
tropyinjection 2111
.

11444
,

1109
.

1829

M 3

E
ig + 34pp = - pPp - Pp(t) =pp(ti)(zi

ut

①

↓
in t①Hon = + Mp94 jpPpHi)(-I
from the continuity ed j + 349p

= - PqT

I'm amming instantaon theralization (rx4)
I abo ame all radiation species are in

eq
: gx =

YxS .

Otherwise
,

Iwould love to keeptrack of what species doe X decey into

3 rewrite

= T T=(
-=113

=> ⑧

The Hubble rate is H -
Ptpm ③
3mG

-du + Pd)

MEtopy : as ope ↑ Pa dt
&

p -
= j = Tapp

= am (- S =(NPa

5g113 Napa ①

Q -O en enough to close thesyte



① : /Stas-jot apag
=>st appag

- exparential decayi Mp = constant readmnical solution

- mode decay approximation : Tp = S(t - [a)

~ allowe analytic treatment

(=
Ame PpPratt = Td

& d
-a d pp)a,

1/3

y *

8=

=> pul= (y) ( = Paki

Pp( = 0

S

· jpi pr(= T)
- is not real:

Pa

-
aslaum rate&
Tolerates ohning
the decay , just at

Ea



Consequence for a decoupled specie

Suppose we have a decoupled specie x (0M ? SMU)
.

Exter? Gw)
No number chaging processes : ma = cast

Yx =
~ castat before and ofte dray , chages at decoyD

Yo = Y= &
~ta)

= Ye
& skTal

=> The devity of any decoupled particles gets drilated bythe

dray of se bary particle into there radiation

Yx &

↳[Is
ter to

&

t



IIP dank matter searches : Direct detection

OM produced via freeze-out : it has tobithealer

~th the SN = there must be sizable interactions
.

Can

we test them?

Exactdetection

Idea : Earth is contently litted by Om partile

/·->
·
X

&⑧ ① [

/ ↑
·

Some of the (depending onthe cross section) will scatter

against son particle (nuclei) of the stuff Earth is made

of . If we toge a "togeth and we equip it to see

on
recoil

of the muclei
it is made of ,

we can hope to detect

These scattering processes and meas the can section
.

-X easte scattering .--N
N



Typical muten : Pon -0
. 3 Get as we zeokm5

N/c - 1
- 3

Earth is moning leg = 30km5 )

·

- To⑳ one

04
x

*

The Sun moves in the galaxy ,
Earth moves around the Sun

=> Expect annual moblatio of the incoming flux landthece

of the signal (

Estimate the fex
local

~
a= lace fixed = Mx decreases for larger my

beavier I landerto detect (there are

undfewer an

local

B
Typical flux : qX = MaN S NX

MX

for my = 100 GeV :

= geva enter

For comparison : the flex of solar mentries is~ hot mi 51



Background : -cosmic says (and
their

secondary produce
-natural radioactivity

Setup : specify the target (man and spir of the mclun
andthe detection method /electrons emitted from ionization,
beat and phanous for vibrations (mteprotun ineass),

lightmitted by scintillating mistolo ... )

Kinematics
-

X N = XN

Inthe plane of ir , Pr i

-i+ Y
Ol

↓ O
P

myS*mant-Immi + Emp
= &
vi = v

=
-

m up (1)
my

ma = my + ma v = i -m (2)

(4) = wi= wi +/-ING0(3)
-

(1),3) = - 20
~r + 1) = 200

mx
= Nr =

-- Naso
m+mx

==> Er = T mNNR

ma
were M =

mx + ma



Energy threshold
-

Maximal velocity : Emax-

Thisds to empass zoe detector theschols :

thEmex 2 Eth N)N Im&

em

My mxx)mp
Mu & my mrkm)
= Nt = Fe mx()my

I m mxkmy = detection becomes

problematic for
mxmp

Typical zihmegg : Mavrooger enrooger Kers&↳ atoma
-3

N-1

54x2
&

Emenggel)not cooker

woger

Minal recoil
ragy

in an experiet : ~ Olkev)

