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Lecture I:
Discovery of Dark Energy



1.Dark energy basics, discovery with SNe, probes
2. DE phenomenology (parametrizations etc)
3. Statistical methods in cosmology (MCMC, 
Fisher, etc)

My three lectures roughly cover:



The universe today presents us 
with a grand puzzle:

What makes up 95% of it?

Scandalously, we still don’t know.

But we are working to get closer 
to the answer.



4%

22%

74%

Makeup of universe today

Dark Matter
(suspected since 1930s
established since 1970s)

Dark Energy
(suspected since 1980s
established since 1998)

Also: 
radiation (0.01%)

Visible Matter
(stars 0.4%,  gas 3.6%)



Some of the early
history of the Universe

is actually understood better!

Physics quite well 
understood

95% of contents only 
phenomenologically 

described



Friedmann Equation

H2
=

8πG

3
ρ −

κ

a2

Inflation predicts, and
CMB anisotropy indicates 
universe is flat (curvature is zero), so     

Galaxy distribution indicates matter makes up 25% of critical 
density, so

define

ΩM ≈ 0.25

ΩTOT = 1 (or κ = 0)

Ω ≡ ρ
8πG

3H2
≡

ρ

ρcrit

So where is 75% of the energy density?



Type Ia Supernovae
A white dwarf accretes matter from a companion.



SNe Ia are “Standard Candles”

If you know the 
intrinsic brightness 
of the headlights, 
you can estimate 
how far away the 

car is

(car headlights example)

A way to measure (relative) distances to objects far away



Baade & Zwicky 1934

ASTRONOMY: BAADE AND ZWICKY

be a minor one. In Gloeocapsa montana there occurs nothing of the
nature of complementary chromatic adaptation.

* The glow-tubes were furnished through the courtesy of the Electrical Products
Corporation, Los Angeles.
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ON SUPER-NOVAE

BY W. BAADE AND F. ZWICKY

MOUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934

A. Common Novae.-The extensive investigations of extragalactic
systems during recent years have brought to light the remarkable fact
that- there exist two well-defined types of new stars or novae which might
be distinguished as common novae and super-novae. No intermediate
objects have so far been observed.
Common novae seem to be a rather frequent phenomenon in certain

stellar systems. Thus, according to Bailey,' ten to twenty novae flash up
every year in our own Milky Way. A similar frequency (30 per year) has
been found by Hubble in the well-known Andromeda nebula. A char-
acteristic feature of these common novae is their absolute brightness
(M) at maximum, which in the mean is -5.8 with a range of perhaps 3 to 4

mags. The maximum corresponds to 20,000 times the radiation of the sun.

During maximum light the common novae therefore belong to the abso-
lutely brightest stars in stellar systems. This is in full agreement with

the fact that we have been able to discover this type of novae in other

stellar systems near enough for us to reach stars of absolute magnitude
-5 with our present optical equipment
B. Super-Novae.-The novae of the second group (super-novae) pre-

sented for a while a very curious puzzle because this type of new star was

found, not only in the nearer systems, but apparently all over the accessible
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But how do you find SNe?
Rate: 1 SN per galaxy per 500 yrs!

Solution: 
a combination of using world’s large telescopes,
scheduling them to find, then “follow-up” SNe

and heroic hard work by two teams of researchers

Saul Perlmutter, 
Supernova Cosmology Project

Brian Schmidt,
High-redshift Supernova Team

Bob 
Kirshner

Adam 
Riess



© 1989 Nature  Publishing Group

Norgaard-Nielsen et al 1989

Just a single SN caught, and it was past the peak!



Phillips 1993
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Standardizing the candles
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Calan/Tololo SNe Ia

Kim, et al. (1997)
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Phillips relation simply says:



Measuring distance from SNe

DM ≡ m−M = 5 log10

(
dL

10pc

)

m = M + 5 log10(H0dL)− 5 log10 (H0 × 10pc)

m ≡ 5 log10(H0dL) +M

M ≡M − 5 log10

(
H0

Mpc−1

)
+ 25

⇒

⇒

Need to always fully marginalize over  M 
(may lose ~50% precision in cosmo parameters)

(nuisance
parameter)



credit: Supernova Cosmology Project
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ABSTRACT
We have developed a technique to systematically discover and study high-redshift supernovae that can

be used to measure the cosmological parameters. We report here results based on the initial seven of
more than 28 supernovae discovered to date in the high-redshift supernova search of the Supernova
Cosmology Project. We Ðnd an observational dispersion in peak magnitudes of this disper-p

