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What are we looking for?

At GeV energies

Platz et al. (2022)
Sources Diffuse emission

® Simple: point-like, e.g. power law spectrum ® Diffusion, gas, ...it's complicated!
® Source of cosmic rays ® |nterstellar medium
— Long-standing issue — Mere details . ..
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Local fluxes vs diffuse emission

Local fluxes
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Local fluxes vs diffuse emission

Local fluxes Diffuse emission
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Cosmic rays produce diffuse emission
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Cosmic rays produce diffuse emissic
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Previous attempts

Fermi-'ﬂ'o model Ackermann et al. (2012)

® Assumes homogeneous diffusion
® Fit to cosmic ray data of ~ 2010

® Residuals in inner galaxy

KRA’)’ model Gaggero et al. (2015)

® Tuned to reduce the residuals in inner galaxy

® Spatially dependent diffusion coefficient

— Harder spectra towards the Galactic centre
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High-energy neutrinos from the Galactic plane
IceCube Collaboration (2023)
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High-energy neutrinos from the Galactic plane

IceCube Collaboration (2023)
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Why study diffuse emission?

Q Check generic prediction
A
70 Can discriminate
v hadronic/leptonic
4
XN§ Test supernova paradigm
R

Credit: Noun Project; Olena Panasovska; Victoruler; Zahrotus sa’idah
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CRINGE

Schwefer, Mertsch, Wiebusch (2022)
® Built on cosmic ray model fit to AMS-02, DAMPE, KASCADE and IceTop data
® Uncertainties propagated into diffuse fluxes

® Additional uncertainties: source distribution, gas densities, cross-section
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Abstract

In the standard picture of Galactic cosmic rays, a diffuse flux of high-energy gamma rays and neutrinos is produced
from inelastic collisions of cosmic-ray nuclei with the interstellar gas. The neutrino flux is a guaranteed signal for
high-energy neutrino observatories such as IceCube but has not been found yet. Experimental searches for this flux
constitute an important test of the standard picture of Galactic cosmic rays. Both observation and nonobservation
would allow important implications for the physics of cosmic-ray acceleration and transport. We present CRINGE,
a new model of Galactic diffuse high-energy gamma rays and neutrinos, fitted to recent cosmic-ray data from
AMS-02, DAMPE, IceTop, as well as KASCADE. We quantify the uncertainties for the predicted emission from
the cosmic-ray model but also from the choice of source distribution, gas maps, and cross sections. We consider the
possibility of a contribution from unresolved sources. Our model predictions exhibit significant deviations from
older models. Our fiducial model is available at https://doi.org/10.5281/zenodo.7859442.

Unified Astronomy Thesaurus concepts: Gamma-ray astronomy (628); Neutrino astronomy (1100); Diffuse
radiation (383); Galactic cosmic rays (567)

1. Introduction Unlike the multicomponent fluxes of photons, the flux of
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Known unknowns

Schwefer, Mertsch, Wiebusch (2022)

Cosmic ray model Source distribution
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Known unknowns

Schwefer, Mertsch, Wiebusch (2022)
Cosmic ray model Source distribution _
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Nuclear spectra
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Nuclear spectra
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Nuclear spectra
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Nuclear spectra
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Nuclear spectra
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Nuclear spectra
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The cosmic-ray transport equation

% =V - (k- Vipj — Ut))) spatial diffusion and advection
+8gp (p2Dpp§p%1/1j) momentum diffusion
-I-g —@w- +P (V-U)yy; momentum change incl. adiabatic
op dt ™’ ' 3 / ’
—VNgas0j ) — % spallation and decay
Tj
Y .
+ Vigas kz Ok—ji + Z T_U spallation and decay
>j k>j
+S; primary sources

Idealised setup
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The cosmic-ray transport equation

aawtj =V - (k- Vy; — Uyy) spatial diffusion and advection
+% ( 2Dpp%%“j> momentum diffusion
+g —le + p (V-U)yy; momentum change incl. adiabatic
op dt 3
—VNgas0j ) — Y spallation and decay
Tj
P .
+VNgas Ok ik + spallation and deca
g kZ>J k—j Wk Z e P y

Idealised setup Frequent assumptions In reality

¢ Isotropy ® Symmetry ® No exact symmetries
¢ Gaussianity ® Ignorable dimensions * 3D
e .. ® Smooth source distribution ® Point-like sources

— Numerical solution needed
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Global fit

Large number of free parameters

® Unknown parameters:

m Source spectrum: P, yHe, 'yc; Nye, Nc; (ei parameters)

Gal. transport: kg; 01...05; Ri2...Ras; S12- .. a5

Solar modulation: ¢p, Get, Po— 1 Pruc 0(30)
Energy scale uncert.: aams.02, ®DAMPE: QceTop: “KASCADE

— Need to efficiently scan parameter space

® Used affine-invariant MC sampler emcee Foreman-Mackey et al. (2012)

Philipp Mertsch 27 October 2025 14 /45



Cosmic ray results
Schwefer, Mertsch, Wiebusch (2022)
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Anatomy of a diffusion coefficient
Schwefer, Mertsch, Wiebusch (2022)
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Challenges

