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Prefaces

@ We will only scratch the surface, because cosmology
in 1 hour 1s difficult...

@ The goals of this lecture:
» Have a (very) rough idea about cosmology
P Have a view on the current progress in this field



Attack of Astronomers
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Time: 1 Gyr = 102 yr = 3x1016 s = 1060 tpjanck
Age of the universe = 14 Gyr
Distance: 1 Mpc = 106 pc = 3x1022m = 1057 dpjanck

Size of the universe = 4000 Mpc
Mass: 1 M = 2x1030 kg = 1038 mpjanck

Total mass of a galaxy = 1012 Mg
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What is cosmology?

Cosmology 1s a study of the universe.
Cosmology 1s related to everything.
Why do we study cosmology?
Curiosity.

Cosmology always gives surprises (e.g., the
cosmic expansion, dark matter and dark energy).
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Outlines

@ The standard cosmological model
® The homogeneous universe

@® The inhomogeneous universe

@ Measurements of the universe



The Standard Cosmological Model



The Expansion of the Universe

® In 1923, Arthur Eddington compiled a list of wavelength shifts of 46 galaxies.
® 36 redshifting and 5 blueshifting.

additional nevuin ~6.00 Ly ov ws wev.. observed by Pease, who found a 1a. 5

receding velocity but gave no numerical estimate,
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The Expansion of the Universe

® In 1929, Edwin Hubble measured the distance to the galaxies.
® The receding velocity has proportionality to the distance.
® The universe must be expanding
p The farther distance, the higher receding velocity
p Isotropy (no preferential direction)
® The beginning of modern cosmology
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Velocity-Distance Relation among Extra-Galactic Nebulae.
Hubble 1929
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Distance Modulus
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Kowalski et al. (2008) (SCP)
Riess et al. (1999)

Hamuy et al. (1996)

Hubble 1929 Astier et al. (2006) |

b
This Work

Rodney et al. (2012) <
Suzuki et al. (2012) (SCP)
Amanullah et al. (2010) (SCP)

Riess et al. (2007)

Miknaitis et al. (2007)

Knop et al. (2003) (SCP)
Amanullah et al. (2008) (SCP)
Barris et al. (2004)
Perlmutter et al. (1999) (SCP)

Holtzman et al. (2009)
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Hubble—Lemaitre law (or Hubhle Law)

cz =v = Hor,

/
Redshift Distance
Hy = Hubble constant ~ h x 100 krﬁffc, h~ 0.7
tg = I;o = Hubble time = =~ ~ 14 Gyr
dgy = c I;o = Hubble distance ~ 4400 Mpc

Distance measurements quantify the cosmic expansion.
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Hubble—Lemaitre law (or Hubhle Law)

11

. v
® ™1

a(t)x
Scale factor with a(ty) =1

Comoving coordinate = r(tg)

dr _ ., __ a
dt — X = T

Hubble parameter = %

Hubble constant ~ 70 kﬁ/ S
pc

Hubble Law is a natural result of
t the homogeneous and 1sotropic  §
f expansion.

{» Homogeneous: a(t) does not
} dependon 7.

- Isotropic: a(t) is a scalar.
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Redshift
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The Cosmological Models

In 1915, A. Einstein developed the “Einstein equations”.
In his early model, he believed a “static” universe.

’ cosmologlcal 3r1n01ple) with the t cosmological principle) with the

{ global properties (e.g., : § constant global properties (e.g.,
t temperature, density) changing  § t temperature, density).
with time. 1 o i Ty

G Gamor G. Lemaitre l‘
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The Steady State Cosmological Model

@ Hubble Law does not require a big bang.
@ The steady state model implies the creation of matter.

Constant cosmic expansion

dr

< = Hor = r « e’o! ‘assuming H(t) = H,.

Constant mean matter density
V o 13 = e3Hot = M = pV = p3H,V
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Th osmloglcal Models

"Thebigbangmodel | | The steady state model |

t The universe 1s homogeneous

t and isotropic (i.e., the

¢ cosmological principle) with the
{ constant global properties (e.g.,
E temperature, density).

t The universe 1s homogeneous

t and isotropic (i.e., the

t cosmological principle) with the
i clobal properties (e.g.,
ftemperature, density) changing

§ with time.




The Cosmologlcal Models
[ The big bang model |

t The universe 1s homogeneous

t and isotropic (i.e., the

¢ cosmological principle) with the
i clobal properties (e.g.,
ftemperature, density) changing

i with time.

