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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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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
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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



metal



merger of neutron stars
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— Robert Quimby (SDSU) — 11

Kasliwal et al. 2017 (Science)



KAGRA

KAGRA



http://www.nao.ac.jp/news/topics/2015/20151116-kagra.html

http://www.nao.ac.jp/news/topics/2015/20151116-kagra.html




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
r



High School physics
F =

GM�m

r2

ma = m
v2

r

GM�m

r2
= m
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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
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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


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


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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image invisible dark matter

 68more than 80% of matter in the Universe 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



world’s largest 3D map of 
dark matter



world’s largest 3D map of 
dark matter



dark matter is our Mom
dark matter (3D)

galaxies (3D)

dark matter (2D)
~30 square degrees

galaxies (2D)



collion of clusters at 4500 km/s

lucky we are not here

4 billion lyr away



Dark Matter



Dark Matter 
is our Mom

without dark matter with dark matter

10–5



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



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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13.7Gyr

CMB
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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 H

2
0 = 5.3⇥ 10�6GeVcm�3
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vacuum 
energy
68%

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

R

!2
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3
GN⇢� k

R2

H(z)2 = H
2
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 = H
2
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
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distance
• luminosity distance

• comoving distance

• light travel distance

• angular diameter 
distance

• transverse comoving 
distance
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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
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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 Ylm

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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noise per ∆l = 10

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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Ωk changes
the apparent angular size

of the peak positions



Ωb changes
the relative size of 

even and odd peaks



12

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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Use luminous red galaxies (LRGs) 

to extract the halo power spectrum 

and use the shape to constrain 

cosmological models 

Include information from both 

shape of P(k) and geometry 
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standard cosmology 
ΛCDM

• flat universe Ωk=0

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

• three massless neutrinos

24. Cosmological parameters 15

Table 24.1: Parameter constraints reproduced from Ref. 2 (Table 4), with some
additional rounding. Both columns assume the ΛCDM cosmology with a power-law
initial spectrum, no tensors, spatial flatness, a cosmological constant as dark
energy, and the sum of neutrino masses fixed to 0.06 eV. Above the line are the
six parameter combinations actually fit to the data (θMC is a measure of the
sound horizon at last scattering); those below the line are derived from these. The
first column uses Planck primary CMB data, restricting polarization data to low
multipoles as currently recommended by the Planck collaboration, plus the Planck
measurement of CMB lensing. This column gives our present recommended values.
The second column adds additional data and is included to show that the effect of its
inclusion is modest; the extra data are the Hubble parameter, BAO measurements
from the SDSS, BOSS, and 6dF surveys, and supernova constraints from the JLA
analysis. The perturbation amplitude ∆2

R (denoted As in the original paper) is
specified at the scale 0.05 Mpc−1. Uncertainties are shown at 68% confidence.

Planck TT+lowP+lensing Planck TT+lowP+lensing+ext

Ωbh2 0.02226 ± 0.00023 0.02227 ± 0.00020

Ωch2 0.1186 ± 0.0020 0.1184 ± 0.0012

100 θMC 1.0410 ± 0.0005 1.0411 ± 0.0004

ns 0.968 ± 0.006 0.968 ± 0.004

τ 0.066 ± 0.016 0.067 ± 0.013

ln(1010∆2
R) 3.062 ± 0.029 3.064 ± 0.024

h 0.678 ± 0.009 0.679 ± 0.006

σ8 0.815 ± 0.009 0.815 ± 0.009

Ωm 0.308 ± 0.012 0.306 ± 0.007

ΩΛ 0.692 ± 0.012 0.694 ± 0.007

A somewhat smaller value of the optical depth, τ = 0.055 ± 0.009, has been found
in more recent Planck collaboration analyses, as described in the CMB chapter in this
volume. However these have not yet been propogated into simultaneous measurements of
all the cosmological parameters.

