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Measuring Cosmological Parameters
• Redshift: easy to measure from galaxy spectrum
• Distance:

“Luminosity distance”  dL

f  = flux (erg/s-cm2)
L = luminosity (erg/s)

• Measure f, “know”  L
– NOT SO EASY !
– Need a “standard candle”

L
4π dL

2f = 







    An explosion resulting from the thermonuclear
runaway of a white dwarf star at M(Chandra).

White Dwarf

An explosion resulting from the thermonuclear detonation of a
White Dwarf Star

Type Ia Supernova



!

(1968)
Charles
Kowal:
SN I are
relatively
good
“standard
candles”
with
σ ≈ 50% in
distance





Calibrating the Nearly Standard Candle
• Phillips (93), Riess et

al. (95), Hamuy et al.
(95): established L vs.
light-curve shape
correlation with ~ 10
nearby SN Ia.

• Use it to standardize
other SN Ia.

• Measured colors give
reddening and extinction.

• Accurately calibrate
individual SN!

MLCS: Multi-color Light-Curve Shape  (Riess et al.)

Absolute light curves of
SN Ia in galaxies of

known distance
Luminous
SN Ia have
slower light

curves!



σ = 0.44
mag

σ = 0.15
mag!

∝ log dL

∝ log dL

(Riess et
al. 1995,
1996,
1999)



Lick Observatory,
near San Jose, CA

the Katzman
Automatic
Imaging
Telescope;
0.76 m mirror.

(AF & Weidong Li)



Weidong Li



SN Ia 1998dh before/after
Discovered over 600 SNe with KAIT

http://astron.berkeley.edu/~bait/kait.html



SN 2001en

Cosmic ray

New image Template

Difference (after
much processing) Undergraduate

students
carefully
examine the
SN candidates!

NGC 523



KAIT Supernova Search & Analysis Team, May 2005



LOSS SNe, m < 19 mag when discovered



SN 1998dh                        Age:Age:
                  -6 days

                 Maximum

                +26 days

               +47 days

              +102 days
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Template subtraction; SN photometry

                     (Automatic pipeline)



KAIT (U)BVRI follow-up of bright SN Ia
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SNe Ia

(before correction)



SNe Ia

(MLCS2k2)



(KAIT + Jha et al. 2007)



SN 1994d
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Searching by Subtraction



17 SNe,
z = 0.09-0.84

Schmidt,
Suntzeff, et al.

Mostly Keck
spectra.

Oct. 1996

IAUC 6490



Keck telescopes

• I get spectra there.



Low-z and High-z SN Ia
Keck LRIS, 1 hour



High-z SN Ia
light curves
(Garnavich et
al. 1998a)

Two filters:
get color, so
can deal with
reddening
and intrinsic
dimness.



<1998
data:

Riess et al.
(1998) –
blue dots

Perlmutter et
al. (1999)
– red dots

Conclude
Λ > 0 !

 ∝ log dL

 ∝ [Δ
(log dL)]



<1998 data:
Riess et al.
(1998)
Perlmutter et
al. (1999)

A non-zero
cosmological
constant!?



High-z team (Sep. 1998)

SCP (June 1999)

et al. (AF, …)



(2000/
2001)

Clusters,
LSS: ΩM =
0.3 ± 0.1

Concor-
dance:
(0.3, 0.7)

WMAP +
LSS 2003:
(0.27, 0.73)

LSS



   (SN Ia + LSS:
ΩM = 0.28,  ΩΛ

= 0.72, with
precision ~
CMB + LSS)

Riess et al.
(2004), using all
published high-z
SN Ia data.

 ΩΜ=1 ruled out
at very many σ!



Composition of the Universe



Since “dark energy” seems real…

what is it?

CMB(WMAP)
SN Ia

LSS

+ ISW, X-ray Clusters



Quantum fluctuations: virtual particles



Λ, the Cosmological Constant?
• Not good

quantitative
agreement with
theoretical
expectations!

• Way too small.
“Why now?”

• “A bone in the
throat.” – S.
Weinberg



Define w = P/(ρc2)
• Equation-of-state parameter
•  ρ ∝ (volume)−(1+w)

    w = 0 for normal non-relativistic matter
    w = 1/3 for photons
    w = −1 for Λ
    w ≠  −1 for “quintessence,” etc. (rolling

scalar field, etc.; −1/3 for cosmic strings).
 In GR, gravitational acceleration ∝ −(ρc2 + 3P).
      If w < −1/3, the Universe accelerates!



%)95(73.0!<w
[Assume Ω (total) = 1]





Difference in apparent SN brightness vs. z
ΩΛ = 0.70, flat universe

(mag)



ESSENCE (“SNs”)
Equation of State:
SupErNovae Trace Cosmic
Expansion



Determine w to 10%.
6-year project on CTIO 4m;
12 sq. deg.; MOSAIC II.
Wide-field images in 2 bands.
Same-night detection of SN.
Spectroscopy:

Keck, VLT, Gemini,
Magellan.

