
S
u
p
e
r
n
o
v
a
L
im

its
o
n
th
e
C
o
sm

ic
E
q
u
a
tio

n
o
f
S
ta
te

P
eter

M
�

G
arn

av
ich

��
S

au
rab

h
Jh

a
��

P
eter

C
h

allis
��

A
lejan

d
ro

C
lo

cch
iatti ��

A
lan

D
ierck

s
��

A
lex

ei
V

�
F

ilip
p

en
ko

��
R

on
L

�
G

illilan
d
��

C
raig

J�
H

ogan
��

R
ob

ert
P

�
K

irsh
n

er
��

B
ru

n
o

L
eib

u
n

d
gu

t
��

M
�

M
�

P
h
illip

s
��

D
av

id
R

eiss
��

A
d

am
G

�
R

iess
��

B
rian

P
�

S
ch

m
id

t
��

R
ob

ert
A

�

S
ch

om
m

er
��

R
�

C
h
ris

S
m

ith
	�

Jason
S
p
y
rom

ilio
��

C
h

ris
S
tu

b
b
s
��

N
ich

olas
B

�
S
u
n
tze�

��
Joh

n

T
on

ry
�

�

S
ean

M
�

C
arroll �

�

A
ccep

ted
for

p
u

b
lication

in
A

p
J

R
eceived

�
accep

ted

�H
arvard

�S
m

ith
son

ian
C

en
ter

for
A

strop
h
y
sics�

��
G

ard
en

S
t��

C
am

b
rid

ge�
M

A
�	
��

�D
ep

artm
en

to
d
e

A
stron

om

ia

y
A

strop
h

isica
P

on
ti�

cia
U

n
iversid

ad
C

at
olica�
C

asilla

���

S
an

tiago
		�

C
h
ile

�D
ep

artm
en

t
of

A
stron

om
y�

U
n
iversity

of
W

ash
in

gton
�

S
eattle�

W
A

��

��

�D
ep

artm
en

t
of

A
stron

om
y�

U
n
iversity

of
C

aliforn
ia�

B
erkeley�

C
A

���	����



�S
p

ace
T

elescop
e

S
cien

ce
In

stitu
te�

����
S

an
M

artin
D

rive�
B

altim
ore�

M
D

	
	
