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Mo7va7on	


•  rela7vis7c	effect	are	relevant	for	next	genera7on	of	
surveys.		


•  Can	we	believe	ray-tracing	results	without	vectors,	
tensors	and	gravita7onal	slip?	


•  Some	effects	(e.g.	backreac7on)	need	GR	simula7on.		
•  Including	rela7vis7c	par7cles	(i.e.	neutrinos)	&	fields	(Dark	


Energy/Modified	Gravity)	appears	also	more	natural	with	
a	rela7vis7c	framework.	







gevolu7on	


	


•  Pure	par7cles-mesh	code.	
•  Solves	Einstein	equa7on	in	


the	weak	field	limit.	
•  Solves	the	geodesic	


equa7on	to	evolve	par7cles.	
•  Uses	a	staggered	leapfrog.	
•  Reduce	equa7ons	to	


modified	Poisson	equa7ons.	
•  Solvers	in	Fourier	Space	
•  Developed	on	top	of	


LATfield2	
	
	
	







LATfield2,	the	gevolu7on	C++	framework	


Gevolu7on	is	wrifen	in	C++	on	top	of	the	LAgield2	library.	(www.LATfield.org)	
	


LATfield2:	
•  Cartesian	sta7c	mesh.	
•  paralleliza7on	(pure	MPI).	
•  Field	opera7ons.	
•  Ghost	cells	management.	
•  Fourier	transforms.	
•  Par7cles	handler.	
•  Output	management	(using	HDF5).	
	
Advantages:	
•  Extreme	versa7lity:	fields	of	C++	classes,	arbitrary	par7cles	proper7es.	
•  Easy	and	intui7ve.	
•  Very	good	scalability:	scale	up	to	100,000	MPI	processes.	
•  Outputs	readable	by	Matlab,	Python,	Mathema7ca,	VisIt	&	Paraview.	
	
Disadvantage:	
•  No	adap7ve	mesh	methods	(moving	mesh	under	development).	


	
	







gevolu7on	weak	field	approxima7on	


•  Beyond	linear	order	vector	and	tensor	coupled	to	scalar:	


	
	


•  metric	perturba4ons	are	supposed	to	remain	small:	keep	them	
only	to	linear	order	


•  density	perturba4ons	will	become	large:	keep	to	all	orders	
•  gradients	of	the	metric	perturba7ons	are	intermediate:	keep	to	


second	order	
	
	


	







gevolu7on	weak	field	approxima7on	discussed in Appendix C.
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particle velocities or momenta, vi, qi introduced in the next section, will be treated fully
relativistically in order to cover both, relativistic and nonrelativistic matter.


3 The particle ensemble


Particles are a possible source for stress-energy perturbations relevant for many applications.
This includes standard Cold Dark Matter (CDM) and baryons, which are non-relativistic
during the nonlinear stage of structure formation, but also relativistic species such as light
neutrinos or Warm Dark Matter (WDM). Newtonian N-body codes are suitable for nonrela-
tivistic particles, since their system of equations relies on the fact that velocities are much
smaller than the speed of light. Nevertheless, simulations with neutrinos or WDM have been
carried out with such codes [28, 29]. Such simulations are often initialized at a time when
most of the particles have become non-relativistic, setting up an initial distribution which
takes into account some aspects of relativistic early evolution. Adhering to our relativistic
approach, we will not make any assumptions about the distribution in momentum space,
allowing for arbitrarily high momenta.


3.1 Relativistic momentum and geodesic equations


To set up our relativistic description we will start with the classical action of a massive
point-particle,
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At linear order in the metric perturbations, the Lagrangean Lp can be written as
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First	result	with	CDM,	power	spectrums	
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First	result	with	Neutrino,	z=0.	


Halos	 Cold	dark	mafer	density	 Neutrino	density	







Moving	to	a	full	GR	n-body/fluid	code	


Ø  Presence	of	growing	mode	in	the	mafer	side	(already	present	at	the	linear	level):	
	


•  can	enhance	numerical	instability	and/or	contaminate	other	modes.	
•  Spoils	the	robustness	test	on	a	FRLW	background.	


	
Ø  Presence	of	constraint	equa7ons	involving	the	mafer	sector.	
	


•  Forbid	to	add	effec7ve	physics:	
•  Usage	of	par7cle-mesh	methods	
•  Addi7onal	astrophysical	effects	(ac7ve	galac7c	nuclei,	supernovae	and	radia7on	


feedbacks,	etc.	)	


	
We	need	a	NR	scheme	which	solves	both	of	those	issues:	


an	unconstrained	scheme	which	does	not	evolve	the	mafer	content	and	is	valid	in	arbitrary	
gauge,	is	it	possible?		


	
Work	in	progress,	first	“results”	coming	soon.	


	
	


Work	in	collabora7on	with	Yves	Dirian		&	Ermis	Mitsou		







Conclusion	


•  Gevolu7on	solves	the	Einstein	equa7on	in	the	weak	field	limit.	
•  Its	approxima7on	scheme	is	well	suited	for	cosmology,	but	s7ll	works	


at	astrophysical	scales.	
•  Code	available	at:	
	


gevolu7on:		hfps://github.com/gevolu7on-code/gevolu7on-1.0	
LATfield2:	hfps://github.com/daverio/LATfield2	


Outlooks	


This	work	was	supported	by	a	grant	from	the	Swiss	Na7onal	
Supercompu7ng	Centre	(CSCS)	under	project	ID	d45		and	d55	


gevolu7on:		f(R)	under	development.	
LATfield2:	Moving	mesh,	hybrid	MPI-openMP,	accelerators.	
Full	GR:	theory	and	testbed	papers	under	prepara7on.	






