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Stars and Galaxies: a pathway to the  
Dark Side of Fundamental Physics



We have a lot of evidences for physics beyond 
the Standard Model

Dark Matter  

                                               Neutrino Masses 

Matter Antimatter asymmetry  
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The strong CP problem

We know that QCD suffers from the fact 
one can add to the Lagrangian the 
following term

ℒ  ⊃ − 𝜃
𝑔2

16𝜋
𝑇𝑟(𝐺~𝐺)

𝐺𝜇𝜈 = 𝐺𝑎
𝜇𝜈𝑇𝑎

~𝐺𝜇𝜈 = 𝜖𝜇𝜈𝜚𝜎𝐺𝜚𝜎
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It can be shown that this term is a total 
derivate and one would naively think we can 
just forget about it. However, the structure of 
QCD vacuum makes this term important, with 
physical consequences

It leads to a dipole moment for 
the neutron

𝜃 < 10−9
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The axion 
(Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978)

The idea is simple and consists on promoting the dimensionless parameter  to a 
dynamical field 

𝜃 

ℒ  ⊃ −
𝑎(𝑥)
𝑓𝑎

𝑔2

16𝜋
𝑇𝑟(𝐺~𝐺)

• (pseudo) Goldstone 
Boson associated to 

 

• Good dark matter 
candidate

𝑈(1)𝑃𝑄

7



The axion 
(Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978)

The idea is simple and consists on promoting the dimensionless parameter  to a 
dynamical field 

𝜃 

ℒ  ⊃ −
𝑎(𝑥)
𝑓𝑎

𝑔2

16𝜋
𝑇𝑟(𝐺~𝐺)

8



The axion 
(Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978)

The idea is simple and consists on promoting the dimensionless parameter  to a 
dynamical field 

𝜃 

ℒ  ⊃ −
𝑎(𝑥)
𝑓𝑎

𝑔2

16𝜋
𝑇𝑟(𝐺~𝐺)

In a theory with the quarks charged under 
electromagnetism one gets a coupling to 
the photon performing a chiral (and 
anomalous) transformation

• (pseudo) Goldstone 
Boson associated to 

 

• Good dark matter 
candidate

𝑈(1)𝑃𝑄

9



The axion 
(Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978)

The idea is simple and consists on promoting the dimensionless parameter  to a 
dynamical field 

𝜃 

ℒ  ⊃ −
𝑎(𝑥)
𝑓𝑎

𝑔2

16𝜋
𝑇𝑟(𝐺~𝐺)

In a theory with the quarks charged under 
electromagnetism one gets a coupling to 
the photon performing a chiral (and 
anomalous) transformation

• (pseudo) Goldstone 
Boson associated to 

 

• Good dark matter 
candidate

𝑈(1)𝑃𝑄

10



The axion 
(Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978)

The idea is simple and consists on promoting the dimensionless parameter  to a 
dynamical field 

𝜃 

ℒ  ⊃ −
𝑎(𝑥)
𝑓𝑎

𝑔2

16𝜋
𝑇𝑟(𝐺~𝐺)

In a theory with the quarks charged under 
electromagnetism one gets a coupling to 
the photon performing a chiral (and 
anomalous) transformation

• (pseudo) Goldstone 
Boson associated to 

 

• Good dark matter 
candidate

𝑈(1)𝑃𝑄

11



More generally we can have a rich Dark Sector, that is to say new 
particles which can be connected in different ways to the SM particles

SM Sector 

Leptons, quarks, 
etc 

Dark Sector 
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How to look for these new particles? 

Collider searches. We have been doing this successfully 
for decades, however it is more and more difficult to 
reach high energies 

Caputo, P. Hernandez, M. Kekic, J. Lopez-Pavon, J.Salvado, Eur.Phys.J.C 77 (2017) 4, 258

Caputo, P. Hernandez, J. Lopez-Pavon, J.Salvado, JHEP 06 (2017) 112 

D. Barducci, E. Bertuzzo, Caputo, P. Hernandez, JHEP 06 (2020) 185

D. Barducci, E. Bertuzzo, Caputo, P. Hernandez, B. Mele, JHEP 03 (2021) 117  14



Be creative and use astrophysical objects and the universe!

“The Universe is a “poor man” 
accelerator” Zel’dovich
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How to look for these new particles? 



