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- In the late 90’s two teams announced that the
Acce le I"atlﬂn ' universe was accelerating, based on
observations of Type la supernovae (SNe ia)
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Results from both teams agreed

Type la Supernovae

Perimutter. Physics Today (2003)
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Discovery of Neptune 1846 I

New p
New p
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Discovery of Neptune 1846 '

New physical component?

New physical law?

Le Verrier 1859

Predicted Position
of Uranus
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Perihelion advance of Mercury '

5600 arcsec/century, of which 43
arcsec/centuryis unexplained

' & | New physical component?
Le Verrier 1859 Vulcan? (LeVerrier!)
Solar oblateness (Dicke)

New physical law?

irsa: 07080033
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What is the dark energy? '

¥
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Matter and Energy in the
Universe: A Strange Recipe

Nemtrinos: 0.1% - 5%
Barvons: 4 =1%

. . ____ CMB: 001%

Cold Dark Matter:
29 = 4%

Dark Emergy: 67 £ 6%

New physical component?
=  Cosmological Constant A (pure vacuum energy)

= scalar field models, quintessence, Chaplygin gas
models, ...

New physical law?

=  e.g. modifications to GR

Page 8/93




Hather than dealing directiy with the cosmological
constant a number of alternative routes have ¥_-;-a-=-u _pro-
posed which skirt arcund this thorny issne E-i 5678
rl:le'. come in 2 a mmber of ﬂm‘r_rrs_ An mmmplete
Ref= L L‘.‘;’I which mwoke an w\d\m -’.:a.mnicai -y:'\lar
field with a potential { effectively providing an inflaton for
todday) and makes use of the scaling properties i13 ll]
and tracker nature [13, 16l of such scalar fields e—‘»‘.-..-h“mv
m the presence of other background matter fields: scalar
field models where the small mass of the quntessence
field is protected by an approxmate global symmeay by Cﬂpeland et
making the feld 3 psendo-Nambu-Goldstone boson 117 al astro-ph/
Chamelean felds m whach the scalar Geld r'uupLe:: to the
barvon epergy densty and 1= homoszensons bemg allowed 0603057
to vary aross space from solar system to ﬁm:.-lue;:{'ul
scales :_L_. JEE a scalar field with a non<canonseal kinetie
term. known as K-essence 20l 21 23] based on earlier
work of K-inflation L_.:;j modified gI:nf:h arsing, cat of
both strine motivated 2 _{j_:r more generallv Ceneral Hel-
ativity modified [25. 26 2T actions which both have the
effect of introducing laree lensth scale corrections and
modifving the late time evolution of the Universe: the

What is the
dark
energy?

Matter and Energy in the

Universe: A Strange Recipe feedback of nonlmeantss mto the evolution equations
_ whach can significantly change the background evoluton
Barvems: 4 =12 e e and lead to acceleration at late times wathout introduc-

- = _ CMEB: amTs = g8 -
e . — mg any pew matter (25 Chaplvain gases whach attempe

=eoan to unify dark energy and dark matrer under one umbrella
by allowing for a fwd with an equation of state wiach
evolves between the two [29. 30, 31]: tachyons B2 33
arsmng m string theory [34]; the same scalar field respon-
sible for both milation mn the early Universe and azam
today, known as Qmntessential inflation E&F the posai-
bility of a network of frustrated topological defects fore-
ing the universe into a period of accelerated expansion
today [36l: Phantom Dark Energy [37] and Chest Con-
densates }31" .'.Eﬂ de-Sitter vacua :-.-n:h the frx compacti-
fications in string theory [44]: the String Landscape ans-
mg from the mmitiple mumbers of vacua that exist when
the string moduli are made stable as non-abelian fBuxes
are turned on HI; the Cyelic Universe 4X: r'au:ia]-ﬂta
Pirsa: 07080033 in the context of Cuantum Gravity 431 direct anthropic
arguments [44. 45. 46 47]. all of these are more or I-:n:u'
exotic solutions to the dark enersy question.
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What do we know about dark energy? '

Acts like a “pressure” in expanding universe, making

SCIENTIFIC — 4 it accelerate
AMERICAN

DARK ENERGY ||

Appears not to clump. 1072° kg/m? in every cubic
meter of space (eguivalent of a few H atoms).

More dark energy in early universe means galaxies
spread apart quicker, can’t accrete, limiting their size
and clustering, and the size of their central black
holes.

More dark energy means lower star formation, less
metals, maybe no life.

