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seebe A Histoky of the Universe
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History of the Universe
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This dimension doesn't exist ' ‘.
(or E somethlng we can't measure, and thus is meanlngless)




A model 2-d closed Universe:
the surface of a sphere
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. Points to notice

* As the Universe expands, galaxies get farther apart, but...
e ...galaxies are not moving through space **
* Galaxies don't expand themselves

* This is probably not the explanation you've heard (i.e.
galaxies flying apart with greater speeds at greater
differences), but better expresses the modern view of how
the Universe works.



The Rc_)bertFon-WaIker Metric =
: * "o 2 L. | .
ds® = dt* — Rg(t).( ak - r*df? + 7’2_811_12 9d¢52)

1 — kr? . |
r, 6, ¢ =-.“c()moVing coordinates”
+ P . W= scale fac-tdr._ _
k =.curvature (-1 =-open, +1 = closed, 0 = flat)
| o

Compare to_-'s;pec_ialﬁrelétivistic metric:
ds+2 — dt* — da? — dyg — dz?
ds* = dt* — (dr® + r?df® + r? sin” 0dp?)



Comowfwg Coordlnates
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Distance today: 20 Mpc (million parsecs)
Distance 1n 100 years: 20 Mpc + 1x10° Mpc. (Oh well)




“Look- back” time % Virgo Cluster

y #+ L
1 parsec = 3.26 light-years

« i
k]

Light goes 1 light-year in one yeaf (surprise!)

20 fnillif)n parsecs means we See the Virgo
clutser as it was 65 million years ago.

L ' . »

Can we-find something that has
expanded along with the Universe over
that tlme????

Yes! Light!
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Cosmolficél Redshift (z)

'A')\ / mount wavelength shifts to the red
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pin Size of.Universe at Detect1on ~  Size Now

Size of Universe at Emission Size Then

Redshift tells us directly how much the
Univérse has expanded wh|Ie the light
was travelling to us.



Measuring the, ExXpansio

e Measure distance 0 get

Size

Size Today

“lookback time” (how long

the light'took to reach us)'

. Measulf recTshlft te get

amount of expansion over

- that time.
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Loo#)_ack_ Times

Object: ¢ | 'Lotj)kback Time
@ »

Sun S ox | * 8 minutes

Alpha Centauri . °.  4years,

Anc'_ro#neaa 'Géﬂaxy E <32 'rh'i-llion years
Seytert Galaxy NGC1068 16 million years

Quasar 3C273 - .2 billion years
FaLz=u:1.58" & =g "= ' -
Galaxy at z=1 * 7 billion years

| Age of_Univers'e | 13.7 billion years



?  Size Accelerating

Looking at standard Size Today Universe
candles (Type Ia
supernovae) far enoug‘h

back in time, we f ‘
discovered that the . al . - Critical Mass
expans1on of the Umverse = Bl ey |

1 !
is acce eraﬂng 10

- High-mass
Universe

Today

Years in the Past =— t — Years from Today
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Average distances between galaxies
relative to today's distances
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past <=— today —» future

Q0001 0.001 ol al |
relative supernova brightness
Blue region:
The expansion of the

universe slowed down for a
long time and then, with
dark energy, sped up.

~14

10

Gold region:

The expansion of the universe
always slowed down after the
first fraction of a second.

0
Billions of Years from Today
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— (Q,Q,)=(0.26,0.74)
(QyQ,)=(1.00,0.00)

0.4 0.6 0.8
SN Redshift

Astier et al., 2006, A&A, 447, 31




Coasting, q(z)=0 ‘
— — Acceleration+Deceleration, q,=-, dg/dz=++
— — Acceleration+Jerk, q,=-, J;=+

Riess et al., 2004, Ap/, 607, 665




OK, Rob, what ab{u-t that whole business of
_ farther gal.axles moving at hlgher speeds that
we always heag about?
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A galaxy twice
as far away
increased its
distance twice
as much.
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The Milky Way
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e Every Point is the Center!




Ad = chapge-in distance during time of movie (A4¢) o< d
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" “Hubble Law” =~ °
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Hy = current expah_sion rate of. Universe = 71 km/s / Mpc¢



Doppler Shifti (z)
.4 " Amount wavelength shifts to the red

Z: N , b ‘ .
.l | Or|g|na| em|tted. Waverength
: Ry , -
. ¢ \ ] .

Compare to.Cosmological redshift: 3

Size Now d+Ad d-—l—vt vt =¥ V
= . = Ity =l trr 3= Wb

SizéThen " 1% & 4. 4 alt c .

l+z =

" For nearby galaxies (out to a few huﬁdre'd million light-years), the
cosmologic redshift looks just like a doppler shift. The “galaxies - .
flying apart:’ description is a local Universe approximation.



5 Distthce' = Time

Standard candle magnitude= ‘
“luminosity distance” =-ookback time

¢ TPTR RN

Age of Universe = size of hotizon .
(how far.a photon €an have gone)

' (Please do not look under the rug.)



The Cosmic Miicrowave Background

'Photons emitted from the “surface of last
scattering” at recombinatien when the universe
became transparent.’ -

z = 1100 . |
' Size of universe = 102 today's size

Spectrum =, Blackbody
Temperature today: 2.7 K
Temperature at emission: 3000 K

Spatially very smooth (isotropic)



Opaque
Universe:

Transparent
Universe

You Are Here

. *Surﬁaé:e of Last Scattering p



- CMB Anisotropy 1.: Dipole

COBE
- Data
(1992)

Motion of Sun (Galaxy, Local Group) Relative to CMB

3.346 + 0.017 mK towards (1.b) = (263.85°, 48.'25°)"'



* Maximum fluctuation amplitude :. 75 uK -



What do w{mean when we say
~ hew big something looks? |
k.

The angle {hat it subtends.




Flat (Euclidean) Spac
Any triangle, three interior
‘angles.add to 180°

&
5 - /.// B 1 \\\\\
Flatland ('i-dlmensmnal) G ¢ %
creatures could measure Ll y 8 |J <
this curvature without % \*

reference to the third .
dimension we use to.
déscribe this here!

—~__
-

Curved Space: This triangle, thrée interior angles add to 270°

(In general: >180° : positive curvature, *
<180° : negative curvature)



Possible Shapes of the Universe
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Looks Smaller
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Big Bang theory
propeéerly predicts
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primordial densities
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(Relative to Hydrogen)
o

Q
Q
5
o
e]
=
=
0
<
E
Q
E
Q@
L

—L
o
3]

—
o
o

Helium 4 (*He)

& _Deuterium (°H)

Helium (°He) P

P
Lithium (7Li)

L 1JHJ| | - .E.HIIJ L R N e

10" 10°
?2«— | —>?
Density of Ordinary Matter
(Relative to Photons)




A Consistent /%icture of the Universe
[ ' s ' : . " .
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The observable Universe, 10* seconds
after the Big Bang:

(Actual Size)



Even if the|Universe is infinite,
the Observable Universe is finite .

Horlzon f

u/

The.
Observable’
Universe




The Big: Rip The Big Chill

Where do we .
.go from here?
L] ’
It all depends on .
. . Size .
just how bizarre .
. Size' Today| ’
‘Dark Energy is! _
+ . wil:0 o e The Big
| o - Crunch
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