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Figure: The cosmic ray spectrum (Blumer et al. 2019)
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Key questions:

* Can SNRs produce the right spectral
shape? (And does it agree to observations?)

* Can SNRs accelerate CRs to high-enough
energies?
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Key questions:

* Can SNRs produce the right spectral
shape? (And does it agree to observations?)

* Can SNRs accelerate CRs to high-enough
energies?

* What are signatures of the acceleration
process?
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Why SN

« Known to inject enough energy in the
Galaxy
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« Known to inject enough energy in the
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e Viable acceleration mechanism known




Diffusive schock accele

Ingredients: -
. FIRST-ORDER FERMIFACCELERATION
 The Hydro evolution of the (Diffusive ShocksAcceleration)
specific SNR '

 The distribution of CRs

« The distribution of magnetic
disturbances that scatter the CRs

Particle
Irajectorys

Turb J’
(& c’
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Diffusive schock acceler

Ingredients: |
. FIRST-ORDER FERMIFACCEEERATION
 The Hydro evolution of the (Diffusive ShbcksAcceleration)
specific SNR .

 The distribution of CRs

« The distribution of magnetic
disturbances that scatter the CRs

Particle;
Irajectorys

— non-thermal, power-law spectra
r+2 )
N(p) x p"=TN(p) ~ p

;
whstream Reglon
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1 PHYSICS

1.1 History

Aristotle said a bunch of stuff that was wrong.
Galileo and Newton fixed things up. Then Ein-
stein broke everything again. Now, we’ve basical-
ly got it all worked out, except for small stuff, big
stuff, hot stuff, cold stuff, fast stuff, heavy stuft,

dark stuff, turbulence, and the concept of time.
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1.1 History

Aristotle said a bunch of stuff that was wrong.
Galileo and Newton fixed things up. Then Ein-
stein broke everything again. Now, we’ve basical-
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stuff, hot stuff, cold stuff, fast stuff, heavy stuff,

dark stuff, turbulence, and the concept of time.
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We have it all figured out but
- Magnetic turbulence
 Particle energization

« (Hydrodynamics)




Simplified CR Scatt

Wave-modes scattering CRs not fully clear.

A necessary assumptions in all models:

e Alfven waves (e.g. Skilling 1975)

e Bell's mode waves (Lucek & Bell 2000)
e Fast-mode waves (Yan & Lazarian 2004)
e Mirror-scattering (Bell 2025)

e Resonant curvature scattering (Kempski 2025)

GSI, Darmstadt 20.10.2026 3



Simplified CR Scatterir

Wave-modes scattering CRs not fully clear.

A necessary assumptions in all models:

e Alfven waves (e.g. Skilling 1975)

e Bell's mode waves (Lucek & Bell 2000)
e Fast-mode waves (Yan & Lazarian 2004)
e Mirror-scattering (Bell 2025)

e Resonant curvature scattering (Kempski 2025)

Type of turbulence/instability will ultimately affect the time-evolution of
CR-acceleration
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transport equation
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Standard DSA
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C
17 4
I;LgA % Radiation Acceleration Transport Parallel Code

\\/i N Well-tested code in
. “ Cosmic-ray development since 2012
transport equation
S J

In last 5 years:
13 papers
>170 citations

Standard DSA
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3 3 ’ The equations are solved.:
Y VDVN — VoN - g(Np - ENP) + O « One dimensional
e — —— ———  ——— ——— . . .
Diffusion Advection Cooling Acceleration. Injection Spherlcally symmetric
OE,, E,  Monoenergetic injection
= — (vV.Ey +cVuvEy,)+ k°V, D,V F2(C, —T, |E
ot (07, Eyy + V,0Ey) SRAE < 8 d> v e Including Synchrotron and inverse-
— " Compton cooling for electrons
Advection + Compression Cascading Growth + Damping
e On a comoving, expanding grid for
turbulence and CRs
o[ ¢ o 0 pv? P —. no free escape boundary
—|m)+V|Imv+(P)I| = 0 | — F '
6t E (E N P)U L 2 Y — 1
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Model prediction (RB, et al. 2021):
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Model prediction (RB, et al. 2021):
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Gamma-ray spe

