
  

Cosmic rays: propagation in theory and practice

Andy Strong,

MPE Garching 

Erice School on Cosmic Rays
August 1-7 2016



  

Lecture 1 : Basic ideas and context

Lecture 2: Practical computations and further topics



  

Two useful references

Strong, Moskalenko, Ptuskin: Annual Review of Nuclear and Particles Physics 57, 2007

Grenier, Black, Strong:           Annual Review of Astronomy and Astrophysics,  53, 2015



  

Lecture 1

Cosmic-ray propagation: basic ideas and context 



  

                                               Orientation, context.

Cosmic-rays: roughly starting from kinetic energy = mass of electron i.e. MeV
(thermal gas: few Kelvin to keV energies)
 Up to TeV and beyond (1021 eV)
Here cover only to TeV, focus on Galactic CR.

Species:
Nuclei: Z= +1 to >64  protons, Helium.... to Ni and beyond
            Z=  -1 antiprotons

 Isotopes essential!
Primary CR: produced in sources
Secondary CR: produced by spallation on interstellar gas

Leptons: electrons, positrons (primary and secondary)

Related to magnetic fields, synchroton, gamma rays: CR astronomy

 



  

                                              Basics: Units

Mass                m
Kinetic energy T
Total energy     E = T + m
Momentum       p
Velocity/c          ,    p/E

Normally use eV, MeV, GeV etc (hence no c in formulae)

                                                                 E2 = p2 + m2

Momentum is fundamental quantity for propagation, although kinetic energy is 
more commonly used by experimenters.  Diffusive shock acceleration gives power-law
in p not T.
                       
Flux        I(T)    cm-2 sr-1 s-1 MeV-1  most commonly used by experimenters
Density  n(p)   cm-3            MeV-1  is more physically appropriate for propagation 
[cf phase space also used e.g.  shock acceleration, p2n(p) ]

I(T) = c n(p) dp/dT /  4dp/dT = E/p 

                                              n(p) = (4/c)  I(T)     very convenient!

NB T= K.E. per nucleon usually

Rigidity p/Ze controls propagation via
                                         dp/dt = Ze v X B   

                      

 



  

Secondary production example:
  C  Z=6  A=12   → B  Z=5  A=10,11
(Cross-section includes prompt decays e.g. 11C ->11B)

Partial cross-section e.g. 12C → 11B ~ few mb
Total destruction cross-section ~100 mb
(Cross-section plot)
Also  16O → 11B and heavier primaries contribute

Back-of-envelope estimate:
   Cross-section ~ 30 mbarn = 30 10-27 cm2

   Gas density    ~ 1 cm-3

   Time in Galaxy ~ 107 years = 3 1014 s
   B/C = cross-section X gas density    X    c      X time        
                 30 10-27      X        1             X 3 1010  X 3 1014 
          ~ 0.3

 Lucky! C is mainly primary (but significant destruction),
            B is all secondary, and an informative ratio
 is produced! (not too small, and not too large otherwise information would be lost).
 Allows CR propagation to be probed.

 Since we measure the actual C spectrum, the source spectrum of B can be computed
 hence allowing a unique diagnostic of CR propagation as function of energy! 

Cross-sections are major uncertainty (recent DRAGON paper using FLUKA)
Measured in lab + theoretical models to complete.   

Primary source abundances depend on allowing for secondary production.



  

                                Radioactive CR and the propagation region.

10Be decays to 10B  in 1.4 Myr, 9Be is stable. Ratio sensitive to propagation time (halo size)
10Be/9Be ~ 0.1 hence time >> 1 Myr

 CR residence time in Galaxy = 107-108 years

Also 26Al, 36Cl, 54Mn but shorter lifetime, harder to measure.
Pity that 10Be data insufficient, need new experiments!
Relativistic lifetime increase → more sensitive to long times at higher energies

Leaky Box model (constant gas density) + “surviving decay fraction” gives misleading results:
          time ~ 106 yr too small

Random walk distance d ~ sqrt(Dt)
D~3 1028 cm2 s-1

t=108 yr  d=sqrt(Dt) = 3 kpc: size of containment region, CR “halo boundary” z
h

B/C and 10Be/9Be determine D and z
h

Remark: K-capture isotopes generally stable in CR since stripped (e.g. 59Ni, 57Co, 56 Ni),
 but possible probe of acceleration delay and reacceleration ( 51V etc ).
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diffusion convection

 diffusive reacceleration (diffusion in p)

       momentum loss 
ionization, bremsstrahlung

    adiabatic momentum loss

 nuclear fragmentation

 radioactive decay

  cosmic-ray sources (primary and secondary)

D
pp 

D
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2

Cosmic-ray propagation

    



  

Main propagation processes

  Spatial Diffusion

  
 
  Convection

  Diffusive Reacceleration

NB the equation is linear (easy!) but reality is non-linear e.g.

