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Origins & Evolution of the Universe
an introduction to cosmology — Fall 2018

Rychard Bouwens



This course in the cosmology track

Origins and Evolution of the Universe is the introduction to physical cosmology at
Leiden Universe. The course can be taken as a stand-alone course and requires a
minimum of pre-requisites.

Core courses for the MSc cosmology track _

Origin and Evolution of the Universe 6 EC

Particle Physics and Early Universe 6 EC

Large Scale Structure and Galaxy Formation 6 EC

Theory of General Relativity 6 EC
Relatedcourses |

Observational cosmology 3 EC

Theoretical cosmology 3 EC

Although General Relativity is critical to understand our Universe, we can do without
for the moment. We will assume a basic BSc level knowledge of astronomy.



Lectures

Rychard Bouwens
Oort 459
bouwens@strw.leidenuniv.nl

Lecture Hours:
Huygens 414
Monday [:30-3:15

Course Website:
http://www.strw.leidenuniv.nl/~bouwens/oeu/




Layout of the Course

As part of the course, we address some of the most fundamental questions:

What are the basic properties of our Universe (composition, age, origin)?
What is the origin of structure in the Universe!?

Sep 24: Introduction and Friedmann Equations

Oct |: Fluid and Acceleration Equations

Oct 8: Introductory GR, Space Time Metric, Proper Distance
Oct |5: Redshift, Horizonts, Observable Distances, Parameter Constraints, Intro CMB
Oct |7: Problem Class #1

Oct 22: Observable Distances, Parameter Constraints

Oct 29: Thermal History, Early Universe

Nov 5: Early Universe, Inflation

Nov 12: Inflation, Lepton Era

Nov 14: Problem Class #2

Nov |19: Big Bang Nucelosynthesis, Recombination

Nov 26: Introduction to Structure Formation

Dec 3: Cosmic Microwave Background Radiation (I)

Dec 5: Problem Class #3

Dec 10: Cosmic Microwave Background Radiation (ll)

Dec 21: Final Exam



Examination

A written exam is scheduled for December 21,2018. The material covered in
this class delimits what will be tested in the exam.

Do not forget to register for the exam in uSIS!



Problem Classes

To aid in the preparation for the exam, there are three scheduled problem
classes with the homework. This accounts for 20% of the grade, if it is higher
than the result for the written exam.

The homework needs to be handed in before the start of the problem class.

Oct 17: Problem Class #I

Oct 22: Observable Distances, Parameter Constraints
Oct 29: Thermal History, Early Universe

Nov 5: Early Universe, Inflation

Nov |2: Inflation, Leption Era

Nov 14: Problem Class #2

Nov 19: Big Bang Nucelosynthesis, Recombination
Nov 26: Introduction to Structure Formation

Dec 3: Cosmic Microwave Background Radiation (I)
Dec 5: Problem Class #3

Dec 10: Cosmic Microwave Background Radiation (ll)
Dec 21: Final Exam



Textbook!

Useful Textbooks for the course will be

“Introduction to Cosmology”’: Barbara Ryden
“Introduction to Modern Cosmology”: Andrew Liddle

“Cosmology: The Origin and Evolution of Cosmic Structure’:
Peter Coles and Francesco Lucchin

“Cosmological Physics”: John Peacock

The textbooks include a useful discussion of the material, but the
course will not be organized to follow the presentation in any of these
books.

However, | will advise you as to where you can find the relevant
material in one of these textbooks.



Who am |?

