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Previously on PHYS133

e Units 1n astrophysics

* Olbers’ paradox

— The night sky 1s dark. Inconsistent with and
eternal, static and infinite Universe



Homework:

— Find on the webpage at
http://www.physics.ucsb.edu/~tt/PHYS133/
homework.html

— Due Wednesday January 15



Outline:

 Empirical foundations of the Big Bang theory.
11:

— Homogeneity and 1sotropy of the Universe.
Copernican Principle

— Expansion of the Universe. Hubble' s Law.
— Cosmic Microwave Background.

— Physical and chemical composition of the
Universe.



Isotropy and homogeneity of the
Universe

» If we look far enough
(100Mpc) the universe is
isotropic (i.e. invariant
under rotation)

e This is illustrated
beautifully by the cosmic
microwave background

the next class) bmﬂ

(we 1l come back to this in

 What does the dipole
mean in terms of reference
frame?




Isotropy and homogeneity of the
Universe. CMB

COBE - DMR Map of CMB Anisotropy
Four Year Results

North Galactic Hemisphere South Galactic Hemisphere

-100 K B 1+100 uK

Physics Nobel Prize 2006 to COBE and DMR PIs Mather & Smoot



Isotropy and homogeneity of the
Universe. Galaxies far and away
@ The Near-In ][ra-reJ Loca/ Universe ¢ i'paéc»




Isotropy and homogeneity of the
Universe.

* One of the basic assumption of cosmologic 1s that we
are observers 1n a random place. We are not in a
special place 1n any way (Copernican Principle)

e Therefore we CANNOT be at the center of the
universe. Thus if the universe is invariant under
rotation around a random point it must also be
invariant under translation: homogenous.

« ONLY ON LARGE SCALES. OF COURSE ON
SMALL SCALES IT IS NOT!!!



Expansion of the Universe.
Empirical facts.

 In the early XX century, Hubble and Humason found
out that the spectra of most galaxies are redshifted

(the WAVELENGTH A, of some spectral feature 1s
moved to a longer wavelength 1)

e The redshift z 1s the amount of shift towards longer
wavelengths: Z=(A-A,)/A,

* For z much smaller than 1, the redshift can be
expressed as a velocity v=cz, by analogy with the
Doppler effect.



Measuring Redshifts, an example.

CaK 3933 A

/=7

Where 1s the feature 1‘510' .
2 .V:?




Measuring redshifts, an example.

CaK 3933 A

«/=0.1

Where is the feature 1‘510' .
o *V=30,000 km/s




Hubble' s law: galaxies are “moving
away from us!

Velocity-Distance Relation among Extra-Galactic Nebulae.
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Figwre 1: Radiaf velocities, corrected for solar motion, ave plotted against distances estimated from involved stars and mean
fuminosities of nebuiae in a cluster. The black discs and fuil line represent the solution for solar motion using the nebuine individuaily;
2he circles and broken line represent the solution combining the nebulne into groups, the cross represents the mean velocity
corresponding to the mean distance of 22 neduine whose distances could not be estimated individuaiiy.

« Hubble found that redshift (or velocity) is proportional to
distance (Hubble' s law): if you measure double speed, you
also measure double distance!



Hubble’ s law: the Hubble constant

Velocity-Distance Relation among Extra-Galactic Nebulae.
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Figwre 1: Radiaf velocities, corrected for solar motion, ave plotted against distances estimated from involved stars and mean
fuminosities of nebuiae in a cluster. The black discs and fuil line represent the solution for solar motion using the nebuine individuaily;
2he circles and broken line represent the solution combining the nebulne into groups, the cross represents the mean velocity
corresponding to the mean distance of 22 neduine whose distances could not be estimated individuaiiy.

The ratio between velocity v=zc and distance d is a constant, called the Hubble
Constant or Hy=zc/d, measured in km/s/Mpc

This is phenomenal! If we know H, it 1s sufficient to measure velocity (or redshift),
which is easy, as we saw earlier, to find out the distance to any galaxy!!



Even Hubble makes mistakes....

