1"'_{%;}” LeCtue 20 : What kind of Universe do
R *we* live in?
+What is our universe like? ¢ - -
“#Matter content? '
+Geometry (flat, spherical,
hyperbolic)?
+Anything else strange? e e e
+Remarkable agreement between
different experimental techniques:

“Cosmic concordance” parameters
Please read Ch. 13 in the textbook

4/24/14 1
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| Measurements of the matter
gy content of the Universe (recap)

‘ rdlal nucleosynthesis+ CMB Peaks

+Theory predicts how present light element abundances
(“He, 3He, D, ’Li) depend on mean baryon density

+ Observed abundances = Qg =~ 0.04

+ Galaxy/galaxy-cluster dynamics

+ Look at motions of stars in galaxies, or galaxies in galaxy
clusters... = 0.3

+ Infer presence of large quantities of “non-baryonic dark
matter” (Qpy = 0.25)- that is matter that causes things to
move (gravity) but cannot be baryonic

4/24/14 2



. WHAT IS THE GEOMETRY OF OUR
UNIVERSE?

*’Recall that universe with different curvature has
- different geometric properties
=% Adding up the angles in a triangle,

+ Flat universe(k = 0): angles sum to 180°
+ Spherical universe (k = +7): angles sum to >180°
+ Hyperbolic universe (k = -1): angles sum to <180°

+ Similarly, for a known length L at a given distance
D, the angular size on the sky varies depending on
the curvature of space

+ Flat universe (k = 0): angular size 6=L/D
+ Spherical universe (k = +1): angular size 6 > L/D
+ Hyperbolic universe (k = -1): angular size 8 < L/D

4/24/14 3



k=+1
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| C urvature affects apparent size
fji?‘ or field of view

4/24/14 5
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o wer spectrum peaks and
SN valleys

-« AN gular scale of first (large) peak corresponds to

Wavelength of sound wave that would have
completed half an oscillation within 300,000 years

+ This is the “fundamental” peak, at about 1° angular
scale

+ At larger scales, waves would have completed less
than half an oscillation and no large densities were
introduced on those scales

+ Peaks at scales <1° are higher harmonics

4/24/14 7



Angular size of fluctuations in the CMB

7"+ Remember} the cosmic
-imicrgwave background...

  + It has fluctuations,

+ Average scale of fluctuations is
~Kknown (associated with sound
waves in early Universe)

+ Distance D to this “surface of
last scattering” is also known
+ Can use apparent angular
separations of fluctuations
compared to L/D to infer
geometry of Universe

Graphics: NASA WMAP project
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small scale image of CMB
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How Curvature Effects the
Pos:t:on of the Peaks in the
CMB

;.;;;_+ The posmon of the

~ peaks in the CMB
are very sensitive to
curvature




TR Flat universe!
+ Resu t:

c +The universe is flat

+But the sum of all known matter gives Q,, = 0.3
= +Surely, this implies an open/hyperbolic universe???

4 We must be missing something...

+ Remember Einstein’ s cosmological constant?

+ Cosmological constant corresponds to an energy
field that fills space... it is NOT matter, but still
contributes to the curvature of the Universe

+ We can get a flat Universe if Q,, +Q, = 1

+ S0, we can reconcile the measurement of mass
with flatness of Universe if Q, = 0.7

+ What additional effect would this have?

+ This dark energy acts to accelerate the Universe!
4/24/14 13




oend Flat universe!
+ Result
+The umverse is flat
Af_-._--;j‘~5f,+ In terms of omega curvature parameter,
~ - k=0"means Q =0
"+ Recall that the sum of all three omega parameters as
measured at present time must be 1 for the universe to be

flat: 1=Q, +Q, +Q,

+ How do we reconcile Q, = 0 with our measurement of the
matter density, which indicates Q= 0.267

+ There must be a nonzero cosmological constant, Q, = 0.74!
A ke’
2, Lo _ fo Q, = > Q=-s
p.. (3H, /87G) 3H, R, H,

4/24/14 14
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.\, More Information on the Early
il Universe from the CMB

Polarization

+ P@larlzatlon of WMAP data indicates electron

den51ty of matter that CMB travels through after
leaving surface of last scattering
After recombination, free electrons would be
produced by star formation

+ Evidence from WMAP polarization indicates that star
formation began as early as 400 Myr after
recombination!

