
Pavel Kroupa
Argelander  Institute  for  Astronomy 

(AIfA)
University of Bonn Pavel Kroupa: Praha Lecture II

Stellar  populations  and  star  clusters  
as  galactic  building  blocks

Selected  Chapters  on  Astrophysics  
Charles  University, Praha,

November & December 2015

Lecture 2 
Constraints  from  star-formation  events

a  non-varying  IMF ?

1Dienstag, 1. Dezember 15

Lecture 1 :
The  stellar  IMF :  solar  neighbourhood  as  average  IMF

theoretical  expectations :  a  variable  IMF

Lecture 3 :
The  integrated  galactic  initial  mass  function (IGIMF) :  a  new  theory
How  to  calculate  the  stellar  population  of  a  galaxy.

Lecture 2 :
The  stellar  IMF :  constraints  from  star-forming  events :  

        a  non-varying   IMF ?
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Lecture 4 :
The  stellar  binary  population:  deriving  the  birth  distribution  functions
Binary  dynamical  population  synthesis:  the  stellar  populations  of  galaxies
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The  IMF
is  the  key

to  our  understanding
of  the  matter  cycle 

in  the  Universe.

Pavel Kroupa: Praha Lecture II
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Counting  stars     = >     LF     =>    PDMF      =>     IMF 

nearby  LF   ≠ distant  LF   

peak  in  LF   =>  m-MV  relation   

MW-field  (Scalo)  IMF  index 

star-cluster/association  (Salpeter/Massey)  IMF  index ≠

star-formation  theory (Jeans-mass  vs  self-regulation) :
- expect  IMF  variation  with  density  and  metallicity
- unable  to  account  for  IMF  shape

Ψ(MV) = −

dm

dMV

ξ(m)

+  binaries
+ main  sequence  stars

corrections  for  
stellar

evolution

✓
✓
?

?
?

4Dienstag, 1. Dezember 15



Pavel Kroupa: Praha Lecture II

. . .  so  let’s  study  stellar  populations  that  are  known  to  have   
formed  in  “one  go” ,

i.e.  truely  co-eval and mono-metallicity,  i.e. 
simple  stellar  populations.

The  solution found  for  the  IMF  unifies  the  two   LFs  
for  late-type  stars.

This  MF  is  an  average   or  bench  mark :
a  mixture  of  many  populations  comprising  the  

MW  disk  characterised  
by                   and                         .             τ ≈ 5 Gyr [Fe/H] ≈ −0.3

...  is  a  variation  (e.g.  with  metallicity)  about  the  
bench  mark  evident ?
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Clusters

Pavel Kroupa: Praha Lecture II
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But  .  .  .
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Clusters
Advantages:        Stars  have  same                         .                          d, τ, z
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Clusters
Advantages:        Stars  have  same                         .                          d, τ, z

Disadvantages:      If   young   (to  avoid  dynamical  evolution)  
need  pre-main  sequence  models,  and                                                                                        
            high.

If   main-sequence  age
then  have  substantial  dynamical  evolution.

fmult

Pavel Kroupa: Praha Lecture II
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The  Problem  of  Youth: Wuchterl & Tscharnuter
(2000)

1 Myr

0.5 M!

Collapse:  

Pavel Kroupa: Praha Lecture II

Classical:  
1 M!

> 1.5 Myr

Consider   
an  

observed  
star     :
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Example:   
The  Orion  
Nebula  
Cluster 

(ONC)

Pavel Kroupa: Praha Lecture II
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≡ log10m Pavel Kroupa: Praha Lecture II

Uncertainties  due  to  
pre-main  sequence  

tracks

Shape   differs   for   the   
same   data !

e.g.  the  ONC :  1 Myr  old

Kroupa,  2002  Science
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PleiadesONC

ξcluster(m) != ξ(m)

already by                ?≈ 1 Myr
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Uncertainties  due  to  very  early  violent  
evolution  of   star  clusters

Kroupa,  Aarseth & Hurley (2001)

