24 µm)] (Calzetti et al. 2007,

Alonso-Herrero et al. 2006, Rieke et al. 2009, Wu et al. 2005, Zhu et al.

2008, Relano et al. 2009, Perez-Gonzalez et al. 2006). Various calibrations

of SFR(24 µm) are compared in Calzetti (2010). Our goal is to test these

relations by comparing the SFR using 24 µm emission with the SFR using

YSO counting (Evans et al. 2009, Heiderman et al. 2010).

The YSO counting method uses the following equation.

SFR(YSO count) = N(YSOs)〈M∗〉/texcess. (2.1)

Assuming an average stellar mass of 〈M∗〉 = 0.5M� and an average time for

YSOs to have an infrared excess of texcess = 2 Myr, the SFRs were calculated

by Evans et al. (2009) and Heiderman et al. (2010). The average mass

was chosen to be consistent with IMF studies (Chabrier 2003, Kroupa 2002)

and consistent with an average mass for some clouds although there may be

variations between clouds (Evans et al. 2009). They are collected in Table

2.1. The largest source of uncertainty is the lifetime of the infrared excess

(perhaps ±1 Myr).

2.3.1 24 µm emission from YSOs

We now compare the SFRs calculated from counting YSOs [SFR(YSO count)]

to the SFRs calculated using SFR(24 µm). Since 24 µm emission comes from

dust that has been heated by stellar radiation and does not require high energy

photons, it may be able to pick up the star formation rate of even low-mass

YSOs.
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The first step was to calculate the total 24 µm emission coming from

all the YSOs in each cloud. The flux densities at 24 µm for individual YSOs

were extracted from data bases and summed over all the YSOs in individual

clouds. The resulting total YSO flux for each cloud is shown in Table 2.1.

Using the distances to the clouds (Heiderman et al. 2010, updated distances

can be found in Dunham et al. 2012 in prep), the 24 µm luminosity can be

calculated from the total 24 µm flux density.

From the total 24 µm emission from YSOs, we computed SFR(YSO, 24

µm). The relation for SFR(24 µm) that we used in this study came from the

work of Calzetti et al. (2007), who adopted the starburst99 stellar synthesis

model and Kroupa’s IMF (Kroupa et al. 2001) in the calibration. Kroupa’s

IMF has been used in many studies for calibrating SFR; it has the form and

stellar mass range described by (Chomiuk et al. 2011, Kennicutt et al. 2009,

Murphy el al. 2011):

ψ(log(m)) ∝ m−0.3(0.1 ≤ m ≤ 0.5 M�),

ψ(log(m)) ∝ m−1.3(0.5 ≤ m ≤ 100 M�).

Calzetti et al. (2007) uses Kroupa’s IMF but with an upper mass limit of 120

M�. The SFR(24 µm) is

SFR(M� yr−1) = 1.27× 10−38[L24µm(ergs s−1)]0.8850, (2.2)

where L24µm is the total 24 µm luminosity per unit frequency times the fre-

quency (νLν). The calculated SFRs for each cloud are as shown in Table

2.1.
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It is clear that SFR(YSO, 24 µm) vastly underestimates SFR(YSO count).

The mean ratio of SFR(YSO count) to SFR(YSO, 24 µm) is 1867±1335.

2.3.2 Total 24 µm Emission

Since the relation in equation 2.2 was derived for extra-galactic star for-

mation, where individual YSOs are not resolved, we should expect the detected

flux to be contributed from diffuse emission as well as from point sources. In

this section, we consider the total emission, which includes diffuse as well as

point source emission in SFR(24 µm).

To compare SFR from the total 24 µm emission with the SFR from

YSO counting, the calculations have to come from the same area of the clouds.

Boundaries for each cloud used for identifying YSOs were chosen using con-

tours from extinction maps. Therefore, we chose the same boundaries for

calculating diffuse emission. All clouds’ boundaries were chosen to be extinc-

tion contours of AV = 2. The exceptions are Serpens and Ophiuchus for which

the c2d survey extended down to AV = 6 and AV = 3 respectively (Evans et

al. 2009). The total flux used to calculate the SFR should also be emission

only from the clouds themselves. Images that cover the area inside the cloud’s

boundary can still contain foreground and background emission not associ-

ated with the clouds. To include only emission from the clouds, we subtracted

background emission. To do this, we needed large scale images that cover not

only the area of the cloud defined by extinction contours, but also the area

surrounding the contour boundaries. MIPS images from the Spitzer survey
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have good spatial resolution but lack the area coverage needed for background

estimations. Therefore, we chose to use IRAS images for our diffuse emission

analysis.

The Infrared Astronomical Satellite (IRAS) observed 96% of the sky

in four bands (12, 25, 60, 100 µm). We used 25 µm IRAS images from the

the Improved Reprocessing of the IRAS Survey (IRIS) obtained from the In-

frared Processing and Analysis Center (IPAC) as a substitute for 24 µm data.

First the total flux densities inside contour boundaries were calculated for each

cloud. We then chose a “sky annulus” for each cloud separately by choosing an

area surrounding the cloud’s boundary while avoiding any extended emission

that seemed to be connected to the cloud. The background level was estimated

by summing over the flux inside the sky annulus divided by the total number

of pixels to estimate the background value per pixel (Jy/pix). The total flux

inside contour boundaries minus the background flux (background flux = av-

erage background level per pixel × number of pixels inside the boundary) gave

the actual flux from the clouds. The 25 µm emission coming from the clouds

themselves turns out to be very small compared to the foreground/background

emission. The 25 µm luminosities calculated from the background subtracted

flux for all the c2d and Gould’s Belt clouds are shown in Table 2.2. For clouds

with background emission comparable to the total emission inside the bound-

aries, namely Lupus IV and Auriga North, we set the 25 µm luminosities and

SFR(24 µm) to zero. With the 25 µm luminosities, the SFR for each cloud was

obtained using Equation 2.2. The differences between luminosities measured
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at 24 µm and 25 µm should be quite small.

Table 2.2 compares the SFR(24 µm), which is calculated from the total

emission including point sources and diffuse emission, with SFR(YSO count).

It is clear from the table that SFR(24 µm) greatly underestimates SFR(YSO count).

The average ratio of SFR(YSO count) to SFR(24 µm) is 107 ± 109, with a

median of 61.6. Figure 2.1(a) shows a plot of SFR(24 µm) over SFR(YSO

count), and Figure 2.1(b) shows a ratio of SFR(24 µm)/SFR(YSO count) over

SFR(YSO count).

Figure 2.1 SFR(24 µm) versus SFR(YSO count) for c2d and Gould’s Belt
clouds, with SFR(24 µm) calculated from the background-subtracted diffuse
emission. The solid black line represents a line of SFR(24 µm) = 0.01SFR(YSO
count).

2.3.3 Contributions from Stellar Continuum Emission

Calzetti et al. (2007) developed relations between SFR and emission

at two MIR wavelengths of 8 and 24 µm. Since only the dust emission should

measure SFR, stellar continuum emission needed to be subtracted from the
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flux. The stellar continuum subtraction was performed for the 8 µm emis-

sion, but contributions to the 24 µm flux from stars was considered to be

negligible. We used c2d clouds as sample regions to see how much stellar

continuum contributes to the total flux. The c2d project identified all point

sources, which include background and foreground stars, for all clouds. These

background/foreground stars in fact dominate the source counts in each cloud.

With the available data, we can compare the contributions from point sources,

which can be separated into YSO and non-YSO, to the total 24 µm flux. First,

we calculated the flux from all identified objects in the 24 µm MIPS images.

Then the flux from YSOs was subtracted from the all-object flux to get the

non-YSO object flux. In extragalactic studies, when looking at star form-

ing regions the flux is the total flux emitted from the projected area. To see

how much stellar emission contribute to total flux, we compare the non-YSO

flux to the total flux (before background subtraction). The results show that

stellar continuum contributes very little to the total flux. The contribution

is larger for some clouds, specifically clouds with little diffuse emission, but

stellar contributions to the total flux are less than 10 percent for all clouds

(Table 2.3).

2.3.4 LTIR

Another tracer of star formation often used in extragalactic studies is

the total infrared luminosity. While 24 µm emission arises from warm dust

grains or from small, transiently heated dust grains, most of the emission from
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Table 2.3 Comparison of different sources of 24 µm emission.
Cloud Total Flux Flux (BG subtracted) YSOs Flux Non-YSO Flux

- (Jy) (Jy) (Jy) (Jy)
Per 5000 2930 77.1 81.7

Cha II 508 119 7.93 17.9
Oph 18100 15000 94.2 223
Ser 775 157 56.7 47.5
Lup 1406 146 9.45 110

dust in molecular clouds peaks at a longer wavelength, in the far-infrared. The

total infrared luminosity should then trace the bulk of the dust emission. With

the available IRAS data, the total infrared luminosity (LTIR) for all the c2d

and GB clouds can be estimated from:

LTIR = 0.56×D2 × (13.48× f12 + 5.16× f25 + 2.58× f60 + f100), (2.3)

where fi is the flux in each IRAS band in units of Jy, D is the distance in

kpc, and LTIR (8-1000 µm) is in units of L�(Wu et al. 2010). Each of the

IRAS bands have a slightly different angular resolution: 3.8′, 3.8′, 4.0′, and

4.3′for IRIS plate of 12, 25, 60, and 100 µm respectively (Miville-Deschenes &

Lagache 2005). However, the angular size of our objects are in the order of

a few degrees. We therefore did not take into account the differences in the

resolutions. The flux in each band was computed with the same technique

used for the flux at 25 µm, including background subtraction.

To calculate SFR(LTIR), we used the extragalactic relation for starburst

galaxies from K98. However, the SFR(LTIR) from K98 assumed a Salpeter

24



form of the IMF. For consistency, all our calculations should be based on the

same IMF model. A Salpeter IMF gives a Lyman continuum photon rate

of 1.44 times higher than Kroupa IMF (from 0.1-100 M�) for the same SFR

(Chomiuk et al. 2011, Kennicutt et al. 2009). Assuming that LTIR scales

with Lyman continuum photon rates, we then divided SFR(LTIR) from K98

by 1.44 to obtain

SFR(M� year−1) = 3.125× 10−44LTIR(erg s−1), (2.4)

where LTIR is the total infrared luminosity (8-1000 µm).

The results (Table 2.2) show that LTIR underestimates SFR(YSO count)

for all the clouds, with the mean ratio of SFR(YSO count) to SFR(LTIR) of

969±1870 and median of 480. Figure 2.2(a) shows SFR(LTIR) over SFR(YSO count),

and Figure 2.2(b) shows the ratio of SFR(LTIR)/SFR(YSO count) versus SFR(YSO count).

With both the 24 µm and LTIR available, we also compared SFR(24 µm)

with SFR(LTIR). Figure 2.3 shows SFR(24 µm) over SFR(LTIR) with the low

mass star forming clouds data represented by orange circles. The two SFRs

agree well with each other with average ratio of SFR(LTIR)/SFR(24 µm) of

0.22±0.08 and a median of 0.33. A curved fit was performed using MPFITEXY

routine (Williams et al. 2010; Markwardt 2009) with adopted uncertainties of

50% for both SFRs. The solid black line represents a line of SFR(24 µm) =

SFR(LTIR) while the dot-dashed, orange line represents a least-square fit for
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the nearby clouds of

log[SFR(24 µm)] = (0.58± 0.13) (2.5)

+ (0.91± 0.08)× log[SFR(LTIR)].

Figure 2.2 SFR(LTIR) versus SFR(YSO count) for c2d and Gould’s Belt
clouds. The solid black line represents the same line as the line in Figure
1 of SFR(LTIR) = 0.01SFR(YSO count)

2.4 Analysis of Regions Forming High-Mass Stars

So far we have found that the extragalactic relations between SFR and

24 µm or total infrared badly underestimate the SFR in nearby molecular

clouds, which are not forming stars of high mass. Here we address the issue

for regions forming massive stars, using the dense clump sample discussed in

§2.2. These clumps have an average distance of 3.9± 2.4 kpc and a median of

3.5 kpc.
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Figure 2.3 Log[SFR(24 µm) versus Log[SFR(LTIR)] for c2d, Gould’s belt
clouds, and massive dense clumps. The solid black line represents a line of
SFR(24 µm)/SFR(LTIR) = 1; a dash-dot orange line represents a fit to the
c2d and Gould’s Belt cloud data points; and a dot blue line represents a fit to
the massive dense clump data points.

2.4.1 IRAS 25 µm emission and total infrared luminosity LTIR

The fluxes for the IRAS bands for these clumps are available from

the IRAS point source catalog (PSC) and tabulated by Mueller et al (2002).

However, most of the massive dense clump sources are extended sources. Ex-

amining the images of these sources showed that the IRAS point source catalog

could underestimate the flux because the average source size is larger than the
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IRAS beam size. To obtain more accurate values of the flux, we performed

photometry on the massive dense clump sample instead of adopting the flux

from PSC.

IRAS IRIS images in all four bands were used for photometry. Aper-

ture photometry was performed on each source with the use of IDL routine

APER and by setting the aperture radius to be equal to the FWHM of a 1D

gaussian fit. Most of the sources are in a crowded field, which complicated

the photometry. Sky subtraction was done by choosing a sky region for each

source by eye and averaging the flux within the region to obtain sky level. The

result gives a flux in all four IRAS bands for a total of 56 sources.

The total infrared luminosity and the SFR(LTIR) was calculated from

the same equation used in the last section (Equation 3 and 4). Note that LTIR

from our photometry is higher than LTIR from the PSC by a factor of 2 on

average. The SFR(24 µm) was also calculated in the same way by using the

relation in Equation 2. Ideally, we would now compare the SFRs from infrared

emission to SFR(YSO count)as we did for low-mass regions. However, because

of the greater distance and the presence of diffuse emission, counting YSOs is

not practical in these regions. Without the YSO count, we cannot test the IR

SFR tracers against a direct measure of SFR. With more than one method of

tracing star formation, we can test to see if different tracers give consistent

measures of SFRs.

As shown in Table 2.4, the two IR SFRs are comparable to each other

with the average ratio of SFR(LTIR) to SFR(24 µm) = 0.41±0.19. The median
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is 0.37. Figure 2.3 shows the comparison between SFR(24 µm) and SFR(LTIR)

for the clumps, which is represented by blue diamonds. The dashed, blue line

represents a least-square fit for the massive dense clump data of

log[SFR(24 µm)] = (0.53± 0.08) (2.6)

+ (0.92± 0.05)× log[SFR(LTIR)].
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Table 2.4. Massive Dense Clump Sample

Object Distance L25µm Log(LTIR) SFR(24 µm) SFR(LTIR) SFR(LTIR)/SFR(24 µm)
- (kpc) (L�) (L�) (M� Myr−1 ) (M� Myr−1 ) -

G121.30 1.2 2.07 3.20 0.4 0.2 0.42
G123.07 2.2 3.66 4.47 11.5 3.5 0.30
W32 2.4 5.50 6.02 490.0 124.0 0.25
W3OH 2.4 4.49 5.40 62.7 30.3 0.48
GL490 0.9 3.01 3.53 3.1 0.4 0.13
S231 2.3 3.33 4.04 5.9 1.3 0.22
S231 1.6 3.72 4.40 13.0 3.0 0.23
S241 4.7 3.79 4.72 15.2 6.2 0.41
MonR2 0.9 4.27 4.74 40.3 6.5 0.16
S252A 1.5 3.29 4.18 5.5 1.8 0.33
S255 1.3 3.79 4.56 15.2 4.4 0.29
RCW142 2.0 4.26 5.04 38.9 13.2 0.34
W28A2 2.6 5.17 5.85 251.9 83.7 0.33
M8E 1.8 4.30 4.93 42.9 10.2 0.24
G9.62 7.0 4.92 5.82 152.2 79.4 0.52
G8.67 4.5 4.06 4.97 26.2 11.2 0.43
W311 12.0 5.28 6.42 311.6 317.8 1.02
G10.60 6.5 5.32 6.35 341.4 265.7 0.78
G12.42 2.1 3.64 4.23 11.2 2.0 0.18
G12.89 3.5 3.72 4.89 13.0 9.2 0.71
G12.21 13.7 5.36 6.40 371.6 302.4 0.81
G13.87 4.4 4.77 5.41 111.3 30.7 0.28
W33A 4.5 4.79 5.57 115.1 44.4 0.39
G14.33 2.6 3.32 4.57 5.8 4.4 0.76
G19.61 4.0 4.79 5.60 115.4 47.7 0.41
G20.08 3.4 3.93 4.87 20.0 8.8 0.44
G23.95 5.8 4.91 5.63 148.7 50.8 0.34
G24.49 3.5 4.26 5.25 39.6 21.3 0.54
W42 9.1 5.97 6.74 1287.2 652.6 0.51
G28.86 8.5 4.82 5.82 122.5 79.3 0.65
W43S 8.5 6.09 6.80 1649.3 760.7 0.46
G31.41 7.9 4.30 5.40 43.0 29.8 0.69
G31.44 10.7 5.13 5.79 231.3 73.5 0.32
W44 3.7 5.12 5.87 226.6 88.3 0.39
S76E 2.1 4.41 5.12 53.1 15.7 0.30
G35.58 3.5 4.56 5.48 72.0 36.3 0.50
G35.20 3.3 4.28 5.08 40.9 14.5 0.35
W49 14.0 6.56 7.33 4301.0 2530.4 0.59
OH43.80 2.7 3.60 4.50 10.2 3.8 0.37
G45.07 9.7 5.91 6.49 1133.5 366.5 0.32
G48.61 11.8 5.72 6.58 764.1 459.9 0.60
W51W 7.0 5.97 6.68 1280.4 567.7 0.44
W51M 7.0 6.58 7.15 4461.3 1695.4 0.38
G59.78 2.2 3.52 4.31 8.7 2.4 0.28
S87 1.9 4.13 4.77 30.4 7.0 0.23
S88B 2.1 4.54 5.24 69.9 20.6 0.29
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Table 2.4 (cont’d)

Object Distance L25µm Log(LTIR) SFR(24 µm) SFR(LTIR) SFR(LTIR)/SFR(24 µm)
- (kpc) (L�) (L�) (M� Myr−1 ) (M� Myr−1 ) -

K350 9.0 5.94 6.59 1196.5 463.2 0.39
ON1 6.0 4.01 5.20 23.6 19.0 0.81
ON2 5.5 5.61 6.25 610.2 211.0 0.35
S106 4.1 5.42 5.96 415.6 108.6 0.26
G97.53 7.9 4.56 5.24 72.8 21.0 0.29
BFS11B 2.0 3.46 4.25 7.7 2.1 0.28
CepA 0.7 3.33 4.32 5.9 2.5 0.42
S158 2.8 5.22 5.77 275.8 70.1 0.25
NGC7538 2.8 5.21 5.77 272.8 70.8 0.26
S157 2.5 4.16 4.89 31.8 9.2 0.29

2.4.2 Radio Continuum Emission

In addition to infrared emission, radio continuum emission is also used

as a SFR tracer for galaxies in several studies (Condon et al. 1992, Yun el

al. 2001, Jogee et al. 2005, Murphy et al. 2011). For normal and starburst

galaxies, most of the radio emission is free-free emission from ionized gas and

synchrotron emission from relativistic electrons (Yun et al. 2001). Free-free

emission traces ionized gas inside HII regions, along with some more diffuse

emission from extended ionized gas, while synchrotron emission traces rel-

ativistic electrons accelerated by supernova remnants, which are much more

widely distributed. Both of the sources of the radio emission are related to high

mass star formation because high mass stars produce HII regions while stars

with M ≥ 8 M� produce core-collapse supernova (Yun et al. 2001). However,

the quantitative relation between synchrotron emission and star formation is

less direct, being derived from a correlation between the synchrotron and far-
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infrared emission (de Jong et al. 1985; Helou et al. 1985; Condon 1992).

For this study, we used radio continuum as another independent source

of SFR tracer for comparison with LTIR since both radio continuum and LTIR

should trace the presence of high mass stars. In a spectrum of a whole galaxy,

synchrotron emission dominates emission at ν ≤ 30 GHz (Condon et al. 1992).

However, our samples are on much smaller scales than for extragalactic studies.

In the absence of nearby supernova remnants, radio emission from high mass

star forming regions is dominated by thermal free-free emission. To use radio

continuum as a SFR tracer for the massive dense clump samples we need

to connect free-free emission to a total number of massive stars. Thermal

(free-free) luminosity is related to the rate of photoionizing photons (Lyman

continuum photons) by(
NUV

phot s−1

)
≥ 6.3 × 1052

(
Te

104K

)−0.45 ( ν

GHz

)0.1

(2.7)

×
(

LT

1020W Hz−1

)
,

where NUV is the production rate of Lyman continuum photons per second, Te

is the electron temperature, ν is the frequency, and LT is the thermal emission

luminosity, assuming it is optically thin in this part of the spectrum (Condon

et al. 1992). Using Kroupa’s IMF and stellar spectral model from Starburst99

(Leitherer et al. 1999), the rate of photoionizing photons is related to SFR by

(Chomiuk et al. 2011)

SFR

M� yr−1
= 7.5× 10−54

(
NUV

phot s−1

)
. (2.8)
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We get

SFR

M� yr−1
= 0.47

(
Te

104K

)−0.45 ( ν

GHz

)0.1
(

LT

1020W Hz−1

)
.