While ΩΛ is measured to be non-zero with very high confidence, there is no evidence
of evolution of the dark energy density. As described in the Dark Energy chapter in
this volume, from a compilation of CMB, SN and BAO measurements, assuming a flat
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Known Facts 
about Dark Matter



• 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



Search for MACHOs
(Massive Compact Halo Objects)

Large Magellanic Cloud

Not enough of them!
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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



Cosmological scales

 128

matter
all atoms

= 5.70+0.39
�0.61

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.
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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



• 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]. 

thermal relic



• 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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WIMP miracle



• 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
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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 
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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
m2SS

2� 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

 139
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basic idea

• maximum energy 
transfer to nucleus when 
mχ~MA

• energy of the nucleus 
leads to a combination 
of

• ionization

• phonon

• scintillation

DM nucleus

DM

nucleus

Ef =
1

2
m�

m�MA

(m� +MA)2
2(1� cos ✓̂)



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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CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

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

m2
�

dN�

dE�
r�⇢

2
� J, (13)

with:

J =

Z
db

Z
d`

Z
ds

r�
cos b

 
⇢(r)

⇢�

!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+ r2�� 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�/2m
2
� ! ⇢�/⌧m�, where ⌧ is

25
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Recreating Big Bang

running!
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [10], together with results from the CoGeNT [60],
SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
Super-K [69], and IceCube [70] collaborations.

Figure 6: Observed limits on the mediator mass divided by coupling, M/pgcgq, as a function
of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
and M/8p. The dashed lines show contours of constant coupling p

gcgq.

K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-
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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 
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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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Omega from colliders

SUSY case study
Baltz, Battaglia, Peskin, 

Wizansky hep-ph/0602187
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Volansky, Wacker
arXiv:1402.5143



LEE-WEINBERG FREEZE-OUT
Back of the envelope calculation

�ann ' H|freezeout

mdmndm ⇠ mpnb

nb ⇠ ⌘bs

H ' T
2

Mpl

�ann ' Teq↵2

x3
F

H ' m
2
dm

Mplx
2
F

h�v2i3!2 ' ↵3

m5
dm

3→2

⇥mdm
�ann '

T 2
eq↵

3

x4
F

�ann ' ndmh�v i2!2

h�v i2!2 ' ↵2

m2
dm

�ann ' n2
dmh�v2i3!2

s ' T 3⌘b ' Teq/mp

Eric Kuflik



SIMPlest Miracle
nDM

s
= 4.4⇥ 10�10 GeV

mDM

DM

DM

DM

DM

DM

+HM
arXiv:1411.3727

• Not only the mass 
scale is similar to 
QCD

• dynamics itself can be 
QCD!  Miracle3

• DM = pions

• e.g. SU(4)/Sp(4) = S5
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SIMPlest Miracle

• SU(2) gauge theory with four doublets

• SU(4)=SO(6) flavor symmetry

• ⟨qi qj⟩≠0 breaks it to Sp(2)=SO(5)

• coset space SO(6)/SO(5)=S5

• π5(S5)=ℤ ⇒ Wess-Zumino term

• 𝓛WZ=εabcde εμνρσ πa∂μπb∂νπc∂ρπd∂σπe



Wess-Zumino term

• SU(Nc) gauge theory

• π5(SU(Nf))=ℤ (Nf ≥3)

• Sp(Nc) gauge theory

• π5(SU(2Nf)/Sp(Nf))=ℤ (Nf≥2)

• SO(Nc) gauge theory

• π5(SU(Nf)/SO(Nf))=ℤ (Nf≥3)

E. Witten / Global aspects of current algebra 

(a) (b) (c) 

Fig. 1. A particle orbit 3' on the two-sphere (part (a)) bounds the discs D (part (b)) and D' (part (c)). 
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D or D' (the curve 7 could continuously be looped around the sphere or turned 
inside out). Working with D' we would get 

ia A i d x  i = , (9) exp(  ) exp( ) 
where a crucial minus sign on the right-hand side of (9) appears because ~, bounds D 
in a right-hand sense, but bounds D' in a left-hand sense. If we are to introduce the 
right-hand side of (8) or (9) in a Feynman path integral, we must require that they 
be equal. This is equivalent to 

1 = e x p ( i a f D + D F ~ j d Y ~ i J ) .  (10) 

Since D + D' is the whole two sphere S 2, and fs2F~jdE ij = 4~r, (10) is obeyed if and 
only if c~ is an integer or half-integer. This is Dirac~s quantization condition for the 
product of electric and magnetic charges. 

