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DARK MATTER



Dark matter
-

Good reason to believe 7 a dark (in non-laminan

copoint in our Universe ur/

-onli = 0
.

12

that copleate the NR Siparticles -Reliv0 . 02
.

1) How do we know? What evidences do we have ?

4) What is it made of?

- dark
, astrophysical objects:

- new particles ?

-modified love of yantation ?

3) Astrophysical consequences !

4) if particles : what interaction ?

5) How do we look for it? Experientel searcher



Observational evidees

1) Rotation curves of galaxies

- &
-

Manne I tio velocity of a spira golaxy using the redshift
of 21 an hypegie transition of mental hyohage.
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Assumptio : layan interact => disipation > cllapse into a disk

OM is "collisionless splenical "hal"

MW : for stellar kinematics we have

-
Mess 100 Mo Por 0.3 Gus

Rholo

Meder ~ /da ripcal Rede vrakpa Raink

D

Can also estimate the average velocityming the val there

& < K) =
- (V) + crize - 1800ki

Real

* 158 = EM is non-relativistic

(Kind there : for a stable syste loudly a conservative face I
V = an = 2(T) = m(Vot)

9) Dynamics of golay cluster

First historical evidence (cospences not 100% understood (

Ca center : -800golation , for livinorityc estimate each

goldy contained ~10 MO

=> midoxMon lg



Method 2 : for viral there

Redrift : Mr 13km51
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Value is
mag /he

used the
mag

vole of H to ifer the
distance of galaxies but the point was correct.

3) Man or galaxy chesters
other

mays
tomame the total man of the choter

- emitted light -> teprature profile of thegas
-mas profile (fro hydrodynamic equilibriu

- Sunyoer-Zel'drich effect : inves Capta setting
of CMB photos .

Scales as

was .

Measure ~

gas from
the CRB

.

~ lightenyolaregg
photo - ↑ relativistic

electro-



4) Gravitational being (both at the suce of galaxies and

galaxy chusters

light fr a distant ques is be ded by a yoloy or a cluster

alog the liv of right, resulting in distorios and/or multiple

images *-
2-

&
* · Y
-

*

Ca lensed to meanne the mass of the object

5) Bullet duster L"directenidac ? 2000s (

First examples of a space separation betweenthe different
sports

To listen collided~ 150 millio yus aga, perpedicular
to

our live of right
--

I
#

S-s
·-
i ↓
· - -I -

[⑨3Oi ⑧
~
lasalargeana bS S

- gas

galaxiesa paintlike"* tapped by its viscosity

gravitational lensing allows us

ad kept moving about to reconstruct the mass distributio

edisFured => the main aparent is

collisio less DM



↑he bullet histor provides an upper found or
the self-interactions of

In particle
1

. 25 cig1 exten give

6) Large scole structures formation
DM is a key ingredient of our understanding of structure formation

- intial desity fluctuation or

wey
wall

- Or decouples quite early from the the a bath
,
ad

ca collapar to for the first belo
- bangos follow
- aall objects for first, and organize theselves
:to larger and larger structu

4) Cosmic Micromone Background
On a

notonly be studied by obe of granitationally founded

objects
CMD : after recolization (e + pt + 4 + &) there eve

no changed peticle around .
Photos Favel freely

CMB is a picture of the last scattering
unface

amasom.- · It's a perfect black-lody specture
*() with 0110) special fluctuation

mig,Hof



Flustrations ca le expanded in ppherical hamoiss
too th

-10, 4) = L ·em Yen (0
, P

l= 0 ms- l

150 : monopole (black body)
l = 1 : dipole (Earth

proper
motion -> Woppler shift (

Suppose der com fro a garia
rada distributio. We

have
are sky only ,

but we a measur the expectation vale

of corn Kirk by nearing in different director in the

sky . Offing
Coen air = Ce See Sure Girotopy

The temperative power spectrum is

<STI0: P: ) ST(0; 4; )) =El+1) Ce Pelcosoj)

h (l+1)- -

M
I I T

l
& 2500

9po 0
.
09

%

- layers ar pushed by ganity for underdeveto averdese

region

- photo preme extract this motion : o illatory effect
- Or feels youity only # different relation not langor



Through fit of the power spectrum n/ 6 posters one ifes
-onli = 0

.
029

-Ron li = 0
.

12

NO : JM 7 at the tre of CMB = must le non-langoria
C cannot be fared in stand

8)Growth mos intiated byOr

Oudesities your the to gravitational collapse as

a Glog
a RE

Q Mi

Boyonic averdesities donot
your stil

realization because of
photo pressure .

