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OK, now you can leave!
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QFT

SU (3)c ⊗ SU (2)L ⊗ U (1)Y
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Table 1. The 26 Parameters of the Standard Model of Particle Physics.
6 quark masses:
4 quark mixing angles:
6 lepton masses:
4 lepton mixing angles:
3 electroweak parameters:
1 Higgs mass:
1 strong CP violating phase:
1 QCD coupling constant:
26 total parameters
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ferences. But now string theorists have renamed it ‘the Landscape’ [61] and given it some theoretical
basis. Although these ideas may now have a little more mainstream credibility (and are discussed in a
later section), still not everyone agrees that it is a worthy avenue of inquiry.1
The number of parameters within the standard model varies slightly among phenomenologists,
depending on precisely how minimal the model under consideration is, and, in particular, how the
neutrinos are treated. A popular counting exercise gives 19 parameters in the minimal SMPP, plus
7 additional quantities to describe the neutrino sector. This is shown in Table 1. There are 26 free
parameters in this model; if we were to develop the SMPP from scratch, then presumably we would
label the parameters as A, B, C, . . . , Z. Given this proliferation of numbers, one expects that, for the
sake of elegance, there must be a more fundamental theory with far fewer parameters.
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Table 2. The 12 Parameters of the Standard Model of Cosmology.
1 temperature:
1 timescale:
4 densities:
1 pressure:
1 mean free path:
4 fluctuation descriptors:
12 total parameters

T0
H0
ΩΛ
w ≡ p/ρ
τreion
A

ΩCDM

ΩB

Ων

n

n! ≡ dn/d ln k

r ≡ T /S

came clear that (at least in principle) several parameters could be measured which would con
nflaton potential. But to do this carefully, one had to take into account other astrophysical e
he CMB anisotropies, particularly anisotropy suppression in the period since the Universe be
nized – hence another parameter needed to be added.
We have thus ended up with a Standard Model of Cosmology (hereafter SMC), which is bas
s as old as the SMPP, but which solidified only about a decade ago. Determining the precise
n the SMC was in place is a little murky (to say the least). The late 1980s and early 1990s w
of increasing tension among different pieces of observational data, which (at least in hind
because the SMC was about to fall into place. There were also a few false leads, such as the
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Basic Cosmology Equations

• Scale

factor a(t)≡1/(1+z):

H ≡ ȧ/aρ

• Spatially

2

crit

= 3H /8πG Ω = ρ/ρcrit

flat:

Ωγ + ΩM + ΩΛ = 1

• Friedmann
2

!

equation:
4

3

H (z) = Ωγ (1 + z) + ΩM (1 + z) + ΩΛ

"

2
H0

That described the “background”
- now for the perturbations

•Write

distribution function for each fluid:
f(p,θ,φ,x)
•Boltzmann equations: Df/Dt = collisions
•Perform linear perturbations
•Expand in k-modes (for space)
+ l-modes (for angles)
•→coupled hierarchy of Boltzmann equations
•Solve numerically for any (independent) k
•Evolve to obtain P(k) today
•Integrate (carefully) over k and integrate
through line-of-sight for power spectra
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★ What’s in the jar?
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FIG 2.2.— The left panel (courtesy of the WMAP Science Team) shows a summar
surements from various experiments prior to the release of the first year results from WM
experimental data are as follows: COBE (Tegmark 1996), Archeops (Benoit et al. 2003),
Boomerang (Ruhl et al. 2003), Maxima (Lee et al. 2001), DASI (Halverson et al. 2002),
and ACBAR (Kuo et al. 2004). The right panel shows results from the first year of WM
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SUMMARY
A diverse set of observations now compellingly suggest that Universe possesses a
nonzero cosmological constant. In the context of quantum-field theory a cosmological
constant corresponds to the energy density of the vacuum, and the wanted value for
the cosmological constant corresponds to a very tiny vacuum energy density. We discuss future observational tests for a cosmological constant as well as the fundamental
theoretical challenges—and opportunities—that this poses for particle physics and
for extending our understanding of the evolution of the Universe back to the earliest
moments.
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THE COSMOLOGICAL CONSTANT IS BACK

Princeton, N.J. 08544 USA

Paul J. Steinhardt
Department of Physics and Astronomy
University of Pennsylvania
Philadelphia, Pennsylvania 19104 USA

Abstract
It is interesting, and perhaps surprising, that despite a growing diversity
of independent astronomical and cosmological observations, there remains a
substantial range of cosmological models consistent with all important observational constraints. The constraints guide one forcefully to examine models
in which the matter density is substantially less than critical density. Particularly noteworthy are those which are consistent with inflation. For these models, microwave background anisotropy, large-scale structure measurements, direct measurements of the Hubble constant, H0 , and the closure parameter,
ΩMatter , ages of stars and a host of more minor facts are all consistent with a
spatially flat model having significant cosmological constant ΩΛ = 0.65 ± 0.1,
ΩMatter = 1 − ΩΛ (in the form of “cold dark matter”) and a small tilt:
0.8 < n < 1.2.