N = 104 (stars + BDs)

f = 1

ε = 33 %

τgas
<
∼

tcross

Modell :
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tcross = fn(t)but  

Uncertainties  due  to  
binaries  in  clusters

Pleiades  (Stauffer  1984;  Kaehler 1999)

d = 126pc,  age = 100Myr

Stauffer  
Kaehler                             possible

fphot ≈ 0.26

fphot ≈ 0.6 − 0.7

Pavel Kroupa: Praha Lecture II

The  binary  fraction  f   evolves 
with   time :

f = fn

(

t

tcross

)
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GC  NGC6752  
(Rubenstein & Bailyn 1997)

inner  core: 

outer region:

0.15 <
∼

fphot
<
∼

0.4

fphot
<
∼

0.16

Generally: 
fGC < fpopI

Pavel Kroupa: Praha Lecture II
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f = 1

N-body  Models  of  Binary-Rich Clusters
(Kroupa  1995,  Kroupa 2000)

N = 200, f = 1, ρC = 13 stars/pc
3

tcross = 18 Myr, ffin = 0.83

tcross = 0.059 Myr, ffin = 0.34

N = 1600, f = 1, ρC = 105.9 stars/pc
3

Pavel Kroupa: Praha Lecture II

f tot decays  on  a  crossing-time  scale.
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N-body  and  analytical  Models  of  
Binary-Rich Clusters

(Marks,  Kroupa,  Oh  2011)

Pavel Kroupa: Praha Lecture II

f = 1 f = 1
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N-body  and  analytical  Models  of  
Binary-Rich Clusters

(Marks,  Kroupa,  Oh  2011)

Pavel Kroupa: Praha Lecture II

f = 1

f tot decays  on  a  crossing-tim
e  scale,  

but  there  are  additional  iss
ues . . 

. 

f = 1
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N-body  Models  of 
Binary-Rich  Clusters

(Kroupa  1995)

individual-star   LF

individual-star   LF
system  LF

t = 0

t = 44 tcross = 5 × 108 yr

system  LF t = 109 yr
f = 0.48

ξobs(m) != ξtrue(m)−→

f = 1 20 × (N = 400 stars)

Pavel Kroupa: Praha Lecture II

system  LF t = 0

f = 1
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N-body  Models  of 
Binary-Rich  Clusters

(Kroupa  1995)

individual-star   LF
system  LF

system  LF

individual-star   LF
system  LF

t = 109 yr

t = 0

t = 44 tcross = 5 × 108 yr

t = 0

f = 1

f = 0.48

ξobs(m) != ξtrue(m)−→

f = 1 20 × (N = 400 stars)
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In  the  cluster :
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t = 0
t = 0.3 Tdiss
t = 0.6 Tdiss
t = 0.9 Tdiss

N = 1.28 × 10
5

4 × (N = 8000)

(Baumgardt & Makino  2003)
f = 0

low-masshigh-mass

Pavel Kroupa: Praha Lecture II

MF(t)  due  to  cluster  evolution

stan
dard

  st
ella

r  I
MF

dynamical
age
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t = 0
t = 0.3 Tdiss
t = 0.6 Tdiss
t = 0.9 Tdiss

N = 1.28 × 10
5

4 × (N = 8000)

(Baumgardt & Makino  2003)
f = 0

low-masshigh-mass
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MF(t)  due  to  cluster  evolution

stan
dard

  st
ella

r  I
MF

dynamical
age
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Massive  stars  in   clusters

Pavel Kroupa: Praha Lecture II
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OB  stars  in  clusters / HII regions
Two  competing  processes:

Pavel Kroupa: Praha Lecture II

Mass  segregation

tmsgr ≈ 2

(

mav

mmassive

)

trelax

for  pre-exposed  ONC
e.g. trelax ≈ 0.6 Myr

tmsgr ≈ 0.12 Myr " age of ONC
trelax =

21

ln(0.4N)

(

Mecl

100 M!

)
1

2
(

1 M!

mav

) (

R0.5

1 pc

)
3

2

Core  decay e.g.
tdecay ≈ Nm × tcore,cross

Rcore ≈ 0.02 pc, Mcore ≈ 150 M!