For an electron temperature of Te ∼ 104 K, the thermal radio SFR relation is

SFR

M� yr−1
= 0.47× 10−20

( ν

GHz

)0.1
(

LT

W Hz−1

)
. (2.9)

For the radio continuum data, we used radio surveys that cover the re-

gions of the Galactic plane that coincide with the massive dense clump sample.

The radio data in this study was obtained from two surveys. The first set of

data came from a survey of the Galactic plane at 4.875 GHz by Altenhoff et

al. (1979; hereafter A79). The radio data were obtained with the 100-m Ef-

felsberg with a half-power beamwidth of 2.6′ over the galactic longitude range

of l = 357.5◦ to 60◦ and galactic latitude of b = ±2◦. The second set of radio

data were obtained from an earlier survey by Altenhoff et al. (1970; hereafter

A70). The survey of the Galactic plane at 1.414, 2.695, and 5.000 GHz covered

a range of l = 335◦ to 75◦ and b = ±4◦ with a half-power beamwidth of ap-

proximately 11′. The observations for the three wavelength bands were made

with the 300-ft transit paraboloid antenna at the NRAO, the 140-ft antenna

at NRAO, and the 85-ft parabolic antenna at Fort Davis for 1.414, 2.695, and

5.000 GHz respectively (Altenhoff et al. 1970). Using the 4.875 GHz (A79)

survey has the advantage of having a comparable resolution to the infrared

data from IRAS (2.6′ for A79 and ∼ 2′ for IRAS 100 µm), making it suitable

for comparison between radio and infrared data.
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We first matched objects from the radio surveys to the massive dense

clump objects by matching their coordinates. The matching objects have

center coordinates within a few arcminutes of each other. Lockman (1989)

provides radio recombination line data for these radio sources from his survey

of radio HII regions in the northern sky. We compared radio recombination line

velocities of matched objects to line velocities (HCN J = 1→ 0, J = 3→ 2

and CS J = 2→ 1, J = 7→ 6) from Wu et al. (2010). We kept the objects

with velocities approximately within ±5 km s−1 between the two data sets.

Our matching resulted in a total of 22 objects with available radio continuum

flux, radio recombination line velocity, and infrared luminosity.

A79 provides a peak intensity for each radio source along with a FHWM.

The integrated flux for each object was calculated for a total of 18 objects by

assuming a Gaussian profile for both the source flux distribution and the beam

profile. A70 provides integrated flux and FWHM data for an additional 4 ob-

jects. Then SFR(radio) was calculated from Equation 7. After obtaining

SFR(radio), our next step was to compare them to IR SFR. However in order

to compare radio data to infrared data, the two sets of data should come from

equal areas of the objects. Aperture photometry was performed on IRAS IRIS

images with a chosen aperture radius equal to the radio FWHM size of each

object. The aperture size was chosen to capture most of the infrared flux of

the objects without contamination from other nearby sources and to make the

observed areas comparable to those of the radio data.

The resulting SFR(radio), LTIR, SFR(LTIR) and SFR(24 µm) are in-
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cluded in Table 2.5. SFR(radio) and SFR(LTIR) are well correlated, with an

average ratio of SFR(radio)/SFR(LTIR) of 1.8 ± 0.8, a median of 1.9, and a

linear correlation coefficient of 0.90. There are many sources of uncertainties

in our calculations of SFR, which makes it difficult to estimate realistic errors

for each source. We instead adopted a 50% uncertainties for both SFRs and

performed a curve fit using MPFITEXY routine (Williams et al. 2010; Mark-

wardt 2009). Figure 2.4(a) shows SFR(LTIR) versus SFR(radio) with a solid

line representing SFR ratio of one and a dashed line representing a best fit to

the data of

log[SFR(LTIR)] = (0.0029± 0.18) (2.10)

+ (0.89± 0.085)× log[SFR(radio)].

SFR(radio) and SFR(24 µm) are also well correlated with an average

ratio of SFR(radio)/SFR(24 µm) of 0.76 ± 0.42, a median of 0.79, and a lin-

ear correlation coefficient of 0.98. Figure 2.4(b) shows SFR(24 µm) versus

SFR(radio) with a dashed line representing a best fit of

log[SFR(24 µm)] = (0.53± 0.17) (2.11)

+ (0.83± 0.08)× log[SFR(radio)].
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Figure 2.4 SFR(LTIR) versus SFR(radio) for massive dense clumps. The blue
squares represent data from A79, and the orange triangles represent data from
A70. The solid, black line represents a line where the two SFRs are equal
while the blue, dashed line represents a fit of log[SFR(LTIR)] = 0.0029+0.89
Log[SFR(radio)].

2.5 Discussion

2.5.1 Low mass SF

From the results for c2d and Gould’s Belt survey, it is clear that the

SFRs from 24 µm do not agree well with SFRs from YSO counting. First

of all, 24 µm emission from YSO point sources contributes very little to the

total emission of the clouds. Even when we included the diffuse emission into

our calculation of SFR(24 µm), the resulting values are still much lower (by a

factor of about 100 than SFR(YSO count)). Nonetheless, we can ask whether

there is any relation at all between SFR(24 µm) and SFR(YSO count). Fig-
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ure 2.1(a) shows a plot of SFR(24 µm) versus SFR(YSO count). The solid

black line represents a ratio of 100. The figure shows that there is a gen-

eral correlation between the two with the Pearson linear correlation coefficient

of 0.83. Perhaps the 24 µm emission might provide a rough guide to the

SFR, but with a different conversion factor. However, the scatter is large.

Figure 2.1(b) shows the ratio of SFR(24,diffuse)/SFR(YSO count). The dis-

crepancies and scatter between the two SFRs persists throughout the range

of SFRs. A similar result was obtained for the comparison of SFR(LTIR)

with SFR(YSO count), as shown in Figure 2.2. There is again a weak

correlation with a correlation coefficient of 0.77, but the underestimate of

SFR(YSO count) is even greater. The solid black line represents the same line

of SFR(YSO count) = 100× SFR(LTIR), as shown in Figure 2.2(a).

The disagreement between SFR(IR) and SFR(YSO count) is not sur-

prising since these clouds are not forming very massive stars, which would

dominate the luminosity if the IMF is fully sampled. The undersampling of

the IMF along with other possible causes behind the discrepancy in SFRs are

discussed below.

2.5.1.1 External Heating

As discussed earlier, the total fluxes from the actual clouds are generally

small fractions of the total emission toward the regions, which means that a

lot of the emission is background emission. Furthermore, much of the diffuse

emission that is associated with the cloud does not correspond to regions of
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high extinction or intense ongoing star formation. As examples, Figure 2.5

and Figure 2.6 show the images for Lupus I and Ophiuchus, with extinction

contour levels overlaid. In Lupus I, the diffuse emission at 24 µm is located

away from the regions of current star formation. In contrast, in Ophiuchus,

most of the diffuse emission is associated with the cluster of forming stars

spatially, and the excitation peaks on embedded early-type stars (Padgett et

al. 2008, see, Fig. 2). In the case of the Perseus cloud, much of the diffuse

24 µm emission comes from regions heated by a star lying behind the cloud

(unrelated to current star formation) or from the IC348 cluster (related to

recent star formation) (Rebull et al. 2007). Such differences from cloud to

cloud will introduce large scatter into the relations. In the absence of high

mass stars in these clouds, external sources of heating could dominate the

infrared emission.

The IRAS 100 µm images show more correlation with the extinction

contours than the 25 µm images. The contribution to the LTIR is also larger

from the 100 µm, which is closer to the peak of the general dust emission from

molecular clouds. The resulting LTIR may then trace the amount of dust inside

the clouds as opposed to star formation in the clouds. Then the correlation in

Figure 2.2 could be a secondary effect of the correlation of SFR with amount

of dust for the cloud as a whole.
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Figure 2.5 MIPS 24 µm image of Lupus I cloud with contours of AV = 2, 4,
and 6 mag in green.

2.5.1.2 Undersampled IMF

Since these clouds are not forming very massive stars, clearly there are

no stars to populate the high-end of the IMF. The lack of high-mass stars

means that it requires more mass in the form of lower-mass stars to produce

a certain luminosity than if the IMF is fully-sampled. Using SFR relations

derived by assuming the full IMF will then underestimate the SFR in these

regions.
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Figure 2.6 MIPS 24 µm image of Ophiuchus cloud with contours of AV = 2,
6, and 10 mag in green.

To see how much this affects the discrepancies in the SFRs, we looked

at the details of the SFR calibrations. Calzetti et al. (2007) calibrated the

SFR-24 µm relation by empirically fitting L(24 µm) to Hα. Hα was then con-

nected to SFR through a stellar population model assuming Kroupa’s IMF,

solar metallicity, and a constant SFR over a timescale of 100 Myr. Any differ-

ences in the IMF would have an effect on the two steps: SFR-Hα (or directly

related, NUV ) relation and Hα - 24 µm ratio. We performed a test by running

starburst99 with the same IMF but with a different upper limit on the stel-

lar mass (Mupper). We also assume that a constant fraction of the bolometric

luminosity (Lbol) is being re-emitted in the 24 µm band.

Taking the Perseus molecular cloud as an example, the highest mass

star in the cloud is an early B star (Rebull et al. 2007). We set Mupper = 15 M�

and a constant SFR over 100 Myr. The results showed an underestimation of

41



SFR(24 µm) by a factor of 2.1 when assuming a full IMF. For SFR(LTIR), the

relation in equation 2.4 was derived from assuming that all of Lbol is re-emitted

in the infrared so that Lbol=LTIR. Lbol was connected to SFR directly from

the stellar synthesis model. This would result in the same underestimation of

SFR(LTIR) by a factor of 2.1.

A factor of 2 difference from the cut-off IMF is still much less than the

observed discrepancies in SFR(YSO count)/SFR(24 µm) of a factor of 43 and

SFR(YSO count)/SFR(LTIR) of 210 in Perseus. The effect of under-sampling

the IMF on underestimating the SFR will be greater for clouds with lower

Mupper. For many clouds Mupper is even lower than 15 M�. We tested the model

with Mupper = 5 M�, which showed an underestimation of SFR by a factor

of 10. Even with the lower Mupper, undersampled IMF still cannot account

for the large discrepancies in the whole sample. We tested the the effect of

under sampling IMF by changing Mupper, but in regions of low SFR stochastic

sampling of the IMF could also be important, especially in contributing to the

scatter in the sample (da Silva et al. 2011, Eldridge 2012).

2.5.1.3 Star Formation Timescale

The time scale of constant star formation assumed in the SFR relations

is 100 Myr, much longer than a lifetime of an average molecular cloud (few

×107 Yr; McKee & Ostriker 2007, Murray 2011) or the time scale over which

YSO counting is relevant (≈ 5 Myr). On a longer time scale the contribution

of high mass stars to the total luminosity will get smaller since low mass stars
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will outlast the short-lived high mass stars. On the time scale of molecular

clouds, not accounting for the lack of massive stars will lead to even greater

underestimations of SFR than on a longer time scale. Taking an average age

of the clouds to be 10 Myr, the model results from combining the cut-off

IMF (Mupper=15 M�) and the change in time scale showed a higher SFR by a

factor of 9.9, still lower than the observed differences in Perseus. Combining

the change in time scale to 10Myr and a cut-off IMF of Mupper=5 M�gave a

higher SFR by a factor of 110, close to the average discrepancy in our data.

Additionally, the assumption that all of the bolometric luminosity is

being re-emitted in the infrared might not be valid in these regions. If the

fraction of energy emitted in the infrared or 24 µm band over Lbol is not

constant or is lower in regions with low SFR than in the regions used in the

SFR calibration, then this would be another cause for underestimation of the

SFR.

2.5.2 High mass SF

2.5.2.1 LTIR and 24 µm

Limited resolution, extinction, and the confusing effects of diffuse emis-

sion prevent accurate star counts for the massive dense clumps. Instead, we

calculated the SFR from both 25 µm and total infrared emission. There is

a good correlation between SFR(24 µm) and SFR(LTIR). Ideally, this would

mean that both 24 µm and LTIR can trace SFR well in high mass star forming

regions. However without an absolute SFR for comparison, we cannot tell if
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the SFR from both tracers are accurate or if the calibration is off by some fac-

tor. Moreover, the correlation could also result if all the clumps have similar

SEDs.

One way to distinguish these explanations is to compare SFR(24 µm)

and SFR(LTIR) in low mass star forming clouds. If they show a strong cor-

relation even when both fail to represent accurate SFR, the explanation of

similar SEDs is likely. SFR(24 µm) is plotted versus SFR(LTIR) for both the

massive dense clump sample and the nearby cloud sample in Figure 2.3. The

solid black line represents a line of SFR(24 µm)/SFR(LTIR) = 1. For both

data sets, SFR(24 µm) is higher than SFR(LTIR) on average with the average

ratio of SFR(24 µm)/SFR(LTIR) higher for the nearby cloud sample than for

high mass sample. The dashed red line represents a fit for the nearby clouds

while the dash-dot, green line represent a fit for the massive dense clump data.

The fact that both fit similar relationships, even though we know that neither

SFR(LTIR) nor SFR(24 µm) is accurately tracing SFR in the nearby clouds

suggests that the correlation is mostly driven by the similarity of the SEDs.

The nearby cloud sample shows a smaller scatter in the data than the

high mass sample. The smaller scatter in the low mass sample suggests that

the SED for low mass star forming clouds are more uniform that those of

massive dense clumps. If the diffuse dust continuum emission is dominated by

grains responding to the generally interstellar radiation field, the SED would

be fairly uniform. In regions forming massive stars, the dust energetics could

instead be dominated by luminous sources internal to the cloud, and the SED
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would depend more on the distribution of luminosities of the sources and the

geometry.

2.5.2.2 IR and radio continuum

After comparing SFR(24 µm) to SFR(LTIR) , we then compared them

to SFR(radio). The thermal radio emission comes from a different mecha-

nism than the infrared emission. While infrared emission mostly traces dust

surrounding HII regions, thermal radio traces ionized gas inside HII regions.

Radio data then provides a more independent tracer of SFR in a different part

of the spectrum. The result shows that SFR(radio) also correlates very well

with LTIR with a correlation coefficient of 0.90. Radio data gives a slightly

larger SFR than does LTIR, as shown in Figure 2.4(a), where a solid line rep-

resents a SFR ratio of one and the dashed line represents a best fit. Similarly,

24 µm also correlates well with radio data as shown in Figure !2.4(b). In the

are of 24 µm the SFR(radio) is slightly lower than SFR(24 µm) on average.

The fact that SFR(radio) and SFR(LTIR) are comparable to each other could

indicate that both radio and infrared emission originate from the same source

of heating, namely photons from high mass stars.

The radio and infrared data also imply a good correlation between

LTIR and radio luminosity. As seen from many previous studies, FIR-radio

correlation have been well observed among galaxies with a wide luminosity

range and spatial scales (Murphy et al. 2006, Dumas et al. 2011, Hughes et

al. 2006, Tabatabaei et al. 2007, Zhang et al. 2010). It is interesting that
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even though radio continuum emission in galaxies is dominated by synchrotron

emission instead of free-free emission, our results still show that the correlation

between TIR and radio emission extends down to parsec scales in high mass

star forming regions.

2.5.3 Combining Both Samples

Our results indicate that LTIR underestimates SFR by a large fac-

tor for low mass regions while LTIR gives consistent (within a factor of 2)

SFR with SFR(radio) for high mass regions. Figure 2.7 shows the ratio of

SFR(LTIR)/SFR(best) for both low mass and high mass regions. SFR(best)

refers to SFR(YSO count) for low mass regions and SFR(radio) for high mass

regions. We note that SFR(YSO count) is a more direct measurement of cur-

rent SFR than SFR(radio), which depends on certain assumptions that went

into the calibration. With the lack of SFR(YSO count) for high mass regions,

we use SFR(radio) as a comparison. The blue stars, which represents low mass

clouds, show a general trend between the SFR ratio and LTIR. SFR(LTIR) is

closer to the SFR(YSO count) at higher LTIR. LTIR traces SFR better for LTIR

closer to ≈ 104.5 L�, which is a transition between regions forming low-mass

and regions forming high mass stars. If SFR(radio) gives an accurate measure

of SFR, then the results would mean that SFR(LTIR) is a good tracer above

104.5 L�. This result would be consistent with the suggestion by Wu et al.

(2005b) that the LTIR traces star formation above that luminosity. Resolving

YSOs in regions forming high mass stars is a next important step in further
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understanding of the use of these tracers.

Figure 2.7 SFR(LTIR)/SFR(best) versus LTIR where SFR(best) refers to
SFR(YSO count) for low mass regions and SFR(radio) for high mass regions.
Blue stars represent low mass clouds (c2d+GB) and orange stars represent
high mass regions (massive dense clump).

The failure of SFR(24 µm) and SFR(LTIR) to accurately trace SFR in

nearly all the nearby clouds has some interesting implications. An observer

in another galaxy using Hα or radio continuum emission would miss all star

formation in a 300 pc radius of the Sun; we find that using 24 µm emission

would underestimate the local star formation by a factor of about 100. If

the local volume were representative of most star formation in galaxies, the
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SFRs would be vastly underestimated. The fact that the same extragalactic

observers would get the global SFR in the Milky Way right to a factor of about

2 (Chomiuk and Povich 2011) indicates that most star formation in the Milky

Way occurs in regions forming massive stars, but this might not be the case

in the outer parts of the galaxies.

Finally, we note that the apparently good correlation of two purported

tracers of star formation, even in regimes where neither is accurate, serves as

a warning about accepting “consistency” as evidence of accuracy.

2.6 Summary

We studied two groups of star forming clouds in the Milky Way: 20

nearby clouds from Spitzer c2d and Gould Belt Legacy surveys; and 32 massive

dense clumps that are forming massive stars. We determined the total diffuse

24 µm emission for each cloud and calculated the corresponding SFR using the

relation from Calzetti et al. (2007). Comparing 24 µm images with extinction

maps shows that a significant portion of 24 µm emission does not come from

star-forming regions in some clouds. We calculated the total infrared emission

from the IRAS data and the corresponding SFR. For massive dense clumps,

we also obtained radio continuum data and calculated SFR(radio) for a total

of 22 clumps. Then the resulting SFRs were compared with SFRs calculated

using the method of counting number of YSOs for the nearby clouds. We

compared SFR(LTIR) with SFR(24 µm) and SFR(radio) for massive dense

clumps. The comparison shows quite a good correlation between the three

48



SFR tracers for the massive dense clumps, which are high-mass star forming

regions, with the average ratio of SFR(LTIR)/SFR(24 µm) = 0.6±0.6 and

SFR(radio)/SFR(LTIR) = 1.8±0.9.

Neither SFR(24 µm) nor SFR(LTIR) trace the SFR(YSO count) ac-

curately in the nearby clouds, where we can calibrate with an independent

method. There is a weak correlation between both tracers and SFR(YSO count),

but a very different calibration value would be needed, and the scatter is large.

Both 24 µm and LTIR severely underestimate SFR for the nearby clouds.

SFR(LTIR) shows better agreement to SFR(YSO count) for clouds with higher

luminosity.

We would like to thank G. Helou for suggesting this study and the

referee for suggestions that improved the work. We would also like to thank

Mike Dunham and Amanda Heiderman for helpful discussions. we acknowl-

edge support from NSF Grant AST-1109116 to the University of Texas at

Austin.
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Chapter 3

The Star Formation Relation for Regions in

the Galactic Plane: The Effect of Spatial

Resolution

We examined the relations between molecular gas surface density and

star formation rate surface density in a 11 square degree region of the Galactic

Plane. Dust continuum at 1.1 mm from the Bolocam Galactic Plane Survey

and 22 µm emission from the WISE All-sky survey were used as tracers of

molecular gas and star formation rate, respectively, across Galactic longitude

of 31.5 ≥ l ≥ 20.5 and Galactic latitude of 0.5 ≥ b ≥ −0.5. The relation

was studied over a range of resolutions from 33′′ to 20′ by convolving images

to larger scales. The pixel-by-pixel correlation between 1.1 mm and 22 µm

increases rapidly at small scales and levels off at the scale of 5′-8′. We studied

the star formation relation based on pixel-by-pixel analysis and 1.1 mm and 22

µm peaks analysis. The star formation relation was found to be nearly linear

with no significant changes in the form of the relation across all spatial scales

and lie above the extragalactic relation from Kennicutt (1998). The average

gas depletion time is ≈ 200 Myr and does not change significantly at different

scales, but the scatter in the depletion time decreases as the scale increases.

50



3.1 Introduction

Since star formation is an important process in the formation and evo-

lution of galaxies, understanding what controls the conversion of gas into stars

is essential. One of the key parameters in determining the rate of star forma-

tion (SFR) in any region should be the amount and nature of the gas available.

Our goal is to use surveys of the Galactic Plane to study the relation between

gas and star formation on scales ranging from 1 to 200 pc, smaller than the

scales accessible in studies of other galaxies.

The study of the relation between gas mass and SFR goes back to the

study of Schmidt (1959), who proposed a power law relation between SFR and

the gas density. Kennicutt (1998) studied a set of galaxies and found a relation

between the disk-averaged SFR surface density (ΣSFR) and gas surface density

(Σg) to be ΣSFR ∝ Σg
1.4. Since then, there have been many studies on the

star formation relation in various types of galaxies, as reviewed by Kennicutt

& Evans 2012.