Streaming instability
CR-driven winds



  

                                                   Spatial Diffusion

Random walk along B-field lines.
Caused by  pitch-angle scattering relative to field lines.
Resonant with MHD waves of interstellar turbulence.
D

xx
 ~ (1/3) 2/ = (1/3)  v = (1/3) v2 mean-free-pathtime between scatterings

Larmor radius r
g
= pc/ZeB ~ A.U.  at 1 GeV for B~G  i.e. tiny cf parsec-scales of Galaxy

v=c,  A.U. cm     D
xx

 ~ 1023 cm2 s-1   Bohm diffusion 
             pc =cm D

xx
 ~ 1028 cm2 s-1  from secondary/primary ratios

    r
g
=100 pc @ 1015 eV, change from diffusion to trajectories in B-field

         (unified model for both cases desirable but not yet done)

“Quasi-linear theory (QLT)” predicts diffusive transport 
D

xx
 = (B

res
/B)-2 v r

g
/3

k
res

=1/r
g
           (k)~k-2+a, a ~1/3 – 1/2 (Kolmogorov, Kraichnan turbulence)   108-1020 cm

   

                           D(p) ~  p

 

 because speed determines distance, random walk refers to number of steps.
Velocity-dependence Important at non-relativistic energies.
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/B)-2 v r
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res
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           (k)~k-2+  ~1/3 – 1/2 (Kolmogorov, Kraichnan turbulence)   108-1020 cm

   

                           D
xx

(p) ~  p

 

 because speed determines distance, random walk refers to number of steps.
Important at non-relativistic energies.

 Anisotropic – diffusion tensor, parallel and perpendicular to B-field D
perp

<< D
par

  D
perp

 ~ D
par

 /10 from numerical simulations. But usually assume isotropic.

Propagation term  

B/C demonstrates increase of D with p

Affects primary spectra: propagated spectrum steeper by  relative to injection

t    D
xx

CR density)   



  

                                                          Spatial Diffusion

General approach – direct numerical integration of particle trajectories in turbulent B
with wave spectrum.
Jokipii, Giacalone, Schalchi …        (solar wind)

Confirms diffusive nature of propagation
Studies of e.g. cross-field diffusion.
Active topic.

Book: Nonlinear Cosmic Ray Diffusion Theories, Andreas Shalchi (Uni. Bochum), Springer, 2009
 

MNRAS 457, 3975 (2016)
Galactic propagation



  

                                       Diffusive Reacceleration

If diffusion occurs in the ISM and particles gain or lose momentum on moving scatterers
then some diffusion in momentum is inevitable.

Thornbury & Drury MNRAS 442 3010 (2014)
Simple derivation of diffusion coefficient in momentum D

pp

D
xx

 ~ (1/3) 2/ = (1/3)  v = (1/3) v2 mean-free-pathtime between scatterings  
At each scattering the particle undergoes momentum change
p ~ V

A 
/ v                (taking V

A
 as typical of speed of scatterers)

D
pp

 ~ (1/3) (p)2/ = (1/3) p2 V
A

2 / (v2 )

Hence
                                                 D

xx 
D

pp
 ~ (1/9) p2V

A

2 

More precise calculations: depends on turbulence spectral index , factor is
   1 / [forfor Kolmogorov

Term in propagation equation

Reacceleration is a popular explanation of peak in B/C without ad-hoc break in D
xx

Compatible with Kolmogorov diffusion, helps with anisotropy.
But does it really occur? 
Large energy transfer from ISM to CR, is that physical?
For V

A
 ~ 30 km s-1 (to explain B/C)

 ~30% of energy at GeV comes from reacceleration! Drury& Strong 2015 arXiv:1508.02675
If so then CR not just from SNR but from ISM! 

t = /p [p 2 D
pp 

/p (p 2)]



  

                                            Convection

Galactic wind – observational fact e.g. from X-ray observations

Convection velocity   v
c
 = 10 – 100 km s-1

Momentum-independent transport, hence dominates at small p  where
diffusion is small. Typically below 1 GeV.

