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Rotating filaments as binary formation
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Rotating filaments as binary formation

HansFest: Wonders of Star Formation



HansFest: Wonders of Star Formation

Abstract
A simple analytical accretion model is developed for the protostellar mass spectrum in

the infrared cluster in Orion (OMC1/KL region) in which protostellar cores compete for

the accretion of the gas of their parent cloud. Unlike coagulation models, this model is

a linear model which includes the conservation of the number of accretion nuclei, with

no collisional mergers occurring. Gas exhaustion effects are not included, since less

than 50 percent of the cloud gas will be accreted before the most massive star powers

the formation of a hot H II region or the formation of an energetic stellar wind, thereby

freezing the mass spectrum. A mass spectrum is predicted to be of the form dN/d log

M approximately equal to 1/M for M greater than or approximately equal to 1 solar

mass, independent of the form of the mass spectrum at the beginning of the accretion

process. In particular, a runaway growth of the most massive star, with a big gap in

mass to the next massive star, is predicted.



• Fragmentation down to (thermal) Jeans Mass
– Form as lower mass stars  (~ 0.5 Msun)
– Subsequent accretion forms high-mass stars

• Accretion limited by
– Tidal effects
– Gas velocities: Bondi-Hoyle

• Gas inflow due to cluster potential
– Fragmentation inefficient : common gas reservoir
– Higher gas densities and accretion rates: 

• Requirements: 
• N > 2 fragments, gravitationally bound

– Common gas reservoir

Competitive accretion

Cluster potential

Gas inflow

Bonnell et al 1997, 
2001, 2004

Bonnell & Bate 2006

Stars do not have to move!

HansFest: Wonders of Star Formation

Bonnell, Larson & Zinnecker
2007
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Accretion reservoirs

Accretion onto high-mass stars comes 
from cluster scale, lower density gas

Yellow = mass which will be accreted 
by the most massive sink within 0.25 
tdyn

Smith et al 2009 HansFest: Wonders of Star Formation

Macc~ 10-4 Mo /yr 

Infalling fragments (cores) need to be 
dense, tidally bound

form low-mass stars



Accretion in clusters and the IMF

• Higher mass stars formed 
through accretion

» Tidal radius 
accretion

HansFest: Wonders of Star Formation
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5.7. Mass growth of stellar clusters

Figure 5.11: Cluster mass growth from gas accretion is compared with the total cluster mass. The
accreted gas mass is calculated by finding how much mass existing sinks are accreting in the cluster.
Each cluster can appear in the plot multiple times but only once per timestep. Two most massive cluster
paths are shown as red and blue lines. The diagram shows that more massive clusters also have more
significant gas accretion ongoing into cluster sinks. Clusters tracks tends to go towards larger masses
and larger gas mass growth ratios. Accretion of gas particles in the cluster mover cluster towards larger
ratios while accretion of sinks - towards the lower ratios.
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Cluster properties

HansFest: Wonders of Star Formation

Formation of stellar clusters 3

Figure 2. A side-on view through main star forming region in Galactic spiral arm is shown at at the end of the simulation. The LOS here is pointing through
the Galactic plane, along y direction. The z direction is perpendicular to Galactic plane, where z=0 pc is the Galactic equator plane. The figure shows greyscale
column density map for gas, the distribution of recently formed stars (in terms of sink particles) as yellow dots, and the positions of stellar clusters as red open
circles. The map shows that dense gas clouds and forming clusters do not necessarily lie in Galactic mid-plane.

Figure 3. A side-on view through the main star forming region in the Galactic spiral arm is shown at at the end of simulation. The figure shows sink particles
colour-coded by their stellar age. We see a clear age gradient from left to right which coincides with a decrease in the column density of gas in the same
direction. This is evidence of a sequential star formation process triggered by the passage of the ISM through the spiral shock.