Now let us return to our original problem. We imagine space-time to be a very 
large four-dimensional sphere M. A given non-linear sigma model field U is a 
mapping of M into the SU(3) manifold (fig. 2a). Since 7r4(SU(3)) = 0, the four-sphere 
in SU(3) defined by U(x) is the boundary of a five-dimensional disc Q. 

By analogy with the previous problem, let us try to find some object that can be 
integrated over Q to define an action functional. On the SU(3) manifold there is a 
unique fifth rank antisymmetric tensor w~jkt m that is invariant under SU(3)L × 
SU(3)R*. Analogous to the right-hand side of eq. (8), we define 

F = fQwijkt m d.Y ijkt" . ( 11 ) 

* Let us first try to define w at U = 1; it can then be extended to the whole SU(3) manifold by an 
SU(3)L × SU(3)R transformation. At U =  1, w must be invariant under the diagonal subgroup of 
SU(3)L × SU(3) R that leaves fixed U = I. The tangent space to the SU(3) manifold at U = 1 can be 
identified with the Lie algebra of SU(3). So ~0, at U = 1, defines a fifth-order antisymmetrie invariant 
in the SU(3) Lie algebra. There is only one such invariant. Given five SU(3) generators A, B, C, D 
and E, the one such invariant is Tr A B C D E  - Tr BA CDE + permutations. The SU(3)I~ × SU(3) R 
invariant w so defined has zero curl (c~iwjk/.,.+_ permutat ions=0)  and for this reason (11) is 
invariant under infinitesimal variations of Q; there arises only the topological problem discussed in 
the text. 
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D or D' (the curve 7 could continuously be looped around the sphere or turned 
inside out). Working with D' we would get 

ia A i d x  i = , (9) exp(  ) exp( ) 
where a crucial minus sign on the right-hand side of (9) appears because ~, bounds D 
in a right-hand sense, but bounds D' in a left-hand sense. If we are to introduce the 
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Now let us return to our original problem. We imagine space-time to be a very 
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By analogy with the previous problem, let us try to find some object that can be 
integrated over Q to define an action functional. On the SU(3) manifold there is a 
unique fifth rank antisymmetric tensor w~jkt m that is invariant under SU(3)L × 
SU(3)R*. Analogous to the right-hand side of eq. (8), we define 

F = fQwijkt m d.Y ijkt" . ( 11 ) 

* Let us first try to define w at U = 1; it can then be extended to the whole SU(3) manifold by an 
SU(3)L × SU(3)R transformation. At U =  1, w must be invariant under the diagonal subgroup of 
SU(3)L × SU(3) R that leaves fixed U = I. The tangent space to the SU(3) manifold at U = 1 can be 
identified with the Lie algebra of SU(3). So ~0, at U = 1, defines a fifth-order antisymmetrie invariant 
in the SU(3) Lie algebra. There is only one such invariant. Given five SU(3) generators A, B, C, D 
and E, the one such invariant is Tr A B C D E  - Tr BA CDE + permutations. The SU(3)I~ × SU(3) R 
invariant w so defined has zero curl (c~iwjk/.,.+_ permutat ions=0)  and for this reason (11) is 
invariant under infinitesimal variations of Q; there arises only the topological problem discussed in 
the text. 
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self interaction
• σ/m ~ cm2/g              

~10–24cm2 / 300MeV

• flattens the cusps in 
NFW profile

• suppresses substructure

• actually desirable for 
dwarf galaxies?