Two parts

• Dark Matter particles


• New particles which are NOT Dark Matter
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I. Looking for dark matter
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My research

Dark Matter  
and telescopes

Caputo et al., JCAP 03 (2019) 027 (radio)

Caputo et al., Phys.Rev.D 98 (2018) 8, 083024 (radio)


Caputo et al., JCAP 03 (2020) 001 (X-rays)


Caputo et al., JCAP 05 (2021) 046 (IR)


Bernal, Caputo, et al., Phys.Rev.D 103 (2021) 6, 063523 (optic)

Bernal, Caputo, et al., Phys.Rev.Lett. 127 (2021) 13, 131102 (optic)

Dark Matter  
and other indirect probes

Stars and  
new physics

Caputo et al., JCAP 08 (2022) 08, 045


Caputo et al., Phys.Rev.Lett. 128 (2022) 22, 221103 (CCSNe)

Caputo et al., Phys.Rev.D 105 (2022) 3, 035022 (CCSNe)


Caputo et al., Phys.Rev.Lett. 127 (2021) 18, 181102 (Hypernovae)


Caputo et al., Phys.Rev.D 101 (2020) 12, 123004 (Sun)

O’Hare, Caputo, et al., Phys.Rev.D 102 (2020) 4, 043019 (Sun)

Gravitational Waves

Caputo et al., JAstrophys.J. 892 (2020) 2, 90


Toubiana, Sberna, Caputo, et al., 

Phys.Rev.Lett. 126 (2021) 10, 101105

Dark Matter  
direct detection

Caputo et al., Phys.Rev.D 100 (2019) 11, 116007 (sub-GeV DM)

Caputo et al., Phys.Lett.B 802 (2020) 135258  (sub-GeV DM)


Caputo et al., Phys.Rev.D 103 (2021) 5, 055017  (sub-GeV DM)


Bloch, Caputo et al., JHEP 01 (2021) 178  (sub-GeV DM)


Caputo et al., Phys.Rev.D 104 (2021) 9, 095029 (Dark Photon DM)


Caputo et al., Phys.Rev.Lett. 127 (2021) 1, 011102 (21 cm)

Bolton, Caputo, et al., Phys.Rev.Lett. 129 (2022) 21, 211102 


(Ly-alpha)


Caputo et al., Phys.Rev.Lett. 125 (2020) 22, 221303 (CMB)


Bernal, Caputo, et al., arXiv 2208.13794  (blazars data)


Caputo et al., Phys.Rev.D 100 (2019) 6, 063515 (pulsars)

Caputo et al., Phys.Dark Univ. 19 (2018) 1-11 (pulsars)
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I will focus on the axion parameter space

However the ideas will be further more generic, applying to sterile neutrinos DM, 
dipole DM, scalar DM, hidden photino DM, etc..  



Axion dark matter decaying into 
photons

τa = 64 π
m3

ag2
aγγ

22



General strategy

A good story should answer few basic questions
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General strategy

A good story should answer few basic questions

What?
Looking for a photon monochromatic emission at 
given by ALP decay from regions with high dark-matter density

Eγ = ma/2
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Where?
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General strategy

A good story should answer few basic questions

Where?
Galactic center, clusters of galaxies, Dwarf galaxiesA) Which astrophysical targets?

B) Which energy range? 28
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micro-eV (radio)

30



In this energy range we realised that stimulated emission is important, 

the ALP decay is not happening in vacuum! 
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fγ =
π2ργ

E3
γ

In this energy range we realised that stimulated emission is important, 

the ALP decay is not happening in vacuum! 
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A golden era has started for radio astronomy 
with SKA and its precursors. 

SKA1-Low: 100 hours of observation;  
sensitivity of  180μJy/beam

Δν/ν = 10−4

34



Caputo, M.Regis, M. Taoso, S. Witte, 
JCAP 03 (2019) 027 

35



36



In this case we have targeted 
specific objects..however there is 

another possibility

37



Using the integrated signal from all galaxies in the past (line 
intensity mapping) with 

 
 

Eobs = ma/2/(1 + ze)

38



People already do this for atomic and molecular 
spectral lines!



People already do this for atomic and molecular 
spectral lines!









Line-intensity mapping is a promising avenue at different 
frequencies

J. Bernal, Caputo, M. Kamionkowski, Phys.Rev.D 103 (2021) 6, 063523

J. Bernal, Caputo, P. Villaescusa-Navarro, M. Kamionkowski, Phys.Rev.Lett. 127 (2021) 13, 131102
44
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Line-intensity mapping is a promising avenue at different 
frequencies



keV (X-rays)

46Caputo, M. Regis and M. Taoso, JCAP 03 (2020) 001



MeV (gamma-rays)

47Caputo, M. Negro, M. Regis and M. Taoso, JCAP 02 (2023) 006



COSI-Telescope (approved by NASA)

Compton Spectrometer and Imager (COSI) wide-FOV telescope designed to survey the 
gamma-ray sky at 0.2-5 MeV → Imaging with high-resolution spectroscopy

48

Caputo, M. Negro, M. Regis and M. Taoso, JCAP 02 (2023) 006



General strategy

A good story should answer few basic questions. 

