rin

:

d S

0-an

rem

| e B3
o el
TW
1
=L:
e
G =

B

PP

THE AUSTRALIAN NATIONAL UNIVERSITY







Iron Scandium

:

lIron Scandium Sodium

Doppler Shift Gives Velocity of Galaxy

In 1916 Vesto Slipher measured

velocities to nearby galaxies, and

discovered they were all moving
away from us.




1929, Hubble uses brightest stars
S to measure the
distances to the
nearest galaxies.

He assumes the
brightest stars are
all the same
brightness.

2 -

The faster the galaxy was moving,
the fainter the stars!



Hubble’s Data




The
Universe iIs
Expanding




Einstein’s Theory of

Gravity

® In 1907 Einstein had a
revelation that acceleration
and gravity were
indistinguishable.

1915...Equations of
General Relativity



Predicted Curved Space

The Cosmological Constan

/

Originally proposed by
Einstein to counteract the
Universe’s gravitational
attraction - it makes Gravity
Push rather than Pull.

Later “retracted” once the
expansion was discovered

It represents the energy of
S the vacuum (What is there

dynamic - Universe when there is nothing there!)

~IhAarilA LA 1 NAE AN

Commercial use or modification of this material is prohibited.



Our Paradigm for Understanding the Global
Evolution of the Universe Is based on:

Theory
General Relativity

and an assumption...
The Universe is homogenous and
iIsotropic on large scales



The Standard Model
Robertson-Walker line element

pa— : @ , '
ds a’ (t +7°d0
s {8 - ()J[l_ ra’

tDistance J- @ynamics} @Zurvature} [Coordinates}

a(t) is known as the scale factor-it tracks the a 1

size of a piece of the Universe ag (14 2)

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
are needed to see this picture. . areneeded to see this pi



The Standard Model
Friedmann Equation

(assumes homogenous and isotropic
Universe)

G. R
Isotropy & Homogeneity
1 (da)® 8xG
?\Zj 3c” pa- —k

Friedmann equation for Flat Universe
ﬁ(t:t{]) — o, p(t:tg) = pPo, H(t:tg) :H(], k=0

1 da _ H? P a :
ag dt Po %) ;




The Distance Between Two Galaxies

Separation

I Time



Looking towards the Future
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The Density parameter and Geometry

_ 3H,
pc,O 87Z'G
2
D= 9.2x1027kg/m3( H, j
’ 70km/s/ Mpc
Pi.o Z
QO o Z o Qi,O

IOcrit,O
(), = QM,O + Q%O + QU,O + QA,O + Q?,O

FLAT [Q,=1 k=0 Q@)=1
OPEN Q, <1 £k=-1 Q) <1 for all time
CLOSED (Q,>1 k=+1 Q(¢)>1




Cosmic Geometry-Curvature
and Density

CLOSED




Model Content of Universe by the Equation of State of
the different forms of Matter/Energy

= b p; oc(Volume )_(HW") oca M o (14 2)"
e P a\® (
e ) (2)-
w=0 for normal matter » a\* ( ps
w=1/3 for photons poct it (ao) \po) —

0
w=-1 for Cosmological pox VO — (a) (p‘") =1
Constant

QuickTime™ and a
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ydy = H,dt
%y3/2dy :Hot

2
I ¢ j Friedman Equation for a flat Universe
dy

=1 for matter dominated universe

=H;y~



2] (2] 2]

4
[ P ]( a ] =] for radiation dominated universe
12 VANL

ydy = H dt
2
% — H,
1/2
y=—= (2H0t)
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0
('D I j =1 for cosmological constant dominated universe
Po N\ 4y

dt a,
|
—dy =H dt
Y
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Luminosity Distance

L

D =
g \472F

b

the flux an observer sees of an object at redshift z

’

Dy, = Ho(l—l—z 2500, /Ud ZQ (1+ 2 + 2"

\

O = (ZQ’*) —1 S(x) =

sm(x)

X

sinh(x)

k=0

k=-1

1/2}

Brightness of object depends exclusively on what is in the
Universe - How much and its equation of state.
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Different Ways of Looking at the
Universe - 1994