With improvements in instrumental resolution and sensitivity, it be-

came possible to study the relation on smaller scales within individual galax-

ies (Wong & Blitz 2002). Many studies used high-resolution data to study

the relation down to sub-kiloparsec scales (Kennicutt et al. 2007, Bigiel et

al. 2008, Blanc et al. 2009, Verley et al. 2010, Liu et al. 2011, Schruba

et al. 2011, Leroy et al. 2013). Star formation has been shown to be asso-

ciated with molecular gas, rather than total gas (Schruba et al. 2011), and

the relations between ΣH2 and ΣSFR tend to be linear (ΣSFR ∝ ΣH2

1.0) (Bigiel
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et al. 2008, Leroy et al. 2013). While there is a strong correlation between

gas mass and SFR surface density at disk-averaged scales, the relation showed

a much larger scatter at smaller scales, suggesting that the star formation

relation breaks down below a certain scale (Onodera et al. 2010, Liu et al.

2011, Schruba et al. 2010). The large scatter of the star formation relation on

small scales implies that the relation does not arise simply from propagating

the same relationship up from the scale of individual star forming regions (see

Evans et al. 2014). Currently, the extragalactic studies can resolve star form-

ing regions down to sub-kiloparsec scales, with a few reaching scales of about

100 parsec (Schruba et al. 2010, Onodera et al. 2010).

The relations seen in the extragalactic studies are measured on scales

that are larger than individual molecular cloud. To understand the physics

that underly the relation, one should look at an individual star forming region.

To study star formation down to scales of an individual molecular cloud, we

need to look at closer regions. Studies of nearby molecular clouds (distance< 1

kpc) have found that star formation was highly concentrated to dense gas

(Heiderman et al. 2010, Lada et al. 2010, Lada et al. 2013, Evans et al.

2014). Where star formation happens, the star formation rate lies well above

the relation for extragalactic regions, indicating that the extragalactic relation

emerges from averaging over both star forming and non-star-forming gas. Re-

gions of high-mass star formation, more representative of what is probed in

studies of other galaxies, are generally more distant and require techniques dif-

ferent from those used in the nearby clouds. Studies of massive, dense regions
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indicated a linear relation between SFR and dense gas (Wu et al. 2005, Wu et

al. 2010), similar to those found in other galaxies when tracers of dense gas,

like HCN emission were used (Gao & Solomon 2004a, 2004b). The relation

using tracers of dense gas also shows larger ΣSFR at the same ΣH2 than found

in extragalactic studies using all the molecular gas.

Extragalactic studies obtain star formation relations by looking at re-

gions covering large areas of the galactic disk while star formation studies in

the Milky Way have focused on individual star forming regions that were se-

lected based on certain criteria. The regions studied by Wu et al. (2010) trace

small, very dense regions, and they were selected to have signposts of massive

star formation and thus may be biased. To bridge the gap between the Galac-

tic and extragalactic scales and to understand some of the differences in the

extragalactic results, we need to study Galactic star formation on larger scales

and without the biases of previous studies.

There have been many new large scale observations of the Milky Way in

various wavelength bands. The Spitzer legacy projects include the MIPSGAL

(Carey et al. 2009) and GLIMPSE (Churchwell 2009) surveys, giving a view of

the Galactic plane in the infrared from 3.6 µm to 70 µm. All-sky surveys also

provide information on star formation rates in the Galactic Plane (e.g., WISE,

Wright et al. 2010). The Bolocam Galactic Plane Survey (BGPS) observed

the northern part of the Galactic Plane in 1.1 mm dust continuum (Aguirre

et al. 2011, Ginsburg et al. 2013 for version 2 of the data). The molecular gas

distribution of the Milky Way was studied by (Dame et al. 2001) in 12CO and
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by the Galactic Ring Survey in 13CO (Jackson et al. 2006), with both studies

using the J = 1→ 0 line. With these data available, we can study the relation

in a larger area of the Milky Way and perform similar analysis on the Galactic

Plane as in the extragalactic data and study how the change in resolution

and the change in region selection method affect the result. Understanding

the effect of the change in resolution and selection methods will be useful in

comparing between Galactic and extragalactic studies.

In this paper, we used the 1.1 mm dust continuum data from the BGPS

survey as a molecular gas tracer and 22 µm emission from WISE as a tracer

of star formation to study the relation between gas mass and star formation

for a part of the Galactic Plane. The details of the data used in this study are

described in §3.2, and the data processing is described in §3.3. We studied the

relation between 1.1 mm and 22 µm emission by first looking at the pixel-by-

pixel relation (§3.4) and then by identifying separate sources inside the regions

(§3.5). The discussion of the results is in §3.6, and the results are summarized

in §3.7.

3.2 Data

3.2.1 Emission at 1.1 mm

Dust emission has been used as a total gas tracer in previous studies by

assuming that dust and gas are well-mixed (Leroy et al. 2007, Bolatto et al.

2011). The correlation between gas and dust emission has also been studied

by the CO survey (Dame et al. 2001) and the recent PLANCK survey (Ade
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et al. 2011). Ade et al. (2011) argued that dust emission is optically thin up

to a column density of NH ≈ 1026 cm−2 at 1 mm. It is also less sensitive to

temperature than the FIR emission. Using dust opacities, a dust-to-gas ratio,

and a typical dust temperature, we can estimate the gas mass.

We used the 1.1 mm dust continuum from the BGPS version 2 as a

molecular gas tracer. The Bolocam Galactic Plane Survey covers about 170

deg2 in 1.1 mm continuum at an effective resolution of 33′′ (Aguirre et al.

2011). The 1.1 mm data span the range of Galactic longitude of −10.5◦ ≤

l ≤ 90.5◦ and Galactic latitude of |b| ≤ 0.5◦ with additional coverage in some

selected regions (Ginsburg et al. 2013). Extended sources were extracted from

the 1.1 mm images to a catalog (Bolocat) using a watershed decomposition

algorithm (Rosolowsky et al. 2010, Ginsburg et al. 2013). Follow-up molecular

line observations of the sources include HCO+ J = 3 − 2, N2H+ J = 3 − 2

(Schlingman et al. 2011, Shirley et al. 2013), and NH3(1,1), (2,2), and (3,3)

inversion transitions (Dunham et al. 2011). Distances to a subset of the

bolocat sources are also available (Ellsworth-Bowers et al. 2013, Ellsworth-

Bowers et al. 2014). Bolocat sources are relatively dense (∼ 103.5 cm−3)

structures in molecular clouds with angular sizes of ≈ 0.5′ − 2′ (Ginsburg et

al. 2013).

Surveys by ground-based instruments at λ ∼ 1 mm lose sensitivity to

emission beyond some angular scale because it cannot be separated from at-

mospheric emission variation. The BGPS maps completely recover emission of

up to 80′′ and partially recover emission to ≈ 5′ (Ginsburg et al. 2013). These
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surveys thus pick out regions of characteristic volume densities, which depend

on distance. Dunham et al. (2011) calculated sizes and other properties of a

subset of sources and characterized the bolocat sources as cores, clumps, and

clouds, with size scales of order 0.1 pc, 1 pc, and 10 pc, respectively, depending

on sources’ distances. As discussed later, the majority of the structures in the

regions we study here correspond to relatively dense (n ≈ 103.5 cm−3) clumps

within larger molecular clouds. Battisti & Heyer (2014) extracted 13CO clouds

associated with selected BGPS sources with dense gas observations and com-

pared the dust mass with the mass of the parent 13CO clouds. Comparing a

total mass of BGPS sources inside GMCs with the mass of the GMC gave a

median mass ratio of 0.11+0.12
−0.06. If the mass was restricted to regions with mass

surface density higher than 200 M� pc−2), the ratio decreased to 0.07+0.13
−0.05

(Battisti et al. 2014). The dense gas mass fraction does not appear to depend

on cloud mass or cloud mass surface density. This result shows that the 1.1

mm sources occupy a only a small fraction of mass and volume within the

clouds. The maps at 1.1 mm also have a smaller chance of source confusion

along the line of sight than does CO, which traces more extended emission

from the less dense parts of molecular clouds.

3.2.2 Emission at 22 µm

Mid-infrared continuum emission has been used as a tracer of SFR.

The MIPSGAL survey covers our target region in 24 µm MIPS band at a

resolution of 6′′. However, the saturation level is too low for the purpose of
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our large scale study. Instead, we used the Wide-field Infrared Survey Explorer

(WISE; Wright et al. 2010) all-sky release images at 22 µm as a tracer of star

formation. WISE observed the entire sky in multiple exposures in four IR

bands at 3.4, 4.6, 12, and 22 µm with a resolution of 12.0′′ at 22 µm. SFR(24

µm) has been calibrated using the Spitzer MIPS 24 µm band. The WISE

22 µm band overlaps the MIPS 24 µm band with a slightly bluer response

curve. The comparison between the two bands show that they are comparable

(Jarrett et al. 2011, Anderson et al. 2014). We considered the difference

between measurements centered at 22 µm and those centered at 24 µm to be

negligible, so use relations derived for 24 µm to calculate star formation rates.

The 22 µm emission comes from dust heated by strong stellar radiation

or from transiently-heated small dust grains (Draine et al. 2007, Calzetti et

al. 2007). The bright emission peaks are expected to indicate dust concen-

trations that are heated by high mass stars. The 22 µm emission can then be

used to trace the presence of high mass stars and so traces the current star

formation activities. We used the 22 µm maps to study the relation between

star formation activities and the gas distribution.

To convert the 22 µm emission to SFR however, a conversion factor

or a calibration is needed. Several studies calibrated a relation between MIR

and SFR using extragalactic data (Calzetti et al. 2007, 2010, and references

therein). These calibrations were done on extragalactic scales assuming a

fully-sampled IMF and a long timescale of constant star formation. These

assumptions are not always valid when applied to smaller scales or to regions
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with low mass or low SFR (Vutisalchavakul & Evans 2013, Kennicutt & Evans

2012). The effect of stochastically sampling of the IMF and the star forma-

tion history has been studied quantitatively by da Silva et al. (2012) and

da Silva et al. (2014). They did not study the SFR measured from 24 µm

emission explicitly, but they did study the SFR measured from the bolometric

luminosity, which is the closest in sensitivities to the mid-infrared emission.

These two tracers correlate closely (Vutisalchavakul & Evans 2013). The SFR

determined from the bolometric luminosity, assuming continuous star forma-

tion and an IMF, has a scatter of 0.4 to 0.6 dex for SFR< 10−4 M� yr−1,

and begins to systematically underestimate the actual SFR below 10−5 M�

yr−1 (da Silva et al. 2014). Vutisalchavakul & Evans (2013) found that total

infrared luminosity and 24 µm emission can underestimate SFR by more than

an order of magnitude for molecular clouds with SFR< 10−6 M� yr−1. The

effects of stochasticity get smaller as the total SFR of the region increases. For

this work, 22 µm can underestimate the SFR on small scales and especially at

low surface density but should trace SFR better when we look at larger scales,

where we average over multiple star forming regions and toward bright regions

with high surface density.

3.2.3 The Regions Studied

The part of the Galactic plane covered in this study includes a Galactic

longitude range of 20.5 ≤ l ≤ 31.5 and Galactic latitude range of |b| ≤ 0.5, a

total of 11 deg2, divided into two equal size regions. Both the 1.1 mm images

58



from BGPS version 2 and WISE 22 µm images were combined into two separate

mosaics using Montage (Jacob et al. 2010) for the purpose of data analysis:

region 1 at 20.5 ≤ l ≤ 26.0 and region 2 at 26.0 ≤ l ≤ 31.5. Figure 3.1 shows

1.1 mm and 22 µm images for region 1 in the top two panels and region 2

in the third and forth panels. All the analysis described in the next section

was performed similarly on images for the two regions. The results were then

combined for further discussion. The two regions show sources with strong

emission at 22 µm, including well-studied high mass star forming regions W41

and W42 in region 1 and W43 for region 2 (Benjamin et al. 2005). The end

of the Galactic bar should be near the end of region 2 at around l ≈ 28− 31◦

(Benjamin et al. 2005).
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3.3 Data Processing

3.3.1 Diffuse IR Background Estimation

The 22 µm images show diffuse background emission that is not nec-

essarily associated with recent star formation. The diffuse (cirrus) infrared

emission within our Galaxy has long been observed and studied (Low et al.

1984, Mivilledesch et al. 2007, Compiegne et al. 2010). We constructed dif-

fuse emission maps to facilitate removal of the diffuse background in the 22

µm images for photometry and for better comparison with the 1.1 mm images

where large scale emission was automatically removed.

The WISE 22 µm images were convolved to a resolution of 33′′ and

aligned to the BGPS images, which were then used for estimating the diffuse

emission maps. To capture the variations in the background, we adopted the

following method. First, source areas were determined by selecting a 22 µm

flux contour level that matched bright 22 µm emission areas when inspected

by eye. All pixels inside source areas were masked as source pixels. Second,

the images were divided into smaller rectangular subgrids at a size of 200 by

200 pixels (≈ 10.8′). Iterative applications of Chauvenet’s rejection criterion

were performed on each subgrid by iteratively applying a 3σ cut until all the

remaining pixels are within 3σ of the average pixel value. The average of the

remaining pixel values was then taken as the background value for the subgrid.

Finally, subgrids with fractions of the source area above a certain clipping

threshold were omitted. The rest of the subgrid’s background values were

interpolated with a thin plate spline interpolation to create a final background
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Figure 3.1 BGPS 1.1 mm and WISE 22 µm images for the entire region at
three different resolutions of 33′′ (top 4 panels), 5′ (middle 4 panels), and 10′

(bottom 4 panels).
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image.

This method gave a reasonable representation of the diffuse emission as

seen in the original 22 µm images. We chose a source contour level, a grid size,

and a clipping threshold that resulted in the closest approximation of the dif-

fuse emission when inspected by eye. Our method gives a diffuse background

image that is similar to the method of (Battersby et al. 2011). More de-

tailed descriptions on the parameters chosen and the associated uncertainties

are provided in section 3.3.5, while the comparison between two background

subtraction methods is provided in section 3.3.6. The background-subtracted

22 µm images were used for the image convolution.

The result of removing diffuse emission is shown in Figure 3.2 by com-

paring the fraction of the estimated diffuse emission to total emission as a

function of surface brightness. The diffuse emission dominates the 22 µm flux

at low surface brightness and contributes a considerable fraction up to a sur-

face brightness of ≈ 700 MJy sr−1 where the diffuse emission accounts for 50%

of the total emission, showing that removing diffuse emission is crucial.

3.3.2 Image Convolution

The original resolutions of the 1.1 mm and 22 µm images were 33′′ and

12′′ respectively. Since we intended to study the relations between 1.1 mm and

22 µm at different scales, we first created a set of images at different spatial

resolutions. This was done by convolving the images with a 2D Gaussian profile

of varying FWHM. Both the 22 µm and 1.1 mm images at 33′′ resolution were
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Figure 3.2 The fraction of the diffuse (cirrus) emission in WISE 22 µm image
shows a large contribution from the diffuse emission to the total flux at low
surface brightness regions. Each data point and the error bar represent a
median and a standard deviation of the diffuse emission over total emission
inside a bin of log(Iν(22 µm)) with a bin size of 0.1. The color contours
represent pixel number density contours.
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convolved with a 2D Gaussian kernel to resolutions of ≈ 1′, 2′, 3′, 4′, 5′, 8′,

10′, 15′, and 20′. The scale of 20′ was the largest scale we could achieve due

to the limited coverage of Galactic latitude in the BGPS data. After the

convolutions, the convolved images were binned to oversampling rates of ≈ 10

pixels per beam’s FWHM. Figure 3.1 shows the 1.1 mm and 22 µm images

at three resolutions: 33′′, 10′, and 15′. The whole set of the convolved images

was then used for further analysis.

3.3.3 Detection Limit

We identified regions with unreliable detections by estimating the sen-

sitivity levels of both 1.1 mm and 22 µm maps. The sensitivity of the WISE

22 µm images is very low compared to the average flux, and the uncertainty

in source emission is dominated by the small scale variations in the diffuse

background emission. We estimated the noise in the diffuse emission based on

several sky regions in the image at 1′ resolution. The average of the standard

deviation of all the sky regions was taken as the 1-sigma value of the noise per

pixel. The detection limits at other resolutions were estimated by assuming

that the noise drops as 1/
√
Npixels, where Npixels is the number of pixels at

1′ scale inside a resolution element. Tests on the convolved images supported

this assumption.

The RMS noise for the BGPS 1.1 mm maps was estimated in Ginsburg

et al. (2013) over the range of the observed Galactic longitude. The average

RMS noise in our targeted region (20.5◦ < l < 30.5◦) is ≈ 0.0021 Jy per pixel
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at the original pixel size of 7.2′′. Detection limits at other resolutions were

estimated under the same assumption as for 22 µm images.

3.3.4 Saturation

WISE 22 µm images contain some saturated regions with a large num-

ber of saturated pixels near peaks of bright, extended emission. The saturated

areas are small compared to the total area, but saturation will affect larger

portions of the image once we convolve to larger beam sizes. For further anal-

ysis, we replaced the saturated pixels with estimated values. Over an extended

saturated region, the estimation was done by calculating average values of the

surrounding regions and performing a thin plate spline interpolation. Conse-

quently, the values of the flux over saturated regions have large uncertainties.

However, the saturated area only covers less than 0.01 percent of the entire

image. The uncertainties in the estimations should have minimal effect on the

flux calculations.

3.3.5 Photometric Uncertainty

The uncertainties in the ΣSFR for the Bolocat sources (§3.5.2) came

from the estimated uncertainties in the photometry performed on WISE 22

µm images. Since the photometry was performed directly from the WISE all-

sky release images, the uncertainties were estimated following the Explanatory

Supplement to the WISE All-Sky Data Release Products. The uncertainty

of the source flux (σsrc) was contributed by instrumental and calibrational
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uncertainties, Poisson noise, and uncertainties from background estimations.

The σsrc was estimated by:

σ2
src = Fcorr

(∑
σ2
iA +

NA
2

NB

σ2
B/pix

)
,

where

Fcorr = pixel to pixel correlated noise correction factor

σiA = flux uncertainty for each pixel inside the aperture

σB/pix = uncertainty in the background per pixel

NA = number of pixels inside the aperture

NB = number of pixels used to estimate the background flux.

After obtaining the 22 µm mosaics for the two regions, the images were con-

volved to a resolution of 33′′ to match the resolution of the 1.1 mm images

from BGPS. σiA were obtained from the original uncertainty maps from the

WISE all-sky release. The correction for correlated noise, Fcorr, was obtained

from the WISE Explanatory Supplement, for which it has been estimated for

certain aperture sizes. The background flux was estimated by the method de-

scribed in §3.3.1. In creating the background images, several parameters were

chosen to give a result that was representative of the diffuse emission.

(i) A subgrid size was chosen over which one local background level was

estimated. The chosen value was 200 pixels, and comparison values are 100,

150, 250, and 300 pixels. (ii) A clipping factor was chosen so that grids with

source area larger than the clipping factor were omitted. The chosen value was
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0.3, and comparison values are 0.1, 0.2, 0.4, and 0.5. (iii) The threshold value

for the source flux was chosen. All pixels with flux value above the threshold

were considered source regions. The chosen value was 1.0, and comparison

values are 0.5 and 1.5.

How the changes in these parameters affect the resulting background

estimations was considered in the estimations of σB/pix. We calculated σB/pix

by changing the three parameters around the chosen values and created the

background images. We then compared the resulting images to the chosen

background images. The differences between two background images were

quantified by

σ2
diff =

1

N

N∑
i=1

(fi − f ′i)2,

where N is the number of pixels in the image, fi is the pixel flux of the chosen

image, and f ′i is the pixel flux for the comparison image. σ2
diff were calculated

for all the comparing background images and the average of the results was

adopted as the value for σ2
B/pix. To see how our estimation of σB/pix compared

to the spatial variations of the flux, we looked at the pixel flux distribution of

the background subtracted 22 µm image of region 1. Figure 3.3 shows the pixel

flux distribution of region 1. To fit the pixel noise variations, we reflected the

negative flux distribution about zero and fitted a Gaussian distribution. The

resulting fit is shown as the orange dashed line in the figure. The fitting gave

a Gaussian distribution parameters of σ = 0.001 Jy/pixel. At the aperture

size of 80′′, the noise corresponds to σ ≈ 0.02 Jy/source. Our estimation of

σB/pix for region 1 gave σ ≈ 0.11 Jy/source.
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Figure 3.3 Pixel flux distribution for 22 µm image of region 1. The blue dashed
line shows the Gaussian fit to the flux distribution of flux < 0 and a reflected
image of the negative flux for flux > 0.

3.3.6 Comparing methods of diffuse IR background estimations

Our method of estimating diffuse 22 µm emission is described in §3.3.1.

