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The cosmic ray spectrum

; “PDG
\:\\\\ \\\\\‘ particle data group
103 m
“knee”

101 4
D
7
) “sacond knee”
|
g 10-14
= 10
)
o
5 “ankle”
T
S
=
W 10-3

10 Diffuse v backgrountl
=2
-
107° 4 1—‘;»__
T
107

10 10t 102 10®  10*  10° 106 108 10° 10 10"t

E [GeV]

Philipp Mertsch 31 July 2026



The proton and helium spectra
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The proton and helium spectra
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® Primaries: harder spectra
® Secondaries: softer spectra

® Same spectral breaks

31 July 2026



Individual sources

il
TamV

Source spectrum Transport effects



. o
ey’

Source populations Individual sources

Source spectrum Transport effects



Population of sources

® Supernova remnants

e.g. Zirakashvili & Ptuskin (2015), Cristofari, Blasi, Amato (2020)
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Individual sources
Erlykin and Wolfendale (2012), KachelrieB et al. (2018), Fornieri et al. (2020) and many more

background

e.g. PWN123

log Intensity

log Energy
® Background from bulk of sources
® One (or a few) individual source(s)

— Bumps and dips
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Individual sources
Erlykin and Wolfendale (2012), KachelrieB et al. (2018), Fornieri et al. (2020) and many more

SNR123

background |

background

e.g. PWNI123

log Intensity
log Intensity

log Energy log Energy

® Background from bulk of sources
® One (or a few) individual source(s)

— Bumps and dips
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Individual sources
Erlykin and Wolfendale (2012), KachelrieB et al. (2018), Fornieri et al. (2020) and many more

SNR123

background

background

c.g. PWN123

log Intensity
log Intensity

log Energy log Energy

® Background from bulk of sources
® One (or a few) individual source(s)

— Bumps and dips

Supernova remnant paradigm
1000 - 100000 “active” supernova remnants in the Galaxy

Génolini et al. (2017)
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The number of sources contributing to CR flux decreases with energy

Philipp Mertsch

2

. . Z,
® Residence time: tose = —2X
2K
® Diffusion distance: R = V2ktesc = Zmax
. vt
® Source density: ="
7 Riisk
2
e Source number: Ny = orR? = Vitesc o5
Réisk
With typical parameters (for details — ):

R=10GV, 10TV, 10PV
Nye ~ 2 x 10°, 2000, 40
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The number of sources contributing to CR flux decreases with energy

2

2
Source number:  Nge = oTR” = Vitesc

With typical parameters (for details —

R=10GV, 10TV,
Nae ~ 2 x 10°, 2000,

Need to run Monte Carlo simulations
instead of cherry-picking catalogues!
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Statistical errors are much smaller than CREDIT features
Stall, Loo, Mertsch (2025)

B-field amplification + time-dependent escape = —  prominent features

CREDIT Scenario Sampled at Bin Centers Smooth Scenario + Statistical Error
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Statistical errors are much smaller than CREDIT features
Stall, Loo, Mertsch (2025)

B-field amplification 4+  time-dependent escape = —  prominent features

CREDIT Scenario Sampled at Bin Centers Smooth Scenario + Statistical Error
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What can we learn?

® Test of field-amplification models

® Supernova paradigm
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Feature in source spectrum

Reminder: Solution (without advection or decay)

h (QJ(Oa R) + Ek>j V"gaS(O)Uk—U'd’k)
H(R))

max

l/}j(o’ R) =

<hvngas(0)aj 4F

\/,/:\

source diffusion observed
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Example: concavity of non-linear diffusive shock acceleration

Blasi, Gabici, Vannoni (2005) Ptuskin & Zirakashvili (2005)
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Example: concavity of non-linear diffusive shock acceleration

Blasi, Gabici, Vannoni (2005) Ptuskin & Zirakashvili (2005)
0.01 grmprmap gy g e e g o
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® Spectral index y depends on compression ratio r: y ~ 1
® Low energy particles: stay close to shock — experience only subshock — soft spectrum

® High energy particles: travel further — experience full shock — hard spectrum
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Feature in source spectrum

Reminder: Solution (without advection or decay)

b(0,R) = h (CIJ(O, R) + Ek>j vngas(o)gk_)ﬂ/)k)
. <”V"sas(0)af + “7(73))

Zmax

\’+/=\

source diffusion observed

Potential issue

® Rfeature depends on environmental parameters
® Scatter in environmental parameters; time-dependencies