Schwefer, Mertsch, Wiebusch (2022)
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Challenges

Schwefer, Mertsch, Wiebusch (2022)
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Challenges

Schwefer, Mertsch, Wiebusch (2022)

1

Philipp Mertsch

el

Significant speed-ups

. possible with ML emulators

Giinther (2023)
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Results
Schwefer, Mertsch, Wiebusch (2023)
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v results (inner Galaxy)
Schwefer, Mertsch, Wiebusch (2022)
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® Close to E~27 for E < 30TeV

® Uncertainty up to 50 %,
mostly from CR model

® Harder than Fermi-mo,
softer than KRA~y




Results
Schwefer, Mertsch, Wiebusch (2023)

Neutrinos
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Results
Schwefer, Mertsch, Wiebusch (2023)

Gamma-rays
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© Alternatives
m Unresolved sources
m Stochasticity
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Alternatives

v Strongly anchor in local CR data

Unresolved sources

Allow for variation from local CR data

Spatially varying diffusion coefficient
Advection
@ Stochasticity
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Known unknowns

Schwefer, Mertsch, Wiebusch (2022)
Cosmic ray model Source distribution _
b o ¥
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Known unknowns

Schwefer, Mertsch, Wiebusch (2022)
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~v results (post LHAASO publication)

Schwefer, Mertsch, Wiebusch (2023)

Without unresolved sources With unresolved sources
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v results (post IceCube publication)
Schwefer, Mertsch, Wiebusch (2023)

Without unresolved sources With unresolved sources

10-44 Inner Galaxy: [b] < 8°,]I] < 80° Inner Galaxy: [b] < 8°,|I] < 80°
3
Z
)
L1070y meem— BT S R
b
g
)
\m 10—6_ 4
£
~ X —— Fid. Mod.+Unr. Src. === IceCube Fermi-7" B Statistical from CR fit
~ —— Fiducial Model === IceCube Fermi-r* N Statistical from CR fit ==+ Fiducial model —— IceCube KRA%-50 CR source distribution
?q ~=== Fermi-n* = IceCube KRA~-50 CR source distribution === Fermi-r® e IceCube KRAY-5 . Gas map

10774 — KRAy50 e IceCube KRAY-5  WEEE Gas map 3 4 —— KRAy-50 BN Cross-section
----- KRAY-5 B Cross-section 1 < KRAY-5 W Unresolved sources

151 1

1.04 1

0.51 1

10! 10% 10% 101 10° 108 107 10! 10? 10% 10* 10° 109 107
E in GeV E in GeV

iffuse flux of photons



Alternatives

v Strongly anchor in local CR data

Unresolved sources ©

Allow for variation from local CR data

Spatially varying diffusion coefficient
Advection
@ Stochasticity
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Alternatives
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Strongly anchor in local CR data

Unresolved sources ©

Allow for variation from local CR data

Spatially varying diffusion coefficient ®
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@ Stochasticity
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Nuclear spectra

50000
¢  AMS-02 (p) ¥ DAMPE (p) 4 ARGO-YBJ
¢ AMS-02 (He) # DAMPE (He) ¢ KASCADE (QGSJet)
DAMPE (p + He) x  KASCADE (SIBYLL)
40000 R
o AN
& ¢ %
T
<7 30000 1] ¢
‘E o
~ A
>
& 20000 1 ‘F %
i x
10000 A
0 - Al T
10° 10! 10? 10° 10* 10° 10° 107

Philipp Mertsch 27 October 2025 28 /45



Spectral features in nuclei
Bernard et al. (2012); Wei et al. (2014); Savchenko et al. (2015); Genolini et al. (2017); Bouyahiaoui et al. (2018); Evoli et al. (2022)

2Zmax
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Spectral features in nuclei
Bernard et al. (2012); Wei et al. (2014); Savchenko et al. (2015); Genolini et al. (2017); Bouyahiaoui et al. (2018); Evoli et al. (2022)
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Spectral features in nuclei
Bernard et al. (2012); Wei et al. (2014); Savchenko et al. (2015); Genolini et al. (2017); Bouyahiaoui et al. (2018); Evoli et al. (2022)

2Zmax
Spectral breaks as evidence for nearby sources Spectral breaks not due to nearby sources
® Young source — hard spectrum at Earth ® Individual sources can lead to features
® |f the Rmax is limited, can lead to bump ® What is likelihood for such a configuration?
® Rationale: tune parameters (distance, age, ® Rationale: Run MC simulations to quantify
cut-off) to match observations this
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Spectral features in nuclei
Bernard et al. (2012); Wei et al. (2014); Savchenko et al. (2015); Genolini et al. (2017); Bouyahiaoui et al. (2018); Evoli et al. (2022)
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® Young source — hard spectrum at Earth ® Individual sources can lead to features
® |f the Rmax is limited, can lead to bump ® What is likelihood for such a configuration?
® Rationale: tune parameters (distance, age, ® Rationale: Run MC simulations to quantify
cut-off) to match observations this
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Spectral features in nuclei
Bernard et al. (2012); Wei et al. (2014); Savchenko et al. (2015); Genolini et al. (2017); Bouyahiaoui et al. (2018); Evoli et al. (2022)

