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Whetdo we know
apEUE the Universe?

~Prof. Lynn Cominsky

Dept. of Physics and
Astronomy.

Sonoma State University



B Most of he stuff in the Universe is
In the form of things we cannot see
and we don’t understand
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the speeds at which
move to find out if they are
gravitationally: bound to each other

® How do we measure the speed?



VIESSUIINGES

DEPPIERshiit works for both sound
clplel liejnie |

|tch or color
hen the source
I0VINng toward or
r]/ oM an observer

= You mafb’e fiamiliar with the
change in sound of a police siren
as It passes you



BRIPIEISSHITE Of light

compeseneiiaboratory to blue-shifted
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Absorption lines from star
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Reference lines from laboratory source

Absorption lines from star



NIEIENEy ol the Universe
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: ple'?’s Laws to
determine the mass of other
objects orbiting the Sun

B Almost all the objects in our Solar
System are gravitationally bound
to the Sun (exception - some
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NIEIENEy ol the Universe

OUIFSIIINENUS one (rather boring) star

IreuIfERIExy (eut off about 100 billion)

OURgalexy. Ispart o the Local Group

thatinctiees M3l (Andromeda)

= The gelexies in our group are all
gravitatiopaily b‘(_)lﬂd to each other

= None of the galaxies are moving fast
enough te escape the group

B Some of the galaxies in the group are
moving towards us (like M31) -
blueshifted
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NIEIENEy ol the Universe

VEYAGBlexies are parts of larger
grolps called clusters of galaxies

hererane typically tens of thousands
o) galaxiesj;ra cluster
B They areall ravitationally bound to

ea l] _'l ~ ¥
A . |
B Clusters off galaxies are moving away

from each other as the Universe
expands






oy are he largest structures in
the Unlvé‘se

® The hierarchy ends here

® \We have measured the positions
and velocities of millions of

Nalaviac
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> Distances ?

N the previous
SlIdESTWERE AENI (jvead firom the
megsted velocities (which were
derved frof".-' g Doppler shifts of
therspectrali lines)

B |t was Edwin Hubble that figured
out that the velocities represented
the distances to the objects

® So how did Hubble figure this out?



WhetHubble saw?
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Whsestpnle really saw

aWipuBbble studied “the realm of
fenpllae=lzzy blobs - to try to
tIiREhRey, were In our galaxy

digeovered individual stars

chVared periodically in
prightness

B Some of these stars were in our
own galaxy, and he could use

parallax to figure out how far away
they were

B But others seemed to be much




Wables and Nebulae

—_—
Wi Hubble used new Mt.

PNinchi telescope to observe
gidivarianles in the nearby “nebula”

7y periodically L =ieP-

" Distance
to Cephejds
can be
calculated
from their . A 5
luminosity time (days)
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Measuring Distances with Standard
Light Bulbs

-
standard candle
B So are some

supernovae
I:ob

0.0 melre

An Object becomes fainter by the square

/4 T[d J of its distance

abs
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Xpanding

, We can
MEESUKRE Ci ssion velocities >
distancesy.

i ”J/omrl our loce al group, all

galaxiesrare movmg away from us

~ Universe is expanding

B Galaxies are not changing size >
space between them iIs expanding

B \We are NOT at the center of the
Universe (despite what we might
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SirpleNersion: Using Hubble’s
BAWRWERcan il the clock
JelerVands, tersee how long it has
LAKENNOMIETO have expanded to its
currentiolsenvable size

u ) ="Hublle constant in km s* Mpc
1

O_

e

® 1/H, = Hubble time - 14 billion
years

B But this all assumes that Hubble’s

~nnnckFant e ransllyvrs ~FAncFannyF 1 1FD
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*Need to understand
Sxpansion history of

HastURIVEerse been expanding at a

- constent rate throughout?

= No! (FdiniE s.cﬁstant IS not really
constant, it is just the value we
measure today.)

B But how do we measure. the
expansion history of the Universe?

