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Eyecase 1:- ChacaskrhiblorkmaibrlD8) pads

%sﬁ'mmte e thasac feris 'ﬁ'& S‘f\t&d{ 4 Aark mattes /émi/‘zz/es
bound 1 flu Aark halos a{ S‘evcm./ shructures in the
Uverse Lw»fhj e Viral Therrem
m vt o G Mide m
Qha/a
m: DM ),thfe. wm::). A - CL.UAbanL’"C S"bup(; MAML:} ‘QMID:
mass awtd .FA&U’M& o’% 5{744 S'l‘quu e (;‘hcha&‘hj DM)

Eshimate fire S/DUA v ,@%___’_)a.dw{ ga/.axy ('f“yfum/ﬂ
masses avd cadins oif D6 ave My, » zx1PMp R ,j(,b)
2) e Milky Way (rrrflur galazies | Muw ,o.;;;
RKuw ~ 100 k/:) wmd 2) ga.la)()/ cluster ( witu, J:\/)
Mc ~ 3x10'" M@) Rc v 2 MPC) . TMC}MHL?MJ’ILM(
afe a,/a/wamwf"c vadues for tne dane Awlﬁwfﬂw
memimed shrwctures.

Hekp o yow will find very aseful fr wite foest
N enston's cons tamt G in bwu‘ﬁu'f Mﬁ. km?  Hece

Mo S°
Mg isasitar wass, Mo = 2.99 <107 kg = 1.7x10°7GeV,
wmd pc is a parsec, Lpc = z.06 10 = 3,264y,
ohce fuat in all guakions in my leopures T s "Nahire
TR Cet Fal i whaeh

Ve b8 10 kg ol ® s
16@. - QXID kj ] LY 6.58 10 ZSS
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Exercse 2 Self Intkrachng Dack Matte (STDM)

STDM nwst have a oross seebion ver close +o its
p s Lonit In &Fmﬁ'w{d(‘ %\/pcrf shructure tr
be wa§+mﬁ&”y dx‘/—/de,wf 'F"Dm P wnuwal wllision_

Licc CDM . The Fwﬁ‘v(fmw /me—z”i;ﬂz ) /s
m eV

beturten W(Q/W—?LDIOD ‘)LU have am L/}M.-hv& Core creation
in dwarf galaxies, but is ~ 1 in clusters( here

't A unqf e selfinbvachion orass
D comstamt ariss seehion Tgip = Imax winth
noruld e b/-kéﬁ'vé at dwmff 3“’1&{7 eonlis would Fhe
be%%WWéymﬂ“”fwwvﬁmvﬂ%y
clusters. But Mmay T e awﬁmﬂ if e
trvss sechon dipeuds om The DM Specd -

Usahg e resud s You ol fmirad in Brcelese 1 say

2.1 W/évl\d/l dlfe,vtof-w&d'# P{’kl S&f[ S'c‘ﬁthcrfhj CyUSS -
Sochom M f/l/u. DM /aMfﬂdxs S/Z-”—A could 5“’&
G;,Ff'h Wf 9M;‘as ~ 100 x C];'F;h 9alax/ cbuskfs?
E_::%_ Pmbablywkwﬂmifh )QMH\UC@W’ASMHUPW
m (X OSS gg,zf-w-y; is Ih VHS-e/‘.y WW{"MM ‘p’-p—{’buz S?VLN(

Comay
Seo'h'm )

y]{,_m Ranehic gy, -8 T Vnr‘f'- Thes 15 chamcle
r3he 0% ngHe/mj wd,d&d’wt b«a avery &.glaf ga,ug,ebértm.
L‘mﬂpﬂ II(N uhp{_m-

Th SIDM medels” one by a “dak p
ot ) nstead of tiu sosal ploston butshll i/
e wedii mass Mg << mbm"r#%}"' Nt Prove
Wﬂjif cgf Qyay ' dwﬂffﬁ’)'ﬁﬂw as’;l)cwwfdétd‘f by
h clustrs (se SIOM bew—mesjuﬁ com al [2ge smles),
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Exerccse 8 _ Lywer timit on e dock watfer (0
mags due_ty phuse space asguments

f_;l’_i Assunmt the DV ﬂbwuha’.z is 4 boson . Bosons feud
tr ij The Same Wf%mwﬁ/ state . The
O‘chradfow number is so Ixu'j by that Hue DM behaves
as a Classical {—}eﬂ,p{ o{g\eg@ag oA wave {%a.ﬁ‘ow

