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What are PeVatrons?



Altitude Radiation
Hess & Kohlhorster 1912:
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Cosmic Rays and the Galaxy
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Cosmic-Ray Energies

Image: http://w3.iihe.ac.be/~aguilar/PHYS-467/PA3.html
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Cosmic-Ray Energies

Image: http://w3.iihe.ac.be/~aguilar/PHYS-467/PA3.html
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Cosmic-Ray Energies

Image: http://w3.iihe.ac.be/~aguilar/PHYS-467/PA3.html
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Particle Accelerators 10%: Mega
107: Giga

1012: Tera

Terrestrial accelerators: Cosmic accelerators: 1075 Peta
e LHC: protons ~ 6.5*1012 eV * Galactic: protons ~1015 eV~ — —
+ TeVatron: protons ~ 1012 eV » Extragalactic: protons ~ 1020 eV

» Decades of planning. » No engineers and scientists involved.

» Thousands of engineers and scientists. * Can be active for seconds to millions
 Active for a few decades. of years.
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H.E.S.S. 2016: https://www.nature.com/articles/nature17147
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Diffuse PeV protons near the GC

Gamma-rays >50 TeV: Gamma-ray morphology:

PeV protons Proton diffusion from Sgr A*
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H.E.S.S. 2016: https://www.nature.com/articles/nature17147
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Image: https://www.sciencedirect.com/

Cosmic Accelerators scinceiaricieipirsoeraiizrizagarsy

I | | | | I
I neutron L, 1
Requirements: GT § .stars Hillas plot proton (3=1)
* Engine: Shocks or magnetic MT | ~I\‘White - -
reconnection «

* Fuel: Charged particles n K1 .+ Emax
: g : = ’
 Container: magnetic field (confinement) T T _

 Energy budget =
Q N
. . X Yo,
 Lifetime % G G NG -
E Qs : Qf *. \l:?;:‘"n
inicro- @ 58
Candidates source classes: mG quaiar.g ) _
L alax
* Supernova remnants interplanet. {9 %‘f%ster
. ;,LG B eciu ga.i}i o I éintergal. ~
e Pulsars and pulsar wind nebulae disk-, h'«d@g‘; f%med.lum
“vistarburst
e Starforming regions oG . - A
—1
km Mm GmA pc kpc Mpc cH,

1 characteristic size R


https://www.sciencedirect.com/science/article/pii/S0273117717303757
https://www.sciencedirect.com/science/article/pii/S0273117717303757

- PeVatrons as multi- i senger sources
.. ,J“,’ ' ,“ | . .

- 1 PeV protons plus gas/dust
produce

e ~+ ~100 TeV photons and
| ~50 TeV Neutrinos

Chérged particles deflected
by galactic magnetic fields

mages: https://legacy.ifa.hawaii.edu/info/press-releases/ASASSN_IceCube/
nttps://solarsystem.nasa.gov/resources/822/cassiopeia-a-supernova-remnant/ |
Nttps://science.nasa.gov/get-involved/toolkits/spacecraft-icons 12



https://legacy.ifa.hawaii.edu/info/press-releases/ASASSN_IceCube/
https://solarsystem.nasa.gov/resources/822/cassiopeia-a-supernova-remnant/
https://science.nasa.gov/get-involved/toolkits/spacecraft-icons

Messager 1: Protons
Cosmic-ray acceleration in SNRs




SNRs as Particle Accelerators

SNRs likely produce the bulk of Galactic CR:
 Sufficient energy budget to maintain GCR
population.

» Strong shocks — diffusive shock acceleration.
Isolated SNRs accelerate CR up to TeV energies.

Higher Emax achieved via:

* Young SNRs with fast shocks.

e CR-induced magnetic field amplification.

« Superbubbles and collective effects in massive
stellar clusters.
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Image: Morlino 2021, https://doi.org/10.22323/1.395.0444
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PeV Cosmic Rays massive stellar clusters?
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T. Vieu, B. Reville 2022: https://doi.org/10.1093/mnras/stac3469
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Messager 2: Neutrinos
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Neutrinos as smoking guns

~50 TeV neutrinos guaranteed to accompany gamma rays from PeVatrons.
Neutrinos can be traced back to their sources.
So far, no* significant neutrino signal from the Galaxy.

