The Big Bang and Cosmology
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Excellent article: http://www.sciencemag.org/content/284/5419/1481 .full



A few mis-conceptions!
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Seeing everything receding does not imply we are at the centre!



A few mis-conceptions!

Redshift 1s not a classical Doppler shift. It is caused by the
expansion of space.
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Note: as universe grows, so wavelength increases



Hubble’s law implies an expanding universe: dramatic corollary that
universe was smaller in the past and started with a “Big Bang”.




Matter production in the early universe
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Example: Given that two photons are

% needed to produce the 2 particles in a
Gamma rays pair, how much energy 1s needed for
Gamma rays each photon 1n proton - anti-proton pair
production?
K

Mass of proton = 1.67 x 102" kg

E=m c?
E=1.67x107%" x (3 x 10%)?
E=1.5x 1019 Joules
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The importance of deuterium
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Measuring the abundance of deuterium tells us how much (normal) matter
there 1s 1n the universe!



At a redshift z~1100 the universe has cooled to ~3000K. Protons,
neutrons and electrons make atoms: “recombination” . Matter and light
de-couple and Universe becomes transparent.

Nuclei and
free electrons
Universe
opaque

Universe
transparent
o S

14,000 Mpc

“Photosphere” at
redshift of 1100
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Cosmological implications of an expanding Universe

Age of the universe:
t=d/v and v=Hd, so t=1/H
gives approximate age of

universe! (With caveats).
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Example: The current best estimate from WMAP satellite i1s H, = 73 km/
s/Mpc. What does this imply for the maximum age of the Universe?

Convert units of Hy: 1 Mpc =3.09 x 10! km
1 km/Mpc=1/3.09 x 101 =3.23 x 10-%°

H,=73x3.23x 1020 g
=236x 1018 g1

T=1H
=1/2.36x 1018
=4.24x 10" s
=1.34x 100 yr
= 13.4 billion years



Cosmological implications of an expanding Universe

Size of the universe: Light stretched during expansion, so change

in wavelength tells us about change in size.
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Recall that redshift 1s defined as the change in wavelength relative to
rest-frame value:

Z = AA/Arest
1+Z= A)‘+)‘rest
/\rest

14+2z= )\obs/)\rest

Since size of universe 1s proportional to wavelength. If R, 1s current size
of universe and R 1is size when light was emitted:

/\rest 1
R/Ry = =
/ 0 Aobs 1+ 2

Example: Observe a galaxy spectrum. Na I 589.0 nm is observed at 689.0nm.
What is z? What is size of Universe (relative to now) when light was emitted?

Ans: z=AA/A=100/589 = 0.170. Size of Universe relative to present is
1/(1+0.17)=0.855 relative to present.



Cosmological implications of an expanding Universe

The universe has a temperature (measure of
energy) and the temperature was hotter in the

past.
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Temperature 1s proportional to radiation energy:

hc

. Planck’s constant:

E= c / h=6.626068 x 1034 m? kg / s
rest

Energy when / P he

photon emitted T Aohe /(1 + z)

/ Energy observed now, E,

E = 1+ 2)

E=E0(1+Z)

— T ==fIb(].—F‘Z)

Universe was smaller, hotter, denser 1n the past!



Fossil radiation from the hot Big Bang

At recombination, which occurs at z~1100, T~3000 K.

T,=T/(1+z)
= 3000/ (1101)
~2.7K

The current temperature of the universe 1s about 2.7 K. Treating the
universe as a blackbody, from Wien’s law:
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The cosmic microwave backeround (CMB).
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Observational support of the Big Bang! Penzias & Wilson (1978 Nobel prize).
Actual temperature measured to be 2.73 K.



Example: At what redshift did the Universe have a temperature typical
of room temperature (about 20 C)?

T=20C=293K
T=T,(1+z) where T,= 2.7 K. Re-arranging gives
z=T/T,-1

=293/2.7 - 1
=107.5

So, at z=107.5, the Universe had a temperature about room temperature.

The universe was only 15 million years old at a redshift
7z=107.5, which 1s 0.1% of 1ts present age!



The fate of an expanding universe

open Universe

Actual density today, p, relative to critical density, p;, which is the value
just able to “close” the universe:

Q= pO/ pcrit



For H, =70 km/s/Mpc, P, = 9 x 10?7 kg/m°.

2 < 1: expanding forever
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In 2003, asatellite called WMAP made the most
detailed map ever of the CMB, thanks to its fine
resolution. The variations between “hot” and
“cold” patches on the sky are only 1/10000 of a
degree! Nobel prize in 2006 to John Mather and
George Smoot.




GEOMETRY OF THE UNIVERSE

CLOSED

Fluctuations largest on half-degree scale Fluctuations largest on Fluctuations largest on
1-degree scale greater than 1-degree scale
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Q =1, so the Universe will reach its maximum size at infinity, or will
it...? These “fates” assume that the only contribution to €2 1s matter.
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We can test this by checking the Universe 1s the “right size” based on how
much we predict should be there in an Q,, = 1 universe.



Relative brighlness

Measuring the size of the universe with standard candles

Recall that, because of the inverse square law, the distance modulus 1s

m - M =-5+5log d(pc).

For “standard candles” that have a fixed luminosity, hence fixed M:
m = const+ 5 logd.

Since d=v/H and d = cz/H
m = const + 5 log z.

ﬁ""'-‘p\
" ‘., A special type of supernova
// o called a Type Ia 1s thought to be
-18 "X such a standard candle.
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Aside: complete view of distance measures
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SCALING THE UNIVERSE

PARALLAX

The most accurate method
of measuring distance.
Astronomers look at a star
when Earth is on opposite
sides of its orbit. The star
shifts position with respect
to more-distant stars. The
size of the shift reveals the
star's distance.

CEPHEIDS

These big, bright stars pulse
in and out like a beating
heart. The length of the
pulse reveals the star's
brightness. Comparing true
brightness to the star's
apparent brightess reveals
its distance. Used to
measure nearby galaxies.

T —

Astronomers use several techniques to measure the
distances to stars and galaxies. These techniques overlap,
providing greater confidence that each one is accurate.

SUPERNOVAE

Certain types of exploding
stars brighten and fade in a
way that reveals their true
brightness, which
astronomers then use to
calculate their distances.
Effective out to several
billion light-years.

REDSHIFT

Distant galaxies move away
from us because the universe
Is expanding. Astronomers
can measure this motion,
which varies with distance:
faster galaxies are farther
away. Least-accurate method
because it depends on
models of how the universe is
expanding.




Hubble diagram: m = const + 5 log z
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Supernova measurements indicate that they appear “too faint”.
Alternatively, they are farther away than we thought (based on simple
Q2, =1 prediction).
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If CMB tells us that Q2=1, but the Universe is bigger than we thought, not
all of €2’s contribution is from matter (gravity): repulsive force.
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Relative size of the universe
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ExrAnsIiON OF THE UNIVERSE
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Heavy Elements:
0.03%

Neutrinos:
0.3%

Stars:
0.5%

Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Dark Energy:
70%



State of the art: higher resolution with ESA’s Planck satellite (2013):

COBE
" Hubble's |
e | At | (20 st
(km/m")
Symbol to H, Qbh2
R 13.819 67.11 0.022068

Best fit

| Physical cold |

dark matter Da;:::ergy
density ity
Q. h? QA
0.12029 0.6825



