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Presentation Overview

@ Overview of axion-electrodynamics

® Plasmas and axions

© Polariton quantization
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Overview of axion-electrodynamics
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Theoretical basis

Genesis of Axion theory
@ Axial U(1) problem
® QCD vacuum angle
© Strong CP problem

@ PQ symmetry

The axion is represented by a spin-zero (boson) scalar field ¢,

.1

1
Eeff = 5 ﬂ@au(p - —mng + /-:goy + % + - (1)
2 2 7" —~— <~

. axion-photon  axion-fermion
free axion
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Overview of axion-electrodynamics
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Axion-photon coupling
The axion couples to the electromagnetic field via:

K ~
Loy = 4—MO¢FW Frv (2)

x = nmy is the coupling constant.  [GeV—2] model dependent.

Figure: [Irastorza 2022] Sensitivity of
the axion-detection experiments
and cosmological bounds (green) in
the coupling-mass parameter space.
The QCD axion is shown in yellow.
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Overview of axion-electrodynamics
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Axion electromagnetism

The axion-photon coupling L, effectively rotates the fields (E, B)
by an angle arctan(—~xy) in the Maxwell equations [Visinelli 13]

V X (E — ckpB) = —%(CB + kyeE) V- (E - kpB) = Eﬁ
0
(3)

repy 19 g (B_"PE)
Vx(B-l-?E)_ 57 (E— 0r¢B) +0d V- (B-"7E)=0

(4)
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Axion electromagnetism

The axion-photon coupling L, effectively rotates the fields (E, B)
by an angle arctan(—~xy) in the Maxwell equations [Visinelli 13]

V X (E—CKJQOB):—%(CB—FHQOE) V'(E—HSOB):g

0
3)

R 1 8 KY .

v x (B+ E) ~ 25 (E—croB) ol V-(B-"TE)=0

(4)
The propagation for the axion field is given by a KG eq°
29
22\ _ 9 g

(D+m<pc>g0—uo |Fs ,1:3 (5)
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Photon wave equation

Axion-Maxwell equations with dual symmetry:

au(waW) = poJ"

Fiv = (Frv F*#)T dual vector; F¥ = 9t AY — 0¥ AH;
1 —xk
R, - (W

1(p) axion rotation matrix in dual space
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Photon wave equation

Axion-Maxwell equations with dual symmetry:
au(waW) = poJ"

Fiv = (Frv F*#)T dual vector; F¥ = 9t AY — 0¥ AH;

R, = (/;0 _f(p) axion rotation matrix in dual space.

Axion-photon dual wave equation:

MOA — 89, A = pod”

A= Al + X', with gauge offset 8 x X' = kpE!, 9o X' + 0/ Xy = kB!
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Overview of axion-electrodynamics
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Axion-Polariton gauge
Lorenz gauge for axion-polariton in vacuum

A" =0

Photon mass and axion-photon mass can not be simultaneously
eliminated by a change of gauge.

This choice ensures usual current conservation d,j* = 0 and
vanishing longitudinal axion-polariton via Ward-Takahashi

ke =0
Note: fixing instead 9,A* = 0, conserved current s j* — j4.,

o = ~Ou(s0) F1
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Overview of axion-electrodynamics
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Photon angular momentum

Effect on photon angular momentum:

S:%/dsX’}TAXA (6)
T — a(aaolft\a) =—-E+rpB. -8 =59+8S,

SX::—:/dc’xmo(VxA)xA:O (7)

Axion coupling contribution to photon spin is vanishing = no
axion-polariton in vacuum (states are degenerate)

(J& =0 < J; = £1) impossible from longitudinal field alone.
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Overview of axion-electrodynamics
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Some more context

[Raffelt & Stodolsky]: mixing possible with QED vacuum
polarization.

also [Raffelt & Stodolsky]: don't forget to add neutral gas
contribution to birefringence effect for realistic astrophysical
applications.

