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1. Brief History and Gravitational Observation of Dark
Matter

Dark Matter and Cosmology
Galactic Dark Matter

DM candidates

Axion and Axion Like Particles
WIMPs Dark Matter

Indirect Search Experiments
Direct Search Experiments

. XMASS

© W NV AW
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1. Brief History and Gravitational
Observation of Dark Matter

a. Cluster of Galaxies (Virial Mass) - Zwicky
b. Galaxy Rotation Velocity

C. Cluster of Galaxies
1) Gravitational Lensing
2) X-Ray Observation
d. Others

* When and how people have recognized the existence of
‘Dark Matter’
* What are the proofs of the existence of ‘Dark Matter’
12/02/06 Y. Suzuki @ BIEE S (A MIE)
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1. Brief History and Gravitational
Observation of Dark Matter

* Evidence of Dark Matter at various cosmic scale

— In our laboratory ~1~10m
not yet (direct search)
— Near-by earth ~1016~101" m
not fully confirmed (indirect)
— Our galaxy ~10%2! m (Gravitation)
— Near by galaxies ~102%2 m (Gravitation)
— Clusters of galaxies ~10%* m (Gravitation)

— Cosmology and cosmological observation
~10%°m
164 ~10% m
10/ L5 ~102'm



1-a) Cluster of Galaxies (Virial Mass) -
Zwicky

e Fritz Zwicky (Z') vV -YE w¥—)
1898.02.14~1974.02.08

s RAMRABEOXRXEETIVAITEFEN):
— Walter Baadeb EHIZEBFEMED/N(A =T

o 19334, RAIFIDIRADEZEEZEEIL. Virial EEEZ I
AL, FDHRAFADEESZHELT-,
- XFEHED'160fF D 'RAGW EEDHFRZTHE,
- RYOBEMEDEFETE

* Ref) Zwicky, F. (1933),
"Die Rotverschiebung von extragalaktischen Nebeln",
Helvetica Physica Acta 6: 110-127
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Paperin 1933

/ Redshift

Die Rotverschiebung von extragalaktischen Nebeln
von F. Zwicky.
(16. 11. 33.)

Inkaltsangabe. Diese Arbeit gibt cine Darstellung der wesentlichsten Merk-
male extragalaktischer Nebel, sowie der Methoden, welche zur Erforschung der-
selben gedient haben. Inshesondere wird die sog. Rotverschiebung extragalak-
tischer Nebel eingehend diskuticrt. Verschiedene Theorien, welche zur Erklirung

. dieses wichtigen Phinomens sufgestellt worden sind, werden kurz besprochen.
Schliesslich wird angedeutet, inwicfern die Rotverschiebung fir das Studium
der durchdringenden Strahlung ven Wichtigkeit zu werden verspricht.

§ 1. Einleitung.

Es ist schon seit langer Zeit bekannt, dass es im Weltraum
gewisse Objekte gibt, welche, wenn mit kleinen Teleskopen beob-

"anhtat ale sterls vareahiranimana calletlavchtanda Blanla avenhar.
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Paperin 1933

in Zusammenhang gebracht werden. Einer Expansion von 500
km/aek pro Million Parseks entspricht nach Eixsteix und bz
S11TER eine mittlere Dichte p 2 10-2% grfem® Aus den Beob-
achtungen an selbstlenc htendm \L’ncnc schiitzt Huspus o ~10-%
grfem?, Es 1st nat'nh

ezgeben und der Wert: g~10 -38 gl.r‘m’ erscheint daher m cht

Of course it is possible that luminous plus dark (cold) matter together have a much
higher density, and the value of p ~ 10-2gr/cm3 does therefore not seem
unreasonable.

wx #)IZDark Matter (dunkle Materie) ZESFEEIC, (Rt ELVSTEE
MAL TN =DIXELREL, CDFRXIZ, $HE2[E Dark Matterh TS A,
LI (Cold) IRETH D,

12/02/06 Y. Suzuki @% RIS 3 (2 A M) 9

Paperin 1933

Rotverschiebung extragalaktischer Nebel. 125

A'orhu.ndcn 15t_als leuchtende Materie.
2. Man kann aueh annehmen. dass das Comasvetom einh

To get the observed average doppler effect of 1000 km/s or
more, the average density in the Coma cluster would have to
be at least 400 times larger than that deduced from
observations of luminous matter 1. Should this prove to be
true, it would yield the surprising result that dark matter
exists in much larger density than luminous matter.

