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Cosmic Ray sources
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Gamma-ray emission mechanisms ‘g\ """""""""""""" |§AU

Searching for the origins of hadronic cosmic rays

- Constrain hadronic vs leptonic emission scenarios
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Detection Techniques for Very-High-Energy gamma-rays

Two main detection methods:

— Particle detector arrays:

— Water Cherenkov Detectors (WCDs) \ 4%

— Up to 24/7
— Imaging Atmospheric
Cherenkov Telescopes (IACTs)

— Night only, low moon

— ...0r a combination
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Shower image, 100 GeV yray adapted from: F. Schmidt, J. Knapp, "CORSIKA Shower Images", 2005, Not to scale

https://www-zeuthen.desy.de/~jknapp/fs/showerimages.html
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Gamma-ray sources

Within the last few years, massive growth in the number of known sources at UHE (=100 TeV)

(mainly thanks to HAWC & LHAASO)

Kifune plot (Credit: Stephen Fegan) + UHE y rays
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Neutrinos — a hadronic smoking gun “@V |,,§/A,é\\\U

Detection of the Galactic Plane in neutrinos — at 4.50 in 10 years of IceCube data (June 2023)

No significant associations with known VHE gamma-ray sources (yet)

IceCube Collaboration Science 380 (2023) 1338-1343
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Supernova Remnants

— Acceleration at shock fronts of SNRs:
— ~10°! erg per SN explosion
— ~10% into proton / CR acceleration

— ~ 3 events per century in Milky Way

- Would be sufficient to power Cosmic Rays

10—10 L

However, few SNRs seem to reach PeV energies.

Recent results show > 100 TeV emission from
SNRs W51C and G150.3+4.5 (tbc)
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Cosmic ray accelerators can only accelerate up to (roughly) the Hillas limit
The most energetic cosmic rays will, however, be able to escape the source

They may propagate through the intervening medium to interact with molecular clouds

RSNR(t)

Gamma-ray emission from clouds can hence act as a probe of past PeVatron activity

- We should even anticipate a new population of (passive) sources —illuminated clouds —
emerging at the highest gamma-ray energies

- Spectrum of particles arriving at the cloud is much harder than the spectrum at the accelerator

* Not always straightforward, turbulence can complicate how well CRs can traverse a cloud...etc.

A. Mitchell Gamma-ray origins of galactic Cosmic Rays 22 November 2023 11



SNR + Cloud Model: particle and gamma-ray flux

Assume: particle flux from an impulsive accelerator, a = 2 (Aharonian & Atoyan ‘96)

NoE~@ (e = 1)t R?
E,r,t) = exp | — —

Gamma-ray flux @, produced by interactions with a target cloud (Kelner et al 2006)

) dE ,

(I)y(Ey) :CnH/ O'inel(Ep)f(Ep,r,t)Fy(E_’Ep Ep

E, 2

Assuming particles fully traverse cloud, observable flux is normalised
based on the cloud volume.

Otherwise, a cell-based integration is performed over the partial
cloud volume that the particles have traversed.
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Model: SNR evolution and particle escape o |§/§\\U

Particles of different energies are released at different times during the evolution of the SNR.
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SNRs as PeVatrons

If all SNRs act as PeVatrons for a short time, how many should be detectable now?

Explore parameter phase space of model

Fit to data where possible (e.g. SN 1006, RX J1713...)

Once particles have been accelerated by the SNR:
— diffuse through ISM to reach cloud
— particle interactions with cloud
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Model: Diffusion Properties “5*\ |n§/é\\\u