Also adiabatic energy losses: if v
c
 increases with z, relativistic gas expands, = 4/3

Terms in propagation equation

Physical wind models are available, including CR-driven winds.

t = v
c
     /p  [ p/3  (v

c
) 



  

                                      CR Streaming

Convection at Alfven speed
Self-generated waves: streaming instability
See e.g. D'Angelo, Blasi & Amato 2016 arXiv:1512.05000 
Highly non-linear
Requires CR gradient, hence mainly important near CR sources





  

                                      CR Streaming

Not included in most CR-propagation models but exceptions:
Ptuskin etal DRD model with self-consistent treatment of self-generated waves
 





  

                                       
CR Interactions

Energy losses
  Nuclei                                               medium
                ionization/Coulomb            gas        < 1 GeV
                Inelastic – pion-production gas        > 1 GeV, small effect

  Electrons + positrons                                                         dE/dt ~
                 Ionization                            gas     < 1 GeV        const
                 Bremsstrahlung                  gas      < 1 GeV        E
                 Synchrotron                        B-field > 1 GeV        E2

                 Inverse Compton                ISRF   > 1 GeV        E2

Spallation : total     = loss of particle
                   partial = gain  secondary particle
 Assume that energy/nucleon is conserved: approximation!
 Better treatments are coming (Mazziota, FLUKA) MC cascade with physics
  More on this.
 Secondary, tertiary protons.

Radioactive decay: 10Be, 26Al, 36Cl, 54Mn   timescale Myr
10Be->10B   source of 10B

           

                

Energy losses
  Nuclei                                               medium
                ionization/Coulomb            gas        < 1 GeV
                Inelastic – pion-production gas        > 1 GeV, small effect

  Electrons + positrons                                                         dE/dt ~
                 Ionization                            gas     < 1 GeV        const
                 Bremsstrahlung                  gas      < 1 GeV        E
                 Synchrotron                        B-field > 1 GeV        E2

                 Inverse Compton                ISRF   > 1 GeV        E2

Spallation : total     = loss of particle
                   partial = gain  secondary particle
 Assume that energy/nucleon is conserved: approximation!
 Better treatments are coming (Mazziota, FLUKA) MC cascade with physics
  More on this.
 Secondary, tertiary protons.

           

                



  

arXiv:1510.0432



  

                                       

                                                 Anisotropy

Small, order 10-3 up to  1014 eV

CR isotropized by scattering

~ 3 D (grad f) / f

D ~ p0.5 (from simple B/C ) leads to larger  than observed at high energies

D ~ p1/3 (Kolmogorov)  helps to resolve the problem, hence preference
              for reacceleration models with this index

But the formula for  is too simple, in reality depends on local sources, 
Galactic structure etc.

 



  

So much for theory
Now some examples



  Johannesson etal 2016:  Bayesian analysis
 

                Source abundances corrected for  propagation

Photospheric
abundances



  Johannesson etal 2016: Bayesian analysis
Well-known volatile/refractory (or FIP)  trend. e.g. acceleration of grains. 

                Source abundances corrected for  propagation

Photospheric
abundances

GASES



  

AMS spectra

Stefan Schael
 Gamma2016, Heidelberg
 



  

Stefan Schael
 Gamma2016, Heidelberg
 



  

After propagation

Sketch of effect of propagation on protons: injection index 2.3, propagated 2.8

~ 0.5

Source injection



  

 Cosmic-ray secondary/primary ratios: e.g. Boron/Carbon
                       probes cosmic-ray propagation 

Peak in Boron/Carbon could be
explained by 
diffusive reacceleration
with Kolmogorov spectrum
giving momentum-dependence
 of diffusion coefficient

Spatial diffusion 
D

xx
 ~  p 1/3

Momentum space diffusion
D

pp
 ~ 1 / D

xx

 

 

Solar 
modulation

Boron / Carbon

However reacceleration not proven, maybe does not happen 
                       → 'pure diffusion' model: D

xx
(p) ~ p0.5 , constant <  3 GeV.

