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Outline

❑ Why massless objects are interesting?
❑ How can we study large Ns systems? 
❑ Ejection from the planetary systems in star clusters
❑ Mass segregation and massless objects
❑ General conclusions
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Planets: 8
Dwarf Planets: 5
Moons: > 200
Comets: > 4 000
Asteroids: > 106

Credits: Robyn Thinks



Planets: 8
Dwarf Planets: 5
Moons: > 200
Comets: > 4 000
Asteroids: > 106

Planets: 4 x 1011

Moons:  > 8 1013

Comets: > 1.6 1015

Asteroids: > 4 1017

Multiply for the estimated number of stars in 
the MW:

Credits: Robyn Thinks



OC Exoplanets
(12,17)

GC Exoplanet (1)

● Open clusters only recently we managed to have observations! Transit and radial velocity easier, 
microlensing also possible!

● Globular clusters and Young massive clusters: neighbours contaminate the samples. Very very 
difficult. We were very lucky with the discovery!



Stars estimation in MW: 2-4 1011 stars 
FFPs estimation in MW: 0.5-1 1011 ffp

Gahm 2013 

     Brown Dwarf?
Large semi-major axis?

Globulette?
In star cluster??

No OC or GC detections
Only 2 confirmed FFPs detected in associations
Many, many FFP candidates (e.g., Mrszos 2023)



Miret-Roig 2023



Miret-Roig 2023
Hurley and Shara 2002: FFP in SCs

Even after 1 Gyr, lots of ffp still in the 
cluster!



Direct method: stars and planets directly done by one code -> we use 
Nbody6++GPU (Kamlah et al 2022, Spurzem & Kamlah 2023) , Nbody6++GPU-ML 
(Flammini Dotti et al, submitted)

PRO: we can do everything on a single code
CON: Binary stars+planets and multiplanetary systems still not possible (or poorly 
implemented)

Indirect method: stars made by Nbody6++GPU o Nbody6++GPU-ML and then 
integrate planetary dynamics -> We use Lonely Planets (Cai 2019, Flammini Dotti 
2019, Stock 2020, Benkendorff 2024), LonelyPlanets+ (Wu 2023, Wu et al, submitted) 
and Snipes (Flammini Dotti et al 2023)

PRO: We can do multiplanetary system, even adding debris disk and 
protoplanetary disks.
CON: slow, need external output

Methods for integrating planetary systems and star 
clusters



Computational performance of 
Nbody6++GPU-ML

Orange Lines 128k star cluster

Blue lines 64k star cluster

Total time in NBU = 10

Data by Han 
Solo@NAOC@Beijing

Fraction of ffp compared to stars

128k 
Stars

128k Stars+128k ffp
256k particles

64k 
Stars

64k Stars+64k Ffp
128k particles 

Flammini dotti et al, submitted



Mass segregation and massless objects



Initial conditions



Stellar mass segregation



Stellar mass segregation



Inner regions Lagrangian radii

C12.8k C128k

Inner regions larger massless Lagrangian radii  —  Larger densities reduce the gap, due to large encounter ratio 

Half mass massless Lagrangian radius is smaller after a relaxation time, earlier in denser star clusters



All regions Lagrangian Radii

C12.8k C128k

External regions of massless particles reach stars one after several relaxation times in C12.8k

External regions of massless is reached by the half-mass radii of the stars!



Cumulative distribution of ej. components

C12.8k C128k

Escapers similar in less dense cluster, becomes larger in denser star cluster: the planets are bound to 
the core

   C12.8k, C64k, C128k
Escaper stars: 1736, 3677, 6091; 
Escaper MLPs: 1702, 2982, 4702
% esc stars:     13.56, 5.67, 4.75
% esc MLPs:   13.29,  4.60, 3.62

<vs> = 3.86 km/s and 11.56 km/s              <vffp> = 2.83 km/s and 9.41 km/s



General Conclusions
► The core plays a fundamental role in the earliest phases of star cluster 

evolution. 

► The mass segregation do not impact massless objects evolution, only the core 
evolution does.

