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Very  young  star  clusters  are  typically  very  compact,  < 1pc

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 

hierarchical  merging  of  smaller  clusters

Banerjee & Kroupa 2015

Pavel  Kroupa:  University  of  Bonn & Charles University

Banerjee & Kroupa, Chapter 6, in  The  Birth of Star Clusters, Stahler, ed. 2018



Pavel  Kroupa:  University  of  Bonn & Charles University

Marks & Kroupa 2012
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Thus  a  consistent  (using  different arguments)  picture  emerges :    
stars  form  in  very  compact  embedded  clusters 

rh < 1 pc
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Evidence  from  molecular  clouds 
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Andre  et al. 2014,  Protostars and Planets VI
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Andre  et al. 2014,  Protostars and Planets VI

Pavel  Kroupa:  University  of  Bonn & Charles University

Andre  et al. 2014,  Protostars and Planets VI
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Remember  fror  the  
binary-star  analysis :
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Andre  et al. 2014,  Protostars and Planets VI

about 1pc

✓
Thus  a  consistent  (using  different arguments)  picture  emerges :    

stars  form  in  very  compact  embedded  clusters 

rh < 1 pc
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Very  young  star  clusters  are  typically  very  compact,  < 1pc

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 
The   

cluster  expansion   
problem
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Very  young  embedded  clusters  can  only  expand  sufficiently  through   the  expulsion  of  
about  60--70 %  of  their  mass,  

that  is,  if  the  SFE ⇡ 1

3
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But  can  this  work ?
is  there  enough   

feedback  energy?

The 
star-

formation 
efficiency

 14 Pavel  Kroupa:  University  of  Bonn & Charles University
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Star  clusters  form  from  gas :

(eg.  Lada & Lada  2003; 
Megeath et al. 2016; 

ATLASGAL  results/James 
Urquhart)

ϵ =
Mecl

Mecl + Mgas

<
∼

0.4star-formation  
efficiency

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

Pavel  Kroupa:  University  of  Bonn & Charles University 16

                         (Lada & Lada  2003;  Megeath  et  al.  2016) :ϵobs ≤ 40%

Megeath  et al.  2016
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✏obs < 0.4

Megeath  et al.  2016

The  gas-
removal 

time  scale

 18 Pavel  Kroupa:  University  of  Bonn & Charles University
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How  rapidly  can  the  gas  be  expelled ?
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How  rapidly  can  the  gas  be  expelled ?
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How  rapidly  can  the  gas  be  expelled ?
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How  rapidly  can  the  gas  be  expelled ?
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Further  evidence  for  rapid  gas-expulsion :
Star-burst  clusters  in  the  Antennae R ≈ 4 pc

v = 25 − 30 km/sGas-outflow  velocities   
(Whitmore  et al. 1999;  Zhang, Fall  &  Whitmore  2001)

≈ 0.2 Myr ≈ tcrossevacuation  time-scale  

tcross ≈ 0.5 Myr

 23

Pavel  Kroupa:  University  of  Bonn & Charles University

Treasure  Chest  cluster :  very  compact  with    R < 1 pc

age <
∼

0.2 Myr

HII  region  is  expanding  with   v ≈ 12 km/s

evacuation  time-scale  ≈ 0.1 Myr

(Smith,  Stassun  &  
Baily  2004)

Further  evidence  for  rapid  gas-expulsion :

 24
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Thus,  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”.

(Kroupa  2005)

 25

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

(eg  Ahmed Ali) 

Realistic  
N-body  

experiments

 26 Pavel  Kroupa:  University  of  Bonn & Charles University



 Cluster  reaction  to  sudden  gas  removal :

 27
Holger Baumgardt

Pavel  Kroupa:  University  of  Bonn & Charles University

Similar  work  
by  S.  Pflazner.

