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Outline of the talk

© Introduction: Galactic Cosmic Rays:

» standard approach and its weaknesses

@ Propagation in the escape model:
» replaces diffusion by individual trajectories
> leads to anisotropic propagation

» importance of local source(s)

© Secondary production in interactions on gas

> uncertainties in p production

@ Conclusions
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Distribution of sources:
@ smooth, time-independent distribution n(r, z)
— neglects spiral structure, bare, CMZ, ...
» worse for secondaries I o< ncRMgas
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Standard approach

Distribution of sources:
@ smooth, time-independent distribution n(r, 2)
— neglects spiral structure, bare, CMZ, ...

> worse for secondaries I o< ncRMgas

o fit of n(r) to SNR/pulsar/OB star regions, e.g.
n(r) = exp[—=B(r —1)]
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Standard approach

Distribution of sources:
@ smooth, time-independent distribution n(r, 2)
— neglects spiral structure, bare, CMZ, ...

> worse for secondaries I o< ncRMgas

o fit of n(r) to SNR/pulsar/OB star regions, adding gas
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Propagation in turbulent magnetic fields:
@ Galactic magnetic field: regular + turbulent component

turbulent: fluctuations on scales [y, ~ AU to lyax ~ (10 — 150) pc

o & = E A
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Standard approach

Propagation in turbulent magnetic fields:

@ Galactic magpnetic field: regular + turbulent component

turbulent: fluctuations on scales iy ~ AU to lpax ~ (10 — 150) p

@ CRs scatter mainly on field fluctuations B(k) with kR ~ 1.
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Propagation in turbulent magnetic fields:

@ Galactic magpnetic field: regular + turbulent component

turbulent: fluctuations on scales iy ~ AU to lpax ~ (10 — 150) pc
@ CRs scatter mainly on field fluctuations B(k) with kR ~ 1.
@ standard approach: diffusion as effective theory

@ slope of power spectrum P (k) o< k~* determines energy dependence
of diffusion coefficient for Beg = 0 as D(E) o P as =2 — a

Kolmogorov «a =5/3 & B=1/3
Kraichnan o =3/2 & B=1/2
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Propagation in turbulent magnetic fields:

@ Galactic magpnetic field: regular + turbulent component

turbulent: fluctuations on scales iy ~ AU to lpax ~ (10 — 150) pc
@ CRs scatter mainly on field fluctuations B(k) with kR ~ 1.
@ standard approach: diffusion as effective theory

@ slope of power spectrum P (k) o k~% determines energy dependence
of diffusion coefficient for Beg = 0 as D(E) o EF as =2 — «:

Kolmogorov «a =5/3 = g=1/3
Kraichnan o =3/2 & B=1/2

@ injection spectrum dN/dE ~ E~% modified to dN/dE o E~9~/
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Standard approach

Propagation in turbulent magnetic fields:

@ Galactic magpnetic field: regular + turbulent component

turbulent: fluctuations on scales iy ~ AU to lpax ~ (10 — 150) pc
@ CRs scatter mainly on field fluctuations B(k) with kR ~ 1.
@ standard approach: diffusion as effective theory

@ slope of power spectrum P (k) o k~% determines energy dependence
of diffusion coefficient for Beg = 0 as D(E) o EF as =2 — «:

Kolmogorov «a =5/3 = g=1/3
Kraichnan o =3/2 & B=1/2

@ injection spectrum dN/dE ~ E~% modified to dN/dE x E~9~F

@ anisotropy § = —3D;;V;In(n) o E°
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Our approach:
@ use model for Galactic magnetic field
@ calculate trajectories (t) via F';, = qv x B.

Michael KachelrieB (NTNU Trondheim)

Secondaries from Cosmic Rays



Escape model

Our approach:
@ use model for Galactic magnetic field
@ calculate trajectories (t) via F'1, = qv x B.

@ as preparation, let's calculate diffusion tensor in pure, isotropic
turbulent magnetic field

[m] = =
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Escape model

Eigenvalues of D;; = (x;x;)/(2t) for E = 10" eV
[Giacinti, MK, Semikoz ('12) ]
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Eigenvalues of D;; = (x;x;)/(2t) for E = 10" eV
[Giacinti, MK, Semikoz ('12) ]
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@ asymptotic value is ~ 10 smaller than extrapolated “Galprop value”
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Fitting the grammage X
@ lc.on and regular field B(x) fixed from observations

» LOFAR: [.on < 10pc in disc

@ determine magnitude of P (k) from grammage X (E)

o & = E A
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Escape model

Fitting the grammage X

@ lcon and regular field B(x) fixed from observations
» LOFAR: lcon < 10pc in disc

@ determine magnitude of P (k) from grammage X (E)
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Fitting the grammage X

@ lcon and regular field B(x) fixed from observations
» LOFAR: lcon < 10pc in disc

@ determine magnitude of P (k) from grammage X (E)
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o prefers weak random fields on k ~ 1/Ry,
= anisotropic propagation
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Fitting the grammage X

@ lcon and regular field B(x) fixed from observations
» LOFAR: lcon < 10pc in disc

@ determine magnitude of P (k) from grammage X (E)
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E/ZineVv

o prefers weak random fields on k ~ 1/Ry,
= anisotropic propagation

o test: fluxes [4(FE) of all isotopes fixed by low-energy data
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Escape model

