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@ Reminder on axion hypothesis
Non-existent CP-violation in QCD: Peccei-Quinn mechanism

o Effective Electro-Magneto Dynamics of axions

@ Self-sustaining homogeneous axion-electromagnetic
configuration in EEMD *

o Electromagnetic Radiation damping in axion stars

@ Outlook

*arXiv:2309.05523, MPLA to appear
TPhys. Rev. D107 055017 (2023)
‘Symmetry 14 1113 (2022)
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Reminder on axion hypothesis

Non-abelian gluon-dynamics with CP-odd completion

1
L=—2FL,F™,  Fl, =00 — 0,A" — gf " ALAT.
g L.z Fa _ 1
AL= e6471'2 FSVFauV7 F,tfl/ - Eﬁﬂl’pff’:apa'

Unnatural smallness: [©gyp| < 10710,

Peccei-Quinn mechanism

Up@(1) spontanously broken at scale f, provides
pseudo-Goldstone, pseudoscalar a(x):

© — O = @+£<ag)> ~ 0.
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Model: axion-gauge coupling mediated by heavy fermions

Axion-coupling to electromagnetic field:

1 1 .
Lem+a = > {(aua(x))z - mﬁa(x)z] - ZF’“’FW — juA*

480 Fu ()P ().

Fuv = 0,A) OuF™ + ganr0pa(x)FHv = j¥
ayy coupling might arise from PQ-charged heavy quarks
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Axion electrodynamics

In non-relativistic notation

FO = _F;, Fi = _—eikB, B = VXA, E=—-A-—VA,.
Homogeneous Maxwell-equations follow:

VB =0, V x E=—-B.

VE + g2y,BVa(x) = pe,
~E+V % B~ g2y, (3B + Va(x) x E) =Je.,

1

L= 5 (B0 = B%()) — g2y, a(00EC) - B(x)

13 ((0ca(x))? — (a(x))? — m2a) — oAo(x) + ()A(K),
Axion equation
3(x, t) — V2a(x, t) + m2a(x, t) = gy, E - B.
Review: Paul Sikivie, Rev. Mod. Phys.93 (2020) 15004
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Axion Electro-Magneto Dynamics

PQ-charged fermions could be dyons (Sokolov and Ringwald, 2022)

Dual (magnetic) vector potential C* introduced in addition to A*:

e 1
GH = HCY =" CH, G = DGy

0,G" = ju., 9,G" =0 Bianchi-identity,

Constraint enforcing unique electromagnetic field strength in field
equations

F*|ge = G*|gE.

FO'=—E, Fi=—é*B, GY=-B,  GI=E¢ekE.
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Axion Electro-Magneto Dynamics

Two new axion-photon couplings

1 o - -
AL.emp = —éa(x) (gEEFWF”V + gM/\AGMVG‘uV + 2gE/\/]FlWG”V) .

OuF™ + geed,a(x)FM + gemd,a(x) G = j¥
0,G* + gm0, a(x)G" + gemda(x)F* = j4.
In terms of field strengths
VE + geeBVa(x) — gemEVa(x) = pe,
VB — gMMEVa(x) + gEMBVa(x) = Pm,
—E +V x B — gee(aB + Va(x) x E) + gem(aE — Va(x) x B) = je,
B+ V x E — gum(3E — Va(x) x B) + gem(aB + Va(x) x E) = —jm.
Axion field equation

3(x, t) = Va(x, t) + m3a(x, t) = (gee — gnm)E- B — gew(E* — B?).
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Axion Electro-Magneto Dynamics

Energy-balance equation (Poynting-theorem)
— [ x[Ge +osone) - E(£:X) + (i + inwon.m) - B£,)]
_/dF E><B)+—/d3 (E2(t,%) + B2(£,x)) .
With the explicit expressions of axionic currents (je = jm = 0)
~ [ & lisionc - E(£:%) + joxionm - Bz, )
= - / d*xa [(gaEE — gamm)E - B — gaem(E — 32)} ;

by the axion equation equals the rate of change of the axion energy

1
3 22 2.2
_7dt/d XE (a +(Ca) +m a)
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Self-sustaining homogeneous axion-electromagnetic field

configuration
E(t), B(t), a(t) initiated by external uniform magnetic field Bg

E(t) = —geea0(t)(Bo + B(t)) + gemao(t)E(t)
B(t) = gumao(t)E(t) — gemao(t)(Bo + B(t)).

