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Opening note: this is an area 
where a lot has changed since the 
textbook was written; most of this 
lecture is based on the review 
Krumholz, McKee, & Bland-
Hawthorn (2019, ARA&A)



Outline
• Cluster demographics

• Clustering as a function of stellar age

• Mass, age, and density distributions

• Bound mass fraction


• Cluster formation

• Gas, stars, and their relationship

• Feedback and termination of star formation


• Origins of cluster demographics

• Mass distribution

• Age distribution and bound fraction



Opening clarification on terminology
• We are focusing in this class on clusters found in the planes of modern-day 

galaxies, not globular clusters, which form at high redshift and are found in 
galactic halos today


• Groups of stars in the planes of galaxies go by lots of different names: “open 
clusters”, “associations”, “young massive clusters”, “rich clusters”, etc. — 
historically this has caused a great deal of confusion


• We will try to avoid this by being clear in our terminology, and avoiding vague 
distinctions that are not physical in origin, but, beware when you encounter 
these terms in the literature — not everyone does this, and not everyone 
means the same thing when they say “star cluster”!



Clustering of stars
Basic considerations

• Mean stellar density in Solar neighbourhood ~ 0.04 
M⨀ pc−3 ~ 1 H cm−3 ≪ ~10 M⨀ pc−3 density in GMCs


• Tidal density ~1 M⨀ pc−3: structures less dense than 
this will be pulled apart by Galactic tides


• Most stars not in clusters above tidal density


• Density of ~1 Myr old stars substantially larger: ~ 102 
M⨀ pc−3, depending on spatial averaging scale


• Implication: stars are born “clustered”, but clustering / 
density must drop precipitously post-formation
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Clustering of stars
Basic considerations II

• Density ~100 M⊙ pc−3 → crossing time ~few Myr


• Implication: systems ≲ 10 Myr old will not be dynamically relaxed

• Bound stars will not have reached energy equilibrium / equipartition, so do 

not expect round, smooth structures

• Unbound stars will not have had time to disperse, and so might appear to 

be clustered even if unbound


• For this reason it makes sense to divide stellar populations up into 
dynamically “young” and “old”, and analyse them somewhat differently



Clustering of young stars
Ages ≲ 2 Myr

• Characterise young stellar distributions in 
several possible ways:

• 2-point correlation function 𝜉(r), defined by 

dP/dA = N [1 + 𝜉(r)]: excess probability of 
finding star at distance r from existing star


• distance to nth nearest neighbour dn and 
equivalent surface density Nn = (n−1) / 𝜋dn2


• General result: density falls off as a power law 
away from densest stars, well-correlated with 
local gas density; no obvious breaks

star-gas surface density correlations I 13

Figure 2. Plots showing the systematic e↵ect of varying n in our measured quantities for the Mon R2
cloud. Left panel shows the change in ⌃⇤ with ⌃gas for n=4, 6, 11 and 18. Right panel shows the variation
of distance to the n

th neighbor with ⌃gas of region enclosed by the circle with radius dn. The black cross
represents typical uncertainties. Grey shaded areas show the representation of the Herschel resolution limit
of 3600 in the smoothing size that is set by the stellar clustering in Mon R2.

3.2. Star-gas surface density correlations

There are ample studies in the past that show a spatial alignment of YSOs in projected dense gas
structures (Megeath et al. 2004; Gutermuth et al. 2005, 2008a, 2009, 2011; Allen et al. 2007; Evans
et al. 2009; Lada et al. 2013; Zari et al. 2016; Lada et al. 2017; Li et al. 2019). These studies show that
most of the clouds contain a higher concentration of YSOs in the regions with higher gas densities.
To quantify the apparent correlation between the distribution of the YSOs and gas, in Figure 3 we
plot the stellar mass surface density ⌃⇤ versus the gas mass surface density ⌃gas for twelve molecular
clouds. In each of these, we measure the surface and gas density at the position of a known YSO.
The markers are colored to distinguish densities centered on protostars and more evolved stars with
disks.
Figure 3 shows a star-position-sampled star-gas density relation for both Class I and Class II. The

observed star-gas surface density correlations in Figure 3 can be empirically divided into three types.
The first type (Type-A) is defined by a single, distinct star-gas surface density correlation locus (only
a primary branch). Examples of this Type are Ophiuchus, Aquila North, NGC 2264 and Mon R2.
The second type (Type-B) is similar but includes further correlation branches (secondary branches)
in addition to the primary branch. We assign Perseus, Orion-B, Aquila South, S140, AFGL 490 and
Cep OB3 to Type-B. The third kind (Type-C) does not have a clear primary branch and exhibits
a much wider span of points in the plot space. The two largest star-forming clouds in our sample,
Orion-A, and Cygnus-X fit this third type. This variety of morphological types has been reported
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Clustering of older stars
Ages ≳ 10 Myr

