\-\u.mo\\ \-A‘C. k@l\c‘\f\‘\g‘k

- Dswrss
s\‘y\a\ wm?w\'n\'\‘oa - '3—-?».:.\-“5’ s\on.c.’em

— Distuss

Comm—

:.Sm&ce & deleshon

= Av. \Aor%%
\\c\\rb\u\\f\‘t) o
Does e eradNoa wp\We arclorent DM ?

“.. aoce.\-ero\\'bf‘ seafr O\M/bJ \(} A c}\\\rt.C)t okeA—ec&cﬂ

\"
Doo) 3c‘n-:» \\r\\emc\\\on ot N\bié«. e

1 Y= A\\scér Az)rerc\\\on ) N= «Y\c\?‘re.d‘ lv\cc\\lon

V‘\S\k\g ?mckucsﬁ': °'§ DM mermncNons y
m\MAb preseny Yo coSMO3

e ¢
- 09-\&{'\ «Fows on O\ auﬁn\K\\o\\ﬂ\bn y
D™\
b {— o DV\ A\c. wj s ———@?
:SY"\ ™~ O™
oN ¥ Secon Q_Q.(_e,‘&s of b sdles
UL s Wy
LWy (an O\SD wclude sbﬂ\‘\-e&rxs o™ D
eclen=, Q,)i S\ e N S™M
,'ex\em«\ —Q\e,\}\

- Buw.%\s %W\ Nuge s mes Yo \\r\\%ro\\{
mno = (Reradrions 0cemtnng N\ﬁw\*rﬁ M



Pw3r \b\«\*oom mowy
— Can ?\\6:)3\:«0\& on Ylesopes bua\v —@r
asNONomy / aShaEhysicS
— Sudies o-‘z e e_,o:;\j uRlverse , comyp NZ,
oyess (drars/Bade holes T
Lon ‘?0::\,2( ordiRons o-? Ae,n;\\\-\\), \-e.m@ua\ure,
%\\a\é\ 6\:0‘\‘3\'\'\ \N\‘aoss'\&:\z \y addweve on Earth

— \/\‘\‘AL angt 5% -\-wac\' h:,\c)iu\s Kc &tsnm\ Mhanva\s

—can GosS —Orec R, awarerér sisna\s . \o&'b\oa.
o\§§-‘§em13f models
A S og DM, & Yo
ARV

Lﬁ :\:.sew:\\o\ Q)

W\b\lm

- Umw senSTNY
o:'\s\n o-* OMM W\oé\t\b where ann

JSB(Q s Yhe X)V)\ m\:wnAqnc&

— Downedes: WS Lonhealled expe ame~rs &
cen Lo \"*Q){ ¥ lomp \\C.C\\-cc}\

\OM\\jww\c)\s
Some o) guesens
_\'\'ow \«432. a S o) J.b we C—)(\OQ«C.’(-(.
sidec bendmak Scenanos

- UnRnow, Lbuy Can e
—c\assic one IS ann'\\\I\oc\\\q o@ MHagmal relie Dt

— Wher does M s\“sm\ \oar, ke as o ‘@u\c.:\\*bf\
of ene@y, Pme, posiNen’



TTherma) doske mattee (benchmase Stanads)

Qromng pair¥:  Suppedc DM wos one ¢ Huemel eguilbdum
wih B Srondarh Mode) Ltevo‘\res Wecradhons "‘5“‘\\5“"“'\3\
Whok happens as the universe e.xl?mé;a?

SM%M\\& , swppose. D™ has o nNumber- d\uéhj“&m\\m\\ o¥lon”™
coon, DM+ — K (= SM) . We wil\ assume ‘@Pm\»
Mee s 0“5 one -\30. & O™ (c-b ney DM &AA\%—DM\,

“.:Q we ¥ dhe onon) aNon LRS- secNon ' Z2ew, S0 ot )
e WM no. Aens’t‘b N

DM\ numboer 1S consesved y Ahen
Mudes Wit reddhfy os

A - 3 ———
-—-“ ((\a3\)—0 > O Y +«3
a anniialen, s oadds twe mere

an %{wo > j‘l—;‘— +3Pn=0

- Wea we fwen o

leoms ' 92 deplohon fom DM DM =X & podtion
fom X—>Dn DM tm\g‘:a,y
_“}E. +3¥n = "LZ\.:(Q-V7 xz\"\- /{;V/V\Xk: iﬁ

