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Star formation is highly localized in space and time. It occurs mostly in giant molecular clouds (GMCs), which occupy a very small 

fraction of galactic volume, and even within these clouds it is concentrated in parsec-scale dense clumps that produce star clusters. 

There are well-studied observational correlations between the large, kiloparsec-scale star formation activity of galaxies and their gas 

content, but no theoretical consensus to explain this behavior. In this paper we first test an analytic model for GMC collision rates by 

comparing the analytical predictions to those observed in a numerical simulation of GMCs orbiting in a galactic disk. We find the 

analytical and numerical model agree with each other at the ~10% level, confirming that GMCs suffer frequent mutual collisions 

every 10-20% of an orbital time. This process could be the link between the kpc scales of galactic orbital dynamics and the parsec 

scales of star-forming clumps within GMCs. Next, we use star cluster population synthesis models to investigate stochastic star 

formation models (e.g., ones that are regulated by turbulence) in GMCs. We apply this modeling to cloud populations from simulated 

disk galaxies and for the Local Group spiral M33. For the latter case, by comparing to the observed star formation activity from 80-

parsec to kiloparsec scales, including its overall efficiency and dispersion, we are able to test the validity of stochastic star formation 

theories. In particular, the observed GMCs appear to have a larger dispersion in star formation activity than expected from the simple 

stochastic theory. 

 

INTRODUCTION 

GMC collisions in a shearing disk may be an important 

mechanism for triggering star formation (Tan 2000), since 

they are a natural mechanism for creating parsec-scale, 

gravitationally unstable dense gas clumps, which then form 

star clusters. At the same time, the rate of GMC collisions 

depends on the large-scale properties of the galaxy, such as 

its gas content (especially the fraction of gas in molecular 

form, H2) and its rotation curve (especially the local shear 

rate). Thus, GMC collisions can help explain why star 

formation activity is so localized (e.g., Lada & Lada 2003), 

and yet also correlated with large-scale global galactic 

properties (Kennicutt 1998; Bigiel et al. 2008). 

We would like to understand in more detail the physics 

of GMC collisions (Sect. 2) and then begin to test whether 

alternative theories of turbulence-regulated (i.e., stochastic, 

un-triggered) star formation can explain observations of the 

nearby galaxy M33 (Sect. 3).  

TESTING GMC COLLISION THEORY 

GMC Collision and Merger Timescales 

As GMCs travel around a galaxy they collide and merge 

with other GMCs. These collisions have the potential to 

drive star formation; therefore, it is important to develop 

and test an analytic theory for this process, which could 

then help us to understand the evolution of galaxies and 

starbursts.  

We begin by using data from a numerical simulation of a 

Milky-Way-like galaxy produced by Tasker & Tan (2009) 

at a time step of 250 Myr. This data was then entered into 

analytic equations that predict GMC properties. We first 

measure the orbital time of a GMC, torb: 
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where R is the galactocentric radius, vcirc is the GMC’s 

circular velocity, and Ω is the orbital angular frequency. 

Next, we investigated the time it takes for a GMC to 

collide with another GMC, tcoll, derived by Tan (2000) to 

be:  
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where rt is the tidal radius of the GMC, NA is the number of 

GMCs per unit area of the disk, fG is a constant with a 

typical value of ~0.5 (Gammie et al. 1991), and β is 
   (     )

   ( )
.  

We evaluated the analytic estimate of the collision rate 

of the GMCs in different annuli in the simulated galaxy. 
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These results were then compared to the values of torb and 

tcoll that were measured directly in the numerical simulation 

shown in Figure 1 (Tasker & Tan 2009). The comparison is 

shown below in Figure 2, where the blue lines are the 

collision times measured in the numerical simulation and 

the red lines are the collision times estimated from analytic 

theory. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Tasker & Tan (2009) numerical simulation of a 
Milk-Way-Like disk galaxy at the time step of 200 Myr 

 
 

 
 

 

We find that the analytic theory predicts the GMC 

collision time to an accuracy of about 10%. Both the theory 

and the simulation indicate that the GMCshave frequent  

 

collisions with each other on timescales that are short and a 

relatively constant fraction of an orbital time. Therefore, 

this process may be important for injecting turbulent 

energy into GMCs and triggering star formation. 