~ corresponds toa mess (mmamma

Goomattery s Get~
~

n
- 3



a of man Heinematic

You can wakat the linematics and yet E
r
M (n - 20)-

un

Solution !Y
- PL

Pr = PW Pr
= PA

--

%
pi

PaP
PN = MNNn = MXN => wed-rate prote +m)-

=> p = MNr

defin- = 2 pivie(1 + c0x)

go is a Lorentz ivoiet ! Q = By - Bx = Q = - q

Ex = (8 % ) =( -( )p

In the ba fore instead :

-Ex = -Fi = (Mr) ·Mi IFra
-=> Q = (mi = Pr - mn)

-

pr = mi + pr -pr +mi-emmmp
=~mi-em(1 +4) = - pr

=> Iphl = Ig ad Er-
=>·



Etteringrate

Event note i M =n⑧
-> in general, supe ,
butwe can write it as

Nel becausetha two
↑ isLounts invariat

· equal
in frames iia

Differentialrate :

Mn

mmm· weatul

~

do
"I

For NR relativistic sattening rx a T(y ,
0x)

- ,(extrn) Gene

M depende on how does DM interact with themucleus
.

NB : here we fixed a velocity ,
but DM actually les a distribution.

Or Earth
,
this is not theeimple namellian distributo ,

because 1) I haveto lastit to the Earth fore (Dis

mig and O which move around the galaxy) and
4) there is an excape velocity .

Nes

↓ faler) dar- 1
-
B and x

= 0
.3 getamx

is topurely as

and de

De



Non-relativistic operators
-

Hour does DN interact wh nuclei ?

Two observations :

1)I ~Mered ~es mmmx ~ no vogeV-wo Hel
Mn + my

&X-153 raV-v wher t = 1 = 197
.

3 HeV fu
~ efu s prota size

=> X doesn't see quart andyear , it sen potor adventos !

4) NX1 thre the scattering is a relativistic - merthe

tools ofme elativistic QM rather than QFT .

Procedure :

1) consider an operator mediating the X-quarks /yea
itratio

, eg

03 = 700xg8nq
09 = 06

, Xg0r0,
X

4) Derive what spectors does this induce at the nuclear leve

0 0 = * OrX NOrN Luth an appropriate
coefficiento (

Ot -O = FOU
, XOrOsN



3) Consider the -elativistic list
.

Limits of facio lilivar

are of the for

~ (p)= (

(
& m

(<pump) =

P + e = qx

(p)8M(p)= I

G 5 = 33

We detain

NRon -( On J A "Sli spir-independentS

08 On En "St : spir-dependeth

Wher the ne ul operators are "used" with na-rel field
containing only creation or anibilatio ope

2- [ [c 0: x
+
x NTN

iN=r
,p

N(x) =kn N

4) Compute the X-nucleus ran sectio
.

Sl scattering
mis a factor A-010% because the motix elects with

individual unclei add app colently .



Empl: Si

MSh = Flemi (zfp + (A - z(fn]
[

~

ulea for factor" descends for mateling
the quark operator to the nuclear

F
&H

⑭
- Numn)(i) derve)dER & Nrel

Mi(ER)
---

-

target microscopicmcla astrophysics
Om model physics:

Orien

how to
go
below GeVI scattering off electron,

Em
& collective statterings .

Ae
1544 1

- 1523 -

VIII1
-95

- Xenoaax ~yel
1546

247 -

vertino floor : at this

2018 T xsitivity the experiet-
starts to se Us fro

-
the m Ivey neve

I I I at these energies
· 1311 w

-a nightmar backyard
mx [GeV]

need directional detection?



for mass limiti - below to get > scattering/electron

- blo ~MeV : g-kev = 0x-i

=> On iteacts with
my

malei at the see

Fie
,

Excite collective moder of the target



Indirect detection
-

General idea

There DH production => DM particles can armibilate into

pains of SN ones

3 - 1

Tronal freze-out benchmark : <TN) = 3x15
%

in a

Istris a lig number Nurser familitation in au sola

syste ,
since when the galaxy exists :

Nee ~G<> VT-co Repam

~ or exam 10 Au Is a(
~ 11

We red to point our telescope at regions with high OMdesity

· galactic centre : large p ,
but large/complicated lkg

for stellar processes

· draf-galaxies : most precise rigal because DM-donated



Final states

main channel : poin aribilation

* x - gi ,
ete

, ptm ,

-
,

vr
,
00,

wiv; z7 ,
zh

,
Ih

· orks hedonize p,
m

,
his,

,
...

