Aspects of axion dark matter

Deog Ki Hong

Pusan National University, Korea
2025 CAU-IBS Beyond the Standard Model Workshop
CAU, February 18, 2025

Based on arXiv:2207.06884 (PRD 2024) and upcoming papers with
Sang Hui Im (CTPU); K.S. Jeong, D.-h.Yeom (PNU); TaeHun Kim (KIAS)

1/44



Momentum kick by axions
Axion-fermion couplings and a momentum kick

Atoms and axion dark matter
Atoms under axion dark matter
Chiral magnetic effects
Anomaly in Fermi liquid
Axial anomaly, CME in medium

Detecting axion dark matter
LACME
Heating up

Conclusions

2/44



1. Momentum kick by axions

3/44



Momentum kick by axions

Axion-fermion couplings and a momentum kick

momentum kick

> As axion is introduced to solve the strong CP problem, it
couples to GG of QCD that breaks CP and P. (Peccei-Quinn
1977; Weinberg, Wilczek 1978)

4/44



Momentum kick by axions

Axion-fermion couplings and a momentum kick

momentum kick

> As axion is introduced to solve the strong CP problem, it
couples to GG of QCD that breaks CP and P. (Peccei-Quinn
1977; Weinberg, Wilczek 1978)

» Axions therefore couple to all SM particles via loops or at the
tree level.

4/44



Momentum kick by axions

Axion-fermion couplings and a momentum kick

momentum kick

> As axion is introduced to solve the strong CP problem, it
couples to GG of QCD that breaks CP and P. (Peccei-Quinn
1977; Weinberg, Wilczek 1978)

» Axions therefore couple to all SM particles via loops or at the
tree level.

» Furthermore, if the axions are the main component of dark
matter in our universe as CDM, it oscillates coherently:

\/2 |
a(t) = %sin (mat)
a

neglecting the axion velocity, [Va/4| < 1, compared to the
speed of light.
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Momentum kick by axions

Axion-fermion couplings and a momentum kick

momentum kick

P At the leading order, the axion-electron coupling behaves as an
axial chemical potential, us, regulating the helicity in medium.

Jua

Lae = Cmm W'V = ps Wy ™°W - pis = C.2

f
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Axion-fermion couplings and a momentum kick

momentum kick

P At the leading order, the axion-electron coupling behaves as an
axial chemical potential, us, regulating the helicity in medium.

Jua

Lae = Cmm W'V = ps Wy ™°W - pis = C.2

f

» By rewriting the gamma matrices

_'-f, Y= ée"jk'yj'yk

405 —

Wil N
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momentum kick

» The Lagrangian density of free electrons in the background
(homogeneous) axion DM becomes
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Momentum kick by axions

Axion-fermion couplings and a momentum kick

momentum kick

» The Lagrangian density of free electrons in the background
(homogeneous) axion DM becomes

- .2 4
» The electron gets a momentum kick along its spin by ADM:

Lo oo L 2 2
P+ p+0p, 5p=§u52
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Momentum kick by axions

Axion-fermion couplings and a momentum kick

e Being a coherent field, Axion DM behaves like a axial
chemical potential:

9. a- _
Lo = Ce%a‘“v““f\l’ ~ sy v

e |t adds a momentum kick to fermions:

L2 =

| L
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» The momentum kick to electrons in vacuum has no effect in
general due to the principle of relativity.
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Momentum kick by axions

Axion-fermion couplings and a momentum kick

Momentum kick

» The momentum kick to electrons in vacuum has no effect in
general due to the principle of relativity.

» It can have however interesting physical effects for a
well-defined reference frame such as

» Electrons in medium: it has chiral magnetic effects
(Fukushima-Kharzeev-Warringa '08: DKH-Jeong-Im-Yeom,
'22)
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Momentum kick by axions

Axion-fermion couplings and a momentum kick

Momentum kick

» The momentum kick to electrons in vacuum has no effect in
general due to the principle of relativity.