�

�E
u

rop
ean

S
ou

th
ern

O
b
servatory�

K
arl�S

ch
w

arzsch
ild

�S
trasse

	�
G

arch
in

g�
G

erm
an

y

�C
erro

T
ololo

In
ter�A

m
erican

O
b
servatory�

C
asilla

����
L

a
S

eren
a�

C
h
ile

�M
ou

n
t

S
trom

lo
an

d
S
id

in
g

S
p
rin

g
O

b
servatory�

P
rivate

B
ag�

W
eston

C
reek

P
�O

��
A

u
stralia

	U
n

iversity
of

M
ich

igan
�

D
ep

artm
en

t
of

A
stron

om
y�

���
D

en
n

ison
�

A
n

n
A

rb
or�

M
I

��
��

�

In

stitu
te

for
A

stron
om

y�
U

n
iversity

of
H

aw
aii�

M
an

oa�
H

I
���		

�
�In

stitu
te

for
T

h
eoretical

P
h
y
sics�

U
n
iversity

of
C

aliforn
ia�

S
an

ta
B

arb
ara�

C
A

��
��



�
	

�

A
B
S
T
R
A
C
T

W
e

u
se

T
y
p

e
Ia

su
p

ern
ovae

stu
d

ied
b
y

th
e

H
igh

�Z
S

u
p

ern
ova

S
earch

T
eam

to

con
strain

th
e

p
rop

erties
of

an
en

ergy
com

p
on

en
t

w
h

ich
m

ay
h
ave

con
trib

u
ted

to

acceleratin
g

th
e

cosm
ic

ex
p
an

sion
�

W
e

�
n
d

th
at

for
a

�
at

geom
etry

th
e

eq
u

ation

of
state

p
aram

eter
for

th
e

u
n
k
n
ow

n
com

p
on

en
t�
�
x

�
P
x ��

x �
m

u
st

b
e

less
th

an

�
����

����
con

�
d
en

ce�
for

an
y

valu
e

of
�
m

an
d

is
fu

rth
er

lim
ited

to
�
x
�
�

����

����
�

if
�
m

is
assu

m
ed

to
b

e
greater

th
an

��

�

T
h

ese
valu

es
are

in
con

sisten
t

w
ith

th
e

u
n
k
n
ow

n
com

p
on

en
t

b
ein

g
top

ological
d

efects
su

ch
as

d
om

ain
w

alls�

strin
gs�

or
tex

tu
res�

T
h
e

su
p

ern
ova

d
ata

are
con

sisten
t

w
ith

a
cosm

ological

con
stan

t
��

x
�
�


�
or

a
scalar

�
eld

w
h
ich

h
as

h
ad

�
on

average�
an

eq
u

ation
of

state
p

aram
eter

sim
ilar

to
th

e
cosm

ological
con

stan
t

valu
e

of
�



over

th
e

red
sh

ift

ran
ge

of
z
�



to

th
e

p
resen

t�
S

u
p

ern
ova

an
d

cosm
ic

m
icrow

ave
b

ack
grou

n
d

ob
servation

s
give

com
p
lem

en
tary

con
strain

ts
on

th
e

d
en

sities
of

m
atter

an
d

th
e

u
n

k
n

ow
n

com
p

on
en

t�
If

on
ly

m
atter

an
d

vacu
u

m
en

ergy
are

con
sid

ered
�

th
en

th
e

cu
rren

t
com

b
in

ed
d
ata

sets
p

rov
id

e
d

irect
ev

id
en

ce
for

a
sp

atially
�
at

U
n
iverse

w
ith

�
to
t

�
�
m

�
�
�

�
����

�
��	�

�
�
��

S
u
b
jec

t
h
ea

d
in

g
s�

su
p

ern
ovae

�
cosm

ology
�

ob
servation

s
an

d
cosm

ic
m

icrow
ave

b
ack

grou
n
d



�
�

�

�
�

In
tr
o
d
u
c
tio

n

M
atter

th
at

clu
sters

on
th

e
scale

of
galax

ies
or

galax
y

clu
sters

is
in

su
�

cien
t

to
close

th
e

U
n

iverse�
w

ith
con

ven
tion

al
valu

es
n
ear

�
m

�
��	

�
��


�G
ott

e
t
a
l�


����
C

arlb
erg

e
t
a
l�


����
L

in
e
t
a
l�


����
B

ah
call�

F
an

�
�

C
en


�����
O

b
servation

s
of

d
istan

t
su

p
ern

ovae
p

rov
id

e

cred
ib

le
ev

id
en

ce
th

at
th

e
d
eceleration

rate
of

th
e

U
n

iversal
ex

p
an

sion
is

sm
all�

im
p

ly
in

g

th
at

th
e

total
m

atter
d
en

sity�
clu

stered
or

sm
o
oth

�
is

in
su

�
cien

t
to

create
a

�
at

geom
etry

�G
arn

av
ich

e
t
a
l�


����
P

erlm
u
tter

e
t
a
l�


�����
E

ith
er

th
e

U
n
iverse

h
as

an
op

en
geom

etry
or�

if
�

at�
oth

er
form

s
of

en
ergy

are
m

ore
im

p
ortan

t
th

an
m

atter�

L
arge

sam
p
les

of
su

p
ern

ovae
an

aly
zed

b
y

th
e

H
igh

�Z
S

u
p

ern
ova

S
earch

collab
oration

�R
iess

e
t
a
l�


���a�
h
erein

after
�R

iess�� �
an

d
th

e
S

u
p

ern
ova

C
osm

ology
P

ro
ject

�K
im


����

n
ow

su
ggest

th
at

th
e

U
n
iverse

m
ay

w
ell

b
e

acceleratin
g�

M
atter

alon
e

can
n

ot
accelerate

th
e

ex
p

an
sion

�
so

if
taken

at
face

valu
e�

th
e

ob
servation

s
d

em
an

d
an

ad
d

ition
al

en
ergy

com
p

on
en

t

for
th

e
U

n
iverse�

W
h
ile

th
e

v
igorou

s
p

u
rsu

it
of

p
ossib

le
sy

stem
atic

e�
ects

�e�g�
H

!o�
ich

�

W
h

eeler�
�

T
h
ielem

an
n


����
w

ill
b

e
im

p
ortan

t
in

u
n

d
erstan

d
in

g
th

ese
ob

servation
s�

it
is

in
stru

ctive
to

see
w

h
at

th
ey

im
p
ly

ab
ou

t
th

e
en

ergy
con

ten
t

of
th

e
U

n
iverse�

T
h

e
cosm

ological
con

stan
t

w
as

rev
ived

to
�

ll
th

e
gap

b
etw

een
th

e
ob

served
m

ass
d

en
sity

an
d

th
e

th
eoretical

p
referen

ce
for

a
�
at

U
n

iverse
�T

u
rn

er�
S

teigm
an

�
�

K
rau

ss

����

P
eeb

les


����
an

d
also

to
allev

iate
th

e
em

b
arrassm

en
t

of
a

you
n
g

U
n

iverse
w

ith
old

er
stars

�C
arroll�

P
ress�

�
T

u
rn

er

��	��

T
h

e
cosm

ological
con

stan
t

is
a

n
egative

p
ressu

re
com

p
on

en
t

arisin
g

from
n

on
�zero

vacu
u
m

en
ergy

�W
ein

b
erg


�����
It

w
ou

ld
b

e
ex

traord
in

arily
d

i�
cu

lt
to

d
etect

on
a

sm
all

scale�
b

u
t

�
�

�


�

�
m

cou
ld

m
ake

u
p

th
e

d
i�

eren
ce

b
etw

een
th

e
m

atter
d

en
sity

�
m

an
d

a
�

at
geom

etry
an

d
m

igh
t

b
e

d
etected

b
y

m
easu

rem
en

ts
on

a
cosm

ological
scale�

T
h

ere
are

few
in

d
ep

en
d
en

t
ob

servation
al

con
strain

ts
on

th
e

cosm
ological

con
stan

t�
b

u
t

F
alco�

K
o
ch

an
ek

�
�

M
u

"n
oz

�
����
estim

ated
th

at
�
�
�

���
����

con
�

d
en

ce�
from

th
e

cu
rren

t

statistics
of

stron
g

grav
itation

al
len

ses�
If

th
e

m
atter

d
en

sity
is

less
th

an
�
m
�

����
th

is



�
�

�

lim
it

is
close

to
p
reven

tin
g

th
e

cosm
ological

con
stan

t
from

m
ak

in
g

a
�

at
geom

etry�
F

u
rth

er�

a
cosm

ological
con

stan
t

w
h
ich

ju
st

h
ap

p
en

s
to

b
e

of
th

e
sam

e
ord

er
as

th
e

m
atter

con
ten

t
at

th
e

p
resen

t
ep

o
ch

raises
th

e
issu

e
of

#�
n

e
tu

n
in

g$
�C

oles
�

E
llis


�����
A

n
u

m
b

er
of

ex
otic

form
s

of
m

atter
w

h
ich

m
igh

t
con

trib
u
te

to
