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+ 15 May, 8:00-10:00

Asn this room

:;C'Jrnulatlve, but with emphasis on material
after the midterm

+No notes or books allowed

+Bring calculator

+Q&A review session in class, May 12

+As for the mid-term all relevant (and some not
relevant) formulas and constants will be glven
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Please fill in your course
evaluation!

+www.CourseEvalUM.umd.edu- closes Friday
- evemng/May 13!

+We are at only 24% (10 people!)-
+What did we do that you liked-disliked
+How can | improve?

+Help your fellow students and me.

+ldentification numbers are not linked to your
feedback in the evaluation reporting system

5/11/15 3



f'_i{;_j"f-l‘.+ We have covered an
~enormouis amount of  C[lass Summary
masterlal and a vast

range ‘of subjects (more
< than 600 slides !)

+1am proud that so few
nave dropped this,
perhaps harder than
expected,class.

Kudos- praise given for achievement
5/11 /1% 4



-+ lenves*;ffom and is checked by data objective
(repredumble) quantitative observations of the physical world

+ “Models/theories are continually re-evaluated based on the
scientific method

+ To be scientific, a theory must be falsifiable : whole or part
may be rejected based on new data

+ New data can support an existing theory, but cannot prove it

Prediction
(deduction)\
General The real
Theory worlid
\ Observation /
(+induction)

5/11/15 5



The scientific method

;_:‘jiﬁq‘j‘?{-_ﬁ-_f«rRelevant (explanatory power)

~“%Consistent (within and without)
+Predictive (qualitative and quantitative)
+ Testable (falsifiable)

+'Simple’ (Occam’ s razor)

A hypothesis that survives significant tests of many of its
predictions can become a theory, and perhaps even a
law.

5/11/15 6



N Progress:on of Cosmological
”4£i£&a- Thought

.;.-:.;,‘:.'._."._-‘;;_.'_'prpa rcos, Erathostenes,

Classmal Greece

Aristotle, Aristarchus, :
Ptolemy Renaissance

Copernicus, Tycho
Brahe, Kepler, Galileo

Age of Reason

Newton, Halley,
Herschel

Contemporary
Einstein, Hubble

5/11/15 7
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Arlstotle s celestial physics

, ,;'if-+ Heavens are governed by different laws from Earth
MW 5 Celestlal bodies are composed of “ether,” a fifth

~ element not present on Earth

+ “Natural motions” of celestial spheres are different

from terrestrial motions:
+ circular, constant, and eternal

+ Aristotle needed 55 spheres to explain observed motions of
Sun, Moon, planets, stars (not simple !)

+ Space is finite, bounded by outer sphere

+ But the edge is unreachable: motions become circular in
the ethereal domain

+ Time is infinite
+ (But why is such a perfect universe centered on such

an imperfect Earth?)
5/11/,18 8



Copernicus

+ Copermcus heliocentric (Sun centered) model for
the solar system

X + Rejected Ptolemy’ s geocentric model because it was too
- _complicated

+ Preferred heliocentric model with perfect circular motions

+The Copernican Principle : The Earth is
not at a special location in the Universe.

+The Generalized Copernican Principle:
There is no special place in the
universe, i.e., the universe has no
center.

5/11/15+ Test of Copernican idea with phases of Venus (Tycho o
Brahe)



Kepler s first law

“+Planets move around the Sun in
ellipses, with the Sun at one focus.

Mars

perihelion aphelion

5/11/15 10



Kepler's second law
+The Ime connecting the

Sun and a given planet

““sweeps out equal areas in

equal times.

+Therefore, planets move
faster when they are nearer
the Sun

+Consequence of angular
momentum conservation
( Newton ) . http://home.cvc.org/science/kepler.gif

5/11/15 11



Kepler's third law
+ The square of the period P of the orbit is
- - proportional to the cube of the semi-major
axis R

+ Period (P) = time it takes for planet to
complete one orbit

+ Semi-major axis (R) = half of the length of
the “long” (i.e. major) axis of the ellipse-
for a circle it is the radius.

