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-Quals sao as estruturas que
estamos guerendo entender?
Galaxias e aglomerados de
galaxias e sua distribuicao em
grande escala



Aula Il

-Entender Como pequenas
perturbacoes existentes na
distribuicao quase homogénea de
densidade de matéria no universo
primordial evoluem até o ponto de
formar uma estrutura como
conhecemos
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- Efeito Mészaros -> Bonus: Precisamos de
mateéria escura

-Estagio nao-linear de formacéo de
estruturas. Entender o porqué de um
excesso de densidade na distribuicao de
materia se desacopla do fluxo de Hubble e
colapsa para formar um  objeto
astronomico.
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ABSTRACT

A Large Quasar Group (LQG) of particularly large size and high membership has
been identified in the DR7QSO catalogue of the Sloan Digital Sky Survey. It has char-
acteristic size (volume!/3) ~ 500 Mpc (proper size, present epoch), longest dimension
~ 1240 Mpec, membership of 73 quasars, and mean redshift z = 1.27. In terms of both
size and membership it is the most extreme LQG found in the DR7QS0O catalogue for
the redshift range 1.0 < z < 1.8 of our current investigation. Its location on the sky is
~ 8.8° north (~ 615 Mpc projected) of the Clowes & Campusano LQG at the same
redshift, z = 1.28, which is itself one of the more extreme examples. Their boundaries
approach to within ~ 2° (~ 140 Mpc projected). This new, huge LQG appears to be
the largest structure currently known in the carly universe. Its size suggests incom-
patibility with the Yadav et al. scale of homogeneity for the concordance cosmology,
and thus challenges the assumption of the cosmological principle.
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Seeing patterns in noise: Gigaparsec-scale ‘structures’ that do not

violate homogeneity
Mon.Mot.Roy. Astr.50C.434:398,2013 Seshadri Nad athur'
! Fakult fiir Physik, Universitit Bielefeld, Postfach 100131, D-33501 Bielefeld, Germany

ABSTRACT

[Clowes et al. (2013) have recently reported the discovery of a Large Quasar Group (LQG),
dubbed the Huge-LQG, at redshift z ~ 1.3 in the Data Release 7 quasar catalogue of the Sloan

3 TESTING HOMOGENEITY WIT} Digital Sky Survey. On the basis of its characteristic size ~ 500 Mpc and longest dimension
CATALOGUES > 1 Gpc, it is claimed that this structure is incompatible with large-scale homogeneity and

. the cosmological principle. If true, this would represent a serious challenge to the standard

3.1 Fractal analysis cosmological model. However, the homogeneity scale is an average property which is not

necessarily affected by the discovery of a single large structure. I clarify this point and provide
the first fractal dimension analysis of the DR7 quasar catalogue to demonstrate that it is in fact
homogeneous above scales of at most 130 A~! Mpc, which is much less than the upper limit

The simplest test of homogeneity that car
set is based on the average of the numbe

Ni(< R) contain:ed Wiﬂﬁ'f a sphere U_f““ for ACDM. In addition, I show that the algorithm used to identify the Huge-LQG regularly
member of the point set, with the requirern finds even larger clusters of points, extending over Gpe scales, in explicitly homogencous
lies within the distribution of points: simulations of a Poisson point process with the same density as the quasar catalogue. This

provides a simple null test to be applied to any cluster thus found in a real catalogue, and

M x : s :
1 suggests that the interpretation of LQGs as ‘structures’ is misleading.

N(< R)= — Y Ni(< R), - ORI T
M =1

where M is the number of sphere centres. For a homogeneous dis-

tribution N(< R) o R”, where D is the number of dimensions, [
three in this case. The correlation dimension D»(R) is calculated 3.0+ f Pod PR S S
as the denv;tlwe - STy it }- R o S LT
niN(< R i
Dy (R) = ARk (2) a 29 [
and quantifies the deviation from this homogeneous scaling. -l [
For any given catalogue of objects that trace the matter density ;;E' 28} ]
of the Universe, N (< IZ) can be related to the two-point correlation [
function £(r) by 27k ]
R [
N(< R)= ,5[ (1+ bzg(r)) Arridr | (3) [
0 26t 8
where p is the mean matter density and b is the bias of the tracer - e - - : |
50 100 200 500

population. Note that the relationship in eq. (3) requires the as-
Comoving radius R [Mpc]
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First Stars and Reionization Era