T a Universe wh dark matter we would have

tre
ac

Out golxies are overdecties of order 105
meneed OM to clapor

first

9) Longe scale structure surveys
They give no witer informations as the CR8. Next generation
CEUKLID) has been launched recently



popation -> from now or : are DM is

mode of me new
,
rented

,

stable particle
Yield
-Ron he

on

Y => 0
.
19

Buit/l
both constant

-
defe You= ↓

3

ZonPrmn

Put(to) = 1
. 05 x155l GeVI an & => Son = 1

.
35 x150 Get

ulto) = 2801 .
2 mmb

utilationinthe yolaxy

Self panitating isothera sphere :

Pin xr
-

-

fin)
eme

Out Mede-cdrriphal dirages # need to deviate for
5 and from flat station umes at large radius

DM only" sinlation
Po

I
universal" profile PNW=

23 = 20kpc
Navrno-Frek-Wilite

Einste pe =poexp(j)(1))
"copy" profiles : peaked at the centre



Cored profiles

Onkert Park+1
Cone s -op
-

- most detailed simulations (DM only) obtain upy profile
- observation of draf galaxies mygest magle cred
Levidence still incoclusive) (darf satellite galaxies ave

good because Trich ,
and close enough to distinguish individua

store (
- langa ferdlack : adiabatic rotraction leads tomoderation

O gas inthe retr
,

that
may pravitationally pull theOM

entering the ctel devity. But the
energy injection

may produce a care

- On sel interaction lead to the formatio of cores!

ultydistribution
elenet for direct searchers

Stadand hal model

f() = I*
O otherwise

Huncated namellia)



Inentectures I out of equilibrium objects

& clumps : localized overdeities

I
stias : locally flis-sli-intral lected to

Stellar stras ? )

understood as remments of the mager process
dat disks

----

ManapaticleFM

*
upper hand mon Mpenos GeV-

losos#ownround :

draf galaxies Ra - 1kpc = 3x100m

smallest possible halo de Broglie navelength
for very light fields , large occupation number

Fro· ~

viral radius
Ne

G~m

=>viRot R t

the smallest holo has radius

&
R = 0

.36m
1610, 08294

↳ sallest draf-galaxies observed (Rolv1Kpc &
↳

=> mz1e
found lug inposing
[T( = - Lu)

= Ma = 164 * m =S2



* lowen land : ferior (Tremaine-Gunn bound)-

Golactic bal u/ radin Re
,

one sphrenical eyetry

Requiret : plase space devity does not exceed that of degenerate
Ferri

gas

) = y are

Ngu
Holo mass is

Me = Nun

Take k = me (na-relativistic gas

= ⑧↳ my men
1/3

=> up it Me
&

3(eg Re (
↳meNow in

pase N Nex &
Re

&T Es 26
=>

Mr
[ Me S( &git Fe I (r)

3/2 (
we I

3

mace
ms 30 er/Roppela

- & M cosher( ()



Swary of Tranoia-Gur :

· Favionic DM lighter tha ~OC10V) is disfavored
· Lightn (Meb) and roller (Rrb) galaxies give
theost stringent hounds

·Containties : exact detariation of Me ,
Re

,

splenical symetry exception ,
unfor decity

Creed so referent

· avoid the land : self-interactions or degreate
patien (y(z)

4

*Statistical"Trenair-Grum land

Conville's there : flow in phase space of the holo non

4 Y

· a N-body syste is incopressible

=+ 18 ,400
=> the maxim of f remains corotat intime

Therefore at on time J funex

I is the "coased-goin districtio ,
is so a overage

distrie

that we may
havethe clace towease

1

J(t ,
x

,
v)-- I da'f(t , X', wl)vol(n)

a



If I know the ential ad fid distribution 3 i sto

lando m

1

S II
eg : exid : to as eT)+ 1

~ Lent)3

find : inthera Fin
,
ma arti

splana

&First,max

<
y

2(ext))

- man
We vivial there for8 sa landas befor
loup to a factor 2111)

NB : I a apply this to house as well
, if I know that they

dot populate thesall p region

- ULS axios arethe exception

Refo : 0808
.

3002 mies Traine-Gun for Dr

happh/0202230 mentio losar

Timmag&Trenais
L Galactic Dynamics

↳ 4
.
337 isthema sphere

42 Lionville's there



~
age mentality
WH is k Most stringet lit was for DM being
decoupled at realization

Creater : for 8 it is cria that larges -Dar

supled ,
OM is not

93 e X &S I! (
7& m(1Ge)

9215
%

e at 1Get 101
.

