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Sep 30,2008 380,000km
Kaguya =1].3 light seconds
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Made of atoms

® cverything around us is made of atoms
® stars are made of atoms, too
® spectroscopy




:RIOD

PL

1} Pure Appl. Chem,, 73. No. 4, 667-683 (2001)
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LITHIUM

4 9.0122

Be

BERYLLIUM

11 22.990

Na

SODIUM

12 24.305

Mg
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PERIODIC TABLE OF THE ELEMENTS
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RELATIVE ATOMIC MASS (1)

|
GROUP IUP.'\C\ ‘ . GROUP CAS

ATOMIC N

SYMBOL

UMBER

.
M P

BORON

ELEMENT NAME

4 VB

5 Va

6 Vi3

[1] Alkal metal

Lanthanide

Aclinide

. Transition metals

[ Metal [ | semimetal [ | Nonmetal
(18] Chalcogens element

113, Noble gas

Ne

7 ViiB

Ga

- Qas
- liquid

STANDARD STATE (25 °C; 101 kPa)

Fe - Sold

163 - synthetic

10

11 i3

12

6 12011

C

CARBON

7 14.007

N

NITROGEN

8 15999

O

OXYGEN

9 18.998

F

FLUCRINE

18 VIllA_
2 40026

%He

10 20.180

Ne

NEON

13 26.932

Al

ALUMINIUM

14 28.0386

Si

SILICON

15 30974

P

PHOSPHORUS

16 32.065

S

SULPHUR

17 35.453

Cl

CHLORINE

18 39.948

Ar

ARGON

19 39.0¢8

K

POTASSIUM

20 40.078

Ca

CALCIUM

Sc

SCANDIUM

22 47.867

Ti

TITANIUM

23 50.942

\%

VANADIUM

24 51.996

Cr

CHROMIUM

25 54938

Mn

Fe

IRON

COBALT

28 58693

Ni

NICKEL

29 63.546

Cu

COPPER

30 6539

Zn

ZINC

31 69.723

Ga

GALLIUM

32 7264

Ge

GERMANIUM

33 74.922

AsS

ARSENIC

34 7896

Se

SELENIUM

35 79.904

Br

BROMINE

Kr

KRYPTON

37 85.468

Rb

RUBIDIUM

38 8762

Sr

STRONTIUM

39 88,906

N

YTTRIUM

40 91.224

Zr

ZIRCONIUM

41 92.906

Nb

NIOBIUM

42 9594

Mo

MOLYBDENUM

Te

TECHENETIUM

44 101.07

Ru

55 132.91

Cs

56 137.33

Ba

BARIUM

57-71
La-Lu

Lanthanide

T2 178.49

Hf

HAFNIUM

73 180.95

Ta

TANTALUM

74 183.84

W

TUNGSTEN

75 1886.21

Re

RHENIUM

Os

OSMIUM

45 102.91

Rh

RHGDQIU

Ir

IRIDIUM

46 106.42

Pd

> Y

Pt

PLATINUM

47 107.87

Ag

SILVER

48 112.41

Cd

CADMIUM

49 114.82

In

INDIUM

50 118.71

Sn

TIN

51 121.76

Sb

ANTIMONY

52 127.60

Te

TELLURIUM

53 126.90

I

ICDINE

54 131.29

Xe

XENON

9 196.97

Au

GOLD

80 200.5¢
Ho
-~

MERCURY

81 20438

Tl

THALLIUM

Pb

LEAD

83 208.98

Bi

SISMUTH

84 (209)

Po

85 (210)

At

ASTATINE

86 (222)

Rn

RADON

Fr

88 (225)

Ra

89-103
Ac-Lr

Actinide {

104 (261)

REE

RUTHERFORDIUM

105 (262)

Db

106 (266)

S

107 (264)

1Bl

BOHRIUM

108 (277)

18l

109 (268)

Mt

MEITNERIUM

110 (281)
Uum

UNUNNILIUM

111 (272)

Uuuw

UNUNUNIUM

112 (285)

Uulb

UNUNBIUM

LANTHANI

DE

114 (239)

Uug

UNUNCQUADUNS
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57 13891

58 140.12

59 140.91

60 144,24

61

62 150.25

63 151.96

64 157.25

65 158.93

66 162.50

68 167.26

69 168,93

70 173.04

71 17497

(1435)

IPmn

PROMETHIUM

Relative alomsc mass is shown with five
significant igures, For clomonts have no stable
ruclides, the vale enclosed in vackels
indicates the mass numbee of the longast-lived
isoiope ofthe clement

La

LANTHANUM
ACTINIDE
89 (227)

Ac

ACTINIUM

Nd

NEOCDYMIUM

Er

ERBIUM

Tm

THULIUM

Eu

EUROPIUM

Gd

GADOLINIUM

Ho

HOLMIUM

Yb

YTTERSBIUM

Lu

LUTETIUM

Ce

CERIUM

Pr

PRASECOYMIUM

b

TERBIUM

Sm

SAMARIUM

Dy

DYSPROSIUM

Mowaver threo such elements (Th, Pa, ard U)
do have a chamacteristic terrestnal isolopic
coarposiion, and for these an atomic waght is
tabulated

103 (262)]

ILr

LAWRENCIUM

93 (237)

Np

NEPTUNIUM

98 (251)|99 (252)|100 (257)

Cft | Es | [Fm

CALIFORNIUM|EINSTEINIUM|  FERMIUM

101 (258)

Mdl

MENDELEVIUM

102 (259)

