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How do star clusters form?

Monolithic Formation

Forms ‘in situ’ at high densities
(Banerjee & Kroupa 2014,
Longmore 2014)

Hierarchical Collapse / Mergers

Stars form over extended area,
then collapse to form cluster
(Bonnell+ 2003, Fuijii+ 2012,
Vazquez-Semadeni+ 2017)



How do star clusters form?
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Monolithic Formation * No strong spatial substructure
(Banerjee & Kroupa 2014, 2018).

Forms ‘in situ’ at high densities
(Banerjee & Kroupa 2014,
Longmore 2014)



How do star clusters form?

Monolithic Formation  Clusters should be spherical and
dynamically evolved (Kroupa 2008)

Forms ‘in situ’ at high densities
(Banerjee & Kroupa 2014,
Longmore 2014)



How do star clusters form?

Hierarchical Collapse / Mergers

Stars form over extended area,
then collapse to form cluster

- Cluster elongated during mergers (Bonnell+ 2003, Fuijii+ 2012,
(Cournoyer-Cloutier+ 2023) Vazquez-Semadeni+ 2017)




How do star clusters form?

—— Substructured, ayi = 0.3
Unsubstructured, ay;r = 0.5

0 2 4 6
Arnold+ (2022) Time (Myr)

_ _ Hierarchical Collapse / Mergers
 Kinematic substructure from

mergers survives for multiple
crossing times and is measurable
(Arnold+ 2022)

Stars form over extended area,
then collapse to form cluster
(Bonnell+ 2003, Fuijii+ 2012,
Vazquez-Semadeni+ 2017)



How do star clusters form?

‘o all stars
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* Inverse energy equipartition
develops from cool collapse due to
the Spitzer Instability (Parker &
Wright 2016)

Hierarchical Collapse / Mergers

Stars form over extended area,
then collapse to form cluster
(Bonnell+ 2003, Fuijii+ 2012,
Vazquez-Semadeni+ 2017)



How do star clusters form?

Run A, t=4.0 Myr

Mapelli (2017)
05 0.0 05
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Hierarchical collapse and mergers
leads to considerable levels of
angular momentum and rotation
(Lee & Hennebelle 2016, Mapelli
2017, Smilgys & Bonnell 2017,
Tiongco+ 2021).

Hierarchical Collapse / Mergers

Stars form over extended area,
then collapse to form cluster
(Bonnell+ 2003, Fuijii+ 2012,
Vazquez-Semadeni+ 2017)



How do star clusters form?

—— Hierarchical mergers (high structure)
—— Hierarchical mergers (moderate structure)
Monolithic formation

10—3 4

ejected from a 2000 Mg, cluster
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Hierarchical Collapse / Mergers

* Clusters that form by mergers
produce more runaway stars
(Schoettler+ 2019, 2020, Farias+ Stars form over extended area,

2019, Arnold & Wright in prep). then collapse to form cluster
(Bonnell+ 2003, Fuijii+ 2012,

Vazquez-Semadeni+ 2017)



How do star clusters form?

Monolithic Formation Hierarchical Collapse / Mergers
* No strong spatial substructure. * Cluster elongated during mergers.
» Spherical and dynamically  Kinematic substructure measurable.
evolved. « Considerable levels of rotation.

* Many runaway stars.



What disperses star clusters?

90% of young star clusters don’t survive beyond 10 Myrs
(Lada & Lada 2003).
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Classical Picture: R
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Star cluster born
embedded within

a molecular cloud.

Feedback
disperses residual
gas (removing
gravitational
potential)

esidual Gas Expulsion

Star cluster
expands, possibly
dispersing.



Classical Picture:

To first order, star
formation efficiency
determines the eventual
fate of the cluster (e.g.,
Baumgardt & Kroupa
2007).
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Classical Picture:

Picture begins to fall
apart if:

* Cluster is not in virial
equilibrium during gas
expulsion (e.g.,
Offner+ 2009)

« Stars are highly
substructured
(Farias+ 2018)

« Stellar and gas
components are
decoupled (e.g.,
Kruijssen+ 2012)
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The kinematic data revolution

« Multi-object spectroscopic
surveys providing RVs

* e.g., Gaia-ESO Survey, SDSS,
WHT/WEAVE, 4AMOST

« Gaia astrometry

 Positions, parallaxes, proper
motions




3D Kinematics with GES and Gaia

3D kinematic
study of ~2500
stars in 18 young
(< 20 Myr) groups

(Wright+ subm.)
arxiv/2311.08358

Comments
welcome!




3D Kinematics with GES and Gaia

All targets have
spectroscopic
signatures of
youth:

- Li6708 A

EW (Li 6708) [mA]
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3D Kinematics with GES and Gaia
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3D Kinematics with GES and Gaia

All targets have
spectroscopic
signatures of
youth:

- Li6708 A
* Ha excess

« Surface gravity
indicators
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3D Kinematics with GES and Gaia

All targets have — T T
spectroscopic N -
signatures of
youth:

- Li6708 A
« Ho excess =

40
|
|

« Surface gravity
iIndicators

And parallax
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cluster 2 2.5 3 3.5 4

membership.