My name is Rychard Bouwens
(studied in the United States: Berkeley & Santa Cruz)

| study the most distant galaxies in the universe

A good understanding of galaxies is very important
for my research



Discovery of Plausible Galaxy just ~400-450 Myr
after Big Bang
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Candidate for the most distant galaxy ever
discovered...
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Most distant galaxy candidates discovered to date

Redshift age of F160W AB Flux (nly) reference field /
(68% CL) universe magnitude survey

11.9 or emission 370 Myr

line galaxy

11.09 414 Myr
10.8+ 0.3 420 Myr
9.8+0.6 480 Myr
9.8 480 Myr
9.6+0.2 490 Myr
9.5+04_ . 500 Myr
or star spike

=Ml 500 Myr
9.2+04 . 520 Myr
9.0%3,. 540 Myr

Highest redshifts spectroscopically confirmed i ..migne-

more robust
Redshift age of AB magnitude reference
universe

11.09 414 Myr  GN-zl |
8.68 580 Myr  EGS-zs8-1
7.73 680 Myr  EGS-zs7-1

UDF12-3954-6284

GN-zl |
MACS0647-1D

XDFj-3812-6243
Abell2744-|D
MACS1149-JD

UDF12-4106-7304

UDF12-4265-7049
MACS1115-1D
MACS1720-1D

29.3+0.2 Ellis13,
Bouwens1l
259 140 Oeschl6
25.9,26.1,27.3 162,132,42 Coel3
299+0.4 4 Oesch13
27.0 70 Zitrin|4
25.7 £0.07 194 Zhengl2
29.7+0.3 5 Ellis13
29.7+0.4 5 Ellis13
26.2+0.2 115 Bouwens13
269+0.3 66 Bouwens13

25.9 Oeschl6
25.2 Zitrinl5
25.0 Oeschl5

UDF12

CANDELS
CLASH

UDF12
Abell2744
CLASH

UDF12

UDF12
CLASH
CLASH

Credit; Dan Coe



Teaching Assistant

Anna de Graaff
Oort 532

graaff@strw.leidenuniv.nl

Anna should also be available by appointment to
answer your questions.



Who are you!

Why don’t we go around the class and introduce
ourselves briefly?

Name
Program -- Physics or Astronomy?
Master’s Student!?
First or Second Year?
Why interested in course!



What's your background?

How many of you have taken Huub’s or Marijn’s
course “Galaxies and Cosmology” when you were a
bachelor student?

How many of you are from the physics program?



Please ask questions

This is *your™ course. It is your opportunity to learn.
Y Y PP Y

By asking questions, you allow me to clarify issues



Standard Model of cosmology

We start with the reviewing the status of observational
cosmology over the past century and how we arrived at the

I” of cosmology.

