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ParticlePhysics Constraints from Stars

Lowmass particles (neutrinos, axions and friends, hidden photons,
low-mass carriers of new forces, ...) can be probed by stars.

| Particles from the Sun and their detection

1 Impact of new energytoss channels on lownass stars
1 Supernova 1987A

1 Neutron-star cooling

f
f

| Axion conversion in pulsar magnetospheres

| Superradiance of ultrdight bosons from black holes

In this lecture focus on the astrophysics of these arguments
(often not so clear to particle physicists) and not so much on the
latest results for all types of particles

Georg Raffelt, MPI Physics, Munich SFB 1258 MukMessengeriSeminar 10 FeR021



EVOLUTION OF STARS
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http://earthspacecircle.blogspot.com/2013/07/stellavolution.html ~ Black Hole
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EVOLUTION OF STARS
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Particles from the Sun:  { Lifetime of HB stars in globular clusters

{ Direct search { Brightness of tip of redjiant branch (TRGB)
1 Backreaction on Sun 1

1 White dwarf luminosity function
\Sma" Star Red Giant. ' Period decrease of va\riflble WDs

&1
.'.' /

. — 9
2 White Dwarf

A

DM axion conversion |
pulsar magnet@sphere

e Neutrino signal
i from SN 1987A

Red Supergiant & future SN

/ Neutron Star

Cooling spee

Large Star

N

Superradiance

Stellar Cloud
with
Protostars

Corecollapse supernova ~ Black Hole



Particles from the Sun

2002 Solar Neutrinos (R.Davis, M.Koshi

2015 Solar N®@scillations (A.McDonald)

Search for solar axions
with CAST and future IAXO

(b) Solar axion

Mo ra -~ w1 EXCESS €vents in
Sl ™" XENONIT DM search
*: i 1 | r Solar axions?
5o | | arXiv2006.09721
I T
Georg Raffelt, MPI Physics, Munich 8
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Neutrinos from the Sun

Helium

Solar radiation: 98 %ight (photons)
2 % neutrinos
At Earth 66 billion neutrinos/crasec

Hans Bethe (1906 2005, Nobel prize 1967)
Thermonuclear reaction chains (1938)

Georg Raffelt, MPI Physics, Munich 9 SFB 1258 MukMessengerSeminar 10 FeB021
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Georg Raffelt, MPI Physics, Munich

"Be

Solar Neutrinos from Nuclear Reactions

Vitagliano, Tamborra & Raffelt, arXiv:1910.1187

All components of pp
chains (bluehave

1 been measured

Very recently direct
] experimental evidence

for CNO fluxes (orange)
In Borexino
arXiv:2006.15115 (06/2020)
Nature 587 (2020) 577

Favors higher flux, but
cannot decide between
GKAIKE YR ¢
abundance
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Solar Neutrino Spectroscopy with Borexino

N
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ThermalNeutrinos: ProductionProcesses

| s §§§§§§

Y > e

Photoproduction (Compton) Bremsstrahlung (electron—ion)

Recombination (free-bound)

1% 14
& >
% %
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U
; ;
& = = e

Plasmon decay Bremsstrahlung (electron—electron) Deexcitation (bound—bound)

Figure 1. Processes for thermal neutrino pair production in the Sun.

Vitagliano, Redondo & Raffelt, arXiv:1708.02248
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Solarneutrino flux at keV energies

{ Thermally produced neutrinos and antineutrinos dominate at keV energ
| Future detection opportunities?

107
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Vitagliano, Raffelt & RedonddCAP 1712 (201@).0 [arXiv:1708.0224]8
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Grand Unified Neutrino Spectrum (GUNS) at Eart

Vitagliang Tamborra& Raffelt, arXiv:1910.11878
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Grand Unified Neutrino Spectrum (GUNS) at Eart

Flux (cm2s"'sr' MeV-)
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Often shown GUNS plot,
but has many issues
Probably should be retired
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VoLUME 51, NUMBER 16 PHYSICAL REVIEW LETTERS 17 OCTOBER 1983

Experimental Tests of the ‘‘Invisible’’ Axion

P. Sikivie
Physics Deparvtment, University of Flovida, Gainesville, Flovida 32611
(Received 13 July 1983)

Experiments are proposed which address the question of the existence of the “invisible”
axion for the whole allowed range of the axion decay constant. These experiments exploit
the coupling of the axion to the electromagnetic field, axion emission by the sun, and/or
the cosmological abundance and presumed clustering of axions in the halo of our galaxy.

Primakoff effect: Pierre Sikivie:
Axionphoton transition in external Macroscopic Bield can provide a
static E or B field large coherent transition rate over
(Originally discussed for a big volume (lowmass axions)
by Henri Primakoff 1951) wAXion helioscope:
VAN - - - - - a Look at the Sun throughdipole magnet

wAXxion haloscope:
Look for darkmatter axions with
A microwave resonant cavity

Georg Raffelt, MPI Physics, Munich SFB 1258 MukMessengelSeminar 10 FeB021



Let's point a magnet
at the sun...

/ b ...and look for X-Rays!

