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Post-Inflation
Baryogenesis: generation of excess of baryon (and 
lepton) number compared to anti-baryon (and anti-lepton) 
number.  In order to create the observed baryon number 
today

it is only necessary to create an excess of about 1 quark 
and lepton for every ~109 quarks+antiquarks and leptons
+antileptons.

Breaking of Pecci-Quinn symmetry so that the observable 
universe is composed of many PQ domains.

Other things that might happen Post-Inflation:

Formation of cosmic topological defects if their amplitude 
is small enough not to violate cosmological bounds.



There is good evidence that there are no large regions of antimatter (Cohen, De Rujula, and 
Glashow, 1998).  It was Andrei Sakharov (1967) who first suggested that the baryon density 
might not represent some sort of initial condition, but might be understandable in terms of 
microphysical laws. He listed three ingredients to such an understanding:

1. Baryon number violation must occur in the fundamental laws. At very early times, if baryon 
number violating interactions were in equilibrium, then the universe can be said to have “started” 
with zero baryon number. Starting with zero baryon number, baryon number violating interactions 
are obviously necessary if the universe is to end up with a non-zero asymmetry. As we will see, 
apart from the philosophical appeal of these ideas, the success of inflationary theory suggests 
that, shortly after the big bang, the baryon number was essentially zero. 

2. CP-violation: If CP (the product of charge conjugation and parity) is conserved, every reaction 
which produces a particle will be accompanied by a reaction which produces its antiparticle at 
precisely the same rate, so no baryon number can be generated.

3. Departure from Thermal Equilibrium (An Arrow of Time): The universe, for much of its 
history, was very nearly in thermal equilibrium. The spectrum of the CMBR is the most perfect 
blackbody spectrum measured in nature. So the universe was certainly in thermal equilibrium 105 
years after the big bang. The success of the theory of big bang nucleosynthesis (BBN) provides 
strong evidence that the universe was in equilibrium two-three minutes after the big bang. But if, 
through its early history, the universe was in thermal equilibrium, then even B and CP violating 
interactions could not produce a net asymmetry. One way to understand this is to recall that the 
CPT theorem assures strict equality of particle and antiparticle masses, so at thermal equilibrium, 
the densities of particles and antiparticles are equal. More precisely, since B is odd under CPT, its 
thermal average vanishes in an equilibrium situation. This can be generalized by saying that the 
universe must have an arrow of time. Following Dine & Kusenko, RMP 2004.

Baryogenesis



Several mechanisms have been proposed to understand the baryon asymmetry:

1. GUT Baryogenesis.  Grand Unified Theories unify the gauge interactions of the strong, 
weak and electromagnetic interactions in a single gauge group. They inevitably violate 
baryon number, and they have heavy particles, with mass of order MGUT ≈ 1016 GeV, whose 
decays can provide a departure from equilibrium. The main objections to this possibility come 
from issues associated with inflation. While there does not exist a compelling microphysical 
model for inflation, in most models, the temperature of the universe after reheating is well 
below MGUT. But even if it were very large, there would be another problem. Successful 
unification requires supersymmetry, which implies that the graviton has a spin-3/2 partner, 
called the gravitino. In most models for supersymmetry breaking, these particles have 
masses of order TeV, and are very long lived. Even though these particles are weakly 
interacting, too many gravitinos are produced unless the reheating temperature is well below 
the unification scale -- too low for GUT baryogenesis to occur.

2. Electroweak baryogenesis. The Standard Model satisfies all of the conditions for 
baryogenesis, but any baryon asymmetry produced is far too small to account for 
observations. In certain extensions of the Standard Model, it is possible to obtain an 
adequate asymmetry, but in most cases the allowed region of parameter space is very small. 

3. Leptogenesis.  The possibility that the weak interactions will convert some lepton number 
to baryon number means that if one produces a large lepton number at some stage, this will 
be processed into a net baryon and lepton number at the electroweak phase transition. The 
observation of neutrino masses makes this idea highly plausible. Many but not all of the 
relevant parameters can be directly measured.

