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A brief overview of Modern Cosmology:
Formation and evolution of structures in the
Universe

Gustavo Yepes
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A Quick Review of Cosmology:

The purpouse of Cosmology:

Try to understand the origin, the structure, mass-energy
content and the evolution of the universe as a whole.

To understand the emergence of structures and objects
ranging from scales as small as stars (101° m) to scales

much larger than galaxies (~ 10%® m) through gravitational
self-organization.



Foundations of Modern

Cosmology
« Gravity Is the dominant force at large scales:

 Gravity Is a geometric phenomenon due to the curvature
of space time produced by the matter-energy content.

» The Cosmological principle:

 Supported by observations: (isotropy of CMB; homogeity galaxy surveys

» Generalization of the Copernican principle: no privileged observer in the
Universe.



Cosmological Models
» Choose a metric theory of gravity:

IS the most accurate theory with
minimum fields content.

« Assume Cosmological Principle: of
the space-time manifold (form of the metric tensor g ,;

R® metric is the most general metric that satisfies homogeneity and
isotropy in the 3 spatial dimensions and assumes a global evolution
with time through the R(t) function.

1k accounts for the global curvature of the spatial hypersurface within the

4D manifold.
*K=+1 (spherical), k=-1( hyperbolic) and k=0 (eucledian)

*No physics in it. The form of the R(t) has to be computed from the Einsteins field
equations.



Cosmological Models
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Cosmological Models

+3p +AR
P c2 3
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R2 3 3 R?
«Solution depends on the equation of state of the matter content
P=1(c?p(T)); P=wc?p(T)
*No relativistic matter (dust model) P=0 (» =0)

Relativistic matter P=c?p/3 (©v=1/3)




Solutions to the LFRW equations

First LFRW equation :

with

the cosmological parameters 3H?2
g 0

0 ‘Note: [T e
* matter density Q.= pm’o 3 %

crit - e ~ '4 -~ 0

’ * Pmass.— A Pradiation ~ @ PA a
* radiation density Q = Pro
redshift

* vacuum energy

® curvature

* expansion rate

Q +0Q, +Q, =1.

mass+radiation



LFRW MODELS with A=0

Q) +Qk=1'

mass+radiation

p m,0
Qm 0= '

crit,0

Critical

MAP390006




*Accelerated expansion in LFRW:

-lDecceIeration parameter
5 Q (2)+R2,(2)-Q,(2)

Only if A>0

Relative size of the universe

q=—-——""5

| | ! |

Dark Matter + Dark Energy
effect the expansion of the universe

Qm Q A
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Which LFRW model best fit
our Universe?

Observational determination of the
cosmological parameters



THE COSMIC TRIANGLE
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(From Bahcall et al 1999; astro-ph/9906463)
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OBSEVATIONAL PROBES

CMB

GALAXY CLUSTERS

LE FIGARO-fr

fitting theoretical m

Angular scale
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THE COSMIC TRIANGLE OBSERVATIONAL CONSTRAINTS

R? 8nGp A ck
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1=0n4+0+ Q%

(From Bahcall et al 1999; astro-ph/9906463)

{(From Bahcall et al 1999; astro-ph/9906463)
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THE COSMIC PIE

PLANCK 2018

26.60 £+ 0.73 %

Dark Matter

‘BBN & CMB
A#0

120 orders of magnitude
smaller than typical
vacuum value (0 or Mp)

v68.47 +0.73 %

FLAT UNIVERSE Q,=0




Alternative Cosmological Models

(scalar, vector) to
the Einstein’s equations (dark energy
models parametrized by EOS ®=P/p)

s=—3 [dev=as®

_f(R)=R in GR.

Univere not homogeneus. Underdense
region (Bondi-Tolman models)



Alternative Cosmological Models

— Quintessence: adding an homogeneous
scalar field ¢(t) to the Einstein-Hilbert action
describing gravity.

 Contribution to the LFRW equation with an

additional fluid with a negative EoS (P, =  c?
P, ) With »<0.

» Contrary to A, o can change with cosmic time.

