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OUTLINE (1ST PART)
Cosmological Simulations of structure formation: the standard case

1. A brief introduction to cosmology

2. Structure formation:
introduction and main concepts

3. Why do we need simulations?

4. The N-body method:
gravity solvers and time integration schemes

5. The N-body code GADGET
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4. The N-body method:
gravity solvers and time integration schemes

5. The N-body code GADGET




OUTLINE (2ND PART)

Cosmological Simulations of structure formation: the non-standard
case

1. Non-standard cosmologies:
Dark Energy, Modified Gravity, Massive neutrinos, Axions, etc...

2. Why do we need simulations
(for non-standard cosmologies)?

3. Modified N-body algorithms:

Dark Energy, Modified Gravity, Massive neutrinos, etc...

4. Accuracy and performance
of non-standard codes

5. Numerical challenges
for non-standard simulations

6. An overview on non-standard
simulations results
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OUTLINE (2ND PART)

Cosmological Simulations of structure formation: the non-standard
case

1. Non-standard cosmologies: =yt N
Dark Energy, Modified Gravity, Massive neutrinos, Axions, etc... Py
Dark Energy

Theory and Observations

2. Why do we need simulations
(for non-standard cosmologies)? \\/\\\_ //

Luca Amendola and Shlnjl Tsuukawa

3. Modified N-body algorithms:

Dark Energy, Modified Gravity, Massive neutrinos, etc...

4. Accuracy and performance
of non-standard codes

5. Numerical challenges 52} Dark Universe
for non—Standard Sim Ulations Journal homepage: www.elsevier.com/locate/agee

Dark Energy simulations

6. An overview on non-standard """~
SimU|atiOnS reSUItS Excelience Quxer Usiverss; Bulamamnsarasse 2, 85748 Carching bei Ménchen, Carmany
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A (very) brief introduction to cosmology
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The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHQELca 26.8%

DE QA 68.3%
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THE STANDARD COSMOLOGICAL MODEL

The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHAV e 26.8%

DE QA 68.3%

Standard ACDM cosmology is based on a series of assumptions:

- Cosmological Principle (homogeneity & isotropy);
- Gaussian and Adiabatic initial conditions;

- Dark Matter is Cold and Collisionless;

- Neutrinos are massless;

- Dark Energy is a Cosmological Constant;

- GR is the complete theory of gravity;
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THE STANDARD COSMOLOGICAL MODEL

The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHAV e 26.8%

DE A A 08.3%

Standard ACDM cosmology is based on a series of assumptions:

- Cosmological Principle (homogeneity & isotropy);
- Gaussian and Adiabatic initial conditions; T Precision ]
- Dark Matter is Cold and Collisionless: |
: CosMOLOGY
- Neutrinos are massless; test the model’s
- Dark Energy is a Cosmological Constant; | i h ‘
- GR is the complete theory of gravity; | assumptions wi (
~1% accuracy |
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Structure formation



LINEAR GROWTH OF DENSITY PERTURBATIONS
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LINEAR GROWTH OF DENSITY PERTURBATIONS

The process of gravitational instabllity is responsible for the
formation of cosmic structures, starting from the primordial density
fluctuations. This process can be altered by Dark Energy.
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LINEAR GROWTH OF DENSITY PERTURBATIONS

The process of gravitational instabllity is responsible for the
formation of cosmic structures, starting from the primordial density
fluctuations. This process can be altered by Dark Energy.

Primordial density field
ZOMB ~ 103, acMB ~ 1073

e TE R
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LINEAR GROWTH OF DENSITY PERTURBATIONS

The process of gravitational instabllity is responsible for the
formation of cosmic structures, starting from the primordial density
fluctuations. This process can be altered by Dark Energy.

Primordial density field Structures in the present-day Universe
ZOMB = 103, acMB ~ 1073 20 =0,a9 =1
S A gravitational o AT
instability
3
e e R R
AT/T =~ dpp/pp ~ 107° (6p/p)tn =~ 1072 (0p/p)obs ~ 1
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LINEAR GROWTH OF DENSITY PERTURBATIONS

The process of gravitational instabllity is responsible for the
formation of cosmic structures, starting from the primordial density
fluctuations. This process can be altered by Dark Energy.

Primordial density field Structures in the present-day Universe
ZOMB = 103, acMB ~ 1073 20 =0,a9 =1
Pt N gravitational " A

instability 4. P
i e 5%25 =0 S
B D+ ~ 103 .

AT/T =~ dpp/pp ~ 107° (6p/p)tn =~ 1072 (0p/p)obs ~ 1

With a cosmological constant Oy + Qp = 1: 04 x a™, m < 1
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LINEAR GROWTH OF DENSITY PERTURBATIONS

The process of gravitational instabllity is responsible for the
formation of cosmic structures, starting from the primordial density
fluctuations. This process can be altered by Dark Energy.

Primordial density field Structures in the present-day Universe
ZOMB = 103, acMB ~ 1073 20 =0,a9 =1
Lo N gravitational F S

instability W e 1
Lab . Thand 0T HE — SHA =0 e S, e
RENSRY & -‘-5.“ .,. S "",‘ 3

AT/T =~ dpp/pp ~ 107° (6p/p)tn =~ 1072 (0p/p)obs ~ 1
With a cosmological constant Oy + Oy = 1: 04 xa™, m < 1

With more complicated Dark Energy models also /{ changes non-
trivially, and additional forces might come to play, so that m < 1
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WHY DO WE NEED
SIMULATIONS?



10
THE NON-LINEAR REGIME OF STRUCTURE FORMATION
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10
THE NON-LINEAR REGIME OF STRUCTURE FORMATION

The evolution of primordial density perturbations can be treated
with a perturbative approach as long as deviations from
homogeneity are SMALL. However...
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THE NON-LINEAR REGIME OF STRUCTURE FORMATION

The evolution of primordial density perturbations can be treated
with a perturbative approach as long as deviations from
homogeneity are SMALL. However...

Primordial density field Structures in the present-day Universe

zomp =~ 10°, acmp ~ 1073 20=0,a0 =1
ERTe gravitational A 1
o instability
At 3
SRl D, ~ 10°
AT/T = dpyp/pp = 107° (0p/p)tn = 1072 ‘ (0p/p)obs = 1‘

10
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THE NON-LINEAR REGIME OF STRUCTURE FORMATION

The evolution of primordial density perturbations can be treated
with a perturbative approach as long as deviations from
homogeneity are SMALL. However...

Primordial density field Structures in the present-day Universe
zomp ~ 10%, acmp ~ 1077 20 =0,a0 =1
P N gravitational " S
instability & 1o
",':: f 4 .. d ': "-“ké 3 2 r.-.‘s
; R RARE 0+ MO — §H25 —0 S
‘ .o‘. é“:.'::' '.,'..~ ..:’1";\( A .' {

D—I— ~ 103

AT/T = opy/py ~ 107° (0p/p)tn ~ 10~2 ‘ (0p/p)obs & 1‘
... we know that in the present Universe density perturbations can
reach large values (§ ~ 1 on scales of ~ 8Mpc and up to § ~ 10°
in the center of galaxy clusters).

The assumption of small perturbations does not hold anymore,
and linearity no longer applies — need of numerical methods

10
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The N-body method



12

COSMOLOGICAL"STMULATIONS " ITN“PILLS

Simulate the formation and evolution of structures in the Universe under the
effect of gravitational instability.

Use particles as fluid elements, assign initial conditions, compute
gravitational force on particles,and evolve the system according to
some assumptions on the physics (cosmology, astrophysical processes, etc...)

Highly non-linear processes when density perturbations exceed unity
(maximum overdensities in the Universe today ~10°)

The gravitational evolution of N particles is a N(N-1)~N? problem! Need to
devise approximated solutions to reduce computational cost (e.g.
Particle-Mesh, Tree, Tree-PM, scale as N logN)

Analyze the simulations outputs through post-processing tools (halo finders,
ray-tracers, mock galaxy catalogues) and compare with observational data
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Cosmological N-body simulations

Integrate the evolution of density perturbations forward in time (starting
from a known initial power spectrum) within a periodic, comoving, and
cosmologically representative box filled with tracer particles

l.
//77e ;
Volker Springel

=SS Max-Planck-Institute for \ .,'
= A s Astrophysics \




z = 48.4 T = 0.05 Gyr

| | Millennium Run
500 kpc Springel et al. 2005




z = 48.4 T = 0.05 Gyr

| | Millennium Run
500 kpc Springel et al. 2005










16
SIMULATIONS ARE PREDICTIVE!

The first observational hint of a DE-dominated Universe came from
the comparison of the APM galaxy survey with N-body simulations
~ 10 years before the detection of acceleration

(Maddox et al. 1990, Efstathiou, Sutherland, Maddox 1990)
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SIMULATIONS ARE PREDICTIVE!

The first observational hint of a DE-dominated Universe came from
the comparison of the APM galaxy survey with N-body simulations
~ 10 years before the detection of acceleration

(Maddox et al. 1990, Efstathiou, Sutherland, Maddox 1990)

The cosmological constant and
cold dark matter

G. Efstathiou, W. J. Sutherland & S. J. Maddox

Department of Physics, University of Oxford, Oxford OX1 3RH, UK

THE cold dark matter (CDM) model'™ for the formation and
distribution of galaxies in a universe with exactly the critical
density is theoretically appealing and has proved to be durable,
but recent work®>® suggests that there is more cosmological struc-
ture on very large scales (/> 10 h™' Mpc, where k is the Hubble
constant H, in units of 100 km s~ Mpc™") than simple versions
of the CDM theory predict. We argue here that the successes of
the CDM theory can be retained and the new observations
accommodated in a spatially flat cosmology in which as much as
80% of the critical density is provided by a positive cosmological
constant, which is dynamically equivalent to endowing the vacuum
with a non-zero energy density. In such a universe, expansion was
dominated by CDM until a recent epoch, but is now governed by
the cosmological constant. As well as explaining large-scale struc-
ture, a cosmological constant can account for the lack of fluctu-
ations in the microwave background and the large number of
certain kinds of object found at high redshift.
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SIMULATIONS ARE PREDICTIVE!

The first observational hint of a DE-dominated Universe came from
the comparison of the APM galaxy survey with N-body simulations
~ 10 years before the detection of acceleration

(Maddox et al. 1990, Efstathiou, Sutherland, Maddox 1990)

The cosmological constant and

cold dark matter T
S simulation of

G. Efstathiou, W. J. Sutherland & S. ). Maddox ! ; QOm=0.2, Or=0.8 “

Department of Physics, Unlversity of Oxford, Oxford OX1 3RH, UK !

THE cold dark matter (CDM) model'™ for the formation and T DATA

distribution of galaxies in a universe with exactly the critical 0.1}
density is theoretically appealing and has proved to be durable, :
but recent work®® suggests that there is more cosmological struc-
ture on very large scales (/> 10 h™' Mpc, where k is the Hubble ’

constant H, in units of 100 km s~ Mpc™") than simple versions - (Om=0.2, Q=0
of the CDM theory predict. We argue here that the successes of 0.01}
the CDM theory can be retained and the new observations ;
accommodated in a spatially flat cosmology in which as much as
80% of the critical density is provided by a positive cosmological
constant, which is dynamically equivalent to endowing the vacuum
with a non-zero energy density. In such a universe, expansion was 103 e sl e
dominated by CDM until a recent epoch, but is now governed by 0.01 ol ! 10
the cosmological constant. As well as explaining large-scale struc- 8 (degrees)

ture, a cosmological constant can account for the lack of fluctu-
ations in the microwave background and the large number of
certain kinds of object found at high redshift.

w(8)
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N-body algorithms: PP, PM, Tree



N-BODY METHOD: THE GRAVITY SOLVER

The N-body method makes use of a finite set of particles to sample the
underlying density field. For a system of N particles:

18
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N-BODY METHOD: THE GRAVITY SOLVER

The N-body method makes use of a finite set of particles to sample the
underlying density field. For a system of N particles:

The acceleration of each particle (i) is dictated by the global
gravitational potential
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N-BODY METHOD: THE GRAVITY SOLVER

The N-body method makes use of a finite set of particles to sample the
underlying density field. For a system of N particles:

The acceleration of each particle (i) is dictated by the global
gravitational potential

X; = —V;D(x;) + Hx,
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N-BODY METHOD: THE GRAVITY SOLVER

The N-body method makes use of a finite set of particles to sample the
underlying density field. For a system of N particles:

The acceleration of each particle (i) is dictated by the global
gravitational potential

X; = —V;D(x;) + Hx,

The gravitational potential is dictated by the (softened) Newtonian
interaction between the /-th particle and the remaining N-1 particles

:_GZ X—XJ —|—€2]
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N-BODY METHOD: THE GRAVITY SOLVER

The N-body method makes use of a finite set of particles to sample the
underlying density field. For a system of N particles:

The acceleration of each particle (i) is dictated by the global
gravitational potential

X; = —V;D(x;) + Hx,

The gravitational potential is dictated by the (softened) Newtonian
interaction between the /-th particle and the remaining N-1 particles

:_GZ X—XJ —|—€2]

The softening € avoids large-angle scattering and the formation of
bound particle pairs (needed for collisionless dynamics)
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N-BODY METHOD: THE GRAVITY SOLVER

The nonlinear regime of structure formation could possibly probe
the largest deviation from ACDM: need of N-body!

Particle-Mesh

19
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N-BODY METHOD: THE GRAVITY SOLVER

The nonlinear regime of structure formation could possibly probe
the largest deviation from ACDM: need of N-body!

Particle-Mesh 1) Assign mass to grid nodes,
- obtain density on the grid @
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N-BODY METHOD: THE GRAVITY SOLVER

The nonlinear regime of structure formation could possibly probe
the largest deviation from ACDM: need of N-body!

Particle-Mesh 1) Assign mass to grid nodes,
- obtain density on the grid @
‘ e o o
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N-BODY METHOD: THE GRAVITY SOLVER

The nonlinear regime of structure formation could possibly probe
the largest deviation from ACDM: need of N-body!