4. Production by coherent motion of scalar fields (the Affleck-Dine mechanism), which 
can be highly efficient, might well be operative if nature is supersymmetric. 
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We measure the charge asymmetry A of like-sign dimuon events in 6.1 fb−1 of pp collisions recorded
with the D0 detector at a center-of-mass energy

√
s = 1.96 TeV at the Fermilab Tevatron collider.

From A, we extract the like-sign dimuon charge asymmetry in semileptonic b-hadron decays: Ab
sl =

−0.00957 ± 0.00251 (stat) ± 0.00146 (syst). This result differs by 3.2 standard deviations from the
standard model prediction Ab

sl(SM) = (−2.3+0.5
−0.6) × 10−4 and provides first evidence of anomalous

CP-violation in the mixing of neutral B mesons.

PACS numbers: 13.25.Hw; 14.40.Nd

I. INTRODUCTION

Studies of particle production and decay under the re-
versal of discrete symmetries (charge, parity and time
reversal) have yielded considerable insight on the struc-
ture of the theories that describe high energy phenomena.
Of particular interest is the observation of CP violation,

∗with visitors from a Augustana College, Sioux Falls, SD, USA, b

The University of Liverpool, Liverpool, UK, c SLAC, Menlo Park,
CA, USA, d ICREA/IFAE, Barcelona, Spain, e Centro de Inves-
tigacion en Computacion - IPN, Mexico City, Mexico, f ECFM,
Universidad Autonoma de Sinaloa, Culiacán, Mexico, g and Uni-
versität Bern, Bern, Switzerland.

a phenomenon well established in the K0 and B0
d sys-

tems, but not yet observed for the B0
s system, where

all CP violation effects are expected to be small in the
standard model (SM) [1] (See [2] and references therein
for a review of the experimental results and of the theo-
retical framework for describing CP violation in neutral
mesons decays). The violation of CP symmetry is a nec-
essary condition for baryogenesis, the process thought to
be responsible for the matter-antimatter asymmetry of
the universe [3]. However, the observed CP violation in
the K0 and B0

d systems, consistent with the standard
model expectation, is not sufficient to explain this asym-
metry, suggesting the presence of additional sources of
CP violation, beyond the standard model.

The D0 experiment at the Fermilab Tevatron proton-
antiproton (pp̄) collider, operating at a center-of-mass

arXiv:1005.2757
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energy
√

s = 1.96 TeV, is in a unique position to study
possible effects of CP violation, in particular through the
study of charge asymmetries in generic final states, given
that the initial state is CP -symmetric. The high center-
of-mass energy provides access to mass states beyond the
reach of the B-factories. The periodic reversal of the D0
solenoid and toroid polarities results in a cancellation
at the first order of most detector-related asymmetries.
In this paper we present a measurement of the like-sign
dimuon charge asymmetry A, defined as

A ≡ N++ − N−−

N++ + N−− , (1)

where N++ and N−− represent, respectively, the number
of events in which the two muons of highest transverse
momentum satisfying the kinematic selections have the
same positive or negative charge. After removing the con-
tributions from backgrounds and from residual detector
effects, we observe a net asymmetry that is significantly
different from zero.

We interpret this result assuming that the only source
of this asymmetry is the mixing of neutral B mesons that
decay semileptonically, and obtain a measurement of the
asymmetry Ab

sl defined as

Ab
sl ≡

N++
b − N−−

b

N++
b + N−−

b

, (2)

where N++
b and N−−

b represent the number of events
containing two b hadrons decaying semileptonically and
producing two positive or two negative muons, respec-
tively. As shown in Appendix A each neutral B0

q meson
(q = d, s) contributes a term to this asymmetry given by:

aq
sl =

∆Γq

∆Mq
tanφq, (3)