12/02/06 Y. Suzuki @45 R E (R AWE) 10



Coma Cluster

e Coma Cluster (Hh\A& D I+ EEERATH])
— >1,000 galaxies
— Distance from the earth: 99 Mpc (321 million light years)

(Note)
1 pc = 3.26 light years

(History)
d Discovery of the Cluster of
Galaxies

(contain 10 ~ >1000 galaxies)
— Charles Messier (1784)

— William Herschel (1785)

. A Virgo, Coma
Image credit: NASA, ESA, Hubble Heritsge (STScUALURA)  EE 11

Virial E IE
. EHBDOEHTRILE—(T) DEREY

. REAERDKRTUIURILIRILEF—(U)D
B D-1/21ZZ LY,

2T = —U
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Virial EIEDEIEBA 1

c FIRBEHEFMT—DEE
-nROBERBEH:  f(Ar) = A" f(r)
—FA5—DFE: f(r) B’n XD EIXREEDFF
of(r)

) ar _'nf(r)

r

Virial TEIEDEEEA 2

« FA5—DEEDFEHA

r* = Ar EH<
fr = f@&*) = f(Ar) = A" f(r")
af*  _ 9fTdr* _ OfF
dA\ or* dX\ or*
4o = pA"f(r)
8jw . n—1
. 8r*r—n)\ f(r)
ETHDATHIL A=1THERYILDE*x>frc>1)
of
r—= =nf(r)

or



Virial EIEDEEEA 3

oT

Z (9V,L -V, — 2T
or
avi — Pi

Virial TEIEDEIEEA 4
e D ERETDE. ZOREEN L.
f = Jlim = / 1)

= lim —/ —dt
’7'—>OO’7-

F(0)

. . Gmax - szn
= hm < lim

T— 00 T T— 00 T

acd | fab A3



Virial EIEDEEBA 5

2T—dt2p r;) Zr B
Bﬁbm_wmﬁ HROBET. Tppr/aH S

oU .
:Zriari (F:P:—gfi_)
UARIREE#EL T,
2T = kU

E13B . K=2: #UDMRE). k=-1: Newtonian

Virial Theorem for the cluster of
galaxies (Coma Cluster) -01

Ref) Zwicky, F. (1937),
p— —— “On the Masses of Nebulae and of Clusters
T U of Nebulae”, Astrophysical Journal 86: 217.

2T «— Zmzvf = Zng
= Mtot”U:2 (*)

2 :adouble average taken over time and
over masses

U - Z Gmimj

— T
1< tJ




Virial Theorem for the cluster of
galaxies (Coma Cluster) -02

* As a first approximation = uniformly M,,, = éﬂ'RSP
ot =

distributed inside a sphere of radius R 3

. /R Gy -,02 : %71'7“3'471'7“2617“
U=—
0

r
_3GWME,
SR
* From (*_) and (**) L
9T = Moy 02 5Rﬁ
Mtot —
3G N

Virial Theorem for the cluster of
galaxies (Coma Cluster) -03

U I2xt3 Bsystematicsx RIEH S v--29=

1. R>R/2: U lF2fF. M, [£1/2
2. MassM2DM3DDgalaxylZ&EH, LHIEER
BflX. ROR/1I0FBE LT S, TNE 1.
7 —2.5GMZ, = —2GMZ,

R R
M/2*M/2*10/R = 2.5 3*M/3*M/3*10/R - 10/3
2
R

« Conservative HRIEEYELT, U<



Virial Theorem for the cluster of
galaxies (Coma Cluster) -04

Conservative limit&L T, _

Rv?
Mot >
77 BGy
&b, T,
02 = 31]23 v, (velocity along the line of sight)
Mo > 3Rv;
tot
77 Gy

Virial Theorem for the cluster of
galaxies (Coma Cluster) -05

_g =5x 10 m?s1 (v~1200 km/s)
* R~2 Mlight years
* Gy =6.67x10! m3kgls?
3RvZ 3% 2x 100 x 3.15 x 107 x 3 x 108 x 5 x 1011

Moy > =7 = 5% 6.67 x 1011
=9 x 10* kg
« AV(M,,)>9x10% kg = 4.5 x 10°° Mg (1000 gal)

* Luminosity of an average galaxy ~ 8.5 x 107 Lg
« M/L~500

Me= 1.99x 1033g = 1.99x 103%g



Virial Theorem for the cluster of
galaxies (Coma Cluster) -06

 M/L ~ 3 for Kapteyn stellar system

—HTRA2 2 (13 light years from the earth)
cTHEOE OfH
* Nearest halo system to the sun

 EENENEM
M/L (Coma Cluster) / M/L (Kapteyn) ~ 160
=» Existence of Dark Matter

12/02/06 Y. Suzuki @RI (R AIE) 23

Different History

« Oorth’. Zwicky&kYE 5 (Zrotational curve T,
RIICDMDFEZELI=ELVOEREH D,

« Oortld. DiskZzf&tI5AMMDEET,. EEZ
estimate. Halo DMTIX7E< T, DiskDBEE%
EToTULV=, &LV EBLLY,
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1-b) Galaxy Rotation Velocity

* Rotation Curve of galaxies

— Measure line of sight velocity of starts and gas

— Extensive measurement of M31 by Rubin and Ford
(1970)

* via Doppler Shift
* Ha in optical (HIl) and 21 cm in radio (HI)