It was widely presumed that Universe
was made up of normal matter

(Theorists) (Observers)
Inflation+CDM paradigm correct Ay~0.2
A~ 1 Ho =50-80km/s/Mpc
Ho, <=50km/s/Mpc Inflation/CDM is wrong
Observers are wrong on e

Ho and Ay jr.’
%4

»
N



1970s & 80s
Inflation + Cold Dark Matter
addition to Standard Model

Inflation
Explains Uniformity of CMB
Provides seeds of structure formation

CDM

Consistent with rotation curves of Galaxies
Gives Structure formation

Predicts Flatness and how Structure Grows on
different scales.



1990 - CDM Picture conflicts
with what is seen

* Requires flatness, but Ay~0.2
from clusters

* ToO much power on large scales
In observations

» Efstathiou, Sutherland, and
Maddox showed that compared to
/\M:].,

a Ay~0.2, A,~0.8 fixed both
problems



CDM theorists took this
approach



Title: The Case for a Hubble Constant of 30
km/s/Mpc

Authors: 1. Bartlett, A Blanchard, J. 511k, M.S. Tumer
{Submitted on 20 Jul 1904

Abstract: Although cosmologists have been trying to determine the value of the Hubble
constant for nearly 65 years, they have only succeeded in imiting the range of
possibilifies: most of the cumrent observational deternunations place the Hubble constant
between 50 km/s/Mpc and 90 km/s/Mpc. The uncertainty 15 unfortunate because thas
fundamental parameter of cosmology determunes both the distance scale and the time
scale, and thereby affects almost all aspects of cosmology. Here we make the case for a
Hubble constant that 15 even smaller than the lower bound of the accepted range,
arpuing on the basis of the great advantages, all theoretical i nature, of a Hubble
constant of around 30 km/s/Mpc. Those advantages are: (1) a comfortable expansion
age that avoids the current age cnsis; (2) a cold dark matter power spectrum whose
shape 15 1n good agreement with the observational data and (3) which predicts an
abundance of clusters in close agreement with that of x-ray selected galaxy clusters; (4)
a nonbaryomc to baryonic mass ratio that 1s in better agreement with recent
determmnations based upon cluster x-ray studies. In short, such a value for the Hubble
constant cures almost all the 1lls of the cumrent theoretical orthodoxy, a flat Universe

compmnsed predominantly of cold dark matter.
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A Wager

John Tonry and Brian Schmidt bet Joe Silk that the Hubble
constant is greater than or equal to 60 Kim/s/Mpc. This is the
global expansion rate of the Universe in terms of the afore-

mentioned units, free from any local anomalies in the expansion

‘Bl . rate or questions of zero point of distance estimators.

This wager shall be conducted under the auspices of an

.; """ arbitrator, Jim Peebles, and shall be sertled by the third

1 millenium, Jan 1, 2001, or sooner if, in the opinion of the
arbiter or the contesting parties, the answer is no longer in

doubt. If the arbiter decides that the answer cannot be
resolved with reasonable certainty by the settlement date,

the bet is null and void. The decision of the arbiter is final.

The loser of the wager shall present to the winner(s) one case
of the Macallan, or equivalent quality, single malt Scotch whisKy.

— @D
Wiy il /J%

Brian Schmidt

Witnessed this day 2 August 1995

g AL
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First use of Supernovae to Measure

Distances
Charlie Kowal 1968

Fre. 1, The redshift-magnitude relation for supernovae of

type I. The dots refer to individual supernovae, and the crosses
represent averages for the Virgo and Coma clusters, as explained
in the text.

18In Schmidt Telescope |
First Distant SN detected in 1988 by Danish

Team



Type la Supernovae




QuickTime™ and a
Animation decompressor
are needed to see this picture.

34



Aviles Wlschnjewsky

Calan-Tololo SI
Search



SN1990af: faded R TN 1o00ar | 3
quickly
and was fainter

th an .L.J._.L_J__l_'_l_L_x_L_Ll_LﬁL-L 4-,.1 FEG 8|
30 40 20 80 70 80

normal DAYS SINCE 1990 SEPTEMBER 30 UT




Refining Type la Distances

Mark Phillips (1993)
How fast a Supernova Fades Is
related to Its intrinsic brightness.

