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My research interests focus onMy research interests focus on

• Dark Matter Problem: Alternative theories of gravity, 
Modeling of dwarf galaxies, Rotation Curves of spirals, 
Dark matter problems in galactic scales, …

• The Stellar Populations and Dynamics: 
Nbody models of globular clusters, The birth and fate of 
star clusters



Outline
– Introduction to Globular Clusters (GCs) and 
evidences for dynamical evolutionevidences for dynamical evolution

– Collisional vs. Collisionless systems
T b d l ti d it– Two‐body relaxation and its consequences

– Multiple stellar populations in GCs
– Specific topics in star cluster dynamics: 

• Outer halo GCs of the MW
• Dissolution Rate of Star Clusters 
• The Metallicity- and Density-Dependent IMF in the Globular Clusters 

in M31in M31



Introduction to star clusters



Introduction to star clusters



Globular clustersGlobular clusters



HD Diagram for star clusters: only difference is mass



Galactic Globular clusters (GCs)

M di Si 3Median Size: ~ 3 pc

ages ∼ 10 – 12 Gyr
About 160 GCs are discovered in the Milky Way  

They are  distributed out to more than 100 kpc

Multiple populations

Gas/dust freeGas/dust free 
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Dwarf vs. Giant Elliptical galaxiesDwarf  vs. Giant Elliptical galaxies



Globular Clusters as tools: They 
have been used to ….   

• Determine the structure of the MW (Shapely 1918)Determine the structure of the MW (Shapely 1918)

• Understand the star formation and evolution and stellar 
l ti (Eddi t 1926)populations (Eddingtone 1926)

• Constrain the formation and evolution of the MW 
(Searle & Zinn 1978) as well as other nearby galaxies 
(Brodie & Strader 2006): GC formation intimately linked 
with galaxy formationg y

• A perfect laboratory to explore the effects of 2‐body 
encountersencounters



Historical example: First Studies to Explore 
the Structure of Our Milky Waythe Structure of Our Milky Way

First attempt to unveil the structure of our 
Galaxy by William Herschel (1785), based 
on optical observationsp

The shape of the Milky Way was believed

Two errors:
1. assumed all stars identical so 

that brightness gave distance The shape of the Milky Way was believed 
to resemble a grindstone, with the sun 
close to the center

that brightness gave distance
2. did not know about dark clouds 

and interstellar extinction…



Using GCs to find the location of the Center of the 
Milky Way (Shapely 1918)

Distribution of globular clusters g
is not centered on the sun…

Transition from HeliocentrismTransition  from Heliocentrism
to Galactocentrism

…but on a location which is 
heavily obscured from direct 
( i l) b i(visual) observation

Shapely-Curtis Debate: Great 
Debate  26 April 1920



S ’ (1920 )Harlow Shapley’s Realization… (1920s)

Hershel’s incorrect model

globular cluster

Shapley’s  model

globular cluster
(has lots of Cepheid 
variable stars in it!)

p y



I t d ti t St Cl tIntroduction to Star Clusters



Introduction to Star Clusters:  Two types of star clusters
Open Clusters: Ope C uste s

young clusters of recently formed stars; 

within the disk of the Galaxy

Open clusters h and  Persei : Double cluster 
in Perseus

Globular clusters:

old, centrally concentrated clusters of stars; 
mostly in a halo around the Galaxy

Globular Cluster M 19 Globular Cluster M 19



Pleiades

Open clusters:Open clusters:

1. Contain < ~ 1000 stars

2. Loosely gravitationally bound together

3. Younger than globular (some still contain O and B stars)

4. More enriched in heavy elements (“Population I” stars)



globular clusters:
1 Contains ~1000-106 stars1. Contains ~1000-106 stars
2. Extremely old: billions of years
3. Population II (low in heavy elements)



Clusters historically viewed as 
simple stellar populations

• All stars have the same age (very small spread 
< 1‐2 Myr)< 1 2 Myr)

• All stars have the same abundances: “simple 
stellar populations”stellar populations .

• Range of stellar masses 
• GCs could only form in the special conditions 
of the early Universe.



Surprise: Young Massive Clusters (YMCs) as the third 
types of star clusters ?? !!!!! 