P2=constant x R

5111715 constant=4x?/G(M+m) (Newton)
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Newton

Newton’s first law

Neth’ S fil‘St laW (N1) " If d bOdy is

not acted upon by any forces, then
its velocity, v, remains constant

+N1 sweeps away the idea of “being at
rest” as a natural state

+N1 includes special case with v =20, i.e. a
body at rest remains at rest if F =0, as
part of a more general law

5/11/15 13



"~ Newton's second law
'_};i'.‘-;NewtOn s 2" law (N2) - If a body of

-~ mass M is acted upon by a force F,
~then its acceleration a is given by

F = Ma
+ N2 defines “inertial mass” as the degree by which
a body resists being accelerated by a force.

+ Since momentum p = mv and acceleration a = rate
of change in v,

ma = rate of change in (m v)

+ Thus, another way of saying N2 is that
force = rate of change of momentum

4+ a and v are vectors

5/11/15 14



Newton s third law

i 3! -s

"'-;:'.'4Newt0n s 3 law (N3) - If body A exerts force

e A8 = f on body B, then body B exerts a force

“F5 . =-fon body A.

+ N3 is often phrased in terms of “equal” (in magnitude) and
“opposite” (in direction) forces

+ From N3, the total force on a closed system is 0, i.e.
Frots Falp + Fp_.p= T Pf)=0

+ Combining with N2, this implies that the total momentum of a

closed system is conserved [does not change] if there are no
external forces, i.e.

Any momentum change of one part of a closed system
is compensated for by a momentum change in another part

5/11/15 15



Neth LGW of Gravity and fjrames oj reference

+ F or Newton all velocities are relative

+ To flnd a velocity in a new frame of reference
use the Galilean velocity addition law,

+ Distinction between inertial and accelerated
~ frames, real and fictitious forces

+ Newton’ s law of Gravitation: A particle with

mass m, will attract another particle with
mass m, and distance r with a force F given

by

Gm,m,

0
r

Weak equivalence principle- mass defined from force
5,11,@Nd from gravity are the same 16

F =




. Subsequent developments:
1 electromagnetic waves

- s f - R 1)
~ N, > Y AN &
- % -

+James Clerk Maxwell (1831-1879)

=574 Developed theory of electromagnetic fields in the

1860" s (Maxwell’ s equations)
+ Unify the electric and magnetic forces in a single

theory You do NOT have to know
these equations- but should recognize
V:-B=0( that the speed of light is special in them

V:E=p .
A special
VxE=-0B/ot velocity!

VxB=4md/c+ (1/c)oE/ ot

5/11/15 17



Ether and light waves

+"Lum'1vmferous Ether (19t century)

+Hypothet1cal substance that fills space - provides
a “medium” through which light can travel.

+ Maxwell’ s equations, would apply only in frame of
ether
+ "explains” why the speed of wave propagation &G
is a_constant in the equations

+ If speed of light in ether is “c” , and if Galilean
relativity holds, then speed of light measured in

13 7

other frames would be different from "¢

+ Albert Michelson & Edward Morley attempted
(1887) to measure motion of Earth through

ether... and found no evidence for its existence!
5/11/15 18




Einstein’s postulates of
Relativity

~ +Postulate 1 - The laws of nature are the

same in all inertial frames of reference

+Postulate 2 - The speed of light in a
vacuum is the same in all inertial frames

of reference.

+ Inertial frames are frames which are not
accelerating (constant velocity or not moving)

5/11 /i 19



lme dilation- Muon Experiment

+ Clock always ticks most rapidly when

measured by observer in its own rest frame
(pro Der time)

S22 C Lotk slows (ticks take longer) from

perspective of other observers

+ When clock is moving at velocity V with
respect to an observer, ticks are longer by a
factor of

At + AT = e +D= !