Time since the
Big Bang (years)

~ 380 Thousand

~ 400 Million

~ 9 billion

~ 13.7 Billion

-

Epoch of Reionization

Today: Astronomers look back and understand

The Big Bang/Inflation

Universe filled with
ionized gas
fully opaque

Universe becomes
neutral and transparent

Galaxies and Quasers
begin to form - starting
redonization,

Reionization complete
- 10% opacity

Galaxies evolve
Dark Energy begins

10 accelerate the
expansion of space

Qur Solar System
forms
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Superficie de ultimo espalhamento

At high temperatures, a hot Below about Photons can travel large
plasma of charged particles 3000K, protons distances in the neutral
interacts strongly with the and electrons hydrogen, so the confinement
radiation.That effectively can combine is effectively broken.Photons
confines it in the interior of into neutral can move freely throughout

stars and in the early universe. hydrogen. the space.
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Heavy Elements

Universe Mass =
S 0.03%

Composition

Neutrinos
0.3%

Stars
0.5%

Free Hydrogen
and Helium
4%

Dark Matter
23%

Dark Energy

NASA Figure 72%
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Particulas: Neutrinos

Free Neutrors
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Particulas: Matéria Escura

Fritz Zwicky (1929)

" . g Aglomerados de Galaxias: Mais massa do que se podia ver
\ . :I. -"r

Anos de 1970

Observations o hydrogen

Rotacao de Galaxias:

.. R (x 1000 ly)



Energia: Energia escura
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tion of redshift.
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FIG. 4: Variation of the redshift as a function of the cosmic
time.
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Fontes observacionais

The Sloan Digital Sky Survey: Mapping the Universe

The Sloan Digital Sky Survey has created the most detailed three-dimensional maps

of the Universe ever made, with deep multi-color images of one third of the sky, and
spectra for more than three million astronomical objects.

APOGEE-2 eBOSS MaNGA

A stellar spectroscopic survey of the Milky Way,

A cosmological survey of quasars and galaxies, The galaxy survey for people who love galaxies!
with two major components: a northern survey also encompassing subprograms to survey MaNGA (Mapping Nearby Galaxies at Apache
using the bright time at APO (APOGEE-2N), and a variable objects (TDSS) and X-Ray sources Point Observatory) will explore the detailed
southern survey using the 2.5m du Pont (SPIDERS). internal structure of nearly 10,000 nearby
Telescope at Las Campanas (APOGEE-2S). galaxies using spatially resolved spectroscopy.

Explore eBOSS

Explore APOGEE-2 Explore MaNGA



THE DARK ENERGY SURVEY

NEWS AND RESULTS  DATAACCESS MULTIMEDIA

The Dark Energy Survey (DES) is an international, collaborative effort to
map hundreds of millions of galaxies, detect thousands of supernovae,
and find patterns of cosmic structure that will reveal the nature of the
mysterious dark energy that is accelerating the expansion of our
Universe. DES began searching the Southern skies on August 31, 2013.

According to Einstein’s theory of General Relativity, gravity should lead
to a slowing of the cosmic expansion. Yet, in 1998, two teams of
astronomers studying distant supernovae made the remarkable
discovery that the expansion of the universe is speeding up. To explain
cosmic acceleration, cosmologists are faced with two possibilities:
either 70% of the universe exists in an exotic form, now called dark
energy, that exhibits a gravitational force opposite to the attractive
gravity of ordinary matter, or General Relativity must be replaced by a
new theory of gravity on cosmic scales.

EDUCATION  CONTACT US

Afterglow Light
Pattern
400,000 yrs.

Inflation

Quantur
Fluctuations

@ ESPANOL ENGLISH

Dark Energy
Accelerated Expansion

Dark Ages Development of
Galaxies, Planets, etc.

1st Stars 2 i :" —
about 400 million yrs.

