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How did the Universe begin?
What is its fate?

What is it made of?
What are its fundamental laws?

Why do we exist?

interdisciplinary institute of 
astronomy, physics and mathematics

10-year program by Japanese 
government since 2007
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+30 students, 35 staffs ≈ 140 on site



brand-new building 2010



obelisk
“L’Universo é scritto in
lingua matematica”

“European town square”



Asahi TV



officially Kavli IPMU on April 1, 2012
First research institute in Japan named 
after a donor, breaking new grounds



May 9, meeting with Prime Minister Noda

http://www.kantei.go.jp/jp/noda/actions/201205/09kavli.html

http://www.kantei.go.jp/jp/noda/actions/201205/09kavli.html
http://www.kantei.go.jp/jp/noda/actions/201205/09kavli.html


• Basic research is very important, because it is a 
common resource shared by the whole 
humanity.
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star

Big Bang dark ages

13.7Gyr

particle soup

Earth

The whole 
Universe was
smaller than 

an atom



scales

107m

1020m

1011m

10−10m

10−19m

1027m

1023m

0.1m

10−15m

103m

•distance scales in nature





Time Machine



Time Machine



Solar System





375 km above ground

skin of peach
Apr 7 2012



Sep 30, 2008
Kaguya

380,000km
=1.3 light seconds



380,000km
=1.3 light seconds



1.5×108km
=8.3 light minutes



Made of atoms

• everything around us is made of atoms
• stars are made of atoms, too
• spectroscopy



metals



1.5×108km
=8.3 light minutes

E=mc2

5 Mt lighter every second
turning mass to energy

burning hydrogen

proton

4He

+ 2e+ + 2ne + 25MeV



proof
nuclear fusion also produces neutrinos
tens of trillions of neutrinos going through our body 
every second

1 km underground

SuperKamiokande



luck

Feb 23
1987

160,000 years

too high
BG

retire-
ment

distant stars are
made of atoms, too



Earth resolves around the Sun with 30km/sec

Solar System
Neptune

4 light hours

Itokaw
a

20 light m
inutes

ボイジャー
16光時間

v / 1p
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High School physics
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closest star

Proxima Centauri
4.2 light years



Milky Way and Galaxies







28,000
light years

~1011 stars



1500 lyr

28,000 lyr



28,000
light years

few stars



Andromeda M33 = 2.5M lyr

will collide with us
in 4.5 billion years



How do we measure 
the rotation curve?

• Special relativity

• hyperfine splitting in 
neutral hydrogen

• 21cm line can be excited 
by the cosmic 
microwave background

• kT0=0.23 meV

• h c/21cm = 0.94 μeV

f 0 =

r
c⌥ v

c± v
f ⇡

⇣
1⌥ c

v

⌘
f

F=1

F=0

21cm





Vera
Rubin

1960s







100k lyrs

??



connects galaxies
– 12 –

Fig. 2.— The mean surface mass density profile as a function of the distance from the centre of

galaxies. The thick solid curve is the mean of all haloes above the mass threshold. The dash-dotted

curve represents the contribution from particles bound to haloes, i.e., particles that reside within

the virial radius of all haloes. The data with error bars are the observational estimate by MSFR

as in the previous figure.Ménard et al 2009

– 14 –

Fig. 4.— Fraction of mass contained in the sphere centred on individual haloes with radius αRvir,

where Rvir is the pseudovirial radius and α is the multiplier represented in the abscissa. The solid

curve is 0.23 ln +0.23 given in the text.

Masaki Fukugita Yoshida 2011

stacking 85k quasars near 20M galaxies



galaxies
rejuvenated

after mergers



Center of Milky Way

http://www.eso.org/public/outreach/press-rel/pr-2008/phot-46-08.html

http://www.eso.org/public/outreach/press-rel/pr-2008/phot-46-08.html
http://www.eso.org/public/outreach/press-rel/pr-2008/phot-46-08.html


http://www.eso.org/public/outreach/press-rel/pr-2008/phot-46-08.html

http://www.eso.org/public/outreach/press-rel/pr-2008/phot-46-08.html
http://www.eso.org/public/outreach/press-rel/pr-2008/phot-46-08.html


Supermassive Black Hole

• supermassive blackhole of mass 
~4M Msun at the center of Milky 
Way

• swallows gas around it
• “death cry” for about 30 min
• but can’t be dark matter, far less 

than 100billion stars

http://www.eso.org/public/outreach/press-rel/pr-2008/phot-46-08.html

http://www.eso.org/public/outreach/press-rel/pr-2008/phot-46-08.html
http://www.eso.org/public/outreach/press-rel/pr-2008/phot-46-08.html


Cluster of Galaxies



Coma cluster



motion of galaxies

• galaxies are moving in 
the mutual gravitational 
potential

• assume virialized motion 
<v2>= GN M/r

• but they are too fast, too

• first proposal of “dark 
matter”

Fred Zwicky



gravitational lensing





gravitational lensing
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Clusters of galaxies

distortion in images of BG galaxies 2D map of dark matter
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“see” invisible dark matter

Subaru telescope

more than 80% of matter is not atoms!





as expected by theory

Subaru measurements. 
Okabe, Takada+ 11�

Excellent agreement between WL 
measurements and CDM simulations�

Research highlights 

Okabe, Takada et al. 2010 
Okabe, Takada et al. 2011 in prep. 

Have obtained Subaru 
data of all the 52 
previously-known, X-
ray luminous clusters 
in 0.15<z<0.3 

This projected started 
in 2005; it has taken 6 
years so far  �

Research highlights 

45 clusters stacked consistent with NFW profile



collion of clusters at 4500 km/s

lucky we are not here

4 billion lyr away



Dark Matter



fly-through based on SDSS-III data





nearly homogeneous
small winkles

20 billion lyr

2 billion lyr

2 billion lyr







galaxy 13.2 billion lyr away



dark ages
13.6 billion lyr away



Train Wreck Cluster



Train Wreck Cluster



Friedmann Universe



Expanding space
• Hubble law: v=H0 d

• λ=λ0(1+z)

• z: redshift = R0/R

• adiabatic expansion ⇒ 

T∝R–1

• T=T0(1+z)

• bigger and colder

• Universe started small, hot

Big Bang!

d = d0
R(t)

R0
ḋ(t) = d0

Ṙ(t)

R0

ḋ = d0
Ṙ

R0
= H0d

H0 =
Ṙ

R
= 71km/s/Mpc





7 times larger
than the current value!



Cepheids calibration

W. Freedman et al, APJ, 758:24, 2012

magnitude +2 
= brightness /100

H0=74.3±2.1 km/s/Mpc



62 FREEDMAN ET AL. Vol. 553

FIG. 4.ÈTop : Hubble diagram of distance vs. velocity for secondary
distance indicators calibrated by Cepheids. Velocities in this plot are cor-
rected for the nearby Ñow model of Mould et al. (2000a). Squares : Type Ia
supernovae ; Ðlled circles : Tully-Fisher clusters (I-band observations) ; tri-
angles : fundamental plane clusters ; diamonds : surface brightness Ñuctua-
tion galaxies ; open squares : Type II supernovae. A slope of isH0 \ 72
shown, Ñanked by ^10% lines. Beyond 5000 km s~1 (vertical line), both
numerical simulations and observations suggest that the e†ects of peculiar
motions are small. The Type Ia supernovae extend to about 30,000 km s~1,
and the Tully-Fisher and fundamental plane clusters extend to velocities of
about 9000 and 15,000 km s~1, respectively. However, the current limit for
surface brightness Ñuctuations is about 5000 km s~1. Bottom : Value of H0as a function of distance.

^ 7 km s~1 Mpc~1. The random uncertainty is deÐned at
the ^34% points of the cumulative distribution. The sys-
tematic uncertainty is discussed below. For our Bayesian
analysis, we assume that the priors on and on the prob-H0ability of any single measurement being correct are uniform
and compute the project of the probability distributions. In
this case, we Ðnd km s~1 Mpc~1. TheH0 \ 72 ^ 2 ^ 7
formal uncertainty on this result is very small, and simply
reÑects the fact that four of the values are clustered very
closely, while the uncertainties in the FP method are large.
Adjusting for the di†erences in calibration, these results are
also in excellent agreement with the weighting based on
numerical simulations of the errors by Mould et al. (2000a),
which yielded 71 ^ 6 km s~1 Mpc~1, similar to an earlier
frequentist and Bayesian analysis of Key Project data
(Madore et al. 1999) giving km s~1H0 \ 72 ^ 5 ^ 7
Mpc~1, based on a smaller subset of available Cepheid
calibrators.