In 1965, Arno Penzias and Robert Wilson

(accidentally) discovered the “Cosmic Microwave

Background (CMB)”, which is evidence of the hot
big bang.
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The Cosmic Microwave Background (CMB)

Isotropic 2.7K
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The Cosmic Microwave Background (CMB)

@CMB is excellently fitted by a blackbody radiation with T = 2.72548 + 0.00057 K.
@ The blackbody CMB => a thermal equilibrium = high collision rates of photons
=> the universe 1s opaque.

@ The global properties change with time (opaque — transparent).
@ The CMB is the relic of the hot big bang.
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The Anisotropy of CMB at Small Scales
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The Triumph of Cosmology—CMB

COBE (1989-1993)  WMAP (2003-2012)  Planck (2009-2013)
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The Accelerating Expansion of the Universe

The type Ia supernovae
(the standard candle)
=> an accelerating expansion

cz = Hyr

3o.ooom x
<
o . = 1.0 4 always accelerates
A 1 . 4
0.0001 = ACCELERATING & :
— : EXPANSION —__ .’
C . ~ 0.5 — accelerates now
- . w X .
n 0.001 3 Z . ; decelerates in the past
= 7 : = —
v & & E 1
uz.J 0.01 = W, T 0.0 -
- : DECELERATING > O
= - a EXPANSION >
S | v
= 0.1 ESO =
<1 =
& : o® e ———
1 always decelerates
14 s ¢
v 3~ 25 | | |
5 1 < 0.0 0.5 1.0 1.5 2.0
T : < ;
0.01 0.1 1
REDSHIFT (2) https://universe-review.ca/
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http://cerncourier.com/cws/article/cern/37859

A “Dark” Component—Dark Enerc

@ Dark Energy, providing
a negative pressure, 1S

required by the
accelerating expansion. |
@ Completely beyond the 3 e
standard physics 5 el gl ixE
@ Dark energy could be : \
just a “cosmological 4 Acceler.atm R .
constant A (Lambda)”. gg AP , "* o | 4
@® Understanding dark - " T
energy 1s the top priority : Slowing L SUpEMova v
n physics. T €xpansion |
@ So far, only cosmology i
successtully probes dark ’ ~ Bang - :
energy. Expanding universe

22 Image courtesy: LBL



Another Darkness: Dark Matter |ESSSREPEEREINRS sl

@ In 1930s, F. Zwicky found that
the self-gravity of luminous stars
1s not enough to support Coma
cluster.
= Dunkle Matter (Dark Matter)

@ In 1970s, V. Rubin showed the
flat rotation curve.
=> a kind of unseen matter must
exist

@® (Cold) Dark Matter
-only interacts via gravity
-comprises a large fraction

(280%) of matter

-1s beyond the Standard Model
@ Dark matter has only been A

successfully discovered/probed SR . o 0 w0

:,:'{: - . :

in cosmology. B2 2T R (x 10001y).




The Standard Cosmological Model

®The universe 1s homogeneous and
1sotropic at large scales.

®The universe originated from a
“b1g bang” and has been expanding
since then.

®The cosmic expansion at the
present day 1s accelerating.

YOU ARE HERE

®The ACDM model: the universe is
now composed of
~3% baryonic matter
~25% cold dark matter (CDM)
~70% dark energy (A)

ACCELERATING EXPANSION

A little more than 5 billion years ago,
dark energy caused the universe

to expand increasingly fast.

INFLATION

In less than 10-%° of a second after

the Big Bang, the universe burst open,
expanding faster than the speed of light
and flinging all the matter and energy in
the universe apart in all directions.

BIG BANG
The universe expanded violently from an
extremely hot and dense initial state some

®@(Observational facts supported.

24 Credit: Discover Magazine




The Homogeneous Universe



Only little 1s needed to described the universe:

the Elnsteln equatlons and the Boltzmann equatlon o
 The Einstein equatlons |
ff . _ YL E:

| The geometry of spacetime 1s related to G py = " 1
» the energy content of the universe.

Frledmann—Lemaltre—Robertson—Walker (FLRW) metrlc a homogeneous and
: .1sotroplc expansion

{ds2 — c2dt2—a(t)2( D+ 2 (d6? + sin? 9dqb2))

1—kx

k;O Pt - (d:z: —I—dy —I—dz)

/i [Recall H =

P\ | 2 Y : ]
a a : curvature

. energy density

. pressure
:  cosmological constant
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Let’s make the following assumptions and definitions.

k =~ 0 (i.e., flat universe)
H = 2 (ie., Hubble Law)
oA = é\ﬁc; (i.e., the energy density of A)
p = pPm+ py+pa (ie., assuming only matter, radiations, and A)

pi = w;p;c? (i.e., the equation of state)

Frledmann equatlons.

