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Supernova remnants have long been considered the sources of cosmic rays

Lopez and Fesene (2018)

1 Observations

2 Energetics

3 Shock acceleartion
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We do not know individual sources of local cosmic rays
Anisotropies:

Problem: cosmic rays diffuse

Spectrum:
Erlykin and Wolfendale (2012) Kachelrieß et al. (2018) Fornieri et al. (2020)

4

The model is plotted against data point from AMS-
02 (Aguilar et al. (2015b)), Voyager (Cummings et al.

(2016)) and DAMPE (An et al. (2019)).
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Figure 2. The protons spectrum, resulting from the sum of
DRAGON modulated spectrum (black solid) and the solution of
the single-source transport equation computed in this work
for the age tage = 2 · 105 yr (blue solid line). Other ages (red
and green solid lines), as well as the unmodulated spectrum
(black dashed line) are added for comparison.

The smooth background is calculated using DRAGON

with the same physical parameters discussed in Fornieri

et al. (2020). The modulated spectrum is computed
with an e↵ective potential h�mod = 0.54i (Usoskin et al.
(2005, 2011)). The three solid lines are solutions of

Equation (2) in the limit negligible losses (b(Et) ⇡
b(E) ! 0), shown for three di↵erent ages.

The sum of all the contributions corresponds to a
source age tage = 2 · 105 yr. The total modulated (un-

modulated) flux associated to this case is shown as a
black solid (dashed) line. The Voyager data are also
shown in the plot and appear consistent with the un-

modulated total spectrum.
As for the case of the all-lepton spectrum, the e↵ect

of the energy-dependent release cuts o↵ the low-energy
(E . 100 GeV) part of the spectrum.

3.3. CR dipole anisotropy

The CR dipole anisotropy (DA) provides a crucial
complimentary probe that allows to constrain the model
proposed in this paper.

The high degree of isotropy (up to 1 part in ⇠ 103)
detected by a variety of experiments in a wide energy
range is especially constraining as far as the contribution
from a local source is concerned.

In this section we compute the predicted dipole
anisotropy associated with the hidden remnant following
the formalism described in Appendix B. The interpre-

tation of a single source as the origin of the spectral

feature in the proton spectrum between 1 TeV and 10
TeV is heavily challenged in the context of a simple dif-
fusion setup characterized by a single power-law. This

consideration led the authors of several recent papers
to consider more complex di↵usion scenarios featuring
a high-confinement zone near the source of interest (see

for instance Fang et al. (2020)). Here, we consider in-
stead the transport scenario directly suggested by the
hardening in the light nuclei reported by the AMS-02
Collaboration, as described in Section 2.
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Figure 3. Cosmic-ray dipole anisotropy amplitude calcu-
lated as the sum of a background anisotropy (green solid
line) and the single source contribution (red solid line) for the
source of age tage = 2 ·105 yr. Anisotropy data are consistent
with each other, therefore here we plot a subset of them, to
avoid confusion. The plotted points are from ARGO (Bartoli
et al. (2015, 2018)) and Tibet-AS� (Amenomori (2017)).

In Figure 3, we show that the hypothesis of one nearby

old remnant originating the CR populations responsible
for both the leptonic and the hadronic features is com-
patible with the current anisotropy data. As described

in Appendix B, the dipole anisotropy can be computed
as the sum of two components: (i) the single-source con-
tribution, that assumes directional observations; (ii) the
averaged anisotropy of the large-scale background.

The second component typically points towards the
Galactic center and can be assumed to be a simple
power-law (Ahlers & Mertsch (2017)). To reproduce

this contribution, we use the fit parameters recently
suggested in Fang et al. (2020), according to which
the background anisotropy can be written as �bkg =

c1

�
E

1 PeV

�c2
, where (c1, c2) = (1.32 · 10�3, 0.62). The

result is the green solid line in the figure.
On the other hand, the single-source contribution is

found under the assumption of di↵usive behaviour for
the released particles. This component corresponds to

N! Supernova remnant paradigm

1 000 - 100 000 “active” supernova remnants in the Galaxy

Genolini et al. (2017)
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Galactic sources should accelerate to Eknee, probably via shock acceleration
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→ Emax & 3 PeV for protons

Axford, Leer, Skadron (1977); Krymskii (1977); Bell (1978); Blandford, Ostriker (1978) Small energy gain ∆E , little particle loss ∆N
per cycle

∆E

E
∝ Ush

c

∆N

N
∝ Ush

c

⇒
dN

dE
∝ E−2
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We do not understand how supernova remnants accelerate to Eknee

What is Emax?