N1=V2/c?2 ¢ A1-V¥c?

+ This slowing factor is called the Lorentz
factor, vy 1

5/11/15 )/ . \/1 ; V2/C2 20




Length contraction

Cons1der two “markers” in space.
'ii*Suppose spacecraft flies between two markers at velocity V.

A flash goes off when front of spacecraft passes each marker,
I.,so that/anyone can record it

, | ., . : !
’ by . 7 ¥ AN
i 4 i, t A
/ > )

M -~ P

-’I_'fL-'_’-j?}f.-!-ficompare what would be seen by observer at rest with respect

to (w.r.t.) the markers, and an astronaut in the spacecraft...

+ Observer at rest w.r.t. markers says:
+ Time interval is tp; distance is Lg=Vxtg

+ Observer in spacecraft says:
+ Time interval is t; distance is Li=Vxt;

+ We know from before that t; = tcy
+ Therefore, Li=Vxtc= Vxtpx(ts/tg)=Lg/y

+ The length of any object is contracted in any frame
moving with respect to the rest frame of that

5/1191Igject by a factor 'y (same y as for time dilation) .
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Relat:wst:c velocity addition law

' _;Emstem § theéry of special relativity was partly motivated by Galilean velocity
Ltransformation (simple adding/subtracting frame velocity) gives incorrect results
for ele;tromagnet]sm

~Once we've: taken into account the way that time and distances change in
“ Einstein’s. theory, there is a new law for adding velocities

<Feta- partlcle measured to have velocity Vo by an observer in a spaceship moving at

velocity V, with respect to Earth, the particle’ s velocity as measured by observer
on Earth is

Y
% 2
1+V )V /c
Notice that if V, and V; are much less than c, the extra term in the denominator

<<1 and therefore V ~ V+ V

Thus, the Galilean transformation law is approximately correct when the speeds
involved are small compared with the speed of light

This is consistent with everyday experience
Also notice that if the particle has V, = ¢ in the spaceship frame, then it has V =c in
the Earth frame. The speed of light is frame- mdependent'

5/11/15 22



Mass and Energy

+ Emstem reworked Newton’ s laws of

" mechanics using his new relativistic
~ formulae.

+ Formula for the energy of a moving object

with mass m and speed V -

2
mc

VI=V?/c?

+ Thus, energy increases as the speed
increases, and energy would become infinite
if V approaches c

+ At rest, E=mc?

5/11/15 23
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EQUIVALENCE PRINCIPLES

v (9
535 fFyw <!
n Y
~Le 1y

{'?":*4; Recall the “weak” equivalence principle:
SooE | +All objects are observed to accelerate at the

% same rate in a given gravitational field.

+ Therefore, the inertial and gravitational masses
must be the same for any object.

+ This has been verified experimentally, with
fractional difference in masses <101
+ As a consequence, the effects of gravity and
of inertial forces (fictitious forces associated
with accelerated frames) cannot locally be
distinguished

5/11/15 24



. THESTRONG EQUIVALENCE
o PRINCIPLE

+ Emstem introduced the strong equivalence

pr1nc1ple when gravity is present, the inertial
_frames of Special Relativity should be identified with

“free-falling frames of reference.

+ More generally, all inertial and freely-falling
reference frames are equivalent, and there is no
(local) experiment that can distinguish them

£ %

a=9.8
m/s?

5/11/15 25



Eou FINAL EXAM
15 May, 8:00-10:00
+Exam 15 m this room

. o
PN R e

‘**‘*’iﬁ-Cumulatlve but with emphasis on
material after the midterm

+No notes or books allowed
+Bring calculator

+So far 13 students (30%)
have filled out the course
evaluation |




General Relativity

-+ The tower

-

_experiment

+ Gravitational
redshift and time
dilation

+ Black holes
+ Curved space time

5/11/15 27
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Resolvmg the tower problem

; ,__Con51der a hghtﬂray aimed from top to bottom of
“tower ., :-

l':Free fallmg(FF ) observer sees light ray travel
LY ‘:unaffﬁctedby gravity,since freefall is an inertial
O _';;‘._'---‘frame P

7 ,.":/"
& /

: ‘_f;tfilerom Earth s”frame...

