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Particles and Stars

Low-mass particles are
produced In stellar interiors

wDetection opportunity
(Sun or Supernovae)

wBackreaction on stellar
properties

- Which particles?
-  Which stars?

Georg Raffelt, MPI Physics, Garching 2 Invisibles Workshop, CERN, 1 Sept 2C



QUARKS

LEPTONS

Standard Model of Elementary Particles

three generations of maner
[fermions)

interactions / force carriers
(hosons)
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What else Is there to know?


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

Urgent ParticlePhysics Questions

1 Neutrino properties
¢ Two or four components? (Dirac vs Majorana)
¢ Electromagnetic properties?

M Dark matter of the universe
¢ WIMPs (heavy neutrindike particles)
¢ Axions (very low-massZ like particles)
¢ Many other options

1 Matter-antimatter asymmetry in the universe

M1 What drives cosmic inflation?

Georg Raffelt, MPI Physics, Garching 4 Invisibles Workshop, CERN, 1 Sept 2C



Bestiarium of LowMass Bosons

Tab.x

Weakly Interacting SuleV Particles (WISPSs)

AAxions (1 parameter familya "QD a Q)
Solves strong CP problem
Could be dark matter

AAxionHlike particles (ALPS)
Generic twephoton vertex, could be dark matte
(2 parametersy and™Q )

AString axions
(almost massless pseudoscalars in string thec
One of them may solve CP problem

AHidden photons
Lowmass gauge bosons froniep
(kinetic mixing parameter.and massxt )

AFifth force, fuzzy dark matter, ULAS,
all sorts of FIPs, WISPs, ALPs, mediators,
majorons, ...

Georg Raffelt, MPI Physics, Garching

Invisibles Workshop, CERN, 1 Sept 2C



Particles from the Sun

Search for solar axions
with CAST and future IAXO

No excess in XENONI
arxiv:2207.11330
Bounds on axions,
dark photons, neutrinc
dipole moments

Events/(t-y-keV)

Georg Raffelt, MPI Physics, Garching 6 Invisibles Workshop, CERN, 1 Sept 2C


https://arxiv.org/abs/2207.11330

MARCH 1, 1939 PHYSICAL REVIEW _ VOLUME 55

Energy Production in Stars*

H. A. BETHE
Cornell University, Ithaca, New York

(Received September 7, 1938)

The combination of four protons and two Hans Bethd
electrons can occur essentially only in two ways. 19062005
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, 2.

H+H=D+¢" (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as

catalysts, according to the chain reaction wFirst mention of neutrino
C24+H=NB4+, NB8=C34 ¢+ emission from stars
13 — N 14 . .
N HoOur)  ouensse @  wNeutrino losses discusse
N154H = Ci2+ Het. although overestimated

Georg Raffelt, MPI Physics, Garching Invisibles Workshop, CERN, 1 Sept 2C



Neutrino energy flux E¢ [cm‘2 3‘1]

Georg Raffelt, MPI Physics, Garching

Grand Unified Neutrino Spectrum (GUNS) at Eart

Vitagliang Tamborra& Raffelt, arXiv:1910.11878
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https://arxiv.org/abs/1910.11878

Nuclear vs. Thermal Particles from the Sun

Neutrinos from nuclear transformation 0 € ¢ pofdy o& pm 7AO00O0
Effectively protoAaneutron conversion At Earth hH

- & H N SubMeV to 18 MeV energies
Set by nuclear interactions

Thermal neutrinos

Photon conversion, bremsstrahlung, ... At Earth 8 hA“H

7 m°m N N Average energy 2.5 keV

m = == g h N Set by thermal energies in solar core
Thermal gravitons dpnni€rr 95 € EN

Bremsstrahlung, ...

g o= == g HIHTI 1T Undetectable

Thermal Axions, ALPs, Dark Photons, ... U depends on coupling strength
Various thermal processes Allows for axion detection?

Georg Raffelt, MPI Physics, Garching Invisibles Workshop, CERN, 1 Sept 2C
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Temperature in the Sun

Virial Theorem (O ) -0 O

Approximate Sun as a homogeneous
sphere with

Mass U pBow p T C
Radius Y P p MAI
Gravitational potential energy of a
proton near center of the sphere

(0O ) — o EA6

Thermal velocity distribution

(O ) -Q¥ -0 O Central temperature from
Estimated temperature standard solar models

Y pREAG6 Y p® @ pT+ pDTEAG

Invisibles Workshop, CERN, 1 Sept 2C



Virial Theorem¢ Dark Matter in Galaxy Clusters

A gravitationally bound
system of many particles
obeys the virial theore

¢(O ) 8O O
G U ‘00 a>

Velocity dispersion
from Doppler shifts
and geometric size

Coma Cluster

Georg Raffelt, MPI Physics, Garching 11 Invisibles Workshop, CERN, 1 Sept 2C



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.