As is evident from Figure 3, the value of based on theH0fundamental plane is an outlier. However, both the random
and systematic errors for this method are larger than for the
other methods, and hence the contribution to the combined
value of is relatively low, whether the results areH0weighted by the random or systematic errors. We recall also
from Table 1 and ° 6 that the calibration of the fundamental
plane currently rests on the distances to only three clusters.
If we weight the fundamental-plane results factoring in the
small number of calibrators and the observed variance of
this method, then the fundamental plane has a weight that

ranges from 5 to 8 times smaller than any of the other four
methods, and results in a combined, metallicity-corrected
value for of 71 ^ 4 (random) km s~1 Mpc~1.H0Figure 4 displays the results graphically in a composite
Hubble diagram of velocity versus distance for Type Ia
supernovae ( Ðlled squares), the Tully-Fisher relation ( Ðlled
circles), surface-brightness Ñuctuations ( Ðlled diamonds), the
fundamental plane ( Ðlled triangles), and Type II supernovae
(open squares). In the bottom panel, the values of areH0shown as a function of distance. The Cepheid distances have
been corrected for metallicity, as given in Table 4. The
Hubble line plotted in this Ðgure has a slope of 72 km s~1
Mpc~1, and the adopted distance to the LMC is taken to be
50 kpc.

8. OVERALL SYSTEMATIC UNCERTAINTIES

There are a number of systematic uncertainties that a†ect
the determination of for all the relative distance indica-H0tors discussed in the previous sections. These errors di†er
from the statistical and systematic errors associated with
each of the individual secondary methods, and they cannot
be reduced by simply combining the results from di†erent
methods. SigniÐcant sources of overall systematic error
include the uncertainty in the zero point of the Cepheid PL
relation, the e†ect of reddening and metallicity on the
observed PL relations, the e†ects of incompleteness bias
and crowding on the Cepheid distances, and velocity per-
turbations about the Hubble Ñow on scales comparable to,
or larger than, the volumes being sampled. Since the overall
accuracy in the determination of is constrained by theseH0factors, we discuss each one of these e†ects in turn below.
For readers who may wish to skip the details of this part of
the discussion, we refer them directly to ° 8.7 for a summary.

8.1. Zero Point of the PL Relation
It has become standard for extragalactic Cepheid dis-

tance determinations to use the slopes of the LMC period-
luminosity relations as Ðducial, with the zero point of the
Cepheid period-luminosity relation tied to the LMC at an
adopted distance modulus of 18.50 mag (e.g., Freedman
1988). However, over the past decade, even with more accu-
rate and sensitive detectors, with many new methods for
measuring distances, and with many individuals involved in
this e†ort, the full range of the most of distance moduli to
the LMC remains at approximately 18.1È18.7 mag (e.g.,
Westerlund 1997 ; Walker 1999 ; Freedman 2000a ; Gibson
2000), corresponding to a range of 42È55 kpc.

For the purposes of the present discussion, we can
compare our adopted LMC zero point with other published
values. We show in Figure 5 published LMC distance
moduli expressed as probability density distributions, pri-
marily for the period 1998È1999, as compiled by Gibson
(2000). Only the single most recent revision from a given
author and method is plotted. Each determination is rep-
resented by a Gaussian of unit area, with dispersions given
by the published errors. To facilitate viewing the individual
distributions (Fig. 5, light dotted lines), these have been
scaled up by a factor of 3. The thicker solid line shows the
cumulative distribution.

It is clear from the wide range of moduli compared to the
quoted internal errors in Figure 5 that systematic errors
a†ecting individual methods are still dominating the deter-
minations of LMC distances. Some of the values at either
end of the distribution have error bars that do not overlap
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HST Key Project 2001
H0=72±8 km/s/Mpc



You can still see the Big Bang13.7 G lyr away
= 13.7 Gyr ago





CMB temperature

CMB dipole
we are moving at

~1% of c relative to CMB

CMB anisotropy
at ~10–5

1mm ripple on 100m sea



wall @ 13.7Glyr away

You can never see beyond this wall
using light

WMAP
Wilkinson Microwave

Anisotropy Probe



soup of particles

protons

electrons  quasars  

galaxies

 Cosmic Microwave Background Radiation  
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• “non-relativistic 
derivation”
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Current Universe
• knowing the l.h.s. tells us 

the current energy 
density

• l.h.s. = H02 from Hubble 
law v=H0 d

• r.h.s. defines the critical 
density ρc

• define energy fraction 
Ωi=ρi/ρc

• Σi Ωi=1

H0 =
Ṙ

R
= 71km/s/Mpc

⇢(z) = ⇢c(⌦rad(1 + z)4 + ⌦matter(1 + z)3 + ⌦k(1 + z)2 + ⌦⇤)

1 = ⌦rad + ⌦matter + ⌦k + ⌦⇤

⇢c =
3

8⇡
G�1

N H2
0 = 5.3⇥ 10�6GeVcm�3
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vacuum 
energy
74%

matter

radiation
each one

E∝R–1

ρ∝R–4

ρ∝R–3

ρ∝R0



Expanding Universe

• λ=λ0(1+z)
• z: redshift
• 1+z= R0/R = a(t)–1

• adiabatic expansion ⇒ 

T∝R–1

• T=T0(1+z)

 
Ṙ
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H(z)2 = H2
0 (⌦rad(1 + z)4 + ⌦matter(1 + z)3 + ⌦k(1 + z)2 + ⌦⇤)



dt =
1

H

da

a
=

1

H

dz

1 + z

dC(z) = c

Z t0

t

dt0

a(t0)

distance
• luminosity distance

• comoving distance

• light travel distance

• angular diameter 
distance

dL =
p
L/4⇡S

dA = x/✓

c(t0 � t)

ȧ

a
= H

H(z)2 = H2
0 (⌦rad(1 + z)4 + ⌦matter(1 + z)3 + ⌦k(1 + z)2 + ⌦⇤)



distance
• luminosity distance

• comoving distance

• light travel distance

• angular diameter 
distance

• transverse comoving 
distance

dL =
p
L/4⇡S

dA = x/✓

dC(z) = c
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distance
• luminosity distance

• comoving distance

• light travel distance

• angular diameter 
distance

• transverse comoving 
distance
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p
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dA(z) =
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(1 + z)

H(z)2 = H2
0 (⌦rad(1 + z)4 + ⌦matter(1 + z)3 + ⌦k(1 + z)2 + ⌦⇤)



Early Universe

• temperature: T∝(1+z)

• matter: ρ∝(1+z)3

• radiation (massless 
particles): ρ∝(1+z)4 

matter-radiation 
equality: z≈3300

• recombination: z≈1300

10–41
10–35
10–29
10–23
10–17
10–11
10–5
101
107

1013
1019
1025
1031
1037
1043
1049
1055
1061
1067

10–1810–1610–1410–1210–1010–810–610–410–2100102104106

 r
 [G

eV
 c

m
–3

]

T [GeV]

rradiation

rmatter

Tnow

rL

 
Ṙ
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Large-Scale Structure



CMB temperature

CMB dipole
we are moving at

~1% of c relative to CMB

CMB anisotropy
at ~10–5

1mm ripple on 100m sea



nearly homogeneous
small winkles

20 billion lyr

2 billion lyr

2 billion lyr





Dark Matter is
our birth mother

no dark matter with dark matter



one is real





reenacting Big Ban with Cal Band



power spectrum



CMB

• before recombination, 
there was a fluid of 
protons, electrons, 
photons, dark matter 
(and neutrinos)

• photon pressure ⇒ 

“sound waves”
soup of particles

protons

electrons  quasars  

galaxies

 Cosmic Microwave Background Radiation  
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assumption

• a random density 
fluctuations ~O(10–5) 
more-or-less scale 
invariant P(k) ∝	  kns–1

• starts acoustic 
oscillation, amplified by 
gravitational attraction

• “knows” about 
everything between 
0<z<1300

δT/T = alm Yl
m

WMAP
Wilkerson Microwave

Anisotropy Probe

(2l+1)clm = Σm alm
*alm

The Astrophysical Journal Supplement Series, 192:16 (19pp), 2011 February Larson et al.
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Figure 1. Seven-year temperature (TT) power spectrum from WMAP. The third
acoustic peak and the onset of the Silk damping tail are now well measured
by WMAP. The curve is the ΛCDM model best fit to the seven-year WMAP
data: Ωbh

2= 0.02270, Ωch
2= 0.1107, ΩΛ= 0.738, τ= 0.086, ns= 0.969,

∆2
R= 2.38 × 10−9, and ASZ= 0.52. The plotted errors include instrument

noise, but not the small, correlated contribution due to beam and point source
subtraction uncertainty. The gray band represents cosmic variance. A complete
error treatment is incorporated in the WMAP likelihood code. The points are
binned in progressively larger multipole bins with increasing l; the bin ranges
are included in the seven-year data release.