 Fine tuning: so w~ -1 at z=0 (supported by
observations A>0; P,=-p ,)



Dark energy models

» How can dark energy be distinguished
from ’

— Measure the expansion rate H(z) or €(z) at

t

different epochs with enough accuracy to constrain

ne EoS of dark energy field (o > -1).

Time variation of fundamental constants G., o

— Apparent violation of the Equivalence Principle
(Mg ~ MI)



Dark energy models

« How can dark energy be
distinguished from ?

— Measure the expansion rate H(z) or Q(z) at different
epochs with enough accuracy to constrain the EoS
(P= o p) of the dark energy field (o > -1).

Using a standard ruler (e.g. Baryonic Accoustic
Oscillation (BAO) feature of the power spectrum of
galaxy clustering from large redshift surveys BOSS, DESI,
Euclid...)

Or redshift space distortions due to peculiar velocities.



Dark energy models

=

Planck TT spectrum
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THE COSMIC PIE

PLANCK 2018

26.60+£0.73 %

Dark Matter

Dark Energy

68.47 £ 0.73 %




THE COSMIC PIE

PLANCK 2018

26.60+£0.73 %

Dark Matter

Dark Energy
Need to reduce the error
bounds on o by > 2 order of » 68.47 £ 0.73 %

magnitude to distinguish DE
models from A




Future optical/IR Galaxy
Redshn‘t Surveys

DARK ENERGY / \
SPECTROSCOPIC _.‘ “\

The mapping
of the galaxy
distribution

Wl” Eucli‘d.ﬁ“///. MegaMapper
dramatically et
InCreaSG |n ’ ,"B.c;ss o 4MOST-VISTA

the next years

It will allow us
to determine
the value of
the
cosmological P . i
parameters, /N
Including the
EoS of dark
energy with <
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Redshift coverage of Galaxy surveys

i I ) | ] 1 ) 1

! 1
, *Photometric/Continuum surveys
SKA1 Continuum

SPHEREX
DES

HETDEX

WFIRST
Euclid
_[l)ESI
SKA2 HI GRS
BOSS
&I-MID Band 2 HI GRS

*Spectroscopic

SKAL-LOW
HIRAX
CHIME
GBT-IM
SKA1-MID Band 1 IM
BINGO
SKA1-MID Band 2 IM
. Park('es—IM

«21cm Radio Surveys

0 1 2 3 4 5

Publications of the Astronomical Society of Australia (PASA)
doi: 10.1017/pas.2018.xxx. z

SKAO and next generation
of 30m telescopes ELT,
TMT +

JWST, and WFIRST space
telescopes will also probe
the galaxies and gas
distributions during the
EOR (6 <z<10)

THE NANCY.GRACE _
ROMANS| SCOPE



Observational cosmology as a driver of
technological developments

* The quest for measuring the EoS of dark energy through
the study of the galaxy distribution in space and time has
triggered a huge observational effort that will continue In
the coming decades.

 This will provide us with Hexa Bytes of data that will
have to be processed.
— Just the SKA alone will need of hexaflop supercomputers.
« S0, despite the very important physical interest in
understanding the nature of dark energy, the

technological information developments will benefit the
society In many different ways.

— Investing in basic research IS NOT a waste of money!




DARK MATTER

 Total matter in the Universe iIs of order 30%
of the critical density. (€2, ~0.3)

 Visible matter (particles of the Standard
Model) accounts for only 5% of critical
density (€2, = 0.049)

« Multiple evidence of the existence of
collisionless, non interacting, non baryonic
matter, negligible thermal velocities (“cold™).



Evidences of Dark matter

W [ ¥=300Kmis

*Rotation curves of spiral
galaxies ’ / :
g~
=3UTDKm19 o

Velocity dispersion of stars in | _ N k - |
elliptical galaxies. | 9

«X-ray and SZ signal in
clusters

-Gravitational lensing in .+ - .. "1 % L e
clusters and larger T I T Rt 2
structures = !‘ ey B




DARK MATTER

Total matter 1n the Universe 1s of order 30%
of the critical density. (€2, ~0.3)

Visible matter (particles of the Standard
Model) accounts for only 5% of critical
density (€2, = 0.049)

Multiple evidence of the existence of
collisionless, non interacting, non baryonic
matter, negligible thermal velocities (“cold™).