MB
\ 0.27 ;

sion narrows to after ““ correcting ÏÏ the magnitudes using the light-curve ““ width-p
MB,corr \ 0.19

luminosity ÏÏ relation found for nearby (z ¹ 0.1) Type Ia supernovae from the Cala" n/Tololo survey
(Hamuy et al.). Comparing light-curve widthÈcorrected magnitudes as a function of redshift of our
distant (z \ 0.35È0.46) supernovae to those of nearby Type Ia supernovae yields a global measurement
of the mass density, for a " \ 0 cosmology. For a spatially Ñat universe (i.e.,)M \ 0.88~0.60`0.69 )M ] )" \
1), we Ðnd or, equivalently, a measurement of the cosmological constant,)M \ 0.94~0.28`0.34 )" \ 0.06~0.34`0.28
(\0.51 at the 95% conÐdence level). For the more general Friedmann-Lemaiü tre cosmologies with inde-
pendent and the results are presented as a conÐdence region on the plane. This region)M )", )M-)"does not correspond to a unique value of the deceleration parameter We present analyses and checksq0.
for statistical and systematic errors and also show that our results do not depend on the speciÐcs of the
width-luminosity correction. The results for are inconsistent with "-dominated, low-)"-versus-)Mdensity, Ñat cosmologies that have been proposed to reconcile the ages of globular cluster stars with
higher Hubble constant values.
Subject headings : cosmology : observations È distance scale È supernovae : general

1. INTRODUCTION

The classical magnitude-redshift diagram for a distant
standard candle remains perhaps the most direct approach
for measuring the cosmological parameters that determine
the fate of the cosmic expansion (Sandage The1961, 1989).
Ðrst standard candles used in such studies were Ðrst-ranked
cluster galaxies & Oke Sandage, &(Gunn 1975 ; Kristian,
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Paris CEDEX 05, France.

8 Institute of Astronomy, Madingley Road, Cambridge, England CB3
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9 Royal Greenwich Observatory, Madingley Raod, Cambridge,
England CB3 0HA.

10 Anglo-Australian Observatory, Sydney, Australia.
11 Fermilab, Batavia, IL 60510.
12 Mount Stromlo and Siding Springs Observatory, Australia.
13 University of New South Wales, Sydney, Australia.

Westphal and the characteristic magnitude of the1978)
cluster galaxy luminosity function More recent(Abell 1972).
measurements have used powerful radio galaxies at higher
redshifts & Longair Lacey, & Eales(Lilly 1984 ; Rawlings,

Both the early programs (reviewed by1994). Tammann
and the recent work have proved particularly impor-1983)

tant for the understanding of galactic evolution but are
correspondingly more difficult to interpret as measurements
of cosmological parameters. The Type Ia supernovae (SN
IaÏs), the brightest, most homogeneous class of supernovae,
o†er an attractive alternative candle and have features that
address this evolution problem. Each supernova explosion
emits a rich stream of information describing the event,
which we observe in the form of multicolor light curves and
time-varying spectra. Supernovae at high redshifts, unlike
galaxies, are events rather than objects, and their detailed
temporal behavior can thus be studied on an individual
basis for signs of evolution relative to nearby examples.

The disadvantages of using supernovae are also obvious :
they are rare, transient events that occur at unpredictable
times and are therefore unlikely candidates for the sched-
uled observations necessary on the largest telescopes. The
single previously identiÐed high-redshift (z \ 0.31) SN Ia,
discovered by a 2 year Danish/ESO search in Chile, was
found (at an unpredictable time) several weeks after it had
already passed its peak luminosity et al.(NÔrgaard-Nielsen
1989).

To make high-redshift supernovae a more practical
““ cosmological tool,ÏÏ the Supernova Cosmology Project has

565

First results (only 7 distant SNe): universe is matter dominated;
with more SNe, acceleration established, however



Supernova Hubble diagram (binned)



Dark Energy Parametrization

Equation of state ratio: 

Energy density today (relative to critical): 

w =

pDE

ρDE

ΩDE =
ρDE

ρcrit

Distant Sne are dimmer than expected 
the expansion of the universe is accelerating 

For vacuum energy w = −1 (Gµν + Λgµν = 8πGTµν)

ä

a
= −

4πG

3
(ρ + 3p)

so, pressure of dark energy is strongly negative



Constraints  circa 2003
m(z) = 5 log10 (dL/10 pc) +M; M ≡M − 5 log10 [H0/(km/s/Mpc)] + 25



Constraints circa 2008
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Dark Energy

• Universe is dominated by something other 
than dark matter

• This new component - “dark energy” - 
makes the universe undergo accelerated 
expansion 

• This new component is largely smooth

• Other than that, we don’t know much!