Figure 3.4 shows the WISE 22 µm images for region 1 before and after dif-

fuse background subtraction. We compared our method to the cirrus removal

method from Battersby et al. (2011, hereafter B11). B11 estimated diffuse

emission for the Herschel 500 µm emission. The brief summary of the method

is as follow. The original image was convolved with a Gaussian beam; then
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a Gaussian fit was performed in the Galactic latitude at each of the Galactic

longitude. The fitted image was subtracted from the original image. The sub-

tracted image was used for estimating a cutoff (4.25σ) of source flux so that

everything above the cutoff was considered as sources. Area above the cutoff

was masked out in the original image. The process was then iterated until the

source mask cutoff converges. The original image was masked out with the

final cutoff value and convolved with a Gaussian kernel to create a background

subtracted image.

We compared the background images of region 1 from our method with

the method of B11 performed on the same region of the WISE 22 µm image

using a Gaussian kernel FWHM = 12′. The result shows that the background

image from B11 method gave a comparable background to our method with

slightly stronger background in bright source area. Figure 3.5 shows a his-

togram of (our background image - B11 background image)/(original 22 µm

image). The fractional differences are small with the highest absolute value of

0.04. This result indicates that the choice of a method of background subtrac-

tion does not significantly affect the photometric flux.

3.4 Results: Pixel-by-Pixel Analysis

3.4.1 Correlations between 1.1 mm and 22 µm emission

With the complete set of both 1.1 mm and 22 µm images at various

scales, we looked at the correlation between the two. Rank correlation coeffi-

cients were calculated between the 1.1 mm and the 22 µm flux per pixel. Rank
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Figure 3.4 WISE 22 µm image of region 1. The top image shows the original
mosaic, and the bottom image shows the background-subtracted mosaic. The
color bar is in the unit of MJy/sr.

correlation was used to look at the relation of the data since it is less sensitive

to outliers and does not assume a linear relation. The result of the rank cor-

relation coefficients versus resolutions is shown in Figure 3.6. The blue dots

represent data for region 1 while the red dots represent data for region 2. The

correlation coefficients for both regions increase rapidly as the scale increases

until the scale of ≈ 5′-8′, above which they appear to be asymptoting to about

0.65 to 0.75, depending on the region. While some differences between the

two halves of the data exist, they do not seem large, so we combine the results

from both regions in the rest of the paper.
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Figure 3.5 A comparison between two methods of background estimations for
the 22 µm image of region 1. The fractional difference is the ratio of the
difference between our background image and B11 background image over the
original 22 µm image.
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Figure 3.6 The pixel-by-pixel rank correlation coefficients between 1.1 mm im-
ages and 22 µm images increase steeply at small scales and asymptote around
5-8′ for both regions. The blue data points represent the correlation coefficients
from region 1 , and the red data points represent region 2.
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3.4.2 The Star Formation Relation

With the 1.1 mm and 22 µm flux per pixel, we next converted them to

molecular gas surface density (ΣH2) and SFR surface density (ΣSFR). Since the

surface densities are distance independent, we can use the entire regions for

sampling data points. The sampling was done by binning the images so that

each pixel was approximately equal to a resolution element. Each pixel was

then treated as a single data point. This method resulted in non-overlapping

regions equal to the resolution size, covering the entire image, each with a

corresponding 1.1 mm and 22 µm flux surface density.

The mass surface density can be calculated from

ΣH2 =

(
Sν(1.1)

ΩBν(Tdust)κdust,1.1

)(
ρg
ρd

)
, (3.1)

where Sν(1.1 mm) is the 1.1 mm flux density, Ω is the solid angle of a pixel,

κdust,1.1 = 1.14 cm2 g−1 is the dust opacity at 1.1 mm per dust mass (Ossenkopf

& Henning 1994), and ρg/ρd is the gas-to-dust mass ratio, taken to be 100

(Hildebrand 1983). Assuming standard values and a dust temperature of 20

K for all sources yields

ΣH2 =
37.2× S1.1mm

θ2
arcsec

(g cm−2), (3.2)

where Sν(1.1mm) is the 1.1 mm flux density in Jansky, and θarcsec is the size

of the region in arcsecond (Schlingman et al. 2011).

The SFR surface density was calculated from the extragalactic relation
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(Calzetti et al. 2007):

ΣSFR(M�yr−1kpc−2) =1.56× 10−35

[S24(ergs s−1 kpc−2)]0.8104. (3.3)

The 24 µm luminosity surface density is described by

S24(ergs s−1 kpc−2) =
ν(Hz)L24(ν)(erg s−1Hz−1)

A(kpc2)
,

where L24(ν) is the 24 µm luminosity per unit frequency, ν is the frequency,

and A is the projected physical area of the region. We substituted the 22 µm

flux for the 24 µm flux for the calculations.

The resulting ΣH2 and ΣSFR for various spatial scales are shown in

Figure 3.7. The figure shows the star formation relations as contour plots at

each resolution. The contours represent number densities of data points of

1, 3, 5, 10, 20, 40, 60, and 80 data points at the binning of 0.2 in log(ΣH2)

and log(ΣSFR). The same color represents the same number density in all the

plots. The plot includes all data points with positive fluxes with the vertical

and the horizontal dashed red lines representing detection (3-sigma) limits for

ΣH2 and ΣSFR respectively. Naturally, the number of data points drops as the

scale gets larger, and there are fewer pixels with values < 3-sigma.
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The molecular depletion time is defined to be

tdep =
ΣH2

ΣSFR

.

tdep can be thought of as the timescale for all the molecular gas to be converted

into stars at the current rate of star formation. The three dotted lines in

Figure 3.7 show lines of constant depletion time with tdep = 108, 109, 1010 yr

from top to bottom. The distribution of tdep provides a good measure of the

scatter in the star formation relations.

Figure 3.8 shows the distributions of the log(tdep) at various spatial

scales, which include all the data points with positive fluxes. The dashed, blue

line in each plot represents a Gaussian fit to the distribution. The result shows

that the average log(tdep) is about 8.3, corresponding to 200 Myr, independent

of smoothing length, while the scatter, σ log(tdep)), decreases as the smoothing

length increases.

The distributions in Figure 3.8 include many points below the detection

limit. To account for the sensitivity issue, we assigned the 3-sigma detection

values as upper limits of ΣH2 and ΣSFR for all the data points with values be-

low the detection limits. Data points with upper limits on both ΣH2 and ΣSFR

were omitted from further analysis since most of them should be regions not

involved in current star formation. Table 3.1 shows 〈log(tdep)〉 and σ(log(tdep))

estimated by three different methods. The first method (fit) is the Gaussian

fit to the distributions of all the data points with positive fluxes before assign-

ing upper limits as shown in Figure 3.8. The second method (limit) used the
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Figure 3.7 The pixel-by-pixel star formation relations of ΣH2 and ΣSFR at
different resolutions show large scatters at small scales and tighter realtions at
larger scales. The contours represent source number densities of 1, 3, 5, 10, 20,
40, 60, and 80 data points at the binning of 0.2 in ΣH2 and ΣSFR. The same
color represents the same number density in all the plots. The three dotted
lines show lines of constant depletion time with tdep = 108, 109, 1010 yr from
top to bottom. The horizontal and vertical dashed lines show the 3-sigma
detection limit for ΣSFR and ΣH2 respectively.

76



data including upper limit values of ΣH2 and ΣSFR to calculate the median and

standard deviation of log(tdep). The third method (EM) used an expectation-

maximization algorithm as described in Wolynetz (1979) to estimate the mean

and standard deviation of a censored normal distribution. The EM method is

based on calculating the maximum likelihood estimates to a distribution as-

sumed to be normally distributed. The data includes left-censored (upper limit

in ΣH2) and right-censored (upper limit in ΣSFR) data points. The uncertain-

ties in the EM method increase for data sets where large fractions of the data

points are censored. The three methods give a comparable 〈log(tdep)〉 of about

8.3 regardless of the resolution scale (Table 3.1). They differ more regarding

σ(log(tdep)), but these differences disappear at larger smoothing scales.
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Table 3.1 The depletion time and the scatter in the depletion time at each
resolution for pixel-by-pixel analysis

Resolution(′)
〈log tdep〉 σ(log tdep)

f(limit)
fit limit EM fit limit EM

1 8.49 8.30 8.07 0.60 1.00 1.84 0.52
3 8.30 8.30 8.30 0.56 0.75 1.06 0.35
5 8.30 8.33 8.36 0.50 0.60 0.73 0.22
8 8.33 8.34 8.36 0.43 0.48 0.53 0.11
10 8.34 8.34 8.34 0.41 0.41 0.42 0.05
15 8.34 8.34 8.34 0.34 0.31 0.31 < 0.01
20 8.37 8.37 8.34 0.28 0.28 0.28 < 0.01

The average 〈log(tdep)〉 and the scatter of the log(tdep) distribution by three
different methods. The fit method estimates 〈log(tdep)〉 by fitting a

log-normal distribution to all data points with positive flux to get the mean
and the standard deviation. The limit method uses upper limit in ΣH2 and
ΣSFR in calculating the median of log(tdep) and the standard deviation. The
EM method uses the expectation-maximization algorithm (Wolynetz 1979)

to estimate the mean and the standard deviation of censored normal
distribution of log(tdep). The last column, f(limit) gives the fraction of the

data points with an upper limit on either ΣH2 or ΣSFR.

3.5 Results: Source-based Relations

The pixel-by-pixel analysis provides a way to study the relation between

ΣH2 and ΣSFR for an entire region without a need to extract sources from the

images. This method was used in some extragalactic studies (Bigiel et al.

2008, Liu et al. 2011, Leroy et al. 2013). However, the pixel-by-pixel analysis

includes regions with low 22 µm and 1.1 mm surface densities that do not

necessarily represent star formation. In addition, no information on distance

is available.

Another approach to study the relation is to choose regions with strong
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Figure 3.8 The distributions of log(tdep) for all the regions with positive 1.1
mm and 22 µm flux at the scales of 1′, 3′, 5′, 8′, 10′, and 15′ are shown in grey.
The dashed, blue line in each plot represents a Gaussian fit to the distribution.
The mean (µ) and the standard deviation (σ) from the Gaussian fit are shown
in red for each plot. The mean tdep from the fit does not change much at
different scales, while the standard deviation decreases as the scale increases.
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emission, as was done by some extragalactic studies (e.g., Kennicutt et al.

2007). We started by looking at extracted sources from the BGPS source

catalog. These sources also have the advantage of having additional properties

determined for a subset of them in previous studies such as distances, sizes,

temperature, and densities.

We started with the sources in the BGPS catalog, describing the prop-

erties of sources in this sample (§3.5.1) and study the star formation relation

(§3.5.2). Then we considered what happens when we smoothed the images to

larger scales, and extracted data centered on 1.1 mm peaks (§3.5.3). Finally,

we compared these results to those obtained when we extracted data centered

on 22 µm peaks (§3.5.4).

3.5.1 The BGPS Source Properties

The BGPS source catalog (Bolocat) provides sources extracted from

the 1.1 mm images along with integrated source flux and flux inside aperture

diameters of 40′′, 80′′, and 120′′. These sources are possible sites of star for-

mation, and they correspond to cores, clumps, or clouds depending on the

distance (Dunham et al. 2011). Since 1.1 mm emission provides an unbiased

tracer for dense molecular gas without a pre-selected criteria, Bolocat gives a

good set of sources for studying properties of potential star forming regions.

Distances are not available to all the Bolocat sources, but kinematic

distances to a subset of sources have been determined by Ellsworth-Bowers et

al. (2013, 2014) using a Bayesian distance probability distribution function
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to resolve the kinematic distance ambiguity in the inner Galaxy. The dis-

tance catalog provides distances along with the uncertainties. In our targeted

regions, 33% of the sources have distances. Figure 3.9 shows the distance dis-

tribution for sources inside our targeted region, where the distances plotted

are the maximum likelihood distances from Ellsworth-Bowers et al. (2014).

The shaded grey area represents a distance range inside which 90% of the

total number of sources reside (see §3.6.1). The subset of the sources with

distances (referred to hereafter as the distance catalog) are generally repre-

sentative of the entire Bolocat source catalog. Their distribution in Galactic

latitude is comparable to that of sources in the full catalog. However, the dis-

tance catalog is slightly biased toward sources with larger surface brightness

with a median of 6.8 and 8.0 MJy sr−1 for full catalog and distance catalog

respectively (see the full discussion in (Ellsworth-Bowers et al. 2014).

A fraction of 0.73 of the sources with distances are located in the 5

kpc peak (between 0-7.5 kpc), and a fraction of 0.25 reside near the 10 kpc

peaks (between 8-14 kpc) while a very small fraction of sources are at distances

around 16 kpc. The mean of the distance is 5.9 kpc, the median is 5.1 kpc,

and the standard deviation is 2.8 kpc. We will use the median value to calcu-

late characteristic properties. At 5 kpc, 1 arcminute corresponds to 1.45 pc,

and BGPS sources correspond to clumps with typical densities of 103.5 cm−3

(Dunham et al. 2010, Dunham et al. 2011). The sources at 10-12 kpc are

better characterized as clouds, with mean densities below 103 cm−3.
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Figure 3.9 The distribution of the distances to a subset of the Bolocat sources
inside our target regions from Ellsworth-Bowers et al. (2014) shows a large
fraction of the sources locate around 5 kpc, and a smaller fraction of the sources
locate around 10-12 kpc. The mean of the distances is 5.9 kpc, and the median
is 5.1 kpc. The shaded grey area represents the area inside which the number
of sources accounts for 90% of the total sources.

82



3.5.2 Analysis Based on Bolocat Sources

We started the investigation at the scale of individual Bolocat sources

by looking at the 22 µm emission from these sources. We performed aperture

photometry on the 22 µm images of 33′′ resolution at each of the Bolocat

source positions with an aperture radius of 40′′ to compare to the 1.1 mm

Bolocat flux of the same aperture size.

The photometry resulted in a total of 1981 Bolocat sources in the whole

11 deg2 region; 738 of them have a 22 µm background-subtracted flux below

the detection limit, a fraction of 0.37. The photometric uncertainties were

determined by combining the observational and Poisson error from the WISE

uncertainty maps with the estimated random uncertainties in our method of

background subtraction, the details of which can be found in section 3.3.5.

We next calculated the SFR surface density from the 22 µm flux (Equa-

tion 4.3) and molecular gas surface density from the 1.1 mm flux (Equation 3.2)

within an 80′′ aperture. The typical uncertainties are ≈ 28% and 7% for ΣH2

and ΣSFR respectively. The uncertainties for ΣH2 were determined from the

calibration and photometric uncertainties (Ginsburg et al. 2013).

The result is shown in Figure 3.10. The contours show the source

number density, as in Figure 3.7. The data have a large scatter, with a rank

correlation coefficient between log(ΣH2) and log(ΣSFR) of 0.40. We assumed a

power law relation of the form

ΣSFR ∝ ΣH2

n, (3.4)
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or equivalently

log(ΣSFR) = n log(ΣH2) + a. (3.5)

A linear curve fit to the log data including the uncertainties in both axes using

MPFITEXY (Markwardt et al. 2009) gave fitting parameters of n = 0.84±0.03

and a = −2.68 ± 0.06, as shown by the solid black line. The dashed red line

represents the extragalactic star formation relation from Kennicutt (1998) of

ΣSFR = (2.5± 0.7)× 10−4ΣH2

1.4±0.15. (3.6)

The vertical and the horizontal dashed lines represent the 3-sigma detection

limit, and the dot-dashed blue line represents the relation observed for dense

gas as traced by HCN from Wu et al. (2005):

(SFR)(M� yr−1) ≈ 1.2× 10−8Mdense(M�). (3.7)

A gaussian fit to the distribution of log(tdep) gives log(tdep) = 9.0± 0.48 (≈ 1

Gyr). Including upper limits to ΣSFR, the median log(tdep) = 9.23±0.69. The

EM method gives the mean of log(tdep) = 9.45± 0.90.

3.5.3 Analysis based on 1.1 mm Peaks

On the scale of BGPS sources, the 22 µm emission shows a weak corre-

lation with the 1.1 mm flux with a large scatter. From visual inspections, the

22 µm emission in the whole region is more diffuse than the 1.1 mm emission.

A lot of the 22 µm extended emission also does not coincide with the Bolocat

source contours. In this section, we studied how the correlation between SFR

tracers and gas tracers changes when we look at the regions on larger scales.
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Figure 3.10 The star formation relation for Bolocat sources with a photometry
aperture radius of 40′′shows a weak relation with a large scatter. The contours
represent the same source number densities as in Figure 3.7. The solid black
line represents the best linear fit to the log of the data while the dashed, red
line represents the extragalactic star formation relation (Equation 3.6), and
the dot-dashed blue line represents the Galactic relation for dense gas from
Wu et al. (2005). The vertical and the horizontal grey, dashed lines show the
3-sigma detection limit in ΣH2 and ΣSFR respectively.
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Using the images convolved to larger angular scales (§3.3.2), we identi-

fied the local peaks of the 1.1 mm emission. The local peaks were identified by

locating pixels whose values are larger than all the adjacent pixels. Overlap-

ping regions were eliminated by dropping peaks with distances to the nearest

peak less than the radius of the aperture. We then performed aperture pho-

tometry on 22 µm and 1.1 mm images with an aperture centered at the local

1.1 mm peaks and radius equal to the beam’s FWHM of the convolved images

(aperture radius = 10′ for the images convolved to FWHM of 10′ and simi-

larly for others). The aperture size was chosen to contain most of the source

emission without applying aperture corrections. The same procedures were

performed on the images convolved to resolutions of 10′, 15′, and 20′. Once

we go to higher FWHM, the angular source sizes increase, which corresponds

to looking at larger physical areas. At a distance of 5 kpc, 20′ corresponds to

a physical size of about 29 pc in the plane of the sky.

Once we obtained the 1.1 mm and 22 µm fluxes from the photometry,

ΣH2 and ΣSFR were calculated using Equation 3.2 and 4.3 respectively. All

the data points for the 10′, 15′, and 20′ resolution are above the detection

limit in both ΣH2 and ΣSFR. The correlation between log(ΣH2) and log(ΣSFR)

increases from a linear correlation coefficient of 0.66 at 10′ scale to 0.76 at

20′ scale (Table 3.2). Two methods of linear curve fit were performed on

the data: an unweighted least-squares fit using MPCURVEFIT (Markwardt

1009) and a robust bisector linear fit (IDL Robust Linefit). The relations for

the convolved scales of 10′, 15′, and 20′ can be seen in Figure 3.11(a). Each
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data point corresponds to a region inside an aperture centered on a peak of

emission in the 1.1 mm image. The solid black line represents the robust fit to

the data, the dotted grey line represents the least-square fit to the data, the

dashed red line represents the extragalactic star formation relation (Equation

3.6), and the dot-dashed blue line represents the dense gas relation from Wu

et al. (2005). The coefficients of the curve fits are shown in Table 3.2.

The star formation relations are slightly sub-linear at all scales, more

so for the least-squares fit. Both methods show increases in the intercept a

(the effective star formation rate) as the scale gets larger.

Table 3.2 Parameters for the source based analysis

Resolution
1.1 mm

ρ ρ(rank) robust(n, a) LS(n, a) log(tdep) σ(log(tdep))
10′ 0.66 0.63 0.97, -2.4 0.65, -2.1 8.43 0.34
15′ 0.65 0.62 0.91, -2.2 0.59, -1.9 8.34 0.32
20′ 0.76 0.79 0.84, -2.1 0.63, -1.9 8.32 0.24

22 µm
10′ 0.70 0.66 0.94, -2.3 0.66, -2.0 8.37 0.34
15′ 0.67 0.64 1.0, -2.5 0.71, -2.1 8.41 0.31
20′ 0.84 0.83 1.0, -2.5 0.87, -2.3 8.45 0.21

Bolocat
33′′ 0.50 0.40 0.84, -2.68a 9.20b 0.59b

Note: (a) linear fit to the data using MPFITEXY (Marhwadt, 2009).
(b) Values correspend to mean and standard deviation of log(tdep) from the

expectation-maximization (EM) method.
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Figure 3.11 ΣSFR versus ΣH2 from aperture photometry centered at 1.1 mm
peaks (a) and 22 µm peaks (b) for image resolutions of 10′, 15′, and 20′. The
solid black line in each plot represents a robust linear fit to the data while the
dotted grey line represents a least-square fit. The dashed red line represents
the extragalactic relation from Kennicutt et al. (1998) and the dot-dashed
blue line is the dense gas relation from Wu et al. (2005).
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3.5.4 Analysis based on 22 µm Peaks

What changes if regions are identified using 22 µm peaks instead of

1.1 mm peaks? To answer that question, we used procedures similar to those

used in the 1.1 mm peaks analysis, but we started by identifying local emission

peaks in 22 µm images at the resolution of 10′, 15′, and 20′ and performed

photometry on both 1.1 mm and 22 µm images at locations of the 22 µm

peaks. Figure 3.11(b) shows the plot of the star formation relation at the

three resolution scales. The fit parameters are included in Table 3.2. The fit

parameters are comparable to the parameters for the 1.1 mm peaks.