2

. . z
® Residence time: tese = 2
2K
® Diffusion distance: R = V2Ktesc = Zmax
. Rsn t
® Source density: = #
7 Riisk
2
® Source number: Nye = 0TR® = Rin tesc o>
Riisk
With typical parameters (for details — ):

R=10GV, 10TV, 10PV
Nye ~ 2 x 10*, 200, 4

Spectral breaks as evidence for nearby sources Spectral breaks not due to nearby sources
® Young source — hard spectrum at Earth ® Individual sources can lead to features
® |f the Rmax is limited, can lead to bump ® What is likelihood for such a configuration?
® Rationale: tune parameters (distance, age, ® Rationale: Run MC simulations to quantify
cut-off) to match observations this

Philipp Mertsch 27 October 2025 29 /45



A Monte Carlo exercise
Mertsch & Stall (2025)
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Rin GV from diffusion coefficient
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A Monte Carlo exercise
Mertsch & Stall (2025)
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Stochastic diffuse emission
Mertsch & Stall (2025)

Source distribution ~ Local proton intensities
, Diffuse emissions
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Stochastic diffuse emission
Mertsch & Stall (2025)

10 GeV Burst-like scenario 100 TeV
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Stochastic diffuse emission
Mertsch & Stall (2025)
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Stochastic diffuse emission

Mertsch & Stall (2025
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Stochastic diffuse emission
Mertsch & Stall (2025)
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Stochastic diffuse emission
Mertsch & Stall (2025)
10-8 10-6
J [GeV™t em™2 571 s

-10.7 RS |7 9
—10 0 10
AJ/(T) [%]

ﬁ‘ “ “.;,‘,‘,Q«,.f;." ’?)‘;»««

-10.7 W T 3 9
—10 0 10

AJ/(I) [7]
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Stochastic diffuse emission
Mertsch & Stall (2025)

J |GeV™* ecm™“ st sr |

AT —— Y
=5 0 5

AJ/{T) [7]

4
2 in.y" 2 lv&h&p R

4.4 WEEEEET Sy (72
-5 0 5

AJ/{T) [7]
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Stochastic diffuse emission
Mertsch & Stall (2025)

-5.1 |EEENERET S 1().9
-5 0 5
AJ/(T) (%]

4
2 badt 4 ivk&%‘p B e,

S4.4 WEEEENETT U (70
-5 0 5
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2107 T T 7.9
—10 0 10

AJ/(T) [%]

W“ "z:,g‘:‘ﬂ&p‘ ")‘:"'

-10.7 RO 93 9
—10 0 10
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Stochastic diffuse emission
Mertsch & Stall (2025) R

L0 PR

-5 0 5 -10 0 10
AJ/(I) [7] AJ/(T) [7]

2 ‘“‘h‘?;‘.l“nmg,”, e ) ".": ,\.;..',.wp.@..:p ?)*,.e

4.4 W Smm— 7.2 -10.7
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Stochastic diffuse emission

Mertsch & Stall (2025)

-5.1 EENERET S 1().9
) 0 5
AJ/(T) (%]

2 B a @ »swgm*g” ot

4.4 W __Smm—— 7.2
-5 0 5
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3 PN ‘Aﬁf#.% -hﬁ
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=5 0 5
AJ/(J) ]
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[10.7 WEEE o |7
—10 0 10

AJ/{T) [7]

s B B

107 W — )3 9
—10 0 10
AJ/{T) [7]
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—-10 0 10
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Sources manifest as deviations from the smooth model

Mertsch & Stall (2025)

Relative difference to smooth model
at 100 TeV

gw 5 e m\ ab)\.

KO SSEE— %]
AJ/(J) [%]

Philipp Mertsch

Proton intensities at 1 PeV
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Deviations from the ensemble average can be sizeable
Mertsch & Stall (2025)

Burst-like scenario
|b] < 5°, 15° <1 < 125° |b] < 5°, 125° < I < 235°

thg bt *H‘

1 — Mean spectrum
95 % region
68 % region

¢ LHAASO

117 ]
2107
0.9 3 ;
100 102 10° 100 10° 105 100 102 10° 10° 105  10°
E [GeV] E [GeV]

E?7] [em™2 57 st! GeV!T]
—_
<)
&
1
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Deviations from the ensemble average can be sizeable
Mertsch & Stall (2025)

Energy-dependent escape scenario

= |b] < 5°, 15° <1 < 125° |b] < 5°, 125° < 1 < 235°
>
5}
&)
T 10-%4 — Mean spectrum _
2 ] 95 % region
E 68 % region
= ¢ LHAASO
?ﬂ T T T T T T T T
1.14 E
\ﬁ E
= 1.0 E
0.9 1 1

10t 102  10° 10* 10° 10% 100 102 10° 10* 10° 106
E [GeV] E [GeV]
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Deviations from the ensemble average can be sizeable
Mertsch & Stall (2025)

Time-dependent diffusion scenario
|b] < 5°, 15° <1 < 125° |b] < 5°, 125° <1 < 235°

¢

— Mean spectrum
95 % region
68 % region
¢ LHAASO

107 E

E?7J [em™2 571 sr™! GeV!T]