(9.2 Hu/ Rarkana and &G ruzmoV, MM"}’A/pwﬁés
PR, L g5 /[2000 /}55')- The /)fré/em at haud becomes

mally Hu same ay thal »f a ponticle of mass
A’,M b e DM mass, m) ih a};rﬁuhd well a%
e §1’tarf e danle halo. Soe wt canvt ant
Pauwli’s mw%w“ﬁy ban a'};/e Ax Ap 2 1
witn Ax ~ 2 Ryl and A,b:.v_mfl)-, Here nr
is the characteris hic Spbuﬂ(. Yo ﬂgﬁmﬂ‘ed 2%
Exceecse 1 _ The most s’utthﬁmf‘-(lawter_W‘,’m. m feom
Mic cedatiom comes Jrom dwwjfga,/a/xies ( do

see ?). Uaing tue date and results
E:Zrolsfe ;\’&gﬂfwe Huad 2’141 Lot ob tamed FWY:%
dworf g alaxres is M 2 1072 V.

[A _DM ),M(—.A_p w i m= 10°%eV as c»t/'l:_a{

“P uzzy DM ? 67 Hu, Baskanz awd Gruzmov M e
papar wanhoed abrve. Tt is PM ma cld Bose-Emstin
OU\AMSMJ;;WMF fr ayim DM.J
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Exercise 3 (comtnuation)

3.2 Now bt w asgunt fiut fue pm PM(’& =
?cfw‘m. The a,rngwm'f'zs d&‘ﬂ«M tham ﬁ_,& Loson
due fr Paul’s Exclusion Princcple . Foro frmion
e )blau,sa S/oa,a_' af;wtet"/‘tj s afwsz 7E0(PP)<1) Sor
Myt = m f{:CX,P) P Pp < M(}{_/r{ p}jv)fde?

prnd, gnfmr Lshmate we canm e J"dj’ g‘d,b.i o A
AP > A ("34)1/'. may see e o gim2| }9&-%.4(07&
Tremaine aud Guun PRL 42 (1979) Yo7 o get
amove complite wplanation . You may sex oo
Qatec /;m;,zrs Ly MAAY&M PRD Y4 (1991) 999 and
Hopuche ebal. PRD &q (20m) 025017, 1311.0283 ).
Agﬂfh dzvmff gwfzv,a'es /lyw;';tz Ve best Lower LemuT.
Dove Ht twn Lovat is m> few el

(-HM's s fue srocalled " Tremame ad Gunr [t 4/
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Exerose 4. Py of dack matie () pantreles enEactt
H, Dqur'\,L ﬁ{/‘w, Z.e. wa/wth(o;f ﬁém/uﬁ'z/\g; /mvvﬁ“ﬁ
QSLA..{'&L-C{ bU‘ unt area )91/\/ Ut W} g ‘{‘UMSJ‘/_
N = WA/W\IDL(‘G{.UASA!‘V _ hu/ménroffﬁm)‘?z:/es ,L(,,- und't
/\rv’ﬁwwm) camd A - m/arag,e S'}au&( /;M-Ho&:-

T the following sou may Jor 7 einar e
chawvactristic spud JQVDM ponhiles in e Adark
hulzﬁzfl flu MA'HQ/ Wﬂfj (Wﬂ%ﬂucfﬂwd inExerciset)
oy The Jﬁbéeﬂt ’% Fie Sun ocoumd mjﬂjﬂ/x/ ;
/\)'@:: Z'ZOL’.W%_ (waﬁm’rwtwjju{‘/' we Mo ~ 10 C
WJ%S‘I" Nop =~ 1077 in natural u/vu'f'f), /q/so*/

e il we P 03 S as fu el snergy duesily

of the DM (‘}mx I:IMM at tue positionof Fie sotar
Sx/gf-m i Wrng/)

4,2 Fund tue chnractens e gfldﬂ,rk waa e

bartieles in wnits of  nusmbtr of panreles peclem?s)
as Jumchon 579 flu DM mevl‘ldﬁ;,fnd.ﬁ‘ m.