Initial analysis did not show a significant difference when choosing 22

µm peaks versus choosing 1.1 mm peaks as can be seen from the values of tdep

in Table 3.2. When thresholds were applied to the data however, the result

was different. Instead of choosing all the identified local peaks, we chose only

bright local peaks by dropping all the regions with fluxes less than 100 signal-

to-noise ratio. The approximate values corresponding to these thresholds are

ΣH2 ≈ 15 M� pc−2 and ΣSFR ≈ 0.1 M� yr−1 kpc−2. After the cut, the number

of sources are 24, 11, and 6 for the 1.1 mm peaks and 14, 9, and 3 for the 22

µm peaks for the scales of 10′, 15′, and 20′ respectively. Regions with 1.1 mm

peaks and 22 µm peaks with fluxes above the threshold were then compared.

The result in Figure 3.12 shows a larger tdep for 1.1 mm peaks than for 22 µm

peaks. The difference in tdep decreases as the scale increases. The difference

in log(tdep) is about 0.37 at 5′ scale and goes down to about 0.05 at 20′ scale.

Note, however, that the scatter σ(log(tdep)) is about 0.4 at 5′ scale and about
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Figure 3.12 Comparing the average depletion time between two methods of
selecting regions show that the avereage tdep is larger for regions centered at
1.1 mm peaks than for regions centered at 22 µm peaks when cuts of 100
signal-to-noise ratio were applied to ΣH2 and ΣSFR.

0.2 at 20′ scale.

3.6 Discussion

3.6.1 Relating to Physical Scales

We have been looking at the relations between gas and star formation

at various angular scales. Converting the angular scales to physical scales for

our Galactic plane data is different than for resolved extragalactic data since
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we are looking edge-on through the disk instead of face-on or nearly face-on.

However, the available distances to a subset of the sources can be used to

obtain some rough estimations of the physical size that corresponds to each

angular resultion. About 33% of the Bolocat sources in our targeted regions

have distances measured with a distribution shown in Figure 3.9 (Ellsworth-

Bowers et al. 2014). In estimating the physical scales, we assumed that the

distance distribution of these sources is representative of the whole sample (see

§5.1).

The first estimation of the physical scale used the median distance to

the sources to calculate the size in the plane of the sky. With a median distance

of 5.1 kpc, physical sizes in the plane of the sky at different resolutions are

shown as the red, dashed line in Figure 3.13(a). These sizes range from those

of clumps to those of clouds. For angular scales small enough to be comparable

to an individual source size, the estimated physical scales should represent the

physical sizes of the sources.

For comparison to extragalactic measurements, we also computed the

typical averaging scale for each resolution, using the distance distribution.

The idea behind the method is to use source locations in Galactic latitude and

longitude to estimate the solid angle the sources subtend and use the distance

distribution to estimate the range of distances for the sources. The result gives

the volume subtended by the sources, which can be converted to a length scale.

This would represent an upper limit to the relevant scale. To do this, first we

binned the distance distribution with a binning size of 0.5 kpc as shown in

91



Figure 3.9. Three values were chosen as source number density thresholds

(per bin) so that the total number of sources above the thresholds account for

about 80%, 90%, and 99% of the total sources. This is analogous to drawing

number density contours on an image; however, instead of an image, we are

drawing one-dimensional contours on a distribution. The shaded-grey area in

Figure 3.9 is an example of the area inside the contour of 90% of the total

sources. The resulting distance ranges (δd) are 4.5, 7, and 14 kpc for 80%,

90%, and 99% of the total sources respectively. We calculated an averaging

volume (V ) for the very long, skinny rectangular prism from

V

kpc3 =

(
θr

rad

d

kpc

)2

× δd

kpc
, (3.8)

where θr is the angular size of a resolution element. Reduced to a sphere, the

effective radius R is

R

kpc
=

(
3

4π

V

kpc3

)1/3

. (3.9)

The effective averaging scale, the diameter (2R), at different resolutions is

shown in Figure 3.13(a). Using this estimation at the median distance d of 5.1

kpc, the angular resolution of 20′ corresponds to an averaging scale of ≈ 225

pc.

A similar method was used to estimate the number of Bolocat sources

each resolution element contains. Bolocat sources were mapped in the Galac-

tic coordinates, and a source number density map was created by counting

number of sources inside bin sizes of 0.2◦ in both axes. Then 2D contours

of source number density were drawn on the source number density map to
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Figure 3.13 (a) Effective averaging scales as a function of angular resolution
estimated by using a median distance of 5.1 kpc and distance ranges corre-
sponding to source percentage of 80%, 90%, and 99% of total sources. The
dashed red line shows the transverse physical sizes at a distance of 5.1 kpc. (b)
Estimated number of 1.1 mm sources inside one resolution element for areas
covering source percentage of 80%, 90%, and 99 % of total sources.

contain approximately 80%, 90%, and 99% of the total number of sources.

The total solid angle inside each contour gave a total area for each complete-

ness value. The average number of sources per resolution element is the solid

angle of the resolution element (θ2
r) divided by the total area for the complete-

ness value times the total number of sources. The average number of sources

per resolution element is shown in Figure 3.13(b). For the larger smoothing

lengths, we are typically averaging over 20 to 40 sources.
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3.6.2 The Scatter in the Star Formation Relation

The results on the star formation relations show that the relations at

small scales have large scatter as seen in the Bolocat source case or at the small

scales in the pixel-by-pixel analysis. The rank correlation coefficients between

log(ΣH2) and log(ΣSFR) increase from 0.40 at the Bolocat source scale to 0.79

at 20′ scale for sources based on 1.1 mm peaks. This result is clearly seen

in the pixel-by-pixel star formation relation and the distribution of the tdep.

The scatter of the tdep in the pixel-by-pixel analysis was estimated by three

methods (Table 3.1), and the results show decreases of σ(log tdep) as the scale

gets larger. Figure 3.14(a) shows the scatter σ(log tdep) over resolution scale

for the three methods. At small scales (1′ -3′), the EM method gives much

larger values of the scatter than the other two methods. At these scales, over

50% of the data are below detection limits, making the estimates of σ(log tdep)

uncertain. The three methods give comparable values for scales over 8′.

Figure 3.14(b) shows a comparison of our results with some resolved

extragalactic star formation relations. We used the averaging scale with the

90% distance contour as the maximum relevant scale. We caution that we

are comparing across different data sets, and the differences in observations,

methodologies, and other factors could contribute in the differences in the

scatter of tdep. Our result for the Galactic Plane covers small scales where

only few comparable extragalactic data exists to a scale of about 200 pc. The

trend from our data suggests a smaller scatter in the depletion time for the

Galactic Plane than the extragalactic data.
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One important difference in our study is the choice of molecular gas

tracers. The BGPS 1.1 mm in general traces denser and smaller parts of

molecular clouds than CO or 13CO (Battisti et al. 2014). A single GMC can

contain multiple 1.1 mm sources. The smaller scatter in our result is consistent

with the fact that star formation is more closely associated with denser regions

than with the general molecular cloud.

To examine possible causes of the change in the scatter, we looked at

contributions to the scatter in log tdep (σ(log tdep)). Several possible sources of

uncertainties in log tdep include observational and photometric uncertainties,

uncertainties in the parameters assumed in calculating ΣSFR and ΣH2 , uncer-

tainties in the 22 µm flux due to spatial offsets between 1.1mm and 22 µm

emission, and a scatter due to variations in intrinsic properties of the sources.

The uncertainties from the observations and the photometry were esti-

mated as the errors associated with the data. The other sources of uncertain-

ties will be discussed below.

3.6.2.1 Parameter Uncertainties

In the calculation of ΣH2 , we assumed a dust temperature of 20 K, a

gas to dust mass ratio of 100, and a dust opacity of 1.14 cm2 g−1 for all the

sources following the study of (Schlingman et al. 2011). The variations in the

real values would contribute to the scatter in ΣH2 . Spectroscopic observations

of several molecular lines for Bolocat sources show a median temperature of

≈ 18 K with a temperature range from 10-30K (Shirley et al. 2013).
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Figure 3.14 (a) The standard deviation of the log( tdep) at different scales,
calculated by three different methods for the pixel-by-pixel analysis. fit shows
the result from a Gaussian fit to the distribution of log(tdep) for all data points
with positive flux. limit refers to the standard deviation of the log(tdep) after
upper limits were assigned to ΣH2 and ΣSFR. EM refers to the standard
deviation from the expectation-maximization method, which estimated the
censored data assuming a normal distribution of log(tdep). (b) Comparisons of
the standard deviation of the log(tdep) between the Galactic Plane from this
study and the extragalactic studies of M51(a) by Blanc et al. 2009 (B09),
NGC5194 by Kennicutt et al. 2007 (K07), M33 by Schruba et al. 2010 (S10),
and Leroy et al. 2013 (NGC4725, NGC6946, NGC4736). All the data for
extragalactic studies were taken from Leroy et al. (2013)
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In calculating ΣSFR, we used the SFR - 24 µm relation (Equation 4.3)

from (Calzetti et al. 2007). The calibration was derived assuming a constant

SFR on a timescale of 100 Myr and a Kroupa IMF. When applied to an indi-

vidual molecular cloud or a star forming region, the assumptions cannot always

be valid. The timescale assumed for constant star formation is much longer

than the average lifetime of molecular clouds (Murray et al. 2011). Several

studies show that infrared tracers underestimate SFR with large uncertainties

in clouds with low mass or low SFR (Vutisalchavakul et al. 2013, da Silva

et al. 2012, da Silva et al. 2014). The combined effects of stochastically

sampling the IMF and the star formation history causes SFR indicators such

as Hα, FUV, and bolometric luminosity to under-estimate the SFR (da Silva

et al. 2014), and the size of the underestimate gets larger as the SFR gets

smaller. da Silva et al. (2014) also showed that when stochasticity is taken

into account, SFR indicators do not provide a unique value of the SFR.

The variations in the properties of each source contribute to the un-

certainties in how well the calculated SFR agrees with the true SFR. This is

especially important for the sources with low ΣSFR in our data. As discussed

earlier in §3.2.2, infrared luminosity starts to underestimate SFR below 10−5

M� yr−1 (da Silva et al. 2014). Using the averaging scales with a distance

contour of 90%, we estimated the corresponding ΣSFR by assuming a projected

area of πR2. The value of SFR translates to ΣSFR ≈ 1.4 × 10−2 M� yr−1 at

1′ scale, 3.1 × 10−3 M� yr−1 at 3′ scale, and 1.6 × 10−3 M� yr−1 at 5′ scale.

Comparing these values to our results from the pixel-by-pixel analysis (Fig-
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ure 3.7) shows that some fractions of the data points at 1′- 3′ scales are below

the values, so they are affected by the bias in ΣSFR. Above 5′ scale, all the

data points are above the bias values for both pixel-by-pixel and source based

results.

The method of choosing regions also affects the uncertainty introduced

by IR as a SFR tracer. Pixel-by-pixel analysis is affected the most since the

data contain regions with low ΣH2 and low ΣSFR. Regions chosen by identi-

fying bright emission peaks will show less variations since these regions were

chosen based on assumption of strong emission. Therefore, SFR measurements

from infrared tracers are more reliable when applied to regions with strong IR

emission peaks as in Figure 3.12. For extragalactic studies, this effect will be

more important in line-of-sight (pixel-by-pixel) studies than in studies with

CO, Hα, or IR peaks.

3.6.2.2 Spatial offsets between IR and 1.1 mm

The 1.1 mm emission comes from cold dust from dense molecular gas

regions in GMCs while the 22 µm emission should be dominated by warmer

dust heated by stellar radiation. The two emitting regions might not perfectly

coincide spatially with each other. The sizes of the emitting regions could also

be different for 1.1 mm and 22 µm. These two factors will result in spatial

offsets, contributing to the scatter in the star formation relation if the scale

size is smaller than a typical offset.

If there is a general offset between the 22 µm and 1.1 mm sources,
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the pixel-by-pixel correlation between the two images should get better once

the spatial resolution becomes larger than the offset. From Figure 3.6, the

correlation increases rapidly at small scales until they level off at around 5-

8′ scale. This result suggests that there is an offset of small scale variations

between 22 µm and 1.1 mm emission of about 5-8′, corresponding to 7 to 12

pc at the median distance of 5.1 kpc. This offset is typical of cloud sizes,

consistent with the idea that the 1.1 mm source may be a remnant clump,

while the infrared emission traces star formation in a now-destroyed clump in

the same cloud.

For the case of the Bolocat sources, tdep from the data is greater than the

average tdep at larger scales. The tdep of ≈ 1 Gyr is close to the average values

found in extragalactic studies (Wong & Blitz 2002, Leroy et al. 2013). The 22

µm flux for each 1.1 mm source was calculated by centering the photometry

aperture on the center of the 1.1 mm source. If the infrared emission associated

with the 1.1 mm sources does not coincide with the 1.1 mm peak then the

estimated 22 µm flux would not be representative of the total emission. The

infrared emission could also be more extended than the size of the aperture

used in the photometry, in which case we would be underestimating the SFR.

To investigate this issue, we looked at the 22 µm emission for several

sources from the images. One of the sources we tested was G23.95+0.16,

which is a massive dense clump with an observed water maser. This source

had previously been studied by Wu et al. (2010) and Vutisalchavakul & Evans

(2013). The source size obtained by fitting a 1D Gaussian is about 3.9′, much
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larger than our aperture size of 80′′. A large fraction of the IR emission

lies outside the aperture resulting in an underestimated SFR. However this

particular source has high ΣH2 and ΣSFR compared to the whole sample. We

looked at several other 1.1 mm sources for which there are associated 22 µm

emission and found that most of the 22 µm emission is more extended than the

aperture size. To see how much this issue affected the star formation relation

result, we performed the photometry again with a larger aperture size of 160′′.

The result shows a higher average ΣSFR, and the relation now lies above the

Kennicutt (1998) relation.

3.6.2.3 Intrinsic Source Properties

Aside from the uncertainties already discussed, the scatter in the star

formation relation can also be contributed by intrinsic variations in the relation

itself. If the SFR for each source is not determined only by the amount of gas

available, then we would not expect to see a tight correlation between the two.

Our results show a much larger scatter at small scales than do the relations

found in disk-average studies. What causes the difference? These 1.1 mm

sources are expected to be star forming regions. Then these star forming

regions should have variations in their properties. The sources that are in

earlier stages of star formation would contain a large amount of gas and little

infrared emission from star formation (large tdep), while the sources that are in

later stages of star formation would contain less gas due to gas depletions and

emit more strongly in the IR due to stars and current star formation (small
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tdep). Battersby et al. (2010) found some of the 1.1 mm sources to be infrared

dark clouds (IRDC). They are in an early stage of star formation, which would

show little or no SFR. If the 1.1 mm sources are in different evolutionary stages,

then they will show a large scatter in the star formation relation at the scale of

individual sources. Sampling a larger number of individual regions at different

stages averages out the scatter in tdep, resulting in a decrease in the scatter in

the relation.

The effect of sampling different stages of star formation on the star

formation relation has been a topic of several recent studies (Onodera et al.

2010, Schruba et al. 2010, Leroy et al. 2013, Kruijssen & Longmore 2014).

Schruba et al. (2010) showed, in a study of star formation in M33 at the

scale of 75 to 1200 pc, that the choice of CO or Hα peaks as centers gave

different values of tdep. The difference between the tdep from CO and Hα peaks

decreases as the aperture size increases. They argued that the dependence of

tdep on scale was mainly due to the effect of sampling different evolutionary

stages. Kruijssen et al. (2014) constucted a model to describe the dependence

of tdep and the scatter in tdep on spatial scales and how the differences between

tdep when choosing regions on either gas or star formation tracer peaks can be

used to estimate the timescales involved in star formation processes.

We found similar results when comparing regions centered on 1.1 mm

peaks with regions centered on 22 µm peaks. Regions with strong 1.1 mm

emission are more likely to be at an earlier stage of star formation where there

is still a large amount of gas while regions with strong 22 µm have already
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formed stars. The differences in the average tdep between choosing different

peaks shown in Figure 3.12 support the hypothesis that the differences in the

stage of star formation contribute to the large scatter in the star formation

relation at small scales.

All the mentioned sources of scatter can affect the relations between

ΣSFR and ΣH2 . To quantitatively explain the observed data with these uncer-

tainties requires a careful modeling of how each source of scatter depends on

scale, which is beyond the scope of this paper. Future studies of properties

of individual star forming regions, especially their evolutionary stages, will

provide more insights into the problem.

3.6.3 The Star Formation Relation and Depletion Times

Aside from looking at the scatter in the relation, we can also look for

changes in the form of the star formation relation as the resolution is changed.

While the correlation improves with averaging scale, the changes to the fitted

values for the slope and intercept are not very significant. The star formation

relations at all scales are slightly sub-linear and lie between the extragalactic

relation from Kennicutt et al. (1998) and the dense gas relation of Wu et al.

(2005).

The typical depletion time, both from the pixel-by-pixel analysis and

from the source-based analysis with large averaging scales is 200 Myr. The

Bolocat source-based analysis shows a larger tdep of about 1 Gyr, closer to
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the typical extragalactic value. However, this value is very likely an over-

estimation. As discussed in §3.6.2.2, the ΣSFR for the Bolocat sources are

underestimated due to both the fact that not all the infrared emission was

inside the aperture and the bias from using 22 µm to trace SFR for low mass

sources. For this analysis we also centered the apertures on Bolocat source,

which are bright 1.1 mm regions, so the analysis biases toward larger tdep.

The pixel-by-pixel analysis does not show variations in the average

tdep over resolution scales. When all the regions are sampled, tdep can be

described reasonably well with log-normal distributions centered at ≈ 108.3

yr. Choosing bright 22 µm regions is equivalent to sampling the lower tail of

the distribution of tdep, while choosing bright 1.1 mm regions is equivalent to

sampling the higher tail of the distribution, resulting in the differences in tdep

as seen in Figure 3.12. Evidently, the method of choosing regions affects the

result of tdep, as does the method of identifying local emission peaks. Before

making the cut in the 22 µm and 1.1 mm flux, the data did not show a clear

trend in tdep over spatial scale. This is likely due to the fact that without

the cut, all the identified regions were included. The lower brightness regions

tend to sample near the center of the tdep distribution, therefore lowering the

distinction between IR or mm peaks. Data for other galaxies could be affected

as well since the sensitivity limit varies between data sets.

The constant timescale of 200 Myr seen throughout our data set is

similar to the mean value found in the nearby clouds, but about 5 times

greater than that found for the dense gas (AV > 8 mag) in the nearby clouds
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(Evans et al. 2014). Since the 1.1 mm emission is mostly tracing clumps with

〈n〉 ≈ 103.5 cm−3, similar to the mean density within the AV > 8 mag contours

(Evans et al. 2014), this difference may indicate a systematic underestimate

of the star formation rate from the 22 µm emission. Individual YSOs could

be counted in the nearby clouds, rather than relying on the 22 µm emission.

Vutisalchavakul & Evans (2013) showed that the mid-infrared emission does

underestimate star formation rate in the nearby clouds where high-mass stars

are rare. For this reason we believe that the actual value of tdep is likely

overestimated.

On the other hand, the likely overestimated value we get for tdep is

already 5 times smaller than that found in other galaxies. The BGPS 1.1

mm emission we used in this study traces denser gas than the common tracers

used for other galaxies. The 1.1 mm emission only traces about 11% of the gas

traced by 13CO, a more typical gas tracer in extragalactic studies (Battisti &

Heyer 2014). Therefore, we would expect the average tdep to be smaller than

extragalactic values. As a result of these systematic issues, these data tend to

lie between the Kennicutt relations for total gas and the Wu relation for even

denser (〈n〉 = 104.5 cm−3) gas (Wu et al. 2005).

3.7 Summary

We studied the relationship between molecular gas and SFR surface

density for 11 deg2 of the Galactic Plane. The 1.1 mm data from the Bolocam

Galactic Plane Survey, which traces dense gas inside molecular clouds, was

104



used as a tracer of molecular gas while 22 µm data from the WISE All-Sky

survey was used to trace SFR. We studied the relation from the scale of 33′′ to

the largest scale of 20′ by convolving images with Gaussian beams. We started

by looking at the correlations between 22 µm and 1.1 mm images pixel-by-

pixel and found that the rank correlation coefficient increases rapidly as scale

size increases, leveling off at the scale of about 5′-8′. The 22 µm and 1.1 mm

emission are already well correlated at the scale of 5′ and the correlations do

not change much at larger scales, suggesting a spatial offset or small scale

variations around this scale, which corresponds to estimated physical scales of

7-12 pc.

We studied the star formation relations both by analyzing pixel-by-

pixel values and by identifying 1.1 mm and 22 µm peaks. The star formation

relations from the pixel-by-pixel analysis show close to linear relations. The

distribution of tdep can be closely represented as a log-normal with the avereage

of about 200 Myr regardless of the resolution. The relation on small scales

shows large scatter, and the scatter decreases as the scale gets larger. The

scatter of the log(tdep) decreases from above 0.6 at 1′ scale to about 0.28 at

20′ scale. The typical depletion times lie between those for dense clumps and

those for total gas or for molecular gas in other galaxies.

For sources centered at 1.1 mm peaks, we found a weak correlation

between ΣSFR and ΣH2 at 1.1 mm source scale (aperture diameter of 80′′).

The correlation gets better at larger scales similarly for 1.1 mm peaks and 22

µm peaks. There are no significant differences in the form of the relation at
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different scales or when comparing 1.1 mm to 22 µm peaks. The star formation

relations at all scales are slightly sublinear and lie above the extragalactic

relation from Kennicutt et al. (1998). When selecting only bright peaks

however, the average tdep from centering at 1.1 mm peaks is larger than the

average tdep from centering at 22 µm peaks. These differences in tdep decrease

as the scale increases.

