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Abstract: Pulsar magnetospheres admit non-stationary vacuum gaps that are characterized by non-vanishing EoB. These gaps play an important role
in plasma production and electromagnetic wave emission and, as | will discuss, are very efficient axion factories. The density of axions produced in
a vacuum gap can be several orders of magnitude greater than the ambient dark matter density. In the strong pulsar magnetic field, a fraction of
these axions may convert to photons, giving rise to broadband radio signals. We show that dedicated observations of nearby pulsars with radio
telescopes (FAST) and interferometers (SKA) can probe axion-photon couplings that are a few orders of magnitude lower than current astrophysical
bounds.
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Executive Summary

Radio-emitting
region
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Axion Phenomenology
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Axions as Dark Matter
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Axion-Photon Parameter Space
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Light Shining through Walls
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Executive Summary

Radio-emitting
region
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Pulsar Basics

Observation of a Rapidly Pulsating Radio Source
by

A. HEWISH

S. J. BELL Unusual signals from pulsating radio sources have been recorded at
J. D. H. PILKINGTON the Mullard Radio Astronomy Observatory. The radiation seems to
P. F. SCOTT come from local objects within the gala<y, and may be associated
R. A. COLLINS with oscillations of white dwarf or neutron stars.

Mullard Radio Astronomy Observatory,
Cavendish Laboratory,
University of Cambridge

Rotating Neutron Stars

Large magnetic fields = Extremely stable periods = Neutron star

(108G - 10" G) |PIP| ~ 10716 Hz GM,;/R,; ~ 0.2
R
Credit: | . .
Michael Kramer | Pulsars are excellent laboratories for tests of new physics

L
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Classification
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Classification
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__ Classiﬁcation
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__ Classiﬁcation
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a la Goldreich & Julian ..o
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Force-Free Magnetosphere

Charges flow freely AD = E - -B = 0%

along magnetic field lines:

| 20 - B

=V - E=-
{p G 1 - Q22sin20
= | g . - . . ]
E,=—-(Qxr)xB, | Active pulsars possess manye*e” i Pa;;ﬁ;g:g:gty
. | pairs: p = kpgp, where k could be > 1. L required!
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Global Pulsar Magnetosphere
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Global Pulsar Magnetosphere
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Pair-Cascade Processes
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Polar Cap Dynamics
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Polar Cap Dynamics
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Pair-Cascade Processes
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Polar Cap Dynamics
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Global Pulsar Magnetosphere
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A Toy Model
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Axion-Photon Conversion: Warm-up
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Pulsar Plasma (1D)
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Neutron Star Targets: Magnetars

- — -
} Magnetars

e Very high magnetic fields ( = 10'* G).

e Very nearby to Earth (120-500 pc). X |

e Undetected pulsed radio emission

(< mdy).

e Gap formation? ' Reason for absence of radio emission |

\. : ﬁ crucial to understanding e*e~ production
and axion production!
___________ @ | Magnetar
ﬂ simulations required!
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Sensitivity

Light Shining through Walls
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Improving the Model

Spark Gap Toy Model Simulation-Based Model
Spectrum concentrated at w, Realistic spectrum (consistent w/ radio)
Spatial variations within the gap * Accounts for spatial variation
No prediction of pair cascade time First-principle calculation of pair cascade
N
1D Conversion Model 3D Conversion Model

Accounts for plasma effects on photons

Refraction, reflection of photons x Follows particle trajectories (ray-trace)
Time dependence x *
Spectral Distortions x Time dependence

Spectral Distortions
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2D PIC Simulations xiv2i0s.11702

Coherent emission from QED cascades in pulsar polar caps

1

FABio Cruz|®,! THoMAS GRISMAYER ! |JALEXANDER Y. CHEN|®,?2 ANaTOLY SPITKOVSKY ©,3 AND LUIs O. Siva ©!

L GoLP/Instituto de Plasmas e Fusdo Nuclear, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisboa, Portugal
2JILA, University of Colorado Boulder, 440 UCB, Boulder, CO 80309, USA
3 Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA
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2D PIC Simulations xiv2is.170

Coherent emission from QED cascades in pulsar polar caps
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Gap-Sourced Axion Population
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Conversion Simulations ...,

R

e Ray tracing analysis of outgoing
axions.

e Reflection and refraction of radio
photons. ’

e Spectral distortions due to ¢
magnetosphere plasma. ' |

z [km]

e Temporal features? i
e Photon absorption in the plasma.

e In progress!
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105379 log10(Ri/Riot) 2.1265
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105379 log10(Ri/Rtot) 2.1265
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Sky Map
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Aside: Bound States

Small fraction of axion emitted into bound “orbits” — w —m, —

Case I: Bound axion
population grows over 7pulsar
— Basin

Case II: Production/
conversion equilibrium

— P, ~ O(1)
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Conclusions & Future Directions

= g - NS

¢ Axions are efficiently produced in particle acceleration gaps (E - B # 0)
in pulsar magnetospheres.

¢ Axions can resonantly convert to photons in the pulsar magnetosphere
=—> broadband radio signals.

e Dedicated observation with FAST or SKA sensitive to g, orders of
magnitude lower than astrophysical constraints.

— . i = ———

e More sophisticated axion conversion computation including ray-
tracing, plasma effects, signal time-dependence, bound states.

e Axion production in additional magnetosphere gaps (slot gap, outer
gap, current sheet), other astrophysical settings (BHS?).

.

e Computing pair multiplicity in generic pulsars (simulations).

e Understand gap dynamics and pair production in magnetars.
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Thank you!
More questions?
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Neutron Star Targets: Magnificent Seven

= S - N

i Magnificent Seven A
e High magnetic fields (10'3 — 104 G). ST — detectable
frequency ~ 70 MHz (FAST),
e Very nearby to Earth (120-500 pc). { qN 50?\/[Hz (SKAl-IfOW) )
e Undetected pulsed radio emission W
(< 10 pdy).
" w
Pulsar B; (1013 G) P (sec) Distance (pc)
RX J0420.0-5022 1.0 3.45 ~ 345
RX J0720.4-3125 2.4 8.39 3603(7)0
240+10
RX J0806.4-4123 2.5 11.37 -5
IRXS J1308.8+2127 3.4 10.31 76 — 380
RX J1605.3+3249 ~7.4 3.39 <410
RX J1856.5-3754 1.5 7.06 123£13
1RXS J2143.0+0654 2.0 9.43 > 250
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Sensitivity

Light Shining through Walls

ABRACADABRA Helioscopes (CAST)
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Noise and Backgrounds
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Sensitivity

Light Shining through Walls
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Relativistic Axions (v ~ k) _

1. Consider simplified set-up: constant B, 8 = /2.

A o} .\ 140> B2
Ay(z) Ag(z) ) 7t
B 45 (A" " ) (An) —0 200" 45 m
B(Z) “ . A, = gﬂﬂmB _ mc%
P20 -wd’ TeT T g
AR N 2 2
P = —4/RAp + (A - A
D= G rar—ay ™ (3 V@892 + (8- 4,)
| Weak Mixing
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