» It can have however interesting physical effects for a
well-defined reference frame such as

» Electrons in medium: it has chiral magnetic effects
(Fukushima-Kharzeev-Warringa '08: DKH-Jeong-Im-Yeom,

'22)
2

e —
<j> VF 27‘(’2 Us

» Electrons in atoms: level split and new source for EDM (work
under progress)
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Atoms under axion dark matter
Atoms and axion dark matter Chiral magnetic effects

Anomaly in Fermi liquid

Axial anomaly, CME in medium

Electrons in atom: energy level split

» Since the electron momentum shifts along its spin by the
axion DM, §p = 25u5/3, the energy spectrum of atoms gets
modified:

p+op)° e

H:( +H' = Hy +6H,

2m Arr
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Electrons in atom: energy level split

» Since the electron momentum shifts along its spin by the
axion DM, §p = 25u5/3, the energy spectrum of atoms gets
modified:

(F+0p)° €
2m Arr

H = +H' = Hy +6H,

» The perturbation due to the axion DM is then

2us . =z
~———p-S
3m

oH

» The perturbation dH is parity odd and carries an angular
momentum / = 1. It will therefore lift the energy degeneracy
for states with A/ = 1.
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Electrons in atom: energy level split

» The energy spectrum of hydrogen atom, split by the
fine-structure interaction H’, is given as

£ _ a?mc? n 1 a?me?\ 2 3 4n
o 2n? 2mc? 2n? j+ %
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Atoms and axion dark matter Chiral magnetic effects

Anomaly in Fermi liquid

Axial anomaly, CME in medium

Electrons in atom: energy level split

» The energy spectrum of hydrogen atom, split by the
fine-structure interaction H’, is given as

a’mc? 1 a?mc?\? 4n
Enj=-—5"+ 2 2 3-—71 -
2n 2mc 2n j+3
» For a given j except the largest one, jiax = n — 1/2, the

energy spectrum is degenerate between / and / + 1, which will
be lifted by dH, the axion-electron interaction.
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Axial anomaly, CME in medium

Electrons in atom: energy level split

» The two-fold degeneracy is lifted by axion DM: for n = 2 state

1 1 1 K2
:25H’I:1;j— mj = > s

, .
2 2 /8\@3 m
1=0,1=1
n=2 . J=3/2  Lu-osi-n)
e A
TSI
L =0 -1=1)
n=1
2
h M5

= N ~ 2 x 1075 eV cos(m,t).
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Electrons in atom: energy level split

» The two-fold degeneracy is lifted by axion DM: for n = 2 state

1 1 1 K2
:25H’I:1;j— mj = > s

, .
2 2 /8\@3 m
1=0,1=1
n=2 . J=3/2  Lu-osi-n)
e A
TSI
L =0 -1=1)
n=1
2
h M5

= N ~ 2 x 1075 eV cos(m,t).

» For atoms with large Z and n, it could be enhanced a lot
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Atoms and axion dark matter Chiral magnetic effects

Anomaly in Fermi liquid

Axial a aly, CME in medium

Electrons in atom: atomic EDM

» The proton in the nucleus of hydrogen does not rest static in
the medium of axions, getting a constant kick from coherent

axions. With pf = cap\/2pa/fap

op, J—-
57 = / L m’jﬂpspsin(mat),
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Electrons in atom: atomic EDM

» The proton in the nucleus of hydrogen does not rest static in
the medium of axions, getting a constant kick from coherent

axions. With pf = cap\/2pa/fap

op, J—-
5r/ PPd/m/:prspsin(mat),

» Because of the jiggling proton, the electron Coulomb potential
gets modified:

e? e? er- d

& %o
A |F+ 6r] 4rr  Amrd ¢+ apT
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Electrons in atom: atomic EDM

» The induced EDM of proton becomes

10-6eV p /2 11010 GeV
d,~2x10"20 . 2 ) =",
P : ecm< my > <O.4GeV/cm5> < fa/cap )

» The induced EDM is 12 order of magnitude larger than the
electroweak contribution and is within the experimental reach.

> We emphasize here that it is an effective electric dipole
moment of proton in atoms not an intrinsic quantity.
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» The stringent bound on the atomic edm is from 129% e atom,
|dxe| < 1.5 x 1072" ecm (Allmendinger et al '19; Sachdeva et
al '19).
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Electrons in atom: atomic EDM

» The stringent bound on the atomic edm is from 129% e atom,
|dxe| < 1.5 x 1072" ecm (Allmendinger et al '19; Sachdeva et
al '19).

» The induced proton edm we found will contribute to the
atomic edm to give an interesting bound on the axion-proton
coupling (work under progress),

myfa/Cap -
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Chiral magnetic effects

What is chiral magnetic effect?