10t 102  10° 10* 10° 10% 100 102 10° 10* 10° 106
E [GeV] E [GeV]
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Along the galactic plane, intensity can be enhanced by factors of a few
Mertsch & Stall (2025)

%1017 Time-dependent diffusion scenario 100 TeV, |b] < 5°

b 2.0 1 — Mean
o 15 95 % region
a7 68 % region
§ 1.0
2057 |
O | Nealy
= 0.0 T : , ! : . .
7.5 1 H ‘
= 5.0 3 \
= E ‘\ ‘ ‘ i
2.5 Jamid MM et b il L et
150 100 50 0 —50 —100 —150
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Alternatives

v Strongly anchor in local CR data

Unresolved sources ©

Allow for variation from local CR data

Spatially varying diffusion coefficient ®
Advection ®
@ Stochasticity ©
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Outline

O Sources
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10th COSPA meeting: Cosmic Rays

s 045, Ioans Cadina Mars )

EIET - 1190 Cosniec oy erignsnd vaneport

Mertsch (2019)

“What is accelerating to Enee ~ 3 x 101 eV ?”

Supernova remnants

® Enax S 10*3* eV for B ~ Bism
Lagage & Cesarsky (1983)

o Amplify magnetic fields, Other sources

non-resonant instability &l (2004) 5 Sipbiles

ion?
* Saturation? e Supernovae before shock breakout

— Particle-in-cell simulations > @allfeing whind (siverics
o Pulsar wind nebulae
o the Fermi bubbles

o the Galactic centre

(RWTH Aachen)




LHAASOQO disfavours supernova remnants as PeVatrons
Funk et al. (2015)

‘ ‘ ‘
ok
£ .
0k , ® LHAASO Galactic plane survey
g
& ® Majority of sources: pulsars/pulsar wind nebulae
w
g
300 3 ® Supernova remnants have very soft spectra
N
w
ok ,

L L ! ! ! !
108 10° 1010 10" 1017 101 101
Photon energy (eV)
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LHAASOQO disfavours supernova remnants as PeVatrons
Funk et al. (2015)

: : :
_ 1070
£ .
R , ® LHAASO Galactic plane survey
5
& ® Majority of sources: pulsars/pulsar wind nebulae
w
2
g o E ® Supernova remnants have very soft spectra
o
w
1013 E|
s s ‘ s s ‘
108 10? 1010 10" 102 101 10
Photon energy (eV)
Cao et al. (2025)
11
10 E ..l..ll.
- Foa"
w
Cas A ‘\"510*'2 Ei*
o g . > £
[ ] © C
Very bright in radio e Magio(2017) ;
X013 VERITAS(2020)
® 350yr 3107 Fermi-LAT(2020) \\il
:E E — KM2A(2024) \ 1
H ? N —m— Fermi-LAT (this work)
— Possibly a PeVatron? " —e— LHAASO (this work: SBPL) \\ iiuil
107 ? — - LHAASO (this work: PSEC) \ l
Eod vl o il ol oY Y
10 10° 102 10" 1 10 102 10°
E[TeV]
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Star cluster winds could be sources of ~ PeV cosmic rays

Adjusted from Peron (2025)

Philipp Mertsch

Young massive star clusters (YMSCs)

® Energetics:

P~ > P

gal. YMSCs gal. SNRs

® |nteraction of multiple stellar winds

— turbulence

— shock acceleration, stochastic
acceleration

27 October 2025




Star cluster winds could be sources of ~ PeV cosmic rays

Adjusted from Peron (2025)

Young massive star clusters (YMSCs)

Dense shell of ° Energetics.

./'swcpt-up material
E P~ E P

Low-density, hot,
shocked wind material gal. YMSCs gal. SNRs

\—/. e |nteraction of multiple stellar winds

— turbulence

— shock acceleration, stochastic
Supersonic, cold wind 0
acceleration

27 October 2025
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Star cluster winds could be sources of ~ PeV cosmic rays

Adjusted from Peron (2025)

Forward shock

Ris ~ Req

Dense shell of
swept-up material

Contact
discontinuity

Termination shock

Low-density, hot,
shocked wind material

Supersonic, cold wind

Philipp Mertsch

Young massive star clusters (YMSCs)

® Energetics:

P~ > P

gal. YMSCs gal. SNRs

® |nteraction of multiple stellar winds

— turbulence

— shock acceleration, stochastic
acceleration

27 October 2025




Emax for YMSCs can reach PeV energies

® Estimate Emax by equating diffusion length with size of system:

K
Us h

~ Rts
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max for YMSCs can reach PeV energies
® Estimate Emax by equating diffusion length with size of system:

K
~ Rts
Ush

® Turbulence properties largely unknown — En.x model-dependent:

3
7

L M - L 20
Ema ~ 1.2 ’ =
<0 1) (10*4 Mg yr*l) (1039 ergs*l) (

3/t S/ L\ 2
Lo age inj
PeV
20mpcm*3) (3Myr> (2pc) e

Kolmogorov :
N8B % % po 71% t % L -1
Kraich : Emax >~ 2.84 (| = age inj PeV .
raichnan (O.l) (10 4M@yr‘1) (1039ergs—1) (2Ompcm—3> (3Myr) (2pc) €

