
vñ�Íġi¬Ið�

Y.#Suzuki#
Kamioka#Observatory,#ICRR,#U.#of#Tokyo#

And#
Kamioka#Satellite,#IPMU,#U.#of#Tokyo##

12/02/06� ô�Y.#Suzuki#@� Ê³(�?��)�

Ê³ġ�J�

•  KÌť#
– Ŝ«¨CŝIðªġ?Eæ�#

•  vñ�Íġi¬Iðġ��#
–  RË�ğintroducFon#
•  FG��Ś@oġÆĢāµ
ĤĐğą�U#
•  ğĮĦČā<�ĠeĘěÇr#

–  �jāãji¬Iðġ��#

•  XMASSġ®{ĢħėğąĂ#

12/02/06� õ�Y.#Suzuki#@� Ê³(�?��)�



1.  Brief#History#and#GravitaFonal##ObservaFon#of#Dark#
MaMer#

2.  Dark#MaMer#and#Cosmology#
3. GalacFc#Dark#MaMer#
4.  DM#candidates#
5.  Axion#and#Axion#Like#ParFcles#
6. WIMPs#Dark#MaMer#
7.  Indirect#Search#Experiments#
8.  Direct#Search#Experiments#
9.  XMASS#

12/02/06� ö�Y.#Suzuki#@� Ê³(�?��)�

1.#Brief#History#and#GravitaFonal#
ObservaFon#of#Dark#MaMer#

a.  Cluster#of#Galaxies#(Virial#Mass)#^#Zwicky#
b.  Galaxy#RotaFon#Velocity#
c.  Cluster#of#Galaxies#

1)  GravitaFonal#Lensing#
2)  X^Ray#ObservaFon#

d.  Others#

•  When#and#how#people#have#recognized#the#existence#of#
‘Dark#MaMer’#

•  What#are#the#proofs#of#the#existence#of#‘Dark#MaMer’�
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ĉĨġčVá�4&
•  9�ĉĬ�ţ��T&
•  dăġá�ªġņĳľĻ
ĝ�°q0&

ĀĀ`sĊĄħĭğąĂ&
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•  Evidence#of#Dark#MaMer#at#various#cosmic#scale#
–  In#our#laboratory # # #∼1∼10#m#

# # # # # # # #not#yet#(direct#search)#
–  Near^by#earth # # # #∼1016∼1017#m#

# # # # # # # #not#fully#confirmed#(indirect)#
–  Our#galaxy # # # # #∼1021#m#(GravitaFon)#
–  Near#by#galaxies # # #∼1022#m#(GravitaFon)#
–  Clusters#of#galaxies# # #∼1024#m#(GravitaFon)#
–  Cosmology#and#cosmological#observaFon#

# # # # # # # #∼1026#m # # ###

#

1.#Brief#History#and#GravitaFonal#
ObservaFon#of#Dark#MaMer#

1�T # # #�1016#m#
10��T # #�1021m#12/02/06� ù�Y.#Suzuki#@� Ê³(�?��)�



1^a)#Cluster#of#Galaxies#(Virial#Mass)#^#
Zwicky�

•  Fritz#Zwicky#(ōŕŃńŚńŌŃĹś)Ā#
#1898.02.14∼1974.02.08�

•  ľĴľ7§ġ@oE´(ŎŖĸŕĲ�ħį)ť#
–  Walter#BaadeĝĝĪĠÐps�¡ġŋĴĶŉĲ#
�

•  �����������������	��Virial�
��
�����������������&
–  �EÍàġ’šŤŠ�’ġþ¿ćğąÿÍàġD8ıkàĂ#
–  w�ġvñ�ÍġD8�a&

•  Ref)ĀZwicky,#F.#(1933),#
"Die#Rotverschiebung#von#extragalakFschen#Nebeln",#
Helve*ca&Physica&Acta#6:#110–127�
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Paper#in#1933�
Redshij�
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Paper#in#1933�

w�ĠDark#MaMer#(dunkle#Materie)#ı�ĘĖĝċĠāŜ�ĖąŝĝąĆĎĝģ
Ċ�ĘěąĖġĢ¹1�ąĂĎġÉoĠāĄĝŢ3#Dark#MaMerĊ�ěČĮĊā
ąēįĪŜColdŝgċĜĄĮĂ�

Of#course#it#is#possible#that#luminous#plus#dark#(cold)#maMer#together#have#a#much#
higher#density,#and#the#value#of##ρ#∼ 10^28gr/cm3#does#therefore#not#seem#
unreasonable.#�

12/02/06� ü�Y.#Suzuki#@� Ê³(�?��)�

Paper#in#1933�

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#Fmes#larger#than#that#deduced#from#
observaFons#of#luminous#maMer#1).##Should#this#prove#to#be#
true,#it#would#yield#the#surprising#result#that#dark#maMer#
exists#in#much#larger#density#than#luminous#maMer.##
�
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•  Coma#Cluster#ŜĉĨġčVá�4ŝ#
–  >1,000#galaxies#
–  Distance#from#the#earth:##99#Mpc#(321#million#light#years)�

Coma#Cluster�

(Note)#
1#pc#=#3.26#light#years�

(History)#
Discovery#of#the#Cluster#of#
Galaxies##
(contain#10#∼#>1000#galaxies)#

–  Charles#Messier###(1784)#
–  William#Herschel#(1785)#

•  Virgo,#Coma#
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VirialH��

•  ß"=�ġÚ%ĵŊŖĺśŜTŝġtãS:
Ģāª��ġőŅřļœŖĵŊŖĺśŜUŝġ
tãS:ġ^1/2Ġ¥ĐąĂ#
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Virial#H�ġÅr#1�

• /�änĝĶĴŔśġH�#
– n�ġ/�än:###
– ĶĴŔśġH�ťĀfŜrŝĊn�ġ/�änġtĀĀ#
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Virial#H�ġÅr#2�

•  ĶĴŔśġH�ġÅr # # # # # # #
########################################## #ĝĈČ#

#
#
#
#

# # # # # # # # # # # # # # ##
#

#
# # # # # # # # # # ##

#

�ěġλĜc£āλŦšĜĪcĭ£ęŜfŞ!#f,#r*#!#r)�
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Virial#H�ġÅr#3�
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•  F(t)Ċy�ĝĒĮĝāĔġtãS:Ģā�

ŀŘĠğĮ�

Virial#H�ġÅr#4�
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UĊ/�änĝĐěā#
#
#
ĝğĮĂ#K=2:#^Nh%āk=^1:#Newtonian�

•  åĬįĖ¢ãāyåġ×ďĜāĀΣpiŚriĢy��

Virial#H�ġÅr#5�
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Virial#Theorem#for#the#cluster#of#
galaxies#(Coma#Cluster)#^01�

:#a#double#average#taken#over#Fme#and#
over#masses#

(*)�

Ref)ĀZwicky,#F.#(1937),#
“On#the#Masses#of#Nebulae#and#of#Clusters#
of#Nebulae”,#Astrophysical&Journal#86:#217.�
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Virial#Theorem#for#the#cluster#of#
galaxies#(Coma#Cluster)#^02�

•  As#a#first#approximaFon#!#uniformly#
distributed#inside#a#sphere#of#radius#R#

(**)�

•  From#(*)#and#(**)�
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Virial#Theorem#for#the#cluster#of#
galaxies#(Coma#Cluster)#^03�

1.  R#!#R/2#:########ĢŢ�āMtot#Ģ1/2##
2.  MassĊŢęĉţęġgalaxyĠé�āĐĉĪÑ
êĢāR!R/10�UĝĒĮĂĔįĕįā#

ĠKĒĮsystemaFcsı¿ ĪĮ�

M/2*M/2*10/R#!#2.5� 3*M/3*M/3*10/R#!#10/3�

•  ConservaFveĀğ¿ ĪĭĝĐěāĀ�
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Virial#Theorem#for#the#cluster#of#
galaxies#(Coma#Cluster)#^04�

ConservaFve#limitĝĐěā�

ıĝĮĂĎĎĜāĀ�

vs#(velocity#along#the#line#of#sight)�
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•  ######=#5#x#1011#m2s^1#(v#∼#1200#km/s)#
•  R#∼#2#M#light#years#
•  GN#=#6.67x10^11#m3kg^1s^2#

•  Av(Mgal)#>#9#x#1040#kg#=#4.5#x#1010#M" (1000#gal)#
•  Luminosity#of#an#average#galaxy#∼#8.5#x#107#L"#
•  M/L#∼#500�

=#9#x#1043#kg�

Virial#Theorem#for#the#cluster#of#
galaxies#(Coma#Cluster)#^05�

M"=#1.99x#1033g#=#1.99x#1030kg�12/02/06� õõ�Y.#Suzuki#@� Ê³(�?��)�



•  M/L#∼#3#for#Kapteyn#stellar#system#
– ķŏŁĴřsĀŜ13#light#years#from#the#earth)#

• &n�ġþsÿġé4#
•  Nearest#halo#system#to#the#sun#
• ×UĊ×ąs4#

M/L#(Coma#Cluster)#/#M/L#(Kapteyn)#∼#160#
##Existence#of#Dark#MaMer#

Virial#Theorem#for#the#cluster#of#
galaxies#(Coma#Cluster)#^06�
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Different#History�

•  OortĊāZwickyīĭĪ�ĠrotaFonal#curveĜā
w�ĠDMġ�ÃıĐĖĝąĆÇĪĄĮĂ#

•  OortĢāDiskı��Įq0ġ×UĜāÍàı
esFmate.#Halo#DMĜĢğČěāDiskġÍàı
ÄĘěąĖāĝąĆĎĝĬĐąĂ#
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1^b)#Galaxy#RotaFon#Velocity#

•  RotaFon#Curve#of#galaxies#
– Measure#line#of#sight#velocity#of#starts#and#gas#
– Extensive#measurement#of#M31#by#Rubin#and#Ford#
(1970)#
•  via#Doppler#Shij#
•  Hα#in#opFcal#(HII)#and#21#cm#in#radio#(HI)#