Michael Turner
University of Chicago





Recall: Dark Matter is in 
“halos” around galaxies

(visible) light  
from galaxy

(invisible)
Dark Matter halo



Fine Tuning Problems I:
“Why Now?”

Dark Energy was much less important at earlier epochs.
So why is it comparable to matter today?

ρDE(z)

ρM(z)
=

ΩDE

ΩM

(1 + z)3w

BBN CMB

DE dominates today



Fine Tuning Problems II:
“Why so small”?

Vacuum Energy: QFT predicts it to be cutoff scale

60-120 orders of magnitude 
smaller than expected!

Planck scale:

SUSY scale: 
(1019 GeV)4
(1 TeV)4 }
(10−3eV)4Measured:

In other words: Λ

(

h̄G

c5

)

≡ Λt2pl ≈
(

H−1
0 /tpl

)

−2
∼ 10

−120

ρVAC =
1
2

∑

fields

gi

∫ ∞

0

√
k2 + m2

d3k

(2π)3
!

∑

fields

gik4
max

16π2



Cosmological Probes of Dark Energy



Weak Gravitational Lensing

Key advantage: measures distribution of matter, 
not light

Credit: NASA, ESA and 
R. Massey (Caltech)

http://www.lsst.org
http://www.lsst.org
http://www.lsst.org
http://www.lsst.org


Weak Gravitational Lensing

Credit: Colombi & Mellier

http://www.lsst.org
http://www.lsst.org


Weak Lensing and Dark Energy

• Probes integrated 
matter density

• Also sensitive to 
Dark Energy 
through distance, 
volume factors

Refregier 2003

distance,
volume factors

(dark) matter
clustering

2-
pt
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WL measures integral over the line of sight:

Pshear !

∫
∞

0

W (r)Pmatter(r)dr



Galaxy clusters: 
number counts

• Essentially fully in the nonlinear regime (scales ~1 Mpc)

d2N

dΩ dz
= n(z)

r(z)2

H(z)

Credit: Quinn, Barnes, Babul, Gibson 0 0.5 1 1.5 2
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ΩM=1, ΩDE=0

ΩM=0.3, ΩDE=0.7, w=-1

w=-0.8



CMB and Dark Energy
S
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orizon

Distance to recombination

T = 2.726 K

δT

T
≈ 10

−5

Bennett et al (WMAP collaboration)

Credit: WMAP team
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CMB and Dark Energy

Hu 2001;  Frieman, Huterer, Linder & Turner 2003

One linear combination of DE parameters is measured by the CMB



Experiment

Systematics control

Experim. Strategies

Theory

Model Building

Modified Gravity or DE?

Phenomenology

Parametrizations

Statistical methods

Cosmo Probes

SNe Ia, Weak Lensing

CMB, BAO, clusters

?



40 Frieman, Turner & Huterer

Table 3: Dark energy projects proposed or under construction. Stage refers
to the DETF time-scale classification.

Survey Description Probes Stage

Ground-based:
ACT SZE, 6-m CL II
APEX SZE, 12-m CL II
SPT SZE, 10-m CL II
VST Optical imaging, 2.6-m BAO,CL,WL II
Pan-STARRS 1(4) Optical imaging, 1.8-m(×4) All II(III)
DES Optical imaging, 4-m All III
Hyper Suprime-Cam Optical imaging, 8-m WL,CL,BAO III
ALPACA Optical imaging, 8-m SN, BAO, CL III
LSST Optical imaging, 6.8-m All IV
AAT WiggleZ Spectroscopy, 4-m BAO II
HETDEX Spectroscopy, 9.2-m BAO III
PAU Multi-filter imaging, 2-3-m BAO III
SDSS BOSS Spectroscopy, 2.5-m BAO III
WFMOS Spectroscopy, 8-m BAO III
HSHS 21-cm radio telescope BAO III
SKA km2 radio telescope BAO, WL IV
Space-based:
JDEM Candidates

ADEPT Spectroscopy BAO, SN IV
DESTINY Grism spectrophotometry SN IV
SNAP Optical+NIR+spectro All IV

Proposed ESA Missions
DUNE Optical imaging WL, BAO, CL
SPACE Spectroscopy BAO
eROSITA X-ray CL