X-ray
detector
Axion 500 s
VAV eeenee ) _________________________________ »
§ Flight time
Sun Earth
N Ao Phton g, = 1071 Gy | Large coherence length overcomes

Axion-Electron g, = 1071

-1

small coupling

Axionphoton conversion in feld similar to
neutrino flavor oscillation, PRD 37 (1988) 12
Can be enhanced with gas filling

van Bibber+ PRD 39 (1989) 2089

-2 ;
m % year |

1o

o

Primakoff

L (107 keV !

dd
dE

w  https://cajohare.github.io/IAXOmass/

4 G
Ea [keV]
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https://cajohare.github.io/IAXOmass/

PHYSICAL REVIEW D VOLUME 18, NUMBER 6 15 SEPTEMBER 1978

Astrophysical bounds on the masses of axions and Higgs particles \\V/ 2 0 1 e

Duane A. Dicus and Edward W. Kolb* PhD work
Center for Particle Theory, The University of Texas, Austin, Texas 78712

Vigdor L. Teplitzt
Department of Physics, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

Robert V. Wagoner
Institute of Theoretical Physics, Department of Physics, Stanford University, Stanford, California 94305

(Received 27 April 1978)

Lower bounds on the mass of a light scalar (Higgs) or pseudoscalar (axion) particle are found in three ways:
(1) by requiring that their effect on primordial nucleosynthesis not yield a deuterium abundance outside
present experimental limits, (2) by requiring that the photons from their decay thermalize and not distort
the microwave background, and (3) by requiring that their emission from helium-burning stars (red giants)
not disrupt stellar evolution. The best bound is from (3); it requires the axion or Higgs-particle mass to
be greater than about 0.2 MeV.

The first process considered is the Primakoff F”"St d |SCUSS|On Of PrlmakOﬁ:

process, y+Z - ¢+Z, shown in Fig. 2. The

cross section for this process near threshold is eﬁect for WW aXIOI’]ﬁ’X l !IY

lv|0=64ﬂa22M(u’2——mww
m

2
]

o)

%

" C2NJ GAYODAAALYNS | EA
— Plasma screening effects crucial
AY Dowl FFSEGQa t K5

-~

Still used today@®

(Mm% =2wm,)?

FIG. 2. Y+Z — ¢+ Z via the Primakoff process.
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RochesteiBrookhaverAFermiLab
Lazarus+ PRL 69 (1992) 2333
Few hours of data, fixed magnet

O mxpm' A

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

N 9
! .
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N .
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J
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Moriyama+ [hepex/9805026] PR S
nO T[EQ) T p T 1 A o 111 -4
See also Ohta+ [1201.4622]

CAST (1992021)

Stearable, 9.26 m long, 9 Tesla
CAST Collaboratiq@2406.16840
"0 mMYypn ' A

CAST Movie on YouTub r

https://youtu.be/XY2IFDXz8a



https://arxiv.org/abs/2406.16840
https://www.youtube.com/embed/XY2lFDXz8aQ?fs=1

(Baby) IAXO Sensitivity Forecast

/ARSI ‘BabyIAXO z Z
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10=H o TAXO S
19 [ L N
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= . AP _
10_13 E_ Hi.!( 0{}‘&0 _E
1014 & : Discovery potential
= i /) for QCD axions 7
1075 & % E
10716 Ml:ﬁlllllll | IIIIIII| | IIIIIII| | IIIIIII| 1 IIIIII_II | IIIII|,|I | IIII|_|_,|,|
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Physics potential of the International Axion Observatory (IAXO)
JCAP 1906 (2019) 047, arXiv:1904.09155
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Grand Unified ALP Scape

> SN1987A
EAET Solar v .

Globular clusters

DSNALP VIWD X-1
y = StAB
Fermi-SNe Mrki421 A HST
Y& o & ) >
: 223

. S A58 C
Fermi o s

{=
@
&
=
@

iy
MWD Pol! V*S?‘

uondeIy
UOTeSIUO]

10—12 Chandra 5

1s31da
&

OI'lIS XINA Vg

MUSE -
LSH
z«'

AP =R (R £ b

g: 10-14
b% 10—15
N 10—16
10—17
v A
10" AL IR LR WAL L A AL RRR RRAIL AR R INTEGRAL

H 9 & 9 6 5 % % Q A > A 5 (&) ]
10730720 07 40T 40T 407 40740740 40 407 A0 A0 AT A8 AT 407 AT 40

mg [eV] Ciaran O'Hare @ Github

Georg Raffelt, MPI Physics, Garching Invisibles Workshop, CERN, 1 Sept 2C


https://github.com/cajohare

EVOLUTION OF STARS

Planetary Nebula Compact
Remnants:
Small Star Red Giant White Dwarf
‘ — — ——— 4
' RD 5000 km

Supernova 0 =120 $
RD 12 km
Neutron Star

D My Red Supergiant
Large Star ==

N

few-tenso
EA

Stellar Cloud
with
Protostars

BRO 25% (?)

http://earthspacecircle.blogspot.com/2013/07/stella@volution.html Black Hole


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

Particles from the Sun:  § Number countsn globular clusters
{ Direct search { Brightness of tip of redjiant branch (TRGB)

i Backreaction on Sun | f White dwarf luminosity functior
\Sma” Star Red Giant . Period decrease of variable WI