NGC6503#12/02/06� õø�Y.#Suzuki#@� Ê³(�?��)�

HI#and#HII�

•  Iťò�_ġ(CāIIťòšèìêāIIIťòŢè
ìê#

####(H2#:Ā�«�C)#
•  HII#ï;ťĀ?ċďn��TĠĈīĥĂ
�ÞĜsZcĂ�ħįĖ»ą?Íàs

ĉĬġ>°ĠīĘě#Ï#
–  Hα:#ìê�«ġÓ°ā#656.3#nm#ŜÎŝ#

•  HI#ï;ťĀsãë�ġ�«ġ�_�b#
–  21#cm°ĠīĮÁ�#

#

M51:#·Ġ�ĘěġÎ
Č�ĘěąĮÞ�Ċ
HIIï;ĀŜHSTĠīĮ
l[ŝ�
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Ā�«ġľŐĻŇŖ�

•  Rydberg#formula#
�

n=1#:##Lyman#series�

n=2#:##Balmer#series�

n=3#:##Paschen#series,#N=4#:#….�

Hα� Hβ�
,À��
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21#cm�

•  Spin^Spin����ĠīĮ#
#hyperfine#structure�

Crosthwaite,#Turner#&#Ho#(2000)�
HI#map#of#IC342�

HI#Ġīĭāá�ġ?O�ğ|
ØıĨĮĎĝĊ�zĮĂ#

•  1420.40575#MHz,##
•  21.106114#cm#
•  Ý�Ā�1,000�T#

Proton&
Spin�

Electron&
Spin�

1S�

Hydrogen##
Hyperfine#structure�

∼5.9x10^6eV�
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Doppler#Shij�
•  îġňŃŏŔśļōŇťĀ¢�ĝąĆBÍĊĄĮ#
– î�Ċ%Č=.ĝāÁ�´Ċ%Č=.ĜÛĆ#

•  �ġňŃŏŔśļōŇťĀ�×�H#
– î�Ċ%ĎĆĝāÁ�´Ċ%ĎĆĝ/đ#
#
ŜFGġÁ�ĜġÎq��şíq��ŝ#
– ��ġlocalğÚ%Ŝ�ġňŃŏŔśļōŇŝ#
– FGġ¸XŜFGÉ�Îq��ŝ#

•  Z#=#Δλ/λ0 = (λ ý λ0)/λ0(
•  Z=0.1#�UğĬāv#=#cZ#
•  Z#=#7�10#:#wÜqġá�#
(Z=1089:#µuÔLŝ#

– Yąß"=Ŝß"Îq��ŝ#
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îġňŃŏŔśļōŇ�

•  ObserverĊÕĚČ� •  SourceĊÕĚČ�
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�ġňŃŏŔśļōŇ�

•  Doppler#Shij#!#Home#work�

θ  =#0o#:#ĀÜġČòŜÎq��ŝ#

θ  =#180o#:#ÕĚČòŜíq��ŝ#
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•  v/c#<<1ġ=.#
#

– �âġ�H©UĀ#ò×Uġ�H©U#
#

Èŝ�ňŃŏŔśļōŇ(θ=90o)#

�ġňŃŏŔśļōŇ�

��Ċ6ytã�Ġ�Ēh%Ŝdn/dτ)ıāÁ�´ĊV~tã
ĜÁ�(dn/dt)ĒĮ${#
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•  Observe#M31#
•  Distance#from#the#earth:##
–  778±17#kpc#
–  2.54±0.06#Mly#

•  ÀÂť#190’#x#60’#
– AçġÀÂ0.53U(32’)#

•  They#measured#67#HII#regions#(3#
to#24#kpc#from#the#nucleus#of#
M31)#
–  Radial#velociFes#(À°×U)#from#Hα##

•  AssumpFon#of#circular#moFons�

Beginning#of#1970’s#
V.#C.#Rubin#and#W.#K.#Ford,#Jr,#ApJ,#159#(1970)�

M31:#Andromeda�
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À°×UġÁ�©U�

Radial#velociFes#(À°×U)#from#Hα###
accuracy#of#±10km/s#!#
•  Image#Tube#Spectrograph#
– Ö�m#(dλ/dx):#135#Å#mm^1#(��2ġ_¶)#
– Hα#=#6560#Å#!#0.135#Å#µm^1#!#2x#10^5#for#µm#

– 3x#105#km/s#(c#)#x#2x10^5###6#km/s#µm^1#

•  1#µmġ©UĜÁ�ĜċĮğĬā×Uġ©U
Ģò6km/sĜĄĮĂ#
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���

•  Hα:#656#nm#
•  Hβ:#486#nm#
•  NS:#Night#sky#
lines�
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Circular#Velocity�

•  Circular#Velocity#@R#:#V(R)#
# #V(R)##=#(Vobs#–#(mean#velocity))/α(x,y,z)#
– Mean#velocity:#300#km/s#
– α(x,y,z)#:#correcFon#for#the#measured#posiFon#and#
angle#between#‘line#of#sight’#and#perpendicular#to#
the#plane#of#the#galaxy#

(

##

12/02/06� öù�Y.#Suzuki#@� Ê³(�?��)�



RotaFonal#Velocity#of#M31�
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RotaFonal#Velocity#of#M31�
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RotaFonal#Velocity�

•  Newtonian#Dynamics:�

•  If#M:#central,#
•  For#constant#�

Ĉs}ġ=.�

Surface#density:#σ(r)#∼#constant�
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Mass#determinaFon�

•  By#numerical#integraFon#by#using#IBM1130#
– �18#x#1010#M" 

•  from#the#opFcal#measurements#
–  1.4#x#1010#L" 

##M/L#～#13±0.7#
�

•  Velocity#measurement#!#mass#determinaFon,#
•  Need#a#model#for#density#distribuFon#

•  Ref)#G.G.Kuzmin,#Pub.#Astr.Ob#J.C.#Brs.#Tartu,#32,#211(1952);#
#######Brandt,#ApJ,#131,#193#(1960)�
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Results#of#Mass#DeterminaFon�

M(r)� σ(r)#

12/02/06� ÷ô�Y.#Suzuki#@� Ê³(�?��)�

21#cm#measurement#of#M31�

L.#Chemin#et#al.,##
ApJ,#705,#1395#(2009)�
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RotaFon#Curves�
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•  RotaFon#curves#of#spiral#galaxies:#combining#CO#data#for#
the#central#regions,#opFcal#for#disks,#and#HI#for#outer#disk#
and#halo#

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

12/02/06� ÷÷�Y.#Suzuki#@� Ê³(�?��)�



dĊá��

Açªġ�±�

dăġá�ĠĪłśĻŒŁśĊĄĮĂ�

21cm°ťĀ1420.40575&MHz&(21.106114cm)&
�_ġ�«ťĀEspinS¼>Espin*S¼ò:&Ý�∼šŠŠŠ�T�

×
U
Ŝ
km

/s
ŝ
�

R/Rsun&
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1^c)^1.#GravitaFonal#Lensing�
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ß"ŗřĿ�
•  ß"ŗřĿġ�¿ťĀ1979T3xĀĀ#
•  �8āŨŢŠŠŠ�ġß"ŗřĿĊā
�¿ďįěąĮĂ�

hMp://hubblesite.org/newscenter/archive/
releases/2000/07/image/c/Āīĭ�12/02/06� ÷ú�Y.#Suzuki#@� Ê³(�?��)�

•  P5ťf!ġá�²ĠīĮß"ŗřĿ${ĂÜČġá�
Ċß"ŗřĿ${Ġīĭ¾n�¿ćĮŜíºĜ½�ŝĂ�

•  -5ťŗřĿ${Ġīĭ]ĬįĖf!ġá�²ġþÍ
àÿ�QĂÙ¯ĐĖ�QĊvñ�ÍĠīĮĪġĂ�

á�²ĠħĝİĭęąěąĮvñ�Í&
òß"ŗřĿ�
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DeflecFon#Angle�

DeflecFon#AngleġM�Ģā#
(Ref)##Lecture#notes#on#

GravitaFonal#Lensing,##
#R.#Narayan#and#M.#Bartelmann,##
#astro^ph/9606001v2#

ğĞıā)�ĠĒĮĎĝĂ#
#

$�

$�

$�

DS�

DdS� Dd�

η�

ξ�

I#(Image)�

O#(Obs)�

S#(Source)�α�

α�
β� θ�

^�

:#DeflecFon#Angle�
M:##lens#Mass,###ξ:##Impact#Parameter##�
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DeflecFon#Angle/Schwarzschild'\�

•  Schwarzschild'\ĀRs=2GM/c2#
– DeflecFon#angle:�

È#(Shwarzschild'\ŝ#
+��ĠĪescape#velocityĉĬ�ĩĬįĮ#
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Schwarzschild'\�

•  Ŝ�ŝAç#
•  R"s=#2GM"/c2#

########=#(2x6.67x10^11x1.99x1030)/(3x108)2#
######=#2.95#km#

•  M"=#1.99x#1033#g#
•  GN=#6.67#x#10^11#m3kg^1s^2#
•  R"=#6.96#x#105#km#

Q:##9�ġSchwarzschild'\Ģŧ#
Q:##108#M"#ġblack#holeġ=.Ģŧ�
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LensĀEquaFon�
•  Reduced#deflecFon#angle�

Source#%#image#relaFon#
Lens#equaFon#(ray^tracing#equaFon)�

•  Non^linear###mulFple#image#of#########from#a#single#source#
•  Euclidian#relaFon:#separaFon=angle#x#distance#

# Curved#space?###
# Distance#!#defined#as#to#saFsfy#‘the#relaFon’#
# Dds#≠##Ds#^#Dd#12/02/06� øõ�Y.#Suzuki#@� Ê³(�?��)�



Einstein#Radius�

•  Circularly#symmetric#and#arbitrary#mass#profile�

•  A#source#on#β#=#0###ring#
•  Einstein#ring#(radius):#�

12/02/06� øö�Y.#Suzuki#@� Ê³(�?��)�

Example�

•  Lensing#by#a#star#in#our#Galaxy#

#
mas:##milli#arc#second#

•  Lensing#by#a#cluster#of#galaxies#

12/02/06� ø÷�Y.#Suzuki#@� Ê³(�?��)�



Example�

12/02/06� øø�Y.#Suzuki#@� Ê³(�?��)�

Galaxy#Cluster#Abell2218,#HST�
Image#distorsion#by#intervening#gravitaFonal#potenFal.#
SensiFve#to#the#total#mass.�

12/02/06� øù�Y.#Suzuki#@� Ê³(�?��)�



Galaxy#Cluster#
CL0024+1654�

12/02/06� øú�Y.#Suzuki#@� Ê³(�?��)�

Reconstructed Matter Distribution in CL0024-1654"

[Tyson#et#al.,#Ap.#J.#498#L107^110,#1998]#12/02/06� øû�Y.#Suzuki#@� Ê³(�?��)�



1^c)^2.#X^ray#from#clusters#of#galaxies�

•  X^ray#&#by#thermal#bremsstrahlung###
#'#hot#inter#cluster#gas#(ICG)##
# #(move#in#gravitaFonal#field):#107∼108#K#

•  r^dependent#measurement#
•  Assume#thermal#equilibrium#and#spherical#
symmetry#

12/02/06� øü�Y.#Suzuki#@� Ê³(�?��)�

HydrostaFc#Equilibrium�

•  Balance#:#gravitaFonal#infall#%#pressure#
•  HydrostaFc#equilibrium#
#

•  P:#Pressure#of#the#gas,##ρ:#density#of#the#gas##
•  M(r):#total#mass#<#r�

•  k:#Boltzman#constant,#T:#temperature#of#the#gas,##
•  µ:#mean#molecular#weight#of#the#gas,#
•  mp:#proton#mass�12/02/06� ùó�Y.#Suzuki#@� Ê³(�?��)�



Total#mass�

•  �ŐśĽġŢWĉĬ�

r#d(ln#r)#=#dr#ı�ąěāĔįĕįĉĬ#
d(ln#P)/d(ln#r)ı�įģīąĂ#

•  Isothermal#&#Sphericalı	HĒĮĝāŜT:#�Hŝ�

•  R:#outer#radius,#µ:#constant#
•  X°ġÁ�ĉĬò##T,#ρgas(r)ı�ĩĮĀ##MT(R)�12/02/06� ùô�Y.#Suzuki#@� Ê³(�?��)�

Ä¦�

¤šWĉĬ�

¤ŢWĉĬ�

�ÒĐě�
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Example�

•  1∼2%#starts,#5∼15%#gas,#rests:#dark#maMer�12/02/06� ùö�Y.#Suzuki#@� Ê³(�?��)�

OpFcal#Virial#Mass#vs#X^ray#Mass�

•  OpFcal#Virial#Mass#vs#
those#derived#from#X^
ray#analysis.##

•  Scaled#to#the#same#
radius#

•  Good#agreement!#
•  The#solid#points:#from#
White#et#al.#(1997).#
�

M.Girardi#et#al.,#astro^ph/9804187�

12/02/06� ù÷�Y.#Suzuki#@� Ê³(�?��)�



Others�

12/02/06� ùø�Y.#Suzuki#@� Ê³(�?��)�

Bullet#Cluster�

•  Galaxy#Cluster#merger#
•  Most#maMer#in#the#system#

!#collision^less#!#dark#
•  Constraints#on#the#self^

interacFon#cross#secFon�
12/02/06� ùù�Y.#Suzuki#@� Ê³(�?��)�



2.Dark'ma)er'and'Cosmology�

12/02/06� ��Y.'Suzuki'@S�jaÜ�#RVÝ�

2.'Dark'Ma)er'and'Cosmology�

a)  Big'Bang'
Nucleosynthesis'

b)  Cosmic'Microwave'
Background'

c)  Large'Scale'Structure'
12/02/06� ��Y.'Suzuki'@S�jaÜ�#RVÝ�



Summary�

•  Big'Bang'Nucleosynthesis'
–  ΩBh

2'∼'0.023,'nonGBaryonic'Dark'Ma)er'
•  CMB'+…'

–  ΩBh
2'='0.0224±0.009,'ΩMh

2'='0.135±0.009,''
    ΩΛ'='0.73±0.04'
–  ΩDMh

2'='0.113±0.009'='ΩMh
2'G'ΩBh

2'

•  nonGBaryonic'Dark'Ma)er'

•  Structure'formaRon'
–  Cold'Dark'Ma)er'

•  Exclude'neutrinos'!'Ωνh
2'<'0.0076'(WMAP'+'…)'

'

ρcrit='3H0
2/(8πGN)'='h

2'x'1.9'x'10G29'g/cm3'

h='0.71±0.05'''(100'kmsG1MpcG1)'

12/02/06� ��Y.'Suzuki'@S�jaÜ�#RVÝ�
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BBN'!'Ωb'<<'Ωma)er'�

Story+
•  Free'Parameter'of'BBN:'
–  Cross'secRons'
–  ηB'='nB/nγ   (number'density'of'baryons/photons))

•  BBN'depends'only'on'ηB'='nB/nγ ,'which'can''be'
determined'by'the observaRons'
' 'ηB'='6.1