For SPH simulations data, the cluster finding algorithm has to find
clusters based on sink particle positions and masses. There are two
steps to follow in order to obtain a robust cluster definition and to
follow cluster formation history: static cluster definition at a given
time and dynamical cluster definition by linking the same cluster
from one time step to another.

Our cluster definition is based on sink local and enclosed grav-
itational potentials. Firstly each sink has assigned its local potential
from surrounding neighbour sinks within 2 pc. The list of all sinks
at a given time step is sorted by these potentials and the deepest po-
tential sink is picked as a starting point. This first and lowest local
potential sink is set as a centre of the cluster and enclosed potentials
are calculated on all sinks within 2 pc around it. Next sinks are
continuously added to the most bound cluster if their local potential
is not deeper than twice that of the enclosed potential of the cluster.
If no such cluster is found and the sink has its local potential depth

below the upper potential threshold (�1011cm2s�2), it starts a new
cluster. The search is finished when it reaches the first sink with
its local potential above the background level. Clusters, which have
fewer than six members are removed after the search is completed.
Using the enclosed potential to build clusters results in a bias to-
wards the selection of spherical rather than filamentary structures.
We use �1011cm2s�2 potential threshold, as systems below this
potential becomes self gravitating and show virialized motions. We
limit the cluster algorithm to not add any sinks whose local gravi-
tational potentials are twice or less that of the enclosed potential of
the cluster. Radial density profiles show that this ensures that we do
not merge multiple clusters that are close to overlapping. In addition
we use 0.05 pc softening for potentials in order to define smoother
local potentials and remove unwanted fluctuations of potentials in
cluster centres, as it can split one cluster into multiple if sharp peaks
are detected.

MNRAS 000, 1–10 (2017)

Formation of stellar clusters 7

Figure 7. The diagram showing the mass-merger tree of clusters. The diagram shows major (smaller cluster has more than 30% of total cluster mass after
merging) and minor merging events. More massive clusters also have longer lifetimes and more extended merging histories.

Figure 8. The cluster mass-radius relation is shown at two di�erent times of
the simulation. The plots shows how the size of the clusters increases with
the mass of the cluster, with an approximate Rhal f ⇠ M�

clust
relation,

where � is about 1.

4.4 Mass growth of stellar clusters

Accretion of stars (Pflamm-Altenburg & Kroupa 2007) and gas
(Pflamm-Altenburg & Kroupa 2009) from the environment has
been investigated in pre-existing clusters. Here we address what
contributes mostly in forming di�erent mass clusters - accretion of
stars or gas. In order to measure the accretion of gas into the cluster,
we follow the change of mass of the sinks that are already in the
cluster. In Figure 10, we plot this as a fraction of the cluster mass
and as a function of the total cluster mass.

The first thing we notice is that clusters with low masses appear
to have only a small fraction of their mass being due to gas accretion.
This is partially by definition in that the cluster first "forms" when

Figure 9. The stellar clusters’ specific angular momentum is plotted as a
function of cluster mass. Higher mass clusters have larger specific angular
momenta, indicating that rotation, due to accreting mass from further away,
is more important in such clusters.

six or more sinks are su�ciently close, and hence have a minimum
mass to which gas accretion does not contribute. Nevertheless, we
see that the fraction of the total mass contributed by gas accretion
increases with cluster mass. At high cluster masses, direct accretion
of gas is seen to contribute nearly half the total mass of the system.
Secondly, we notice that mass gain from gas accretion inside clusters
is always less than 40 - 50 % of the total cluster mass (This neglects
the gas accretion onto the initial cluster formation consisting of a
minimum of several hundred solar masses). The diagram clearly
shows that gas accretion on clustered sinks has contributed mostly
for large mass clusters.