Hl and HII

o I FMHEDEFI: 1REERH. 11 2/
B
(H,: )KZR7DF)

o HIlflE: RESHBEILEIZE KIS
N TERRK. EFEN-BVWVKEEE
M D EIMRIZ K> TRIEE

— Ho: BEE/KEDIEFR. 656.3 nm (IFR) M51: BRI T
L CEoTLBESA
* HIMRIE: ZRZHOKROBPRE s ¢sri=ss
R o
— 21 cm#RICKSHEAI

12/02/06 Y. Suzuki @43 BIEE S (R AWE) 26



IKEDARGRL

e Rydberg formula
1 11 ,
X:R(———> (n +n')

n2  n?2
R =1.097373 x 10"m !

n=1: Lyman series

n’ 2 3 4 5 6 00
nm | 122 | 103 | 97.3 | 95.0 | 93.8 | 91.2
n=2 : Balmer series
n’ 3 4 5 6 7 00
nm | 656.3 | 486 | 434 | 410 | 397 | 365

H H
o P .
— P Fgs >
12/0073 : Paschen series, N=4.. ...y 27

21 cm

HI map of 1C342

¢ Spl n-Spin*ﬁ E1’E % ‘: J:é Crosthw?ite‘, Tulrne]r & Ho (2000)

hyperfine structure e

Proton Electron
Hydrogen Spin Spin

Hyperfine structure
1S ~ :
< - ~5.9x10%eV
— | .

+ 1420.40575 MHz, L T
e 21.106114 cm

. HIIZ &Y SRIAT D K718
o E*g ~1,00075$ EERBIENEES,
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DECLINATION (J2000)

6750 (—

48 a7 46 45
RIGHT ASCENSION (J2000)



Doppler Shift

« EORYTS5—T0: EBEREWVLSEBLAHS
— BIRAEIKIGE L., BAIEMNEIKIGE TED

« XDRYTS—L Tk HE—F
— BIRAENICSE, BBAIENFHSEREL

(FHOEHATORARE FHFED)
— LR DlocalHEE) (FeDRYyTS5—LTh)
— FHOEER (FHANAARE)

« Z=AMhg = (A= h/hg

« Z=0.1 EELGL. v=cZ

e 2=7~10: = DR

(Z=1089: T =Ea51)

- BWVE NG (BEAFRARS)
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BEDRYTS—L Tk

e Observerh¥ir o<  Sourceh¥ir <
Source V=FfA Source V—vs = fN
Observer V +wvg= f'A Observer V=X
v
Effect  f =f2""  Bffect  f=f
V V — vy
f, _ f V —+ (%)
V - US

12/02/06 Y. Suzuki @45 BB E (A MIE)
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FEDEYTZ—Th

* Doppler Shift > Home work
L)
01— (%) cost
6 =0°: EDL (FARE)
JO=2)(1+2) [

1+ 1+
0 =180°:38<K (FAR®S)

-9+ i

1_v

12/02/06 Y. Suzuki @RI (R AIE) 31

UV =

vV =1

V=1

KDY T 53— Tk
e v/c<1DEZE v~ U (1 + %)

—BEEDATEHEE > EEDQATHE
FRK)HERYTZ5— TR 60=90°)

-1 (2)

SERAEA BRI HE I IRE) (dn/dt)Z . &BI1E HYEEAERFfE
TEBI(dn/dt) T B3N E

_ dndr _ \/1_(2)2
Yo ardat " c

dn v 2
— =1, dr =dt 1—(—)
12/02/06 Y. suzuki @B B AmE) c
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Beginning of 1970’s

V. C. Rubin and W. K. Ford, Jr, ApJ, 159 (1970)

Observe M31

Distance from the earth:
— 778+17 kpc

— 2.54+0.06 Mly .
R/ 190’ x 60’ 8.
— KD H0.53E(32) %o
They measured 67 Hll regions (3 .
to 24 kpc from the nucleus of M31: Andromeda
M31)

— Radial velocities (fR#£3RE) from Ha

* Assumption of circular motions
12/02/06 Y. suzuki @45 BIEE B (A
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REREEDEHAFE

Radial velocities (fR#R1EE) from Ho =
accuracy of +10km/s !