(Kroupa,  Aarseth  & Hurley  2001)

50
%

50%

10%

10%

Pavel  Kroupa:  University  of  Bonn & Charles University

 Cluster  reaction  to  sudden  gas  removal :

Pleiades
ONC

ϵ = 1/3

N = 104 stars + BDs

100 % binaries

R = 0.4 pc

ρc = 105 stars/pc
3

embedded phase = 0.6 Myr

N-body  models :

τgas
<
∼

tcross (thermal)

 28



(Kroupa,  Aarseth  & Hurley  2001)

 Early  cluster  evolution :

Pavel  Kroupa:  University  of  Bonn & Charles University 29

Pavel  Kroupa:  University  of  Bonn & Charles University

ONC

≈ 100 Myr

Pleiades 
+  EP

(≈ 1/3 N)
(≈ 2/3 N)

We  thus  have
ONC HyadesPleiades

≈ 500 Myr≈ 99 Myr

(Kroupa,  Aarseth  & Hurley  2001;  Portegies Zwart  etal.  2001;   Kroupa 2005)

with  an  inflation  in  R .

 30



Do   
real  clusters 

show  evidence  
for  this ?

 31 Pavel  Kroupa:  University  of  Bonn & Charles University

 32

Brandner,  astro-ph/0803.1974

Pavel  Kroupa:  University  of  Bonn & Charles University



 33 Pavel  Kroupa:  University  of  Bonn & Charles University

http://adsabs.harvard.edu/cgi-bin/bib_query?arXiv:1804.05075

"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."

 34 Pavel  Kroupa:  University  of  Bonn & Charles University



 35 Pavel  Kroupa:  University  of  Bonn & Charles University

2018

 36

Rapid / violent  expulsion  of  residual  gas  +  expansion : 

R136

(Banerjee  &  Kroupa 2013)

rh(0) = 0.45 pc
Mecl(0) = 105 M�

(Kroupa,  Aarseth  & Hurley  2001)

50
%

50%

10%

10%

ONC / Pleiades

Mecl(0) = 103.57 M�
rh(0) = 0.45 pc

Taurus  groups : the  same
(Kroupa &  Bouvier  2003)

SFE = 0.33 tD = 0.6Myruniversal   
global  residual  gas  

values  :

⌧M =
rh(0)

10
Myr; (i.e. thermal time scale)

NGC 3603

(Banerjee  &  Kroupa 2014)

