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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Questions on cosmic-ray propagation

NGC 4631 (610 MHz)
[Ekers & Sancisi, A&A 54 (1977), 973]

Galactic halo model

observation of radio halo which is due to
cosmic rays around the galactic disc

=⇒ galactic halo

Mechanisms

diffusion: K (E )
=⇒ magnetic field;
Kolmogorov: K ∝ E 1/3?

convection: Vc

=⇒ galactic wind;

reacceleration: Va

=⇒ magnetohydrodynamic
waves.
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Bayesian approach

Identification and quantification of m parametres
θ =

{
θ(1), θ(2), . . . , θ(m)

}
of an theoretical model

P(θ|data)︸ ︷︷ ︸
posterior probability

∝ P(data|θ)︸ ︷︷ ︸
likelihood

· P(θ)︸ ︷︷ ︸
prior probability

Extraction of the marginalised posterior PDFs by multi-dimensional inte-
gration

=⇒ Sampling of P(θ|data) with an
Markov Chain Monte Carlo
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

An example

Markov chains sampling a 3D function
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Implementation the propagation code USINE

Assign random parameters θ0

for i < N

Generate new parameters θtrial

Propagate

Calculate L(data|θtrial) · P(θtrial)

Calculate acceptance of θtrial

θi+1 = θtrial θi+1 = θi
if θessai accepted if θessai rejected
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Chain analysis

Evaluation of the
burn-in and correla-
tion lengths for inde-
pendent sample ex-
traction

⇒ ⇒ Estimation of the
posterior PDF
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Leaky-Box Model

Ni

τesc
+ n̄vσiNi = q̄i +

∑
j>i

n̄vσijNj

n ⇔ n̄, qi ⇔ q̄i

S

P
=

σPS
m̄/λesc + σS

λesc = m̄n̄vτesc

λesc(R) = λ0β

{
R0

−δ for R < R0,

R−δ sinon
with R =

pc

Ze

4 free parameters: λ0 in g cm−2, R0 in GV, δ, Va in km s−1
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Leaky-Box Model: B/C ratio

[Putze et al., A&A 497 (2009), 991]

Configuration with critical
rigidity and reacceleration
preferred:

λ0 = 27+2
−2 g cm−2

R0 = 2.6+0.4
−0.7 GV

δ = 0.53+0.02
−0.03

Va = 86+9
−5 km s−1 kpc−1

Kolmogorov spectral index
(δ = 1/3) disfavoured for all
configurations by used data;

Break in the λesc spectrum
favoured by used data.
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Leaky-Box Model: B/C ratio (envelope)

[Putze et al., A&A 497 (2009), 991]
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Leaky-Box Model: Conclusion

MCMC successfully implemented and tested in the framework of the
simple Leaky-Box model;

comparison of the relative merit of different configurations:

configuration with critical rigidity and reacceleration preferred
by used data;
Kolmogorov spectral index disfavoured by used data;
break in the λesc spectrum favoured by used data;

correlation study between the propagation and source parameters.

MCMC is a powerful statistical tool which allows us to constrain efficiently
the propagation model parameters!
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Diffusion Model

Galaxy is divided into two zones:

1 a thin disk of size h;

2 a diffusive halo of size L� h.

K (R) = K0βR
δ

nd = n, nh = 0

5 free parameters: K0 in kpc2/Myr, δ, Vc in km/s, L in kpc, Va in km/s.
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

1D Diffusion Model: stable nuclei

[Putze et al.. ICRC 2009]

[Putze et al., A&A, submitted, arxiv:1001.0551]

Configuration with convection
and reacceleration preferred:

L = 4 kpc fixed

Vc = 18.8+0.3
−0.3 km/s

δ = 0.86+0.04
−0.04

K0 = 0.0046+0.0008
−0.0006 kpc2/Myr

Va = 38+2
−2 km/s

Kolmogorov spectral index
(δ = 1/3) disfavoured by used
data.
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

1D Diffusion Model: radioactive nuclei

Stable secondary-to-primary ratios: degeneracy between K0 and L

λesc = nmvh
L

K (E )

=⇒ Radioactive secondaries needed to lift degeneracy

Results with 10Be/9Be data

[Putze et al., A&A, submitted, arxiv:1001.0551]

L = 46+9
−8 kpc
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Modified 1D Diffusion Model

The local bubble

Modelisation: hole in the disk

cV

cVcV

constant wind
ConvectiveK(E)

Diffusive HaloL
2h

rh

z

R
(z=r=0)

Nrh

Nrh=0
= exp

(
−rh
lrad

)
,

where lrad is the typical distance on
which a radioactive nucleus diffuses
before decaying [Donato et al., A&A 381 (2002),

539]

Supplementary parameter: the radius rh (in pc) of the local bubble
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Modified 1D Diffusion Model: radioactive nuclei

Results with 10Be/9Be data

[Putze et al., A&A, submitted, arxiv:1001.0551]

L = 8+8
−7 kpc rh = 120+20

−20 pc

Better radioactive nuclei data needed for more precise constraints!
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

Modified 1D Diffusion Model: radioactive nuclei

[Putze et al., A&A, submitted, arxiv:1001.0551]
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

1D Diffusion Model: radioactive nuclei (envelopes)

[Putze et al., A&A, submitted, arxiv:1001.0551]
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Markov Chain Monte Carlo Constraints on the Leaky-Box Model Constraints on the 1D diffusion model

1D Diffusion Model: Conclusion

Successful posterior PDF extraction of the propagation parameters
of the one dimensional diffusion model:

configuration with reacceleration and convection favoured by
used data;
Kolmogorov spectral index disfavoured by used data;

Study of parameters describing the geometry of the Galaxy:

estimation of the halo size L and the radius rh of the local
bubble;
taking into account the local bubble decreases the halo size L;
values found compatible with observations.

MCMC is a robust tool allowing an excellent parameter estimation.

Determination of L and rh values strongly depends on the δ value!
=⇒ high-energy data of secondary-to-primary ratios and/or radioactive

elemental ratios are necessary!
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