· mustable particles decay
· EN conection are importet: emissio oo soft/collisa

Mx
Wesse is enlad by log , boylog mu

-
.and con alter the speak

X 2

n-Ye
=> the ented W/Z inclos production of other particles

S-↑
LO T- Soi-----~

↑omin· ti.
&

- &

E

-W et
&In e =↓

X



Propagatio
Mental stuff (DadV) : truel rolistined or a straight live

changed stuff (et, pF) : scattered and beded by golata fields
i thegalaxy : needor propagatiomodel

Lin/ unutenties

It mul plator
Two chances ;

XX + 00
y
via a lox diago

X-=3

ToI
X

u = (pa +prj-uam (n(1)

= En = my => X-ray line

Final state radiation/decay : continuous spectre
We expertmething like

a

I(E)

I- Imatter light reponde a
the branching fraction

I- E
X = -

mx
24s
detector resolution



XX- WTW-

is the see as etc + NTW
,

as legas
FSR is accred

.
# we a we all the maching

developed for collider experimete (haroization
,

redictive

conections
,
eta)

Photo flux

C iden photos produced at one particular location in the

galaxy
du

-
AEDI (

z ~1 daR &

N-od
dayNo ex -m <TN) A Xt-

dE dU &T 22 dEg

-

I
↑ avoid double counting in the
under of distinct OM poir

spectrum of
produced photos

Integrate over the volume / dV = rididi

=(A)
↑ ↑·

a patte SM astrophysics
= J "J-factor"



Main uncertainty : I-factor (up to e orders ofmagnitude
We do not know whether the distributo is peaked or cared

Results

Typical hand looks like

53t depends on thorptio
· 1- 23- /

S~ 1+5 - / 1/l ofthe divatamihilatio

2
- 24 I- Channel
2

-

-

-I

101 es 13
mx(ger]

Uraging DM

X Stuff / [x) Tu

Some as above
,
/ <Tv) replaced by meta wrx=

=>Jaury (al px = has martainty

Other photo sources (DM related)

· syncration mission in the galacting magnetic field t

-XX +e t
-> I
:

·Berse Capta sattering
eX X

XX + etc + m
-- uV photo

SME on other IR O



Again , for v + o
, Sanefeldenhamet & Landstate

formation can be
very iportat

Dried exams 2100
.

02606]

Backgard estimation + statistics is a mesty lucre

If any sigal in see
,
I questioni

1) is it really there ? On is it just sore statistical

fluctuation? A

maybe ther is justo excret

2) ifa excenis fanta ,
is itthe to DR ? Or do I

red tormodel my lkg?

- comic rayo portan , entiprotor, at highergy
- anti-He

- 3
.

5 kV lie in galaxy clusters (day of the
staile mentina)

- en -alation

- 1-3 get Day excess around the galactic centre ,



Neutrino for the Su-

↑ ↑ --x- -

⑮& -

I &

Scatterings slow down X that is trapped in the Su

Nav = Pcapture & <TNC /pottering
I

XX+8

fat ent a That Cotong olo for SD(



Collider searches

Proce DM at colliders
.

X leave the detector without being
detected

xSP- c-

P

X

Such aevent is wellers because I cannot detect it. Need

to have some recoiling SM particle .

Eg gi XXg
us montjet + missing energy

↑ rose g

Y-xT
m

X
9

i grea "nor-X + MET" searche

(x = jet, 0, z, h ,
-. . )

MET =

mining Ex
= -[p momentum inthe transverse

plane is inbalanced

F
# +Pr = O enti don't ne Fina,
F

Stapoto collider the lagtudial meeter is notO



Typical result :

-O
Implinge
ar fixed

Otherseach chards :

· cascade decaye
-

M

P
tr

↓
Z
t A quark is the last--mt ⑮Y ------

tr - X- M ↳strained

----

top partners mach ast

or wellmotivated (SUSU)
· 4 - invisible

and less astrained
*
-r

·Mediato searches (this in what LHC des best)

9Y
9

dijet channel

T g

M222-2 .
5 TeV for y

50
.