• Older star clusters clearly much denser than 
background — clear size and edge, rather 
than smooth power law fall off in density


• Clusters are rare: contain only a small fraction 
of total light from a galaxy


• Because clusters have clean edges, can 
estimate mass, age, other characteristics by 
placing stars on CMD (for resolved clusters) or 
fitting colour to simple stellar population 
models (for unresolved clusters)
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Cluster mass
function (CMF):
probability
distribution function
of observed mass
distribution of star
clusters

Compact and symmetrica b cCompact and asymmetric Multiply peaked

Figure 4
Examples of unresolved clusters of different morphological classes. Each panel shows a three-color UBV
image of a star cluster in NGC 628. The ring shows a radius of 0.28 arcsec, approximately 13.4 pc at the
distance of NGC 628. The morphologies are classified as (a) compact and symmetric, (b) compact and
asymmetric, and (c) multiply peaked. An exclusive catalog, in the sense used in this review, would include the
two objects in panels a and b but exclude the one in panel c, whereas an inclusive catalog would include all
three. A comparison with Figure 2 suggests that the Orion Nebula Cluster might well be excluded from an
exclusive catalog. Figure adapted from Adamo et al. (2017), copyright AAS.

at older ages (Chandar et al. 2014,Messa et al. 2018b). In the discussion that follows, we minimize
this confusion by identifying whether a particular catalog was constructed using criteria that are
exclusive (i.e., the catalog excludes nonsymmetric objects) or inclusive and by pointing out when
the choice of one method or the other leads to systematic differences. However, we caution that
all existing cluster catalogs for galaxies at distances !20 Mpc are necessarily inclusive, because
limited resolution makes morphological measurement impossible in such distant samples.

Authors who build exclusive catalogs generally assume that morphology can be used as a proxy
for boundedness. This likely holds in one direction: Because star-forming regions are morpholog-
ically complex, if the observed stars have a round, compact morphology, it is likely that they have
relaxed into it and thus are bound.However, the converse need not be true; i.e., there is no reason
to assume that a population that is too young to have dispersed is unbound simply because it is
not round. The implication is that, for young stellar populations, an exclusive approach probably
omits everything that is not bound, but also discards some unknown number of bound systems.
By contrast, an inclusive catalog captures all structures above some luminosity threshold without
regard to their dynamical state.

2.2. Mass Distribution
The most basic property of a star cluster is its mass, and thus the most basic distribution for star
clusters within a galaxy is the observed cluster mass function (CMF).3 Figure 5 summarizes recent
measurements for the CMFs of star clusters in the disks of Local Group galaxies. All observed
disk CMFs appear to be reasonably well described by a power law dN/dM ∝ MαM, with values
of αM = −2 ± 0.2.4 A slope of αM = −2 corresponds to equal mass per logarithmic bin, and thus

3Mass as used to define the CMF, and as we shall use the term throughout Section 2, refers to the mass that
the stellar population would have had before mass loss due to stellar evolution.
4It is common in the cluster literature to use the letter β rather than αM to denote the CMF index. We use
αM, and αT for the analogous index of the cluster age function (Section 2.3), because although there is general
agreement on the usage of β, there is no equivalent agreement on the symbol used to represent the cluster age
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Star cluster demographics
Mass functions

completeness limits of our catalogs at the last age bin at
200Myr. We tested whether using a higher mass cut at 8000
:M produces different outcomes. We do not see any change in

the recovered CMF properties, only higher errors because of
the smaller number of clusters available for the analysis.

