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A magnetic white dwarf
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Why does the star brighten and dim?
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Why does the star brighten and dim?

Normalized flux
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Surface is not uniform:

» Temperature inhomogeneities

» Magnetic bright /dark spots

» Magnetic field dependent
opacity and conductivity

» Other complex stellar physics...



A light curve is a rotating surface integral
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A light curve is a rotating surface integral
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A light curve is a rotating surface integral

intensity (emitted energy per unit time,
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A light curve is a rotating surface integral

intensity (emitted energy per unit time,
area, solid angle, frequency bandwidth)
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Light curve is obtained by painting an intensity map on the stellar
surface, rotating the star, and integrating everything that is visible



.But photons can change -identity on the way out...
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Axion-photon conversion
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Similar to neutrino oscillations
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Axion-photon conversion
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Flux in the presence of axions

(conventional interpretation)
Phase dependence —

modulated in the magnetosphere (
(with axions)
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How important is axion-photon conversion?

A magnetic dipole
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How important is axion-photon conversion?

A magnetic dipole
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How important is axion-photon conversion?

A magnetic dipole
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Is this research worth pursuing?
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The modulation can be

probed if
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ol
1073
Normalized flux uncertainty
Magnetic fields are taken from Ferrario+ (Space assuming R, = 0.009 Rt — 005

Sci. Rev., 2015), Bagnulo+ (A&A, 2024)



But real MWDs are not centered dipoles...

Current-free magnetosphere: B = —-V&p
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Determining magnetic geometry from Zeeman tomography

B(6, v)
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Local Zeeman spectra
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Disk-integrated
flux & circular pol.

}

Rotational modulation

!

Inverse reconstruction

Euchner+ (A&A, 2006)

Flux and circular pol. spectra of PG1015+014

Gray lines: observations
Black lines: best-fit multipoles
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Three off-centered dipoles & multipoles both fit well
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Surface magnetic fields for PG 1015+014

Visible hemisphere
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From a magnetic map to a synthetic light curve

Fobs (@) )

[ A phenomenological background light curve model Froxe (0)
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Forg(¢) =00+ > [f2n—15in(2mng) + b3y, cos(2mne)]

yii =1
Ny, encodes uncertainties about intrinsic stellar variability, e.g., radiative

transport, surface temperature, Zeeman opacity, limb-darkening, etc.)
(Approximately sinusoidal for a sizable fraction of MWDs)

Surface-averaged photon’s survival probability (Py)s(®)
(Surface rays — B(s) — v — a evolution — disk integration)

_ (Typically polychromatic due to complex magnetic geometry)
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Transiting Exoplanet Survey Satellite (TESS)

3.5 Phasing Orbits
Moon Orbit ’ .
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https://tess.mit.edu/mission-overview

https:/ /heasarc.gsfc.nasa.gov/docs/tess/what-is-tess.html

Launched on a SpaceX Falcon 9 Rocket
in 2018

Scientific goals: Exoplanets, stars,
supernovae, galaxies, asteroids

Measures brightness variations in an
optical band, A ~ 600 — 1000nm

High cadence, including 20s/120s
products for selected targets

Robust pipelines to remove photometry
systematics

Supports python module “lightkurve” for
data downloads
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What the telescope actually reports
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Data suggests deviations from a simple

Each sector ~ 27 days
sinusoidal curve (Ny,,=1)
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One deviation, two possible explanations
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What produces
the deviation from
a, sinusoidal?
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Posterior distribution for sinusoidal bkg + axion

Contours:
68%, 95% C.L.

J\

Background model

Axion portal

Comparing to Nbkg=2 background-only model:

Ax? =9.94 (Chi-square)
AAIC = 11.94 (Akaike Information Criterion)
ABIC = 13.52 (Bayesian Information Criterion)

Both AIC and BIC penalize for more model
parameters; A>10 indicates strong preference

Axion explanation for the
deviation from a sinusoidal
is highly disfavored
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Axion constraints from P

G 10154014

kag =2

Three off-centered dipoles

For mg <2 x 107 7eV
g2 x10GeV " (95% C.L.)
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AXIO Constramts from RE J0317-853

For mq <2 x 10~ eV
g o0 PERAR (9507 @ L)

—-7.2 —6.4
log,q Mg

Current best bound for sub-peV axions

MWD polar.: gay S2x 107 UV
Benabou+ (2504.12377)
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Outlook

gay [GeVT]

1031+234
*

Data number 1
Flux uncertainty 4
Axion sensitivity 1

. 01+5419 10_10
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- .1.01_3 “We will win by waiting”

Normalized flux uncertainty

Proj. based on existing TESS data and dipolar field assumptions



Outlook
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Proj. based on existing TESS data and dipolar field assumptions
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2 O(100)yr for OoM improvements

“Waiting was our strategy,
madness was the outcome”
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Outlook

Gay [GeV ]
{031+234
*

New surveys:

1071 » Rubin/LSST (Chile, began on
Jun 2026)

» Roman/WFIRST (NASA, to
be launched Aug 2026)

» Xuntian/CSST (China, to be
launched in 2027)

351+5419

new MWDs

jL

e better precision

Normalized flux uncertainty

Proj. based on existing TESS data and dipolar field assumptions



Summary

~ sinusoidal

* MWDs as time-domain axion laboratories:
* Strong B fields
* Phase-resolved magnetic models by Zeeman tomography
 Rich data availability (TESS, Rubin, Roman, Xuntian)

* Targets with ~ sinusoidal light curves

e A controlled background-degeneracy framework:
* Flexible background light curve

* Modulation from photon-axion conversion

* What we can learn: Axion constraints & evidence
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Why care about all of these? Top-down vs. bottom-up

&

;¢ | @l v Strong CP problem

36

v String compactification

A minimal, model-independent
extension of the Standard Model (EFT)

Good dark matter candidates with
natural production mechanisms

Low-hanging fruit: theoretically well-
motivated, experimentally inexpensive

Intellectual benefits: new theory, pheno,
method for wavelike massive particles
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Red:
Terrestrial
experiments

PG 10154014
RE J0317-853
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https://cajohare.github.io/AxionLimits
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