Current neutrino observatories not sensitive enough to detect PeVatrons.
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Kovalev et al 2022: https://

GaIaCtlc HEUtranS? arxiv.org/abs/2208.08423
e **~":»

4
-
o~ -
v - .‘\
@ T
) B N O
» " : .
Kd
r s
’ .
' d
-
.
L g e "
) . >
’ ’ ! ] ) .
o ¢ 3 % o
’ i
. ¥ |
. @ r
® ;
. u - ' g '
. e .
’ »
\ g o
A .
8 /
\ . /
\ /
. ' 4
- . F /
- /
v /
- - =

\ e - » - - o o

o Still no sensitivity to individual PeVatrons.

* Possible evidence (4.10) for diffuse neutrino signal >200 TeV from galactic plane.
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Messager 3: Photons
Gamma-Ray Astronomy with HAWC
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Gamma-Ray Astronomy with HAWC
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Cosmic Rays and Gamma Rays
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Gamma-Ray Astronomy with HAWC

Dust, gas,
photon fields
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Extensive Air Showers

Extensive Air Shower
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IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE
ARRAY

[3A3) Das 2A0qD 1YBIaH

______________

Shower imoge, 100 GeV j<ray adapted from: F. Schmidt, J. Knapp, "CORSIKA Shower Images", 2005,
https.//www-zeuthen.desy.de/~jknapp/fs/showerimages.html

Incoming gamma ray

Collision with atmospheric
nucleus

Particles from air shower penetrate
particle detectors, interact and are
detected

PARTICLE
DETECTOR ARRAY

Particle from air
shower

Detector tank

Water

atmospheric slant depth [g cm ]

/

Photosensors detect—/
Cherenkov light

24 Not to scale

shower size [arb. units]

200

400

600

800

1000}

$ 02040608 1

HAWC

Milagro
F L

o

=)
[ury]] 128A9] Bas aaoqe Jybray

P------ -.‘

110

—

@

IAZUSY *S



Gamma-Ray Astronomy with HAWC
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Gamma-Ray Astronomy with HAWC
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Gamma-Ray Astronomy with HAWC
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Gamma-Ray Astronomy with HAWC
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Gamma-Ray Astronomy with HAWC
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Gamma-Ray Astronomy with HAWC
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Gamma-Ray Astronomy with HAWC
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Gamma-Ray Astronomy with HAWC
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Event Reconstruction
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Gamma/Hadron Separation

Gamma-ray events Axial symmetry

Asymmetric, high
charge hits far

Cosmic-ray events from core
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Myth: Emission > 100 TeV makes a PeVatron

—115

Significance (o)

>10 known sources >100 TeV.

Many show entirely leptonic
emission (leptonic PeVatrons) o

Most UHE LHAASQO sources have

0 | | 1207 |

Crab Nebula

at least one bright young pulsar in .
LHAASO

the ViCinitY- (Correlation # causation!) | ——— ~
gamma-ray sky > 100 Te\V/" =

(E. de Ona Wilhelmi et al 2022) o Dec=60° Dec=50" Dec=40" Dec=30" Dec=20" Dec=10" Dec=0° Dec=-10"

8 LHAASO \J2226+50’,5/7 LHAASQO J2032+4102 LHAASO J1956+2845 ‘° LHAASO J19084+0621 LHAASQO J1843-0338 LHAASO J1825-1326
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32 | LHAASO 2021: https://www.nature.com/articles/s41586-021-03498-7
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Myth: Emission > 100 TeV makes a PeVatron

Crab nebula energy spectrum and leptonic model
>10 known sources >100 TeV.
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t least bright sarin 5 0T
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Coe Q9 10" -
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Radio-UV y
Need in-depth MW spectral and X-ray A
1 0-1 3 Comptel ‘ '| %{’ |
spatial studies. *LHAASO-WCDA <, | =/
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Example: Crab pulsar wind nebula 10° 10° 10°
Energy (eV)

3 HAASO 2021: https://www.science.org/doi/10.1126/science.abg5137
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Gamma-ray Astronomy with Fermi-LAT

