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Dissipationless collapse with
non-vanishing angular momentum

yet another possible Gaia Challenge playground
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R136 (LMC; 2 Myr) | Hénault-Brunet et al. 2012  NGC 1846 (LMC; 1.5Gyr) | Mackey et al. 2013 GLIMPSE-C01 (500 Myr)| Davies et al. 2011

Detailed dynamical study of

Kinematical and morphological complexity  twootherLmc clusters:

NGC 1866 (100 Myr)

in young and intermediate age star clusters  nccussoomyn

Challenging to measure, yet increasingly appreciated ~ Fisheretal. 1992,1993
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47 Tuc | Bianchini, Varri, Bertin, Zocchi 2013

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

Transport and loss of angular momentum during dynamical evolution (Spurzem et al ‘90s)
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47 Tuc | Bianchini, Varri, Bertin, Zocchi 2013

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

MS5 | Fabricius et al. 2014

Internal rotation in old star clusters
should be interpreted as a lower limit
Transport and loss of angular momentum during dynamical evolution (Spurzem et al ‘90s)



Renaud et al. 2015
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Collision and merger of Collapse of a single cloud with
small clouds or proto-clusters complex kinematics and
Akiyama & Sugimoto 1990,Makino, Okumura, Ebisuzaki & Makino 1991, morphOIOgy, either in iSOlated or

Fujimoto & Kumai 1997, Baumgardt et al. 2003 [G1], Gieles et al. in prep. mergi ng ga laXieS

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

Formation™ of rotating star clusters?
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Akiyama & Sugimoto 1990,Makino, Okumura, Ebisuzaki & Makino 1991, morphOIOgy, either in iSOlated or

Fujimoto & Kumai 1997, Baumgardt et al. 2003 [G1], Gieles et al. in prep. mergi ng ga laXieS

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

Formation™ of rotating star clusters?

* Should actually read as “early dynamical evolution”; this talk is gas-free, sorry!



el Explored as formation
scenario for Ellipticals

Gott 1973, Hohl & Zang 1979,
Akiyama & Sugimoto 1989,
Aguilar & Merritt 1990

... what about
star clusters?

Gott 1973

Violent relaxation™ with non-vanishing
total angular momentum

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

View down long axis
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Aguilar & Merritt 1990



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

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

Generalization in two flavors
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angular momentum

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

Generalization in two flavors



Reference models

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

Varri, Vesperini, Tiongco et al., in preparation

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



Time [Hénon units]

Homogeneous, cold,
non-rotating

Hla: 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

Varri, Vesperini, Tiongco et al., in
preparation
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Varri, Vesperini, Tiongco et al., in preparation
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Rotation curves and velocity dispersion profiles




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
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Anisotropy in the velocity space



Homogeneous, cold,
non-rotating :
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Homogeneous, cold,
rotating -

Varri, Vesperini, et al., in preparation (r, \Y )
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Consistency criteria
for spherical,
anisotropic systems



OPHYSICAL JOURNAL, 642:75
The American Astronomical s Printed in USA.

OPY THEOREM

tems, we show that sity is cusped like 7~ 7 near the center, then the

limiting value of the anisotropy parameter 5 = 1 — (v3)/(2(1?)) at the center cannot be greater than ~/2. Here (v2)
and (v}) are the radial and tangential velocity second moments. This follows from the nonnegativity of the phas

ity. We compare this theorem to other proposed relations betw lope and the central anisotropy

ir applicabilities and underlying assumptions. The extension of this theorem to tracer populations in an

nally imposed potential is also d £ i , stars moving in the vicinity of a central black hole, this

reduces to 7 > ( + 1, indicating that an isotropic system in Keplerian potential should be cusped at least as steep as
. Similar limits have been noticed before for specific forms of the distribution function, but here we establis|

as a general result.

Subject headings: galaxies: kinematics and dynamics — methods: analytical — stellar dynamic

Consistency criteria
for spherical,
anisotropic systems



Consistency criteria
for spherical,
anisotropic systems

ROPY THEOREM

How general is the global density slope-ani
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OPHYSICAL JOURNAL, 642: 58, 2006 Ma:
The his ¢

Consistency criteria
for spherical,
anisotropic systems

6.2010.17184.x

G ... what about axisymmetric,
OF THE GLOBAL DENSITY SLOPE-ANISOTROPY INEQ rOtatI n g SySte mS?

Stemrenkundig



Varri, Vesperini, et al., in preparation

Density slope - anisotropy plane
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HYSICAL JOURNAL, 64

Consistency criteria
for spherical,
Mon. Not. R. Astron. Soc. 408, 1070-1074 (2010) doi: 10111145, i4.x% a n i S O t ro pi C Syst e m S

How general is the global density slope—anisotropy inequality?

... what about axisymmetric,
rotating systems?

“...well, this smells like a Theorem
that someone should
really try to prove”

sl egibusiey s demon at th glob by ol gy mquality Douglas Heggie
Blackford Hill, Edinburgh

Key words: dark matter = Galaxy: kinematics and dynamics = meth analytical



New chapter of our o
fundamental understanding Rlarcsec]

of stellar dynamics w Cen | Van der Marel et al. 2010

Star Clusters:
IMBH or Anisotropy?

Why would it be important?

Sculptor (1 pop) | Walker 2012

Dwarf galaxies:
Core or Cusp?
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whether a model exists that can reproduce

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

Physical origin of tangential anisotropy?

1. Signature imprinted by formation process



N=12BK, W,=5.0, R;=8.5 Kpe

R(90%) < R
@ 0
—0.5 et AR A
-1 -
05 E R(40%)<R<R(60%)

@ 0 s el
I Ty T \

0.5
-1
05 E R < R(10%)
0
-0.5
-1
0.5 Total
@« 0 SR X DD

-0.5

-1

N-body model on circular orbit | Baumgardt & Makino 2003 Strong dependence on filling factor | Tiongco, Vesperini, Varri 2016,

Takahashi & Lee 2000, Hurley & Shara 2012 Sollima et al. 2015
Importance of potential escapers | Claydon, Gieles, Zocchi sub,

Daniel, Heggie, Varri sub.

Physical origin of tangential anisotropy?

2. Product of dynamical evolution in tidal field
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N-body model on circular orbit | Baumgardt & Makino 2003 Strong dependence on filling factor | Tiongco, Vesperini, Varri 2016,

Takahashi & Lee 2000, Hurley & Shara 2012 Sollima et al. 2015
Importance of potential escapers | Claydon, Gieles, Zocchi sub,

Daniel, Heggie, Varri sub.

Physical origin of tangential anisotropy?

2. Product of dynamical evolution in tidal field



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.

Hilma af Klint, Series | No. 7, 1919, Moderna Museet, Stockholm Varri, Vesperini et al,, in preparation
’ Y ’ ’ Vesperini, Varri, McMillan, Zepf, MNRAS Letters, 2014

Parting thoughts
Star clusters are always my favourite

Some mocks available on the GC wiki
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!