Boron/Carbon



  

 Cosmic-ray secondary/primary ratios: e.g. Boron/Carbon
                       probes cosmic-ray propagation 

Peak in Boron/Carbon could also be
explained by 
convection and 
decreasing velocity of particles

Spatial diffusion 
D

xx
 ~  p½   → B/C ~ p-1/2 

 

Solar 
modulation

Boron / Carbon

Boron/Carbon

Convection B/C ~ const * v
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                       probes cosmic-ray propagation 

Peak in Boron/Carbon could also be
explained by 
convection and 
decreasing velocity of particles

Spatial diffusion 
D

xx
 ~  p½   → B/C ~ p-1/2 

 

Solar 
modulation

Boron / Carbon

Boron/Carbon

Convection B/C ~ const * v

Stefan Schael
 Gamma2016, Heidelberg
 



  

 Cosmic-ray secondary/primary ratios: e.g. Boron/Carbon
                       probes cosmic-ray propagation 

Solar 
modulation

Boron / Carbon

Boron/Carbon

Convection B/C ~ const * v

Stefan Schael
 Gamma2016, Heidelberg
 

Keeps decreasing



  

 Cosmic-ray secondary/primary ratios: e.g. Boron/Carbon
                       probes cosmic-ray propagation 

Solar 
modulation

Boron / Carbon

Boron/Carbon

Convection B/C ~ const * v

Stefan Schael
 Gamma2016, Heidelberg
 

Keeps decreasing

Secondary production in SNR sources

Stefan Schael
 Gamma2016, Heidelberg
 

Secondary production
In SNR sources:
Disproof? 



  

 Cosmic-ray secondary/primary ratios: e.g. Boron/Carbon
                       probes cosmic-ray propagation 

Solar 
modulation

Boron / Carbon

Boron/Carbon

Convection B/C ~ const * v

Stefan Schael
 Gamma2016, Heidelberg
 

Keeps decreasing



  Ptuskin et al. 2006 ApJ 642, 902

For any model, first adjust parameters to fit Boron/Carbon

plain diffusion        diffusive reacceleration       wave damping



  Ptuskin et al. 2006 ApJ 642, 902

then predict the other cosmic-ray spectra

plain diffusion           diffusive reacceleration       wave damping

Boron/
Carbon

antiprotons



  

plain diffusion              diffusive reacceleration       wave damping

ELECTRONS

POSITRONS



  

ApJ 824, 16 (2016)



  



  



  



  



  

                                      CR Streaming
Secondary production in SNR sources



D'Angelo, Blasi & Amato 2016 
arXiv:1512.05000 

From secondary/primary ratios

c.f. AMS B/C...

Testable with gamma-rays:
Look for halos around SNR
D'Angelo, Heidelberg Gamma2016.



  
pbar and e+ production have similar spectra since hadronic interactions
But e+ are supposed to lose energy and steepen ! 
A mean conspiracy – a concidence? Or a challenge to standard models?

Stefan Schael
 Gamma2016, Heidelberg
 



  

PAUSE FOR REFLECTION

Only sure things are the observations.
Rest is theory.

Sure about: what are primaries, what are secondaries
Not sure about: where secondaries are produced
  Do we really know it is in ISM, could be in sources
Diffusion: standard assumption but no absolute proof.
                Convection can be essential too.
Diffusive reacceleration: nice fits to B/C but no proof

Antiprotons  have same slope as positrons, quite different from standard picture
 (see later)

Many other standard assumptions but need to take critical stance,
 Challenge the tradional assumptions (especially younger people).

CR Beyond the Standard Model, San Vito di Cadore, Sept 18-24 2016



  

END OF 
PART 1



  

Lecture 2
Practical computations of Galactic Cosmic-Ray Propagation

Cosmic Rays and Galactic Dynamics 



  

Lecture 1

Intro: first lecture just about the physics, second one about practical computations.
CR propagation only: not origin!
Species, nuclei, leptons: standard pics
isotopes, source abundances, reaction chain from Ni down (and >Ni too)
cross-sections, total and partial, K-capture, actinides, radioactive isotopes
LB as basic paradigm
secondaries as probe of propagation because can compute production
synchrotron gammas gas tracers
Emissivities → protons
propagation equation, each effect
Reacceleration ala Drury
units momentum KE flux density
multimessengers
external galaxies, radio. recognition of halo.
LECR Voyager ionization chemistry protoplanetary discs
CO destruction
CR becoming mainstream as people realize

Lecture 2
About practical computations, packages.
Usual things for intro: quotation, obvious idea, surprising not done before, 
now good that several.
MHD winds CR-driven dynamos – quest for realistic models



  

GALPROP

Origins

Shortcomings

'Competitors'

Future desiderata

More physical approaches

Potpourri of relevant topics



  

Lecture 2
Practical computations of  cosmic-ray propagation



  

 The original motivation :
 
- to escape 
from the
leaky-box                                          into the Galaxy



  

 The original motivation :
 
- to escape 
from the
leaky-box                                          into the Galaxy

but now...
      precision experiments e.g.
       Fermi, PAMELA, ACE, AMS02, Planck
      and now also Voyager beyond the heliosphere

require correspondingly detailed – 'realistic' - models to do them justice.