Free-falling (FF) observer is traveling faster
and faster

Falling observer would see an increasing
redshift of light source according to special
relativity

If FF observer is supposed to see a constant
frequency light beam, then light must get
relatively blueshifted as it falls in a
gravitational field, to compensate

Light beam aimed upward must conversely be
increasingly redshifted with height
Gravitational redshifting removes just
the right amount of energy to solve
the tower paradox!

(remember that the energy of a photon is

E=hv=hc/A)

5/11/15
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. Testing of General Relativity
. Bending of starlight by Sun’s gravity
J 7 dur:sg ;ﬁe tgzliit;(s)g

--'-

-'-
n-'

*

Angle measured
by Eddington

.
.
““““
.
.

ws®

............. Where star appears when
. Sun is elsewhere in sky

.,
.
.t
.
““““
s
.t
. S

The Sun during
an eclipse

e Precession of Mercury's orbit
Binary pulsar
5/11/15 e Gravitational lensing by clusters



e S LUV ED
& Space Time

+4~d1men510nal space-time is “curved,” not flat

e +Example surface of sphere is curved 2D space; surface of
football field is flat 2D space

+ Free-falling objects and light move on geodesics through curved
space-time- geodesic is shortest distance between 2 points in
this space-time

+ The curvature (bending) of space-time is produced by matter
and energy

“Space-time curvature tells matter/energy how to move.
Matter/energy tells space-time how to curve.”

5/11/15 30



+ Features of Schwarzschild’ s solution:First solution of
‘Einstein’s equations of GR

+ Descrlbes gravitational field in (empty) space around a point
S mass =
3 Con51stent with Newton’ s law of gravity, with flat space, at large R

+ Space-time curvature becomes infinite at center (R=0; this is called a
space-time singularity) Laws of GR breakdown

+ Gravitational time-dilation effect becomes infinite on a spherical
surface known as the event horizon
+ gravitational time-dilation is infinite as observed from large distance.
+ Any light emitted at R, would be infinitely redshifted - hence could not be observed
from outside

+ Radius of the sphere representing the event horizon is called the
Schwarzschild radius, R, =2GM/c?

+ Black holes are real-

+ best explanation of astronomical objects (quasars, x-ray binaries)

5/11/15 31



The Distance Scale and
+ Standard candles e

+ Cephelds +Redshift
’}'Type la SN Z= ()\‘observed'}\‘emited)/kemited

+ Parallax +1+z=sqrt{(1+v/c)/(1-v/c)}
or

+ If galaxy is moving towards +1+z=y{1+(v/c)}
us, wavelengths are or
shortened = spectrum
blueshifted Z=(AGataxy-"Mrest )

+ If galaxy is receding from us,
wavelengths are lengthened M

=> spectrum redshifted
5/11/,18 32
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Hubble Expansion

- +Hubble found in the 1920's that almost

all galaxies were moving away from us
by measuring the Doppler shift of the
light from the galaxies and getting
distance using ‘'standard’ candles
(Cepheid stars)

+ The further the galaxy the faster it is
moving with respect to us

5/11/15 33



= SERa Hubble’s Law

)

+ Hubble mterpreted redshift-distance relationship as a

lmear increase of the recession velocity of external
galaX1es with their distance

+ Mathematlcally, the Hubble law is
v = Hxd
where v=velocity and d=distance

+ Modern measurement gives the Hubble constant as
H =69 km/s/Mpc

+ In fact, Hubble’s interpretation is only “sort of” correct

+ What really increases linearly with distance from the
MW is simply wavelength of light observed, and this
redshift is due to the cosmological expansion of space
itself over the time since the light left the distant
galaxy and arrived at the Milky Way!

