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Very young star clusters are typically very compact, < Ipc
Open star clusters (age > few 10 Myr) have typical half-mass radii near 3 pc

This size difference constrains the formation of star clusters :
Monolithic molecular cloud core collapse

or
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Figure 3, The infall time (or the time of Sirst arival at orbital pericentre,

see Section 1.1) of the subclusiers, 1, 2s 2 fenction of the radies, Ry, of

the sphencal volume over which they are intially Sstributod. The curves

are according 10 equation (2) for different systemic mass My, For the

. present calculations, M, = M, = 10' Mg without & residual gas and
X X .I‘“'w.-)xlo‘Moﬁmﬂ!mﬁw(“leJM

Figure 7. Evelution o the ‘exended” syuteen A-ITd (Ro = S p, sce Table ), As expocted,te infll of the sebcenters proceeds much mare slowly taa ~ TWO SUIVES 2re highlighted.

that for the compect sysems (cf. Figs 4). The systeem is till highly substrucsseed (SUB) at ¢ % 2.0 Myr both in absence (panels 1.2, tssbered left-30-right,

10p-10-bottom) and presence (panels 3.4) of a gas poteatial. In peesence of the gas poteatial, the subclusiers are close % the first arvival at their pericentres (Le.

1o 1, wee Section 3.1) at r = | Myr (panel 3) while this takes ¢ = 2 Myr without the gas (pesel 2). This is comsistent with Fig. 3. For the evolution with gas

potensial, the subclusters make their first passage through each other duniag 1-2 Myr which is why their configuration at 2 Myr (panel 4) is more extended than

that in 1 My (panel 3). Note that the gas posential tidally elongates the subclusters significantly (also see Fig. 8). Pavel Kroupa: University of Bonn & Charles University

The typical present-day density (10*~10°Mg pc™>; or size &1 pc), age (~1-
3Myr) and (near) spherical core-halo morphology of gas-free very young
massive clusters (VYMCs), like R136, NGC 3603 and the ONC, dictate an
episodic or monolithic (or near monolithic) formation of such star clusters,
undergoing a violent gas dispersal phase.

Banerjee & Kroupa, Chapter 6, in The Birth of Star Clusters, Stahler, ed. 2018
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Inverse dynamical population synthesis
Constraining the initial conditions of young stellar clusters by studying

their binary populations
M. Marks'%* and P. Kroupa'
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Fig. 6. C ints on the initial volume-densities within the half- radius and masses derived in this work for the seven chasters (filled squares)
versus the indtial stellar mass, The indicated errors in mass correspond to the observationally inferred present-day mass on the left end of a bar and
two times the present-day mass on its right end, to be understood as an estimator of the possible {nitial-mass range. Filled circles are Galactic GCs
as in Fig. 5. Underlaid as grey symbols are data of molecular cloed clumps of Mucller et al. (2002, crosses), Shirley et al. (2003, squares), and
Fontani e al. (2!303 d:da)ucollmdbyhmwu& Kroepa (2011). These are known to have already begua forming stars. The clump masses
have been mull dmednrdmmuemhmjlunmmddemmm{utdmduprumkmm
mmwmumxumum: Nd for dve-st Iy by Krumholz & McKee (2008, 1 gem™, see the teat). The thick solid
black-line is a least squares fit to both the young cluster and GC data (Eq. (6)), Imlpmlhlﬂmcbamm-ndmnhlm (Eq. (7)) for star
cluster-forming cloud clumps. The dashed line shows the result when the GCs are excluded from the fit.
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Thus a consistent (using different arguments) picture emerges :
stars form in very compact embedded clusters

rn, < 1pc



Evidence from molecular clouds

Andre et al. 2014, Protostars and Planets VI

26°2000" : SPIRE 250 ym
240" 27 200" 18" 18° "24"00" 27" 200" 18" 16
Right Ascension (J2000) Right Ascension (J2000)