Plasma (the realistic astrophysical application):

a8

*To take with a grain of salt
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Plasmas and axions
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Plasmas — Langmuir Waves (plasmons)

Figure: In plasmas, resistive effects typically induce
E - B # 0. A small displacement 6z = £ of an
electron from its equilibrium position induces
5. oscillations:
d2§ 47Ny e?

dt2 + wpeé O wPe = me

>
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Plasmas and axions
[ Jele}

Plasmas — Langmuir Waves (plasmons)

Figure: In plasmas, resistive effects typically induce
E - B # 0. A small displacement 6z = £ of an
electron from its equilibrium position induces
. oscillations:
d2§ 47Ny e?

dt2 + Wpeé O wPe = me

At finite temperatures, k # 0,

why = whe + S5k?, plasmon bare disp. (8)
w2 = m2c* + ¢?k?, axion bare disp (KG) (9)
(8): Se = % thermal speed

(9): m, = \/mg + 292B2/(cuo) axion effective mass
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(neu) =0
( 0

VP
a—t—FU-V)U—

Mene

Axion-plasmon Waves
Equations (4) and (5) must be closed with continuity equations
within a fluid treatment:

(10)

~ e (E+uxB)
me
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Plasmas and axions
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Axion-plasmon Waves

Equations (4) and (5) must be closed with continuity equations
within a fluid treatment:

%Jrv.(neu):o (10)
9 VP ne
(a—t+u-v)u_mene—E(E+uxB). (11)

Yields a coupled dispersion relation on (n, ¢):
2 2\~ .gec -
w —wg)n — i=—Byk (12)
( p/) Me 0Rp
2 2\ ~ .K,ecz ~
(—w —|—w<p)§0+leo—kBon:0 (13)
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Plasmas and axions
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Axion-plasmon polaritons [Tercas+18]

2.0

15
3

3 WO Thmon )
0.5
00,5 0.5 1.0 15 2.0

ckjwp

o 175 2

wuLt =5 <w¢ + wp & \/(wgl — w§)2 + 4Q4> (14)

Q = (2k2e2B2(ng/me)c®/1)'/4 Rabi frequency
o) P = = z Hac
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Polariton quantization
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Rotating wave approximation

The system can be simplified (approximated) near the resonance

N : 0.
Wpl = wp, With w — —igs

.0 . igec*By .
('at wp’)” Fkop © 0

Axion-plasmon quantization:

Z Ay <ake’k" + h. c) Z By (bke”"‘ + h. c)
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Polariton quantization
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Axion-plasmon quantization

: : . dé
Heisenberg picture: §%

= %[I:Iv a]'
Arp = wodlax+ > wobib+Q> &b+ he  (16)
k k k
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Polariton quantization
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Axion-plasmon quantization

Heisenberg picture: 4 = L[, g,
Ao = wpllac+> wobibk + QY alb+he  (16)
K K K

Mixing terms oc 2 can be absorbed in diagonalization with
polariton operators Ly = ueay — vikbe and Uy = ugby + viea

= QLZZLZk'i'CJUZ U/JEUk 17)
k k
1
(ZJU7L = 5 (ww + Wpi + \/(wp/ — ww)z + 4QZ> (18)
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Polariton quantization
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Conclusion
* Uypg + Bo %WEM axion-polariton level splitting
mixing
E Upper Polariton

P ’\\/\\/\\/\\’ ﬁ
i I ’(m,, +w,) + 407
Dressed photon I S i 6] =——F—

. k
''''' 200 NTNSINSNLN L
Free photon I hwg Lower Polariton
(A

hawy /\/\/\/\/ =

® Opens up much phenomenology: decay rates I',_,,
[Tercas+18], Boson oscillation [Capolupo 19], Casimir effect
[Brevik 22], etc.
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Discussion

e couplings neglected:

O L, invitation to full quantization of AQED.

® Ley: can be added, but is it wise?

o 5 = = Qe
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