Big Bang Expansion

13.7 billion years




LE FIGARO-fr




Aula Il

-Entender Como pequenas
perturbacoes existentes na
distribuicao quase homogénea de
densidade de matéria no universo
primordial evoluem até o ponto de
formar uma estrutura como
conhecemos



Physical Foundations of
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L
Perturbacoes cosmoldgicas

- 1) Perturbacoes Newtonianas
- 1.a) Modos escalares
- 1.b) Modos vetoriais

- 2) Perturbacdes relativisticas

- 2.a) Modos escalares

- 2.b) Modos vetoriais

- 2.¢) Modos tensoriais -> Ondas gravitacionais
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Continuity equation If we consider a fixed volume element AV in Euler (nonco-
moving) coordinates X, then the rate of change of its mass can be written as

dM(t) [ de(x, 1)
dt _f at

dv. (6.1)

AV

On the other hand, this rate is entirely determined by the flux of matter through the
surface surrounding the volume:

dM(t)
dt

—\?ga‘V -do = — f V(eV)dV. (6.2)
AV

These two expressions are consistent only if

5
a_f +V(eV) = 0. (6.3)
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Euler equations The acceleration g of a small matter element of mass AM is
determined by the gravitational force

For = —AM - V¢, (6.4)

where ¢ is the gravitational potential, and by the pressure p:
FP,.=—ffp-dﬂ'=—f‘?’pdl’:—?p*£v. (6.5)

AV
With
dv(x(t),t) [V dx'(t) {9V GAY

— = — | = — - V)V, 6.6
8 dt (ar)x“L dt (ax‘) gy TV V) (6.6)

Newton’s force law
AM -g =F, +Fy (6.7)
becomes the Euler equations

3V v
SEHV V) V+?P + Ve =0. 6.8)
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Conservation of entropy Neglecting dissipation, the entropy of a matter element is
conserved:

dS(x(t),t) 23S | B
=5 (VYIS =0, (6.9)

Poisson equation Finally, the equation which determines the gravitational potential
is the well known Poisson equation,

Ap = 4nGe. (6.10)
Equations (6.3), (6.8)—(6.10), taken together with the equation of state

p = p(e, S), (6.11)

form a complete set of seven equations which, in principle, allows us to determine
the seven unknown functions &, V, §, ¢, p. Note that only the first five equations
contain first time derivatives. Hence the most general solution of these equations
should depend on five constants of integration which in our case are five arbitrary
functions of the spatial coordinates x. The hydrodynamical equations are nonlinear
and in general it is not easy to find their solutions. However, to study the behavior of
small perturbations around a homogeneous, isotropic background, it is appropriate
to linearize them.



6.2 Jeans theory

Let us first consider a static nonexpanding universe, assuming the homogeneous,
1sotropic background with constant, time-independent matter density: £o(7, X) =
const. This assumption is in obvious contradiction with the hydrodynamical equa-
tions. In fact, the energy density remains unchanged only if the matter is at rest
and the gravitational force, F o« V¢, vanishes. But then the Poisson equation
A¢p = 4w Gep is not satisfied. This inconsistency can, in principle, be avoided
if we consider a static Einstein universe, where the gravitational force of the matter
is compensated by the “antigravitational” force of an appropriately chosen cosmo-
logical constant.

Slightly disturbing the matter distribution, we have:

e(x, 1) =¢g9+de(x,1), VX, t)=V,+dv=v(x,t),

B(%, 1) = o+ 8¢(x, 1), S(x,1) = So +8S(x, 1), (612
where d& < g, etc. The pressure is equal to
p(X, 1) = p(&o + d¢&, So + 8S) = po + dp(x, 1), (6.13)

and in linear approximation its perturbation ép can be expressed in terms of the
energy density and entropy perturbations as



8p = c;8e + 08S. (6.14)

Here c? =(dp/de)g 1s the square of the speed of sound and o =(dp/dS),. For
nonrelativistic matter (p < €), the speed of sound as well as the velocities dv are
much less than the speed of light.

