
Georg Raffelt, MPI Physics, Garching 1 Axions in the sky!,  Barolo, 12–15 June 2024
Georg G. Raffelt, Max-Planck-Institut für Physik, Garching

Solar Axions Globular Clusters Supernova 1987A Gravitational WavesNeutron Stars

Axion Bounds from Stars
Barolo Astroparticle Meeting, 12–15 June 2024



Astrophysical Axion Bounds and Opportunities

eVmeVmeV maneVpeV

1091012fa 10151018 106 GeV

mPlanck

Opportunities for detection Astrophysical Bounds
(Energy loss of stars)

IAXO Solar
Axion Telescope

Super
Radiance

Black
Hole

Axion conversion in neutron star magnetospheres



Georg Raffelt, MPI Physics, Garching 3 Axions in the sky!,  Barolo, 12–15 June 2024

Evolution of Stars

http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html

𝑀 ≳ 8𝑀⊙

𝑀 ≲ 8𝑀⊙

1 𝑀⊙ = 2 × 1030kg

𝑀 ∼ 0.6 𝑀⊙

R ∼ 5000 km

𝑀 = 1–2 𝑀⊙

R ∼ 12 km

few-tens 𝑀⊙

few km

Compact
Remnants:

BR  25% (?)

http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html
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Evolution of Stars

Core-collapse supernova

Particles from the Sun:
 Direct search
 Back-reaction on Sun

 Number counts in globular clusters
 Brightness of tip of red-giant branch (TRGB)

 White dwarf luminosity function
 Period decrease of variable WDs
 WD Initial-final mass function

Superradiance

 Cooling speed
 EoS w/ axions

DM axion conversion in
pulsar magnetosphere

 Nus from SN 1987A & future SN
 Explosion energy
 Radiation from all past SNe

 EoS w/ axions
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Hertzsprung Russell Diagram

https://www.eso.org/public/images/eso0728c/

https://www.eso.org/public/images/eso0728c/
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Grand Unified ALP Scape

Ciaran O'Hare @ Github 

https://github.com/cajohare
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Galactic Globular Cluster M55
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Color-Magnitude Diagram for Globular Clusters

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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Color-Magnitude Diagram for Globular Clusters

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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Particle emission reduces
helium burning lifetime,
i.e. number of  HB stars
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Helium Burning Lifetime: R-Method

Straniero, Ayala, Giannotti, Mirizzi & Domínguez,
doi:10.3204/DESY-PROC-2015-02/straniero_oscar

Number ratio  (“R”) of HB/RGB fixes He-burning lifetime
(if RGB not affected by new energy loss)

https://doi.org/10.3204/DESY-PROC-2015-02/straniero_oscar
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ALP Limits from Globular Clusters

Ayala, Dominguez, Giannotti, Mirizzi & Straniero, arXiv:1406.6053
doi:10.3204/DESY-PROC-2015-02/straniero_oscar

Update including ALP masses: Lucente, Straniero, Carenza, Giannotti & Mirizzi, arXiv:2203.01336

Helium abundance and energy loss rate
from modern number counts HB/RGB
in 39 globular clusters R = 1.39 ± 0.03

𝑅th = 1.48 + 6.26 𝑌 − 0.255 − 0.41𝑔10
2

𝒈𝒂𝜸 < 𝟎. 𝟔𝟔 × 𝟏𝟎−𝟏𝟎𝐆𝐞𝐕−𝟏 (95% CL)

Small “cooling hint” almost certainly
systematics (as usual in astrophysics)
eg nuclear reaction rates
Need more systematic exploration of
systematics!

Same as CAST limit within 2 digits 

https://arxiv.org/abs/1406.6053
https://doi.org/10.3204/DESY-PROC-2015-02/straniero_oscar
https://arxiv.org/abs/2203.01336
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AGB/HB Counts in 48 Globular Clusters 

The treatment of mixing in core helium burning models
II. Constraints from cluster star counts
Constantino, Campbell, Lattanzio & van Duijneveldt,
arXiv:1512.04845

R2 = NAGB/NHB = 0.117 ± 0.005

https://arxiv.org/abs/1512.04845


HB vs. AGB Clump on Luminosity Function
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Predicting the Axion-Modified Ratios

