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via CPT theorem)

• allowed by gauge invariance

• total derivative ⇔⇒ physical significance due to the non - perturbative
vacuum structure of gauge theory
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In RCD things are slightly more involved due

to fwvh misses :
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Pd mechanism → new spin - o boson with sphwdo - shift

symmetry ; a - > at a fe broken only by dsme.in tic

operator similar to 0 Yer_ ;
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Choose & = - 0 to remove 8
.

Need to make Lure that to > = o → ensured by
Vafa - Witten theorem

.

2. Axiom properties

same axiom properties can be derived at the EET

level
,

without any reference to UV completion
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d Xion couplings to JM J
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→ fo { not :-& bell from astrophysics

Compton wave - length i

to =
~ a meter ( 1é•W_ )

me C Ma

tu = E

find = hu = he → ☆ = I = 21,4-1✗ mc

General properties of lotions !

• weakly ← coupled

• light ( hub - eV )

•

macroscopic wzvelenjoht

From an experimental point of view
,

& crucial

coupling for detection is the one to photons

the s - 1
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Contribution↓q

µ
Contribution

↑

Pot = d- [ I - 1. gzca, ]
ohh " • GÉ

N2h-f-



⑤
3
. Ixion DR

Is the dxion long - lied enough
to be DR }

• → 88 kinematically open

To -> or = jar m!
-

- ÷64 Ti

^ /
Pa , , ,

s> 2- ~ no

"

s → stable on cosmological
scales

_

hub - eV DTM axioms cannot be produced thermally
vid scatterings off Ssr particles ( like for wimps )

because they would be relativistic at the time of the CMB

→ thermal exons rather contribute to dark radiation

Ation DM production proceeds Lid Wh - ther- 21 mechanism

known ds misalignment

To be more general let us consider a scaler field of
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dswwe the universe underwent d period of inflation

*

H = -0
- SS Alf
e

after inflation the field is approximately spatially uniform



⑥
Cut the initial state is chars chanted by the field value di .

After inflation ☆ period of reheating occurs
, following a period

of radiation domination

a & t
" " H = É = 1

it

Eor : if't 3h É + n'¢ & = 0

in general Mp = my (t ) due to Lt

solution can be separated in two regimes s

- 3h 9 Mq : & is du over dumped oscillator of = &;

- ta : Stella / = not Ctrl I win
,

the dumping brainy

under critical and the field starts to oscillate

WILD approximation ( fast oscillation
,
slow dmplidfuole)
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the
energy density of the scalar field is
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at tddtn the oscillations in the pressure occur it timescales

11mg much faster than the cosmological evolution H
- ^

( Lina by definition Mf > S H ) .

Therefore
,
we can average

the oscillations
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Hina
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Mol

-> Ñ ( cowering ↳ umber of quanta) it audit at its time

To compute energy density today ,
we just need to

use the countercstion of N .
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⑤
at the time of their production

, particles to-

misalignment are semi - relativistic
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Combined with a high number density of particles

hot
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do bro
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leads to high occupation numbers for each firestorm
state.
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space volume (4--1)
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→ huge occupation number
,

behaves like a classical

field
.
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.

Wave DM detection concepts

DM density in the solar neighborhood f.sn ~ 0.4 GW/ on?

de Broglie wdvelennght :

y
site of dwarf galaxies

does ± :# = e. 5 kpc (^é)(ñog)4 m$

= as km (÷)("%)
- 3

v ≈ 10 E ⇒ velocity dispersion of Dr in the galactic ↳26

Volume occupied by each DM state

3

Vds = t.is = (÷ )ˢ
&

# of States in a dB volume :

Nao = n - Vas = i%- = (34m¥]("ʰ;
↑ my

" v3

n - formal

wave - particle transition of DM near the Earth my ~ 20 eV

→ needs quantum detectors ?
*

For Mt ee do eV
,
DM states begin to overlap

,
so that

the collective description of DM as a classical wave is

more dpproprldte .