Substituting (6.12) and (6.14) into (6.3), (6.8)—(6.10) and keeping only the terms
which are linear in the perturbations, we obtain:

dde
998 L £oV(8Y) =0, (6.15)
a1
sy 2
PN L S se + L VsS + Vip =0, (6.16)
dt £o £0
955
95 _ 6.17
Y (6.17)
A8 = 4m Goe. (6.18)

Equation (6.17) has a simple general solution
3S(x, 1) = 85(x), (6.19)

which states that the entropy is an arbitrary time-independent function of the spatial
coordinates.



Taking the divergence of (6.16) and using the continuity and Poisson equations
to express Vdv and Ad¢ in terms of d&, we obtain

%5e
12

This is a closed, linear equation for &, where the entropy perturbation serves as a
given source.

— cfﬁﬁs —4m Gepde = 0 AdS(X). (6.20)

6.2.1 Adiabatic perturbations

First we will assume that entropy perturbations are absent, that is, §§ = 0. The
coelficients in (6.20) do not depend on the spatial coordinates, so upon taking the
Fourier transform,

3

(2m)¥2’

we obtain a set of independent ordinary differential equations for the time-dependent
Fourier coefficients deg(1):

8k +(k°c; — 4mGeg)dex = 0, (6.22)

de(x, 1) = f Sex (1) exp(ikx) (6.21)

where a dot denotes the derivative with respect to time ¢ and k = |k| .



Equation (6.22) has two independent solutions
Sek o exp(Liw(k) 1), (6.23)

where

w(k) = \/kch — 47 Gy,

The behavior of these so-called adiabatic perturbations depends crucially on the
sign of the expression under the square root. Defining the Jeans length as

2r x \ '/
Ay = E = Cy (G_sﬂ) , (6.24)
so that w(k;) = 0, we conclude that if A < A, the solutions describe sound waves
de o sin(wt + kx + o), (6.25)

propagating with phase velocity

kz
Cphase = % = Cy - _J- (626)

In the limit k£ > k;, or on very small scales (A << A ;) where gravity is negligible
compared to the pressure, we have ¢ppa5e —> €5, as it should be.



On large scales gravity dominates and if A > A;, we have
deg o exp(£ |w|1). (6.27)

One of these solutions describes the exponentially fast growth of inhomogeneities,
while the other corresponds to adecaying mode. Whenk — 0, [w|t — 1/1,,, Wwhere
tor =4 Gey) 172 We interpret f,, as the characteristic collapse time for a region
with initial density &.

The Jeans length A; ~ ¢ lg- is the “sound communication™ scale over which
the pressure can still react to changes in the energy density due to gravitational
instability. Gravitational instability is very efficient in a static universe. Even if the
adiabatic perturbation is initially extremely small, say 10~'%, gravity needs only a
short time 1 ~ 2301, to amplify it to order unity.



6.3 Instability in an expanding universe

Background In an expanding homogeneous and isotropic universe, the background
energy density is a function of time, and the background velocities obey the Hubble
law:

e=¢gp(t), V=Vo=H(1)-Xx. (6.32)
Substituting these expressions into (6.3), we obtain the familiar equation
g0+ 3Hegg = 0, (6.33)

which states that the total mass of nonrelativistic matter is conserved. The diver-
gence of the Euler equations (6.8) together with the Poisson equation (6.10) leads
to the Friedmann equation:

dn G

H o+ H? = —
+ 3

£o. (6.34)



Perturbations Ignoring entropy perturbations and substituting the expressions

e =¢gy+de(x, 1), V=Vog+3dv, ¢ =¢y+ o,

6.35
p = po+38p = po+cide, (6.35)

into (6.3), (6.8), (6.10), we derive the following set of linearized equations for small
perturbations:

38
a_: + 89V + V(s - Vg) = 0, (6.36)
adv -::3
=7 T Vo V)8V + 8V - V)Vo + = Vée + Vg =0, (6.37)
€0

ASp = 4 Gée. (6.38)