Velocity-Distance Relation among Extra-Galactic Nebulae.
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Figwre 1: Radiaf velocities, corrected for solar motion, ave plotted against distances estimated from involved stars and mean
fuminosities of nebuiae in a cluster. The black discs and fuil line represent the solution for solar motion using the nebuine individuaily;
2he circles and broken line represent the solution combining the nebulne into groups, the cross represents the mean velocity
corresponding to the mean distance of 22 neduine whose distances could not be estimated individuaiiy.

e Hubble’ s first measurement of the Hubble constant was
wrong: 500 km/s/Mpc, instead of the current best estimate of

71+-8 km/s/Mpc



Even Hubble makes mistakes....

Velocity-Distance Relation among Extra-Galactic Nebulae.
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Figure 1: Radial velocities, corrected for solar motion, are plotted against distances estimated from involved stars and mean
{uminosities of nebuine in a cluster. The black discs and full line represent the solution for solar motion using the nebulne individuaily,
the circles and broken line represent the solution combining the nebilne into groups; the cross represents the mean velocity
corresponding to the mean distance of 22 nebulne whose distances could not be estimated individuaily.

Hubble’ s mistake was due to various reasons including that he
used as standard candles things that were not standard candles



However Hubble’ s law is valid.. and
we can use it to infer distances.

* Astronomers prefer to use redshift instead of
velocity because this 1s what we measure.

* Also redshifts are not properly a measure of
speed 1n the common sense of the world, but a
measure of the expansion of the Universe as
we will see.

 As we will see, a generalization of Hubble' s
law gives you the distance to any galaxy,
provided you know the redshift



Hubble’ s law. The Hubble constant
is NOT a solved problem

The Hubble constant 1s arguably the most important
number 1n cosmology

The best measurement of the Hubble constant is
within 3-4% (74+-3 km/s/Mpc), as if you knew your
height within with 2 inches or so..

Even that 1s disputed. Measurements from the Plank
satellites, with a lot of indirect assumption, have been
interpreted to say HO<70 km/s/Mpc

A lot of people are still working to improve our
measurements of the Hubble constant.



Hubble’ s Law. Discussion

« Are all galaxies
redshifted?

 No
 Why?
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The Universe is expanding

Hubble’ s law is not only a convenient way to
obtain distances to galaxies from their redshifts

Hubble’ s law has a much more profound
significance

In the current standard cosmological model,
Hubble’ s law is believed to be the result of the
expansion of the Universe

Expansion in an isotropic model = Hubble’ s
law [Blackboard]



The Universe is expanding




The Universe is expanding. Meaning
of the Hubble constant

 In the standard model the Hubble constant represents
the current expansion rate of the Universe

 In “normal” units the Hubble Constant is 1/14 Gyrs

« If the expansion rate were constant, the Universe
would be of finite age, 14 Gyrs since the Big Bang.
This solves Olbers’ paradox [Blackboard]

« The large value of the Hubble constant obtained by
Hubble implied a much shorter life of the Universe,
of order 1-2 Gyrs. This caused problems as 1t was
inconsistent with the age of the Earth (4.5 Gyrs), for
example.



Is there an age problem? How old
are the oldest stars?

The age of stars can
be inferred from
stellar evolution
models, by analyzing
the luminosity and
temperatures of stars.

Globular clusters are

made of very old stars,
all in the same | v |
location. N

47 Tuc




Is there an age problem? How old
are the oldest stars? HR diagrams
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Is there an age problem? How old
are the oldest galaxies?

The age of galaxies Redshift
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Is there an age problem? How about
at high redshift?

e Applying the same
technique people have
measured the ages of

the oldest galaxies as a1 %
a function of redshift. | {

H/(km s=' Mpc™!

« There 1s a clear upper ¢ Yug,.

envelope close to the
maximum age of the

Universe at that

redshift
Jimenez et al. 2005



Is there an age problem?

* No

* Quite the opposite, the age of the oldest stars
in the Universe are remarkably consistent
with the age of the universe itself, at any
redshift where we can measure 1it.