SIDM
Spergel & Steinhardt

(2000)
now complete theory V.H. Robles et al

arXiv:arXiv:1706.07514v1



communication

• 3 to 2 annihilation

• excess entropy must 
be transferred to e±, γ

• need communication 
at some level

• leads to experimental 
signal

DM

DM

DM

DM

DM

DM

SM

DM

SMentropy



if totally decoupled

• 3→2 annihilations without heat exchange is 
excluded by structure formation, [de Laix, Scherrer 
and Schaefer, Astrophys. J. 452, 495 (1995)]

Tdm

Tsm

Carlson,	Hall	and	Machacek,		
Astrophys.	J.	398,	43	(1992)	
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production

E� =

p
s

2

✓
1� M2

inv

s

◆



● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●
●

●
●

●

●

● ●

●

●

●

2.0 2.5 3.0 3.5 4.0 4.5 5.0
102

103

104

105
●

●
●

●
● ●

●
● ●

●

●
● ●

●
●

●

●

●

● ●

● ●

1.0 1.2 1.4 1.6 1.8 2.0
0.1

1

10

102

103



●
●

●
●

●
●

●
● ●

●

● ● ●

●
● ●

●

●
●

●

●

●

1.0 1.2 1.4 1.6 1.8 2.0
0.1

1

10

102

103



● ● ● ● ●

●

● ●

●
●

● ●

●

●

● ● ● ● ● ●

4.0 4.2 4.4 4.6 4.8 5.0
1

10

102

103

104

105



10
-40 cm

2

10
-40 cm

2

10
-41 cm

2

10
-41 cm

2

10
-42 cm

2

10
-42 cm

2

10-1 1 101 102 10310-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
1



13.7Byr

380Kyr
CMB

10 -10sec

DMInflation



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
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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
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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
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V
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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., Simons 
Observatory, CMB S-4, 
LiteBIRD satellite

E-mode

B-mode





downselect by JAXA 2018, expected launch 2025



downselect by JAXA 2018, expected launch 2025
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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

22. Inflation 13

magnitudes of tensor and scalar perturbations. Important rôles are played by data
from the Planck satellite, the BICEP2/Keck Array (BKP) and measurements of baryon
acoustic oscillations (BAO). The reader is referred to [44] for technical details. These
experimental constraints are compared with the predictions of some of the inflationary
models discussed in this review. Generally speaking, models with a concave potential are
favoured over those with a convex potential, and models with power-law inflation, as
opposed to de Sitter-like (quasi-)exponential expansion, are now excluded.

Figure 22.1: The marginalized joint 68 and 95% CL regions for the tilt in
the scalar perturbation spectrum, ns, and the relative magnitude of the tensor
perturbations, r, obtained from the Planck 2015 data and their combinations with
BICEP2/Keck Array and/or BAO data, confronted with the predictions of some of
the inflationary models discussed in this review. This figure is taken from [44].

22.4. Models

22.4.1. Pioneering Models :

The paradigm of the inflationary Universe was proposed in [2], where it was pointed
out that an early period of (near-)exponential expansion, in addition to resolving the
horizon and flatness problems of conventional Big-Bang cosmology as discussed above (the
possibility of a de Sitter phase in the early history of the Universe was also proposed in the
non-minimal gravity model of [1], with the motivation of avoiding an initial singularity),
would also dilute the prior abundance of any unseen heavy, (meta-)stable particles, as
exemplified by monopoles in grand unified theories (GUTs; see Chap. 114, “Grand Unified
Theories” review). The original proposal was that this inflationary expansion took place
while the Universe was in a metastable state (a similar suggestion was made in [45,46],

June 5, 2018 19:55
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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
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• 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???



Multiverse



• 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

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

Cosmic Coincidence 
Problem





We can study cosmology only now.
Need funding ASAP.



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



• one of the largest telescopes: 8.2m

• big field of view ~1.5°

• Imaging with Hyper Suprime-Cam 
(HSC)

• 900M pixels

• ~300M galaxy images

• 2014–2019, 300 nights

• spectroscopy with 
PrimeFocusSpectrograph (PFS)

• 2400 optical fibers

• >1M redshifts

• 2021–2026 360 nights?