cosm

ic
acceleration

are
p
h
y
sically

p
ossib

le
an

d

v
iab

le
altern

atives
to

th
e

cosm
ological

con
stan

t
�F

riem
an

�
W

aga

����

C
ald

w
ell�

D
ave�

�

S
tein

h
ard

t

�����

T
h

e
ran

ge
of

p
ossib

ilities
can

b
e

n
arrow

ed
u

sin
g

su
p

ern
ovae

b
ecau

se
th

e

lu
m

in
osity

d
istan

ce
n
ot

on
ly

d
ep

en
d
s

on
th

e
p

resen
t

d
en

sities
of

th
e

variou
s

en
ergy

com
p

on
en

ts

b
u
t

also
on

th
eir

eq
u
ation

s
of

state
w

h
ile

th
e

p
h

oton
s

w
e

see
w

ere
in

�
igh

t�
H

ere�
w

ith
som

e

sim
p

lify
in

g
assu

m
p
tion

s�
w

e
con

sid
er

th
e

con
strain

ts
th

at
recen

t
su

p
ern

ova
ob

servation
s

p
lace

on
th

e
p

rop
erties

of
an

en
ergy

com
p

on
en

t
acceleratin

g
th

e
cosm

ic
ex

p
an

sion
�

�
�

O
b
se
r
v
a
tio

n
s

T
h

e
ty

p
e

Ia
su

p
ern

ovae
�S

N
Ia�

h
ave

b
een

an
aly

zed
b
y

th
e

H
igh

�Z
S

u
p

ern
ova

S
earch

T
eam

an
d

d
escrib

ed
b
y

R
iess���

G
arn

av
ich

e
t
a
l�

�
�����
S
ch

m
id

t
e
t
a
l�

�
�����
an

d
R

iess
e
t
a
l�

�
���b
��

T
h
e

fu
ll

sam
p
le

from
R

iess��
con

sists
of

��
S
N

Ia�
O

f
th

ese�
��

are
at

z
�

��	
w

h
ile

th
e

rem
ain

in
g


�
cover

a
ran

ge
in

red
sh

ift
of

���
�
z
�


���
S

ix
of

th
e

h
igh

�red
sh

ift
even

ts

w
ere

an
aly

zed
u
sin

g
th

e
#sn

ap
sh

ot$
m

eth
o
d

d
evelop

ed
b
y

R
iess

e
t
a
l�

�
���b
��

T
h

is
in

n
ovative

tech
n

iq
u

e
u

ses
h
igh

�q
u
ality

sp
ectra

to
d
ed

u
ce

in
form

ation
u

n
availab

le
d

u
e

to
a

p
o
orly

sam
p
led

ligh
t

cu
rve�

W
h
ile

th
e

errors
estim

ated
from

th
e

sn
ap

sh
ot

m
eth

o
d

are
larger

th
an

th
ose

from

d
irect

ligh
t

cu
rve

�
ttin

g�
th

e
sn

ap
sh

ot
sam

p
le

p
rov

id
es

a
sign

i�
can

t�
in

d
ep

en
d

en
t

set
of

S
N

Ia

d
istan

ces�

A
s

sh
ow

n
b
y

P
h
illip

s
�
�����

th
e

ligh
t

cu
rve

d
eclin

e
rate

of
S

N
Ia

is
correlated

w
ith

th
e

lu
m

in
osity

at
m

ax
im

u
m

b
righ

tn
ess

of
th

ese
ex

p
lo

d
in

g
w

h
ite

d
w

arfs�
T

h
is

correlation
h

as
b

een

calib
rated

b
y

H
am

u
y

e
t
a
l�

�
����
th

e
%
m

�
� �B

�
m

eth
o
d

�
an

d
b
y

R
iess�

P
ress�

�
K

irsh
n

er

�
����

����

th
e

M
u
lti�C

olor
L

igh
t

C
u
rve

S
h

ap
e

or
M

L
C

S
m

eth
o
d

w
h

ich
in

clu
d

es
a

correction



�
�

�

for
ex

tin
ction

��
an

d
b

oth
sh

ow
th

at
ap

p
ly

in
g

th
is

correction
to

th
e

S
N

Ia
H

u
b

b
le

d
iagram

sign
i�

can
tly

red
u
ces

th
e

scatter�
P

h
illip

s
e
t
a
l�

�
����
ex

ten
d

ed
th

e
%
m

�
� �B

�
ap

p
roach

to

in
clu

d
e

an
estim

ate
of

th
e

ex
tin

ction
�

In
R

iess���
an

im
p

roved
version

of
th

e
M

L
C

S
m

eth
o
d

is
p

resen
ted

�
H

ere�
as

in
R

iess���
w

e
ap

p
ly

b
oth

M
L

C
S

an
d

%
m

�
� �B

�
�w

ith
ex

tin
ction

correction
�

tech
n
iq

u
es

to
th

e
an

aly
sis

to
gau

ge
th

e
sy

stem
atic

errors
in

tro
d
u

ced
b
y

d
i�

eren
t

ligh
t

cu
rve

�
ttin

g
m

eth
o
d
s�

�
�

A
n
a
ly
sis

T
h

e
ap

p
aren

t
b
righ

tn
ess

of
a

S
N

Ia
corrected

for
ligh

t
cu

rve
d

eclin
e

rate
an

d
ex

tin
ction

p
rov

id
es

an
estim

ate
of

th
e

lu
m

in
osity

d
istan

ce�
D
L
�

from
th

e
K

�corrected
ob

served
m

agn
itu

d
e�

m
�
M

�
�logD

L
�

	��
an

d
th

e
ab

solu
te

m
agn

itu
d

e�
M

�
of

S
N

Ia�
A

s
d

escrib
ed

b
y

S
ch

m
id

t
e
t

a
l�

�
����
an

d
C

arroll�
P

ress�
�

T
u
rn

er
�
��	��

th
e

lu
m

in
osity

d
istan

ce
d

ep
en

d
s

on
th

e
con

ten
t

an
d

geom
etry

of
th

e
U

n
iverse

in
a

F
ried

m
an

n
�R

ob
ertson

�W
alker

cosm
ology

D
L

�
c�


�
z�

H

 q
j�

k j sin
n �q

j�
k j Z

z



� X
i

�
i �


�
z
��
�
��


�

i �
�

�
k �


�
z
��
� 
�
�
�
�d
z
� �

�
�

sin
n

�x
�

� ���������

sin
h

�x
��

if
�
k
�

��

x
�

if
�
k

�
��

sin
�x

��
if

�
k
�

��

�	�

w
h

ere
�
i

are
th

e
n
orm

alized
d
en

sities
of

th
e

variou
s

en
ergy

com
p

on
en

ts
of

th
e

U
n

iverse

an
d

�
k

�


� P

i �
i

d
escrib

es
th

e
e�

ects
of

cu
rvatu

re�
T

h
e

ex
p

on
en

t
n

�
��


�
�

�
d

e�
n

es

th
e

w
ay

each
com

p
on

en
t

d
en

sity
varies

as
th

e
U

n
iverse

ex
p

an
d

s�
�
�
a
�
n�

w
h

ere
a

is
th

e

cosm
ic

scale
factor�

F
or

ex
am

p
le�

n
h
as

th
e

valu
e

�
for

n
orm

al
m

atter
sin

ce
th

e
m

ass
d

en
sity

d
eclin

es
p

rop
ortion

ally
to

th
e

volu
m

e�
A

ltern
atively�

�
i

is
th

e
eq

u
ation

of
state

p
aram

eter

for
com

p
on

en
t
i

d
e�

n
ed

as
th

e
ratio

of
th

e
p

ressu
re

to
th

e
en

ergy
d

en
sity�

�
i

�
P
i ��

i

�som
etim

es
d

en
oted

in
th

e
literatu

re
as

w
��

T
h

e
relation

n
�

��

�
�

�
is

easily
d

erived
from



�
�

�

th
e

con
servation

of
en

ergy
eq

u
ation

in
com

ov
in

g
co

ord
in

ates
�e�g�

W
ein

b
erg

�
��	�
eq

u
ation


��
�	
��
In

th
e

m
ost

gen
eral

case�
th

e
eq

u
ation

of
state

can
vary

w
ith

tim
e

in
w

ay
s

oth
er

th
an

assu
m

ed
h
ere

�as
th

e
su

m
of

p
ow

er
law

s
in



�
z��

b
u
t

w
e

are
lim

ited
b
y

th
e

q
u

ality
an

d

ran
ge

of
th

e
su

p
ern

ova
ob

servation
s

to
con

sid
er

on
ly

its
average

e�
ect

b
etw

een
th

e
p

resen
t

an
d
z
�


�
T

h
e

p
resen

t�d
ay

valu
e

of
th

e
H

u
b

b
le

con
stan

t
�H


 �
an

d
th

e
ab

solu
te

m
agn

itu
d
e

of

S
N

Ia
�M

�
are

p
rim

arily
set

b
y

th
e

low
�red

sh
ift

sam
p

le�
w

h
ich

allow
s

th
e

h
igh

�red
sh

ift
even

ts

to
con

strain
th

e
cosm

ological
e�

ects�
T

h
is

m
ean

s
th

at
con

clu
sion

s
d

erived
from

S
N

Ia
are

in
d

ep
en

d
en

t
of

th
e

ab
solu

te
d
istan

ce
scale�

G
rav