The Hubble velocity Vi depends explicitly on x and therefore the Fourier transform
with respect to the Eulerian coordinates x does not reduce these equations to a

decoupled set of ordinary differential equations. This 1s why it 18 more convenient
to use the Lagrangian (comoving with the Hubble flow) coordinates g, which are

related to the Eulerian coordinates via
x =alt)q, (6.30)

where a(t) i1s the scale factor. The partial derivative with respect to time taken at
constant x 15 dilferent [rom the partial denivative taken al constant . For a general
function f(x, 1) we have

Afx=aq,0\ _(3f\ . [ f
() () (), o

P 3
(ﬁ), — (ﬁ)q — (Vg - V). (6.41)

The spatial denivatives are more simply related:

v, =1y, (6.42)
a

and therefore



Replacing the denvatives in (6.36)—(6.38) and introducing the fractional ampli-
tude of the density perturbations § = dz /gy, we finally obtain

(33) + - ! vsy = 0, (6.43)
a1
(351’) cl 1
4+ Hév + V5 + ~Vig =0, (6.44)
at a a
Ad¢p = 4 Ga’eyé, (6.45)

where V = V and A are now the denvatives with respect to the Lagrangian coor-
dinates g and the time derivatives are taken at constant q. In deriving (6.43) we have
used (6.33) for the background and noted that ViV = 3H and (dv - Vi)V = Hiv.
Taking the divergence of (6.44) and using the continuity and Poisson equations to
express Vav and Adg in terms of 4, we derive the closed form equation

&+ 2HE — ﬁ;ﬁﬁ — 4w Gepd =0, (6.46)
a

which descnibes gravitational instability in an expanding universe.
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I
Just after Inflation

The Initial Power Spectrum
Pk) = | Ax]? o K

The Harrison—Zeldovich power
spectrum has n = 1

T(k) modifies the shape of P(k).

Current power spectrum P(k) [(h=! Mpe)?)

104 |

1000 E
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|
z=0 (Today)

Wavelength A [h~! Mpec]

1000 100
t. T [reysvr vy T luvvv: T T | b

® Cosmic Microwave Background
® SDSS galaxies

# Cluster abundance

= Weak lensing
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Evolucao das perturbacoes na matéria
escura e barions

>

linear growth

dark matter

Density contrast

baryonic matter

I z~~10000 z~~1200 recombination

BB radiation epoch matter epoch Time

Figure 2.4: Growth of matter density contrast. After the
recombination the baryonic is free to evolve and fall into
the dark mater halos which formed earlier. Afterward
both matter grow together.



log,, (a(t)/a,)



As perturbacoes lineares finalmente
chegaram ao estagio nao-linear.

E agora?



0 =(2 n/3) B=n 0=2nx
———— Linear Non-Linear
A
density of the
perturbed region

Turn Around

Density
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21.0 h'Gpc
550 billion particles

10.8 h'Gpc
375 billion particles

DEUS FUR - 03/2012
www.deus-consortium.org/

Horizon Run 3 - 12/2011

3.0 h''Gpc
303 billion particles

Millenium XXL - 09/2011
astro.kias.re.kr/Horizon-Run23/ www.mpa-garching.mpg.de/millennium/

Comparison of some N-Body simulations in terms of particles and volume sizes.

Mean Field approximation: Vlasov-Poisson equations and N-body system

Df _of  _Of 96 0f

“r_ 9 2 _o.
Di ~ ot TUer T aron

V2o(7,t) = AnGp(T, 1),

where the density of finding a particle is

velocity /acceleration equation
dr dv

Y S = = _V¢.

dt dt

The potential ¢ is given by,

Z G J— or

V3¢ = AnGpr
i k/|r—r ? + €2




Hermano Velten

From the particle distribution,
compute the mass density field on the grid

Solve for fields equation (e.g. Poisson eq) on the grid

Potencialis developedon harmonic functions
(Plane waves, Fourier Trasform)

Interpolate the force back to the particle position

Move the particles (Time Integrator)




O gue as simulacoes revelam?
Existem problemas com nosso
modelo padrao?
- Distribuicao da matéria ao longo do halo:
Core/cusp

- Muitos satelites preditos! Mas nao vemos
todos eles.
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1) The CUSP-CORE Problem
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core - buryons
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2) The Missing Satellites Problem
2.1) Too Big to Fail Problem
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