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Star Clusters: at the crossroad between
star formation and galaxy evolution

a few kpc - 100kpc:
systems of
star clusters
and galaxies

10pc:
individual
gas-free
star clusters

1-pc:
star formation
in embedded
star clusters
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Setting the Scene: Star Clusters (SC)

as Powerful Tracers of Galaxy Evolution

Star Clusters (SC): Jordan+04 (Virgo Galaxy

= Compact groups of coeval stars bound Cluster ACS Survey ll, 1ig6)
together by gravity VCC1226

» |dentified on a one-by-one basis against the Ellpiicg Sl 149
background of their host galaxy

Background-subtracted
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Setting the Scene: Star Clusters (SC)

as Powerful Tracers of Galaxy Evolution

Star Clusters (SC): Jordan+04 (Virgo Galaxy

» Compact groups of coeval stars bound Cluster ACS Survey I, fig6)
together by gravity Eclzlg:ngzel .

> |dentified on a one-by-one basis against the IpUCSGEIARY. V-
background of their host galaxy ;

Multi-band imaging of SC systems
(— cluster magnitudes, colours)
» feasible out to Virgo Galaxy Cluster distances

(= 20Mpc) Background-subtracted
>» combined to Simple Stellar Population models S Image .
— estimates of cluster age, mass, metallicity o o Q4
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Setting the Scene: Star Clusters (SC)

as Powerful Tracers of Galaxy Evolution

Star Clusters (SC): Jordan+04 (Virgo Galaxy

» Compact groups of coeval stars bound Cluster ACS Survey I, fig6)
together by gravity Eﬁmgzel .

> |dentified on a one-by-one basis against the IpUCSGEIARY. V-
background of their host galaxy

Multi-band imaging of SC systems
(— cluster magnitudes, colours)
» feasible out to Virgo Galaxy Cluster distances

(= 20Mpc) Backgrou_nd-subtracted
> combined to Simple Stellar Population models S image .
""" — estimates of cluster age, mass, metallicity © G 9
@® o) Dem O
Comprehensive view of galaxy-: oS C@@ O 3
> chemical enrichment history, ' ' e @,‘@@ _
» interaction history, S50 °©
> star formation history 51 0 %
over the past Hubble-Time gl

Star clusters are at the very heart of many astrophysical to pics
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The Big Issue: SCs versus field stars

Most stars in our Galaxy:

"@ # are bornin SCs — young SCs tell us about star formation
# but are observed as field stars
# SCs start losing stars as soon as they are born ...

Star clusters have the

usters ha N
potential of tracing ) > _
» galaxy star formation I S
. . ; .
histories Slol
Slap
Z H
CAPNS Observed age
S : | distribution of -
' LMC star clusters :
4 F

AR A R TR i, (e S TR S (e e T

65 7 75 8 85 9 95 10
log (‘age [yr])
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The Big Issue: SCs versus field stars

Most stars in our Galaxy:

"@ # are bornin SCs — young SCs tell us about star formation
# but are observed as field stars
# SCs start losing stars as soon as they are born ...

tar |
Sta cl_usters ha_ve the 3 b SEH
potential of tracing | |
» galaxy star formation I S

. . ; .
histories Slobt
provided we get a firm S|t

. Z i
handle on the ratio of A Observed age
sta_r f_orm_atlon still g distribution of
residing in (observed) 2 LMC star clusters
star clusters as a 4t |
function of age 65 7 75 8 8 9 95 10
log (‘age [yr] )
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The Big Issue: SCs versus field stars

Most stars in our Galaxy:

‘Q # are bornin SCs — young SCs tell us about star formation
# but are observed as field stars
# SCs start losing stars as soon as they are born ...