* Diffusion radius R, simplifies in the ISM to: R; = 2 /D(E)t

e - . E,(GeV) \°
* Diffusion Coefficient D, tested with fast and slow values:  D(E) = yDy
B(n)/3uG
e Dy =3%x10%7cm? /s at 1 GeV, and a factor 10 slower.
With 6 = 0.5 and ¢ = 0.05 (cloud) or 1 (ISM)
 —— BJ/C diffusion 16 kpc
_3:001 —— HAWC diffusion
F 25 4 kpc
* Slow diffusion value adopted = in general, suppressed in the § i
S 2.0 1 kpc
vicinity of powerful accelerators due to CR turbulence = 20 i
QC: 1.5 -
=1 1.0
S osfE
* Example: diffusion normalisation as determined from data around Ec=1PeV Ecfree
the Geminga pulsar (Dg at 100 TeV) H.E.S.S. collaboration A&A 673 A148 (2023)
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Cloud — SNR properties: example spectra

Primary variables (aside from model assumptions) are:

* SNR age (t): peak shifts to lower energies for older SNRs

* Cloud density (n): higher density = more flux

* SNR-cloud separation distance (d):

it takes more time for lower energy particles to arrive
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Clouds in the Galactic Plane: y-rays above 10 TeV

Contours from HGPS sources.

Detectable clouds illuminated by SNRs with colour-scale integral flux.
(Dame CO data, Miville-Deschenes 2017 & SNRCat.)

LHAASO sources with red circles, solid = UHE with emission > 100 TeV
(first LHAASO catalogue, Cao et al. 2023)
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Clouds in the Galactic Plane: y-rays above 10 TeV “Q}v |§/§\\\U

Contours from HGPS sources.

Detectable clouds illuminated by SNRs with colour-scale integral flux.
(Dame CO data, Miville-Deschenes 2017 & SNRCat.)

LHAASO sources with red circles, solid = UHE with emission > 100 TeV
(first LHAASO catalogue, Cao et al. 2023)
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Clouds in the Galactic Plane: y-rays above 10 TeV “Q}v |§/§\\\U

Contours from HGPS sources.

Detectable clouds illuminated by SNRs with colour-scale integral flux.
(Dame CO data, Miville-Deschenes 2017 & SNRCat.)

LHAASO sources with red circles, solid = UHE with emission > 100 TeV
(first LHAASO catalogue, Cao et al. 2023)
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SNR —illuminated clouds along the (full) galactic plane “@V |"§/A/;\\\U

PPPPPP

What about the illumination of clouds by SNRs along the whole plane? Search systematically for coincidences along the galactic plane

Note — limited by coverage of non-uniform surveys
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UHE dark source: LHAASO J2108+5157

An intriguing dark source, discovered at UHE (Cao et al. Nature 2021)

Coincident with a molecular cloud, yet no clear accelerator nearby

HAWC detection, Veritas upper limits (Kumar et al, ICRC2023, 941)

Fermi-LAT detection Figure 2: Fermi-LAT TS map above 2 GeV
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. . . 10710 5 100
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% 10—12__ 60 E
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https://arxiv.org/abs/2310.18007

Best

Adopt for the two clouds “MML[2017]4607” (solid) and “FKT[2022]"

matching models to data

(dashed) the models that best match the data

Vary properties of the cloud according to the quoted uncertainties in
measured parameters (or ~10% minimum uncertainty assumed)

What are the resulting uncertainty bands?
(Left for type Il, right type la)
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https://arxiv.org/abs/2310.18007

LHAASO PeVatrons ‘:% F/’A\U

15t LHAASO catalogue: arXiv:2305.17030
Several different source classes detected above 100 TeV!
Including PWNe, SNRs, stellar clusters...and unidentified sources

E>100 TeV, 43 sources were detected with significance above 4c. * Among the 35 1stLHAASO

sources with pulsar associations,
22 are labeled as UHE sources.
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E(ergs™1)

Pulsar-powered PeVatrons?

A Pulsars with TeV PWNe ® Crab
7 = Pulsars without TeV PWNe
1038 = Pulsars with TeV Halos
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Most highly energetic pulsars within the LHAASO

visibility region now have associated TeV emission.

A couple of interesting exceptions

e

Why not PSR J2022+3842, with 3 x 103 erg/s ?

Is PSR J1915+1150 exceptional? Is distance correct?