H? = 228, =57C (p, + py + pa)

H2 + H — % — 47;G Zié{m,W,A} [/Oz (1 -+ Swz)]

The expansion 1s determined by the content of the universe.
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The First Friedmann Equation

H? = 87§G/0 — 87§G (Pm + Py + pA)

. Combination of two Friedmann
H = —4rG Zie{m,%/\} [p’i (1 T w@)] equations.

7 _ 8nG . Time derivative of the first
2HH = 3 Zie{ma%/\} Pi Friedmann equation

.
]
f
, &
b )
i Re
13 S
) o b 9
0
) |
v
¥
\
0 q
,',. R ‘
j h ¢
0
I 4
2 N3
I I'\"
R, |
"‘1 . . : )

Zie{m,fy,/\} p’b = —3H Zié{m,’y,/\} [IO”L (1 T wi)]

) = —3Hpy (1 m ) | Density evolutions depend on
/ P (1 )
py = —3Hp, (1+ wv) G

.

pn = —3Hpp (1 +wy)
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1
We know wm =0 and wy = 3:

dpm o da 3 The density of

Pm o 3 a =~ Pm X @ radiations decays faster
d B than that of matter.
pij = —44a = py,oca?

Energy densities

d — d —3(1 gy

ppAA = —3(1+wa) TQ = PA X a (1+wa) depend on a and w

2 8nG —3 —4 —3(14w

H* = == (Pm,oa P~,00 PA,00 (1+ A))

The Hubble parameter
scaling depends on
energy fractions

Current critical density

Do = 500

Pcrit.0 Current energy fraction of matter

-
2
1]
e}
B
I

Perit,0 Current energy fraction of radiations

PA,0

Pcrit,0
29 2022 NCTS-TCA Summer Student Program
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The first Friedmann equation in a general form:
H? = Hy* (Qya7 4 + Qma™3 + Qpa™2 + Qpa30Twa))

At the present day, we observe (1, =~ 0.3,(), = 1074, Qp ~ 0.7,

Based on the scaling, there
was a time at a = 3x10-4 or —3

Pm — Pm0d o 03 4~ 30000 &~ 3000 x 1

universe 1S 1n the matter- — 4 i
radiation equality. P Y P 7,0 a 10~ _I_
T Nucleos<1t.hesis L‘Saggfe
Structure
Log(kgT/ GeV)
Radiation Era
— 30 — 20 10 O 10
S. Dodelson
Lo/g(t'/sec) Modern Cosmology
Dark Matter Cosmic
Production Microwave
Background

radiation — matter equality : @ m = 10~4 Zym ~ 3440  tym ~ 50,000 yr
matter — A equality : app =~ 0.77  zpua =03  taa =10 Gyr
now: a=1 z =0 t ~ 14 Gyr
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The Second Friedmann (Acceleration) Equation
o« =30 ,.

. . Ve

T he ac/deeeleratlon of the expanswn = the nature of energy contents

Deeeleratlon & 4<0 & w>—3

Acceleration & a>0 & w< —%

In the radiation and matter dominated eras, the expansion 1s decelerating.
The accelerating expansion = w < -1/3.
What 1s dark energy?

it =1, fa = —3Hpa (1+w) =0
o

Ifw>-1, pp <0 w=-l.
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The Inhomogeneous Universe



Imagine all species (matter, radiations, etc) as fluids of Modern Cosmology
cosmological particles with velocities which evolve 1n time.

The goal 1s to solve the distribution f (f , D, t). This distribution
i1s described by the Boltzmann equation. 4,

i = Clf]

Consider a simple case: non-relativistic particles without collisions with other
species 1n a universe with a homogeneous and 1sotropic expansion (FLRW
metric). The Boltzmann equation leads to the continuity equation and the Euler
equation.

The continuity equation: % v, (p?) = 0

The Euler equation: g_?z e (,17 ﬁ) 7 — _Vp 6 P Solvable
P

The Poisson equation: V2 = 47 Gp

The zero-order solution: the uniform background P (f ) t) — P (t) and the Hubble
flowv = Hx.

What we care about is the “first-order” perturbation.
33 2022 NCTS-TCA Summer Student Program



Linear Perturbations

The structure 1s a (linear) perturbation to the background. We can rewrite:

B 510 The zero-order quantities describe the
5 ?7 background (Friedmann equations).

