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

a few kpc - 100kpc:

; systems of
w“ star clusters

e and galaxies
- 10pc:

individual
gas-free  [E88
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

Q Star Clusters (SC): Jordan+04 (ACS Virgo Galaxy
» Compact groups of coeval stars bound Cluster Survey I, 1ig6)
together by gravity VCC1226

» |dentified on a one-by-one basis against the

Elliptical galaxy M49
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 (ACS Virgo Galaxy

» Compact groups of coeval stars bound
together by gravity

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

Multi-band imaging of SC systems

(— cluster magnitudes, colours)

» feasible out to Virgo Galaxy Cluster distances
(= 20Mpc)

» combined to Simple Stellar Population models
— estimates of cluster age, mass, metallicity

Cluster Survey ll, fig6)

VCC1226
Elliptical galaxy M49

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

as Powerful Tracers of Galaxy Evolution

"@ Star Clusters (SC):
» Compact groups of coeval stars bound
together by gravity
» |dentified on a one-by-one basis against the
- background of their host galaxy

Multi-band imaging of SC systems

(— cluster magnitudes, colours)

» feasible out to Virgo Galaxy Cluster distances
(= 20Mpc)

» combined to Simple Stellar Population models
— estimates of cluster age, mass, metallicity

Comprehensive view of galaxy-:
» chemical enrichment history,
» interaction history,

» star formation history

over the past Hubble-Time
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Jordan+04 (ACS Virgo Galaxy

Cluster Survey ll, fig6)

VCC1226
Elliptical galaxy M49

Background-subtracted
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Star clusters are at the very heart of many astrophysical topics
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The Big Issue: SCs versus field stars

2 4 Most stars in our Galaxy:

e are born in star clusters — young star clusters tell us about star formation
* but are observed as field stars

- 3 Fopt | '
- Star clusters have the SFH w

. potential of tracing e | ﬁ /\ -

» galaxy star formation
histories

log (dN/dt [Myr-1])

-1
provided we get a firm 5L Observed age
handle on the ratio of distribution of
star formation still “ 1 LMC star clusters | _*
residing in (observed) s T T T O
star clusters as a 6.5 7 7.5 8 8.5 9 9.5 10
function of age log (age [yr])
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Star Cluster Dynamical Evolution: Fast Facts

SCs go through a lifecycle: they evaporate, until complete dissolution

Cluster lifecycle includes 2 phases:

-

*t" 1. Violent relaxation:

Very short (10-50 Myr)
Dynamical response of star clusters to the
expulsion of their residual star-forming gas

2. Secular evolution

Until cluster dissolution

Tidal-stripping of (preferentially low-mass)
stars combined to internal two-body relaxation

Geneviéve Parmentier -  Bonn Argelander-Institut fiir Astronomie V4



Secular Evolution Modelling: SC Dissolution

Time-Scale in the Large Magellanic Cloud

log (dN/dt [Myr-1])

3 I Parmentier & de Grijs 2008 based on
' the LMC data of de Grijs & Anders 2006

_ 5 Observéd age distribution @
-3 | Bound CFR for log( t§%/yr ) = 9.9
| Bound CFR for log( 1§%/yr )= 9.0 —=—

P | i T S R S

- Cluster formation rate:
- Onset of Secular Evolution

<" . - End of Violent Relaxation

6:5 B 7 & | 8 | SIS | 9 9.5
log (age [yr])

t,dis = 1Gyr
ﬂ t4di5286yr

1’/’ Observed

° 1| age distribution
10

their violent relaxation

Secular evolution modelling + observed cluster age distribution
— history of the formation rate of clusters which survived

Genevieve Parmentier
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Gas-Embedded Cluster Formation History:

the next step ...

Violent relaxation
modelling:

V;iolent %
| (Gas-embedded) CFR

log (dN/dt [Myr-1])

| = SFR

Secular evolution
modelling:
(Bound) CFR

- Observed ageflistribution

tyfyr)=99

Observed

Vri)= 90 —a— o= _
| age distribution

65 7 15 8 85 9 95
log (age [yr] )
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Intra-Cluster Gas-Expulsion and Violent Relaxation

v Q " rion HST - WFPC2
R
‘ ! ! LI | 0] b T -
Geyer & Burkert (2001) t-24 =50 T . tedod
= oF S il - i .:l 5 o - 3

# -~ 0 - ] i

WA _5 B - .' . _5 |

X

Effects of gas expulsion - VIOLENT RELAXATION
Pl  Cluster expansion

Q 1+ 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
1 Cluster expansion
1 Cluster infant weight-loss and infant mortality