Multipole moment  l
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Figure 2. High-l TT spectrum measured by WMAP, showing the improvement
with seven years of data. The points with errors use the full data set while the
boxes show the five-year results with the same binning. The TT measurement is
improved by >30% in the vicinity of the third acoustic peak (at l ≈ 800), while
the two bins from l = 1000 to 1200 are new with the seven-year data analysis.

2.4. Temperature–Polarization (TE, TB) Cross Spectra

The seven-year temperature–polarization cross-power spectra
were formed using the same methodology as the five-year
spectrum (Page et al. 2007; Nolta et al. 2009). For l !
23, the cosmological model likelihood is estimated directly
from low-resolution temperature and polarization maps. The
temperature input is a template-cleaned, co-added V + W-band
map, while the polarization input is a template-cleaned, co-
added Ka + Q + V-band map (Gold et al. 2009). In this regime,
the spectrum can be inferred from the conditional likelihood of
Cl values (individual or binned), but these estimates are only
used for visualization.

For l > 23, the temperature-polarization spectra are derived
using the MASTER quadratic estimator, extended to include
polarization data (Page et al. 2007). (As above, the MASTER
spectrum is evaluated from l = 2, but the result from l = 2–23
is discarded.) The temperature input is a template-cleaned,
co-added V+W-band map, while the polarization input is a
template-cleaned, co-added Q+V+W-band map. The inclusion
of W-band data in the high-l TE and TB spectra is new with the
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Figure 3. Seven-year temperature-polarization (TE) cross-power spectrum
measured by WMAP. The second trough (TE < 0) in the spectrum in the vicinity
of l = 450 is now clearly detected. The green curve is the ΛCDM model best
fit to the seven-year WMAP data, as in Figure 1. The plotted errors depict the
diagonal elements of the covariance matrix and include both cosmic variance
and instrument noise. A complete error treatment is incorporated in the WMAP
likelihood code. Note that the plotted spectrum is (l + 1)CTE

l /(2π ), and not
l(l + 1)CTE

l /(2π ).

seven-year data release (Jarosik et al. 2011). Since the W-band
radiometers have the highest angular resolution, the inclusion of
the W band significantly enhances the sensitivity of these high-l
spectra.

The seven-year TE spectrum measured by WMAP is shown
in Figure 3. For all except the first bin, the MASTER values
and their Gaussian errors are plotted. The first bin shows
the conditional maximum likelihood value based on the pixel
likelihood mentioned above. The slight adjustment for fsky,TE
is included in the error bars. With two additional years of
integration and the inclusion of W-band data, we now detect
the TE signal with a significance of 20σ , up from 13σ with
the five-year data. Indeed, for 10 < l < 300, the TE error
is less than 65% of the five-year value, and for l > 300 the
sensitivity improvement is even larger due to the W-band’s finer
resolution. At l = 800 the seven-year TE error is 36% of the
five-year value. A qualitatively new feature seen in the seven-
year spectrum is a second trough (TE < 0) near l = 450. See
Figure 4 for a comparison of the seven-year to five-year error
bars, for the TE and TB spectra. Overall, the TE data are quite
consistent with the simplest six-parameter ΛCDM model; we
discuss its goodness of fit in Section 5.

The observed TE signal is the result of a specific polarization
pattern around hot and cold spots in the temperature anisotropy.
In particular, the acoustic peak structure in TE corresponds to
a series of concentric rings of alternating radial and tangential
polarization (relative to a radial reference direction). Komatsu
et al. (2011) perform a stacking analysis of the seven-year
temperature and polarization maps and show that the effect is
detected in the seven-year WMAP sky maps with a significance
of 8σ .

The seven-year TB spectrum measured by WMAP is shown
in Figure 5. In this case, because the signal-to-noise ratio is
low, the MASTER points and their Gaussian errors are plotted
over the full l range, including the first bin. The measured
spectrum is consistent with zero: the χ2 for the null hypothesis
(TB = 0) is 793.5 for 777 degrees of freedom. The probability
to exceed that amount is 33%. The absence of a detectable
signal is consistent with the ΛCDM model, which predicts zero.
It is also an indication that systematic errors and foreground
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the apparent angular size

of the peak positions



Ωb changes
the relative size of 

even and odd peaks
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Fig. 5.— The SPT bandpowers, WMAP bandpowers, and best-fit ⇤CDM theory spectrum shown with dashed (CMB) and solid
(CMB+foregrounds) lines. The bandpower errors do not include beam or calibration uncertainties.

Fig. 6.— The one-dimensional marginalized constraints on the six cosmological parameters in the baseline model. The constraints from
SPT+WMAP are shown by the blue solid lines, while the constraints from WMAP alone are shown by the orange dashed lines.
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variance differ, statistically, by 0.3σ , where σ is the rms
of each of the subsample estimates. Thus, for two likelihood
functions to produce parameter estimates that differ by 0.6σ
(at 95% confidence), the two functions must, in effect, be re-
weighting 5% of the data. Given the similar construction of the
two likelihood functions, this seems unlikely, so further study
will be required to understand this difference.

We can also use the parameter recovery simulations to verify
that our error estimates are correct. For each of 150 of the data
realizations, we use a Markov chain to compute the mean and
68% confidence interval for each parameter. We then examine
the distribution of the quantity (output value–input value)/
(output error) which should have a unit variance. The results
are shown in the last column of Table 2, where we find that
the errors predicted by the Markov Chain agree with the true
errors, to within the noise expected from the limited number of
realizations.

4. COSMOLOGICAL PARAMETERS FROM WMAP

In this section, we discuss the determination of cosmological
parameters using only the seven-year WMAP data. The mea-
surements obtained by combining seven-year WMAP data with
other cosmological data sets are presented in Komatsu et al.
(2011). Our analysis employs the same Monte Carlo Markov
Chain (MCMC) formalism used in previous analyses (Spergel
et al. 2003, 2007; Verde et al. 2003; Dunkley et al. 2009;
Komatsu et al. 2009). The MCMC formalism naturally pro-
duces parameter likelihoods that are marginalized over all other
fit parameters in the model. Throughout this paper, we quote
best-fit values as the mean of the marginalized likelihood, un-
less otherwise stated (e.g., upper limits). Lower and upper error
limits correspond to the 16% and 84% points in the marginalized
cumulative distribution, unless otherwise stated.

4.1. Six-parameter ΛCDM

The ΛCDM parameters used are the same as in Section 3, and
mentioned in Table 1, except that ASZ is now also sampled. This
is a scale factor for the predicted Sunyaev–Zel’dovich spectrum
(Komatsu & Seljak 2002), measured at V band, which we add to
the TT power spectrum as in Spergel et al. (2007). In the Markov
chains, this parameter is given a flat prior 0 < ASZ < 2, but is
unconstrained by the WMAP data, so its posterior distribution
is very flat over this region. Failing to include the SZ effect does
not significantly raise the χ2 of the fit, so only six parameters
are needed to provide a good fit to the WMAP power spectra,
and we sample ASZ only to marginalize over it.