• Equate age with acceleration time: tage = tacc = 8
κ

U2
sh

• Assume Bohm diffusion: κ =
c`mfp

3
=

crg

3
=

c

3

Emax

qB

• Hillas-like relation: ⇒ Emax ' U2
sh

c
qBtage or

Ush

c
qBR

• With typical values: Ush = 104 km s−1 , B = 1µG , tage = 103 yr

⇒ Emax,b ' 100 TeV� Eknee

Lagage and Cesarsky (1983)

1 Choosing larger tage does not help: Ush ∝ t
−3/5
age , so Emax decreases with time

2 Need to amplify B-field to B ' 100µG

Diffusion coefficient

Gyro radius
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Combining standard ingredients, we predict novel spectral features

B-field amplification
and CR escape

Supernova remnant
paradigmSpectral features
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Supernova remnant
paradigm
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The number of sources contributing to CR flux decreases with energy

• Residence time: tesc =
z2

max

2κ
• Diffusion distance: R =

√
2κtesc = zmax

• Source density: σ =
νtesc

πR2
disk

• Source number: Nsrc = σπR2 = νtesc
z2

max

R2
disk

With typical parameters (for details → Appendix ):

R = 10 GV , 10 TV , 10 PV

Nsrc ' 2× 104 , 200 , 4
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Source density is oftentimes considered smooth, while it really is discrete

Transport equation

∂ψ

∂t
−∇ · κ ·∇ψ + . . . = q

Smoth source density

q = q(r, t,E) = ν ρ(r)Q(E)

Discrete sources

q = q(r, t,E) =
∑
i

δ(3)(r − ri )δ(t − ti )Q(E)
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SN rate
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Transport equation

∂ψ

∂t
−∇ · κ ·∇ψ + . . . = q

Smoth source density

q = q(r, t,E) = ν ρ(r)Q(E)

Discrete sources

q = q(r, t,E) =
∑
i

δ(3)(r − ri )δ(t − ti )Q(E)

ri drawn from ρ(r) and ti from uniform distributionSN rate

smooth function
spectrum
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Source density is oftentimes considered smooth, while it really is discrete

Transport equation

∂G

∂t
−∇ · κ ·∇G + . . . = δ(3)(r − ri )δ(t − ti )Q(E)

Smoth source density

q = q(r, t,E) = ν ρ(r)Q(E)

Discrete sources

q = q(r, t,E) =
∑
i

δ(3)(r − ri )δ(t − ti )Q(E)
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Stochastic nature of sources implies fluctuations in spectrum

• Solution: ψ(r, t, p) =
∑
i

G(r − ri , t − ti ,E)

• ri , ti are random variables ⇒ ψ(r, t, p) is random variable

• Mean: 〈ψ(x, t, p)〉 =

∫
d3r′dt′ ν ρ(r′)G(r − r′, t − t′,E)

Can we use ψ − 〈ψ〉 to find sources?

∼ 5 %

Philipp Mertsch The CREDIT history of SNRs as CR sources 14 October 2024 11 / 29



Stochastic nature of sources implies fluctuations in spectrum

• Solution: ψ(r, t, p) =
∑
i

G(r − ri , t − ti ,E)

• ri , ti are random variables ⇒ ψ(r, t, p) is random variable

• Mean: 〈ψ(x, t, p)〉 =

∫
d3r′dt′ ν ρ(r′)G(r − r′, t − t′,E)

Can we use ψ − 〈ψ〉 to find sources?

