Axion Superradiance in Rotating Neutron Stars

Jamie McDonald

based on 1904.08341 with Francesca Day

(Also work in progress with L Ventura (U. Aveiro) and R. Battye et. al at U. Manchester)

TUTI

Technical University of Munich

Unterstiitzt von / Supported by

/

_

Alexander von Humboldt
Stiftung/Foundation



Outline

- Introduction to superradiance in various forms

- Briefly review axion superradiance in black holes

- Axion like particles and their coupling to electromagnetism
- Axion superradiance in neutron stars

- Axion DM conversion in neutron star magnetospheres
- Timing delay of photons and superradiant BHs

- Summary



Superradiance - d Working piCtU €  Reviews: Beckenstein Schiffer 1998, Brito et al 2015
Take an object which can absorb radiation:

9

Then move it very fast: u > cs:

NANY

Low frequency waves ¢s < u are amplified

— Superradiant Scattering



E.g. Cherenkov Radiation, sonic booms

w—k-u<0 < superradiance

For linear trajectories must break Lorentz invariance with sound
speed ¢s < 1:

¢s/u < cosb, cos =k-i

=1




Works in other geometries - rotational superradiance zerdovich 1971.

Conducting Rotating Sphere:
Q

% ml > w

Maxwell's egs. OAH = jH, j#=0oF"u, Ohm's law
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Cardoso et al 2017
Modes with w < mS superradiantly scattered.



Even works with black holes: event horizon ~ absorptive surface

me > w
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But there is a natural trapping mechanism - Gravity!
Axion : gV, V,¢+ u2p =0

-1
ds® = —dt? (1 — QGM) + (1 - 2GM) dr? + r?dQ>?

r r

Hydrogen-like solutions - e.g petweiler 1980

dy

¢ = (r)Yem(0,0)e™ " — G2 tV(nY= WPy
2
V(r) ~ E(f;— 1) _ 26My + 12, “Gravitational atom”

r
Gives rise to eigenvalue problem for spinning black holes



Combing the rotation and confining nature of a Kerr BH leads to
an instability with discrete eigenvalues

¢~ e it W= wg + iw| a=J/M

2\ l+m+1 GM

Axion feeds on BH angular momentum, spinning it down:

p GMp \? 4045 (@M
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Black Hole Spin =
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Arvanitaki,Dubovsky (2011)



Much interest in going beyond vanilla BH superradiance
w1 v _ 8avy 0% .
ﬁDF u(ﬁa“(zs— ¢ —ZFMVF“ _TF/LVFN —AMJM

ALP-EM instabilities of BHs

“Axionic instabilities and new black hole solutions” - Cardoso et al (2019)
“Blasts of Light from Axions” - Cardoso et al (2019)
“Stimulated axion decay in superradiant clouds around PBHSs" - Rosa, Kephart (2018)

Superradiance in BH binaries

“Probing Ultralight Bosons with Binary Black Holes" " Baumann et al 2018
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Superradiance in Neutron Stars

»Ca'y'y = *gag’y(ﬁ,:;wﬁ#y

LSW (OSQAR)

Helioscopes (CAST)

Magnetised conducting plasma: fluctuations A* and ¢ (m, F. pay)

06 + w26 = 50 Fu PR,

OuF™[A] — o F [Aluy, = _ga'y'y(au¢)ﬁgya
Background magnetic field:

FL = ( g —(|)3 ) J* =0F*u, Ohm's law




Mixing equations for axion and photon

Oé + 126 = —gars [VAO + A} B,
OA° = —g,,, V- B —ou- [VAO n A} ,
DA = g5,,0B — 7 [VA? + A| + ou x [V x A],

Stationary backgrounds, A, ¢ ~ et 4 Dirichlet BCs:
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Re(w)
Analogous to BH QNMs

Difficult Problem!

