Licia Verde
a taste of Cosmology

Lecture 2

Friedmann Equations
The content of the Universe
(Cosmological parameters; intro)

http://icc.ub.edu/~liciaverde/cernlectures.html



* In GR space tells mass how to move, mass
tells space how to curve.

* Suspicion: a(t) related to content of Universe?
* Really need GR but we do Newton...

The theory that really describe the Universe at the largest scales must be GR.
Dwell a bit on Einstein vs Newton...



Friedmann equations (1)

Take a uniform sphere, how does a point on its surface evolves?

* 4rkhoﬁ“ theorem
B d?r(t) B _G’MS
Gee = Tgrz T T2y

dryd®rs(t) _ GM,dr, 14 (%)2 ntearate . (d'r's)z GM, ,
it de? r2(t) dt 24t \ dt 9 o\ dat ) T @)
kinetic potential
4 4

Ms = %p(t)frf(t) - ?"Tp(t)a?’(t)rs Substitute and divide each side by -

81 2U . .

= (¢t Symmetric under time reversal

3 p(t) + r2a? y

Start with an expanding sphere:
How does it evolve of U>0 ?

How does it evolve of U<0Q ? Need GR
to go further



Friedmann equations 1(continued)

H? =

a)" _8G
a_3p

(?)

L2 U was related to spatial curvature

a R2a? P Total matter-energy density: &/c?

Make the Universe flat

Define.

Mass-energy<
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0 — Ptot
Pc

J
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D

. 3H§ Today (and at any time using (t) for 0)
Pe0 = &

Y
Density parameter, gives curvature

gravity

curvature mass tells space how to curve.

COSMOLOGICAL PARAMETERS so far we have met 2: H and now Q



Friedmann equations 2

One eq.; 2 unknowns a(t) , p(t), need a relation between the two
dQ) = dFE + PdV Expanding universe, adiabatic E + PV =0

Consider a spherical chunk of Universe V= An d%(ars)g’ = 4—7rr§’3a2d =V (39)

as in the sphere of the example before 3 Zi/ a

d : : . L0
= ae(t)V(t) =Ve+Ve=V (e + 3a€>

E
. . G a
£ same as p

, a
€ +3- (e+P)=0 Fluid equation

Friedman and fluid equations are ENERGY CONSERVATION



Friedmann Equations 3

Let’ s combine the two to get a useful eqgn

Multiply Friedmann by a2 a° = 3.2 €4 ~ 2
dD?r!\ée \grt t * 24h = 8?%;(26&& 1 éa?)
vide by 2aa a 87rG'(_a,+2)
- = €— + 2¢
a 3¢ a
Use fluid eq.
é—=—-3(e+ P)
a 4G (e + 3P)
- = - € . . '
a 302 Acceleration equation!
TP=0and £0... If the Universe started off expanding
So if you start with an expanding Universe.... stuff should slow down the expansion!

And what would it take to make it accelerate?



Friedmann equations
NOT independent!

.\ 2
o (& _8rG . kc If you want to solve for
H™ = (a) -3 p(t) R2a?
: a(t), €(t), P(t)
: p(t)c = €(t)
€ 1+ 39 (e+P)=0 need more info...
a
P = P(e)
a 4G
52_302 (€ + 3P) P = we
Interesting cases:
Non-relativistic matter w ~ ()
R adiation w=1/3
Accelerating fluid w < —1/3

This is weird......
Cosmological constant w= —1 but looks like we are stuck with it



Einstein and the cosmological constant

V2% =4 71Gp Poisson equationg,, = —V® = 0
If static

1
If static p= RV%’ =0 Empty... humm..... or V2® + A = 47Gp

Einstein.... ? A =4 1Gp
<\ 2
2 g _87T'G B k)C2 §
. _(a> =3 P~ e T3
a 2
: — P) = D t get diluted... -
e—|—3a(6+ )=0 oes not get dilute A= g oA
a ArG A w=—1 Py =—¢
- = — 3P —
a 362 (E_I_ ) +3

Vacuum energy...
| told you it was weird....



The universe composition

Matter; radiation; curvature;etc... H? = SnCx Zei
c23

a
One for each component . € +3— (e+ P) =0
a

.

(3

. //d 4G
E = —Z’;(l—l—w)eg o 32 (Z€i+3zpi)
a 1 (/
dlne = —-3(1+w)dlna
e = eoa 31w Matter...