A t C llidi l i

Omega Cen in the MW:  
Mass=few million Msun, 

12 G

Antennae  Colliding galaxies 

~ 12 Gyr

Westerlund 1 
in the MW NGC 3603, in the MW in the MW



Introduction to Stellar Dynamics
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Star Clusters Evolve

Frerra et al 2014Frerra et al 2014

Some examples of Galactic GCs with different dynamical ages. 



The length scales of a globular cluster
Core radius





Dynamic Evolutionary modeling of GCs
• Until the late 1970s, GCs were thought of to be relatively static stellar 

systems: fitted with equilibrium models like King (1966) profiles. This 
view has changed significantly over the last thirty years: 



Dynamic Evolutionary modeling of GCs
• Until the late 1970s, GCs were thought of to be relatively static stellar 

systems: fitted with equilibrium models like King (1966) profiles. This 
view has changed significantly over the last thirty years: 

On the observational side:
Strong indications for the ongoing dynamical evolution:Strong indications for the ongoing dynamical evolution:
1‐ The discovery of extratidal stars surrounding globular clusters (Grillmair et al. 1995, 

Odenkirchen et al. 2003)



Dynamic Evolutionary modelling of GCs

Palomar 5



• Until the late 1970s GCs were thought of to be relatively static stellar

Dynamic Evolutionary modelling of GCs
Until the late 1970s, GCs were thought of to be relatively static stellar 
systems: fitted with equilibrium models like King (1966) profiles. This 
view has changed significantly over the last thirty years: 

On the observational side:
Strong indications for the ongoing dynamical evolution:Strong indications for the ongoing dynamical evolution:
1‐ The discovery of extratidal stars surrounding globular clusters (Grillmair et al. 1995, 

Odenkirchen et al. 2003)
2‐ The differences in the stellar mass‐functions of globular clusters (Piotto, Cool & King 

1997 d M hi t l 1999)1997, de Marchi et al. 1999).



Initial mass function (IMF)

IMFIMF: The initial mass distribution of stars

(Salpeter 1955, Kroupa 2001, 2012)p p

dN/dlog(m)dN/dlog(m)

3.1
32 3.2

Log(m)0.5



IMF: The initial mass distribution of starsIMF: The initial mass distribution of stars
(Salpeter 1955, Kroupa 2001, 2012)

dN/dlog(m)

323.1 3.2

Log(m)0.5
The mass function of stars in clusters evolves through stellar and 
dynamical evolution. 

Therefore it is hard to extract the IMF from the observed mass function

Log(m)
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Therefore it is hard to extract the IMF from the observed mass function.
(Vesperini, Heggie 1997 , Baumgardt & Makino 2003).



MF changes through long‐term evolution
MF‐slope is a tracer of mass lossMF slope is a tracer of mass loss

Hamren et al., 2013, ApJ
33



• Until the late 1970s GCs were thought of to be relatively static stellar

Dynamic Evolutionary modelling of GCs
Until the late 1970s, GCs were thought of to be relatively static stellar 
systems: fitted with equilibrium models like King (1966) profiles. This 
view has changed significantly over the last thirty years: 

On the observational side:
Strong indications for the ongoing dynamical evolution:Strong indications for the ongoing dynamical evolution:
1‐ The discovery of extratidal stars surrounding globular clusters (Grillmair et al. 1995, 

Odenkirchen et al. 2003)
2‐ The differences in the stellar mass‐functions of globular clusters (Piotto, Cool & King 

1997 d M hi t l 1999)1997, de Marchi et al. 1999).

On the theoretical side:
N‐body simulations of star cluster evolution :
1‐ Progresses in simulation techniques (e.g. Mikkola & Aarseth 1993, Aarseth 1999) .
2 Development of the hardware (GRAPE: Makino et al 2003 GPUs) which allows to2‐ Development of the hardware (GRAPE: Makino et al. 2003, GPUs) which allows to 

simulate the evolution of star clusters with increasingly larger particle numbers.
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Dissolution of star clusters 
Dens stellar systemDens stellar system

35



Mass Loss From Star Clusters 
Stellar & Dynamical EvolutionStellar & Dynamical Evolution 

Characteristic parameters of star clusters change
with time at early stages and also during the clusterwith time at early stages and also during the cluster
long‐term evolution
Vesperini & Heggie 1997; Giersz & Heggie 1996, Baumgardt & Makino 2003, Zonoozi et al.Vesperini & Heggie 1997; Giersz & Heggie 1996, Baumgardt & Makino 2003, Zonoozi et al.
2011, 2014, 2017, Haghi et al. 2015, Bianchini et al. 2017, webb et al 2017 …..,
MC method : Giersz et al. , Rasio et al., ….