1



Early Universe lands
Dr emibilation a be dageous if they deport too muchengy
it the plane around the tie of mchonthesis or CH8.

Engy injectedithe plas after freeze-out :

dE

·at" ma
mi On =(

= ma ma ()mm
- u wa (3 He

= Pr () Hy

In one tilble Fire
, for each baya Tiject on energy

# (x(H) HaT
- -

I
J- Menoger Xgues TyreGeV

I Perleger
~ garage T

BON : T-ML= Her a linding energyof
cei

= dangeome !

CMO : Tweet I linding eargy of Hato
-I dangerous



For ter actual laund I have to
go
bakk to the expressio forthe

enyy deposit and exple it in Fire or the duratio of Don

on
CME :

mm)- G+p
mx

Stagest home far Cro : Cons 3x10
=> mx L roGet for tha for production

Imbess the do inat channel is

into mentries
,
that decouple

around BBN Craylefor CRO)



Axious



CP violation in QCD

CP violation in the quart mass

Conside QCD around Ge : only 3 quarks ,
but decofied

Laco = - * GGm + giq - (9mqq + h

Notation i 4- () Call Binar feriad

Strong intractor donot mix flavors #
my is diogoal

But it can be complex

Somethoughta ferior master :

If T use a Direc mas
,
I'm otoatically writing a CP

invariat legaga USE DIRAC

&

umqu = utpmuna + ut
, muup

VECTORS

timuft-utmup + ufmu HERE

empn + he = (Remm) (utuy + utup) 4 invariat

Instead
,
I ca with the mass ten as upmun + ha

an allow mm to have a plase at this level :

t ↓ - iOn

( Onu) = umue upM
R

mu

=>masteri

~ run (so + isino) + mur[up(so-isia

= mu 200(ur + rimp) + imncno(up - rup)
-

Good



CP violation in the QCD yearic Lagagio

I can add a
ten Lac Lac +DLacr

-

&

Dha = O E Gru Gamu
32π

~ En =* Empa Ga, po

6= drupa (am G-an .Gr + ys gen i

(gee = - i tr(e (xer
,
xa])

CP ; 15 + - A5(t, )
CP 6 + - 65

I &

3 I6 - E . 5 -(t
,
y)+ (t - * )

E is a rector G
.

+ 20 , - - F

& is an aria mester Can prendirector)



Andars notation

Interestingly ,
the two one corrected

In ade to get rid of
the place of the quark masses

,
I can perform

a clivel rotation

ia0

44 e ↑ - Pr = mCrOmyR

o na reple motatio, 4 + ear
= 00054

~ On-tr Ja =
&O (0s = - :0%1087)

& :

Backto the Lagage

2 = gidy- mj e ginyi + 2) =

- q - (mjc0jq - mini s gi
Transformation under chival rotations :

V : XX
= ex = XX

# :-Fear :UsetX = Fio
, X

-
Leidats = was exp + its 2 - xa)

=> eliminate the
region piece upon clooring

tran 2Gp = ton Ox



~ 2 = q idq) - jkmy =

= jiqy) - gmqq

Amadans rotation. :

- vector rotation : it's a symmetry of the theoryda
at the quarter level , for m = 0 or i + 0

- oxia rotatio : at the classical level it is a symetry
if my = 0

.
Classical level - apply the transformativ

to the Lagunagiealy

Norther theore !