* Image Tube Spectrograph
— B (dM/dx): 135 A mm L (7 FERDTERE
—Ho=6560 A = 0.135 A um™ = 2x 10 for um
—3x 10> km/s (c ) x 2x10> =» 6 km/s um!

c LumDFETHATEL L BREDRE
[ 6km/sT&H S,

12/02/06 Y. Suzuki @45 BB E (RAME) 34



@ o @
o o 3
M3| 3 ")

VAR U
/7]

* H,:656 nm
HB: 486 nm

NS: Night sky
lines

35

Circular Velocity

 Circular Velocity @R : V(R)
V(R) =(V_.. — (mean velocity))/ou(x,y,z2)
— Mean velocity: 300 km/s

obs

— au(x,y,z) : correction for the measured position and
angle between ‘line of sight’ and perpendicular to
the plane of the galaxy

12/02/06 Y. Suzuki @ BB E (A WE) 36



Rotational Velocity of M31

4001

s,

200 ’ ’+ p ¢

)
w
K4
3
\!, 100
>
E
8 o} J
-
w
>
2 oo} _
2 ¢
B
< 200} o * ' .
2 ‘e
eoe 9
300 SW NE
L 1 1 1 L 1 L 1 — 1 1
120 100 80 60 40 20 0 20 40 60 80 160
DISTANCE TO CENTER (MINUTES OF ARC)
12/02/06 Y. Suzuki @ BIFEE (R KW IE)

Rotational Velocity of M31

0 4 8 12 16 20 KPC 24
r T T T

(KM/SEC)

ROTATIONAL VELOCITY

0 L ! 1 A
0o 20 40 60 80 100 120

DISTANCE TO CENTER (MINUTES OF ARC)
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Rotational Velocity

* Newtonian Dynamics:

o mu? mM

r T

* If M: central, v(r) oc r
* For constant ¢

M(r)ocr2

p(r) ocr™ BERDBE
—_r
Surface density: o(r) ~ constant ,0(7“) e mo

Mass determination

Velocity measurement - mass determination,

Need a model for density distribution

i Ref) G.G.Kuzmin, Pub. Astr.Ob J.C. Brs. Tartu, 32, 211(1952);
Brandt, ApJ, 131, 193 (1960) R

2 V2(a)ada
M(R) = G / (R2 — a2)1/2

* By numerical integration by using IBM1130
— ~18x10%° Mg

from the optical measurements
—1.4x10%°

= M/L ~ 1310.7




Results of Mass Determination

0 4L 8 12 16 20 24 0 4 8 12 16 20 24 KPC
T T | T L T 0 T L T T
M(r)
ﬂ 1250 g
5 1000 g
@
b b
é 750 5)
%_’ 500 :
w
@ 250 2
2 4
x 0 §
= 2
-250 g
3
0 1 L L n 1 1 1 | 1 1 1 | 500
(o] 20 40 &0 80 100 120 0 20 40 60 80 100 120
DISTANCE TO CENTER MINUTES OF ARC
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o 600 _l ] | 1 I ] 1l I 1 1 ] 1
—~ - L.Cheminetal,
Q - ApJ, 705, 1395 (2009)
v —400
N— [~
o i
e i
o —200F
o) -y
) oy
> R |
+O [ | | | | | | | | | | | | | | | | | | | |
—2° —1° 0° 1° 2°
Angular Offset
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Rotation Curves

10 R(kpc)

12/02/06 , M33 Rotation Curve

’5&

l
i
250 r!'é-!&'&a S

Rotation Yelocity km per sec
&
a

5‘ 1.U 1‘5 EIU 2‘5 30
R kpc
* Rotation curves of spiral galaxies: combining CO data for
the central regions, optical for disks, and HI for outer disk
and halo

* (ref) (Fig.4) Y. Sofue, V. Rubin, Rotation Curves of Spiral
Galaxies, Ann. Rev. Astron. Astrophyscis, 39 (2001)

12/02/06 Y. Suzuki @45 BB E (RAME) 44



sun

HRDIBANBFT I 53—DH 5,

21cm#%: 1420.40575 MHz (21.106114cm)
1;7(1%/0867}(% : ESpinzF-ﬁ>EspinJ§3|1ﬁ- . 75*5~1 OOOEﬂE

Y. Suzuki @¥FRIFER(RAYE) 45

1-c)-1. Gravitational Lensing

12/02/06 Y. Suzuki @45 BB E (RAME) 46



EALUX

FEALVADHER: 1979%3A
IRFE. ~2000EDEHL VXD,
ERIhTW3,

http://hubblesite.org/newscenter/archive/
W releases/2000/07/image/c/ &Y

SR EICEEDYDVTWAEEY S
EHLUX

Gravitational Lens
Galaxy Cluster 0024+1654

Hubble Space Telescope - WFPC2

o ER:FHIOIRABICKIENLUXHR, =D
NEALVZAHRICKYEBERAZS (FETERT)

o AR:LUXBRIZEVFBONT-FRIORAFHD ‘B
E’ ﬁ*ﬁo Eﬁbf:ﬁﬁbgﬂg%q%g':cké%@o




Deflection Angle

I (Image)

Deflection Angle D& H [,

(Ref) Lecture notes on
Gravitational Lensing,

R. Narayan and M. Bartelmann,
: astro-ph/9606001v2
Dy : Dy HEE.BRIZT DL,

.................. Ds
. 4GM
o = e | : Deflection Angle

C M: lens Mass, &: Impact Parameter

HX

Deflection Angle/Schwarzschild3

« SchwarzschildF % R.=2GM/c?
R,

R X (Shwarzschild )
BRI ZHescape velocity VDR D BN D

— Deflection angle:

O =

1 2 . mM

SMUZ,, = G -
_ JogM

Vesc = r

__ 2GM
— Ry = =5



Schwarzschild 3%

- () K5
* Rps= 2GMg/c?
= (2x6.67x10711x1.99x103°)/(3x108)>

= 2.95 km

ATTm _ 5)
a5 = 2.95/(6.96 % 10°/2)

= 0.848 x 107 °rad

= 1.75"

. + Mg=1.99x10% g

QZ iﬂB}ZO)SchwarzschiIdﬁﬁﬁE[i ? . GN: 6.67 X 10—11 m3kg—1s—2
Q: 108 Mg Mblack holeDiZE (X ? * Rg=6.96x 105 km

Lens Equation

Di;.—
* Reduced deflection angle o = Dds %)
I (Image)

0D, = BDs + aDgys
T e B =0 —a(0)

Source < image relation
.................. S Bt ane aquation (ray-tracing equation)

S (Source

LN
Non-linear =» multiple image of ? from a single sourceﬂ
Euclidian relation: separation=angle x distance

=» Curved space?

=» Distance - defined as to satisfy ‘the relation’

=» D4 # D, - Dy



Einstein Radius

e Circularly symmetric and arbitrary mass profile

a(e) = 5
a(f) = ll))dsoz(A@) & = Dyl
Do AGM (0)

B=0-a(f) =6

DS DdCQQ
 Asourceonf=0=>ring \/

Dys AGM(05)
Dst 02

Einstein ring (radius): 0 =

Example

* Lensing by a star in our Galaxy

M 1/2 D —1/2

mas: milli arc second

* Lensing by a cluster of galaxies

) Y 1/2 ;N /2
O = (907) 105 Mg Gpc




.

J073728.45+321618.5 J095629.77+510006.6 J120540.43+491029.3 J125028.25+052349.0

. »

J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2

Figure 3. Einstein rings produced by a galaxy behind the lensing galaxy. The sources are actually
extended and that is why one sometimes sees arcs rather than complete rings. (Photo credit:
NASA, ESA, and the SLACS Survey team: A. Bolton (Harvard/Smithsonian), S. Burles (MIT), L.
Ro0pnaas (Kapteyn), T. Treu (UCSB), and .. Moustakas, (JPL/Caltech).)

Galaxy Cluster Abell2218, HST

Image distor§lon by intervening gravitational potential.
Sensitive to the total masse -

Galaxy Cluster Abell 2218 HST « WFPC2
MAa$0624 06 uchter and the ERO Team (STSgl) SESeLBRCO0-08 b6




Galaxy Cluster
CL0024+1654

L3
12/02/06 Y. Suzuki @ﬁ%']%‘%ﬁj{%@)

Reconstructed Matter Distribution in CL0024-1654

[Tyson et al...Ap. J. 498 L107-110, 1998]



1-c)-2. X-ray from clusters of galaxies

* X-ray € by thermal bremsstrahlung
< hot inter cluster gas (ICG)
(move in gravitational field): 10’~108 K
* r-dependent measurement

e Assume thermal equilibrium and spherical
symmetry

Hydrostatic Equilibrium

Balance : gravitational infall <~ pressure

Hydrostatic equilibrium

d_P _ GM(T>pgas (T)

dr 72
P: Pressure of the gas, p: density of the gas
M(r): total mass <r

askT
PV=NkT = P=1"
K1y

k: Boltzman constant, T: temperature of the gas,
* u: mean molecular weight of the gas,
$/dNn,: proton mass




Total mass

eR—UM2RkmHD G- poten
dr 72 Ly
Myp(r) = _KT(r)r (d(npgas) | d(InT)
' Gumy, d(Inr) d(Inr)

rd(inr)=dr 2T, FNEFNAHD
d(In P)/d(In r)Z{EALIE KLY,

Isothermal & SphericalZ{REd &, (T: —5E)

 KTR (d(Inpges(r))
Mr(R) = - Gpum, ( d(Inr) )

R: outer radius, u: constant

XIRDERIDND DT, p,,(NEKDHD D> M(R)

it

P GM(r)pgas(r)  p _ PoaskT
%1 :_l'—th\E) dr 2 wm,
M LQ _ _GM(T‘)pgas(rp)
d(Inr) — P dr — Dy
__ GumypM(r)
kT'r
F2:H 5

d(InP)  (d(lnpg.s) = d(InT)
d(lnr) ( d(Inr) * d(lnr))
LEELT

 KET(r)r (d(Inpgas) — d(InT)
Mr(r) =~ Gum, ( d(Inr) i d(lnr))




Example

- /O;/O(;L~2% starts, 5~15% gas rests: dark matter 6

Y. Suzuki @% 'léﬁﬁ(ﬁﬁ%@)

Optical Virial Mass vs X-ray Mass

Optical Virial Mass vs
those derived from X-
ray analysis.

