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AXIoNs?

e Hypothetical pseudoscalar particle » strong CP problem, Dark
Matter problem

e Low-mass axions can emerge from string theory, as part of the
“‘Axiverse”

e Coupleto electromagnetism and matter

1

LD = GayyaFpu P + Zf:

Couplings can be magnified in extreme
astrophysical environments!

Ya 3
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The search is on for Astrophysics + Axions !
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. Stellar Populations (Galaxies) as a
Powerful Technigue

ON, B. Safdi: 2404.14476, 2503.09682
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Note: not necessarily
chronological

Leveraqging stellar populations
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Note: not necessarily
chronological

The Sun
e Helioseismology, CAST

[ everaqging stellar populations
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Note: not necessarily [ everaqging stellar populations

chronological

Special Stars
> e Red Giant
e White Dwarf

The Sun ~ e Supergiant star (e.g.
e Helioseismology, CAST Betelgeuse)

eg. he ph/9410205 1211.3389, 1605.06458,
220 .
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Note: not necessarily [ everaqging stellar populations

chronological

Clusters and Collections

e GClobular Clusters; TRGB,
/ R Parameter

e WD Luminosity Fn

e Super Star Clusters

Special Stars
> e Red Giant
e White Dwarf

TheSun = e Supergiant star (e.g.
e Helioseismology, CAST Betelgeuse)

e.g. hep-ph/9410205, 1211.3389, 1605.06458,
220 ,»
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Leveraqging stellar populations

Our Story: Galaxies and Whole
Stellar Populations
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[ everaqging stellar populations

Our Story: Galaxies and Whole
Stellar Populations

Galaxies as Axion Factories
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Our Tale of Two Galaxies (2404.14476)

M82 M8/
e Starburst Galaxy e Massive Elliptical
e Indications of Strong B-fields e Extended Virgo Cluster B-fields

Images: NASA, ESA, and The Hubble
Heritage Team (STScl/AURA)
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Searching
for Axions
with
NUuSTAR:

TNG50 (M82)
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Axions produced
via Primakoff in
stellar interiors

Jary~

TNG50 (M82)
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Searching
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with
NUuSTAR:

Axions produced
via Primakoff in
stellar interiors

Jary~

TNG50 (M82)

Convert to hard X-rays in
galactic/cluster magnetic
fields
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Searching fr~aso (is2)
for Axions '
with
NUuSTAR:

Observed

by the
Axions produced N{jSTAR
via Primakoff in telescope

stellar interiors

Jary~

Convert to hard X-rays in
galactic/cluster magnetic
fields
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Axion Signal Model Ingredients

dE

‘ Distance \

Total Axion Luminosity from Stars

Axion-Photon Conversion Probability ‘
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Signal Model Ingredients (1/2)

Axion Luminosity from Stellar Populations of M82/M87
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Signal Model Ingredients (1/2)

Axion Luminosity from Stellar Populations of M82/M87

Primmakoff Process dLa(E)

+ dE

Stellar Profiles (MESA) : Eeerggte;ature
(]

Abundances
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Signal Model Ingredients (1/2)

Axion Luminosity from Stellar Populations of M82/M87

Primakoff Process dL.(F)

+ dE

Stellar Profiles (MESA) & [eémperature

e Density
+ e Abundances
Stellar Population 7 24F6:|3||'C'ty
Models (Obs.) . IMF
e #of Stars



Signal Model Ingredients (1/2)

Axion Luminosity from Stellar Populations of M82/M87

Primakoff Process dLa(E)
+ &
Stellar Profiles (MESA) ° Temperature E
e Density =
+ e Abundances C<
e Metallicit Pl
Stellar Population = <, Y o]
Models (Obs.) e IMF =
e #of Stars =
1
Total Axion
Luminosity Lo
Spectra '

Energy [keV]
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Signal Model Ingredients (1/2)

Axion Luminosity from Stellar Populations of M82/M87

Primakoff Process dLa(E)
+ e
Stellar Profiles (MESA) ° Temperature E
e Density =
+ e Abundances C<
e Metallicit Pl
Stellar Population . SFH Y o]
Models (Obs.) e IMF =
e #of Stars =

e Dominated by

Total Axion Supergiants and

Luminosity O-Types, generally

Spectra e MB82: starburst = ,
¥ excellent for Energy [keV]

axions!