itation
al

len
sin

g
b
y

m
atter

d
istrib

u
ted

b
etw

een
th

e
ob

server
an

d
su

p
ern

ovae
at

h
igh

red
sh

ift
can

a�
ect

th
e

ob
served

b
righ

tn
ess

of
S

N
Ia

an
d

in
d

u
ce

errors
in

th
e

estim
ate

of
th

eir

lu
m

in
osity

d
istan

ces
�K

an
tow

sk
i�

V
au

gh
an

�
�

B
ran

ch

�����

F
or

realistic
m

o
d
els

of
th

e
m

atter

d
istrib

u
tion

an
d

�
m
�

����
th

e
m

ost
likely

e�
ect

of
th

e
len

sin
g

is
to

m
ake

th
e

su
p

ern
ovae

at

z
�

���
ab

ou
t

	�
fain

ter
th

an
th

ey
w

ou
ld

ap
p

ear
if

th
e

m
atter

w
ere

d
istrib

u
ted

u
n

iform
ly

��
lled

�b
eam

�
as

sh
ow

n
b
y

W
am

b
sgan

ss
e
t
a
l�

�
�����
H

olz
�

W
ald

�
����
h

ave
sh

ow
n

th
at

th
e

m
agn

itu
d

e
of

th
e

e�
ect

also
d
ep

en
d
s

on
w

h
eth

er
th

e
m

atter
is

d
istrib

u
ted

sm
o
oth

ly
on

galax
y

scales
or

is
clu

m
p

ed
in

M
A

C
H

O
S
�

b
u
t

th
e

error
in

d
u

ced
rem

ain
s

sm
all

w
h

en
�
m
�

����
F

or

sim
p

licity�
ou

r
calcu

lation
s

con
sid

er
on

ly
th

e
�

lled
�b

eam
case�

h
ow

ever�
th

e
e�

ect
of

assu
m

in
g

th
e

ex
trem

e
case

of
an

em
p
ty

�b
eam

is
sh

ow
n

b
y

H
olz

�
�����

T
h

ere
are

a
few

k
n
ow

n
�

an
d

p
ossib

ly
som

e
u

n
k
n

ow
n

�
en

ergy
com

p
on

en
ts

th
at

a�
ect

D
L
�

O
rd

in
ary

grav
itatin

g
m

atter�
�
m

�
certain

ly
h

as
h
ad

som
e

e�
ect

on
th

e
U

n
iversal

ex
p

an
sion

b
etw

een
z
�



an

d
n
ow

�
S
in

ce
th

e
m

atter
d
en

sity
scales

in
versely

w
ith

th
e

volu
m

e�
�
m

�
��

an
d

m
atter

�b
aryon

s�
n
eu

trin
os�

an
d

d
ark

m
atter�

form
erly

E
arth

�
A

ir�
an

d
W

ater�
con

trib
u
tes

n
o

p
ressu

re�
R

ad
iation

�F
ire

in
an

earlier
lex

icon
�

��
r

�
�


���
d

om
in

ated
d

u
rin

g
a

p
erio

d
in

th
e

early
U

n
iverse

b
u

t
is

n
egligib

le
for

z
�


�
E

q
u

ation



sh
ow

s
th

at
for

n
on

��
at

m
o
d

els
th

e

cu
rvatu

re
term

�
�
k �

con
trib

u
tes

to
th

e
lu

m
in

osity
d

istan
ce

like
a

com
p

on
en

t
w

ith
�
k

�
�


���

b
u
t

ad
d

ition
al

geom
etrical

e�
ects

as
p

rescrib
ed

b
y

eq
u

ation
	

are
also

im
p

ortan
t�



�
�

�

O
th

er
m

ore
sp

ecu
lative

com
p

on
en

ts
h
ave

b
een

p
rop

osed
�

A
n

on
�zero

vacu
u

m
en

ergy�
�
�
�

is
a

p
op

u
lar

p
ossib

ility
ex

p
lored

b
y

R
iess��

for
th

is
d
ata

set�
B

ecau
se

th
e

vacu
u

m
en

ergy

d
en

sity
rem

ain
s

con
stan

t
as

th
e

U
n
iverse

ex
p

an
d

s
�th

at
is�

�
�
�

a

��

w
e

h
ave

�
�

�
�


�

T
op

ological
d

efects
created

in
th

e
early

U
n

iverse
cou

ld
also

leave
rem

n
an

ts
th

at
m

igh
t

con
trib

u
te

to
th

e
en

ergy
n

ow
�

N
etw

ork
s

of
cosm

ic
strin

gs
m

ay
b

e
a

n
atu

ral
con

seq
u

en
ce

of

p
h

ase
tran

sition
s

in
th

e
you

n
g

U
n
iverse

an
d

if
th

ey
d

id
n
ot

in
tercom

m
u

te
w

ou
ld

h
ave

an

average
e�

ective
�
s

�
�


��
�V

ilen
k
in


����
S

p
ergel

�
P

en

�����

A
n

etw
ork

of
com

ov
in

g

d
om

ain
w

alls
w

ou
ld

h
ave

an
average

eq
u

ation
of

state
p

aram
eter

of
�

	��
�V

ilen
k
in


����

w
h

ile
a

glob
ally

w
ou

n
d

tex
tu

re
w

ou
ld

p
ro

d
u

ce
an

�
t

�
�


��
�D

av
is


����
K

am
ion

kow
sk

i
�

T
ou

m
b

as

�����

E
volv

in
g

cosm
ic

scalar
�
eld

s
w

ith
su

itab
le

p
oten

tials
cou

ld
p

ro
d

u
ce

a
variety

of
ex

otic

eq
u

ation
s

of
state

w
ith

sign
i�

can
t

d
en

sities
at

th
e

p
resen

t
ep

o
ch

�P
eeb

les
�

R
atra


����

F
riem

an
e
t
a
l�


����
F

riem
an

�
W

aga

�����

S
calar

�
eld

s
cou

ld
also

p
ro

d
u
ce

variab
le

m
ass

p
articles

�V
A

M
P

S
�

w
h
ich

w
ou

ld
red

sh
ift

m
ore

slow
ly

th
an

ord
in

ary
m

atter
creatin

g
an

e�
ective

�
V
A
M
P
�

�
�A

n
d
erson

�
C

arroll

�����

T
h

ese
�

eld
s

m
ay

evolve
over

tim
e

an
d

w
ou

ld

p
ro

d
u

ce
an

in
terestin

g
variety

of
cosm

ic
h

istories�
O

u
r

goal
is

m
o
d

est�
w

e
on

ly
h

op
e

to

con
strain

th
e

average
�

over
th

e
ran

ge
w

h
ere

S
N

Ia
are

p
resen

tly
ob

served
�

T
o

sim
p

lify
th

e
an

aly
sis�

w
e

assu
m

e
th

at
on

ly
on

e
com

p
on

en
t

a�
ects

th
e

cosm
ic

ex
p

an
sion

in
ad

d
ition

to
grav

itatin
g

m
atter�

B
ecau

se
th

e
origin

of
th

e
acceleration

is
u
n
k
n
ow

n
�

w
e

w
ill

refer
to

th
is

as
th

e
#X

$
com

p
on

en
t

w
ith

a
d

en
sity

of
�
x

an
d

eq
u
ation

of
state

of
P
x

�
�
x �

x �

C
ald

w
ell�

D
ave�

�
S
tein

h
ard

t
�
����

h
ave

d
u
b
b

ed
th

e
u

n
k
n

ow
n

com
p

on
en

t
#q

u
in

tessen
ce$

as

th
e

oth
er

fou
r

essen
ces

h
ave

alread
y

b
een

em
p
loyed

ab
ove�

W
e

assu
m

e
th

at
th

e
U

n
iverse

on

very
large

scales
is

accu
rately

d
escrib

ed
b
y

gen
eral

relativ
ity

an
d

th
at

th
e

#X
$

com
p

on
en

t

ob
ey

s
th

e
n
u

ll
en

ergy
con

d
ition

�N
E

C
��

T
h

e
N

E
C

states
th

at�
for

an
y

n
u

ll
vector

v
��

th
e

en
ergy

�m
om

en
tu

m
ten

sor
satis�

es
T
�
� v

�v
�
�

�
�see�

e�g��
W

ald

�����

T
h
is

is
th

e
w

eakest
of

all
con

ven
tion

al
en

ergy
con

d
ition

s�
an

d
sh

ou
ld

b
e

satis�
ed

b
y

an
y

classical
sou

rce
of

en
ergy



�
�

�

an
d

m
om

en
tu

m
in

clu
d
in

g
th

ose
d
iscu

ssed
ab

ove�
In

a
R

ob
ertson

�W
alker

m
etric�

th
e

N
E

C
is

eq
u

ivalen
t

to
req

u
irin

g
�
x

�
P
x
�

��
T

h
e

N
E

C
th

erefore
restricts

th
e

en
ergy

d
en

sity
of

th
e

u
n

k
n

ow
n

com
p

on
en

t
to

b
e

p
ositive

for
�
x
�
�



an

d
n

egative
w

h
en

�
x
�
�



w

h
ile

th
e

en
ergy

d
en

sity
of

th
e

cosm
ological

con
stan

t
��

x
�
�


�
is

u
n

con
strain

ed
�

�
�

R
e
su
lts

F
irst�

w
e

�
x

th
e

eq
u
ation

of
state

of
th

e
u

n
k
n

ow
n

com
p

on
en

t
an

d
estim

ate
th

e
p

rob
ab

ility

d
en

sity
fu

n
ction

for
th

e
p
aram

eters
�
x �

�
m

�
an

d
H



given

th
e

ob
served

S
N

Ia
d

istan
ce

m
o
d
u
li�

T
h
e

join
t

likelih
o
o
d

d
istrib

u
tion

s
are

th
en

calcu
lated

in
th

e
sam

e
w

ay
as

b
y

R
iess��

an
d

sh
ow

n
for

rep
resen

tative
valu

es
of
�
x

in
F

igu
re


�
H

ere
w

e
in

tegrate
over

all
p

ossib
le
H



w

ith

th
e

p
rior

assu
m

p
tion

th
at

all
valu

es
are

eq
u

ally
likely�

F
or

�
x
�
�

����
th

e
d

erived
con

strain
ts

are
sim

ilar
to

th
ose

fou
n
d

b
y

R
iess��

for
a

cosm
ological

con
stan

t
��

x
�
�


��
H

ow
ever�

as
th

e

eq
u

ation
of

state
p
aram

eter
in

creases�
th

e
m

a
jor

ax
is

of
th

e
u

n
certain

ty
ellip

ses
rotates

ab
ou

t

a
p

oin
t

on
th

e
�
x

�
�

lin
e�

F
or

an
acceleratin

g
U

n
iverse�

th
e

p
ivot

p
oin

t
is

on
th

e
n

egative

�
m

sid
e�

W
h

en
�
x
�
�

����
th

e
#X

$
com

p
on

en
t

cou
ld

n
ot

rep
ro

d
u

ce
th

e
ob

served
acceleration

an
d

all
of

th
ese

m
o
d
els

give
a

p
o
or

�
t

to
th

e
ob

served
S

N
Ia

d
ata�

th
e

b
est

�
t

o
ccu

rs
for

a

com
p

letely
em

p
ty

U
n
iverse�

N
ex

t�
w

e
allow

th
e

eq
u
ation

of
state

to
vary

freely
b

u
t

restrict
th

e
d

en
sities

to
�
m

�
�
x
�


�

or
op

en
m

o
d

els�
W

e
th

en
in

tegrate
over

all
p

ossib
le

valu
es

of
�
x

assu
m

in
g

a
u

n
iform

p
rior

d
istrib

u
tion

to
p
rov

id
e

th
e

join
t

p
rob

ab
ility

for
�
x

an
d

th
e

m
atter

d
en

sity�
F

rom
th

e
N

E
C

w
e

m
u
st

in
clu

d
e

region
s

w
h
ere

�
x
�
�



an

d
�
x

is
n

egative�
b

u
t

th
ese

are
u

n
ab

le
to

p
ro

d
u
ce

an
acceleratin

g
U

n
iverse

so
th

ey
h

ave
a

very
low

p
rob

ab
ility�

F
or

op
en

m
o
d

els�
h

igh
est

join
t

p
rob

ab
ilities

are
con

�
n
ed

to
a

region
b

ou
n

d
ed

b
y
�


��
�
�
x
�
�

���
an

d
�
m
�

��	�

If
w

e
con

sid
er

an
y

valu
e

of
�
m

eq
u
ally

likely�
th

en
�
x
�
�

����
for

th
e

M
L

C
S

m
eth

o
d

an
d

�
x
�
�

����
for

th
e

%
m

�
� �B

�
resu

lts
w

ith
���

con
�

d
en

ce�



�
�

�

F
in

ally�
w

e
con

sid
er

�
at

m
o
d
els

for
th

e
U

n
iverse�

T
h

e
join

t
p

rob
ab

ility
b

etw
een

th
e

eq
u

ation
of

state
p
aram

eter
an

d
th

e
m

atter
d

en
sity

for
�
m

�
�
x

�



is
sh

ow
n

in
F

igu
re

	�
T

h
e

tw
o

cases
are

for
th

e
M

L
C

S
an

d
th

e
%
m

�
� �B

�
ligh

t
cu

rve
�

ts
an

d
d

em
on

strate
th

at
th

e
tw

o

m
eth

o
d

s
for

d
eriv

in
g

lu
m

in
osity

from
ligh

t
cu

rves
p

rov
id

e
con

sisten
t

con
strain

ts�
N

ote
th

at
in

th
e

�
at

case�
th

e
N

E
C

allow
s
�
x
�
�



on

ly
w

h
en

�
m
�



w

h
ich

h
as

an
in

sign
i�

can
t

p
rob

ab
ility

an
d

is
n

ot
p

lotted
�

T
h
ese

p
lots

can
b

e
com

p
ared

to
p

ion
eerin

g
calcu

lation
s

b
y

T
u

rn
er

�

W
h

ite
�
����

an
d

W
h
ite

�
����
w

h
ich

u
sed

sm
aller

su
p

ern
ova

sam
p

les�
T

h
e

im
p

roved
S

N
Ia

d
ata

favor
acceleration

an
d

su
p
p

ort
b

oth
a

low
�
m

an
d

a
sm

all
valu

e
of
�
x �

In
tegratin

g
th

e

p
rob

ab
ility

over
all

valu
es

of
�
m

assu
m

in
g

a
u

n
iform

p
rior

sh
ow

s
th

at
�
x
�
�

����
for

M
L

C
S

an
d
�
x
�
�

����
for

%
m

�
� �B

�
����

con
�

d
en

ce��
If

w
e

assu
m

e
�
m
�

��

th

en
th

e
lim

its
tigh

ten

to
�
x
�
�

����
�M

L
C

S
�

an
d
�
x
�
�

����
�%

m
�
� �B

���
F

or
m

atter
d

en
sities

n
ear

�
��	

favored

b
y

galax
y

clu
ster

d
isp

ersion
s�

th
e

m
ost

p
rob

ab
le

eq
u

ation
of

state
p

aram
eters

are
b

etw
een

�
���

an
d
�


���
T

h
ese

resu
lts

d
isfavor

top
ological

d
efect

m
o
d

els
su

ch
as

d
om

ain
w

alls
����

con
�

d
en

ce�
an

d
elim

in
ate

strin
gs

an
d

tex
tu

res
����

level�
as

th
e

p
rin

cip
al

com
p

on
en

t
of

th
e

u
n

k
n

ow
n

en
ergy�

T
h
e

cosm
ological

con
stan

t�
or

a
form

of
q
u

in
tessen

ce
th

at
resem

b
les

it
for

z
�


�
is

su
p
p

orted
b
y

th
e

d
ata�

C
on

strain
ts

th
at

refer
to

h
igh

er
red

sh
ift

are
n

eed
ed

to
n

arrow

th
e

ran
ge

of
p

ossib
le

m
o
d
els�

�
�

O
th
e
r
C
o
n
str

a
in
ts

H
igh

�Z
S

N
Ia

ob
servation

s
com

b
in

ed
w

ith
th

e
cosm

ic
m

icrow
ave

b
ack

grou
n

d
�C

M
B

�

an
isotrop

y
an

gu
lar

p
ow

er
sp

ectru
m

p
rov

id
e

com
p

lem
en

tary
con

strain
ts

on
th

e
d

en
sities

of

m
atter

an
d

th
e

#X
$

com
p

on
en

t
�W

h
ite


����
T

egm
ark

e
t
a
l�


�����
D

etails
of

th
e

C
M

B
p

ow
er

sp
ectru

m
d

ep
en

d
on

a
large

n
u
m

b
er

of
variab

les�
b

u
t

th
e

an
gu

lar
scale

of
th

e
�

rst
acou

stic

p
eak

d
ep

en
d

s
p
rim

arily
on

th
e

p
h
y
sics

of
recom

b
in

ation
an

d
th

e
an

gu
lar

d
iam

eter
d

istan
ce

to

th
e

su
rface

of
last

scatterin
g

�W
h
ite

�
S

cott

����

W
h

ite

�����

R
ath

er
th

an
�

t
th

e
p

ow
er



�

�

�

sp
ectru

m
in

d
etail�

w
e

h
ave

restricted
ou

r
atten

tion
to

th
e

lo
cation

of
th

e
�
rst

acou
stic

p
eak

as
estim

ated
from

cu
rren

t
C

M
B

ex
p

erim
en

ts
�H

an
co

ck
e
t
a
l�


�����
T

h
is

is
a

rap
id

ly
m

ov
in

g

ex
p

erim
en

tal
�
eld

�
an

d
n
ew

resu
lts

w
ill

su
rely

su
p

ersed
e

th
ese�

b
u
t

th
ey

illu
strate

th
e

p
ow

er

of
com

b
in

in
g

th
e

su
p

ern
ova

d
ata

w
ith

th
e

C
M

B
�

W
e

em
p

loy
th

e
an

aly
tic

ap
p

rox
im

ation
s

of

W
h

ite
�
����

to
d
eterm

in
e

th
e

w
aven

u
m

b
er

of
th

e
acou

stic
p

eak
