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M51 observation
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Transport model
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𝜕𝑡
𝑛 + 𝑆(𝑟, 𝐸) −

𝑛

𝜏

Mulcahy+ A&A 592, A123 (2016)

Source following SFR  𝑆 𝑟 ∝ Σ𝑆𝐹𝑅(𝑟)

Energy loss:
𝜕𝐸

𝜕𝑡
∝ 𝐵2 𝑟

Escape via diffusion: 𝜏 =
ℎ2

𝐷
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https://www.aanda.org/articles/aa/full_html/2016/08/aa28446-16/aa28446-16.html
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Transport model
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Mulcahy+ A&A 592, A123 (2016)

Source following SFR  𝑆 𝑟 ∝ Σ𝑆𝐹𝑅(𝑟)

Energy loss:
𝜕𝐸

𝜕𝑡
∝ 𝐵2 𝑟

Escape via diffusion: 𝜏 =
ℎ2

𝐷

move to 3D simulation
(DiffusionSDE)

https://arxiv.org/abs/2206.11670
https://www.aanda.org/articles/aa/full_html/2016/08/aa28446-16/aa28446-16.html
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CRPropa setup for 3D simulation - Diffusion

Isotropic diffusion ෡𝐷 = D ⋅ 𝔼3

Energy independent Energy dependent

𝐷0 = 2 ⋅ 1028
cm2

s
𝐷2 = 6.1 ⋅ 1028

cm2

s

𝐸

4 GeV

1

3

𝐷1 = 6 ⋅ 1028
cm2

s
𝐷3 = 2 ⋅ 1028

cm2

s

𝐸

4 GeV

1/3

CRE transport in M51 | Julien.Doerner@rub.de5

𝜕𝑛

𝜕𝑡
= 𝐷 ∇2𝑛 +

𝜕

𝜕𝐸

𝜕𝐸

𝜕𝑡
𝑛 + 𝑆 𝑟, 𝐸 − Ԧ𝑣 ⋅ ∇𝑛

https://arxiv.org/abs/2206.11670


im Menü über: 

Start > Absatz > 

Listenebene 

arXiv:2206.11670

CRPropa setup for 3D simulation - Energy loss

• Synchrotron and IC

• Continuous energy loss approximation
𝜕𝐸

𝜕𝑡
= 𝛼 𝑈𝑟𝑎𝑑 + 𝛽

𝐵2 Ԧ𝑟

8𝜋
𝐸2

𝐵 Ԧ𝑟 = 𝐵0 𝑟𝑔𝑐 ⋅ exp −
𝑧

ℎ𝐵
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• Source position 

𝑆 Ԧ𝑟 = 𝑆0 𝑟 ⋅ exp −
𝑧2

ℎ𝑠
ℎ𝑠 = 80 pc

• Energy distribution
dN

dE
∝ 𝐸−2

𝐸 ∈ [0.1 GeV, 50 GeV]
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CRPropa setup for 3D simulation - Sources

https://arxiv.org/abs/2206.11670
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CRPropa setup for 3D simulation - Advection

• Only winds in z-direction

Ԧ𝑣 Ԧ𝑟 = ±103.23
km

s
Σ𝑆𝐹𝑅(𝑟𝑔𝑐)

0.41
ෝ𝑒𝑧

Heesen et al., MNRAS, 476, 158 (2018)
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Geometry and Observer

spherical shape

𝑟 ∈ 0, 15 kpc z ∈ [−ℎ𝑑 , ℎ𝑑]

ObserverTimeEvolution: 

𝑁𝑠𝑡𝑒𝑝 = 1000 Δ𝑇 = 500 kyr
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parameter model A model B model C

ℎ𝐵 7 kpc 6 kpc ℎ 𝑟

ℎ𝑑 7 kpc 3 kpc ℎ 𝑟

Variable scale height from Mulcahy+ 2016

𝑟𝑔𝑐 [kpc]

𝑧
[k
p
c]

https://arxiv.org/abs/2206.11670
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First model approach 

Escape time is

• too short when 

including advection

• to high for lower 

diffusion coefficient

Ԧ𝑣 Ԧ𝑟 = 𝑓𝑎𝑑𝑣 𝑣𝑆𝐹𝑅 𝑟 Ԧ𝑒𝑧

https://arxiv.org/abs/2206.11670
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Optimization of the reduction factor
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• preferred lower diffusion 

coefficient

• preferred variable scale 

height 

• sharp minimum

https://arxiv.org/abs/2206.11670
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• preferred lower diffusion 

coefficient

• preferred variable scale 

height 

• sharp minimum
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Optimization of the reduction factor
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• preferred lower diffusion 

coefficient

• preferred variable scale 

height 

• sharp minimum
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Domparing energy dependent models
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𝐷1 = 6.1 ⋅ 1028
cm2

s

𝐸

4 GeV

1
3
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s

𝐸

4 GeV
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No good agreement in the 

inner galaxy

https://arxiv.org/abs/2206.11670
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Escape:

• Central galaxy dominated 
by advection

• Outer galaxy mixture of 
advection and diffusion

Energy loss dominate 
escape 

⇒ should lead to a break in 
the CRE spectrum

Dominating timescale

https://arxiv.org/abs/2206.11670
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Conclusion
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3-dimensional modelling gives insights in (not observable) 

galactic winds

• Energy independent diffusion with 𝐷0 = 2 ⋅ 1028
cm2

s

in good agreement with the data

• Variable scale height for the escape of CRE

• Advection speed must be reduced by 5

https://arxiv.org/abs/2206.11670