_1 3

1 3 *

1B\ 2 M Lw 4

Bohm : 20 (18 PeV,
onm me 0 (0.1) (10*4 Mg yr*1> (1039 ergs*l) ©

Philipp Mertsch
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Emax for YMSCs can reach PeV energies

® Estimate Emax by equating diffusion length with size of system:

K

~ Ry
Ush ‘

® Turbulence properties largely unknown — En.x model-dependent:

3

3

1 y —3 i -3
B\ 2 M Ly 20 Po 5 tage InJ
Kol : Emax_12(—>
olmogorov 01 (1074 M@ yr1 ) (1039 erg 571> (20mpcm*3) (3Myr 2pc
pos d NS YA TN PIRe
Kraichnan :  Epax ~ 2.84 ( 22 o =) PeV
raichnan a (O.1> (10 Mo yr—l) (1039 ergs—1 ) (2Ompcm—3) (3Myr> (2pc) eV,
_1 3
1 i b
n 2 M Lw 4
Bohm : « =20 (= PeV,
onm me 0 (0.1) (10—4 Mg yr—1> (1039 ergs—l) ©
vvvvvvvvvvvvvvvvvv 40
30
Z 10 Z20
Celli et al. (2024)
10
0 e = e =
15 20 25 3.0 35 4.0 30 32 34 36 38
Logyo[Mc/Msyn] LogqolLw,c/(erg/s)]

Philipp Mertsch
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YMSCs as gamma-ray sources |
Peron (2025)

How many do we know?

Fcrmi—LA’l‘
009 016 025

[Ackermann et al. 2011]

Gal. latitude (deg)

81 80 79 78 81 80 79 78 7
Gal. longitude (deg)

Gal. longitude (deg)

Philipp Mertsch

- Hadronic emission up to PeV!

Cygnus Region

-:j
. - Complex Star forming region: OB associations

(OB, but also OBA...9), PSRs, SNRs, background
MQs (Cyg X-3)

LHAASO [LHAASO coll. 2024]

HAWC [Abeysekara et al. 2021]

Galactic Latitude (deg)
o

=5 Cyg 0B2

LH 31+4127
4 o
@
858483 828180797877767574 -10

400 TeV - 600 TeV
600 TeV - 1 PeV

@® >1lPev
1[°]
90 85 80 75 70
4 2 0 2 4 6 8 10 12 14 Galactic Longitude (deg)
significance [o]
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YMSCs as gamma-ray sources |l
Peron (2025)

How many do we know?

Westerlund 1

© HESS J1640-465
HESS J1641-463 .
~ esruesaon i - Most powerful SC in the Galaxy
A PSRJI650-4601
¢ 4U1642-45

+ ~4-5 Myr old
- Contains ~20 WRs!
- No dense surrounding gas

- Emission predominantly /eptonic
[Hdrer et al. 2023]

E > 0.37TeV

|6h52m 48™ 44™ 40™

Right Ascension

[Aharonian et al. 2022]
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YMSCs as gamma-ray sources |l
Peron (2025)

How many do we know?

Westerlund 1

1sM
Shocked ISM

Termination
Shock

Bubble

0.37TeV

16hs2m agm 44m 40m

) . of the TS interacting with high
Right Ascension

radiation field of the cluster

[Aharonian et al. 2022] [Harer et al. 2023]

Philipp Mertsch

Accelerated electrons at the edge

101

1

E? dN/GE [ergs™ cm™?]

E%GN/dE [TeVs™) cm~?]

107°

10-10

1071

10712

[Harer et al. 2023

10° 10 10?
Energy [TeV]

Frequency v [GHz]
1072 10 10° 107 10 10 10 10

IC(cMB) Haubner et al. 2025]
oo IC infrared: diffuse)
= I {optcal: diffuse)

1€ v wd 1)
— ic otal)

Synchrotron

10% 10> 1072 10! 10* 107 10%® 10%*

Photon energy E [eV]
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Outline

® Conclusions
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Summary

Modelling of high-energy diffuse emission
— room for improvement

Stochastic sources
— probabilistic predictions

5.7 EET T 3.
=5 0 5 10
Relative difference to mean %)

Star cluster winds as new source
of cosmic rays and gamma-rays

Philipp Mertsch Theory: Diffuse flux of photons October 2025



Outline

@ Diffuse emission: Introduction

Philipp Mertsch 27 October 2025 1



Simplified 1D model

® 1D approximation; homogeneous diffusion, advection

% e v - 8wj+ (Vngas(Z)O'j + 7]—-> Yy =
J

ot 822

Philipp Mertsch

>

J<k

(Vngas(z)o'k—y +

1
) Y
Tk—sj
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Simplified 1D model

® 1D approximation; homogeneous diffusion, advection

o

ot

® Steady-state

2 oy,
Vi _ g9,

92 oz

01/1]

1[1] 1 . 1
R 522 __ V"gaS(Z)UJ"‘T, Y= +Z Vngas(z)ok—j + — Yk

J J<k
i /
/ e Infinitely thin disk of half-height h

/
r—— f__ r—— 1
(2 hd(z)ngas(0) va; + ) ¥ = 2h3(2)q;(0) + Y (2 hd(z)ngas(0) vo—yj + ) i
"J

