Grawty and thermodynamlcs
a new point of view1in the analysis of
dynamlcal evo[utlon of globular Clusters
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Preliminary considerations

From observations of glubular cluster (GC) density profiles we can deduce:
» an empirical density law for GCs (King, 1962);
« aunique sequence of models for GC evolution (King, 1966);

« that thermodynamics plays a central role in the gravitational equilibrium and stability of the clusters,
being binary relaxation time shorter than the age of such systems (7,,,,.<?..);

« that the evolution of GCs can be described as a sequence of thermodynamic equilibria where only
parameters characterizing the distribution function change, like in a continuous thermodynamic
transformation (Horwitz & Katz, 1977).

From the necessity to develop a theoretical framework taking into account thermodynamic
equilibrium during the evolution of GCs we need to develope:

« anew concept of thermodynamic equilibrium based on Fokker-Planck approximation for collisions
among stars, where the velocity distribution function does not change during the evolution.

Thermodynamic equilibrium is due to two competitive phenomena:

e collisions which drive the distribution towards a Boltzmann form;

» evaporation by tidal interactions induced by hosting galaxy, removing continuously the stars with large
kinetic energy from the cluster.

—  [n2 disidoliion mizldzins 15 forrl wdd izl 92 cogsidarad g tnaeiodyziuic 2ciilioritinl;
WE CAN APPLY MECHANICAL STATISTICS ON GCs
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A forty-years open question

irial Theorem

2E,+E, =0




Considering the evolution of GCs W -distribution










Effects due to gravothermal catastrophe
begin to modify the shape of the distribution







The maximum coincides with the critical point
The distribution has become asymmetric



















Consequences on the GCs distribution

We expect maximum of the distribution MUST coincide with critical point
MOREOVER
We expect GCs distribution MUST be asymmetric

Negative Skew Positive Skew




W,-distribution of MW GCs

New helpful observations (upgrading Peterson data)
Harris Catalogue of MW GCs: 157 objects
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Excluding:

- 21 PCC clusters

- 8 suspected PCC clusters

- 1 cluster without useful parameters (Pyxis) n~ |
— We have available a sample of 127 clusters 10

skewness using Harris Catalogue Ej
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The choice of the distribution function

“Pearson mode skewness” definitions

Choosing Asymmetric Gaussian distribution function




Asymmetric Gaussian skewness




e Fitting data from W -distribution
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Searching for maximum of W,-distribution
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Best fit of MW GCs distribution
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A new strategy?

» Observational data say us there is a problem with the onset of
gravothermal instability, in order to obtain the coincidence
between maximum of W,-distribution and critical value.

e The gap between the current stability limit W, = 7.4 and the
peak value of the distribution at W, = 6.93 is significantly large,
and only a W,-distribution with a skewness completely different
from observational data (B«1) could justify such a stability limit.

THEN

We must reconsider the calculation of the Fokker-Planck
solution focusing our attention on the definition of the
distribution function and taking into account that we need a
thermodynamic equilibrium distribution which maximizes the
entropy. The mandatory choice is considering a Boltzmann form
of the distribution and solving with respect to the Hamiltonian.
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¥ 4 Restarting from basic principles




Fokker-Planck equation

2 oo (42

istrinutiom funcktion F

A is the fractional loss rate of the stellar evaporation

t is the reference (relaxation) time
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e Solution of the Fokker-Planck equation




We expect to find this form of potential in

addition to the agravitational contribution in GEs
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. A new formulation

Old formulation leads to miss an important term (effective potential)
in the expression of total energy which is not affecting kinematics of
the stars but is crucial in the analysis of gravothermal instabilities,
being responsible of shrinking of volume of the available phase
space.

Since 50 years, this old formulation has addressed all the works on
dynamics of globular clusters to a phenomenologic analysis not
rigorously collisional, as we could expect, In order to explain multiple
effects affecting GCs.

The correct way Is inserting the variables in Fokker-Planck equation
and solve it, even numerically if necessary, in order to obtain the
correct distribution taking into account these effects.
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//total energy Q (dimensionless)

A=dimensionless angular momentum
A=dimensionless effective potential
W_=dimensionless value of ¢(R)
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Thermodynamics: a dual theory
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Pressure and temperature
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Thermodynamic Equilibria




Specific heat profiles
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Virial theorem & Effective potential

Virial Theorem Total energy

2E,+E, =0 E,=—-Ex+E;
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Caloric curve
gravothermal catastrophe onsets earlier

V,=constant of normalization; ¢2=k6/m

maximum mass in M-W, diagram For Wy<3, E+>0 and the cluster is fated to disruption,

(Merafina & Ruffini, 1989) / in agreement with N-body simulations
' (Chernoff & Weinberg, 1990, Fukushige & Heggie, 1995)

GCs start to develope C,<0 shell

E..t becomes negative
C,<0 shell prevails on the system

Thermodynamical instability
(gravothermal catastrophe)




Modelling a King globular cluster
by N-body simulations




Energy distribution in a single shell:
the example of a cluster with r_= 2 pc

r=0.25R ; W=3.635

r=0.75R ; W=1.663




gr : . Searching for the effective potential in
N-body simulations (models 1 and 2)




Effective potential
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Conclusions

- Analysis of data from Harris Catalogue excludes the possibility of any coincidence between the
value corresponding to the peak of the W -distribution of GCs and the old critical value of the
onset of gravothermal instability (W,=7.4), as requested from the evolution of the GC population.
- The model is selfconsistent and admits regions with positive and negative specific heat
which can exchange energy and produce gravothermal instability without the necessity of an
external bath, improving the Lynden-Bell & Wood model.

- The old critical value is modified by the presence of the effective potential and now coincides
with the peak value of the observed distribution, removing the difference outlined by Katz. This

is an osservative evidence of the presence of the effective potential.

Problems and perspectives

- The W-distribution of GSs (from Harris Catalogue) encourages the stability limit W,=6.91
beyond any doubt. Considering a multi-mass function probably increases the spread between
these two values (W, corresponding to the peak of the distribution decreases to lesser values).

- New measurements about transversal star velocities can allow to analyze the real kinematics
in globular clusters (at least in a single shell), giving the possibility to check the existence of the
effective potential from observational data, instead of using numerical simulations.

- It is necessary to increase/improve observational data in different systems in order to obtain
better W-distributions of GCs in M31 and NGC5128, able to detect fainter objects and avoiding
possible observative selection effects. This could demonstrate the existence of a unigue

W,-distribution of GCs valid for every galaxies.
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