Star CI_usters ha_ve the 5 L SFH
potential of tracing , | |
» galaxy star formation I S
. . ; .
histories Slob
provided we get a firm S|t _
handle on the ratio of = Py Observed age
sta_r f_orm_atlon still g N distribution of L
residing in (observed) ] LMC star clusters :
star clusters as a 4 _
function of age 6.5 7 75 8 85 9 95 10
log (‘age [yr] )

Violent relaxation = Most traumatizing phase
» Very short (10-50 Myr)
» SC Dynamical response to residual star-forming gas expul sion
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Intra-Cluster Gas-Expulsion and Violent Relaxation

ic HST - WFPC2
95

» - 0

Effects of gas expulsion - VIOLENT RELAXATION
P« Cluster expansion
ﬁ & Star loss (infant weight-loss), or
B - Cluster dissolution (infant mortality)
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Violent Relaxation (VR): Observable Signatures

and Prime Parameters

Effects of gas expulsion - VIOLENT RELAXATION
1t Cluster expansion
1+ Cluster infant weight-loss and infant mortality

PeP=1 *

time

Geyer & Burkert (2001)
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Violent Relaxation (VR): Observable Signatures

and Prime Parameters

Effects of gas expulsion - VIOLENT RELAXATION
1t Cluster expansion

1t Cluster infant weight-loss and infant mortality . e

@ Cluster mass distribution,
@ Cluster age distribution,

@ Cluster radius distribution,

PeP=1 *

time

Geyer & Burkert (2001)
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Violent Relaxation (VR): Observable Signatures

and Prime Parameters

Effects of gas expulsion - VIOLENT RELAXATION
1t Cluster expansion | |
1t Cluster infant weight-loss and infant mortality 6 o .

@ Cluster mass distribution,
@ Cluster age distribution,
@ Cluster radius distribution,

Prime parameters: (e.g. Baumgardt & Kroupa 2007)

- SFE in cluster-forming region (CFRQ)

PeP=1 *

- Gas expulsion time-scale: Ty, IT¢r0ss

- Impact of external tidal field (environment) time

v

Geyer & Burkert (2001)
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Violent Relaxation (VR): SC Mass Functions

Time-Evolution of SC Mass Functions: What observers t

log (dN/d m)

ell us ...

No evolution of the MF shape over the first few 10Myr

2 T T | | T | |
[ LMC This Work |
| T = i-10 Myr :
0F tT=10-100Myr O |
i t= 100 -1000 Myr &
CI\/”:before VR
(o =-2.0)
- b N\
' TN I=bound
-4
i o
- g
5 i »
a
-E - | [ i ] ]

25

25 a5
log (m [M,])

N gy
dm

(Infant Weight-loss)

My 4o (eNd Of VR)

= Fyoung X My (at GasExp)

I:bound is
mass-independent

Note: what happens after 100Myr remains disputed ...
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SFE and SC Mass Functions

(end of VR) |:bound (SFE) X SFE x mCFRg

cluster
] —m—mm—————— — -9
|:bound (SFE) rapid gas
expulsion,
SFE "7 1 weak tidal
: field impact
= fraction of gas o : |
ending up in stars g
I:bound 20 | 7/ c13}1]2 8% v
= fraction of stars ] s
remaining bound o 0'25" L e
to the cluster at SEE
the end of VR Figl, Parmentier & Gilmore (2007)

Fooung IS Mass-independent
— SFE is mass-independent

Geneviéve Parmentier -  Bonn Max-Planck-Institut flir Radioastronomie 15



Tee! Toross @Nd SC Mass Functions

-
F SFE, |22

bound

TCFOSS Parmentier, Goodwin et al. (2008), Fig2a
® I AE vl T T T T | T
107 Star Forming Core Mass Function - _
e 10"k Cluster Mass Function - € =04 e
Constant re}dlus' [ Cluster Mass Function -€ =03 - |
more massive star cluster 10° | .. uster Mass Function - € =0.2 -~ 5
progenitors have g Tow e
- a deeper potential well e 107
- a slower gas-expulsion t-s % 104 F
- can survive despite a  low | = 0 |
SFE of, say, 20% © :
) 102
Ifbound IS 1 2
mass-independent 10" T T T TR
0o X R R R R
10 PRI ad o 1
— Taexp/ Tross 1S 2 25 3 35 4 45 5 55 6 65 7 75
T mass-independent
. indep og (m M)

but looser constrain
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Tidal Field Impact

TcExp |Thalf -
= SFE, P | alf —mass
bound
Tcross rtidal

Weak t.f'impact

Cl)
Limiting tidal radius:

1/3 .
B ( )1,3 G Déal ( )1/3 Strong t.f. impact
ltidal = \Megy LSFE.-Merry

/ 2V?