* This does not prove that the model 1s right,
but 1s a great triumph of the theories of the

big bang and that of stellar evolution.



The universe is expanding.
Frequently asked questions...

What 1s the universe expanding into?

Nothing, the universe 1s all there 1s, spacetime 1s
expanding

Where 1s the center of the expansion?

Nowhere, there 1s no center, the universe 1s
homogenous and 1sotropic

Do we expand as well?
No, because we are bound by electromagnetic forces
Do galaxies expand?

No because they are bound by gravity and they
detach from the Hubble Flow



Cosmic Microwave Background

The cosmic microwave
background was discovered as

a background “noise” a real
problem for telecommunication 'n:

satellites (1965)

Wherever Penzias and Wilson
pointed their antenna they
would detect a microwave
signal, very uniform across the
sky

This signal 1s now called the

cosmic microwave
background...

DiscovERY OF Cosmic BACKGROUND

MAP990045 Robert Wilson



Cosmic Microwave Background

The CMB was already visible
in the data taken by Dunham
and Adams of the properties of
CN 1n the interstellar medium
...back in 1937

The saw that CN was excited as
if 1t was immersed in a thermal

bath of radiation of temperature
T~3K...

But nobody realized it.. So the
Nobel Prize went to Penzias &

Wilson... and not to Dunham
and Adams.. Such is life..

DiscovERY OF Cosmic BACKGROUND




Cosmic Microwave Background

A group of physicist (initially
Gamow (1948) and then Alpher
and Hermann (1950) and then
Dicke and his group at Princeton)
had predicted such radiation, from
the so-called big bang
nucleosynthesis theory (later in the
class..)

The CMB was predicted to be:

— Thermal
— At a temperature of about SK
— Isotropic

Dicke was devising a CMB search
when the discovery was made. His
paper with Peebles, Roll, and
Wilkinson presented the
cosmological interpretation along-
side the Penzias and Wilson paper.




Cosmic Microwave Background.
Thermal “Blackbody” Radiation

We know Penzias and
Wilson detected 1sotropic
radiation, so that was
consistent with the Big
Bang model and the
copernican principle

The theory predicted it to be
thermal, 1.e. a blackbody.

But what 1s really a
blackbody?

1. Matter and radiation in equilibrium
2. Characteristic spectral shape

3. Wien’ s Law - hotter body produces higher energy
photons



Is the Microwave Background Radiation a BB?

COBE got the answer
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Cosmic Microwave Background.
The CMB is a “perfect” Blackbody

CosmiC MICROWAVE BACKGROUND SPECTRUM FROM COBE

THEORY AND OBSERVATION AGREE
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Cosmic Microwave Background.
The temperature is 2.725 K..

SrecTRUM OF THE Cosmic
MicrRowAvVE BACKGROUND
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CMB properties
|Blackboard]

— Relevant Numbers
— Expansion 1s adiabatic
— Scaling of T with z

— Expansion preserves blackbody



Cosmic Microwave Background.

Anisotropies from WMAP

The CMB sky, circa 2002...



Background.

¥ .P.“.,xva«vs..n
o

Cosmic Microwave

from Planck

isotropies

15O

An

The CMB sky, circa 2012



What is the universe made of?
“normal’ matter

Ordinary matter 1s made for
the most part of protons and
neutrons, 1.€. quarks up and
down.

For this reason we refer to
ordinary matter as baryonic
matter

Neutrinos should not have
mass 1n the standard model,
but they do (neutrino )
oscillations) I IF IIT

No antimatter is observed!




What baryons? Chemical
composition of stars.

The sun 1s made of:
Hydrogen (74% by mass)
Helium (25%)

Heavier elements (1%)

commonly referred to as
“metals” by astrophysicists

This is way more He than
expected from a universe
initially made of Hydrogen
where Helium is produced in
stars...

This 1s a common problem:

Helium abundance is always
~25%

2005/01/19 19:19



Helium abundance.
The Big Bang solution

He 1s produced in the
carly Universe when T
was high enough to allow
for nuclear fusion.

Why do you need high
temperature to do fusion?