— Feature washed out in superposition

Philipp Mertsch 31 July 2026



Source populations Individual sources

il
TamV

Source spectrum Transport effects



Feature in diffusion coefficient

Reminder: Solution (without advection or decay)

B (@0, R) + Ty vigas(0)7icsjthe )

$i(0,R) = (hvngas(o)‘ff + @)

max

~|. /:\

observed

source
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Feature in diffusion coefficient

Reminder: Solution (without advection or decay)

B (@0, R) + Ty vigas(0)7icsjthe )

¥i(0,R) =
R
(w010 + 1)
source diffusion observed
5B2(k) x(R)
(53 < R1/3
o<
krg ~ 1
k < > > R
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Feature in diffusion coefficient

Reminder: Solution (without advection or decay)

B (@0, R) + Ty vigas(0)7icsjthe )

¥i(0,R) =
<hvngas(0)aj 4F @)
~|. / _ NN
source diffusion observed
5B (k) x(R)

krg ~ 1
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Source or transport?

® Can be distinguished by secondaries Viadimirov et al. (2012)

® break in source spectrum: break in secondaries similar

=~ S~ =N

source diffusion primaries primaries diffusion secondaries

® break in diffusion coefficient: break in secondaries ~ 2x as strong

~|+| -~ s =N

source diffusion primaries primaries diffusion secondaries

Aguilar et al. (2019)
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Source or transport?

® Can be distinguished by secondaries Viadimirov et al. (2012)

® break in source spectrum: break in secondaries similar

=~ S~ =N

source diffusion primaries primaries diffusion secondaries

® break in diffusion coefficient: break in secondaries ~ 2x as strong

|+ =~ s =N

source diffusion primaries primaries diffusion secondaries

Aguilar et al. (2019)
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Streaming instability and large-scale transport
Evoli et al., PRD 99 (2019) 103023

Turbulence power spectrum Diffusion coefficient
104 T T T T

I I I
10° 10! 10° 10° 10* 10°
p [GeV]
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Streaming instability and large-scale transport
Evoli et al, PRD 99 (2019) 103023

Turbulence power spectrum Diffusion coefficient
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What can we learn?

1

® The power spectrum of magnetised turbulence has a break at ky >~ 3000 pc™

supernovae for k < Kur

— Turbulence generated by { TG s Gor (s > I
~ Kbr

— Important consequences for galaxy formation and evolution
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Anatomy of a diffusion coefficient
Schwefer, Mertsch, Wiebusch (2022)

104 i

103 4

Proton

{
{
|
|

102 4

—— DBest Fit
0 68% region

95% region
AMS-02
DAMPE
IceTop
KASCADE

(Ekin/n)*7¢, in (GeV /n)Tem =25~ tsr~!

5

0y

*”HHH:HHH'M

10° 102

104

Ejin/n in GeV/n

Philipp Mertsch

106 108

31 July 2026 16 /31



Anatomy of a diffusion coefficient
Schwefer, Mertsch, Wiebusch (2022)
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® 1. Break: Hardening of spectra at low energies
due to stochasticity effect Phan et al. (2021)

(for details — @YTETED):
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Mean-free paths

Kuhlen, Mertsch, Phan (2025)
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Non-universality
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® Spectral breaks at ~ same rigidities ©
® Spectral indices shifted by ~ 0.1 ®
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Non-universality
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® Spectral breaks at ~ same rigidities ©
® Spectral indices shifted by ~ 0.1 ®
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Non-universality
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® Spectral breaks at ~ same rigidities ©
® Spectral indices shifted by ~ 0.1 ®
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Species-dependence in DSA?

Meyer, Drury, Ellison (1997) Caprioli, Yi, Spitkovsky (2017)
10" T T T T
— 100 T T T T TTTT] T T T TTITH . A
- F  ® REFRACTORIES > 1250 K iho? Toaverz)
L [ O SEMIVOLATILES 1250-875K @ e & !
Z - ® VOLATILES 875- 400 K S T
I O HIGHLY-VOLATILES <400 K el @ Il
o st % S
r Txer P
< \i} W o
Zn, 1 N
8 1oL g % @% o
Py E * o 3 e 1 E
& __ 0 @% ¢ .
O F S ke | 7
o = % - A 103 L[ a2
2 L N - * Galactic CRs
8 H ;% ¢ Simulations
1= (][J He —
o =
c F 5 3
O] C -
1 Lol Lol |
1 10 100
MASS A ~ (A/Q)"
Source abundances ~ solar, but with Injection into DSA depends on A/Z, but

mass-dependent trend spectral shapes are the same
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Environmental effect
Ohira & loka (2010)