where φq is the CP -violating phase, and ∆Mq and ∆Γq

are the mass and width differences between the eigen-
states of the mass matrices of the neutral B0

q mesons.
The SM predicts the values φs = 0.0042 ± 0.0014 and
φd = −0.096+0.026

−0.038 [1]. These values set the scale for
the expected asymmetries in the semileptonic decays of
B0

q mesons that are negligible compared to the present

experimental sensitivity [1]. In the standard model Ab
sl

is

Ab
sl(SM) = (−2.3+0.5

−0.6) × 10−4, (4)

where the uncertainty is mainly due to experimental mea-
surement of the fraction of B0

q mesons produced in pp̄
collisions at the Tevatron, and of the parameters control-
ling the mixing of neutral B mesons. The B0

d semilep-
tonic charge asymmetry, which constrains the phase φd,
has been measured at e+e− colliders [2], and the most
precise results reported by the BaBar and Belle Collab-
orations, given in Refs. [4, 5], are in agreement with the
SM prediction. Extensions of the SM could produce ad-
ditional contributions to the Feynman box diagrams re-
sponsible for B0

q mixing and other corrections that can

provide larger values of φq [6–9]. Measurements of Ab
sl

or φq that differ significantly from the SM expectations
would indicate the presence of new physics.

The asymmetry Ab
sl is also equal to the charge asym-

metry ab
sl of semileptonic decays of b hadrons to muons

of “wrong charge” (i.e. a muon charge opposite to the
charge of the original b quark) induced through B0

q B̄0
q

oscillations [10]:

ab
sl ≡

Γ(B̄ → µ+X) − Γ(B → µ−X)

Γ(B̄ → µ+X) + Γ(B → µ−X)
= Ab

sl. (5)

We extract Ab
sl from two observables. The first is the

like-sign dimuon charge asymmetry A of Eq. (1), and the
second observable is the inclusive muon charge asymme-
try a defined as

a ≡ n+ − n−

n+ + n− , (6)

where n+ and n− correspond to the number of detected
positive and negative muons, respectively.

At the Fermilab Tevatron collider, b quarks are pro-
duced mainly in bb̄ pairs. The signal for the asymme-
try A is composed of like-sign dimuon events, with one
muon arising from direct semileptonic b-hadron decay
b → µ−X [11], and the other muon resulting from B0

q B̄0
q

oscillation, followed by the direct semileptonic B̄0
q me-

son decay B0
q → B̄0

q → µ−X. Consequently the second
muon has the “wrong sign” due to B0

q B̄0
q mixing. For

the asymmetry a, the signal comes from mixing, followed
by the semileptonic decay B0

q → B̄0
q → µ−X. The main

backgrounds for these measurements arise from events
with at least one muon from kaon or pion decay, or from
the sequential decay of b quarks b → c → µ+X. For the
asymmetry a, there is an additional background from di-
rect production of c-quarks followed by their semileptonic
decays.

The data used in this analysis were recorded with the
D0 detector [12–14] at the Fermilab Tevatron proton-
antiproton collider between April 2002 and June 2009
and correspond to an integrated luminosity of 6.1 ±
0.4 fb−1. The result presented in this Article supersedes
our previous measurement [15] based on the initial data
set corresponding to 1 fb−1 of integrated luminosity. In
addition to the larger data set, the main difference be-
tween these two analyses is that almost all quantities in
the present measurement are obtained directly from data,
with minimal input from simulation. To avoid any bias,
the central value of the asymmetry was extracted from
the full data set only after all other aspects of the analysis
and all systematic uncertainties had been finalized.

The outline of the paper is as follows. In Sec. II, we
present the strategy of the measurement. The detec-
tor and data selections are discussed in Sec. III, and in
Sec. IV we describe the Monte Carlo simulations used
in this analysis. Sections V-XIII provide further details.
Section XIV presents the results, Sec. XV describes con-
sistency checks, Sec. XVI compares the obtained result
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3. Leptogenesis.