» Chiral magnetic effect is that magnetic field generates a
persistent electric current in Fermi liquid if its axial chemical
potential s # 0 (Fukushima+Kharzeev+Warringa '08):

Reaction
prane

“a)
— —

J= 8M5B

(defines W)
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Chiral magnetic effects

What is chiral magnetic effect?

» Chiral magnetic effect is that magnetic field generates a
persistent electric current in Fermi liquid if its axial chemical
potential s # 0 (Fukushima+Kharzeev+Warringa '08):

Reaction
prane

1I)
— —

J= 8M5B

(defines W)

» Son and Surowka showed holographically that a/8 is the ABJ
anomaly coefficient. (2009)
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Anomaly in Fermi liquid

» In deed we show Fermi liquid suffers from Adler-Bell-Jackiw
(ABJ) anomaly.

2
uvpo
T

<a/tJéL>A = VF Foo

(DKH+Im+Jeong+Yeom, 2207.06884)
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Anomaly in Fermi liquid

» In deed we show Fermi liquid suffers from Adler-Bell-Jackiw
(ABJ) anomaly.

2

. e
<8,LJ§ >A = VF16

» and Fermi liquid exhibits CME if us # 0:

() =¥ 32058

(DKH+Im+Jeong+Yeom, 2207.06884)

vpo
6“ F/U/F
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Anomaly in Fermi liquid

» Consider the three-point function of chiral currents with
q? = —Q? (Coleman+Grossman 1982) :

Fnd® (g1 + g2+ q3) = / Mid*x; ™9 (0] Tj(x1)jn (x2)jr(x3) |0)
C (a1, 2, 03) = F(Q)[€wapd dagan + - -]

1 3
qg\ r/u/)\ — ga €uvaf CI? qé .
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Anomaly in Fermi liquid

» Consider the three-point function of chiral currents with
= —Q? (Coleman+Grossman 1982) :

Fnd® (g1 + g2+ q3) = / Mid*x;e™% (0] Tj,(x1 ) (x2)jr(x3) 0)
C (a1, 2, 03) = F(Q)[€wapd dagan + - -]

1 3
59 €uvas CI? qé :

A
ru/ -
a3l v 8

» To have anomaly, there should be a massless pole

a/8—||mq F(—q*) #0.
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Anomaly in Fermi liquid

» Fermi liquid is gapless and consists of two chiral modes.
Under the magnetic field only of of them becommes gapless,
contributing to anomaly.
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Anomaly in Fermi liquid

» Fermi liquid is gapless and consists of two chiral modes.
Under the magnetic field only of of them becommes gapless,
contributing to anomaly.

» The (anomalous) axial symmetry of Fermi liquid is the phase
rotation of the spin-up/down component of ¢);.. Namely the
helicity of ¢y = & - Vg corresponds to the axial charge.

Qa = (P47 Oy504) =2 <¢1§ OF¢+> :

where 1), (VE, x) denotes the (positive energy) modes near the
Fermi surface.
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Atoms and axion dark matter ire ic effects
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aly, CME in medium

Chiral magnetic effects

» Under a magnetic field, electrons have the Landau levels:

E.(p,) = i\/pg +m?+2|eB|n,

with 2n = 2n, + 1+ |my| — sign(eB) (m; + 2s;).
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» Under a magnetic field, electrons have the Landau levels:

E.(p,) = i\/pg +m?+2|eB|n,

with 2n = 2n, + 1+ |my| — sign(eB) (m; + 2s;).

> LLL electrons are moving along the B field, p = p.Z, with
spins polarized opposite to the B field, while spins are paired
for all other electrons in n # 0.
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Chiral magnetic effects

» Under a magnetic field, electrons have the Landau levels:

E.(p,) = i\/pg +m?+2|eB|n,

with 2n = 2n, + 1+ |my| — sign(eB) (m; + 2s;).
> LLL electrons are moving along the B field, p = p.Z, with

spins polarized opposite to the B field, while spins are paired
for all other electrons in n # 0.

» Under a magnetic field Fermi liquid is therefore chiral and
hence anomalous.

20/44
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Axial anomaly in medium

» The ABJ anomaly in Fermi liquid is true even for a weak field
(B — 0) as it should be for anomaly.