=)

p o= p
i = @

e
|
| 3

+ op W
linear structures.
d = I+ 0P

Collecting the first-order terms:

2 - —~ 2\ 72 The Hubble flow is the damping term
5+ 2HS = (4rGp — 2V2) § | The Hubble flow is th damping term.
S

0: The overdensity of perturbations
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The Growth of Structures in a Static Universe

" - Pressure

Consider H = 0: BRSSP NER o cor S

" _ — 2 2 There are two competing forces, the
5 — (47‘- G ,0 T CS v 5 self-gravity and the pressure. This leads

to the so-called “Jeans instability™.

— 70
— C — =
)\J sA/ G Fs
Structures grow exponentially in a static

A > A = Gravitational collapse. [universe.

A < )\J = Pressure dominated. Perturbations propagate as sound waves.

2022 NCTS-TCA Summer Student Program
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The Growth of CDM Structures

Let’s assume that the particles are cold dark matter (pressureless):

6 +2H5 — 4nGps = 0
/ N\

1 1 1 The competition between the
g X T X \/—5 teoll apse X \/Tim expansion and the self-gravity.

tH 5 tcollapse (206.7 P Z P m): The perturbation grOWS VEIY H1p the radiation-dominated era, the

slowly. That 1s, structures form slowly if the cosmic structures do not grow significantly
. . (the Meszaros effect).

density 1s not dominated by matter.

t = teollapse (©-€., p =/ pm): The perturbation grows. In the matter-dominated era,
. the structures grow “linearly”.
Moreover, structures grow as a power law of time (not : ,
. The linear growth:
exponentially). 5(7,t) = 8(2)D(t)  8(D)t3 o 8(T)alt)

One can easily show that the solution to the perturbation
equation 1s “slowed” if the the Hubble expansion 1s a

In the “cosmological constant
(A)” dominated era, the structures
constant. remain constant or decays.
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The Density Field—the Gaussian Random Field

So far, we know how the density perturbations evolve in time (asymptotically). To
solve the full perturbation equation, we need is the initial perturbations o(zZ,t=0),

Right after the big bang, the universe experienced an extremely rapid (60 e-fold)
expansion that we call the “inflation”. The “quantum fluctuation” during the
inflation becomes the “primordial fluctuation™, as the initial perturbation.

A general (and quite intuitive!) assumption 1s that the primordial perturbation 1s a
Gaussian random field. Specifically, given a scale of interested, the smoothed
overdensity field can be solely described by a variance.

A% (k) = 52k P(k)

- > 2 Y ‘ & " & T 27-(-2
Lfrjnrs."- J,;Q:- '.\.“..-' \a:%‘ .}:" .
o e M B R " oy :
St 8 Y e ;g_ Sk // \ Determining the power spectrum P(k) 1s
2.&‘:"& *‘v"..'“".; S . .‘\“.‘-.‘" " 1 in m 1
Aoty Codt B big in cosmology
20 M “*".-\’.) - ;',‘. R ’0‘ AN O-R
T [PAO eyt 1A T e / \
kel 2 o | ' .' - ° e 0
B et ':‘-;,s_r..‘. SR - - We know the initial power spectrum
e ‘: o .. . ‘e -A\ ..' ‘ .
o SR P ?.“‘ - ;2.;#‘7';'1 0 Po(k)~k"0.97. We know the evolution
-"Tl‘.“ a . ..'o"’ L T g *nt o .« .
; '&}: L), N 5 480 Smallor R < | ) (growth function). Determining the
0.5 '1 .‘\_",“ e \ “ ...' 3 . 'g. - m r @ r I‘ ~ ° ° . . o
o R m\f-": A r‘./ ale 4 g? normalization is effectively probing the
e VR e larger variance. |00, dial perturbation
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The Matter Power Spectrum
P(k,a) x P,(k) T#(k) D*(a)

Wavelength A [h~! Mpec]

104 1000 100 10 1

105 % 1 ]TII'] | SOEF | 1 ]IU']I 3 8 1 ]TII] 50 § B ‘IIITI T v 1 1 ]I'Ii
- : . = :
é. - x k f 4 T(k) the transfer function
- 1 X k D(a) the growth factor
e n . - : . .
& B b | ] Py(k) the primordial spectrum
fx\ ™ 1 —
& 1000 § o
g E 1 : The matter power spectrum is « k
= 18 3
5 i { i (e k-3) at large (small) scales.
v
,‘,1‘, 100 3 3
$ = ® Cosmic Microwave Background = At 1 1 he sl .
: ; @ SDSS galaxies - t large sca es,.t e slope is set up
Q. 5 d
A Sicker i ‘py the primordial spectrum, which
5 10 £ e Wosk tenviiia E is referred to a “scale-invariant
é . a Lyman Alpha Forest . spectrum” if Py(k) « k.