'

bl o Cluster mass distribution,
. @ Cluster age distribution,
@ Cluster radius distribution,
@ Ratio of the total mass in clusters to
the total stellar mass in gas-embedded clusters

Prime parameters: (e.g. Baumgardt & Kroupa 2007)
- SFE in the Cluster Forming-Region (CFRg)

- Gas expulsion time-scale: Tggy, Meross
time
- Impact of external tidal field (environment)

T
o

2=l

*.05=)

P
z & bgat X

Geyer & Burkert (2001)
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Violent Relaxation: Cluster Mass Functions

\@ Time-Evolution of Cluster Mass Functions:
| What observers tell modellers ...

dN _
| —0Om?
“ BE dN

v E Om™

S dlogm

3

I:bound iS
mass-independent
log m [M_]

cluster (end of VR) I:bound N mcluster (at GasExp)
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SFE and Cluster Mass Functions

My uster (end of VR) |:bound (SFE) X SFE X mCFRg

I:bound (SFE 2 ) | ' ]
- Instantaneous
.. _— gas removal,
.~y SFE i weak tf impact
— = fraction of gas E | -
. . > 05 L . . — ” y " — . SR agEaty .
ending up in stars E /v
I=bound _ 021 | 7/ g}% 8’1% v ]
= fraction of stars _ e
remaining bound Ja 0'25“ Ly - 1
to the cluster after SFE

gas expulsion

Foound IS Mass-independent
— SFE is mass-independent
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Teew! Toross @Nd Cluster Mass Functions

CI 0SS

-
Froug | SFE ] —22

T Parmentier, Goodwin et al. (2008)
Cross Kroupa & Boily (2002)
100 :""I""I""I"'I"'I"'!"'I"'I"'I""
e ;| S[EglForml&g CoFre Mass Functiooz - *
: . 10" F uster Mass Function -€ =04 -~ @i
Q.‘. Constant ra_ldlus' _ [ Cluster Mass Function-£=0.3 o ]
. 5 more massilve ClUSter-fOrmlng 106 - o uster Mass Euncl;jon-;g =[)2 x -
regions (CFRg) have [ e N D D N R D
g ( g) ‘ = 105 :_ ..
- a deeper potential well > |
- a slower gas-expulsion t-s % 104 |
- can survive despite a low | = il |
SFE of, say, 20% ° |
- 107
Ifbound IS { i
mass-independent 10 5
o | x %
- 10 PR [ G S [N S G ...;.1 .._u.l .._h.l - i i 1 P -
& — Teexp/ Teross 1S 2 25 3 35 4 45 5 55 6 65 7 75
: mass-independent
.3 indep log (m [M,])

but looser constrain
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Tidal Field Impact and Cluster Mass Functions

Tcexp |half -mass
SFE ¢, —SB0 | ha

Tcross rtidal

Weak t.f' Impact
O
Strong t.f. impac

O
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¢ Half-mass radius I'yzit.mass = 'crRrg

@ Circular velocity of iso-T potential V]
@ Galactocentric distance D,

> lidal

¢ Embedded cluster mass M )

Limiting tidal radius:

., 1/3
‘ ltidal :[ Z\Teij Dsalﬂs’w'th Mgy = SFE.Mepgy
— C



Tidal Field Impact and Cluster Mass Functions

Tcexp |half -mass
SFE ¢, —SB0 | ha

Tcross rtidal

Weak t.f' Impact
O

Strong t.f. impac
Limiting

1/3 Q
‘ .:[C;\r?ezc'j D&y, with my, = SFE
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Half-mass radius—to—tidal radius ratio

b2 e g | 2 ]

SFE 0.33 1/2 |
lcFRy MecrRg »
[ =0.01

= 220 km.s ™
= 0-55 (
| f CFRg | _ [

o -

Thaif -mass/ T'tidal

0.15 |

() con o] | ot

o
rCFRg L] 'half -mass U mCFRg

1/3 1/3

0.05 _ pCFRg = 4100 MO'pC_S i rtidal D med rnCFRg

Thalf -mass/ I'tidal

"L SV U DU P Mhalf ~mass

0-1/3
2 3 4 5 6 7 r L mCF
tidal
10930 (Meprg Mo])
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Fooung @Nd Tidal Field Impact

Bl =4 kpe

 feEp S Feross o]

SFE=0.33 : S

V=220 km.sT1 ( CFRg | — 0.30
| 1pc '