Particle-Mesh 1) Assign mass to grid nodes,
A - Q. - ‘Q . ’Q - - obtain density on the grid @
> ’0: ’0': 0: ‘o
v :0.’..0‘:‘0‘ —

‘... '. ‘. .. .. : .... '. |
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N-BODY METHOD: THE GRAVITY SOLVER

The nonlinear regime of structure formation could possibly probe
the largest deviation from ACDM: need of N-body!

Particle-Mesh

1) Assign mass to grid nodes,
obtain density on the grid @

2) In Fourier space, compute
the gravitational potential with
the Newtonian Green’s
function 1/k2
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N-BODY METHOD: THE GRAVITY SOLVER

The nonlinear regime of structure formation could possibly probe
the largest deviation from ACDM: need of N-body!

Particle-Mesh

1) Assign mass to grid nodes,
obtain density on the grid @

2) In Fourier space, compute
the gravitational potential with
the Newtonian Green’s
function 1/k2

3) Fourier transform back the
potential to real space:
potential on the grid @

19
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N-BODY METHOD: THE GRAVITY SOLVER

The nonlinear regime of structure formation could possibly probe
the largest deviation from ACDM: need of N-body!

Particle-Mesh

> o o o o
N 0 ‘s> ¢ ‘.0
o. 00 ‘" ¢
* | .0' . o . .o.: K
‘o.o " .o o. " : o..o . I

1) Assign mass to grid nodes,
obtain density on the grid @

2) In Fourier space, compute
the gravitational potential with
the Newtonian Green’s
function 1/k2

3) Fourier transform back the
potential to real space:
potential on the grid @

19
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N-BODY METHOD: THE GRAVITY SOLVER

The nonlinear regime of structure formation could possibly probe
the largest deviation from ACDM: need of N-body!

Particle-Mesh

1) Assign mass to grid nodes,
obtain density on the grid @

2) In Fourier space, compute
the gravitational potential with
the Newtonian Green’s
function 1/k2

3) Fourier transform back the
potential to real space:
potential on the grid @

4) Compute the force on
particles by finite differencing
the gravitational potential

19
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N-BODY METHOD: THE GRAVITY SOLVER

Particle-Particle (Tree) = N2 problem (N logN problem)

Compute the direct gravitational
interaction of a TARGET particle with

o |0 oo _| o another particle or a NODE (group of
A . "1 particles)
© . ’ © “ ’ ’ © e

© . :

@ © @ ©

© ® © ® @
. @ . @ ® © ® . @

. @ . @ @
© .. . © .. ) . © . )

. © © ’ © © .
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N-BODY METHOD: THE GRAVITY SOLVER

Particle-Particle (Tree) = N2 problem (N logN problem)

Compute the direct gravitational
interaction of a TARGET particle with

Yo |0 oeoje | o . another particle or a NODE (group of
s *| e - particles)
- s Oa A NODE is just a group of particles that
e * e o o | are far enough (?) so that their
@ . . . .
e o o ol o gravitational potential is well (?)
e [, ® - » | approximated by its monopole: a single
o a *elee, |®e particle in the center of mass, carrying
* le * o » o thetotal mass of the node
@ .. o ® .. ) o @ . ’
o O @ ’ O ® o
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Particle-Particle (Tree) = N2 problem (N logN problem)

Compute the direct gravitational
interaction of a TARGET particle with

Yo |0 oeoje | o . another particle or a NODE (group of
s *| e - particles)
- s Oa A NODE is just a group of particles that
e * e o o | are far enough (?) so that their
@ . . . .
e o o ol o gravitational potential is well (?)
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o O @ ’ O ® o
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N-BODY METHOD: THE GRAVITY SOLVER

Particle-Particle (Tree) = N2 problem (N logN problem)

Compute the direct gravitational
interaction of a TARGET particle with

Yo |0 oeoje | o another particle or a NODE (group of
, o L. “| particles)
- s Oa A NODE is just a group of particles that
© a o .
o o a o are far enough (?) so that their
@ . . . .
e o o ol o gravitational potential is well (?)
e [, ® - » | approximated by its monopole: a single
o a *eo oo, |% particle in the center of mass, carrying
* e * |eo «| the total mass of the node
@ O O .K/ o \0
o0 o ® © o ® @
o O @ ’ O ® o
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N-BODY METHOD: THE GRAVITY SOLVER

Particle-Particle (Tree) = N2 problem (N logN problem)

Compute the direct gravitational
interaction of a TARGET particle with

Yo |o oe|le | o another particle or a NODE (group of
T L. “| particles)
- s Oa A NODE is just a group of particles that
© a o .
o o a o are far enough (?) so that their
@ . . . .
e o o ol o gravitational potential is well (?)
e [, ® - » | approximated by its monopole: a single
o a *eo oo, |% particle in the center of mass, carrying
* e * |eo «| the total mass of the node
@ O O OK/ o \.
o0 o ® © o ® @
o O @ ’ O ® o
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N-BODY METHOD: THE GRAVITY SOLVER

Particle-Particle (Tree) = N2 problem (N logN problem)

] . . ‘. Q‘ C. ® ® ’
o : @ ‘ .K:%\‘.‘

Compute the direct gravitational
interaction of a TARGET particle with
another particle or a NODE (group of
particles)

A NODE is just a group of particles that
are far enough (?) so that their
gravitational potential is well (?)
approximated by its monopole: a single
particle in the center of mass, carrying
the total mass of the node

1) Compute the mass and the position of
the node pseudo-particle

MARCO BALDI - HPC METHODS FOR CFD AND ASTROPHYSICS - CINECA, 15 XI 2017



20

N-BODY METHOD: THE GRAVITY SOLVER

Particle-Particle (Tree) = N2 problem (N logN problem)

Compute the direct gravitational
interaction of a TARGET particle with

Yo |o oe|le | o another particle or a NODE (group of
@ .
s ©*|® 05\ - particles)
- N o le A NODE is just a group of particles that

e * e o o | are far enough (?) so that their

* | o7 | o\ ol o gravitational potential is well (?)

e [, ® .\ » | approximated by its monopole: a single
* o] *elee, N particle in the center of mass, carrying

* e * |eo «| the total mass of the node

@ o o K/ . \. .y

n " 1) Compute the mass and the position of

'y .' '. * ’ .' . | the node pseudo-particle

2) Compute the particle-node
gravitational interaction
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N=-BODY-METHOD: THE TIME“ INTEGRATION

Once the force (hence the acceleration) on each particle is known, the
system has to be moved forward in time (positions and velocities)

In
Fe B odde .1 & X; = =V ®(x;) = f(xi)
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N=-BODY-METHOD: THE TIME“ INTEGRATION

Once the force (hence the acceleration) on each particle is known, the
system has to be moved forward in time (positions and velocities)

th + At )
T T - X; = —Vi®(x;) = f(x)
o ool 7", Several possible time integration
. . - 5 schemes (Euler, Runge-Kutta, mid-
v B o v 2P a point), the most widely used is the
. ’ e o © © * LEAPFROG:
o @ i o At .
. h - . o °® U’ﬂ,—'—% p— ’U,n —l— f(w,n/)? KICk
@ 2 ® 2 o 2 @ At
a o . o © : . CEn—l—l — Ln -+ ’Un_|_% 7 Drift
':. .. B .. ®l o ’ © At .
o Unt1 = Un+% —+ f(afn_|_1)7 Kick
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How to add hydrodynamics: the SPH method

Credit: all slides with a black background are a

courtesy of my PhD student




SPH implementation

0(7r)




SPH implementation

{71,0;} o)




SPH implementation

0;

Vo,

—

0;
j P

0(7r)

j &




The N-body code GADGET



28

GADGET IN PILLS

GADGET is a parallel N-body SPH code based on a TreePM algorithm
that is widely used in the community:

GADGET1 (Springel,Yoshida, White, 2001) 806 citations

GADGET2 (Springel 2005) 2376 citations

GADGET3 (not public)

GADGET4 (coming soon?)
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GADGET IN PILLS

GADGET is a parallel N-body SPH code based on a TreePM algorithm
that is widely used in the community:

GADGET1 (Springel,Yoshida, White, 2001) 806 citations

GADGET2 (Springel 2005) 2376 citations

GADGET3 (not public)

GADGET4 (coming soon?)

What does TreePM mean?
The gravitational potential is split into a long-range part and a short-
range part, which are computed with PM and Tree respectlvely

6 ,
107

Sprmgel (2005)

¢k _ Short _|_ ¢long 10°
28 = oy exp(—k?r?) —> PM o

" = o [1 = exp(—K'r)| —> Tree

| .
10 1 1 IIIIIIII 1 \‘I IlIIIII

0.001 0.010 0.100
r/L
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GADGET IN PILLS

Language: ANSI-C
Parallelization: MP1 (pthreads, hybrid MPI/OpenMP)
Domain decomposition: space-filling Peano-Hilbert curve

Domains are obtained by cutting the
Peano-Hilbert curve into segments

I _ '—l = L b ke [“;' b i ;.::‘:f.b.':.:‘:.
|- 1% FY Y Y YN YV YN YNV YYY
' .—1 [ 7. . )
J  —

EeiE=a

-~ Tree on Process 3

C

e
{

a8
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Scalability: tested up to 8192 cores with MPI implementation

GADGET IN PILLS

tested up to 12000 cores with hybrid MPI/OpenMP

60

50

40

Speedup = T(32)/T(N¢py)
W
o

jOINRRERRN

‘HHH\H‘\HHHH‘\HHHH‘H\HHH‘HHH\H

“
\ \

GADGET-3 (Standard)
C-GADGET

H\HHH‘HHH\H‘\HHHH‘\HHHH‘\HHHH‘HHH\H

0

500

1000

NCPU

1500

2000

2500
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ACCURACY OF N-BODY SIMULATIONS
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ACCURACY OF N-BODY SIMULATIONS

Code comparison: Euclid “calibration” simulations

Codes: Ramses, Pkdgrav3, and Gadget3

Parameters: 1 Gpc/h, 20483 (M_=10°Msun/h ) :ZZ S 3.8 ;_:'////
0.97F — Pkdgrav3 :
v All codes agree within 1% up to k=1 h/Mpc o e LS e /
(forall z), and ~3 % up to k=10 h/Mpc (z<1) ¢ %[ 27 - L //
% 1.00| |
v Box-size L> 500 h/Mpc is required for 1% S i e
accuracy in the P(k) £ 103}
é 1.00
v Particle mass must be at least 10° h/Msun 5 0.97}
for 1% accurate power up to k=10 h/Mpc. 103[
[ or 8x10%° h/Msun, for k<1 h/Mpc] 1 00
D.97L
v" Higher-order Lagrangian displacements 4
required for ICs (2LPT) k [h/Mpc]

Schneider et al. arXiv: 1503.05920
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Non-standard cosmologies



= — = N = = =
- S R A e e eE e mec—— = — e x

o 1 € 2\ I )= 1
- y -1

- e Qs

N B Y | T - e = Y «
s B | -l = > T s pmem
= = P— X Qo -— =

The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHQELca 26.8%

DE QA 68.3%

MARCO BALDI ~
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THE STANDARD COSMOLOGICAL MODEL

The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHAV e 26.8%

DE QA 68.3%

Standard ACDM cosmology is based on a series of assumptions:

- Cosmological Principle (homogeneity & isotropy);
- Gaussian and Adiabatic initial conditions;

- Dark Matter is Cold and Collisionless;

- Neutrinos are massless;

- Dark Energy is a Cosmological Constant;

- GR is the complete theory of gravity;

MARCO BALDI - HPC METHODS FOR CFD AND ASTROPHYSICS - CINECA, 15 XI 2017
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The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHQELca 26.8%

DE QA 68.3%

Standard ACDM cosmology is based on a series of assumptions:

- Dark Energy is a Cosmological Constant;
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NON-STANDARD MODELS: DARK ENERGY FIELDS

DE is not a cosmological constant but a dynamical d.o.f. with
perturbations and interactions (e.g. to CDM or massive neutrinos)
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NON-STANDARD MODELS: DARK ENERGY FIELDS

DE is not a cosmological constant but a dynamical d.o.f. with
perturbations and interactions (e.g. to CDM or massive neutrinos)

Background:
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NON-STANDARD MODELS: DARK ENERGY FIELDS

DE is not a cosmological constant but a dynamical d.o.f. with
perturbations and interactions (e.g. to CDM or massive neutrinos)

Background:

H\’ 4 “1+w(ad)
(E) :QM@ —|—(1—QM)eXp (—3/1 ” da’)

Structure formation:
V2<I>g = —4nG (5/0M‘|‘5,0¢)
i=—V0,—28(d)e ™"V + B(d)dT 0pp X 0
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NON-STANDARD MODELS: DARK ENERGY FIELDS

DE is not a cosmological constant but a dynamical d.o.f. with
perturbations and interactions (e.g. to CDM or massive neutrinos)

Background:

H\’ 4 “1+w(ad)
(E) :QM& —|—(1—QM)eXp (—3/1 ” da’)

Structure formation:
V2<I>g = —4nG (5/0M‘|‘5,0¢)
i=—V0,—28(d)e ™"V + B(d)dT 0pp X 0

Field equations:
V26 = ‘jlg (56) + 4G B(D)pas

if we assume a non-
universal interaction that
V209 ~ B(¢)opm = 09 = B(0) D, —

leaves baryons uncoupled
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NON-STANDARD MODELS: DARK ENERGY FIELDS

[MB, V. PETTORINO, G. ROBBERS, V. SPRINGEL, MNRAS 403 (2010)]

Interacting DE: two families of particles with independent couplings
i) = —VON—-2BIVD, — 28152V Dot 3100
—VON 285V, — 28,8V,

a2

Different phenomenology for
different types of coupled
particles and strength of
coupling
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NON-STANDARD MODELS: DARK ENERGY FIELDS

[MB, V. PETTORINO, G. ROBBERS, V. SPRINGEL, MNRAS 403 (2010)]

Interacting DE: two families of particles with independent couplings
i) = —VON—-2BIVD, — 28152V Dot 3100
iy = —VON—285VDy — 28,8,V

Different phenomenology for
different types of coupled
particles and strength of
coupling

COUPLED COUPLED
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NON-STANDARD MODELS: DARK ENERGY FIELDS

[MB, V. PETTORINO, G. ROBBERS, V. SPRINGEL, MNRAS 403 (2010)]

case 1: CDM is coupled, baryons are uncoupled

1 = —VON—28;V, +B1 6T

&<

&<
&<

&

o @ b

m(¢) m(o) Just a cartoon!
Not a quantum theory!