Model prediction (RB, et al. 2021):
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Suppressed diffusion aroun
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* Arapid decrease of Emax in the Sedov-phase triggers particle escape from
deep downstream

* The downstream spectra are softer than the production spectra

» Both spectral indices are consistent with observations

 Formation of Halos due to supressed diffusion around SNRs
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* Arapid decrease of Emax in the Sedov-phase triggers particle escape from
deep downstream

* The downstream spectra are softer than the production spectra

» Both spectral indices are consistent with observations

 Formation of Halos due to supressed diffusion around SNRs

The spectral shape can be well explained
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Observations
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Maximum Energy - Gen




Maximum Energy - Gene

Observations
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Maximum Energy - Genel

Observations
Hillas criterium
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Maximum Energy - Gen

How to amplify the field enough?

|
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Maximum Energy - Gene ﬁ

How to amplify the field enough?

l‘ll L) L] ‘Ill"'] L] \J U"ll'l’

 Saturated field strong enough to go to PeV energies : = ﬁmfs
in very young SNRs (f < 20yr) ¥, SRS

(e.q. Schurre&Bell 2013 (MHD)) 10}

(eV)

max

=
1014_ I o ~\:\_
R | Y
A b gl A MK sy T A AT A8 | aaa dal L
1 10 100 1000
time (year)
Schure&Bell (2013)

|
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Maximum Energy - General

How to amplify the field enough?

) T"]

» Saturated field strong enough to go to PeV energies j I v=47 km;s, —
v =15 km/s
in very young SNRs (f < 20yr) v =1000 km,/s

(e.g. Schurre&Bell 2013 (MHD)) 10}

—
—
o

S

e Kinetic studies “confirm” SNRs as PeVatrons

max

=
(e.g.: Inoue+ (2021), Marcowith+ (20138), N
Ptuskin+(2010)) Lol | el
l N A, 1.,,i10 A A e, .1i.(])0 .‘,1(1)100 L
time (year)
—> Assumes Bohm diffusion in amplified field d
Schure&Bell (2013)

T
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Maximum Energy - Genera

Ho’ Af*nplify the field enough?

. Satu.OSfS/‘{/strong enough to go to PeV energies : o v=4,, l:mfs' —
! v =15 km/s
in very youny, '?SQ - 20yr) ¥,=1000 km/s
(e.g. Schurre&Bell L\r@/) ™) ~ 10} =
Op I
» Kinetic studies “‘confirm” SNn. Glé“"ons :
=
(e.g.: Inoue+ (2021), Marce t/'o/) ‘2018), X
Ptuskin+(2010)) $ 1o} | ‘:3:\_:
1 A A 1A‘,.i10 A e n.;i.ao .1,1(.)100 L
ti ear)
- Assumes Bohm diffusion in amplified field e fyear
Schure&Bell (2013)

T
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SNRs as CR Sour:

« High magnetic fields required —
Self-consistent amplification:

ONcg
X Pcsm
or

|5 o

— Progenitor stars with extreme mass-loss:

LBVs
RSGs

<—— Type-lin SNe
<— Type-lIP SNe

* Theoretical models predict high-energy
radiation if particle acceleration is efficient

(e.g., Murase+2011, Marcowith+2018,..);
but only smooth winds so far

GSI, Darmstadt 20.10.2026
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Radio Lightcurves for All SNe with Known Types
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Early-time Radio emission from SNs of various types
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SNRs as CR Sour:

« High magnetic fields required —
Self-consistent amplification:

ONcg
['sp 3 X Pcsm
r

— Progenitor stars with extreme mc
LBVs <«— Type-lin SNe™
RSGs «— Type-lIP SNe ~

Q)