current “standard mode
http://arxiv.org/abs/1502.01589

arto]3
ol - Arnaygs

Boy;
aﬂgeﬂo ’ ers
a
hambal 84, uc, neljj, 78
L P luseis he ele B Uan 11 A
Be - Co, lomp, 2578R, Ch .57 ’gana 57 W]ch 11,99 20EL114,115 Shdoyy;,s0,, m
Ulard 38 0 Cc ar, . B, attya7o > u et
» & Comparss’ - C. O -C.By Onald 79 e’ Mong7o ers
D01e70 69 eROS 7 G ° 6> . Iang‘?[’g l‘Ie 7 Onaye,. 7 tabed7Lirg - Bacg;
F A Engjipor 0112811158 " de Zoyjs4.9 Oul""sgg " Chluby265 dldbres 7§ ;ra IR Bongii " Benoité;sa]u‘l) 7, . Ba
i 5 . P s J . 0
Tejseros H . Er, " Dorgs,15° elabr il 595 Chrig Cargogss, a7 B eno nday 11, =
k (o)
aleoy, %, sen’4 Doy, lille!, : C“”07«76 Clisen®i; .S, o C il .0 "Lévy2r, 1o’
N J Ham Jer1¢W7 s S. Gapg Ifdrhdngmg? “ng”) . Esers63 - Curgy;, d57 Churchlr)s ataldno8683 "R Boucpe,7, ,O,
=) anp109,19g° OHza Ga er: COur" g > = Dj
(\, 5 F IeZ—NUev 7699 nga! .Cg gusSOnl unk; ale, entj; O?g dnese99 Clement 66 hd111n0r7380 14
u efranzm nsens, Koz Gs Athjey1, 0 ‘”8111575 eyl ' klnsonm Dav’es79 R 7 SOlomp;7i,)
@) 7 . 71110
Kneus]«g Cnberga,20 HHzIdebmnd ansongz 78,10 Bkz 8117 S G Gerb1no38 Forml i Pac“ﬁ, fot ,hJ - Dicgy s Davis™, ,
u, 70 Tattopso, 73 ho 7() . Fr, Stat, 10480.73 , » K. .
LL Laltanz e HOCheQI tier’0 4 HJVOHN i HaITISOn738{)H ’ sh ailj 56’ “hiout s Dolaguw,
L > C. - K v/ G larqiiy, A F - E]
ndey._y,, L nox 3 "’ﬁe , T, Ho TeQ0rjy10.56,5y 1411111 falss ?l S“eF277"lo ’
\O P ngIem aWrenCe78 M, KUHZ20 703 R Jaffe“l} bgOH7 W Ae]o 13 - He, ’ Gry - d-Hg, < Tan,
g A . 4 : g & ce.
A Mejgpy 1% M, g P Canjgg o Heaby 2 Kuri g« W, C. jo o limey s oo Versijjest o Mg, - Giy schiv,
S A Mg Chiorrisse  Martinggy s 80%76 ) * R Leopy, o Wonjgns; JOnes * A Hoppg % Gdiny g "USarmg s
Q ¢ Tonej7i A By, rclli'is EM Ly, sadite g f ~Lag Juvel 30 o CMStryp e efnand eany Adssopsr &
. B > elmls artf n> » - Lesgy, aches.70 s B Kaip.. > ont,
etterr -~ Montjg.117, , nez. _“80urgyec g , o “Clhipeps | OVest! Cagudo !
Q ge”‘le]d27 T Moy, Cidegis. Onzdje, 7 aciyg. éri;:s %9852 Lo ahteenmﬁe?f’ - Keskiy. dn;;odo 591,
o 3 . I > Leyyy, aKj2s2 1t, 1 B
= e dl_ad’“167 Nm Qaarg. o e enneljys0.55 28I, ' G. aggiossvr]er83’ AL s L o Kj
ttOHnOSO aOIezt15759 Ielgenlg OIT]OCkﬁﬁ A ; Mg] a["lrrese?w s N ang eW1s28, L adeTeéis . 1sner88
acentjnizs O Partrjy N Oviello? | o510/ & 1CCio7380 - P Olesis73 1g”°T1*577 - Lasenpy 7,
I Pratt&z inids = Partriges .D, - Mij. 5 3220tta41 g Y50
o Orf Chaz, Zeilleg 79,7, 1 - Pr €zeay 13,7 at', g i Ep aSian56 Owko"‘” Unishi 1o 11]6&33’ b Geh ng], s Ll]"eh ’
i~ Cuj]81 'R u A 1erpy, 0125 > Q. Pal‘a OViko 94; - A My, 1[1‘(165 78 ee . P > archjp 6
7] - Savelyjp, aoR a’1-R Al R et D Piery, I;Chon Typ Ca (I)p hy K N o Mivip, Melnho]dz i,
en30,s2 IHS 6 > enzid2g »J-L. p on’s > L, ea Xb, ase, sk 944 1 eD
< R N Uertn " . Blggs Petrsontisy” OXborroy 1yl s Schéneg)
— L T'nmStOmPOI" ovini% oA Rup, o Ristorearyers, 2 9 B Ravs,S2C2ynskis: . * Pem;.,.k E Pacjoo ;- Natidt 168710



K]

TT

l

ADIT
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P/Pmax

P/Pmax

Standard Model of cosmology

Planck TT

Planck TT,TE,EE

Planck TT+lensing

Planck TT,TE,EE+lensing

Planck TT,TE,EE+lensing+BAO
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Standard Model of cosmology

[1] Parameter [5] 2015F(CHM)  [6] 2015F(CHM) (P1ik)
1000vc « . o o 1.04094 + 0.00048 1.04086 + 0.00048
Ok . 0.02225 + 0.00023 0.02222 + 0.00023
QR ... 0.1194 + 0.0022 0.1199 + 0.0022
Ho .. .o oi 67.48 + 0.98 67.26 + 0.98
By o 0.9682 + 0.0062 0.9652 + 0.0062
[0 Y 0.313 + 0.013 0.316 + 0.014
o I 0.829 + 0.015 0.830 + 0.015
T 0.079 + 0.019 0.078 + 0.019
10°A,e™> . . ... ... 1.875 +0.014 1.881 +0.014

The aim of this course is to explain these results.



