Physical Cosmology and Galaxies
Summer Internship Programme
July 2021

Amr El-Zant (CTP, BUE, Cairo)

Useful refs:

- Liddle: Introduction to Cosmology (Focus on Newtonian background cosmic evolution)

-Mo, van den Bosch & White: Galaxy Formation and Evolution (a modern cosmological context)
- Ferreira: Lectures on General Relativity and Cosmology (simple intro with essentials)
http://wwwastro.physics.ox.ac.uk/~pgf/B3..pdf

- Peacock: Cosmological Physics (Newtonian + GR).

- Peebles: principles of Physical Cosmology (a classic with careful treatment; bit outdated)

- Weinberg: Cosmology (advanced, first chapter, to p 100, quite useful).

- Ryden: Introduction to cosmology (covers a lot at a reasonably simple level)



http://wwwastro.physics.ox.ac.uk/~pgf/B3..pdf

e Earth-Moon ~ 1 light second

* Earth-Sun ~ 8 light minutes
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What is a parsec?

e Useful intro into diameter distance

* Distance at which earth orbit round sun (1 AU)
subtends an angle ¥ of 1 arcsecond

December AT o o
arallax
/ )\-\ Angle | parsec = pc
kpc = 1000 pc

Mpc = 1000 000 pc

June

Gpc = 1000 000 000 pc

Exercise: Find that 1 pc = 3.26 light year



The Milky Way Galaxy

Distance from sun to centre ~ 25 000 light years (8 kpc)
Farthest individual stars seen by naked eye ~ 1000 light years




The (Local) alaxy Population

Stars + [as + Dust (+ Dark Matter)

« May be disk or spheroid,; contain lots of gas or little; have active star
formation or not. Some have-quasars.

Random , ‘pressure’ support

Rotational support

Younger stars with heavy elements Old and poor stars



log(¢)[h3,Mpc—?/log(M,,

Need to Explain

o SHAPES, SIZES, MASSES OF GALAXIES
 DISTRIBUTION ON SKY
e CONTENT The Hubble

Tuning Fork

* EVOLUTION OF ABOVE

s @

. ’ 1
x
: 4 4
4 1
- — — 12 ¢ 4
= * 312 | ‘ B
r O Gt <z> = 3.8 ! ' L2 i : 3
x vy b o
= | b S Mioas 0 o 3 it o Cl1 <2> = 5.0 ¢ | | " 1
D — MOD 3.0<z<40 X - ) ¢ \ | -
+ S09 \ T S08 \

[ & PGOU B.5<2<4.0 \ \ . ]

\ \ + \ |

\

6 [~ O ® CANDELS L + O @ CANDELS dhY. 3
bt -

R RS RS RS SR S e |

5 5.6<z<6.5 -\ . 6.5<z<7.5
-4 r & ! 4.) ; : .

L o GIt <z> = 659 ! . : . ° °
Sf ‘? 1 - Early evolution of galaxy mass function

(Grazian et. al. 2015)

—6 [ O ® CANDELS Ay - O ® CANDELS
A W | Lot szl s aganal Ay st T PR | aaaul " siul bososannt 3
10® 1010 10n 1012 10¢ 101 1on 1012

-2

Ms nr"/h'm

t

WITHIN A COSMOLOGICAL MODEL FOR THE EVOLUTION OF

UNIVERSE! USING KNOWN LAWS OF PHYSICS



GRAVITY
GOVERNS

-> Long time scales

o ONLY ATTRACTIVE (NO POSITIVE AND NEGATIVE)
« LONG RANGE

- WINS ON COSMIC SCALES

« Makes and holds together stars and galaxies
and determines the cosmological evolution




Dynamical (virial) Equilibrium
GM*?
R

Note; Negative specificheat: EJl 2 RJV=2 VAP
2> T 1 (if thermal)

~ M (V?) ~ Nk, T

The Peculiar force of gravity>

No standard thermal equilibrium
= Higher entropy states 2 more inhomogeneous



Galaxies are not Relativistic

* By shrinking -- or increasing mass — pot. energy can become
arbitrarily negative =2 equ implies
y neg q P Vmax —> 00

* In GR = BH forms before o<

* |n practice, in galaxies,

M _ P 1o
Rc® pcC

 Because: System fragments into stars before
cooling catastrophe complete - collisionless (no cool)

++ Dominant non-dissipative component?