Embedded
cluster
mass

<

>

Half —massradius: Ty¢ —mass U I'oprg

SC
environment
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Tidal Field Impact

TcExp |Thalf -
= SFE, P | alf —mass
bound
Tcross rtidal

Weak t.f'impact
O

Strong t.f. impact

>

Embedded
cluster

SC
environment

Mass
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Half-Mass Radius—to—Tidal Radius Ratio

1/2
i 'SFE=0.33 | ' ? Mhalf —mass | [cFRg L] MerRg
[V, =220 km.s™ |
= 0.15 Dgar= 4 kpc
£ | 1/3 1/3
i 0a ] i Meei” L Merrg
5 [
=005 |
: Mhalf -mass 1/6
0 " U MepRg
. ‘ . ‘ . tidal
0.2 rsFEZ033 |
'V, =220 km.s | 1/3
= 0.15 [Dgy=4kpc i Malf ~mass U IfCFRg B mCFRg
;';g 'K=05 ]
é 0.1 li15 = 0,10 ~Cm A
ko _ 1/3 1/3
= 0ren = 4000 M_.pc? lidal U Meg L MepRg
0.05 i e R IR ! O 5 7
e r
2 3 & 3 6 7 half —mass 0
log ( Mgy [M,]) U McrRg

ltidal

Geneviéve Parmentier -  Bonn Max-Planck-Institut fiir Radioastronomie 19 /



Bound Fractions at the End of Violent Relaxation

1 T T T
s - SFE = 0.33
’ |V, =220 km.s!
— 0I5} 5|7 0.75 | Dyy=4kpe-- | . i
= ' k=050
~ | E T =1
§ 0.1 I é 0.5 - GExp Cross ‘ 0
= [ s I
= 0.05 0.25
0 0
s SFE=033 Mo ! - SFE =0.33
V=220 km.s'! ( oL j =0.04| —=19 LV, =220 km.s™
= 0.15 Dy =4 kpe 1pc M, 0.75 | Dy =4 kpc
= (k=05 - r k=0.50
o i . o I
4 0.1 : i = 10 en 5 % 05 | TGExp = Teross
E o ’ iy I
0.05 IR g ! 01 — 025 +
P SUERPNUS 5P ISP U S-S S Su— — — 0 ' 1000 M .0«
O P i B e o3 gy ow oo Fop opap s §ow oy 0 ------------------------
2 3 4 5 6 7 2 3 4 5 6 7

Parmentier & Kroupa (2011)
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Young SC Mass Functions

100000 . . ; .
i Core MF «- = ]
!j CIMF, [40-50]Myr —=— |
10000 b = ‘ ‘ s
1000 7
=4 |
@) = ]
= 100 | me e
>
S E bound ™.
01 SPE=040  \ ummmmmm—s.
:Dga|:5kpC | "
l L L 1 L | 1 1 1 .'._.n_
25 3 35 4 45 5 55 6 65 7
log (m[M])
A
g CI\/”:before VR
=
(@)
O
©
~
Z
©
N’
(@)
o

Iog (m cluster [Mo])
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mDygr=4-kpe- ‘ : 1
| K= 0.50

" TGExp = Tcross ‘ "1

l:bound

0.75
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Young SC Mass Functions

