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The obgervable Univerge

Copernican Principle:
we are not obgerving the Univerge
from a preferred location

.\‘

thgz//commong.wikimedia.org/wiki/File:Obgervable_univerge_logarifhmia_i[lugfraf}éhibrig,_~_ R ~ /



How do gtare form?

By gravitational collapge: the cycle of gas

Video of the Voyage to Virgo
httpe://www.youtube.com/watch?v=0_WSeR2adll



How do galaxies form?

By gravitational collapse too!

Credit: Chrig Blake & Sam Moorfield



The cogmic web

httpe:/ /www.youtube.com/wateh?u=(\JXGC52{ TL2A



Timeline of the Univerge

Proton
Photon Helium
nucleus
Neutron
Electron Helium Modern
atom Hydrogen First stars =8Iy galaxies
atom prer galaxies @
e PP appear appea

Wayne Hu, hitp://background.uchicago.edu/~whu/Scilm/eym2 html



The hot Univerge

e Electron

@ Proton




Cogmic microwave background (CMB)

e Electron

@ Proton
@ Atom




(CMB)

Cogmic microwave background

ESA and the Planck collaboration



The foundationg of the Big Bang theory (l)

Credite: Harvard-Smithgonian Center for Agtrophygice

912: Henrietta Leavitt discovers the propertieg of cepheid starg

1920: Edwin Hubble

1927 Georges Lemaitre

1929: Hubble
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From http://hyperphygice.phy-agtr.gsu.edu/hbage/Astro/ cepheid html



The foundationg of the Big Bang theory (l)

* [912: Henrietta Leavitt
» 1920: Edwin Hubble finds cepheids in Andromeda (later in more galaxies)

« [927: Georges Lemaitre

« 1920: Hubble

Credite: Observatorieg of the Carnegie ngtitution of Waghington



The foundationg of the Big Bang theory (l)

o [912: Henrietta Leavitt

« 1920: Edwin Hubble

« [927: Georges Lemaitre propoges the “primeval atom” theory:
» (alaxieg are receding
» With a velocity proportional to the distance
» The Univerge hag to be expanding

« 1920: Hubble

Credite: WordPrege



The foundationg of the Big Bang theory (l)

o [912: Henrietta Leavitt
« 1920: Edwin Hubble

« [927: Georges Lemaitre

» 1929: Hubble measureg the digtance to cepheidg at Mt. Wilson

Credite: Observatorieg of the Carnegie ngtitution of Waghington » Hefinde a relahongh[p betuween Ve[OCI’rg and distance



The foundationg of the Big Bang theory (ll)

» [915: Albert Einstein publiches the Theory of General Relativity
» [9I7: Eingtein
* [924: Alexander Friedmann
o 1927: Lemaitre
» 1929: The Big Bang theory



The foundationg of the Big Bang theory (ll)

» [915: Albert Eingtein
» [9I7: Einstein adds the cogmological conetant
» [924: Alexander Friedmann
« 1927: Lemaitre
» 1929: The Big Bang theory



The foundationg of the Big Bang theory (ll)

« |915: Albert Eingtein
* [9I7: Eingtein
» 924 Alexander Friedmann findg 3 possible golutions when he applieg GR to the Univerge
* [927: Lemaitre
» 1929: The Big Bang theory

k=0  Flat

k=0  Cloged

time



The foundationg of the Big Bang theory (ll)

« 1915: Albert Eingtein
« [O[7: Eingtein
« 1924 Alexander Friedmann

» 927 Lemaitre finds independently the gsame 3 golutiong
» [929: The Big Bang theory



The foundationg of the Big Bang theory (ll)

« [915: Albert Eingtein

[OI7: Eingtein

1924 Alexander Friedmann
1927 Lemaitre

1929: The Big Bang theory becomes the mogt accepted theory thanke to Hubble’s work. Eingtein retracte
from the cosmological congtant
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General Relativity
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httpg://commong.wikimedia.org/wiki/File:Spacetime_lattice_analogy.eug



Firat method to weigh the Univerge

» Obgerve the size of the gpotg in the CMB
o [t will tell you the geometry of the Universe
» The Univerge ig flat! Therefore it ehould have the eritical dengity

NASA/WMAD gcience team




The mégg of :ga[aztg olugferg , #\

+ Fritz Zwicky (Caltech (933) meagured the li?hf coming from galaxiss living in clusters, ag well ag how |
quickly the individual.galaxieg were moving relative to one another. .l . =
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The magg of galaxieg

« Vera Rubin (19704) studied the rotation of galaxies
and her findings suggested the pregence of dark matter

Credit: Carnegie [ngtitution,
http://wuww.gpacetelescope.org/ static/archives/images/large/heicllO4ajpg Department of Terrestrial Magnetiem



Gravitational lenging

» General relativity predicte gravitational lenging

httpg://commong.wikimedia.org/wiki/File:Gravitational_lene-fulljpg



The-

(2005): Tho gmokmg @n of dark Maﬁer

’ ‘q
. ’ » » > 3 y - - » -
- - : ® b 4 .
- - -
.
- .’
- -
.-
B ® 2
-
. -
.o. .‘
0‘0 ®
e N
. : ..'
. - .
- .

|Lcnsmg Map: NASA/STScl; ESO WFI; Magcllan 'U.Arizona/ D.CI

.
. - :
- ‘
, -
’ o e
N /
'\. { o .
| B D » &% :
. \ r . .
B = g -
o AN L #l, : e
. g
’ X-ray: \J&A [CXC/CfA/ M.Markevitgh et al.;

t al.

O[’tlcal NASA/ §T§cl \Aagcllan 'U.Arizona/D.Clowe ct'al.



Let's recap

Liat of clueg for dark matter:

Rotation of galaxies

Motiong ingide galaxy clugterg
Gravitational lenges

Large gcale structure

Cosmic microwave background observationg



What we know about dark matter

* [t does not interact electromagnetically. Only gravitationally.
» There are large amountg of dark matter within galaxieg and galaxy clugtere: dark matter halog.

» [t ig constituted by an unknown particle yet to be digcovered.



But there ie more darkness: dark energyf

» The Univerge ig expanding faster and fagter
» Discovered independently by two teamg in 1998, Nobel Prize in 20l
» We need a repulsive force

Credit: NASA/JOL-Caltech Credit: NASA/ESA-HST



The cogmic pie




New digcoverieg, new gcience!

Uranus’s orbit Neptune Bessel’s specific gravity
Mercury’s orbit Hypothetical planet Vulcano General Relativity
Galaxy dynamics Dark matter Modified Newton Dynamics

large scale structure

Accelerating Universe Dark energy Modified General Relativity

httpa://en.wikipedia.org/wiki/File:Relativistic_precesgion.qug



We need fo CO'nduéf
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The future ie coming

euclid

T

¢

N

ESA/NASA
2021
12 m (4Heet)
| billion galaxies

NASA
mid-2020g
2.4 m (&feet)

The decigion to jmplement WEIRST
will not be finalized until NASA’e
completion of the National
Environmental Policy Act process



Let’s do experimentg: gimulations!
» Videog:

» The (lustrie project: hitps://www.youtube.com/wateh?v=NjSFR4OSY 58

» The Aquariug project: hitpe://www.youtube.com/watch?v=zL Se’/RxtJ<o




Qimulationg ve obgervationg

Credit: M. Blanton and SDSS



Big simulationg = big machineg

» What ig supercomputing?
* What ig a parallel algorithm?

The Sequoia supercomputer hag .5 million coreg




Moore’a law

{o compare:

1e13 cells in the human body
20 billion neurons in a human brain

The latest simulations are out of scale
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Thanka!