Internal and External Mechanisms: 
‐ Stellar evolution

‐ Two body (collisional) relaxation: energy equipartition and mass segregation, binary 
heating, 3 and 4‐body encounters, core evolution

‐ Violent relaxation: Tidal interactions, dynamical friction, bulge/disk shocking, tidal 
stripping



Two-body relaxation and its consequences: 
Escape and Evaporation 

Mass segregation, energy equipartion

C ll d Bi f tiCore collapse and  Binary formation

Gravothermal instability:  Gravothermal oscillations 

External tidal perturbationsExternal tidal perturbations

Additional astrophysical processes
Primordial gas loss

Stellar & Binary evolution



2‐body Relaxation
• In a star cluster, thermal evolution is driven by 

two-body relaxation.



2‐body Relaxation
• In a star cluster, thermal evolution is driven by 

two-body relaxation.



Strong encountersStrong encounters



: Weak encounters



: Weak encounters



: Weak encounters



GCs are collisional systems 
2-body interactions of stars are important in 

driving the dynamical evolution

Galaxies that are collisionless
t i l i i th ll tistars are mainly moving in the collective 

gravitational field

44



Significance of the relaxation time scale (Tr)

Tr ~ Tcross . N/log(N)

• Time scale of evolution of a virialised cluster
• Time scale of core collapse (~ Tr)
• Time scale of mass segregation (several Tr),Time scale of mass segregation (several Tr), 
• Time scale of escape /evaporation (~100 Tr)



Consequences of 2‐body relaxation: 
Dynamical Mass segregation

Energy equipartitionEnergy equipartition

t = 0
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As a result of energy equipartition, the heavier stars tend to move toward the 
cluster centre while lighter stars tend to move further away from the cluster centre.



Consequences of 2‐body relaxation: 
Dynamical Mass segregationDynamical Mass segregation



Consequences of 2‐body relaxation: 
Core collapseCore collapse



Consequences of 2‐body relaxation: 
Core collapseCore collapse

Zooming in shows that the core collapses inwards



Consequences of 2‐body relaxation: 
Core collapse

Red dots are binaries
Core collapse



Core Collapse is halted by binaries

Binary stars become important sources of energy: 
core of the cluster starts to re-expand



The complexity of the physical processes involved in real clusters 

E l l iEarly gas expulsion



The complexity of the physical processes involved in real clusters 

Particles evolveParticles evolve 
due to 

St ll E l tiStellar Evolution



P ibl f b

The complexity of the physical processes involved in real clusters 

Possible outcomes of encounters between 
a binary and a single star



The complexity of the physical processes involved in real clusters 

External tidal 
interactions

55



External tidal interactionsExternal tidal interactions



External tidal interactionsExternal tidal interactions



MF changes through long‐term evolution
MF‐slope is a tracer of mass lossMF slope is a tracer of mass loss

Hamren et al., 2013, ApJ
58



End of Lecture 1





Need a tool to measure distances to stars throughout the Milky 
Way…y

Need to be able to measure distances greater than what stellar 
parallax can do (about 100 pc = 325 light yrs maximum).

The Milky Way is 100,000 light years across!

Turns out… there is a method     VARIABLE STARS!

(Hershel didn’t know about this either)



Cepheid Variable Stars

Distance Indicator beyond Parallax

• The brightness of these stars varies in a very periodic
way.

• The period is directly proportional to the star’s 
luminosity!

So…

• Measure the period and get luminosity
M th b i ht• Measure the average brightness

Once you have average brightness and luminosity, 
you solve for distance fromy

Brightness = Luminosity/(distance)2



Cepheid Variable Stars
These stars are aging stars.  They lie in a region of the HR diagram called 
the Instability Strip.  A star becomes a Cepheid variable star (unstable to 
oscillations) several times before it dies.  These stars are more massive 
than the sunthan the sun.



How it Works…

Once you measure the period of variability you 

Luminosity-Period Relation

can then just read off the luminosity.

Example A star with a 20 day period has aExample.  A star with a 20 day period has a 
luminosity 10,000 times that of the sun.