100000 l Core MF
PIEESEN Constant Surface Density CFRgs:
1000 R When more massive
=4 means more vulnerable ...
= e R
© 10 F SFE=040  \N @ i T . |
Dga|=$kpc s n [
1 2I5 3 3I5 ;1 4I5 5 5I5 6 GIS- 0
' ' ' ' ' 2 3 4 3 6 7
log (m [M
) 0 0 0 e De ~Q
= - depende
(@) :
O s 210 0 |
° I xp = “cross
- 3 08 [ |
Z = | |
© ;flflf'_f'fj?l;'_'_'f_'_'_'_'lf'_u;, ____________ ,____'_-_'_'_'_'_'_';; ____________ -
; I:bound 0.25 ) -3
O p( F R“ = 4( ()() ]\/j(\ PL
0 ...........................
2 3 4 5 6 7
1 M
|Og (m cluster [Mo]) 0g ( McFRg M, 1)
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A Volume Density Threshold for the Star-Forming Gas

+ B

L Galaxies

— HCN mapping of entire galaxies IR (Sp — ULIRG), ]

+ Galactic individual molec clumps Q 2 1

1 SFR KA XV ]

=» the SFR scales as the mass of P X Qq,* " .

dense molecular gas: n ;, >3.10%cm= = ' 2\ ]

J s -

@ 8‘! N -

— comparison of IR extinction maps (. Galactic .

of molecular clouds with their 0 |- . molecular -
" census of Young Stellar Objects — L clumps: .y L, Ly

gL in

- ®» the SFR scales as the mass of Wu+05 L HCN M dense 0

dense molecular gas: n ,,, > 10%m~3

> CFRgs of about constant mean volume density  (n,,, =few ny, )
» Conclusion identical as for the tidal field impact analysis
(Parmentier & Kroupa 2011)
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Constant ‘mean ' volume or surface density,

NOT ‘uniform’ volume or surface density

log(r)

A

Withinaclump:
zclump,rad (S) D S-p+1

Withinaclump:
Ioclump,rad (S) L] S-p

» log(m)
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Constant ‘mean ' volume or surface density,

m’ volume or surface density

Constant mean
surface density

log(r)

A

clump

Withinaclump:
zclump,rad (S) D S-p+1

Constant mean
volume density Py

i rnclum
pclump 5 8 AJT 3P = cst
? rclum|o
Withinaclump: .
L
loclump,rad (S) D S-p rClurrp rnélurm
» log(m)
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From the mass function of GMCs/clumps

to that of gas-free star clusters ...

o = 1.7, molecular clumps and dN -a
Giant Molecular Clouds dm

Log(dN/dm)
A

a=2
young
star clusters

» log(m)

Embedded
-clusters
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From the mass function of GMCs/clumps

to that of gas-free star clusters ...

Log(dN/dm)
A

- dN _
o = 1.7, molecular clumps and Om=?

Giant Molecular Clouds dm

Mass-varying SFE:
lower SFE at higher
cloud/clump mass ??

a=2
young
star clusters

» log(m)

Embedded
-clusters
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From the mass function of GMCs/clumps

to that of gas-free star clusters ...

aN Om™“
dm

Mass-varying SFE:
lower SFE at higher
cloud/clump mass ??

But then
mass-varying

star clusters Foouna t00 ?7?

" < SFE

[
L F

* ' bound
)

Gas-free Embedded
star clusters -clusters
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From the Mass Function of Molecular Clumps

to that of Embedded Star Clusters

» Cluster-forming regions:
constant mean volume _ density
(tidal field impact analysis)

log,, Luminosity [K km s™ pcf]

2

o 3
log,, Radius [pe]
1

Galactic C 180 i
= o5 Molec. clumps &
é B - .. .JGQU' :' =
2 with SF activity el
g o ‘
= a4
Ea x ’ o %

0.5 *Lp.