Let’s get started...




Basic principles

The Universe is enormous and we can observe only a single one...

We cannot carry out experiments to test our ideas: we use our knowledge of
terrestrial (or solar system) physics to interpret our observations. This can lead to

metaphysical considerations. Only in the past 60 years has cosmology been
considered a “real” science.

All we observe is the two-dimensional sky: the radial direction is a
combination of distance and time into the past.

A critical aspect is the establishment of a distance ladder than can be extended to
cosmological scales. This work started in earnest with the work of Hubble, and
continues to the present day with the Gaia satellite.

Supporting information may come from the ages of old stars, meteorites, etc.



Need for homogeneity

To be able to relate observations along different lines of sight
we need to assume homogeneity: without this assumption we
cannot interpret observations.

space
: P
3 ! %
) At %
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Homogeneity and Isotropy

Homogeneity: the Universe looks the same at each point.
Isotropy: the Universe looks the same in all directions.

Homogeneity does not imply isotropy, and isotropy does not imply homogeneity.




Copernican Principle

The Earth is not a special place in the Universe
(or: we are not privileged observers).

This is a major shift from the Ptolemaic system that formed the
basis of medieval cosmology.

This implies that the Universe is isotropic about every
point, which implies homogeneity as well.



Cosmological Principle

The cosmological principle:
the Universe is homogeneous and isotropic.

‘Perfect’ Cosmological Principle:

- “The universe is the same in all places, directions and times
- This motivated the ‘Steady-State’ universe (Bondi, Gold, Hoyle)

In fact it does not apply — the Universe evolves (as we shall see).



The Universe 100 years ago
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Kapteyn (1922): used photographic star counts and estimated distances statistically
based on parallaxes & proper motions of nearby stars.

He neglected interstellar absorption of starlight (assumes that stars were faint only
because they far away, not because interstellar absorption blocks some of the light).

- Milky Way is a flattened disk about 15 kpc across and about 3 kpc thick
- The Sun is located slightly off-center.



Shapley’s Universe

Shapley's Results (1921):

Globular clusters form a subsystem centered on the Milky Way.

The Sun is 16 kpc from the MW center.
MW is a flattened disk about 100 kpc across

Right basic result, but too big:

Shapley ignored interstellar absorption
Caused him to overestimate the distanees
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Distances to other galaxies

At the same time there was an ongoing discussion about the
nature of the “nebulae”: are they part of our Galaxy or “island
Universes”.

Technology came to the rescue thanks to the construction of
the 100-inch (2.5 m) Hooker telescope, which allowed Hubble
to identify Cepheid variables in nearby galaxies.

He showed that the “nebulae” are not part of the Milky Way.
By combining his distances with redshift measurements by
Slipher and Humason he found that:



Velocity-Distance diagram
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Hubble (1929): the recession velocity is proportional to the
distance (after allowing for the Sun’s motion): v=H,r.

Hubble obtained H,=464 km/s/Mpc.



Implication of Hubble’s discovery

At first glance, this result may violate the Copernican
Principle, but this is in fact not true!

ANV
INANAN Y

The recession velocity is symmetric: if A sees B receding, then B sees that A is
receding. The diagrams from the two different points of view are identical
except for the names of the galaxies.



Implication of Hubble’s discovery

The linear relation is the only one consistent with the Copernican
Principle. For e.g. a quadratic relation different observers would
see different relations.