& 2 P‘*‘“\"‘\"‘ M\our::::ét\‘

Conrds B3 ann\w\\u\\\bﬂ ‘_emowcx o<
of DM-O\  (psS sedlon aanit) s on

?AR (3-Y

We con celade Yo ?nw’ﬁon decrn Yo the Az-?\c.’dor\
loen vio detmiled balonce: in eguilibrum, the rmtes
shouwld cancel. \'\h\\““:) Mo RWS o“' the %u&\'\oﬂ oS
42D (-2, = %= nz’i

LE%u\m\zn\'\b T aS <¢V§J) oo Ye D™ £ 5
aV\\ibr\vm, © preserve the (HS of He %ua\\oﬂ we musk )

hove LO’VB (‘JG-V\‘\ -2 (-onsm’f, e 2€e=-nN"250 s V\‘anep-

Thus we an WA Ve ecwmlvon c,j,ua\\‘on -gor n as.

f\% ¥y 3V = = LoV (n‘-—ne,z')



We. *\3?\%\\_5 u??rox\\no\\e. V\% \:3 e Boltzmann dishibuhon
wl m=0 (as n s scensne the DM is iy own a[\h‘?al'“c‘e)_.

&) -
V‘cl ~ é ("\D\'\—r\ 2 ¢ won /T , Mom =Y |  noa-relodvishc

> , Mo &KV reledvishc
(Tlere ore many vedoRons on Yhis sScenenc - ) wWh Lo\
DM & oan=-O™, DM anchi\edes aﬁmmgr o ‘w\r\-vw,r PN\'\Q\Q,
Mere ore Mmore Yhen ‘wo UM porRdes ™ Yhe e\ S\'UA‘Q, Q\‘C)
\ode ’h‘mbb‘ e tha DM
s cppualion V\MCA\\:)

Leky «ws Mo\c.rs\-nt\o\ He \Se.m.ru\ -?c.«\'ws oe e Sdulien.

wWloN 2L DA D dilNen ‘8‘0«\ wsMmic

’\-W'b (‘36\\0\&3'. L“
cxpw\ston deminede §

=) N AR Vo3

(2) W e~V SO IR I N> Y\gl D n -Qo\\o»..rs evd\ihdum
distrlovhion

Cossover occuss of nlev2~W - c\u—ovp\mj cikeqon
El‘ o\m\\\\'\\u\\on » oY uv\é RNves V\'\-r\‘.'z / when n<¢r\h ~
Hen 0 S\'D?-b W\\J Y\% ond nad ~al\s‘cu\‘\' - we
So) Yha Lomovtv:b obundanc ‘@eczes OwN.

(No\-e, ‘\-‘- e o\ wt\xk\on s '?b—\‘ -@"bm ne_z Yan V\AY\%
%7\3 on -\\Q e AQ—(—D(A?\MJ \’\o.??g,(\; ‘oq.&ve "N re,adm,s
Ney, we Sewy e OWM 8 “{ree%\,\s \\,\”.)

Supposc. Qﬂ.e‘z:e,ouc\' occuls ok T—_-—W / Aen —?or _réTf

)
we con whte N o ‘;? ~ Vg af3 _ Neq, § (153
m V4 'W

[ /—’T—O\
. ¢ r"e‘\§ n _e;,\\ow (\% .‘s DA% &
\“it \i\' =
¢ cp&-e -%Qﬁtec Jlo ~ \ _\_€ d\mé\e,; 0\: -?o:s

oo mc't)or cases Yo <onsider: 'TQ)) MoM (%ee;e,ou&-
w\m\g m\e&*\;\g\\f—\ & ‘W <L MO™ (-Q«e.e%eo“\- w\\'\\c. )’\Ol\-"&‘el“\lm)



B case: Thov relic” (G >>mom)
P~ 3 -
-aku,\AOA\UL PRV PR 1 P\\o\-on, ,~—\07 % \gamu\ no. dzt\s‘r\u
- OI\\J Cx \uu&ot\ ey c\u\s*b =) mass musxy be ~ \O3

* bagen wmass ~ OWLO eV)
- Wi\ ovc-r‘:rbo\uuu OM L momZ\O e\ - buy ‘@P Mem= 0
e\, dempestue ingies ‘oo Wl velodiry  Romn sell halos,
o be cwed ouk (Hais s the “hok decke mekter” scenano
Second case. Neold relic” (T-F LMo
O s non-re\loMuisKe ol -Q-ee‘eeow\', ng~ ('M:DM‘\TF)3/2 g o / Tf
- expo w\\‘\o.\\g é\m?s as TV fa\s ank\ ‘Q‘QQ%{Q\IA‘ LS -
Xil,"“ rerio e m‘:\A su@@vess\on og n -(ur T< Mo