t
core

cross ≈ 1.2 × 104 yr

tdecay ≈ 104
− 105 yr # age of ONC

t
core

cross ≈ 5

(

M core

100 M!

)− 1

2
(

Rcore
0.5

1 pc

)
3

2

(Pflamm-Altenburg & Kroupa  2006)
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Note: 

Pavel Kroupa: Praha Lecture II

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

Pflamm-Altenburg  &  Kroupa  2006;
Oh, Kroupa & Pflamm-Altenburg 2015)

46 %  of  all  O  stars  are  runaways;

17.4 %  of  all  O  stars   have  v>30 km/s;

  4 %  of  B  stars  are  runaways.
(Stone 1991)

(Gies & Bolton 1986)

10%  of  all  runaway  O  stars  are  binaries.

24Dienstag, 1. Dezember 15



Note: 

Pavel Kroupa: Praha Lecture II

46 %  of  all  O  stars  are  runaways;

17.4 %  of  all  O  stars   have  v>30 km/s;

  4 %  of  B  stars  are  runaways.
(Stone 1991)

(Gies & Bolton 1986)

10%  of  all  runaway  O  stars  are  binaries.

pre-cluster cloud core collapse
ejections  of  

OB  stars

�t ⇥ 0.1� 1 Myr
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Extracting  the  IMF
for  individual  

clusters  is  therefore  
an  impossible  task.

Pavel Kroupa: Praha Lecture II
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Kroupa  et  al.  2013 :
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Pavel Kroupa: Praha Lecture II

. . . but :  use  measurements  of  the  IMF  
in  many  star  clusters  as  

the  basis  for  a  
statistical  analysis :
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The  alpha-plot ξ(m) ∝ m−α(m)

Pavel Kroupa: Praha Lecture II

α(m)

m
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Pavel Kroupa: Praha Lecture II

IMF  =  the  distribution  of  stellar  masses  
born  together .

ξ(m) dm = dN = Nr. of stars in interval [m, m + dm]

log(m)

logdN/dlog(m)
α1

α2

ξ(m) ∝ m−αi

O starsG starsM stars
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ξ(m) ∝ m−α(m)The   alpha  plot :

It  is  the  same,  independent  of  the  
physical  conditions of  star  formation. 

Good  working  hypothesis:  The  IMF  is  universal.                                    

(Scalo 1998;  Kroupa 2001)

the  same  cluster
or  association

α

log10m

2.3

1.3

0.3

0.08 M! 0.5 M! 150 M!
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αThe       - plot

Pavel Kroupa: Praha Lecture II

ξ(m) ∝ m−α(m)

GCs
early star-bursts !

Scalo

Salpeter
Massey
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The  theoretical  alpha   plot  for  clusters  with   

Pavel Kroupa: Praha Lecture II

N = 3000 stars

Kroupa  (2001)
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αThe       - plot

Pavel Kroupa: Praha Lecture II

ξ(m) ∝ m−α(m)

Scalo

Massey
BDs:

ejected  
embryos ?

Thies & Kroupa 2007
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Kroupa  2002

Pavel Kroupa: Praha Lecture II

1.  No  asymmetry 

binaries  cannot  resolve  
the  Scalo vs  Massey 
discrepancy.

2. Model  worse  than  
data !?
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Observations  
of  well-resolved  populations 

show 

the  IMF  to  be  universal !  

Pavel Kroupa: Praha Lecture II

More  precisely :  the  available  star-by-star  data  
(until  about 2009:  Dabringhausen  et al.)  

indicated  no  systematic variation  
nor  did  the  

observationally  deduced  dispersion  of  alpha  values  
violate  the  

expected  statistical  variation,  
turning  out to  be  even  smaller  in  fact.
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log(m)

ξ(m) ∝ m−αi

O starsG starsM stars

α2 = 2.3

α1 = 1.3

α3,Massey = 2.3

0

logdN/dlog(m)

0.5 M!

universal  “canonical”  two-part  power-law  IMF :
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According  to  the  standard/canonical  stellar  IMF :

mass  range %  by  number %  by  mass

0.01 - 0.08 37,2 4,1

0.08 - 0.5 47,8 26,6

0.5 - 1 8,9 16,1

1 - 8 5,7 32,4

8 - 120 0,40 20,8

<m> 0,38

[M!]