Quadratic:
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Implication of Hubble’s discovery

The Hubble law produces a homologous expansion:
shapes of patterns in the Universe are not altered,
but are merely scaled isotropically.

scale factor




Implication of Hubble’s discovery

The Hubble law defines a special frame of reference at
any point in the Universe. A comoving observer is at
rest in this special frame of reference.

time >




Age of the Universe

Note that the Hubble constant has dimension 1/time:
1/H,=(978 Gyr)/(H, in km/s/Mpc)

If the expansion velocity is constant then all galaxies were in
the same place t=1/H, years ago. With the current estimates
of Hy=71%3 km/s this implies an age of 14 Gyr.

The expansion rate is not a constant, so the result is only an
indication: typically the age of the Universe is <1/H,.

Similarly c¢/H, is a natural scale for the Universe.



Age of the Universe

We can obtain independent constraints on the minimum age of
the Universe by dating some of the constituents.

- Radioactive dating of the Solar system: > 4.6 billion years
- Cooling ages of old white dwarfs: best models give ages up to 11 Gyr
- Ages of star clusters: globular clusters have ages of 11 Gyr

Main Sequence stars: Loc M* = M/LocM-3oc -3/
Typical distance errors are 10%= 20% in L, or 15% in age.



Implication of Hubble’s discovery

The Hubble law defines a special frame of reference at
any point in the Universe. A comoving observer is at
rest in this special frame of reference.

time >




Reaching the Hubble flow

Our Solar System is not quite comoving: it moves with a
peculiar velocity of 370 km/s relative to the observable
Universe.

The Local Group of galaxies, which includes the Milky

Way, appears to be moving at 600 km/sec relative to
the observable Universe.



Reaching the Hubble flow
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H,=68 km/s Mpc

Redshift (km/s)
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How far out do we need to measure to get a reliable measurement
of H, if galaxies have peculiar velocities of 600 km/s?



Velocity (km/sec)

Hubble key project

Hubble Diagram for Cepheids (flow—corrected)
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Linear relation on large scales

I I 1 1

i Riess, Press & Kirshner (1996)
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Riess et al. (1996) used type la SNe to extend the measurements beyond
30,000 km/sec and provide a dramatic confirmation of the Hubble law



Linear relation on large scales
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Kirshner, Robert P. (2004) Proc. Natl. Acad. Sci. USA 101, 8-13

Type la SNe allow us to extend the measurements beyond 30,000 km/sec
and provide a dramatic confirmation of the Hubble law



Evolving Universe!

The positive value for Hy implies the Universe is expanding,
which is a natural consequence of General Relativity.

The Universe was smaller in the past, and the physical

conditions must have differed; observations of distant objects
show a different epoch.

The Universe is evolving.



Deceleration

The expansion rate is expected to slow down due to the
gravity of matter in the Universe. Therefore by measuring
the rate of change we can “weigh” the Universe.

Therefore the Hubble constant is not constant, but varies
with time: it is better to talk about the Hubble parameter.

To measure the deceleration, we need to extend the

measurements to much larger distances, which became possible in
the 1990s using type la supernovae.



The Expanding Universe

It is possible to derive the equations that describe an expanding homogeneous
Universe using Newtonian gravity. Note that a correct physical interpretation
does require General Relativity.

m A particle feels no force from material
at radii >r and the mass inside r can be
treated as if all concentrated in the
central point.

Potential energy of particle =V = (—411G/3) pmr2

Kinetic energy of particle =T = (1/2)m(dr/dt)?