5/11/15 34



Cosmological redshift, z

+ If galax1es move apart, z describes a Doppler shift
- from 'the expansion veloc1ty

+ More fundamentally, it comes from the change in
oz metric scaling, R(t)

+ galaxies are carried apart by the expansion of
space itself, not by the forces of an explosion!
Since it’ s relativistic, it affects time as well as
length

+ Because this is NOT a velocity effect galaxies
can move apart from each other faster than
the speed of light- this is not a violation of

Einstein

5/11/15 35



How to Use Einstein’'s GR Equations

* make the following Observational evidence for
assumptlons homogenity and isotropy
* Un-lverse 'IS galaxy distribution

homogeneous i cosmic microwave background

every place in the
universe has the
same conditions as
every other place,
on average.

+ Universe is isotropic
- there is no
preferred direction
in the universe, on

5/18YErage. Distribution Of Galaxies From 36
The Sloan Diaital Skv Survev




.- Exact solution of

E-l nstein's field

equations of general
relativity; it
describes a
homogeneous,
isotropic expanding
or contracting
universe

5/11/15

Friedmann Eq

The general form of the

solution follows from
homogeneity and
isotropy

Einstein's field equations are
only needed to derive the
scale factor of the universe
as a function of time (R(t)).

There are 3 general

solutions described by 'K’ -



fﬂ Friedmann Equation

+ Wherp do the three types of evolutionary solutions come
from7

+ Back to Einstein’s eq...

+When we put the FRW metric in Einstein’ s equation and go

though the GR, we get the Friedmann Equation... this is what
determines the dynamics of the Universe

(dR) 871G

—|~=——pR* - kc*
dt 3'0

+ What are the terms involved?
+ G is Newton’ s universal constant of gravitation
+ dR/dt is the rate of change of the cosmic scale factor
This is same as AR/ At for small changes in time
In textbook, symbol for dR/dt is R (pronounced “R-dot”)

+ p is the total energy density +c?; this equals mass/volume for
“matter-dominated” Universe

5/11/15+ k is the geometric curvature constant (= +1,0,-1) 38
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. Omega in standard models

Expands forever
1

Open (flat)

= . T 2
[ R | v WD,
==y 2 Rty LIPS N Just manages to
; R Y AV ON A expand forever
% e e gl Lot A 1 I R o=1
S o - ('.,i.
> e

N s = T o
e e '{, :__‘ — Closed (spherical)
Recollapses
Q>1

Cosmic time

+ Thus, within context of the standard model:

+ Q<1 if k=-1; then universe is hyperbolic and will expand
forever

+ Q=1 if k=0; then universe is flat and will (just manage to)
expand forever

+ Q©>1 if k=+1; then universe is spherical and will recollapse
+ Physical interpretation:

If there is more than a certain amount of matter in
the universe (p>p..ical), the attractive nature of

s,11,1:9ravity will ensure that the Universe recollapses! .,



he p0551b1l1t1es is tled to the amount of mass (and thus to the total
<X gravitation) in the universe, and each implies a different past and

“*’*ﬂ:fu’re for the universe.

"+ In"GR space itself is 'curved'

ZERO CURVATURE  POSITIVE CURVATURE



\‘ s »'..‘ ‘\

a"""‘fijff"ieanmg of the scale factor, R(t)
+ Scale factor R(t), is a central concept!

+ R(t) tells ‘you how “big” the space is..

+ Allows you to talk about changing the size of the space (expansion and
) contractlon of the Universe - even if the Universe is infinite).

+ STmplest example is spherical case
+ Scale factor is just the radius of the sphere

o @ o

R=0.5

5/11/15



i Im-ji,:ortant features of standard
Sy models...