► The gravitational pull of the core is important for the massless particles

► Open  and less dense clusters are more likely to eject ffps, denser cluster 
would retain ffps for many relaxation times

Future Outlook:
1) Varying massless energy distribution
2) Use a mass spectrum for massless planets 
3) Million bodies simulations



Thanks for the attention!



Bonus slides!



Stars are in virial 
equilibrium 

Q=0.25, 
Q=0.5,
Q = 0.75 
for mlp

Escaped MLPs %:
59.71 % (17915)
57.27 % (17181)
60.00 % (18001)

Lagrangian radii with different distributions
Ns = 104 ; Nmlp = 3 104

rhm=0.76 pc, 
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Types of encounters

 









Deep-LPS

► Neural-network predicting code

► Orbits are predicted by the code

► Less precise than normal LPS

► Much, much faster (1000 to 100000 times) than LPS

► NOT a N-body code



Cai et al 2015

predictor-corrector scheme 

Nb6++GPU-MPI



Plummer model
Advantages: 
❖ It is easy to model
❖ Various astronomers had 

good result using this 
distribution on star 
clusters

❖ It represent most of the 
star cluster distribution

Disadvantages:
o It is not a good model 

for very big star clusters
o On the long distances 

from the center it loses 
accuracy

o It is bad for little open 
clusters

M = 5000 Msun



We quantify the direction of escape 
using the angular momentum per 
unit mass, h = r ×v

We use the inclination and 
azimuth as i = arccos(hz /|h|) 
with i ∈ [0, 180◦], and the
azimuth, α = arctan(hy /hx), with 
α ∈ [−180◦, 180◦].  90 inclination is 
equator, 0 North pole
and 180 South pole.



Stability of planetary systems  in star clusters
1. Architecture of the planetary system:

a. Mmms  >>  Mothers
b. Interplanet distance
c. P(10 AU) (Fujii 2019) 
d. Distance from the star

2. Star cluster density in the inner regions

3. Encounter Strength:

a. Periastron encounter  <= planet semi major axis
b. Vinf ~ Vorb
c. 1 < eorb < 2



Green dynamical planetary systems, red surviving planets



Neutron Stars
Neutron Stars

<vs> = 3.86 km/s and 11.56 km/s              <vffp> = 2.83 km/s and 9.41 km/s

Ejected components velocities

C12.8k C128k



Curiosity: Terrestrial planets 
survive, most of them are still 
in the Habitable Zone

86.4 %
4.7 %
1.0 %
0.1 %
2.3 %
0.1 %

From Cai 2019, in a Young 
Massive cluster. The survival rate 
of equal-mass planetary systems 
is still high (~ 72 %)



Stability of planetary systems  in star clusters
1. Architecture of the (single) planetary system:

a. P(10 AU) (Fujii 2019) 
b. Distance from the star

(Spurzem 2009 and many others)

2. Star cluster density in the inner regions

3. Encounter Strength (Spurzem 2009, Flammini Dotti 2019):

a. Periastron encounter  <= planet semi major axis
b. Vinf ~ Vorb
c. 1 < eorb < 2

Central IMBH in the 
cluster disrupt more 
planets and ejects more 
planets from the cluster, 
although this effect is 
mostly in the first Myrs 
(Flammini Dotti 2020b)



Black irregular forces, white regular, 
asterisk “reference star”

ai = ai,reg+ai,irr  for Nneigh << Ntot is more effective (Ahmad 
1973)

They are (KS) regularised in a binary, always as secondary 

All of this with a single flag which depends on the mass of the planet (which is always much smaller than 
the stellar mass).



Lumi (Finland) 

Currently benchmarking Nbody6++GPU and the massless 
version 



Ejected stars and massless particles

We quantify the direction of escape using the angular momentum per unit mass, h = r ×v.

We use the inclination and azimuth as i = arccos(hz /|h|) with i ∈ [0, 180◦], and the
azimuth, α = arctan(hy /hx), with α ∈ [−180◦, 180◦].  90 inclination is equator, 0 North pole
and 180 South pole.

Ejection of planets is slightly lower than 
non-rotating models, but nevertheless 
quantifiable



Overall star and planets results

w0 = 0      w0=0.6
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