Knee from Cosmic Ray Escape: proton energy spectra

%‘A%A%A
1013 L 5,45 s \ ]
E oy :
< ohog
E o
o
q 10" ]
>
)
)
LL
a 10! | KASCADE 2013 -~ )
w KASCADE Grande =
CREAM-2011 —
PAMELA 2011 R
2.415pc 130 —_—
010 ca I ; . L L .
1e+10 le+1l 1e+12 1e+13 le+1l4 1le+15 1e+16 1le+17
E [eV]

Michael KachelrieB (NTNU Trondheim)

Secondaries from Cosmic Rays

Dark Side 2016

8/23



Escape model

Knee from Cosmic Ray Escape: He energy spectra
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Knee from Cosmic Ray Escape: CNO energy spectra
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Escape model

Knee from Cosmic Ray Escape: total energy spectra
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Escape model

Consequences of anisotropic propagation:
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Consequences of anisotropic propagation:
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= local sources contribute only, if d; is small
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LU

Anisotropy of a single source

@ if only turbulent field:
diffusion = random walk = free quantum particle

@ number density is Gaussian with 02 = 4DT
_3DVn 3R

5 _ 20
c n 2T

@ what happens for general fields?
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Local source

Anisotropy of a single source: only turbulent field
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Local source

Anisotropy of a single source:

Anisotropy X (R /50 pc)‘1

plus regular
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Local source

Anisotropy of a single source:
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@ regular field changes n(x), but keeps it Gaussian

= no change in ¢, but é||B

[m] = =
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Dipole anisotropy:
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Dipole anisotropy:
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Dipole anisotropy:
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LU

Dipole anisotropy:
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View along local GMF line: towards [ = 79°

[M. Haverkorn '16 ]
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LLssEr T
View along local GMF line: towards [ = 259°

[M. Haverkorn '16 ]
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LLssEr T
View along local GMF line: towards [ = 259°

@ Gum Nebula:

> age ~ 2.5 Myr
» distance ~ 300—400 pc

[M. Haverkorn '16 ]
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Single source: other signatures
@ 2.4 Myr SN explains anomalous %°Fe sediments

[Ellis+ '96 ]
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(WIEIRECTITEE  Antimatter fluxes

Single source: other signatures

@ 2.4 Myr SN explains anomalous %°Fe sediments (Evis - 961

@ secondaries:
» grammage below 10'* eV nearly energy independent

» p diffuse as p = leads to constant p/p ratio
> p/p ratio fixed by source age = p flux is predicted
» eT flux is predicted

» relative ratio of p and et depends only on their Z factors
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(WIEIRECTITEE  Antimatter fluxes

Single source: other signatures

@ 2.4 Myr SN explains anomalous %°Fe sediments (Evis - 961

@ secondaries:
» grammage below 10'* eV nearly energy independent

» p diffuse as p = leads to constant p/p ratio
> p/p ratio fixed by source age = p flux is predicted
» eT flux is predicted

» relative ratio of p and et depends only on their Z factors

@ may responsible for different slopes of local p and nuclei fluxes
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Single source: proton flux
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(WIEIRECTITEE  Antimatter fluxes

Single source: positrons
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Single source: antiprotons
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Secondary production

Uncertainties in p flux predicition

[Giesen et al. [1504.04276] |
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Secondary production Antiproton production

Fitting p production vs. modelling (MK, Moskalenko, Ostapchenko '15
@ common problems:
> low energies = old exp. = large, badly documented syst. errors

» Ex.: some “pp" measurements are rescaled pA data

v

small € coverage, typically fixed angle
» low E not covered
o fitting:
> required extrapolation depends on quality of fit function

> based on obsolet Ng& Tang parametrisations

@ simulations:

» models like QGSJet or EPOS calibrated on large data sets (SPS,
Tevatron, LHC, Na49, ..., CR)

» consistent framework for pA, Ap and AA collisions
» require models for soft interactions and hadronisation

» all hadronisations models have problems with baryons
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Secondary production Antiproton production

Variation of models: Tan-Ng, Duperray 1, Duperray 2, QGSJET-IIm
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Comparison of QCD models (a = 2)
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Secondary production Antiproton production

Comparison of QCD models (a = 2)

' QGSJET ——
EPOS-LHC =-sreem
1 L
£
©
Qo
IS
N
0-1 1 1 1
1 10 100 1000
E /GeV

Michael KachelrieB (NTNU Trondheim)

Secondaries from Cosmic Rays

10000

Dark Side 2016

20 /23



Ratios of Z-factors (a = 2)
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Secondary production

Nuclear enhancement: p-He, He-p, He-He, rest
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Conclusions

Conclusions
© CR propagation in the escape model
» reproduces fluxes of CR nuclei for 200 GeV < E/Z < 1017 eV

» suggests small P(k) and small .., = anisotropic propagation

© Single source: anisotropy

» dipole formula 6 = 3R/2T holds universally in quasi-gaussian regime,
d crucial for flux

> plateau of § points to dominance of single source

© Single source: antimatter
» consistent explanation of p, p and e fluxes

> consistent with § — too far for 50Fe?

©Q Uncertainty in o(pp — p):
» Ej; > 100 GeV: models agree within 15%
» below: no improvement without no exp. data

> parametrisations: &y, adds additional uncertainty
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