* Theoretical models predict high-energy
radiation if particle acceleration is efficient

(e.g., Murase+2011, Marcowith+2018,..);
but only smooth winds so far
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Radio Lightcurves for All SNe with Known Types
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Smooth Wind C

Many works in the last years:

* Murase et al. (2011, 2014), Bell et al. (2013),
Marcowith et al. (2018); Cristofari et al.
(2020), Inoue et al. (2021), Cristofari et al.
(2022),RB22

- E .= 100TeV — 10PeV

Unrealistically high parameter values needed
0.00

GSI, Darmstadt 20.10.2026 20

0.01

0.02

— Simulation — == fit J

0.03 0.04 0.05 0.06
nmpc]

CSM-structure for a LBV with a smooth
wind (example plot)




Results -

—'_—————--

- = LBV 5uG — = RSG 5uG
- | BV Stellar - RSG Stellar
1.8
101 102 10°

Time [days]

Maximum energy over time for Type-lin and Type-IIP Sne in
smooth winds (RB, et al. 2022)

|
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Results - £ .

e Fit spectrum with power-law plus exponential
cutoff — E.y

* Acceleration time is ~1 month to get to quasi-
steady state

-E_ ~ 600 TeV for LBV
(high M,B X r_l)

- = BV 5uG - == RSG 5uG

' > LBV Stellar = RSG Stellar
.E, .~ 70TeV for RSG (low M, B o r™ ') 101 102 TE
Time [days]

Maximum energy over time for Type-lin and Type-IIP Sne in
smooth winds (RB, et al. 2022)

|
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Results - £ .

e Fit spectrum with power-law plus exponential
cutoff — E.y

* Acceleration time is ~1 month to get to quasi-
steady state

-E_ ~ 600 TeV for LBV
(high M,B X r_l)

— = LBV 5uG — — RSG 5uG
' p — LBVStellar —— RSG Stellar

e

° — 1 2 3
.E_ ~ 70TeV for RSG (low M, B « r~!) 10 10* 10
Time [days]
. . Maximum energy over time for Type-lin and Type-IIP Sne in
No model assumption gives smooth winds (RB, et al. 2022)
E > 1PeV
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Measured CR sp

—
(-
N

E*° Flux [mZsr's'GeV'”]

Fitting Parameters

y = —2.65 + 0.03

Ey, =157 4+ 0.58TeV
Ay = 0.09 +0.03
s = 6.6 (Fix)

E, =30.6 +7.4TeV
tlst|c+ systematic (energy scale) errors - Ay, = —0.17 + 0.04

Sl — 10 (FIX)

| L1 1 1 111

Yosui Akaike

GSI, Darmstadt 20.10.2026

1 4
Enoergy [GeV]

10° 10°

ICRC 2025 — The Astroparticle Physics Conference, Geneva, Switzerland
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Scaled flux E*® J(E) (m2s ' sreV'?)
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Fﬁﬂ'lrl] | ﬂTmII

Equivalent c.m. energyVNs,, (GeV)

10° 10°
# ATIC :
2 PROTON M
¢ RUNJOB -
[ |
[ |
[ |

Bulk of
energy

HERA (r-p)
BHIC (p-p)

10"

Most SNR up to
here
Tevatron (p-p)

10" 10" 10'®

Energy

Figure: The cosmic ray spectrum (Blumer et al. 2019)

10*

® KASCADE (QGSJET 01)
®  KASCADE (SIBYLL 2.1)
% KASCADE-Grande (prel.)
*  Tibet ASg (SIBYLL 2.1)

LHC (p-p)

10"’ 10"
(eV particle™)

10°

e b > «

HiRes-MIA
HiRes |

HiRes ||

Auger SD 2008

Needed Emax for
single-source
scenario

10" 107
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Structured CSM

RSGs:

*Shell created by dense winds +
Intense ambient photon field

/ Bow shock

— Photoionization confined
shells Betelgeuse

LBVs:
*Highly unstable mass-loss

— Dense shells with few M@

Credit: Decin et al. 2012, Le Bertre et al. 2012
Herschel view of Betelgeuse HST view of n Carinae (NASA, STScl)

|
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Structured CSM - She

* Adding a (gaussian) CSM-shell with:
Mghen = 2M®

— Simulation — == fit J

D ., ~0.5mpc

* Modest steady mass-loss with:
M = 107*Mq/yr

e Shock-shell interaction after

~ 30 — 3000days

0.00 001 002 003 004 0.05 0.06

*|nteraction triggers reflected shocks - ¢ [pc]

shock-shock interactions after CSM-structure for a LBV with a episode of high mass-

loss in the past (example plot)

|
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Structured CSM - She

*Adding a (gaussian) CSM-shell with:
Mghenn = 2M®
R.,.; = 3 —60mpc
D ., ~0.5mpc

* Modest steady mass-loss with:
M = 107*Mq/yr

e Shock-shell interaction after

~ 30 — 3000days

*|nteraction triggers reflected shocks -
shock-shock interactions after

GSI, Darmstadt 20.10.2026

— Simulation — == fit J

0.00 001 002 003 004 0.05 0.06

r [pc]
CSM-structure for a LBV with a episode of high mass-
loss in the past (example plot)

e



8000 ===
v

& 6000
=< 4000
2000

Vsho

%80 75 100 125 150 175 200 225 25.0
rimpc]

10°

Time [days]
Maximum energy over time for Type-lin SNe interacting with dense
shells (RB, et al. 2025)

|
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Results: £

Shell:
« Shock-shell interaction reduces E ., of freshly

accelerated CRs

8000 [T
0
& 6000
=
¥ 4000
-
< 2000

%.o 75 10.0 125 15.0 17.5 20.0 22.5 25.0
nmpc]

*Reaccelerated shock after shell passage
propagates into amplified field of previously

escaped CRs — Boost to E,_,
(E, .« Limited by shock-capture time)

GSI, Darmstadt 20.10.2026

e
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&
RS
N o

max

10° _ _ _ . _
ey = 0.1Yyrs tshey = 0.5yrs tshey = 1.0yrs

s oy = 0.3YrS s Loy = 0.75YrS tshep = 10.0yrs

101 102 10°
Time [days]

Maximum energy over time for Type-lin SNe interacting with dense
shells (RB, et al. 2025)
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Results: £

Shell:
« Shock-shell interaction reduces E ., of freshly

accelerated CRs

8000 [T
0
& 6000
=
¥ 4000
-
< 2000

%.o 75 10.0 125 15.0 17.5 20.0 22.5 25.0
nmpc]

*Reaccelerated shock after shell passage
propagates into amplified field of previously

escaped CRs — Boost to E,_,
(E, .« Limited by shock-capture time)
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max

5
107 — tchen = 0.1yrsv = tsher = 0.5yrs = tehen = 1.0yrs

Eshen = 0.75yrs tshep = 10.0yrs

101 102 10°
Time [days]

Maximum energy over time for Type-lin SNe interacting with dense
shells (RB, et al. 2025)

 E—



Results: £

1Mdax
Shell.:
5
- Shock-shell interaction reduces E,.., of freshly 107 | e =01yrs_ = tws=05yrs  —— tuey=10yrs
s oy = 0.3YrS Eshen = 0.75yrs tshep = 10.0yrs
accelerated CRs ~
80

PeVatrons!

%.O 7.5 10.0 12.5 15.0 17.5

mpel How to find them?