Parallax [mas]

25 Ori; Wright+ (subm)



Velocity dispersions
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Velocity dispersions
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Velocity dispersions
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Virial state

Most young
star clusters
not in virial
equilibrium
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Virial state

1.0 |
Most young J Stellar + gas mass
star clusters J
not in virial 0-8]
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But subvirial
when mass of 0.4
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cloud included 0.2

Cluster stellar mass
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Expansion

4.50 A

94% of young
clusters are
expanding
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Expansion

1.507 Kendall's T = 0.426 (P-value = 0.017)
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Asymmetric Expansion

* Most systems expanding
asymmetrically _ |

« Same as OB associations

(Wright+ 2023, P&PVII).
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Asymmetric Expansion

* Most systems expanding

asymmetrically 295 ] N
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Contracting: Rho Ophiuchus

Contracting according to all measures:

» 2D expansion gradients = —0.187922  —0.53192% km/s/pc

» Median outward velocity = —0.3413-21 km/s

In virial equilibrium:

a=0.707353
(when considering mass of L1688,
which these stars surround)
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 First kinematic evidence for a
young, contracting group of stars. =
« Could lead to accretion of stars ™
onto the forming cluster in L1688. |
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Star Cluster Formation

« Majority of groups older
than their dynamical
timescale (66-75%).

* Nearly all groups not

. 20.0
dynamically evolved.
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Implications for star cluster formation

* Young clusters not dynamically
evolved, suggesting a low-density past =]
(Wright+ subm). 8 s

* Rho Ophiuchus observed to be

contracting (Wright+ subm).
. 5 . Eo.lo- [yl
» Kinematic substructure detected in ) \\

young clusters (Arnold+ 2022, subm). -

* Inverse energy equipartition observed —
in NGC 6530 (Wright & Parker 2019). B

« Large number of (candidate) runaway
stars (Schoettler+ 2020, 2022).

* Most young clusters structurally
elongated (Kuhn+ 2014).
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Implications for star cluster dispersal

1.0

 Clusters associated with molecular clouds
are gravitationally bound, but clusters not
associated with molecular clouds are :
mostly unbound (Wright+ subm).

» Most clusters and associations expanding
asymmetrically (Wright+ 2023 P&PVII,
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Wright+ subm). N
* Clusters not relaxed prior to expansion: | t? /
0.0 —“—_{_’_"

Primary expansion rate [km/s/pc]

asymmetric spatially & kinematically .
(Kuhn+ 2014, Wright+ subm). .

* More massive clusters more likely to be
out of virial equilibrium? (Wright+ subm).
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Summary: arxiv/2311.08358

« 3D kinematic study of ~2500 young stars in 18 young clusters
and associations, all with spectroscopically-verified youth.

* Implications for star cluster formation: growing picture favours
formation via collapse and mergers.

« |Implications for star cluster dispersal: consistent with residual
gas expulsion, but some asymmetric force at work and
clusters not dynamically relaxed prior to expansion.



Thank you for listening



Summary: arxiv/2311.08358

3D kinematic study of ~2500 young stars in 18 young clusters
and associations, all with spectroscopically-verified youth.

Linear correlation between 3D velocity dispersion and mass,
implying a o« M%625-0.75 (i e, more massive clusters are more
super-virial).

Majority of groups are super-virial, but sub-virial when the
mass of the molecular cloud is considered.

Majority of systems are expanding, anisotropically (implying
either a non-isotropic force is at work or clusters are not
spherical prior to expansion).

Rho Ophiuchus is contracting: optically visible stars will
accrete onto or merge with embedded cluster in L1688.

Majority of clusters are older than t,,,, yet are dynamically
unevolved, implying they were less dense in the past.



Morphology and ellipticity

* Most young clusters
are non-spherical.

* Ellipticity is higher
for embedded
clusters than non-

embedded clusters
(Getman+ 2018).

Number

10 15 20 25 30

5

0

I
0.0

I
0.2

| |
0.4 0.6
Ellipticity

I I
0.8 1.0

Kuhn+ (2014)



Declination

Substructure -

Substructure is common in

star forming regions.

3000 |-

8
g
-

Decl. (J2000)

w
]
8

o
Q
I v T
L ‘@~ . .
ol SR 8
o] . . . °
L ® =
L ]
°° ‘.-..‘I
T a2, '
| WA,
i &
‘ ar ¥
3 : . (28 = 1
I N
o ' au T
- C % .Q ..
- 6 N 4
@’% . ol |
of K] of |
o g o«
Sl < LQE
> [ o
ML b PR BT . ISR B S S L1 bisoscacy PR B
03" 30M 29™M 28™ 03" 30M 29™ 28™

Right Ascension

Right Ascension

R.A. (J2000)

Feigelson+ (2011)

Gutermuth+ (2008)



Velocity dispersions
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Velocity dispersions
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Massive stars

moving faster

than low-mass
stars!
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