Pmax decreases with time or Rqh:

Rsh
RSedov

—a
Pmax(Rsh) X R;oz ) €.g  Pmax = Zpknee ( ) y eg o= 6.5
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Environmental effect
Ohira & loka (2010)

Pmax decreases with time or Rqh:

Rsh
RSedov

—a
Pmax(Rsh) X R;oz ) €.g  Pmax = Zpknee ( ) y eg o= 6.5

Inverse function: pma(p) o p~ 2/
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Environmental effect
Ohira & loka (2010)

Pmax decreases with time or Rqh:

Rsh
RSedov

—a
Pmax(Rsh) X Rs;a ) €.g  Pmax = Zpknee ( ) y eg o= 6.5

1/

Inverse function: pma(p) &< p~

Spectrum inside SNR: a power-law but normalisation increases with Rq,

Fsnr(Rs,p) o p °RE; eg. B=15
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Environmental effect
Ohira & loka (2010)

Pmax decreases with time or Rqh:

Rsh
RSedov

—a
Pmax(Rsh) X Rs;a ) €.g  Pmax = Zpknee ( ) y eg o= 6.5

Inverse function: pma(p) o p~ 2/

Spectrum inside SNR: a power-law but normalisation increases with Rq,
Fsnr(Rs,p) o p °RE; eg. B=15
CRs escaping in [Rsn, Rsn + dRsh] = Escaped CRs in [pmax, Pmax + dp]:

dpmax
dRsh

FSNR(RSM pmax) dRsh == Fesc(pmax)dpmax
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Environmental effect
Ohira & loka (2010)

Pmax decreases with time or Rqh:

Rsh
RSedov

—a
Pmax(Rsh) X Rs;a ) €.g  Pmax = Zpknee ( ) y eg o= 6.5

Inverse function: pma(p) o p~ 2/

Spectrum inside SNR: a power-law but normalisation increases with Rq,
Fsnr(Rs,p) o p °RE; eg. B=15
CRs escaping in [Rsn, Rsn + dRsh] = Escaped CRs in [pmax, Pmax + dp]:

dpmax

Fsnr(Rshs Pmax) R,

dRsh = Fesc(pmax)dpmax

_ s —1/a\”? (st 8
= Fese(p) = Fonr(Pmax(P), P) o p (p Y ) = p (%)
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Environmental effect
Ohira & loka (2010)

Pmax decreases with time or Rqh:

Rsh
RSedov

—a
Pmax(Rsh) X Rs;a ) €.g  Pmax = Zpknee ( ) y eg o= 6.5

Inverse function: pma(p) o p~ 2/

Spectrum inside SNR: a power-law but normalisation increases with Rq,
Fsnr(Rs,p) o p °RE; eg. B=15
CRs escaping in [Rsn, Rsn + dRsh] = Escaped CRs in [pmax, Pmax + dp]:

dpmax

Fsnr(Rshs Pmax) R,

dRsh = Fesc(pmax)dpmax

_ _ “1/a\? (st B
= Fu(p) = Fonalpm(p).p) o p* (p7/) " = p (2
s, a depend on environment, 5 can depend on species
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Environmental effect
Ohira & loka (2010)

_ s o\ 8 (st B
= Fesc(p) = FSNR(Pmalx(P)7P) xX p (pl/ ) =p ( +o<)

Abundance relative to p
A

p

Rsedov Rena
1 1

T T
Pknee 1GeV/e
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Environmental effect
Ohira & loka (2010)

_ s o\ 8 (st B
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Exotic scenarios
Lipari (2014, 2019); Blum et al. (2009, 2019)

® p propagate without energy losses above few GeV
o et suffer strong radiative losses above few GeV

— e spectrum should be softer than p spectrum
Aguilar et al. (2021)
4

« AMS Data
® Yet, spectra shapes are markedly similar above few tens of GeV 2 + l
® Also, R S t 1 1“ [
Pet __ Tpoet e T
N s

¢ﬁ Op—p ®,./Dp = 2.00 + 0.035(stat.) + 0.06(syst.)
) Energy [GeV]
100 200 500

— Maybe energy losses are actually small for e* below ~ TeV?
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Reduced residence time

Time scales:

2
® tir = 2= with Zmax = 5kpc,

#(10GV) =5 x 10%cm?s™*

103
® tooi: KN cross-section with

10%3 p={0.26,0.6,0.6,0.1} eV cm > for CMB, IR,
T opt, UV; 3 uG B-field
= 104
l ® ton: np=0.5cm™? (WIM) and
2 100 = 0.5cm ™3 (WNM) and 100 pc wide gas
£ disk

107!

1072

T T T T T T T +
1073 1072 107! 10° 10t 10? 10° 104 10°
Energy [GeV]

In a diffusion model with E~" sources in disk:

o $(E) o< E~"° if diffusion dominated
® $(E) «x ETT=CD/2if cooling dominated
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Reduced residence time

Time scales: 2 .
ot ® tyiff = 52 with zmax = 5 kpc,
102 #(10GV) =5 x 10%cm?s™*
® tooi: KN cross-section with
7 S N p = {0.26,0.6,0.6,0.1} eV cm > for CMB, IR,
T A SN opt, UV; 3 4G B-field
= 10! 4
l <& ® tion: My =0.5cm™? (WIM) and
8 1001 d A ny = 0.5cm™3 (WNM) and 100 pc wide gas
£ i iy disk
107!
1072

1073 1072 107! 10° 10t 10? 10° 104 10°
Energy [GeV]

In a diffusion model with E~" sources in disk:

o $(E) o< E~"° if diffusion dominated
® $(E) «x ETT=CD/2if cooling dominated
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Cosmic ray clocks

—— Zmax = 3kpc, xf =135.7/13=10.4
—— Zmax=6kpc, X2 =36.0/13=2.8
Zmax = 12kpc, x? =17.3/13=1.3
¢ 10Be/9Be, AMS-02

® Fit to p, He, C, O, B/C
with fixed zmnax
Pure diffusion model:
m diffusion coefficient with 2 breaks

m no advection
m no reacceleration

10Be/°Be
[ ]

® Pure power law sources spectra

0.0 ® Solar modulation: force-field approach
5 -
0 A LILEB IR §1L)
—54 i “::‘N
10t 10° 10! 102
T, [GeV/n]
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Another argument: cooling break

® Transition escape — cooling leads to spectral break

® If taig(1GeV) ~ teoo1(1GeV) — hidden due to other transport processes
® If taig(1TeV) ~ teoo1(1TeV) — could be visible

103

102 4

10! 4

10° 4

Timescale [Myr]

10-2 solar modulation
1073 1072 107! 10° 10t 10? 10° 104 10°
Energy [GeV]

Could also be a stochasticity effect: extended transition around E; where

Lioss ™ 2~/ K(E1)teool(E1) ~ typical source distance
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eT+e™ data
Ambrosi et al. (2017); Abdollahi et al. (2017); Aguilar et al. (2021); Torri et al. (2021)
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et +e™ data

Ambrosi et al. (2017); Abdollahi et al. (2017); Aguilar et al. (2021); Torri et al. (2021)
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eT+e™ data
Ambrosi et al. (2017); Abdollahi et al. (2017); Aguilar et al. (2021); Torri et al. (2021)
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Cut-off in positrons

® Cut-off is sensitive to source spectrum,
e.g. Q(Eo) x EO’r

What can we learn?

The acceleration of positrons is limited
to ~ 10 TeV.
— Info on age, environment, radiation fields

Philipp Mertsch
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Cut-off in positrons
104 4 T=1000yr

® Cut-off is sensitive to source spectrum,
e.g. Q(E) x E; " exp[—Eo/(100 TeV)]

5 —— s=0.3 kpc
A -=- s=1.0 kpc
What can we learn? f ----- s=3.0 kpc

The acceleration of positrons is limited
to ~ 10 TeV.
— Info on age, environment, radiation fields

- T - T :l T T
10! 102 10° 104 10° 10°
E [GeV]
Pulsars Other astro sources
e.g. Evoli et al. (2020) e.g. Mertsch, Sarkar, Vittino (2020)
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eT+e™ data
Ambrosi et al. (2017); Abdollahi et al. (2017); Aguilar et al. (2021); Torri et al. (2021)
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eT+e™ data
Ambrosi et al. (2017); Abdollahi et al. (2017); Aguilar et al. (2021); Torri et al. (2021)
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The number of sources contributing to CR flux decreases with sharply energy

. . E
® Residence time: teool = E
® Diffusion distance: R = V2ktcool
. vt
® Source density: o=
7 Ryisk
2kt
® Source number: Nere = 0T R? = Uteon 2C°°|
Riisk
With typical parameters (for details — ):

R=10GV, 10TV, 10PV
Nye ~ 2 x 10*, 1, 107*
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Spectral shape and source rate
Mertsch (2018)

Canonical supernova rate

102

102 4

10! 4

median
H.E.S.S. broken power law fit

E3¢[GeVZcm™2s5~1sr71]

10° 4
95% range
. 68% range
¥ H.ES.S. (2017)
== MC simulations
107 T T v
10! 10? 10% 104

E[GeV]

Statistically disfavoured

Philipp Mertsch

10°

E3¢[GeVZcm=2s~1sr71]

Reduced rate — fewer, more powerful sources

10°

102

10t

10°

107!

median
H.E.S.S. broken power law fit
95% range

68% range

H.E.S.S. (2017)

MC simulations

I-1

10! 102 10°

E[GeV]

Statistically preferred
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Spectral shape and source rate
Mertsch (2018)

Canonical supernova rate

10%

102 4
Tx_
[
~
7
n
b

1
E 10
o
>
[}
=
s —— median
w 100 | -=- H.E.S.S. broken power law fit
95% range
. 68% range
¥ HESS. (2017)
== MC simulations
107! T ’ c
10! 102 103 104

E[GeV]

Statistically disfavoured

10°

E3¢[GeVZecm=2s5-1sr1]

Reduced rate — fewer, more powerful sources

10°
102 4
101 4
—— median
1004 T H.E.S.S. broken power law fit
95% range
m 68% range
$ H.ES.S. (2017)
== MC simulations
107 T T +
10! 10? 10% 104 10°
E[GeV]

Statistically preferred

t can we learn?

The TeV break indicates lower source rate, e.g. super bubbles
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Any questions?
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Outline

® Backup slides
m Exotic scenarios
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Exotic scenarios
Lipari (2014, 2019); Blum et al. (2009, 2019)

® p propagate without energy losses above few GeV
o et suffer strong radiative losses above few GeV

— e spectrum should be softer than p spectrum
Aguilar et al. (2021)

4

« AMS Data
® Yet, spectra shapes are markedly similar above few tens of GeV 2 + l
® Also, R S t 1 1“ [
Pet __ Tpoet e T
N s

¢ﬁ Op—p ®,./Dp = 2.00 + 0.035(stat.) + 0.06(syst.)
) Energy [GeV]
100 200

— Maybe energy losses are actually small for e* below ~ TeV?
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Reduced residence time

Time scales:

2
® tir = 2= with Zmax = 5kpc,

#(10GV) =5 x 10%cm?s™*

103
® tooi: KN cross-section with

10%3 p={0.26,0.6,0.6,0.1} eV cm > for CMB, IR,
T opt, UV; 3 uG B-field
= 104
l ® ton: np=0.5cm™? (WIM) and
2 100 = 0.5cm ™3 (WNM) and 100 pc wide gas
£ disk

107!

1072

T T T T T T T +
1073 1072 107! 10° 10t 10? 10° 104 10°
Energy [GeV]

In a diffusion model with E~" sources in disk:

o $(E) o< E~"° if diffusion dominated
® $(E) «x ETT=CD/2if cooling dominated
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Reduced residence time

Time scales: 2 .
ot ® tyiff = 52 with zmax = 5 kpc,
102 #(10GV) =5 x 10%cm?s™*
® tooi: KN cross-section with
7 S N p = {0.26,0.6,0.6,0.1} eV cm > for CMB, IR,
T A SN opt, UV; 3 4G B-field
= 10! 4
l <& ® tion: My =0.5cm™? (WIM) and
8 1001 d A ny = 0.5cm™3 (WNM) and 100 pc wide gas
£ i iy disk
107!
1072

1073 1072 107! 10° 10t 10? 10° 104 10°
Energy [GeV]

In a diffusion model with E~" sources in disk:

o $(E) o< E~"° if diffusion dominated
® $(E) «x ETT=CD/2if cooling dominated
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Cosmic ray clocks

—— Zmax = 3kpc, xf =135.7/13=10.4
—— Zmax=6kpc, X2 =36.0/13=2.8
Zmax = 12kpc, x? =17.3/13=1.3
¢ 10Be/9Be, AMS-02

® Fit to p, He, C, O, B/C
with fixed zmnax
Pure diffusion model:
m diffusion coefficient with 2 breaks

m no advection
m no reacceleration

10Be/°Be
[ ]

® Pure power law sources spectra

0.0 ® Solar modulation: force-field approach
5 -
0 A LILEB IR §1L)
—54 i “::‘N
10t 10° 10! 102
T, [GeV/n]
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