U =T+V= constant = (1/2)m(dr/dt)2 —(411G/3) pmr2

Homogeneity means applies for all particles, so we can change coordinates.

r=ax
P

scale factor

U = (1/2)mx2(da/dt)2 —(4TTG/3) pm(ax)?

physical coordinates co-moving coordinates



The Expanding Universe

U = (1/2)mx2(da/dt)2 —(4T1G/3)pm(ax)?
Now multiply the above by 2/(ma2x2)

2U/ma2x? = (da/dt)?/ a2 —(8T1G/3)p

Rearrange:

(da/dt)2/ a? = (8TIG/3)p + 2U/ma2x2

- k = —2U/mc2x2
(da/dt)?/a? = (8TTG/3)p — ke*/a>  (first of the Friedman equations)
H2 = ((da/dt) / a)2

Consider three different cases for k k < 0,k =0,and k>0

suppose k=0t 4asd2 1 22 = (8TTGI3)p p=po/a’

(da/dt)? / 22 = (8TIG/3)po / a3
da/dt = (8TIGpo / 3a)!”2

Soasa — o,da/dt = 0

Expands forever, asymptotically slowing expansion



The Expanding Universe

small

(da/dt)?/a?2 = (8?673)() — kc?/a?
Asa — 00,

(da/dt)? = |k|c2

Suppose k < 0:

Expands forever, asymptotically slowing expansion

Suppose k > 0:
(da/dt)?/a?2 = (811G/3)p — kc?/a2
(81TTG/3)po/a3 — kc?/a2

As a = oo, first term grow slower than second
So eventually expansion will stop and da/dt = 0, so

(8TTG/3)pola3 — ke2/a2 = 0
a = Bkc2/8TIGp)!”2

Let’s look at how the evolution of the scale factor proceeds
da/dt = (8TTGpo / 3a - kc?)!/2
d?a/dt2 = (1/2(da/dt))(—81TTGpo / 3a2)(da/dt)) = —41TGpo / 322< 0

Expansion stops... turns around such that the universe recollapses...



The fate of the Universe

r Decelerating Universes g Coasting Universe

What sets the value of k?




The Expanding Universe

Suppose k = 0:
da/dt = (8T1Gpo / 3a)!/2

da a'2= (8TTGpo / 3)2 dt
fdaa2= [(8TIGpo/ 3)2 dt

(2/3)a32 = (8TIGpo / 3)!12¢
a = t23 (6TTGpo)'2

If we take to = (1/6TTGpo)!/2, then

a= (t/t0)2/3

As such, the scale factor a equals | at the present day to

Note that H = (da/dt)/a = (2/3)(t/to)~"3 / (t/to)23 = 2/3 (1 /to)
to = 2/(3Ho)

Note that the k = 0 is between the k < 0 and k > 0 cases and hence
represents the critical density.

H2 = (da/dt)?/a2 = (8TTG/3) Peri
Derie = 3H2 / (8TIG) Perico = 3Ho? / (8TIG)



The Expanding Universe

With these definitions, we can rewrite Friedmann’s equation as follows:
H2 = (811G/3)p — kc?/a2
H2 = Ho2(81TTG/3Ho2)p — k(Ho2c2)/(aZHo?)

H2 = Ho2(p/Pcric — kc2/aZHo?2)
— ~—
Define  Q(a) = p/Perit Qi = —kc2/Ho?

Finally, we can write this as follows:

H2 = Ho(Q(a) + Qu/a?)

Note that p scales as /a3 for a universe filled with matter, ()(a) can be
rewritten as ()o/a3

H(@)? = Hox(Qo / a3 + Qy/a?)

Note that we will be looking in detail at how p scales with scale factor in the
next lecture for different components of the universe.



Deceleration

The expansion rate is expected to slow down due to the
gravity of matter in the Universe. Therefore by measuring
the rate of change we can “weigh” the Universe.

Therefore the Hubble constant is not constant, but varies
with time: it is better to talk about the Hubble parameter.

To measure the deceleration, we need to extend the

measurements to much larger distances, which became possible in
the 1990s using type la supernovae.



m-M (mag)

A(m-M) (mag)

Very distant supernovae

441

The discovery in 1998 was that the
aob distances to the supernovae were
405 larger than expected:
38r o I ey Instead of decelerating, the expansion
36fF Y o  0,-03,0,-00 ] is actually accelerating!
345— ol -- 0,1.0,Q,70.0 -

—] Explaining this result is the biggest
guestion in cosmology to date.