J<k

Philipp Mertsch
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Simplified 1D model

® 1D approximation; homogeneous diffusion, advection

TR PR W 1
5 e Vgl t <Vngas(z)aj + Tj) W = +,<Zk (vngas 2)ok—sj +
® Steady-state 4 [

/ e Infinitely thin disk of half-height h

/

2 oy;
Vi _ g9,

82 oz =

Solution (without advection or decay)

B (4(0,R) + Lo, veas(0)icsjibe )

$i(0,R) = <hvngas(0)0j + hI(R))

Zmax

Philipp Mertsch

1
) Y
Tk—sj

r—— /—’% r—— 1
(2 hd(z)ngas(0) va; + ) ¥ = 2h3(2)q;(0) + Y (2 hd(z)ngas(0) vo—yj + > i
"J
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Outline

@ Alternatives
m Spatially varying diffusion coefficient
m Advection
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Alternatives

Philipp Mertsch

Strongly anchor in local CR data

Unresolved sources ©

Allow for variation from local CR data

Spatially varying diffusion coefficient
Advection
@ Stochasticity
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Spectral hardening

e Diffuse intensity: ~ J(/, b, E) = / dsz / dE’ d"m” (E', E)Jm(r, E")ngas,n(r)

r=r(l,b,s)

e(E,r)
* Assume axisymmetry: e(E, r) o< E~7)

Gabici et al. (2019)

&0
=)

1N
o)

Spectral index
b
D
T
Fz

g
=~

4 Fermi Collaboration (2016)
4 Yang et al. (2016)
4 Pothast et al. (2018)

N
)

® Realised if K(E, r) o< E°") and if 6(r) decreases with r

® Eg, g(E) x E77 = E7>2; Jocally: § = 0.6 = v~ ygc + 6 = 2.8;
in Galactic centre: 6 =0.2 =~y =24
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Spectral hardening

Cerri et al. (2018)
B Inner galaxy

z

1.0e-04 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0e+00

® B-field mostly vertical

o _0 o

ot 8z 187 =

® Spectrum determined by x|

Locally

® B-field mostly parallel to plane

oy _ 9. 00

ot 9z ‘ez =

® Spectrum determined by r |

Could work if o < 1
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Different scaling of x| and .

Regular and turbulent field: B(r) = Bo + 6B(r)
® |sotropic turbulence (!)

® Kolmogorov power spectrum with largest turbulent scale L.

-1
e () (OB
A\ L B}

Naive expectation:

10°
10’1 L
o o2 L N3 .
DeMarco et al. =~ 10 E Dundovic et al.
o LIRS
(2007) ———— —. 3.0 N, * 9 (2020
10°%- il © 9B/Bo=05 == NLGC =X, ‘\\, 3
e 6B/By=10 —- UNLT ~3
10-5 ® B/By =50 Slope fit 1
1074k . | Lol Lol METEEREEY-
10" 10" 10" 10" 2x10" 107! 10 10
E [eV] 7g/liso
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Test particle simulations
Kuhlen, Mertsch, Phan (2022) [arXiv:2211.05881]; also Mertsch (2019)

Results depend on:

Philipp Mertsch

Set up realisation of 6B on computer
Propagate a large number of particles for long times
Rinse and repeat

Running diffusion coefficients:

1d
d(t) = EE«AZ)Z)
1d
du(t) =5 T ((Br))
® Reduced time: Qt
® Reduced rigidity: %
6B?
® Turbulence level: n = m

27 October 2025



Mean-free paths

Kuhlen, Mertsch, Phan (2022) [arXiv:2211.05882]

103
n Ap (sim.) AL (sim)  Ap (model) AL (model) AL (w/o subdiff.)
0.2
0.5 ] | | —_ —_ e

w28 e [ — —

10!

10°

A/ Ley AL/ Le

107!

103 T T
107> 10~* 10~3 10~2 101 10° 10t
Tg/Lc
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Ratio of mean-free paths
Kuhlen, Mertsch, Phan (2022) [arXiv:2211.05882]

10° g
1071
_ 1072 5
’< 3
< ]
’zq ]
1073 3
] n sim. model w/o subdiff.
107% 4 0.2
Jos e — ...
Jos ) _— e
10-° T T
10~° 1073 107! 10!
rg/Lc
k) and k1 scale differently at medium rigidites,
but they scale the same at low rigidities
(More details — )
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Fermi-LAT

Schwefer, Mertsch, Wiebusch (2022)

(Model-Data)/Data

4= Fiducial Model ~#- With KRAy-like D

Inner Galaxy: [b)

| < 8° 1] < 80°

Statistical from CR spectrum
CR source distribution

Gas map

Cross section

ISRF

5 10 20 40 80
E in GeV/

Philipp Mertscl

Outer Galaxy: [b] < 8, 1| > 807

5 10 20 40 80
E in GeV/

(Model-Data)/Data

0.10

0.05

0.00

—0.05

—0.10

=0.15

Higli Latitudes ('Local’): [b] > 8

E in GeV/




Alternatives

v Strongly anchor in local CR data

Unresolved sources ©

Allow for variation from local CR data

Spatially varying diffusion coefficient
Advection
@ Stochasticity
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Alternatives

v Strongly anchor in local CR data

Unresolved sources ©

Allow for variation from local CR data

Spatially varying diffusion coefficient ®
Advection
@ Stochasticity

Philipp Mertsch 27 October 2025 13 /30



Advection in Galactic Centre
Cerri et al. (2018)