COUPLED UNCOUPLED
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NON-STANDARD MODELS: DARK ENERGY FIELDS

[MB, V. PETTORINO, G. ROBBERS, V. SPRINGEL, MNRAS 403 (2010)]

case 2: CDM and baryons are uncoupled, neutrinos are coupled

1 = —VON—28;V, +B1 6T

X
% 12
Brod
/ ) ),
‘ 61 ¢771 ‘ 5(’
m(¢) m(o) Just a cartoon!

Not a quantum theory!

COUPLED UNCOUPLED
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NON-STANDARD MODELS: DARK ENERGY FIELDS

[MB, V. PETTORINO, G. ROBBERS, V. SPRINGEL, MNRAS 403 (2010)]

case 3:a CDM doublet with opposite coupling constants
1 = —VON—28VD — 28152V Pa+ 3100
iy = —VON—285VDy — 28,8,V

X+ X+
>___i_5__q5_ < REPULSIVE!
X+ X+ X+ X —

>@.1.?.2?_¢<
X X— .
X+

- N\ By S X
‘4@7: ‘ ~ > ........ ¢ <

m(¢) m(¢) yaa

COUPLED COUPLED Not a quantum theory!
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TESTING THE ASSUMPTIONS OF THE SM

The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHAV e 26.8%

DE QA 68.3%

Standard ACDM cosmology is based on a series of assumptions:

- Cosmological Principle;

- Gaussian and Adiabatic initial conditions;
- Dark Matter is Cold and Collisionless;

- Neutrinos are massless;

- Dark Energy is a Cosmological Constant;
- GR is the complete theory of gravity;
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TESTING THE ASSUMPTIONS OF THE SM

The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHAV e 26.8%

DE QA 68.3%

Standard ACDM cosmology is based on a series of assumptions:

- GR is the complete theory of gravity;

40

MARCO BALDI - HPC METHODS FOR CFD AND ASTROPHYSICS - CINECA, 15 XI 2017



41
NON-STANDARD MODELS: MODIFIED GRAVITY

Gravity does not follow GR at large scales: R — R + f(R)
GR recovered in our local environment (screening mechanism)
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NON-STANDARD MODELS: MODIFIED GRAVITY

Gravity does not follow GR at large scales: R — R + f(R)
GR recovered in our local environment (screening mechanism)

Background: can be fixed to maich ACDM (Hu & Sawicki 2007)
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NON-STANDARD MODELS: MODIFIED GRAVITY

Gravity does not follow GR at large scales: R — R + f(R)
GR recovered in our local environment (screening mechanism)

Background: can be fixed to maich ACDM (Hu & Sawicki 2007)
Field equations:

1
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NON-STANDARD MODELS: MODIFIED GRAVITY

Gravity does not follow GR at large scales: R — R + f(R)
GR recovered in our local environment (screening mechanism)

Background: can be fixed to match ACDM (Hu & Sawicki 2007)

Field equations: Can be solved with an iterative NGS

1 . . .
2 _ . relaxation scheme on an AMR grid obtained
\ f R = 2 (5R 87TG5'0 ) from the Gadget gravitational tree

adaptive mesh from sparse tree adaptive mesh from full tree
® |e _ﬂ'.' L L . o. 0 ‘:o o. * .ii_ °
0.. - .. e [ t.l.... - .; e ol ©
o n-l ’.J P ° o ) I._ o h_
3 !l.].-. | o ._.I ° o . ° :_EE. °| o ._4_ ® MG—GADGET
Io ® : :.‘ : o] o :.ol. .E .o ® : : I:‘. o o :..ol. I:o PUChWein5 MB!
e | OET R ] TP T e ) Springel 2013
[ ,‘J ._d . [ (X ¥ ® o ‘:q
[ ] 1. Y - .. ° ... .. 0. 1. ® o .r. [ ] [ ]
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NON-STANDARD MODELS: MODIFIED GRAVITY

Gravity does not follow GR at large scales: R — R + f(R)
GR recovered in our local environment (screening mechanism)

Background: can be fixed to maich ACDM (Hu & Sawicki 2007)

Field equations:
1
2 _
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NON-STANDARD MODELS: MODIFIED GRAVITY

Gravity does not follow GR at large scales: R — R + f(R)
GR recovered in our local environment (screening mechanism)

Background: can be fixed to maich ACDM (Hu & Sawicki 2007)

universal interaction: need
to have large fluctuations of

] ] the field, fully non-linear
Field equations: field equation

1
Vfr = @(53 — 81G6p)
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NON-STANDARD "MODELS: MODIFIED " GRAVITY

Gravity does not follow GR at large scales: R — R + f(R)
GR recovered in our local environment (screening mechanism)

Background: can be fixed to match ACDM (Hu & Sawicki 2007)

universal interaction: need
to have large fluctuations of

] ] the field, fully non-linear
Field equations: field equation

1
Vfr = @(53 — 81G6p)

requires iterative
numerical methods

adaptive mesh from full tree

A R
1 R |
L el e

SRR |i
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NON-STANDARD MODELS: MODIFIED " GRAVITY

Gravity does not follow GR at large scales: R — R + f(R)
GR recovered in our local environment (screening mechanism)

Background: can be fixed to match ACDM (Hu & Sawicki 2007)

universal interaction: need
to have large fluctuations of
] ] the field, fully non-linear
Field equations: field equation
1 requires iterative
V2 fr = 55 (6R — 87Gép) |
C

numerical methods

adaptive mesh from full tree

NSNS EDON:'E
Structure formation: + lk;gclsr N
167G 1 _ HL St R
VQCI): 5o — SR <« EANNEE AR 1T
3 P 6 ’ . .... ..‘:.hl_..'i
AR INERE
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TESTING THE ASSUMPTIONS OF THE SM

The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHAV e 26.8%

DE QA 68.3%

Standard ACDM cosmology is based on a series of assumptions:

- Cosmological Principle;

- Gaussian and Adiabatic initial conditions;
- Dark Matter is Cold and Collisionless;

- Neutrinos are massless;

- Dark Energy is a Cosmological Constant;
- GR is the complete theory of gravity;
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The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHQELca 26.8%

DE QA 68.3%

Standard ACDM cosmology is based on a series of assumptions:

- Neutrinos are massless:
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NON-STANDARD MODELS: MASSIVE NEUTRINOS
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NON-STANDARD MODELS: MASSIVE NEUTRINOS

* Neutrino oscillations allow to measure mass differences of
different mass eigenstates: Am7, = 7.5 x 107° |Am3;| = 2.3 x 107°
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NON-STANDARD MODELS: MASSIVE NEUTRINOS

* Neutrino oscillations allow to measure mass differences of
different mass eigenstates: Am7, = 7.5 x 107° |Am3;| = 2.3 x 107°
Zimyi

 Cosmic neutrino density related to m, via: Q, =
4 93.14h2%eV

* Lower bounds (used to) come from oscillations: ¥;m,, > 0.056eV

* Upper bounds (used to) come from cosmology: ¥;m, <0.3eV

Y
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NON=STANDARD MODELS: MASSIVE NEUTRINOS

* Neutrino oscillations allow to measure mass differences of

different mass eigenstates: Am7, = 7.5 x 107° |Am3;| = 2.3 x 107°
23y,

93.14h%eV

* Cosmic neutrino density related to m, via: Q, =

* Lower bounds (used to) come from oscillations: ¥;m,, > 0.056eV

* Upper bounds (used to) come from cosmology: ¥;m, <0.3eV

Y

* Apparently, there is now also a ~30 detection of Neutrino
masses from cosmology!! (BOSS collaboration, arXiv:1403.4599)

* New best bounds come from cosmology: ¥;m,, = (0.35+0.1)eV
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NON=STANDARD MODELS: MASSIVE NEUTRINOS

* Neutrino oscillations allow to measure mass differences of
different mass eigenstates: Am7, = 7.5 x 107° |Am3;| = 2.3 x 107°
Eimyi

 Cosmic neutrino density related to m, via: Q, =
4 93.14h2%eV

* Lower bounds (used to) come from oscillations: ¥;m,, > 0.056eV

* Upper bounds (used to) come from cosmology: ¥;m, <0.3eV

Y

* Apparently, there is now also a ~30 detection of Neutrino
masses from cosmology!! (BOSS collaboration, arXiv:1403.4599)

* New best bounds come from cosmology: ¥;m,, = (0.35+0.1)eV

* Thermal velocities obey a Fermi-Dirac distribution with mean:

eV H(z) 1 my, h
Oen ~ 160(1 + 2) My, (%) Hy (1+ 2)% eV Mpc
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NON=STANDARD MODELS: MASSIVE NEUTRINOS

10!

m, =03eV
m, =0.53 eV

09} .
S | Free streaming
s I A \ N NGRS i suppresses structure
 08F at small scales

07l —___pbMm .. T

| | Castorina et al. 2016

H(z) 1 my, h

kes(2) = 0.82
(2) Hy (14 2)% eV Mpc

45
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TESTING THE ASSUMPTIONS OF THE SM

The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHAV e 26.8%

DE QA 68.3%

Standard ACDM cosmology is based on a series of assumptions:

- Cosmological Principle;

- Gaussian and Adiabatic initial conditions;
- Dark Matter is Cold and Collisionless;

- Neutrinos are massless;

- Dark Energy is a Cosmological Constant;
- GR is the complete theory of gravity;
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The Universe after Planck:
6 parameters to fit all data

(), = 0.049 Qcpm = 0.265
Qp =0.6844 05 = 0.831
ns =0.9645 7 =0.079

IEHQELca 26.8%

DE QA 68.3%

Standard ACDM cosmology is based on a series of assumptions:

- Dark Matter is Cold and Collisionless;
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From Schrodinger to Navier-Stokes

he

lh atl/; — Vzlp

2m



From Schrodinger to Navier-Stokes

he

lh atl/; — Vzl/J

2m

P(#,t) = /Nmp(# t) e 0 =—Ve



From Schrodinger to Navier-Stokes

he

. A= Vz

ih 0: Y - Y

L . o\ hft (V% /p
6tv+(v-l7)v—2m2\7( 7 )



From Schrodinger to Navier-Stokes

KINETIC




From Schrodinger to Navier-Stokes

KINETIC SELF-INTERACTION




Non-standard cosmological simulations
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NUMERICAL-TOOLS"FOR " NON=STANDARD "STMULATIONS
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NUMERICAL-TOOLS"FOR " NON=STANDARD "STMULATIONS

Dark Energy models
(no screening)

Modified Gravity models
(with screening)

Primordial Running
non-Gaussianity

Massive neutrinos

Axion Dark Matter
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NUMERICAL-TOOLS"FOR " NON=STANDARD "STMULATIONS

Dark Energy models

. » C-GADGET MB et al. 2010
(no screening)

Modified Gravity models Puchwein, MB,

(with screening) > MG-GADGET Springel 2013

Primordial Running Wagner et al.
non-Gaussianity > PNGRUN 2010-2012

. . Viel, Haehnel,

Massive neutrinos > NU-GADGET Springel 2010

Axion Dark Matter > AX~-GADGET Nori & Baldiin

prep.
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FROM INFLATION O GALAXIES... HOW?

-
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WHY DO WE NEED
SIMULATIONS FOR NON-
STANDARD COSMOLOGIES?
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INTERACTING DE:BREAK DEGENERACIES
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INTERACTING DE:BREAK DEGENERACIES

Lensing power spectrum extracted from N-body simulations
with a ray-tracing technlque (Pace, MB, et al. 2014)

16 ———rrrr————
1.4 —\___/

= 12}

)

<

al

T

G

O 08} -
06 | EXP003 _
- | ~ ACDM, 63=0.967 ——

100 1000 10000

/
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INTERACTING DE: BREAK DEGENERACIES
Lensing power spectrum extracted from N-body simulations
with a ray-tracing technlque (Pace, MB, et al. 2014)

1 6 1 rrrrrj

S
(-
O
<
a
S
T 08 .
0.6 - EXPOO3 ™,
- ~ ACDM, 65=0.967 ——— "~
SR ETT] T N * degeneracy
100 1000 10000 With standara
ACDM
€ parameters
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INTERACTING DE:BREAK DEGENERACIES

Lensing power spectrum extracted from N-body simulations
with a ray-tracing technique (Pace, MB, et al. 2014)
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INTERACTING DE:BREAK DEGENERACIES

Lensing power spectrum extracted from N-body simulations
with a ray-tracing technique (Pace, MB, et al. 2014)
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MODIFIED GRAVITY: CAPTURE THE SCREENING
Non-Chameleon

| I—10 | |—10 |

_ without
§ full non-linear
§ screening

zhao et al. 2011
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MODIFIED GRAVITY: CAPTURE THE SCREENING
Full Simulation

| with
§ full non-linear
§ screening

i

] R RS SR DN V. < S S I A——._ |

Zhao et al. 2011
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MASSIVE-NEUTRINOS T CORRECTLY"PREDICT FEATURES

my =0.17:0.3; 0.53 eV

0.1 I 10 0.1 l 10

k [h Mpc™'] k [h Mpc™!
[Courtesy C. Carbone] o ]

[see also Bird, Viel & Haehnelt 2012]

Nonlinear suppression of the matter P(k) ~15% larger than linear
predictions at k~1-2 h/Mpc (critical range of scales for WL surveys)
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AXTON-DM:-CORRECTLY PREDICT FEATURES
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Main numerical implementations



Dark Energy



N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Mesh (for interacting DE)

63

MARCO BALDI - HPC METHODS FOR CFD AND ASTROPHYSICS - CINECA, 15 XI 2017



63
N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Mesh (for interacting DE)
|) Assign mass to grid nodes for one

‘e e o o o species only, obtain density on the grid @
®
o \/ s | ® * |,
N
® . “ ¢ . ®
® Q. ® @
. ® @ o @
® ® ® ® @
] ® @
a o . 2 o .‘ @ ® o .
o @ @ ©
oe . o o ® ¢ ® ¢
¢ ® @ ® ® .