Signal Model Ingredients (2/2)

Conversion Probability for Axion-Photon Conversion

33



Signal Model Ingredients (2/2)

Conversion Probability for Axion-Photon Conversion

Axion Mass mMa
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Conversion Probability for Axion-Photon Conversion

Axion Mass

4

Magnetic Fields

+

Free-electron Densities ne
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Signal Model Ingredients (2/2)

Conversion Probability for Axion-Photon Conversion

Axion Mass mMa

4

Magnetic Fields

+

Free-electron Densities ne

: 2 R
Conversion
Probabilities PG_W ~ gaWWB L
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Signal Model Ingredients (2/2)

Conversion Probability for Axion-Photon Conversion

Axion Mass

4

Magnetic Fields

+

Free-electron Densities

HlustrisTNG TNG50/300 Simulations

Credit: lllustrisTNG
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Signal Model Ingredients (2/2)

Conversion Probability for Axion-Photon Conversion

Axion Mass

4

Magnetic Fields

+

Free-electron Densities

»

| 2 2712 )

C o
onversion Pa—)v ~ gaxva [ ;
s

HlustrisTNG TNG50/300 Simulations

Credit: HlustrisTNG

Te

>

Probabilities

The variability in galaxy candidates and
magnetic fields = largest source of
uncertainty in our analysis
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No evidence for axions from NUSTAR = Upper limits on coupling
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Opens up many
possibilities for extensions
and follow-ups!



Introducing: The Axion-Electron Coupling (2503.09682)

1 UL Jaee _
LD —ZgawaFWF“ | o (Oua)eytyse
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Introducing: The Axion-Electron Coupling (2503.09682)

1 N Jaee _
LD —ZgaWaFWF“ | o, (0,a)eyFvyse

(a) Bremsstrahlung (b) Compton

We can thus probe the combined
axion-electron and axion -photon coupling

Jaece X Ga~y~y
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Introducing: The Axion-Electron Coupling (2503.09682)

1

LD —=gayaF,, " - Jace (Oua)eytyse

! 2Me

(a) Bremsstrahlung (b) Compton

We can thus probe the combined
axion-electron and axion -photon coupling

Jaece X Ga~y~y

44




No evidence for axions = upper limits on combined coupling

CAST Gary X Gace

Cr\ST g”"/') -+ RG Gaee

SN 1987A (2024) + RG ggee

Betelgeuse

M82 (2024) + RG ggee | ~ /" MWDs




11l. A Diverse Playground for Axion Physics

Work-in-progress with collaborators toward other promising
directions

Axion-Nucleon coupling can be probed as well
o Nucleon bremsstrahlung in NS's — for conversion off magnetospheres -
can reach higher axion masses (Buschmann et al. 1910.04164)
o Axions from Nuclear Isotope De-excitations (see, e.d. CAST 0906.4488,
Candon et al. 2504.21107) » ON, A. Ray, B. Safdi: 2507.XXXXX

Heavy Axions (e.g. Candodn et al. 2412.03660)
The list goes on!
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Conclusion and Outlook
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Conclusion and OQutlook

e (Galactic) Stellar populations as axion factories » powerful probes
of axion physics
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Conclusion and OQutlook

.51; :ﬁvﬂ

" el B

e (Galactic) Stellar populations as axion factories » powerful probes

of axion physics
e Clearly demonstrated with X-ray studies using M82, M87,
searching for various axion-SM couplings
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Conclusion and OQutlook

%\QQ

e (Galactic) Stellar populations as axion factories » powerful probes
of axion physics

e Clearly demonstrated with X-ray studies using M82, M87,
searching for various axion-SM couplings

e No evidence for axions » stringent constraints

e The search continues, and a plethora of possibilities to explore

51



hanks for listening!
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Appendix



Axion-Photon 240414476



Signal Model + NUSTAR Data Constrains Axion-Photon Coupling
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Systematics
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Axion Luminosity for M87
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59



—T

Conversion
epey . Y M82
Probabilities \ — e

et al., 2021

Counts

B field mag. [puG]

102

L PR ST S N S ST St PR L
10 15 :
Pysr(E = 50keV)

LoS Distance [kpc]

M87

— HllustrisTNG |
Marsh et al., ]

D
0

Counts

B
o

P T T SR R el
400 600 800 1000 2
LoS Distance [kpc] Py (E =50keV)




Spatial Maps
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Years before End of Run
Central Abundance

— RSG

--- BSG
O-Type

-= MS




Axion-Electron 2503.09682
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MW

DS 2411.05041



Can look for compact objects as well:

Prelude: Axion Signatures from MWDs (2411.05041)

e Axionsthermally produced through
electron bremsstrahlung in
degenerate WD cores ( T ~ keV)

e Convert to X-ray photons in

magnetospheres, which can be strong
for MWDs ( B ~ hundreds of MQ)

e Examine multiple MWDs with Chandra
to probe Jgee X ga’y’y

2
Mg L ~1—» Lower scale L » can probe
I higher axion masses!

Image: NASA 68



We observed PG 0945+246 and WD 1859+148 with Chandra for ~40 ks each, in 2022 and 2023

e Generally high core temps

i St ron g ma g netos p h eres PG 0945+-246 PG 0945+246 Expected

WD 1859+148 WD 1859+148 Expected

RE J0317-853

Joint MWDs CAST oy X Gace

NuSTAR (2024) ,,’
/

Gayy X Gaee [Ge\/%l]

No evidence for axions » higher mass constraints on couplings
‘ Imagine looking at many MWDs... \
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The Tragedy of Chandra
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Misc. Plots
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