M.J. Dolan, F.J. Hiskens & R.R. Volkas, arXiv:2207.03102

HB/RGB AGB/HB

𝒈𝒂𝜸 < 𝟎. 𝟔𝟔 × 𝟏𝟎−𝟏𝟎𝐆𝐞𝐕−𝟏 𝒈𝒂𝜸 < 𝟎. 𝟒𝟕 × 𝟏𝟎−𝟏𝟎𝐆𝐞𝐕−𝟏

“Cooling hint”

Probably one should analyze GCs for all observables simultaneously
using modern high-statistics (GAIA) data

https://arxiv.org/abs/2207.03102


Córsico & Althaus, arXiv:2402.03490

Convective

Radiative

• He-burning core convective

• At the end unstable edge
“core breathing pulses” (BP)

• Usually suppressed “by hand”
in evolution simulations

• Strong impact on number ratios
and later white dwarf stage

Role of Core Breathing Pulses at End of He Burning

https://arxiv.org/abs/2402.03490


Gaia DR2: Observational Hertzsprung-Russell Diagrams

arXiv:1804.09378Composite HRD for 14 globular clusters, 
coloured according to metallicity

ESA’s Gaia Satellite
2013–2025(?)
Unprecedeted
astrometric survey

https://arxiv.org/abs/1804.09378
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Color-Magnitude Diagram for Globular Clusters

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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Color-Magnitude Diagram for Globular Clusters

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)

Hot, blue cold, red

H

Main-Sequence

H
He

C O

Asymptotic Giant

H

He

Red Giant

H

He

Horizontal Branch

C O
White
Dwarfs

Emission of axions & friends
with direct electron coupling

Bremsstrahlung emission by
degenerate electrons

𝒈𝒂𝒆



Georg Raffelt, MPI Physics, Garching 19 Axions in the sky!,  Barolo, 12–15 June 2024

TRGB in 46 Globular Clusters [Cerny+ 2012.09701]

https://arxiv.org/abs/2012.09701
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New TRGB Calibration from 21 Globular Clusters

Emission of axions & friends
with direct electron coupling

Bremsstrahlung emission by
degenerate electrons

𝒈𝒂𝒆

ℒae =
𝐶𝑒
2𝑓𝑎

𝑒𝛾𝜇𝛾5𝑒𝜕𝜇𝑎

𝑔ae =
𝑚𝑒𝐶𝑒
𝑓𝑎

C𝑒 =
cos2 𝛽

3

DFSZ Axions

} 𝒇𝒂
𝐜𝐨𝐬𝟐𝜷

> 𝟏. 𝟖 × 𝟏𝟎𝟗 GeV

𝑚𝑎 = 6meV
109GeV

𝑓𝑎

Metallicity [M/H]

𝒈𝒂𝒆 < 𝟎. 𝟗𝟔 × 𝟏𝟎−𝟏𝟑 (95% CL)

Straniero+ arXiv:2010.03833 and https://www.ggi.infn.it/talkfiles/slides/slides6554.pdf

https://arxiv.org/abs/2010.03833
https://www.ggi.infn.it/talkfiles/slides/slides6554.pdf
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Tip of the Red-Giant Branch in the Galaxy NGC 4258

Color (HST Filters)

I-
B

an
d

 B
ri

gh
tn

es
s 

(H
ST

)

NGC 4258 hosts a water megamaser
 Quasi-geometric distance determination
 Among the best absolute TRGB calibrations 
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Hubble Tension

Di Valentino+ arXiv:2103.01183Freedman ApJ 919 (2021) 16 [2106.15656]

See also Riess+
arXiv:2112.04510

https://arxiv.org/abs/2103.01183
https://arxiv.org/abs/2106.15656
https://arxiv.org/abs/2112.04510
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White Dwarfs

C/O core He

20 km
200 km

6000 km

H
if present
= DA WDs

Heat
Reservoir Photon

emission

Energy flux control
Cooling much slower for 
DA type (with H layer)

𝑅 ≃ 6000 km (Size of the Earth)
𝑇eff ≃ 10,000–30,000K (Sun 6000 K)
𝐿 ≃ 10−4–10−1𝐿⊙
𝑀 ≃ 0.5–0.8𝑀⊙

𝜌 ≃ 106g/cm3 (very degenerate)
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White Dwarf Luminosity Function (WDLF)