2004
&

ge 15 te at note umbers

from the PDG

view

Self-interaction

limits for mergen of cluster and ellipticity of certaingolaxis

· la
(petty mild : how in

get

Typical of Unclear scoterity

Numerically, this limitmas IM interacts once inthe gelectic
lifetime

Montent 5 Pon
- 0

.
6 Get crb

N = 220k/s

Love for the langer P inthe center) Tastyr



Stility
OM

was around at CMO formation and is still around today
=> it must be stalle (or long-lived

* T2 Tn -14 Gyr 2 14x15x i 1ts = 1x note

* If OM decoys into relativistic particles , magy is Frasfeed

for the "matter to the "rediation' comport
,
then

altering latethe experie history and structure formatio
=> Tonl 160 gye San , (200 . 2118)

* Model -dependent lands : if the decoy productsore changed
S particles theya effect the CMB /depending
the erarching nation and be looked for in indirect
detectio

.

Small scole problems
-

Astrophisical observation seem to be interio with the
pure

COM picture .

Alltesios are slated with "small" sales,

where observation are coplicate ed simulation arwell

- moth profile attheenter ofgalaxies
- abadare of draf galaxies
----

C be volved by EDM
, self interaction entabo by bangoc

effects not properly modelled in siculation



Golden DM is non-relativistic

Suppose OM is produced na-relativistic .

Iisdo ollisionless
.

If there or overdues
,
OM will furly stream for the

over dense to the underdebe

regions

= X

O/ -
L

-

Y/-D//
↑

·
X

↓ Y

L

↓ 4 -
O&

7↑ 17 /y

·/
This is called collisionles (Lander) damping : perturbation ar

smoothed out
.

The
prowes is active until matter-radiation equality . After that

ihoagenities start togour ,

Perturbations are soothed up
to

a scale in distance travelled

byOn for their formatio to Ifee-straig length
ta -0NIt /+ps = ar = / & dt A
alt')

Ex

Am OM ts produced relativistic. Becomes NR at tur
ENR

=> =



after tur :

poma ,
par what

=> (t) = ~Itr) alturl/alt)) = Onr/a

& radiation do iace act1 - arm (
an N/a = Anr/2

tre

than t
tel

&A

=> As I ONR t
11/2

t ↓ · t
I

X

~
O

NR

-(
I
~ Flag)

So initially Dr has atheal distribution with teperatureTx

Lofter Tx = To
,
notice Tx < Tr) .

tor capa to Tx = mx/3

=> tr = 1
.2x1(I

and = 7
.1xn()(

=> *s
30

.

0 Mpc( ( + log n I
↳ 3

Ars = Mp(



Stay of large sale structures give us information or the

"matter power spectrum

S
-

cor

xxxx

-S↓on for
X

~1Mpc

=> Mon & 1KV lif Tx = To)

* for tctey ,
Xps naturates

.

13- no ext (
t t

Ars = % +
aNR

E · dt =x(armI -·S+ 3 erm -
↳ tree

e

·
(re motes by Riotto]



-ARKMATTER CANDIDATES

What hid of particle c on be?

that anything : stable
, electrically mental ,

broad men

Other interactions wel the SMI If not , that's it .

6.rat
a DH model

- top-down : we stat for a theory , maybe SUS a

GUT
,

and identify a stalle
,

mental elic
.

- rotto-up : take the SM and add theminimal

exte content : a OM particle , maybe a mediator

Son exaples :

- WIMPs : (Weakly Interacting Massive Particles
interact thange EN itraction (Z

, H)
1GeV [mx11oTeV 051ph at amaller

for exterior : anything in this
range

in a WIMP

- asynatic DM : PontSpo instead of (or

Mole related ? Some models of bangogeis predict
a stalle mentral relis / abundance toRo

.

- steile mentinas : related to mentiomasses
, interesting

man sole is Keit

- ations :

very light scolors ,
belove as a classical field



frezeTproduction of DM and out

On there e
/ the SH through interaction

&
XX(> SM + SM muer-changing chanical

e

x +Sn(x + Sm electric interaction Kinetic
eq

Gside TR intially in thema /danish and histic) eq

- Get z Txmx

8 E yx (mpex - m
Tkmx

If ube-doging interective ore rot efficient = ma-ast .