at

recom
b

in
ation

�
an

d
th

ose

of
H

u
�

S
u

giyam
a

�
����
to

d
eterm

in
e

th
e

recom
b

in
ation

red
sh

ift�
th

u
s

w
e

assu
m

e
ad

iab
atic

�
u

ctu
ation

s
gen

erate
th

e
an

isotrop
y�

In
ad

d
ition

�
w

e
h

ave
ign

ored
reion

ization
an

d
�

x
ed

th
e

n
u
m

b
er

of
n

eu
trin

o
sp

ecies
at

th
ree�

as
w

ell
as

assu
m

in
g

on
ly

scalar
m

o
d

es�
w

ith
a

sp
ectral

in
d

ex
n

�

�

A
th

orou
gh

treatm
en

t
of

th
is

p
rob

lem
w

ou
ld

allow
all

of
th

ese
p

aram
eters

to
vary

an
d

in
tegrate

th
e

p
rob

ab
ility

over
all

p
ossib

le
valu

es
�th

at
is�

m
argin

alize
over

th
em

��
h

ow
ever�

th
is

w
ou

ld
b

e
very

tim
e�con

su
m

in
g�

even
w

ith
th

e
fast

C
M

B
co

d
e

of
S
eljak

�
Z

ald
arriaga

�
�����
an

d
d

isp
rop

ortion
ate

to
th

e
p
recision

of
th

e
cu

rren
t

d
ata�

A
large

ex
p

loration
of

th
e

p
aram

eter
sp

ace
in

volved
�th

ou
gh

lack
in

g
a

fu
ll

variation
of

�
�

�
can

b
e

fou
n

d
in

B
artlett

e
t

a
l�

�
����
an

d
L

in
ew

eaver
�
�����

O
u

r
calcu

lation
d
eterm

in
es

th
e

an
gu

lar
scale

m
u
ltip

ole
of

th
e

�
rst

acou
stic

p
eak

for
a

grid
in

a
th

ree�d
im

en
sion

al
p
aram

eter
sp

ace
of

��
M
��

�
�H


 ��
w

h
ere

w
e

ex
p

licitly
allow

for

op
en

�
�

at�
an

d
closed

u
n
iverses

w
ith

an
d

w
ith

ou
t

a
cosm

ological
con

stan
t�

W
e

also
em

p
loy

th
e

ad
d

ition
al

con
strain

t
on

th
e

b
aryon

d
en

sity
�
b h

�
�

���	�
�h

�
H


 �
��
k
m

s
�
�

M
p

c
�
��

d
erived

from
th

e
p
rim

ord
ial

d
eu

teriu
m

ab
u

n
d

an
ce

an
d

n
u

cleosy
n
th

esis
�T

y
tler�

F
an

�
�

B
u
rles


�����
O

th
er

estim
ates

of
th

e
b
aryon

fraction
�see

F
u

gik
ita�

H
ogan

�
�

P
eeb

les

����

cou
ld

b
e

u
sed

�
b
u
t

th
e

lo
cation

of
th

e
p

eak
d
ep

en
d

s
on

ly
w

eak
ly

on
th

is
p

aram
eter�

W
h

ere
p

ossib
le�

w
e

ch
ecked

th
ese

calcu
lation

s
w

ith
n
u
m

erical
in

tegration
s

�S
eljak

�
Z

ald
arriaga


����
an

d

con
�

rm
ed

th
at

th
e

p
eak

lo
cation

s
agree

to
� �


��
�

w
h
ich

is
ad

eq
u

ate
for

th
is

ex
p

loration
�

F
ollo w

in
g

W
h
ite

�
�����
w

e
com

b
in

e
th

e
p

red
icted

p
eak

lo
cation

w
ith

th
e

ob
servation

s

u
sin

g
a

p
h

en
om

en
ological

m
o
d
el

for
th

e
p

eak
�S

cott�
S
ilk

�
�

W
h

ite

�����

R
ecen

t
C

M
B

m
easu

rem
en

ts
an

aly
zed

b
y

H
an

co
ck

e
t
a
l�

�
����
give

th
e

con
d

ition
al

likelih
o
o
d

of
th

e
�
rst



�




�

acou
stic

p
eak

p
osition

as
lp
ea
k

�
	��



�
�
	

�
	
�

�
b
ased

on
b

est��
t

valu
es

of
th

e
p

eak
am

p
litu

d
e

an
d

low
m

u
ltip

ole
n
orm

alization
�

R
o
ch

a
e
t
a
l�

�
����
h

ave
p

rov
id

ed
u
s

w
ith

a
p

rob
ab

ility

d
istrib

u
tion

fu
n
ction

for
th

e
�
rst

p
eak

p
osition

b
ased

on
m

argin
alization

s
over

th
e

am
p
litu

d
e

an
d

n
orm

alization
w

h
ich

is
a

m
ore

gen
eral

ap
p

roach
th

an
b
y

H
an

co
ck

e
t
a
l��

T
h

e
R

o
ch

a
e
t

a
l�

fu
n

ction
gives

lp
ea
k

�
	��



�
	
�

�
�
�

w
h
ich

is
on

ly
a

sm
all

sh
ift

from
th

e
valu

e
d

erived
u

sin
g

th
e

con
d

ition
al

likelih
o
o
d

m
eth

o
d
�

W
e

th
en

m
argin

alize
th

e
likelih

o
o
d

in
ou

r
th

ree�d
im

en
sion

al

p
aram

eter
sp

ace
over

H



w
ith

a
G

au
ssian

p
rior

b
ased

on
ou

r
ow

n
S

N
Ia

resu
lt

in
clu

d
in

g
ou

r

estim
ate

of
th

e
sy

stem
atic

error
from

th
e

C
ep

h
eid

d
istan

ce
scale�

H



�
��
�

�
k
m

s
�
�

M
p

c
�
�

�R
iess����

It
is

im
p

ortan
t

to
n

ote
th

at
th

e
S

N
Ia

con
strain

ts
on

��
m
��

�
�

are
in

d
ep

en
d

en
t

of

th
e

d
istan

ce
scale�

b
u
t

th
e

C
M

B
con

strain
ts

are
n

ot�
W

e
th

en
com

b
in

e
m

argin
alized

likelih
o
o
d

fu
n

ction
s

of
th

e
C

M
B

an
d

S
N

e
Ia

d
ata�

T
h
e

resu
lt

is
sh

ow
n

in
F

igu
re

��
A

gain
�

w
e

m
u

st

cau
tion

th
at

sy
stem

atic
errors

in
eith

er
th

e
S

N
Ia

d
ata

�R
iess���

or
th

e
C

M
B

cou
ld

a�
ect

th
is

resu
lt�N

everth
eless�

it
is

h
earten

in
g

to
see

th
at

th
e

com
b

in
ed

con
strain

t
favors

a
lo

cation
in

th
is

p
aram

eter
sp

ace
w

h
ich

h
as

n
ot

b
een

ru
led

ou
t

b
y

oth
er

ob
servation

s�
th

ou
gh

th
ere

m
ay

b
e

m
ild

con
�

ict
w

ith
con

strain
ts

on
�
�

from
grav

itation
al

len
sin

g
�F

alco�
K

o
ch

an
ek

�
�

M
u

"n
oz


�����
In

fact�
th

e
region

selected
b
y

th
e

S
N

Ia
an

d
C

M
B

ob
servation

s
is

in
con

cord
an

ce
w

ith

in
�

ation
�

large�scale
stru

ctu
re

m
easu

rem
en

ts�
an

d
th

e
ages

of
stars

�O
striker

�
S

tein
h

ard
t


����
K

rau
ss

�
T

u
rn

er

�����

T
h
e

com
b

in
ed

con
strain

t
rem

oves
m

u
ch

of
th

e
h

igh
�
m

�
h
igh

�
�

region
w

h
ich

w
as

n
ot

ru
led

ou
t

b
y

th
e

S
N

Ia
d

ata
alon

e�
as

w
ell

as
m

u
ch

of
th

e
h

igh
�
m

�

low
�
�

region
allow

ed
b
y

th
e

C
M

B
d
ata

alon
e�

T
h

e
com

b
in

ed
con

strain
t

is
con

sisten
t

w
ith

a
�

at
u

n
iverse�

as
�
to
t

�
�
m

�
�
�

�
����

�
��	�

for
M

L
C

S
an

d

���

�
��		

for
%
m

�
� �B

�

�
�
errors��

T
h

e
en

orm
ou

s
red

sh
ift

d
i�

eren
ce

b
etw

een
th

e
C

M
B

an
d

th
e

S
N

Ia
m

akes
it

d
an

gerou
s

to
gen

eralize
th

is
resu

lt
b

eyon
d

a
cosm

ological
con

stan
t

m
o
d
el

b
ecau

se
of

th
e

p
ossib

le
tim

e�d
ep

en
d
en

ce
on

�
x �

B
u
t

for
an

eq
u

ation
of

state
�

x
ed

after
recom

b
in

ation
�

th
e

com
b

in
ed

con
strain

ts
con

tin
u

e
to

b
e

con
sisten

t
w

ith
a

�
at

geom
etry

as
lon

g
as

�
x
� �
�

����



�

	