Subaru

HSC PFS

Subaru Measurement of Images and Redshifts



First Light later this year!



World’s Best Digital Camera: 3tons!

<10μ

Top Unit

<0.3”
Wide Field 
Corrector



Prime	Focus	Instrument

Wide	Field	
Corrector

Wide	Field	
Corrector

Fiber	PosiGoner		
(from	boIom)

Spectrograph Fiber	Cable

Metrology	camera
Wide	Field	
Corrector

Prime Focus Spectrograph

�218



2550 Fiber Positioners
“Cobra” all produced

co-developed with Caltech, NASA/JPL

10µ accuracy in less than a minute



Metrology Camera System (MCS)

Wang	[ASIAA]

June 8 2018: one the telescope!
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Figure 2.11: The impact of the observational systematic effects in Fig. 2.10 on the power spectrum
measurement. Here we consider a worst-case scenario: we assume that a systematic error causes
apparent fluctuations in the number of detected [O II] galaxies in between different pointings (but
we do not consider the redshift dependence for simplicity). The PFS FoV corresponds to transverse
comoving scales of about 42 or 66 Mpc/h for z ' 1 or 2 redshift slices, respectively. We used N-
body simulations outputs at z = 1 and 2.2 that are done with 10243 particles and in a box with
2 Gpc/h on a side length. We first added artificial density fluctuations with 5% rms amplitude into
each of 48 or 29 subdivided rectangular-shaped subvolumes in the z = 1 or 2.2 N-body simulations,
where each subvolume has a volume of 41.7 ⇥ 2000 ⇥ 2000 or 69 ⇥ 2000 ⇥ 2000 (Mpc/h)3,
respectively. Here the scales of 41.7 or 69 Mpc/h are intended to mimic the transverse scales
of PFS FoV for the z ' 1 or 2 slices. Then we measured the power spectrum from the modified
simulations. The blue and black points show the power spectra with and without the modifications,
where the error bars are the scatters at each k bin estimated from 3 realizations. The figure shows
that the BAO peak locations are not changed, but modify the power spectrum amplitudes by a
factor of 1 + 0.052.

The PFS cosmology survey rests on the use of [O II] emission-line galaxies, detected with S/N’s
greater than a given threshold (S/N = 8.5 assumed throughout this document). If observational
systematic errors affect a selection of [O II] emitters, i.e. selection bias, it causes an apparent
density fluctuations in the observed galaxy distribution, which needs to be carefully monitored
and calibrated. The systematic effects we need to care about are, e.g.,

• The fiber offset from the true centroid; e.g. if there is a systematic error in the astrometric
solution and/or an imperfect fiber positioning, the fiber offset arises.

• Variation in the throughput over the field angle (e.g. due to the vignetting).

• A misestimation in the seeing FWHM. The PSF misestimation causes a biased estimate of
the intrinsic [O II] flux.

• A flux miscalibration such as an error in the magnitude zero point.

In Fig. 2.10, we use our own exposure time calculator to estimate how the systematic errors men-
tioned above change the number of detected [O II] emitters in each redshift bin, where we em-
ployed the same threshold S/N = 8.5. Here we consider some typical values for each of the

Baryon Acoustic 
Oscillation

ELGs [OII], ~15 min exposure



Dark Energy Density

Grey: SDSS+BOSS+DESI

Ruling out ΛCDM by mapping out time evolution of 



14

Figure 13. Expected 1-� error bars of EG for the PFS
in combination with lensing data from HSC and ACT.The
dashed line is the prediction of a “nDGP+DE” model de-
scribed in Sec. 4.4. The EG measurement can exclude this
model at more than 2�. Existing EG measurements (ma-
genta points with error bars) are also included for compari-
son.