The interesting part is understanding what happen at decouple

Recall that we defined the yield Y = (- mxa)

X relativistic : Y constat

↑ * turns man-rel : SMSM - XIV suppressed
- mx/T

2

↓
= unl

*one so wilted that XX+ SUSM:becomes suppressed as well

=> Freeze-out

-

- ↓ increasing Harr
-

x
=

1

log(mx/ + )



Interaction nate perparticle : how
many
tes des one particle

act in a unit Fie

er ··
NxΔt

# = P .Xt = my +vXt =>T = mytN

W : relative melocity (in the fame of the toget particle)
T : depends a take a thealavrage

- N = my (TNr)

b
NO : this is <8Nose) inthe coric

( far on <We yeah ten lat for IInlich is thesal
,

but not con



naturefrom theal es

Departure from then a
ep

is
necessary

: otherwise the Universe would

be
very bring

Thermalization is achieved through collision
I order to preserve

theal
eq ,

we need a large collision note

C # of occurrences of a give process in the tiatural (t
,
to] :

t T
dt

Noe
=
(dt ) =d

M 1

neglecting
T
depedece of g*s To-cast T

T
M

-= Noll (
Te

Im the time it take to change the teperature by AT-T,
a particl

~dugors P/L interaction :If N31 ,
it ca track the evolution of

the toperative ,
otherwise it commot

.

=) Noll M
(T)

M

Typical dependence : ↑ (T) Tm
πa

+
m -

For 122 = M/H decreases : if a particle is out of egate

point , itwill also be at lower toperature

Geral enterion :

T species coupledI
21 species decoupled



Afeexe-out

A particle may decouple whe
it is still elativistic

.

Frexeant:

MON) = 4

ge -
Y*

= Ty = ri

ite
inspGe

& 2
[mls

&

Self-consistency : Tg() my for small my or mall +

OM yield : 4
~f) My

--
=

---

x(Ty) x(Ty)
45513

=

- z-0
. 0006 ge e)2n Yxs(Ty)

At preet day YI = Y& and ex-mani = maY0o

we know Part
,

o
= 1

.
05 x 155 li GeV un

vo = 2891
.

2 an

=xi = 0
.076(y)(

Fr exli 10
.

12 me obtain the Canik-McClelland roundi

I~ 168e(



Filtioafter decoupling (relativistic particles

After decoupling a particle dos not interest # fre particle

E(t) = (p(x)) = ((ty))(e I
E(T) = E(ty) (a-yr) I

alT)

A+ T =Tg : particles er/energy (E
,

E + dE] :

tdu(E
,

+ f) = f(z, +g) - f(t, 1) Ede

At TCTor
,

11 their
very

will be
·

under

2) their mher desity Will be ele

& /T
· f(t ,t) = f) eit=, ty

The distributio is thema
,

with atemperature that sales as

Ta = const Iheralized particles

1/3

as opposed to To
gas

= cost / decoupled particles

Number denty :

a IT
m(t) = ! fle, Ede=g, tyEde =

W

S HE ,+f)I



Ilication: mentio decoupling
Montras far-out when relativistic

4+ ve(e + e

S &

S
W

/I
:

e

ILas section : coes for in
et

2. - ori -(0)e](Om( - 01)0] 0 -GT

=> N - 6 + 5 ~ Gp = 1
.

17 x 15 Geve
Decompling :

if
at this toperature fxx = 1

.
75

and for mentries ye
= 312

=> an li = 0
. 001 e

"

Comic mentrio background" - rivile to CMB
,
ent

much landerto detect
.

The teperature is lower by a factor

Tr = To(n)" = 1
.
26k

because
,
around True

,
e leve na-el yxS

below Met aTr = const

a g* To const



Cold frexe-out

Ame of freze-out ↑kmx .

= N(1
.

Defin X=

= can expod the consection in w

-v = a + bv +..
-

or candor (TN) = a + & <N = a + 6b/X

Here ame for implicity <tec-a fo
(may break dont

Freeze-ort : M = H

gx(my
use Ty = ma/Xy

m) me1/2

Xy

Take a log

8
= Flogy + log) +leg

Take mone inbe typical of weak interaction :

my
= 50 GeV (e) = 1 por = 2

. 6 x 150 Get



- -

Xf = 25 + =lyxy + ly2

Xy= S non-rel approx is self-consistent

Relic density

Yx(Ty) =
miny)
-(Ty)