.,'+All models begin with R=0 at a finite time in
___‘5_; the past
" “¥This time is known as the BIG BANG

+Space and time come into existence at this
moment... there is no time or space before the big
bang!

+The big bang happens everywhere in space... not at
a point!

+Concept of the Hubble time-t,=1/H gives an estimate
of the age of the Universe o N | gt

+HHubble 'constant’ R At R di o




Tere is a connection between the
... geometry and the dynamics

~ N S T AN O
- . X - < s
-~ s gy S

+Cl¢sed solutions for universe expand to
maximum size then re-collapse
+Open solutions for universe expand forever

+Flat solution for universe expands forever (but
only just barely...).

+Definition of the density parameter Q=p/p .

g2 b f)B == f)B
" Py 3H, /(87G)

+With no cosmological constant if p=p

(amount of matter in the universe), the Universe is flat
5/11/15 43




Temperature (degrees K)

10 15 |

1054

1010 14

3000 +

spacetime foam

Temperature of universe.
T(2)=Ty(1+2)

4 forces established
leptons slpit into nentrinos and electrons
gravity govems expansion

quarks, leptons created
inflation

quarks make protons hentrons

nentrinos decouple
gravitational force -

Electrow eak
force weak force electrems and positrons annihilate
leaving small number of unmatched electrons
electromagnetic
force

strong nuclear force
fusion of H and He

gravitons

photons

Yyvyy

Todayt,

t = 15 billion years
T=3K {1meV)

Life on eart
Solar system

Quasars

alaxy formation
Epoch of gravitational collapse

Recombination

Relic radiation decouples (CBR)
Matter domination

Onset of gravitational ins a bility

Nucleosynthesis
Lightelements created - D, He, Li

Quark-hadron transition
Hadrons form - protons & neutrons

Electroweak phase transition
Electomagnetic & weak nuclear
forces become differentiated:
SU(3)x8U(2)xU(1) > SU3)xU(1)

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G -> H -> SU(3)xSU(2)xU(1)
Inflation, baryogenesis,
monopoles, cosmic strings, etc.?

The Planck epoch
The quantum gravity barrier

neutrinosanti-neutrinos _
black holes leptons < At ' photons decouple = CMB
electrons positrons —78 —7F— F — elech‘om—\‘
/ protons 4 768 b
quarks 4% h);i.mgm galaxies, stars
N neutrons » wm Planets fam
t f t t t t f t i
1074 10°%¥ 1072  10°° 1 15 1 500,000 13 billion
SCC SCC SCC SCC SCC SCC min

YIS yrs

Age of the Universe
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| A brief look at the stages of the

Universe’s life...

J'*U

+ Crude overv‘iew
= f=0 Th e Big Bang

+ FQr fu'st 400,000 yrs, an expanding “soup”
AN ?of tightly coupled radiation and matter

S + Earliest epochs were “extreme” physics
+ Then more “normal” physics: protons &
neutrons form
+ Then came nucleosynthesis
+ After 400,000 yrs, atoms form
(“recombination”) and radiation and
matter “decouple”

+ Following decoupling, matter and radiation
evolve independently

+ Galaxies, stars, planets, etc can then form
and evolve

5/11/15

Todayt, t = 15 billion years

Galaxy formation

T=3K (1meV)

Life on earth

Solar system "\

Quasars

Epoch of gravitational collapse

Recombination

Relic radiation decouples (CBR)
Matter domination

Onset of gravitational ins ability

Nucleosynthesis ‘|
Light elements created - D, He, Li

Quark-hadron transition
Hadrons form - protons & neutrons

Electroweak phase transition
Electromagnetic & weak nuclear

forces become differentiated:
SU(3)xSU(2)xU(1) > SU(3)xU (1)

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G -> H -> SU(3)x8U(2)xu(1)
Inflation, baryagenesis,
monopoles, cosmic strings, etc.?

