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Why axions?

Axions as dark matter

4 Light Pseudoscalars

/ (OCD axion)
Axions as IR remnants Axions as a solution to
== IR of the UV the strong CP problem
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Why neutron stars?

Precision “clocks”

Ultra strong

High density nuclear matter eleciromagnetic fielas

Very high temperatures

Strong gravity
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Why neutron stars?

Precision “‘clocks”

Ultra strong

High density nuclear matter eleciromagnetic fielas

Very high temperatures

Strong gravity

Axion physics carries strong environmental sensitivity

Behaviour on Earth # Behaviour Elsewhere

. V. . V.
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Sourcing axion clouds around pulsars
E ~ 0(10%) eV

rotational
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Sourcing axion clouds around pulsars
E ~ 0(10%) eV

rotational

/ Rotational energy losses:

e Particle acceleration
» Particle production

e Radiation

(E - B)(1)#0

Samuel J. Witte (University of Oxford) 5



Axions from “vacuum gaps”

[ Vacuum J

Radio
Emission

Polar Cap Dynamics in the Last Half Century (See e.g.):

!

> Light cylinder

Sturrock (1971), Ruderman & Suntherland (1974), Arons & Scharlemann (1979), Timokhin (2013), Timokhin & Harding
(2015, 2018), Philippov, Timokhin & Spitkovsky (2020), Bransgrove, Belobodorov, Levin (2023)

Visualization credit: Ashley Bransgrove
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Polar cap dynamics
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Forming axion clouds

J Rotational energy losses:
» Particle acceleration

» Particle production

* Radiation

— —

E-B #0

e Axions
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Axion Clouds
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Noordhuis, Prabhu, Weniger, SJW (PRX, 2024)

Maximum density of axion clouds

To what extent does the axion density dependon g2

QCD axion Current limit
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Noordhuis, Prabhu, Weniger, SJW (PRX, 2024)

Maximum density of axion clouds

To what extent does the axion density dependon g2

OCD axion Current limit OCD axion Current limit OCD axion Current limit
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Observable Consequences

Back-reaction | " / e Non-resonant
‘\/\ emission v{
4«

“

- ND

|

4‘

Radio Endpoint

Noordhuis, Prabhu, Weniger, SJW (PRX, 2024)
Caputo, SJW, Philippov, Jacobson (PRL, 2024)
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Transient Bursts
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Back-reaction on Electrodynamics

Assumption: Dynamics governed by Maxwell's equations

-----------------------------------------------------------------------------------------------------
* S

*
*
lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

... are axions still perturbative correction?

Samuel J. Witte (University of Oxford)
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Back-reaction on Electrodynamics

Analytic control in m, — 0O [imit

[0,a = constant]
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Back-reaction on Electrodynamics

Analytic control in m, — 0O [imit
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Back-reaction on Electrodynamics

Analytic control in m, — 0O [imit
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Axion back-reaction

Q)

Flux

Only occurs for some neutron stars

(overly exaggerated for simplicity)

Time [O(us)]

0.1 0.2

Rotational Phase

Samuel J. Witte (University of Oxford)

Caputo, SJW, Philippov, Jacobson (PRL,2024)
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Pulsar Nulling: J1119-6127
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Kinetic simulation with axions

Ongoing work, lead by Anne Freise (Oxford) & in collab. w/ E. Hardy (Oxford), A. Caputo (CERN/Sapeinza), S. Philippov (Maryland), S. Chernoglazov (1AS)
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Sharp endpoint in radio spectrum

Production ~ Dissipation
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Spectral end-point (radio)

NSs
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Overview

Part I:

Creating dense
‘axion clouds’

Samuel J. Witte (University of Oxford)

Part 11:

Sourcing “axion
hair”
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Sourcing axion hair
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Finite nucleon density shifts the minimum of

the potential
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Sourcing axion hair
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Samuel J. Witte (University of Oxford)
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Sourcing axion hair

a(r)

Needs energy! _—
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“Axion hair”

Large gradient

New (long-range?) Forces

--------------
N

~~
N~
-------

0.0

Samuel J. Witte (University of Oxford)

21



Aside: the “light QCD axion” OCD axion

. Y a -~
Current example: & D gyaNN Fyx—GG
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Vacuum potential Nucleon coupling
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~ mzaz —I— coe ny — 612NN + *e°