<Wmj)= 0 / j = orX

< Gr ja) = Zem , ji gj er j = jj00sqj
j

At the quarter level : The symetry isandow if
you changed under SU13)

Am orady was that the measure in the pothitegal is

not imaiat

Recapi for any gorge
invariat operator

70(x
. . . .

x( = /DTD4 exp(i(aY = % + ]0(--1



Topological tem

GE is or total derivative

Gamka ku swope- gener

I cannot itegade it out because I solution with

Liberagy nich that An de not yo
to zew

at ifinky



Transform the fields :

4(x) = ((x)4(x) ,
f(x) = (x)((x)

=> DTD4 + (d+ -T
-

DYD4

If det D #1
,

the
came is not invariat

.
This is equivalent

to a shift in the Legagia :

2 + 2 + 52

& our case (UHp rotation in QCD (

~

22 = OnGr

This has the see form of the "theto-term

This
,
I c always surte the Lagregio in a far in which

quark masses are rol and

-law-en

with O = O + agdet my O-On-Od

Massless quark

Ipatat observation : if me to the pridating terro can

be set to 0 O
no plegical

& a make a rotation uch that On-0-0d 8 = 0 Introw

O deset reappear in a mass ter !



Why is it important !

Electric dupole moret of a mento

d - G

Use
a classical mologi

O d

-L I ↑- Iy
M d

~ 1/m

=dam1513/o ra

- expect 1dm) -1513

- experimentally Idal <15
%6

ec

=> O L1013 ⑳

d - m - d



Why does i' violate CP ?

Stat with magnetic dipole moets of elementary particles

D-y H = -m. M = magnetic dipoleI T
women

spi procession : W = 2 pBsD

↑ ca be computed in QFT

S Ms y = - x (1 .
001185

... )

Electric dipole monet

For ar electory particle the only rector in 5

-

3 E-

3a external electric field it must le

EryI H = - d5 . 6

3 rdtusetire reversel
because CD is not properlyTime reveal (equivalet to CP) : defined uso antiparties

5 + - j Topi is like agular mate [rix)
5 = - Coll umeto that generate change sig)
E=



The 4 -m5 . 8 + d . E

4 is not impiat under CP # in a CP inviat theory d = 0

So thing happen with parity : 5 + 5
,

8+, + - E

Ifartoy particle has a f0 this violates <P

↓ world
, comparte objects like water&

a P
,

T
mpme

~larles of not have perment cam.

O H
&Ey mater : two degerate states 4-4 /4 d

Parityeigenstates : It I has lowen
engy

the 1-2E + <2)

Place itin an external electic field .
The potetol is E

.

Ele nu hamiltario is

4 = (2) + 1- I ur/ &
# /GE/7) = 0

((zE/F) = 2

Compute the eur eigevolves
-

21 = = (2+ + 2 . ) + /(2+
- 2
,

5 + 181

= = (2+ + 2- 1 + y(2 + - c)(1 +Gi
=Es

=>
engg slift a

Er. This is different for the rese

of perout EDM .



Suppose now P
,
Tar violated. Nothing would prevent a

perant edu.

Classical orology for the mentro

·&J I/- G
①W-d

↳ zmmn

= Ty = je - (1 -2Isir 4

&

l
me [1 + 250 - ex +ma)-c
-

~ 2013 /1- cos e am

If C is newhat sollee the 1

Idml 2
-139

Cpute de in QFT : da3x151 em

= 21
- 10



The QCD axion

The altio to this involves the introduction of a en

prendoscolar field : the axo

Take a caplex solar I
,
with Ulup G

ad a pair of u clared Dina ferior

V = -me + x (+f) + y64 + h

Teregative mass term causes met freaking
V

↑

L & = (fa + 2)m
= alfa~a-

a getwid of the phase in the Unhama to

by meas of an adia transformation

4 + exp(i0)4

- though the andy, a coupling in induced :

+
At ear teperature/energy QCO confines (4, g men, 4 , p . --)
Jad potential :

-

Tumma-
&VIP) = - migh Vr-Tatmap wil-



minimi = + 6 0

stag <P proble in solved

adion mas : V =-Mif[1-m
regin

& mumd
-us mift tuntma

172

=> mas (~dSpe
in ple for

V = - ma fo wit
Teperature dependese

Other Potato Gou : minimum
Interacting Instato Liquid ma=mald()" n = 6

.
8 - +

Na 200MeV

Another for (1511 .
02867 Villadon +) ↓

good convergence
milT) = macd Xiv la only above

X (0) Th 15-6 Get

expected : instator : XH)/X(0)
157

,
X = 8

=lattice : X(1)/410) 2152
,
a +e



axio coupling

Atergies Get Ex 10 Ger

2-· 60034
where

goo ~11fa ,

and It are expected ~OH) . The actual

values or model dependent , but can be set to 0 .