Y Tracker
f
LAT HAWC
Size (1.8m)2 * 1.5m (150m)2
Sensor SI strips Water + PMTs
Direction . o
reconstruction Tracking fiming

Energy range 30 MeV -2 TeV | 100 GeV - PeV

$ B Angular ~10" (100 MeV) ~17 (1 TeV)
F resolution ~0.05" (1 TeV) | ~0.1" (100 TeV)

Calorimeter

Anti-coincidence
Detector

34 Image: https://www-glast.stanford.edu/instrument.html|
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Star-forming regions as
PeVatrons?




Cygnus OB2 Association

obulnlcky H et al. Astrophys J. Suppl 213 (2014) no*‘a 34

OB association in the Cygnus
region.

1400 pc from Earth.
Few 10° years old.

50-100 O-type stars.
~50 binary systems.

Large-scale (37) GeV-TeV T v $e.. onsuns
gamma-ray emission - . Y

36



Cygnus OB2 Association

» OB association in the Cygnus 4
region. ;
* 1400 pc from Earth. > :
» Few 106¢ years old. ; 1
* 50-100 O-type stars. .
* ~50 binary systems. -
 lLarge-scale (3°) GeV-TeV 63 & 8l 80 79 78

T
4 -2 0 2 4 6 8 10 12 14
significance [0O]

gamma-ray emission

HAWC (incl. HF) 2021: https://
www.nature.com/articles/s41550-021-01318-y 37
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>100 TeV Protons in Cygnus OB2 association

log (v [Hz])
10 13 16 19 22 25 28
* Protons >100 TeV ‘ ‘ ‘ ' ‘ ‘ ‘ '
I . ke 5.0 - _+ _+ Synchrotron = == hadronic GeV emission
eXp dlin gamma_ray — ‘g” N\ Bremsstrahlung v CGPS (2003)
emission. — 301325 % o C-OB2 +  Fermi 4FGL
Im _l_ C-NGC6910 ® HAWC
e X-ray/radio observations ¢ 251 YT % @ w (C-Cocoon Suzaku (2015)
disfavor leptonic origin. £ At 115
O 2.0
: : >
 Continuous acceleration @
1l 1l T 1 5 g
or "recent" starburst 6> 1
activity. ~x> 1.0-
Y W T
e ~1% of the kinetic a 0
: : . O \,
energy in stellar windsis o ,,| ™
.« e . '
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-0.5 ,
protons. 2 6 4 2 0

HAWC (incl. HF) 2021: https://
Wwww.nature.com/articles/s41550-021-01318-y
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Declination

PeV Protons from Westerlund 1?2

* Young star-forming region with complex TeV

* Emission up to 100 TeV -> PeVatron candidate.

* Leptonic models not excluded by spectral
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The case of SNR G106.3+2.7
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SNR G106.3+2.7 schematic
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Phased analysis of GeV data
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Model 1: Electrons only
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Model parameters
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Model 2: Two Electron components
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Model 2: Two Electron components
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News from G106.3+2.7
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News from G106.3+2.7
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ext Generation VHE Gamma-ray observatories
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Sensitivities: Luccheta et al 2022: https://arxiv.org/abs/2204.01325

Future instrumentation
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e Gamma rays (and neutrinos)
generic features of shock
acceleration.

 Excellent GeV-TeV coverage
by near-future instruments.

 Contamination from Galactic
diffuse gamma-ray background
and other sources.

 X-ray limited by source
confusion and source size.

e MeV band (Bremsstrahlung)
challenging.

* Neutrino detection requires
larger instrumented volume.


https://arxiv.org/abs/2204.01325

Conclusions

PeVatrons are galactic proton accelerators capable of accelerating protons to PeV
energies.

PeVatrons are expected to emit >100 TeV gamma rays.

100 TeV gamma rays alone are not sufficient to claim PeVatron detection.
Multi-wavelength data and physics modeling can help shed light on the emission
mechanism and particle acceleration in gamma-ray sources.

SNR G106.3+2.7 was identified as a galactic PeVatron through multi-wavelength

data analysis.
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