+0.3
G0.2x10

G10')
•  Tγ'='2.725±0.001'determines''
' 'nγ ='(2/π)ζ(3)T3'='410.4±0.5/cm3)

)"'nB'(ΩB'='ρB/ρc)''
'

h:'0.71+0.04G0.03�12/02/06� ��Y.'Suzuki'@S�jaÜ�#RVÝ�

Nucleosynthesis�

•  ∼100's'acer'the'Big'Bang:'∼MeV'
–  The'first'three'minutes:'S.'Weinberg'�B�²â��'

•  Light'elements'(D,'3He,'4He)'from'
p'+'n'!'D'+'γ (first'step)'

't,'3He¿�{T7®§¬�4He²W8¶¸¥'
' 'D'+'p'!'3He'+'γ,''''''D'+'D'!'3He'+'n,'
' 'D'+'D'!'t'+'p,'''''''3He'+'n'!'t'+'p'
' 't'+'D'!'4He'+'n,'''3He'+'d'!'4He'+'p'

•  v;ã�å²)+�&E¢' §° �4He��
²t�`²W8³�|� ''
' '7Li/H,'7Be/H'∼'O(10G10)'

'
12/02/06� ��Y.'Suzuki'@S�jaÜ�#RVÝ�



4He/H²H�

�8z%Y�±�«ª�6&¢´®À¯�¬
ÒÖÂÔ±°¼�Ü©²@Þnp:'nn'çäæáÝ'

•  kvHæ'
'

•  ,2æ\I[2'

•  ?²�sæ},2�"ÒÖÂÔ��¢
º
½¼'

�

12/02/06� ��Y.'Suzuki'@S�jaÜ�#RVÝ�

Energy'density�

•  Y�²np/nnH''
'#'expansion'rate'HJ¶¼'
'#'nγ+nν+ne'

•  At'T∼100MeV:''
– Energy'and'number'density'#'relaRvisRc'and'
effecRvely'massless'parRcles'(leptons'+'photons)'

– Neutrons'and'protons'(∼10G9)'!'no'contribuRon'
to'the'total'energy'density'

– All'in'thermal'equilibrium�

12/02/06� ��Y.'Suzuki'@S�jaÜ�#RVÝ�



At'100'MeV�

•  Neutron'and'proton'number'density:�

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

12/02/06� ��Y.'Suzuki'@S�jaÜ�#RVÝ�

•  Γn!p'<'H'±°«ª@
Ü∼0.7MeV)'
– nn/npH³´µ�+'

– exp(G1.293/0.7)'!'
nn':'np'='1:'6'

�

	c��{P�

At'0.7'MeV�

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�



At'0.1'MeV�

•  n'+'p'!'D'+'γ''Q=2.22'MeV'
– §¡§�o�5'D'+'γ'!'n'+'p'¢l£° Q±³�'

�γ ²ÄÏ×ÆÛ¢2.22'MeV¹»�¥°¼4e'

– §¡§�#v²photon¢�¼æ�nγ'∼'nB'x'1010'

– ÑÕÙÇ�.�ÄÏ×ÆÛ¢εγ'>'T®°¼�&²
;¢10G10®°¼N2³�'
•  exp(Gεγ/T)'='10G10'

•  TD#=#2.2MeV/ln(1010)#∼#0.1#MeV�±°¼®�D²W8¢
%¶¼�!'nn':'np'='1:'7�Ü0.7¡º0.1'MeV±°¼²{
²'neutron'decay±¹»'neutron²;¢M¼)'

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�

Concordance'�

Concordance:'
•  ηB'='5.1'–'6.5x'10

G10'

'''+'Tγ'='2.725''
''''''"'ρB'='3.5G4.5'x'10G31g/cm3'

•  ΩBh2='0.019'–'0.024�

PDG2011�

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�



NonGBaryonic'Dark'Ma)er�

•  Constraints'on'baryon'density'(Galaxies+'Gas):'
– ΩBh

2'='0.0224±0.009'
•  ΩB'~'few'%'of'the'criRcal'density'(Ω=ρ/ρ0)'

•  Agree'with'CMB'esRmate'of'Baryon'density�

– ΩMh
2'='0.135±0.009'

•  Most'ma)er'in'the'Universe'is'nonGBaryonic'

•  BBN'"'NonGbaryonic'dark'ma)er'

B=²;�³ÌÃÍÇ§¬¶¨À�'
<�6³®«¬¶¨À��

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�

2Gb)'Cosmic'Microwave'Backgrounds�

2.725+K+00.0002K+
12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�



Cosmic'Microwave'
Backgrounds�

•  Universe'
–  Isotropic,'Homogeneous'

•  Ma)er'and'RadiaRon'decoupled'
–  Protons'and'electrons'form'neutral'hydrogen:'recombinaRon'
–  Become'transparent'for'photons'
–  ∼380,000'years'acer'the'Big'Bang:'∼eV'

•  Very'small'temperature'fluctuaRons'(CMB)'
–  But'too'small'to'evolve'into'structure'observed'

•  Today:'T=2.715K'
–  ΔT'∼'20'µK'(∼10G5)'