A

See e.g. Hook & Huang (2017), Hook(2018),
Di Luzio et al (2021), Banerjee et al (2025)
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Implications of a distorted axion potential

1.) my(a) — modifications to the EoS
Fig credit: C. O’hare (GitHub)

Difficult to compute at high density

See e.g. Balkin et al (2023)

Light OQCD axion

: SIN1987A
1b.) Modified thermal envelope

Gomez-Banon et al (2024), Kumamoto et al (2024)

GW170817
Puls~rs

0 49 A% AT 46 A% Ak 43 A2 A4y A0 9 % T 6 5 & 3 2 A O
10 10 \'\,0 X\,Q X\Q X\,Q X\Q Xx@ X\,0 X\,Q X\,Q X\,Q 107107 407 407407 10 10 40" 10 1O
my [eV]
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Implications of a distorted axion potential

1.) my(a) — modifications to the EoS - |
Fig credit: C. O’hare (GitHub)

Difficult to compute at high density

See e.g. Balkin et al (2023)

Light OQCD axion
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Implications of a distorted axion potential

1.) my(a) — modifications to the EoS
Fig credit: C. O’hare (GitHub)

Difficult to compute at high density

See e.g. Balkin et al (2023)

Light OQCD axion

: SIN1987A
1b.) Modified thermal envelope

Gomez-Banon et al (2024), Kumamoto et al (2024)

| GW170817
2.) New long range (m ") force Pulsars

3.) Axion radiation 1n binary systems
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Implications of axion hair

V-E=p+g,,Va-b

Electric fields generated by axion > those of pulsar

(Needed for plasma generation and radio emission)

SJW, Caputo, Stelzl, Chernoglazov, Philippov, Rajendran (Appearing any week now....)

Samuel J. Witte (University of Oxford)

o 6+

AN > synchrotron photon
2% CR photon

¥ pair creation
? generation number
0
neutron star —

Fig credit: Timokhin & Harding (2015)
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Implications of axion hair

V-E=p+g,,Va-b

Electric fields generated by axion > those of pulsar

Typical Pulsar Life:
Born fast and strong — become slow and weak — “die”

(AV)__ ~ BQ?

max

10— 19 —

10— 10° 101

P s]

SJW, Caputo, Stelzl, Chernoglazov, Philippov, Rajendran (Appearing any week now....)
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Implications of axion hair

V-E=p+g,,Va-b

Electric fields generated by axion > those of pulsar

Typical Pulsar Life:
Born fast and strong — become slow and weak — “die”

(AV)pax ~ BQ?
1019 \ N
: : e p e Axion Hair
Axion hair extends pulsar lifetime T K_ -
10~1 10Y 104
P s

SJW, Caputo, Stelzl, Chernoglazov, Philippov, Rajendran (Appearing any week now....)

Samuel J. Witte (University of Oxford)



Pulsars below the death line

Observed / Observable Not observed
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Extending the life of dying pulsars

10-1°

10—18

Light QCD axion
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Pulsar Death

SJW, Caputo, Stelzl, Chernoglazov, Philippov, Rajendran (Appearing any week now....)
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Conclusions

Recent ideas I've highlighted.:

» Large static axion gradients from nuclear interactions

* Slow construction of axion clouds from pair discharges

Hook & Huang (2017), Hook(2018), Di Luzio et al (2021), Banerjee et al (2025) , Balkin et al
(2023, 2024, 2025), Gémez-Banon et al (2024), Kumamoto et al (2024), SJW, et al (2509.xxxx.), ...

Noordhuis, Prabhu, Weniger, SJW (PRX, 2024), Caputo, SJW, Philippov, Jacobson (PRL, 2024)

There are many more ideas I haven’t had time to cover:

* Neutron star cooling of QCD axions

* Resonant axion-photon mixing in magnetospheres

* PTAs as probes of axions

* ... (+ more)
Dessert et al (2022), ....

Pshirkov & Popov (2009), Hook et al. (2018), Safdi et al. (2018), Battye et al. (2019, 2021), SJW et

al. (2021, 2022), Foster, SJW et al (2022), Prabhu (2021), Noordhuis, Prabhu, SJW, et al (2022), ...

De Martino et al (2017), Lee et al (2021), Servant et al (2023), Blast et al (2023), Tasinato
(2023).....
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Samuel J. Witte (University of Oxford)
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