The ΛCDM parameters best fit to the seven-year WMAP data
are given in Table 3, which also lists values derived from the
five-year data for comparison. The results are consistent, with
the seven-year measurements giving smaller uncertainties, as
expected. The parameters that show the greatest improvement
are those that most depend on the amplitude of the third
acoustic peak and the low-l EE polarization: Ωbh

2, Ωch
2,

and τ , all of which are measured about 12% more precisely.
The derived late-time matter fluctuation amplitude, σ8 (which
depends on Ωch

2 and τ ), is measured 17% more precisely by
the new data. In Section 4.3, we consider the overall change
in allowable parameter-space volume offered by the seven-year
data.

As discussed in Section 5, this basic ΛCDM model continues
to fit the seven-year WMAP data quite well. Indeed, none of the
additional parameters considered below provide a statistically

Table 3
Six-parameter ΛCDM Fita

Parameter Seven-year Fit Five-year Fit

Fit parameters
102Ωbh

2 2.258+0.057
−0.056 2.273 ± 0.062

Ωch
2 0.1109 ± 0.0056 0.1099 ± 0.0062

ΩΛ 0.734 ± 0.029 0.742 ± 0.030
∆2
R (2.43 ± 0.11) × 10−9 (2.41 ± 0.11) × 10−9

ns 0.963 ± 0.014 0.963+0.014
−0.015

τ 0.088 ± 0.015 0.087 ± 0.017
Derived parameters

t0 13.75 ± 0.13 Gyr 13.69 ± 0.13 Gyr
H0 71.0 ± 2.5 km s−1 Mpc−1 71.9+2.6

−2.7 km s−1 Mpc−1

σ8 0.801 ± 0.030 0.796 ± 0.036
Ωb 0.0449 ± 0.0028 0.0441 ± 0.0030
Ωc 0.222 ± 0.026 0.214 ± 0.027
zeq 3196+134

−133 3176+151
−150

zreion 10.5 ± 1.2 11.0 ± 1.4

Note. a Models fit to WMAP data only. See Komatsu et al. (2011) for additional
constraints.

better fit to the seven-year WMAP data, after accounting for the
fewer degrees of freedom in the fits.

4.2. Extended Cosmological Models

In this section, we examine the constraints that can be placed
on augmented ΛCDM models (and one non-Λ model). In the first
group, we consider parameters that introduce “new physics”:
tensor modes, a running spectral index, isocurvature modes,
spatial curvature, and non-Λ dark energy. In the second group,
we relax the constraints on “standard physics” by allowing the
effective neutrino number and the primordial helium abundance
to vary. We also allow the reionization profile to vary.

4.2.1. Gravitational Waves

The amplitude of tensor modes, or gravitational waves, in the
early universe may be written as

∆2
h(k) ≡ k3Ph(k)

2π2
, (9)

where Ph(k) is the power spectrum of tensor perturbations at
wave number k and the normalization of Ph(k) is as given by
Komatsu et al. (2009). This form is comparable to the curvature
perturbation amplitude,

∆2
R(k) ≡ k3PR(k)

2π2
. (10)

The dimensionless tensor-to-scalar ratio is defined as

r ≡ ∆2
h(k)

∆2
R(k)

(11)

evaluated at k = 0.002 Mpc−1. In the Markov chain, we set a
flat prior on r, and require r > 0.

We do not detect gravitational waves from inflation with the
seven-year WMAP data, however the upper limits are 16% lower:
r < 0.36 (95% CL) compared to r < 0.43 (95% CL). Figure 13
shows the two-dimensional likelihood contours for r versus the
other ΛCDM parameters using both the five-year and seven-year
WMAP data. This shows both the improved upper limit on r and
the correlations with the other measured parameters, especially
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• flat universe Ωk=0

• perturbation P(k) ∝	  kns–1 
with single exponent ns 
for both scalar and 
tensor modes

• three massless neutrinos



Known Facts
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• By the time of matter-radiation equality and 
until now, dark matter must be non-
relativistic and clump together by 
gravitational attraction

• must be electrically neutral

Cold and Neutral
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• Clumps to form structure

• imagine 

• “Bohr radius”: 

• too small m ⇒ won’t “fit” in a galaxy!

• m >10−22 eV “uncertainty principle” bound 
(modified from Hu, Barkana, Gruzinov, astro-ph/0003365)

V = GN
Mm

r
rB =

�2

GNMm2

Mass Limits
“Uncertainty Principle”



• 10-31 GeV to 1050 GeV 

• we narrowed it down to 
within 81 orders of 
magnitude

• a big progress in 70 years 
since Zwicky

Mass Limits



• if self-coupling too big, will “smooth 
out” cuspy profile at the galactic 
center 

• some people want it 
(Spergel and Steinhardt, astro-ph/9909386)

• need core < 35 kpc/h from data

σ < 1.7 x 10-25 cm2 (m/GeV)
(Yoshida, Springel, White, astro-ph/
0006134)

• bullet cluster:

σ < 1.7x10-24 cm2 (m/GeV)
(Markevitch et al, astro-ph/0309303)

Self-Coupling



• At least of the order of age of the universe 
14Gyr

• Beyond that, it depends on decay modes, 
branching fractions, all model-dependent

Lifetime
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Figure 1. Seven-year temperature (TT) power spectrum from WMAP. The third
acoustic peak and the onset of the Silk damping tail are now well measured
by WMAP. The curve is the ΛCDM model best fit to the seven-year WMAP
data: Ωbh

2= 0.02270, Ωch
2= 0.1107, ΩΛ= 0.738, τ= 0.086, ns= 0.969,

∆2
R= 2.38 × 10−9, and ASZ= 0.52. The plotted errors include instrument

noise, but not the small, correlated contribution due to beam and point source
subtraction uncertainty. The gray band represents cosmic variance. A complete
error treatment is incorporated in the WMAP likelihood code. The points are
binned in progressively larger multipole bins with increasing l; the bin ranges
are included in the seven-year data release.
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Figure 2. High-l TT spectrum measured by WMAP, showing the improvement
with seven years of data. The points with errors use the full data set while the
boxes show the five-year results with the same binning. The TT measurement is
improved by >30% in the vicinity of the third acoustic peak (at l ≈ 800), while
the two bins from l = 1000 to 1200 are new with the seven-year data analysis.

2.4. Temperature–Polarization (TE, TB) Cross Spectra

The seven-year temperature–polarization cross-power spectra
were formed using the same methodology as the five-year
spectrum (Page et al. 2007; Nolta et al. 2009). For l !
23, the cosmological model likelihood is estimated directly
from low-resolution temperature and polarization maps. The
temperature input is a template-cleaned, co-added V + W-band
map, while the polarization input is a template-cleaned, co-
added Ka + Q + V-band map (Gold et al. 2009). In this regime,
the spectrum can be inferred from the conditional likelihood of
Cl values (individual or binned), but these estimates are only
used for visualization.

For l > 23, the temperature-polarization spectra are derived
using the MASTER quadratic estimator, extended to include
polarization data (Page et al. 2007). (As above, the MASTER
spectrum is evaluated from l = 2, but the result from l = 2–23
is discarded.) The temperature input is a template-cleaned,
co-added V+W-band map, while the polarization input is a
template-cleaned, co-added Q+V+W-band map. The inclusion
of W-band data in the high-l TE and TB spectra is new with the
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Figure 3. Seven-year temperature-polarization (TE) cross-power spectrum
measured by WMAP. The second trough (TE < 0) in the spectrum in the vicinity
of l = 450 is now clearly detected. The green curve is the ΛCDM model best
fit to the seven-year WMAP data, as in Figure 1. The plotted errors depict the
diagonal elements of the covariance matrix and include both cosmic variance
and instrument noise. A complete error treatment is incorporated in the WMAP
likelihood code. Note that the plotted spectrum is (l + 1)CTE

l /(2π ), and not
l(l + 1)CTE

l /(2π ).

seven-year data release (Jarosik et al. 2011). Since the W-band
radiometers have the highest angular resolution, the inclusion of
the W band significantly enhances the sensitivity of these high-l
spectra.