M

Ma=En-
o=g

=Yalif-if)+j
- gxs(ty)ty 35mp <+e)11

I
Xy-

Today's abundance i

O
-Ex lis *Pato-o xDeeaT

oupop
pl is Typical of weak interactions : "WIMP minade



WIMP miracle

Example : Dix ferio DM
, compled to SM fenios via a vector

mediato

2 - Isn + * (d - mx)X + 7 MVV" - ye UmY0X- ggVrjory
DM annihilation : *- yq ↑ - St

↓

Yim
9

(e)=%%2n

foriplicity : O-0 ; my my Mo

=>[IN) = Naviga
T

ame gqz yx
= 0

.
1

,
Nat

mi
[TN) 10t na

&et Getto length
netc 107 Mar fa = 2x10xi yer for

=> 200 Gav = 10 friv

Take M-zooger ,
mx = & Get

=>Lele159 N
- fine = 1

- 1

fu = 1pb&

201 fina



WINP miracle : a stable rental particle with weak scole mas

a interaction naturally accounts for the observed DM
dudace

.
We do have we "natural" candidate :

suso's LSP (name X was for the entralia

Nomincle : it's not so special afte all :

Ia have
ey

much lighter sector with 21.

Nevertheless WINPs or probably the best motivated On targets
and the best to be searched for .



Xenicalus Kinetic Decoupling
For ma-relativistic particles ,

hietic decoupling typically takes

place well often the chanical one

XX If = the rate drops first, because oftherconcity

of X particles

N + f + x +f Keeps Tx = T until Kinetic decoupling
&

Typical momentum : # ~ koT = Px ~(myT)1182mx

Flight / thea both particles have put , thus thenorth transfered
to

a particle in each collisio is Sp-T .

be order to chage appreciably theoeth a particle Jared

Nich =(g) I take the square
because it's

a na do molk
, Up a N

Kinetic freeze-out happens whe

Melastic (Tug) = Nucle H(Tug)

e wsm <Telaicer) = HugKef

Arming that the aribilation ad clas was section orofthe
some order ofmagnitude , lef is retarded



He ~Sn
= 3gi

Mx

[TrLyf S -34 #Tig
See were~

1/2

=> Try s( I
= 150Nev
m

Xkf5
Tug

=Gr
Summary : Xfis easily of order 10-1000

. Dining faze-out,
we a safelyaue that the distribution of X is M
with no spectral distansion .



Distributio after decoupling (non-relativistic

E = m +
( [ekip]
-m

8- enTolm-
~ mot scole as

03. pules asa

If a particle hasmonte pat ty and the cleid pot
↓
M ,

of ze later tie + p + pl =p

=> f(pit) = f(p , +f) = f(p y , ty)
1

E

im
1

--

f
e (m=myD

Ty

Defin T = () Te
fm
I~Ty T

= Tofic Muchthat m - p = t -my)()

= m = m - ()(m-py)



Boltzmanequation

The evolution ofthe plase space distributionf is governed bythe

Boltzman- equatio

2 [f] = 21f]- collisio termi interactions betwee

particles

Lionville operator

inthe nor-rel world

d2X

↓ b

diffesion external

forcesRelativistic grandization :

2-N
*This o bene as a decinative met the office prote .

Gi a look to Facess's look and try to dusted it

Hoogeity : prf = f lg-d

Inotropy : f(pt)-f(p ,
) =N = HipI

=> 2(f] =E4



Integrated Lianville operator
olyk

Stegrate bott sider of the eq with
the name gx (2) Ex

gx I22:
- MX

( Ji (!

=

-

T Yest 4
MX Gay (E f) + cent/de 23 = f

- ix -yx4 E= = p + m
= =
pop = Ed

= mx - yx4) po
- in-gell/
- in - gx(p) + yx4)dp3pf

O

= ix + 34yx (f = mx + 34mx

8x) (f)=in

No : this is thing else than

· xalfan + 3 mx) = vx + 34mx



Collision operator

Suppose a particle X under
you scattering of the type

X + a +b anxi + j + ...

en over spire and

Ifd tome a ten for each proced all inteal dof,
- eg

da

-
e(f] =
-W I ↓Ta attr ... dTidtj --

-
xL

& aberij - na

x lea16% px + petpet-- - Pi
-

Pj =

- - - )

~ [IM
rata

... tipja-
far fafer ...