CMB Space Probe
Planck SZE CL

Beyond Einstein Probe
Constellation-X X-ray CL IV

8.2 Space-based surveys

Three of the proposed space projects are candidates for the Joint Dark Energy
Mission (JDEM), a joint mission of the U.S. Department of Energy (DOE) and
the NASA Beyond Einstein program, targeted at dark energy science. Super-
Nova/Acceleration Probe (SNAP) proposes to study dark energy using a dedi-
cated 2-m class telescope. With imaging in 9 optical and near-infrared passbands
and follow-up spectroscopy of supernovae, it is principally designed to probe SNe
Ia and weak lensing, taking advantage of the excellent optical image quality and
near-infrared transparency of a space-based platform. Fig. 17 gives an illustra-
tion of the statistical constraints that the proposed SNAP mission could achieve,
by combining SN and weak lensing observations with results from the Planck
CMB mission. This forecast makes use of the Fisher information matrix de-

Frieman, Turner & Huterer, Ann. Rev. Astro. Astroph., 2008



Upcoming Experiments
Planck South Pole Telescope LSST

Lots and lots of data coming our way



Dark Energy Survey

Blanco 4m telescope in 
Chile

Four techniques to probe Dark Energy:
1. Number Counts of clusters
2. Weak Lensing
3. SNe Ia
4. Angular clustering of galaxies
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SuperNova/Acceleration Probe

NIR 
(HgCdTe)

Visible (CCDs)

~2500 SNe at 0.1<z<1.7



SNAP/JDEM expected constraints

1. Unprecedented SNa Ia dataset
2. Weak Lensing (2pt, 3pt function; cosmography)
3. Huge amount of other science 
   (cluster counts, galaxy clustering, galaxy evolution,  
   strong lensing, type II supernovae, GRBs, .......)
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Systematics summary
38 Frieman, Turner & Huterer

Table 2: Comparison of dark energy probes.

Method Strengths Weaknesses Systematics

WL growth+geometric, CDM assumption image quality,
statistical power photo-z

SN purely geometric, standard candle evolution,
mature assumption dust

BAO largely geometric, large samples bias,
low systematics required non-linearity

CL growth+geometric, CDM assumption determining mass,
X-ray+SZ+optical selection function

8 DARK ENERGY PROJECTS

A diverse and ambitious set of projects to probe dark energy are in progress or
being planned. Here we provide a brief overview of the observational landscape.
With the exception of experiments at the LHC that might shed light on dark
energy through discoveries about supersymmetry or dark matter, all planned
experiments involve cosmological observations. Table 3 provides a representative
sampling, not a comprehensive listing, of projects that are currently proposed or
under construction and does not include experiments that have already reported
results. All of these projects share the common feature of surveying wide areas
to collect large samples of objects — galaxies, clusters, or supernovae.

The Dark Energy Task Force (DETF) report (Albrecht et al. 2006) classified
dark energy surveys into an approximate sequence: on-going projects, either
taking data or soon to be taking data, are Stage II; near-future, intermediate-scale
projects are Stage III; and larger-scale, longer-term future projects are designated
Stage IV. More advanced stages are in general expected to deliver tighter dark
energy constraints, which the DETF quantified using the w0-wa figure of merit
(FoM) discussed in the Appendix (§11.1). Stage III experiments are expected
to deliver a factor ∼ 3 − 5 improvement in the DETF FoM compared to the
combined Stage II results, while Stage IV experiments should improve the FoM
by roughly a factor of 10 compared to Stage II, though these estimates are only
indicative and are subject to considerable uncertainties in systematic errors (see
Fig. 16).

We divide our discussion into ground- and space-based surveys. Ground-based
projects are typically less expensive than their space-based counterparts and can
employ larger-aperture telescopes. The discovery of dark energy and many of the
subsequent observations to date have been dominated by ground-based telescopes.
On the other hand, HST (high-redshift SN observations), Chandra (X-ray clus-
ters), and WMAP CMB observations have played critical roles in probing dark
energy. While more challenging to execute, space-based surveys offer the advan-
tages of observations unhindered by weather and by the scattering, absorption,
and emission by the atmosphere, stable observing platforms free of time-changing
gravitational loading, and the ability to continuously observe away from the sun
and moon. They therefore have the potential for much improved control of sys-
tematic errors.



Conclusions 
• Recent accelerated expansion of the universe is a great 

mystery of modern physics and cosmology

• Type Ia supernovae played - and still play - crucial role

• Constraints on the expansion history are becoming 
tight; however, fundamental understanding is lacking

• Incredible amount of new data is starting to come in, 
sophisticated analytical, statistical and numerical 
methods are required 

• We need a combination of experiments that are
• ground and space probes,
• expansion and growth probes,
• linear and nonlinear theory
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