•  "'require'addiRonal'ma)er'to'start'forming'structure'
earlier'

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�
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Cosmic'Microwave'Backgrounds�

•  Decompose'temperature'field'into'spherical'
harmonics�

•  CMB'angular'power'spectrum'
'"'Depend'on''ΩB,'ΩM,'ΩΛ)

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�

WMAP�'7'yrs'data�

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�



Peaks�

•  Structure'of'the'CMB'Anisotropies'
–  AcousRc'OscillaRons'!'characterisRc'peaks'

•  CompeRRon'in'the'photonGbaryon'plasma'
•  Pressure'of'photons'!'erase'anisotropies'
•  GravitaRonal'a)racRon'of'baryons'!'collapse'to'form'dense'region'

•  Peaks'
–  Resonances'when'photons'decouple'when'a'parRcular'mode'is'
at'its'peak'amplitudes'

•  First'peak:'
–  Angular'scale'!'curvature'of'the'universe'

•  Second'Peak:'
–  RaRo'of'the'odd'and'even'peaks'!'reduced'baryon'density'

•  Third'peak:'
–  InformaRon'of'the'DM'density'

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�

Peaks�

•  Peak'locaRon'and'
heights'

•  Constraints'on'the'
parameters'and'
geometry'of'the'
universe'
''(flat,'Ωtot=1)'
–  ΩB'='0.0449'±0.0028'
–  ΩM'='0.222'±'0.026'
–  ΩΛ'='0.734±'0.029'

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

Hu'and'Dodelson,'Ann.'Rev.'Astron.'Astrop'40,'171'(02)�

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�



DM'fluctuaRon�

•  CMB²fluctuaRon³�áàà´¯m»° �'

•  NonGbaryonic:'
– Early'development'of'density'fluctuaRon'

– $radiaRon'pressure:'
•  Does'not'slow'the'early'growth'of'the'fluctuaRon'
before'the'recombinaRon�

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�

2Gc)'Large'Scale'Structure�

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�



Structure�

•  midG1970'(ObservaRon)'
–  Galaxies:'chains'&'filament'
–  Void'(several'tens'of'Mpc)'

•  Zeldovich'(1970)'' 'top'!'down'
•  Peeble''(1971)' ' 'bo)om'!'up'
•  GravitaRonal'Clustering':''slow'process'

–  Density'fluctuaRon'must'be'1/1000'of'the'density'itself'at'
the'Rme'of'recombinaRon'

– WMAP:'fluctuaRon'
•  Small':'2'orders'
•  Luminous'(baryonic)'ma)er'

–  Early'start'of'the'structure'formaRon'by'Dark'Ma)er'

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�

U �

(*²ÄÏ×ÆÛ,2²"��

•  Rk'

•  n-'

•  U ³�ma)er'dominant:''

•  q�±�radiaRon'dominant°@¢�«ª� '��

(Er#∼ 1/λ#∼ a51)�

Radia5on++
Dominant�

Log'a�

Lo
g'
ρ�

Ma:er+
Dominant�
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¸º¤²8y�

•  RadiaRon'Dominant
°@³�¸º¤¢8
y£° �'

•  :-ÚRk²ÄÏ×
ÆÛ,2¢]§ @
DÜL;Ý±Power'
Spectrum±9½A
¢»� 

log'k'

lo
g'
P(
k)
'

U ²¸º¤�
Zeq#=#24000ΩMh2�

k=2π/λ#=#2π/(cZ/H)#

Power'Spectrum:'P(k)��'

��,2¸º¤æ�'

��ÐÛÖÄ�iæ'

��PS:'ÐÛÖÄ�;²/!X°3¦æ'

'�

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�

k[hMpcG1]'

P(
k)
'

Hot+Dark+M
a:er�

kG3�
k1�

Galaxies�

Clusters'of'Galaxies�

Large'Scale'Structure�

Large'Scale� Small'Scale�

Power'Spectrum�
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Small'
Scale�

Large'
Scale�

•  CDM±�b�Hot'dark'ma)er³�¾° ��

Power'Spectrum�

12/02/06� ���Y.'Suzuki'@S�jaÜ�#RVÝ�

(*²#fGFp�

^ä��0�

(*²�¼>�áãßã
]_��²wKáààà�
¿dZ�

ÊØÛÙÚÎÉË×ÊÅÁ
ÈÛÓÁ±¹¼�$wK
hO�

2.5m1guCrx�

http://www.sdss.org/!
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Dark'Ma)er'and'Cosmology'

•  NonGBaryonic'Dark'Ma)er''

•  Cold'Dark'Ma)er'
•  ΩCDMh2'='0.113'±'0.009''

' ' '''''(ΩMh2 �#ΩBh2)'

�

��
��	��
����

��
����
����

����������
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3.#Galac(c#Dark#Ma-er�

12/02/06� ��Y.#Suzuki#@���$����%�

Galac(c#Dark#Ma-er�

a)  Isothermal#Halo#Model#

b) Density#
c) Velocity#

12/02/06� ��Y.#Suzuki#@���$����%�



MaxwellDBoltzman#distribu(on�

•  �	��&#

– XD#��
�&�

•  ���v# ��&�

12/02/06� ��Y.#Suzuki#@���$����%�

"!#���
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MaxwellDBoltzman#distribu(on�

•  $�%�<v2>#=#(3/2)v02#####=#3kT/m#

#

#

•  $�%�<v>##=#(4/π)1/2v0#=#(8kT/πm)1/2#�

12/02/06� ��Y.#Suzuki#@���$����%�

Standard#Halo#Model�

•  Dark#Halo#of#the#Galaxy#(ref)#JCAP09(2010)026#
–  Single#component#selfDgravita(ng#isothermal#sphere#
(ignore#visible#ma-er)#

– Maxwellian#velocity#distribu(on#(Galaxy#rest#frame)#

•  Jus(fica(on#of#the#Maxwellian#distribu(on##
(ref)#D.#LyndenDBell,#Sta$s$cal(mechanics(of(violent(relaxa$on(in(stellar(systems,#
Mon.(Not.(Roy.(Astron.(Soc.(136#(1967)#101.#

12/02/06� ��Y.#Suzuki#@���$����%�



Standard#Halo#Model�

•  Velocity#dispersion:#

•  Vc,∞:#asympto(c#value#of#the#circular#rota(on#
speed#of#a#test#par(cle#in#the#gravita(onal#
field#of#the#isothermal#sphere#
•  Vc,∞#≈#Vc,!#≈#220±20#km/s#(galac(c#rota(on#
velocity#in#the#solar#neighbor)#
#"#<v2>1/2#≈#270#km/s#

12/02/06� ��Y.#Suzuki#@���$����%�

Standard#Halo#Model�

•  ρDM,!##≈#0.3±0.1#GeV/cm3#

–  (ref)#J.H.#Oort,#Note(on(the(determina$on(of(Kz#and(on(the(
mass(density(near(the(Sun,#Bull.(Astr.(Inst.(Netherlands(15#
(1960)#45.#

–  (ref)#J.N.#Bahcall,#Self=consistent(determina$ons(of(the(
total(amount(of(ma>er(near(the(sun,#Astrophys.(J.(276#
(1984)#169#[SPIRES].#

"#
•  A#kind#of#guide#line,#bench#mark#
•  Not#accurate#
•  But,#useful#standard#
#

12/02/06� ��Y.#Suzuki#@���$����%�



Local#Dark#Ma-er#Density�

•  Density:#ρDM,!#
– Oort#&#Bahcall:##

•  ρDM,!##≈#0.3±0.1#GeV/cm3#

– Model#Independent#(P.Salucci,#F.#Nes(#et#al.,#arXiv:
1003.3101)#
•  w/o#assuming#galaxy#mass#distribu(on###
•  ρDM,!=#0.430±0.148#GeV/cm3##

–  Cosmological#NDbody#simula(ons:#
•  QuasiDMaxwellian#

–  Drops#off#at#higher#velocity#
•  ρDM,!=#0.37#GeV/cm3##

#
12/02/06� ��Y.#Suzuki#@���$����%�

Halo#density#models�

•  a:#core#radius#
–  For#γ#=#0,#scale#of#the#“∼ constant#density”#core#of#halo#

•  Need#to#know#
–  R0:#galactoDcentric#distance#@#sun#
–  ρ0:#halo#density#@R0#�

α� β� γ� references�
Isothermal#distribu(on� 2� 2� 0�

Kravtsov#et#al.� Ka� 2� 3� 0.2� AstroDph/p708176�

Kravtsov#et#al.� Kb� 2� 3� 0.4� AstroDph/p708176�

Navarrow#et#al.� NFW� 1� 3� 1� Astrophys.#J.#426,#563#(1996)�
12/02/06� ���Y.#Suzuki#@���$����%�



Velocity#of#DM�

•  DM#Velocity#in#the#rest#frame#of#the#Galaxy:#Vg##
– Maxwellian#distribu(on##
– Vg#=#VD#+#VE##########VD#=#Vg#D#VE#

•  VD:#DM#velocity#rela(ve#to#detector#(earth)#
•  VE:#Velocity#of#the#earth#rela(ve#to#the#Galac(c#rest#frame'
'

�

•  VE#=#(0,#220,#0)#+#(10,#13,#7)#"#|VE|=233#km/s#
(1st#term)#Rota(onal#velocity#of#the#neighbor#of#the#sun#
(2nd#term)#Sun’s#local#mo(on#in#the#neighbor#

•  DM#wind#from#Cygnus#
#
�12/02/06� ���Y.#Suzuki#@���$����%�

Earth’s#revolu(on#around#the#sun�

•  2nd#term:#the#earth’s#revolu(on#
•  t:#the#day#of#the#year#
•  t=#152.5#days#"#June#2nd#
•  Seasonal#Varia(on#
– ±15/233#∼#6.5#%#flux#modula(on#
– Rate:#dR/dvE#∼#R/2vE#"#3∼4%#rate#modula(on#in#
total#rate#

– Threshold#effect#"#may#up#to#7∼8%#

12/02/06� ���Y.#Suzuki#@���$����%�
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