There is now compelling experimental evidence that neutrinos have mass, both from 
solar and atmospheric neutrino experiments and accelerator and reactor 
experiments.  The masses are tiny, fractions of an eV.  The “see-saw mechanism” is 
a natural way to generate such masses.  One supposes that in addition to the 
neutrinos of the Standard Model, there are some SU(2)xU(1)-singlet neutrinos, N. 
Nothing forbids these from obtaining a large mass. This could be of order MGUT, for 
example, or a bit smaller. These neutrinos could also couple to the left handed 
doublets νL, just like right handed charged leptons. Assuming that these couplings 
are not particularly small, one would obtain a mass matrix, in the {N, νL} basis, of the 
form

This matrix has an eigenvalue  

The latter number is of the order needed to explain the neutrino anomaly for
M ∼ 1013 or so, i.e. not wildly different than the GUT scale and other scales which 
have been proposed for new physics.  For leptogenesis (Fukugita and Yanagida, 
1986), what is important in this model is that the couplings of N break lepton number. 
N is a heavy particle; it can decay both to h + ν and h + ν-bar, for example. The 
partial widths to each of these final states need not be the same. CP violation can 
enter through phases in the Yukawa couplings and mass matrices of the N’s.



As the universe cools through temperatures of order the of masses of the N’s, they 
drop out of equilibrium, and their decays can lead to an excess of neutrinos over 
antineutrinos. Detailed predictions can be obtained by integrating a suitable set of 
Boltzmann equations.  These decays produce a net lepton number, but not baryon 
number (and hence a net B − L). The resulting lepton number will be further processed 
by sphaleron interactions, yielding a net lepton and baryon number (recall that 
sphaleron interactions preserve B − L, but violate B and L separately).  Reasonable 
values of the neutrino parameters give asymmetries of the order we seek to explain.

It is interesting to ask: assuming that these processes are the source of the observed 
asymmetry, how many parameters which enter into the computation can be measured, 
i.e. can we relate the observed number to microphysics.  It is likely that, over time, 
many of the parameters of the light neutrino mass matrices, including possible CP-
violating effects, will be measured. But while these measurements determine some of 
the couplings and masses, they are not, in general, enough. In order to give a precise 
calculation, analogous to the calculations of nucleosynthesis, of the baryon number 
density, one needs additional information about the masses of the fields N. One either 
requires some other (currently unforseen) experimental access to this higher scale 
physics, or a compelling theory of neutrino mass in which symmetries, perhaps, 
reduce the number of parameters.



4. Production by coherent motion of scalar fields (the Affleck-Dine mechanism)

The formation of an AD condensate can occur quite generically in cosmological
models. Also, the AD scenario potentially can give rise simultaneously to the ordinary 
matter and the dark matter in the universe. This can explain why the amounts of 
luminous and dark matter are surprisingly close to each other, within one order of 
magnitude. If the two entities formed in completely unrelated processes (for example,
the baryon asymmetry from leptogenesis, while the dark matter from freeze-out of 
neutralinos), the observed relation ΩDARK ∼ Ωbaryon is fortuitous.

In supersymmetric theories, the ordinary quarks and leptons are accompanied by 
scalar fields. These scalar fields carry baryon and lepton number. A coherent field, i.e., 
a large classical value of such a field, can in principle carry a large amount of baryon 
number. As we will see, it is quite plausible that such fields were excited in the early 
universe.  To understand the basics of the mechanism, consider first a model with a 
single complex scalar field. Take the Lagrangian to be

This Lagrangian has a symmetry, φ → eiαφ, and a corresponding conserved current, 
which we will refer to as baryon current:

It also possesses a “CP” symmetry: φ ↔ φ∗.  With supersymmetry in mind, we will 
think of m as of order MW.