Fermi points

A\
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Axial anomaly in medium

» The ABJ anomaly in Fermi liquid is true even for a weak field
(B — 0) as it should be for anomaly.

» For a weak magnetic field, electrons fill higher Landau levels
as well: E=\/p2+m2+ [eBn

SIS 3
([
[SI=YCRN

Fermi points

Figure: Fermi liquid under weak field
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Axial anomaly in medium

» The ABJ anomaly in Fermi liquid is true even for a weak field
(B — 0) as it should be for anomaly.
» For a weak magnetic field, electrons fill higher Landau levels

as well: E=\/p +m? 71 |eBn

SIS 3
([
[SI=YCRN

Fermi points

Figure: Fermi liquid under weak field
» But, only LLL electrons at the Fermi point (e) are

contributing to axial anomaly.
21/44
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Axial anomaly in medium

» To calculate the ABJ anomaly in Fermi liquid we consider the
anomalous two-point function of LLL electrons in medium,
which are effectively 2-dimensional:

r5"(91)0% (a1 + 62) = /'_"'dzx"eiq"x’ (0 Tj* (xa)js (x2) [0) -

7" r'7s
Figure: ABJ anomaly by LLL in Fermi Liquid
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Axial anomaly in medium

» For q/pn — 0 (Manuel '96: DKH '98), using j¥ = €"“j , the
anomalous two-point function of LLL becomes

eB QP [ VEV, VRV,
I—,ul/ _ o .UO /yO o o _ « i
5 (q) 272 VE |: ner + 2 V.- q + V- q )

where V# = (1,0,0, vg) and V#* = (1,0,0, —vg).

» The vector current is conserved:

q,trg/”(q) =0.

» The axial current is however anomalous:
2 2

. . [d°q .. ) . 2B
(Oufs ) g = i€ / a2 dm lim €%, A (q)T57(q) = 45 vee P
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Axial anomaly in medium

» The ABJ anomaly becomes in the rest frame of the medium
2
1672

(Ovjg) g = vee' P F oo .
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Axial anomaly in medium

» The ABJ anomaly becomes in the rest frame of the medium
2
~ 1672

<aV./El>/>A VFE#VpU F;WFpa .

» From the anomalous two-point function one can calculate the
CME, in the leading order in ps.

e

2B

3 . . 30

— —eug lim lim T — s,
() g eps lim lim T5%(q) = 55 vepss

which is consistent with Son+Surowka (2009).
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Axial anomaly in medium

» The ABJ anomaly becomes in the rest frame of the medium

2
. € o
<aV./El>/>A = 1672 vpel? F;WFpa .

» From the anomalous two-point function one can calculate the
CME, in the leading order in ps.

<j3>3 = —eps lim lim rgo(q) =~ VFUs.

e’B
qo—0 g3—0 27T2

which is consistent with Son+Surowka (2009).

» The original formula of FKW (2008) missed the factor vg for
the massive fermions. (DKH+Im+Jeong+Yeom 2022)
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Electrons in medium

» 1 shits the energy to create an imbalance in particle number:
E—-E+upu

\ ut /
S E=n
,‘::
/ :
- [« M5
|
!
PF A
I Sﬁ
Pr
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Electrons in medium

» 1 shits the energy to create an imbalance in particle number:
E—-E+upu

» 15 shifts the momentum along the spin direction to create an
helicity imbalance in medium: S-p— S p+ us

E =+/m?2+ p?
\ ut /
s
.
/ :
- o M5
|
!
PF N
I Sﬁ
Pr
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chiral magnetic effects in chiral medium

P> 15 creates the helicity imbalance in medium under magnetic
field, B :

N

Figure: Polarized medium with pus. ($- 5= B p)
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chiral magnetic effects in chiral medium

» Helicity imbalance in LLL electrons due to us:

_ _ leB| B leB|
Bp = p=%1 = P21 = s (PE = PF) = b
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chiral magnetic effects in chiral medium

» Helicity imbalance in LLL electrons due to us:

_ _ leB| B leB|
Bp = p=%1 = P21 = s (PE = PF) = b

» CME is a current flow due to the helicity imbalance in
(polarized) medium by the axial chemical potential 15 and B.

