AXION SIGNALS FROM
MAGNETOSPHERES

Topi Sirkia, Matti Heikinheimo & Kimmo Tuominen (University of Helsinki)
Based on work published in PRD (ArXiv:2504.04209) and new work in

progress
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Outline

Part 1
e Short motivation of ultralight particles
e Magnetospheric superradiance
e Some avenues for future work
Part 2
¢ Resonant axion-photon conversion in magnetars
¢ Polarization signals
e Effects of axion densities (work in progress)
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Ultralight Particles: The Motivation

e Ultralight particles (ULPs) are generic predictions of many beyond standard
model (BSM) paradigms such as
® (Pseudo-)scalar: QCD axion, axion-like particles (ALPs) as Goldstone bosons
of various broken U(1) symmetries, string theory moduli and dilatons
¢ Vector: Dark photons
* Tensor: Bimetric gravity, massive gravitons
e ULPs are wavelike (1072% eV < m < 1 eV) and couple very weakly to the SM,
with couplings generally suppressed by a very high symmetry breaking scales,

]
g~z
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Superradiance: The Motivation

¢ Superradiance (SR) = amplification of radiation in a dissipative system

¢ Three ingredients: Rotation, dissipation and bound states
¢ SR in BHs and stars offers a unique tool to constrain ULPs through their
gravitational interaction which

® is complementary to laboratory searches
® can constrain ULPs which are too light for laboratory searches
® can be coupling independent (BHs) or dependent (stars)

¢ SR in BHs and stars leads to a long list of potentially observable signals: rapid
spindown, flashes of light, gravitational waves...
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Superradiant growth in a nutshell

e Dissipation: Imagine a wave ~ e~“!. Non-hermitian (dissipative) dynamics can
lead to a complex frequency and waves that grow exponentially:
~ @lwrttimlw]t _ Fog = |m[w]

¢ Rotation: A rotating body has E,y; = %IQZ, J = IQ. Suppose a wave extracts
0E,o0d = IO E, causing rotational energy of the body to change by
5ot = %Ent5d = Q6d = ™SE. §E;or > 0E = w < mQ, the superradiance
condition

® Bound states: A gravitational well of size R ~ A\gp ~ 1/1 can trap axions of
mass p which bounce and amplify repeatedly
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Superradiance in the
Magnetosphere

We consider superradiance (SR) in neu-

tron star magnetospheres where the ingre-
dients are:
¢ Rotation: Magnetosphere rotates
with the star

¢ Dissipation: Finite conductivity
plasma — complex frequencies

. Photon
* Bound states: Approximately Scattering
Schwarzschild geometry, leading to
quasibound axion states
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Neutron star SR: step by step

1. An axion perturbs the bound state Magnetosphere

"axion cloud"
2. The axion converts into a photon via / Axion Cloud

the ga,aF F coupling

3. The photon scatters off of the
rotating dissipative plasma,

extracting rotational energy
4. The photon stores the energy back J K
into the axion cloud

5. Repeat (until rotational energy is
insufficient for SR )= INSTABILITY
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Theory

e We now consider axion electrodynamics in presence of a conducting plasma,
given by

1 2, 1 : ]
L> [2aﬂ¢aﬂ¢ — S = 2R - Q‘T SFu F1 — At | = oF* U+ put

where (p, o, u are electric charge, conductivity and fluid velocity)
¢ One finds the linearized (F — F + Fg, ¢ — ¢ + ¢g) equations of motion

W

OuF™ — o F" Uy = —Qayy (0.0) F”

HELSINGIN YLIOPISTO
HELSINGFORS UNIVERSITET

UNIVERSITY OF HELSINKI Axion signals from magnetospheres / Topi Sirkia July 8, 2025 7/35



The superradiance rate

The linearized EOMs can be written in matrix form

|9) [2)
[HF + Va+ Vay,] ‘A0> = w? ‘A0>
A) |A)

where the free Hamiltonian is He = diag (—d?/dr? + U(r), —V?,—V?) and

0 B(r)-p —wB(r)
Vayy = iayy | B(F)-P 0 0 )
wB(r) 0 0
0 0 0
Vi =io(X) ( 0 u(r)-p —wu(r) ) .
HELSINGIN YLIOPISTO 0 ,6 —w —u(r) x ([AJ X +)
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The superradiance rate

¢ We then follow Day et al. (arxiv/1904.08341) and compute the SR rate in
third-order QM Pert. theory as

I111[6Wnlrn] =Tlsp~ <¢‘ Va'y|A> <A’ VO’|A> <A’ Va’y‘¢>

e Day et al.: proof of principle with B = B2, we use B(r) = %(2 cos Ot + sin 0)
® For the nlm = 011 state we find in leading order in wR,