The Planck epoch
The quantum gravity barrier

45



/ 1.0
~ ot g / B
+ All things considered, we 42} 4 wetiom
have Q;h%2=0.019. g
Q
+ If Hy=72km/s/Mpc, g1~
Z . 4 HELIUM 3
+ h=0.72 2
+ Q,~0.04 y'7 /@
+ This is far below Q=1! 1000 7
+ Baryons alone would ‘/%
° ° 10—10_
SIvE ORCIECAIVETYS STt CEUTERM
DENSITY

Q.h?
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Welghmg the Universe, and the need
| for dark matter

Constramts on the baryon density parameter

. SQB " Y

+ The' lmportance of measuring the total
dens1ty parameter Q

* Measurmg the mass of the Universe
+ Mass to light ratio

+ Mass of luminous stars

+ Masses of galaxies and galaxy clusters

+ the accounting of all forms of
mass/energy in the Universe...

+ Baryonic matter- stars, gas, dust
+ Non-baryonic dark matter
+ Radiation

"Just checking."

© Sidney Harris

5/11/15 47



+ The further 'out one

Xmoves from the center

~of-the galaxy the more
'mas$ is missing'- lots

——"of mass and no light
—~from stars or
*=indication of gas

The material that

accounts for the 'extra’

velocity is DARK

Dark matter is a way
of expressing our
ignorance- the stars
and gas do not move
like we ‘expect’
gravitational lensing
dynamics of stars and
gas confirm the
existence of dark

matter
5/11 /i

o-darksmattier bominates the universe and the outer Farts oy

Galaxies

+Nucleosynthesis arguments constrain
the density of baryons (£2;=0.037)

+But there seems to be much more
mass in galaxy and cluster halos
(2~0.1-0.3)

+S0, most of the matter in the
Universe is not baryonic- its dark
matter

Rotation

speed

Distance from center
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Darlm< matter?

20 kpc 30
T

200

Vrot NGC 4258 o
km/s Sb
100 i=67d E
PA=150d J
D=6.6Mpc - 4
1 |
5 : \
0 Radius 10 -
10 20 30 kpc
300 T T T

200 [ ' -

Vrot REVEE g
NGC 7331 = . = L.,

km/s PR | SR
Sbe g E
100 i=75d " |
PA=167d g
D=14Mpc
1 1 1 - 1
0 g ! . .
2 4 Radius 6 8

In the outermost parts of galaxies, V and R
are based on measurements of hydrogen gas
atoms that orbit the galaxy, rather than stars 4
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Supernovae verify acceleration

+ Lgrge effort to

_measure distant SNla
glve accurate value 700000

“forHubble’ s constant g soxe

+H=72km/s/Mpc £

+ Find acceleration, & ___
. >

not deceleration, at = oo

large distance! 100000

+ Very subtle, but really 0

is there in the data!
+ Profound result!

800000 f=-----

I I 1 1 I I I 1 I I I I
= Empty Model
Flat Dark Energy Model

Closed Dark Energy Mode!
= Einstein - de Sitter Model
----- Dusty EdS Model
= Closed Matter Only Model
= de Sitter Model

= === Evolving Supernovae

® Binned astro-ph/0402512 Data

]
0o 1

2 3 4 5 6 7 8 9 10 11 12
Luminosity Distance [Gpc]

Purple curve: Q,, =0.3, Q,=0.7

Black curve: Q,, =1, Q,=0
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Green curve: Qy =0, Q,=0,,

Graphics: Ned Wright, UCLA



Expansion of universe

~The accelerating universe
W Need for a cosmological constant/dark energy

ACS= camera on Hubble

ACS
discovers
two distant
Type la
supernovae

Farthest
supernova

10 billion 5 billion Today

Bang years years

ago ago 51



. Generalized Friedmann Equation

/% Because A term appears with positive power of R in

TR 1gdmann equation, effects of A increase with time if
- Rkeeps increasing

“Positive A can create accelerating expansion!