MARCO BALDI - HPC METHODS FOR CFD AND ASTROPHYSICS - CINECA, 15 XI 2017



63
N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Mesh (for interacting DE)
|) Assign mass to grid nodes for one
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Particle-Mesh (for interacting DE)

|) Assign mass to grid nodes for one
species only, obtain density on the grid @
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Mesh (for interacting DE)

|) Assign mass to grid nodes for one
species only, obtain density on the grid @

2) In Fourier space, compute the
gravitational potential with the
appropriate Green'’s function (1/k2 or
something else)
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Mesh (for interacting DE)

- - - - o A§S|gn mass to.grld nc?des for one
o o ool o, * _ species only, obtain density on the grid @
s " |° o o 2) In Fourier space, compute the
. . . . . . .
@ | @ @ ¥  gravitational potential with the
@ [ ) O . ’ .
« ® o " . e ° appropriate Green’s function (1/k? or
a ° something else)
® o © ]
' g ° .. © ¢ a ¢ - 3) Fourier transform back the potential to
* o] ®elee, [®oe real space: potential on the grid @
¢ O ¢ ® ®
- - - - -
@ @ @ @
o9 ¢ e o ¢ ® ¢
o ® ® ¢ ® ® .
- - - - -
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Mesh (for interacting DE)

‘. v - v e ) A§S|gn mass to.grld nc?des for one
o o ool o, * _ species only, obtain density on the grid @
e " | ° o o 2) In Fourier space, compute the
. . . . . . .
- - - - ®  gravitational potential with the
@ [ ) O . ’ .
e ® o ° . s ° appropljlate Green’s function (I/k2 or
a ® something else)
® ] © ]
T o ‘. ° 4 a 4 o . 3) Fourier transform back the potential to
* o Telee, (e real space: potential on the grid @
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Mesh (for interacting DE)
- - v - @ !)Assign mass to grid nodes for one

‘e e o o ¢ species only, obtain density on the grid @
P a2l e L . 2) In Fourier space, compute the
> - - &  gravitational potential with the
a ‘e ‘. e ® appropriate Green'’s function (1/k? or
a . @ A something else)
T ° .. © - a v ® - 3) Fourier transform back the potential to
_JE R * o real space: potential on the grid @
®
v ’ o ’ Nt 9°- % 4) Compute the PARTIAL force on
o e |eo o[ * o particles by finite differencing the
s | o0 " ol ® gravitational potential
® ¢ @
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Mesh (for interacting DE)

|) Assign mass to grid nodes for one
" ° ‘o ° o‘o ? ° ? s)eciesgonl obtai§ density on the grid @
® ® s P ),’ y g
o P a2l e L . 2) In Fourier space, compute the
- - - ®  gravitational potential with the
.« ® "a q§ ® |, ¢ appropriate Green’s function (1/k2or
a . @ . . .. something else)
T ° .. © - a v ® - 3) Fourier transform back the potential to
* o] ®elee, |"e real space: potential on the grid @
v ’ o ’ Nt ‘: % 4) Compute the PARTIAL force on
e ® |o © © particles by finite differencing the
e I oo | ® o0 '. gravitational potential
- e ‘o * @& @ For instance, for a Yukawa potential:
e """ 1
V(R) x = G(k) o< :
r k< +m
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Mesh (for interacting DE)

|) Assign mass to grid nodes for one

2) In Fourier space, compute the

gravitational potential with the
appropriate Green'’s function (1/k2 or
something else)

For instance, for a Yukawa potential:

—mr

species only, obtain density on the grid @

3) Fourier transform back the potential to
real space: potential on the grid @

4) Compute the PARTIAL force on
particles by finite differencing the

gravitational potential

1

V(R) — G(k)

k2_|_m2
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Mesh (for interacting DE)
|) Assign mass to grid nodes for one

“ e o o o o o species only, obtain density on the grid @
@
¢ | o sl ® * |4 2) In Fourier space, compute the
gravitational potential with the
a o & T [T, ® appropriate Green’s function (l/k? or
a ° . something else)
® o o o
e |, o a ® 3) Fourier transform back the potential to
e | * .. 0 * o real space: potential on the grid @
@
i L - — 4) Compute the PARTIAL force on
e o (o o * oo particles by finite differencing the
.o I oo |,¥ el '. gravitational potential
S — - For instance, for a Yukawa potential:
e """ 1
V(R) x = G(k) o< 5
r k< +m
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Mesh (for interacting DE)

v - - - - |) Assign mass to grid nodes for one
species only, obtain density on the grid @

2) In Fourier space, compute the
gravitational potential with the
appropriate Green'’s function (1/k2 or
something else)

3) Fourier transform back the potential to
real space: potential on the grid @

4) Compute the PARTIAL force on
particles by finite differencing the
gravitational potential

For instance, for a Yukawa potential:
e "' 1
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V(R) & —— = G(k) x 75—
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Particle (Tree) for interacting DE
Compute the direct gravitational

“ e e oo o interaction of a TARGET particle with
s 1| a . another particle or a NODE (group of
: o | * % 1o . particles)
O o o
® Q. .. | . ° o
L o O @
o o @ - o
. a @ . .' @ .‘ o ® . o .
- - - O
soe * o o0 a ¢ o *
. e o ° o
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gravitational forces for dark matter and baryons:
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Compute the direct gravitational
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Particle (Tree) for interacting DE
Compute the direct gravitational

interaction of a TARGET particle with
another particle or a NODE (group of
particles)

|) Compute the direct force for each
pair of particles according to their mutual

gravitational law

65
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY
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gravitational forces for dark matter and baryons:
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Compute the direct gravitational
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Particle (Tree) for interacting DE

Compute the direct gravitational
interaction of a TARGET particle with
another particle or a NODE (group of
particles)

|) Compute the direct force for each
pair of particles according to their mutual
gravitational law

2) Compute the mass and the position of
the two node pseudo-particles for the
two species separately

3) Compute the two particle-node
gravitational interactions for the two
pseudo particles
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N-BODY ALGORITHMS FOR INTERACTING DARK ENERGY

In interacting DE the coupling determines two different
gravitational forces for dark matter and baryons:

Particle-Particle (Tree) for interacting DE

Iﬂ.‘. !

Compute the direct gravitational
interaction of a TARGET particle with
another particle or a NODE (group of
particles)

|) Compute the direct force for each
pair of particles according to their mutual
gravitational law

2) Compute the mass and the position of
the two node pseudo-particles for the
two species separately

3) Compute the two particle-node
gravitational interactions for the two
pseudo particles
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Modified Gravity



67/
N-BODY ALGORITHMS FOR MODIFIED GRAVITY: f(R)

The mG-cADGET code (Puchwein, MB, Springel 2013) is a new
tool for cosmological N-body simulations in Modified Gravity
cosmologies, and the only one implemented on a TreePM code
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tool for cosmological N-body simulations in Modified Gravity
cosmologies, and the only one implemented on a TreePM code

* Implemented models: f(R) gravity
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N-BODY ALGORITHMS FOR MODIFIED GRAVITY: f(R)

The mG-cADGET code (Puchwein, MB, Springel 2013) is a new
tool for cosmological N-body simulations in Modified Gravity
cosmologies, and the only one implemented on a TreePM code

* Implemented models: f(R) gravity

1
» The field equation V°fp = —— (0R — 87Gop) is discretized
In position space 3¢
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The mG-cADGET code (Puchwein, MB, Springel 2013) is a new
tool for cosmological N-body simulations in Modified Gravity
cosmologies, and the only one implemented on a TreePM code

* Implemented models: f(R) gravity

1
» The field equation V°fp = —— (0R — 87Gop) is discretized
In position space 3¢

* Equation solved using the iterative Newton-Gauss-Seid|
relaxation scheme
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The mG-cADGET code (Puchwein, MB, Springel 2013) is a new
tool for cosmological N-body simulations in Modified Gravity
cosmologies, and the only one implemented on a TreePM code

* Implemented models: f(R) gravity

1
» The field equation V°fp = —— (0R — 87Gop) is discretized
In position space 3¢

* Equation solved using the iterative Newton-Gauss-Seid|
relaxation scheme

* The tree nodes are used as the cells of an adaptive mesh
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N-BODY ALGORITHMS FOR MODIFIED GRAVITY: f(R)

The mG-cADGET code (Puchwein, MB, Springel 2013) is a new

tool for cosmological N-body simulations in Modified Gravity
cosmolog .
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1 ' .
relaxatiol Barnes & Hut 1986

* The tree nodes are used as the cells of an adaptive mesh
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tool for cosmological N-body simulations in Modified Gravity
cosmologies, and the only one implemented on a TreePM code

* Implemented models: f(R) gravity
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N-BODY ALGORITHMS FOR MODIFIED GRAVITY: f(R)

The mG-cADGET code (Puchwein, MB, Springel 2013) is a new
tool for cosmological N-body simulations in Modified Gravity
cosmologies, and the only one implemented on a TreePM code

* Implemented models: f(R) gravity

1
» The field equation V°fp = —— (0R — 87Gop) is discretized
In position space 3¢

* Equation solved using the iterative Newton-Gauss-Seid|
relaxation scheme

* The tree nodes are used as the cells of an adaptive mesh

* Employs multi-grid acceleration to achieve faster convergence
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N-BODY ALGORITHMS FOR MODIFIED GRAVITY: f(R)

The mG-cADGET code (Puchwein, MB, Springel 2013) is a new
tool for cosmological N-body simulations in Modified Gravity
cosmologies, and the only one implemented on a TreePM code

* Once fgr is known, 0 R(fr) is also known, and the Poisson

equation e .
-
op— =-0R
3 P76

V2P =
can be solved using the standard Gadget TreePM algorithm by:

i) associate an effective particle mass Mgsr to the density
perturbations 0 R

ii) Apply the standard TreePM integration to the particles
with mass m + mgsp
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Massive Neutrinos



70

MASSIVE"NEUTRINOS TN GADGET

Massive neutrinos have been included in N-body codes by

different groups (see e.g. Brandbyge et al. 2008, Viel et al 2010,
Woagner et al. 2012)

Two possible approaches
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MASSIVE"NEUTRINOS TN GADGET

Massive neutrinos have been included in N-body codes by
different groups (see e.g. Brandbyge et al. 2008, Viel et al 2010,
Woagner et al. 2012)

Two possible approaches

Grid-based: the neutrino gravitational potential is computed on a
grid and used to correct the CDM particles evolution (Brandbyge

& Hannestad 2009,Viel et al. 2010)
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MASSIVE"NEUTRINOS TN GADGET

Massive neutrinos have been included in N-body codes by
different groups (see e.g. Brandbyge et al. 2008, Viel et al 2010,
Woagner et al. 2012)

Two possible approaches

Grid-based: the neutrino gravitational potential is computed on a

grid and used to correct the CDM particles evolution (Brandbyge
& Hannestad 2009,Viel et al. 2010)

Particle-based: neutrinos are treated as a separate family of
particles with a FD thermal velocity distribution (VWhite et al

1983, Brandbyge et al. 2008,Viel et al. 201 0)
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MASSIVE"NEUTRINOS TN GADGET

Massive neutrinos have been included in N-body codes by
different groups (see e.g. Brandbyge et al. 2008, Viel et al 2010,
Woagner et al. 2012)

Two possible approaches

Grid-based: the neutrino gravitational potential is computed on a
grid and used to correct the CDM particles evolution (Brandbyge

& Hannestad 2009,Viel et al. 2010)

Particle-based: neutrinos are treated as a separate family of
particles with a FD thermal velocity distribution (VWhite et al

We adopt the latter method (more accurate in the non-linear
regime, see e.g. Bird et al 2012)
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SPH implementation

—— analytical

m 1 VW y [\ numerical
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SPH implementation
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SPH implementation

—— analytical
numerical

S L (V2P
rQ="V | .
/p Gaussian overdensity p o« ¢ + exp(—x?2/202)



SPH implementation

—— analytical
numerical

.—I'u_'
O
Q.
=
Q
S~

S
>

VD
/p Gaussian overdensity p o« ¢ + exp(—x?2/202)



SPH implementation

—— analytical
/\ numerical




ARE NON-STANDARD
CODES RELIABLE?Y
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COMPARING CODES ACCURACY
N-body codes for non-standard models seem to be mature for
accurate simulations. One example: comparison of MG codes

(Winther et al. arXiv:1506.06384):

Modified Gravity N-body Code Comparison Project

Hans A. Winther!, Fabian Schmidt?, Alexandre Barreira>*, Christian Arnold”®, Sownak
Bose?, Claudio Llinares®’, Marco Baldi®”!, Bridget Falck'', Wojciech A. Hellwing™!?,
Kazuya Koyama'!, Baojiu Li’, David F. Mota’, Ewald Puchwein'?, Robert Smith? and

Gong-Bo Zhao!*!!