No

NOBELIUM

91 231.04 |92 238.03

Pa | U

PROTACTINIUM|  URANIUM

90 232.04

Th

THORIUM

04 (244)

Pu

PLUTONIUM

95 (243)

A\

AMERICIUM

96 (247)

Cm

CURIUM

97 (247)

Bk

BERKELIUM

Editor: Aditya Vardhan (adwvar@nettling, com)
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nuclear fusion also produces neutrinos
tens of trillions of neutrinos going through our body
every second
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PERIODIC TABLE OF THE ELEMENTS

GROUP
1 A http:/www kif-split he/periodnifen/ 18 VillA
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LITHIUM | BERYLLIUM BORON Actinide Ne - gas Fe - solid BORON | CARBON | NITROGEN | OXYGEN | FLUORINE |  NEON
11 22.900 |12 24.305 A Ga - liqud enli s 13 26.932 14 28.086 |15 30974 |16 32.065 |17 35.453 |18 39.948 |
3 Na | Mg . Al BSiij P | S | Cl FAx
SODIUM  |MAGNESIUM| 3 II5 4 vE 5 vd 6 VIB 7 VIIB 8 9 10 11 1 12 [|[3 | ALUMINIUM | SILICON |PHOSPHORUS| SULPHUR | CHLORINE | ARGON
19 39.095 |20 40.078 | 21 44.956 | 22 47.867 | 23 50.942 | 24 51.996 | 25 54,935 | 26 55.845 |27 56.933 |28 58.693 |29 63.546 30 6539 |31 69.723 (32 7264 |33 74.922|34 78.96|35 79.904 |36 83.80
4 K [Ca|Sc | Ti |V |Cr Mn| Fe [Co| Ni [Cu|[Zn | Ga|Ge | As | Se | Br
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6fCs [Ba |Lalul Hf | Ta | W | Re | Os | Ir | Pt | Au | Hg At | Rn
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““merger of neutron stars =




Frequency (Hz)

10?

-25

Hanford + Livingston

—15 —10

Time Before Binary Neutron Star Merger (s)




\.H
QO
o))
S

S
=
i

)
g
@)
$—
)
o]
QO

Z.
2
<
a

o v—

an
<

€
o
0]
g
o
=
(av]
>
S
Q
9]

O

@,
S
QO
oY)
a
D)
90]
0]
Q
:

o —

—

=

@\
—
0
v
(o/0]
—
L)
o,
<
l\
—
-]
@\
—
<
+
O
=
@)
O
Ha)
<

i LIGO - Virgo

N300

N
o
o

—
-
o

frequency (

counts/s (arb. scale)

2 4 6

normalized F,

400 600 1000
wavelength (nm)

2000

i, AGILE, CALET HE.S S, HAWC, Konus-'W

AR, Ct
oWt M5
Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magelan, Subaryu, Pan-STARBST
HCT, TZAC, LSGT, T17, Genr South, NTT, GROND, SOAR, ESOVLT, KMTNet, ESO-VST, VIRT, SALT, CHILESCOFE, TOROS |
BOOTES-S, Zadko, iTelescope Net, AAT, Pi of the Sky. AST3-2, ATLAS, Danish Tel, DF? S, EABA I ll II l l I I l I
REM-ROS2, VISTA, Gemine-South, 2MASS Spitzer, NTT, GROND, SOAR, NOT, ESO-VLI-Kanata T¢ ST

ML BUHHRnm N

ATCA VLA ASKAP. VLBA GMAT. MWA_ LOFAR LWALATMA. OVRO. EWYN. o-MERLIN, MeerkKAT, Parke RY E we

1M2H Swope

100 -50 050 102
. (S)

DLT40

10.86h ill11.08n

10"
t-t. (days)

VISTA

hi|11.24h

jo° 10'

YJK,

Chandra

9d

X-ray




Kasliwal et al. 2017 (Science)
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http://www.nao.ac.jp/news/topics/2015/20151116-kagra.html
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distance from center of Milky Way
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RAYON [ARCMIN]
100

will collide with us
Etoiles
e e in 4.5 billion years

Bulbe

Goz

RAYON [kpc]

Andromeda M33 = 2.5M lyr



How do we measure
the rotation curve!

® Special relativity
cF v ¢

G () ()
® hyperfine splitting
neutral hydrogen

=4




Galaxy rotation
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Fig 5.20 (Begeman, Sofue) 'Galaxies in the Universe' Sparke/Gallagher CUP 2007
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connects galaxies

stacking 85k quasars near 20M galaxies
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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 Fig. 4.— Fraction of mass contained in the sphere centred on individual haloes with radius aRyir,
curve represents the contribution from particles bound to haloes, i.e., particles that reside within where Ry is the pseudovirial radius and « is the multiplier represented in the abscissa. The solid
the virial radius of all haloes. The data with error bars are the observational estimate by MSFR curve is 0.231n +0.23 given in the text.
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galaxies
rejuvenated
~after mergers
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http://www.eso.org/public/outreach/press-rel/pr-2008/phot-46-08.html
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upermassive Black Hole

® supermassive blackhole of mass
~4M Msun at the center of Milky
VWay
® swallows gas around it 24 fiht dors

/public/outreach/press-rel/pr-2008/phot-46-08.html
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motion of galaxies

galaxies are moving in
the mutual gravitational
potential

assume virialized motion
<y2>= Gn M/r

but they are too fast, too

first proposal of “dark
matter”