Vintage of the SMC?
Nature 348, 705 - 707 (27 December 1990); doi:10.1038/348705a0

The cosmological constant and cold dark matter
G. EFSTATHIOU, W. J. SUTHERLAND & S. J. MADDOX

Department of Physics, University of Oxford, Oxford 0X1 3RH, UK

THE cold dark matter (CDM) model1–4 for the formation and distribution of galaxies in a universe with
exactly the critical density is theoretically appealing and has proved to be durable, but recent work5–8
suggests that there is more cosmological structure on very large scales (l> 10 h –1 Mpc, where h is the Hubble
constant H 0 in units of 100 km s–1 Mpc–1) than simple versions of the CDM theory predict. We argue here
that the successes of the CDM theory can be retained and the new observations accommodated in a spatially
flat cosmology in which as much as 80% of the critical density is provided by a positive cosmological
constant, which is dynamically equivalent to endowing the vacuum with a non-zero energy density. In such a
universe, expansion was dominated by CDM until a recent epoch, but is now governed by the cosmological
constant. As well as explaining large-scale structure, a cosmological constant can account for the lack of
fluctuations in the microwave background and the large number of certain kinds of object found at high
redshift.
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primarily on WMAP temperature fluctuation measurements. These data are the most recent in a series of polarization
measurements at l � 50. However, high-l polarization observations do not (yet) substantially enhance the power of
the full data to constrain parameters, so we do not include them in the nine-year analysis.

WMAP+SPT+ACT

Fig. 1.— A compilation of the CMB data used in the nine-year WMAP analysis. The WMAP data are shown in black, the extended
CMB data set – denoted ‘eCMB’ throughout – includes SPT data in blue (Keisler et al. 2011), and ACT data in orange, (Das et al. 2011).
We also incorporate constraints from CMB lensing published by the SPT and ACT groups (not shown). The ΛCDM model fit to the
WMAP data alone (shown in grey) successfully predicts the higher-resolution data.

2.2.2. Baryon Acoustic Oscillations

The acoustic peak in the galaxy correlation function has now been detected over a range of redshifts from z = 0.1
to z = 0.7. This linear feature in the galaxy data provides a standard ruler with which to measure the distance ratio,
DV /rs , the distance to objects at redshift z in units of the sound horizon at recombination, independent of the local
Hubble constant. In particular, the observed angular and radial BAO scales at redshift z provide a geometric estimate
of the eﬀective distance,

Hinshaw et al. 2012
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Figure 1. E and B modes of the shear correlation function ξ (filled and open points, respectively) as measured for each survey. Note that the 1σ errors on the
E-modes include statistical noise, non-Gaussian cosmic variance (see §6) and a systematic error given by the magnitude of the B-mode. The 1σ error on the
B-modes is statistical only. The results are presented on a log-log scale, despite the existence of negative B-modes. We have therefore collapsed the infinite
space between 10−7 and zero, and plotted negative values on a separate log scale mirrored on 10−7 . Hence all values on the lower portion of the graph are
negative, their absolute value is given by the scaling of the graph. Note that this choice of scaling exagerates any discrepancies. The solid lines show the best
fit ΛCDM model for Ω = 0.24, h = 0.72, Γ = hΩ , σ given in Table 4, and n(z) given in Table 2. The latter two being chosen for the case of the high
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Table 2. The 12 Parameters of the Standard Model of Cosmology.
1 temperature:
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4 densities:
1 pressure:
1 mean free path:
4 fluctuation descriptors:
12 total parameters

T0
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ΩΛ
w ≡ p/ρ
τreion
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ΩCDM

ΩB

Ων

n

n! ≡ dn/d ln k

r ≡ T /S

came clear that (at least in principle) several parameters could be measured which would con
nflaton potential. But to do this carefully, one had to take into account other astrophysical e
he CMB anisotropies, particularly anisotropy suppression in the period since the Universe be
nized – hence another parameter needed to be added.
We have thus ended up with a Standard Model of Cosmology (hereafter SMC), which is bas
s as old as the SMPP, but which solidified only about a decade ago. Determining the precise
n the SMC was in place is a little murky (to say the least). The late 1980s and early 1990s w
of increasing tension among different pieces of observational data, which (at least in hind
because the SMC was about to fall into place. There were also a few false leads, such as the
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Beyond the SMC?
Constrain parameters better?
Which of others have null values?
1+w and B-modes measurable?
Damping of high multipoles?
Will it get as boringly successful
as the SMPP?
Something we haven’t thought of?

Constraining “w”

w=p/ρ
for DE
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Dark Energy Theories

Dark Energy Theories
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Quintessence with perturbations
Rolling scalar field
Generalized Chaplygin gas
k-essence
Cuscuton cosmology
Tracker fields
Phantom Energy
Cardassian Dark Energy
Interacting Dark Matter-Dark Energy
DGP brane cosmology
f(R) gravity
Gauss-Bonnet gravity
Scalar-tensor theories
Tensor-Vector-Scalar theory
Lorentz-violating Dark Energy
Tolman-Bondi cosmology
Back-reaction effects
Elastic Dark Energy
Holographic Dark Energy
Natural Dark Energy

Good Dark Energy Theories

SMPP

SMC

Early 1970s

Early 1990s

Predicted:

Predicted:

•

W,Z,c,t,g,Higgs

Not fundamental
Observer
independent

•~6

things (later)

Not fundamental
Observer dependent
(time + Cosmic Var.)

Where did the parameters come
from?
Connection with fundamental
physics theory?

Are some
parameters
stochastic?
(Did someone say the
“A” word?)
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parameters
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3rd CMB
satellite

All sky
5’ resoln.

9 bands:
30-860GHz
(LFI & HFI)

Launched
May
2009

21st March 2013!

Looking towards the future ...

Looking towards the future ...

...20 years later it’s the same SMC!