We considered what and where. 
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General strategy
A good story should answer few basic questions. 

We considered what and where. When? Very soon! All the 
missions I talked about will operate in the next 5-6 years.
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II. Looking for new particles (not to be dark matter)
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Now we will focus on the same axion coupling, but ask the question: 

what can we do if ALPs are not dark matter?
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Now we will focus on the same axion coupling, but ask the question: 

what can we do if ALPs are not dark matter?

ALPs can modify stellar evolution!
Caputo, G. Raffel, E.Vitagliano, Phys.Rev.D 105 (2022) 3, 035022


Caputo, T.H. Janka, G. Raffel, E.Vitagliano, Phys.Rev.Lett. 128 (2022) 22, 221103

 

Caputo, P.Carenza, G.Lucente, E.Vitagliano, et al., Phys.Rev.Lett. 127 (2021) 18, 181102 Caputo, A. Millar, E.Vitagliano, Phys.Rev.D 101 (2020) 12, 123004

C. O’Hare, Caputo, A. Millar, E.Vitagliano, Phys.Rev.D 102 (2020) 4, 043019 55
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Crash-course on Supernovae (SNe)
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A little bit of SN Physics

See T. Janka Cern Colloquium 
https://indico.cern.ch/event/1037035/58
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A little bit of SN Physics
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A little bit of SN Physics
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PNS: protoneutron star 
•
• T  
• Nuclear density 

Neutrino emitted from the 
“neutrino sphere”, cooling the 
PNS in   

𝑟 ≈ 10 𝑘𝑚
≈ 40 𝑀𝑒𝑉

~10𝑠
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Example model: axion coupling to photons
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Example model: axion coupling to photons

Primakoff

Coalescence
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Use these SNe to get a bound on exotic 
particles which decay into SM relics
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Use these SNe to get a bound on exotic 
particles which decay into SM relics
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The axions get produced and then can decay 
back into photons!

Gamma ray photons quickly 
absorbed by pair production 
on nuclei and electrons
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The axions get produced and then can decay 
back into photons!

Gamma ray photons quickly 
absorbed by pair production 
on nuclei and electrons

So axions are produced in the SN core and they then decay in the SN mantle, 
they can dump energy which should then show up either in kinetic energy or 
radiation energy. 

71



The axions get produced and then can decay 
back into photons!

Gamma ray photons quickly 
absorbed by pair production 
on nuclei and electrons

So axions are produced in the SN core and they then decay in the SN mantle, 
they can dump energy which should then show up either in kinetic energy or 
radiation energy. 

Axion Luminosity

72



The axions get produced and then can decay 
back into photons!

Gamma ray photons quickly 
absorbed by pair production 
on nuclei and electrons

So axions are produced in the SN core and they then decay in the SN mantle, 
they can dump energy which should then show up either in kinetic energy or 
radiation energy. 

Axion Luminosity

Neutron star radius 73



The axions get produced and then can decay 
back into photons!

Gamma ray photons quickly 
absorbed by pair production 
on nuclei and electrons

So axions are produced in the SN core and they then decay in the SN mantle, 
they can dump energy which should then show up either in kinetic energy or 
radiation energy. 

Axion Luminosity

Neutron star radius Progenitor radius 74



The axions get produced and then can decay 
back into photons!

Gamma ray photons quickly 
absorbed by pair production 
on nuclei and electrons

So axions are produced in the SN core and they then decay in the SN mantle, 
they can dump energy which should then show up either in kinetic energy or 
radiation energy. 

Axion Luminosity

Neutron star radius Progenitor radius Axion MFP 75



Low-energy Supernovae (LESNe)

• 10–100 times dimmer than normal core-collapse SNe (CCSNe)  

• 2–3 times lower photospheric expansion velocities 

• Observations point to 0.1 B (or smaller) explosion energies 





Imposing the energy deposit in the 
mantle is not too big gives very strong 

bounds.

Caputo, H.T. Janka, G. Raffelt, E. Vitagliano, Phys.Rev.Lett. 128 (2022) 22, 221103
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Why this is exciting to me?
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Next SN candidates within 1 kpc from us
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Plans for the future 

• Detailed simulations and output from radiative transport simulations in 
supernovae;


• Extension of the LESN criterion to other relevant models;


• Cross-correlation studies for line intensity mapping + foreground analysis 
+ extension to other dark matter models;


• Study dark matter impact on star formation (JWT is taking data, amazing 
opportunity).
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Thanks for the attention!
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Back-up slides
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Garching SN model



Primakoff and Coalescence calculation



Other bounds 

For masses above 1–10 MeV, muonphilic 
particles can also be efficiently probed at 
colliders. In particular, electron beam-
dump experiments, such as the SLAC E137 
experiment or the planned Jefferson Lab 
BDX experiment provide an excellent 
source of secondary muons, which can 
then be used to look for muonic 
(pseudo)scalars.