Below QCD cofirement I couplinge un/ nuclears and mess .

vole of f

for a be anything .
First axio model by Weisberg etal had

for New

Sar excluded because it world mediatio fast decey K
***+ o

.

stability : adios a be OM

Exercise : capute Ma+
3

ext
Gooma

m) M
64

= = n = 13 xn)
~ iSos



Avia quality proble and atea criticism

Some extra care is reded : na rota a UC1) synetic
logagia, ne trat a as aGoldstarbos Cir analia

realization of the emetry) let the symetry we

explicitly broken for the start by the onedy.

All the divisio dont the O-ter equires special care in

bardling the VID linit. Some went claims that this

was not done properly .



ALPs : axion-like particle

Can me be nar gree ? What are the key ingredients ?

Simila particles con

range for different physics modele
· UV QFT construction

,
as Goldstone lase

of sor spotacons symmetrybreaking

· in string theory as themul of copactificatio of
se extra divsio

= axir-like particles defined by :

- potential

Well -- mij cont Con at con , n= mig)
-

no temperature dependence for implicity

- compling to SM seeas for QCU axia, but n/yoeric complig



Arian Dark Matter (theel axions)

Axios are mented and stelle
.

How I produce tranas DM

scattering / the plana

Im-
Q

g ---

93 t 38 ↓
---- many

X -
9 9 g y

Even though it's freze-in (not face-out) the distination
iahost thera > require mak

Ottokel)

For QCD axio

esker met ger fa13 gar excluded

but it works for ALPs

Lifetime :

3
64m

-T = - ~ => fo~
gar ma

T2178 - Log Nestar 2007
.
04542)

(=> fa 2 .

4 x roger lea ta

ury much
landerlin



Decay of topological defects (sis singl

Trat the exis es a levical field (more about that later)

Suppose it a take many
values within our visible horize

.

2 = Erart- * (11-m

& (fa + r)e
= /fa

. m~ im
1~! -

Re

= special configuration in which the feld winds up at last

Ga

②
There exists a manifold

↓

2
= 0·

Calia) alogwhich

. "Comic string"



the stringe become un stable and#
Whe thr axio gets a potential

decog i axia particles
2

These particles are very
old : it's a

non-therel
,
cold DM candidate

Almdce : depende ou ther aluda e of strings inthe Kines

Vege idea : string a interact , cut one another , close a closer

pathe enlich shrink and decay ...

y +x B + 0 +...

At the car te
,
as the borizon gove , more ad more

stigo eter thahorizon - -

F
-T

=> attractor solutio : 1 string of length I per
Halle vole at

on
tin



Requires very difficultsimulation involving two well

separated scoles Huma and for Cypcally so
Is orders of magnitude apart (

Simulation - The the classical can a a discretized

space tie ("lattice")

The gid should ideally

Unge coper lational probleF &

be sting widte

co I work with asell

hierarchy ad extrapolate ?

· let
pares may

to capture theair

Dynamics at all time (fat string) ?

Indication I the literature of a deviatio for solig olutro .

Sting active are the dominat source of OM !

2007
.
04800

The existence of defects depedo on whether the initial additions

ar set before or after inflation

· before : s strings
· afte : shing



Asian misalignment

Axios can be treated as a classical fieldweer the state in signi,
finatly displaced from the ranm-

Thit of this fact as in electronagetio : wher ~

I w talk of photos (quate of quarterfields) , when
~O

IE
,
⑤ are large they belove classically following Maxwell's

equation

Stat for the action of e minally corpled solar field
in the expeding nicense change motation :

Paxio, a scale facto
S = Jak J g(bandard - v(p)

For are found by rang -p + 59 and imposing 85 = 0

5 Jo Fy( = wr(p + Sp)ar(p+ sa) - V(p + sp))
SS = Jagwrspard xn - vi(b)(p]

by ports

-- Jasp((Fja -q) + Fyvicq)]
=- Jax g Spor (Fggr a - 4) + vsq]
= - Jakvy fp(Δp +v()) (wo : 0 = 0-g x)

↳ D'Alabutio



Eygratio : Da + v(p) = 0

In a FRLW universe

ya
= (1

,

- a(t)
,

- a()) - a(ti)

Fy = a(t))

- = (20(awop) + 0 : (a+ a: q))
= (34p + ap - avp)
- - + 347

=> : - 304 + 34p + V'(p) = 0

Gradent : %D decays / experie > can neglect
(perturbation ore treatedseparately)

9 + 346 + v(q) = 0

Hille fictio : dissipateergy . Oscillation ar de ped.