The observed mass function of class 1 and 2 (orange
triangles) and class 3 (blue dots) systems are shown as
cumulative distributions in Figure 15. The observed cumulative
distributions are fitted using the IDL maximum-likelihood
fitting package MSPECFIT (Rosolowsky 2005). We perform
two different fits to the cumulative distributions, a single
power-law function, in the integral form ¢ > µ a( )N M M M ,
and a power-law function with a truncation at the upper mass
end, i.e., �¢ > µ -a( ) [( ) ]N M M N M M 10 (see Rosolowsky
2005 and references therein for a complete discussion of the
formalism). The resulting fitted parameters for the two
functions (single power law in the top panel, truncated power
law in the bottom panel) are included in the insets of Figure 15.
In Table 2 we list the recovered values for the class 1 and 2

population. Må, the index aSF, and N0, which is the number of
objects more massive than �

aM21 , are determined for a
truncated function, while the pure power-law fit provides the
index aPLF. As described in Rosolowsky (2005), if the resulting
N0 is significantly larger than 1, then a truncated CMF form is
preferred to the more traditional single power-law function.
When <N 10 , the truncation mass is unconstrained and thus a
single power-law fit is sufficient. In Table 2, we also include
errors. The errors associated with the observed maximum
cluster mass, Mmax, and fifth most massive cluster mass, Mmax

5th ,
have been computed during the SED fitting procedure and
described in Section 3. The errors associated with the best-
fitting parameters have been computed using deviations from
1000 iterations of bootstrap trials.
In general, we observe that both a very steep single power-

law fit and a truncated function fit with a slightly flatter index
can reproduce the observed mass distribution for class 3
objects. However, the number of associations is very small
(42), and thus it is not possible to impose any further constraint.
On the other hand, the analysis of the mass distributions of

class 1 and 2 systems yields, for both a single power law and a
truncated function type fits, slopes very close to −2. However,
as already noticed during the analysis of the CLF, the
approximation of the CMF by a single power-law function
(see the top panel of Figure 15) overestimates the expected
number of clusters at the upper mass end of the distribution. A
fit to the observed CMF of class 1 and 2 with a truncated
power-law function (bottom panel of Figure 15) yields a similar
slope, but it mitigates the differences at the high mass end of
the CMF distribution. The resulting N0 (see value listed in
Table 2) is larger than 1, suggesting that the latter function
provides a better fit to the observed CMF. Thus, a truncated
function with slope a = -2.03SF and � ~ ´ :M M2.0 105 is
the statistically favored description of the observed CMF of
NGC 628. However, it is important to notice that the number of
clusters more massive than ´ :M5 104 is about 22 and only
half of those clusters are more massive than 105 :M so the
constraint on �M is weak and the uncertainties on N0 large.
As an exercise, we try to estimate the expected number of

clusters more massive than �M . Using the combination of far-
UV and 24 μm fluxes of the area covered by the LEGUS
pointings of NGC 628, we estimate an SFR of about 0.59

-
:M yr 1. Assuming that the SFR was constant for the last

200Myr, we estimate that a total stellar mass of ´ :M1.18 108

has been formed in the region. Using the cluster formation
efficiency definition given in Adamo et al. (2015) and clusters
in the age range between 1 and 100Myr (same as the age range
to which the estimated SFR is sensitive to), we derive for this
region of NGC 628 a cluster formation efficiency of 12%. This
means that 12% of the total stellar mass of ´ :M1.18 108 is in
bound clusters, i.e., ´ :M1.42 107 . Using the latter amount as
the total stellar mass in clusters, we can estimate the number of
clusters more massive than �M . Observationally, we find two
clusters more massive than �M . Assuming a pure power-law
mass function of slope −2.09 (with upper mass ´ :M1. 107 ),
we estimate that five clusters more massive than �M should
have formed in the last 200Myr. A Schechter-type function, as
described by Equation (3), results in one cluster more massive
than �M . The estimated total stellar mass in clusters results in
cluster numbers that are consistent with the observed ones but
does not produce any definitive proof that can help to discern
the real shape of the upper mass function. Therefore, the

Figure 15. Cumulative mass functions of class 1 and 2 (orange triangles) and
class 3 (blue dots) systems. The distributions have been created only with
objects younger than 200 Myr, and the fit includes only systems more massive
than 5000 :M . The recovered slopes for the two subpopulations are reported in
the inset.