We will see later on that
the Big Bang theory
predicts exactly the
abundance of all heavy
clements.

S



Matter density of the Universe

« Types of matter/energy (E=mc?) that we
encountered so far:

Radiation
Neutrinos
Baryons
Dark matter

S R e e A e

Dark energy
 How much are they?



Matter density of the Universe.
1: Radiation

Blackbody: p,,;=4 ©
Tie”

Where c 1s the speed
of light,T 1s the
temperature, o 1s the
Stefan-Boltzmann
constant), 5.67¢-8 W
m=2 K4

SO p,.q= 4.6e-31 (T/ -
2725K)4 kg/m3 “That wraps it up --

the mass of the universe.”




Matter density of the Universe.
1: Radiation in critical units

It 1s convenient to write
this down in terms of the
critical density, the
amount of energy/matter
needed to “close’ the
universe

Defined as:

Peric =3H*/87G

= 9.5e-27 kg/m?
The density of radiation is
4.8€-5 Pyt

This can be written as Q.4 |
ra “That wraps it up --
NS 6-5 the mass of the universe."




Matter density of the Universe.
2: Neutrinos

Limits on neutrino mass
density come from:

Oscillations (lower limit;
superkamiokande)

large scale structures (upper
limits; CMB+2dF;
Giusarma et al. 2013
<0.35eV)

How much 1s i1t 1n critical
units?

“That wraps it up --
the mass of the universe."



Matter density of the Universe.
3: Baryons

People have counted the
amount of mass in visible
baryons.

Baryonic inventory
(total=0.045+-0.003 from
nucleosynthesis and CMB):

— Stars €2,=0.0024+-0.0007
(more mass in neutrinos than

in stars!)
—  Planets Q. ~10°

—  Warm intergalactic gas
0.040+-0.003

Most of baryons are in
. . . “That wraps it up --
mtergalactlcf medium, filaments e E
in the cosmic web,




Matter density of the Universe.
4: Dark matter

Dark matter is harder“to count,
because we can only see” it via
its gravitational effects

One way to count it is for example
1s to measure the dark matter to
baryon ratio in clusters

Assume that this number is
representative of the Universe
because the collapsed volume is
large

Take the fraction of baryons (from
BBN) and multiply

This and other methods give
Q4,=0.23

The total amount of matter is given
by: Q _=Q, +Q,=0.27




Matter density of the Universe.
S: Dark energy (or A)

As we will see most of the
energy in the universe appears
to be of a mysterious form
called dark energy

Dark energy repels instead of
attracting, and therefore causes
the expansion of the universe to
accelerate.

One form of dark energy is the
cosmological constant (A),
introduced by Einstein a long
time ago, and this is a purely
geometrical term... We will
explain this later

According to current

measurements €,.~0.72 or
QANO . 72 .




Matter density of the Universe.
Summary




Summary:

« Empirical foundations of the Big Bang theory:

— The night sky 1s dark. Inconsistent with and eternal, static
and infinite Universe

— On scales larger than a 100 Mpc the Universe 1s isotropic.
Since there 1s no special place in the universe (Copernican
Principle) the Universe 1s also homogeneous.

— The spectra of distant galaxies appear “redshifted” as if the
distance between us and them was increasing with time. In
the Big Bang theory this 1s interpreted as due to the
expansion of the Universe. The timescale for expansion
(i.e. the time since the Big Bang) 1s consistent with the age
of the oldest objects known



Summary:

« Empirical foundations of the Big Bang theory:

— The Universe 1s filled with an almost perfectly 1sotropic
blackbody radiation at a temperature of 2.7 K. This 1s
interpreted in the Big Bang theory as the remnant of an hot
state when radiation and matter were in thermal
equilibrium.

— The Universe 1s filled with matter (not antimatter) and a
variety of particles. Baryonic matter is found to have a very
regular chemical composition, mostly H, He and tiny
amounts of heavier matter. Only a minor fraction of

particles are of known form, most of the mass of the
universe 1s 1n the form of dark matter and dark energy.



The End

See you on monday!