Fig. 2.— (a) Herschel/SPIRE 250 pm dust continuum image of the B211/B213/L 1495 region in Taurus (Palmeirim et al., 2013). The
colored curves display the velocity-coherent “fibers™ identified within the B213/B211 filament by Hacar ef al. (2013) wsing C* O(1-0)
observations, (b) Fine structure of the Herschel/SPIRE 250 pm dust continuum emission from the B211/B213 filament obtained by
applving the multi-scake algonthm getfilamenrs (Men shohikov, 2013) to the 250 pm image shown in panel (a). Note the faint striations
perpendicular to the main filament and the excellent correspondence between the small-scale structure of the dust continuum Alament
and the bundle of velocity-coberent fibers traced by Hacar er al, (2013) in C'7O (same colored curves as in (a))



Andre et al. 2014, Protostars and Planets VI
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Fig. 4.— (a) Mcan radial column density peofile observed perpendicular 1o the B213/B211 filament in Taurus (Palmeirim et al., 2013),
for both the Northern (blue curve) and the Southern part (red curve) of the filamsent. The yellow area shows the (1) dispersion of the
distribution of radsal profiles along the filament. The inner solid purple curve shows the effective 187 HPBW resolution (0.012 pe at
140 pe) of the Herschel column density map used to construct the profile. The dashed black curve shows the best-fit Plummer model
(convolved with the 18" beam) described by Eq. (1) with p=2 0404 and a daameter 2 x Raw = 0.07 £ 0.01 pe, which matches the
data very well foe r<0.4 pe, (b) Mean dust temperature profile measured perpendscular to the B213/B211 filament in Taurws. The solid
red curve shows the best polytropic model temperature profile obtained by assuming 7., = T and that the filament has a density
profile given by the Plummer model shown in the left panel (with p = 2) and obeys a polytropic equation of state, F* x p” [and thus
T(r) o p(r)"" V] This best fit corresponds to a polytropic index =0971001 (see Palmeirim e1 al.. 2013 for further details).

Andre etal. 2014, Protostars and Planets VI
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Fig. 5.— Histogram of decomvolved FWHM wdths for a sample
of 278 flaments in 8 nearby regions of the Gould Belt, all ob-
served with Herschel (at resolutions ranging from ~ 0.01 pc to
~ (.04 pe) and analyzed in the same way (Arzoumanian et al., in
prep. — see Arzoumanian et al., 2011 for initial results on a sub-
sample of 90 flaments in 3 clouds). The distribution of filamem
widths is parrow with a median value of 0.09 pc and a standard de-
viation of 004 pc (equal to the bin size). In contrast, the distribu-
tion of Jeans lengths comresponding to the central column densities
of the filaments (blue dashed histogram) is much broader.

Pavel Kroupa: University of Bonn & Charles University

Remember fror the
binary-star analysis :

- (MeCl)0.13
— =0.1
pc Mg

Pavel Kroupa: University of Bonn & Charles University



Andre et al. 2014, Protostars and Planets VI

a)

about Ipc

Fig. 9.— (a) Sketch of the typical velocity field inferred from line observations (e.g., H. Kirk ef al.. 2013) within and around a

supercritical filament (here Serpens-South in the Aquala complex

- adapted from Sugirami ef al.. 2011): Red arrows mark longitudinal

nfall along the main filament; black arrows indicate radial contraction motions; and blue arrows mark accretion of background cloud
material through striations or sublilaments, along magnetic field lines (green dotted lines from Sugitani ef al.).
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Thus a consistent (using different arguments) picture emerges :

stars form in very compact embedded clusters

rn < 1Lpc

v

Pavel Kroupa: University of Bonn & Charles University

Very young star clusters are typically very compact, < Ipc

Open star clusters (age > few 10 Myr) have typical half-mass radii near 3 pc

This size difference constrains the formation of star clusters :

Banerjee & Kroupa 2017
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The
cluster expansion
problem

Fig. 3. Top: effective radius 74 vs. age ¢ for young massive bound star
clusters (YMCs) in the Milky Way, the Local Group, and external galax-
nswhmhndtsun@mhdbydlﬂmﬁlhdsymbk 'n:esymbolsu!
colour-coded

mass,

log,,,(M...lM«).Mobmveddlumpmmhble 1. Overlaid in
pmlmhmmdwmlmdnmlubnofmmhﬂ!
mass radius (or effective radius) r.o(7) for moded star clusters with ini-
tial masses M_(0) and half-mass radii #,(0) as given in Table 3, which
do not include a residual gas expulsion phase. These curves are distin-
guished according to the legends in the panel where “PB" indicates that
the computed cluster includes a realistic primordial binary population
(see Sect. 2.1). These lines are also colour-coded according to the cor-
responding clusters’ instantaneous total bound mass log, (M. (1)/M.).
As can be seen, if the clusters evolve from compact sizes determined by
substructures in molecular clouds, their secular expansion substantially
falls short of the observed sizes of YMCs (see text). Botrom: here, the
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Very young embedded clusters can only expand sufficiently through the expulsion of
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about 60--70 % of their mass,
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But can this work ?