16

The Astrophysical Journal, 841:131 (26pp), 2017 June 1 Adamo et al.
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Figure 5
Compilation of measured CMF slopes αM. (a) Colored points represent clusters in the disks of nearby galaxies, and solid and dashed
black lines are evolved Schechter function fits to the MW’s GCs and to an average of GCs in Virgo, respectively. The horizontal error
bars show the range in cluster mass over which the measurement was made, with open points indicating measurements from exclusive
catalogs and filled points indicating inclusive catalogs. Points are displaced slightly from the centers of their corresponding mass ranges
to minimize confusion. A straight dotted line on the high-mass end of the horizontal error bar indicates that the observation did not
detect a truncation to the CMF, whereas a downward curve indicates an observation that reported a truncation. For the GC mass
functions, αM is not constant in mass, and the line shows αM versus mass for the best-fitting evolved Schechter function. In panel a only
whole-galaxy average measurements are shown. (b) A histogram showing the distribution of measured CMF slopes for disk clusters;
blue is the distribution of whole-galaxy average measurements, whereas hatching shows measurements in which galaxies are broken into
independent subsamples. The hatched histogram in panel b also contains subsamples from Messa et al. (2018a). Abbreviations: CMF,
cluster mass function; GC, globular cluster; GOALS, an average of 22 luminous IR galaxies from the GOALS sample (see Table 1 for a
list of surveys referenced in this review); LMC, Large Magellanic Cloud; MW,Milky Way; SMC, Small Magellanic Cloud.

is the expected slope for a completely scale-free distribution. In normal star-forming galaxies,
the mass function slope is generally measured over the range of ≈103–105 M⊙. The lower limit
on this range is entirely a function of observational limitations—only in a few cases do we have
cluster samples that are complete enough below ≈103 M⊙ to enable measurement of a CMF, and
in those cases the data are consistent with αM ≈ −2 down to the completeness limit. Indeed, some

function index.On the contrary, some groups use γ for this index, whereas others use γ to denote a completely
unrelated quantity.
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Powerlaw, slope −2

Possible break at high mass

Powerlaw slope

Mass range of study

Adamo+ 2017
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Star cluster demographics
Age distributions
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Figure 7
Cluster age function for star clusters within ≈2 kpc of the Sun. Points with error bars show measurements from Piskunov et al. (2018).
Lines show χ2 fits to several functional forms, with parameters indicated in the legend: broken power law (red; dN/dT ∝ T αT ,1 for
logT < logTb, and dN/dT ∝ T αT ,2 for logT > logTb), Schechter function (green; dN/dT ∝ T αT e−T/T∗ ), single power law ( pink;
dN/dT ∝ T αT ), and exponential ( purple; dN/dT ∝ e−T/T∗ ). The broken power law and Schechter forms both have reasonable χ2

values, whereas the other fits are poor.

MilkyWay clusters show a complex dependence of αT on age, which we highlight in Figure 7.
In theMilkyWay,αT ≈ −0.5 at ages!109 years, indicating moderately strong cluster destruction.
The age distribution steepens sharply above ≈109 years, indicating much more rapid disruption.
This change in slope is not seen in the extragalactic samples,which are generally limited to clusters
younger than≈108 years for reasons of sensitivity.However, there are also two additional cautions
to be mentioned in comparing the Milky Way and extragalactic samples. First, because the Milky
Way sample is limited to !2 kpc from the Sun, it consists entirely of low-mass clusters (M !
103 M⊙), whereas the extragalactic sample is for much larger masses,M " 103.5 M⊙. Second, the
extragalactic sample ages are derived from photometry, whereas the Milky Way ages are based
on CMDs, which may lead to systematic differences. CMDs are more reliable in general, but this
might not hold for the Milky Way sample because many of the clusters in it contain only a small
number of stars bright enough to allow placement on the CMD, leading to large age uncertainties.

2.4. Bound Mass Fraction
A third basic statistic for clusters is the fraction of the total stellar mass in gravitationally bound
clusters, denoted #. Because this fraction changes with stellar age unless αT = 0, # in general
is a function of T . To measure # one must determine the total mass in bound clusters and the
total mass in all stars within the same age interval.Measuring the former invariably involves some
degree of extrapolation to account for the mass of clusters too small to detect, but for αM ≈ −2
the extrapolation is fairly modest. For the latter quantity, at ages above ∼10 Myr the most reliable
means of determining total stellar mass is from CMDs of field stars. However, these are only
available for relatively nearby sources. A second-best option is to estimate the total stellar mass
by multiplying the SFR by the length of the age interval, assuming the SFR has been constant.
Before proceeding, we note that several authors describe # as the cluster formation efficiency
(e.g., Larsen & Richtler 2000, Bastian 2008, Goddard et al. 2010, Kruijssen 2012), meaning the
fraction of stars formed in bound clusters. This definition implicitly assumes that one can cleanly
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Cluster demographics
Combined mass and age distributions

• Mass distribution of young clusters is a power law with slope close to −2; this 
means equal mass per logarithmic bin


• Age distribution also a power law at young ages with a slope of −0.9 to −0.6, 
with a turn-down at older ages, possibly dependent on cluster mass