(11 fi)(15fj) - --

- IM/jx ...
+ xxate

...
fifj---(1(f)(1 = fa)(1= f) .. -]

t hosa
S

genio
↓T:gig Ei = pi - mi

& most cases
, for the freze-out of OM I can make twoapproxi

* regent pidation

&

=> IMIxate...j .. IMj ... xxate.
--

=I

* adl occupato nmbe (no DE coderatio
,
no Ferri

degeeig

=>
11f= 1

fi = exp)- * + )

I2(f) = - edite after
.. diditj...

~ IMP (fefafe ...

- fifs -- -)



Integrated collisio ter

I S apx 2(f) =
- /diy atta after

...

dTti dItj .. -

X(EX Xab ...nj - --

xcensees /IMP (gegage ...

- fifs-- -)

NB : elastic processes give O after integration :

Consider a process that presses X particles , eg

↓ (p) + a(q)xX(p)) + a(q)

i is now X :

Appl q
= J Ey Cp zy ,

yy(02(25) ...)

x (M1[fx(p)fa(q) - fx(p')fa(q)]

Since is integrate over dp , p3pl ,
the negal vanishes

=> elastic there do not contribute .
This was expected ,

ar they
do't change particlerubes .

④ seemsto be more oplicated for relastic interactive that

-ne ux .

I expect ten thing to hold we whe IMM
Soe eaces in Koll & Turner a in GodeloGeli .



WIMP pair anihilation

a + b + c + d Note the chage of rotatio

Exexd = - EJ(41464pa+ pe -p. pd)dadTedTT,
dITa

(Marc (fafer-fefa)

we asma thanded for could Coming that they interact

very fast after being produced)
and Kinetic equilibr for O

fi= (t ,
4)

with me =

y : (1945)

Some no Ferri Megenay or BE coderation
, Mo

e - Ei/T
=> fin e

Engyoseratio : inthe reaction Exter = EctEd

=> ju = exp(atEr(T) = expect) =f

2- EJc64 (Atta Hand Tata IMaracal
MaS-·e

a Mc

In use the
engy

conservativ
ey alobe

to ranite [in two

for-



Collect Lefe o
fanfa

mini E

I I(2 =- Mane- weemero x

"I /atted Star dited t fage Morical con18Spaperpopa)

= - S women mane
=> Lancerted

↑ attadTtedTadt fangpatperPa-pa)
-

= (TN)ad + o

=> de +34ma-colated More(
mdpre I

,
d en in eq

:

men
- 1

Ha
+ 34ma = - exam (rare-nami

d t

Intenting cases :

T

* a = X
,

b = ame my +
ut

* a = b = X + add a factor - because 2 particles disappear , a other

- to avaid double conting

-S i
=

+ 34mx = - (w)a(n2 -mi



If I hav multiple processes I can sun the collision tene

2x = 22a +2 + c + d CONT = I <TMaraca
b

, ,
d ecd

Now it is useful to vintrace the yield Yx=

in ro
= - (m)i(Y - 4)=

Yx = - x(tm)(Y -4)

Now I not to unite it in tere of X instead of
t

i

Neglect variation of yes :

Ta-at + HTa =0

-- *

=
X

=HT

= x4T m =
- xtm)4q/() ]dX

=>



Commentsi - the rate of change of Y is controlled by P/4
as expected

- ornibilation and production are balanced for
~ =

reg ,
or Y = Yea



Cas section and Moller welocity

The umal definition of o was section is i Gas section erayed
-> over the itial spir states .

Toxca = [v If I don't do that I have

L to me at the end

~ i⑳zo

⑫Po
cents (petpep-pal IM/* Ste

,
cuted

Transfor as ar area for Fres boasts

Alternative definitio (Lautz invariat)

L- pet-mame---Yo a

↳ 1/(25)

8 = (pope)-mame-(EaEn-ppi)
:

mane :

= Eati + Paper sio-- Extr paper 200 - minim

-= mome +majpe +mipo + pape (1 + 1000) - -Ex Er papercaso-mame

divide byEize and us = PE M/E = 1/8

m
- Ei] ↳+var (1050 - - Naveca
= (11-natne + 11-witne + Navi (1 + 250) - enave aso

= Eit (NatN-enavacao-Note(1-00020)]
= E (l-x = Er wrise

F- Enterpe ~ unde = (In-i-Ix112



Thes me found

Tor+=Ty-er & E
&
ErNme

SI pepeppa
Now

go back to

2- More weleard) /attatte faI
Na

-
& ↳/dttadta Morcaling (patper-ParPa)
ou co

-

↳ = -

gager Eater Nige
&

d 3

/za oper
d Ta After &Enters

(ea13 (enl

= - /name ee man I↳pape e
-

Mo
e

I
mind

pager far ge

(=

- name-note) <Tired



Velocity and choice of reference from

What reference for should one use to capute <TN) ?