If the cluster is not accreting any sinks but only grows by

MNRAS 000, 1–10 (2017)

Clusters have significant age 
spreads

Cluster sizes  R ~ M 

Similar, smaller scaling to pre-
cluster clumps
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6.7. Energies

Figure 6.10: Evolution of boundedness states, which includes kinetic and gravitational energies, is
shown for formed sinks in the association and two other clusters. Gravitational energy was calculated
by using spherical approach with the centre of mass of the cluster rather than the direct summation over
sink pairs. At early times two clusters are gravitationally unbound. They becomes bound at 2.5 - 3.5
Myr of the simulation time. The association remains bound from 1.5 Myr all the time till the end of the
simulation. However, the association is less bound than two other clusters. However, as the association
appears to be bound, kinetic energy alone is not high enough to explain the expansion phase.

Figure 6.11: Evolution of boundedness states, which includes kinetic, gravitational and tidal energies,
is shown for formed sinks in the association and two other clusters. The plot is the same as in Figure
6.10 with the exception that tidal energy is added to the calculations of binding ratios. While two
clusters becomes bound and show nearly the same evolution of binding ratios, the association becomes
unbound at 4 Myr and remains unbound till the end of the simulation. As at this time expansion phase
is happening, tidal energy is likely to be responsible for the expansion phase.

109

Chapter 6. Formation of OB associations

Figure 6.1: The association candidate or failed cluster formation is shown in the positions map. The
map is created by using particle positions in the x-z projection. Small grey dots show positions of
protosinks and coloured dots show positions of formed sinks, colour coded by a given time. The system
collapse before 4 Myr with first sinks forming at 1-2 Myr. After 4 Myr system starts to expand. Around 5
Myr the object reaches its maximum size and slightly reduces in the last 0.6 Myr. The expansion phase
is not present in any other forming cluster in this simulation and could be the potential candidate of
the forming OB association.

studies that trace the evolution of groups and clusters of formed sink particles. As typical

simulations are of bound cluster formation, OB associations are unbound, hence they cannot

form from bound conditions unless feedback or something helps. Even if some OB association

candidates would indeed be forming, they could be missed just because in depth studies of

cluster tracing over the time is not well enough studied. During my work on cluster tracing

in Bonnell et al. (2013) simulations, I noticed a group of sinks, which could be a potential

candidate of forming small OB association. In this chapter I investigate the formation of this

association in terms of size, mass density, and energies.

6.1 How it was found?

My hierarchical cluster finding algorithm with time dependence found some interesting ob-

jects appearing in the simulation. One of these could be a possible association. Figure 6.1

shows what looks to be a failed cluster formation scenario, which could be the origin of an OB

association. The figure shows the movement of the sinks over all time steps in x - z positions

relative to the centre of mass of the simulation. Before sink formation, protosink (the gas
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A clustered origin for isolated massive stars 3

Figure 1. Four snapshots showing the evolution of the merging clusters with ✏ = 0.333, q = 0.2, b = 1.8 pc, vrel = 10.0 km/s. Massive

stars from the smaller (red) and main clusters (blue) have been highlighted. The snapshots show the clusters at times 0, 0.5, 1.0 and 1.5
Myr. The high-mass stars in the smaller cluster are mostly dispersed into the field at velocities of order the interaction velocity of 10

km/s.

parameter ✏ where R2/R1 = q✏. The simulations spanned
concentration parameters of ✏ = 0.167 to ✏ = 0.5. An ✏ = 1/3
implies equal densities while ✏ > 1/3 implies a satellite with
a higher mass density and vice versa.

The simulations were run at 1/10 resolution (N =
10, 000) particles, such that each particle represents 10 stars
of a given mass, while preserving the shape of the IMF. This
allowed a greater flexibility computationally with the only
cost that of a small increase in two-body e↵ects. The large-
scale tidal interactions that we are investigating will not be
a↵ected. The number of binaries formed and potential high-
velocity runaways could be a↵ected but these are excluded
from our analysis of isolated high-mass stars.

4 CLUSTER MERGERS

As expected from §2.1, most cluster interactions within our
investigation undergo tidal disruption of the secondary clus-
ter. Figure 1 shows the evolution of a typical cluster merger

event for a mass ratio of q = 0.2 and an impact parameter
of 1.8 pc. The secondary penetrates within the half-mass ra-
dius of the primary cluster and is e↵ectively disrupted in the
interaction. Figure 1 highlights the massive stars M > 5M�,
in both the primary (blue) and secondary (red) clusters.