• Interpretation of age distribution:

• Suppose probability / time that a cluster of age T is destroyed is 1/aT

• Cluster number N changes with time as dN/dT = −N/aT → N = N0 (T / T0)−1/a


• Thus index −0.9 means a = 1.1, expected lifetime = slightly longer than 
current age; index −0.6 means a ≈ 1.7, so typical cluster survives for a bit 
under twice its current age



Sizes of star clusters
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Figure 9
Mass–radius relation for star clusters in nearby galaxies. For MW clusters and GCs, we plot half-mass radii where available and
half-number radii otherwise; for all other data sets, we plot half-light radii. Dashed black lines indicate loci of constant density within
rh, with the mass density ρ = 3M/8πr3h (in units of M⊙ pc−3) and the corresponding number density n (in units of H nuclei cm−3) as
indicated; dotted lines show loci of constant surface density # = M/2πr2h (in units of M⊙ pc−2). Hexagonal density plots show the log
of the density of clusters in the (M, rh) plane for MW within 2 kpc of the Sun (with masses estimated from tidal radii using the method
of Piskunov et al. 2007); clusters in M31 from PHAT [radii from Johnson et al. (2012) and masses from Fouesneau et al. (2014)]; and
clusters in NGC 628, NGC 1313, and NGC 5236 (galaxies grouped together). The low-mass edges in the extragalactic data are a result
of observational limitations, not a physical truncation. Points show individual clusters from smaller samples: clusters in the disk of M51,
GCs in M31 and the Milky Way, SSCs in M82 and NGC 253, and YMCs from our own compilation (Table 4). Abbreviations: GC,
globular cluster; MW,Milky Way; PHAT, Panchromatic Hubble Andromeda Treasury; SSC, superstar cluster; YMC, young massive
cluster.

also show an anticorrelation in certain light elements (e.g., Na-O, Mg-Al; Carretta et al. 2010).
Like multiple stellar populations observed in CMDs, this has become a distinguishing feature of
globulars, including for globulars in the Magellanic Clouds, that is never observed in OCs (e.g.,
Bragaglia et al. 2017). This difference has led to the view that GC history is more complex than
that of OCs (Gratton et al. 2012). However, there is a remarkable exception to the rule: The
12-Gyr-old, 104.8-M⊙ globular Ruprecht 106 appears to be a true single stellar population with
homogeneous abundances and no light element anticorrelations (Villanova et al. 2013); unusually,
it is enriched in r-process and s-process elements but does not show the enhanced [α/Fe] signature
of the oldest stars, a characteristic shared by all other Galactic GCs. The globulars Terzan 7 and
Palomar 12 also do not have multiple populations and, intriguingly, may be extragalactic through
their association with the disrupting Sgr dwarf. Bragaglia et al. (2017, their table 9) catalog all
modern attempts to detect multiple populations in OCs and GCs.

Typically, the heavy elements (Fe and beyond) in globulars exhibit much less scatter than that
for the light elements (e.g.,Gratton et al. 2012), except in a few systems (e.g.,ωCen,Terzan 5,M22,
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Tidal limit in MW disc



Bound mass fraction
The most uncertain quantity of all

• Define 𝛤(T) = fraction of stars of age T that are in gravitationally-bound clusters


• Hard to measure at ages ≲ 10 Myr, because even stars that are unbound may not 
have had time to drift apart yet; if one ignores this complication, 𝛤 ~ 10-100% at 
young ages


• At ages ~10 - 100 Myr in Milky Way-like galaxies, 𝛤 = 1-10%, declining at larger 
ages as cluster disrupt


• May be higher in starburst systems, but uncertain due to methodological biases 
— measurements in these systems are all for younger clusters, and it is unclear if 
high measured 𝛤 is a result of youth or of higher SFR



Regions of cluster formation
The gas view

• Regions where star clusters are 
forming often appear to be 
“hubs” at the confluence of 
filamentary molecular clouds


• Mass flows along the filaments 
into the central hubs


• Stars form both in the central 
hub and, at lower density, along 
and around the filaments
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Figure 1
IRDCs seen in (a) extinction in the Spitzer three-color image (red, 24 µm; green, 8 µm; and blue, 3.6 µm) and
in (b) H2 column density in a map constructed from the 8-µm extinction. Fragments/MDCs are the ∼0.1-pc
substructures seen within ∼10-pc IRDCs/clumps connecting toward a hub. Adapted from Peretto & Fuller
(2010) with permission. Abbreviations: IRDC, infrared-dark cloud; MDC, massive dense core.