_—



1994 Visit to Harvard =} e :
Mario Hamuy showed)
us this Diagram.

IStanc

SN la are Precision -
Distance Indicators!

D

reduced x' = 054

R, W (1) N Oy i o, o
Redshift

Figure 1: Hubble diagram of SNe [a in the Caldn/Tololo SN surve y.

o |

i e I (. |

Eventually 29 Type la supernovae

Provided the fundamental basis of using SN
la as accurate distance indicators

Used by Both Teams to measure Acceleration



The Birth of the High-
® A month Z Team

Iater, SaUI SUPERNOVAE 1994F, 1994G, 1994H

8. Perlmutter, C. Pennypacker, G. Goldhaber, A. Goobar, R.

Pain, B. Grossan, A. Eim, M. Eim, and I. Small, Lawrence Berkeley
‘ !r I I lu ‘ !r Laboratory and the Center for Particle Astrophysics, Berkeley,

report three discoveries from a search for pre-maximum-light, high-

redshift supernovae by themselves and R. McMahon, Institute of
aS ked u S at Astronomy, Cambridge: P. Bunclark, D. Carter, and M. Irwin, Royal

Creenwich Observatory: M. Postman and W. Oegerle, Space Telescope

Science Institute; T. Lauer, National Optical Astronomy Observatory:

H d t and J. Hoessel, University of Wisconsin. Following are given the

arvar O designation, date of first detection, discovery magnitude and
telescope (INT = 2.5-m Isaac MNewton Telescope; EPNO = 4-m Eitt

- Peak telescope), supernova position for equinox 1950.0, offsets

CO nflrl I I a from the host galaxy's center, and date of the previous image of
the galaxy not showing the supernova (to limiting mag about 24):
SN 1994F, Jan. 9, R = 22.0, INT, R.A. = 11h47m25s.15, Decl.

B,

OSSIbIe +10059'38".8, 1°.1 west, 0".2 north, 1993 Dec. 22; SN 1994G, Feb.
p = 21.8, KPNO, R.A. = 10hléml7s.38, Decl. = +51007°'23".5, 1".4
ast, 0".1 north, 1994 Jan. 16; SN 1994H, Jan. B, R = INT,
2h37m32s.22, Decl. = -lod6'57".5, 1".2

Supernovae_ : v, 20. Dn Jan. 18, spectra of SH 1994F were obtained by J.

with the Keck Telescope Low Resolution Imaging Spectrograph:

= -he host galaxy ru::dsm_t'.; is 0.354, and the spectrum of SN 1994F
We found It natched that of a type-Ia supernova a week past maximum light. On
dar. and 10, f'pu:::+-1-_.1 of SN 1994C were obtained by A. Riess, P.

is, and R. Kirshner at the Multiple Mirror Telescope, in which

emission lines of [0 II) and [0 III] from the host galaxy give a
O e a edshift of [I.-l'ES; the spectrum of the SN 1994G, though noisy,

consistent with a type-I supernova about a week past maximum

= light. B8N 1994H was observed on numerous nights from Jan. 10 to
dIStant SN Feb. 16 at the INT, at Ki +_+_ Peak by G. Jacoby and others, at the
European Southern Observatory by M. Turrato, and at Siding Spring
Observatory by M. Dopita; the resulting photometry is consistent
I with a type-Ia supernova at an implied redshift of about 0.32 (the
a - host galaxy is on the periphery of a cluster with that redshift),
with maximum light around Jan. 12.