' Astrophysics, University of Oxford, DWB, Keble Road, Oxford, OX1 3RH, UK

> Max-Planck-Institute for Astrophysics, D-85748 Garching, Germany

3 Institute for Computational Cosmology, Department of Physics, Durham University, Durham DHI 3LE, U.K.

4 Institute for Particle Physics Phenomenology, Department of Physics, Durham University, Durham DHI 3LE, UK.

> Institute for Theoretical Physics, Heidelberg University, Philosophenweg 16, 69120 Heidelberg, Germany

®Heidelberg Institute for Theoretical Studies, Schloss-Wolfsbrunnenweg 35, 69118 Heidelberg, Germany

T Institute of Theoretical Astrophysics, University of Oslo, PO Box 1029 Blindern, 0315 Oslo, Norway

8 Dipartimento di Fisica e Astronomia, Alma Mater Studiorum Universita di Bologna, viale Berti Pichat, 6/2, I-40127 Bologna, Italy
YINAF - Osservatorio Astronomico di Bologna, via Ranzani 1, 1-40127 Bologna, Italy

OINEN - Sezione di Bologna, viale Berti Pichat 6/2, 1-40127 Bologna, Italy

W Institute of Cosmology & Gravitation, University of Portsmouth, Dennis Sciama Building, Portsmouth, PO1 3FX, United Kingdom
'3[nt('r(li.s'(‘iplinaij\‘ Centre for Mathematical and Computational Modeling (ICM), University of Warsaw, ul. Pawiriskiego 5a, Warsaw, Poland
3 Institute of Astronomy and Kavli Institute for Cosmology, University of Cambridge, Madingley Road, Cambridge CB3 OHA, UK

'4National Astronomy Observatories, Chinese Academy of Science, Beijing, 100012, P.R.China
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COMPARING CODES ACCURACY
N-body codes for non-standard models seem to be mature for
accurate simulations. One example: comparison of MG codes
(Winther et al. arXiv:1506.06384):
fm=10  fre=107
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COMPARING CODES ACCURACY

N-body codes for non-standard models seem to be mature for
accurate simulations. One example: comparison of MG codes
(Winther et al. arXiv:1506.06384):

frRo=107"
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relative
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COMPARING CODES ACCURACY

N-body codes for non-standard models seem to be mature for
accurate simulations. One example: comparison of MG codes
(Winther et al. arXiv:1506.06384):

0.30 _Jr= 0> _ Im= 0"
0.20r — jzé:gECOSMOG |
0.20| e el Found a good
2 o1l Y relative
<
< ol accuracy also
< in the halo
| abundance
0.00 .
~_| (though with a
—0.05 o _
0.04f slightly larger
0.02F
o 0.00] > scatter)
—0.02} 11
1013 1014 1013 1014
M (Ms/h) M (Ma/h)

MARCO BALDI - HPC METHODS FOR CFD AND ASTROPHYSICS - CINECA, 15 XI 2017



FOCUSING ON
CODE PERFORMANCES
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MG=-G"PERFORMANCET"ALGORITHMOVERHEAD
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C~-GADGET & MG-GADGET SCALING
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c-GADGET tested on 6656 cores @ MareNostrum (Barcelona)
MG-GADGET tested on 8192 cores @ SuperMuc (LRZ)
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MEMORY-REQSTC-GADGET VS " MG-GADGET

Memory allocation
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AX~G"PERFORMANCE: ALGORITHM OVERHEAD
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Results of non-standard cosmological simulations
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http://www.marcobaldi.it/CoDECS
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COMPARING LSS -AND HALO PROPERTIES IN-CODECS
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COMPARING LSS AND HALO PROPERTIES IN CODECS

EXP003

ACDM

SUGRAO003
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CODECS RESULTS
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CoDECS

COUPLED DARK ENERGY COSMOLOGICAL SIMULATIONS
(data publicly available at www.marcobaldi.it/ CoDECS)
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COUPLED DARK ENERGY COSMOLOGICAL SIMULATIONS

(data publicly available at www.marcobaldi.it/ CoDECS)

Abundance of high z Spin alignment of galaxy
massive clusters pairs in interacting DE
MB (2012), Lee (2012)

Harrison & Coles (20I2)

-» VWL tomography

Abundance of Giocoli, MB et al. (2015)

bullet-like systems &
Lee & MB (2012)

CMB lensing in interacting
DE models

z-space distortions € —————__ Carbone, MB et al. (2013)

Marulli, MB et al. (2012)

WL ray tracing / £

Pace, MB et al. (2014) / e \
WL forecasts for DES and |

Euclid in interacting DE c-M relation in

Beynon, MB, et al. (2012) interacting DE cosmologies
Cui, MB, et al. (2012)

Halo formation history in
interacting DE cosmologies
Giocoli, MB, et al. (2013)

BAO dynamical footprints of DE
interactions

Vera et al. (arXiv:1212.0853)

High-order statistics as a
J¥ signature of Dark Energy
Moresco, MB et al. (2014)
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CoDECS

COUPLED DARK ENERGY COSMOLOGICAL SIMULATIONS
(data publicly available at www.marcobaldi.it/ CoDECS)
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THE CODECS PROJECT: RESULTS SO FAR...

The abundance of high-z massive clusters: MB 2012

Are high-z massive clusters in tension with ACDM?
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THE CODECS PROJECT: RESULTS SO FAR...

The abundance of high-z massive clusters: MB 2012

Are high-z massive clusters in tension with ACDM?
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THE CODECS PROJECT: RESULTS SO FAR...

The abundance of high-z massive clusters: MB 2012

Are high-z massive clusters in tension with ACDM?
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THE CODECS PROJECT: RESULTS SO FAR...

The abundance of high-z massive clusters: MB 2012

Are high-z massive clusters in tension with ACDM?
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THE CODECS PROJECT: RESULTS SO FAR...

The abundance of high-z massive clusters: MB 2012

Are high-z massive clusters in tension with ACDM?
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THE CODECS PROJECT: RESULTS SO FAR...

Infall velocity of colliding bullet-like clusters, LEE & MB 2012

|s the bullet cluster in tension with ACDM?
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THE CODECS PROJECT: RESULTS SO FAR...

Infall velocity of colliding bullet-like clusters, LEE & MB 2012

|s the bullet cluster in tension with ACDM?

Colliding galaxy clusters with
comparable mass, high infall
velocity, and low impact
parameter are expected to be
very rare in ACDM (Lee &
Komatsu 2010)
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THE CODECS PROJECT: RESULTS SO FAR...

Infall velocity of colliding bullet-like clusters, LEE & MB 2012

|s the bullet cluster in tension with ACDM?
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HALO STRUCTURAL PROPERTIES IN CDE

Breaking the c-Os
degeneracy for some
specific cDE realizations

| | | | | |
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HALO STRUCTURAL

Breaking the c-Os
degeneracy for some
specific cDE realizations
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PROPERTIES IN CDE

Substructure abundance
discriminates among
different cDE models
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CARBONE ET AL.,2013,
nisotropies ARXIV:1305.0829
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nisotropies ARXIV:1305.0829
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CMB LENSING IN INTERACTING DARK ENERGY
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CARBONE, MB, ET AL., 2013

Different
cDE models
produce a
different
lensing signal
on the CMB

MARCO BALDI - HPC METHODS FOR CFD AND ASTROPHYSICS - CINECA, 15 XI 2017



'
~
/
-
\
'

NN

A

PANNNYI N L P P NIV 223NNV NN
s |\
N

03

¢ 000

~
'V 7 -

\

\

\

/
SN=s s
LR

S S

N R R L N |
~

70 -]
VS -
s\
LIRS

\NAVNm

~

oo I PR B O ol P el |
VS0 A5 VN

SRR AENNY NN VAN
RN ANAN NNV AN

NNV Z2Z7 0.0 L0008 72

NNV /7 r

, -
\ !:
R N
SN
;-
=N

N
R R R R

ZZ2NNAN VYV VAN

-
/
#
-

TV L LN I

T o B A DAL R Bl IR RN B IR |
CPV V0 NN

SANAENANEANNVANNS Sz 2 0 70800 ESNEBMIND CPACNNNYNNNNY I \N~=2270 820270 00 VAN
LAt AU R B T |
/

SR
PAXMNDI INZ 20707
'\ =
v
-~

LN A NN NS
NAP NN PN

R N A

SN NN
-
-
/s

SN ANV NN Y
-

N
=N s s 70NV
NSNSz /7 072NN NN

EE A 0 T S R T T T T T L

NN -
NS SN VNN NS

[ L SSs S
-
SN s

~
VAN NSNS Ny

NVNAVANNASAAN ey
LR T T

NN NN

~
”

00 F.N =\ \

.
=% 0.0 AN NSSY 0 AY Livh

~
~

s r s s sNN\N 7 s —--
7N
St sV . —;

sZs N

;-
~

v

N\ N
LA
-

~
PEN
-

Vi 2FPR N
Nt s

LA A T S T L I R T b T T L T T T T T A
~
= A NNANNVAN=V 2Ny

s /7 NN\
VA AV Ass N\ N=vvrv»

-

P

. -

L A A
SNt s 2NNV AVANANANANNNANN N e s

L

LY

~
SNV Pmn

s\NAN/Z NNy

A N N I I N IR NN NN Y

SNANNAN VN
~

00 T T O I T W
N AN AL LN VNS

N
-
Vo
Vs -
L |
\

ALV ANTT VR AN

VAV NNV .
T L G BB B
L B R P R LR
N A NN
L L LRGSR |
AV LT N N S )

NANN LY,

|
.
| N
ASAMANN I ZANN SN I M = NNy ==

2205 VAUV =

A NVANNALY VNS
L TR T B B N

;-
-

~
SAANNTP PN 7N~

SNZZ VISV 22
NNSNNNL NN S S\

N Ll A\

LI
AR

\

\NSs\N V20V V7722V

VIV Y YN A s S S
~
L T T W T W T Y

VAN
Sl NN AN RS W A58 VAN

-
LNV OIRN 1.0\

VL2 27072\ ) )N
-
LW BT e B
=sNANNINP VNV VNS,
U ALEANS X VAR

AN R T |

/

ANV P LN NNV \N\Neirr

LA T T T L R T T W I T B

SV B RENEN

NP AN,

Y NNe2l V) P
.

VANV,

NNV ANN

U A A I S BN

~
NANUENNWFLNN S
~

SN
-

~

L L BN
NN
~

\

282N &SIAN FANNNVIPANN
~

=l YN, eV PZENNN

SSNSNSSSNSN=s RNy
0N PN ) AR

NAYV Y L Z
SANNINNNV V220NV 27 =S SS AN ONSNAANNANSNSZ I NN E PP INNNIZANDNIANNNN,

NN

S sNNAVY
Ntz N/
NS N
ZFANNNAYNSANANVANANNN NS
L o BN
NN/ 70 7

=N W
AANSS AN 2N VAN AN

S S T B L T T W WL T IO |
Ss\\A\N=--=-

~
~

AN SNANSNANNS AN VAN
.
NN N

=\NANZ NN

P N T e
“\\N /-
AN ==
s~
$ /7=~
LTS
N
RSN
NN

SANNN = SN
\\\III\\\\\\\\’//l\\\\\\lﬂl\\‘\\\

NNV ANNEANY

---
- -

N

SZ PO N MW INMNNN A PN YNV AN AN AT N

-
-
~

o b B8 0 P L e A e B S Y S

SO A NN

S SN ASNAVANNY PN

NVLAALNA-
CSASSNNNSAANANANNAASA N NN AN VIV NNV e N AN NNV 0N

SR NEN
~
R
A A
Crd e s )2 NNSEN PN ATNNYLANERDN

S TN SN
.-
-
SN

/

\

SR NN AN
NS SN NN AN

SNNAY
SENNVNANNANANAN N 220 UNNNN AN N2V SN AN
~

.~
~
L W Y
~
;-
LU SN NN
LI}
L N I ]

LR T T W WL T TN

NS -
~
VANV ERSNSAVLANYY Y

~

VSNS /N s == N a N

NN AN
S N}
(LT TR

SNV

AT A A N

s 2 P INSNT N7
4 '

-~
~
~ N\

AL T U UL I L O T S W T I L L B I W

NSNS =NV NIPN-
NSNANSS AN .
SESASNNANAVAAN NN NN
MANSANANNSSANANNANNANSN=eY 770N

AT T T S U N U WL L I I W T N

~
N -

SNALAVZ20VANN AN AN AN NANNPINN NN NT P INNI VY V2,
SNXANNNWENZ 2N NN 2 700NN 075NN NNIP 0PN ANNZ 72NN NN

AT T T T L I T T T U U

~
Ve

PN NN VAN S AN LA S SN 2NN NS

B VAN NSANS 20 AN YVNVN 2V NN 2\
AP IRANASS T L IR A ANN NN
s bV NSH NN NANSNSATT NN NY

L EL PN TNTD V=P s s

L N )
s 270NN

A ST VNS SN
.

~
L R NN T W |

RN

~
~ 7/
~
~

~
\

)

NANANSZ VNNV NN -

/AN

~
. J

NNV rrr~
S

~

R A WA, N,
~
~

-\
o o o, 30 O G
\
R T

~
-

~

LI R A A S0 T W U WL I T T T I O R N
SN = AN = SNNANANNSNANNN NN NP V127272 = AN NN NN NN NI = P NNNNN L L 25NN PP AL L 2NN NN NN NNy

P ESIEANIANI I NN g\

[
S N

LSRN

.

-

SRR

-V /s

LSRN

LN

AN NN

TNV URAN IS

SANNAY NN
S N

4 s n NN NS NN

SAESAANZN I NNSNINANANNNN =200 00 23NNV L NN SNSRI ENN RNV NS s 2NN NN NN

s NSy

-n NNy
VAT
Y
RN

Y

- - %N
- F b AN -
~
AR T T T N U N N
SN
~
N
. a s
.-
R T T T N T U
~

NVt N ) )r

Vs s
bR NP Vs ey sa'e

.