M!

Pavel Kroupa: Praha Lecture II

Kroupa  et al.  2013

39Dienstag, 1. Dezember 15

Pavel Kroupa: Praha Lecture II

But :
Recent  evidence  for   

systematic   IMF  variation   
with  [Fe/H] ?
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47 Tucannae N ≈ 10
6 age ≈ 11 Gyr

41 Pavel Kroupa: Praha Lecture II
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(de Marchi,  Paresce  &  
Pulone  2007)

A  sample  of  20  Galactic  GCs  
with  solid  global  MF  measurements  from  

deep HST  or  VLT data.

Pavel Kroupa: Praha Lecture II

canonical  (universal)  IMF
[ ξ(m) ∝ m−α ]

but  trend  with  [Fe/H]  
opposite  to  theoretical
expectation  from  SF !

α

[Fe/H]

Bottom-light  MF :
(fewer  low-mass  stars)
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The  expected  evolution  of  the  MF  
in  the  alpha - concentration  diagramme

43

canonical  (universal)  IMF
Leigh  et al.  2013

normal  
low-mass  star  population

too  few 
low-mass  stars

expectation

low-concentration  clusters  ought  
to  be  

dynamically  less evolved

Pavel Kroupa: Praha Lecture II
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The  expected  evolution  of  the  MF  
in  the  alpha - concentration  diagramme

normal  
low-mass  star  population

too  few 
low-mass  stars

canonical  (universal)  IMF

expectation

low-concentration  clusters  ought  
to  be  

dynamically  less evolved

0.3 <
m

M�
< 0.8

44 Pavel Kroupa: Praha Lecture II
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(de Marchi,  Paresce  &  Pulone  2007)A  sample  of  20  Galactic  GCs  
with  solid  global  MF  measurements  from  

deep HST  or  VLT data.

canonical  (universal)  IMF

expectation

low-concentration  clusters  ought  
to  be  

dynamically  less evolved

normal  
low-mass  star  population

too  few 
low-mass  stars

0.3 <
m

M�
< 0.8

45 Pavel Kroupa: Praha Lecture II
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Dynamics  not  understood  ?
or

unexpected  variation  of  IMF  ?

Pavel Kroupa: Praha Lecture II

Thus  we  have  encountered  
a  new  problem :
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(de Marchi,  Paresce  &  
Pulone  2007)

A  sample  of  20  Galactic  GCs  
with  solid  global  MF  measurements  from  

deep HST  or  VLT data.

Pavel Kroupa: Praha Lecture II

canonical  (universal)  IMF

Bottom-light  MF :

Instead : consistent  with
residual  gas  expulsion.

(Marks,  Kroupa  & 
Baumgardt  2008)

[ ξ(m) ∝ m−α ]

but  trend  with  [Fe/H]  
opposite  to  theoretical
expectation  from  SF !

[Fe/H]

α

47Dienstag, 1. Dezember 15

Rcore

age (Myr)
Bastian  et  al.  2008

Banerjee & Kroupa 2015

rapid  
cluster  

expansion 
&

stellar  loss

Pavel Kroupa: Praha Lecture II

Cluster  formation :

(eg.  Lada & Lada  2003)ε =
Mecl

Mecl + Mgas

<
∼

0.4
star-formation  

efficiency

σ ≈

√

G Mecl

ε R

vel.disp.  of  cluster  in  
dyn.equil.  prior  to  

gas  expulsion

3 pc

0.3 pc
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 Cluster  reaction  to  sudden  gas  removal :

49Holger Baumgardt
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≈ 1 pc

N ≈ 5000 stars; ρC ≈ 105 stars/pc
3
; age ≈ 1 MyrONC :
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Pavel Kroupa:  Dense Stellar Systems, Introduction51 Pavel Kroupa: Praha Lecture II

R136 :

≈ 3 pc

N ≈ 104.5 stars; age ≈ 2 Myr
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52 Pavel Kroupa: Praha Lecture II
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gas  expulsion
+ 

mass segregation 
!
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Nbody  models  of  binary  rich  initially  mass  segregated   clusters
with  redisual  gas   expulsion  after   birth

(Marks,  Kroupa  &  Baumgardt  2008)

gas  expulsion

stellar  loss  
independent  of  mass

loose  mostly  
low-mass   stars
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(de Marchi,  Paresce  &  
Pulone  2007)

A  sample  of  20  Galactic  GCs  
with  solid  global  MF  measurements  from  

deep HST  or  VLT data.