Common feature: spectral index increasing with distance from pulsar

—> electron transport and cooling
—> leptonically dominant sources
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Physics

Pulsar — Pulsar Wind — Pulsar Wind Nebula “Q}V - |,.§/A,é\\\u

- Charged particles

_ > Radiation produces Nebula of high energy
accelerated in e — e pairs particles - Mainly e*
magnetic fields radiate
Wind
A acceleration
C.§ Zone 7
) 120,000-50,000 km . e
| /4
,Magnetosphere =

|
N et e
1000 km e - ANV
X

\/VV\/L/\/\/\,. ¢e /4
PULSAR | = Inverse
: et e Compton scattering
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|

Non-
thermal
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{ Shock front
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Evolutionary stages of pulsar environments

Leptonically dominated sources

Stage 1 (t < 10 kyr)

pulsar

velocity
S

ISM density
gradient

(in all 3 panels

Stage 2 (t ~ 10 — 100 kyr)

~ 7 = supernova
< ~ _~remnant
e pulsar
pulsar wind
O term. shock
pulsar wind
nebula
>10 TeV &~
(O~ trajectory
W > 1 TeV
e, 2 @aMmMma—rays

Geminga

SNR

Pulsar Wind
Nebulae (PWN)

- Pulsar Halos

A. Mitchell Gamma-ray origins of galactic Cosmic Rays

Giacinti, AM, Lopez-Coto et al, A&A 636, A113 (2020)
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Pulsar Wind Nebulae ‘Q}\V |n§/é\\\u

1 A Age: 11.3 kyr
—10 = :
10710 5 t**** A‘fl‘.*l*. Energy output
: s ak A,p 6.9x103%¢ erg/s
o5 ] A + 0‘ Vela Distance: 0.28 kpc
ol 11 —l— * "
g 1073 Ch e
E|l o ] ()
3|2 ' +
- | @ 1
o|— o
Age: 1.57 kyr x|w 10722 MSH 15-52 * o Crab
Energy output: |2 ®
1.7x10% erg/s Sl
Distance: 4.4 kpc L] 10713 -

108 10° 101 10!t 10%? 10%3

Energy (eV) Age: 0.94 kyr
Energy output:
4.5x103%8 erg/s

Distance: 2 kpc

GeV

TeV

MSH 15-52
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UHE leptonic emission & Klein-Nishina effect D F/AA\U

Eic = Umd/ Ug

* In high radiation environments, U,,4 >> Ug,
synchrotron cooling dominates over IC losses,
even into Klein-Nishina regime.

(IC cross-section suppressed)

e Resulting spectrum is harder,
i.e. cut-off is less pronounced.

* Leptonic spectra out to PeV energies can be
observed

10° 3
B =53G, T,,g = 50K, log(Eic) = B =53G, T,.q = 50K, log(Zic) =
s ] .10 — 30 10 —— 20
10 0.0 — 40 0.0 — 30
—— 10  —— Synch. 27 — 10 — 40
107_ —_— 20 —
3
8
106 5 a
2
) 5
= 105 s 1
8 &
10% - %
3
o 0.6
103 4 .
102 5 0.41
101 T T T T 03 T T T T T T
100 10! 102 103 104 10° 103 102 1071 10° 10! 102 103 104
E [TeV] E [TeV]

Breuhaus et al. ApJL 908 L49 (2021)

A. Mitchell Gamma-ray origins of galactic Cosmic Rays

22 November 2023 30
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Physics

Klein-Nishina cut-off = sub-dominant hadronic component AN, . |§/§\\U

A sub-dominant hadronic component could be revealed at the highest
energies, beyond the Klein-Nishina cut-off