Infrared Space
Observatory (ISO):
this instrument imaged
selected areas at
2.5–240 µm

Midcourse Space
Experiment (MSX):
a military satellite
experiment that
mapped the Galactic
plane at 4–21 µm

Spitzer Space
Observatory (Spitzer):
performed continuum
imaging and
spectroscopy at
3.6–160 µm; one of its
three instruments is
still partly operational

Herschel Space Obser-
vatory (Herschel ):
was equipped with the
largest IR telescope
ever launched and
three instruments
(SPIRE, PACS, HIFI)
sensitive in
photometry and
spectroscopy to the
far-IR and
submillimeter
wavebands
(55–670 µm)

enough not to be detected by near- to mid-IR surveys. For the past 10 years, they have been
searched for using mid-IR, far-IR, and (sub)millimeter surveys. In this section, we review the
major studies that indeed found precursors of IR-bright protostars, with luminosities lower than
103–104 L⊙ and sizes varying from 1 pc to 0.01 pc.

2.2.1. Serendipitous discoveries. The first good candidates for being IR-quiet precursors of
high-mass stars have been found by two different observational methods. The first one uses high-
density tracers, often submillimeter continuum, to map the surroundings of high-mass IR-bright
objects associated with well-known HII regions, H2O or CH3OH masers, or IRAS sources. Many of
these mappings have serendipitously revealed some dense and massive cloud fragments that remain
undetected at mid-IR wavelengths (e.g., Motte et al. 2003, Garay et al. 2004, Hill et al. 2005, Klein
et al. 2005, Sridharan et al. 2005, Beltrán et al. 2006, Thompson et al. 2006, Beuther & Steinacker
2007). These studies are evidently plagued by low-number statistics and large inhomogeneity
because the cloud fragments identified this way have sizes ranging from 0.1 pc to more than 1 pc.

A second method is to search for compact sources within cold clouds seen in absorption against
the diffuse mid-IR background of square-degree images taken by the Infrared Space Observatory
(ISO), Midcourse Space Experiment (MSX), Spitzer Space Observatory (Spitzer), and Herschel Space
Observatory (Herschel ) space observatories. Indeed, these absorption features, referred as IRDCs,
could be the footprints of cold cloud structures (see, e.g., Figure 1). These IRDC surveys provide
large samples of IR-quiet sources generally located at large and inhomogeneous distances from
the Sun (e.g., Pérault et al. 1996, Egan et al. 1998, Simon et al. 2006a, Butler & Tan 2009, Peretto
& Fuller 2009). Their existence and gas content generally are confirmed by maps of high-density
cloud tracers (e.g., Carey et al. 2000, Teyssier et al. 2002, Ragan et al. 2006, Rathborne et al. 2006,
Simon et al. 2006b, Sakai et al. 2008). Even in the most recent studies by Butler & Tan (2009)
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Regions of cluster formation
The stellar view

• Stars form at a wide range of densities

• Most in low-density outskirts; stars 

here have filamentary distribution

• ~10% in dense regions that 

correspond to “hubs” seen in gas; 
stars here round and smooth


• Kinematics suggest stars in “hub” are 
bound and relaxed, stars outside it 
unbound and unrelaxed


• Stars in hub younger, but only slightly
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Figure 13
Distribution of stellar ages in the Orion star-forming complex. (a) Points are stars color-coded by age as
estimated by Kounkel et al. (2018). The orange and blue contours, respectively, show the density of stars on
the sky associated with the components Orion D and Orion A identified by Kounkel et al. in their
phase-space analysis; contours are placed at densities of 10%, 50%, and 90% of maximum density. The inset
shows a zoom-in on the ONC, defined here as a 1-pc-radius region centered on θ1 C (shown by the blue
star). The flanking histograms show the age distributions for (b) Orion D, (c) Orion A, and (d) the ONC.
Panel d also shows tff, the free-fall time in the central parsec of the ONC as estimated by Da Rio et al.
(2014), and t90 ≈ 10tff, the time over which 90% of the stellar population formed. The ages we show are
those estimated based on spectroscopy (Kounkel et al.’s ageHR) where available and based on color (Kounkel
et al.’s ageCMD) elsewhere. However, in the ONC inset and histogram, we show only spectroscopic ages,
because the color-based ones are unreliable in regions of high extinction. Abbreviations: DEC, declination;
ONC, Orion Nebula Cluster; RA, right ascension.

