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Kinematical and morphological complexity 
in young and intermediate age star clusters

R136 (LMC; 2 Myr) | Hénault-Brunet et al. 2012

Challenging to measure, yet increasingly appreciated

NGC 1846 (LMC; 1.5Gyr) | Mackey et al. 2013 GLIMPSE-C01 (500 Myr)| Davies et al. 2011

Detailed dynamical study of 
two other LMC clusters: 
NGC 1866 (100 Myr)
NGC 1850 (50 Myr) 

Fisher et al. 1992, 1993



Internal rotation in old star clusters 
should be interpreted as a lower limit M5 | Fabricius et al. 2014

47 Tuc | Bianchini, Varri, Bertin, Zocchi 2013 NGC 4372 | Kacharov, Bianchini et al. 2014

Transport and loss of angular momentum during dynamical evolution (Spurzem et al ‘90s)



Internal rotation in old star clusters 
should be interpreted as a lower limit M5 | Fabricius et al. 2014

47 Tuc | Bianchini, Varri, Bertin, Zocchi 2013 NGC 4372 | Kacharov, Bianchini et al. 2014

Transport and loss of angular momentum during dynamical evolution (Spurzem et al ‘90s)

Synergy between ground-based spectroscopic surveys 
(Gaia-ESO) and HST + Gaia proper motions will be key



Collapse of a single cloud with 
complex kinematics and 

morphology, either in isolated or 
merging galaxies 

Formation* of rotating star clusters?

Collision and merger of  
small clouds or proto-clusters

 Akiyama & Sugimoto 1990,Makino, Okumura, Ebisuzaki & Makino 1991, 
Fujimoto & Kumai 1997, Baumgardt et al. 2003 [G1], Gieles et al. in prep.

 Bonnell et al. 2003, Fall & Rees 1985, 
and many, many others

Sugimoto & Makino 1989

Renaud et al. 2015



Collapse of a single cloud with 
complex kinematics and 

morphology, either in isolated or 
merging galaxies 

Formation* of rotating star clusters?
* Should actually read as “early dynamical evolution”; this talk is gas-free, sorry! 

 Bonnell et al. 2003, Fall & Rees 1985, 
and many, many others

Renaud et al. 2015

Collision and merger of  
small clouds or proto-clusters

Sugimoto & Makino 1989

 Akiyama & Sugimoto 1990,Makino, Okumura, Ebisuzaki & Makino 1991, 
Fujimoto & Kumai 1997, Baumgardt et al. 2003 [G1], Gieles et al. in prep.



Violent relaxation* with non-vanishing 
total angular momentum

Explored as formation 
scenario for Ellipticals
Gott 1973, Hohl & Zang 1979,
 Akiyama & Sugimoto 1989,
 Aguilar & Merritt 1990

… what about 
star clusters?

* i.e., “dissipationless collapse” - à la Lynden Bell 1967, van Albada 1982 ...

Aguilar & Merritt 1990

Gott 1973

Aguilar & Merritt 1990



Generalization in two flavors

Ω

 1. System in an external tidal field, 
without  initial internal rotation

 2.  Isolated system, with 
non-vanishing initial total 
angular momentum  

ω



Generalization in two flavors

Ω

 1. System in an external tidal field, 
without  initial internal rotation

 2.  Isolated system, with 
non-vanishing initial total 
angular momentum  

ω

Ask me later, or have a look at 

Vesperini, Varri, McMillan, Zepf 2014 MNRAS Lett. 



Violent relaxation of isolated systems 
with non-vanishing total angular momentum

Homogeneous and fractal spheres 
(D=3.0, 2.8, 2.4)
 
Initial solid body rotation

Qran = 2Kran/|W|= 0.1, 0.25, 0.5, 0.75

Qrot = 2Krot/|W| = [0.0], 0.16, 0.33, 0.50

N=60000, equal-mass particles
Starlab, survey of 32 models

Reference models
x

z

x

y

Varri, Vesperini, Tiongco et al., in preparation



Homogeneous, cold, 
non-rotating

H1a: D=3.0, Qran=0.1, Qrot=0.0

Homogeneous, cold, 
rotating

H3a: D=3.0, Qran=0.1, Qrot=0.33

Clumpy, cold, 
rotating

F24_3a : D=2.4, Qran=0.1, Qrot=0.33

                                 Time [Hénon units]                                      0                                                        2                                                        4                                                        20 

3 x/rh,0

3 y/rh,0

Varri, Vesperini, Tiongco et al., in 
preparation



Rotation curves and velocity dispersion profiles

log(r/rh) log(r/rh)

<vφ> <vφ>/σ

Varri, Vesperini, Tiongco  et al., in preparation



Anisotropy in the velocity space

log(r/rh)

β

Varri, Vesperini, Tiongco et al., in preparation

Tangential anisotropy, for the cold 
homogeneous non-rotating case, 
noted  - but not interpreted - also by 
Trenti, Bertin, van Albada  2005



A glimpse 
of the 

phase space

(r, vr ) (r, vφ) (r, vθ)

Homogeneous, cold, 
non-rotating

Homogeneous, cold, 
rotating

Varri, Vesperini, et al., in preparation



Consistency criteria 
for spherical, 
anisotropic systems
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Consistency criteria 
for spherical, 
anisotropic systems

… what about axisymmetric, 
rotating systems?



Density slope - anisotropy plane

β

γ

Varri, Vesperini, et al., in preparation



Consistency criteria 
for spherical, 
anisotropic systems

“...well, this smells like a Theorem 
that someone should 

really try to prove”

Douglas Heggie 
Blackford Hill, Edinburgh

… what about axisymmetric, 
rotating systems?



New chapter of our 
fundamental understanding 

of stellar dynamics

Star Clusters:
IMBH or Anisotropy? 

Dwarf galaxies: 
Core or Cusp? Why would it be important?

ω Cen | Van der Marel et al. 2010

Sculptor (1 pop) | Walker 2012



Sculptor (1 pop) | Breddels et al. 2013 
Lokas et al. 2009, Battaglia et al. 2008, 

Walker et al. 2009

Physical origin of tangential anisotropy?

1. Signature imprinted by formation process

Sculptor (2 pop) | Zhu, van de Ven, Watkins, Posti 2016



Physical origin of tangential anisotropy?

N-body model on circular orbit | Baumgardt & Makino 2003
Takahashi & Lee 2000, Hurley & Shara 2012

2. Product of  dynamical evolution in tidal field

Strong dependence on filling factor | Tiongco, Vesperini, Varri 2016,
                                                                                                         Sollima et al. 2015
Importance of potential escapers | Claydon, Gieles, Zocchi sub,
                                                                                  Daniel, Heggie, Varri sub.  
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Parting thoughts

Ever-increasing observational evidence of 
kinematic complexity in star clusters, 
young and old. 

Very much looking forward to the synergy Gaia + HST + ground-based 
spectroscopic surveys,  for selected GGCs.

Non-vanishing total angular momentum in 
the violent relaxation scenario may leave 
unique fingerprints in phase space.

Varri, Vesperini et al., in preparation
Vesperini, Varri, McMillan, Zepf, MNRAS Letters, 2014 

 Star clusters are always my favourite
 excuse to study new chapters of 
 stellar dynamics of rotating systems.
More on the construction of rotating equilibria, wait for Alice Zocchi 
and Phil Breen’s talks later this week!

alvarri.com
annalisa.varri@gmail.com

@parallasseh

Some mocks available on the GC wiki
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