Basic question: Put some dark energy in a box. How
does it behave? Given some density, what kind of
pressure does it exert? l.e. What is its equation of

Pirsa: 07080033 Page 10/93
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Dark Energy: effect on distances '

Friedmann equation can be written as

~

24 a 2 -3 —4 —2 —3(1+w
HYa)=| 2| =H|0, 0> +Qa™ +Q.a7 +Q a ]
“ Matter Radiation Curvature Dark Energy

a: scale of universe ~ (1+z)
w: equation of state =P/p

Broad possibilities for Q, or dark energy

— “Cosmological constant” (vacuum energy): w=-1 across space and time
—  “Quintessence” class models: w>-1, w varies with time
— New physics: w<-1 (or madified gravity; GR is incomplete)

— Look back in time and make a map of the history of the
.. £¥Ransion of the universe. Need a standard candle. page 11193




Dark Energy: effect on distances '

Friedmann equation can be written as
=L -
> a —3(1+w
H(a)=| 2| =H0, a7 +Qa* +Q,a7 +Q a ]
a

Matter Radiation Curvature Dark Energy

a: scale of universe ~ (1+z)
w: equation of state =P/p

Broad possibilities for Q, or dark energy

— “Cosmological constant” (vacuum energy): w=-1 acrass space and time
— “Quintessence” class models: w>-1, w varies with time
— New physics: w<-1 (or madified gravity; GR is incomplete)

—Look back in time and make a map of the history of the
- B%¥Rpansion of the universe. Need a standard candle. page 12193
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Dark Energy: effect on distances '

Friedmann equation can be written as

==
Hz(a)zg H“[Qa +Qa +€2a " +Q _3(”“)]

Matter Radiation Curvature Dark Energy

a: scale of universe ~ (1+z)
w: equation of state =P/p

Broad possibilities for Q, or dark energy

— “Cosmological constant” (vacuum energy): w=-1 across space and time
— “Quintessence” class models: w>-1, w varies with time
— New physics: w<-1 (or madified gravity; GR is incomplete)

— Look back in time and make a map of the history of the
- E¥Ransion of the universe. Need a standard candle. page 1993
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SN Types |

Thermonuclear (Type Iz): Degenerate
carbon-oxygen white dwarf star gains mass
in a binary system. Near 1.4 solar masses
(Chandrasekhar limit) carbon ignitesin a
thermonuclear runaway. Bright (10 billion
suns shining all at once). Standard (sort of).

Core collapse (Type I, 1b, Ic):
Collapse of iron core of massive
star. Leaves neutron starorblack
hole.

Pirsa: 07080033 Page 14/93



SN Types 5

Thermonuclear (Type Iz): Degenerate
carbon-oxygen white dwarf star gains mass
in a binary system. Near 1.4 solar masses
(Chandrasekhar limit) carbon ignitesin a
thermonuclear runaway. Bright (10 billion
suns shining all at once). Standard (sort of).

Core collapse (Type I, 1b, Ic):
Collapse of iron core of massive
star. Leaves neutron star or black
hole.
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Core collapse (Type I, 1b, Ic):
Collapse of iron core of massive
star. Leaves neutron star or black
hole.

Pirsa: 07080033

Thermonuclear (Type lz): Degenerate
carbon-oxygen white dwarf star gains mass
in a binary system. Near 1.4 solar masses
(Chandrasekhar limit) carbon ignitesin a
thermonuclear runaway. Bright (10 billion
suns shining all at once). Standard (sort of).

Page 16/93



Accretion

Planetary
nebula

A
- ®

White
dwarf

Typela
supernovais i

Eroded
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Single-degnerate
system
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Common-
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phase &
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disk
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Luminosity distance '

From inverse square law of light:

I F: Observed flux
F = > L: Luminosity
d,: Luminosity distance

Need to know intrinsic Luminosity?
dj: L No. If all objects have same
A luminosity, can get a relative distance
by comparing relative fluxes.

irsa: 07080033 Page 19/93



Luminosity distance '

o GH: a1+ Z)lgk ’—153 i H‘{Qk‘_]ﬁ Lz dz'[(l—!— Z“)?' (1+ QHZ) — (Lt Z)glﬂ]rlf2 Jl

e

. 1Q, =20:smh
Q.-=1-Q. O, s n ,
‘ Q, <0:sm

For d, in megaparsecs, the predicted distance modulus is:

pu,=35logd, +25  p, observed distance modulus: m-M

Construct probabilities from:

[Jup_j (Ef ;HE}?Q}I? Q:-&) _.«ua,f]Z
C?.;g!j +0

/1’2 (H-:}?'Qﬁ.f?gﬂ) =Z

o= dispersion in galaxy redshift due to peculiar velocities
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SN Cosmology today

i -

Supernova Cosmology Project  1991-2003 50 0.2-0.8 |,someR

High-z SN Search Team 1996-2001 30 0.2-0.8 I,R
SCP Cluster Search 2001-2006 20 513 71
Higher-zSNST 2001-2006 30 0515 721
ESSENCE 2001-2007 150 0.2-0.7 LR