Expect something like :

a X
We quicklyoscillate

Zum
around theminine

I G - VIP Eme :-



i + 344 + mmb = 0

H deceases with Fire
,
Me is estat or increase .

ALP case ma-c-st
-

Onning matter/radiation ax + P + 4 - E

exactsolutio P= (mat) + CY- met)
(if I is abdoint) (m = (3p - 1)/2)

WKB solution : at first eglect Hi

j + mid = 0 =>p = A costmat)

= Scos(mat) - masi Imat)
i = i ca(mat) -2ma]i(mat) - mal cos(met)

↑ c-ZurAs-nt + 34] - 34ma Al + neAc- o:
- -
- +3 -

3
G D = 0divide by Ama Ama Ama maA Ma

&

exemption :
A H -
Ama

a order Ei -H

= ↑() = Pax11310 colmet)

Check:



For ma H + + 340 - 20 owndaped

Transition : around 34tol-malTo

Energy decity Pa = P + PV = &p + Emp

-
averaging over many

acillation <Pr) =<Pv) =
Loo
·

=> at late times <p> 1
°
a a sales as darkmatte

old
at

= Pi + mipp = q(p +mip) = - 3462 = - 34pd

Continuity eq of matter)

Prese (p = <% -Tmipe o

Gilleting exive one good
DR candidates !



⑱exion

Now we let the man
vary.

Oscillations start when

3 (Tox) = m(Tox)

S + X11

ge seconI ad daac (

=> Tox D
dis a

("ger (ge posy a

xg
e

I ge (Tox

~ 5
.

3 Ge

m (Tox) 0
.
1 Nev-

Now solve the equation of motio

Define Os : + 348 + m G = 0 - 704

Sense telle findor is not efficient onning a singleiscillatio

Giventhe energy
p = j(0 +120/2

3 have Pp = j(0 = fam
= <03

Iultiply the can by 88 and take ate
aveagrove

a

singleoscillation

jo + 348 +mod) =

~ j(0, o-Emio + 340
% ) ,



~ f ( -Emio + 340
% ) ,

- <j) - jm
- (02 + 34(0-

= j - +34

=> i =
- (34 -m

matt)=> Pp = cast
a

Defic the "inbe of ai
W

& ast
E -

up
=

und ab
# Mpa-const even when

Themas may:

=> with no stopy productio the adiv yeld is crotat

Yas cast&

I

·
Abundane today

Pompomp, 0 =

mpoYoomfie
I
->if

=>Rali = 0.

12 for far 10 Get for < = -



setrator
mayCuar powerful techniquel :Tuse oradiabatic invariat for Legagia mechaius

I Define
Os : + 348 + m G = 0 - 704

The can we be dained for the Lagago
↳ (80. Emot -·

Jeme Hm -obvious
,
vie asillation or far before

* m: H

DefinpeO

=> I =E Podo

I is invariant in te ar re

gra
with the dapedoxillation

Let's compute I :

Consider a single oscillation
.

The energy ,
within on oscillation

,

is abost creaved and a is castto
ja

E =( + En0) = 10 + Em02 = &mo: a-3
2a

Po = ma (0) - ay1
:

Oz

=> I =m X /10 - 0%1 do
GI -

-

3

50 &
ama
&

=>gmoD = DaxmasO?

-m TJ



Initial condition

Itall depends or when the PQ symmetry ispoteonly
broten Live & (f + u)i +8)

Roeher that : While patches exist as courdly repeated
vald

,
becense light takes AtH to travel Ex-41·

- past-inflationary breaking ;

H + >f

·
Comic strings

~H "visibleuniverse
et Tox

for

-&
on all values inthe

range (0
,
2) .