of modified gravity, as discussed below. This point alone
fully justifies uniqueness of the synergy between PFS
and HSC.
The survey regions of the PFS overlap with those

of the on-going and future ground-based CMB exper-
iments, such as the ACT and the Simons Observatory.
These data sets provide a mass map of the Universe via
weak lensing of the CMB over a broad range of redshifts
from z ⇡ 0.5 to 3. As these redshift ranges overlap nicely
with those of the PFS, cross-correlating them can give
additional cosmological information.
Combination of the lensing-galaxy cross-correlation

and the RSD o↵ers a powerful probe of modified gravity.
This combination is called the “EG estimator” (Zhang
et al. 2007). It enables a gravity measure r2( �
�)/f�m free of uncertainties in the galaxy bias and
matter fluctuations, by comparing the lensing-galaxy
cross-correlation and galaxy density-velocity correlation
reconstructed from RSD. Existing EG measurements
(Reyes et al. 2010; Blake et al. 2016; Pullen et al. 2016;
Alam et al. 2017; de la Torre et al. 2017) are limited
to low redshifts, with large statistical uncertainties and
potential systematics (Fig. 13). PFS in combination
with HSC and ACT weak lensing will push the measure-
ment to unprecedentedly high redshift (0.6 < z < 2.4),
with unprecedentedly high accuracy (⇠ 5% at 7 redshift

bins). In the event that we find evidence for modified
gravity such as “nDGP+DE” in the RSD data (Fig. 11),
the measurement of EG will be crucial in cross-checking
such a ground-breaking discovery.
To be conservative we only used the large-scale infor-

mation in Fig. 13: `max = 350 for 0.6 < z < 0.8 and 780
for 2.0 < z < 2.4. If smaller scale RSD and lensing mea-
surements are included, the precision of EG improves
further.
Last but not least, cross-correlating PFS spectroscopic

galaxies with photometric HSC galaxies allows us to cal-
ibrate photometric redshifts of the HSC galaxies, which
in turn improves the cosmological analysis of HSC weak
lensing measurements (Hikage et al. in preparation, also
see Oguri & Takada 2011). Moreover, cross-correlation
of the PFS galaxies with the lensing data of the HSC
and the CMB lensing data allows us to calibrate vari-
ous systematic e↵ects inherent in each method and/or
dataset (Schaan et al. 2017).

7. COMPETITION WITH DESI

PFS and DESI surveys are based on complementary
philosophies: the former maps the large-scale structure
with high fidelity (high number density) up to high red-
shifts over a smaller region in the sky, while the latter
covers a much larger (10 times larger than PFS) re-
gion in the sky with limited redshift coverage (up to
z = 1.6). This means that DESI’s constraint on a con-
stant equation of state of dark energy will be better than
PFS: when both neutrino mass and w are varied, the ex-
pected 1-� constraint on w is 0.037 for DESI and 0.051
for PFS. Nevertheless, PFS is still quite competitive be-
cause DESI needs 500 nights to achieve this, whereas
PFS needs “only” 100 nights.
DESI will additionally use the BAO of Lyman-

↵ forest data to constrain the expansion history at
z > 2. Not only will the PFS data provide better
constraints up to z = 2.4 in the overlapping redshift
range (DESI’s Lyman-↵ forest data will reach higher
redshifts), but also provide indispensable independent
cross-check/calibration of the Lyman-↵ results with
galaxy redshift survey data. This is important in light
of achieving robust and accurate cosmology, given the
tension in the existing data in the Lyman-↵ forest BAO
(Sec. 4) and the Lyman-↵ technique being still its in-
fancy.
DESI would not be able to constrain f�8 accurately

beyond z = 1.6, as we do not yet know how to extract
f�8 from the Lyman-↵ forest reliably. Comparing the
PFS and the Lyman-↵ forest data in the overlapping
redshifts would provide a calibration of the technique

12

Figure 10. Reconstructed evolution history of the dark
energy equation of state using the current observations (Zhao
et al. 2017) compared with the 2012 result (Zhao et al. 2012)
as well as the forecasted uncertainty for the PFS data. The
red lines show the mean and the 68% CL of the 2012 data, the
white line and the light blue band show those of the current
data, and the light blue band shows the 68% CL region of the
PFS data. The last two also include the constraints from the
Planck CMB, the JLA supernova, the BOSS DR11 Lyman-↵
forest BAO, and the BOSS DR12 galaxy BAO data.