By CAST student Sebastian Baun
\



LHC Magnet Mounted as a Telescope to Follow the Su

Sunrise

. photon detectors
Magnet 10m superconducting .

Sunset _ feed box LHC test magnet

photon detectors |

SPCEE > |
Sunrise axions :

.‘/'vv'

Low-background

Low-background
shielding

shielding

/
/
/

Turntable

- CAST Movie on YouTukb

Georg Raffelt, MPI Physics, Munich
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https://www.youtube.com/embed/XY2lFDXz8aQ?fs=1

Searchindgor SolarAxions with CAST
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X-ray telescope system
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New CAST limit on the axiephoton interaction, NaturePhysics 13 (201'H584[1705.02290]

Georg Raffelt, MPI Physics, Munich SFB 1258 MukMessengeriSeminar 10 FeR021



Next Generation Axion Helioscop&AXO)

B o s
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x pYS perbore

¢ Lighter(noiron yoke)
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w ! NI Sefd.t dzR
ConceptuaDesign of the InternationaAxion Observator{fiAXQ, arXivi401.3233
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(Baby) IAXO Sensitivty Forecast

ALPS-11

1011 iy ; TAXO Baby IAXO @ DESY
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Observation of Excess Electronic Recoil Events in XENO

arxiv:2006.09721 (17 June 2020)
~ 150 citations

120 : : . . . __

100 3.25 excess | == o
S l ] GXe = = > .
=l l I I l [] . Ve
> I L1 H [1 1 . l
% i l l l [ l ] l l I l | I LXe \" i drift time
§ 40 ] d ! y

20| — B,

I SRi1 data
b g‘ ...... I 1 |particle
0 5 10 5 20 25 30

Energy [keV]

Caused by solar axions or other particles from the Sun’
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keV-Range Energy Depositions

Nuclear recoll Electronic recoil (ER)

e

Solar neutrinos with large
dipole moments

Darkmatter WIMPs Solar axions (keV energies)

Coherent scattering of keV-mass bosonic DM particles
10 MeV solar neutrinos (ALRt A1 S KARRSY
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Observation of Excess Electronic Recoll Events in XENO
arXiv:2006.09721 (17 June 2020), accepted in PRD
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Solar Axions/ALPs

™ .
(@) Redondo, arXiv:1310.0823 ,a
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XENONI1T Results for Solar Axions/ALPs
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According to limits from stellar energy losses,
XENONIT excess cannot be caused by solar axions/ALPs
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EVOLUTION OF STARS
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Galactic Globular Cluster M55
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ColorMagnitude Diagram for Globular Clusters

10

15

[sochrones for
14 Gy, [Fe/H] = -2

0 2 3
Hot, blue cold, red

Colormagnitude diagram synthesized from several-dmstallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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ColorMagnitude Diagram for Globular Clusters

[sochrones for
14 Gy, [Fe/H] = -2
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Colormagnitude diagram synthesized from several-dmstallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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ColorMagnitude Diagram for Globular Clusters

wStars withM so
large that they
have burnt out
In a Hubble time

wNO new star I
formation in 5 |-
globular clusters i

[sochrones for
14 Gy, [Fe/H] = -2
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Hot, blue (V-1), cold, red
Colormagnitude diagram synthesized from several-dmstallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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ColorMagnitude Diagram for Globular Clusters

[sochrones for
14 Gy, [Fe/H] = -2
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Hot, blue (V-1), cold, red
Colormagnitude diagram synthesized from several-dmstallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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ColorMagnitude Diagram for Globular Clusters
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| Red Giant
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Colormagnitude diagram synthesized from several-dmstallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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ColorMagnitude Diagram for Globular Clusters

[sochrones for
14 Gy, [Fe/H] = -2
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Colormagnitude diagram synthesized from several-dmstallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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ColorMagnitude Diagram for Globular Clusters

Asymptotic Giant
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Colormagnitude diagram synthesized from several-dmstallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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ColorMagnitude Diagram for Globular Clusters

.I_|
Asymptotic Giant
H
I 0 1 2 3 IN-
RCTEEEY ISIEE Hot, blue (V-1), cold, red

Colormagnitude diagram synthesized from several-mstallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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ColorMagnitude Diagram for Globular Clusters

[sochrones for
14 Gy, [Fe/H] = -

Asymptotic Giant

Particle emission reduces
helium burning lifetime,
l.e. number of HB stars

2
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Colormagnitude diagram synthesized from several-mstallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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ColorMagnitude Diagram for Globular Clusters

Particle emission
delays He ignition, i.e.

core mass increased

Asymptotic Giant

:

Particle emission reduces
helium burning lifetime,
l.e. number of HB stars
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Colormagnitude diagram synthesized from several-mstallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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Upper Red Giant Branch of Globular Clusters

Brightest red giant
measures nonstandard energy loss

_Beccari et al., arXiv:asth/0610289 / L \
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Straniero et al., arXiv:2010.03833 Viaux et al., arXiv:1308.4627
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TRGB in 46 Globular Clusters [Cer2pd2.0970]
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