5 is there enough
feedback energy?

. 3(

100 Fig. 6. Data points and their colour-coding in both panels are identi-
cal to Fig. 3. The curves are the computed evolution of the projected
‘o‘ . '-vy.. half-mass radii (or effective radii) ree(?), including a gas dispersal phase
’ with star formation efficiency ¢ > 33% (see Table 4, top part and text
for details). As in Fig. 3, the curves also follow the same colour-coding
according to the corresponding clusters’ instantaneous total bound mass
log, (M (1)) (the same set of curves are overlaid on both panels). These
figures imply that even if the YMCs evolve from filament-like compact
sizes, such substantial (and explosive) gas dispersal will expand them
1o their present observed sizes (half-mass radii) in the Milky way and
in the Local Group (top panel), However, 1o reach the sizes of the most
extended Local Group YMCs, they need to evolve from 7,(0) 2 1 pe
half-mass radii, unless such objects are Jow-mass cluster complexes
(Brios et al. 2009), The latter is also true for the young massive as-
sociations (borom panel). See text for details.
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Star clusters form from gas :

Only a fraction of the gas in the cluster volume forms stars :

M, ecl

star-fm:rnahon € = S 0.4 (eg. Lada & Lada 2003;
efficiency Meel  Megas Megeath et al. 2016;
ATLASGAL results/James
Urquhart)
I5 Pavel Kroupa: University of Bonn & Charles University

€obs < 40% (Lada & Lada 2003; Megeath et al. 2016) o
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16 Pavel Kroupa: University of Bonn & Charles University
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How rapidly can the gas be expelled ?

[Ro =1 pc]

How rapidly can the gas be expelled ?

[Ro = 1 pc]

A 4

10°M; 8.6x 10" erg 0.48 Myr
10°Ms 8.6x 10 erg 0.15 Myr

20



How rapidly can the gas be expelled ?

(}.," i ¢ W) [ .%f_
Enig R- 8.0 x 10

4 ) ' l‘."'l' : 1 n[‘.' \3
f_,, S \"h :. 5" . : " e ’: ' [RO - ] lx]

L

M g [fh n [eross

10°M; 8.6x 10" erg 0.48 Myr
10°M: 8.6x 10 erg 0.15 Myr

Maeder (1990) stellar evolution models:
m = 15Mz injects 3 x 10°” erg per 0.1 My
m = 85 M, injects 3 x 10°! erg per 0.1 My

21 . . . . .
Pavel Kroupa: University of Bonn & Charles University

How rapidly can the gas be expelled ?
GM: - ‘M )
. LT ¢ ).,. { i
J bit R 8.6 x 10 | A | CIe
(100M:\2 [Ro\ 2

teross= 4.8 (fotz)* (%), (Ro=1pc)

:\fk|.., 1fh n [eross

10°M, 8.6 x 10%% erg 0.48 Myr
10°Ms 8.6x 10 erg 0.15 Myr

Maeder (1990) stellar evolution models:
m = 15 M injects 3 x 10°" erg per 0.1 My
m = 85 M, injects 3 x 10°! erg per 0.1 My

== nebula disruption probably rapid

22

Pavel Kroupa: University of Bonn & Charles University



Further evidence for rapid gas-expulsion :

@ Star-burst clusters in the Antennae R ~ 4pc
teross =~ 0.5 Myr

Gas-outflow velocities ¢y = 25 — 30km/s

= cvacuation time-scale =~ 0.2 Myr & tcross

Further evidence for rapid gas-expulsion :

® Treasure Chest cluster: very compact with R < 1pc
age S 0.2 Myt
HII region is expanding with v = 12km/s
=—p- cCvacuation time-scale =~ 0.1 Myr




T hllS, the examples

ONC, Treasure Chest, R136, Antennae
suggest that

“in the presence of O stars,
explosive gas expulsion may drive
early cluster evolution independently of
cluster mass”.