The dispersed secondary forms into a tidal tail allowing
some of the stars to become bound to the primary cluster
while the rest escape with the excess kinetic energy. As the
cluster core with the high-mass stars is also disrupted, these
stars are

5 CONCLUSIONS
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Later, dry mergers in cluster formation
High-mass stars dispersed due to tidal fields of secondary cluster

HansFest: Wonders of Star Formation

Merging clusters 
and isolated high-mass stars
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Accretion driven contraction : limits

HansFest: Wonders of Star Formation

Accretion can force core to 
contract

But if core is decoupled from cluster, 
it will dissolve

Requires large N clusters (> 30,000)

Collisional formation of very high-
mass stars in rich stellar clusters 

possible

Clarke & Bonnell 2008
Moeckel & Clarke 2011

Bonnell, Bate & 
Zinnecker 1998



Cluster dynamics cannot explain 
high-mass close binaries

HansFest: Wonders of Star Formation

Expected binary 
separations from 

dynamical hardening

Limit: Ebin ~ Ecluster

Requires large clusters of 
> 105 stars

Nick Moeckel

Lund & Bonnell 2018

Most high-mass stars in 
close binaries



High-mass close  binaries

HansFest: Wonders of Star Formation

Lund & Bonnell 2018

Need to accrete mass 
without angular 

momentum
Solution: magnetic 

braking during 
accretion phase

Problem: most high-
mass stars are in 

close binary systems
Separation << RJeans

No magnetic field

with magnetic field



Results

Different models 

Rotation only 
- Separation increases


Turbulence 
- Separation decreases


Full model (with B-field) 
- Close high-mass binary formed


  

Close
High-mass

Mcloud = 500 M⨀ 
Rcloud = 0.5 pc  
Ωcloud = 3x10-14 rads-1

Close
High-mass

Formation of close binaries by magnetic braking

HansFest: Wonders of Star Formation

rotation

Rotation plus 
magnetic braking

M = 500 Mo
R = 0.5 pc

Ω = 3 10-14 rad/s

Lund & Bonnell 2018



Close binaries from core properties

HansFest: Wonders of Star Formation

 
Example: 

Magnetic fields make it easier  
to form close high-mass binaries 

Accretion without B-field
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Accretion with B-field (100 µG)
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[9] Urquhart J. S., et al., 2014, mnras, 443, 1555

Cloud mass (M⨀) Cloud radius (pc) Binary mass (M⨀) Binary separation (au) Magnetic field (µG)
1145 0.58 5.9 3.842 0
1145 0.58 26.5 0.046 100

Lund & Bonnell 2018

Accretion-induced binary mergers to form  
highest mass stars?



Ionisation and stellar winds

Lower density 
clouds affected

But none are 
destroyed outright

Radiation leaks out 
through cloud

Can unbind gas  in 
clouds with 

vesc<< cs (HII)

Dale, Ercolano & Bonnell 2012, 2014



Ionisation and stellar winds

Lower density 
clouds affected

But none are 
destroyed outright

Radiation leaks out 
through cloud

Can unbind gas  in 
clouds with 

vesc<< cs (HII)

Dale, Ercolano & Bonnell 2012, 2014
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Summary
• Star clusters form due to large-scale compressive flows

– Self gravity dominates locally, 
– hierarchical fragmentation, gas accretion and mergers

• Accretion in clusters can explain (most) high-mass star 
formation 
– Simultaneous to cluster formation

• Close high-mass binaries from accretion and magnetic braking
– Stellar mergers?

• Feedback predominately affects lower density gas
– has moderate ~2 reduction on ongoing star formation

• If Hans has an idea: it is worthwhile listening!
HansFest: Wonders of Star Formation