Radiation... (redshift is back)
Cosmological constant...

,2:87TG

Use Friedmann equation a —(1+3w)
3c?

€pa

You can solve it!



Exercise: If it was only one

e component
a* = W2 a3 Ansatza ~t9  If wF -1 9= 3(1+ w)
3¢
t ﬁ ) — a(t,) to 5w)
)= () aea=iig= ()" — et
L c? 1
7\ 67Geo (1 + w)
a 2
Ho=2| =12
"7 a to O 31 +w)
b dt c 2
— —_— = et _— _(1+3w)/2
dp(to, 2) c‘/te o® " T Hyl+dw [1 (14 2) ]

The farther object you can see.... Horizon! (we’ il get back to this later)



Exercise: If it was only A @ =" ca 05

1/2
H— (SWGGA) _H,

3c?

@ _ const — a(t) = exp[Ho(t _ to)]
a

PHYSICAL : dy(t) = a(t) / a‘(i—i) — exp(Ht) /t ff exp(— Hat)dt

= Hy (exp(Ha(t —t;)) — 1)

Grows exponentially and c/H<<dp!



The standard cosmological
model

Radiation...

TODAY WE KNOW THIS (how we got there ...more in the next lectures)
All the component scale with scale factor in different ways so today the composition is this one
(we’ Il see how we know this later on) but in the past, was different!



Radiation

Penzias and
Wilson




Back to Friedmann

817G kc? kc?
H(t)? = - » (1 — Q) = —
O =3z g U Y="pap
3H? Ptot
Pc,0 = > Q==
8rG Pe

H(t)2 . 87G € _ (Qo— 1) - Qr,o 4 m,0

H? 3c2 H? a2 al a3

+QAO+Qk’O; Q. =1-0
a

If you have a mix of components, chances are that at different
times in the life of the Universe different components dominate



Back to Friedmann

G kc? kc?
H(t 2 — —_ s (1 — Q) = —
Q 3¢2 R2a? ( ) R2a2H?
3H? Ptot
Pc,0 = =0 Q T -
8rG Pe

Cosmological parameters!

= ’"4°+ +QAO+— Q=1-0
a a

If you have a mix of components, chances are that at different
times in the life of the Universe different components dominate

COSMOLOGICAL PARAMETERS!

A lot of the effort in the past 15 years of cosmology was to constrain these parameters!
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no Big Bang

supemovae

gxpands forever
recollapses eventually

—
—

mass densj‘y
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Evolution....
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This is a BIG puzzle



Radiation

Penzias and
Wilson




The cosmic microwave
background (CMB) radiation

Regular hydrogen gas lets light pass through more or less unimpeded. This is
the case today, where the hydrogen gas is either cold and atomic, or very

thin, hot, and ionized.

But in the early universe, when it was much warmer, the gas would have been
ionized, and the universe opaque to light—as if you were in a dense fog.

As the universe cooled, the electrons and protons “recombined” into normal
hydrogen, and the universe suddenly became transparent.

Proton Electron S
\@ / / ‘_\/\
S 51 ©)
o Z{( H/ydrogen atom
® o ® ,\/\/-»
’\M@ N\ ® \
S

a Before recombination b After recombination



The last scattering surface: a snapshot of the early universe

b Big Bang Ty

2ird 2 fnitashay < o
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inergy \'n

Can only see
surface of cloud

where light was
Femen last scattered. ,,’

The Cosmic Microwave Background Radiation's
"surfact of last scatter” is analogous to the
light coming through the clouds to our

eye on a cloudy day.




Discovery of the CMB

Penzias and

Wilson

Two engineers for Bell Labs accidentally discovered the CMB
radiation, as a uniform glow across the sky in the radio part
of the spectrum, in 1965. It is the blackbody emission of
hot, dense gas (T~3000 K, A..,~1000 nm) red-shifted by a
factor of 1000, to a peak wavelength of 1 mm and T~3K.

Nobel prize 1978



Some history

|4 =

we have
been

With Roll
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\_

Well boys,
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REMEMBER THIS?

Alternatives to the big bang (historical interest only)

The steady state Universe (Fred Hoyle)
Infinitely old

Infinitely big

Constant density

Expanding (Hubble’ s Law)

CONTINUOUS MATTER CREATION

6 new matter \3) -
—  created l
\_) \ one mile
» expansion creates hydrogen atoms * one hydrogen atom appears every year in

a4 a one-cubic mile volume



How to distinguish the two theories?