The seven-year TE spectrum measured by WMAP is shown
in Figure 3. For all except the first bin, the MASTER values
and their Gaussian errors are plotted. The first bin shows
the conditional maximum likelihood value based on the pixel
likelihood mentioned above. The slight adjustment for fsky,TE
is included in the error bars. With two additional years of
integration and the inclusion of W-band data, we now detect
the TE signal with a significance of 20σ , up from 13σ with
the five-year data. Indeed, for 10 < l < 300, the TE error
is less than 65% of the five-year value, and for l > 300 the
sensitivity improvement is even larger due to the W-band’s finer
resolution. At l = 800 the seven-year TE error is 36% of the
five-year value. A qualitatively new feature seen in the seven-
year spectrum is a second trough (TE < 0) near l = 450. See
Figure 4 for a comparison of the seven-year to five-year error
bars, for the TE and TB spectra. Overall, the TE data are quite
consistent with the simplest six-parameter ΛCDM model; we
discuss its goodness of fit in Section 5.

The observed TE signal is the result of a specific polarization
pattern around hot and cold spots in the temperature anisotropy.
In particular, the acoustic peak structure in TE corresponds to
a series of concentric rings of alternating radial and tangential
polarization (relative to a radial reference direction). Komatsu
et al. (2011) perform a stacking analysis of the seven-year
temperature and polarization maps and show that the effect is
detected in the seven-year WMAP sky maps with a significance
of 8σ .

The seven-year TB spectrum measured by WMAP is shown
in Figure 5. In this case, because the signal-to-noise ratio is
low, the MASTER points and their Gaussian errors are plotted
over the full l range, including the first bin. The measured
spectrum is consistent with zero: the χ2 for the null hypothesis
(TB = 0) is 793.5 for 777 degrees of freedom. The probability
to exceed that amount is 33%. The absence of a detectable
signal is consistent with the ΛCDM model, which predicts zero.
It is also an indication that systematic errors and foreground
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WIMP paradigm



• The dominant paradigm: 
WIMP (Weakly Interacting 
Massive Particle)

• Stable heavy particle 
produced in early 
Universe, left-over from 
near-complete annihilation

MACHOs to WIMP

ΩM =
0.756(n +1)x f

n+1

g1/2σannMPl
3

3s0
8πH0

2 ≈
α 2 /(TeV)2

σann



• thermal equilibrium when 
T>mχ

• Once T<mχ, no more χ 
created

• if stable, only way to lose 
them is annihilation

• but universe expands and 
χ get dilute

• at some point they can’t 
find each other

• their number in comoving 
volume “frozen”

G. Jungman et al. JPhysics Reports 267 (1996) 195-373 221 

Using the above relations (H = 1.66g$‘2 T 2/mpl and the freezeout condition r = Y~~(G~z~) = H), we 
find 

(n&)0 = (n&f = 1001(m,m~~g~‘2 +JA+) 

N 10-S/[(m,/GeV)((~A~)/10-27 cm3 s-‘)I, (3.3) 

where the subscript f denotes the value at freezeout and the subscript 0 denotes the value today. 
The current entropy density is so N 4000 cmm3, and the critical density today is 
pC II 10-5h2 GeVcmp3, where h is the Hubble constant in units of 100 km s-l Mpc-‘, so the 
present mass density in units of the critical density is given by 

0,h2 = mxn,/p, N (3 x 1O-27 cm3 C1/(oAv)) . (3.4) 

The result is independent of the mass of the WIMP (except for logarithmic corrections), and is 
inversely proportional to its annihilation cross section. 

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and 
actual (dashed lines) abundances per comoving volume are plotted as a function of x = m,/T 
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Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and 
the solid curve is the equilibrium abundance. From [31]. 
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• WIMP freezes out when 
the annihilation rate 
drops below the 
expansion rate

• Yield Y=n/s constant 
under expansion

• stronger annihilation ⇒ 

less abundance 
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• “Known” Ωχ=0.23 
determines the WIMP 
annihilation cross 
section

• simple estimate of the 
annihilation cross 
section

• weak-scale mass!!!
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• Solve the Boltzmann equation

• assume Maxwell distribution, 1=2=χ, E1=E2=mχ

• Note momentum dependence may be 
important close to thresholds, resonances

• reproduce the estimate with

dn

dt
+ 3Hn = �⇥�annv⇤(n2 � n2

eq)

xf ⇥ 24 + ln
m�

100GeV
+ ln

⇤�annv⌅
10�9GeV�2 �

1
2

ln
g⇥
100

dn1

dt
+ 3Hn1 = �

⇥ 4�

i=1

d3pi

(2⇥)32Ei
|M(12⇤ 34)|2(2⇥)4�4(p1 + p2 � p3 � p4)

[f1f2(1± f3)(1± f4)� f3f4(1± f1)(1± f2)]

G. Jungman et al. JPhysics Reports 267 (1996) 195-373 221 

Using the above relations (H = 1.66g$‘2 T 2/mpl and the freezeout condition r = Y~~(G~z~) = H), we 
find 

(n&)0 = (n&f = 1001(m,m~~g~‘2 +JA+) 

N 10-S/[(m,/GeV)((~A~)/10-27 cm3 s-‘)I, (3.3) 

where the subscript f denotes the value at freezeout and the subscript 0 denotes the value today. 
The current entropy density is so N 4000 cmm3, and the critical density today is 
pC II 10-5h2 GeVcmp3, where h is the Hubble constant in units of 100 km s-l Mpc-‘, so the 
present mass density in units of the critical density is given by 

0,h2 = mxn,/p, N (3 x 1O-27 cm3 C1/(oAv)) . (3.4) 

The result is independent of the mass of the WIMP (except for logarithmic corrections), and is 
inversely proportional to its annihilation cross section. 

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and 
actual (dashed lines) abundances per comoving volume are plotted as a function of x = m,/T 

0 . 01  

0 . 001  

0. 0001 

10-b 

,h 
10-s 

-; 10-7 
c 
aJ 10-a a 
2 

10-Q 

p lo-‘9 

$ lo-” 

z 10-m 

F! lo-‘3 

10 100 

x=m/T (time +) 

Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and 
the solid curve is the equilibrium abundance. From [31]. 

thermal relic



• A stable particle at the weak scale with “EM-
strength” coupling naturally gives the correct 
abundance

• This is where we expect new particles 
because of the hierarchy problem!

• Many candidates of this type: SUSY, little Higgs 
with T-parity, Universal Extra Dimensinos, etc

• If so, we may even create dark matter at 
accelerators

WIMP



Minimal Model

• Dark Matter clearly a new degree of 
freedom

• The smallest degree of freedom you can 
add to the QFT is a real Klein-Gordon field 
S: dof=1

• assign odd Z2 parity to S, everything else 
even

• Most general renormalizable coupling
LS =

1
2
∂µS∂µS�

1
2
m2SS2�

k
2
|H|2S2� h

4!
S4.

Davoudiasl, Harnik, Larson, HM 



Consistency check
• correct Dark Matter abundance 5.5–1800 

GeV

• evades direct detection limits >60 GeV

• satisfies triviality/instability limits from RGE

• consistent with precision electroweak data
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• having discovered the Higgs?
• Higgs boson may connect the Standard 

Model to other “sectors” via lowest-dim 
operators

hidden
sector

Higgs
sector

Higgs as a portal
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Masaki Yamashita

Particle µ < 0 µ > 0

(TeV) 68% 95% 68% 95%

h0 (0.1180, 0.1211) (0.1151, 0.1223) (0.1154, 0.1204) (0.1125, 0.1219)

H0, A0,H± (1.2, 3.1) (0.91, 3.8) (0.36, 2.5) (0.21, 3.6)

χ0
1 (0.23, 0.67) (0.11, 0.82) (0.16, 0.49) (0.06, 0.69)

χ±

1 (0.3, 1.2) (0.15, 1.4) (0.25, 0.76) (0.11, 1.2)

g̃ (1.4, 3.4) (0.77, 4.0) (1.0, 2.6) (0.41, 3.5)

ẽR (1.8, 3.8) (0.37, 4.0) (1.5, 3.6) (0.5, 4.0)

ν̃ (1.9, 3.8) (0.58, 4.0) (1.6, 3.6) (0.65, 4.0)

τ̃1 (1.4, 3.3) (0.34, 3.8) (0.80, 2.8) (0.28, 3.7)

q̃R (2.9, 4.3) (1.6, 4.9) (1.9, 4.0) (1.3, 4.7)

t̃1 (1.9, 3.1) (1.1, 3.6) (1.3, 2.6) (0.86, 3.3)

b̃1 (2.3, 3.5) (1.4, 4.1) (1.4, 3.1) (1.0, 3.8)

Table 4: Higgs boson and selected superpartner mass ranges (in TeV) containing 68% and 95%
of posterior probability (with all other parameters marginalized over) for both signs of µ. Masses
above 1 TeV have been rounded up to 1 significant digit.
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Figure 11: The 2-dim relative probability density for σSI
p vs. the neutralino mass mχ for µ < 0

(left panel) and µ > 0 (right panel). The inner (outer) solid contours delimit the regions of 68%
and 95% total probability, respectively. Some current experimental upper bounds are also shown.

number. In contrast, for the SD interactions, the cross section for a WIMP scattering off a

proton, σSD
p , does not necessarily have to be the same as the one from a neutron [40, 41].