GALACTIC CHARACTERISTICS

R (x 1000 ly)

Average Density ~ 1024 kg/m3 (larger near centre)
Compare with 5000 for Earth and 1 kg/m?3 for air
Time scales ~100 million years; speeds ~10-100 km/s
Mass scale ~ 107 to 1013 solar masses (termally governed)
Most mass (particularly in outer regions) dark
Nearest large galaxy > Million light years ~ Mpc



Larger scales (and back In time)

 CLUSTERS OF GALAXIES

1-10 Million light years ~ Mpc

 LARGE SCALE STRUCTURE
> few 100 Mil LY ~ 100 Mpc

Corona Borealis

=
Supercluster (0.072) SuFeBclu

Hercules
Supercluster (0.037)

Ursa Major Suéaercluster
(0.058)

Ophiuchus
Cluster (0.028)

Abell 634
Cluster (0.025)

Abell 569
[Cluster (0.019)

Taurus Molecular

Perseus-Pisces

Supercluster (0.017+) le'

(1 Mpc)

Pisces-Cetus
Supercluster (0.063)

Milky Way
Center

Coma Cluster (0.023)

Virgo Cluster (16 Mpc)
Leo Supercluster (0.032)
- Shapley Concentration (0.048+)
7

Centaurus Cluster (0.02)

o IRAS dipole

~ne CMB dipole

Hydra Cluster
(0.01)

Orion Molecula

Columba
Cluster (0.034)

Norma &
Great Attractor
6)
LMC

Fornax Cluster (20 Mpc)
Horologium
Pavo-Indus Supercluster (0.067)
Supercluster (0.015)

~14 Gpc and ~ 14 Gyr



Why’s the Night Sky Dark?
Olber’s Paradox (from Kepler to Edgar Allan Poe!)

Take any solid angle in sky

Area subtended at distance ris ~ 1?2

1

And flux decrease goes as ~ = —> product const!

So flux received from stacked system of stars
should be huge — at least as in surface of star!

’/ |

Poe - Finite age. Good but what about radiation from hot big bang?




Standard Picture of Cosmic Development

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. / Galaxies, Planets, etc.

Inflation

Here be
Dragons

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years




Newtonian Derivation of Cosmological
Evolution Equations

* Consider universe with uniform energy density

* If scale large = need GR -- Newtonian gravity
assumes instantaneous interaction

* Take instead small patch

- fast communication ++ small speeds if
homogeneously expanding/contacting.

|* Because of homogeneity —> all patches same



Newton-Birkhoff theorem

* Take said patch to be spherical
(isotropy—=2>)

* Equation of motion
With M = M (< r) — enclosed!




‘Energy Integral’ and interpretation

* Integrate, keeping enclosed mass constant

E

1(dr)2 GM(<r)
2\dt T -

equilibrium
* ‘Energy’ E = universe forever expands (E>0) or recontracts (E<0)

¢ No SOIUtionS _},r"f_}:..--"'____ - Eﬁ;":a-al:'c b

/ ~
= Like a ball thrown up! /

Corrarye: liffm

Exercise: use above equation, with E =0, to derive ‘typical timescale’ of evolution (density)
What do vou notice?



Cosmological Fluid:
Friedmann Equations

1- Expanding radius through scale factor: 7 =R a(t)

3p

2- Active gravitational mass density: p' = p + =

- Both rest energy and momentum contribute
- Recall that hydro stress ~p (viv]-) with (i,j = 1,3)

By Symmetry 2
No cross terms (anisotropic momenta) + no streaming (mass) motions -- (v;) = 0.
—> left with isotropic pressure terms (trace of space part) + density

Weak field/small patch (quasi-static)
> Vip=4nGp - 4nG(p +3p/c?