Let us add interactions in the following way, which will closely parallel what happens in 
the supersymmetric case.  Include a set of quartic couplings:

These interactions clearly violate B. For general complex ε and δ, they also violate 
CP. In supersymmetric theories, as we will shortly see, the couplings will be extremely 
small.  In order that these tiny couplings lead to an appreciable baryon number, it is 
necessary that the fields, at some stage, were very large. 

To see how the cosmic evolution of this system can lead to a non-zero baryon 
number, first note that at very early times, when the Hubble constant, H ≫ m, the mass 
of the field is irrelevant. It is thus reasonable to suppose that at this early time φ = φo 
≫ 0. How does the field then evolve? First ignore the quartic interactions. In the 
expanding universe, the equation of motion for the field is as usual

At very early times, H ≫ m, and so the system is highly overdamped and essentially 
frozen at φo. At this point, B = 0.



Once the universe has aged enough that H ≪ m, φ begins to oscillate. Substituting H 
= 1/2t or H = 2/3t for the radiation and matter dominated eras, respectively, one finds 
that

In either case, the energy behaves, in terms of the scale factor, R(t), as

Now let’s consider the effects of the quartic couplings. Since the field amplitude 
damps with time, their significance will decrease with time. Suppose, initially, that φ = 
φo is real. Then the imaginary part of φ satisfies, in the approximation that ε and δ are 
small,

For large times, the right hand falls as t−9/2, whereas the left hand side falls off only as 
t−3/2. As a result, baryon number violation becomes negligible. The equation goes over 
to the free equation, with a solution of the form

The constants can be obtained numerically, and are of order unity



But now we have a non-zero baryon number; substituting in the expression for the 
current,

Two features of these results should be noted. First, if ε and δ vanish, nB vanishes. 
If they are real, and φo is real, nB vanishes.  It is remarkable that the Lagrangian 
parameters can be real, and yet φo can be complex, still giving rise to a net baryon 
number. Supersymmetry breaking in the early universe can naturally lead to a very 
large value for a scalar field carrying B or L. Finally, as expected, nB is conserved at 
late times.

This mechanism for generating baryon number could be considered without 
supersymmetry. In that case, several questions arise:

• What are the scalar fields carrying baryon number?
• Why are the φ4 terms so small?
• How are the scalars in the condensate converted to more familiar particles?

In the context of supersymmetry, there is a natural answer to each of these 
questions. First, there are scalar fields (squarks and sleptons) carrying baryon and 
lepton number. Second, in the limit that supersymmetry is unbroken, there are 
typically directions in the field space in which the quartic terms in the potential 
vanish. Finally, the scalar quarks and leptons will be able to decay (in a baryon and 
lepton number conserving fashion) to ordinary quarks.



In addition to topologically stable solutions to the field equations such as strings or 
monopoles, it is sometimes also possible to find non-topological solutions, called Q-
balls, which can form as part of the Affleck-Dine condensate.  These are usually 
unstable and could decay to the dark matter, but in some theories they are stable and 
could be the dark matter.  The various possibilities are summarized as follows:

The parameter space of the MSSM consistent with LSP dark matter is very different, 
depending on whether the LSPs froze out of equilibrium or were produced from the 
evaporation of AD baryonic Q-balls.  If supersymmetry is discovered, one will be able 
to determine the properties of the LSP experimentally. This will, in turn, provide some 
information on the how the dark-matter SUSY particles could be produced. The 
discovery of a Higgsino-like LSP would be a evidence in favor of Affleck–Dine 
baryogenesis. This is a way in which we might be able to establish the origin of 
matter-antimatter asymmetry.