Not any physical detection of the nature of the
particles forming the DM fluid..



*DIRECT DARK MATTER DETECTION EXPERIMENTS

Estas particulas interaccionan tan poco que los experimentos iHan de estar bajo tierra para protegerse de los rayos césmicos!
gienen que estar aislados de otros tipos de particulas... )

iHan de estar bajo tierra para protegerse de los rayos césmicos! - L(?S experimentos se “blindan” frente a rayos
‘ cosmicos - B !

Estos experimentos se

sitGian en Laboratorios 1980 m

Subterréneos. o

Por ejemplo el de
Canfranc

IGEX, NalI32,
ROSEBUD, ANAIS

El blindaje ha de ser extremadamente
“radiopuro” (p.ej. Plomo arqueoldgico)
ANAIS, Laboratorio Subterrdneo de Canfranc

Un experimento podria haber detectado ya la materia oscura
La colaboracion DAMA/LIBRA en Italia ha detectado durante los

daltimos 13 afies una medulacion en su sefial, que podria ser
compatible con materla oscura

BUSQUEDAS DIRECTAS

Podemos emplear detectores muy sensibles para buscar estas
i particulas

Sin embargo, esta observaclén no ha sido confirmada per otros La particula de materia
experimentos. o =
- oscura entra en el
detector...

mento CDMS

Cristales de Germanio de gran pureza

N Dispuestos en
cinco torres

Protegidas por un
sofisticado blindaje

PLOMO
POLIETILENO

Y un equipo de unos
100 cientificos de

unos 20 centros LT e _ Choca con un nucleo
internacionales d es p l a Z a




*INDIRECT DARK MATTER DETECTION EXPERIMENTS

La aniquilaciéon de materia oscura dentro de la Tierra puede producir

Otro ejemplo es ICCUBE, en la Antartida (a varios kildbmetros bajo el
hielo del polo sur)

neutrinos, que interaccionan con la roca y producen muones d

Por ejemplo, el detector
ANTARES en el Mediterréneo

BUSQUEDAS INDIRECTAS

La aniquilacion de materia oscura en el halo galactico se puede

detectar con satélites o telescopios
Las particulas de materia oscura colisionan entre ellas y se aniquilan

Por ejemplo, el telescopio dando lugar a otras particulas (que intentamos detectar)

MAGIC en el Canarias - h
(Observatorio del Roque de s ey . r
los Muchachos) . d .\ O Neutrinos

NJ/V\, Fotones (luz)

®  Antimateria

En el centro de la Galaxia

O en otras galaxias




Experimentos de materia oscura alrededor del mundo

RUSSIA
CANADA

Soudan e
MILAGRO @

o UO)5p i g Fevatron
VERITAS

. o UKRAINE =0 .

CHINA .

RAN
" tRéTe ®ris ET, ARGO-YBJ
l'q,&Am“ M o

@
GRAPES

@ Neutrino Telescopes BRAZIL

@ Gamma-ray Telescopes (non-ACT)
® Gamma-ray Telescopes CACTs)

® Direct Detection Bxps.
O Colliders 5%

IceCube (South Pole)
23]

DESPITE ALL EFFORTS WE STILL DO NOT KNOW THE NATURE OF THE DARK MATTER
PARTICLES. WE ONLY HAVE ASTROPHYSICAL EVIDENCES UNDER THE ASSUMPTION THAT
GRAVITY IS DESCRIBED BY GENERAL RELATIVITY (AND NEWTON’S THEORY AS THE SHORT
SCALE APPROXIMATION OF GR).




NATURE OF THE DARK MATTER
Cold DM vs Warm DM

*Substructures in galaxies

And early formation of galaxieg
and QSO at high redshift put
strong contrains on the nature
of the DM patrticles.