BigBang SteadyState
Problems:

Cosmic singularity Does not conserve energy
Physics as we know it We see galaxy evolution
cease to work at small t We do not see objects
Unconfortable... older ﬂf‘“” 13 Gyr-..
(what was there before?) Formation of elements?

Prediction (example)

Density and temperature
should have been should not have been

higher in the past

CMB )‘(



THREE IMPORTANT RESULTS

ePenzias & Wilson saw
only a uniform glow...

oL ater, Doppler shift
from Milky Way’ s
motion seen; the
Galaxy is moving
towards Hydra/
Centaurus at 620 km/
S...

T = 2.728 K

eOnly in 1992 was any
nonuniformity in the
CMB observed—and
then only about 10~ K
worth.




COBE: 2006 Nobel prize in Physics

“from unexpected noise to precision science”

John Mather George Smoot

blackbody perturbations



The pertect blackbody!

Far Infrared Absolute Spectrophotometer

‘Cosmic MICROWAVE BACKGROUND SPECTRUM FROM COBE error uncertainties less
than the width of the
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Teyn= 2.725 +/- 0.002 K
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The pertect blackbody!

Far Infrared Absolute Spectrophotometer

wavelength [mm| . .
2 | 0.87 0.5 error uncertainties less

' ' ' | than the width of the

FIRAS data with 4000 errarbars bIaCkbOdy curve
2. 725 K Blackbady

L1 150 300 450

frequency [GHz]

Teyn= 2.725 +/- 0.002 K



Too difficult...

Where do the perturbations come from?
How is that we see the perturbations?

"Wrinkles"
or Hills & Valleys

"Top View"

Accumulation in Valleys




We see them like temperature

Potential hill
hifted
tter

On scales larger than a degree,
fluctuations were outside the
Hubble horizon at decoupling

Photons need to climb out of potential
wells before they can travel to us
(redshift or blueshift) 4, /266

____Potential well

0T 149 Given by dp
T 3 c?




We see them like temperature...

On smaller scales things get more complicated:
baryon and photons were coupled,
and photons oscillate (sound waves)

Gravity

Horizon size at LSS --> Fundamental mode (over tones)

Until the universe is cool enough that H recombines and photons can
travel freely to us, giving us a snapshot of the early Universe



There is time between when a perturbation enters the horizon (and starts oscillate)
And decoupling, when oscillations freeze.... And get imprinted in the CMB.

Gravity

Longer wavelength modes oscillate slower

The frequency of the oscillation is equal to the
wavenumber times the speed of sound: ©

The largest scales (sound horizon) can only go through a compression,
Smaller scales can go through a compression and a rarefaction

Etc... Animations courtesy of W. Hu



Can we see this in the sky?



Seeing sound!

Cosmic symphony

Courtesy of WMAP



Hot and cold spots = Tiny ripples in density = seeds of galaxies

Detailed statistical properties of these ripples tell us a lot about the Universe



How s that?

The Universe back then was made of a very hot and dense “gas”,
so it was emitting radiation

This is the radiation we see when we look at the CMB

Uniform , but with tiny (contrast x 100000) density (and temperature) ripples

Ripples in agas? SOUND WAVES!
Truly a cosmic symphony... We are seeing sound!

These tiny fluctuations, quantitatively, give rise galaxies

We try to listen to the sound and figure out how the instrument is made

Fundamental scale-> Fundamental mode and overtones

like blowing on a pipe....




Power spectrum, again

<T> — 4i /T(G, ¢) Sin 9d9dgb — 2.72% K Challenge!
0
AT AT T (T . |
TGO g IR0 e
Expand in spherical harmonics '!'.
AT & -
(T) =2 Z aimY;" (0, 9) ::{:530
AT, AT, 1 S

C(6) = (- () = () = = (2 +1)CiPi(cos )

l Legendre polynomials

_ 2
Cr = 9+ 1 El: |G| Angular power spectrum



Gravity

Acoustic peaks

(extrema)

Rarefaction
l compressioh

|

Primordial ripples

. Fundamental mode
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Courtesy of WMAP



Courtesy of WMAP



Just because you asked:

There is extra information:polarization



Courtesy of WMAP



Extremely successful standard model for
cosmology

13" 12°

~14 Gyr

(a posteriori information)

First CfA Strip
285 = 8« 325
mp < 16.6

(DMR)COBE

CMB
380000 yr

(a posteriori information)




180°

Avalanche of data

And it still holds!