Fred Zwicky









gravitational lensing

deflection angle
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gravitational lensing
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galaxy

light-rays

~distorted i
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image invisible dark matter
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more than 80% of matter in the Universe is not atoms
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as expected by theory

Subaru measurements.
Okabe, Takada+ 11

best-fit NFW (x2/d.0.f=27.1/28)
- — — Dbest-fit isothermal-sphere
(x2/d.0.f=499/29)

best-fit cored-isothermal-sphere
(x2/d.0.f=42.2/28)

projected mass density: <>.> [1015 h Msolar/Mpc 2]

—600 —400 —200 0
0.1 0.2 0.5

cluster-centric radius [Mpc/h]

45 clusters stacked consistent with NFWV profile

x [kpeh™1]




world’s largest 3D map of
dark matter
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world’s largest 3D map of
dark matter




Dec (J2000)

Dec (J2000)

dark matter is our Mom

B dark matter 2D) ' dark matter (3D)
B ~30 square degrees ™' i o N 2 Y .
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. collion of clusters at 4500 km/s "

Credit: J. Wlse M. Bradac (Stanford/KlPAC






Dark Matter
is our Mom

without dark matter with dark matter



fly-through based on SDSS-III data






20 billion ly
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Galaxy Cluster MACS J1149+2223

A Distant Gravitationally-Lensed Galaxy at Redshift = 9.6
NASA / ESA / STScl/ J. Hora (Harvard-Smitsonian CfA)

High-Redshift Galaxy MACS1149-JD

Hubble Space Telescope * ACS * WFC3
ssc2012-12a



dark ages
| 3.6 billion lyr away
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Expanding space
P R(t) S B%(t)

d = dy——= A —
e Hubble law:v=Hod  £%0 B Q Ry

® A\=No(l+2) s U.ZOR_O el

e 7 rEdShift = RO/R HO — % — 71km/S/MpC
® adiabatic expansion = .0..

TxR-!




very
distant

galaxy

distant
galaxy

nearby
galaxy

star

laboratory
reference
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FIGURE 1 - .




“"Cepheids calibration

CHP Mid—IR (SPITZER) Period—Luminosity Relation

4(LMC)o = 18.477 +/— 0.033 mag

magnitude +2
= brightness /100

® LMC Cepheids
® Galactic Cepheids

Ho=74.312.1 km/s/Mpc

30 days 60 days

| |
1.9
loa(P) W.Freedman et al, APJ, 758:24
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Deployable Sun, Earth,
RF/Thermal Shield .

- -4

Helium Dewar —

Deployablé Solar Panels

N Earth Sensors.

WFF Omni Antenna
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Intensity, 10-4 ergs / cm?2 sr sec cm-1
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WFF Omni Antenna
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CMB temperature

CMB dipole

we are moving at
~ 1% of c relative to CMB

CMB anisotropy
at ~| 0>
|mm ripple on 100m sea
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protons

O
electrons " O
o
& O @ .
® = . Cosmic Microwave Background Radiation
& & )= o
" s ‘é Y Gan Gen
S o = e
& o 4 8
e O v S Cfn galaxies
0 <
® o ® =
soup of particles .
Big Ban 380,000 yrs |0 Gyrs 3.7 Gyrs
g g )4 )4 Y

time



Inflation
~a

Key: W, Z bosons A\/\, photon

q quark (%) meson ,‘galaxv
3

g gluon ®‘ # baryon o
€ electron 0 o star
IlLmuon Ttau

black
V neutrino @)atom 1 hoale

Particle Data Group, LBNL, © 2008. Supported by DOE and NSF




® ‘“‘non-relativistic
derivation’

® assume spherical
distribution of mass

density p

® same as full relativistic
equation with a curvature
term k=—1,0, |
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Current Universe

® knowing the lL.h.s. tells us
the current energy

density
® |.h.s.= Hop2 from Hubble
law v=Hqo d

® r.h.s.defines the critical

_GN/O 2



matter

radiation

vacuum

energy
68%

PR3

each one

EocR-1
PR

PR



>
<
-

=1
1x

A=No(|+2)

z: redshift

| +z= Ro/R = a(t)~!
adiabatic expansion =

500 600

Wavelength ()
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® |uminosity distance i — \/L/47TS

® comoving distance deil ) — :
G

® l|ight travel distance Cliige




® |uminosity distance

® comoving distance

® light travel distance

® angular diameter

distance
® transverse comovingd (2) Gaall b vV QrHodo (2)
- == S111
distance HO /_Qk .

M Hao il e 0 el e G e O
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® |uminosity distance = Zldn
zZ /
® comoving distance delz)—¢
Z
zZ /
® light travel distance dz




R ST k

temperature: Toc(|+2) T Gnp e

matter: px(l+z)3

radiation (massless

particles): pox(|+z)4 Pradiation
matter-radiation equality
223300 Pmatter

recombination: z= | 300

10° 10* 102 10° 10210*10°10%1071 0101 0%107"®

T [GeV]
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WFF Omni Antenna

nnnnnnnnnnnnnnnnn

CMB temperature

CMB dipole

we are moving at
~ 1% of c relative to CMB

CMB anisotropy
at ~| 0>
|mm ripple on 100m sea
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Dark Matter is
our birth mother




one is real







reenacting Big Ban with Cal Band
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® before recombination,
there was a fluid of
protons, electrons,
photons, dark matter
(and neutrinos)

® photon pressure =

“sound waves”

protons

electrons " {2

iIon

soup of particles
Big Bang 380,000 yrs

recombinat

time

10 Gyrs

3.7 Gyrs




(2|+ I)Clm — Zm alm*al

® a random density

® starts acoustic

® “knows” about

MAP

fluctuations ~O(10-3)
more-or-less scale
invariant P(k) oc kns-!

oscillation, amplified by
gravitational attraction

everything between
0<z<1300

6T/T —_ dim Ylm

100
Multipole moment 1

500
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W. Hu 11700 10 100 1000

MAFP390006

() changes
the apparent angular size
of the peak positions
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W.