/‘l e')‘r:? ece,ss‘\or\

\

. L

,D/‘J\ o XRNS \\ ;,_%.,_gw»\' A&Ws “<WW wu,{gk\b below H
._a"r_jg ~ MM mMmore mﬂtd"s,_gwmoﬂ/ao

S -

MDN/T wp “'b \OS ‘E“"h“ SO\ b'mDnITfN \0-7

. 3\\:&5 m‘ﬁ\‘\:) u’\l*or

Treezeont Je@mAs on size of dov) DM Swmler n mass
- \e¥ us canmalte  Whek oD we L \;a@ms

need Yo 3@‘\’ M orredy relie AeaSA&
-we coan meu.\u\%v. DM/ malte s J\u\;\\b \3 1 of modes—

adialSon e,v.m.\'\\b , dencke _% -~
O\SSLK YW 3

= wWe wn(\‘\' Mo (\DH (T("\REW ~v _TP\RE ‘Q‘SCZ.QGV\\' (TN
mMorie e o\u\ér\a raAA:t:&S &‘QN‘& MRE

= Mo A “q,/% (T/‘:‘:: 33 ~ TH:.E
Bur ol 3 : encod)
wr al\so «\M“-Q Lo\ ~\-\‘, ~ 2= by Jg-%l\\)\'\\cﬂ o% »Q«a. Reow

weL
|

=5 —¢* |

Mot m—ii—_; X -:E?—?,~Tm<e = (6'\/7"-' (%}W‘PLTHRE
PL oV

' ﬂlal:yGeV ~\eV

s

Re T ~mom, 2 v ~go e~ 'O o



Picks ouk o cthoractedsice ey sechen - more careR)
o\l oRon S\\re-s {ov) = 2-3 x\O 2¢ cn>/s, weak Ae?‘-“““‘“
N lermol relic coss sdhon’ 0N O™

—in 0 weolu-coupled theoy, Acee-level annihilarion !->°p&c\'eod
S
b be ?amm’tﬁca\t‘) oV N‘o"? =) Mo (100 'Tz\h

Wowm
- —?or weak- scal\e cov.e\ms.s tx~\0'7‘, Pee,c\«.\‘s Wi \ T\

i e ity g
ot ¢

- x21 5 mpm £100 TN
Moce -roma\\:s , w(&w'\*: hounds o~ Y measadmn un
anmw\aRon LSy~ sechon *tor a O‘Nen mass rgv.&.g
Mom £ 200 eV 2 ge¥ oweck 45\/7@3
k\\\o\‘u Yhis ik ton redax R He DM s Comfos's\-e, or W Hue\
e o non- doadem wsmoloaical 2ve\wiRon Yhok dildles S

obundenc
- works O down ‘o Mpm™ \V\c.\l, when bouads 6~ newy
celodishie Au(\\f\j BN become relexont
-3¢ BBN Ly ore evaded, con exdend down Yo mpe ~ stveal
ReN, where N wosen dorR imates 7 lbownds on ve\oc.'\ﬁ become
relevany —in Maermal case, Mor -aquWm\-um oX
e Nmes , = an recask uppes \ivi¥ on ve;\o&‘\\a as lower
Louadl on Mass, "’\DM'Z.S PV

&?ede«s

’

‘;h N\j Lse, Mis \weAic\'; ("N srgc'&'\c am'\‘n\\c;\%ﬂ 5\6‘\“\;
DHM+DM—™ 4 Mow <K\ oceus '\’DAD::
"
Cou\d be P\no\'ons, Y\QU\‘\Y\'(\osl

ANTS c,\\o.race\ posRdes,
or SW\ P“\ic—\es Mk Aew:b

‘\D an& o? He obove
_“\'\B Q.Q\M\MJ‘* tan be e.us'\b GM\QCA e Y



Cose vy N OV Pw’ﬁc\ecb M M i sk
THrRE 3~_THR“-E

——

Demand S \od{we, W\D\-\V‘ezﬁ ( =
Buwy now ngq”?“—\ <c‘\lﬂ.\> MH'G +~ __rfz
meL

N.,w \—u\g\\-xj —V{: ~ MNpw '@c‘ an cfé«_r—o{'— majf\.\-\w’{

&Qh\‘\a@»% (1 O \:c.‘ebrel = {G\)N—\> ~ ™MD™
W-\
we L Tuge moH=)
I‘? ?am W\')N*C &\\\3 we. w('\k ( n\y 0\“
N -\ '-'-‘——"3“_\‘_
A | o™ ¢
= Il = _
s Ve i S
~ (ocweL Tree N
Thus \n.‘b\n,r N leads Ly lower Chormdedsiic mass
scaes. Mony Mas VnAaNINS  are o\sO ‘00§S\L\Q
X oYes , O oac

- L9 W\“‘ ub\oé’tb- A‘-gmé‘"‘s"
Wdton e Atoding the

dokes Wil hea-tium e
e OYL ehc .