But need realistic radiation--hydrodynamical simulations
to help understand this problem better

25

Realistic
N~bodg

expeﬁnmwﬁs
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Similar work
by S. Pflazner.

Cluster reaction to sudden gas removal :

—_— 1.1 N-body models :
-] S . N = 10" stars + BDs
T:' » l o SB . .
5 | : 7 . 100 % binaries
' 0.5 | R =0.4pc
S pe = 10° stars/pc
S embedded phase = 0.6 Myr
'; 0.5 Tgas ~ teross (thermal)

- 10%
L | |1 e=1s3

l | .

|::L~-,|'_u [Myr]
Pleiades
ONC

28



Early cluster evolution :

We thus have

ONC =g Pleiqdes = [yades
~ 99 Myr ~ 500 Myr

with an inflation in R .

30



Do
real clusters
show evidence
for this 7

- RBGC1{UKIDBRGRS). T "’

i i.ﬁvr'
(Stolté B¥al 2004)
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Young star clusters in nearby molecular clouds

KV Getman &, M A Kuhn, E D Feigelson, P S Broos, M R Bate, G P Garmire

Monthly Notices of the Royol Astronomical Society, Volume 477, Issue 1, 11 June 2018, Pages 208-324,
hatps://dol.org/10.1093/mnvas/sty4 73
Published: 22 February 2018 Article history v

Abstract

The SFINCs (Star Formation in Nearby Clouds) project is an X-ray/infrared study of the young stellar
populations in 22 star-forming regions with distances < | kpc designed to extend our earlier MYStIX
(Massive Young Star-Forming Complex Study in Infrared and X-ray) survey of maore distant clusters.

"The cloud-associated clusters are considerably smaller than the revealed clusters."

"Core radii increase dramatically from ~ 0.08 to ~ 0.9 pc over the age range 1-3.5 Myr."

3 Pavel Kroupa: University of Bonn & Charles University

Kinematics in Young Star Clusters and Associations with Gain DR2
Micnasl A Kons,' Lysse A, HooessrAasD,! ALsox Sies” Exie D, FEGEsoN,! axn Koxstastix V. GErsax®

! Department of Adtronomy, California Institule of Technology, Pasedina, CA 91125, USA
2 Department of Phywca & Astronomy, McMaster Unaversity, 18830 Masn Stroet West, Homslton, ON LSS (M1, Canada
' Degartment of Astronomy & Astrophgvios, 525 Davey Laloratory, Pennsylvania State University, University Park, PA 16502, USA

(Received July 5 2018; Revised July 5, 2018)
Submitted to AAS Journals

ABSTRACT

The Gara missbons has opened a pew window into the internal kinensatics of young star clusters at
the subr-km 5! level, with implications for our understanding of how star clusters form and evolve.
We use s sample of 28 clusters and associntions with ages fromn ~1-5 Myr, where cluster members
are already known from previous X-ray, optical, and infrared studies.  Proper motions from Gae
DR2 reveal that T70% of these clusters show signs of expansion, with typical expansion velocities of
~4.5 km s~ Furthermore, in many expanding sssociations, there is a positive radial gradient in the
expansion velocity, We consider NGC 6530 and the Orion Nebula Cluster (ONC) as prototypes for
systems with and without expansion. Velocity dispersions among the sample clusters and associations
range from oyp = 1-3 km s~ '. NGC 6530 is gravitationally unbound, with oyp = 2.2 £ 0.2 kan s~}
mnd expansion velocity 0.9 km s !, while the denser ONC is consistent with virial equilibriam, having
op = 18400 ks~ sl & Gausstan velodity distribution. The ONC also has a nearly constant
vedocity dispersion as a function of radius, but another non-expanding cluster, NGC 6231, has a velocity
dispersion that decreases with rdius. For those star-forming regions that contain mmltiple chisters or
subclusters, we examine the kinematics OF The IHIVIITAL STOUDs K130 RIxI (HAT EDETe 15 10 evidence Tor
ongoing coalescence of these groups. We compare our resitlts to o duster Sormation simulation, and

COMment of The Tapcalsoes Tor cluster assembly and the role of gas expulsion in cluster dissipation.