E=+/m?+ p?
wt
— > E=
“;Q 1 .o.} .
i LI
e2 — ! '
Jjy=vr usB R S e s
272 ! !
! i !
—PF| PF A
o : .5
—Prp P; p

Figure: polarized medium
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Chiral magnetic effects in medium

> At one-loop the current is given by
70 U~ M d4p wgn=0
<./ > =€ <‘U'7 \U> = —€ (271')4 Tr [’Y SF (pnu’au5):| :
» The medium contribution is then (r = us/m, ve = pr/m)

() = /0 ' du’a(z, (Gd))

e2B M+
= 47r2[/0 dPO/ ‘Pz"s P|| —m? —/ dPO/p P|| —m2)}

e’B

= [\/(PF + ps)? + m? — \/(PF — pis)’ + mz]

e’B
= S aHsVF [1+OWE )] .
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LACME

Detecting axion dark matter Heating up

3. A new axion experiment (proposal)

Low temperature Axion Chiral Magnetic Effects (LACME)
(2207.06884)
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LACME
Detecting axion dark matter Heating up

» The axion couples to photons and electrons among others :

(67

~ Oua -,
WWQF‘F‘F Ce%Q/W’ V5

ﬁaxion D) _Ca
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Detecting axion dark matter Heating up

» The axion couples to photons and electrons among others :

(67

ﬁaxion o= Cafy'y W

. 9.3 -

aF - F + Ce%aq/w“%@b

» The axion-photon coupling modifies the Maxwell equations :
0

V xB— aE: C”mgég:ﬂm'
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LACME
Detecting axion dark matter Heating up

» The axion couples to photons and electrons among others :

(67

£axion o= Ca’y'y W

. 9.3 -

aF - F + Ce%aq/w“%qp

» The axion-photon coupling modifies the Maxwell equations :
0

V xB— aE: C”mgég:ﬁm'

» The axion-electron coupling creates CME currents in electron
medium (chiral magnetic effects):

e a |z
Jeme = 4VF Ce%aB
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LACME
Detecting axion dark matter Heating up

ow temperature xion hiral agnetic ffect (LACME)

(a) (b)

> Magnetic fields create a current under axion dark matter :

j= [Cayy + 4viCe] %éxﬂpDM cos (m,t)
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LACME
Detecting axion dark matter Heating up

ow temperature xion hiral agnetic ffect (LACME)

Conductor

Detector
Ly Lin
sQuib

(a) (b)

> Magnetic fields create a current under axion dark matter :

j= [Cayy + 4viCe] %éxﬂpDM cos (m,t)

» LACME can be implemented in cavity experiments as well
(under discussions with CAPP).
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LACME
Detecting axion dark matter Heating up

» With a conductor inserted, the magnetic field induce currents,
the axion signal:

i Pt a =
J = Jvac T Jeme = [Ca"/’Y + 4VFCe] 27(7’:38
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LACME
Detecting axion dark matter Heating up

» With a conductor inserted, the magnetic field induce currents,
the axion signal:

i Pt a =
J = Jvac T Jeme = [Ca"/’Y + 4VFCe] 27(7’:38

» Since the signal power is proportional to the current squared,
the LACME signal is therefore
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» With a conductor inserted, the magnetic field induce currents,
the axion signal:

i Pt a =
J = Jvac T Jeme = [Ca"/’Y + 4VFCe] 27(7’:38

» Since the signal power is proportional to the current squared,
the LACME signal is therefore

4veCo\? Conry
1 I
°<< 7 > ' T oveC

> Requiring the signal-to-noise |Pgonductor _ pyacuum| /py > 1,
we project the LACME sensitivity.
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LACME
Detecting axion dark matter Heating up

» Projection of LACME from existing axion haloscopes,
assuming ve = 0.01 (gze = 2Cemc/f):
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Axion-electron coupling

» The axion-electron coupling depends on the UV model.
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Axion-electron coupling

» The axion-electron coupling depends on the UV model.

» The strength of the axion-electron coupling varies as (See e.g.
2106.05816 by Choi+Im+Seong)

O(1) DFSZ-like models
Ce~ ¢ O(107* ~ 1073) KSVZ-like models
O(1073 ~ 1072)  String-theoretic axions.
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Axion-electron coupling

» The axion-electron coupling depends on the UV model.

» The strength of the axion-electron coupling varies as (See e.g.
2106.05816 by Choi+Im+Seong)

O(1) DFSZ-like models
Ce~ ¢ O(107* ~ 1073) KSVZ-like models
O(1073 ~ 1072)  String-theoretic axions.