  

Annual  Reviews of  
Nuclear and Particle
Science, 2007



  

Quote......

It is unclear whether one would wish to go much beyond the generalizations discussed
here for an analytically soluble diffusion model. The added insight from any analytic
solution of a purely numerical approaches is quickly cancelled by the growing complexity
of the formulae. With rapidly developing computational capabilities, one could profitably
employ numerical solutions....
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                                               ----------------- J.M. Wallace, ApJ,  1981

                                                

 



  

Quote......

It is unclear whether one would wish to go much beyond the generalizations discussed
here for an analytically soluble diffusion model. The added insight from any analytic
solution of a purely numerical approaches is quickly cancelled by the growing complexity
of the formulae. With rapidly developing computational capabilities, one could profitably
employ numerical solutions....

                                               ----------------- J.M. Wallace, ApJ,  1981

                                                                       34 years ago!

 



  

Leaky-box, path-length distribution models
 these are numerical 0-D models

not discussed here since we  regard them as outdated.

But it is a well-known fact that for stable nuclei without energy losses, these methods
can be designed to produce the same results as propagation models,  

So OK  for for cosmic-ray source composition studies.

For unstable nuclei, electrons, positrons, gamma rays.... not realistic enough to be useful



  

Leaky-box, path-length distribution models
 these are numerical 0-D models

not discussed here since we regard them as outdated.

But it is a well-known fact that for stable nuclei without energy losses, these methods
can be designed to produce the same results as propagation models,  
So OK for for cosmic-ray source composition studies.
For unstable nuclei, electrons, positrons, gamma rays.... not realistic enough to be useful

Spatial Propagation models
 
 Advantage is the physical interpretation in terms of diffusion, convection etc. 
related to the real Galaxy. Intuitive understanding of meaning of terms.

Both analytical and numerical, and hybrids, all have their proponents.



  

Workshop
“Tango in Paris” 2009
session 
 on 
cosmic-ray programmes 

Maurin

Strong



  

versus



  

Propagation models
 
A main advantage is the physical interpretation in terms of diffusion, convection etc. 
related to the real Galaxy. Intuitive understanding of meaning of terms.

1D, 2D, or 3D
Both analytical and numerical, and hybrids, all have their proponents.

Analytical                                                    Numerical

Mainly 1D, some 2D                                   2D or 3D

complex (but impressive) formulae            simple formulae (computer does the work)

simplified energy losses                             full energy losses

simplified gas distribution                           gas based on HI, CO surveys in 3D

simplified magnetic field                             any magnetic field model

gamma rays only in simple way                 full gamma ray calculation

synchrotron only in simple way                  full synchrotron calculation
            
                                                                   



  
     High energy particles and radiation in the Galaxy



  

 cosmic-ray sources:  electrons

rays

synchrotron

HALO

 intergalactic space

 
inverse Compton

B-field

ISRF



  

 cosmic-ray sources: p, He .. Ni,   e-

Secondary:  10Be, 10,11B ... Fe..

 Secondary: e+-  p

rays

synchrotron

HALO

 intergalactic space

o

 bremsstrahlung
inverse Compton

 energy loss
reacceleration decay

B-field

ISRF

 gas

COSMIC RAYS produce many observables

GALPROP model



  

The goal : use all types of data in self-consistent way to
                     test models of cosmic-ray propagation.

Observed directly, near Sun:
   primary spectra (p, He ... Fe; e-  )
   secondary/primary  (B/C etc)
   secondary e+ , antiprotons...
   

Observed
 from whole 
      Galaxy:
- rays 
  
 
              
                synchrotron

 

 

 



  

eV

TeV

Cosmic-ray interactions 
           probed
 by their photon emission

GeV

MeV

meV

THz

GHz



  

 r  , p )t      q (  r   , p )


D  

xx
v




  
 / p   [ p 2 D

pp 
/p  p  2]

                     

      / p  [  d p /d t  p  / 3  (v)  

 



f



r



diffusion convection

 diffusive reacceleration (diffusion in p)

       momentum loss 
ionization, bremsstrahlung

    adiabatic momentum loss

 nuclear fragmentation

 radioactive decay

  cosmic-ray sources (primary and secondary)

D
pp 

D
xx

    p2 v
A

2

Cosmic-ray propagation

    



  

Solving CR propagation numerically

 



  

Solving CR propagation numerically

 

Unconditionally stable for all timesteps.
Straight out of Numerical Recipes!