∼ 5 %

Philipp Mertsch The CREDIT history of SNRs as CR sources 14 October 2024 11 / 29



The number of sources contributing to CR flux decreases with sharply energy

• Residence time: tcool =
E

Ė
• Diffusion distance: R =

√
2κtcool

• Source density: σ =
νtcool

πR2
disk

• Source number: Nsrc = σπR2 = νtcool
2κtcool

R2
disk

With typical parameters (for details → Appendix ):

R = 10 GV , 10 TV , 10 PV

Nsrc ' 2× 104 , 1 , 10−4
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Electrons and positrons at high energies

• Sensitivity to source distances and ages

→ Need to consider when comparing to data

→ Great potential for identifying sources

Mertsch (2018)
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H.E.S.S. broken power law fit
95% range
68% range
H.E.S.S. (2017)
MC simulations

Monte Carlo study

1 Draw random distances {di} and ages {ti}
2 Add contributions from i = 1, . . .Nsrc sources

in one realisation of the Galaxy

3 Repeat for different realisations of the Galaxy
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Density estimation task
N. Frediani, M. Krämer, K. Nippel, P. Mertsch

• Have discrete samples of flux vector {φ1, φ2, . . . φN}
• Want multivariate distribution p(φ1, φ2, . . . φN)

→ Density estimation task

Conditional probabilities

p(φ1, φ2, . . . φN) = p(φ1)p(φ2|φ1) . . . p(φN |φ1, . . . φN−1)
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can detect generated samples more e�ectively with some optimisation. It does however
still allow us to rank architectures via this metric.
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(a) Loss curves for the classifier training.
This shows the training for the final selected
MADE model.
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(b) Predicted scores for samples and simula-
tions. Both distributions are centered close
to 0.5 and overlap strongly.

Figure 4.6: Classifier training and results on the best final architecture.

4.4 Evaluation of H.E.S.S. Measurements
Given our trained MADE model, we can evaluate the likelihood of experimentally measured
electron spectra under the learned distribution. We choose the preliminary measurement
by the H.E.S.S. experiment (Kerszberg & al. 2017), similar to Mertsch (2018) (see ch.
2.1.1).

The numerical value of the likelihood has no inherent meaning. Instead, we compare the
value we obtain for the H.E.S.S. spectrum with the likelihoods of the simulated data under
MADE in fig. 4.7a. We find that the log-likelihood of the measured flux ≠69 is way smaller
than the bulk of simulated realisations, with a probability to exceed (PTE) of close to 1.

We evaluated both the H.E.S.S. measured fluxes and the H.E.S.S. fit. The raw measurement
achieves a log-likelihood of ≠471, which is way more unlikely than the fit. This is probably
because the fit is by definition smoother and does not include statistical errors on every
individual data point, which we neglected for this study. Also, since the energy binning is
not quite the same as the one of H.E.S.S., evaluating the points is not strictly valid. The
fit avoids this problem since we can just evaluate the function at the correct energies.

Note again that the exact value or the width of the gap between H.E.S.S. and simulations
is not known precisely. The network is not trained in regions far away from the training
data, and so the outputs lose their accuracy and could in principle take any arbitrary value
regardless of the true underlying density because the NN has never seen a data point in
that region. We can only follow that the data point is separated from our model, not how
big the distinction is. Thus, we can conclude that the H.E.S.S. measurement is statistically
incompatible with our model.

4.4.1 Reducing the Supernova Rate

Following previous work by Mertsch (2018), we compare this result to a second physical
model with a reduced RSN of 2.27·103 Myr≠1, the motivation being that the increased
stochasticity allows for more variations and a larger spread, increasing the likelihood of

24
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B-field amplification
and CR escape
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The Bell instability can amplify B-fields
Bell (2004)

Cosmic ray
electric current j

• If B-field too weak, particles escape

→ Electric current j

• Waves modes unstable in the presence of current j

B

j × B

j × B

• CRs with gyroradius rg tied to field lines

→ Instability saturates once λ ∼ rg

• B-field density satisfies εB ∼ Ush

c
εCR
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Bell instability makes optimal use of j× B force
Slide concept: T. Bell