DM has to be cold. Negligible
Kinetic energy versus rest
particle mass

For thermally produced
particles (WIMPS or Sterile v

M, >1keV

Calsie
i1f% 4107 1ig® 210" T=id* i 4AxiD?
k (h/Mpc)

*Other candidates:
Primordial BH or Axions



t(%& .\., )

Stars

2=40.999

-
Wl
A

"
o

Gas

Dark

warm

2=40.999

Dark Matter

2=40.999

Stars

Gas

Dark Matter



From the Homogeneous to the

In-homogeneous Universe

 LFRW models assume that the Universe is
homogeneous, namely that p(T) only.

« But most of the cosmological probes to determine
the parameters of the cosmological models are
based on observations of highly non-homogeneous
and non-linear objects

— Galaxies, galaxy clusters, and cosmic web of galaxies
are biased objects objects with respect to the mean
matter density field of the Universe.

* Question: How can we make predictions from
models about the non-homogeneous Universe?



THE INHOMOGENEOUS
UNIVERSE

Formation and evolution of structures
In the matter distribution



The emergence of structure in the Universe

Structures in the matter
distribution has grown

across cosmic times.

sl 'y ¥ Cluster
& AW e :
R X° Bhte, ool . abundance
NN q .
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P PR ' .
\Z SENRT IR B
Qj& SR Q & Q\ @

n
o
=
CORN & & Té
¢ ig Q\c\{‘ o Gravitational
e
[ C:)S lensing
/. ® . —i Cosmic
v e > microwave
] g background
. e SDSS
. Ay : galaxy
clustering
. \ ‘
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¥ FNRY ® 100 1000 10000
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*Credit: ESA



THE INHOMOGENEOUS

UNIVERSE

« GOAL:

— How can we explain quantitatively the observed
"structure" (galaxies, galaxy clusters,
superclusters, their abundance and spatial
distribution, and the Lyman-oa forest) as arising
from small fluctuations in the nearly homogeneous
early universe?

— How can we make theoretical predictions from
cosmological models to be contrasted against
observations of the large scale structure in the
Universe?



THE INHOMOGENEOUS
UNIVERSE

 The driving mechanism of structure formation:

— Gravitational growth of density fluctuations
generated after the inflationary epoch:

— Density fluctuation [ElCEE w
[1p(t) 1s the background density that enters
LFRW models.

— As any other physical process with a stochastic
random field, we can use perturbation theory to
linearize the equations of motion and simplify the
problem.

* Linear theory predictions valid when o(r,t) << 1

In the



LINEAR THEORY OF DENSITY
FLUCTUATIONS

 Based on the previous works of Jeans Theory
(1910) of density fluctuations of a self-
gravitating gas cloud.

« Extended to a FRW universe model by Lifshitz
(1946).

» For scales smaller than the Horizon, RG can be
approximated by Newton’s theory ( action at a
distance)

 For scales larger than Horizon, perturbation
theory In GR ( pertubations In the metric)




Follow Jeans theory:

We start with the continuity equation and neglect radiation
and any pressure forces for now:

V, is the derivative with respect to the proper
(not co-moving) coordinate.

e In addition, we have Poisson's Equation:

ViCID = 4t G

o...But there is a significant difference with respect to
Jeans. In an expanding universer, spatial coordinates
depend on time through the a(t) scale factor given by the
LFRW equations...



At this point, we have the choice of a
co-ordinate system that simplifies the analysis.

Eulerian

Lagrangian

comoving

r=a(t) x




LINEAR THEORY OF DENSITY

FLUCTUATIONS

 After applying change of variables to
comoving coordinates and simplifying 2
order terms we arrive to the master equation
that describe the evolution of a density
perturbation o(X,t) in Newtonian linear theory

028

ot

a 0o

a Ot 3 a“

2.
+2—— =41Gpo + —V ot ——V S

,,_7 Fourier Transform

(1“()‘}1:
dt?

2T

; (1(5’_' /\'3 2 =
+22=K = |4n@p— 2| 6; — ==K S:
a dt a? 3 a?