*Reaccelerated shock after shell passage
propagates into amplified field of previously
escaped CRs — Boost to E,_,

8000 [ == 1nd ’
g o ____ Type-lin SNe can be [

10°

104 10°
Time [days]

Maximum energy over time for Type-lin SNe interacting with dense
shells (RB, et al. 2025)

|
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SNRs as CR Sourc

*H.E.S.S. Collaboration (2019) obtained upper limits on  ~ 1071 L‘,?f;‘,.{;‘j;‘ty i ;ﬁ:%?gézﬁ

TeV emission from nearby CCSNe o
& | = [ L | | |

*Ongoing HESS ToO programme so far has no detections E» e ——— {T *1*
= 10712 [ | f

e Xi+(2020) detected y-rays from the location of SN E | 1 l >

2004dj, a bright and nearby SN IIP,with FERMI-LAT S

*A recent variability analysis of FERMI-LAT data found g 10745

evidence in support of 2 further detections X 655- e

Prokhorov+2021). T

< > 2 -

*Also suggestion of increasing flux from SN1987A with x - B

FERMI-LAT (Malyshev+2019) 55000 56000 57000 58000 59000

MJD (days)
e Non detection of SN 2023ixf at ~7MpC —> ECR<1O49erg Light curve of the gamma-ray flux from SN

2004dj (Xi et al. 2020)

(Marti-Devesa+2024)

'
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*H.E.S.S. Collaboration (2019) obtained upper limits on
TeV emission from nearby CCSNe

*Ongoing HESS ToO programme so far has no detections

e Xi+(2020) detected y-rays from the location of S"' o“ﬁ’

2004d], a bright and nearby SN |IP,with FERMI-LAT (‘"\
*A recent variability analysis of FERMI-I**
evidence in support of 2 fur

6@ .ons
(Prokhorov+2021). | S

*Also suggestion of increas. N SN1987A with
FERMI-LAT (Malyshev+2019)

«Non detection of SN 2023ixf at ~/Mpc — Er<104%erg
(Marti-Devesa+2024)
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_____ Mean f|UX "I" TSV&I'= 17.6(3.30)
Uncertainty ~+ TSyar=20.7(2.60)

‘|
- ~13
o 10 (75
x -
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21
2.
1_
O-

p—

rrrrr

55000 56000 57000 58000 59000
MJD (days)

Light curve of the gamma-ray flux from SN
2004dj (Xi et al. 2020)



Summary I

« SNRs usually reach too low E ..,
« BUT E_ ., coincides (roughly) with features in GCR-spectrum

« Exceptional cases early-on might operate as PeVatrons

« Shell-interactions might greatly boost gamma-ray signals

|
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Summaryll

« SNRs usually reach too low E ..,
« BUT E_ ., coincides (roughly) with features in GCR-spectrum

« Exceptional cases early-on might operate as PeVatrons

« Shell-interactions might greatly boost gamma-ray signals

Multi-wavelength strategies needed

T
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What else?

e
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Pseudo-3D models: *°Fe distribu
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Application: ®°Fe distribution wit ’

3D man Time evolution Projection

t= 2200 % 103()

y [pc]

PDR emission

-30 -20 -10 0 10 20 30
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Application: Pion decay

Rotation at 10kyr

3D map Projection

X 102()

y [pc]
PDR emission
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Conclusion and outl

Particle Escape )

max

« £ for Type IIPs of ~ 70 TeV is in rough

agreement with spectral break in Galactic CR-
spectrum

 SNRs can produce the right spectra

e Gamma-ray halos should form as a
e Type-lin SNe with early shell-interaction is

possible PeVatrons — rare event

consequence

« Gamma-ray detection of interacting SNe require
multi-wavelenght efforts!
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Conclusion and outlook

Particle Escape )

max

« £ for Type IIPs of ~ 70 TeV is in rough

agreement with spectral break in Galactic CR-
spectrum

 SNRs can produce the right spectra

e Gamma-ray halos should form as a
e Type-lin SNe with early shell-interaction is

possible PeVatrons — rare event

consequence

« Gamma-ray detection of interacting SNe require
multi-wavelenght efforts!

Many more
e Time-variable emission might occur in SNRs on short timescales

e The environment structure can severely change spectra — population matters
o Possible link of source-environments to CR-sbundancy features
 Models of SNRs (and particle accelerations) still behinf quality of observations
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