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SuperNova Remnant (SNR)

Good candidate for Galactic Cosmic Ray (GCR):

e Fulfil energy density of GCR (10% efficiency)
e Diffusive shock acceleration possible at shock front
e Synchrotron photon show power law dependence

Problem

e Where are they?
e C(Can they accelerate GCR up to sufficient energy?
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Chandra :: Photo Album :: SN 1006 :: April 17, 2013 (harvard.edu)



https://www.chandra.harvard.edu/photo/2013/sn1006/

Maximum Energy from SNR

VxE=-1% E=q[E-d
Dimensional analysis:

Analysing acceleration time:

Laccel = Dfé?) - D(Emax) ~ usRs

DBohm(E) - r_gc - 35% - Emax ~ (I%BRS
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[Lagage, Cesarsky 1983, Bell 2013]



Evolution of Maximum Energy B~ 10Tev (1,%) (103‘;‘“’,;;‘_1) (fSﬁ’Z)

E, .. is also the maximum energy confinable in the source

Ejecta-dominated phase:

u_ constant, R oc t = good acceleration

SNR
Non-resonant hybrid ([Bell 2004]) instability amplifies B-field, PeV energies?

Sedov-Taylor phase:
Shock slows down: R, o< t#°= u_oc t¥°= R_ u_oc t1°
B-field amplification likely diminishes

Particles with E > E__ escape from SNR, injected into ISM
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Cosmic Ray Transport Equation

Simplest case 2 = V(DVy) + Q, assume D is isotropic
Boundary condition (z=+H) =0

Use delta functions for Q to get Green’s function

O(ctr —d) 2 - a2 T T(R) =t —t(R)
G('f',t — 7o, tO) — (45TDT)3/Z € 4wr Z (—1)718 D t(R) —dza“t‘z tesc( )2)
n=—00 r—17o

Flux from 1 point source

d) — G’(r,t — T(),t())QU(,R’)



Cosmic Ray Flux Measured on Earth

Use smooth source approximation to compensate
Y= [dty [dRy [dOyG(r,t < 70(Ry,60),t0) f(Ro)Qo(R)
Add up fluxes from individual sources (t, and r, chosen at random)

Y =) ,G(r,t roitoi)RQo(R)

Take normalised flux: dimensionless and QO factors out
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Green’s Function with and without CREDIT

. Normalised Flux for 50kyr old sources
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D(R) = D, RY-6
Cutoff at low rigidity
HUGE peak after cutoff

At high rigidities, CREDIT makes
little to no difference

Large distances suppress peak



Experiments

Experimental Statistical Uncertainties with Estimate Flux measured in bins. with
associated statistical uncertainty

Parametrise 6__ = 0.42(R[TV])*° %
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Bins go up to only ~ 100TV

lgnore systematic uncertainties
since their correlation is unknown
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Measurement of the cosmic ray proton spectrum from 40 GeV to 100 TeV with the DAMPE satellite | Science Advances



https://www.sciencedirect.com/science/article/pii/S0370157320303434?via%3Dihub
https://www.science.org/doi/10.1126/sciadv.aax3793

Predicted Fluxes from Simulations

10 random realisations chosen, each sum of contributions of many random sources

CREDIT Scenario Sampled at Bin Centers Smooth Scenario 4 Statistical Error
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Flux/Mean Flux
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Machine Learning (Decision Tree)

Split dataset into subsets by looking at 1 bin

If condition on value of the bin (larger or smaller)
Repeat until all subsets have same label

Predict label for new data following if-conditions

Take directly from sklearn, no optimising needed
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Decision Tree Accuracy
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to maximise use of dataset [Agarwal 2023]

Add predictions from all 10
iterations to get confusion
matrix

Use 10TV break rigidity as a
benchmark

Very good performance
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Including More Break Rigidities
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Conclusion and Outlook

Normalised Flux for 50kyr old sources

CREDIT follows from generic arguments for accelerated
energies, especially high maximum ones (knee)
5| Peaks from CREDIT can be significant
Apply machine learning to improve accuracy in
T determining the injection scenario
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Need for better understanding of correlation between bins
(modelling or systematic error) to apply to data
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