"Master equation”



LINEAR THEORY OF DENSITY
FLUCTUATIONS

%4 a 9o 2
d 19809 o ama G 2L gl
ot? a Ot e a? : 3 a?

}r Fourier Transform "Master equation”

(12‘55 ( (1()
£ 42— ‘
dt? a (lf

Complemented with the equation of state of the matter (eg. Ideal gas or
relativistic matter, or collisionless matter (P=c.=0)

e e p_ ,’.‘HTP _ 1 kgT
JLy v — 1 pmp

sound speed ¢ = (EJP,’U(})J_’.‘X‘E




The Jeans Mass I -
—1/2 R,
Prior to recombination: photon-baryon fluid ¢ = \;?_) E ‘; b((:)) + 1] I

pboca—3} t<teq *Cs:c/\/go(ao
|

~1/2

proca? t>te, =P CsXa

After recombination: baryon fluid is *ideal gas' ¢ = (9P/dp)'/? o T'/?




Non linear gravitational evolution

e Structure formation in the Universe can be
studied using Linear Perturbation theory
when 6p << 1.

 Lagrangian Perturbation Theory (1LPT, 2LPT)
can be used to study the quasi-linear regime
op=1)

 But for the strong non-linear regimen when &p
>> 1, there Is no analytical approximations for
the gravitational evolution of density
perturbations...



Non linear gravitational evolution

e Therefore...

* One has to resort to numerically integrate the
equations governing the dynamical evolution
of self gravitating systems.

» Since they are made of a large number
elements ( stars, or dark matter particles ) one
can treat them as statistical mechanical
systems that are described by a distribution
function In phase space.



Basic Equations

The Boltzmann equation is then

Ot

o f +vr f?p H.‘IH‘!_ ?p.f‘vxﬂmlz(i]

or

}2
or, for H, =P 4 d(x)
2m

For self-gravity as a potential source we have
Vip=4nGp

where p = space density.




The Vlasov-Poisson Eguation

 For pure collisionless gravitational systems

of
ot

=0

..and the equation to mtegrate IS the Integro-
differential Vlasov-Poisson equations:

O+ BV, f—Vud Vuof =0
V¢ = 4nG [ f(x,p,t)d°p



The N-body method

« How can we solve de collisionless Bolzmann
(Vlasov) equation?.

* Method of the characteristics: f(x,p,t) IS
constant along the characteristics.

 Discretize the f(x,p,t) In N phase space
volume elements (pseudo particles).

» For systems where f(x,p,t) only depens on
positions, the N tracers of the distribution
function can be just subvolumes of 3D

space variables such ZN1’m' = [ p(z)d?z
o 1%



The N-body method

o If f(X,p) has a dependence on momentum, (eg.
Neutrinos, or other relativistic particles
following Fermi-Dirac statistics, there must be
a sampling of the velocity distribution for
each subvolume of the space variables.

» The equations of the characteristics of each of
these pseudo-particles representing one phase
space element will be just the equations of
motion of N bodies subject to their mutual
gravity forces.



The N-body method in Cosmology

For cosmological problems, space coordinates
depend on time through the Friedman equations.

Therefore, It Is better to work In comoving
S INEICEN =R (VP u — & — ax + ax = Ht)r +v

In addition, we also transform t -> a(t)
dx p dp Vo

da aSH'  da aH'’

.
p = a2x:

2 H20.5 o X m;
et m P(x) = —G T —r.“
* o x=x)? +e?]”

2 a

- 2 (0 Qg + 0
H* = HD 9 + “5A0 ) s {2 + 1§ “AL0 — 1.