Pavel Kroupa: Praha Lecture II

canonical  (universal)  IMF

low-mass  star  deficient  MF
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(de Marchi,  Paresce  &  Pulone  2007)

Nbody  models  of  binary  rich  initially  mass  segregated   clusters
with  redisual  gas   expulsion  after   birth

(Marks,  Kroupa  &  Baumgardt  2008)

✓
for

residual  gas  expulsion
+

mass  segregated  clusters

[ ξ(m) ∝ m−α ]

input  (universal)  IMF
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Nbody  models  of  binary  rich  initially  mass  segregated   clusters
with  redisual  gas   expulsion  after   birth

(Marks,  Kroupa  &  Baumgardt  2008)

for
residual  gas  expulsion

without
mass  segregation

✗
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Pavel Kroupa: Praha Lecture II

(de Marchi,  Paresce  &  Pulone  2007)

Nbody  models  of  binary  rich  initially  mass  segregated   clusters
with  redisual  gas   expulsion  after   birth

(Marks,  Kroupa  &  Baumgardt  2008)

✓
for

residual  gas  expulsion
+

mass  segregated  clusters

[ ξ(m) ∝ m−α ]

input  (universal)  IMF
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The  GCs  would  have  formed  very  compact

Marks & Kroupa
2012

106 M� ! rh = 0.6 pc
Example:

59Dienstag, 1. Dezember 15
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The  GCs  would  have  formed  very  compact

Marks  et al.  2012

Does  the  canonical  IMF  produce  enough  
energy  to  blow  out  enough  residual  gas  
to  expand  the  GC  sufficiently  early  on ?

60Dienstag, 1. Dezember 15
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Does  the  canonical  IMF  produce  enough  energy  to  blow  out  
enough  residual  gas  to  expand  the  GC  sufficiently  early  on ?

Marks  et al.  2012Develop  a  simple  model :

61Dienstag, 1. Dezember 15
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Marks  et al.  2012

Ereq
OB = Ein � Efin

Energy  input  required  by  OB  stars  is  difference  in  binding  energies before  
and  after  gas  removal,  after  which  the   cluster  expands  to  a  final  radius :

Ebin =
3⇡

32

GMpl

rpl
rpl =

1

1.305
rhbinding  energy  of  Plummer  model

Mpl = Mcl

before  gas  blow  out :

Mpl = Mecl ✏ =
Mecl

Mcl
rh,fin = rh,init

Mcl

Mecl

after  gas  blow  out :

Results:  will be  shown  shortly  together  with  two  other  entirely  
independent  constraints.
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Top-heavy  IMF  in
        UCDs ?

               the  M/L  ratio

(ultra-compact  dwarf  galaxies)

63
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Properties  of  
Ultra  Compact  Dwarf  galaxies (UCDs)

Image by M. Hilker

UCD

dE

Pavel Kroupa: Praha Lecture II

UCDs  occur
mostly  in

galaxy clusters

64
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From  close  distance,  a  UCD   probably  
looks  similar  to  this:

Image from ESO

� Cen
Pavel Kroupa: Praha Lecture II65
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66

Radius  vs  mass :    

10
6
M!