Svl [astro-ph.GA]| 5 Jul 2018

34 o : . . -
Pavel Kroupa: University of Bonn & Charles University
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Figure 16. Viral wlodty dispersion cakulated using observed M and ry,, verss observed voelocity dispersion assuming
a Plummer Sphere chuster model Three pomeexpanding clusters are highlighted: the ONC (red), NGC 6231 (green), and
NGC 2362 (omange). Two expanding clusters are highlighted: NGC 6530 (bue), and Cep B (cyan). The solid line shows the
expected relationship for a duster in virial equilibeivm, while the dashed line shows the limit for a bound claster. The large
error bar showy how a factor of 2 uncertainty on cluster mass and cluster racdius would affect o,

Rapid / violent expulsion of residual gas + expansion :

ONC / Pleiades

(Kroupa, Aarseth & Hurley 2001)
T T T T T T T T T Ty

3 Pavel Kroupa: University of Bonn & Charles University

Taurus groups : the same
(Kroupa & Bouvier 2003)

NGC 3603 R136

(Banerjee & Kroupa 2014) T (Banerjee & Kroupa 2013)
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Pavel Kroupa: University of Bonn & Charles University
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Slide by Tereza Jerabkova, ESO, Garching

Slide by Tereza Jerabkova, ESO, Garching

A Tale of Three Cities:

OmegaCAM discovers multiple sequences in the color-
magnitude diagram of the Orion Nebula Cluster

G. Beccari, M.G. Petr-Gotzens, H.M.J. Boffin, M. Romaniello, D. Fedele, G. Carraro, G.
De Marchi, W.-J. de Wit, J.E. Drew, V.M. Kalari, C.F. Manara, E.L. Martin, S. Mieske, N.
Panagia, L. Testi, J.S. Vink, J.R. Walsh, N.J. Wright

A&A, Letter to the Editor, 2017

The “smaller” 2.6-m VLT Survey Telescope
captures bigger picture of the ONC region and
revels unexpected results!



Do we need to revised star cluster formation?

Slide by Tereza Jerabkova, ESO, Garching

Star clusters form in one continuous event
feedback of massive stars truncates star .

formation and “destroys” gas and dust * *

Do we need to revised star cluster formation?

Slide by Tereza Jerabkova, ESO, Garching

Star clusters form 1in one continuous event

feedback of massive stars truncates star
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formation and “destroys” gas and dust



Do we need to revised star cluster formation?

Slide by Tereza Jerabkova, ESO, Garching

Star clusters form in one continuous event
feedback of massive stars truncates star

formation and “destroys” gas and dust

BUT: In the ONC three spatially
distinct and age separated stellar
populations have been found!

Do we need to revised star cluster formation?

Slide by Tereza Jerabkova, ESO, Garching

Saﬁc]u,sgrs form in Gw contmuous avent™
feedback of massﬂl@tts‘truncates star
forglaaoﬂ and “destroys gas alfi Juse ., ,

BUT: In the ONC three spatially
distinct and age separated stellar
populations have been found!



2018, A&A)

(Beccari et al.

The (r = i), r color-magnitede
of 1I'S radius cemtered

3.1 (Cardelli et ul. 1989). The photomet-
ric errors (magnitudes and colors) are indicated

m
m
-
:
:

R

vector for A, = 1.8 (typical for Oron;
Schlafly et al, 2014) and extinction curve with

Fig. 1. w)
of
R,
by black crosses; b) the same CMD shown in a)
after unsharp masking.

Fig. 2. a) Portion of the CMD zoomed on the

of the blwe population; b) rectification of the

CMD shown in panel a); ¢) histogram of the dis-

Pavel Kroupa: University of Bonn & Charles University
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tance kn (r - §) color of the PMS stars from the
mean ridge line of the bluest population.

Pavel Kroupa: University of Bonn & Charles University
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(Beccarietal. 2018, A&A)
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Fig. 3. Surface density of the three populations, old (in blue), young (in green), and very young (in red) together with the position of the stars. The
plots have been centered on the ONC nominal center. Al contours are pormalized to the maximum valoe of the population itself. The location of
the stars belonging to cach population (solid dots) are also shown.

Pavel Kroupa: University of Bonn & Charles University

(Beccarietal. 2018, A&A)
Table 1. Properties of the three populations.