1 = | 1 llllll | 2 ) | llllll 1 A 1 1 ljlll 1 1 | llllll | 1 1 1 l—'
0.001 0.01 0.1 1 10

Wavenumber k [h/Mpc]
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The Full Solutions to the Boltzmann Equation

Thomson Collision terms # 0
Scattering

Dark
Matter
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Measurements of the Universe



Baryonic Acoustic Oscillations (BAQ)

In the early universe, perturbations
propagate as sound waves in the photon-
baryon fluid. At the recombination,
photons start to move freely. Meanwhile,

the perturbations freeze at a fixed scale of
~100 Mpc/h (a standard ruler).

Galaxy map 3.8 billion years ago Galaxy map 5.5 billion years ago CMB 13.7 billion years ago

D. Eisenstein
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Cosmological Constraints

42

The universe 1s flat and has

Qm ~0.3,Q04 = 0.7

1.4

1.2

1.0

0.8

0.6

0.4

0.2

O.%‘

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)

No Big
‘Bang |
Union2.1 SN la
Compilation
BAC <3
A
e
0 0. 0.4 0.6 0.8

1.0



Cosmological Constraints

Supernova Cosmology Project

0.0 Suzuki, et al., Ap.J. (2011)

—0.4r Union2.1 SN la
Compilation

—0.6

All observations are consistent with

U] — _1 S 0.8 SA/@

—1.0

—1.2

—1.4

A

0.0 0.1 0.2 0.3 0.4 0.5

O,
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Weak Gravitational Lensing

BT S AR AT R E R 8 RIS T L i R T R G I
Gravitational Lens in Abell 2218 HST - WFPC2

PRS- 14 ST Scd OPO - Apefl 5, 1995 « W, Couch (UNSWL NASA

The technique of weak gravitational
lensing probes the total potential,
providing an extremely powerful tool
for cosmology.
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Weak Lensing and Clustering of Structures

Lensing x Lensing Weak lensing
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Cosmological Constraints

S8

X

08\/Qm/0-3

overdensity fluctuations
at a scale of 8 Mpc/h

All probes infer a consistent picture of
structure formations.

46

0.96

0.90

oC
N 0.84

0.78

0.72

DES Y1
Planck

DES Y1 4+ Planck

DES results

I I I I
0.24 0.30 0.36 0.42
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Galaxy Clusters V Oioticgl (gala).(ies) f )

®The largest systems in the
universe |
®Extremely massive (M=1015 . *
Mo ) and large (R = Mpc) s B
®=80% mass in dark matter - .
®=20% mass in baryons & .
» =~5% mass in stars (galaxies)
» ~15% mass in hot plasma ,
(intracluster medium, ICM) . .

An 1deal cosmic
laboratory!




Galaxy Clusters

®The largest systems in the
universe
@Extremely massive (M=1015
Mo ) and large (R = Mpc)
©®=80% mass in dark matter
®=20% mass in baryons
» =~5% mass in stars (galaxies)
» ~15% mass in hot plasma
(intracluster medium, ICM)

An 1deal cosmic
laboratory!

X-ray (ICM)



Galaxy Clusters
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Cluster Cosmolog
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@ Structure formations are extremely sensitive to dark

energy.

@ The number of galaxy clusters in a cosmic volume is
powerful 1n constraining dark energy.

Counting clusters (abundance) to infer cosmology!
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Analogy of Cluster Cosmology
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= - (osmological Constraints From Clusters
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Take-Home Messages

® The standard cosmological model is introduced:
-The universe originated from a big band = 14 Gyr ago and has been
expanding since then.
-The cosmic expansion 1s accelerating at the present day.
-The universe 1s well described by the ACDM model:
P =5% baryonic matter
p=25% cold dark matter (CDM)
p=70% dark energy (/)
® The universe is homogeneous and isotropic at large scales, well described by
the Friedmann equations.
® Cosmic structures of the universe act as linear perturbations to the uniform
background.
® We have showcased some observational constraints on cosmology.




Further Reading

® A very nicely written textbook at an undergraduate level:
“Introduction to Cosmology” by Barbara Ryden

https://www.amazon.com/Introduction-Cosmology-Barbara-Ryden/dp/1107154839

Online lectures by Prof. Ryden:
https://www.youtube.com/watch?v=ndSD9U34-gM &list=PL wWWRXS55-E1nYID706 WO1wV80OYHongFNxU

® For those who want to dig more:

“Modern Cosmology” by Scott Dodelson 1s a must-have:
https://www.amazon.com/Modern-Cosmology-Scott-Dodelson/dp/0128159480
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