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I b and Rm most precisething we know
also BBN Keg Or BBN expansionhistory

locally pom0.4Geum w errors of no l Geulan
lower bound on lifetime Is age of universe
Dm was present well before recombination keg

upper bound on interaction rates or we would have
seen interactions

upper bound on DM velocity free streaming
distance or small halos get erased

upper bound on mass monk observed DM halo
masses

lower bound on mass
bosons deBrogliewavelengthmust fit inside
smallest DM halos m z w Kev constraints

thesedays more

fermions Pauli exclusion can't prevent
the d

existence of smallest DM haws which have
limited size and Kvese m z Kev Tremaine

Gunn

Huge range of possible masses v90 Oom

wk 10 Mo
classifindow
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Planck windyi
ohIM as cold musty
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Waves Cinemaigenn

Lee Weinberg darkmatter objects



How to approach huge space of possibilities
total anarchy apathy no thanks

very phenomenological good when we
have a lot

of data

try to explain anomaly ambulance chasing

try to make DM part of solution to other
known issues w standard model hierarchy
problem strong CP problem neutrino mass etc

focus on explaining things we know especially
abundance Tom
d

Focus of today explaining DM abundance from
thermal physics in expanding universe earlytimes

Note I work in units where h c ke 1

suppose DM has a number changing process For
instance DM DM X where X is in SM

if interaction cross section is zero number of DM
particles is constant noma const of hamas 0

I daft 3a'ndog o A 3 Hn 0

when we turn on annihilation we have to
account for 2 more terms for depletion
31 production of DM



ÉÉÉÉÉÉÉ garger
how many
particles hit
target

nu is a flux great
time

to get a rate of hits multiply by an area

O cross section tells you probability for particles
to hit target Prop like throwing darts
to do Monte Carlo integration
so interaction rate is nov In general
OW const depending on particle physics
model so we do thermal average over

distribution of particles speeds so the
rate is in or thermal average

Trmainteraction rate

W dark matter you don't have 1 target
you have a density of targets

o o scales as

A



so n 3 Hn
Friggin go.tndeperdertdepletion units

unknown of h account forof DM
DM production

we can figure out what x is using detailed
balance in equilibrium depletion production
should cancel so there is no net charge to Nam
so in equilibrium Cov x n 0 x neg
thus nt3Hntoulingfiftentialequation

if DM is produced symmetrically in particle
antiparticle pairs it has zero chemicalpotential
so

neg mt e
Mt

Mom ST Iron relativistic

T Mom K T C relativistic
there are mary variations on DM production that

violate this

To solve for DM density in closed form is

not possible but we can understand

qualitative behaviour in two regimes



n lov K H expansion dominates

DM particles have a hard time finding
each other to interact as universe expands

N Ya
n Lov 2 H n follows equilibrium
distribution any deviation drives n neg
on RHS of equation
DM interacting a lot maintaining equilibrium

crossover occurs when Nov H and if
DM was in equilibrium we say this is when
it freezes out If DM was never in

equilibrium and n is far from neg we

say dark matter freezes in

at freeze out T Ty for TK TF

M
Neff a

nfq.pt ignoring time dependent g
to get rough estimates

two cases to consider Tf mom

TIK Mom



OTI Mom free bout while relativistic

neg IT n neg t E
nt after
freezeout

this is just like neutrinos SeeVicky's lectures

if Tom Tom then based on Y BgMgmto
then mommom n 5 Mymy Mom 10

8
my n Nev

since rpm 5lb
if mom lo en decoupled while relativistic

WI TomarTom then we make too much DM

but w moms Dev Vam E DM goes
fast

fast moving DM hot Dm'd is wild out
by structure formation

decoupling at higherLoophole what if Tom Tan singTsang
on homework show room Matter Igwarm dark matter current structure formation
constraints are m 25 Kev 9 103 104
standardModel only has g 102



What aboutTy K mom freeze out while
non relativistic

I
J increasingdashed OV

IMA
freezeout temp not very sensitive to Cov

Ty my up to log factors
What value of Lov gives observed

DM abundance

to estimate note that matter radiation

equality pm for MDMnom Ture TmrÉ

momnee Iif Tm're Trigon

but also Ty neegov H TI 4 1law during
domination

so

m In Tmt Lov M73mixture
plug in Mp 10 GeV Tmre lev Cov 1027cm s



in units where t c 1 mass has units of energy
and length has units of mass so

Rou mass if for doesn't depend on

velocity s wave then by dimensional
analysis Cory Eye

coupling of theory
lie fine structure

in electroweak theory 2 to
2
so to get

LOV 1027cm's mpm few x 100 Get
scale of weak
interaction

wimp miracle Huge coincidence

if 2 1 maximum for perturbativity
then Mom 100 Tell

unitarily bound
WIMPS have ME 100 Ten

if mom I Met then Ty TBBN DM
affects entropy during BBN so since we've
measured BBN it agrees w SM ther

Mom2 I Mev for thermal freeze out


