MLSC

1. HW 5 is due today after class.

2. HW 6 is distributed — due next Friday.
(Also available as PDF on the class website)



into the future

Big Bang

Expanding Universe

DARK ENERGY
Hlustration by Moonrunner Design Lid.



The greatest blunder or the greatest guess?
G, —Ag, =81GT

LV
Einstein originally introduced cosmological
constant as an ad hoc term in his equations
to create homogeneous, finite and static
Universe. The constant provides a repulsive
force which counteracts gravity due to matter
on large scales.

This original motivation is obsolete given that
the observed Universe is expanding and
Einstein abandoned it after discovery of
epansion of the Universe, calling it his
“greatest blunder.”

Given that the acceleration of the Universe
some interesting expansion is measured, cosmological

reading about history constant may not be zero after all...
and meaning of A —————— pup:/ixxx lanl.gov/abs/0712.2196
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maore conventiona] explanation, such as in-
Icrgﬂ.u-t[t- dust, which could contaminate
e brightness measurements, But the new
ohservationssecm to have closad that loop-
hale. The newly identificd supermova went
off about 11 billion years ago—about 504%
further back in time than the previous
record holder. “IF the dust wer

says Lawrence Berkel

ber Nugent, it member of Perlmutter’s team
and Riese's collaborator on the new re-
search, uld have beon
much dimmer than it was."

EINSTEIN'S RE

He invented antigravity in desperation and
abandoned it first chance he got—but it may
be the most powerful force in the universe

By MICHAEL D. LEMONICK
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KOT S0 DUME What he ealled a Blunder
may have been a Nobelcaliber discovery

mateh what astrenomers believed the ac-
tual wniverse looked like. And that extra
term mmm‘l th mn!llcu tical eleganee of

he great physi
wils hu;;d\ relieved when the diseovery of
the expanding universe in the 19205 let
himn eross out what he declared was “my
greatest blunder.”

But he rmight have been a bit too hasty,
Last week scientists made a powerful case
that Einstein’s blunder may actually have
been another Nobel-worthy  prediction,
Using the Hubble Space Telescope to find

Galaxies -

© GRAVITY

& WHAT IT I5: An
attractive forco that pulls
matter tegethar like o
rubsber band

® HOW IT OPERATES:
Grmvity weakens over
distance; when the
distance between twa
galaxies doubles, the
force between them is
onefourth as strong

® WHAT THAT MEANS:
As the mniverse expands,
Eravily is less and less
etfective at slowing the
expansion
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Super nova 14 bilkon /;
yaars ago, observed f
by Hubble telescope |
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over past few years

and study a distant super-

nova—an exploding star—
astronomers from two rival

research teams have jointly
gathered the strongest evi-

dence yet that the expansion of

the universe is actually speeding

up, like a recket with its throttle wide
open. And that means something is
pushing it.

‘What that something might be is, at
this paint, anybody’s guess. “Shake a tree
full of theorists,” s Adam Riess of the
Space Teles: ce Institute in Balti-
mare, Md,, leader of the collaboration, “and
20 #deas will fall out” For now, the un-
known fovee is simply being called “dark en-
ergy,” fo emphasize its mysterious nature,

But its existence is becoming hard to
dispute. The firsl hint eame a couple of

yoars ago, when two

independent teams of astron-

omers tried to calibrate the cosmic expan-
siom using Type 1a supernovas, a kind of
exploding star whese intrinsic brightness

TIME. APRIL 18, 2001

WHAT IT I5: A property
of empty space that
exerts an outward force
like a compressed spring
at gvery point in space

HOW IT OPERATES: A
given volume of space
always has the same
amount of dark energy, so

EXPANSION

0N pushing them away from

cach other is twice as
strang

SLOWING DOWN

WHAT THAT MEANS:
As the universe expands
the volume of space
increases, which means
more dark enorgy.
now, 14 billion yoars after
the Big Bang, antigravity
has averwhelmed gravity,
%0 the expansion will get
faster and faster

in cosmic history its light
wias  emitted. Then, by
msuring how fast exch se-
PErnova is movin
Earth in the overall ballooning
of the universe, it can be
mained what the

at different times in the past.
T everyone’s nishment, both
groups found that instead of the gradual,
| mrwity-driven dowdown they expeeted,
| the rate was getting faster. ul Perl-
mutter of Lawrence Berkeley National
Laboratory in California, who heads one
of the groups: “We spent at least a year
struggling to understand what we were
secing.” In the end, both greups decided
that dark energy, functioning as  kind of