Philipp Mertsch

Theory: Diffuse flux of photons

Inner galaxy

® B-field mostly vertical

% 9. 0%
ot o0z oz —

® Spectrum determined by x|

Locally

® B-field mostly parallel to plane

% 9 9
ot 0z Toz

® Spectrum determined by
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Advection in Galactic Centre
Cerri et al. (2018)

Philipp Mertsch

Theory: Diffuse flux of photons

Inner galaxy

® Strong galactic wind
oy oy
ot~ V@3

¢ Escape rate independent of energy

Locally

® B-field mostly parallel to plane

a 9 9

8t —Eﬁlla_...

® Spectrum determined by

~
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Spectral hardening (through advection)
® Diffuse intensity:  J(/, b, E) = %/0 ds;/’f dE’ %(E', E)Jm(r, E ) ngas,n(r) )

e(E,r)

* Assume axisymmetry:  e(E, r) o< E77)
Gabici et al. (2019)

Spectral index

#  Fermi Collaboration (2016) 1
+  Yanget al. (2016)
4 Pothast et al. (2018)

D |
. R (s

q(E) o< E7 e ZEE’z'2 and U = const. G(E) x E~ = E=22 and k oc E9=06
= w(E) o LU) o< E~ e — E—2~2 = ¢(E) o q(E) x E—’Ysrc—5 — E—2-8

f=]

#(E)
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Spectral hardening (through advection)
® Diffuse intensity:  J(/, b, E) = %/0 ds;/’f dE’ dg'E"(E', E)Jm(r, E ) ngas,n(r) )

e(E,r)

* Assume axisymmetry:  e(E, r) o< E77)

Gabici et al. (2019)

Spectral index

\ '
)
o

. R [ke

q(E) o< E7"< = E=%? and U = const. G(E) x E~ = E=22 and k oc E9=06

E
= (E) o LU) oc E7re = E722 = ¢(E) x % o« E-sc—8 — E—28
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Time scales

Time scales:

2
® tir = 2= with Zmax = 5kpc,

#(10GV) =5 x 10%cm?s™*

103
® tooi: KN cross-section with

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

107!

102 solar modulation 1

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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Alternatives

Philipp Mertsch

Strongly anchor in local CR data

Unresolved sources ©

Allow for variation from local CR data

Spatially varying diffusion coefficient ®
Advection
@ Stochasticity
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Alternatives

v Strongly anchor in local CR data

Unresolved sources ©

Allow for variation from local CR data

Spatially varying diffusion coefficient ®
Advection ®
@ Stochasticity
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Outline

® CREDIT
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Galactic sources should accelerate to Eypee, probably via shock acceleration

—
=)
E)

- Fl
L N =

@ g g kneg

n s | ~ N

@ 10 “second Knee” B

% 3

:> “ankle” :g L4 Eknee ~ 3 PeV:

3 either maximum energy of source or
= ’ ; ;

£ o+ change in transport regime

=

S o 4. .H — Emax 2 3PeV for protons

52 102 4 A DY

fig 10 "/\Jr( b RO {

10 10t 102 10 10 10° 105 107 10% 109 1010 10t

Eyin [GeV]
Axford, Leer, Skadron (1977); Krymskii (1977); Bell (1978); Blandford, Ostriker (1978) Sma“ energy gain AE, little particle loss AN
per cycle
AE  Us
— X
E c
N,
= E ™ E
3/4
upstream rest frame downstream rest frame AN o Ush
N c
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We do not understand how supernova remnants accelerate to Eynee

What is Epax?
K $—— Diffusion coefficient

® Equate age with acceleration time: tage = tacc = 8U—52h
Gyro radius
® Assume Bohm diffusion: K= Cloip _ fs _ € Emax
3 3 3 gB
® Hillas-like relation: = Emax ™ th qBtage or Ush gBR
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We do not understand how supernova remnants accelerate to Eynee

What is Emax?

® Equate age with acceleration time:  tage = tacc = 8-+ Diffusion coefficient

Us,
Gyro radius

e Assume Bohm diffusion: K= Cé:?fp = % = %Equax

U3 U.
*h 4 Btge or h
c c

® Hillas-like relation: = Enax ™~ gBR

® With typical values: Ush = 10*kms™! , B=1uG, tge= 10° yr

= Emaxp =~ 100 TeV < Exnee

Lagage and Cesarsky (1983)

Choosing larger tage does not help: Usp o t;gi/s, so Emax decreases with time
Need to amplify B-field to B ~ 100 G
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The Bell instability can amplify B-fields

Bell (2004)

® |f B-field too weak, particles escape
Cosmic ray . .
electric current j — Electric current j