Old Young  Very young
Mean log age (yr) 646+ 006 627 +0.09 6.090.07
Mean age (Myr) 2.87 1.88 1.24
1-or age interval (Myr) 251-328 1.55-229 1.08-1.53
5-95% interval (Myr) 230-358 137260 1.04-1.63
Rotational velocity (kms™') 147 25:% 357

How can these results be understood ?

Pavel Kroupa: University of Bonn & Charles University



A model

repeated stellar-dynamical termination
of
feedback-halted

filament-accretion model
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The key may be
stellar-dynamical ejections
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Oh et al. (2015)

Figure 2. Ejection fraction of O-star systems as a function of cluster mass at 3 Myr. Red big circles are the average O star ejection fraction for each cluster
mass and open circles are the values of individual clusters. The (red) solid lines are drawn by connecting the red points to guide the dependency of the cjection
fraction on the cluster mass. Grey vertical bars indicate where the central 68 per cent of the data points lie (i.¢., the points between 16 (lower) and 84 (upper)
percentiles) for 10% and 10%% Mz cluster models (for the MS10P sequence 107 M, clusters are included). Because more than 85 per cent of clusters with
Mee: = 102 Me in each sequence except for clusters in the MS10P sequence do not eject any O star, the grey bar is not plotted for this cluster mass with
the exception for the MS10P sequence. For more than S0 per cent of the 10* M clusters of all sequences, except for the MS10P sequence for which only
30 per cent of the cases, the O star ejection fraction is 0. Due to their small number of realisations and small spread of the ejection fraction, the grey bar is not
necessary for clusters with M, ., > 10* M. Blue triangles are the average O star ejection fraction using 10 pe for the ejection criterion without applying a
velocity criterion. The data for the 10 M, cluster model taken from the calculations by Banerjee et al. (2012) are marked with open stars in the MSSOP model
sequence panel.
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Three stars can re-distribute their energies such that a stellar pair
remains bound while the third carries off the surplus kinetic energy :

N —
/

The embedded clusters contain high stellar densities, where such encounters
are frequent.

Pre-existing stellar binaries enhance the likelithood of ejection events
significantly.

57

Observation :

50 % of all O stars within 3kpc of Sun are outside
clusters in OB associations;

10-25 % of all O stars are runaways (v>40 km/s);
2% of B stars are runaways;

0.1-0.2 % of A stars are runaways.

——— Qualitative consistency with
dynamical ejections from

cluster cores.

Most massive stars are in multiple systems;
(Goodwin et al. 2006, PPV; Chini etal. 2012; Sana et al. 2012)
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Formation of a stellar population: <I Myr

If inflow sufficiently strong
(1000-6000 Msun/yr)
form 300-2000 Msun in stars

==>2-few O stars

These terminate star formation but typically
eject each other within 1 Myr.

Gas recombines (clouds live up to 10Myr)
and new generation forms.

Inflow rates < 1000 Msun/yr)
form no O stars

==>one generation only

Inflow rates > 6000 Msun/yr)
form too many O stars

==>one generation only

Kroupa, Jerabkova et al. (2018, A&A)

The three O stars AE Aur, p Col and 1 Ori may be the stars
ejected when the first ONC population formed.

Calculations of the trajectories of the stars AE Aur (spectral type 09.5V), p Col (09.5V) and
1 Ori (O9III+B1IIIL, binary) by Hoogerwerf et al. (2001); Gualandris et al. (2004) indicate that they
all originated about 2.5 Myr ago from the ONC (see also the discussion in O’Dell et al. 2009).

Note that, if the IMF is an optimally sampled distribution function, then this first population
will have had just such stars as the most massive ones.
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Conclusions

Stars form as binaries (some as triples & quadruples)
in compact (0.5pc) embedded clusters

These are very dynamic (cf Matthew Bate)

Feedback self-regulates the emergence of the stars

The embedded clusters expand significantly from gas removal ?

But the ONC case shows very early cluster
evolution to be complex

Small telescopes can yield big results !
(Tereza Jerabkova)

It is actually incredibly beautiful
how we can read-off from the sky
the detailed physical sequence of star formation
over a few Myr,
even down to individual stellar masses

Pavel Kroupa: University of Bonn

University of Bonn & Charles University

Pavel Kroupa:

& Charles University