The era of precision cosmology:

LCDM: the “standard” model for cosmology

Few parameters describe the Universe composition and evolution
Homogenous background Perturbations

vk E
O 3,

Qp, Qc, QA, Hy, T
atoms 4% nearly scale-invariant
cold dark matter 23% adiabatic
dark energy 73% Gaussian

A? CDM? ORIGIN??



Planck (results announced this year!)

The ultimate experiment for primary CMB temperature



Satellites: full sky
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Planck

Angular scale

O')

1000 1500
Multipole moment,

Planck collaboration, 2013, paper XVI



NEW measurement
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Planck collaboration , 2013, paper XVI






128

Tools:statistics.

13

56237 galaxies
113439 total




12h

13

174

204

2dF Galaxy Redshift Survey

3° slice
62559 galaxies
220929 total

Py

Right Ascension




This is not a fit to the data

' A A A A A A A l A
0.02 0.05 0.1 0.2

k [h Mpc™']
Data: Reid et al 2010:Large-scale structure power
spectrum probed by a galaxy survey. SDSS (DR7)

Line: standard cosmological model prediction
from CMB Planck observations!



The standard cosmological model

ACDM (or LCDM)

+flatness+scale invariance

s-block s-block
1 New Designation 18
14  Original Designati VIILA
T el Lesignaon Non-Metals T
1 |l - Atomic# 3T 15 16 17 45'0%0
114 Symbol\lIIA WA VA VIA VIIA
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T P 0
s LBl N |O | F [Ne
L Transition Metals 14,007 |15999 [18.998 (20179
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| 144.956 |47.88 |50.942 |51.996 |54.938 |55.847 |58.933 [58.69 |63.546 |65.39 [69.72 (7259 |74922 |18.96 83.50
3 40 1 2 42 36 47 |48 49 5) 54
5 74 b | Mo | Tc u h | Pd | Ag Sn [ Sb | T
83.906 [91.224 [92.906 (9594 |(98) |101.07 |10291 [106.42 [107.87 |11241 [114.82 121.75 |1 126.91 [131.29
P B 78 12 [80 [8L 53 E3
6 te7t| Hf [ Ta | W |Re |Os | Ir | Pt | Au Tl Bi Rn
178.49 [180.95 18385 |186.21 [190.2 [192.22 [195.08 |196.97 [200.59 [204.38 [207.2 [202.98 [(209) (222)
104 (105 [106 [107 (108 [109 [110
7 to103{Ung [Unp [Unh [Uns [Uno |Une |Uun |  (Mass Numbers in Parentheses are | Phases
(261) [(262) |(263) |(262) |(265) [(266) |(267) from the most stable of common Solid
150TOpES. Liquid
Metals PEFS Cas
Ruare Earth d-block Sfblock

Lanthanide Series 13891 |[140.12 14091 [144.24 |(145) [150.36 |151.96 [157.25 |158.93 [162.50 |164.93 [167.26 |168.93 [173.04 |174.97
89 0 1 00 101 102 103

Cosmology has now a standard model: ...l [ra Cu [ oo [am (o [or [or oo [En [ba o [T
6 parameters fit observations of the Universe from z=1100 to z=0

£ 59 B0 38 62 3 64 65 66 67 65 69 70 7T
Blementy Ce [ Pr |Nd [Pm Fm Eu |[Gd | Tb | Dy |Ho | Er [Tm | Yb | Lu
1

=Basic parameters are accurately determined
*Many can be measured using multiple techniques

=CMB best fit now consistent with other measurements



The era of precision cosmology

A joke until 15 years ago or so...

Cosmological parameters measured with % precision

Have model that describes well the observations of the universe
from 380,000 years after the big bang to today,

13.7 Billion years (109) after the big bang. And even describe

what happens right through factions of seconds after the big bang.

Prediction of CMB
prediction of its fluctuations
Agreement between theory and observations!

The standard model of cosmology!



Last Judgment, Vasari, Florence Duomo



Key concepts

*The content of the universe (amount and type of stuff)
govern its geometry and expansion history

*Friedmann Equations (with these you go everywhere!)

The CMB and large-scale cosmological structures