Gadolo & Gelin 1

I can proove that

<-Nel = <5 Ne (20 5 Nan
Em

⑪ ⑧ ⑤

① It's copated inthe so ic efence fore. .

The momenta

can be ey,
not recessarily lack-to-back,

but the

distributions are simple

⑨ "lah"
was the rest for of one of the two particles.

Here -
,
~ = 0.

# is the far we used whe we troduced Minoe .

③ Nan = I-)
.
It's not a velocity : ita be 2 c

.



Sumang appe of 1910
.
4400-

Low-velocity expario :

a : x-wave

TV = a + be + Ove
(
er : p-move

= (TN) w a + e(nx) = a + 6
xy

The solution to the e involves ar itegal oftherate from
freze-outmil today

-ali = (x)atI
~Eitget exe
↑

everage over To-Ty

Xf: solution of
Vas

exe --

mxMpc(c +2)(Ow)

25 g" Vy

- Xf ~25 st
<( + 2) = m+ 1 w)m = 0 x- war => c = E - 10

.
%

...I
1m = p-wove + c = 5 - 1 = 1

.
7

...

A usefl formula :

- 26
3x1 une - 1

-x- -

target for indirect<Tv)

detection experients .



Cold relics mos window

* lower land : we know that at thefire of BBN ,
there were

only 3 entries round . If there were alth
,
theodoo

Of light elements would be different

If mx LINeV ,

all the kie of BON itwould belove likea
additional mentrin = MxL1HeV

*
upper hand; Giest & Kaiakowski

From optical there long ,

no Fire forthin
an

Ov 4 -

~ me

=>
&T I

-
-S -

=> mits-1(00
fail

-

1512
↳nause
EMe

~ 16 10 151 Tevi notTeve

=> mx 10Tel



Exception : the relic aledece con lama interesting

Resonance

Suppor ailitation involves a mediatorm/more M
,
with

M = 2mx

P
X

I =
&

su - -

MY
M

> n attman= -

&mat ma~
P = I mi ( => por em + emjv-mivi-aux+min

X

↑

lat frame

-

if M emx e will mot to be large enough to lit the respace

- of McInn v willwant to be 0

Thresholds

Suppor my elightly seller the me

XE-tE is fabidde at v=0
,
but as zoon be it is allowed

The annihilatio wate is enlaced - inthe thoma
average ,

~ will not to be right there.



Commihilations

Suppose I have may particles / a vivila mos

*i
,
with me swe < m

, ... Mo

Xi all decay to X1 at the end (much fasterthethe

age of the mineuse)

-
=>Goside m = mi

-
i + 34m =

- ~Wij Wij (rimj-mimigad
i

~

Mellen ageitEi Ej



Sonnenfeld enhacrent/formatio of bound states

Suppose DM has me self interactions , through a light mediator
Mut typical example : dark photo

2 = (ii) -mx)X - * FreBru

Rapid exchange of many photore can lead to two exciting
phaea that can enlace Only ve-3 oders ofmagitude

Petraki
,
talk at

J[Quakaia meetin 201

* Sommerfeld enbaromet

> unA

# -E
XA

Verns) (vex3(341)

5 = &

* Bound states formatio (and decoy)

-3 o

-a memper 0D-

~

---



Freeze - in 0011
.
1120

-

Crider a particle interactingno weakly/ the SM to be called
FIRP : feebly-interacting massive particle

Freze-art : initially I produce X's very efficiently ,
so that

theyar intheal eq. After they been ~-
rel

,

they "freeze-out" .

The largest their consectio,
the largest they rain in

ey ,
the smallest the abed a

What If ,

inteed
,

X is not in the al
eg ,
and its initial

dudace is 0

I will start building upito abrude o for Y= 0 to

Yo
.

I expect to aM

↓- * if the compling is large ,

I ract

·&

-
tenal

ep before feeze - in

&= ↓ N
I

X = 1

log(mx/ + )



Perze - in from decoys & inverse decoys

Consider 3 particles :

X &N
,

does not comple to the SM

A SM particl
E Does not belong to the SR,

but it is in therol eq.