The average depletion time of 200 Myr seen across the data is about 5

times smaller than the typical tdep of 1 Gyr in extragalactic studies and larger

than the tdep measured for dense clumps. The smaller depletion time for the

Galactic Plane than the extragalactic value can be explained by the fact that

the 1.1 mm emission used as a gas tracer for this study traces denser gas than

the usual gas tracer such as 12CO or 13CO. The 22 µm emission could also be

systematically underestimating the SFR across all scales.
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Chapter 4

Properties of Molecular Clouds and Star

Formation

We built a catalog of giant molecular clouds (GMC) with HII regions

associations and measured clouds’ properties and star formation rates. The

giant molecular clouds were extracted from the Galactic Ring Survey 13CO

data. The star formation rates were estimated using mid-infrared 22 µm from

WISE and radio continuum emission from the VLA Galactic Plane Survey as

tracers. The GMCs were classified into groups according to their associations

with HII regions and the SFR tracers. We studied the relations between

molecular clouds’ properties and the SFR and tested some models of star

formation. The result shows a significant correlation between dense gas mass

and the SFR. However, the dense gas depletion time shows a variations with

the dense gas mass fraction.

4.1 Introduction

Given the importance of star formation in the evolution of galaxies,

understanding the regulation of star formation is crucial. Early work on star

formation on galaxy scales relied on empirical star formation laws, with lit-
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tle connection to the detailed studies of star formation in our own Galaxy

(Schmidt 1959, Kennicutt 1998). Recently there has been more focus on inte-

grating the understanding of the process of star formation from largest scale

of galaxies to the small scales of regions within molecular clouds (Krumholz

et al. 2012, Kennicutt & Evans 2012, Padoan et al. 2014).

While large scale studies provide essential information on the relation

between large scale properties of galaxies and star formation, the process of

converting gas into stars take place on a smaller scale. Molecular gas and

particularly giant molecular clouds (GMCs) are the sites of star formation in

galaxies; therefore studying star formation in GMCs is the key in understand-

ing star formation regulation. There are some recent high-spatial resolution

studies of nearby galaxies that can resolve regions of GMCs (Schruba et al.

2010, Boquien et al. 2015). Within the Milky Way, we can zoom in further to

study the connection between star formation and the properties of GMCs.

There have already been many surveys of molecular gas in the Milky

Way, which provided information on the distributions and properties of GMCs

(Dame et al. 2010, Jackson et al. 2006, Roman-Duval et al. 2010). The main

difficulty in studying star formation in these GMCs, however, is the problem

of tracing star formation. Ideally, we would directly trace star formation in

GMCs by identifying stars or young-stellar objects inside the clouds, which

along with the information on their mass and lifetime would provide a good

estimate of star formation rate (SFR) for the clouds. This direct method of

estimating SFR has been done in a selected number of nearby Galactic molec-
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ular clouds, but these have a limited range in properties, making it hard to test

theories for the importance of cloud properties in controlling star formation

rates (Heiderman et al. 2010, Lada et al. 2010). Currently, this method is

not plausible for more distant GMCs, which sample a larger range of proper-

ties. To study star formation in a larger sample of Galactic GMCs, we instead

need to rely on the more indirect tracers of SFR, such as those commonly

used in extragalactic studies including Hα, UV continuum, total infrared lu-

monosity, mid-infrared emission, and radio continuum emission (Kennicutt

1998, Kennicutt & Evans 2012). It is known that these indirect tracers de-

rived from extragalactic data are problematic when apply to smaller regions

such as GMCs (Calzetti et al. 2012, Kennicutt & Evans 2012, Chomiuk &

Povich 2011, da Silva et al. 2012, 2014, Vutisalchavakul & Evans 2014). The

problem arises mostly from the assumptions of fully-sampled and continuous

IMF and the constant star formation history over a long timescale (da Silva

et al. 2014, Krumholz et al. 2015). Several recent studies on the use of SFR

tracers in regions with different properties suggest that some tracers give a

better measurement of SFR (although still with large scatter) in regions above

a certain minimum cloud mass or SFR (Vutisalchavakul & Evans 2014, da

Silva et al. 2014).

In this study, we used 13CO data from the Galactic Ring Survey for

identifying GMCs in the Galactic Plane and the 1.1 mm dust continuum data

from the Bolocam Galactic Plane Survey for tracing denser gas inside the

GMCs. An HII region catalog, along with the radio recombination line data
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from Anderson et al. (2014), was used to select HII regions associated with

GMCs, while the 22 µm mid-infrared emission from the WISE All-Sky Survey

and 21 cm radio continuum emission from the VLA Galactic Plane Survey

were used as tracers of SFR. The choice of selecting HII regions means that

all the star-forming regions associated with GMCs in this study are forming

high-mass stars, making the use of infrared and radio continuum tracers less

problematic. We sought a sample large enough to separate GMCs into groups

to study the effect of cloud properties.

The main goal of this paper is to create a sample of GMCs with esti-

mated SFRs and to study the relations between star formation and properties

of GMCs. This was accomplished mainly by two approaches: by exploring

empirically the relations between SFR and properties of GMCs in the data,

and by testing some previously proposed models or hypotheses about star

formation.

4.2 Data

4.2.1 Molecular Clouds

We studied star formation associated with molecular clouds (GMC) in

the Milky Way by identifying molecular clouds and deriving their properties

using combinations of data catalogs. The primary tracer of GMC in this study

is 13CO while denser molecular gas tracers come from dust emission and dense

gas spectroscopic observations. We describe the surveys and selections used

to define the sample of molecular clouds in this section.
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4.2.1.1 Galactic Ring Survey

The main tracer of GMCs comes from the Galactic Ring Survey (GRS),

a survey in 13CO J=1-0 transition (frequency of 110.2 GHz) over the concen-

tration of molecular gas around the Galactocentric radius of 5 kpc (Jack-

son et al. 2006). The GRS covers the region between Galactic longitude of

18◦ < l < 55.7◦ and Galactic latitude of −1◦ < b < 1◦ observed with the

Five College Radio Astronomy Observatory 14-m telescope at the telescope

resolution of 46′′. The LSR velocity (vLSR) coverage is from -5 to 135 km s−1

for l ≤ 40◦ and from -5 to 85 km s−1 for l > 40◦. The final data cubes are

gridded at 22′′ and at velocity resolution of 0.21 km s−1.

CO is a common tracer of molecular gas in the ISM. 12CO in particular

is the most common tracer of molecular gas in extragalactic studies since it

traces the general emission from molecular clouds (Kennicutt & Evans 2012).

However, 12CO is generally optically thick in GMCs, which causes limitations

in using it for mass estimation (Bolato et al. 2013). 13CO opacity is lower

than 12CO due to the lower abundance. The abundance ratio of 12C/13C ≈ 50

at the Galactocentric radius of 4 kpc (Wilson 1999, Bolato et al. 2013). The

smaller line width and the extent of emission of 13CO compared to 12CO also

makes it easier to separate GMCs along the line of sight.

The 13CO data cubes were used to extract GMCs at specified spatial

coordinates and velocities. Battisti & Heyer (2014) provided a catalog of

GMCs from the GRS 13CO data and their associated dense gas mass as traced

by 1.1 mm dust continuum emission from the Bolocam Galactic Plane Survey.
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The GMC catalog used in this study comprises GMCs from Battisti & Heyer

(2014) and from another set of GMCs extracted from the GRS data cubes. The

method of selection and extraction of GMCs is described in detail in section

3.1.

4.2.2 Dense Gas

4.2.2.1 Bolocam Galactic Plane Survey

In addition to the general molecular gas traced by 13CO, we studied the

distribution of denser molecular gas using the dust and molecular line emission

from the Bolocam Galactic Plane Survey (BGPS). The BGPS observed part

of the Galactic Plane in 1.1 mm dust continuum emission at the effective

resolution of 33′′ and 1σ sensitivity of around 30-100 mJy per beam (Aguirre et

al. 2011, Ginsburg et al. 2013). The BGPS provides contiguous observational

data over the ranges of −0.5 < b < 0.5 over −10.5 < l < 90.5, −1.5 <

b < 1.5 over 75.5 < l < 87.5, and additional coverages over selected regions

described in Aguirre et al. (2011) and Ginsburg et al. (2013). Ground-based

observations in (sub)millimeter are heavily affected by atmospheric emission.

The process of removing the atmospheric signal results in the loss of large-scale

astrophysical emission. The 1.1 mm data from BGPS completely recover the

astrophysical emission out to the scale of 80′′ and partially recover emission

out to the scale of 300′′ (Ginsburg et al. 2013). The removal of large scale

emission means that the 1.1 mm maps trace smaller, denser structures inside

molecular clouds.
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The emission at 1.1 mm is optically thin up to a relatively high dust

column density (NH ≈ 1026 cm2) (Planck Collaboration et al. 2011), making

it a good tracer of dust mass. The assumptions of well-mixed gas and dust

and a dust-to-gas ratio can be used to convert dust mass to gas mass (Leroy

et al. 2007; Bolatto et al. 2011).

4.2.2.2 Source Catalog (Bolocat)

The BGPS data release provides a source catalog extracted from 1.1

mm maps using a seeded watershed algorithm (Rosolowsky et al. 2010). For

this study, we used version 2.1 of the source catalog as described in Ginsburg

et al. (2013). The Bolocat V2.1 consists of a total of 8594 sources with 1.1

mm flux from photometry (background-subtracted) for the aperture radii of

20′′, 40′′, 60′′, and flux integrated over the source area.

4.2.2.3 Molecular Lines and Distance Determination

All the Bolocat sources in version 1 between the Galactic longitude

range of 7.5◦ < l < 194◦ were followed up with spectroscopic observations of

dense gas tracers, using the HCO+ and N2H+ 3-2 transitions with the Heinrich

Hertz Submillimeter Telescope (Schlingman et al. 2011, Shirley et al. 2013)

with about 51% of the sources detected in at least one of the molecular lines.

Additional molecular line observations of inversion transitional lines of NH3

(1,1), (2,2), and (3,3) are available for sources in the inner Galaxy from the

Green Bank Telescope (Dunham et al. 2011).
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The molecular line observations of the Bolocat sources provided kine-

matic information which was used for distance determination. Ellsworth-

Bowers et al. (2015) combined all the spectroscopic observations of dense

gas tracers to assign vLSR to Bolocat V2.1 sources. Additional vLSR for some

sources without spectroscopic information from dense gas tracers were ob-

tained by connecting molecular gas observations from the GRS 13CO data to

Bolocat sources (Ellsworth-Bowers et al. 2015). The combination of dense

gas tracers and 13CO data resulted in 45 % of the Bolocat V2.1 sources with

assigned vLSR.

The velocity information from dense gas tracers was used to connect

Bolocat sources to GMCs traced by 13CO, providing dense gas mass estima-

tions for each GMC.

4.2.3 Star Formation Tracers

To study star formation activities associated with GMCs, we used MIR

and radio data as tracers of star formation. The various indicators of star

formation ranging from the UV to radio bands are sensitive to different parts

of the IMF and therefore sensitive to different timescales of star formation. The

MIR and radio continuum are both sensitive to high-mass star formation, with

the MIR tracing somewhat lower mass stars, and thus longer star formation

timescales, than the radio continuum, which traces ionized gas surrounding

high-mass stars.
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4.2.3.1 Mid-Infrared Data

The main MIR data for this study is from the Wide-field Infrared Sur-

vey Explorer (WISE) all-sky survey at the wavelength of 22 µm (Wright et

al. 2010). WISE mapped the entire sky in four IR bands at 3.4, 4.6, 12, and

22 µm. For the purpose of tracing star formation, we used the MIR band at

22 µm, which has a resolution of 12′′. The WISE image atlas provides image

tiles with sizes of 1.564◦ x 1.564◦ and a pixel size of 1.375′′ (explanatory sup-

plement to the WISE All-Sky release data). We obtained the coadded images

(coadding multiple exposures) and produced mosaics of larger 22 µm maps

covering the regions of the Galactic Plane in this study using the MONTAGE

mosaic software (Jacob et al. 2010). The characteristic saturation level for

the point sources, defined to be the level where 50% of the sources have some

saturated pixels, in the 22 µm band is ≈ 12 Jy. This saturation level means

that some of the bright 22 µm sources are saturated in this band and that

their flux cannot be accurately obtained from WISE images.

For a few bright sources that are saturated in WISE 22 µm band, we

instead used the data from the Infrared Astronomical Satellite (IRAS) 25 µm

band. The IRAS Improved Reprocessing of the IRAS Survey (IRIS) provides

images of the sky at 25 µm band at the resolution of ≈ 4′ (Miville-Deschnes

et al. 2005). The resolution of IRAS 25 µm data is considerably lower than

that of WISE 22 µm band; therefore, we used IRAS 25 µm images for sources

saturated in WISE 22 µm only if we were able to resolve the source with no

confusion with other nearby sources.
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4.2.3.2 Radio Continuum Data

Another common tracer of star formation is the radio continuum emis-

sion. Radio continuum emission associated with star formation comes from

free-free emission of ionized gas around high-mass stars and from synchrotron

emission from supernova remnants. The radio continuum data for this study

are from the Very Large Array Galactic Plane Survey (VGPS), which ob-

served the first Galactic quadrant covering the Galactic longitude between

18◦ < l < 67◦ with varying Galactic latitude range from |b| < 1.3◦ to 2.3◦ in

HI spectral line and 21 cm continuum at the resolution of 1′ (Stil et al. 2006).

The VGPS mainly observed with the Very Large Array (VLA) with the pri-

mary beam size of 32′ at 21 cm. The Robert C. Byrd Green Bank Telescope

(GBT) was used for short-spacing information for the H I spectral line images

while the continuum surveys of Reich & Reich (1986) and Reich et al. (1990)

were used for short-spacing information for the 21 cm continuum maps (Stil et

al. 2006). The VGPS is not sensitive to the emission on angular scales larger

about 30′.

4.2.3.3 Radio Recombination Lines and HII Regions Catalog

The star formation tracers described so far for this study are continuum

emission. To study star formation associated with GMCs, we need to be able

to connect star forming regions to GMCs. For this purpose, we used the

velocity information from the HII region catalog from Anderson et al. (2014)

(A14 from here on). A14 created a catalog of over 8000 Galactic HII regions
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and HII region candidates by identifying HII regions by their MIR emission

morphology using WISE data. The MIR data were complemented with radio

continuum data from various radio Galactic Plane surveys and with radio

recombination line (RRL) observations (A14).

We used the HII region catalog information to identify high-mass star

forming regions and used the RRL velocity information to connect star forming

regions to GMCs. The locations of the RRL from the HII regions were used

for the initial locations of star forming regions; then we defined the radio

continuum and MIR emission associated with the HII regions. This procedure

assigned velocities to the radio continuum and MIR sources, which were then

used to connect star formation tracers to GMCs. The details of the procedure

are described in section 3.2.

4.3 ANALYSIS

In this section we describe the extractions of the GMCs from the 13CO

data and the estimations of dense gas from BGPS 1.1 mm source catalog

(section 3.1), the extractions of star-forming regions from the star formation

tracers at 21 cm and 22 µm (section 3.2), and the methods used to connect

star-forming regions to GMCs (section 3.3).
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4.3.1 GMC and Dense Gas

4.3.1.1 GMC Extraction

The first set of GMCs comes from the catalog of B14. B14 selected

Bolocat V1 sources with integrated flux at 1.1 mm higher than 0.75 Jy (after

a flux correction factor of 1.5 was applied) and with spectroscopic data of dense

gas tracers from Dunham et al. (2011) or Schlingman et al. (2011). Using

the position-velocity coordinates (l, b, v) of the Bolocat sources as priors, they

extracted GMCs from the 13CO of the Galactic Ring Survey by first obtaining

a sub-cube centering at the prior (l, b, v) at the size of 0.5◦× 0.5◦× 40 km s−1.

The clouds were decomposed from the sub-cube using the CPROPS algorithm

(Rosolowsky & Leroy 2006) by selecting a threshold temperature for each

cloud that best isolated the cloud from nearby emission. The properties of the

clouds were estimated by extrapolating the clouds’ flux to a common threshold

temperature of 0 K.

The GMC mass from B14 was calculated from the 13CO data. The

13CO column density is described by

N13CO

cm−2
= 2.6× 1014

∫
Tex τν

1− e−5.3/Tex

dv

km s−1 ,

where Tex is the excitation temperature and τν is the optical depth (Rohlf &

Wilson 2004). To convert the 13CO column density to the molecular mass

column density, they assumed that the 12CO to 13CO abundance varies with

galactocentric radius (Rgal) as (Milam et al. 2005)

12CO/13CO = 6.21Rgal + 18.71,

119



a constant H2 to 12CO abundance of 2×104 (Blake et al. 1987). Roman-Duval

et al. (2010) studied the properties of GMCs from the GRS survey and found

the mean optical depth of GMCs to be ≈ 1.5. If the CO level populations are

in LTE, then Tex should be the same for 12CO and 13CO. Using the Tex from

12CO, we assumed a constant Tex of 10K (Roman-Duval et al. 2010, Heyer et

al. 2009). With these assumptions and that the GMCs are optically thin and

in LTE, the molecular mass can be estimated by

MH2 = 0.41(6.21Rgal + 18.71)L13(M�), (4.1)

where L13 is the 13CO luminosity in the unit of K km s−1 pc2.

The second set of GMCs was extracted from the 13CO data using RRL

sources from the HII region catalog (A14) position-velocity as priors.

The molecular gas environments in the vicinity of the radio recombina-

tion line HII regions are explored using surveys of CO J=1-0 emission along

the Galactic plane. For targets with longitudes less than 55 13CO data are

taken from the Boston-University-FCRAO Galatic Ring Survey (Jackson et

al. 2006). Data from the University of Exeter-FCRAO Survey of 13CO in the

Galactic Plane (Brunt 2015) are used for HII regions with longitudes greater

than 55

The linking of molecular cloud features to the radio recombination line

HII regions is similar to the method employed by B14 to connect larger clouds

to 1.1 mm continuum sources. For each radio recombination line target, we

have l,b coordinates, the velocity of the recombination line, and a distance
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from the Sun. A 100×100 pc2×40 km s−1 data cube centered on the l,b,vLSR

coordinates of the HII region is extracted from the larger CO survey. For a

handful of nearby sources, the 100 pc edge may lie outside the Galactic lati-

tude boundary of the survey, in which case the area is truncated to the largest

available square area. The segmentation program, CPROPS (Rosolowsky &

Leroy 2006), is applied to these extracted data to identify sets of contiguous

voxels with CO brightness temperatures above a given threshold value. This

threshold is varied depending on the complexity of the local background emis-

sion generated by unrelated foreground and background molecular clouds with

comparable radial velocities. Our intent is to determine the lowest threshold

value that distinguishes a structure from this background emission.

For a given threshold, hundreds of structures may be identified by the

segmentation algorithm distributed over the 104 pc2 area and 40 km s−1 range.

To narrow the search for the molecular cloud associated with the HII region,

we select a subset of this list with the condition, |vCO − vRRL| < 10 km s−1,

where vCO is the velocity centroid of the CO structure and vRRL is the vLSR of

the hydrogen recombination line (Anderson et al. 2014). For each structure in

this subset, the distribution of velocity-integrated CO emission and its spatial

relationship to the HII region are examined. A CO structure is assigned to

the HII region if its boundaries enclose the HII region or its distribution is

strongly peaked towards the HII region position. If these conditions are not

satisfied, a structure may also be linked if its boundary is contiguous to the

HII region. In some cases, no structure can be confidently assigned to the
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HII region position. In these cases, we select a nearby structure that could be

reasonably associated with the HII region.

Once a cloud is linked to the HII region by the above criteria, its prop-

erties are determined from the set of voxels that comprise the structure. These

properties include intensity-weighted positional moments and CO luminosity.

For 12CO data, cloud masses are determined by the application of the CO-H2

conversion factor, assumed to be 1.9×1020 cm−2/(K km s−1) (Strong & Mat-

tox 1996). For 13CO data, we assume optically thin emission, an excitation

temperature of 15 K, and a H2 to 13CO abundance ratio of 4.1×105. While

the voxels that comprise the cloud are defined by the applied threshold, the

cloud properties such as mass, size, and velocity dispersion, are extrapolated

from this brightness temperature threshold to a hypothetical cloud edge at a

brightness temperature of 0 K.

The list of GMCs from both B14 and from extractions using RRL

sources together produced the main catalog of GMCs used in further analysis.

The list of GMCs includes the properties and their spatial mask images, cre-

ated by masking the source regions defined by their temperature thresholds.

The subsequent analysis procedures were performed similarly for all GMCs.