GMC Velocity Dispersion 

The estimate of the GMC collision rate derived by Tan 

(2000) assumed a cloud velocity dispersion, σ, that is set 

by mutual gravitational interactions. In the model of 

Gammie et al. (1991), this velocity dispersion was found to 

have a form: 

 

      (     )
 
 ⁄  ,  [3] 

 

where G is the gravitational constant, Mcl is the mass of the 

GMC, and ĸ is the epicyclic frequency. This velocity is 

approximately equivalent to the shear velocity at the tidal 

radius of the GMC. 

We examined whether the GMCs in the simulation of 

Tasker & Tan (2009) followed this relation. For each GMC 

we measured its velocity relative to that of a circular orbit 

at its radial location. The 3D velocity dispersion of the 

cloud population in a given annulus was then calculated. 

These results are shown in Figure 3. We find that the 

simulated clouds have a velocity dispersion that scales with 

a galactocentric radius as R
1/3

, consistent with being 

proportional to the shear velocity at a cloud tidal radius. 

However, the normalization of σ is about 1.8 times larger 

than predicted by Gammie et al. (1991). This may be due 

to the simulated GMCs having smaller sizes (so smaller 

damping rates) than assumed in the calculation of Gammie 

et al., and/or excitation of random velocities in the 

simulation by density structures larger than the GMC-scale. 

 

 
Figure 3. GMC Velocity Dispersion. The dashed line (top) is 
obtained from the simulation by Tasker & Tan (2009), the 
solid red line is a best fit line with a slope of -0.39, and the 
dotted line (bottom) is the result from the analytic equation 
proposed by Gammie et al. (1991). 

Figure 2. Cloud Merger Timescale Comparison. The blue lines 
(joining triangles) are from the numerical simulation by Tasker and 
Tan (2009) and the red lines (joining squares) are the analytic 
estimates. The top set of data is for all GMCs, while the bottom set 
of data (dashed lines) is for large GMCs (>10

6
 solar masses). The 

error bars indicate Poisson errors given the number of clouds in 
each annulus. 
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THE KENNICUTT-SCHMIDT RELATION FROM 
KILOPARSEC TO GMC SCALES 

We used cluster population synthesis models to 

investigate theories for stochastic star cluster formation in 

GMCs (e.g., Krumholz & McKee 2005). We applied this 

modeling to cloud populations from the simulated galaxy 

produced by Tasker & Tan (2009) and to the Local Group 

spiral galaxy M33 shown in Figure 4. The goal is to 

understand the normalization and dispersion of the 

Kennicutt-Schmidt relation linking the surface density of 

star formation rate (SFR) with the surface density of gas in 

galactic disks (Kennicutt 1998; Bigiel et al. 2008). 

Stochastic Star Formation from GMCs 

Star formation in GMCs appears to occur at a very low 

rate, converting just a few percent of the cloud mass into 

stars every local free-fall time, tff (Zuckerman & Evans 

1973; Krumholz & Tan 2007),  providing an efficiency per 

free-fall time εff=0.02. 