M.Girardi et al., astro-ph/9804187

Scaled to the same
radius

Good agreement!

The solid points: from
White et al. (1997).

12/02/06 Y. Suzuki @45 BB E (RAME) 64



Others

Bullet Cluster

|E0657~558 “Bullgs cluster””

Galaxy Cluster merger

Most matter in the system
- collision-less = dark

Constraints on the self-
interaction cross section



2.Dark matter and Cosmology

2. Dark Matter and Cosmology
a) Big Bang
Nucleosynthesis

b) Cosmic Microwave
Background

c) Large Scale Structure



Summary

* Big Bang Nucleosynthesis
— Qzh? ~0.023, non-Baryonic Dark Matter

e CMB +...
— QBhZ =0.0224+0.009, QMhZ =0.135%0.009,
Q, =0.73+0.04

— Q,,,h? = 0.11340.009 = Q,,h?- Q;h?

* non-Baryonic Dark Matter

e Structure formation

— Cold Dark Matter
* Exclude neutrinos = Q h?<0.0076 (WMAP + ...)

Pqit= 3Ho%/(8mGy) = h?x 1.9 x 10%° g/cm3
h=0.71+0.05 (100 kms*Mpc?)

12/02/06 Y. Suzuki @453 8% (GRAME)

2—-a) Big Bang Nucleosynthesis

12/02/06 Y. Suzuki @45 3585 (R AMIE)



BBN 2 Q, << Q

matter

Story

* Free Parameter of BBN:

— Cross sections
— M= nB/nY (number density of baryons/photons)

* BBN depends only on g = ng/n,, which can be
determined by the observations

T]B — 6.1+0'3_0_2X10_10
* T,=2.725%0.001 determines
n,= (2/m)C(3)T3=410.4+0.5/cm3
> ng (5= pe/P)

h: 0.71+004 .

Nucleosynthesis

e ~100 s after the Big Bang: ~MeV

— The first three minutes: S. Weinberg [ & #1347 |
* Light elements (D, 3He, *He) from

p +n > D+ (first step)

t, 3HeZx FRREPIKEEE L T *HeD ERLFETHL
D+p—>3He+y, D+D—>3He+n,
D+D2>t+p, 3He+n—>t+p
t+D—>%He+n, 3He+d > *He+p

« EH5.8DERERFEMNFELEL, *Hell E
DETHEDERIIHE,
Li/H, 'Be/H ~ O(1019)



‘He/HD Lt

EREIRERICH TP EFNELALEET
NI LIZIES (ZDEF, nin, =7:1)

- Bt MM e N A(n, /2) 1

Mugenge + mung  (Np —ny) +4(np/2) 4
. EE SRR
c ZEOANE:-SEE IANUDLLEAES
nd

Energy density

« ERIDNn/n Lt
€ expansion rate HCiRE 5
€ n +n+n,

* At T~100MeV:

— Energy and number density €= relativistic and
effectively massless particles (leptons + photons)

— Neutrons and protons (~10°) = no contribution
to the total energy density

— All in thermal equilibrium



At 100 MeV

Ve + N> p+e

et +n—p+ 1,

and

n<<p+e —+ 1

* Neutron and proton number density:

ny, (1) —Am
np(T) " ( T )
Am =m, —m, ~ 1.29MeV

At 100 MeV, nn/np is close to unity.

At 0.7 MeV

. 1Bk, —Hi#
0 - R
1000 - nn(T) . —Am
h : np(T) - T
Am = my, —m, ~ 1.29MeV

* T5, <HIZ/EDT=FF
(~0.7MeV)
—n,/n tEIEIFXEE

—exp(-1.293/0.7) >
n,:n,=1:6




At 0.1 MeV

*n+p—>D+y Q=2.22 MeV
— LML, #RIED+y > n+p NESLELAIZIXL,
Yy DIRILF—H2.22 MeVEYIBELGHILE
—LAL. KE®DphotonHh&HS: n, ~ngx 10%
—TIVURMT, IRILF—De, >TERDRFD
A0 0L HRE IR,
. exp(-sY/T) = 1010
« T,=2.2MeV/In(10°) ~0.1 MeV 2735 &, DDERKA

BRESD. D n,:n,=1:7 (0.7H50.1 MeVIZ7E 5 D]
M neutron decaylZ&Y neutronD AV D)

12/02/06 Y. Suzuki @453 8% (GRAME)
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Non-Baryonic Dark Matter

e Constraints on baryon density (Galaxies+ Gas):

— Q;h?=0.022410.009

» Qg ~ few % of the critical density (R2=p/p,)

* Agree with CMB estimate of Baryon density
— ,,h?=0.135£0.009

* Most matter in the Universe is non-Baryonic

 BBN =» Non-baryonic dark matter

BRHTOHEIEFvILTEE A,
BEMEFELTFEE A,

12/02/06 Y. suzuki @5 RIS (RAME)