50%

90%

Mecl(0) = 2⇥ 104 M�
<latexit sha1_base64="48Pu/YY1O/bRaVqsHJYIaiisqok=">AAACEXicbVDLSgNBEOz1bXxFPXoZEoSIEnZF0IsQ9OIlEME8IBuX2clEh8zuLDO9QljyC178AT/CiwdFvHrz5t84STz4Kmgoqrrp7goTKQy67oczNT0zOze/sJhbWl5ZXcuvbzSMSjXjdaak0q2QGi5FzOsoUPJWojmNQsmbYf905DdvuDZCxRc4SHgnolex6AlG0UpBvlQNMl9HhDM5LLk75JjsEx9FxA3x3MsDf49UA191FQb5olt2xyB/ifdFipWCv3sPALUg/+53FUsjHiOT1Ji25ybYyahGwSQf5vzU8ISyPr3ibUtjand2svFHQ7JtlS7pKW0rRjJWv09kNDJmEIW2M6J4bX57I/E/r51i76iTiThJkcdssqiXSoKKjOIhXaE5QzmwhDIt7K2EXVNNGdoQczYE7/fLf0ljv+y5Ze/cK1ZOYIIF2IIClMCDQ6jAGdSgDgxu4QGe4Nm5cx6dF+d10jrlfM1swg84b58/IJw7</latexit><latexit sha1_base64="JikFBTiMd1fjpeyBToqEptvW1XY=">AAACEXicbVDLSgNBEJyNrxhfUY9ehgQhooTdIOhFCHrxEohgHpCNy+xkkgyZ3VlmeoWw5Be86Kd48aCIV2/e8jdOHgeNFjQUVd10d/mR4Bpse2yllpZXVtfS65mNza3tnezuXl3LWFFWo1JI1fSJZoKHrAYcBGtGipHAF6zhD64mfuOeKc1leAvDiLUD0gt5l1MCRvKyhYqXuCrAjIpRwT7CF7iEXeAB09ix707dE1zxXNmR4GXzdtGeAv8lzpzkyzn3+GlcHla97JfbkTQOWAhUEK1bjh1BOyEKOBVslHFjzSJCB6THWoaGxOxsJ9OPRvjQKB3clcpUCHiq/pxISKD1MPBNZ0Cgrxe9ifif14qhe95OeBjFwEI6W9SNBQaJJ/HgDleMghgaQqji5lZM+0QRCibEjAnBWXz5L6mXio5ddG6cfPkSzZBGByiHCshBZ6iMrlEV1RBFD+gZvaI369F6sd6tj1lryprP7KNfsD6/AUiKncE=</latexit><latexit sha1_base64="JikFBTiMd1fjpeyBToqEptvW1XY=">AAACEXicbVDLSgNBEJyNrxhfUY9ehgQhooTdIOhFCHrxEohgHpCNy+xkkgyZ3VlmeoWw5Be86Kd48aCIV2/e8jdOHgeNFjQUVd10d/mR4Bpse2yllpZXVtfS65mNza3tnezuXl3LWFFWo1JI1fSJZoKHrAYcBGtGipHAF6zhD64mfuOeKc1leAvDiLUD0gt5l1MCRvKyhYqXuCrAjIpRwT7CF7iEXeAB09ix707dE1zxXNmR4GXzdtGeAv8lzpzkyzn3+GlcHla97JfbkTQOWAhUEK1bjh1BOyEKOBVslHFjzSJCB6THWoaGxOxsJ9OPRvjQKB3clcpUCHiq/pxISKD1MPBNZ0Cgrxe9ifif14qhe95OeBjFwEI6W9SNBQaJJ/HgDleMghgaQqji5lZM+0QRCibEjAnBWXz5L6mXio5ddG6cfPkSzZBGByiHCshBZ6iMrlEV1RBFD+gZvaI369F6sd6tj1lryprP7KNfsD6/AUiKncE=</latexit><latexit sha1_base64="usnbEo/QiRbX6Yj23xqamOtpotk=">AAACEXicbVBNS8NAEN34WetX1aOXxSJUkJIUQS9C0YuXQgX7AU0Mm+22XbrJht2JUEL/ghf/ihcPinj15s1/47bNQVsfDDzem2FmXhALrsG2v62l5ZXVtfXcRn5za3tnt7C339QyUZQ1qBRStQOimeARawAHwdqxYiQMBGsFw+uJ33pgSnMZ3cEoZl5I+hHvcUrASH6hVPNTV4WYUTEu2Sf4ElewCzxkGjv2/Zl7imu+K7sS/ELRLttT4EXiZKSIMtT9wpfblTQJWQRUEK07jh2DlxIFnAo2zruJZjGhQ9JnHUMjYnZ66fSjMT42Shf3pDIVAZ6qvydSEmo9CgPTGRIY6HlvIv7ndRLoXXgpj+IEWERni3qJwCDxJB7c5YpRECNDCFXc3IrpgChCwYSYNyE48y8vkmal7Nhl59YpVq+yOHLoEB2hEnLQOaqiG1RHDUTRI3pGr+jNerJerHfrY9a6ZGUzB+gPrM8fLKGasg==</latexit>