In fig. 11 we show the Bayesian posterior relative probability distribution in the usual

plane of σSI
p and the DM neutralino mass mχ for µ < 0 (left panel) and µ > 0 (right

panel). Starting with µ > 0, we can see a big concentration of probability density at rather

high values of σSI
p ∼ 10−8 pb, characteristic of the FP region of large m0 [42], which is

favored by the current theoretical evaluation of BR(B → Xsγ), as we have seen above. In
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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pulsars?

Figure 7: The positron fraction corresponding to the same models used to draw Fig. 6 is compared with
several experimental data sets. The line styles are coherent with those in that figure. Solar modulation
is are accounted as done in

in the early Universe via an ordinary freeze-out process involving the same an-
nihilation processes that dark matter would undergo in today’s cold universe, the
annihilation rate in the Galaxy would be roughly two orders of magnitude too small
to explain the anomalous e± with dark matter annihilation; while this mismatch
makes the dark matter origin somewhat less appealing, relaxing one or more of the
assumptions on dark matter production and/or on the pair annihilation processes
in the early Universe versus today can explain the larger needed annihilation rate;
similarly, a highly clumpy Galactic dark matter density profile, or the presence of
a nearby concentrated clump, can also provide sufficient enhancements to the rate
of dark matter annihilation

Notwithstanding the above caveats, the focus of the present study is to assess the impact
of the new Fermi-LAT data on a dark matter interpretation of the excess high-energy
e±.

We assume for the dark matter density profile ρDM an analytic and spherically-
symmetric interpolation to the results of the high-resolution Via Lactea II N-body sim-
ulation (Diemand et al. 2008 [53]), namely:

ρDM(r) = ρ!

(

r

R!

)−1.24 (

R! + Rs

r + Rs

)1.76

, (3)

where ρ! = 0.37 GeV · cm−3 is the local density, R! = 8.5 kpc is the distance between
the Sun and the Galactic center and Rs = 28.1 kpc is a scale parameter. For simplicity,

16

Figure 6: In this figure we compare the electron plus positron spectrum from multiple pulsars plus the
Galactic (GCRE) component with experimental data (dotted line). We consider the contribution of all
nearby pulsars in the ATNF catalogue with d < 3 kpc with age 5 × 104 < T < 107 yr by randomly
varying Ecut, ηe± ∆t and Γ in the range of parameters given in the text. Each gray line represents the
sum of all pulsars for a particular combination of those parameters. The blue dot-dashed (pulsars only)
and blue solid lines (pulsars + GCRE component) correspond to a representative choice among that set
of possible realizations. The purple dot-dashed line represents the contribution of Monogem pulsar in
that particular case. Note that for graphical reasons here Fermi-LAT statistical and systematic errors
are added in quadrature. Solar modulation is accounted as done in previous figures.

• Astrophysical sources (including pulsars and supernova remnants) can account for
the observed spectral features, as well as for the positron ratio measurements
(sec. 3.1): no additional exotic source is thus required to fit the data, although
the normalization of the fluxes from such astrophysical objects remains a matter
of discussion, as emphasized above.

• Generically, dark matter annihilation produces antiprotons and protons in addi-
tion to e±. If the bulk of the observed excess high-energy e± originates from dark
matter annihilation, the antiproton-to-proton ratio measured by PAMELA (Adri-
ani et al. 2009 [55]) sets very stringent constraints on the dominant dark matter
annihilation modes, as first pointed out by Donato et al. 2009 [18] (see also Cirelli
et al. 2009 [19]). In particular, for ordinary particle dark matter models, such as
neutralino dark matter (Jungman 1996 [51]) or the lightest Kaluza-Klein particle of
Universal Extra-Dimensions (Hooper & Profumo 2007 [52]), the antiproton bound
rules out most of the parameter space where one could explain the anomalous
high-energy CRE data.

• Assuming particle dark matter is weakly interacting, and that it was produced

15



bump?

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux component alone. In the lower sub-panel we show residuals
after subtracting the model with line contribution. Note that we rebinned the data to fewer bins
after performing the fits in order to produce the plots and calculate the p-value and the reduced
χ2
r
≡ χ2/dof. The counts are listed in Tabs. 1, 2 and 3.

– 10 –

Christoph Weniger
FIG. 14. 95% CL flux upper limit (integrated over the entire ROI) for photons from spectral lines.

The bin-to-bin correlations are due to the overlap of the energy ranges, which is shown in Fig. 9.

There is a systematic uncertainty on these upper limits of 23% for E  130 GeV and 30% for

E > 130 GeV (see text).

V. DARK MATTER IMPLICATIONS

In this section, we discuss the implications for indirect dark matter searches of the absence

of significant gamma-ray spectral lines as well as of the measurement of the inclusive photon

spectrum.

The di↵erential photon flux from WIMP annihilation is

d�
�

dE

�

=
1

8⇡

h�vi
m

2

�

dN
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dE
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r�⇢
2

� J, (13)

with:

J =

Z
db

Z
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Z
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⇢(r)
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!
2

, (14)

where the integral is over the ROI, h�vi is the annihilation cross section, m
�

is the WIMP

mass, dN
�

/dE

�

is the photon energy spectrum, r� ' 8.5 kpc is the distance from the Sun to

the GC [27], ⇢(r) is the WIMP halo profile, ⇢� ' 0.4 GeV cm�3 is the WIMP halo density

at the Sun [28], r = (s2+ r

2

�� 2sr� cos ` cos b)1/2 is the Galactocentric distance, where (`, b)

are the Galactic longitude and latitude, respectively, and s is the line of sight distance. For

decays, the flux is given by substituting in Eq. (13), h�vi⇢2�/2m2

�

! ⇢�/⌧m�

, where ⌧ is

25

Fermi-LAT collab



Finding Dark Matter
Indirect method

neutralino

χχ→ννX

ν
ν detector

Earth Sun

31

Indirect search from the Sun: spin dependent x-section

M. Danninger’s talk



Recreating Big Bang

running!
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Producing Dark Matter 
in the laboratory

• Mimic Big Bang in the lab
• Hope to create invisible 

Dark Matter particles 
• Look for events where 

energy and momenta are 
unbalanced 

“missing energy” Emiss
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How do we know 
what Dark Matter is?

• cosmological measurement of dark matter

• abundance ∝ σann
−1

• detection experiments
• scattering cross section

• production at colliders
• mass, couplings 
• can calculate cross sections

• If they agree with each other:
⇒ Will know what Dark Matter is

⇒ Will understand universe back to t∼10-10 sec

mass of the Dark Matter
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WMAP

LHC

ILC
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Omega from colliders

SUSY case study
Baltz, Battaglia, Peskin, 

Wizansky hep-ph/0602187
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Inflation



Why do they all look 
the same?