Thes
,
I take on

f

average of Q :

T

a 10-10005

NB : wer have approximated 101 i, but we average over the

full range. Que co le move preces and get a (1) conection .



- creaking befor/duing inflation

As before , each Hubble patch has a different vale of $

This tire
, patches are inflated outsidethe Hubleboiza

Labor : oning inflatio the physical horizo (aH"shrinks)

Whe the fanta
gravo agai after inflation, Pisthese

··after inflation : horiza

grans again , but danly

is constant everyfer

=> radaly distributed (t
,
a)



· if Oi 1 I ce tre the abudec to besall

· if On I* I a belay the start of excillation forwe tie

(incase the final almdece !
)



-idword an isocurvativ perturbation :

If PQ is buder ding inflatio, the air exists on a light
field andobtainsnome moder fluctuations during inflation

Statistically speaking , eachHulbe the or gets a "lick" with
st

. dar LI
Sp = -

2n

The se happenstothe inflato X, independently. At the

ed of inflation, ↑ and tr have different distribution

So-XI -

The conect quality that measures this differ c is

&+
X decego to the there bath => SXST

.

All particles in

thetheof bath share the sone temperature ther

↳
There exist strong lints on these differences Lisocative perturbation



Axion san ches (main reference : 1812
. 02660)

Two broad categories :

OM independent : the oxio is justaother particle inthe

specti , and I lade for it through its complimeto
so

Axio DM searches : I exploit the fact that I have a large
classical lockgound xix field ad look for its lea
on other stuff in the lab , Typically a lange En field .

---

DM independent searche

1) rare mesar decoys

exior-meson mixing
+ a

gy corplig
elevant for mak bother (light capaed to thereso

fo 1stgiv

Y stellar volig

fa 10-18 gev and marodev (nToal

the axio so be produced inthe star ad escape, daing
ze of the rangy.

ege
+ N + e + N + a

,
2 + V + e + a

-

3
---- ---
XX -



3) Supernaval :

logavfaMotgev masnomer (-Tol

"Tax thattle eargy
carried

away byaxios is
the

that into rentia

For sell fo axios donot esspe

4) Axiobeliaspes (CAST
, (holy-(1AXO)

go
a FF ~

gar a
.

In a
very large

external field , this is amixingte

for axios ad platoo

=> look for photo greated insidethe experiment from

convertingane axio produced in the Sun.

-G-
goo

152 GeV-1
/ &

142 magnet forma evJ

S

......
-

-

49
· &

E-
5) Silen idea : light shining though walls

Jou notGeV formas1e

Shoot a leser at awall / a strong mogate feld .
Some

coveted to axion and troverse the wall
.

Covent lack to

To oftenthewell

Som



6) polarization : atios mix olywith the plate's mode perpedicle
tothe field .

A los Towelling throug a region/ a

field can have its polarization messed up

4) OL euperradiace

Spiring #Ho have a regio (ergospher) in which , ifo

Object falls in, the object is accelerated and thro
away.

If axios exist , they can use this tombtract energy fro
The BH

.
The existence of fast spinning EHs constrains

The existence and properties of axios.

8) Fifth face : axious mediate the following forces

goto , pe new Takova face
-
y MONDAY = gre spir-dependent forcefa

* cros -te
%) o = inide NS

For light axios , the potential flips at firte devity
=> inside a NS

,
O outside

Affect Nragers measured by L160.

1) Ort isidethe Sun
.
Also excluded



Axion DM Manches

1) strophysical probes : DM- & convention in astrophical
magnetic fields

4) Hobecopes (ADMX)

In sauting into photoe ia resorting carity with

megetic fields.

City modes frequencies haveto match mo

~ carties (AOMX)

# po
on direction (monoxi--E

3) Similarly , axion con act as a comet
&x =e ·

=> greates 70 outside volevaids

4) Nuclear magitis resea

acillating a ~FO ~ electric ple to

=>nuclei spiro oscillate in external Po
(process



https://cajohare.github.io/AxionLimits/

Linto or axion-plate complinge

Tom
(ALPs)

= on

(QCD axion)

Crisited : OS/2024)