Supernova Legacy Survey 0.2-0.9

Pirsa: 07080033 Page 22/93



SNLS real-time light—curves

Date
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5
: Thermonuciear Superncvae

fb’\/‘h\:_

Spectra '

Need spectra to
determine SN type.

i i1 55 1A Pt 6 R e |

f§§?§

RN LAOA PO o SN B kel SO 10 T 127 N ol il L2 o s ol Y I [ st Rt 15 1 8 b L

Caore Collopse Supernovae

Also is a snapshot of

element distribution
2 inside the SN.
Compare to

theoretical models
to learn about
physics of
explosion.

a
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Supernova Legacy Survey '

Imaging

Distances from
light-curves

Discoveries

g'r'i'z’ every 4 days
rrex orogiipring dark time

Spectroscopy 3
Redshifts = U N
Distances from = P A il
cosmological model

GeminiN & S (120 hr/yr) VLT (120 hr/yr)

25/93

Keck (8 nights/yr) Magellan (15 nights/yr)



i Supernova Legacy Survey '

wen - MAGING

e ces from
End Show u Nes

Discoveries

g'r'i'z’ every 4 days
rrex oogiipring dark time

Spectroscopy
Redshifts =» U Ve
Distances from = A W

cosmological model

GeminiN & S (120 hr/yr) VLT (120 hr/yr)

Keck (8 nights/yr) Magellan (15 nights/yr)



Supernova Legacy Survey '

Imaging

Distances from
light-curves

Discoveries

g'r’'i'z’ every 4 days

&
.
=

Pirsa: 070d¥'ri ng dark time

Spectroscopy
Redshifts = - \ :._ «‘*«u
Distances from = Py L
cosmological model j

GeminiN & S (120 hr/yr) VLT (120 hr/yr)
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My = 5 log(h/65)

age 37/93



Abs mzg vs colour
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Abs mag vs colour
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Abs mag vs colour
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Abs mog vs colour
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Abs ma=g vs colour

%‘ ¥ T 2 T - T ]
= E :
=F =
= ol :

{_.‘-".. =

- E

E —

, F 1 i 1 L | i :

—{. d 0.2 0.<
| e = colour
=m.-M.+a(s-1)-B
Le=m-Mg+o(s C
fignt curve peck che mag vs. stretch :
-2
b :ﬁw : light-curve nmescale
| [\ =G 3 g
\ - E y .
s = - B - " £ ~
= | \ \ = < b

| KA RHL i i e

chasssiaisalsisa

L
g o5 1 5
+{d] = (hght curve duration)

~18 -18.5 =19 -198 r20 -205

I3

Pirsa: 07080033




Mag (AB)

N

M
¥ ]

24

25

M
an

Typical SNLS
SN la

Effective day
-20.0 0.0 20.0 40.0

i'|||1r-

.1||||[|:1||r||r11||||rrr

|||||rr

'|Ir||

S e Thile S
- 1S Wi (3) g —_—
Redshilt- 0311 | r
e Stretch: 0.8918 + 0.008
ax- 2005—10-202

IIIIIIJJJIIIII.I.J-IIIII.

.llllll.lllllll.l.llllllll.i-l

Oct05 Naov05 Dec05

Pirsa: 07080033 Caiersdar DEI‘E Page 44/93



Hg=m-Mg+at(s-1)-Bc | Typical SNLS
~SNla
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correction

No stretch or color
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K-correction '

Redshift : 0.000
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K-correction '
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K-correction '
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K-correction '
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K-correction '
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=
I . Best-fit for SNLS+flatness
i ]
18 - - -
Preliminary ] AR
| 1% (error was 0.042 in AD6)
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The Future '

Goal by survey end of 4-5%
statistical measure of w
* 500 SNLS + 200 SDSS + new
local samples
* Improved external constraints
(BAO, WMAP, WL)

As statistical errors decrease,
systematic errors start to dominate

irsa: 07080033 Page 61/93



Systematic errors '

» Calibration, * Minimized by o UV uncertain; » Peculiarvelocities; |
photometry, H spectroscopic '  “golden” redshifts: Hubble Bubble; "
Maimaquist-bias | confirmation  spectral evolution? Weak lensing if

» Perrettetal. 2007 * Howell et al. 2005 ' * Hsiao et al. 2007 » Neill et al. 2007 I