17

2 p2 6 \/2 5

- 2259&7’}/8 (/’LR) N¢a01 (IU’RLC) (Q - ﬁu)

where N, is a normalization factor, R ¢ the Ilght cylinder radius, Q2 the NS spin
and B the NS magnetic field. Tracks numerical result closely.
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Semianalytical vs humerical result
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Constraints from Pulsar Timing

® The characteristic superradiant timescale 7gg = r sets the angular
momentum extraction timescale

e Pulsar timing arrays (PTAs) yield very sensitive measurements of NS spindown
rates and their derivatives — 7ys ~ 2

¢ We cannot have neutron stars for which rsg < mns as these would have spun

out already. Thus those (1, gay,) combinations for which this happens are ruled
out.
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Constraints from Pulsar Timing (*)

-~ --- PSR J0952-0607
J0952-0607: Q = 707 Hz,

B =108 G M = 235M K PSR J1748-2446ad
R :_ 12.5 krr; - ” ~ Hypothetical (750 Hz)
Note: J1748-2446ad higher 3 10710 ]
spin (716 Hz) but weaker at <

constraining & 0

Hypothetical: Q = 750 Hz,
B=5x108G,M=235M,,

— 10-12 1 |
R =13 km

. . . . .
1x10712 5x10712 1x10711 5x10~ 11 1x10710 5x10710

K (eV)
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Magnetospheric
modelling

® A non-zero wp can decouple the axion and
photon sectors — how large really is wp in
MSPs?

e Simulations like in Guépin, Cerutti & Kotera
2020 (1910.113879) show that for low B the
loss of dominant pair production via
v+ B — et + e~ leads to the so called
electrosphere solution:
e~ stuck at polar caps, no e*, p at equator
like leading SR mode cloud
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Magnetospheric
modelling

¢ Note: Magnetic field lines in electrosphere
case remain approximately dipolar.
Otherwise one may need multiple field
regimes outside light cylinder.

¢ |n reality, the magnetosphere is likely
something in between saturated and
electrosphere.

e We assume the electrosphere solution.
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Open questions & Future work

* More precise modeling of MSP magnetospheres is required, including plasma
and conductivity

® The interaction of the many instabilities possible in stars (in-medium, r-mode,
magnetospheric..) could be very strong: SR rates add up, and cloud grows as
GZ" It

¢ Binaries (EM, GW, PTA signals)?
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Part 2: Axion-photon conversion
In magnetar magnetospheres

We will now consider polarization signals from resonant axion-photon conversion in
magnetar magnetospheres. The outline is as follows:
e Overview of
® Resonant axion-photon conversions
® Polarization signals

e Early work: Axion cloud effects on polarization via quadratic coupling
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Theory

We begin by considering axion electrodynamics augmented with the
Euler-Heisenberg (EH) term

1 1 g ~
_ wo 2 22\ Yy {122
L= ZFuF"+3 ((8Ma) maa) = aF,, F
Oé2 2 7 ~ 2
nz o "z
* 90md [(F“”F S +2 (FWF ) }

e EH Lagrangian is valid at photon energies w < me as electrons are integrated
out.

¢ obtained by expansion in F/me, it fails for large fields. This can be interpreted

as the pair creation limit B; ~ 4.4 x 103 G.
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Resonant conversion

* In non-resonant case the vacuum term suppresses degree linear polarization
due to N, ~ 1/B? scaling, and the best bounds are actually obtained from
white dwarves whose B-field avoid vacuum effects (Dessert et al., 2203.04319)

¢ What about resonant conversions? Vacuum term becomes a blessing rather
than a curse (Song et al., 2402.15144)

¢ We consider first resonances in axion electrodynamics augmented with EH
term (2-state system) for intuition, and later consider the effects of dense
axionic clouds

HELSINGIN YLIOPISTO
HELSINGFORS UNIVERSITET

UNIVERSITY OF HELSINKI Axion signals from magnetospheres / Topi Sirkia July 8, 2025 18/35



Resonant conversion

It can be shown that the EH lagrangian leads to a Schrédinger equation

(2402.15144)
Aa AM 0 a
i0; + JANY A” + Apl 0 A” =0
0 0 A AL

where
m2 w?

1 . 1
AM:EQaWBsm@, Aa:—z—j, Aplz—i

7 4
A= Ewgsin?@, NPT sin? ©
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Two state system

i07 + JANY A” + Apl 0 A” =0
0 0 Ay Al

* acouples only to A = Two-state system

¢ In reality one would solve the problem numerically but we can get some
intuition from analytical results
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Two state system

In the case of a two state system one can find the mixing angle

2A N

tan28pp = —————
an2f8m INEY S

which shows the resonance. There are two resonances:
® Axion-plasma: A < |Ap| ~ [Ag
* Plasma-vacuum: [A,| < |Ap| ~ 4
The first dominates far away while the second dominates near star
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Adiabaticity

The eigenvalues of the equation of motion are given by

Ap+Dat By AN

¢ In case of a resonance A\ = 2A,,. Thus, the eigenvalues never cross =
avoided level-crossing and the system cannot go from one eigenvalue to
another continuously by varying parameters.