~200 SN Ia, 0.2 < z < 0.8
Data and SN Ia public.

ESSENCE (Miknaitis et al. 2007, Wood-
Vasey et al. 2007)









 





ESSENCEESSENCE
HubbleHubble
diagramdiagram

(Wood-Vasey et al.
2007, ApJ)

(For nearby SNe, see
Hamuy et al. 1996, AJ
Riess et al. 1999, AJ
Jha et al. 2006, AJ)





w = -1.05 ± 0.11 ± 0.13

ESSENCE

Flat, isotropic,
constant-w

(Wood-Vasey et al. 2007, ApJ)



CFHT: SN
Legacy
Survey

(Astier et
al. 2006)



ESSENCEESSENCE
+SNLS+SNLS
 Hubble Hubble
diagramdiagram

(Wood-Vasey et al.
2007; Astier et al.
2006)

(For nearby SNe, see
 Hamuy et al. 1996, AJ
Riess et al. 1999, AJ
Jha et al. 2006, AJ)



ESSENCE
+ SNLS

Flat, isotropic,
constant-w w = -1.07 ± 0.09 ± 0.13

(Wood-Vasey et al. 2007, ApJ)



ESSENCE SNeIa From All 6 Years

~200 SNeIa
2007

2002

2006

2003

2004

2005



Previous ESSENCE Hubble Diagram

60 SNe Ia, 2002-2005

Wood-Vasey et al. (2007)



Preliminary Current ESSENCE Hubble Diagram

156 SNe Ia, 2002-2007

Wood-Vasey et al. (2008,
in prep.)







Probing the era of
deceleration
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Cycle 11: GOODS ACS Treasury Program and

The Hubble Higher-z Supernova Search Team
“A Higher-z Supernova Search Piggybacking on

the ACS Survey” 134 orbits ToO
for 6-8 SNe Ia
at 1.2<z<1.8

Riess (STScI)
Strolger (STScI)
Tonry (UH)
Filippenko (UCB)
Kirshner (CfA)
Challis (CfA)
Casertano (STScI)
Dickinson (STScI)
Giavalisco (STScI)
Ferguson (STScI)

399 orbits
of deep imaging
for extragalactic
studies



Searching for SN Ia with ACSSearching for SN Ia with ACS
5 z-band epochs, spaced by 45 days;
simultaneous v,i band; 120 tiles

CDFS=08/02-02/03                             HDFN=11/02-05/03



Our first higher-z SN Ia, Aphrodite
Aphrodite (1<z<1.5)

ACS grism spectrum

NICMOS F110W

ACS F850lp

viz



Rich Field of 4 SN Ia
HDFN, tile n4z_26/29 Vilas (z=0.86)

Borg (z=1.37)

Anguta (z=0.67)

McEnroe (z=0.92) 
grism

grism





The New SN Ia Hubble Diagram

97ff

(6 of the 7
highest-
redshift
SNe Ia)

(Riess et al. 2004,
ApJ, in press)

97ff

(Riess et al.
2004, ApJ, 607,
665)

(6 of the 7
highest-
redshift
SN Ia)

SN Ia Hubble Diagram
(m

ag
)

[Dashed line: best fit, assuming Ω total = 1]

α log dL



Residual Hubble Diagram (Riess et al. 2004, ApJ, 607, 665)

Redshift (z)

[ Ωtotal = 1 ]

∝ [Δ
(log
dL)]





Probing Dark Energy (Riess et al. 2004)

We doubled our knowledge of w0 and w´ in 1 year with
HST; Λ looks better than ever, but still uncertain.

Two clues to the nature of dark energy: strength now (w0),
and whether it is static or dynamic (is dw/dz = w´ = 0?).

Einstein’s Λ

w0 w0

 w´



PANSPANS:: Probing Acceleration Now with Supernovae

Awarded 270 orbits in Cycle 13 with HST.
Found >20 SNe Ia at z > 0.8.



Most recent results
(Riess et al. 2007, ApJ,
659, 98 -- April)

We found and studied 19 of the
20 highest redshift SNe Ia
known.





Detect dark energy at z > 0.7

Dark energy affected the
expansion of the Universe even
during the first 9 Gyr, when he
Universe was still decelerating.

Data remain consistent with
w’ = 0 (e.g., cosmological const.)



Systematic effects:
we will need to
control them to ~1%

HST (2.4 m) should
continue to find
SNe Ia at z > 1, for at
least a few more
years.

Joint Dark Energy Mission (JDEM) ~2015?

Studying the dark energy of the Universe…