(i) two mixing fields (4 d.o.f.)
(i) all (¢, m) are coupled

(iii) 3-dimensional



Quantum mechanical perturbation theory
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Quantum mechanical perturbation theory

Perturbing an eigenspectrum:
w=wytwrtwrF+ws+---, w(n):O(Vn)

Unperturbed axion states |¢ymn), complete basis of continuous
photon states

d
> [ o Vo) (Al =L =V i) = A )

w1 = <¢€mn| vV ’¢£mn> =0

2 _ .2
Wy w

Wy = Z/ dw ¢Zmn| V’Aé’m’>w> <A£’m/7w| V|¢£mn>

etc...



Quantum mechanical perturbation theory

Z/ dw dw’ (Gemn| V |Av ) (Aerme | V |Aermr) (Avmr | V| bemn)
om 21 (wg — w?)(w3 — w'?)

Take residues:
Imws =1, T~ (6] Vo |A) (A] Vel |A) (A] Vi |6)
Instability owm, F. pay)
p(t,m)~ et T~ g2 B’o(mQ—w)(Rw)* 3 (26Mp)* 3,




[~ g2, B%c(mQ — w)(Rw)**3(2GMp)*+°

Step 1 Perturb system with initial axion boundstate

Step 2 Excites photon modes via B,,-field mixing

Step 3 star = conducting (o), rotating ()

=—> Photon modes superradiantly scatter off NS magnetosphere
Step 4 Photons dump extracted rotational energy into axion sector



Observational Implications

» Axion constraints from pulsar spin down measurements cardoso

et al 2017

> Loy = gwqﬁFWI:_“” violates parity - polarisation dependent
time delay dt of radio signals from photons travelling through
axion ClOUd. Mohanty, Nayak 1993

LH Polarisation

— 0t —

RH Polarisation



Pulsar timescales and spin down (P, P)

Period derivative (s/s)
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The characteristic NS time scale:

Tys = Q/Q
1 dE, 2
Erot = =19 : ey
Tot 2 dt TNS rot,

spin down time can be very long: 10% — 10*yr Harding 2013

Compare instability timescale 7, = 1/T to 7,

—J1748-2446ad

Ta / TNS




More on axions, EM, neutron stars and black holes - in progress



Axion backgrounds as dispersive (polarisation dependent)
media

Loy = —g‘zwqﬁFWI:_W = g.,¢E-B violates parity

= LH and RH polarisations different dispersion in axion
background

Dispersion and Birefringence
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Polarisation-dependent bending around BH (or pulsar?)
Plascencia, Urbano (2017)

L.CP

O eIt T
RCP

scalar cloud

Refractive index n = c/v, => O(gayy) effect: 6¢ < 10 >arcsec.
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Aside - O(ga~~) bending recently (Tues.) questioned by Blas, Caputo, Ivanov, Sberna:1910.06128



Polarisation-dependent time delay from axion clouds

O + ¢ = 8ayy (E-B)xs

1
oty = /dﬂ Mohanty, Nayak (1993)
Ve

PSR B1937+21: 6t <107% = g, S 107 MGeV



Dispersive time delays from Superradiant BH
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Primordial black holes
Many black holes along line of sight

-Estimate number of binary collisions which have produced
remnant BH with high spin a > a.:
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Figure: Number of PBHs with a > a. along line of sight.
Enhanced effect N. x dt.



Dark matter axion conversion in NS magnetospheres:

m, ~ 107 %V

Axions fall towards NS from galactic halo and mix (resonantly!)
with photons in neutron star magnetosphere (where wp = mj, )
producing GHz radio signatures (Hook 2018, Pshirkov 2007)

1= ma/(2m) [Hz]
10"

— RX J0806.4-4123 QCD Axion

— INSin M54 - CAST

— SGR J1745-2000 (NFW) . ADMX

— SGR J1745-2900 (DM spike) B ADMX Projection
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1. Axion-photon mixing in NS magnetosphere: (Hook et al 2018)

d? a m> —iwgavy~ B a > a
o + ] a 5 YY =w
d2z E” lwgawB m,y(z) E” E”

Resonant conversion at m.(z) = m,.

(AMm?)?