4/24/14 15
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.g;-‘_'_.-’;.—,»}:--*‘ Dark Matter + Dark Energy

Non-zero A

+ Recalt that with a non-zero, positive value of A (red
“curve) the universe expands more rapidly than it

would if ‘it contained just matter (blue curve)
. ’.fﬁr’ 4 T T T T

affect the expansion of the universe

9.7 Q,
3 0.3 0.7

0.3 0.0

1.0 0.0

5.0 0.0

Relative size of the universe
N
|

-10 Now 10 20 30
4/24/14 17
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| The accelerating Universe
S ) Nobel Prize 2011

-~ - 4Huge clue came from observations of

Type-1a Supernovae (SN1a)
+SN1a are exploding White Dwarf stars
+They are very good “standard candles”

+Can use them to measure relative
distances very accurately out to very large
distances... can look for deviations from
standard ideas

4/24/14 18



Type 1A Supernovae

4/24/14 19



-+ What produces a SN1a?

+ Start off with a binary star system

+ One star comes to end of its life - forms a “white
dwarf” (made of helium, or carbon/oxygen)

+ White Dwarf starts to pull matter off other star...
this adds to mass of white dwarf (accretion)

+ White dwarfs have a maximum possible mass...
the Chandrasekhar Mass (1.4 M.,,)

+ If accretion pushes White Dwarf over the
Chandrasekhar Mass, it starts to collapse.

4/24/14 20



+ ft;"}htte Dwarf starts to collapse...

-+ Rapidly compresses matter in white dwarf

S5 Infitiated runaway thermonuclear reactions - star

turns to iron/nickel in few seconds
+ Liberated energy blows star apart

+ Resulting explosion briefly outshines rest of
galaxy containing it... these are the SN1a events

+ SN1a

+ No remnant (neutron star or black hole) left

+ Since white dwarf always has same mass when it
explodes, these can be “standard candles” (i.e.
bombs with a fixed yield, hence fixed luminosity)

4/24/14 21



Cosmology with SN1a’s

i+ The program:
% Search for SN1a in
& £ d]Stant galaXieS SN 1998M z=0.63 SN 1998] z=083

-+ Compare expected
power with observed
brightness to determine
distance

+ Measure velocity using
redshift
+ “Low redshift” galaxies
give measurement of H,

+ “High redshift” galaxies
allows you to look for
deceleration of

universe
4/24/14 22
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Distant supernova

HDF North HDF North
SN2002dd . SN2002dd
WFPC2 1995 . ACS+WFPC2 2002

*‘- ; - -
N Z= 079
L v

SN2002dd\

4/24/14 23



- The accelerating universe

ACS
discovers
two distant
Type la
supernovae

Farthest
supernova

Expansion of universe

Big 10 billion 5 billion Today
Bang years years

4/24/14 ago ago 24



The results...

o

+ a;curate value for wf
Hubble S ConStant 422_ :Szfj]iz:rl;i?éwsg
+H 72 km/s/Mpc g 4o
= 38;- }@
: . E 5 Qggfg - 9,703,0,00 7
+ Find acceleration, b 2,102,200 ]

not deceleration, at
large distance!

+ Very subtle, but really
is there in the data!

+ Profound result -
confirms existence of L |
Dark Energy! oot o010 100

A(m-M) (mag)

4/24/14 25
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{:5'+ Tbls program gives
agcurate value for
= Hubble’ s constant
- +H =72 km/s/Mpc

+ Find acceleration,

not deceleration, at
large distance!

+ Very subtle, but really

is there in the data!
+ Profound result!