• Growth rate: γ ∼
√

jBk

ρ
or

γ2

k
∼ jB

ρ

• Compare to acceleration of fluid element of size z ∼ 1/k in time t ∼ 1/γ:

z

t2
∼ 1

ρ
|j× B| . jB

ρ
→ γ2

k
. jB

ρ

Matthews et al. (2017)

Grows rapidly on small scales

Wave number
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The highest CR energies can be achieved at start of Sedov-Taylor phase

• Shock speed Ush enters into growth rate γ through escape current j

• Saturation field B ∝ U
3/2
sh

• Ush ∝ t
−3/5
age

→ Emax ∝ U2
shBtage ∝ t

−11/10
age

Caprioli, Blasi, Amato (2009)
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Time-dependence of B-field amplification determines CR escape

t

Emax(t)

t1 t2 t3 t4

Emax(t1)

Emax(t2)

Emax(t3)

Emax(t4)

E

Q(E , t)

t2

t3

Emax(t2)Emax(t3)

also Gabici, Aharonian, Casanova (2009); Caprioli, Blasi, Amato (2010);

Blasi and Amato (2012); Thoudam and Hörandel (2012)

• Emax decreases with time

• At any one time t, particles of energy Emax(t) escape

• Ultimately, all particles with E < Emax,b escape
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Time-dependence of B-field amplification determines CR escape
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B-field amplification
and CR escape

Supernova remnant
paradigmSpectral features
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The Green’s function has narrow spectral features

∂G

∂t
−∇ · κ ·∇G = δ(3)(r − ri )δ(t − ti − tesc(E))Q(E)
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CREDIT scenario predicts dramatic spectral features
Stall, Loo, Mertsch, arXiv:2409.11012
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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
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We can confidently discriminate between the different scenarios
Stall, Loo, Mertsch, arXiv:2409.11012

Can discriminate features
from statistical fluctuations?

→ Classical machine learning task

Decision tree
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The classification is very robust
Stall, Loo, Mertsch, arXiv:2409.11012
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Accuracy virtually unchanged
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The results are going to be interesting either way

Classifier finds . . .

1. CREDIT scenario

→ Investigate sources

2. Burst-like scenario (Emax,b →∞)

→ Constraints on acceleration models

3. Smooth scenario

→ Trouble for supernova remnant paradigm
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Summary & Conclusion

B-field amplification
and CR escape

Supernova remnant
paradigmSpectral features
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Backup
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Time scales

Time scales:
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In a diffusion model with E−Γ sources in disk:

• φ(E) ∝ E−Γ−δ if diffusion dominated

• φ(E) ∝ E−Γ−(δ+1)/2 if cooling dominated

• tdiff =
z2

max
2κ

with zmax = 5 kpc,
κ(10 GV) = 5× 1028cm2 s−1

• tcool: KN cross-section with
ρ = {0.26, 0.6, 0.6, 0.1} eV cm−3 for CMB, IR,
opt, UV; 3µG B-field

• tion: nH = 0.5 cm−3 (WIM) and
nH = 0.5 cm−3 (WNM) and 100 pc wide gas
disk
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GeV vs MeV
Phan, Schulze, Mertsch, Recchia, Gabici (2023)

(diffusion-loss length)� (average source separation)

⇒ little fluctuation
⇒ smooth approximation is good

(diffusion-loss length)� (average source separation)

⇒ sizeable fluctuations
⇒ smooth approximation is bad
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Importance of nearby sources

Cosmic ray flux is a stochastic quantity
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Results: protons & electrons
Phan, Schulze, Mertsch, Recchia, Gabici (2021)

protons electrons

• Voyager 1 data inside uncertainty band

→ Source discreteness effects important

Result # 1

→ No need for unmotivated break in source spectrum!
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The ionisation puzzle
Phan, Schulze, Mertsch, Recchia, Gabici (2023)

Result # 2

• Local ISM: improvement, but still too low

• Spiral Arm: systematic shift up
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