()p changes

the relative size of
even and odd peaks



~ standard cosmology
NCDM

4

SPT,
This work

3\ 3
log,o Ppao(k) / h™"Mpc
3.5

1084 Ppaio(k) / P(K)gmooth
-0.05 O 0.05

(6G91°2060:A1XJE :6002) ‘|e 18 p1oy

- arXiv:1105.3182

| l | | | | l | | | |

500 1000 1500 2000 2500 3000 18 16 14 -1z

{ log;o k / h Mpc™?

CMB power spectrum galaxy power spectrum
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* standard cosmology

NCDM

flat universe Q=0

perturbation P(k) o< kns-|
with single exponent n;
for both scalar and
tensor modes

three massless neutrinos

Planck TT+lowP+lensing
0.02226 £ 0.00023
0.1186 + 0.0020
1.0410 £ 0.0005
Ng 0.968 + 0.006

T 0.066 = 0.016

In(1010A% ) 3.062 + 0.029

0.678 = 0.009

0.815 £ 0.009

0.308 £ 0.012

0.692 = 0.012

Planck TT+lowP+lensing+ext
0.02227 £ 0.00020
0.1184 + 0.0012
1.0411 £+ 0.0004
0.968 + 0.004
0.067 +0.013
3.064 £+ 0.024
0.679 + 0.006
0.815 + 0.009
0.306 = 0.007

0.694 £ 0.007
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Cold and Neutral

® By the time of matter-radiation equality and

until now, dark matter must be non-

relativistic and clump together by




Search for MACHOs

Large Magé’llqnic Cloud-

~ap

Not enough of them!

EROS collaboration

(Massive Compact Halo Objects) astro-ph/0607207

MACHO
95% cl

t/4.71077

S
bo

EROS-2 + EROS-1
upper limit (95% cl)

f_

-2 0 2
logM= 2log(( tg )/70d)
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Mass Limits
“Uncertainty Principle

® Clumps to form structure
Mm,

T
® “Bohr radius”: rp =

® imagine V = Gy
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Mass Limits

031 GeV to 10°0 GeV

we narrowed it down to
within 81 orders of
magnitude

a big progress in 70 years
since Zwicky




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

O < 1.7 x |02 cm? (m/GeV)

(Yoshida, Springel, White, astro-ph/
0006 134)

bullet cluster:

g < 1.7x1024 cm?2 (m/GeV)
(Markevitch et al, astro-ph/0309303)

o
Self-Couplin- 7.

S1

1:0.82: 0.65

S1Wa
o*=0.1cm?g™!
r. = 40 h™kpc
1:0.88 : 0.66

S1Wb
o* =1.0cm?g™!
r. = 100 h~tkpc
1:0.91:0.72

10.0 cm?g™
160 h—'kpe
: 0.98 : 0.89

S1Wc

o*
T'e
1
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Lifetime

® At least of the order of age of the universe
1 4Gyr
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Cosmological scales

100 500
Multipole moment 1

o -
-
.-.
' ’

all atoms

128



. 60,0001y

p~0.3-0.4 GeV/cm3 Wﬂﬁ;\._ﬁf

T e a few stars

10 20 30 40 50 o0 70 80 90 10C

distance from center of Milky Way
(thousands of light-years)
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® The dominant paradigm:
WIMP (Weakly Interacting
Massive Particle)

® Stable heavy particle




thermal relic

thermal equilibrium when
T>m,

Once T<m,, no more %
created

if stable, only way to lose
them is annihilation

but universe expands and
¥ get dilute

at some point they can’t
find each other

their number in comoving
volume “frozen”

10

Increasing <o,v>

100
x=m/T (time -)




® WIMP freezes out when

the annihilation rate
drops below the
expansion rate
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Order of magnitude

e “Known” 0,=0.23 a2 o 20
. X0 3 2
determines the WIMP W Ger 0 s

annihilation cross " oL 10_1OG6V_2£IZ‘

section G
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e e e -
o e - e— = —— m —m =

thermaliié R
-9 \~..

—
—— e

—
T e e — —

4 dgp
e _/H(ZW)32EZ‘M(
i
ol (] ) x=m/T (time )
® assume Maxwell distribution, 1=2=y, E|—E2—m,

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

® reproduce the estimate with

m (P ) 1 g«
=0 oy X | w
= T YR T ey L P
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WIMP

® 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!
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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




Con5|stency 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

XENON100 (2012)
= observed limit (90% CL)

WIMP-Nucleon\Cross Section [cm?]

6 78910 2C 30 40 50 100 200- - 300 400
WIMP Mdss {G&V/c]
v m = 150GeV

! 10—48
04 05 06 10 50 100 500 1000

k(m,) Davoudiasl, Harnik, Larson, HM g (GeV)




:

VL :
il H | ggs as a PQ rtal Sl e
Lg= %aﬂsaﬂs - %mgﬁ — S\H\Zsz — %S“.