4.3.1.2 Estimations of Dense Gas Mass

Dense gas properties were estimated for each GMC using 1.1 mm data

from the Bolocat. Ideally, we would find all the Bolocat sources associated with

GMCs by matching them in position-velocity space. However, only about 45%
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of Bolocat sources have vLSR information. We first looked at all the Bolocat

sources with central positions within the GMC masks. For these sources,

we compared the Bolocat source’s velocity (vLSR(1.1 mm)) to 13CO velocity

(vLSR(13CO)) and keep the sources where |vLSR(1.1mm) − vLSR(13CO)| < 5

km s−1. Therefore the dense gas mass for each GMC was estimated from

Bolocat sources within the cloud’s mask without vLSR information and sources

with vLSR within ±5 km s−1of the cloud’s. Using this method, there was a

problem of including Bolocat sources without vLSR information that might

not be associated with the clouds. The uncertainties of the mass estimate is

discussed in section 3.4.

The dense gas mass can be calculated from (Schlingman et al. 2011)

MH2 =
S1.1D

2ρg/ρd
Bν(Tdust)κdust,1.1

, (4.2)

where S1.1 is the 1.1 mm flux density, D is the distance (kpc), κdust,1.1 = 1.14

cm2 g−1 is the dust opacity at 1.1 mm per dust mass (Ossenkopf & Henning

1994), and ρg/ρd is the gas-to-dust mass ratio, taken to be 100 (Hildebrand

1983). We assumed a constant dust temperature of 20 K.

4.3.1.3 Assigning Distances to GMCs

Most distances from the GMCs were obtained from A14 where they

provided distances from parallax and kinematic methods to the HII regions.

The GMCs were assigned distances from the HII regions that are associated

with them. For a few sources where distances from HII regions are not avail-

able, we assigned the GMCs’ distances to be the mean of the distances from
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the associated Bolocat sources where distances were obtained from Ellsworth-

Bowers et al. (2015).

4.3.2 Star-Forming Regions

The radio continuum at 21 cm and MIR emission at 22 µm are the star

formation tracers used in this study, both of which are continuum emission.

Using continuum emission as a tracer creates a problem of confusions between

different emitting regions along the line of sight. If more than one emitting

region lies within the vicinity of a GMC, we cannot tell which ones are asso-

ciated with the GMC. Conversely, if more than one GMC lies along the line

of sight, we cannot tell which of the clouds the continuum emission belongs

to. To mitigate the problem of confusion along the line of sight, velocity infor-

mation associated with continuum emission is needed. Therefore, we started

with RRL sources from the HII region catalog of A14 as initial locations, and

we defined radio continuum emission and MIR emission associated with the

RRL sources.

The term star-forming regions (SF regions) usually refer to regions with

active star-formation activities. SF regions usually are complexes of molecular

gas and star formation objects such as young stellar objects, stellar clusters,

or HII regions. For the purpose of this study however, we use the term SF

regions to refer specifically to regions defined by emission in the star formation

tracers. This definition distinguishes the SF regions (defined by star-formation

tracers) from the GMCs (defined by molecular gas tracers).
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4.3.2.1 Star-Forming Regions Indicated by Radio Continuum Emis-
sion

We started by looking at the locations of RRL sources in the radio

continuum images at 21 cm from the VGPS. For each of the RRL locations, we

attempted to define a region of associated emission in 21 cm images. Defining

the regions in 21 cm images was done in two steps. First, we attempted to

fit the 21 cm emission with a 2D-Gaussian profile. If the emission could be

fitted reasonably well with the 2D-Gaussian, we declared that the source was

a compact source and obtained the standard deviations (σx, σy) of the fitted

Gaussian. We then performed aperture photometry on the source with an

aperture radius of 3(σx + σy)/2 and an appropriate sky annulus to obtain the

total flux in 21 cm. If the 21 cm emission could not be fitted well with a

2D Gaussian (which was the case if the source was extended or in a crowded

region), then we used a polygon to define the region of the source emission and

another region for estimating background emission. The background emission

was defined to be the median of the flux per pixel calculated over all pixels

inside the background region. The 21 cm flux was obtained for each source

by summing up all the flux inside the source polygon and subtracting the

background emission per pixel times the number of pixels inside the source

polygon. The RRL sources with no significant 21 cm emission above the

background were not included in the SF region catalog. The vLSR from the

RRL was then assigned to the SF region.

If more than one RRL sources was found within the same 21 cm emit-
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ting region, we checked to see if their vLSR were within ±5 km s−1 of each

other. If they were, all the RRL sources were grouped together into one SF re-

gion. If they did not have similar vLSR and we could not separate the emission

in 21 cm, then the sources were not included in the SF region catalog.

With the described method of defining 21 cm emitting regions, we ended

up with a catalog of SF regions with 21 cm flux and vLSR for each source.

4.3.2.2 Star-Forming Regions indicated by MIR Emission

The procedures used to define SF regions started with RRL sources and

the extractions of 21 cm emitting regions associated with the RRL sources to

produce a catalog of SF regions. For each of the SF regions in the catalog,

we next estimated the MIR emission using WISE 22 µm images. The method

used to define the 22 µm emitting region associated with a RRL source was

similar to the method used for 21 cm images described in the previous section.

Instead of starting with all the RRL sources, we started with sources that

are already identified in 21 cm. First, we looked at the 22 µm emission at

the location of the 21 cm SF region. If the emission in 22 µm was compact

and isolated then we fitted the emission with a 2D Gaussian, otherwise we

defined the emitting region with a polygon. The photometry for all the 22 µm

emitting regions were performed similarly to the 21 cm regions. Most of the

sources that are compact in 21 cm are also compact in 22 µm.

Some bright sources were saturated in WISE 22 µm images. For these

saturated sources, we used the IRAS 25 µm data instead. If the sources could
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be resolved from other nearby emission in IRAS 25 µm images, then we defined

the emitting region and performed photometry the same way as for the 22 µm

sources.

The SFR surface density was calculated from the extragalactic relation

(Calzetti et al. 2007):

SFR(M�yr−1) =1.27× 10−38

[L24(ergs s−1)]0.8850, (4.3)

where L24(ν) is the 24 µm luminosity per unit frequency. We substituted the

22 µm flux for the 24 µm flux for the calculations.

At the end of the process, we obtained a final SF region catalog with

SFR(21 cm), SFR(24 µm), and vLSR for each source.

4.3.3 Connecting SF Regions to GMCs

With the GMC catalog and the SF region catalog, the next step was

to find the connection between the two. GMCs that were extracted by using

RRL sources as starting points already have HII regions (and thus SF regions)

associated with them. However in connecting SF regions to GMCs in this

section we were motivated by the physical reasons in selecting the matching

criterias, and there could be multiple RRL sources associated with one GMC.

For these reasons, we applied the following procedures to all the GMCs in the

same way.

The mask images of the GMCs were used for searching for the SF
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regions connected to the GMC. The SF regions could be coincident with the

GMC or show some offset depending on the region. To set the boundary

for searching the SF regions associated with GMCs, we used an upper limit

on the estimations of spatial offsets between HII regions and GMCs. Stellar

clusters that are older than ≈ 5 Myr were observed to rarely have molecular

gas association, and the typical drift velocity between clusters and GMCs is

≈ 10 km s−1 (Leisawitz et al. 1989, Lada & Lada 2003). Since our SF regions

were identified with HII regions, the approximate age of the SF regions should

be less than the age of stellar clusters. We used the timescale of 3 Myr to

approximate the upper limit of the offsets between clouds and SF regions,

which corresponds to ≈ 30 pc. The SF region catalog was searched to find all

the regions with a distance of 30 pc from the nearest edge of the GMC using

the mask images. Then all the velocities of the SF regions within the 30 pc

range were compared the GMC vLSR to find SF regions within ±10 km s−1.

All the SF regions matched these two criteria were considered associated with

the GMC.

To assess the reliability of the matching of SF regions associated with

each GMC, we investigated all the GMCs individually and tagged each GMC

match with a confusion tag of 0, 1, or 2. If all the emission above the back-

ground in a SF tracer (for each 21 cm and in 22 µm) in and near the cloud’s

boundary was all extracted as sources in radio continuum and MIR maps, then

the cloud would have a confusion tag of 0. The tag of 0 meant that it was a

clean match since all the emission in SF tracers can be accepted or rejected to
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be associated with the cloud using the two criteria. If a small fraction of the

emission in SF tracers was not extracted as sources in radio and MIR emission,

and therefore did not have velocity information, then the cloud would have a

confusion tag of 1. Lastly, the tag of 2 refers to clouds where a large fraction

of the emission in SF tracers was not extracted as sources in radio and MIR

emission.

4.3.4 Uncertainties

In analyzing the GMC properties and testing some models of star for-

mation, it is important to know the uncertainties of the derived properties.

Therefore, we need to estimate the uncertainties in the derived properties and

not just the observed variables. For both SFRs and masses, the observational

uncertainties are small compare to the systematic and random uncertainties

from the conversions to the physical properties, making the estimations of

uncertainties difficult. In this section, we discuss the main sources of the un-

certainties and how we estimated the typical uncertainties for the mass and

SFR.

4.3.4.1 GMC Mass

The calculations of GMC mass from 13CO rely on the assumptions

that the excitation temperatures of 13CO and 12CO are the same, that 13CO

is optically thin, that the excitation temperature is constant, the conversion

relation from 13CO to 12CO and the constant conversion factor from 12CO to
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H2.

For the purpose of estimating the uncertainties, the calculation of the

GMC mass can be expressed as

MH2 = µmH2D
2

∫
A×N13COdΩ, (4.4)

where A is the constant conversion factor from N13CO to NH2 and Ω is the

solid angle of the GMC. Our estimation of uncertainties in the mass includes

three sources: the distance, the conversion factor from 13CO to H2, and the

integration of N13CO over the solid angle of the GMC.

The uncertainties from converting 13CO to H2 were estimated from the

uncertainties in the assumption of a constant conversion factor from 12CO to

H2. The variation in the conversion factor between GMCs and between regions

within GMCs would contribute to the uncertainties in the mass calculations.

The conversion factor can differ significantly from the self-shielded part of

GMCs to the UV-exposed envelopes especially in the CO-dark (or CO-faint)

molecular gas where the gas is predominantly H2 and the CO abundace is low

(Goldsmith et al. 2008, Paradis et al. 2012, Bolatto et al. 2013). Bolatto et

al. (2013) reviewed the different methods of estimating the conversion factor

for the Milky Way disk and recommended a constant H2 to CO conversion

factor of XCO ≈ 2× 1020 cm−2 (K km s−1)−1 with ± 30% uncertainties on the

scale of GMCs.

The distances for GMCs were obtained mostly from the HII region

catalog of A14. They provided distances to the HII regions determined from
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parallax and kinematic methods. The distance uncertainties were estimated

from the combined uncertainties in the choice of Galactic rotation curve, the

streaming motions of 7 km s−1, and the solar circular rotation speed (Anderson

et al. 2014, Anderson et al. 2012). The mean distance uncertainties of sources

with A14 distances is ≈ 10.4%.

The uncertainties in the 13CO column density were estimated from

the uncertainties in obtaining the total 13CO flux for GMCs. The GMCs

were identified by selecting certain temperature thresholds as boundaries of

the clouds and extrapolated the flux to 0K. B14 listed the uncertainties from

selecting different temperature thresholds and, in the case where the number

of thresholds is less than 3, the statistical errors using the bootstrap method

from extracting the clouds using CPROPS (Rosolowsky & Leroy 2006). We

used these listed uncertainties as the uncertainties in the 13CO column density.

The mean uncertainty from this source is ≈ 36%.

With the stated mean uncertainties, we estimated the typical uncertain-

ties in the GMC mass by adding the uncertainties (in log scale) in quadrature

from three sources: the CO-to-H2 conversion factor, D2, and the integrated

13CO column density. This results in a mean uncertainty in GMC mass of

≈ 47%.

There are other sources of uncertainties in the mass determination that

we were not accounted for in the estimate, so the uncertainties in the mass

can be more than the estimate of 47%. Another source of uncertainty is the

assumption of constant Tex. The constant excitation temperture of 10K were
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estimated from the observations of optically thick 12CO line of GRS molecular

clouds from Heyer et al. (2009) and Roman-Duval et al. (2010). The observed

Tex ranges between 3-15K. The variations in GMC Tex would contribute to the

uncertainties in the mass. The assumption of 12CO and 13CO having the same

Tex from being in LTE is also not valid for all density ranges. In lower density

parts of GMCs (such as in the envelope) 12CO can still be optically thick and

thermalized due to radiation trapping while 13CO is sub-thermalized, leading

to Tex being lower for 13CO (Heyer et al. 2009).

4.3.4.2 Dense Gas Mass

The calculation of dense gas (from BGPS 1.1 mm) in each GMC in-

volves two steps: the calculations of mass for each BGPS source and adding

up the mass from all BGPS sources associated with the GMC. The uncertain-

ties in the mass of BGPS sources were estimated from the uncertainties given

by Ellsworth-Bowers et al. (2015) where they calculated the mass function of

BGPS sources and estimated uncertainties by using a Monte Carlo simulation

drawing from probability density functions of distance, flux density, and dust

temperature. The mean uncertainty in the BGPS mass is ≈ 18%. The typical

uncertainty in the dense gas mass was estimated by combining the uncertain-

ties in the BGPS source mass and in the counting of number of BGPS sources

associated with GMCs. BGPS sources with vLSR were accepted or rejected

as parts of the GMC based on their velocity match. BGPS sources without

vLSR however were all counted as part of the dense gas. Looking at all BGPS
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sources with vLSR, we can estimate the probability of a BGPS source being

connected to GMCs (θ) (equivalent to estimating the probability of success in

a Bernoulli trial) by calculating the ratio of BGPS with vLSR matched with

GMC over the total BGPS with vLSR. This gives θ ≈ 0.64. With this value,

we approximated the uncertainty in the dense gas mass to be ≈ 21%.

4.3.4.3 SFR

The most difficult uncertainty to determine is that of the SFR. The ob-

servational uncertainties are comparatively negligible, and the most dominant

source of uncertainty in SFR is from the conversions from the star-formation

tracers to SFR. The common method in deriving the conversion of SFR from

tracers is to use stellar population synthesis model, stellar evolutionary model,

and atmospheric model to connect stellar populations to their photometric out-

put. Then assumptions of continuous, fully-sampled IMF and a star-formation

history (SFH) connect the SFR of a region to the light output for each tracer.

This method creates a unique relationship between SFR and the tracer. How-

ever, these assumptions are not valid in all types of star forming regions. The

effect of the stochastic sampling of the IMF and SFH on the reliability of the

SFR tracers has been a topic of many recent studies (Fumagalli et al. 2012, da

Silva et al. 2012, da Silva et al. 2014, Krumholz et al. 2015). da Silva et al.

(2014) used the Stochastically Lighting Up Galaxies (SLUG) simulations to

study the effect of IMF and SFH sampling on the conversion from photometric

observations of the star-formation tracers to SFR. Instead of a unique SFR
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for a given luminosity (in the tracers), the effect of IMF and SFH sampling

results in probabality distribution fuctions of SFR, which can have a large bias

and scatter for regions with low SFR. The result from SLUG given an input

of a constant SFR on the timescale of 500 Myr on the bolometric luminosity

as a SFR tracer gives a scatter in the SFR of ≈ 0.6 dex in the SFR range of

10−5 − 10−4 M� yr−1 assuming uncertainties in the flux of 0.25 dex (da Silva

et al. 2014). We used this value for the uncertainty in the SFR.

We caution that the assumption for this result is not necessarity a good

approximation to the GMCs in this study; therefore the uncertainties in the

SFR could be larger than this value. The SLUG code can be used to explore

the uncertainties in the SFR measurements in more details (Krumholz et al.

2015).

4.4 GMC and SF Associations

4.4.1 Classifications of GMCs

In the previous section, we described the methods used to assign SF

regions to GMCs. The associations between GMCs and SF regions can be

classified into different groups by looking at how closely related the SF regions

are to the parent GMC using some adopted criteria. Classifying GMCs based

on their associations with star formation has been done by several studies for

other galaxies (Fukui et al. 1999, Kawamura et al. 2009, Miura et al. 2012).

Fukui et al. (1999) classified GMCs in the Large Magellanic Cloud using the

associations with HII regions. Kawamura et al. (2009, hereafter K09) classified
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GMCs in Large Magellanic Cloud into three types using HII regions, stellar

clusters, and OB associations. They separated GMCs into three types: type

I where there are no links to high-mass star formation, type II where GMCs

are linked to HII regions, and type III where GMCs are linked to HII regions

and stellar clusters (K09). Miura et al. (2012) classified GMCs in M33 by

finding associations between GMCs, HII regions, and young stellar group. For

our Galactic GMCs, we classified them into four different groups based on

the locations of the associated SF regions compared to the GMCs. The four

groups are described as follows, and examples of them are shown in Figure 4.1.

Starless group: GMCs with no high-mass star formation. The GMCs

catalog from B14 were searched to find GMCs with no associated HII regions

and no significant emission against the background in the 21 cm radio contin-

uum maps. This group of GMCs only include sources where it is certain that

there are no radio continuum emission, even emission that was not extracted

in the SF region catalog. We identified 14 clouds in this group.

Group 1: GMCs with embedded SF regions. Group 1 includes GMCs

associated with SF regions where the projected locations of RRL sources lie

completely inside the boundaries of the cloud. There are 37 GMCs in group

1.

Group 2: GMCs with overlapping SF regions. This group includes

GMCs where continuum emission from SF regions overlaps with clouds’ bound-

aries but where RRL sources lie outside of the clouds. There are 21 in group

2.
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Figure 4.1 Examples of GMCs for different groups. The black contours rep-
resent the GMC boundaries, the black circles show the location of the RRL
sources, and the background shows the 21 cm radio continuum maps.
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Group 3: GMCs with separated SF regions. Group 3 includes sources

where GMCs and continuum emission from associated SF regions are com-

pletely separated. This group is the most difficult to identify and the most

uncertain. The difficulty lies in the criteria for selecting associated SF regions.

Since these SF regions have no overlap with GMCs, the associations are soley

based on the chosen spatial and velocity offsets. There are only 8 GMCs in

this group.

The classifications of GMCs here are based on the obeserved properties

of molecular gas and star formation tracers. One interpretation of different

types of associations between GMCs and star formation is to link different

types to different stages of evolutions of the GMCs. The classifications of K09

were interpreted as type I being the earliest stage of GMC where there are no

high-mass star formation, type II being the stage where the clouds are forming

high-mass stars, and type III being the latest stage where clusters are forming.

The classifications in this study for the Galactic GMCs are different. We looked

at associations between GMCs and star formation on smaller spatial scales and

classified them using spatial offsets. However, the interpretation of different

types of associations using an evolutionary sequence of GMC can be applied.

Starless group corresponds to the earliest stage of GMC where there are no

high-mass star formation. Group 1 includes the GMCs with RRL sources

within the cloud’s boundaries. This can be interpreted as the early stage

of high-mass star formation in the clouds with compact and ultra-compact

HII regions residing within the clouds. As the star-formation progresses, the
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drift velocities between GMCs and HII regions can cause HII regions to move

away from the parent clouds, showing spatial offsets between HII regions’

locations and GMCs’ boundaries, which corresponds to group 2. At a later

stage, feedback from high-mass stars and expanding HII regions can disrupt

GMCs or destroy part of them. The results can be observed as cloud fragments

with large offsets from the SF regions. This later stage can be an interpretation

for sources observed in group 3. One caveat in applying the evolution sequences

to the groups is that the groups were classified based on the projected spatial

offsets. As a result, there can be some sources that would have different

classifications if we were to use the true (3D) offsets.

4.4.2 GMC properties

The final catalog of GMCs provides properties of the GMCs and associ-

ated SF regions includingM(13CO),M(1.1 mm), SFR(21cm), SFR(22µm), R, vLSR,

and σv, each defined below. Figure 4.2 shows the distributions of GMCs’ prop-

erties for different groups. R is the effective radius of the GMC defined by

R =
√
A/π,

where A is the area of the GMC:

A = ΩGMCD
2,

ΩGMC is the total solid angle inside the GMC boundary, and D is the distance

to the source. The dense gas mass fraction (DGMF) is the ratio of the denser
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molecular gas, as traced by BGPS 1.1 mm sources, over the mass of the GMC

as traced by GRS 13CO.

DGMF =
M(1.1mm)

M(13CO)
.

The molecular gas surface density (ΣH2) is defined by

ΣH2 =
M(13CO)

πR2
.

The number density n is

n =
3M(13CO)

4mH2πR
3
.

The virial mass (Mvir) is the equivalent mass that would make the source be

in virial equilibrium (2K + W = 0). We estimated Mvir by assuming the

gravitational potential energy of a uniform density sphere, which gives

Mvir =
5σv

2R

G
,

where σv is the 1D velocity dispersion. The virial parameter, α, is the ratio of

virial mass over the observed mass:

α =
Mvir

M(13CO)
.