4.3 How W'\N"Vj DMV pMil'\(JﬁS (aﬂau‘h) 3}\/5#4 M;M/VICJ"»TI
91{ m ) oce o awmn?e tha 1 Liter Soda boftle 7
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Exerase 5 NMM&% CMWMM

Consvder the tlashic collision af dork watte (Dm)
parhicles ’lﬁ Mmass M with a,ﬁ\fgd' o-f mass Mz,
51 Show tat for m 3 GeV fue 7L]/;fza,£rnamw_

Fum 'ﬁrm]c&rql(nwwwmm mpanted to Fie ﬁifgd;
IW"’M/I/ at rest | sr tuad e ‘}"&\fg(/r re coi | Wﬁ/

s Ep= 6]2/2 My ) s such tuat tae 14 Yerackios
IS CM/UIW"_ wlua Tt ‘fufgd' s a ywmdius

Help. The r‘ad,ms.rjf amwcleus s Ry ~ |, 25 fm A%
wece A 1s te mass number A Mr x A GeV.

*jou*maﬂ whe the Limats m < Mp amd m>>Mr
Jr estublich v‘y}n*mj yatuyof g .

5.2 (omsidarmy Hoat present davect DM dtechi
W)gw nunts hawe J‘b-rawuf' ergy Jtreshold s nol
lower tham 4 Erua(—u’m o—f- keV, ohow Fuad trne mayi -
N Wﬂy A,L}ymwl-wl Ih an L'M‘{'IZ. cotdision b?,

2 Lisht Dack Mather (LDM) parhele, e fnd
sz bmaﬁu with  tkeV £ M < wooMeV s
IDQW Mggl/uru }ﬂ'\’ dimhim‘:

M e

Hel e Lo Ldaer ncle ar wass
ij%p—l-,ﬂ %:3 aboud My 106Gel:

Direct DM
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Exercise ¢ Relic Mundame

Ca) Assumt no KLSWMU’V be bt /7,4%1'1‘6/\55 X amd m%/yMUﬂ
x - 5751{7[1%5 %m Bol{%majvm ’l[ro?m:/bm/f Q?MM"'W "
an W}?W&u"‘j U wv erse J}f The fr/m

%{% paHny = - L Tp g7 171> [m;’(miq)zj

(f ctomnd s ﬁv "&3“ #Mf"c/é’s ff, and V\;f@ s the W‘é\n'um
b ity 125t S a1 sl hxeg)
gfnf o e.urﬁu(fw'rmoif flu }amw‘u'c/e X hwmbar dmsity dicive

‘f’bu. 2 a,q"l'mn
?Ax_ (_i;%t:____[:’q [X‘r ._1]
yqu Ax H ;Q

Mm{ >/X = %1 ) S rs the %MP/MSH'IL}/ (5, %lgxs —rg)

X= My [T amd The annchulation rate s 7 . <o Wwi> W
A xx =204 x

[Prer Ny ‘;‘Z +3H“'x=‘ Syx gbuu.ﬁ chgzrwwf‘»‘ma’f.
WWY ) 5&3:— const - Hece H s Hubble FMMM%L&K, oS
e scall (?a,o@wﬁf Tl u/wvarsej

T lant e5uadin shovs tuad wum Do 2ot [y remams

WS"'MT awi{ s means fuat l,Ls :'?Cmn.s‘?‘pmw e Ny IS
pnstamt 107 -

ffm n s crasudt 4”"*/ asho #,bm'de; éﬁ/é‘e,j, "The Ea//y u/\mvuge”
by Folb and Turner “hrﬁ,cf' M},,m fwawﬂ Wabwré/wj
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¢ b ) Assume nowr a  constant mg/mmd*\//ﬂ - yx’yf
(Wrﬁ. yﬁ;:m%/s MA y.z:t/]i/s)?mi I A SSUMAL
that nyx and g ijj cﬁmé}& Ao v XX snnihultim

N owr e have
| Anz o= 17 1>(n £ 29
% L gty = Zﬂl+3H”f=“ XX >(Y”??‘”x ”55)
At v

% 15 tis prirroity Comporest . Unhl T [eee se-oi” at T, Hos
&JMMV# b WM ore thne 02? QW{A‘%"UM
Eq 3/,
e (el ) g T g

(OCN)(MA')? rn =

i 3 My -Mx) [

ﬂ,f = g)[ M /2 e( /
2N

ﬂ;idwwsd‘\a)

hhuce Py 13 the o b cal Jw’fﬂmhd (m fM’L’va Mo = - )‘A%)