Kk =0.50 P

[ .FQEXD. = Teross |

k=0.5

1/2
V= 2 [cFRg =0.01 TerRg
= Dgal : 1pC ] 1M (o)

Terrg = 0.59.cm?2 |

0.75 |

109, ( Mcegg M])

Genevieve Parmentier

Ioglo ( mCFRg [Mo] ) -
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The Mcer, - I'oprg Dlagram as a Diagnostic Tool
'S'FE' e R R s aa 1/2
=0. f'cFrg | _ McrRrg
=220 km.s” ZCFRg [ j = 0.01{ J
gdl e ‘ 1pc M,
x = 0.50 j 1/3
il TGExp:Tcross N ORI S rCFRg — mCFRg
| : Pcrrg (1 cj 0'04[ M, J

r lcFRy
CFRg 1pc

) =0.30

109 ( Mcprg [M,]

External tidal field strength:
(Ves Dga) — rhi/rtin [log(r),log(m)]

@ rh/rt <0.05: tf does not matter
(does not necessarily imply weak tf !)

@ rh/rt > 0.15: cluster survivability

demands long Tgey, Ay and

high SFE

Cross

Genevieve Parmentier

5
tf |mpact |
) Il impedescl.
é 0.5 surylvablllty _________05
g o
=_L)
0.5 proetiieseegetios? e i s s s
= ; i z
o L As if no external tf
e e i R
0 1 2 3 4 3 6 7
109, ( Mgerg [Mg])
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Tidal Field Impact and Cluster Mass Functions:

Probing the cluster-forming region mass-radius relation

Cluster infant weight-loss is mass-independent, the shape of
the cluster mass function does not evolve during VR

[ s rrr e e
log (dN/dlogm) SFE=033 ]
- N V=220 kms™ | | -
> » Ecl.MF 0.75 | Dga =4kpc S e
pCFRg 5 0.5 TGEXp=tcross
LT..FD e e

*’0 . o, s, -

2 3 4 3 6 p.

09,9 (Meprg Mo]) |

Cluster-forming regions with 1/3
constant mean volume density: (fchg ] e 04[ MecrRg ]
mass-independent 1pc | AM,
infant weight-loss
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Tidal Field Impact and Cluster Mass Functions

100000

dN/dlogm

10000
100 |
10 -

l PEEFEETIErE i R

' Cluster-forming region MF ...
ClMF, [40—5(}]Myr_ —

SFE=0.40
.DgaI:‘SkpC :

log (m [M,])

Cluster-forming regions with
constant mean surface density

F bound

A

0.5

B Dgal=4kpc e R ey

SFE=033
V. =220kms”

K=050
TGExp = Teross

Z@ER_Q =0.5 g.cr:n'2

1095 ( Meprg My] ) —

When more massive

means more vulnerable ...

Genevieve Parmentier

2 CFRg -

1/2

Merrg
M,

foi==%
1pc

=0.01
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Clump mass-radius relations: observations

Clump mass-radius diagram: imprint of

I)

Lack of high-mass data
Does the whole clump form a star cluster ?

°

1 s - ; A i
O 0.5 chump - 015 ng DR S . "
Q | : 3 il
G % e |
~ 05 b B8 0 Toump =03
G)H :
o

-1 F

1y L

IOglo ( rnclump [Mo] )
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Cluster-forming region mass-radius relation:

so what

1

é 0.5

g 0

= 05
S

@) -1
o

1.5

—

T

n Car GMC (Yonekura+05)
Orion B (Aoyama+01)
R e
| .n'o.
08y

L tadse' @
A A ® '

C180

1 2 3 4 5
loglo ( mclump [Mo] )

Genevieve Parmentier -

e ?

- Red circles: C80 clumps
showing signs of SF activity
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Cluster-forming region mass-radius relation:

so what ... ?

1 | ncar GMC (Yonekura+05) || - Red circles: C180 clumps
o~ - Orion B (Aoyama+01) showing signs of SF activity
S 0.5 p . : 3 o ]
. = | i |
+ 1B ol 4ido®® || ~Mostofthem also host a sub-
a“, = 05 - b gy | clump at
o i ‘ . . .
= st il where the density is higher than
0 1 2 3 4 5| athreshold, i.e. only in the
10916 ( Mgump Mo]) densest regions of C0O clumps
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Cluster-forming region mass-radius relation:

so what ... ?