4/24/14
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The results...
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Empty Model
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Knop et al. (2003)

Spergel ot al. (2003)
Allen et al. (2002)
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{prove; the! ex15tence of
g ‘_f-_gfdark energy 1.2}
The best indicator requires
“-=gembining different

Ot'fffer Evidence for ‘Dark Enerqv’

}"-’f‘:_;".--NO Qne techmque definitely 1.4}

measures o osf

Physics of clusters (pink) 0el

measures Q_ very well '

CMB measures a |

combination of Q_ and Q, 0.2}

and the brightness of type

|A Sn a different % 0.2 0.4 o 0% 0.8 1

combination of Q_ a

Results ~2010 Rapid progress
Blue-CMB constraints, green supernova
and red clusters of galaxies

S. Allen
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What is “dark energy ?

= -+ An “energy” that is an inherent

component of space...

+Consider a region of vacuum
+Take away all of the radiation
+Take away all of the matter
+What's left? Dark energy!
+But we have little idea what it is...

4/24/14 31



Concordance model

e Tl i v‘w'x

5 fif'_jfi’ln summary, the parameters for our Universe,

usmg best available data...

“~““¥Hubble constant: H,= 70 km/s/Mpc

+ Geometry: Flat!

+ Baryon density: Qg = 0.045

+ Dark matter density: Qp,, = 0.26
+ Cosmological constant: Q, = 0.69
+ Age: t,= 13.798 billion years

4/24/14 S



The Age of the Universe

+ Usmg this cosmological model, we can figure

QUt the age of the Universe.
+Answer - 13.8 billion years

PredlCt]On

+ There should be no object in the Universe that is
older than 13.8 Gyr.

+ what’ s seen?

+ This was a big problem with old cosmological
models that didn’ t include dark energy:

+e.g age of the universe in Q, =1, Q, =0, Q,=0 model is
9 billion years

+ But there are globular star clusters whose estimated ages
are 12-14 billion years!

+ This was troubling since universe must be at least as old

as the oldest stars it contains!
4/24/14 33
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How 15 the Age of the Universe related
ta the Cosmologeical barameters?

Age times current Hubble parameter

54 Raypeémber the Hubble o Jos
time (~1/H) ~13.8x10° it

~ 0.6

y rS ! I I|I.lr_-l' - ‘.Inl'l clﬂsed c?_.
5 A
4 ) TR g

+ The figure shows how
old the universe is for i
different values of Q, 7 we 77
and Q, and the same vy
Hubble constant

04 A

§4 0.2

Age for no cosmological constant
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Age of Oldest Stars and Globular Clusters

+ Whlte dwarfs (dead stars
“oremnants ofisolar mass
‘stars) 4 cool w1th age

Time

+ Low mass stars (much less 2\ : |
= than theSun) live for a very > N
“-“{ong time-"they can be E
dated using our knowledge ",
: I'Ei:nn Turnoff ™, Turnoff ™,
of stellar evolution wequence Point Point
700_ , I : i . I . | : ] <— Temperature —
6001 1] Median = 12.6 Gyr ~ _
s 1 Lower Linmits _
500+ 95% CL: 10.4 Gyr - - 1
. | 90% CL: 108 Gyr ar $ ]
% 400~ . — : / |
;%300_ I g 2-_ Missing part of the X ]
2{)0 B ] E 0:_ main sequence \ _:
. L Eie s
Og "1|0" 12 1|4 """" 16 18 2 S \._'
Age (Gyr) s loz(T pe?at 3 o

Best fit = 13.2 +/- 1.5 Gyr
Range of possible GC ages (Chaboyer & Krauss 2003)



;The o[d*e*r a .
white dwarf 5 = Ton
O | ¢ e .'Iio. . .
“the dimmer . W
and redder i * + .
IS (tick marks are s ey .
the age of the . - s
star in Gyrs) o | e i
0 1 2 3
color L=

+ White dwarf stars in a nearby star cluster-
color magnitude diagram



. How Does One Date a Globular Cluster

4 . |
» '3 OF 4
3 A

e e e | L T | LS
b e T 7 St A B

4 =AY

'l S LI, I

- w7 NS e ’.‘

\ il
1

L I | T T I"‘ I 1 | I I 1 | I 1

=+ Luminesity vs color
diagram for stars in a
globular cluster.