• Like having discovered 
two remote islands in 
very different parts of 
the world, speaking the 
same language

• even the accents are 
nearly the same: one 
part in 100,000

• we suspect they had 
communication



400Kyr

13.7Byr

1m
in10 -10sec
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inflaton
• scalar field with rather flat 

potential (compared to the 
Planck scale), λ≈10–11

• the equation of motion has 
a “friction term”

• slow-roll solution with 
more or less constant H

• Universe expands 
exponentially R(t) ∝	  eHt

• need e-folding N=Ht > 60 to 
solve the problem

φ

V(φ)

t

t

φ

log R

HM, Suzuki, Yanagida, Yokoyama

�̈+ 3H�̇ = V 0(�)

|�̈| ⌧ |�̇| = V 0(�) H2 =
8⇡

3

V

M2
Pl



81
vacuum 
energy
74%

ρ∝R0

Ultimate Free Lunch!

total energy keeps growing like volume R(t)3∝e3Ht



near sighted
• What you are seeing 

one moment is gone by 
inflation the next 
moment

• feel very near-sighted
• “horizon” ≈ HI

–1

• uncertainty principle: 
quatum fluctuation 
δφ≈HI / 2π

• nearly scale-invariant 
density fluctuation

⇣ =
�⇢

⇢+ p
=

V 0�'

�̇2
=

V 0

�̇2

H

2⇡
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Seeds for structure
• Cosmic Inflation 

stretched the new-born 
microscopic space to 
our entire visible 
universe

• Observed structure 
originates from quantum 
fluctuation of inflaton

• Large-Scale Structure, 
CMB E-mode 
polarization consistent 
with this picture



Getting stronger

• If simple quantum 
fluctuation, it must be 
distributed as Gaussian

• Indeed!

• further tests of non-
Gaussianity at Planck
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How do we know
it really happened?

• everything gets quantum 
fluctuation, including 
gravitons

• Gravitons from quantum 
fluctuation gives B-mode 
polarization in CMB

• The size is directly 
proportional to the 
inflationary energy scale
⇒ e.g., Planck, 
POLARBEAR, Quiet

E-mode

B-mode
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Putting them together
• Superpartner of a heavy 

neutrino
• displaced from the 

minimum at the beginning
• rolls down slowly: inflation
• quantum fluctuation source 

of later structure
• decays into both matter and 

anti-matter, but with a slight 
preference to matter

• decay products contain 
supersymmetry and hence 
Dark Matter

φ

V(φ)

t

t

φ

log R

HM, Suzuki, Yanagida, Yokoyama

38 Komatsu et al.

While the KS profiles are generally in a good agreement
with the X-ray derived profiles, they are more extended
than the X-ray-derived profiles (see Figure 16), which
makes the KS prediction for the projected SZ profiles
bigger. Note, however, that the outer slope of the fitting
formula given by Arnaud et al. (2009) (equation (C3))
has been forced to match that from hydrodynamical sim-
ulations of Nagai et al. (2007) in r ≥ r500. See the bot-
tom panels of Figure 16. The steepness of the profile
at r ! r500 from the simulation may be attributed to a
significant non-thermal pressure support from ρv2, which
makes it possible to balance gravity by less thermal pres-
sure at larger radii. In other words, the total pressure
(i.e., thermal plus ρv2) profile would probably be closer
to the KS prediction, but the thermal pressure would
decline more rapidly than the total pressure would.
If the SZ effect seen in the WMAP data is less than

expected, what would be the implications? One possibil-
ity is that protons and electrons do not share the same
temperature. The electron-proton equilibration time is
longer than the Hubble time at the virial radius, so that
the electron temperature may be lower than the pro-
ton temperature in the outer regions of clusters which
contribute a significant fraction of the predicted SZ flux
(Rudd & Nagai 2009; Wong & Sarazin 2009). The other
sources of non-thermal pressure support in outskirts of
the cluster (turbulence, magnetic field, and cosmic rays)
would reduce the thermal SZ effect relative to the ex-
pectation, if these effects are not taken into account in
modeling the intracluster medium. Heat conduction may
also play some role in suppressing the gas pressure (Loeb
2002, 2007).
In order to explore the impact of gas pressure at

r > r500, we cut the X-ray derived pressure profile at
rout = r500 (instead of 6r500) and repeat the analysis.
We find a = 0.74± 0.09 and 0.44± 0.14 for high and low
LX clusters, respectively. (We found a = 0.67±0.09 and
0.43± 0.12 for rout = 6r500. See Table 12.) These results
are somewhat puzzling - the X-ray observations directly
measure gas out to r500, and thus we would expect to find
a ≈ 1 at least out to r500. This analysis may suggest that
the fiducial scaling relation of Böhringer et al. (2007) is a
source of a < 1. Note that a = 1 is within the systematic
error due to the scatter in the scaling relation. Had we
used the scaling relations of Melin et al. (2010), we would
find a ≈ 1 for rout = r500. While a large uncertainty in
the scaling relation prevents us from convincingly ruling
out a = 1, the relative amplitudes between high and low
LX clusters suggest that a significant amount of pressure
is missing in low mass (M500 " 4 × 1014 h−1 M") clus-
ters, even if we scale all the results such that high-mass
clusters are forced to have a = 1. A similar trend is also
seen in Figure 3 of Melin et al. (2010).
This interpretation is consistent with the SZ power

spectrum being lower than expected. The SPT mea-
sures the SZ power spectrum at l ! 3000. At such high
multipoles, the contributions to the SZ power spectrum
are dominated by relatively low-mass clusters, M500 "
4 × 1014 h−1 M" (see Figure 6 of Komatsu & Seljak
2002). Therefore, a plausible explanation for the lower-
than-expected SZ power spectrum is a missing pressure
in lower mass clusters.
Scaling relations, gas pressure, and entropy of low-

mass clusters and groups have been studied in the lit-

Fig. 19.— Two-dimensional joint marginalized constraint (68%
and 95% CL) on the primordial tilt, ns, and the tensor-to-scalar
ratio, r, derived from the data combination of WMAP+BAO+H0.
The symbols show the predictions from “chaotic” inflation models
whose potential is given by V (φ) ∝ φα (Linde 1983), with α =
4 (solid) and α = 2 (dashed) for single-field models, and α =
2 for multi-axion field models with β = 1/2 (dotted; Easther &
McAllister 2006).

erature.35 Leauthaud et al. (2010) obtained a rela-
tion between LX of 206 X-ray-selected galaxy groups
and the mass (M200) derived from the stacking anal-
ysis of weak lensing measurements. Converting their
best-fitting relation to r200–LX relation, we find r200 =
1.26 h−1 Mpc

E0.89(z) [LX/(1044 h−2 erg s−1)]0.22. (Note that
the pivot luminosity of the original scaling relation is
2.6 × 1042 h−2 erg s−1.) As r500 ≈ 0.65r200, their rela-
tion is ≈ 1σ higher than the fiducial scaling relation that
we adopted (equation (89)). Had we used their scaling
relation, we would find even lower normalizations.
The next generation of simulations or analytical cal-

culations of the SZ effect should be focused more on
understanding the gas pressure profiles, both the ampli-
tude and the shape, especially in low-mass clusters. New
measurements of the SZ effect toward many individual
clusters with unprecedented sensitivity are now becom-
ing available (Staniszewski et al. 2009; Hincks et al. 2009;
Plagge et al. 2009). These new measurements would be
important for understanding the gas pressure in low-mass
clusters.

8. CONCLUSION

With the WMAP 7-year temperature and polarization
data, new measurements of H0 (Riess et al. 2009), and
improved large-scale structure data (Percival et al. 2009),
we have been able to rigorously test the standard cosmo-
logical model. The model continues to be an exquisite
fit to the existing data. Depending on the parameters,
we also use the other data sets such as the small-scale
CMB temperature power spectra (Brown et al. 2009; Re-
ichardt et al. 2009, for the primordial helium abundance),
the power spectrum of LRGs derived from SDSS (Reid
et al. 2009, for neutrino properties), the Type Ia super-
nova data (Hicken et al. 2009b, for dark energy), and the
time-delay distance to the lens system B1608+656 (Suyu
et al. 2009a, for dark energy and spatial curvature). The
combined data sets enable improved constraints over the

35 A systematic study of the thermodynamic properties of low-
mass clusters and groups is given in Finoguenov et al. (2007) (also
see Finoguenov et al. 2005a,b).
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fate of the Univese



decceleration

expansion

same as
a ball



three possible fates

• if large amount of matter, 
expansion stops and heads 
back to a Big Crunch

• if small amount of matter, 
expansion will go on forever

• study the expansion history 
and predict the future!
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future observers

• as the Universe gets 
better, more and more 
galaxies come into sight

• observation becomes 
more fun!