has improved considerably in the past few years. By far the most comprehensively studied region is
the Orion complex. The young stars in Orion are spread over several tens of parsecs, but molecu-
lar gas and ongoing star formation are limited to a smaller ∼10 pc region around the ONC,which
is ≈1 pc in size (Hillenbrand &Hartmann 1998 find rh ≈ 0.8 pc) and is centered on θ1 Ori C, the
most massive star in the complex. The ONC is the densest region, and, despite its small volume,
represents a significant fraction of the total number of stars in the complex. We illustrate one re-
cent measurement of the age distribution in Orion in Figure 13, which suggests three important
conclusions that apply to other star-forming regions as well (e.g., Tan et al. 2006, Azimlu et al.
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Suggested scenario
The “conveyor belt” model

• Clouds start to collapse, feed mass inward toward central hub, while at the 
same time forming stars throughout


• Most gas mass doesn’t make it to central hub, so majority of stars form 
outside the hub, in the extended region


• In the hub, density is high, free-fall time low, so star formation can go on for 
several free-fall times — gives stars chance to relax and become bound


• In lower density outskirts, even though star formation goes on slightly longer, 
free-fall time is much longer, so stars cannot relax


• When star formation ends, hub regions left bound; rest unbound



Feedback mechanisms
• Big question: what ends star formation / unbinds the low-density stars? 


• Something must, or else eventually all gas would transform into stars and we 
would have 𝛤 = 1


• Candidate mechanisms:

• Protostellar outflows

• Photoionisation

• Direct radiation pressure

• Indirect (dust-reprocessed) radiation pressure

• Hot star winds

• Supernovae



Where are different mechanisms effective?
Order of magnitude estimates

• Outflows limited by low ejection speed, which makes it difficult to unbind material 
completely — Matzner & Jumper (2015) find ejection only from clouds with vesc ≲ 1 
km/s


• Ionised gas also limited by speed: sound speed in ionised gas is ~10 km/s, and gas 
freely-expanding into a vacuum rockets off at 2cs, so can’t eject material from 
regions with escape speed ≳ 10-20 km/s


• Hot star winds: evidence so far suggests generally not important


• SNe have lots of power, but don’t explode until tSN ≈ 4 Myr after stars form, but 
which time fraction of mass converted to stars is 𝜀 ≈ 𝜀ff tSN / tff → keeping 𝜀 low 
requires tff ≲ 𝜀ff tSN → 𝜌 ≲ 104 M⊙ pc−3



Where are different mechanisms effective
Order of magnitude estimates II

• Direct radiation pressure:

• Light to mass ratio of young stars is 𝛹 ≈ 1100 L⊙ / M⊙


• In a cloud of mass M, radius R, surface density 𝛴 that converts a fraction 𝜀 
of its mass to stars, force per unit gas mass is frad = 𝛹𝜀M / 4𝜋R2(1−𝜀)𝛴c


• Gravitational force per unit mass is fgrav = GM/R2

• Importance of radiation depends on ratio: fEdd = (𝛹 / 4𝜋𝛴Gc) [𝜀 / (1−𝜀)] → 

expect radiation to be significant for 𝛴 ≲ 𝛹 / 4𝜋Gc ≈ 340 M⊙ pc−2

• Turbulence allows significant mass loss even at surface densities a factor of 

several higher than this



Where are different mechanisms effective
Order of magnitude estimates III

• Indirect radiation pressure:

• Dust absorbs stellar radiation and re-radiates in IR; if column density is high 

enough, IR photons absorbed again, exert more force → feedback 
mechanism most effective at high column


• Limiting factor #1: as photons repeatedly re-absorbed, they shift to lower 
frequency, where opacity is reduced, becoming more likely to escape


• Limiting factor #2: radiation Rayleigh-Taylor instability allows radiation to 
escape through low-density channels


• Including both limits, IRP effective if 𝛴 ≳ [16 (𝜋G𝜎SB/c)1/2 / 𝛹] [𝜅10K / (10 K)2]−1 
≈ 105 M⊙ pc−2