1077
1078 £ I | | | | 3 — Total
F ] . o ---- Syn
9 " &5, T 107° 4 - ---- Brem
G —9 | 1 M — PP
g 10 = E 10-9 > ——- PP(pulsar)
E ] I 3 ---- CMB
0 i + Total ] & —— FR
—10 B B HU e N e NIR
g1 0 E \ I E g 10 SSC
i \ c . ] b a5
Wig-1"L Brems .~ N g 10
X F P \ " I X ] ST
L P \ Fay \ T o
—-12 S . ] LS .G
10717 € Y N ] s
72 o N _ 10—13 RS
| I i | I | | I *\ ] /,/f/'
6 7 8 9 10 11 12 13 14 15 //
Log(E/eV 10-14 — — — o
°g(E/eV) 1073 107! 101 103 105 107 10°
Energy [MeV]
Aharonian & Atoyan, proc. “Neutron Stars and Pulsars” 439 (1998) Nie et al, ApJ 924, 42 (2022)

Q: How could hadrons reach high energies in the environment of the Crab PWN?
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Acceleration of hadrons in PWNe? “E |,.§/A,é\\\U

i ””” ’i === Ronr,fs
12 H ,,/’ HEREE RsnR, rs
: ,,/’ : — Rpwn
Reinjection of particles from the reservoir within the supernova remnant 104 o !
Further hadronic particle acceleration at the pulsar wind termination shock g 8
Particle tracking simulations g e : i
Assume Bohm diffusion inwards, outward advection with the wind, and an energy ] i E
gain of factor 2 per shock crossing Lo-8 ) ;"{: i i
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Example transition: HESS J1825-137 ‘% |,,§/A,é\\\u

Pulsar Wind Nebula = Pulsar Halo W\

Age: 21.4 kyr

Energy output:
2.8x10%¢ erg/s -13°00" =
Distance: 3.9 kpc

PSR J1826-1256

30" PSR B1823-13

-14°00'

Dec. (J2000)
H.E.S.S. collaboration et al. A&A 621 (2019) A116

30'
LS 5039
-15°00'
E < 250 GeV
30m 28m 26m 24m 22m 18h20m
R.A. (J2000)
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Example transition: HESS J1813-178

Joint fit to Fermi-LAT and H.E.S.S. data yielded
a core component A and extended component B

Modelled as electron populations of different
ages released from the pulsar

Energy density is PWN-like and halo-like
respectively
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Dec. (J2000)

Electron diffusion in the Geminga halo

50
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................ 40
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30
* 2
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3 PSRY063F+1846 0
L TR, b Xl ol
4 X
w
16° 10
____________ .
14°
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R.A. (J2000)

H.E.S.S. collaboration A&A 673 (2023) A148

/ E Optical

Gemini

Geminga

PSR B0656+14 ! X-ray and I.R

Lopez-Coto et al. Nat. Ast. 6 (2022) 199-206

VHE gamma-ray emission size >> X-ray size

EZ dN/dE (TeV cm~2s71)
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9
-
S

10—16

—— SED1°
....... SED 10°
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B HAWC 2017
XMM-Newton ;7

/4

10‘—12

1006 1074 1072 10° 102
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10710 1078

H.E.S.S. Collaboration A&A 673 (2023) A148

Emission profile indicates diffusion coefficient normalisation far below the Galactic average

- not expected for particles escaped into the ISM

H.E.S.S. results can be consistently described with MWL data under a slow diffusion model
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Stellar Clusters
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Stellar Clusters a‘}\v |"§/A%\\U

* Collective stellar winds drive a shock in the interstellar medium
* Requires typically young stellar clusters / massive star forming regions

* Highest energy photon measured to date: 1.42 + 0.13 PeV - from Cygnus region?
LHAASO J2032+4102 (Cao et al. Nature 594 (2021) 33-36)

*  HAWC Cygnus cocoon (Nature Astro. 5 (2021) 465-471)

Shocked stellar wind

Termination
shock {2

/:
& NN ‘e Z R,
3 B Cl J2030+ < ¥ N

&
°
o
(o]
173
»
<
A
[aa]
(@]

G019-9609 (1202) ¥0S SYHNIN ‘|e 10 oullIo)

2HWC J2019+
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1(°) 1(°)
Q: Which stellar clusters are the most
-4 -2 0 2 4 6 8 10 12 14 -4 -2 0 2 4 6 8 10 12 14 A . ,)
Sinitneait) Soifmesid) promising PeVatron candidates”
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Which stellar clusters are PeVatrons?

* Wind termination shock and cluster bubble radii depend strongly on wind luminosity
(mass loss rate, wind velocity) and age

* Young, massive clusters are favoured
* We use GaiaDR2 catalogue of star clusters & select those with age <30 Myr

* Include the contribution of the galactic CR sea in the total particle distribution
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Shocked Medium
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shock

AM, S. Celli,
A. Specovius,
G. Morlino,
S. Menchiari
(ICRC2023)
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Stellar cluster model: luminosity and radii

e Estimate radii — need mass-loss rate and wind luminosity

* (Can be estimated from the combined contribution of
individual stars in the cluster

* Mass-loss rate per star and stellar wind velocity can be

Interstellar
Medium

- -0.3 M 0.3
Ry (1) =48.6 ( ) (—)
cm—3 10-4Mgpyr—!

0.4
)

Shocked
wind

( Vi )0.1 ( P
1000 kms™~! 10 Myr

- )—02( LW,C )0.2( ¢
cm—3 1037 ergs~1 10 Myr

0.6
Ry(t) =174 ( ) pc

Rb
Bubble

Termination
shock

M. . 2
(me';“ ‘f(M)Ms(M)vw,S(M)dM)

: . . : 1., 1
estimated via analytical expressions Lo = §Mcvw,c =3 s _
Sy EMDOM(M)AM
f3' D3
e All unknowns can be expressed in terms of the mass.
- How to estimate the mass? i G 26N M | L(M)
12 = =
e NRM) " Lpaa(M)
1.24 0.16 0.81
My(M) ~9.55x 1071 (M) (ﬂ) (RS(M)) o
Lo My Ro yr
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How to estimate the mass of a stellar cluster Q}}V = |,,§/A,;\\\U

1. Extract the number and magnitude of observed member stars, as well as extinction _ 2_0_ﬁ T — Age imited (Buzzoni et al, 2002) |
s | N - Absolute mass limit (150 My)
2. Obtain the minimum and maximum observed G-band magnitude (i.e. completeness s "
range), via the stellar magnitude distribution § 1.5
3. Convert magnitudes into a maximum and minimum stellar luminosity, 'g; 1.0 - B B Py
via bolometric and extinction corrections — . S wE
4. Assume the mass-luminosity relation of main sequence stars to obtain the M,,;, and 0.5 02 04 06 08 10 12 14
M .. Of observed stars Log [Tage/Myr]

5. Derive the normalisation of the stellar mass function needed to reproduce the
number of observed stars within the given (complete) mass range.

My,
N* = f (M) dM
My,

6. Use this normalisation in an integral of the IMF from 0.08 M., to M, ..(T) , the
maximum stellar mass allowed by the cluster age, to derive the total cluster mass.

Mmax [
Mc=j;4. E(M)M dM 15 2.0 25 3.0 3.5 4.0
Logo[Mc/Msyn]

It works! But likely only as a lower bound.

S. Celli, A. Specovius, S. Menchiari, AM, G. Morlino arXiv:2311.09089
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Shocked

Which stellar clusters are PeVatrons?

Example: most promising ten clusters identified

Caveat: cluster bubbles have a large angular size (12 - 109)

- low surface brightness

Second part:

— use molecular cloud catalogues to identify those in the vicinity of stellar
clusters that are promising targets for hadronic interactions

- predict gamma-ray flux (enhancement) from these clouds.
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White Dwarfs?
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White dwarfs in binary systems
- Novae

— outbursts from accreting binary systems
(White Dwarf + massive donor)

Recurrent Novae
- multiple observed outbursts

Nuclear fusion ignited on surface of white dwarf

—> thermonuclear explosion

Dramatic increase in optical brightness

Typical optical duration weeks to months

Cataclysmic
variable

/\

WD

Classical nova
MS —

Symbiotic nova
<1.4 M,
RG — RG
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First Nova in VHE gamma-rays: RS Ophiuchiin 2021