Cooling bounds from SN1987A (free streaming)

The duration of several seconds of the SN 1987A 
neutrino signal is incompatible with excessive energy 
loss in hypothetical new forms of radiation.  
The main emission process is photo production on 
charged particles (aka Primakoff)

A.C, G. Raffelt and E. Vitagliano, arXiv 2109.03244 (PRD in press)

A.C, T. Janka, G. Raffelt and E. Vitagliano, in preparation
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Cooling bounds from SN1987A
The duration of several seconds of the SN 1987A 
neutrino signal is incompatible with excessive energy 
loss in hypothetical new forms of radiation.  
The main emission process in this case is photo-
production on charged particles (aka Primakoff)

Raffelt’s criterion

SN 1987A neutrinos
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A.C, G. Raffelt and E. Vitagliano, arXiv 2109.03244 (PRD in press)

𝜖𝑎 < 1019𝑒𝑟𝑔 𝑔−1𝑠−1

Free streaming



Cooling bounds from SN1987A (trapping)

Trapping

In the trapping limit, our bosons emerge 
from a region near the PNS surface whence 
they escape without being reabsorbed on 
their way out, in analogy to the neutrino 
sphere

The radius of emission is determined by the 
optical depth becoming of order one

where in natural units the interaction rate is the 
same as the inverse mfp. 
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Bounds from Gamma-ray signals from SN1987A 
The (putative) produced bosons from 1987A 
could have decayed into photons, which would 
have been picked up by the Gamma-Ray 
Spectrometer (GRS) on board the Solar 
Maximum Mission (SMM) satellite that 
operated 02/1980–12/1989 . 

SN 1987A neutrinos

SN 1987A gamma rays
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Bounds from Gamma-ray signals from SN1987A 
The (putative) produced bosons from 1987A 
could have decayed into photons, which would 
have been picked up by the Gamma-Ray 
Spectrometer (GRS) on board the Solar 
Maximum Mission (SMM) satellite that 
operated 02/1980–12/1989 . fluence

rest-frame boson lifetime

Good agreement with J. Jaeckel, P. C. Malta and J. 
Redondo, Phys. Rev. D 98 (2018) 055032, although we 
have been able to provide simple analytical expressions. 
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SN 1987A neutrinos

SN 1987A gamma rays

Diffuse gamma rays

⟶
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Diffuse SNe Gamma-rays
The scalar boson emission from all past SNe creates a cosmic background density in analogy to 
the diffuse SN neutrino background (DSNB). The radiative decays of these particles contribute to 
the diffuse cosmic γ-ray background and thus can be constrained.

Compare with 
data!

Fermi-LAT Collaboration, M. Ackermann et al, 
Astrophys. J. 799 (2015) 86



Diffuse SNe Gamma-rays
The scalar boson emission from all past SNe creates a cosmic background density in analogy to 
the diffuse SN neutrino background (DSNB). The radiative decays of these particles contribute to 
the diffuse cosmic γ-ray background and thus can be constrained.

Future is exciting!  Gamma-ray astronomy!
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SN 1987A gamma rays

Diffuse gamma rays
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See also JCAP 02 (2015) 006 for a small axion masses and conversion in the 
MW magnetic field



X-rays cross-correlation 
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X-ray telescopes



Galaxy surveys



Line intensity mapping
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Sterile neutrinos X-ray
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A. Dekker, at al (2021)

Point towards the galactic 
center and use 

eROSITA [0.2 - 8 keV] 

Launched in 2019, Russian-German mission

ℒ = ℒ𝑆𝑀 − ∑𝛼,𝑖
�̄�𝛼𝑌 𝛼𝑖 ~Φ𝑁𝑖

𝑅 − ∑
𝑖,𝑗

1
2

�̄�𝑖𝑐
𝑅𝑀𝑖𝑗𝑁𝑗

𝑅 + h . 𝑐
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MeV (gamma-rays)
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MeV (gamma-rays)

109See arXiv 2208.10504 (Yotam and collaborators) 

for recent motivation



COSI-Telescope (approved by NASA)
Compton Spectrometer and Imager (COSI) wide-FOV telescope designed to survey the 
gamma-ray sky at 0.2-5 MeV → Imaging with high-resolution spectroscopy

110



111

COSI-Telescope (approved by NASA)
Compton Spectrometer and Imager (COSI) wide-FOV telescope designed to survey the 
gamma-ray sky at 0.2-5 MeV → Imaging with high-resolution spectroscopy



Draco

GC
LMC

INTEGRAL (Laha et al.)
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Caputo, M. Negro, M. Regis and M. Taoso, arXiv 2210.09310 (accepted JCAP)
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