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Abstract: Galaxy clusters are the biggest gravitationally bound structures in the Universe. Simple features of these objects can help us reconstruct
theinitial conditions at the Big-Bang and test the fundamental laws of physics.
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From the Biggest Things

to-the Biggest chg

. Louis Leblond

... and to the biggest questions




Observe 1.

1: 11070031 Page 3/166







’ ¥
. 2 L4
- L]
T
- .
® -
- -
F "
- ..
e -
. - <4 . - s
- - ‘ » -
i - — ® -
' L = -
- w J -
- -
- . . ’ -
¥ -
L]
- - -
\ .‘ o - L] -
- . L ‘
" -
L]
. . M .
- -
b . v \- -
r
-
» o
>
-
- -




1. 11070031 Page 6/166




- ®
E vz $
- - '
- -
w -
- -
4 -
- .‘ .. '
. - 4 . - "
- - ‘ . W=
’ . 5 - "‘
’ ‘ [
- -
- -
% . . o &
f *
w
- - "
\ .‘ - - L ] -
- . L ‘
. -
L]
w ™ -
|
- -
= L -
. % -
¥




1: 11070031 Page 8/166




Galaxy Clusters
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Galaxy Clusters
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The biggest things are
close by
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The biggest things are
close by
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The biggest things are
close by
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Peculiar velocities of

o T

A A el d L Nd &

1000 galaxies @ 10" M-

~ 10" kg ~ 10°Y km
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Observe 2. X-Rays

. 11070031
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Observe 2. X-Rays

. 11070031
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XMMUJ2235.3+2557

Mass of Gas = 2 x Mass of galaxies

Still mass missing
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XMMUJ2235.3+2557

Mass of Gas = 2 x Mass of galaxies

Still mass missing
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Dark Matter

Total Mass = 6 x (mass of gas + galaxy)

galaxies
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great, we can’t see if...

E 2 can we test it2
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Observe 3. Gravitational
lensing

= P ‘
ional lensing
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From 5trong grnvifcficnd iensing we can thure out the total

mass in Abell 370

But we can do better
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From strong gravitcticnd iensing we can ﬁgure out the total

mass in Abell 370

But we can do better
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From strong grnvifuticnd lensing we can F}gure out the total

mass in Abell 370

But we can do better
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Cosmology: neglecting us

Cold Dark matter

How do we get structure in the Universe?
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Original seeds

N-body Simulation on a supercomputer
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Aguarius SImulabon Visuaizzbon on Vimeo
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Gravity causes matter to aggregate into long, intersecting filaments surrounded by vast, neariy empty voids
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Gravity causes matter to aggregate into long, intersecting filaments surrounded by vast, nearfy empty voids
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Gravity causes matter to aggregate into long, intersecting filaments surrounded by vast nearly empty voids
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Credi: Mark Whattle. University of Virgima
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Scale Invariance
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Scale Invariance




Credit: Mark Whartle . Universaty of Virgmma
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Scale Invariance
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Scale Invariance




Linear theory just matter
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Scale Invariance




Linear theory just matter

Small scale have grown for
longer because they entered
first
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Linear theory just matter
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Collapse Objects
al
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Collapse Obijects
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What is the probability of
seeing the big objects given
our best models for

cosmology?

\CDM
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What is the probability of

seeing the big objects given
our best models for
cosmology?

ACDM
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What is the probability of

seeing the big objects given
our best models for
cosmology?

\CDM
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So what do we have?

This model fails on very small scales...
where baryons should be important

More importantly
it fails recently. Perturbations have stop

growing starting at redshift of z =0.5 4 @DM

Dark energy
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So what do we have?

This model fails on very small scales. ..
where baryons should be important

More importantly
it fails recently. Perturbations have stop
growing starting at redshift of z =0.5

Dark energy
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Why2 Why2 Why?
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Start with a smooth patch

dark energy A
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Cooling

horizon expands
perturbations come back in
the horizon
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Cooling

horizon expands
perturbations come back in
the horizon




Dark matter

fall into potential well




Structure forms
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onclusion
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