 

    
        

   
   [4] 

 

At the same time, star formation is known to be highly 

concentrated in star clusters, which appear to be born with 

an initial cluster mass function (ICMF) that can be 

approximated as a power law in the mass range from ~100 

to 10
6
 solar masses (e.g., Dowell, Buckalew & Tan 2008; 

Larsen 2009): 
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The stars themselves are formed with an initial mass 

function (IMF) that is also approximately a power law for 

masses > ~1 solar mass, up to ~100 solar masses (Salpeter 

1955). 
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Our approach for modeling star formation in GMCs is to 

first use equation [4] to predict the SFR. To do this we 

need to know the cloud mass and density. We then need to 

know how long a cloud has existed in a state where it is 

forming stars at this rate. We assume clouds have a 

lifetime, tGMC,max, with fiducial value of 10 Myr. When we 

model star formation in a GMC population, we will assume 

a uniform, random distribution of cloud ages, tGMC, from 0 

to tGMC,max. Thus, the total mass of stars formed in a given 

GMC is: 

 

                    [7] 

  

We create M*,GMC with a Monte Carlo sampling of the 

ICMF. In our fiducial method (A) we draw clusters one by 

one from the ICMF until the total stellar mass exceeds 

M*,GMC, at which point we then consider whether the 

current or previous value is closest to the desired total 

before choosing the closest. In a second method (B), we 

consider the mean cluster mass implied by the ICMF, 

which is <M*>= 920 Msun, and then estimate the number of 

clusters expected in the GMC as equal to M*,GMC/<M*>. 

We then draw this number of clusters from the ICMF, 

accounting for fractional numbers with a simple probability 

estimate: e.g., if the expected number of clusters is 3.5, 

then 3 clusters will be drawn 50% of the time and 4 

clusters drawn the remaining 50% of the time. 

We wrote our own code to carry out this sampling of the 

ICMF using IDL. We also utilized the cluster population 

synthesis program SLUG (Stochastically Lighting Up 

Galaxies) developed by Fumagalli et al. (2011). This 

program constructs clusters by drawing randomly from the 

initial stellar mass function (IMF) and the initial cluster 

mass function (ICMF), and tracks a number of observable 

properties of the star clusters, such as ionizing flux and 

FUV luminosity. 

To compare to observed galaxies, we then need to assess 

the gas and star formation activity at different scales, 

dividing the galactic disk into a rectangular grid of various 

resolutions. 

Star Formation in the Simulated Galaxy and 
Comparison to the Observed M33 Kennicutt-
Schmidt Relation  

We use the properties (mass, size, mean density) and 

locations of the GMCs in the galaxy simulated by Tasker & 

Tan (2009) to plot the surface density of SFR (ƩSFR) versus 

the surface density of molecular gas (ƩH2) (including 

Helium assuming nHe=0.1nH) at various scales ranging 

from 80 to 1000 pc, as seen in the Figure 4- orange points. 

Here, we also compare the results to the data for M33 from 

Onodera et al. (2010) and adjust by 4/3 to utilize an X-

factor of 4x10
20

 cm
-2

/(K km/s) (Gratier et al. 2011) and we 

also adjust by a factor of 1.4 to include He. These results 

are shown by the black points in Figure 4. Making this 

comparison also requires adjusting the simulated data by 

cos i, where i=51 degrees is the inclination angle of M33, 

i.e., Ʃs are reduced by this factor. 

The simulated galaxy was designed to mimic the Milky 

Way, which causes our results to have much higher values 

of ƩH2. Furthermore, the SFRs appear higher on the kpc 

scales in the region of overlap, which may be due to εff 

being <0.02 in M33, given that GMC lifetimes are <10 

Myr in M33, or the simulated GMCs are oo dense. Tasker 

& Tan (2009) favor this latter possibility, since this 

simulation did not include internal feedback from star 

formation acting to disrupt GMCs. 
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Figure 4. Comparison of GMC Based Stochastic SFR From Simulated Galaxy to Measured SFR in M33. The orange dots are the SFR and molecular 
gas surface densities derived from the simulated galaxy, and the dark blue line is the best fit line to this data. The black dots are observed 

values for M33 from Onodera et al. (2010), and the light blue line is the best fit line to their data. 

 

Star Formation in the M33 GMC Population and 
Comparison to the Observed M33 Kennicutt-
Schmidt Relation 

To better compare to M33 we use the GMC catalog of 

Gratier et al. (2011) for the region mapped, as shown in 

Figure 5, where the dotted lines are 1 kpc wide annuli. 