J



the Universe

thiesmost distant light we
E
tRE™Cosmic Microwave
" and this Ilght dates to
JF’ 300,000 years after

| ”*Jr c Wlﬁth started the
Initia o: ansion

" The CMB Ilght comes from all the
photons left over when atoms
(mostly Hydrogen) first formed

() \/



sosmicaMicrowave Background
DISteeVERE ]r@g’g By Arno

Penziastand Repert Wilson who
WERENWoerKIng et Bell Labs

Clinchegd #ie hot big bang theory

Excess noise Iin
horned antennae
was not due to
pigeon dung!




SOSHiIENsEEkEOUnd Explorer

The LOBE Jatelfice
Plifigrarit]z)]

ViicroWaVve

rwJ(JJOHHEdr

GEORYERSIMOOL

structure we nNow see




LR Tive Yoar CVB Amisstrapy Result

n called the

2006 Nobel prize
In physics
awarded to
George Smoot!

(Also John Mather
for measuring
temperature of
CMBR precisely at
2.7 K with FIRAS
on COBE.)
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http://map.gsfc.nasa.gov/ContentMedia/WMAPdetail_72.jpg
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Fielienswer: Detailed calculations
USingrdaterfimem WIMAPRP have more
seeliiately determined the age of
the Universe, including the effects
oI Iniilewon (ask-me later)

aselcalctlations (in combination
with other data) also lead to the
“Cosmic Composition” pie chart
which illustrates the types of
matter and energy in the Universe



COMPOSITION OF THE COSMOS

0.03%

Neutrinos:

0.3%
Stars:
0.5%
Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Dark Energy:
70%




IRIVERSENS IR the form of
LRTNGSAVE Calot see and we
dEREEUnderstand

Dalie £el ecly fieel it but
- You| canrt
= Dark Energy - the mysterious
fiorce which is causing the
expansion of'the Universe to
accelerate



Park Matter

clUSsker

SEIMELNING else

that cannoLtve
“ se Al mUuSst be
holding the
galaxies in the
cluster!

LSS0 EMEZ ZWICKY discovered that
eI dalaxies in Ene
MOVING OO

oma cluster were
J-ﬁ: e@ain bound in the




CizlleleV R

atlon Curves

In 1970, Vera Rubin
discovered that the gas
and stars in the outer
~ parts of galaxies were
- moving too fast

* This implies that most of
the mass in the galaxy is
outside the region where
we see the stars

= Since we do not see
light from this matter, it is
called

NGC 3198

Dark Matter




NUIIIENEXPENSION revisited

Wesseweralready. seen how the
gelaXIESBVEawWal
UEIEREIStanNCE

tells us the expansion rate at the
present time

® But what will the future expansion
rate be?



IYPENERSUPENOVAE are “standard
scldiES St ke Hubble’s Cepheid
Vc]flc]Ol&‘S

= Decay tlme of light curve Is correlated
to absolute luminosity

® Good to 20% as a distance measure



UPEINMeNVe

anrllw 1

Measure shape of
curve and peak~>
distance

% |
9650 9700 9750 9800 9850 9900
Age

B Compare two distances to see If
expansion rate has changed



SUPEMBYaE and Cosmology

AncINZE Ilg | /S. redshifts for
geny. IVPErL PErmoVae at redshifts z

Universe V\fbs expanding at a constant
rate or slowing down (as was previously
thought)

This Is evidence that some unknown

“dark energy” is causing the Universe to
fixns anart at avver-incraacinAd cheaadc



Toclz)y's Cospplelle)e)y

WeNiveNnraniet" Universe (WMAP)

dmysee/Mpc (IHSHFand others)

Age oftUniVerse is around 13.7 billion

- years(WIMAP and others)

" Dark matter n a&&jp about 25% of the
Universe (nany sources)

® Dark energy makes up about 70% >

causes the expansion to accelerate
(Type 1a SNe + WMAP)




nives

[ e}archives/cosmology/

-

y ]L.,

cation/l[UP/Big_Bang_Primer.html

0smology Pages

http://¢ ey.edu/~mwhite/darkmatter/bbn.html
* Cosmic Background Explorer
http://spacergsic:nasa.gov/astro/cobe/cobe_home.
htm|

" Hyperspace by Michio Kaku (Anchor Books)

¥



http://www.bell-labs.com/project/feature/archives/cosmology/
http://astron.berkeley.edu/~mwhite/darkmatter/bbn.html
http://space.gsfc.nasa.gov/astro/cobe/cobe_home.html
http://space.gsfc.nasa.gov/astro/cobe/cobe_home.html

U ght/CMB-DT.html
»

gy Tutorial
vright/cosmolog.htm

o=

S U

on

=W A 0://wmap.gsfc.nasa.gov

‘ . d
" Universe Adventure

http://www.uniérs eadventure.org



http://www.astro.ucla.edu/~wright/CMB-DT.eps
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axy Clusters

" Measure the mass of

stars in galaxies in the
cluster

Measure mass of hot gas
- 3-5 times greater than
the mass In stars
Calculate the mass the
cluster needs to hold in
the hotgas -itis5- 10
times more than the
mass of the gas plus the
mass of the stars!



atter Halo

E@FaISKS O
glaXIe =
c|f= []O)E
»
DAk MeEttErfnalos
ProVIGEFENOL Jgrpr
gravitationairorce to
hold the grjlr; as
togetne

The halos alsc
maintain the rapid
velocities of the
outermost stars in the
aalaxies




SEIGERNAGE; 0l Cosmology

N OVVREIE R ENSRIVESE! 1O egm
SicidareNEIgN Bana) b eor _.
pUelE EXPansion :

lpifleiElie)n) !
What Is the Tate of t l nive

ObSENVations, of M"

Dark Matter

Distances to Supernovae
. Today Cosmology
B Einstein and the Cosmological Constant

® Dark Energy and the Accelerating Universe



sepdeReiBigiBanal Cosmology

SOMEWMENARNE distant past there was
IOLMING = Spaceand time did not exist

Vaebim rJ,Jccus]cJorE created a
SingUlaEyAtaat Wwas very hot and dense
e Umvérsv‘,xpar ded from this
'.'mc gy, |
it expanded, it cooled

B Photons Became guarks

B Quarks became neutrons and protons
B Neutrons and protons made atoms

" Atoms clumped together to make stars and
galaxies




3ang Timeline

a_T Inflation Electro-wesk

We are here



S telplelzifel|Elle) B ”’mg osmology

IIGRIIEENEESONS, to believe big bang
cospalelee)y |

BIgNSang N lwleoq/nrm-

IHURPIE :,(pslrblbm

3, Cosmilic Microwave Background (CMB)



Wilkansemiviiciowayve Anisotropy

1.4 % 1.6 m primary — e WPPET OmMni @nkenna
reflectors =
s

dual back-to-back
Gregorian optics &

secondary . el - FPA box
reflector e | -

passive thermal radiator

thermally isolating

e instnfumm:ut cylinder
(RXB nside)

C M B R fI u Ctu atio 1 _.:';I.-_?._l:l ¥ ,', : !'- . . -.' - star tracker
warm S/C and _.'T.- 2 1 4 T 2 h/

* Measures past sl
= 200

reaction
wheels (3)

deployed solar array wiweb shielding =



neasured by WMAP
Jniverse is flat

Jations of this size also

SUPPOrts a non-uniform expansion

histeryer the early Universe called
“Inflation™

B |nflation alse explains some other
problems with the simple Big Bang
(uniform expansion) model (Ask me
later)



Whstsiniation?

nfietion refers to a class of
sesineleglcalifmeadels in which the
ipIverse exponentially increased
nrsizensyianout 10 hetween about
~10Zand 02 s after the Big Bang
(IE'has since expanded by another
B |nflation was originated by Alan
Guth in 1979 (and has been
modified since)

B |nflation Is an example of
non-uniform expansion




BigRBEnE NUCEleosynthesis

ohisEIEMEN:ES eut.erium,.helium,
anENIEItm)RWEre produced in the first few
MiRUEES oiFthe BigrBana

ElemeEnts heavier thian ‘He are produced in the
StalsStanerEougnrsSUpernovae

oweverp enpligh helium and deuterium
canneEproduced inistars to match what is
OPSERNVECNBEGaUISE Stars destroy deuterium in
their cores "

So all'the deuterium we see must have been
made around three minutes after the big bang,
when T~107K

® BBN predicts that 25% of the matter in the
Universe should be helium, and about 0.001%
should be deterium, which is what we see




WhyAElIEve in inflation?