Hilker  
objects
(UCDs)

Spheroidal / pressure-supported  Systems

Pavel Kroupa: Praha Lecture II

star  
clusters

UCDs
UCDs

R

M

(Dabringhausen et al.  2008;  Forbes  et al. 2010;  Misgeld & Hilker 2011)
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10
6
M! 10

7
M! 67

M/L  vs  mass :

Hilker  
objects
(UCDs)

dynamical 

Pavel Kroupa: Praha Lecture II

(Dabringhausen et al.  2008;  Forbes  et al. 2010;  Misgeld & Hilker 2011)

star  
clusters

UCDs
UCDs
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10
6
M! 10

7
M! 68

M/L  vs  mass :

Hilker  
objects
(UCDs)

dynamical 

Pavel Kroupa: Praha Lecture II

(Dabringhausen et al.  2008;  Forbes  et al. 2010;  Misgeld & Hilker 2011)

star  
clusters

UCDs
UCDs

galactic  dynamics
=Milgromian  

dynamics
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69

UCDs  cannot  be  dominated  by  exotic Dark  Matter  
because  they  are  too  compact.

(Murray  2009)

69Dienstag, 1. Dezember 15

�1 = 1.3

�2 = 2.3

�3 < �2

Pavel Kroupa: Praha Lecture II
70

Is  a  top-heavy  IMF  a  viable  possibility ?
. . .  it  would  provide  many  dark  remnants 

Seek          such  
that  M/L  is  

accounted  for.

�3
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71

Top-heavy  IMF  is  a  viable  possibility !
This  solution  accounts for the  M/L  vs  L  data  for  UCDs :

Dabringhausen et al.  2012

�3 Salpeter

very 
top  heavy

71Dienstag, 1. Dezember 15
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Top-heavy  IMF  in
        UCDs ?

               luminous  X-ray  binaries

72
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Another  clue  to  top-heavy  IMFs : 
Abundance  of  neutron  stars

Compared  to  one  with  the  canonical  IMF,  a  stellar  system  with  a  top-heavy  IMF should  
have  many  neutron  stars.

Pavel Kroupa: Praha Lecture II

Thus,  it  can  have  many  binary  systems  where  a
neutron  star  accretes  matter  from  a  close  companion  star,

 so  called  low-mass  X-ray  binaries  (LMXBs).

73
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Low-mass X-ray binaries

The  creation  of  LMXBs  is  driven  by  encounters  involving  stars  and  neutron  
stars  -  such  encounters  can  make  binaries  close  enough  for  accretion  from   the  

star  to  the  neutron  star.

Pavel Kroupa: Praha Lecture II

LMXBs  make  neutron  stars  visible  as  bright  X-ray  sources.

         (Verbunt 2003)

� � ns nns r3
c

�

The  frequency  of  such  encounters  is  measured  by  the  encounter  rate :

74
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LMXBs  in  globular  clusters  and  UCDs  
in  Virgo

Pavel Kroupa: Praha Lecture II

The encounter rate
 is given as

                       .� � ns nns r3
c

�

UCDs

�

radii vary
with massconstant

radii

GCs

  for non-changing
stellar mass function

75
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?
Is  there  an  IMF,  such  that  the   

probability  for  an  LMXB  in  a  UCD   
is  consistent  with  their  observed  

occurrence  ?

A  changing  IMF   
=>    changing  ns, nns, �

LMXBs  in  globular  clusters  and  UCDs  
in  Virgo

The encounter rate
 is given as

                       .� � ns nns r3
c

�
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There  is  such  an  IMF !

(Dabringhausen  et al.  2012)

pretty much the same
function as the one
that came from the

M/L ratios

Pavel Kroupa: Praha Lecture II

�3

�3
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?

Pavel Kroupa: Praha Lecture II

LMXBs  in  globular  clusters  and  UCDs  
in  Virgo

(Dabringhausen  et al.  2012)
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top-heavy
IMF

Pavel Kroupa: Praha Lecture II

(Dabringhausen  et al.  2012)
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LMXB  constraints

M/L  constraint

�3

Pavel Kroupa: Praha Lecture II
80

a  systematically  varying  IMF  in  UCDs  thus  emerges . . .

(Dabringhausen  et al.  2012)
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Pavel Kroupa: Praha Lecture II

Top-heavy  IMF  in
        UCDs ?

              can  they survive  evolution?