—

e x> X, tw ‘Pmﬁud’fm ftrm (W/,W-{--g_wd Yl
E%«M‘L{bﬂvm mvggfgu ALMSA’H%) 5 m[fy[wegg,eaﬂ) bo comnt V5

| beorors £< Vf) amd  com b MW- Prrve tual mn‘f?m_h@
fue dYg/Ax tguahon fm x=Xg v X=o0 (4 govd appoxi-
MM‘M%MVM.JM) we gl (assums S fj

s font ) (AS;; (d-xx“}—)‘sdﬂ)ﬁ 1}

H x

Vo (x=w)=A|L

( w&"“ W\Mj e sult (ﬁvdym;ﬂ/&’. Im)‘y}nxly;t'z.} Dree_; ) C-ngifl fE?‘-f.SS'f@
o Gelmini, Huh, Rehzgen |30%. 2679 + jd’ f/u,f},, ) i

Then Yy, (x=2) = A+ )/f (X —)
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EXErcL'Se 1 ch/&u};«ffmgw [Fvafiz;ehawf‘ g}ﬂ &(ILIVi et s

Active peudnne deu/“’p’& whale %Jj ove Tlabivishe .
ij‘ M”I‘) vm;&[‘ﬁ ‘l"/\-t -lll/\f‘lifach'@‘n OvUsS 9(0{_1014

>/\/\-%;F)'\.-Mj< I Eé_g-_:fi T2 o /&WM%WM c?rwrwwds

q v
wnd H = [/5’/76/"~W T2
Mf!amd( M b tumck.

R’ﬂvé H\Aj' aAL PNje WW{J%r&S ‘/7A{'re,_.a.zﬁ’m
T’laﬁ LS r1> H MA (/)/é"’mo‘&‘hi e F({ett-ou/t

Mﬂ}bma}ure Tﬁo, EN wiueh f'j(-;;?'o’)___ H(T—#o)
(aﬂff/ (FJ’Y T< T,F.o.) ["« H and mitca choasceaane ) -

-

Exercce 8
De m@ﬂmﬂ o &eeaeha@d’ o nm-nckotivis he panhicles
Tha SJ‘(;WYLI'W Gfu‘/ W{MP5 w,'f'ﬁg—m/f‘a, (,bm/VILIU{.( __.M_{—\‘FM{’YC((
agymmei\r/ f# T ngﬁma nw .efrAwf"'fM yrdo(s
S2h" 20z (3x/0"26cmg/s )
LG 7
\/M Comn Chede J(l/\uﬁ in N atwead u/vu%

- _ -10 -2

Lot wn wwkﬂf4MM£e¢MﬂHwaﬁﬁuumqﬁfﬁ@t?mﬁw,
8 A (’W?‘&Lb\fd. éaaryom- S’)’MW}&MC (/(/V\-Al/é.f‘S-Q ) FW

g}}qwﬁo{[ﬁf (thUMﬁth M/hC 2s 7‘7/% g(reeg;e out valus U‘,?E
X=mM/T _;s Hdo md—tw{ rf Zoﬁv Wf/l/”?s} Lut shll
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fou ordorof magiitude of e temaining duanly

# Z:»N)/cms wvw( M{Wbm’yws ' oa ép\/yﬂﬁn'-g/mg/fm‘t
Urnuverse if we une Fiu @},\Aaﬁm frv wimps wa'll be
}‘M _ Whacla s P value ¢ Tadee fie mndaonm -

ki don amnihu lahion crvss secbion dv by

-2

<6:\_/\)‘> ns MT( 'WU& mn = 135 MQ.V.

8. b Heovy neu el relics with mye < M L, M- ymedinkvr
mass - Assume hr ﬁbM@Llé/e mtﬁ‘/smff‘m/{ as/v;mmef?/,
Q%Whﬂ M = Mﬁa au/w{ Rz aLLr‘ a,ofﬁmsrf Wﬁa/c N&&F

X M /@ ’
Prove that "Q‘?‘L‘Z“-ﬁ NaL. (—%@!—/)2 wiwre Ng s it
’Vw/ml;ur]ﬂ an il lakon channeds - (s W”‘P"“AS
Hr twe wf'ﬁmw( bstnd on }u_ﬁvuf s o &émﬂ(
b& Lee &WL/X Weméarﬁ I'h f‘f??-)

8, c {‘]’C&LV?’ ]’\L{A"Vd r“e':?)('c,g W""H/\ MX> M (&94(.4/'/\
Rscomt v T, My << M << W)% o d Mmﬂﬂztﬂ

Ta o dimemcemnal ?mmds/ (ﬂv a wuplong wafa./c
BHfmﬂ%. Rove tat —Q"fl”l*:—L(MZ )z

Na\ Tev

m% T}Wl,g {-{'W]% <<M
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