® \Waves modes unstable in the presence of current j

upstream rest frame
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The Bell instability can amplify B-fields

Bell (2004)

® |f B-field too weak, particles escape
Cosmic ray . .
electric current j — Electric current j

® \Waves modes unstable in the presence of current j

upstream rest frame

® CRs with gyroradius rg tied to field lines

— Instability saturates once A ~ ry

) . - U.
® B-field density satisfies eg ~ ?ShECR
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Bell (2004)

® |f B-field too weak, particles escape

Cosmic ray . .
electric current j — Electric current j
® \Waves modes unstable in the presence of current j
upstream rest frame
Tj x B
B . . . . .
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The highest CR energies can be achieved at start of Sedov-Taylor phase

® Shock speed Us, enters into growth rate « through escape current j

® Saturation field B o Us3h/2

—3/5
° Ush o€ tage/

2 —11/10
5 Enmax & U2, Blage o tags"/

Caprioli, Blasi, Amato (2009)
100.00 SEDOV—TAYLOR PHASE
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Time-dependence of B-field amplification determines CR escape

Emax(t)

A

Emax ( tl)‘
Emax(tZ)'
Emax ( t3)'

Emax(t4)'

51 %) t3 ta
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Time-dependence of B-field amplification determines CR escape

Emax(t) Q(E, 1)
Emax(tl)'
ta
Emax(tZ)' ts
Emax(t3)' t
t
Emax(t4)'
>t : t H— E

51

Philipp Mertsch

7
Emax(t4)Emax(tB)Emax(tZ)Emax(tl)

also Gabici, Aharonian, Casanova (2009); Caprioli, Blasi, Amato (2010);
Blasi and Amato (2012); Thoudam and Hérandel (2012)

® F..x decreases with time
® At any one time t, particles of energy Emax(t) escape

® Ultimately, all particles with E < Enax b escape
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Time-dependence of B-field amplification determines CR escape

Emax(t) Q(E,t)

A A

\ga

Eknee'
Emax(tZ)' ts

Emax ( t3)' t

tSed
Emax,b'

>t : : t— E
tsed t2 & tage Emax,b Emax(tB)Emax(tZ) Eknee

also Gabici, Aharonian, Casanova (2009); Caprioli, Blasi, Amato (2010);
Blasi and Amato (2012); Thoudam and Hérandel (2012)

® F..x decreases with time
® At any one time t, particles of energy Emax(t) escape

® Ultimately, all particles with E < Enax b escape
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Time-dependence of B-field amplification determines CR escape

Emax(t) tesc(E)
N PN
Eknee' tage'
Emax(tQ)' t3]
Emax(t3)' (%2
Emax,b' tsed
>t t t —> E
tSed to t3 tage Emax,b Emax(t3) Emax(tZ) Eynee
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Time-dependence of B-field amplification determines CR escape

Emax(t) tesc(E)
A AN
Eknee' tage-
Emax( tZ)' t3
Emax(t3)' ]
Emax, b1 TSed]
>t t t —> E
tSed t t3 tagc Emax,b Emax(t3) Emax(tZ) Eknee

Cosmic-Ray Energy-Dependent Injection Time
(CREDIT) scenario
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Spectral features
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The Green's function has narrow spectral features

%—f YV k-G =6V —r)d(t— t — b (E))Q(E)
— 106 Propagated single source spectrum
Ts-« — 50 pc
Tm 1051 777 100 pc b = 10kyr \
w —— 500 pc N\
| I
ot >
Z103 -4
%, 10% |

10! 102
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The Green's function has narrow spectral features

ot

oG -V -k-VG = 6(3)(r — r,-)5(t —ti— teSC(E))Q(E)

— 106 Propagated single source spectrum

TH — 50 pc

Tr/) 105 —-== 100 pc t’L = 10 kyr
® —— 500 pc

|
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The Green's function has narrow spectral features

aaf YV k-G =6V —r)d(t— t — b (E))Q(E)
— 106 Propagated single source spectrum
Ts-< — 50 pc
Tw 5] -==- 100 pc th =10 kyr \
n 10 —-— 500 pc tz = 30 kyr i\\
|
ot >
2103 i/
g, 102 -

101 102
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CREDIT scenario predicts dramatic spectral features
Stall, Loo, Mertsch, arXiv:2409.11012

CREDIT Scenario

Flux/Mean Flux
[ [ w
o S o

—
wt
1

—
[}

10-2 107! 10° 10!
Rigidity [TV]
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CREDIT scenario predicts dramatic spectral features
Stall, Loo, Mertsch, arXiv:2409.11012

CREDIT Scenario Sampled at Bin Centers
3.0 A ]
u 2.5 1
=
£ 2.0 1
=
~
5
£ 151 1
- 0
1.0 = &
10-2 107! 100 10! 10-2 107! 10 10!
Rigidity [TV] Rigidity [TV]
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Modern proton data offer unprecedented accuracy
V. Choutko (2015), An et al. (2019), Aguilar et al. (2020),

AMS-02
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Statistical errors are much smaller than CREDIT features
Stall, Loo, Mertsch, arXiv:2409.11012

CREDIT Scenario Sampled at Bin Centers Smooth Scenario + Statistical Error
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