�

W
ith

b
etter

estim
ates

of
th

e
sy

stem
atic

errors
in

th
e

S
N

Ia
d

ata
an

d
n

ew
m

easu
rem

en
ts

of
th

e

C
M

B
an

isotrop
y�

th
ese

p
relim

in
ary

in
d
ication

s
sh

ou
ld

q
u

ick
ly

tu
rn

in
to

very
stron

g
con

strain
ts

�T
egm

ark
e
t
a
l�


�����

�
�

C
o
n
c
lu
sio

n
s

T
h

e
cu

rren
t

resu
lts

from
th

e
H

igh
�Z

S
u

p
ern

ova
S

earch
T

eam
su

ggest
th

at
th

ere
is

an
ad

d
ition

al
en

ergy
com

p
on

en
t

sh
arin

g
th

e
U

n
iverse

w
ith

grav
itatin

g
m

atter�
F

or
a

�
at

geom
etry�

th
e

ratio
of

th
e

p
ressu

re
of

th
e

u
n

k
n

ow
n

en
ergy

to
its

d
en

sity
is

p
rob

ab
ly

m
ore

n
egative

th
an
�

����
T

h
is

e�
ectively

ru
les

ou
t

top
ological

d
efects

su
ch

as
strin

gs
an

d
tex

tu
res

as
th

e
ad

d
ition

al
com

p
on

en
t

an
d

d
isfavors

d
om

ain
w

alls
as

th
at

com
p

on
en

t�
O

p
en

m
o
d

els
are

less
con

strain
ed

�
b
u
t

favor
�
x
�
�

����
A

lth
ou

gh
th

ere
are

m
an

y
in

trigu
in

g
can

d
id

ates
for

th
e

#X
$

com
p

on
en

t�
th

e
cu

rren
t

S
N

Ia
ob

servation
s

im
p

ly
th

at
a

vacu
u

m
en

ergy
or

a
scalar

�
eld

th
at

resem
b

les
th

e
cosm

ological
con

stan
t

is
th

e
m

ost
likely

cu
lp

rit�

C
om

b
in

in
g

th
e

S
N

Ia
p
rob

ab
ility

d
istrib

u
tion

w
ith

to
d
ay

&s
con

strain
ts

from
th

e
p

osition

of
th

e
�

rst
acou

stic
p

eak
in

th
e

C
M

B
p

ow
er

sp
ectru

m
p

rov
id

es
a

sim
u

ltan
eou

s
ob

servation
al

m
easu

rem
en

t
of

th
e

d
en

sities
of

m
atter

an
d

of
th

e
u

n
k
n

ow
n

com
p

on
en

t�
U

sin
g

C
M

B
d

ata

from
H

an
co

ck
e
t
a
l�

�
����
an

d
follow

in
g

th
e

an
aly

sis
b
y

W
h

ite
�
����

th
e

resu
lt

favors
a

�
at

U
n

iverse�
w

ith
�
to
t

�
����

�
��	��

d
om

in
ated

b
y

th
e

#X
$

com
p

on
en

t
for

�
x
�
�


�
G

iven
th

e

rap
id

im
p

rovem
en

t
in

b
oth

th
e

stu
d
y

of
S
N

Ia
an

d
th

e
C

M
B

�
w

e
can

ex
p

ect
m

ore
p

ow
erfu

l

in
feren

ces
ab

ou
t

th
e

con
ten

ts
of

th
e

U
n
iverse

to
follow

�

W
e

th
an

k
U

�
S
eljak

an
d

M
�

T
egm

ark
for

som
e

in
form

ative
d

iscu
ssion

s
an

d
G

�
R

o
ch

a
for

m
ak

in
g

th
e

C
M

B
likelih

o
o
d

fu
n
ction

availab
le

b
efore

p
u

b
lication

�
T

h
is

w
ork

w
as

su
p
p

orted

b
y

gran
t

G
O

�����
from

th
e

S
p
ace

T
elescop

e
S

cien
ce

In
stitu

te�
w

h
ich

is
op

erated
b
y

th
e

A
sso

ciation
of

U
n
iversities

for
R

esearch
in

A
stron

om
y�

In
c��

u
n

d
er

N
A

S
A

con
tract

N
A

S
��	�����



�

�

�

an
d

at
H

arvard
U

n
iversity

th
rou

gh
N

S
F

gran
ts

A
S

T
�	�	
���

an
d

A
S

T
���	����

an
d

an
N

S
F

G
rad

u
ate

R
esearch

F
ellow

sh
ip

�
W

ork
at

th
e

U
n

iversity
of

W
ash

in
gton

w
as

su
p

p
orted

th
rou

gh

N
S
F

gran
t

A
S

T
���
�����

A
�V

�F
ack

n
ow

led
ges

th
e

su
p

p
ort

of
N

S
F

gran
t

A
S

T
���
�	
��

S
�M

�C
�

w
as

su
p
p

orted
b
y

N
S

F
gran

t
P

H
Y

'�����
���



�

�

�

R
E
F
E
R
E
N
C
E
S

A
n

d
erson

�
G

�W
��

�
C

arroll�
S

�M
�


����
astro�p

h
'��

	��

B
ah

call�
N

�A
��

F
an

�
X

��
�

C
en

�
R

�

����

A
p

J�
����

��

B
artlett�

J�
G

��
B

lan
ch

ard
�

A
��

L
e

D
ou

r�
M

��
D

ou
sp

is�
M

��
�

B
arb

osa�
D

�

����

to
ap

p
ear

in

#F
u

n
d

am
en

tal
P

aram
eters

in
C

osm
ology

$�
p

ro
ceed

in
gs

of
th

e
R

en
con

tres
d

e
M

orion
d


����
astro�p

h
'����
��

C
ald

w
ell�

R
�R

��
D

ave�
R

��
�

S
tein

h
ard

t�
P

�J�

����

astro�p
h

'�������

C
arlb

erg�
R

�G
��

Y
ee�

K
�C

��
E

llin
gson

�
E

��
A

b
rah

am
�

R
��

G
ravel�

P
��

M
orris�

S
��

�
P

ritch
et�

C
�J��


����
A

p
J�

��	�
�	

C
arroll�

S
�M

��
P

ress�
W

�H
��

�
T

u
rn

er�
E

�L
�


��	�
A

R
A

A
�

���
���

C
oles�

P
��

�
E

llis�
G

�

����

#Is
th

e
U

n
iverse

O
p

en
or

C
losed

$�
C

am
b

rid
ge�

C
am

b
rid

ge
U

n
iv

�

P
ress

D
av

is�
R

�L
�


����
P

h
y
s�

R
ev

�
D

�
���

����

F
alco�

E
�E

��
K

o
ch

an
ek

�
C

�S
��

�
M

u
"n
oz�

J�A
�


����
A

p
J�

����
��

F
riem

an
�

J�A
��

�
W

aga�
I�


����
astro�p

h
'�������

F
riem

an
�

J�A
��

H
ill�

C
�T

��
S
teb

b
in

s�
A

��
�

W
aga�

I�

����

P
h
y
s�

R
ev

�
L

ett��
���

	���

F
u

k
u

gita�
M

��
H

ogan
�

C
�J��

�
P

eeb
les�

P
�J�E

�

����

astro�p
h

'��
	�	�

G
arn

av
ich

�
P

�M
��

et
al�


����
A

p
J�

����
L

��

G
ott�

J�R
��

G
u
n
n
�

J�E
��

S
ch

ram
m

�
D

�N
��

�
T

in
sley�

B
�M

�

����

A
p
J�


���
���

H
am

u
y�

M
��

P
h
illip

s�
M

�M
��

M
aza�

J��
S

u
n
tze�

�
N

�B
��

S
ch

om
m

er�
R

�A
��

M
aza�

J��
S

m
ith

�
R

�C
��

L
ira�

P
��

�
A

v
il
es�

R
�


����
A

J�


	�

	���

H
an

co
ck

�
S

��
R

o
ch

a�
G

��
L

asen
b
y�

A
�

N
��

�
G

u
ti
errez�

C
�

M
�


����
M

N
R

A
S

�
	���

L



H
!o�

ich
�

P
��

W
h
eeler�

J�C
��

�
T

h
ielem

an
n

�
F

�K
�


����
A

p
J�

����
�
�



�

�

�

H
olz�

D
�E

��
�

W
ald

�
R

�

����

P
h
y
s�

R
ev

�
D

�
in

p
ress�

astro�p
h

'�������

H
olz�

D
�E

�

����

astro�p
h
'����
	�

H
u
�

W
��

�
S

u
giyam

a�
N

�

����

A
p
J�

��
�
��	

K
am

ion
kow

sk
i�

M
��

�
T

ou
m

b
as�

N
�


����
P

h
y
s

R
ev

L
ett�

���
���

K
im

�
A

�

����

in
$F

u
n
d
am

en
tal

P
aram

eters
in

C
osm

ology�$
p

ro
ceed

in
gs

of
th

e
X

X
X

IIIrd

R
en

con
tres

d
e

M
orion

d
�

astro�p
h

'����
��

K
an

tow
sk

i�
R

��
V

au
gh

an
�

T
��

�
B

ran
ch

�
D

�

����

A
p

J�
����

��

K
rau

ss�
L

�M
��

�
T

u
rn

er�
M

�S
�


����
G

en
�

R
el�

G
rav

��
	��



��

L
in

�
H

��
et

al�

����

A
p
J�

��
�
�
�

L
in

ew
eaver�

C
�H

�

����

A
p
JL

�
su

b
m

itted
�

astro�p
h

'�����	�

O
striker�

J
�P

��
�

S
tein

h
ard

t�
P

�J�

����

N
atu

re�
����

���

P
eeb

les�
P

�J�E
�


����
A

p
J�

	���
���

P
eeb

les�
P

�J�E
��

�
R

atra�
B

�

����

A
p
J�

�	��
L


�

P
erlm

u
tter�

S
��

et
al�


����
N

atu
re�

��
�
�


P
h

illip
s�

M
�M

�

����

A
p
J�

�
��
L


��

P
h

illip
s�

M
�M

��
et

al�

����

in
p
rep

aration

R
iess�

A
�G

��
et

al�

���a�

A
J�

����
���

�R
iess�� 

R
iess�

A
�G

��
N

u
gen

t�
P

�E
��

F
ilip

p
en

ko�
A

�V
��

K
irsh

n
er�

R
�P

��
�

P
erlm

u
tter�

S
�


���b
�

A
p

J�

����
���

R
iess�

A
�G

��
P

ress�
W

�H
��

�
K

irsh
n
er�

R
�P

�

����

A
p

J�
����

L

�

R
iess�

A
�G

��
P

ress�
W

�H
��

�
K

irsh
n
er�

R
�P

�

����

A
p

J�
����

��

R
o
ch

a�
G

��
H

an
co

ck
�

S
��

L
asen

b
y�

A
�

N
��

�
G

u
ti
errez�

C
�

M
�


����
in

p
rep

aration

S
ch

m
id

t�
B

�P
��

et
al�


����
A

p
J�

����
���



�

�

�

S
cott�

D
��

S
ilk

�
J��

�
W

h
ite�

M
�


����
S

cien
ce�

	���
�	�

S
eljak

�
U

��
�

Z
ald

arriaga�
M

�

����

A
p

J�
����

���

S
p

ergel�
D

��
�

P
en

U
�


����
A

p
J�

��
�
L

��

T
egm

ark
�

M
��

E
isen

stein
�

D
�
J��

H
u
�

W
��

�
K

ron
�

R
�G

�

����

A
p

J�
su

b
m

itted
�

astro�p
h

'����

�

T
u

rn
er�

M
�S

��
S
teigm

an
�

G
��

�
K

rau
ss�

L
�M

�

����

P
h
y
s�

R
ev

�
L

ett��
���

	���

T
u

rn
er�

M
�S

��
�

W
h
ite�

M
�


����
P

h
y
s

R
ev

D
�

���
����

T
y
tler�

D
��

F
an

�
X

��M
��

�
B

u
rles�

S
�


����
N

atu
re�

��
�
	��

V
ilen

k
in

�
A

�

����

P
h
y
s�

R
ev

�
L

ett��
���


�
�

V
ilen

k
in

�
A

�

����

P
h
y
s�

R
ep

��

	
�

	��

W
ald

�
R

�M
�


����
#G

en
eral

R
elativ

ity
$�

C
h

icago�
U

n
iversity

of
C

h
icago

P
ress

W
am

b
sgan

ss�
J��

C
en

�
R

��
G

u
oh

on
g�

X
��

�
O

striker�
J�


����
A

p
J�

����
L

�


W
ein

b
erg�

S
�


��	�
#G

ra v
itation

an
d

C
osm

ology
$�

N
ew

Y
ork

�
Joh

n
W

iley
�

S
on

s

W
ein

b
erg�

S
�


����
R

ev
�

M
o
d

�
P

h
y
s�

�
�



W
h

ite�
M

�

����

A
p
J�

su
b
m

itted
�

astro�p
h

'���		��

W
h

ite�
M

��
�

S
cott�

D
�


����
A

p
J�

����
�
�

T
h

is
m

an
u

scrip
t

w
as

p
rep

ared
w

ith
th

e
A

A
S

L AT
E
X

m
acros

v
����



�

�

�

F
igu

re
C

ap
tion

s

F
ig
u
r
e
�
	

T
h
e

join
t

p
rob

ab
ility

d
istrib

u
tion

s
for

�
m

an
d

th
e

d
en

sity
of

th
e

u
n

k
n

ow
n

com
p

on
en

t�
�
x �

b
ased

on
th

e
S
N

Ia
m

agn
itu

d
es

red
u

ced
w

ith
th

e
M

L
C

S
m

eth
o
d
�

F
ou

r

rep
resen

tative
valu

es
of

th
e

eq
u
ation

of
state

p
aram

eter�
�
x �

are
sh

ow
n

�
S
ee

R
iess��

for
th

e

d
istrib

u
tion

w
h
en

�
x

�
�


�

F
ig
u
r
e
�
	

T
h

e
join

t
p
rob

ab
ility

d
istrib

u
tion

s
from

S
N

Ia
for

�
m

an
d

th
e

eq
u

ation
of

state

p
aram

eter�
�
x �

assu
m

in
g

a
�

at
sp

atial
geom

etry
��

m
�

�
x

�

��

T
h

e
top

p
an

el
u

ses
su

p
ern

ova

d
istan

ces
from

th
e

M
L

C
S

m
eth

o
d

com
b
in

ed
w

ith
su

p
ern

ovae
red

u
ced

u
sin

g
th

e
sn

ap
sh

ot

m
eth

o
d

�
w

h
ile

th
e

b
ottom

p
an

el
is

from
th

e
%
m

�
� �B

�
tech

n
iq

u
e

p
lu

s
sn

ap
sh

ot
resu

lts�
T

h
e

vertical
b

roken
lin

e
m

ark
s

th
e

m
atter

d
en

sity
estim

ated
from

galax
y

clu
ster

d
y
n

am
ics�

F
ig
u
r
e
�
	

T
h
e

com
b
in

ed
con

strain
ts

from
S

N
Ia

an
d

th
e

p
osition

of
th

e
�
rst

D
op

p
ler

p
eak

of
th

e
C

M
B

an
gu

lar
p

ow
er

sp
ectru

m
�

T
h

e
eq

u
ation

of
state

p
aram

eter
for

th
e

u
n

k
n

ow
n

com
p

on
en

t
is
�
x

�
�


�
like

th
at

for
a

cosm
ological

con
stan

t�
T

h
e

con
tou

rs
m

ark
th

e
���

�

�����
�

an
d

�����
en

closed
p
rob

ab
ility

region
s�



�

�

�

α = −0.9

α = −0.7

α = −0.5

α = −0.3

F
ig�


��



�

�

�

M
L

C
S+

Snap

Δ
m

15 (B
) +

Snap

F
ig�

	��



�
	�

�

F
ig�

���


