Simulating Star Clusters
with AMUSE
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Qutline

. The State of Simulations of Star Clusters

. Introduction to AMUSE




State of the Art

® NBodyé6++: N-body + Stellar Evolution
MPI-parallel, GPU-enabled, Collisional

(Aarseth/Spurzem)
o GADGET-2: N-body + SPH
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The AMUSE ldea it

C

Control Script Fortran

User-written for a specific sim
Not locked in to a specific module
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Saence Code appears as a
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What is AMUSE?

® A way to compose new simulations using
existing codes in a modular fashion.

® Standardized interface to different science
~codes
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What does it do!

® Gravitational Dynamics
® BHTree, hermiteO, phiGRAPE, twobody, octgrav
® Stellar Evolution

e SSE, BSE, EV Twin, MESA

° ; drod /namics
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Process Isolation

MPI

Interface <4——p Event Loop

Control Script Object

Primary Process




AMUSE Control Script Example

initial_mass_function = SalpeterIMF()
total_mass, salpeter_masses \
= initial_mass_function.next_set(number_of_stars)

convert_nbody = nbody_system.nbody_to_si(total_mass, 1.0 | units.parsec)

particles = MakePlummerModel(number_of_stars, convert_nbody).result;

gravity = BHTree(convert_nbody)
gravity.initialize_code()
#gravity.parameters.set_defaults()
#print gravity.parameters.timestep.as_quantity_in(units.Myr)
gravity.parameters.timestep = 0.0001 | units.Myr # tiny!
gravity.parameters.epsilon_squared \

= (float(number_of_stars)#k(-0.333333) | units.parsec) *k 2

stellar_evolution = SSE()
stellar_evolution.initialize_module_with_default_parameters()

print "setting masses of the stars"
particles.radius = 0.0 | units.RSun
particles.mass = salpeter_masses

print "initializing the particles"
stellar_evolution.particles.add_particles(particles)
from_stellar_evolution_to_model \

= stellar_evolution.particles.new_channel_to(particles)
from_stellar_evolution_to_model.copy_attributes(["mass"])

. print “centering the particles"

~ particles.move_to_center()

print “scaling particles to viridial equilibrium"
particles.scale_to_standard(convert_nbody)

gravity.particles.add_particles(particles)

from_model_to_gravity = particles.new_channel_to(gravity.particles)
from_gravity_to_model = gravity.particles.new_channel_to(particles)
gravity.commit_particles()

time = 0.0 | units.Myr
particles.savepoint(time)

total_energy_at_t@® = gravity.kinetic_energy + gravity.potential_energy

print "evolving the model until t = " + str(end_time)
while time < end_time:
time += 0.25 | units.Myr

print “gravity evolve step starting"
gravity.evolve_model(time)
print “"gravity evolve step done"

print “"stellar evolution step starting"
stellar_evolution.evolve_model(time)
print "stellar evolution step done"

from_gravity_to_model.copy()
from_stellar_evolution_to_model.copy_attributes(["mass", "radius"]

particles.savepoint(time)
from_model_to_gravity.copy_attributes(["mass"])
total_energy_at_this_time \

= gravity.kinetic_energy + gravity.potential_energy

print_log(time, gravity, particles,
total_energy_at_t@8, total_energy_at_this_time)

. test_results_path = get_path_to_results()
. output_file = os.path.join(test_results_path, "small.hdf5")

if os.path.exists(output_file):
os.remove(output_file)

storage = store.StoreHDF(output_file)

storage.store(particles)

gravity.stop()
stellar_evolution.stop()

plot_particles(particles, name_of_the_figure)



Star Clusters in AMUSE

® Goal: N-body + Stellar Evolution, with
simple tidal cut-off

Collisionless (using softening)




Crt Code Structure
C

Fortran

Control Script
N-body 4"1 Stellar Evolution

Python/MPI Interface Python/MPI Interface

. . e . - s y e 4
Ls o bai~ 54 b Teme, v ¥ I R s ¢ E & vl W, Sl RO N, W 2o <ys s et ) N L,
- RN U FAEs ot Y e e I Rt e P A i B e £ S T Y AR PRt g N R A S R T O RN
T R 1 T8, 0 PR v S g s SRR ey o W R P T B T A Tk N S S R gl B R
oy A ) L 4 = v i “a d SN bt ™. %2 Pl o Sy 4. e % ~ {
t x {3 A Pl di T § t".'\'\ Lot PSP e y e, i e ' e e 1~ _‘.’»\. g S LS R Lol -_?_ LI g ‘.'\l

.




Crt Code Structure

C
Control Script
N-body 4"1 Stellar Evolution

Fortran
Python/MPI Interface Python/MPI Interface

Alessia Gualandri
L] (]
~ David Merritt el s B s Sl
W S et £ Che ‘,.Dv -.-l-,. M P e s opr P an T AR g g YRR T, W i TR B e e e
ans g SR U SRR - i En el Sy e a AR e P LT 7 3 B BT R b o v A A b TP D s e
RGP SRS (B e A e A Bl pelib R S e T T g SN b

|



Crt Code Structure

C
Control Script
N-body 4"1 Stellar Evolution

Fortran
Python/MPI Interface Python/MPI Interface

. . . > > ’ ) N -
< ? e M ey T g % S o A5 AP T PRA TR o TN RN R N L WAV /
p A by o oA A e il S iy g 42 P A " A The PN A A .
\ S S E P IE T RIS Loy (‘_,.,“.?. PR T N e ‘, :,f_ g .3-:.. IR TR Rt Y "‘".-":""-',"c"
e pa s L e g e = ' P i g et e O P LA 2O S N Ly
S anr o SR St h R e ity B e b R = DRl e AR SR R 2 fa s SR A
5 v ¥ o » . n . W et =y g P s DA W R Dy aT e : SRl

|




Crt Code Structure
C

Fortran

Control Script
N-body 4"1 Stellar Evolution

Python/MPI Interface Python/MPI Interface

' ; v .
i y ) W R ST Al 8 57 . . 3 10 e Bale Wy € on 28 .
AR g o A Y it & i s Aprairy b 17010 | N ek Voo o
\ b mE ' - ¢ ':'. 365 a (‘_,.‘“Av, ){\r.. 0 ," . ,‘_'_ K| .. X qu \@"v Al 1\ ¥ 5".“"‘( "‘"'":'V""L".
. L P TN s rp b S P It o A ey el TR RN oy o e G PN g
v’ Al SRR RS SRRl B s T e o AP gl K Ol E R B s S SRS iy S A SR ot AL E
3 . ¥ s » 1 B vy s RS s TR T W PR TR S va L vl ‘ Nt g

|




Python
it Code Structure

C

Fortran «—____Tida] Cut-off
(‘ (‘l Diagnostics

_

GPU




Parameter Space

® Subset of Chernoff & Veinberg
o N =32k
® King Model,W0 = 3 or




Results

8 F (d) (3,2.5.4)
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Performance

Speed-up: ~3 over
A

Typical Run-time:

A 3
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Stellar Evolution Model Comparison

‘ ™ Control Script «‘l

Python/MPI Interface Python/MPI Interface

What if we try different
D E stellar evolution models?



Alternative S.E. Models

® SSE was used already. It fits analytic
formulae to the results of detailed
simulations

e EFT89 (Eggleton, Fitchett & Tout) is similar in
S S aProaCh
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S.E. Model Comparison

Parameters
Mass ¥ WO = 3
| at start | M.F. Slope = -2.5

Family = |




Conclusions

® Our AMUSE runs are in good agreement
with existing work, apart from small
differences due the different stellar
evolution models used, validating the use of

AMUSE as a research tool
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Conclusions

® Specifically, AMUSE allows direct
comparison of the effect of differing stellar
evolution models. The choice of model can
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Future Work

® Collisional N-body dynamics within
AMUSE




The Core AMUSE Team

® Simon Portegies Zwart (Pl)

® |nti Pelupessy (Post-doc)

e

® Arjen van Elteren (Software Architect)



Thanks & Questions

Thanks to:

® (Collaborators Steve McMillan, Enrico
Vesperini, Simon Portegies Zwart