2-b) Cosmic Microwave Backgrounds

13

-0.0002K
12/02/06 Voot s 2:725 K
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Cosmic Microwave
Backgrounds

* Universe
— Isotropic, Homogeneous

* Matter and Radiation decoupled
— Protons and electrons form neutral hydrogen: recombination
— Become transparent for photons
— ~380,000 years after the Big Bang: ~eV

* Very small temperature fluctuations (CMB)
— But too small to evolve into structure observed

* Today: T=2.715K
— AT ~20 uK (~10%)

* =>» require additional matter to start forming structure
earlier

12/02/06 Y. Suzuki @45 AIFE & (R KW IE) 15

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

R T T A o %

Inflation_ g ?ﬂﬂgg’g

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

12/02/06 V. Suzuki @ BIEE3E (RAMIE) 16



Cosmic Microwave Backgrounds

* Decompose temperature field into spherical

harmonics
(yzﬁ 00 l
7?:’(69796) — ;E;; :E::l‘liﬂlﬂ1}ﬁ7rb(97(ﬁ)
= m=— l
1
T 2
=g mz::_l a1

[ ~ 180[1°/0]
 CMB angular power spectrum
=>» Depend on Q;, Q,,, 24

12/02/06 Y. Suzuki @453 8% (GRAME)

WMAP, 7 yrs data

Multipole moment 1
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12/02/06 Y. Suzuki @45 B4 (R AR
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Peaks

Structure of the CMB Anisotropies

— Acoustic Oscillations = characteristic peaks
* Competition in the photon-baryon plasma
* Pressure of photons = erase anisotropies
* Gravitational attraction of baryons = collapse to form dense region

Peaks

— Resonances when photons decouple when a particular mode is
at its peak amplitudes

First peak:

— Angular scale = curvature of the universe

Second Peak:

— Ratio of the odd and even peaks = reduced baryon density
Third peak:

— Information of the DM density

12/02/06 Y. Suzuki @RI (RAME) 19
Hu andl Dodelsoln, Ann. R'ev. Astron. Ast'rop 40,171 (02) .
)} (a) Curvature 1L (b) Dark Energy ] ° Pea k |Ocaﬁ0n a nd
heights

e Constraints on the
parameters and
geometry of the
universe

L2

ok (c) Baryons

(flat, €2,,,=1)
— Q= 0.0449 +0.0028
— Q,,=0.222+0.026

— Q, =0.734%0.029

Ref) Jarosik et al (2007), Hu et al.
(2002)

" " !
10 100 1000

00
1 1
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DM fluctuation

« CMB®MfluctuationTIE, 100{FIFE B YL,
* Non-baryonic:

— Early development of density fluctuation

— <>radiation pressure:

* Does not slow the early growth of the fluctuation
before the recombination

2-c) Large Scale Structure



Structure

mid-1970 (Observation)
— Galaxies: chains & filament
— Void (several tens of Mpc)

Zeldovich (1970)  top = down
Peeble (1971) bottom =2 up

Gravitational Clustering : slow process

— Density fluctuation must be 1/1000 of the density itself at
the time of recombination
— WMAP: fluctuation
* Small : 2 orders
* Luminous (baryonic) matter

— Early start of the structure formation by Dark Matter

FEOIRILF—EEDEI
LY/ P < a7

B2 5t Or X a4 (E~1/A~aY)

IR (X, matter dominant: P, > pr

8% (2. radiation dominantZZERh dHo71-,

Radiation ! Matter
Dominant Dominant

Log o

A\ 4




WoLEDE
Power Spectrum: P(k)

BEPLE: i(x,t) = p(x,t)/p(t) -1 o Radiation Dominant

T—UTHE: ) = e Y e o < s ps
vV k d‘H%(j:s @b%?ﬁ\m

PS: 7—!) TR D FEHHITRS: -
Pk, t) =< |6,(t)]? >, &k — K| R TELN,
_t b BAMEOTAL
= e F—HENFLE
E .

HA CEED [ZPower
Spectrum|ZHTALEH

PR z.,=240000,1

BEODDE

k=2m/A = 27/(cZ/H)

N
v

12/02/06 log Ky, suauki @t 51 (ximm) 25

Power Spectrum

Large Scale Structure
l Clusters of Galaxies

l Galaxies

|

P(k)

Large Scafe ] SmattScale
12/02/06 k[hMpg sudiki @RI (RAYIE) 26



Current power spectrum P(k) [(h-! Mpc)3]

Power Spectrum

Wavelength )\ [h ! Mpe] A[h~! Mpe]
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&8

Dark Matter and Cosmology
* Non-Baryonic Dark Matter
* Cold Dark Matter

« Q. ,h?=0.113 +0.009
(Q,,h? - Q,h?)

all

12/02/06 Y. Suzuki @45 BB % (RAMIE)
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3. Galactic Dark Matter