rh = 0.3 pc
<latexit sha1_base64="LsgbMCyE04ycaXnCwJKeaThTJT8=">AAACAnicbVC7SgNBFL0bXzG+olaixWAQLCTsaqGNELSxTMA8ILsss5PZZMjM7jIzK4Ql2PgrNhaK2Fj4FXZ2foqTR6GJBy6cOede5t4TJJwpbdtfVm5hcWl5Jb9aWFvf2Nwqbu80VJxKQusk5rFsBVhRziJa10xz2kokxSLgtBn0r0d+845KxeLoVg8S6gncjVjICNZG8ot70s9cKVBviC6RXT5zT8bPhAz9Ysku22OgeeJMSaly8F77BoCqX/x0OzFJBY004ViptmMn2suw1IxwOiy4qaIJJn3cpW1DIyyo8rLxCUN0ZJQOCmNpKtJorP6eyLBQaiAC0ymw7qlZbyT+57VTHV54GYuSVNOITD4KU450jEZ5oA6TlGg+MAQTycyuiPSwxESb1AomBGf25HnSOC07dtmpOaXKFUyQh304hGNw4BwqcANVqAOBe3iEZ3ixHqwn69V6m7TmrOnMLvyB9fEDIgOYLw==</latexit><latexit sha1_base64="eRFtMHkVPwuxFoKOkWKfZmCP8kY=">AAACAnicbVDLSsNAFJ3UV62vqCtRZLAILqQkutCNUHTjsgX7gCaEyXTSDk4mYWYilBDc6Ke4caGImy78Cnd+gz/hNO1CWw9cOHPOvcy9x48ZlcqyvozC3PzC4lJxubSyura+YW5uNWWUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6Tl316N/NYdEZJG/EYNYuKGqMdpQDFSWvLMHeGljghhP4MX0KqcOsf5M8aZZ5atipUDzhJ7QsrVvWH9+3F/WPPMT6cb4SQkXGGGpOzYVqzcFAlFMSNZyUkkiRG+RT3S0ZSjkEg3zU/I4KFWujCIhC6uYK7+nkhRKOUg9HVniFRfTnsj8T+vk6jg3E0pjxNFOB5/FCQMqgiO8oBdKghWbKAJwoLqXSHuI4Gw0qmVdAj29MmzpHlSsa2KXbfL1UswRhHsggNwBGxwBqrgGtRAA2BwD57AC3g1Hoxn4814H7cWjMnMNvgD4+MHAEiZlQ==</latexit><latexit sha1_base64="eRFtMHkVPwuxFoKOkWKfZmCP8kY=">AAACAnicbVDLSsNAFJ3UV62vqCtRZLAILqQkutCNUHTjsgX7gCaEyXTSDk4mYWYilBDc6Ke4caGImy78Cnd+gz/hNO1CWw9cOHPOvcy9x48ZlcqyvozC3PzC4lJxubSyura+YW5uNWWUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6Tl316N/NYdEZJG/EYNYuKGqMdpQDFSWvLMHeGljghhP4MX0KqcOsf5M8aZZ5atipUDzhJ7QsrVvWH9+3F/WPPMT6cb4SQkXGGGpOzYVqzcFAlFMSNZyUkkiRG+RT3S0ZSjkEg3zU/I4KFWujCIhC6uYK7+nkhRKOUg9HVniFRfTnsj8T+vk6jg3E0pjxNFOB5/FCQMqgiO8oBdKghWbKAJwoLqXSHuI4Gw0qmVdAj29MmzpHlSsa2KXbfL1UswRhHsggNwBGxwBqrgGtRAA2BwD57AC3g1Hoxn4814H7cWjMnMNvgD4+MHAEiZlQ==</latexit><latexit sha1_base64="BN929J6h7XcgusJsLLE83xnskzE=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISXehGKLpxWcE+oAlhMp20Q2cmYWYilBDc+CtuXCji1q9w5984TbPQ1gMXzpxzL3PvCRNGlXacb6uytLyyulZdr21sbm3v2Lt7HRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD8c3U7z4QqWgs7vUkIT5HQ0EjipE2UmAfyCDzJIejHF5Bp3HunRbPBOeBXXcaTgG4SNyS1EGJVmB/eYMYp5wIjRlSqu86ifYzJDXFjOQ1L1UkQXiMhqRvqECcKD8rTsjhsVEGMIqlKaFhof6eyBBXasJD08mRHql5byr+5/VTHV36GRVJqonAs4+ilEEdw2kecEAlwZpNDEFYUrMrxCMkEdYmtZoJwZ0/eZF0zhqu03Dv3HrzuoyjCg7BETgBLrgATXALWqANMHgEz+AVvFlP1ov1bn3MWitWObMP/sD6/AESCZXq</latexit>

Pavel  Kroupa:  University  of  Bonn & Charles University
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Remnant  cluster

(e.g. open cluster)

depends  on  mass 


of  embedded  cluster

Brinkmann  et al.  (2017)

But, 
recent  
results 

for  Orion...
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1752 publications between 1998 and 2018

Can we expect to observe something new?