+ The lines are
theoretical calculations
of the relationship of
these as a function of
age.

+ Notice the precision
required. 0.6 0.8 1 1.2

=/ 89,10,11,12Gyr
. E,,=0.070 -

—M),=13.45

Log Luminosity
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0 th e""ﬁi‘}; Techniques

* Radlﬁactlve decay

—in stars Using U and

22 Ages of galaxies
using spectral
signatures - at z=0

oldest galaxies seem
to be 12Gyr old

|Fe/H]
| | | |

© 0 0 0 00
o O NN ON

I
o
o

~
Q
~ |
o

g

[ 4

L]

[

2

H, He, C, Mg,
Fe, Sr, Ba,
Eu, Th, U...

chemically
enriched gas cloud
radioactive decay:
Th —» Pb
U —p PB

k

451

Big Bang
13.7 Gyr

supernova star  — decay —

~13 Gyr

today
0 Gyr




| galaXIeSiseen
3 %-hat tedshift 1.3

+ Galaxies and
star are
younger than
the universe-
but only if A
exists !

Narmalized Distribution

0.6 7
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~ -+ What does the future hold? Increasingly
7 rapid expansion!

A

Vv

4/24/14 Cosmic Time

41



°In a umverse With a significant cosmological constant, the expansion of the
unlverse_ ;,“the space between clusters of galaxies will grow at an increasing

» Stars are expected to form normally for10'? to10'4 years, but eventually the
supply of gas needed for star formation will be exhausted . Once the last star
has exhausted its fuel, stars will cease to shine.

*Our nearest big neighbor M31 ~2.5x10° light years away and the Milky Way
are moving towards each other at ~120 km/s. ~3x10° yrs from now, they

probably will collide and merge.

«10'1-10'? yrs from now all the galaxies in the local group will merge.

http://gn4wikipedia.org/wiki/Future_of an_expanding universe 42
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25107 yeqis from now, all

“galaxiesoutside the Local
Supercluster will be red-
shifted to
such an extent that even
gamma rays will have
wavelengths longer than the
size of the observable
universe at that time.
Therefore, these galaxies will
no longer be detectable 1n
any way

http://discovermagazine.com/201 1/dec/16-how-to-survive-the-
end-of-the-universe



_The final fate of the Universe

Blg fre-ief?;e 10* years and beyond
=W, Over a. tl.me scale on the order of 10'* years or less,
eX1st1 A_;’["f $’§tars burn out, stars cease to be created, and the
“umniverse goes dark
*On a much longer time scale, the galaxy evaporates as the
stellar remnants comprising it escape into space, and black
holes evaporate via Hawking radiation
e In some grand unified theories, proton decay after 1034
years will convert the remaining interstellar gas and stellar
remnants into leptons (such as positrons and electrons) and
photons.
e Then universe reaches a high-entropy state consisting of a
bath of particles and low-energy radiation. It is not known
however whether it eventually achieves thermodynamic
equiltbrium i




Dark Energy

-+ There'is an “energy” in the Universe that is making
*;-_*.'vf"i t acce le 'a te
+ Call this “Dark Energy”

+ This makes up the rest of the gravitating energy in the
Universe, and causes it to be flat!

+ Completely distinct from “Dark Matter”
+ Remember Einstein’ s cosmological constant...?

+ Dark Energy has precisely the same effect as Einstein’s
cosmological constant

+ So, he was probably ‘right’ all along!- Well it all depends on
what it really is!

4/24/14 45



What is “dark energy ?

= -+ An “energy” that is an inherent

component of space...

+Consider a region of vacuum
+Take away all of the radiation
+Take away all of the matter
+What's left? Dark energy!
+But we have little idea what it is...
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T N
.

_';'f__?_._‘;;'_.-.,‘é'l’though we are far from understanding

all the properties of the Universe,
recent observations are bringing us to
the “era of precision cosmology!”
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Next time...

- 4+ How did structure emerge in the
Universe? - how did the universe
evolve from its formless early state
to the stars, galaxies and clusters
we see today

4/24/14 48