4.4.2.1 Comparison to other catalogs

Our sample of GMCs was a result of several criteria used to select

sources for the catalog, and thus it is biased. The statistics of the properties

in Table 4.1 and the distributions in Figure 4.2 can be used to compare the
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Figure 4.2 Number distributions of the properties of GMCs. The grey line
shows the distributions of all the GMCs, the blue lines represent group 1, the
red lines represent group 2, and the cyan lines represents group 3, and the
dashed orange line shows the median value of the starless group.
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Table 4.1 Median Properties of GMCs by groups

group
M13CO M1.1mm R ΣH2 SFR n α
(103 M�) (M�) (pc) (M� pc−2) (M�Myr−1) (cm−3) -

all(1-3) 31.2 2503.7 10.4 105.7 33.1 113.4 1.16
1 31.2 3273.4 10.1 129.2 35.5 114.8 1.16
2 30.7 1143.2 10.7 83.7 25.7 104.0 1.30
3 123.8 1599.7 7.0 140.9 43.2 278.8 1.15
starless 15.0 800.8 5.3 60.6 - 199.8 0.81

GMC properties to other studies. The median mass of ≈ 104.5 M� is consistent

with the mass distribution of GRS clouds using 13CO from Roman-Duval et

al. (2010, hereafter RD10) where the turn over of the mass distribution is at

4 × 104 M�. The median gas mass surface density is ΣH2 ≈ 106 M� pc−2

compared to the median of 144 M� pc−2 from RD10.

The denser gas mass per GMC from M1.1mm has a median of ≈ 103.4

M�. The study of DGMF from B14 shows a distribution of M1.1mm per GMC

to peak around 103−104 M�. The source selection in B14 started with BGPS

sources with a flux cutoff, which means that all GMC in their catalog are

connected to relatively bright 1.1 mm sources. Our selection on the other hand

does not include any pre-criteria on 1.1 mm emission. We instead started with

the RRL and radio and infrared emission.

The dense gas mass fraction shows a median of ≈ 0.04, lower than

the median from B14 of 0.11. The DGMF does not show any significant

correlation with other properties of the GMC. Figure 4.3 shows DGMF over

ΣH2 . This result is consistent with B14 where they found no correlations

between DGMF and GMC mass and mass surface density. While B14 includes
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GMCs with DGMF up to 0.9, the distribution of DGMF in this study shows

no sources with DGMF larger than 0.5. Most of the GMCs with large DGMF

in B14 are clouds with angular radius smaller than 3′. The larger DGMF in

smaller angular size clouds is a result of the spatial filtering in the process of

atmospheric subtraction in the BGPS data. The spatial filtering results in the

removal of dust emission at large scale and only recovers most of the emission

up to a scale of ≈ 1.5′ (Ginsburg et al. 2013). If the GMC catalog in this study

is biased toward sources with larger angular sizes than in B14 then it would

result in smaller DGMF. The difference in the selection methods could also

contribute to the lower median DGMF. The selection of bright BGPS sources

as priors in B14 would result in GMCs with larger M1.1mm.

The virial parameter α has a median of ≈ 1.2. Most of the GMCs fall

in the range of α between 0.3-3. The virial parameter is of interest in many

studies since the value is usually interpreted as the clouds being bound or

unbound (McKee & Ostriker 2007, Kauffmann et al. 2013). The median value

of α is 0.46 for GMCs from RD10 and Heyer et al. (2009) found α close to 1

using 13CO (see Kauffmann et al. 2013 for comparisons of virial parameters).

4.4.2.2 Differences between groups

Due to the differences in the number of samples between groups, the

small sample sizes, and the uncertainties in assigning groups, it is difficult to

interpret the differences in the GMCs’ properties between groups. The more

significant differences are the higher M1.1mm and ΣH2 in group 1 compare to
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Figure 4.3 Dense gas mass fraction over molecular gas mass. The blue dots
represent group 1, red group 2, cyan group 3, and orange represent starless
group.
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group 2. If the differences are due to physical properties of the sources then

they mean that there is more dense gas in GMCs with embedded star formation

and with higher gas surface density.

Comparing starless GMCs with the rest of the groups shows that star-

less GMCs are generally smaller and less massive while having higher density

and larger DGMF. The smaller size and mass are at least partly due to the

bias in the method of selecting starless GMCs. At the same distance, larger

GMCs will have a higher chance of confusion with SF tracers without velocity

associations than smaller GMCs. As a result, larger GMCs will be more likely

to be excluded from the starless cloud sample.

4.5 Star Formation and Properties of GMC

The question of what controls star formation rate in galaxies is one of

significant importance. Given the properties of the ISM, how can we determine

SFR? Starting from the largest scale, we can look at the properties of galaxies

and their relations to star formation. The relation between total galaxies’ gas

mass and SFR was proposed by Schmidt (1959, 1963) and observed to have a

form of ΣSFR ∝ Σ1.4
gas in a sample of a wide range of galaxies (Kennicutt 1998).

Since then, many studies looked for models that can relate global properties of

galaxies to SFR. One important finding is the observation of low star formation

efficiency. Only a small fraction of the gas in galaxies is actively forming stars.

Two important questions arise: where in the ISM or which phase of the ISM is

forming stars and what physical processes can explain the low star formation
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efficiency? Answering these questions involves looking at smaller scales in the

galaxies. It has long been observed that most star formation is associated with

molecular gas and most star formation in normal disk galaxies occurs in GMCs.

There have been many studies that focused on the smaller scale star formation

from the sub-kiloparsec scales of nearby galaxies to nearby molecular clouds.

In this section, we use our catalog of GMC properties and SFR to test some

of the proposed models for how SFRs are determined in GMCs.

4.5.1 Total Molecular Mass

The first and the simplest proposition is that SFR depends solely on the

total mass of the GMC. This is the star formation relation (Schmidt-Kennicutt

relation) on the GMC scale, where SFR is related to total mass by the power

law of the form

SFR = A×MH2

n. (4.5)

Since both SFR and MH2 values depend on the source’s area (and distance),

we can instead look at the ratio of the two. Writing the relation in terms of

the molecular depletion time tdep = MH2/SFR gives

tdep =
1

A
MH2

1−n. (4.6)

Figure 4.4 shows the SFR versus MH2 on the left, and tdep versus MH2 on

the right for all clouds in the GMC catalogs. The dotted lines represent the

linear least-square fits to the log of the data with errors in both variables using

MPFITEXY routine (Williams, Bureau & Cappellari 2010). The MPFITEXY
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Figure 4.4 The relation between SFR and MH2 (left) and tdep and MH2 (right).
The dotted lines are the linear least-square fit to the data.

routine depends on the MPFIT package (Markwardt 2009). The fit parameters

to Equation 4.6 gives the slope n = 0.45 ± 0.17 and intercept A = 10−5.9±0.8.

The rank correlation coefficient of SFR and MH2 is 0.35 (a significant correla-

tion using p=0.05 criteria). For SFR and MH2 to have no relation, n should

be 0. This is within 3σ of the fitted parameter of n. Therefore, from the fit

we cannot conclude that there is a strong correlation. The main difficulty in

constraining the fitted parameters arises from the large uncertainties in the

derived values of SFR.

4.5.2 Dense Gas Mass

Instead of the total molecular gas, a tighter relation has been observed

between SFR and dense gas mass. Gao and Solomon (2004) observed a tight

linear relationship between dense gas mass as observed by HCN and SFR in
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a sample of infrared galaxies. Wu et al. (2005) found that the relationship is

extended to the scale of Galactic dense clumps. These studies and the study

of nearby molecular clouds led to a proposed model that molecular gas above

some certain density can form stars efficiently (Goldsmith et al. 2008, Lada et

al. 2010, Heiderman et al. 2010). The star-formation threshold model states

that SFR in GMCs is determined by the amount of dense gas above some

certain threshold density.

SFR = A×Mdense, (4.7)

where Mdense is the amount of gas with density above a threshold density

(nthresh). Comparing SFR and Mdense gives a rank correlation coefficient of

0.60. Figure 4.5 shows the result of the relation between SFR and Mdense

(left) and tdep and Mdense (right). The linear least-square fit to the log of the

data is

SFR = 10−0.74±0.51 ×Mdense
0.68±0.15. (4.8)

The relation is sub-linear. A linear relation between SFR and Mdense would

imply a constant depletion time. The right plot in Figure 4.5 shows a slight

systematic variation of tdep on Mdense with a fitted power law slope of 0.33 ±

0.15.

While there is a significant correlation between SFR and Mdense, the

non-linear relation shown in the trend of increasing tdep over Mdense contradicts

the dense gas model. The dependence of tdep of dense gas over other properties

of the regions was observed in the study of nearby galaxies using HCN(1-0)
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Figure 4.5 The relation between SFR and Mdense (left) and tdep and Mdense

(right). The dotted lines are the linear least-square fit to the data.

as the tracer of dense gas (Usero et al. 2015). We explored the GMC catalog

to find any relation between tdep and other properties of GMCs. The result in

Figure 4.6 shows that tdep of molecular gas decreases as the DGMF increases,

while the tdep of dense gas decreases as the DGMF increases. The change in

tdep of dense gas over the DGMF could mean that the SFR depends not only

on the amount of dense gas but the environtment of the dense gas (total gas

mass) as well.

4.5.3 Free-fall Timescale

It has long been observed that star formation occurs on a very long

timescale. This can be seen by the long gas depletion time compared to other

timescales of star formation. On the scale of GMC, only a small fraction

of molecular gas is being converted into stars in one free-fall time. If star
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Figure 4.6 The relation between tdep and DGMF (left) and tdep(dense) and
DGMF (right). The dotted lines are the linear least-square fit to the data.

formation is described by the free-fall timescale, then SFR should depend on

it. The free-fall model states that SFR depends on a fraction of the molecular

mass over the free-fall time (Krumholz & McKee 2005, Krumholz et al. 2012

hereafter K12):

SFR = fH2 εff ×
Mgas

tff
, (4.9)

where fH2 is the fraction of molecular gas to the total gas mass, εff = tff/tdep

is the fraction of the molecular mass that are forming stars, and the free-fall

time is

tff =

√
3π

32Gρ
. (4.10)

For GMCs, where only molecular gas is concerned, the relation becomes

SFR = εff ×
MH2

tff
. (4.11)
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There is a question of how tff should be measured. The tff could be calculated

from the mean density of the cloud (Krumholz & McKee 2005, Krumholz et

al. 2012). Intuitively, the free-fall model says that the SFR is the mass of

gas that is forming stars divided by the free-fall timescale. Another way of

measuring tff would be to use the critical density where gas above that density

is expected to be in free-fall (Padoan & Nordlund 2011). Another approach

is to take into account the dependence of the tff on the density, which would

result in the SFR to be determined by integrating over the density and tff

over the cloud. Comparing data from nearby clouds to other galaxies, K12

estimated an approximately constant εff of 0.01.

We tested the free-fall model and the value of εff = 0.01 with our GMC

catalog by using the total GMC mass from 13CO and using the average density

for tff . The result is shown in Figure 4.7. On the left plot, the fit to the data

gave a relation of SFR = 10−1.22±0.72(MH2/tff )
0.66±0.17. The dashed orange

line represents the relation in Equation 4.5.3 with εff = 0.01. The εff has a

mean of 0.0049, a median of 0.0026, and a standard deviation of 0.0083.

4.5.4 Discussion

Comparing SFR and MH2 we found no strong correlations. The result

of no strong correlations between molecular gas mass and SFR on small scales

have been observed and quantitatively explained in several studies (Onodera et

al. 2008, Schruba et al. 2010, Kruijssen & Longmore 2014). One explanation is

that the strong correlation observed when looking at the scale of galaxies is due
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to averaging over variations in different star forming regions’ properties. When

looking at the scale of GMCs, the properties of GMC such as the evolutionary

stages contribute to the scatter in the relation between mass and SFR. Even in

our catalog where only sources with overlap between molecular mass and star

formation are selected (thus leaving out the earlier stages such as IRDC and

later stages where stellar feedback disrupts the clouds), there are no strong

correlations between MH2 and SFR.

The result of comparing SFR to properties of GMCs shows that there

could be a weak correlation between SFR and MH2 and a stronger correlation

between SFR and Mdense. If the SFR only depends on the total amount of

dense gas, then any weak relations between MH2 and SFR can be a result of

the dependence of DGMF to MH2 . However, our result of DGMF does not

show a dependence on MH2 . The significant correlation between Mdense and

SFR and the relation between tdep(dense) and DGMF could then suggest that

SFR is more sensitive to dense gas mass, but the underlying relation could be

between SFR and the distribution of gas mass in the GMCs.

There is a correlation between SFR and ΣH2/tff with a rank correlation

coefficient of 0.49. The result of the GMC shows that the relation between

SFR and ΣH2/tff is not linear. Comparing the free-fall model to the dense

gas model, we see a slightly better correlation for the dense gas model (rank

correlation coefficient of 0.60 for dense gas and 0.49 for free-fall). The relation

is also closer to a linear relation for the dense gas model. This result suggests

a dense gas model to be a better fit at describing star formation at the scale
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Figure 4.7 The relation between SFR and mass over free-fall time (left) and
the free-fall timescale over the depletion time (right). The dotted lines are the
linear least-square fit to the data, and the dashed orange line represents the
free-fall model with εff = 0.01.

of GMCs. However, the dense gas model still shows a considerable scatter

and a slight trend in tdep over DGMF, which could suggest that an underlying

relation is sensitive to the total mass of dense gas but the relation is more

complicated.

The efficiency εff for total gas is lower (at the median of 0.003) that

the K12 value of 0.01. One possible contribution to the lower value of εff

could be the method of estimating SFR. The SFR(24 µm) was observed to

underestimate SFR for Galactic HII regions by a factor of ≈ 2− 3 (Chomiuk

& Povich 2011). Taken the underestimation factor of 3, the median εff is

about 0.009.
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4.6 Summary

We produced a catalog of Galactic GMCs that are associated with HII

regions and estimated their properties and SFR. The analysis of GMCs, HII

regions, and SF tracers of radio continuum (21 cm) and MIR (24 µm) shows

different degrees of associations between molecular gas and star formation.

We classified the GMCs into different groups: GMCs with no high-mass star

formation, GMCs with embedded HII regions, GMCs with overlapping HII

regions, and GMCs with separated HII regions. The properties of GMCs do

not show any significant differences between each group.

The GMC catalog was used to find relations between SFR and prop-

erties of GMCs. We tested three different models of star formation: the star

formation relation (MH2 and SFR), the dense gas model (Mdense and SFR),

and the free-fall model (MH2/tff and SFR). The result shows no strong corre-

lations between SFR and total molecular gas and a strong correlation between

SFR and dense gas mass. The relation between Mdense is sublinear. Compar-

ing the tdepdense with other GMCs’ properties show a slight trend in tdepdense

increasing with DGMF. The non-constant tdepdense and the trend in DGMF

suggests a different model of star formation in GMCs where SFR is sensitive

to the amount of dense gas.

The dense gas model shows a better correlation than the free-fall model.

The estimated εff has a median of 0.003 for total gas. The low value of εff

could partly be due to an underestimation of SFR. An underestimation of SFR

of a factor of ≈ 3 would give the εff of 0.009 for total gas. The free-fall model
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was not a good fit for the data.
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Chapter 5

Summary

In this thesis, we used combinations of multi-wavelength, large-scale

surveys of the Milky Way to study Galactic star formation on larger scales.

We tested the use of extragalactic star formation tracers on the nearby molec-

ular clouds and compared multiple star formation rate tracers on Galactic

high-mass star forming regions. We studied the star formation relations in

the Galactic plane. We investigated the effect of spatial scales on the relation

and on the estimated molecular gas depletion time. We created a catalog of

molecular clouds with associated HII regions, measured their star formation

rate, and studied the relations between star formation and molecular clouds’

properties. The main goal of the work in this thesis was to connect Galac-

tic and extragalactic star formation and to further the understanding of star

formation regulation in galaxies.

Chapter 2 describes the work on testing the use of extragalactic star

formation rate tracers in molecular clouds. We tested the total infrared lu-

minosity and 24 µm emission as tracers of SFR calibrated with assumptions

of fully-sampled IMF and a constant star formation of a 100 Myr. The total

infrared luminosity and the 24 µm emission were estimated using the IRAS
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All-Sky survey for a set of 20 nearby molecular clouds from the cores-to-disk

and Gould Belt Legacy surveys. Most of the nearby clouds are within 500

parsecs from the Sun, and they are forming low-mass stars. The SFRs from

the infrared tracers were compared to the SFR calculated from the method

of counting young stellar objects of certain classes in the clouds. We found

that there is a general correlation between total infrared luminosity and 24 µm

luminosity and the SFR from YSO count, but the scatter is large. However,

the infrared tracers underestimate the SFR for all the nearby molecular clouds

by roughly two orders of magnitude. The underestimations can be a result of

the incomplete and stochastic sampling of the stellar IMF for the clouds and

the relatively short timescale of constant star formation (with average lifetime

of molecular clouds around 10 Myr) compared to the assumed constant star

formation timescale of 100 Myr in the extragalactic calibrations. The under-

estimations of IR SFR tracers get better for regions with higher total infrared

luminosity and higher mass but still show a discrepancy by a factor of a few

compared to direct SFR tracers, even for high luminosity regions.

The two infrared tracers were compared with a radio continuum tracer

for Galactic massive dense clumps, which are star forming regions with a sign

of early high-mass star formation. The result shows a good agreement between

both SFR from both infrared tracers and the SFR from radio continuum emis-

sion. The results from this work show the problem of using indirect tracers

of SFR when resolving regions to scales of GMCs and for applying the usual

extragalactic calibrations to regions with low SFR and under sampled IMF.
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In chapter 3, we studied the relation between star formation and molec-

ular gas surface density for a 11 square-degree region of the Galactic Plane.

The Bolocam Galactic Plane Survey (BGPS) of 1.1 mm dust continuum data

were used to trace molecular gas, and the 22 µm data from WISE All-Sky

survey were used as a tracer of SFR. The BGPS 1.1 mm maps do not include

diffuse emission and are therefore sensitive to dense structures, mostly clumps.

The dependence of the relation and the molecular gas depletion time on spatial

scales was tested by looking at the relation from a clump scale of few parsecs

to around 100 parsec scale. The result shows a good correlation between in-

frared and dust emission above a scale of 5′-8′. The star formation relation was

observed on larger scale, similar to the relation found in high-resolution extra-

galactic studies, but with a different average value of the depletion time. We

found the molecular gas depletion time to be approximately 200 Myr, and it

does not change with spatial scales once the scale is larger than 3′. This value

of the depletion time is smaller than the typical values found in other galaxies

of around 2 Gyr. The smaller value can be due to the choice of the gas tracer.

The BGPS dust emission traces denser gas than the common tracers used in

extragalactic studies such as 12CO and 13CO. The scatter in the depletion time

decreases as the scale increases, which can also be observed in the large scatter

of the star formation relations at small scales. This result shows that the star

formation relation does not describe the star formation process at the scale of

clumps or clouds, and the tighter relation found on larger scales are likely a

result of averaging over many individual star forming regions with a range of
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physical properties. This result is consistent with the previous observations

and models of the breakdown of the star formation relation below a certain

spatial scale.

Chapter 4 presents the work on studying the properties of giant molec-

ular clouds and the relation to star formation. We built a catalog of GMCs by

combining the GMCs extracted from the Galactic Ring Survey data in 13CO

using the BGPS 1.1 mm sources as the prior and from using the radio recom-

bination line data as a prior. Dense gas inside each cloud was estimated by

connecting the 13CO data to the BGPS sources, matching them by position

and velocity. Star formation rates were estimated for each cloud by connecting

HII regions and RRL sources to the GMCs by position and velocity matching.

The 22 µm emission from WISE all-sky survey and radio continuum emission

at 21 cm from the VLA Galactic Plane Survey were used as SFR tracers. Each

GMC and the associated HII regions were investigated and classified into dif-

ferent groups based on their associations. Some GMCs were found to have

embedded HII regions, while some GMCs were found to have larger spatial

offsets between the molecular gas and the HII regions and the SFR tracers.

After obtaining a set of 58 GMCs with associated SFR, we studied the

relations between SFR and their properties and tested some models of star

formation. The dense gas mass fraction (DGMF) was estimated by taking the

ratio of dense gas from the BGPS data over the molecular mass from the 13CO

data. The DGMF does not show a correlation with the total molecular mass

or SFR. Testing the star formation relation on the data, we observed no strong
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correlations between SFR and the clouds total molecular mass as traced by

13CO. The hypothesis that the SFR in GMCs is controlled by the amount of

dense gas above a certain critical density was tested, and we found a significant

correlation between SFR and dense gas mass. The linear curve fit to the data

however gives a slightly sublinear power law. Looking at the depletion time

of dense gas shows that the depletion time increasing with DGMF. Finally,

the free-fall model of star formation where SFR is determined by the free-fall

efficiency times the amount of molecular gas over the free-fall time was tested.

The fit to the data shows a sublinear relation between SFR and M(13CO)/tff .

The median free-fall efficiency is ≈ 0.003 for molecular gas. The dense gas

model fits the data better than the free-fall model as seen from a smaller

scatter in the power law fit and a larger rank correlation coefficient. However,

the dense gas depletion time is found to vary with DGMF, suggesting that

dense gas mass alone cannot explain the SFR. The possible underestimations

of SFR from using the extragalactic tracers on GMCs would suggest that the

true free-fall efficiency should be larger.

The work in this thesis shows the importance of studying star formation

in molecular clouds. We found that using the integrated light as SFR tracers as

calibrated by the extragalactic studies is problematic when applied to smaller

regions or regions with low SFR. Even though we obtained some useful results

from looking at first order relations between SFR and other properties of the

star forming regions in the Milky Way, to test different models of star formation

in more detail requires more accurate and more precise measurements of SFR
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at the scale of molecular clouds. Future observations and better methods of

measuring SFR are crucial in understanding star formation in galaxies.
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