A O W T T T L T U N N

S AN LN

L T T T T L T N L |

NS\ -
Fr AN -
VAN / 2~

A P AN NN NN AN

=0 WYL AN NPT N
NN

s kNN
.
-0
L T T T L T N N T T
~
. -

43IV LSSV

o 20 IS R [ B |
[N A A A N B B A B A
SN s NNV

NNV ANANANN 22 200Nl PN N NN NN NN IS
TR e R

~

~

NNV NVNANNANNNVN NS e V20 VNS a2l g Y AN NN VAN N = — -

LA R S B B R B L B 9 B T N0 W N
s\

NN N
LA
L
NN RS

~

-N 3 s\ N
P
t\\\\\\\\\lllll»/

ASZ NN 72NN
O L T T T T R O O O O

SANN/ZN VAN

WA NN 7 AN N

L L T
SANSANNN N

~
L T T}
AN N NN
N7s7 775N VP AVNNANANAN-
~

cr b NV LN

SSENNANNNIZNDPININ NN IS
~
\
VNS
.-

.
PPV N I RY B B NN

P A B A N
LN B N U
NNy
LAY RS

-
\
~
~

TSR NS NN NN \iw e s

S S BRI B N )
P s 7NN

s r /NN

N7 7070
L I A T ]

~
~

AN ANAAANANS 2N AN

S BTN
PN AL I A 4
-

-~
~

SAENNS AN S AANNNANNNN YA

v
.

N\

NN

P AP |
(N

~
[

AL L T T T T T T R T T A N A R

SNSs AN

LA
L
LA}

SNNAS NNV SN

AEAY AN VAN VAN
= WLV NV N

NtV /- -
VR N 72 0. 28N 8 S AN RN
NN e Lo

LU A

s 70ty

~
~

L Te S h T e A L L B el

s\

SN s -

St/

L T T R A L T N |
7NN

-

\
-

i B By L R A |
\\/I\\\\\I\\~\III\llI'II’-'A\\\\\l\\I'IIII\\\\ll\II\\\\\\\I\"\\\\\\\*li\\\\ll

PO 7725 NN7 L) VN7 s s

eNIV I 70NN

A /e s s NS NN
NrtrasN NN
UL

AT
IR
V3~
- N
Y
.
”
L
LA}
~ \

~
-
~
\

A SN (]

/

(RO 3% /3 )
19 % ¢
~
\

'

/

-
s\ -
- . -
P )

-

[ r 0 SR B |

L T B )
Ns st s S NSNS

L T T I
~

s

~\NAVY

AV AN IANNKNY=mvyrzrse V22000 N\

SNV ANV ANANANN VN A=y

L I B IR R

’
.
A NNNZ A
F AT N B
& %
N,
le
SN=s s
KNSV Ve
wEranth o N A=A Y
b S W L N L T WL T L B |
A S N W L T A L B T R W
VNNEV AN
SENNANN VAN AN
c V70070

-

sl VN7
-

SNNANN VAN

L

5
1:/
L T S A T

~

ANN SN AN

NN LA
SR SNNS AL AN
~ZP 0PNy
ANNZ 0P NN
s\

r S e S

R

-
S W L L B |
.. s

P80, 00 0% 0N NN NVN

-

-~

SNSSsN=s 0000

=2 s NN AN
=SSN SNNANNYAVANY
" 0 R L L DL B R L |
R EE ST P RN A

~

SNNANN=s SN

7N\
s/ Vs NINNILLD
-4 b7 NN\
SNAV AV AN
o S T WL B e LB I |

-
.

e

N\

- s
NENS= P AN LN
-n s

-n NN -

.

Se /00NN
) s -

..

\

POO8

SN

- -

NN

LA}

-~

NE S S NN

/

-

Ne=wnan
Ns=rs s NN
—— sl 72N )
NN 2=

-

NN -

~
-

NSNS AN\NNs s
S
A T T W
R SENEN
s\
MR T
-l sl -
VS -
SN
N
-
-\ 3
-4
. -
;-
. -
<~ s r s
-
-’
VAN~
Al
LI T
NANANANNNZ2 Y-
REACN A S =
=l

-~
N

NV ZR P INNANZ I ANNNNANNNNY ”

SUENE NN
N\
NNV VAN

VA
SANS AN

V2N ANNYAN N

-

NSAN P PP ENNSTEZY NN NN
-

~
-
VW20 0NN 22NN A0 VN LY 2NN
00NNl NI ANNNNANI 2NN PN NN A 2N NN NN NI
~

s NNV ANV

' SN2 P 2
AN
YR NNT L=

.0 AT
\\Nez s ) NN/

ZETAIRSNN I L NNASSEN NNV
NV e

SR

-7\
(]
NN N

-

L I |

ScyANANNP PPN NN
s\N/

s~

~

NAVAANNANNNANSN=Fprr AN
~

LU T R T B

N TN\

LI A A A B

PPN,
\\II\\\\l\~~~\\\\\\tll/llt-\\\\\\\\\l\‘l\\\\\\\\tll\\\\Il\lll/’*\\\\\\\\\\\l

S TA A B RR SIS

P B SN Y

-

LN N T, R

.~

YS N RNLEY N
~

-

NN

O 9 NN NN A

sass/ 7
NN

~

o B N NAS NN N PR RN N R R S
~

=880 NVNANN
NP AN NANANNNNNZ e

NP ANANANANANNZ PN INNNN B \NNTI N

ss VNP N
SNANNs s s NN ANSNSANANNIUININI NNV
~
b ol AF TR N T K &
SSSNNANVAMNNSA

~

|
PN NSNS

I A B P AL
srNNNNr )

.\
~
SSNAVNPL RN,
/
VA= s

|
/ SNV VAN
sANSAN AN

P 72ANNNANN

~

AL L T TR N I R L L B B |

L A I T T B N
N -

LASSASWENRNNABYTFOUNISNLVRAVNAN I SN2V NV Z20 (>
-N/

N
=N SN NS

LA T T T TR T R L I T T W N I A

FEVANSAL LN s I NP )

R NNV NN AN
LI W L I I B A

RA-RER0 .0 s 00

/

PANNN Y VP zos ANV NN NN Y

-

NN

SN RN AN N LS

FAUADE AN NNY
FENANAANANANANANANNSNSAEZNNN PP ININNDLP NN NN »

CARU A L T T T N

SN AN

~

SNV

AAN AV VAN NN NN
~

~

~

[

~
PR\
N

~

20 BV AN NS 290 NI xS

SAN 22NN RN

S0

~
~

NN
~
~

SASNSANANYIN T INANNL N

b T th A R YR A B B AL

NN NNUN SR Ao N Y
AR DA TN R O B A

shAZVV AN

S ANIANNNY) ==
~
s
L}
N s
NNV NS

SANSNNANI NN

N VA EN LSS

A N T B S R W |

NSNN SN NN

w1 v B Vel T R L M T
NN -

.~

~ NN\

L)
SNAVAVNNYNANSNSSN NN N PP LY,

AN

SANANAVAVAAN NN 72/

A B
~
21 VNN NN

SN
s\

SN NN AR N AN SNBSS Y e
~

PANZ P ENNN LN ENNZINNNNNN e

Ss NNV ANY
~
SSsNANSNYANN-

LI L I T
0. 7.2 22 =SSN EA VSN AANSASKNNYNT 2 000NN QALY 2SS NN NN T

'

N/

F7NN 17N
SANNANNVANS I ANV e AV N

AN NN

NN
NN
~
.-
L
Sesss VNN NANNY Yy

SNANAN AN NV s NN

SANN SNV NP ENAN

NN ANY

HPC METHODS FOR CFD AND ASTROPHYSICS - CINECA, 15 XI 2017

PV Z &0 ) V. A YN NAE Y 4. VN2 AN VAN

LSRN

~

SN
SN N NN
ooy A
R

~
NN NSRRI AEST R Y N
~
~
~

SANNNAE VAN
N R

o S TR N N N N L L N

NN NN
N\ -
~
N -
.~ .
~
T

22ANN2INANNN I NN 2=
-~

AT A A A B N B N B }
R

NS

.

NN

- ~

~

L U W L U
ANSS NSNS VNN

LIRS

- s as

P

AR}

~
~

~
-

R L0 A NN AN 0N R ONELN VLU Y Ay

s/ 0NN ANI VI INEZZNIENN

=N N ASA LN 2NN NN

N
~
NV AN
~
'
SN
-
~
~

4

VAANNNANANANANANN S =r 0 20NN INN SNz 2NN PNV 772080V NNV AN 72NNy

SR AR ASN AN NN

s
o

SN NEN
SN\ -
SR

WEAK LENSING TOMOGRAPHY IN CDE

s 7N
LR B8 T |

NS s s
s/ e NIV NV I g\NNN=) “

N SN WAL 0NN P

AR

r TN

~
FrAN\Nr s

S N T T I T T S T A N N LN

&0 NV L ANV
~
~

..
N
~
~

~

B AL 2L el o

AT
LR L N N WA
~

~
~

-

~
S 0 D B S

s 7~ NNA\AN\)
AV A BV N B NN

Ss\-
NS2Z7 00 0P NNSS AV PPNV VAN

S S
R T T TN NN
SAESSASNENSNYAN

A AT AT A A A SR B 0 N B U T WL TN I T W N

SN
SR
RN

SN

T NV NR LV AWNAR N RS R AN LN
~

4 l.s 72 P50 &=\ A
ST N T T TR N NN

LA

.

SANANNNANNNSSS=a0 0 07220 V'S0 0D

AR TR T U T N T e T
S AN NS AN

-

-

SANSNA NN AN NN P P NN INANNN=Z s 2 NN NNANNANN I PPN NS =N L2 N AN

TANANANNNYNNN N - -

U T B
sNNVY

LA NAA ST IR 7
~

/

-

LR B LA N
R N T T
~

. a s
~
SNV VNN

-

AAVNANAMANANNNNSS s s /SN NN
.

NNSAVANANANYP P L A
SAS AN VNN

ZNNS S ANV LAY e

=8NS\

~
BN R AR R NN

SN s
A T W N S Y

-
NN AN NN RSN VNN

-
t»~ /7 \\

s 2Py -
AT

~

§0 AN e NN S & mi |

NSNS PN VRS
ANANZ2 NN IANNSN L VLN LY ”

£ VA VAN VRV NN R e
AR SRR AR TR

\N--
~

~

S NANNA S
VAN SOSNNA N

~
.

FENNSNL N INNSSZ VN IS

ZANANYSA L AN SYS SN NN

FANNNI NN NS
SNNSN P Ne N

~

~
NN N
.

P RN A
v

- '

h N

.- ”~

PANSANNAANANSANNZZ 000 AN AN AN ANANANN N7 NN

5 AN N WL AT, \ .
~

LR
- TR T

Ses s VNS
A
/
-

/’

o Mgl A R AT e
xte AL ) >
oy

N\

VISNSSNZr S P VI rrr

/!

-
~

NN ZNZ 000 e NN SN s\

s 7NN VNV N
NZ 7z sV
VAN ANANNRLANNNY S 7’
FANNSANNSISANNNNNSNNYS S s -
L S L T T
NNV AN
.
[ R ENEN

BN V- N A
~
<
~

SSS/Z 0NN AWDN
~

~
N/

 UXNANT ANVEANNVY AN =
-
-
T
~

o
[9]
O
N
L
4
=
Ll
m
>
]
O
O
O
©)
\
)
=
<
(V)
-
()
|
)
O
|
-]
O
(V)
)
cC
()
0
=
g
e
Nt
2
00
=
@)
(g}
.
NI
&
a'd

\N”
~
- NN\ -

\

MARCO BALDI

“\ N
LR T L RN
Ss N\

ANPANNANNANNANNSNS I NN 20272022 =mNANNAS LN D L2 AN LN 25NN N PN e sANNANANNN A v NN
l’\\\\\\\\\\\\llllI_’\II”"\\\\\\\\\\I’\\\\\\\\l\

L A A e A

Vs 7000

NN NNSNSer 700000
ter NN ENLL YL
\ANS V2 rrrr st -

PN
R RN

-
-

A 00 0, 070N NN

~

-~

-
B N U N
f rgrre=NN 1




V-
) -
h !
L)
\
)
\
s

\}
/ /
= s BINZ AN ESSNAN AT

~

~

\ )
L

/

/ \
A L

SNe v
-

.t
Iy E

Ii

Vo
-/
’

=Yy

N2 N7

-\

AN ANNS T AN

bl A 725NN

G

AR TR SR N N M)
”

0

-7 0/
\
'
/

0
\ \

NN}
R TN

I Y |

-\
VA
r
. ’
“ U
!
.~
ERENEN
VP as Ny SN
.
~
(B
-

SANANTVT P EN T ST
SASNNAVANANNI e

(AT 0 U TR W N N Y
~

.
-~
NAANNTENT ANV BV AN
- -
”

-
-

~
SAZH NPy
L

4

]

|

’

Nt NN NN

~
T I L

L

SEANK AN N PR AN
N
-

FANNSENNN PINNNI L~ s v st @l /2= NSNS NANANN sm e a2 P RZRNNANNNYANN AN A AN s

(RS
. A TR AR A
S
A
N SN
~
L)
NN
-
-

~ s NANELD NNV AN

FF L F - =N
—r = SN

P
-

. %
SRR
-
s v
N
N
L/~ NP -
.
R
ry o

”

-
S AN A s -

- M AN

’ -
b TR
s b A
’

A ZFNN =N
> NN

AN=Z AT AN LN NA VAN

’

t 70

-

.
’

v’

,

/
PV VI B P S S A I

“=N=LINIANNS 2/ 7N\

N == XNV INETrNINNIN NN AN Anr ) 7

-y
ST AR N AN
’
, s
s\
L B
V==
NN
N ]
L T T
AN S
.
ZAANNINANN I s N
PN I/ Ve Py
\ -
P NI

WA NS 7y
VPN NNV

\

‘

N
NISS N Fe2 /00
rae
s A

P = SN

L
[
LA

NVANNSN I 2 n
’

R
L T
Ss\NNVNESNN 7 rs
.\

L

L R B B

P AN N ===

NNV
ANNAN VAN 7 -
\

SHESSANNAMZIZIINVARAANAN

AN
L RN AR

UMY AN s /N -
\

A
SAANSNNIZI VSN

-\

-~

N -

Cs\NES SNV VN N==7 -
-2

\

=NV
N=sANI PN LN A sy

€9

NP NI NN
s\ -
s A

~

Ve P LNVN LN ANSS 7=\

SSNNYSINNS r=SNr Ny

V£ =N\

\
NS

e
PN

5
-_— N - -
-~
sAUN VAN
<

N=sz LN
- - -

~

\

N ANN 2 e s N NN N

N —sr ) -
”

!
N/

\eh b2
e T T At i N S L B

i ) R I R i S
-
\

’
o e
I/ E=-axs N

NP sS

Vs N2rs

’

)

~

N A
ASASSNNYSNNNANY -

NN

NN

ot B |

AR A B O R

-4 ¢!
‘--""’/”}"”;’-I\IvIt/t,
PPN
>-\\//-\\\\lllf//\\l\\\w.‘\,.--...--.\\\\.--,,,L_\,/,,,.,,..N-\\‘\\-\\\\\/\-\\\\
'
e
PRI E NS R Tt S S
e -
NN
LY by~

=ANANNANNZANAN PN
- = AN NN

i N NNN SN JF N NN =Y

LR I I S

S=AENASANAS AN N AN

L2

\V2 ..
LA A A
SN A N
V72NN 250N
~
.~

O Tt e T 2 T R R T T T e B S I T S N SR BRSNS S, o

\l\I\\I\"\li/’\\/\\\_I)\\\l\\lll./\l\\l\\\

e W N )

SR N S T B N
TR T L T )

WA NN

T
.