Miller Bertolami, Melendez, Althaus & Isern, arXiv:1406.7712

Stars formed in the past Gyr Oldest
WDs

𝑳/𝑳⊙𝟏𝟎−𝟒𝟏𝟎−𝟑𝟏𝟎−𝟐𝟏𝟎−𝟏𝟏

𝑴𝐛𝐨𝐥 = 𝟒. 𝟕𝟒 −
𝟓

𝟐
𝐥𝐨𝐠𝟏𝟎

𝑳

𝑳⊙
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Axion Bounds from WD Luminosity Function

Miller Bertolami, Melendez, Althaus & Isern, arXiv:1406.7712, 1410.1677
For extensions and review see: Isern, arXiv:2002.08069

Limits on axion-electron coupling and mass limit in DFSZ model:

𝑔𝑎𝑒 ≲ 3 × 10−13 𝑚𝑎 cos
2 𝛽 ≲ 10 meV

https://arxiv.org/abs/1406.7712
https://arxiv.org/abs/1410.1677
https://arxiv.org/abs/2002.08069
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Pulsating Stars

https://www.eso.org/public/images/eso0728c/ https://scienceatyourdoorstep.com/2021/01/04/what-are-variable-stars/

https://www.eso.org/public/images/eso0728c/
https://scienceatyourdoorstep.com/2021/01/04/what-are-variable-stars/
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Non-Radial g-Modes

 Long period waves
(100 – 1000 s)

 Gravity is the restoring force

From a talk by J. Isern

𝒅 𝐥𝐨𝐠𝚷

𝒅𝒕
∝ −

𝒅 𝐥𝐨𝐠𝑻

𝒅𝒕

 Period decreases as 
the star cools

 Characteristic rate 10−15 s/s

 Measures cooling speed
of a single star
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Pulsating White Dwarf G117–B15A 

Kepler+ ApJ 254 (1982) 676 Kepler+ ApJ 906 (2021) 7

𝐷 = 57.5 ± 0.1 pc
𝑇 = 12,400 K
𝑀 = 0.69 𝑀⊙

Period 215.2 s

“Most stable optical clock”, slipped by 26 s (of 215.2 s period) in 45 years
Τሶ𝑷 𝑷 = 𝟓. 𝟏𝟐 ± 𝟎. 𝟖𝟐 × 𝟏𝟎−𝟏𝟓 𝐬/𝐬
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G117–B15A Period Decrease: Hint for Axion Cooling? 

Τሶ𝑷 𝑷 = 𝟓. 𝟏𝟐 ± 𝟎. 𝟖𝟐 × 𝟏𝟎−𝟏𝟓 𝐬/𝐬

Kepler+ ApJ 906 (2021) 7 Emission of axions & friends
with direct electron coupling

Bremsstrahlung emission by
degenerate electrons

𝒈𝒂𝒆

Case of DFSZ Axion

𝑔𝑎𝑒 = 0.28 × 10−13
𝑚𝑎 cos

2 𝛽

meV

Nominal cooling signal

𝒈𝒂𝒆 = 𝟓. 𝟕 ± 𝟎. 𝟔 × 𝟏𝟎−𝟏𝟑
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Bounds on Axion-Electron Coupling

NGC 4258

L 19-2

PG1351+489

R548

G117-B15A

21 GCs

WDLF

TRGB,

TRGB,

ሶΠ

ሶΠ

ሶΠ

ሶΠ

0 1 2 3 4 5 6 7
𝑔𝑎𝑒
10−13

White Dwarfs as Physics Laboratories: Lights and Shadows, arXiv:2202.02052
J. Isern, S. Torres & A. Rebassa-Mansergas

Stellar Evolution Confronts Axion Models, arXiv:2109.10368
L. Di Luzio, M. Fedele, M. Giannotti, F. Mescia & E. Nardi

“Cooling hints” in strong
tension with TRGB limits
Probably issue of systematics

https://arxiv.org/abs/2202.02052
https://arxiv.org/abs/2109.10368


Astrophysical Axion Bounds
The 2024 Edition, Caputo & Raffelt, arXiv:2401.13728, 24 Jan 2024

• Many improvements over the years, but overall picture the same
• Specific QCD axion signatures hard to expect from cooling effects
• Best stellar detection opportunity probably (Baby)IAXO 
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