Where are different mechanisms effective
Putting it all together
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Figure 12
Star cluster mass–radius relation, showing the same data as Figure 9, with shaded regions indicating where various feedback
mechanisms are potentially significant. In constructing this diagram, we have for simplicity considered the case of star-forming clouds
where the gaseous and stellar components have comparable masses and radii, but we emphasize that in reality this need not be the case.
The feedback mechanisms shown are outflows (Section 3.3.1), SNe (Section 3.3.6), DRP (Section 3.3.3), ionization (Section 3.3.2), and
IRP (Section 3.3.4). Shaded regions fade at masses below which stochastic sampling of the initial mass function makes them unlikely to
be active (Section 3.3.1). For all feedback types except IRP, the region where the mechanism is effective is to the left of and above the
line. Notice the unshaded triangle where no known feedback mechanism is expected to be effective. Abbreviations: DRP, direct
radiation pressure; GC, globular cluster; IRP, indirect radiation pressure; MW,Milky Way; PHAT, Panchromatic Hubble Andromeda
Treasury; SNe, supernovae; SSC, superstar cluster; YMC, young massive cluster.

η, but this is technically very challenging [see Yang et al. (2018) for a recent attempt]. The best
prospect for measuring ϵ∗ is likely the use of statistical methods to analyze populations of clouds
(Kruijssen et al. 2018), but thus far measurements using this technique are not widely available.
For these reasons, estimates of ϵ∗ come primarily from theory. In the remainder of this section,
we follow the approach taken by several previous authors (e.g., Matzner 2002, Fall et al. 2010,
Matzner & Jumper 2015, Rahner et al. 2017) by considering a variety of feedback mechanisms
and attempting to determine under what circumstances they become relevant. We summarize
these findings in Figure 12.

3.3.1. Protostellar outflows. Bally (2016) provides a comprehensive recent review of proto-
stellar outflows, so we focus only on the details most relevant for star cluster formation. Outflows
are critical to breaking up dense regions and thus keeping ϵff small because they eject about two-
thirds of the mass from individual protostellar cores (e.g., Matzner & McKee 2000, Offner &
Chaban 2017). However, this mass is ejected at relatively low velocities and, thus, may not escape
the larger-scale protocluster. For this reason, theoretical models (e.g., Matzner & McKee 2000,
Matzner & Jumper 2015), numerical simulations (e.g., Wang et al. 2010, Krumholz et al. 2012b,
Murray et al. 2018), and observations (e.g., Nakamura & Li 2014, Li et al. 2015, Plunkett et al.
2015) all suggest that outflows have a limited role in setting final star-formation efficiencies in
most clusters. There has yet to be a comprehensive numerical survey of the parameter space, but
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Origin of cluster mass function
• Mass function of molecular clouds and clumps within them is dN/dM ~ M−2 or 

slightly shallower — similar to cluster mass function


• Thus cluster mass function results naturally if fraction of gas transformed into 
stars 𝜀, and fraction that remain bound, do not depend on M


• Dominant feedback mechanisms likely direct radiation pressure and ionisation

• For DRP, 𝜀 depends only on 𝛴, not directly on M

• Photoionisation mass loss scales as Mion ~ S4/7t9/7𝜌−1/7; if S ~ 𝜀M, t ~ 𝜀tff/𝜺ff, 

and SF ceases when M ~ Mion, then 𝜀 ~ 𝛴33/52 M1/52


• Thus 𝜀 (nearly) independent of M as long as 𝛴 does not depend on M, which, 
observationally, it does not



Origin of bound fraction
• For rapid gas removal, boundedness depend only on stellar fraction 𝜀:

• Consider cloud in virial balance, 𝒯 = −𝒲/2

• After sudden mass loss, new energies are: 𝒯’ = (1−𝜀) 𝒯 and 𝒲’ = (1−𝜀)2 𝒲

• Cloud remains bound if 𝒯’ + 𝒲’ < 0 → 𝜀 > 1/2


• Real-life complications:

• tff is shorter in denser regions, so 𝜀 is higher there, and mass removal is not 

necessarily fast compared to tff

• Stars and gas not uniformly mixed

• Pre-removal state probably not virialised, at least in lower-density regions

• All this is taking place in a galactic tidal field, not in a vacuum


• Bottom line: this is still far from a solved problem!



Post-formation evolution
Origin of the age distribution

• Drop in cluster numbers from ~1 - 10 Myr age probably due to mass removal 
and dispersal of unbound stars


• However, clusters continue to decrease in number even at older ages, for 
reasons that are debated. Possible culprits:

• Unbinding due to stellar mass loss (ages ≲ 100 Myr)

• Tidal shocking by GMCs near the cluster at birth (ages ≲ 100 Myr)

• Two-body relaxation and evaporation (ages ~Gyr)

• Tidal shocking by GMCs unrelated to the cluster’s birth place (ages ~ Gyr)