® having discovered the Higgs!?
® Higgs boson may connect the Standard
Model to other “sectors” via lowest-dim

operators

SU(3)exSU(2)xU( 1)y

hidden Higgs quarks
sector sector leptons

A e R * A Y PRE R
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basic idea

® maximum energy
transfer to nucleus when

mx~MA

energy of the nucleus



Sensitivity and SUSY Parameter
Masaki Yamashita

CMSSM in 2007
hep-ph 0705.2012v1
Roszkowski et al.

CDMS-II

XENON100

ﬁ 1 event/kg/yr

68%

(PD)]

near future

Super CDMS, XENON100, LUX,
XMASS, COUPP, CRESST-II,
EDELWEISS-II, ZEPLIN-III,...

Sl
P

& 1 event/100kg/yr INEEIEIFESEXPEFIMENTS

-
— SuperCDMS1t, XENON1t, LZ, Darwin

0.4 0.6 YEEE] ~'0M XMASS 20T, ..

m (TeV)

X Masaki Yamashita
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http://xxx.lanl.gov/abs/0705.2012
http://xxx.lanl.gov/abs/0705.2012
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XENONI100 (2012)
= observed limit (90% CL)
Expected limit of this run:

+ | o expected

+ 2 o expected

104

f—
1

N

\S)

—

<
N
w

!

WIMP-Nucleon Cross Section [cm?]
=
S

—

<
N
(9]

6 78910 20 30 40 50 100 200 300 400
WIMP Mass [GeV/cz]

.

cf. 0~ 1036 cm?
XENON 100 for a heavy neutrino

,'



WIMP—nucleon cross section [cm?]

SuperCOMS Soudan Low Threshold
XENON 10 S2 (2013)
10-39 E v " CDMS-”_G& LO“’ l!\ref.h."')lﬂ '201'” ™r—r-rr v v v —rrrr v v v T lO
NIV
\

N CoGeNT

10- 45 Neutrinos

10746
1l
10-48
10-49

i 1 10 100 1000 1()!‘0

WIMP Mass [GeV/c?]



dark matter

xx—>visible.

luminous matter

>

100k lyrs




PAMELA

dark matter annihilation or decay

in the galactic halo?

0.4 — + N
05| € PAMELA.
0.2 |
o
X
+
1‘;
\ B —
-
E)/ B —
X | l i
c
R ~ |
¥
E I —
c — ref. 1
S ® PAMELA ]
z %  Aesop (ref. 13)
o O HEATOO
* AMS
0021 v CAPRICE94 | il
A HEAT94+95
* TS93
o MASS89
¢ Muller & Tang 1987 56
0.01 = ————w Lol Lo Lol
107 1 10 102

100

E°J(E) (GeV’m™s7'sr™)

Energy (GeV)

ett+e

i A Kobayashi (1999)
- Y HEAT (2001) -
& BETS (2001)

T O AMS (2002)
m ATIC-1,2 (2008)

- X PPB-BETS (2008) } -
U HESS (2008)
® FERMI (2009)§ %; % J[ { {

— — — — conventional diffusive model

L L L L] 1 1 P S S S T

10 100 1000
E (GeV)
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Y rise in et fraction e

confirmed by Fermi

90°longitude . le‘l pfg"g?” —s— Fermi 2011
L — forbidden e —— PAMELA 2009
—8— AMS 2007

—&— HEAT 2004
0° longitude
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separation
via geomagnetic

“Earth” ShadOW 270°Iongitude
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Secondary production

5 Apr 2015

100 200 300 400 500
Kinetic Energy [GeV]



E*J(E) (GeV’m™s'sr™)

¢ HEAT (2001) v HESS (2009)
A BETS (2001) @ FERMI (2009)
O AMS-01 (2002)

W ATIC-1,2 (2008)

X PPB—BETS (2008)

v HESS (2008)

AHEAT 94+95

O®PAMELA 08

BAE-RIC EsLE R o COE NI ER = F.OR
GELE QR BTE@AIE 5P HGSIES



Signal counts: 53.4 (4.260) 80.5 - 208.5 GeV
p-value=0.85, x 2, =14.3/21

Fermi-LAT collab

Christoph Weniger
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Finding Dark Matter

InAdivart mothnAd

Indirect search from the Sun: spin dependent x-section

0.05 <© h* <0.20 MSSM SD cross-section limits lceCube Preliminary

I

oo <olim CDMS(2010)+XENON100(2011) ... Super-K 2011, bb .
[ = - - -« IC/AMANDA 2001-2008, bb Super-K 2011, W~ W
' = IC/AMANDA 2001-2008, W W~ (*) - - KIMS 2007

Vv detector 33| o : COUPP 2008
IC86 180 days sensitivity, W™ 1 Picasso 2009

for m, < - CDMS 2010

WIMP mass (GeV)



adron Collider::-
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“""Producing Dark Matter::

in the laboratory

——4.8Gev EC
———19.Gev HC

® Mimic Big Bang in the lab
® Hope to create invisible
Dark Matter particles

® Look for events where -
energy and momenta are
unbalanced

“missing energy” E

miss
e Something is escaping

the detector |
=Dark Matter!?

\\‘\\\\\\\\\‘\\\\\\\\\ TTTTTTTTT TTTTTTTTT TTTTTTTT TTTTTTT TTTTTTT TTTTTTTTT \\\\\\\\\‘\\\\\\\\\ TTTTTTTTT
| 500cm 0 X 500cm
YX hist.of BA.+E.C.

5

W



7 How do we know

,&

BAE-RIC EsLE R o COE NI ER = F.OR
GELE QR BTE@AIE 5P HGSIES

what Dark Matter is!?