Wem RoNns, o ASY
an o.m'\\r(\\a;)r\‘bn shnq\ \ooR

Whor weald sudn

— Founs

D}v&c\'ﬁr\a\ WM oo
\ool —@r s‘w\a\s

Toc  phend [v%)“\\f\bb, we con
fom reglons of high ©OW MS\\—\\Q. \We can Pamm-dor‘\te. the d\%neu\
n 1 \



e “3—%&’«;\‘” (am\\n\o\\‘ﬂor\\/“ -'kv-c\'b\‘” (decay).

s\x—ec\{s\-k \;5
AL - Su»? osa Ouf -\Ae,sco‘;r. tx\' Eo»?\\'\ \nus
4’5:7:» R - ' areo dA  and ocbserved & said M\'S\Q
dosesvet NG AL on Y s\::)
‘ - lonsider ¥ sional P fomn & volune

T annlakion
SouTte demen

= AnabileXdion Decad) mde n Whek b
) volume '8 N <2¢-v5 W, (nr\‘\\/)

¥ N = c2dedL2 of disfonce €.

= Suppese eaddn annm\oNon e
A%Y A
'u@u.\-rum & (E)= ANy cony produes & ?kd'u\/mh\ng
E

= Our \-v\zs Lo ar P AA
AN re Eorthh Seey '-(—TT("Q 0? the P“\O“M/MM’\GS
% o\awvv—O\ fc\ Pm‘\wo‘
= c

x (‘zcl Q * (f‘)z
® (E) x f “z oV (ann)
ni) D (Ae'cﬂ)

= AN obss
JE I 4o aA “' ‘ O l
A
\;\,fg a.ssumb\s 3, <2 5 & r] J- o
are POS\\\“M\- \\r\«e\&em*‘ @ P (f‘) A‘_ -e‘“‘t‘;:‘@

Wwe M&\u\' reA;\M@w\:) -\-1 coouy

32\2__\"-'- Some ve%crer\u..s "
\l\‘-\&& \/&“ or Vl(»Tr P”\\\‘—\L us!(b?\\ s\‘,s - Mas
P\‘b’s“—s A"“& of DM s Wu—o..swsgel

foorems M T/O - fuckery
Y 3 SFN\\'Q\\CN\Q\ rmks

ohars de nar. Al Kere ~fock
wons The omebine
thedk  onvenions! e o & ey
O NSf, wavken AS/ An A/ f—-glb o 5
u\\-c.s e  ouer d—c)_ L) &'—* '\'\4.\”:’0\':‘\

J/0O - Tade 2

foder, T-fp ded 02, D=IPA°AQ-

Iv\g\ué&“c\ \'e'Aé\“?’“ 3 VY\N\:D seoschey oS ‘G;r \-0.160.\3 oXx
zcc) wWwre oS cx‘;ms\oz\ cor be Md\ec.\-r.c& bur When Hhis

\S ot Yo case, our &‘Q!\u\ Pn&‘éﬁoc\ becomes.

dN oo F(e/=ewa)) (2
2,6 \ (ean
f f d= v (\w2)® Zm"“ TR )

JE 4AA Ak
onves¥s ‘/\L\gam\ uéémm W\D“ P (1161 QB (&C-\
over ¢/ o = e dlRon
e? Poﬂ\dbs (W

uqaw\uof\



To un?ab\'. s
"‘\'b see Po.s-’ﬁb\bb oQ emrw E oX on,v\.,t,&h AT

with \ow\'\\AbS P LB E’ :E(\‘\’ 2)

- Ao = - _\ 0\
We) = & S mdge - -deie = T R

- BE) = A b et fom 1
) s Rty e j\*:% = T IE,
- N Pur\'i(.\e,b wad o WA&“&* z o= Aﬂ\uk& 5

a ‘@’4—‘\10 0'9 (‘\1?\; L»mpare& ® ?as\'%dc.s Mbe.t.\'sét

‘bdon N

d
e acy [ JEY |
O\nem\\ . _iE’a‘:%\;-c = Fﬂ_ j{;‘:’o\‘\:! E(E’) K‘E_ *i \*—253

)