~

WS AANANAANAN PN --

——— N ==

~ =K
’
PR
N\~
. -
Ny N

-2 A NN

e R Tl e T R T e T B T S R S )

-== bt N

-

N =A==

sA N NN -,

s~
v
NN
.
.

»
S S N S e T B
N ey
SANNN Y P LESNNANYAYNS -

o= ANNVANZNNA NN
ASAS ANV ASY

¢

P |
~ N

RN -

=

R T P R Y

.
LYV =>
N ~ A
(RSP NE LN S Y
AN -
R

e LR

.~
~
‘
.
/

3

AANNANSTEN v

.
RN NN

-——-—an
S=AaNsaNs Ny
.

’
N

.
L)
\
-
-~
N

LI oV ALY

xS AE NN NS SN
¥
P A N )

\ -~

SURN
S S s N

Lo TS N WY LR
VI RN NN =22 N = s = n A SS N A A NS ASRAN SN Z N ANV I SAN NSNS =N ¥ S v vy rr s\ IV V7 e P uN

. -
L
-

SANSNVANNEIINNY

=00 9NN
/

3
.
”
ENEN

-
ANS PN
P

ss N
Cx NNt I ASNSAEN

L
(Y
FINNYANZEIANZA NI Y YN N2
N
PV VANANAN N
--‘\\\\\1\\\\‘\-,
’
U
N
.
v
RN
.~/ -

SNSSAE VY

L TSN
sANS A

~
NN

/¢

;. -
LT T U N W
[RE RN

.

ANANN=/J v 7700
~
~

LR T |
=—

AERNART
R L N TR RGN Sy SR T
.~/

SR
e
. --

UL UL A T o)
\

ANV

- =
P ANASS e\
FIANNNL v~
NN r NN e -
;-
s~

f AN VNS

/

\

\
-

~

AANSAAN Y === -

EUAE AT A LN
NN BN
A LNSN b7 =N

’

TN

-
”

N R R e

COR TR e I LU Y b N

VN -

VA

R

(AR

P

4 44

g NP AN
AL T T T L T T T T B TR BN B BT A R

LR

-
B I N R I L

AN

.~
-
\
J

SN ENANNNSNS
NS

”

~

~

VAN AN
SAN AT
==

.
. Lo
iy

-

.

NAY L ALY NN VS LSS e

(A A
[V N A
t e

270NN ANV

P

’

-

\

VS

/
N
LI}
U N TR I T T )
N ENS Y ANV
s 7/
-7 7/
4

.

s
LN AN A A A L |
<

-7

’
~

PR ANANNANNINANY NN NN sy
.

N ENNTY VNN

F NV 27NN
N R
PENANE ANV
=/ LN NN
“resN s
¢
-
2N SN NI A -
R U A S
V77N
~
Lt o B LT )
‘-
\
/
[

PN
g VAN

v

’

2N V27

/
\
~
)
\
/

.

~
-
\
\

\

\

\

\

/
LB T
\

.
/
\
{ L A
-~

LR AR B

/

=7Za2sSNNNVAVN ANV
\
\

FASNAANANN N PN AN TSV NS s s s s e s AN S s e Y D@l AN 7 === ASENANNLZ AN SN =

tr NN A

' LA R N B |
P28 v AN

D

LA |

\
\

=) 7
- -
-
SN
Ie

'

-

.

.

LR
s NN

~

L T DL T

=n=aNNNYI P IZIND

’
/

(A N AN ]

AN IRV

NV SN =)
N -

/
’
'
LR

’

t 77 N\

Sy 44N
RN v s ANASN el e e 7 4 AN

A
”

Malt i N

~r
PR BV PSS

- SN
-

A

NN e ms e s s frsmmle = AN BN N =~ == Nr s NN AMAN = AN m s NA NN AN
~ s

e N NN
-F s b\NNr )

/
\
\
P=A s ==
|
N
v
SA S AN LA AN
p

fmrrr=~

PO

) f ) s e s rANNMANNA N = NNl S == -

=
o
‘=
(S

SNARSSSNY A ANNNYA

V28N s N =0 VNV

N =aNNA NN
FTEINSEN P L= N ANV AN s

IS TR o RN TR N}

PN s
[ A PR

\

LR
-

AR LS )

\
NI NV 2NN TN N

-

VNZ2AN= 270NNV VANV LML X

\NASNSFA L
L

N LN
- - s AENN S

v
, -

-

SANNN VAL Y-

PP AN AANNVANI =2 VNS L NANYDN
\NAY NNy

SV EAr s -

NPV s

S TS -

Lo
NN
\

~

N =

.-

=\

s N

AN

.

LA S S B ST B
-t

P

.
P A AV R T R S

- - a~
N~V rrr

fF =N
’
S NA VNP P S e ?e ==
NS . F
- Y
=N g wm ) AN N =S -
-
\
’
AN =
;

’ (R
N N=e B s NN NN
[ A A A A
N=AAS N L

SN VX NN
\

o g o o Tl

”
~
- ¢/

/

SNA NS S
-
~

SN -
NSNS
S
/
/
ftis NN e

P PN N

LIRS N 4

-
AN
SNANZ)N
-

s am NN S AN

U

NS
\
ol
20
V V727 VAN

N PIN\NSNe VS VTS )7’
’

YAARAN AN T P2V s ANV A
bl AN =S ="\ =4~

~
ST
'
’
A
B P
N = AN
NANNNNNNN s AN sy

PN ATV NN PN A =SSN AN NN

=St LN NPTESVANNL S

SN\ N

.-
N PASN A

- -
L
SsAN I R L VAl S - -
N
.
'
’
L
L)
/A

SV VLI AN =N

NS

/

\NNAsb s = N

NN
o~
e e S |

\

.

e

..

|

N -
A B B Y Y

SESNANESNN
VANILNANS ==)

ASSNANNAYNAYYY

AU Al A BT T e S T N )

- =N
- AN

NN -
-
~\N VY
ENEN
.-
S
-

LA AR e U B B W

P e
LT N A |
“ -

s r

VR v

~
O T T L R S
i\

\

A

.

NEJ I IINNN N e s =N AN AN
~

- -
-
~
SN

S ANV N

-
“HANSNBINSI 7 )ttt =v
VAN P NS -
N

PNV

»
-~
~

I == 7=
~

e " Y SN R

~
’
~
~
-
AN

IS S === =N
~
N

A\

SN AN SN
o N
=N A

\

SN SRS NNy e

S =-===N\x\
NV WS ASNN sV SNNN =y

- AN - - -

L

P E L
LA
-\ 0\
A A
EAR AR A

AANSNEBE L 720N an/Z7 300 BN BANTT NN by

SASN\N e m=r Sl g=AAA

NAN S - -

-
-

ATA
AN}
N
N
N

AN T EA SN
S
>\
AL}
\
SNN
SN s
-\
AL IR
NV
-~

~
~
/

NPV

SN S ST
~

~

S

SN

NN

SN
L U U T U B )

\

.
\

i O

PN
ENLEN
LR
SR
-\ N\~
-s SNy
¥
SN NN -
AN
FANNVEAND
N, -
R
UL AN

~

NN LSSk
AN =N - - =SSN 2

-\ N~
R
NN = =N

-
~
-

HPC METHODS FOR CFD AND ASTROPHYSICS - CINECA, 15 XI 2017

-

\

.
S L N N R R B SN SN

R e

T L T
=\

-n A ANy
Nzl x)dsd

e
‘au
FSANSN QLA I eSS 7 r ARy

LA

‘
-

-

s\NAN - -

o LSS -
R R YR UEN
-A NS
-~ 8

~

ESASAANANVNENNANANNNVNISSNSIN

- N -

SN s\
L L R A AR T R O R )
~
;o
I 7 N
NS N
~ !
LA P U U N T T )
-

VA7 rs VAN ZS VNV

FHVPANNNZ NN PV INN =N N =
[
AN
SR

SANS AN -

0 T B N

7= SSANTIENAVENANDNANNSE =A== 0Y )

A 0 S U TR S TR S T I L el B )
LR R R

N -

-
-~

WEAK LENSING TOMOGRAPHY IN CDE

BV s s s NSNS AN AS SN IN BV ) rr ==

sAsasSa s nnasy

SR

NN N AN -
NN N N

AN NN
SANNN -
ANANAS =

N T AV A

AN .-
VA AN Y
“N o/

L
L
SAN SN s

s
SN
PN
R VY
RN
.~

.’
SRR

SO EN
R
ol
v -

ANS VAT N
NA VNNV PN PN A SANANANNYSS = s e PSNNA NS

N i=

\
.

e e T e T T

L T
sl-

/

P -
‘-
-~
-

PV ENNN s L7 N VS
/

NPV Ss=22y,
\

e S R

-
-
T R
-— N - - -
- -
- -

/

~

tl NS =NSsx V=200 0000
ZFAVANNANSANN -

AN =r=NxANBEANN L)

N
v\
LR R Y
VNS

L

\

~

-

\

.
A I I B
L TR T IR

s A7 AN
~

2 AR 1
PN N /N7 VS VAN -

UL TR B N B T B )

-
V727 )\
TRV AV A T R A B B B e
AR T o AN L L L R B )
~

-
NAVNNY RPNV ENNL L VA

- NNV NNy
VNN RN AN

\

NNV AN =NV)Y

.

SANEANY NS

e AN AT NS
sl =N NP NSy

\

LY
P A

~

LN L T L T T B

VS e s\ -
U

V74477 -

o
[9]
O
N
L
4
=
Ll
m
>
]
O
O
O
©)
\
)
=
<
(V)
-
()
|
)
O
|
-]
O
(V)
)
cC
()
0
=
g
e
Nt
2
00
=
@)
(g}
.
NI
&
a'd

\\\‘\\\\\\\\lllI’r\'tlltt—'\\\\\\\\\ll-

Rt TR T B T UL TR TR B N R A
SASINANNNNNNN VIS s msIA s s 2 P SANSAANNN RN N IS mvos Ve P AV RN LN

i\
’
L
\

A A L T L T T T T N P T |

-

MARCO BALDI

-

N
\II"\\\\\\\\\II\III\\~-t/r—t,--.~---\~\\.----\~IIIIIII\\’-\\\\\‘\\\\\I\l'!\~~

PANNNNNT B BL= 0 00 1P 02 2 S NAKNNNR f2asSmr s r g 2 VNP RN 7 == = = =in =
\\--l\/\’\/‘IIII’II”\\\\\\\(‘\\-‘Ill\I\\-\*I-"l\ht\\\I\—t\’\--’i\\‘\\\\\-~

FNVAANAMANANNNIN I NN Ll s N =S s e s VLV NN

FA VL ZASNSNYNAN T 2V VAN

PPN PPN 7T NN

- s

V7 7y

v
el
TR B
/

N

-

.

N
N\

N SRRy




WEAK LENSING TOMOGRAPHY IN CDE

o
[9]
O
N
L
4
=
Ll
m
>
]
O
O
O
©)
\
)
=
<
(V)
-
()
|
)
O
|
-]
O
(V)
)
cC
()
0
=
g
e
Nt
2
00
=
@)
(g}
.
NI
&
a'd

Kyt o lirgt ¢-»#~

Baccs =i vre -y uas
-

(SR SN

,/-r\\\.q

P
ey
- LN
PR N

At

(i B

> ﬂ\“

Ly -

- -

-

SN

' N
L)

R S TR
\

-\I\I;
..v‘\w

\o\\
’/&V\},

PN

N i~ -y

N
W N N
PR A e &
-~ m N

NN K AN

-~ s

0

NV R

W ANS S Ly

N &

-y

»

1 o v N
./Q,zl\.
Lk L N

L T

|

= v

-~y
NNy

.

T A

e

RN Y

Y T R NN S N

Tt

s’

-~

e |

- -

-

-

LR A

R N

R

B
cE AN P
[ S
LU LN i
N
[ R

4
(S N7

-~ -

'
[
|

LI S B
-

L

‘
|
s
4
'

’

v i~ »

e
> il o A B
R )
A

AN =~

-~ N N
-~

IIIII\,.\\~;/III

X == NS Yy N
N mN e NN -
L N N

rxY AN s F N~

B

Sl

W Ve AN

e ) .

L
LN

LN

N

.

P RN
P~ N

-~

g F -~

N

ves

Lo

s

e

\I_....‘h-

Wo TSNS

-~

- -

-~ 7

-
2

N N e,

~

A N S NATE AR YN A YR N

- - =N

\

R NN

NNNaeBerae s

AP - -

N 7NED

wa
=

Y
!