①
Main features of wave DR :

¥) hrch DM is necessarily bosonic

→ Pauli exclusion principle precludes multiple occupancies

for fermions ( mj↑^ 20.1 keV )

i;) we cannot rely on a detection technique based on

energy deposition

n' in) we leverage the large number density of the field

and leak for the associated coherent effects

→ analogy with detecting wind in the human context :

better to have a windmill rather than looking at the

scattering of the single wind 's molecules
.

How the
" classical

"
Dr field behave in the Galaxy ?

DM field seeds the growth of structures in the universe

leading to Galaxy formation
.

practically impossible to calculate the exact classical Field

today even if we are given home initial conditions
,
due

to complexity of structure formation
.

→ Ii- ply regard the classical field being random
.

Still
,
we honour some general properties !



④
Cold DDM → non - relativistic

∅ : oseilldtinhj Jcdldr field
,

with oscillation accounting
at E ≈ Mof ( non-relativistic)

☆ lt ) - do cos (Mott )

and amplitude fixed by average DM density

g.sn ~ Emit ⇒ to -1M¥
so far

,
we ignored the spatial profile of the field

⇒ do not expect homogeneity in the Galaxy ,
the field will have random non - homogeny ties .

although random
,
we can still define a correlation linjht :

given the value of (E) at the point É ,
how far we

need to go before the field valve is 011 ) different ?

-8 think about the problem in Fourier Space :

changing the value of the field in position corresponds
to the field possessing moment Umm

÷

Thus
,
the distance we need to travel before the field value

is ocn ) different is given by a dB weeknight



③
ddb ~

^/mv with b- 10-3 ( virial velocity
of Dr in the Galaxy)

no matter what the scale of the DR is in the Galaxy
we be guaranteed this minimal correlation lenght

→ d shorter corr . lenght would correspond to a

Karger velocity and these particle would eventually
not bejdduitdtiondlly bound to the Galaxy .

→ Experiments can be devised to measure the

coherent effects of the classical field & .

For an experiment
,

we 216 care about the coherence

time of the field :

how long can an experiment sit at & point and

measure the value of the field
,

before this value

changes by 0cm ?

Relative velocity of experiments on the Earth and the stationary
DM hate is also of OCU )

Mainly due to Juan velocity in the ④dlcietric frame
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↓
direction of dish rotation Galdctrc North pole

Galactic cuter
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t annual modulation ohne to Earth rotation !

Max ( min ) DM wind on June 2ⁿᵈ ( Dec 2ⁿᵈ)

today ( 21st touch ) Max velocity Gwponrntl towards
the center of the Galaxy

.

C&
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ooh ,

~ dolls /v ~ m÷ i
% oscillation frequency of

Maro-3 ≈ 106 Tamp → DR field

= 106 . 10-9 see

- (")not
6Mt
-

KH*

time variation of § at a fixed location É

vk.int
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Tdhu for instance d particle with my - Gmt ( 156N)

-6 oscilldtinhg field at Gtlt frequency
,

which remains

coherent for % ,
~ 106 periods -0 at cntec .

Experimentally interesting : know how to build devices that

respond to Gtlt frequencies and we are able to deguire signals
for ~ 1 mke

instead off trying to detect the ( infinitesimal ) energy deposited
by d tingle particle , try to detect these oscillating fields

,

which oscillate at the unknown frequency 11m¢ with & coherence

time -

÷, - ¥.
.

the fact that the oscillations of the field are coherent for

106 periods implies that one can conceive resonant schemes

that will boost the DM signal

Possible interactions with feebly - interacting particles :

f- FE ,

Gi
, 7¥ -1-8%4

↓ _"
"

photon production precession of electron and

an,µ, , , way, [ mean , , ,µ ,

modulation of nuclear decays
p

replace of → &
,

cos [ molt - MTV × )



④
EOM of electrodynamics ⇒ possibility of resonance

since Dr field oscillates at * Frequency m∅ WITH

d width ~ 10*6 big

Main advantage of this kind of DM sedctches :

the signal is narrow and persistent

-8 for d persistent signal one can tune
away

to

another frequency and see if the signal is persistent .

This fact distinguishes the search for oscillating ultra - light
DM from conventional WIMP searches

,
since the latter

need to ccunbat backgrounds over a wide range
of frequencies

as their signal is #uly DC .