(1



Numerical Methods

« PARTICLE-BASED

— Particle-particle
— Tree codes

 GRID-BASED
— Particle-Mesh
— ART (Adaptive Refinement Mesh tree)

« HYBRID
— Particle-Particle-Particle-Mesh (P3M)
— Tree + PM



Moore’s Law for Cosmological N-body Simulations

Moore siLaw:
Capacity of pr'()cessc‘il:;
double’eyery 18 months

N:Body'simulations
double thenumberiof:
particles every 16.4
months

Extrapolating:
101% particulasin®2008

...but it was done in
2004

108 |—
[72]
2
2
= e
a N
o
Re
= 105
=
=
.
[72]
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f— 400 x 100-215(Year—1975)

dircct summation
P°M or AP°M
distributed-memory parallel Tree
parallel or vectorized P°M

{ ~distributed-memory parallel TreePM
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Moore’s Law for Cosmological N-body Simulations

Moore s Llaw:

Gapacityiof; piocesédﬁ; double
every 18 months N —

N:Body'simulationsidoubleithe
number of particles every 16.4
months

1 trillion particles

Extrapolating:
1012 particulasin® 2020

...but it was done in

%)
0]
=
]
—
>
O
[19]
o,
[
O
=
-
]
-~
5
—
=
=
n

. HORIZON-KR

. JUBILEE
MULTIDARK
Millenium XXL

Computer technology allowsto DARK SKY

run much larger simulations. But
the Moore’s law is flattening since
6 years ago.

The reason is how data
management mostly and'the
increasing resilience problems
when using > 100K processors...




Why Large N-body simulations are needed?

Sout

BOSS DR12

DES, BOSS, eBOSS
DESI, JPAS, Euclid, LSST, WFIRST

ULTIDARK

“They will probe 10-100 Gpc/3 e
volumes ’

0.01n(r)

ve Volume (h-*Mpc?)

* Need to resolve halos hosting the faintest galaxiesE . o

of these surveys to produce realistic MOCK e S _ N 3 R
catalogues. Higher z surveys imply smaller galaxies [ s O el
and smaller halos->more mass resolution.

01
k (hMpe1)
 Fundamental tool to compare clustering properties
of galaxies with theoretical predictions from
cosmological models at few % level. Not possible
only with LPT. Must do the full non-linear evolution

for scales 100+ Mpc (BAO, P(k), RSD, 2pcf of
galaxies)

*Galaxy Biases: Large mass resolution is needed if
internal sub-structure of dm halos has to be properly *BAO in BOSS,
resolved to map halos to galaxies. «100Mpc scale

*e.g. Using the Halo Abundance Matching technique
(e.g. Trujillo et al 2011).

* P(k) from Dri12 and BiGMD
*Rodriguez-Torres et al 2015



Why Large N-body simulations are needed

*A real example: BOSS (z=0.1..0.7)
*Box size to host full BOSS survey : 3.5 ht Gpc

ue

*BOSS completed down to LRG galx with
vV, >350 km/s -> M, ~5x10712 Msun.

*To properly resolve the peak of the Vrot in a
dark matter halo we need a minimum of few 100
particles. High-force resolution to properly
model halos and subhalos hosting LRG's

*Then, a proper representation N-body
realization of a BOSS survey will need

> 700073 particles.

*DESI, Euclid, LSST will probe to z>1.5 m& - v
Larger Boxes: > 4/h Gpc
*Npart > 10,000"3

Smaller host halos (~10"12) for ELG’s



“Bolshoi + Multidark+
‘BigMultidark
~Klypin et al. 2014.

JUBILEE Y
Watson etaP 2013
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From dark halos to galaxies

* A Full self-consistent galaxy formation simulation is
orders of magnitudes more computationally expensive
than dark matter only simulations.

vé The Illustrls Slmulatlon
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Simulated volumes

100 Mpc- 500 Mpc




From dark halos to galaxies

* A Full self-consistent galaxy formation simulation is
orders of magnitudes more computationally expensive
than dark matter only simulations.