Possible
explanation
for why
ΩDARK ∼ Ωbaryon



Review of mechanisms that have been proposed to generate the baryon asymmetry:

1. GUT Baryogenesis.  Grand Unified Theories unify the gauge interactions of the strong, 
weak and electromagnetic interactions in a single gauge group. They inevitably violate 
baryon number, and they have heavy particles, with mass of order MGUT ≈ 1016 GeV, whose 
decays can provide a departure from equilibrium. The main objections to this possibility come 
from issues associated with inflation. While there does not exist a compelling microphysical 
model for inflation, in most models, the temperature of the universe after reheating is well 
below MGUT. But even if it were very large, there would be another problem. Successful 
unification requires supersymmetry, which implies that the graviton has a spin-3/2 partner, 
called the gravitino. In most models for supersymmetry breaking, these particles have 
masses of order TeV, and are very long lived. Even though these particles are weakly 
interacting, too many gravitinos are produced unless the reheating temperature is well below 
the unification scale -- too low for GUT baryogenesis to occur.

2. Electroweak baryogenesis. The Standard Model satisfies all of the conditions for 
baryogenesis, but any baryon asymmetry produced is far too small to account for 
observations. In certain extensions of the Standard Model, it is possible to obtain an 
adequate asymmetry, but in most cases the allowed region of parameter space is very small. 

3. Leptogenesis.  The possibility that the weak interactions will convert some lepton number 
to baryon number means that if one produces a large lepton number at some stage, this will 
be processed into a net baryon and lepton number at the electroweak phase transition. The 
observation of neutrino masses makes this idea highly plausible. Many but not all of the 
relevant parameters can be directly measured.

4. Production by coherent motion of scalar fields (the Affleck-Dine mechanism), which 
can be highly efficient, might well be operative if nature is supersymmetric. 



Cosmic Microwave Background
Early History
Although Penzias and Wilson discovered the CMB in 1965, Weinberg (p. 104) 
points out that Adams and McKellar had shown that the rotational spectra of 
cyanogen (CN) molecules observed in 1941 suggested that the background 
temperature is about 3K.  

The COBE FIRAS measurements showed that the spectrum is that of thermal 
radiation with T = 2.73K.  

The CMB dipole anisotropy was discovered 
by Paul Henry (1971) and Edward Conklin 
(1972),  and confirmed by Conklin and 
Wilkinson (1977) and Smoot, Gorenstein, 
and Muller (1977) -- see http://www.astro.ucla.edu/
~wright/CMB-dipole-history.html

The upper panel of the figure shows the 
CMB dipole anisotropy in the COBE data.  It 
is usually subtracted when the temperature 
anisotropy map is displayed (lower panel).

http://www.astro.ucla.edu/~wright/CMB-dipole-history.html
http://www.astro.ucla.edu/~wright/CMB-dipole-history.html
http://www.astro.ucla.edu/~wright/CMB-dipole-history.html
http://www.astro.ucla.edu/~wright/CMB-dipole-history.html


CMB Temperature Anisotropy
Sachs & Wolfe (1967, ApJ, 147, 73) showed that on large angular scales the 
temperature anisotropy is ΔT/T = φ/3c2 .  White & Hu give a pedagogical 
derivation in http://background.uchicago.edu/~whu/Papers/sw.pdf

This was first convincingly seen by the COBE DMR experiment, reported by 
George Smoot on April 27, 1992.  Their result ΔT/T = 10-5  had been predicted by 
the CDM model (Blumenthal, Faber, Primack, & Rees 1984).  The search then 
began for smaller-angular-scale CMB anisotropies.

http://background.uchicago.edu/~whu/Papers/sw.pdf
http://background.uchicago.edu/~whu/Papers/sw.pdf
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This and the next several slides are from a talk by Wayne Hu; see 
http://background.uchicago.edu/~whu/beginners/introduction.html