antigra was their best guess,
Critics arpued that there might be a

is highly consistent,

Comparing the known bright-

ness of such a supernova with how bright it
appears in the sky gives a good measure of
how far away it is—and thus how lony age
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even more :rnpm ant for another re

really the explanation Fuu
s Riess, a member of the

ﬂwu its effect shoul

ker in the carly univers

+ while the forer of gravity between
farther apart,
5 a property of sy i gets
universe ("(|1.'II\(LK Shortly
shen the universe took

| up relatively little space, there wasn't

misels dark energy, Now much bigger, the

more space and thus

mare energy to shove galaxies apart. Sure

caough, this distant supernova shows that
the expansion was slower leng age.

While the new observations go a long

ardd cor that dark cnergy is

| real, astronomers would love to see a few
| mnore distant supernovas, just to be surc,

Unfortunately, that won't be happening

| soom, The Hubble pictures that Riess and

MNugent analyzed were all taken purely by
chance, while the telescope was looking for
other things. Aiming at distant gals
hoges a supemnova will go off is an ineffi-
cient use of the teleseope’s valuable time.
The best bet would be o satellite devoted
to such a project—and indeed, Ferlmutter
and others are working on that idea, al-
though it will take years to get off the
gronnd,

If space really does he with dark

pstanding debate,

mare dark energy today 1 yesterd
magre of the stuff tomorrew than ted
cosmas should fly apart faster and faster as

| time goes by, There will be no Big Cranch,

as some have predicted, with billions of
slaies falling in on one another in a fiery
apocalypse. Tens of billions of years from
now, owr Milky Way galaxy will find itself
alonc in emply space, with its nearest
neighbors e far away to see. In the end,
the staes will simply wink out—and the uni-
werse will e not with a bang but with the
meckest of whimpers. [ ]




what ts cosmological constant?

J We have no clue vyet.

L cosmological constant can be the
guantum energy of vacuum, in
principle...

L Such energy Is predicted by
guantum field theory and its effects
are observed and measured in the
laboratory (Kasimir effect).

 However, straightforward
calculations predict cosmological
constant some ~60-120 orders (101%°
times!) larger than what's observed.



Generalizing A: dark energy

Michael Turner
(U.Chicago)
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Cosmologists now discuss a general dark
energy as a possible driving force behind
acceleration of the Universe (U.Chicago’s
Michael Turner coined the term the dark

energy).

The dark energy is due to some field, the
guintessence, associated with a yet unknown
interaction or particle (new physics)



what is Dark Energy?

cosmological constant
would correspond to
w=-1

 If it is a field, rather than
cosmological constant, it stands to
reason that its energy density does
not have to be constant

 In general, acceleration can be
caused by anything that provides
negative energy which can act as
anti-gravity in Einstein’s equations

[ cosmologists parameterize their
current ignorance by adopting a
simple form of equation of state for

dark energy:

P=wp



Best current constraint on w
using all available data

still consistent with cosmological constant

(w=-1)!
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SNAP satellite proposal

Baseline One-Year Sample
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future accurate experiments can
measure w and its change with time



we should remenmber that the data
show accelerated EXP NSLOWN

It can be interpreted as dark energy in the context of general relativity theory

OR as failure of the GR theory itself (i.e. signature that gravity is different
from what GR predicts on large scales)
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Modified gravity
model of Dvall,

Gababadze § Porattl
“*-. |

lII .|II

Gia Dvali
(NYU)

the model predicts that
gravity gets weaker
because some of the
gravitons, force carriers of
gravity leak into extra
dimension(s)




Distinguishing wmodified gravity from

8000

8000

4000

=000

0.02

—-0.02

0.04

dark energy

L Distance

:_ r(z)/Mpc

. Growth
e glz)

Residual growth

1+z

0.1

0.1

H —-u1

0.2



Cosmologieal parameters and the age
of the Universe

Modern age measurement: 13.7+-0.3 billion years
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http://www.lhup.edu/~dsimanek/cutting/ageuniv.htm
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Expansion history of the Universe

Distance —

Recessional velocity —-

Possible expansion histories of the universe

Figure 26-17b
Universe, Eighth Edition
© 2008 W.H. Freeman and Company



Scale of the Universe
Relative to Today's Scale

Plotted in a different way...

Expansion History of the Universe
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Perdmutter, Physics Today (2003)
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