5

P e e

W S SN N~

,r\fl
At 2~ L U SR

AR

P e B

-l w4

T e

- s

N
-

¢A\~vf’\ll
' PRV SR
P

L sy MR

- -

=

\/I/Il/..

l by
Vs w N

N s in

- 4

- i Lo

NS~ s -

e e

AR

- -

-~y

-

;o

7 a4

S P

Fp e~ N

4oy Y.\‘II
- A,

i
\\.\I-\I.’A
AR o S
e

.._.v /’¢~
,\\,,t\:,\\

D T

cr—tt\\

Ve N

A

.r;

'
]
\
.’I\l,\.l\\\.
\
'

- XN~

Nt
1

= amN

~

l\'l\-\\
TR

{
/

N

3

NN NN
Y \:\
! /

LA IR
e s >
\IR.
4] \ /

S\

'

A AN

L o

N

LAY

’
LS N PR )

5
.~

\

e

P~

-y -

- -
R
-
P
’PA
-
- N

-

-

\

‘L

’

’

| =/
.\\\\Nv.—
LN -

- -

% SL NP
5 3
Sy -
- -
s AN
_.*.
o

- P -y

- -

-~

A~

A_-\)\.\l\.\

Ay
-y

-

A S g~

o -

J
'

’

’

- A -

- S

ANNE N - -
!

B

»

4NN

\
’
/

Ny TV R v R

A 4

N

{\.\ AN
.’.‘_

\

RO D A

R

AN

A & L )

-4
£ LN

L)
N -

AN

LA =N wis oy
£ v AN
\ e Y.
’ R SR

' 5N
\ ,;
-

VNAS N

.\u

e S

~ 1
Ko Al

"~
\
|
\
.

\

N

~

L

PR S
(IS
L R
N, I RN

>
LIS\ 77
s
v

-
11.._.,1
- 4NN NN
P NN
(I S S
VS
LY AN
Voo

L
v

¥

PR RPN
P - A
2 )
Py LN

N -

Al AN e O

'
\
|

-
o
|

. e s
_r s
S wais 2o

”~ |

NSNS e s
$ b
> gl

- O

N =N
-~y

”~

-~
\
’

~

-

.,\\vi/zc

R
‘7

-

Ik = -

ot

~.-.;\*‘f

Lo

x

ot T~ e~

/

/o

S P Vi =)

N
'

&,

£

.

T

L SRS

“

- N

Jon

P e

N -
=
*

A
e
AN -

-~

'
'
'

-~ )y

-~ -~

’

~m

”
>

1

/
[
B

,
’
’
/s
¥
’
’

‘\\-ll\\\
D N
.\\\\I\.
| o~ =
AN SN

(BT

LAt S S B R

VA Nl b 7 T 1

PRI S
o Yy -

L A AT

e

P

S

o
>

.

’

»

’

’

L Y R

)

rVAAD

'
LSRN

/

’

-l
A

) A

’

PR s
L A
A P

T )
NN N
SR N

’ PR S e
..\\\\ﬁzﬁ
AT B R BN

P -

v Ny

AN VAR
\

=N
s T S T B B S T

L

LA
re N
\ v/ =

-y
I 72 eww~

17\.\\1

AN AN NN P

NS

NS A

-l .-

N T NN TN
P d N ma N

Lo | AADA N
Pl.

TR

N

NN

Ve WN

N
'

v ole -y
1

-~ - g

r

\

SxN -

~

’

-

\
\

e ==

- -

Y

NS

v
i

V2N Y\ =N~

R S O e S
Np

s

= RN N .
l;y,-,—,-_\

B o
- -
- -—y
T
P
- e -
PR
TN VRN
R A
.\\.\.

N/

LTA L S
&N

oS

N E

R
s
- N
L N T o i R

SENN S

PN

- -t NA N

NAS

LR

L AR TS BT A I RGN S

SRS -N -

A LA )

’

A

N 1 H T N

.-

-5 AV VYN -

A7
N772 012N\ -
NI LT
P s -

I ANV e b
PN R NS 0 A AN N ANN S ol NS

S

/
!

PN = NN b a7 Y 7B S Ay

VN PN RN A

AL VNV s

t

NES PV 7 e =

<
s

N = TN
s d =20 8
- =55

T

s

R T

LA v~

e ]
C e A S A Wi
P e L I 4
B o

- S AP~ mmw NS

*

AL NSy

s

’

S =N - -

LR A T )
Loy
PN NN s )
N A g
\,I’\'.\\
e
s N s
D
L T e !
A AS A
~wN=

\..ll,..l_
<

-

A NUANR N

~

|

AN

|
|
.
'
[}
\

N

1
’

”

’e

'
]
’
s
[
/

-

'
.
'
[}

\
v
~

o~

"y

v

’
.

<
.

I - -

A, T e S

LR

Vs AL

BN SN NP~

SN~ -

P N R

-
Y

ALY

oAy

-
Nmnm s A N A AN ANS Y

-

-~
\

i S L B B L T T I B R T T

-~
s »
Py
P
st s
sr v
s
’ ot

o

PR S
\\\.\\l\'
\\‘\\-\‘<
PR P
Ll e
Wy S
ior

A5 AREN Ty
VCETRT

& St

Vi~ -y
. oo
L >
\I\.f\.
S )

- .-y

LN

\
N\
»
’

’

-

r
’
z
4
»
|
'
/

A AN 7 mp NN -,
O Ty

v
'
'

.
1
»
U s
'
'
'
1
'
'
'
|
|

P

s

- -\

FAT ) Arr e s

PN baNN )l BN N o sy
N

LA NS
.

’
s

K
~

N

\

N A T S

£ 0 AR

L4

//'\/I’/"/Il’lll\'\\.l-“\\\

TSN O A NAA N\ S -

]

77 )V

’

-t

P

TN e

¢S S DN SN\ T
DU T 2

BEYE NI, o A

A | SN N

’
/

/
U
L
-\~ )\

NN VR

IR N\ mF A= AR L = A RN SN L VAN

LR

\

VAN EY LNV

R Y

\

- N e
»
~ ~

1
e\ B |
o

A
.~

N

L4

N

-

TR SR S

-~

vty

C e S TR N

LI DR B Y S e
K=aNNAN AN VLS N

R UANNT 12 1R Y VN YNS - Ay r

P IANNZZ 1IN == e
/AN

e A

R

- e -

\

A

i

7 A -

- ANy

-l Y'Y
VLW s v S b= AN S S SN A 2 e

-4
~

V- -

T o e

.

~

N AN - - -

A -

NENT R ILNEA NN SN NP Y

\

VAN NN

v

’

P A L
A NN

A A SRR

-

g

PR B
N

N

et |
N/

PSR-

LR NN
hwiw~
P~

- S

R R e N

s

e

-~y

‘

e
QA N~
VeSS NN

.

SENENS E

-~
-
N4

- - 4

(R T
YAsA

LSRN

-4

N

r\\\\r\\\ls

.f‘u.\

B e

-

R AR i

=

LM

Do o 4

LM Aty

’

s
e~

S =

R VI SR B

PR R S T o

e il W
: w
\\\

-y N of T~ 4

PR S R e

\\.&\,l.-.~6

1

\I\\\\\
P
AN s s
\\\\Iv\\-
\\\v-\‘.
e e o
AR -~

A

L)

- W s R e

HPC METHODS FOR CFD AND ASTROPHYSICS - CINECA, 15 XI 2017

MARCO BALDI




110
WEAK LENSING TOMOGRAPHY IN CDE

Ray-tracing with different source redshifts (GiocoLi, MB, ET AL. 2015)

1

:l l L 1 || L l 1 || L] 1 I L L 1 1 I L] 1 || L I :
0.98 | =
0.96 |- 4 Use WL to constrain
g'z; e T 1 Ogassuminga
- i ACDM cosmology:
09 - ‘ -
0.88 |- » | -
_0.86 [ 4 4 if the best-fit value
S o =
0.84 - 3 depends on the
082 F o 3 source redshift, then
0.8 - . .
: i something is wrong
0.78 | S % =
0.76 £ 4 (120) 3 in the assumed
T F oglz= .
ol 10 % =
0.74 - from linear theory . cosmology
0.72 | -
0.7 :l I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l :
0 1 2 3 4
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COUPLED

Multi-coupled Dark Energy
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STRUCTURE-FORMATION"TN"MULTI-COUPLED DE

First low-res. simulations of multi-coupled Dark Energy [MB, MNRAS 428 2013]
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STRUCTURE-FORMATION"TN"MULTI-COUPLED DE

MNRAS 428 2013]

coupled Dark Energy [MB,
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STRUCTURE-FORMATION"TN"MULTI-COUPLED DE

First low-res. simulations of multi-coupled Dark Energy [MB, MNRAS 428 2013]
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STRUCTURE-FORMATION"TN"MULTI-COUPLED DE

First low-res. simulations of multi-coupled Dark Energy [MB, MNRAS 428 2013]
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116

HIGH-RESOLUTION SIMULATIONS

With higher resolution simulations [MB, PDU 2014] it was possible to
observe for the first time the fragmentation of individual halos in McDE

MB, PHYS. DARK UNIV. 2014
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With higher resolution simulations [MB, PDU 2014] it was possible to
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HIGH-RESOLUTION SIMULATIONS

With higher resolution simulations [MB, PDU 2014] it was possible to
observe for the first time the fragmentation of individual halos in McDE

MB, PHYS. DARK UNIV. 2014
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HIGH-RESOLUTION SIMULATIONS

With higher resolution simulations [MB, PDU 2014] it was possible to
observe for the first time the fragmentation of individual halos in McDE

virial abundance 2M _
) 1 M: = M(type, < RQ()())
ratio M+ + M_
CDM type fraction within halos
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HIGH-RESOLUTION SIMULATIONS

With higher resolution simulations [MB, PDU 2014] it was possible to
observe for the first time the fragmentation of individual halos in McDE

virial abundance 2M _
i 1 i i M: — M(type, < RQ()())
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CDM type fraction within halos
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HIGH-RESOLUTION SIMULATIONS

With higher resolution simulations [MB, PDU 2014] it was possible to
observe for the first time the fragmentation of individual halos in McDE

virial abundance 2M_ _
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HIGH-RESOLUTION SIMULATIONS

With higher resolution simulations [MB, PDU 2014] it was possible to
observe for the first time the fragmentation of individual halos in McDE

virial abundance 2M _
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ZOOM~-IN SIMULATIONS: THE ZINCO CODE

ZInCo (Zoomed Initial Conditions) is a new MPI-parallel code for
generating multi-resolution and multy-particle type ICs for zoomed
simulations
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ZOOM~-IN SIMULATIONS: THE ZINCO CODE

ZInCo (Zoomed Initial Conditions) is a new MPI-parallel code for
generating multi-resolution and multy-particle type ICs for zoomed
simulations

Diluted simulation Lagrangian region in Zoomed ICs by grouping
original high-res ICs particles in low-res zones
O EOR O AT, R W v 2 ~|J'_i T FTL T ST ) [P R LR, . =t 2 & & % = =] O & L B el

'i~ e .ll" e ST .'| | o l‘ ‘1 1 |.- | L

Garaldi et al. 2016

MARCO BALDI - HPC METHODS FOR CFD AND ASTROPHYSICS - CINECA, 15 XI 2017



ZOOM~-IN SIMULATIONS: THE ZINCO CODE

Garaldi et al. 2016
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ZOOM~-IN SIMULATIONS: RESULTS

First result: early segregation.
Already at z~5 there are two clear distinct density peaks

Garaldi et al 2016
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ZOOM~-IN SIMULATIONS: RESULTS

Second result: formation of density cores
in the total DM density

RDP comparison (z=5.0)

¢—¢ coupled |]
k -4 uncoupled|]

density contrast

Garaldi et al. 2016

10t : : P
1071 10°

radial distance (R,
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MODIFIED GRAVITY

Universal couplings: Extended Quintessence, f(R), Symmetron, Dilaton, et al.

V3¢ = F(6¢) + B(6)dpu

where F is a nonlinear function: a nonlinear Poisson equation to solve!!
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MODIFIED GRAVITY

Universal couplings: Extended Quintessence, f(R), Symmetron, Dilaton, et al.

V3¢ = F(6¢) + B(6)dpu

where F is a nonlinear function: a nonlinear Poisson equation to solve!!

First simulations by Oyaizu 2008; Oyaizu, Lima, Hu 2008; Schmidt et al 2009
using an iterative scheme within a fix-grid PM code
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The scalar fifth-force is suppressed in
high-density regions according to the
solution of the nonlinear Poisson

_ equation for 0¢.The screening

mechanism (in this case a Chameleon
effect) is more efficient for lower
values of |fro|
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MODIFIED GRAVITY
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MODIFIED GRAVITY

MG-GADGET
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CONCLEUSITONS

The next era of Precision Cosmology needs large and
accurate N-body simulations to test data analysis
pipelines, to perform cosmological model selection, and
to constrain cosmological parameters

Many competing models still on the market means
many simulations to be performed, for many values of
the related parameters... computational cost is an
issue.
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SUGGESTED " READINGS

Cosmology and structure formation

A. Liddle, An introduction to modern cosmology (Wiley)
J. Peacock, Cosmological Physics (Cambridge University Press)

S. Weinberg, Gravitation and Cosmology (Wiley)
S. Dodelson, Modern Cosmology (Elsevier)

N-body simulations

R. Hockney and J. Eastwood, Computer simulations using particles (Taylor & Francis)

S. Aarseth, Gravitational N-body simulations (Cambridge)
V. Springel 2005, The cosmological simulation code GADGET-2 (MNRAS)

M. Kuhlen et al. 2012, Numerical Simulations of the Dark Universe (Phys. Dark Univ.)

Non-standard cosmological models

L. Amendola and S. Tsujikawa: Dark Energy, Theory and Observations (Cambridge)
The Euclid Theory WG Review, Amendola et al. 2013 (Living. Rev. Rel.)

Non-standard cosmological simulations
M. Baldi 2012, Dark Energy simulations (Phys. Dark Univ.)
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