Yo = YoM 48
,
0

= 0
, initially Yx = 0

Ey in mpeyetic models ,
X con be the lightest may particle ,

Rx = -1
,

no SM change , while Bis electrically changed
and beavy. & CHECK W/ HALL+

Suppose & decoys to A ,
X : B + 1 + ↑ (moma +my)

18 is the parent particle)

Collisio operator :

2x = Jotadito deta (41484)pr - Pa -px) x

~ ((Mo+ ax180 - (Mex + olfgfx)
AXXD : insense decoys one allowed inthe thara both:

↑

there I a particle x ~/ thrightmatergive Po
, PA ,

to close the eyote ofeg give by the 891 ... )

Faith probability fl



Support 8x = 0 (8a , 80 - T32fa)

eg2 = (attadT dTx(en)84po-pa-px)/Mo + ax) go

- I IPompo/dxc%
&
u-

go No+ XA (independent of po : can

go
artof the itegal

-To - xago/ P Po ,T

- mot) Moxxa <T
where

,
in yea , for any function O(po) ,

<02 = it J go Ospol

Without relying a a (ra-) relativistic expansio :

=g)foruse S 8

I
=> Jdpp- exp(- E/T) pdp = EdE

- de Elit i
T

&

M

M& de E =

y
= XJ

& mg T

- Toy ey



yr
- mo fullyi&

=>go t
&

m -1)

(t -1) dt

( -8) !

3

=
-go k Ei (z ! = N(z+1)

- gou
-Ti++at)

&

ko(
=

yout # ) namee relation :
& 2X

kr-n(z) - ku+n(z) =- kn(z)
A

-x ext (=you to C
2k1

ku -

1(z) + kr+n(z) = - -k! (b)

=go mk = ke(t) - Kolt)

=> mot =y
ug . to-&To Eg

= go dyi
3

mg-gorge T kn(x)
=

kn()
2nmi k= (x)

Result : 2 = mToxAx knymp
+)

* (mp/T)



Freeze -
in fro inverse decoy

Support we are in the opposite regin
mx >my +m

this B cannot decoy into X . But X a be produced

for inverse decaye
B + A = X

which is effective as larges Tisst much below me

=> Ex = JactoditadTx lang189(patPo-pa) x

~ (Moxljog- IM
energy conservation : fileE
CP ceratio : (Mao + +1 = /Maxol

= Er Jota f emx

Joie dTo Gats"(px-pg-pol IM
-

↑
X+ AB Citis a forent scalat

---

kn(mm/+)
2 = m2Nx

+ A /T)



Fraze in for setting

A + 8 + X + C leg e + 0 + e + a)

- for the exam



Solve the Boltzmann eq

M =sa (ina + 34m) = (i +34m)

=> diy -3 Noxax
knymp+)

d t D * (mp/T)

Are
yes

around the freeze-out terprote

- HT

I=> X

-HT

=> x=A (ferthatedx

Assume radiatio do iace

He
Yer ,nTkx +3)

-g k

=>M = No kedX

MN k



Integrate in dx

Yx(x1-Yx(d)= x kn(x) x
↳
legeT : Yo

yxsyx

~ Tax kx

x3k(x)
Behavior :

A

I-
>X

peak for The
=> faze-in when B becomes non-relativistic and

Boltzmann suppressed

=> IR-dominated : the productio is dominated bythe

lowest temprature before the frexe - in

~ constant ye , yes
well justified

Present alundace 1) Yasyptotice :

Jax'kn(x)x13 = 3
=

=> Yo Yee)-
Pret OM devity : Mali-



-ext = 0
.1)(((gs)

⑳

Covistary check : compare Yx with the equiltin role

for a relativistic X
,

rel

Y

I-ame =(
to D- Guyfr

1 for Expe
⑭



Decay note .

* Yukawa theory : 2Cx8X
(B scolar

,
i facial
- *

T =

Mo => Mmo = g

* Triple scolar ventex 23 BAX

mi(
=> Nog (mpma

,
mxx) I

In a Yukama theory :

-ext = 0
.

11 (8)(



Frze-in us freze-out

Freze-in is in one re the inverse of freeze-ot.
I happens inthe opposite regin of complinge

-2x28
M

free-in- % fuze-out 0911
,

1120

it
0.

12

I & X
1512 1

V Mp
1 - mx

M Pr Mpmx ↓ Tip
1 FI

M~

I
Y

fo
n & -

Hilbe time at freze-in

-M t ~
Ap

for me
j X

= Y
fi

~ Im ty Y
go ~

a

hato farze in + largest Y / early for largest Y

Common feature : can be computedsolely for equilitie
quantities

If FI is governed ly renaraizable complinge both are

IB dominated
,