Landau-Zener: P,,, =1— e 2™ Yres ~ ———5—
K wdm? /dz

res

Conversion depends on the mass gap, and how rapidly the
background varies.

Non-Adiabatic Adiabatic
Asymptotic a M2
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) M2
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Pisy~1 Pisy ~0



Importance of 3D effects?
3D: ~V?E+V(V-E)+0-E—wE =wg,-aBg
Conductivity o arises from B and plasma density wp o< ne:

Warm up in 2D

0
[z

0.6

0.4

JM with R. Battye et a/



3D: ~V2E+V(V-E)+0-E - w’E = w’ga,,aBo,

Component normal to magnetic field E | also active



Photon also acquires longitudinal polarisation:

3D: ~V?E+V(V-E)+0-E —w’E = w’gs,,aBo,

log |V - E|
ka=‘(3,o)‘ ‘ ‘ 5
4, .
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[m] = =



3D Results

- So far only qualitative statements about polarisations im, Battye et al
- 3D haloscopes examined by Redondo, Ringwald, Knirck
1906.02677

- Need quantitative analysis but large hierarchy of scales present
numerical challenges:

Ay =1/m,; = cm — meter < Ryg = 10km.

-High level of integration cells needed to resolve structure

- Solution?Coarse graining procedure to derive transport equations
with wave-front structure integrated out. Track only field
amplitudes?



Summary

(i) Astrophysical environments remain interesting settings in
which to probe axion physics.

(i) Neutron stars as well as BHs can exhibit superradiance
provided there is source of dissipation.

(iii) Superradiant axion clouds can lead to time-delays of 10~°s at
8ayy = 10713GeV. Plasma can also enhance time-delay.

(iv) Study 3D effects for axion-photon conversion in plasmas to
better understand DM conversion in neutron star
magnetospheres.



Thanks for listening!



Quenching of the Instability




Quenching of the Instability

can radiation leak out?



Preliminary - work in progress!
Consider a boundstate coupled to a continuum

()-5()-(P &)(3)-
A dx2 \ A B «a0: A
Harmonic Oscillator:

V() = 3822 dolx) = e s
Question. what happens when friction is switched off & = 0

M = < g g > hermitian: surely no dissipation if« = 07

Perhaps just a real spectral shift?

2 52
wph —w

G 3 Gl VIAAL Vo)

One might argue eigenvalues still real since M hermitian
| (A| V/|¢,) | real? No dissipation at 2nd order in PT?



Preliminary - work in progress!
But that's not what happens:

a=0

04
0.3
02 4

0.1

0.0

0.25
0.20
0.15 — A
0.10

0.05

When « = 0 boundstate decays via magnetic mixing and EM
radiation (see also Cardoso 2018/19)

(¢n| V| A) 2
Z\ Cb‘ ’2>| : Z%/dw@%rix(residues)

M~ | (] V|A) ? Fermi’'s Golden Rule

for a continuous spectrum modes escape, energy lost at infinity -
outgoing Neumann boundary conditions.



Preliminary - work in progress!

Good news! instability still persists for o < 0

a<0

400
300
200 — A
100
ok

Threshold condition a < —|a| for energy extraction via friction to
overcome loss to leakage.




Preliminary - work in progress!

2D Simu|ati0ns JM 2019 in progress

> N M2 _ rsﬁ2 _gaWB(‘)t ( o ) -0
ga,yB@t U(@t—l—u V) A

Axion Photon
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Uexy (

%

“Ohm’s law” term:  ¢(0r +u-V) — o(mQ — w)



Preliminary - work in progress!

2D Simulations

¢ W g, BO, ¢
O « r ay =0
<A>+< £B0 o0 +u-v) )\ A

L i
- 771‘-\-\_\ k‘_// — Axion
o100 e ] Photon

t
vt =(1,0,0,Q2), mQ>w o>o, & unstable!

Little more work to finish 3D simulations + analytics



Instability time-scale from stellar interior B = 101G, 0 >

Very high conductivity in interior — narrow resonance at p ~ mf).
(Mixing of axion with a specific photon mode)



Thanks for listening!