Ansatze
E = fz(ao(t))Bo, B = fg(a0(t))Bo

Initial conditions
fe(ao(to) = ai) = 0, fe(ao(to) = ai) = 0.
Solution with arbitrary ap(t) [)\2 = gEM — BeE&MM]
fe(a0) = —LiE sinh[)\(ao(t) —a),

fe(ap) = cosh[A(ap(t) — ai)] — 1 — /\ smh[/\(ao( ) — ai)l-
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Back-reaction on axion motion

Axion equation emerging after the "elimination” of
electromagnetic fields

éo(t) —+ mgao(t) =
= [(gee — gmm)fe(0)(fa(a0) + 1) — gem(fe(a0) — (fa(a0) + 1)°)1 B3

completes the stationary agp(t), E(ap), B(ap) configuration induced
by Bo.

Small amplitude motion [A(ap(t) — a;)| << 1 results in a
mass-shift of axions:

30(t)+M2ag(t) =0, M2 = m2+[(gee — ganim)8ee +2821] BE.
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EEMD theory of an axion star

Free axions embedded in Bp-induced medium with gravitational
interaction

1
Uer = 5 (;32 +(Va)2 + Mzaz) + Ugray

_—GN/d3 /d3 Pax:on pax:on(y)
grav X — y| ’

Approximate lowest energy configuration searched in the form

P(x,t) = eMetP(x). ug: specific gravitational binding energy

a(x,t) = = (e ™Mety(x, 1) + Moty (x, 1)),
f d3XWJ(X, t)’2 = Naxion, Paxion = (Ma — /Jg)|'lb(X, t)‘2

Variational estimate: p,/M, ~ 102(GyM2N)? << 1 for N ~ 10°L.

ax, 1) =/ wF(©) cos(Mst),  w~VN, =Y
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EEMD electromagnetic radiation from an axion star

DA = jgxion,e[(b’ B()], Ock = jgxion,m[¢? BO]:
e=—-A—-VA°, b=-C-vc°

/d3X (jaxion,e : E(t, X) +jaxion,m ' b(t? X))

0
3 3./ s 'ty — x!
/d /d ,’ [ axion e(x t) atJaXlon,e(x , b ‘X X |)

0
+6 Paxion, e( )pax:on e(x t— |X —X |)]

0
3 3./ i 'y — x!
/d /d ,| [ axion m(X t) at]ax:on,m(x , b ‘X X |)

0
+apaxion,m(x7 t)Paxion,m(X/a t— |X - X,‘)‘| .
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EEMD electromagnetic radiation from an axion star

—T
dExx NB2X3 [ 5 5 o
i G {(gEE + 8em) Imag

1
_W(gg—'E ~ gEm — 2gl%/ll\/l)/e21}’
where X = M,R gives the size of the star in units of M.
(X
Insg =7 [ a2 (g)

loy = 4 / dee? (S'”(gf) °°S)(<§f)) F'(€).

=T
Reinterpretation of % as M, d’zg) yields N(t) ~ t1/°.

Andras Patkoés Curious phenomena in axion electrodynamics



@ Charge-0 axion under specific conditions could carry
effective electric charge and current densities

@ In electro-magneto dynamics
self-sustaning homogeneous axion+electomagnetic
configurations might appear

o Gravitationally self-bound axion stars
in EEMD emit electromagnetic radiation at slow rate
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Personal view on axion electrodynamics

Enjoyable playground

Axion Detector
4
N vV Detector
2 pra—
--" é i i i
¥ oa ¥ A
5 /

for retraining yourself in classical electrodynamics
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Some further interesting phenomena

@ Coupled propagation of axionic and electromagnetic waves in
external magnetic field (Primakoff-effect)

@ Rotation of polarization plane of electromagnetic radiation
propagating through inhomogeneous axion medium

@ Echo of electromagnetic radiation from axion cloud via
induced axion decay into two photons

@ Parametric electromagnetic instabilities of axion stars
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