¢ Instead, the system has to jump from one eigenstate to another, with probability
given by the adiabaticity of the conversion at the resonance.
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Adiabaticity

The resonant conversions are akin to neutrino oscillations, governed by
non-adiabatic conversions at a single resonant radius

In case of a resonance A\ = 2A ). The adiabaticity is given by

Ay
|%(Aa - AH - Apl)|r68|

Heuristically adiabaticity=gap size/resonance speed
Large (small) v,es = small (large) conversion probability.

Yres =
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Adiabaticity

The probability to NOT CONVERT is called the jump probability, given by the
Landau-Zener (LZ) formula

- res 2
Pjump =e /

One finds in vacuum resonance

r
2 Ires
Yres X gay 3w

and in plasma resonance

Ne
Yres X gafy resw| |
e

Thus the plasma resonance is stronger for higher frequencies while for smaller

frequencies vacuum resonance is dominant.
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Constraining axions by
polarization measurements

The photon polarization is described by the Stokes parameters
(2) = (ALR)AL(Z) + (A (D)A1(2))
Q(z) = (ALR)AL() - (A (DA(2))
U(z) = 2Re((A|(2)AL(2)) ), V(z) = —2Im((A|(2)AL(2)))
The observable is then the degree of linear polarization defined as

Q2(r) + U2(r)
I(r)

Nu(r) =
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Constraining axions by
polarization measurements

¢ Evolve initially unpolarized photons at the star surface through the
magnetosphere

® Photons interact only with A so originally unpolarized light will obtain an
induced linear polarization

e |f the linear polarization induced by the axion is too large, I, (c0) > Pobs, these
axion parameters are ruled out.
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Current resonant polarization
constraints (2402.15144)
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Clouds around compact objects

e What about the effect of large axion densities around stars and BHs?

e Many ways to create, including
e polar cap cascades via dynamical E - B sourcing (m, ~ 10-2 — 10~ eV)
e superradiance, magnetospheric or in-medium (m, ~ 10712 eV). Interesting to
consider also in SMBHs (stellars have no B fields).
e Classical axion configurations from static £ - B (m, ~ 1072 eV)
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Clouds around compact objects

These axion "clouds" can grow to large energy densities/field values (a = \/2p/my)
® amax ~ 10" eV (polar cap, 2307.11811)

amax ~ 102 eV (BH SR, 5M.)

(

(

amax ~ 1028 eV (BH SR, 105M,,)
amax ~ 102" eV (axion configurations, 1804.04224)
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Quadratic interaction

¢ [f the axion field is large, there comes a point where the quadratic interaction
becomes relevant and the theory becomes

_ e Vg a2 ] _@
L= 4F +2(8ua) 2maav aFF—

«o a o 7, _~
et e F2 F2 o FFZ
CF2167T2 <fa> 90’7’72 |:< ) 4( ) :|

® The quadratic coupling and linear coupling are a priori independent
(2307.10362)

¢ Note: the quadratic term couples like a scalar to EM!
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Cloud-induced "plasma mass"

¢ The quadratic coupling behaves as an axion mass term m; ~ 23—; with
A= %fa ~ 10%f, = shifted resonances
F

¢ the prefactor is of order ¢z ~ O0(0.1) for QCD axion (2307.10362)
¢ One finds the cloud induced "plasma mass" to be

1/2
o 181\
me ~ CF2477I‘2 Ta
- B Ja
0 eV (10‘2(}) (5 X 10—12Gev—1>
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Cloud effects

The cloud system leads to a three state system described by

Ag+ Ap Anp Ac a
i0; + Ay A” + Apl 0 A” =0
AC 0 AL AL
with
1 _ ma why ag Bp .
Ay = EgayBsme, Aa:—z, Aplz—zy Ac:pis'n@
7 . 4 . m2 BZ
By = guésit O, Ao =pulsin®®, A=-50 =5

Note: the energy scale A generally differs from f,.
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3-state system

Aa + A/\ AM AC a
i07 + JANV A” + Apl 0 A” =0
A¢ 0 Ay Al

¢ The effect of the cloud is to couple the axion to both polarizations. The effect
could be to wash out polarization signals, produce elliptic polarization, or make
pseudoscalars look like scalars.
* The effect of the quadratic term is two-fold:
* New effective mass term on the diagonal akin to plasma mass = moves
resonance
* New offdiagonal term in the 1, 3-sector, coupling the axion also to A}
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A work in progress...

® The 3-state system can not be diagonalized with just one mixing angle. Instead,
we solve the Schrédinger equation numerically

¢ We classify the resonances of the system
¢ We consider magnetars for now but SMBHs can be an interesting target.
e Easy to generalize everything to scalars.
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Thank you
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