» Since CME is directly proportional to the axion-electron
coupling, its precise measurement with LACME can uncover
its microscopic origin unlike most other experiments.
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4. Heating up compact stars

with Sang Hui Im and TaeHun Kim, to appear (arXiv:2503.xxxxx)

35/44



LACME

Detecting axion dark matter Heating up

» Neutron stars are the densest objects observed in the sky,
made mostly of neutrons, which are in 8 equilibrium with
electrons and protons.
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Detecting axion dark matter Heating up

» Neutron stars are the densest objects observed in the sky,
made mostly of neutrons, which are in 8 equilibrium with
electrons and protons.

» The electrons in NS are described as Fermi liquid or gas with
the Fermi momentum, determined by the 5 equilibrium and
charge-neutrality,

P 2/3
pr = 60 <> MeV .
Po

» The electrons inside NS are relativistic until the outer crust
where the density drops below one thousandth of pg.
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Detecting axion dark matter

Neutron star density profile

LACME
Heating up

outer crust 0.3-0.5 km
ions, electrons

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid
few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?
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Heating up neutron stars

» NS carries a magnetic field. For magnetars, the magnetic field
at the surface B > 10'? Gauss.
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» NS carries a magnetic field. For magnetars, the magnetic field
at the surface B > 10'? Gauss.

» Inside the NS, there will be currents induced by ADM:

2

e nd e € =4

Jtot = Jvac + Jeme = mg;g\/ 2pDM COS(mat)B
e
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Heating up neutron stars

» NS carries a magnetic field. For magnetars, the magnetic field
at the surface B > 10'? Gauss.

» Inside the NS, there will be currents induced by ADM:

g\ /2ppm cos(mat)B

» Since the skin depth for EM waves

g g - e
Jtot = Jvac t Jeme = >
Ad7eme

1
~— ~O(1) fm,
o~ O

the EM waves generated by the currents are mostly absorbed
by electrons inside NS.
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Heating up neutron stars

» Since the surface temperature of NS is measured to be
between 0.1 — 1 keV, the power supplied by the currents are
constrained to be

_ 2 T *
Pioy < 4mrdoT* ~1.29 x 102° W x (10rf<m) (100 eV)
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Heating up neutron stars

» Constraint plot of g, from the heating. For solid lines,
Bax = 108 G and for the red dashed line, Byax = 1020 G in

the core.
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QUAX ”
neutrinos
108 oy aoeea iz 10°¢
S (W)
N3 e mnas.
N 2900 M SZZ—"" ___—--=7 —~ ~XENONnT
(,‘)“ 10—12 ______ ;___20—— Red giants
T it DM spike
- _2900 (I
= SGR 1749 2 S avon DFSZ-like
3 -16 Zlike —like
§ 10 e ALPDM  sting-theorete axsvzike B
Misaligne string-theors
-like
Misaligned ALP DM KsvZ-il
10—20 1 -20
1077 1075 0.001 0.100 1077 1075 0.001 0.100
m, (eV) m, (eV)

40/44



Conclusions

Conclusion

» Axion SM provides an axial chemical potential to electrons:

C C
s = Tfa' = %\/2,03 cos (m,t)
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C C
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» The axion DM therefore adds a kick to electrons:
2 Cr .
= —3.

5 — B4 — 55, =
p P+3M5 y s 7
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Conclusions

Conclusion

» Axion SM provides an axial chemical potential to electrons:

C C
s = Tfa' = %\/2,03 cos (m,t)

» The axion DM therefore adds a kick to electrons:

L L, 2z Cr .
p—p+usS, ps=—a
3 f
» The momentum kick has physical effects. For instances, it
splits energy levels and induces EDM in atoms. It also creates

a particle flow in medium.
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Conclusions

Conclusion

» We have proposed a new axion experiment (LACME) to
measure CME currents of electrons:

e C,. =
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Conclusions

Conclusion

» We have proposed a new axion experiment (LACME) to
measure CME currents of electrons:

e C,. =

» The CME currents heats up compact stars, which constrains
the axion-electron coupling much better than QUAX.

/‘T)tot é 47Tf30' T4
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Conclusions

Conclusion
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Thank you for listening !
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