« Not possible to simulate large computational volumes
— (>>1Gpc?) with baryons and proper resolution

* Need to map halos to galaxies using approx. models:

v’ Halo Occupation Distribution (HOD)
v Halo Abundance Matching (HAM)
v' Semi Analytical Modelling (SAM)
v Machine Learning Techniques (ML)



SUGAR: creating Realistic Light cone
mocks for BOSS LRG’s :SUrvey GenerAtoR :

*New code developed by
Sergio Rodriguez to

*Build high fidelity Light
Cone mocking BOSS LRG
galaxies
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The clustering of galaxies in the SDSS-1III Baryon
Oscillation Spectroscopic Survey: Modeling the clustering
and halo occupation distribution of BOSS-CMASS galaxies
in the Final Data Release Arxiv-1509.06404

Rodriguez-Torres, et al 2015
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MultiDark-HiFi Mock Project Chart for BOSS DR12

INITIAL
CONDITIONS
g (CAMB)
DENSITY FIELD
G. Yepes

Augmented Lagrangian Perturbation Theory C. Fhao
(ALPT: Kitaura & Hess 2013) & BO5S Clustering WG

4

HALO FIELD & RSDs
(PATCHY: Kitaura, Yepes, Prada 2014)

I
PATCHY bias & RSD parameiers calibrated with
BigMultiDark HAM to match BOSS clustering
(Rodriguez+14)

Y

GALAXIES

Light Cone & Survey Geometry

Stellar mass assigment
1 (based on MockFactory & SUGAR: Rodriguez+14)

(HADRON: Zhao+14)

BOSS Galaxy Mock Catalogue
(Kitara+14)
ra,dec,z mstellar,bias, m/l ratios, n(r), completeness, ...

Barcelona
Supercomputing
C

*Generation of high-fidelity
mocks for final data release
DR12 of BOSS Survey:

*More than 2000+ light-
cones for CMASS North
and South + LOWz North
and South.

100° 80°




BOSS Galaxy Mocks Massive Production

The clustering of galaxies in the SDSS-111 Barvon

Oscillation Spectroscopic Survey:
Mock galaxy catalogues for the final BOSS Data Release

Kitaura et al, 2015 , Arxiv/1509.06400
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More than 2000

BOSS Light-cone
mocks:
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SIMULATIONS OF
INDIVIDUAL COSMIC
STRUCTURES

THE ZOOMING TECHNIQUE



MULTIMASS TECHNIQUE

. Adaptive multi-mass to achieve
high resolution:

. Re-Simulated areas from large
computational boxes by
resampling particles of

Increasing mass away from the
refined region:

& Original initial conditions up to
40968 particles in a big box.

@ Trace back particles of selected
objects to identify the Lagrangiang
region to be resimulated with very
high resolution and degrade
resolution elsewhere in spherical
shells

@ Very easy way of parallelization.



ZOOMED CLUSTER SIMULATIONS

We selected all the cluster-size halos
more massive than M> 1015 hi M,
(282) at z=0
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Local Group halos
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ELVISLG N-BODY SIMULATIONS



PROBLEMS OF ACDM AT
SHORT SCALES

FROM RESULTS OF N-BODY
SIMULATIONS



PROBLEMS OF ACDM AT
SHORT SCALES

» The standard cosmological model with the best
fit cosmological parameters from Planck and
other probes, works extremely well to describe
the large scale structure of matter in our
Universe.

« But when looking at the properties of
structures at short scales < 1 Mpc, the
predictions of the model (from N-body
simulations) are at odds with observations...



Substructure in dark matter halos hardly depends on mass

SUBHALOS IN A RICH CLUSTER AND A MILKY WAY-SIZED HALO

Halo with 5x10™ M
Moore et al. (1999)
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NATURE OF THE DARK MATTER
Cold DM vs Warm DM

*WDM patrticles:
‘M,,qm = 3keV — 1 keV

«Comparison with ACDM:
density profiles

esubstructure mass
functions

1 4% =0
k (h/Mpc)




Missing Satellite Problem nearby

*Springel et al. 2001

«CDM predicts large
numbers of subhalos
(~100-1000 for a Milky
Way-sized galaxy)

«Milky Way only has 23
known satellites

«What happened to the
rest of them?



Missing Satellite Problem nearby

.