® of dark matter

e abundance x g !
ann

® detection experiments

® scattering cross section
® production at

® mass, couplings

® can calculate cross sections
® |f they agree with each other:
=> Will know what Dark Matter is

— Will understand universe back to t~107'9 sec

|54

cosmic abundance

WMAP

LHC

ILC

mass of the Dark Matter



probability density dP/dx

probability density dP/dx
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X
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1
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i D

200 —

150 —

100 —

probability density dP/dx

50 —

LHC+ILC—1000 —

SUSY case study
Baltz, Battaglia, Peskin,
Wizansky hep-ph/0602 187
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Miracles
DM SM o
<(72—>2U> ~ W
a~ 1072
M M m ~ 300 GeV
WIMP miracle!
DM DM o’
<0'3—>2U2> ~ ﬁ
N Hochberg, Kuflik,
DM a ~ dm Volansky, Wacker
), A SOOMeVarXiv:MOZ.S 143
DM DM

SIMP miracle!



FREEZE-OUNE

Back of the envelope calculation

Fann = H|freezeout

T2
r 2 (a0 TR
ann — Tldm <UU >>i3—>>f2 pl
3
9 8%
Mam7Ttdm ~ MpTp <<0'”U >3_>2 ~ —
dm
Ny ~ 1MbS . -
Eric KUifiie
3
Ny = eq/mp g A0
I quozg o~ mgm
ann — 3 — >
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DM _ 4 5 102A08EY

SIMPlest Miracle e

® Not only the mass
scale is similar to

QCD
DM DM
® dynamics itself can be
QCD! Miracle3
DM
® DM = pions
® cg. SLlJ(4)/Sp(4) =S5 DM DM
Leniral = 75 7 Tro*U'0,U +HM
" arXiv:1411.3727
8NN,

eabcdee“”pawaﬁﬂﬂbﬁywc pwdﬁaﬂe + 0(7'('7)

£ —
AL 75(G/H) # 0



0)
SIMPlest Miracle

® SU(2) gauge theory with four doublets
® SU(4)=SO(6) flavor symmetry

® (g g)=0 breaks it to Sp(2)=SO(5)

® coset space SO(6)/SO(5)=$§>

® T15(5°)=7 = Wess-Zumino term

® L\wz=Eabcde EHVPO TT20 | TTP OV TTCOpTTI0 5 TTE
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Wess-Zumino term

® SU(N() gauge theory
o TTs(SU(NY)=Z (Nr23)

® Sp(N¢) gauge theory
® T15(SU(2N§)/Sp(Nf))=7 (Nf=2)

Witten

® SO(Nc) gauge theory
® TT5(SU(Ny)/SO(Np)=7 (N=3)



LAGRANGIANS

1

Lquark — _Z

2

2 ; 1 3 Y
LSigma = ETI'(()ME oty —§mQ,u TrJ>. + h.c. —

o)
.9 Pion theor
© 4
Lo —lTr(? o —m—%Tr 2 4 m% Tr 4—LT1"
plon T WIS T Mgz U T g
2N, Do 5
+ e"PoTr w0, m0,m0,mOsm| + O(7")

1572 f2

Quark theory

1
2

Sigma theory

24072

FSVFMWL + qi1Dq; —=mg Jijqz-qj + h.c.

/ Tr(2Tdy)?
Y // D
S

{a)

(b)

o

{c)

(7?28“%8”% — 7'('8’“7'(‘7‘('8“7'(')



The Results

SU(2N;) / Sp(2N;)

(— Sp(2), Nr=2 )

|— Sp(4), Nf=2 |
Sp(8), N =2 |1

\— Sp(16), N =2

11111‘
—

l
-
<

Q.
<
N

| ok . Y N
100-2 10~ 1 1
m,. [GeV]

Uscatter/mrr [szlg]

—_—

Solid curves: solution to Boltzmann eq. Foxm

Oscatter

Dashed curves: along that solution



The Results

" SU(N;)xSU(N;) / SU(N;)  (SU(N;) broken) o O M
8 10
T | 5 27Tf71‘ \\\\ ] (\IE
K o a N =
S S ra—— —SUBLN=3 Yy s
& 4l SU(5), N, =3 | <
| | ] =
' SU(10), Ny =3 |. g
/ \\\ - Ji1o_1 S
%
1 AR : N 1 -2
100-2 107" 1 19"
m; [GeV]
: : Mz ~c 3/ 10
Solid curves: solution to Boltzmann eq. £ oM

Dashed curves: along that solution

Oscatter _
X M 9/5
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The Results

SU(NEg) / SO(NE)

My S 27 fr

l

.
L1 L L
—

Solid curves: solution to Boltzmann eq.

Dashed curves: along that solution

107"

m,; [GeV]

110

1107"

Uscatter/ My [Cm2/ g]
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® O/m ~ cm?/g

~10-24cm? / 300MeV — CDM-only

=== CDM-hydro
SIDM-only

® flattens the cusps in SIDM-hydro

NFW profile

My, cam = 4.6 x 10°Mg
My sidm = 1.0 x 10°M,

® suppresses substructu

® actually desirable for
dwarf galaxies?