Sy
2;""_1 ¢ 6,4 (ean)

Mo

el

C_ o(£6,8) Ged)

Mom

A_cz_ 2Z wan
=J’_Lm' J‘ | 4= (&) (+=)
o

E_ w2 =) = (\+2)3

Ry
2;""_1 P (k,é,\;\ (ean)

Monm

x

T o(£/6,8) (e

™Mom

Vo dse nduwde u\;sor‘a\\‘er\ oe ‘;o.v\'ic\e.; on Yheir
nserk o C-T(E’%\ Yern mode M \\\\(ﬁﬂk\.

= Th SAdaRoens it el DM &L wne %w\s ,
A 01\5\*3 Pm-}.\g,s o? hales can ‘oe wt\\-A“uclacABJ
No oo - Frene- Whide (NFUW) or Enacle densi Pm‘{u;

‘\'D'-NS,WL con

F“m; o = e e/ @1} s st mhun, f -2

(\+ “/r‘s\z ?gdwl\ w/ e~ :‘?\:_:\_rg&::c:ig

A




Y- \-’\'\\\tJ “Wawy- sized 6&\00"‘\%3 , s ~20kpc
A\- <Ly, e(ﬂ K ‘/(‘ , ‘Br CONC, e(t\ o(yf3. cu

E\ma;\'b‘. ?(r\; P_z e,xe -2 O\ o
— —— - wC = '1
X [ gl (((‘,z) Q)T} Ar\a.\oaou.s © s
X eshmoled fo ke azxO\F Br MU - sized hales

LeYs de an e shimate of s\}sr\o.\ sze.

dNoos (E) oD X

— = —_— 9

JE AP Ak 21w,

Lb\'fs &Y\m\')\\\n. we x\o.A O\ \6'—(-3 \u\\ﬂ. sl\sf\e»\/_
56 = 2 & (E—won), \Xd pidk mpw=100

2 3 N,

L xsec = \O <« Hasonol YeWe

= U« \0'2% wd/s

le\escope, \ yeer Plosesvaion to

$U\§>po>€. \N\z
=) Nobws = jAE 2 %(E‘W\D\Vb 74 \w™ % 374\0?5
\
X 2 \0'22 2/s = xJ
* o /S = 00 b
226"\3/5

%‘(:2_ = 2 x\OL\' Lm"x&:(\()q S xlx\O.
22 2
4 \O Cfe-V \ \o‘"* (xﬁ.\/-z'

— X — o X
cmS 3N

= \o'? -6_ | -\
\O "% \O PN Ez- x\o = \-.- ?\\9\'0(\5

Snall Sgnal — Lk nor  mecd.
Ur\ u;—\—u..\-\\\bb N OYA A&ﬁ\:u\%ﬂ are O L\r\m\\&nég



bl o?‘-en o ore Sovere c.\'\q\\u\s-o. Xs.. .

Mgyl Lasgonds

- %a\g\(\s@v\v\)\-&:‘“‘-’@ channe\s- Sqmma\\
ssocr-‘rm\ Wnes / sharply re‘*\“‘\ speia, ankde wherany
headier anrnuclel (\omb-gmﬁs res  |haue
\:A‘-ksfbu‘\o\) -p'am aomic /audesr Konsihons)

= LonNnuunmn P\r\e\'b'\,s 4, dr\wae.cl ‘Dq“)ﬁ\des are @fbéw—u

a\auu:)\anHJ - cosm?c-mj e\echons &}o\c\ b pad <

spechum  BM  signels v TCS L synchmican;
Losm%-mj ?rb\-bn; C—c\\\AA— with the 6&5 &&\L\A

Showe i of pesiicles ‘”‘d“‘\“’b TS (o),
Chorged \oe\-m\s, rewtines , aripratuns, efc

- S A Hermal emi>siza 'G'om ouf G’A\oo:b
e w\mv\)f a\' \ovv'e [ u\.u;z)\\cé >, SuMoﬂe P
‘au\balg acve Gelache nuclel ‘owduc& bﬂ- Rys

Lgims\\« enmyy) dfw'su\ ‘mr\x\dzs
AW \amc\(&ﬂvh)\Q ore, WO n Gra\ocNe ?\a&&-

L Jowmd Gache (acker = duwaef sdelite
GAWALS  ase ve\o\\’\ueo\b Aeon