Pavel  Kroupa:  University  of  Bonn & Charles University

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

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

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

Pavel  Kroupa:  University  of  Bonn & Charles University

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?

Pavel  Kroupa:  University  of  Bonn & Charles University

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?

Pavel  Kroupa:  University  of  Bonn & Charles University

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?

Pavel  Kroupa:  University  of  Bonn & Charles University

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?

?

Pavel  Kroupa:  University  of  Bonn & Charles University

Slide  by  Tereza  Jerabkova,  ESO, Garching



(Beccari et al.   2018,  A&A)

Pavel  Kroupa:  University  of  Bonn & Charles University

(Beccari et al.   2018,  A&A)

Pavel  Kroupa:  University  of  Bonn & Charles University



(Beccari et al.   2018,  A&A)

Pavel  Kroupa:  University  of  Bonn & Charles University

(Beccari et al.   2018,  A&A)

How  can  these  results  be  understood ?

Pavel  Kroupa:  University  of  Bonn & Charles University



A  model

 49 Pavel  Kroupa:  University  of  Bonn & Charles University

repeated stellar-dynamical termination 
of 

feedback-halted 
filament-accretion model 

The  key  may  be   
stellar-dynamical  ejections 

Pavel  Kroupa:  University  of  Bonn & Charles University



Oh  et  al.  (2015)

Pavel  Kroupa:  University  of  Bonn & Charles University

Oh  et  al.  (2015)

Pavel  Kroupa:  University  of  Bonn & Charles University



Oh  et  al.  (2015)

Pavel  Kroupa:  University  of  Bonn & Charles University

Oh  et  al.  (2015)

Seungkyung  Oh

Pavel  Kroupa:  University  of  Bonn & Charles University



 55

Oh  & Kroupa,   2016,  A&A, 590, A107 
MSUQ_SP_3000_30pc

Pavel  Kroupa:  University  of  Bonn & Charles University

on   
youtube

 56

MSUQ_SP_30000_50pc
Oh  & Kroupa,   2016,  A&A, 590, A107 

Pavel  Kroupa:  University  of  Bonn & Charles University

on   
youtube
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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 :

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

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

Pavel  Kroupa:  University  of  Bonn & Charles University

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. 
(Gies & Bolton  1986)

−→ Qualitative  consistency  with   
dynamical  ejections  from   
cluster  cores. (Clarke &  Pringle  1995;  Pflamm  &  Kroupa  2006)

Most   massive  stars  are  in  multiple  systems; 
(Goodwin  et  al.  2006, PPV;  Chini  et al.  2012;  Sana  et al. 2012)

 58 Pavel  Kroupa:  University  of  Bonn & Charles University



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

Pavel  Kroupa:  University  of  Bonn & Charles University

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

Pavel  Kroupa:  University  of  Bonn & Charles University



Formation  of  a  stellar  population :   <1 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)

Pavel  Kroupa:  University  of  Bonn & Charles University

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

Calculations   of  the  trajectories  of  the  stars  AE Aur  (spectral type O9.5V),  µ Col (O9.5V)  and   
ι Ori (O9III+B1III, 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).  

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

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. 

Pavel  Kroupa:  University  of  Bonn & Charles University



Hoogerwerf  et  al. 
(2001, A&A)
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Conclusions

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 & Charles University

Small  telescopes  can  yield  big  results !
(Tereza Jerabkova)

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