1 n Car GMC (Yonekura+05)

R f Orion B (Aoyama+01)
w 5 0.5 . 1 " . ]
Q. I ! !’00 _

o | % E 5 sé10°87°
*‘i‘ — -05 ¢ A A e _
g I C80

_1‘5 I - - ] L
0 1 2 3 4 5

loglo ( mclump [Mo] )

Both
- H13CO* observations and
- the tidal field impact analysis

- Red circles: C80 clumps
showing signs of SF activity

- Most of them also host a sub-
clump at

— SF takes place in regions
where the density is higher than
a threshold, i.e. only in the
densest regions of C*80O clumps

Consequence: the local SFE must be measured over the
cluster-forming volume, not over the whole C80O clump

suggest: cluster-forming regions of constant mean volume density
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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)
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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 am a

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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Log(dN/dm

From the mass function of GMCs/clumps

to that of gas-free star clusters ...

)‘ o =1.7, molecular clumps and dN Om=@
. Giant Molecular Clouds dm
. Mass-varying SFE:

lower SFE at higher
cloud/clump mass ?~

Steeper
tthana=2: o5 - But then |
y'qung mass-varyrl)r;g
star clusters Fpoung 10O ?°

‘@ SFE

» log(m
X g(m)
“.‘ Fbound
Gas-free Embedded
star clusters -clusters
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From the mass function of GMCs/clumps

to that of gas-free star clusters ... with a volume
density threshold for star formation

GMCs in reat?) / /
. . _ | -LMC ey,
oy » Cluster-forming regions: | £l -mw Y S
- . constant mean volume density B
o (tidal field impact analysis)
» GMCs and .
> Molecular clumps with signs i Blitz+06
of SF activity: y s B o1 “

1

Constant mean surface density Galactic C180
* Larson 1981 = 45 Molec. clumps LS
« Blitz+ 2006 = with SF activity — [~gel,
« Heyer+ 2009 b L
"‘—é 0 __..-'“.. fl.'»-"ﬂgl-’.%ﬁ;.
.1 Eal /"L__,.-"'c_ o
* sl | ALY
Fig 10 in Parmentier (2011) bbb bl L
1.5 2 25 3 35

aI’XIV11010813 logyg ( Mp18, [M] )
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luster-forming regions of constant mean volume

density and cloud/clump mass functions
\* log(r)

1/2
rcIump L] mclump

1/3
o ump U My ump

0
rclump L] mclump

» log(m)

- Constant mean surface density clumps 0 (I’) [ r-1.9 :
— a clump of clump '
_has a | of my,
its mass above a given

-0.3
U mclump
volume density threshold rnclump
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-luster-forming regions of constant mean volume

density and cloud/clump mass functions

‘~§ Molecular clump 2-zone model
@ ™
pclump U I‘ U me
mclump

Mueller+02: density index z

.-.1 IMﬂiecuIa:r clouds Ii_c!ump:;j' R
Cluster-forming regions -~
o B
. High-density CFRg of E - Molecular
low-density > -y ° 3 2. N%, clumpsiclouds
outer Mass My,. Ny, > Ny, g’ b T P
. . = "_'R Qe
. —foragiven density 3 ¥ | N, JOf constant
N en profile pgjymp(r), = _
H2 th - : o0
| all CFRgs have |den.t|.cal 2 | High-densit
. mean volume densities ' CFRgs: a @ s
Q (Note: mth = mCFRg) ] | | | "‘1 | |
' : 2 3 4 5 6 7 8
Parmentier (2011) g Y]

arxiv:1101.0813
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The star-forming gas Is the dense molecular gas

Galactic individual o F
molecular clumps: T
102 <M

1 Galaxies:
L| R S:R ] 10°
10 _- < I\/Idense <
":S 4 4.10%0 M,
. J s -
i o -
0o -

<10*M, 0 5 _, ,L10
10g[L'nen1-0)(K km s pc )

LHCN M denge | (Nn, 03%10°cm™)

dense

Dense star-forming gas vs diffuse guiescent molecular gas
- Slopes of the cloud and cluster mass functions
- Slope of the Kennicutt-Schmidt law

Geneviéve Parmentier -  Bonn Argelander-Institut fir Astronomie 32 /



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
— information needed to reconstruct galaxy SFH

'4"':‘;3; — time-variations ? (e.g. metallicity)
“Even along journey starts || L, ﬁ /\
with aone singl_e step” g N = o ] = !
Oriental saying = |
2| |
. ot Observed age
Most exciting years are | 3 S distribution of
still to come: . LMC star clusters
HERSCHEL, ALMA, ... ) S B B DU DU BSOS Bt
6.5 7 .5 8 8.5 9 05 10
log (age [yr] )
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