>M=p'r3->

a A Gp' ArG 3
e e (O

3 3 2



Notes regarding pressure

* |ts effect is unlike hydro pressure force.

The latter comes from gradient, while in
Friedmann universes V'p = 0.

It comes from its mass equivalence

Hence attractive if +ve and repulsive when —-ve

. P pv2
* Asitenters throughaterm 5 ~—-+p

= important only for particles if relativistic



Fundamental Friedmann Equation
Include pressure in energy conservation equation 2

e Use 15t law of thermo for adiabatic expansion

dU +pdV =0 U = pc2V

Ad(pV) +pdV =0 V o a’(t)

a 4AnG d
4T (9p+al) o @2 = TTCP 2 g
a 3 da 3

Note: Because of homogeneity, local energy conservation holds. Not always true for gravity
Note: E here will have dimension of energy if scale factor is dimensional, otherwise [E] = [t‘z]




In General RE|atIVIty (max symmetric space)

. o d_?_., | ._
FRW Metric ds’ = —cdf* + a*(t) | ——— + r*(d6” + sin® fd¢?)
7
. 2 .
Metric tensor Yas = diag(—1, %=, a*r* a*r*sin 6°)
8tz
Field equations (G5 = a 1Tos
« e (0 a 2
Ricci tensor Ryw= 32 Stress tensor 1oo = pc
4 ~
_ 1i; = G-ng-sfj
Rij=—2k gy
, &
& P02 = OF b




Space time decomposition

* Universe appears isotropic
e ‘Copernican principle’: isotropic everywhere

— Homogeneous
— Observers synchronize clocks

— agree on proper time of fundamental observers (cf. also Peebles Sec. 1.4)

Defined, e.g., in terms of the homogeneous density

>d s* = —c*d t* + a(t) d l*

At proper time t, the proper distance is a (t)l



The Static (closed) Space Metric

* Choose four dim. Spherical coordinates:

X = Rsmysinfcoso
A ' R = const defines surface of 3-sphere
Y = FARsmysméfsino R sin y defines radius of 2-subsphere
/Z = HRsinycos#
W = Rcosy

* Line element on surface of sphere

X 4V 4+ 2P+ W =R ' Exercise

| ++ -ve curvature

_______________

Vo

d12=dX*+dY*+dZ° +dW?* = R? [d;ﬁ + sin? \(db* + sin® edr;:ﬁ)}



Thus one can write,
or

. d*r 2002 1 «in2 042
[ Ifr:RSIrlxe dl2= [m—l ((IH -+ S1n H([(,))

Or, more compactly R x

d12 = R* [d_\g + sin® y(dh?* + sin’ er_:}g)_

k| = 1/R?

d > =R*d y* +1r%d )

Note:

1- R y is a geodesic distance
2- r ¥ is an arclength on sub-sphere (circle on fig.)

3- r%d Q is an area on sub-sphere (circle * d phi)

Fig. 3.1. The ¢ = constant section of a Robertson—Walker metric with K
meanings of various coordinates.

After Mo, van den Bosch & White

= 1, showing the ¢



Adding Expansion and Time

d*r
1 — kr?

([,52 — —(2([{2 _|_ u?(lt) 1 IE(([HQ + 51“2 H({(Jz)

ds? = —c%d t% + a? (t) [RZ dXZ + rid ﬂ] R a is radius of curvature
- Ricci scalar ~ (R a) ™2

Conventions: i) k = ——,0,+ — = rhaslength unit = ais dimensionless (withay = 1)

ii)k = -1, 0, +1 = r is dimensionless 2 R =1 - a has length unit

Positive Curvature 2> r =Rsiny
Negative curvature 2 r = Rsinhy
r=Ry

Flat (zero curvature)




Geometry and Density
HZ

(fz)Q 7@
a 3 '

If E= k = 0 flat space

(f) = 3a*  3H*(t)
Pell) = 37Ga2 ~ “31G

In general

p(t)  8mGp(t)

Qt) = =
pe(t)  3H2(t) .
Note:
4 3E 3kc? What starts flat stays flat
-1 - Same for open (-ve k)

a ArGpa? ~ 81Gpa?
and closed (+ ve k)



To begin Fixing our Model:
Expansion—> Redshift

« p=a
)\[j — )\1 t=1t;y »o-— {
{1(1’51)
Ao — A a(to) e
2= 1+ 2=
Al a(ty) S 2no
= H[:}(tu — tl) —l_ Tt AR HUd/C 00: 1cl)o 2c1>o 300 400 500 600 7:00

Distonce [Mpc]

Hubble Constant usually expressed in km/s/Mpc



Hubble Time ty = Hy?!