k=+1 A k=-1 ork=0

A>0 Al

R A=()

As=l)

Cosmic Time —_—
Cosmic Time
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The microwave light captured in this
picture is from 379,000 years after the Big
Bang, over 13 billion years ago!
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Cosmic lumps: the power

spectrum of the CMB

Angular Scale
80° 20 0.5° 0.2°

1 1 I 1

:

:

sesssssslasssevsselossnnnnoslosssssveelosssnsnsns

:

Anisotropy Power (uK?)
"1"""’7!’""I"""']“""""’Y"I’""""I]‘Y‘l""f"’l’l"""""

A138 88883

o

1 Aol 11 11111 1 L L 1 L 1 1 1 1

10 100 500 1000
Multipole moment (1)
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.\ [T con cordance Cosmology

,_"..”-‘--NO ohel techmque definitely each contol

‘provesthe existence of 141 represents the
iy constraings
L ._;-sdark energy 1.2} that a patticular
..j;f_j;zPhy51cs of clusters techniqu¢ puts
"CMB(blue) type la Sn 1} on the 1
reen cosmolodical
(g e ) cf 0.8} parametqrs-
Hubble constant: H,= 72 the gold ¢llipse
km/s/Mpc 0.6} represen{s the
combinatjon of 3
+ Geometry: Flat! 0. sets of
+ Baryon density: Qg = 0.04 constraings
+ Dark matter density: Qp,, = .
0.22 0 .
. 0 0.2 0.4 0.6 0.8 1
Cosmological constant: Q, = Q-

0.74

Age: to=13.7 billion years  fyyr 4 variety of techniques agree
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Where did the galaxies come from

{» From homOgenelty Evolution of the Universe
torstructure... L o e \
+GraV1tat1onal 3
~ evolution of dark
matter

+Formation of dark
matter halos

+ Galaxy formation

+Denser parts of the universe collapse under their own gravity (dark matter)
+Normal matter falls into halo, cools, settles to center
+ Once cool dense clouds form, can get star formation

+ Through this process, a galaxy is built up
5/11/15 56

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

© Sidney Harris



'+ Numerical
sao-Simutations of
Structure formation
+ Solve complex
equations- have
inputs of
+ Friedmann eq

4+ concordance
universe
parameters

5/11 /i

Galaxy Formation

Non-linear structures
grow primarily by
mergers
= in LCDM cosmology

Millennium Run
10.077.656. 000 portiches ~
-y v -y

Filamentary structure of the
universe (brighter colors-
denser regions



Format:on of structure in the
2 Millenium simulation
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50 Mpc/h
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How Things Form

% Grayity-acts on overdensities in
“the'early universe making them
' collapse.’
ok ,Aﬁs;‘ti‘mé-goes on these collapsed
“<regiohs grow and merge with
~ others to make bigger things
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eHierarchical clustering (or hierarchical merging) is the process by which
larger structures are formed through the continuous merging of smaller
structures.

*The structures we see in the Universe today (galaxies, clusters,
filaments, sheets and voids) are predicted to have formed by the
combination of collapse and mergers according to Cold Dark Mattgr
cosmology (the current concordance model).



* Pu zzles

So ' success! Except... Some striking
,cosmologlcal puzzles and a solution

Wow- Either T have

a cold of my head is
wa,\! *00 ‘FU“ O‘F
infoemation.

+flatness problem
+horizon problem
+structure problem
+relic problem ‘

+ Inflation G @
+ Basic idea

+ How it solves the cosmological puzzles
+ Problems with inflation
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Here we are

+A c'onSIStent picture of the history and future

evolution of the Universe

+ Supported by observations and
experimentation

+ Profoundly surprising: most of the Universe
is made of something else (dark matter, dark
energy) !

+ Many open avenues for new observations and
theory: this will get even better and more
siiiteresting SOON ! 61