SIDM
Spergel & Steinhardt
(2000) O R0 500 1000

now complete theory arXivarxiv1706.07514v1 T (pPC
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commuhication

DM DM
3 to 2 annihilation
excess entropy must DM
be transferred to ety

DM DM
need communication
at some level DM DM

leads to experimental
signal

SM entropy ~ SM



if totally decoupled

103

HrenT 1 it |

10° L

—_— —
— —
—

R B
107 E \

\ 1 Carlson, Hall and Machacek,
‘. § Astrophys.J. 398, 43 (1992)

; \
10~1 — Tsm \

T, T (eV)

-
10-3 i1 I I | l1111111 1 I T | Iu|||11_1_ |1|un|14

103 102 101 100 101 10—2 10-3
T (eV)

® 3—2 annihilations without heat exchange is
excluded by structure formation, [de Laix, Scherrer

and Schaefer, Astrophys. J. 452,495 (1995)]



vector portal

dark QCD
with SIMP

Standard Model

€
QCW



Kinetically mixed U(1)

® c.g,the SIMPlest model SU(4)/Sp(4) = G5
SU(2) gauge group with

N=2 (4 doublets)

® gauge U(1)=SO(2) o4

c SO(5)=S5p(4)

® maintains degeneracy of (7T++, 7/ Wg, 7'('8, Wg)
quarks

® near degeneracy of pions .
for co-annihilation _VBMVFZ/;V

26W



BaBar (vis) ‘r

N

BaBar (inv)

O
>
&‘@X\@
Qﬂ\%
SU(2), Ny =2
OzD:1/47T
m, = 300 MeV
co | |
10% 102 103



Super KEK B & Belle |l

e+ 4 GeV 3.6 A |

— €~ Belle II
-y New IR
/ - - 7 GeV 2.6 A ?

] /;\lew beam pipe S upe rKE KB

: & bellows
‘ N

\ / 50 ab—

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping ring ” ~———
——-
’
U:"'

Low emittance gun

Positron source

New positron target /
capture section

Low emittance electrons
to inject

y OO

A'(+)
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—
-
o8

10°

-
-
N

10%+

- Belle 11 projection
/s =10 GeV, 50 ab~
op,/E, = 1%

m,, =3 GeV, e, =8 x 107*

d
y
y
y
-y
y
ay,
_y
-y
-y
y
y,
NN
-~y

_y
y
-y
y
y
y
-y
y
~y
ay
ay
~y
ay
ay
~y

_ OF, e

—  Dark sector 5 = 1% S~
' gl AN

—— Binned “ |
_- -y |
2.0 2.5 3.0 3.5 4.0 A5 5.0



Events/40 MeV

0.1

BES 111 projection
Vs =4 GeV, 100 fb™"

N O-EV/E’Y — 2% i
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Events/50 MeV
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Inflation
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Key: W, Z bosons \/\, photon
q quark (%) meson 7’ galaxy

g gluon )@ ® baryon -
ﬁrﬁluegrt\r%'tau @9 ion l

black (
V neutrino @) atom ’ hole | Particle Data Group, LBNL, © 2008. Supported by DOE and NSF Gel/)
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VWhy do they all look
the same!

® |ike having discovered
two remote islands in
very different parts of
the world, speaking the
same language

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

® we suspect they had
communication




Inflation
~a

Key: W, Z bosons A\/\, photon

q quark (%) meson ,‘galaxv
3

g gluon @‘0baryon tar
€ electron #® ion

IlLmuon Ttau biack
V neutrino @)atom 1 hola

- HOleIpes spemololw

- (=3
TSI

Particle Data Group, LBNL, © 2008. Supported by DOE and NSF












inflaton

® scalar field with rather flat
potential (compared to the
Planck scale), A= 10-!! ()
® the equation of motion has
a “friction term”

6+3Ho=V'(p)

® slow-roll solution with

more or less constant v P
=
‘¢| << ‘¢| e V/( ) H2 2 50 100 150 200 250 300 350 t
® Universe expands 3 Mz,

exponentially R(t) o eHt
® need e-folding N=Ht > 60 to log R

solve the problem

HM, Suzuki, Yanagida, Yokoyama " SRR ] L
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““Ultimate Free Lunch!

/
vacuum

energy | 8 PocRO
74%

total energy keeps growing like volume R(t)3xe3Ht

© Original Artist
' Reproduc’uon nghts obtainable from

FREE LUNCH/*

¥Pvs §29.9¢

SERVICE CHARGE

FORr SHIPPING &
HANDLING-. |
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near sighted

What you are seeing
one moment is gone by
inflation the next
moment

feel very near-sighted
“horizon” = Hf!
uncertainty principle:
quatum fluctuation

>




Seeds for structure

® Cosmic Inflation
stretched the new-born
microscopic space to
our entire visible

universe
® (Observed structure £
originates from quantum o roer sl
fluctuation of inflaton IT Cross Power
® |arge-Scale Structure, : — - conpioss
CMB E-mode S

polarization consistent
with this picture

K 100 200

Multipole moment (1)



Getting

If simple quantum
fluctuation, it must be
distributed as Gaussian

Indeed!

further tests of non-
Gaussianity at Planck

. T
- e




How do we know
it really happened!?

® cverything 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

188
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Plank TT +lowP
Plank TT +lowP +-BKP
Plank TT +lowP +BKP +BAO

Natural inflation
Hilltop quartic model O e e l
o attractors
- Power-law inflation

Low scale SB SUSY
R? inflation
V o ¢3
Vo ({)2
V oc ¢4/ 3
Vocd

Tensor-to-scalar ratio (70002 )

Vo
N. =60

Primordial tilt (ns)

Figure 22.1: The marginalized joint 68 and 95% CL regions for the tilt in ((P)
the scalar perturbation spectrum, ng, 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].