See also Annual Rev. Astron. and Astrophys. 2002
Cosmic Microwave Background Anisotropies
by Wayne Hu  and Scott Dodelson 

















http://background.uchicago.edu/
~whu/Presentations/
warnerprint.pdf

From Wayne Hu’s Warner Prize 
Lecture, AAS meeting Jan 2001

http://background.uchicago.edu/
http://background.uchicago.edu/
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Annu. Rev. Astron. and 
Astrophys. 2002
Cosmic Microwave Background 
Anisotropies by Wayne Hu  and 
Scott Dodelson 



http://space.mit.edu/home/tegmark/

For animation of the effects of changes in 
cosmological parameters on the CMB angular 
power spectrum and the matter power spectrum, 
plus links to many CMB websites, see Max 
Tegmark’s and Wayne Hu’s websites:

http://background.uchicago.edu/~whu/physics/
physics.html

http://space.mit.edu/home/tegmark/
http://space.mit.edu/home/tegmark/
http://livepage.apple.com/
http://livepage.apple.com/
http://background.uchicago.edu/~whu/physics/physics.html
http://background.uchicago.edu/~whu/physics/physics.html
http://background.uchicago.edu/~whu/physics/physics.html
http://background.uchicago.edu/~whu/physics/physics.html
http://livepage.apple.com/
http://livepage.apple.com/


G. Hinshaw et al.

Fig. 12. The foreground-reduced Internal Linear Combination (ILC) map.

WMAP 5-year data and papers are at http://lambda.gsfc.nasa.gov/ 
ApJS, 180, 225 (2009)

http://lambda.gsfc.nasa.gov
http://lambda.gsfc.nasa.gov


     Considering a range of extended models, we continue to find that 
the standard ΛCDM model is consistently preferred by the data. 
The improved measurement of the third peak now requires the 
existence of light relativistic species, assumed to be neutrinos, at high 
confidence. The standard scenario has three neutrino species, but the 
three-year WMAP data could not rule out models with none. The CDM 
model also continues to succeed in fitting a substantial array of 
other observations. Certain tensions between other observations and 
those of WMAP, such as the amplitude of matter fluctuations measured 
by weak lensing surveys and using the Ly-α forest, and the primordial 
lithium abundance, have either been resolved with improved 
understanding of systematics, or show promise of being explained by 
recent observations. With further WMAP observations we will better 
probe both the universe at a range of epochs, measuring fluctuation
characteristics to probe the initial inflationary process, or other non-
inflationary scenario, improving measurements of the composition of the 
universe at the recombination era, and characterizing the reionization 
process in the universe.

J. Dunkley, et.al.  Five-Year Wilkinson Microwave Anisotropy Probe 
(WMAP) Observations: Likelihoods and Parameters from WMAP Data
Final paragraph of Conclusions:





Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations:
Sky Maps, Systematic Errors, and Basic Results  -  N. Jarosik et al. -  January 2010

http://lambda.gsfc.nasa.gov/product/space/

Fig. 9.— The 
temperature (TT) and 
temperature-polarization 
(TE) power spectra for 
the seven-year WMAP 
data set. The solid lines 
show the predicted 
spectrum for the best-fit 
flat ΛCDM model. The 
error bars on the data 
points represent 
measurement errors 
while the shaded region 
indicates the uncertainty 
in the model spectrum 
arising from cosmic 
variance.

1st peak at 10 
⇒ space is flat

TE anti-correlation
constrains non-

adiabatic fluctuations

http://lambda.gsfc.nasa.gov/product/space/
http://lambda.gsfc.nasa.gov/product/space/


Table 8. WMAP Seven-
year Cosmological 
Parameter Summary

The parameters reported in 
the first section assume the 
6 parameter flat CDM 
model, first using WMAP 
data only (Larson et al. 
2010), then using WMAP 
+BAO+H0 data (Komatsu et 
al. 2010). The H0 data 
consists of a
Gaussian prior on the 
present-day value of the 
Hubble constant, H0 = 74.2 Å} 
3.6 km s−1 Mpc−1(Riess et al. 
2009), while the BAO priors 
on the distance ratio rs(zd)/
DV(z) at z = 0.2, 0.3 are 
obtained from the Sloan 
Digital Sky Survey Data 
Release 7 (Percival et al. 
2009). Uncertainties are 
68% CL unless otherwise 
noted.

N. Jarosik et al. -
  January 2010
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