81
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Would  UCDs  with  a  top-heavy  IMF 
survive  their  early  evolution?

Perform  N-Body  simulations  of  UCDs  with  mass-loss 
through  gas  expulsion  and  stellar  evolution

UCDs  can  also  form  with  top-heavy  IMFs, 
but  this  implies  extreme  initial  conditions  for  them.

(Dabringhausen, Fellhauer & Kroupa 2010)

Pavel Kroupa: Praha Lecture II
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103 Msol/pc3

(Dabringhausen, Fellhauer & Kroupa 2010)

Mass   [10   Solar masses ]
10

6

1000100

2.3
1.9
1.5

2.3
small 

present-dayUCD

massive
 present-day UCD

}�3

108 Msol/pc3

107 Msol/pc3

Initial  parameters  thereby  implied  for  UCDs

Pavel Kroupa: Praha Lecture II
83
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106• ...  A  population  of          O-stars...

Consider  a  UCD with some                today

Initially,  it  may  have  had:

Pavel Kroupa: Praha Lecture II

107 M�

• A  mass  of  some                   . . . 108 M�

• ... but  a  half-mass  radius  of  only  a  few  pc!  (expansion  through  mass-loss!)

• ...with a total luminosity of                  .1011 L�

84
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Pavel Kroupa: Praha Lecture II
85

Putting  it  all  together . . .
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Putting  GCs  and  UCDs  
together:  

               top-heavy  IMFs  at  

high  star-formation  rate  
density  and  low  metallicity !

86
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Pavel Kroupa: Praha Lecture II

What  we  know  from  observation :

m

UCDs : higher  dynamical  M/L  ratios

UCDs :  larger  fraction  of  X-ray  sources  than  expected  

disagrees  with  dynamical  evolution

cannot  be  exotic  dark  matter  =>  top-heavy  IMF

no  explanation  other  than  many  remnants  =>  top-heavy  IMF

density

Globular  clusters :  deficit  of  low-mass stars  increases  with  decreasing  concentration

What  this  implies :

starsBDs

# stars/m

correlate  energy  needed  to  expell  residual  gas  with  
number  of  OB  stars  required.
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top-heavy
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Top-heavy  IMF  in  extreme-density  environments :

�3 = fn(Mecl)

SFRD > 0.1
M�

pc3 yr

Marks et al.  2012
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Top-heavy  IMF  in  extreme-density  environments :

top-heavy

s
lo

p
e
 !

3

global cluster metallicity [Fe/H]

canonical IMF slope

!3=0.66*[Fe/H]+2.63

Galactic GCs
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R136
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�3 = fn(Fe/H)

Marks et al.  2012
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Top-heavy  IMF  in  extreme-density  environments :

Marks  et  al.  2012
Kroupa  et al. 2013 (arXiv:1112.3340)
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Counting  stars     = >     LF     =>    PDMF      =>     IMF 

nearby  LF   ≠ distant  LF   

peak  in  LF   =>  m-MV  relation   

MW-field  (Scalo)  IMF  index 

star-cluster/association  (Salpeter/Massey)  IMF  index ≠

star-formation  theory (Jeans-mass  vs  self-regulation) :
- expect  IMF  variation  with  density  and  metallicity
- unable  to  account  for  IMF  shape

Ψ(MV) = −

dm

dMV

ξ(m)

+  binaries
+ main  sequence  stars

corrections  for  
stellar

evolution

✓
✓
?

?
?

Remember :
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Counting  stars     = >     LF     =>    PDMF      =>     IMF 

nearby  LF   ≠ distant  LF   

peak  in  LF   =>  m-MV  relation   

MW-field  (Scalo)  IMF  index 

star-cluster/association  (Salpeter/Massey)  IMF  index ≠

star-formation  theory (Jeans-mass  vs  self-regulation) :
- expect  IMF  variation  with  density  and  metallicity
- unable  to  account  for  IMF  shape

Ψ(MV) = −

dm

dMV

ξ(m)

+  binaries
+ main  sequence  stars

corrections  for  
stellar

evolution

✓
✓
?

?

Remember :

✓
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END  of  
Lecture  2
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