The growth rate of structure can be used to test this.
Fig. 11 shows the expected constraints on the linear
growth rate of the structure, f�8, as a function of red-
shift as well as the existing constraints from various
galaxy surveys. The PFS will extend the measurements
of f�8 into the hitherto uncharted redshift range, pro-
viding a powerful test of GR on cosmological scales.
The dashed line shows an example prediction from the
so-called “nDGP+DE” brane-world model. This model
is based on the normal branch of the DGP braneworld
model (Dvali et al. 2000), with a quintessence-type dark
energy component added on the brane, so that the
expansion history coincides with flat ⇤CDM (Schmidt
2009). This can be seen as a simplified stand-in for more
realistic braneworld or massive-gravity models. This
model, with parameter rcH0 = 1, is still allowed by
current BOSS data at 2� (Barreira et al. 2016). The
PFS can rule out (or confirm!) this model decisively.
The e↵ect of modified gravity is often parameterized

by the “growth index” �, which is defined as f(z) =
⌦�

M (z). As ⌦M (z) approaches unity at high redshifts,
this parameterization is not suitable for the PFS whose
strength lies at high redshifts. For this reason the ex-
pected constraint on � from the PFS is not much better
than the existing constraint from the BOSS data.
The weak lensing data of the HSC as well as the

CMB lensing data of the Atacama Cosmology Telescope

Figure 11. Expected 1� constraints on f�8 from one re-
alisation of the PFS data combined with the Planck data,
as well as the current constraints. The blue line shows the
example prediction of a model of modified gravity called
“nDGP+DE”.

(ACT) o↵er another test of modified gravity models.
Lensing and galaxies form a “powerful duo”: seeing
the e↵ects of modified gravity in both galaxy motion
traced by the RSD and bending of light traced by lens-
ing greatly enhances our confidence in such a ground-
breaking discovery. We shall address synergy with the
lensing data in Sec. 6.

5.5. Non-Gaussianity

The non-Gaussianity of primordial fluctuations is a
powerful probe of the physics of inflation (Bartolo et al.
2004). The most promising observable is the bispec-
trum of primordial curvature perturbations, i.e., the
Fourier transform of the three-point correlation func-
tion, which vanishes for Gaussian initial conditions. The
bispectrum depends on three wavenumbers k1, k2, and
k3, and potentially encodes a rich set of primordial
physics (Komatsu et al. 2009). Particularly interesting
is the so-called “squeezed configuration”, in which one
of the wavenumbers is much smaller than the other two,
k1 ⌧ k2 ⇡ k3. Standard inflation models based upon
a single energy component (single field) cannot gener-
ate a signal in this configuration of the bispectrum. We
can test this using the PFS data, using both the two-
point (power spectrum) as well as higher-point statistics
of PFS galaxies. The amplitude of the squeezed bispec-
trum is usually parameterised by the parameter fNL.
A detection of non-zero fNL would rule out the entire
paradigm of standard single-field slow-roll inflation.
To this end we use the newly developed “position-

dependent power spectrum” (Chiang et al. 2014, 2015).
This is one of the most promising tools for galaxy sur-
veys because it is easy to measure and model (the ef-
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Draco

Sculptor Fornax

Ursa Minor Sextans

PFS pointings for MW satellites
~ HSC imaging data are available for all samples ~

NGC6822

tidal radius of
stellar comp.

precision study of nearby dwarf galaxies using PFS
established survey plan based on the HSC data

+Bootes I

Is CDM correct?



size matters
• Perhaps dark matter is a composite?
• dark pions in dark QCD
• SIMP: Strongly Interacting Massive Particles
• Then it has a finite size
• flattens the spikes in dark matter profile
• actually desirable for dwarf galaxies?



IGM tomography

PFS ~ Keckx100



structure formation



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

PFS Rocks!

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