The Birth of the High-
£ leam

® | was down
visiting Nick
Suntzeff In
July 1994,
and we
discussed the
idea of doing
our own
High-Z SN la
experiment










QuickTime™ and a
decompressor
are needed to see this picture.



ool el Our First Supernova
SN 1995K

Subtraced Image Template Image

Hubble Diagram of SNe la

Observing Proposal
Cerro Tololo Inter-American Observatory

Daie: September 30, 1995 Proposal number:

TITLE: A Search for Distant Type la Supernovae to Measure ¢,

PI: N. Suntzeff Grad student? N nsuntzeflQctionoao.edu

CTIO. Casilla 603, La Serena Chile 56-51-225415

Col: B. Schmidi Grad student? N brian@merlin.anu.edu.an

Linear Hubble Expansion MSSS0. Private Bag, Weston Creek PO 2611 ACT Australia G1 G279 8042
Other Cols: €, Smith (Michigan); R. Schommer, M. Phillips (CTIO); M. Hamuv (UofAj; J.
Maza (TChile]: A. Riess. R. Kirshner (Harvard); J. Spyvromilio, B. Leibundgut (ESOJ: C. Stubhs,
C. Hogan { TTW)
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(M-m) Distance Modulus




Potential Pitfalls to High-Z SNe la

Distances
Extinction
Are the Dust Properties of High-Z and low-Z SNe the same?
Evolution

Are the SNe Seen today the same as the SNe of yesterday?

Selection Effects?

Are the corrections larger than the measurement?

K-corrections

How accurately can we transform to the restframe?

Gravitational Lensing

Does Weak Lensing significantly bias the measurement?

48



EUREKA? |
Adam Riess was

leading our efforts In
the fall of 1997 to
Increase our sample of
4 objects to 15.

He found the total sum of
Mass to be negative - which
meant acceleration.




The Team is Excited, Worrietél (°0\;ér 4 continents, erhail)...

“ » )

“I really encourage you [Adam] to work your butt off on this. We need to be careful...If you are really sure
that the [cosmological constant] is not zero—my god, get it out! | mean this seriously—you probably never will have another scientific
result that is more exciting come your way in your lifetime.”




m-M (magq)

A(m-M) (mag)

445
12|
10
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@ Riess et al. 1998

o Perlmutter et al. 1999

— 0,=0.3,Q,=0.7
----- 0,,=0.3, Q,=0.0 ]

-~ 0Qy=1.0,Q,=00
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- Rjess et al. 1998
— — Perlmutter et al. 1999
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OBSERVATIONAL EVIDENCE FROM SUPERNOVAE FOR AN ACCELERATING UNIVERSE
AND A COSMOLOGICAL CONSTANT

ApaM G. Rimss,! Avexmr V. FiLepeENKD,! PETER CHALLIS,” ATLEIANDRO CLOCCHIATTL? ALAN DErRCES?
Peter M. GarnavicH,” RoN L. GILimanD,® Craic J. Hocan,* SaurasH JHA.> RoBERT P. KIRSHNER,?
B. LersuNDGUT.? M. M. PanLes,” Davip Rexss,* Briaw P. ScaMDT.® RoBerT A. SCHOMMER.

R. Curis SmrTe,”"1? J. SPYROMILIO,® CHRISTOPHER STUBES,*

NicHOLAS B. SUNTZEFE,” AnND JoHN Tonky!!
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Alternative Explanations for féint=far supernovae

® HZT: Riess et al. 1998
SCP: Perlmutter et al. 1999

— 0,=0.3,Q=07
0,=0.3, Q,=0.0

4

Faint=far

S

Universe accelerating

Faint=grey dust, not far

{ h‘j. it

Not accelerating



m-M (mag)

445
12|
405
38]
365
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@ Riess et al. 1998
o Perlmutter et al. 1999

— QM:O-B, tho.?l
o 0,=0.3, Q,=0.0
- = QM=1 .0, Qh=0.0




Sound Waves Propogating Since Big Bang
Cs=.577cC
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Objects Appear Larger ir;j«' |
Curved Finite Space '




CMB - mid 1998



i 0 & & I & il I IS 1 WAL ls s SFVIF WS N\NEF VAN

Clearly see 1st Doppler Peak
Showing Universe is Flat

Once a Flat Universe was measured, the SN la measurements
went from being 3-4 (to >7 [



A First Glimpse at Deceleratirié Universe...2001

Template sUbraction SN la 1997ff, z=1.7

12 arc seconds

Discovery:
The Hubble Deep Field,
WEFPC2, 1997 (Gilliland & Phillips).