RilaeRNseNprediction of grand unified
theorEestin particle physics that was
ZPPIIEC O foJmoIor y/ - It was not just
venteoho solve problems in

- COSIBIOOYS

" |t orovidesithe solution to two long

- ™

® Horizon problem
" Flatness problemaAlan Guth



http://www.counterbalance.net/bio/ag-frame.html
http://www.counterbalance.net/bio/ag-frame.html
http://www.counterbalance.net/bio/ag-frame.html
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NOZONERONIE
PHEMIMVESENOoks the same
SVERYWHENRE Infthersky that we look, yet

ERENaS NeEPEEN enough time since

ther BigpBang fior lIght te travel between

- two peints on opf psite horizons

- B This remains trueeven if we extrapolate

the trae naI'Big bang expansion back

to the venry beginning

" So, how did the opposite horizons turn

out the same (e.g., the CMBR
temperature)?



NBNRHEHen
AE=RI07 Sy the Universe expands
- fiomialbputdicmito what we see

- teday, -

Sl cmpsiggtich larger than the
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S Problem
ek

be correct to 1
part in 10 in
order to achieve
the balance that

VVASESISIS




%’,c spacetime the
e v\m/ rr“", D Ing up a balloon

f rﬁL Sl

e U IVerse IS far bigger than we

the part of It that we can see



SHINIDIC Y Ul ClIiIC UiV Gl JG

determines its

GISTEfi) ) m—

ding regt

and dark matter)

ot n s flat, expansion coasts to a halt as
!'Jniver y balanced.

If Q_ > 1, Universe is closed, collapses on itself.

If

If Q_. <1, Universe is open, expands forever.



m blaE power spectrum
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TT Cross Power
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SOSMOIvUEIEaIFFalrameters
ravisiiac) -

Thewstronalfirst peak at Il =200 confirms
HBECREIYAEXPRINSION ~ clumps are

4 1 d

[zeor flatUniverse

ss of the Universe

~latnessimeans that ;= M0

® So, Inthe old view, we live in a critically
palanced Universe »> asymptotic
expansion

* osseivgpeserptkaes iy




SStEREENEeE Cosmological
Corlsiteinie

| Uelileln)s o) rial Relativity, he
vaed m tic Universe (or steady

univverse that would either
[ trac’c" he “fixed” his

equations by Inserting a “Cosmological
Constant™ called A
When Hubble later found that the

Universe was expanding, Einstein called
the creation of the Cosmological

Constant his “greatest blunder”




Einstein andl Dark Energy

HoOWEVER new we see that there is
ndegdrarcesmelogical constant term -
PUEa ST the epposite sense to
ElStENEs ordinal 1dea
The DaEReray implied by the
len=zerervalue oif A pushes the Universe

- . - .
apart evenraster, rather than adding
stability' to'an unstable Universe, as
Einstein originally intended.

® The dark energy density/critical density
=Q,

® There are many theories for Dark

Energy: vacuum fluctuations, extra
dimen<ions etc

¥ 5



W1 Gl I\

No Big Bang

SN data

- .
(2,, = matter density (including
regular and dark matter)

Age < 9.6 Gyr
{Hy=50 km/s/Mpc)

Q A = cosmological constant or
dark energy density

Qtot = density/critical density ———

40 supernovae
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__"' .
ENVIVIABNImECE brings the COBE
PICEURENRILOFSHENP! TOCUS.

movie



=Sxpansion

L

The Hubble constant
H, = 558 km s - Mpc -

Hubble’s Data (1929)

8
o

IS the slope of these graphs

Hubbl e & Humason (1931)

0, 0oo —

a

Becession Weloo oy (hm &Lec)
=

E
I

10, 000D |—

Recescion Welos oy (bm &ec )

Compared to modern
measurements, Hubble’s
results were off by a
factor of ten!

L=
a
o
I
o




2s follows
Theﬂ:stameﬂetmenrwaﬁa!ms
an
Speeding Upﬁy,
older th ‘ . ..-"/‘/ Slowing Down
think
Real Big / Bigrtmﬂ Time
Bang Derived from constant

rate
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