Each GMC’s mass, size, and density (and thus free fall 

time) is estimated and used with equation [4]. The galaxy 

gridding on scales from 80 to 1000 pc is repeated, and the 

result is shown in Figure 6 as red points.   

These results are a much better match to those from 

Onodera et al. (2010) as shown by the black points. 

However, the mean SFR is still too high, which is 

displayed in Figure 7. This suggests again that a smaller 

star formation efficiency (<0.02) or a shorter GMC lifetime 

(<10Myr) is needed.  

 

 

 

 

Figure 5. M33 Galaxy from Gratier et al. 
(2011), which shows locations of GMCs in the 
regions covered by their observations. 
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Figure 6. Comparison of GMC-based Stochastic SFR to Measured SFR in M33. The red dots are the SFR derived from the GMC masses measured by 

Gratier et al. (2011), and the dark blue line is the best fit line to the data.  The black dots are from Onodera et al. (2010), and the light blue line is 
the best fit line to the data. 
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Figure 7. Onodera et al. (2010), Tasker & Tan (2009), and Gratier et al. (2011) SFR Means. At each resolution the data were split into equal-

sized bins based on ƩH2, and the logarithmic mean of the SFR in each bin with five or more data points was calculated. The x location of the 
points refers to the center of each bin. The black lines (joining triangles) are the means of the Onodera et al. (2010) SFR data. The red lines 
(joining asterisks) are the means of the SFR from the Gratier et al. (2011). The gold lines (joining diamonds) are the means of the SFR derived 
from the simulated galaxy produced by Tasker & Tan (2009). 

 

We can also consider the logarithmic dispersion of SFRs 

as an additional diagnostic. The dispersion is taken from 

the best fit lines shown in Figures 4 and 6. We measure this 

in fixed intervals of ƩH2 for each of the three data sets, as 

shown in Figure 8. There is evidence for larger dispersions 

in the observed SFRs (Onodera et al. 2010) when 

compared to those with the Gratier GMCs, especially on 

the GMC scale. This may indicate that the simple 

stochastic model for star formation may need to be revised. 

Models of star formation triggered by highly stochastic 

events, such as GMC collisions, would increase the 

dispersion of SFRs. Our future direction is to investigate 

such models and also to study them on the individual cloud 

scales. 
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Figure 8. Onodera et al. (2010), Tasker & Tan (2009), & Gratier et al. (2011) SFR Dispersion. At each resolution the data were split into equal-sized bins with five or 

more data points based on ƩH2, and the logarithmic dispersion of the SFR with respect to the best fit line was calculated. The x location of the points refers to the 
center of each bin. The black lines (joining triangles) are the dispersion of the Onodera et al. (2010) SFR data. The red lines (joining asterisks) are the dispersion of the 
SFR from the Gratier et al. (2011). The gold lines (joining diamonds) are the dispersion of the SFR derived from the simulation produced by Tasker & Tan (2009). 

 
 

CONCLUSIONS 

We have demonstrated that GMC collision rates can be 

predicted to an accuracy of about 10% using a simple 

analytic formula and by testing this for different locations 

and cloud masses in a hydrodynamic simulation of a disk 

galaxy. We predict that this process occurs relatively 

frequently and thus could be the most important 

mechanism driving star formation activity in disk galaxies. 
Also, we have tested GMC-scale models of star 

formation that involve a fixed star formation efficiency per 

local free-fall time and an assumed GMC lifetime in both a 

simulated galaxy and the observed M33 GMC population. 

We found that relatively low efficiencies (<0.02) or shorter 

GMC lifetimes (<10Myr) may be required. This is the first 

time such joint constraints have been derived for GMCs.  

The observed dispersion in SFRs is larger than predicted 

by the simple stochastic model, suggesting additional 

triggering mechanisms for star formation activity may be 

needed. 
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