12/02/06 Y. Suzuki @45 RIS (A ME)

Galactic Dark Matter

a) Isothermal Halo Model
b) Density
c) Velocity

12/02/06 Y. suzuki @5 RIS (R AMIE)



Maxwell-Boltzman distribution

2
P RENM: f(v) = (2:;T)3/2 b <_ﬂ;|k‘; )

—X- ARES: fi(v,) = (ﬂ)m P (_ mvﬁ)

2mkT 2kT
F(v) = fivz) frvy) fr(vz)

« RS VvDLT: U—\/v2+v2—|—v§, Ve =
3/2 va
() e (-
f(v) ™ \omkr) P\ T2k

A2 0?2 42 v2
= ——a5exXp| ——= ex —
(o232 P\ T2 ) T e P\ T

2KT
m

A RER

n (2n — 1)!! 7
I,(a) = /:I;2 exp(—ax?)dr = 1 T
Io(a) \/7 Il(a 7; IQ \/; .....

Jn(a) = /az%“ exp(—ax?)dx =
0

2an+1



Maxwell-Boltzman distribution

o () <v®>=(3/2)vy2 =3kT/m

0 v? f(v)dv

2
S Ut o= fooo f(v)dv
« () <v> =(4/m)Y?v, = (8kT/mm)/2
_ fooo vf(v)dv
SV 2= fooo f(v)dv

Standard Halo Model

* Dark Halo of the Galaxy (ref) icapos(2010)026

— Single component self-gravitating isothermal sphere
(ignore visible matter)

— Maxwellian velocity distribution (Galaxy rest frame)

3/2
f(x,v)d>v = 4np(x) (%) v? exp (— 3” ) dv

o2 < v? 2 < v? >

< v > velocity dispersion

e Justification of the Maxwellian distribution
(ref) D. Lynden-Bell, Statistical mechanics of violent relaxation in stellar systems,
Mon. Not. Roy. Astron. Soc. 136 (1967) 101.



Standard Halo Model

* Velocity dispersion:

3
< v? >12= 5 Ve,o0

* V... asymptotic value of the circular rotation
speed of a test particle in the gravitational
field of the isothermal sphere

* V... =V _e=220£20 km/s (galactic rotation
velocity in the solar neighbor)

=> <v2>12 2270 km/s

Standard Halo Model

* Ppme =0.330.1 GeV/cm?

— (ref) J.H. Oort, Note on the determination of Kand on the
mass density near the Sun, Bull. Astr. Inst. Netherlands 15
(1960) 45.

— (ref) J.N. Bahcall, Self-consistent determinations of the
total amount of matter near the sun, Astrophys. J. 276
(1984) 169 [SPIRES].

->

* A kind of guide line, bench mark
* Not accurate

e But, useful standard



Local Dark Matter Density

* Density: ppy e
— Oort & Bahcall:
* Pomoe = 0.3%0.1 GeV/cm?
— Model Independent (P.Salucci, F. Nesti et al., arXiv:
1003.3101)
* w/o assuming galaxy mass distribution
* Ppw,e= 0.430+0.148 GeV/cm?

— Cosmological N-body simulations:

* Quasi-Maxwellian
— Drops off at higher velocity

* Ppm,e=0.37 GeV/cm?

12/02/06 Y. Suzuki @45 RIS (A ME)

Halo density models

(r) o :
P ey U+ (r/a)e] 7

e a:coreradius

— Fory =0, scale of the “~ constant density” core of halo
* Need to know

— R,: galacto-centric distance @ sun

— Po: halo density @R,

Isothermal distribution

Kravtsov et al. Ka 2 3 0.2 Astro-ph/p708176
Kravtsov et al. Kb 2 3 0.4 Astro-ph/p708176
Navarrow et al. NFW 1 3 1 Astrophys. J. 426, 563 (1996)

12/02/06 Y. suzuki @5 RIS (R AMIE)
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Velocity of DM

* DM Velocity in the rest frame of the Galaxy: V,
— Maxwellian distribution
—V,=Vp+V; - Vp =V, -V,
* V,: DM velocity relative to detector (earth)
* Vi: Velocity of the earth relative to the Galactic rest frame

f(vp + vg) ~ e~ (vDTVE)?/Vvo®

* V_ = (0,220, 0) +(10, 13, 7) 2 |V,|=233 km/s
(1stterm) Rotational velocity of the neighbor of the sun
(2" term) Sun’s local motion in the neighbor

* DM wind from Cygnus

Earth’s revolution around the sun

t —152.5
365.25

2"d term: the earth’s revolution

t: the day of the year

t= 152.5 days =» June 2nd

Seasonal Variation
— +15/233 ~ 6.5 % flux modulation

— Rate: dR/dv; ~ R/2v; =» 3~4% rate modulation in
total rate

— Threshold effect =» may up to 7~8%

VE ~ 233 + 15 X cos (27r ) km/s
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