» Regnaultet al. 2007 | e Conley et al. 2007

Non-SNe
systematics

Contamination K-corrections

- Effective R ; Dust » “Population drift” . | » lightcurves, Colors,

evolution environment? Luminosities
e Conleyetal. 2007 | * Howell et al. 2007 * Howell et al. 2006
e Sullivanet al. 2006 | o Ellis et al. 2007

* Bronderet al. 2007

| Redshift

S Evolution in SN
evolution in

the mix of SNe P —
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Systematic errors

. » Calibration,
photometry,
Malmgquist-bias

e Perrettetal. 2007,

Regnault et al. 2007

Experimental
Systematics

K-corrections

» Peculiarvelocities;

Weak lensing « Howell et al. 2007,
» Hudson et al. 2007, Sullivan et al. 2006

Conley et al. 2007

Redshift il i SN

properties X 2

evolution in
the mix of SNe
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Correlation

nleyetal. 07b

- Co

—r==

For each pair:

Keep track of covariance
between all “300 SNe

i i
E

Example covariance matrix

6 of these (one for each pair),
each with 300 x 300 terms:

P—— = === e r—rr
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Systematic errors '

{. Peculiar velocities; Hubble
Bubble; Weak lensing

K-corrections a0 Non-SNe
systematics

Redshift
evolutionin the
mixof SNe

Evolution in SN
¥ properties
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-
Qo
Jha et al. 2007: 30 decrease in H, at =
=7400 km/s; local value of H, high; E
distant SNe too faint <
Local void in mass density?
6% systematic error on w for -o.ns} |

ESSENCE (Wood-Vasey et al. 2007) o B 0l
5000 10000 15000 20000
cz void (km/sec)
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Extinction correction '

Redder SNe are fainter because of:
/'[ Intrinsic SN color 1| /[ Dust extinction ?

and

Extinction correction methods:

-,
MLCS: Separate effects of intrinsic color and dust
» Must assume intrinsic SN color distribution with stretch, phase
* Must assume a dust extinction law
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Typical extinction correction '

20 e s e e e e e W g

A 1992bc (0.87)
v 1992af (1.11)
o 1994D (1.32)
Q 1992A (1.47)
= 1992bo (1.69)
= 1991bg (1.93)

1LY F

Days Since B Maximum

Phillips et al. 1999

SNe la have similar colors
at +40d

Find intrinsic (B-V), from
this relation

Any color excess:
E(B-V)=(B-V)-(B-V), must
be reddening due to dust.

Correct using milky way
relation A; =R * E(B-V)

Variations on this method used until Astier et al., still used by some:

+J0a.et al. 2007, Wood-Vasey et al. 2007
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Nexd ]

B ‘extinction correction e
La=i Viewed ;
Ga i Shde -

e %

Sresen L4

Poimier Opiions *
Help A 1992be (0.87)
. v 1992ai (1.11) ]
- o 19940 (1.32) o
End Show . Q 1992A (1.47) ]
- - * #‘ x 1992ha (1.69)
F2 tpr;? . * 1991bg (1.93)
E * — _
1.0 -
= &
i -
n ]
g5 <
- A‘ ¥ A
80 p J

Days Since B Maxamum

Phillips et al. 1999

SNe la have similar colors
at +40d

Find intrinsic (B-V), from
this relation

Any color excess:
E(B-V)=(B-V)-(B-V), must
be reddening due to dust.

Correct using milky way
relation A; =R * E(B-V)

Variations on this method used until Astier et al., still used by some:

+J0a.et al. 2007, Wood-Vasey et al. 2007
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Typical extinction correction ' 5

20

15 F
10 F
&5

0.0

s

A 1992he (0.87)

v 19923l (1.11)
o 19940 (1.32)

Q 1992A (1.47)

'ﬁ‘ x 1992ba (1.69)
x = 1991bg (1.93)

Days Since B Maximum

Phillips et al. 1999

SNe la have similar colors
at +40d

Find intrinsic (B-V), from
this relation

Any color excess:
E(B-V)=(B-V)-(B-V), must
be reddening due to dust.

Correct using milky way
relation A; =Ry * E(B-V)

Variations on this method used until Astier et al., still used by some:
—J0a.et al. 2007, Wood-Vasey et al. 2007
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Extinction correction ' 5

Redder SNe are fainter because of:

/-{ Intrinsic SN color ]|

Extinction correction methods:

r MLCS: Separate effects of intrinsic color and dust
* Must assume intrinsic SN color distribution with stretch, phase

* Must assume a dust extinction law

-

SNLS: Empirical correction B~ Ry=A,/E(B-V)
Lg=mg-Mg+or(s-1)-c 4.1if MW dust

Pirsa: 07080033
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resids (no color corr)

resids (no color corr)

1Sk SALT s
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0.15—

Observed: B~ 2
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