Newtonian universe with matter only

Scale factor a

Time (Hubble times from present)

Exercise: Check that for Hubble const of 71 km/s/Mpc, the Hubble time is a bit less than 14 Gyr

Hubble sphere radius 2 Dy= ¢ H(_,1

d & Dy =2 (communication time faster than expansion time)



Conformal Time and Comoving Distance

* |n terms of conformal time B toedt!
T —
[] a(t')

e Metric becomes
ds?=a*@t) [-dt*+R*d y* +1r*d Q]

 Comoving distance
between ‘us’ (at t = ty) and light (ds = 0) emitted at time t:

> Dc =R x(r) =t(0) —(r)
to (It
D(‘v = / Is a geodesic distance; not measurable
| t a(t’)
In “today’s currency” -- measure




Fixing our Model:
Expansion—=> Redshift

t=t; »—— {

T(ty) — t(ty) = D — (invariant)

- 8|t (te)] - 6[z(t)] =0

n_ o 0= [ 5
a(ty)  a(tp) :

(T
A) = alto) A1
a(ty)

Frequencies proportional to time intervals 2>
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Light from galaxies redshifted
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Nobel 2011 = acceleration!




Distances: Angular and Luminosity

In flat space: Object of physical size D has angular extension
09 if itis at distance Dy:

D:DA619

In flat space luminosity of object follows inverse square law.
The luminosity distance is defined in terms of the intrinsic
luminosity L (energy emitted per second) as,

L
2
47TDL
D; here is just the regular Euclidean distance

F the observed flux (energy reconceived per second)
Assumed transparent medium

F =




Calibrating distances: Parallaxes and Cepheids

Earth (autumn)

O"“-

o

very distant
stars

b
n>"
.‘/f

X

GALACTIC CLUSTER CEPHEIDS
h+x PERSEUS ASSOCIATION
LMC [(m-m°=i1845)

SMC [(m-M)°=18,85]

M3l [(m-M)°=24.20]

6822 [(m-M)°=2375] -

1-[ | l ;l

1.0
LOG P

1.2

S0 P x + 0 @

oo

1.6 1.8 20



MagnitUdeS: from Ptolemy of Alexandria
to the Distance Modulus

 Classified stars from (apparent) brightest 1% to least bright 6t"

9 Magnitude gets smaller for brighter objects

* Defines a logscale (eye response to light logarithmic)

®  For historical reasons (see Weinberg and refs there.. Or Wiki!)

L(object)
L(Sun)

« M (Object) — M (Sun) = —2.5logq

Apparent bolometric magnitudes m and absolute M (above; def. at 10 pc) are related by

DL — Ul +(n?—s1ff)/5pc

brightest faintest
Sun Moon venus Vega quasar object

IS NV S SN S

| | | | | | | | | | |
25 20 -15 -10 -5 “0 +4 +10 +15 +20 +25
very bright Sirius  faintest very faint

naked eye
star

Mpmprnmpemrmt it e mm s maF Amams s o mlnimmdt= I0m lmm e rartdbr 17l om =y sl s




Fixing Intrinsic Luminosity at > Gpc

Tully-Fisher Relation

Q) “4

©

=

—

e

o)

©

=

Q

=3

2y

'2 After Tom
L Ander§en

Log (rotation velocity)

Ongoing progress at high z...