—>Binary system comprised of white dwarf and red giant at about 1.4 kpc

- Explosions observed since 1898 : most recently in 12t February 2006 and 8" August 2021
- Detected by IACTs in VHE gamma-rays over days to weeks

- Factor 100x higher energy reached than seen in other novae

8. -- 13. August 2021
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RS Ophiuchi: gamma-ray evolution

https://www.science.org/doi/10.1126/science.abn0567

Peak flux @ GeV
|

Max Energy: 1 TeV
|

Quess =1.43 £0.18 + H.E.S.S. .
1079 aar =1.31+0.07 i <%~ Fermi-LAT x10~
- é ) .
o : \\\\\ \\\\
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£ R4
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o 7 : e |
2 ] ISS
] 7 : 2
R
To!
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Time (days)

Science
Cite HESSCllbmmn
e.abn( 0567 (2022)
Time-resolved hadronic particle acceleratlon in the
recurrent nova RS Ophiuchi

H.E.S.S. Collaboration*

(brian.reville@mpi-hd mpg.de)

Recurrent novae are repeating thermonuclear explosions in the outer layers of white dwarfs, due to the
aceretion of fresh material from a binary companion. The shock generated when ected material slams into
the companion star's wind can ac icles. We ergy (VHE, 2100 GeV) gamma
rays from the recarrent nova RS Oph to a month after its 2021 cutburst, observed using the High
Energy Stereoscopic System. The VHE emission has a similar temporal profile to lower-energy GeV
emission, indicating a common origin, wlth 2 tworday delay in peak flux. These observations constrain
models of time-dependent particle ene tion, favoring a hadronic cenario over the leptonic
Aitornative, Shocks i dense winds provide favorable envi for efficiont ion of cosmi

to very high energies.

A new type of Cosmic Ray accelerator

Next one > T Coronae Borealis?

Energy Flux (erg cm~2s™1)
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Energy (GeV)

Expected in 2024, likely to be bright = Watch this space...
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Friedrich-Alexander-Universitat
Erlangen-Nirnberg

=AU

What next?
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Future facilities and future challenges ( cta 5, Q}\v |,,§/A,é\\\U

The Southern Wide-field Gamma-ray Observator;

10710 == R — CITAI\C; ll\llorthem Array — %
= —=— CTAO Southern Array 3 tg
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i E’, 10" % _:‘;
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. . .. 2 C —— L) PN
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N - N g \" “‘-“-‘- S %
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—_ --- Gradient 0.08 = 0.03
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i -0.5 2-': é
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0
. . -1.01 2000
- Big data & powerful computing approaches - -
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Summary and Outlook “Q}V |§/A\\\U

Many sources and source classes are emerging at UHE — beyond expectations.
Many associated with pulsars.

New source classes also emerging — novae, microquasars

Highest energy particles are earliest to escape from accelerator
—> traverse across the intervening medium to interact with nearby molecular clouds

Implications:
— Expect a population of passive sources emerging at the highest energies that are illuminated by nearby accelerators.

- Expect that many accelerators act as PeVatrons for a brief period only

—> Can search instead for evidence of past PeVatron activity.

Lots to study and unanswered questions in galactic gamma-ray astronomy!
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Effect of satellite trails on H.E.S.S. data A@V

L

FAU

Using an On-Off approach for the duration of a satellite transit across the camera

Find an increase in low amplitude events = usually excluded by threshold cuts

Nevertheless may become significant for specific analyses 10°; i
jCTS - Satellite
More trails occur at the beginning and end of the night, and at high zenith angles i Ntot=1.06-10°
No Satellite
rend). g
(expected trend) 10° , m— Noo=1.49-106
: --- 80 p.e. Cutoff

Other IACTs should perform similar studies to assess the impact of satellite trails
on different camera designs and from different locations.
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