Rediscovery:

ok Light Curve

Measured from
Serendipitous
Observations and

timing of the

NICMOS Near-Infrared
Deep Field; (Riess et al 2001)

Results supported accelerating-interpretation of high-z SNe la, but with

only one object conclusion not very robust



Hubble gets new camera, can .measure SNe la at z>1, 2002 '

. » .

HUBBLE SPACE TELESCOPE

 |n 2002 Astronauts install ACS

 From 2002-2007 the Higher-z Team

measured 23 new SNe la at z>1

Distant Supernovae Hubble Space Telescope = ACS

Before Supernova Before Supernova Before Supernova

z=1.34 .
b

% L)
3000 3500 4000 4500 \ \ “
rest wavelength

NASA and A. Riess (STScl) STScl-PRC04-12

relative flux




23 HST SN, see brightening/decelefétion z>1, acceleration passes test!

@ HST Discovered
< @Ground Discovered

1.0

Riess et al. 2004, 2007
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- Rjess et al. 1998
— — Perlmutter et al. 1999
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2001 - Large Scale Structure
& CMB

Peacock et al 2001

2dF redshift survey finds

Am~0.3 from power
spectrum and infall
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Where we Stand now - SN la

| A | | | | ' I . | .

ul
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0.6 0.8 1.0 1 1.4



- With all systematics

200 0
0.0

Sullivan et al 11



WMAP7 + ...

SDSS DR7 LRGS N
g g5k '\SDSS DR7 LRGs

SDSS DR7 LRGs -

-

i 1 i i ' 1 i

0.1 0.2 03
()

m

W, Aws Ao Ao

all constrained simultaneously
Sullivan et al 11




Angular scale
0.5°

N—
. 4
=
o
i
o
-~
+
=

10 60 80 100 <00

Mpc¢
500 1000

Comoving Separation (h-' Mpc)
Multipole moment { ElsenSteln et al 2005

« The physics of these baryon acoustic oscillations (BAO) is
well understood, and their manifestation as wiggles in the
CMB fluctuation spectrum is modeled to very high
accuracy — the 15t peak has a size of ~150 Mpc (co-
moving)

e« They are then a standard Ruler we can look at through
time.



Where we Stand now - BAOs

SDSS—1II

0.4
Redshift

Blake et al 2011 Anderson et al 2012




Growth of Structure is also
Consistent!

C. Blake et al.

0.8

' | ' |
— ACDM model

2)

(
0.6

2dFGRS

SDS5-LRG

}H }

WiggleZ

0.4

Growth rate f Og

0.2

-




If the Universe is Homogenous and Isotropic
the Universe is Accelerating!

 Expand the Robertson-Walker Metric and
see how D(1+z,qy)...

Supernova Data

are good enough ~ decomprosor -

are needed to see this picture.

now to show the
acceleration
independent of
assuming redshift

General Relativity. Daly et al. 2008




Acceleration

Only If the Universe is not
homogenous or Isotropic -
Robertson Walker Metric invalid. |

Occam’s Razor does not favour
us living in the center of a
spherical under-density whose
size and radial fall-off perfectly
matched to the acceleration.

Theoretical Discussion on whether or not the
growth of structure can perturb the metric in such
a way to mimic the effects of Dark Energy. This is
the only way out | can see - But controversial!



So What Is the Dark Energy?

One possibility Is that the Universe Is
permeated by an energy density,
constant in time and uniform in space.

Such a “cosmological constant” (Lambda:
N\) was originally postulated by Einstein,
but later rejected when the expansion of
the Universe was first detected.

General arguments from the scale of
particle interactions, however, suggest
that if A is not zero, it should be very
large, larger by a truly enormous factor
than what is measured.

If dark energy Is due to a cosmological
constant, its ratio of pressure to energy
density (its equation of state) isw = P/p =
—1 at all times. This is testable!



So What Is the Dark Energy?

Another possibility is that the dark
energy Is some kind of dynamical
fluid, not previously known to physics,

hut similar to what is postulated to

nave caused inflation.

In this case the equation of state of the
fluid would likely not be constant, but
would vary with time.