Dark Energy



Dark Energy

Dark Energy

Dark Energy
Dark Energy

Dark Energy

Dark Energy

Dark Energy

Dark Energy
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Dark Energy



• Type-Ia supernova becomes 
brighter than the whole 
galaxy

• How bright it looks             
⇒ How far away                

⇒ How far back in time

• How red it looks                           
⇒ How much expansion

• Expansion of the Universe is 
getting faster!

Type-Ia supernovae

acc
elerati

on

decelerati
on
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stretch factor
• it is not quite standard

• correlation between 
duration time and the 
absolute brightness

• can be “fixed” by a 
“stretch factor”

• other smaller concerns 
with environment 
(metallicity), dust 
extinction, etc



  14 HST   SNe Ia (z~0.7-1.4), Riess 2007 
242 SNLS SNe Ia (z~0.2-1), Sullivan 2011 
  93 SDSS SNe Ia (z~0.1-0.4), Holzman 2009 
123 Low-z SNe Ia (z~0.05), Hamuy96, …. 
472 SNe Ia total 

9 Dark Energy - Blois 2012 

Guy et al, 2010 – Conley et al 2010, Sullivan et al, 2011  

Stat ~ x 10 since the 
1998 discovery papers 

Pierre Antilogus
Marc Betoule



speeding up!

• expansion started to speed up recently (~7Byr)

• energy is increasing!

• infinite source of energy?? dark energy

• Was Einstein wrong?

• new paradigm of the Universe, fundamental laws

• If the rate of energy increase very quick, eventually 
the expansion becomes infinitely fast                  
⇒ Will the Universe end??

• Need to measure the rate of energy increase!

expansion

should slow 
down
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Acceleration

• w: equation of state 
parameter

• radiation: w=1/3

• matter: w=0

• vacuum energy: w=–1

• acceleration: w<–1/3

 
Ṙ

R

!2

=
8⇡

3
GN⇢

⇢ = wp

dU = d(⇢R3) = �pdV = �w⇢dR3

⇢ / R�3(1+w)

R̈ / �(1� 3w)



Does the Universe 
end?

• If w<–1, the Universe ends in a Big Rip
• Expansion becomes so fast that galaxies, 

stars, eventually atoms and even nuclei get 
ripped apart

• Universe ends with an infinite speed and 
empty!

• or it may be “Inflation Strikes Back”, w>–1
• We need to know the equation of state



NHK Science Zero 2010.9.4





Embarrassment 

• A naïve estimate of the cosmological constant 
in Quantum Field Theory: 

ρΛ~MPl
4=GN

–2~10120 times observation

The worst prediction in theoretical physics!

• People had argued that there must be some 
mechanism to set it zero

• But now it seems finite???



• Why do we see matter 
and cosmological 
constant almost equal in 
amount?

• “Why Now” problem
• Actually a triple coincidence 

problem including the 
radiation

• If there is a deep reason 
for ρΛ~((TeV)2/MPl)

4, 

coincidence natural Arkani-Hamed, Hall, Kolda, HM
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We can study cosmology only now.
Need funding ASAP.



big future players



Standard Ruler

• characteristic scales for 
acoustic peaks

• acoustic peak shows up in 
galaxy distributions, too, at 
~500M lyr

• use this scale as a “standard 
ruler” to measure distances 
accurately

• Will the Universe end?

500M lyr



SuMIRe
• cosmic census
• field of view ~ Hubble x1000
• Major study of dark energy
• Subaru Measurement of 

Images and Redshifts
1. imaging with 0.9B-pixels 3t 

CCD camera from 2012
2. spectroscopy of 2400 objects 

from 2017
• same telescope for both 

imaging and spectroscopy 

• galaxy survey with continuous 
redshift coverage
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Timeline

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

2021

imaging
DES
HSC

spectroscopy
SDSS/BOSS

PFS

LSST

Euclid?

WFIRST?



4.3 Cosmology with SuMIRe HSC/PFS galaxy surveys

Figure 4.6: Fractional errors in measuring the angular diameter distance and the Hubble expansion rate for each
redshift slices for the different BAO surveys, SDSS, BOSS and PFS. For the PFS survey we assumed survey pa-
rameters given in Table 4.3. The solid curves in each panel shows the fractional difference of D

A

(z) or H(z) when
changing the dark energy equation of state w to w = −0.9 from w = −1 (ΛCDM model).

51



First Light later this year!



World’s Best Digital Camera: 3tons!

<10μ

Top Unit

<0.3”
Wide Field 
Corrector



Spectrograph 

Fiber Connector 

Prime Focus Instrument 

Wide Field 
Corrector 

Wide Field 
Corrector 

Rotator 

Fiber Positioner  
Cobra 

NASA/JPL+Caltech
2400 fibers: 

Brazil

metrology: ASIAA

procurement in progress for CCD, gratings

optics: Marseille

camera:
Princeton, JHU

prototype
fiber positioner 

robots



fiber positioner 
JPL Cobra design

pointing accuracy ~10μ in ~40 seconds



2nd PFS collaboration meeting 1/8, 9, 2012
a big momentum building up! 



2.3. PFS COSMOLOGY SURVEY 29

Figure 2.7: Expected accuracy of reconstructing the dark energy density parameter at each redshift,
⌦de(z) ⌘ ⇢de(z)/[3H2(z)/8⇡G], from the BAO-measured DA(z) and H(z) in Fig. 2.6. Here we considered
the cosmological constant (⇢de(z) = ⇢de0 =constant) and the flat universe (⌦K = 0) as the fiducial model.
Adding the PFS BAO constraints to the SDSS and BOSS constraints can reconstruct the dark energy density
up to z ' 2, and also significantly improve the accuracies of dark energy densities at low redshifts, as the
comoving distance in the high redshift arises from an integration of H(z).

quantity FoMde is the dark energy figure-of-merit defined in the Dark Energy Task Force Re-
port (Albrecht et al. 2006), which quantifies the ability of a given survey for constraining both
w0 and wa; FoMde ⌘ 1/[�(wpivot)�(wa)], which is proportional to the area of the marginalized
constraint ellipse in a sub-space of (w0,wa). Table 2.3 clearly shows that the PFS BAO can sig-
nificantly tighten the parameter constraints over the SDSS and BOSS surveys. Most interestingly,
the PFS has the potential to constrain the curvature parameter to a precision of 0.3%. If we can
detect a non-zero curvature, this would represent a fundamental discovery giving a critical con-
straint on the physics of the early universe, for example insight into different inflation scenarios
(Efstathiou 2003; Contaldi et al. 2003; Freivogel et al. 2006; Kleban & Schillo 2012).

Nature of dark energy
However, the parametrization (w0,wa) for the dark energy equation of state can cover only a narrow
range of dark energy models. Since we do not know much about the nature of dark energy and do
not have any compelling model of dark energy, we want to explore a broader range of dark energy
possibilities in a more model-independent way. The wide redshift coverage of PFS surveys, in
combination with the SDSS and BOSS survey, allows us to directly reconstruct the dark energy
density as a function of redshift solely based on the geometrical BAO constraints. To study this,
we use the Hubble expansion history parametrized in terms of dark energy density parameters in
each redshift bins:

H2(z) = H2
0

"
⌦m0(1 + z)3 � K

H2
0

(1 + z)2 +
⇢de,zi(z 2 zi)
⇢cr0

#
, (2.12)

where ⇢de,zi is the dark energy parameter in the redshift bin centered at zi. For the combined BAO
survey of SDSS, BOSS and PFS, we include the 9 dark energy densities, ⇢de(zi), given in 9 red-

map out evolution history



http://sumire.ipmu.jp/pfs/intro.html

PFS Rocks!

http://sumire.ipmu.jp/pfs/intro.html
http://sumire.ipmu.jp/pfs/intro.html
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