® decays into both matter and P
anti-matter, but with a

50 100 150 200 250 300 350

® decay products contain
supersymmetry and hence
Dark Matter

log R

50 100 150 200 250 300 350 t

HM, Suzuki, Yanagida, Yokoyama 192
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LLmuon Ttau
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expansion

decceleration




4

e
.

e

three possible fate

(.

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

e if small amount of matter, GL)
expansion will go on forever >

&

. . )

® study the expansion history 5
and predict the future! S
S

O

0

N

7y

time



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

® observation becomes
more fun!
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BEERICEIFEYe .G ENT ER=FoR
FELECRENEIFGATEPHNSI €S

Type-la supernovae

Supernova Cosmology Project
Amanullah, et al., Ap.J. (2010

® Type-la supernova becomes "~ \ R
brighter than the whole VY L 40 compiation
galaxy e

® 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!



Strategy

Lunar Caendar
50-100 M
._III Fields illl Scheduted Follow-Up
Almest 1000 Speciroscopy at Keck
Galaxles per Scheduled Follow-Up

Fleld

AESULT ~24 Type la supernovae K;'.*
discovered while still brightening
al new moen

Cearo Tololo

Imaging at Hubbla,
BEE . oo

WIYN, isaac Newton

supernovae
onh demand

Supernova Cosmology Project

Supernova
Cosmology
Project

'
IIII.|III

Knop et al. (2003)
T T T | T T T | T T T
24
22 -
m -
S
o /
E i /L
= i ;
g 1y
18 /7‘
B Calan/Tololo
-/ & CfA
_
16 —[
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Qup,
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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

w
(]
=
28
%)
O uw
<2
e
wl
59
[
-
oL
)
M
<

SCALED MAGNITUDE
(BRIGHTNESS)

_4&;

BEERICEIFEYe .G ENT ER=FoR
FELECRENEIFGATEPHNSI €S



SNLS-3 years Combined Hubble diagram Pierre Antilogus
Marc Betoule

Stat ~ x 10 since the
1998 discovery papers

14 HST SNe la (z~0.7-1.4), Riess 2007

93 SDSS SNe la (z~0.1-0.4), Holzman 2009
Low—z 123 Low-z SNe la (z~0.05), Hamuy96, ....
472 SNe la total

mcorr

IlllllllllI|III|IIIIIII|III|IIIIIII|I

0.6 0.8 1.0 1.2 1.4

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

Dark Energy - Blois 2012 9



expansion

I

speeding up!

should slow
down

size of the Universe

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!




SKAVLI
1l
Acceleration
S
® w:equation of state T
parameter — = =&

® radiation:w=1/3




“'Does the Universe
end?

® |f w<-I, the Universe ends in a Big Rip
® Expansion becomes so fast that galaxies,
stars, eventually atoms and even nuclei get
ripped apart

iverse ends with an infinite speed and

) oy e = QLT A &

B 23 e A i PTANE SR A e

3 ARG i f AL S ol A B o e RN FI ¥
O ," 4 RS ) o ;'3- o RN P 2 R A Ao N e ]




NHK Science Zero 2010.9.4
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BERKELEY CENTER FOR
FREOREEFEGAINEPENESES

Embarrassment

® A naive estimate of the cosmological constant
in Quantum Field Theory:

pA~M 4=G, 2~10'? times observation




Multiverse
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Y Cosmic Coincidence
Problem

® VWhy do we see matter
and cosmological
constant almost equal in Pradiation
amount!

® “Why Now” problem

® Actually a triple coincidence
broblem including the

Pmatter

radiation
® |f thel"e iS a deep reason 10° 10* 10 10° 10210%10°10810'°10'10"107 %1078
for ; T [GeV]

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



fan

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!?




rime
ocus .
& .edshifts

one of the largest telescopes: 8.2m
® big field of view ~1.5°

® Imaging with Hyper Suprime-Cam
(HSC)

® 900M pixels
® ~300M galaxy images
e 2014-2019, 300 nights

® spectroscopy with
PrimeFocusSpectrograph (PFS)

® 2400 optical fibers
® >|M redshifts - =




First Light later this year!
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AV LI

e 2550 Fiber Positioners’i(’
“Cobra’ all produced

co-developed with Caltech, NASA/JPL



AV LI

Metrology Camera System (MCS)“(’

Wang [ASIAA]

350 FWHM(X)
June 8 2018: one the telescope!




_ z=1 . '
731 original ] 30l original ]
| 5% | |
65+ linear P(k) - linear P(k) -
0 02 04 o 02
K (h/Mpc) K (h/Mpc)

Baryon Acoustic
Oscillation

ELGs [OIll], ~15 min exposure

0.4



Dark energy density: Q,_(z)

0.8

0.6

0.4

0.2

Ruling out ACDM by mapping out time evolution of

Dark Energy Density

Reconstruction of dark energy density at each redshfit

SDSS+BOSS

SDSS+BOSS+PFS

Grey: SDSS+BOSS+DESI !

0.5

1 1.5 2
redshift: z
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Figure 11. Expected 1o constraints on fog 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”.
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Figure 13. Expected 1-0 error bars of Fg 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 20. Existing F¢ measurements (ma-
genta points with error bars) are also included for compari-
son.



s CDM correct!

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

tidal radius of \—-/L ’Q j
stellar comp. +Bootes |
NGC6822

Fornax




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!?
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|GM tomography

e

PFS ~ Keckx100




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



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

Snake of Sizes
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' dark side
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