Different theories of dynamical dark
energy are distinguished through
their differing predictions for the
evolution of the equation of state.

Unfortunately these theories offer infinite
flexibility, can reproduce any
observation we make, and can spend
much of their time looking like a
Cosmological Constant to well
beyond any foreseeable
measurement precision.




So What Is the Dark Energy’?

An alternative explanation of the accelerating
expansion of the Universe is that General

Relativity or the standard cosmological
model Is Incorrect.

General Relativity is well measured in the
strong-field regime through pulsars, but
also In various Solar system and Earth-
based experiments. These leave a little
wiggle-room for modifications of GR.




QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.

from Karl Glazebrook




The Future of the Universe seems
® Does it criaied Oarkiybmergyace (w=-1)

or a bit faster or a bit slower...

® This Is considered one of Physics Biggest
Questions, with both Astronomy and
Physics communities putting significant
effort into understanding the answer.

® EUCLID, WFIRST, LSST,BIGBOSS,
BOSS, DECCAM, WIGGLEZ...



The Big Chill?

A

Dark Energy has won the battle of the Universe,
and will continue to accelerate the Cosmos.

*The creation of space happens more quickly
than light can travel through it.

‘Eventually we will live In an empty universe
except for our own “super galaxv”



Until we understand what Is
accelerating the Cosmos...

anything Is possible.

Dark Energy might change in the future and slow
the Universe up, or even accelerate the Cosmos
at an even faster rate...



Dark Energy Futures
The Unexpected

- Physics is full of Mysteries besides Dark Energy

- By continuing to explore the Universe around us
from the solar system to 13.7 Gyr ago, we might
well gain insight in Dark Energy from an
Unexpected Place

This is my Best Bet for Understanding
Dark Energy



For now, If the acceleration continues,
the Universe will, at an ever increasing
rate, expand and fade away...






K-Corrections

As the light of an object become redshifted,
we see It at different wavelengths

B han\d [420nm) R hand (650nm}

444444 _ - \ . - . R 7 : , AN . . — - |

|
x107% |- - axxo'“-
| \ : |
222222 ' - leo'“:-
10'“5— _ m-uf_
o) W

444444 B
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Photometry and K-corrections

definition of absolute mag
m, =M.+ 5log(D, /10pc)

2 (m — M)ESlog( D, j definition of distance modulus
10 pc
L( A ) e Flux of redshifted
3 F(A,z)dA = (+2)/(+2) source
’ 47D,’
S (MNF(A)dA definition of mag
4 mizZi—Z.SlogI {A)T4)
| S.()dr
S(A)L(A)dA
S Ml.:Zl.—2.510g‘[ ADEA) ( 1 2]
| s.(1da \4x(10pc)
L( A ] dJ
_[S(/l) (1+z)/(1+2)
i 2
6 m(z)=Z.—2.5log L 4D,
| S.()da
L( 1/1 jldz
[ s~
m(z)—-M,)=|Z —-2.5lo . L
7 (m(2)-M)=|Z g [5ai

8 | s(vLaya

(m(z)—M,)=2.5log
J Si(ﬁ)L( i

2« J

where,
10 K. (z)=2.5log (1+2) -[ Si(l)L(j)dl
J. Si(/l)LE Jdﬁ
- 1+z2)) |

analagous for two different filters is
(m B M) = (ml.(z) B MJ) _Kij(Z)D

where

11

12 K, (z)= 2.510g{(1 + z) J-

S (AL(A/(1+ 2))dA

| %(A)L(z)dz( i j
| S(pda \4x(10pc)?
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e.g SN la at z=0.5 has R=22.2 and K-Corr (R->B) =-0.75 and Mg =-19.5

its (m-M) = 22.2 + 0.75 + 19.5 = 42.45

K-Correction

S (W)F(\)d\
I

m, =7 —2.5log
fSl.(k)dK

[S:0)F (2)dh

K. =25log|(1+z)
fo (MEN/(1+ 2))dM

[[S,)F ()

K. =25log|(1+z)
’ fS_j (MF (A /(1+ 2))dA !

(m-M)=m,-K, -M,

Daysa from Maximum Light
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