: Supernovae 1A

V Band
-20
as measured
g ™
E
e
=
I
.
= g
Calan/Tololo SNe la 1 \!\ S
.
-17| . L

M (visual, Sun) ) ~5 s

-20
: light-curve timescale
il ‘!w". “stretch-factor” corrected
in -19 1
< e
E -
g .
i %
= *
< .18 \ 2
A
. .
-
After Riess et. al. gt 5

17
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Light from galaxies redshifted
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Distances: Angular and Luminosity

In flat space: Object of physical size D has angular extension
09 if itis at distance Dy:

D:DA619

In flat space luminosity of object follows inverse square law.
The luminosity distance is defined in terms of the intrinsic
luminosity L (energy emitted per second) as,

L
2
47TDL
D; here is just the regular Euclidean distance

F the observed flux (energy reconceived per second)
Assumed transparent medium

F =




To begin Fixing our Model:
Expansion—> Redshift

« p=a
)\[j — )\1 t=1t;y »o-— {
{1(1’51)
Ao — A a(to) e
2= 1+ 2=
Al a(ty) S 2no
= H[:}(tu — tl) —l_ Tt AR HUd/C 00: 1cl)o 2c1>o 300 400 500 600 7:00

Distonce [Mpc]

Hubble Constant usually expressed in km/s/Mpc



46
45
44
43
5 42
g
< 41}
3
.E 40 B
k=
s 391
8
= 38
] ® ESSENCE
A 371 low-z
® SDSSII
36 SNLS3
35 14 After Gautham Narayan ® HST |
— = (Qr, Q) =(0.3,00)
34 == (Qar, Qa)=(1.0 , 0.0 ) |4
(Qar, Q4) = (0.27, 0.73)

3 1 1 1 1 1 | | 1 1 1 1 1 Il
%.0 01 02 03 04 05 06 07 08 09 10 11 12 13 14
Redshift (CMB frame, zcyg)

ag)

Actually... what distances we measure?




Angular dist. in cosmological context

72
* 5 . d“r 5 o
ds® = —*dt* + a*(t) 2 r?(d6* + sin® 0do?)

— Rr=-

Objects of proper length D

Emitting at a(t)

at angular scale d6 H*a P

Such that 4

ds = D=a(t)rdé =D, db )

- Dy=1r/(1+2)

Known object size + angle on sky 2 r +++ can also find r from cosmological model



Cosmological Luminosity Distance

Recall

ds?> = —c*d t* + a?(t) [R*d y* + r*d Q]
* Distance multiplying solid angle, a(t) r*d 2, = area element

e At t|me t, light reaches us (ap = 1) proper area of sphere drawn around object
4 Tt r* (same as area centered here and touching object)

* Again L

ohserver
+ Buttwof.. ... _.___. / _—_/
-

* i) Photons are redshifted (less energetic) / \//

* |i) Rate at which they arrive is smaller
e Both by factors 1/ (1+2)

> DL: r(1+Z) DA(1+Z)2

(if convention with dimensional scale factor a is used there’s an extra factor of a (t;) = a,)



To begin Looking for r

d*r
1 — kr?

([,52 — —(2([{2 _|_ u?(lt) 1 IE(([HQ + 51“2 H({(Jz)

ds? = —c%d t% + a? (t) [RZ dXZ + rid ﬂ] R a is radius of curvature
- Ricci scalar ~ (R a) ™2

Conventions: i) k = ——,0,+ — = rhaslength unit = ais dimensionless (withay = 1)

ii)k = -1, 0, +1 = r is dimensionless 2 R =1 - a has length unit

Positive Curvature 2> r =Rsiny
Negative curvature 2 r = Rsinhy
r=Ry

Flat (zero curvature)




Geometry and Density

HZ
If E= k = 0 flat space
36 3HA(1)
pe(t) = 8rGa?2  87@3
In general
_ p(t) _ 8nGp(l)
U =0 T B3I
| kc?
(1 —-1=—
(1< H =

N\’  87(¢ ke
<_) )

Q<1

MAP990006

Note:

What starts flat stays flat
Same for open (-ve k)
and closed (+ ve k)



Fixing comoving scale

to (It

a(t")

° X:? and D(v:("/t
= Known with a (t) and R!