~EigT0h; Parmentier (2011) _
1.5 2 5 3 3.5 4
logyp (M8, [M,] )
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From the Mass Function of Molecular Clumps

to that of Embedded Star Clusters

» Cluster-forming regions:
constant mean volume _ density
(tidal field impact analysis)

» GMCs and Molecular clumps
with signs of SF activity:

constant mean surface _ density i
e Larson 1981 % S 3
e Blitz+ 2006 1

log,, Luminosity [K km s™ pcf]

i 18
« Heyer+ 2009 Galactic C ™0
= s Molec. clumps L4
&  with SFactivity -~ 5e{,
U é}:ﬂ-ﬂ
J_?g : e AA ! ;L g‘:x-
» Mass-dependent effect £ . AL
-U. T _TARE
.EigT0b; Parmentigr (2011)

1.5 2 2.5 3 35 4
logyg ( m18, [M])
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From the Mass Function of Molecular Clumps

to that of Embedded Star Clusters
Rl '09(") 5

1/2
clump rcIump L mclump

»log(m)

- Constant mean surface density clumps

— a clump of has a Mcrrg Om:s?
of its mass above a given m, lump

volume density threshold lump
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From the Mass Function of Molecular Clumps

to that of Embedded Star Clusters

Molecular clump:
2-zone model

rnCFRg D -f(p)

pclump,rad (S) L S_p : rndump rnclump

5 Pal’mentler (2011) ' ..... p :IZO _-__..__- .....
_ 4.5 ;_ '\"‘:\ s | p — 1‘5 _____ ‘G) _____ ]
% 35 ¢E ~_clumps/clouds
ke ‘ (2, a=1.7)
. . . E 3 . ?“-‘ : : :
low-density High-density Z 55 2 Ry | ]
outer cluster-forming " dighodensit NN
envelope: region (CFRg): = 2 ¢ gCFRgS ¥- "@g‘f' ‘ |
. 1 il [ I oy IR

Q‘ 15 2 253 354 455 55 6

log(m)

[
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From the Mass Function of Molecular Clumps

to that of Embedded Star Clusters

Molecular clump:
2-zone model

pclump,rad (S) N S_l.g :

Mueller+02:
density indexp =1.8

5 Parment|er (2011) _______ A — ket
— 4 PR _ p=l.5 ----- Bises
B 35 °F clumps/clouds
i : : 3 : (Z,a=1.7)
low-density High-density =2 3k g( ¢ 4
) 'z, Y :
outer cluster-forming © 25¢F o g N ]
envelope: region (CFRg): & 2 | High_d_e_ﬂs_i_ty__ w ,
Npo < Ny, Nyo = Ny, {5t CFRgs .. . ‘
lz(p“>17) o
1152253354455556
log(m)
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From the Mass Function of Molecular Clumps

to that of Embedded Star Clusters

Molecular clump: 5. rnc
. FRg n(Ii—O.B
Ioclump,rad (S) N ' L lump

2-zone model
rnclump

Mueller+02:
density index p z

5 T N—— (2011) Wi p :20' ______
- 4.5 - --'\":\ p= 1.§ === -
~ 4 b &b
= : e Molecular
B 35 °F N clumps/clouds
- - LS ; (Za=17)
low-density High-density % 3 3 AN ;( " 4
outer cluster-forming = R — ‘ - -
envelope: region (CFRg): & 2 | High-density & ‘ . —
Nz < Ny, Ny > Ny, 15 b CEROS ..o S R
" - (p, a>1.7) N ° .
@ The local SFE must be measured e Ry i L e
B | over the CFRg, not over the whole P15 2253354455556
molecular clump log(m)
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Massive Star Formation (MSF) Limit

SR R T LR AL o B AT I
[ .
MSF clumps gi"‘
zm*,max > lOM E‘, _ £

o]
3

=
=]
AL
8

o
[}

1.33
[ ump

Clump mass [M

o Mejump = 870M
F Motte et al. ; pC

* Mueller at al,

= il Tool to define ALMA targets
3 for MSF studies
S
=Rl 4 ;
% Non-MSF |
O o elmps | Intercept and slope? |
m*,maxrl'ﬁ"' 1OM; |
{.ZII:01 - m[éll.IIH} B 1:.}0 N 1ﬂ='DD

Clump radius [pc]
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What do we need to form a 10M  star?