1 TWD Initiatfinal mass function
/‘—)‘—> < EoS w/ axions——> @

.S
’ i

DM axion conversion i
pulsar magnetosphere

1 Nus from SN 1987A & future Si
1 Explosion energy
{ Radiation from aII past SHe

Red Superglant Neutron Star

 dadii. Large Star _
: 1 Cooling speel
T E0S w/ axion:
—
Stellar Cloud Superradiance

with
Protostars

Corecollapse supernova ~ Black Hole



Galactic Globular Cluster M55
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ColorMagnitude Diagram for Globular Clusters

| | |
= -
MV
I[sochrones for i
5 |- 14 Gy, [Fe/H] = -2 _]
10
16
1 I 1 1 I 1 1 1 1 l 1 1 1 1
0 1 2 3
Hot, blue (V-1), cold, red

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

Asymptotic Giant
I 0 1 2 3 IN-
gl e Hot, blue (V-I), cold, red

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

H 1 1 I 1 I I I I ) I I I I
: BN ® Particle emission
i o delays He ignition, i.e.
R 3 core mass increased

5 -
Asymptotic Giant i
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| |
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gl e Hot, blue (V-I), cold, red
Colormagnitude diagram synthesized from severaldmtallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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TRGB In 46 Globular
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https://arxiv.org/abs/2012.09701

New TRGB Calibration from 21 Globular Cluster

Straniero+arXiv:2010.0383and https://www.qgqi.infn.it/talkfiles/slides/slides6554.pd

8 Emission of axions & friends

with direct electron coupling
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https://arxiv.org/abs/2010.03833
https://www.ggi.infn.it/talkfiles/slides/slides6554.pdf

Bounds on neutrino dipole moments

XENONNT, arXiv:2207.1133
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THE ASTROPHYSICAL JOURNAL, 835:28 (17pp), 2017 January 20
NGC 4258 (M
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Figure 7. QT — (F555W — F814W), CMDs of NGC 4258 from five different reduction methods : ALLFRAME on drc, IRAF/DAOPHOT on drc, ALLFRAME on
flc, DOLPHOT on flc, and DOLPHOT on fit (from left to right). Edge detection responses are shown by the solid lines. Note that the estimated TRGB magnitudes
(dashed lines) agree very well.

NGC 4258 hosts a water megamaser

- Quastgeometric distance determination

- Among the best absolute TRGB calibrations
- One rung in cosmic distance ladder

Tip of the RedGiant Branch in the Galaxy NGC 42

JANG & LEE

(f) NGC 4258 (SABbc)

N/
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EVOLUTION OF STARS
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Stellar Collapse and Explosion

Progenitor Star Iron Coreb&d 2 KA US 5 ¢ NEollapsed Core
Shells not to scale Mass® 1.5 M, Nuclear density (810 g cnt?)

Bounce
Shock

——— 6x10%km ———  ——— 6000 km —— e

Gravitational binding energy
E © 33 10°3erg © 15% M\

This shows up as
99% Neutrinos
1% Kinetic energy of explosion
0.01% Photons, outshine host gala

Georg Raffelt, MPI Physics, Garching Invisibles Workshop, CERN, 1 Sept 2C



Delayed (NeutrineDriven) Explosion

Infall Accretion Explosion
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Wilson, Proc. Univ. lllinois Meeting on Num. Astrophys. (1982)
Bethe & Wilson, ApJ 295 (1985) 14

Georg Raffelt, MPI Physics, Garching Invisibles Workshop, CERN, 1 Sept 2C



Roles of Different Forms of Radiation
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Georg Raffelt, MPI Physic&arching InvisiblesWorkshop CERN, $ept2025



Impact of New Particles

Progenitor Star

Energy and lepton transport
within PNS

Energy transport beyond neutrino sphere
(directly or decay products)

1 Explosion

1 Nucleosynthesis

Detection (direct or decay products)
TSN 1987A, next nearby SN
1 Diffuse background from all past SNe

Invisibles Workshop, CERN, 1 Sept 2C

Georg Raffelt, MPI Physics, Garching



Supernova Bounds on Radiative Particle Decay:

NASA’s Compton GSmma Ray Observatory

EGRET 5

COMPTEL

SNe provic
est constraint:
apPl UTO-

rXivZ2201.0969!

BATSE (1 of 8)

D

r
Nt
~
Al

COsmic gamma ‘ray backgrou

Collapse
from all past supernovae

SN COr

Solar Maximum Mission

Frogenitol
mantlie

No éxcess Qamma rays
@ SN 1987A neutrino burst

Georg Raffelt, MPI Physics, Garching 34 Invisibles Workshop, CERN, 1 Sept 2C


https://arxiv.org/abs/2201.09890

GravitationatWave Signatures of New Energy Transfer

wPNS convection stimulated by
novel heating at bottom of
convection layer

wCauses GW emission during
otherwise guiescent phase
shortly after core bounce

wTesting BSM forms of energy
transfer with GWs from next SN

Ehring, Abbar, Janka, Raffelt, Nakamura & Kotake, ad4i%:02750

Georg Raffelt, MPI Physics, Garching Invisibles Workshop, CERN, 1 Sept 2C