* For R: let scale factor dimensionless. ¢y, = 1, k = + 1/R?

kc?
* Using —-1= 212 and Fixing at ‘now’:

2
> k=11—g(!20 —1) => needa (t) then!

Note: ris sometimes referred to as ‘proper motion distance’ or ‘transverse commoving distance’, Dy,




Evolution of Friedmann Universes

* To solve equation - need p = p (a).

* ‘Heuristically’, we have:

Matter > py~a>

Radiation 2 pp~a~*

Cosmological constant = p, = const.



Using conservation law Recal
%' 87TGp 9
e Assume 2 a° — ——a“ =2F
P = wWpC
* Then
—1—w —3(1+w)
Ad(pV) + pdV = () == p X |4 X a
—3 I p=20
a matter log { pt) ] 5 B matter |
_4 . . Perit,0 L 1 n |
p (X a ra,-d].a,-t].on [ p= § p CZ radiation :
ao Vacuum ! -_Cosmological constant :-
- p=-pc | I\:




Our understanding = universe went through the following phases

1- Vacuum domination and vast exponential expansion (‘inflation’)
2- Radiation domination

3- Matter radiation

4- ‘Recent’ vacuum donation (again)

And that it is quite flat...

Evolution in spatially flat Universe

Note: early universe 2 :
nearly flat anyway! p=wpc W pla) a(t)

RD a=t 2

Wl

3F 3kc?

Q' —1= - = — ‘
4G pa? 8wGpa?

MD 0 a? P

AD —1 a’ eHt




Horizons

* Hubble Sphere Dy= c Hy1

* Light emmited at time past and probed at future time
ts, covers commoving distance:

=C
¢ . a(t)

* Converges at lower limit 2 some past events can’t be
observed at £ particle horizon> t, — 0,and t; = ¢,

- Farthest we can see... ~ 14 Gpc comoving.

 Converges at upper limit current events cannot be seen in
future - ‘event horizon’ witht, = t, and t; —»



Distances: with (almost) everything in it

3HG PMO
and Pco — Py ﬂMO = . eftc ...
‘ Qa0 Qro Oro
H 2( ) H ; [ | | . | SZ\] exercise
a’ a* a? L 1
to - cdt! 1 da 1 da
DC:/ f:C/ Ha) Mmoo r o oL
toat’)  Ja a*H(a) o 02/ Qu/ad + Qpfat + Qpfa® + Qy
/ da Exercise
0, =— ke 2 D% 0 ay/Qu/ad + Qp/a* + Y /a? + Qy

a2 H2 — R2a2H2  — R2q2

- Now compare with observations; e.g. supernovae



Expansion Acceleration:
Dark Energy Dark Matter

0 m 0 A

- I ‘ I ' ! ! I T T T T T
s HST 0.32 0.68
- m—%%“w%/ 1.00 0.00
2—1_— _---—']5——‘_"—__'__,_‘-——
22 L _}{; =
20

distance (apparent magnitude)

I|III|I\I‘III|III|\II|I]II

1 1 1 1 1 1 | 1 1 1 | 1 | 1 | | 1 1 | 1 1 1 | 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

redshift z

Current acceleration =2
Dark energy

supernova data

(based on redshift)

Past deceleration rate 2>
Dark matter

average distance between galaxies




Lambda-CDM

* Measurements = vanishing spatial curvature, ~ 70 % dark energy, 25 % dark matter

I Pantheon

M — HLACDM

- f(T)-CDM

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

redshift z
Hashim et. al. (2021)

 Parameters in agreement with CMB and LSS (coming lectures).
* But measurements of Hubble parameter in tension with these.



Fluctuations in the CMB = seeding structure




Local Form of Coordinate Distance

* Expand scale factor around local value:
1, :
a(t)=ap |1 +Hy(t —1y) — Eq{jHﬁ(f —Ip) +...

do dag

* ‘Deceleration’ parameter Go = ———
ag

* Expand r to get (note the flat space approximation emerges; technically should divide
both sides of eq. by 1/R then expand, then multiply again. Assume ay, = 1)

(to—t)?

\ c(t—ty) +cH, >

+ ...=1r+ ..

* Then (exercise) = C