- - Molecular clump: m,.,
e clump
‘ @ rnCFRg ( p; ,Oth ’
\ Mcrrg

m ump [ ump )

Ny, > Ny,

Genevieve Parmentier

Star-forming gas:
Mcrrg > 150M,

Embedded-cluster:
mecl > 5OMO

6 Most-massive star:

M. oy > 10M

Bonn Max-Planck-Institut fir Radioastronomie
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What do we need to form a 10M  star?

T KR

MSF clumps | g2

Volume density threshold

310EM_ o > 10M g8 .
. ., 4 for overall star formation:
Wig - Nz 2 Ny,
10° ©

M. =10M, | Merrg :% [1150M

= Beuther of al. ]

s Hill et al. i —
F Motte et al. 3 < nCFRg >_ fe/\/ X nth

Clump mass [M

* Mueller at al,

/

—

© [

2105;—

0

0

M 10%;

&

S | S Non-MSF _

O 10"; Ghamps @’
O MemalE A My = 870M "clump
0.01 0.10 1,00 10.00 lump 0 pC

Clump radius [pc]
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1ISO-M R, IN the clump mass-size space

'MSF clumps % (3-p)/3
- — 104k kY : _ p/3 47—40th 3-p
# o M max > 19 : mclump - (mCFRg) ( 3— rclump
Y z 105; . p
o Parmentier (2011), Eq.3
g 10° y . ©
a 3.5
& 10
E o Beuther of al. —
O 10° aHill at al. r_é
+ Motte et al. 2
# Muallar at al, ] — 25
il | Q-l
| :
ol 5 2

= | =
S ol = 1.5
0 & ; 10M
g 102 = 0
2 ol __ 05 bt 1 g5
£ Non-MSF -1 05 0 05 1
O 1o clemps I

i 3 (9) r C

M, e 10M,, glO( clump [P 1)
001 040  1.00 10,00

Clump radius [pc]
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MSF clumps |,

o7 b

+

B R LR |

& b

= Beuther of al. ]
A Hill at al.

+ Motte et al.

* Mueller at al,

4 M max"se 2OM;, |

Non-MSF
Glemaps .

1.00 10.00

Clump radius [pc]

Genevieve Parmentier

1ISO-M R, IN the clump mass-size space

1C’glO ( mclump [1\/:[0:I )

. CFRg ]

| OrionB =

1 Carinae O

A e

105

0 03
loglo ( rc]ump [pc] )
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Matching Observed MSF Limit & Iso-m g Model

EMSF clumps _
> BIOFM e Matching the slopes:
| z 10%k om 12
S .. gl | Myyrp = 870M o| 2P =mBL3 | =t i P
= : ump 0( C FRg _ GGiTp
£ p 3-p
£ 10 :
2 seeutrer ot o | MSF limit: p=1.7
10° éMJo’rr: :’Ir -l:l|. ;
* Mualler et al, ] GMC/SC MFS p:19
o Dust Cont. mapping: p=1.8
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Matching Observed MSF Limit & Iso-m g Model
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MSF Limit: Quick overview

FMSF clumps
EM_ max > 10M,

Mepny > 150M, The observational MSF limit is consistent

with a threshold in SF gas mass_ beyond

& 5 which the SF gas reservoir is large enough
e ! to allow the formation of massive stars.
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MSF Limit on Smaller Spatial Scales
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Elmegreen (2011):
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Conclusions

Properties of young star cluster systems
— sharp insights into the clustered

mode of star formation

— star formation conditions determine

what mass fraction clusters lose as they age
— Iinformation needed to reconstruct galaxy SFH
— time-variations ? (e.g. metallicity)

“Even a long journey starts &

with a one sinle step” >

. . =

Oriental saying =

2

Z

=

An exciting era has o

just started.:
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