*Springel et al. 2001

«CDM predicts large
numbers of subhalos
(~100-1000 for a Milky
Way-sized galaxy

«Milky Way only has 23
known satellites

«What happened to the
rest of them?
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Missing galaxies in LCDM

ALFALFA survey)

Zavala et al. 2009

Discreteness effects
Wang and White 2007

Effective
limiting mass

o
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= { a factor of ~10 at V....~30 km/s
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Too Big to fail problem

Independent(?) of the core-cusp problem, recent analysis of high resolution simulations of
MW-size halos find that:

The most massive CDM subhalos seem to be too dense to host the MW dSphs!!

DM satellltes of six MW—slze halos (Aquarius prc:uect}

1,99 = 1:}” M

: i..‘f! .

1.32 Yl(}'




THE CUSP-CORE PROBLEM

simulated cusp

observed core
o—=0




[nner density slope

Navarro, Frank & White (1997) :

Moore et al. (1999) :
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No asymptotic slope detected so far



*Observational Results

Observations provide velocity profiles that
are then converted in density profiles

Low Surface Brightness Galaxies

LSB: Dark matter dominated, stellar
population make only a small contribution
to the observed rotation curve

Rotational velocity from HI and Ha

Rotational velocity
proportional to enclosed mass

Thins

UGC11707

L] 9
- ."-'l
[] I—It .

UGC11861

|r" Wiy

UEE Swaters+ 2001




*Observational Results

Observations provide velocity profiles that
are then converted in density profiles

*Low Surface Brightness Galaxies
LSB: Dark matter dominated, stellar Core o [
population make only a small contribution i
to the observed rotation curve NFW, .|

Rotational velocity from HI and Ha Mooret

-7

Rotational velocity
proportional to enclosed mass
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Figore 3: The mapakope i plotted agriingt the radiog of the nnecamost messored point. The
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How can we explain these
observations?

* In general, N-body simulations of ACDM on
scales < 1 Mpc are at odds with observations.

» Two basic possible solutions:

= Modifications to CDM hypothesis:
« DM particle mass/decay/interaction cross-section?
— Plenty of alternatives: SIDM, fuzzy dm, ultralight scalars, Bose-
Einstein condensates. .
= GasAstrophysics: Effects of baryon physics

« What astrophysics? AGN and SN feedback, winds?

« Hydrodynamical simulations + subgrid physics can shed light on
these problems at least until a dark matter particles is detected...



SUMMARY

Modern Cosmology can be considered a real science now like any other are in
which the Scientific Method ( observations, measurements, experiments, and
formulation of theories and constrast of predictions against data) can be applied in its
full extent, thanks to the incredible developments both in astronomical observations
and in numerical developments.

Numerical simulations have become an indispensable tool in Cosmology. They are
the cosmic laboratories in which we can create universe models that can be observed
by the same observational tools as the real universe and compare their results.

Therefore we can test the viability of the different hypothesis about the abundance
and nature of the dark matter and dark energy in the Universe.

There is still a lot of work to in the modelling of the complex physical processes of
normal matter (gas, stars and Black holes). A self-consistent picture of the galaxy
formation process needs of hydrodynamical simulations coupled with sub-grid
modelling of unresolved processes associated to star formation and feedbacks for
large enough volumes to compare with observations of galaxy distribution.



Some Useful Reading

GENERAL

— “Modern Cosmology”. Scott Dodelson (online)

— “Cosmological Physics” by John Peacock (available online)

— Extragalactic Astronomy and Cosmology”. P. Schneider (online)

LINEAR PERTURBATION THEORY
— “Large Scale Structure of the Universe” by Peebles

— “Structure formation in the Universe”. T. Padmanabhan (online)
— LARGE-SCALE SURVEYS AND COSMIC STRUCTURE (ONLINE)
» https://ned.ipac.caltech.edu/level5/Sept03/Peacock/Peacock contents.html

GALAXY FORMATION:

— “Galaxy Formation Theory”, A. Benson, Phys.Rep 2010. (online)
* Arxiv:1006.5394

— “Galaxy Formation and Evolution”. Mo, van den Boch, White 2010,
Cambridge Univ. Press. (online)