  



  

Solving CR propagation numerically

 
Dimensions (R,z,p) or (x,y,z,p): use implicit scheme with operator splitting

Each dimension stepped in turn.
Propagate until steady-state: RHS = 0.
Start with very large time-steps and reduce to small value: converges.

Operator splitting not strictly accurate.
Accurate method without operator splitting implemented
but slow since small time-step needed for stability.



  

GALPROP Parameters
Well over 100 of them! In a file 'galdef_nnnn'
Explained in Explanatory Supplement



  

GALPROP Output
All as FITS files

CR spectra for all species (throughout Galaxy)
Gamma-ray skymaps (pion-decay, inverse Compton etc) as spectra, HEALPix
 Also in Galactocentric rings.

Gamma-ray emissivities 

  Synchrotron  skymaps as spectra, HEALPix, included polarization
  Synchrotron emissivities

  And many more.

  Files tagged with same name as parameter file for traceabilty/reproduceability

  parameter file e.g.

  galdef_54_andys_model
  produces
  pion_decay_skymap_healpix_54_andys_model
  etc

  

   

 



  

 Cosmic-ray secondary/primary ratios: e.g. Boron/Carbon
                       probes cosmic-ray propagation 

Peak in Boron/Carbon could be
explained by 
diffusive reacceleration
with Kolmogorov spectrum
giving momentum-dependence
 of diffusion coefficient

Spatial diffusion 
D

xx
 ~  p 1/3

Momentum space diffusion
D

pp
 ~ 1 / D

xx

 

 

Solar 
modulation

Boron / Carbon

However reacceleration not proven, maybe does not happen 
                       → 'pure diffusion' model: D

xx
(p) ~ p0.5 , constant <  3 GeV.

Boron/Carbon



  Ptuskin et al. 2006 ApJ 642, 902

For any model, first adjust parameters to fit Boron/Carbon

plain diffusion              diffusive reacceleration       wave damping



  Ptuskin et al. 2006 ApJ 642, 902

then predict the other cosmic-ray spectra

plain diffusion              diffusive reacceleration       wave damping

Boron/
Carbon

antiprotons



  

plain diffusion              diffusive reacceleration       wave damping

ELECTRONS

POSITRONS



  

GALPROP retrospective

1993 start with student PhD         idl 
1995                                             fortran90  AWS + Igor Moskalenko
2000                                             c++  version
          Troy Porter, Seth Digel, Gulli Johannesson, Elena Orlando 
           joined in following years

GALPROP owes part of success to long-term stable base over 20 years

 Continuity is important!

Seemed an obvious idea in retrospect, why was it not done before?
Why so long before others followed?
Surprising that it is still the most-used programme on the market.



  

GALPROP developments  2013-2015   by AWS 
Based on the 2011 public version 54, 
 (which was not followed by further releases by GALPROP team)

Available from sourceforge
ICRC 2015, arXiv:1507.05020  and updated Explanatory Supplement

>700 downloads so far

Enhancements:
 Physical processes
  Hadronic production cross sections QGSJET; Dermer for low energies
  Hadronic energy losses via pion-production (were not included!)
  Deuterium production by p-p fusion
  Synchrotron radiation: polarization and new magnetic field models
  Free-free emission in radio
  Free-free absorption (radio low frequencies)

 Cosmic-ray propagation
  Accurate solution option. Avoids operator splitting and time-step fix.
  Advantage: demonstrably steady-state solution, disadvantage: slow!
  Anisotropic diffusion – perpendicular and parallel D can differ
  Convective transport – more physical variation of velocity with z
  Boundary condition: avoid forcing to zero at halo boundary. Not free escape!
  Primary positrons; since now experimentally required.
    spectrum and distribution independent from electrons

  Formats:
   HealPIX skymaps with energy in columns, compatible with CDS Aladin plotting package

 
  



  

arXiv:1607.06093  August 2016
GALPROP + MultiNest Bayesian analysis



  

arXiv:1607.06093  August 2016
GALPROP + MultiNest Bayesian analysis



  

GALPROP desiderata:

 Update spallation cross-sections (e.g. DRAGON has FLUKA-based cross-sections)
 Further improve hadronic production of gammas and e+-
 Spiral and other structures
 Replace old Fortran routines (!)
 Free-escape at boundary: implement correctly

 Keep improving/updating!
 More involvement of other groups?

Combine forces with MHD Galactic modellers (see later).



  

In addition:

 GALPLOT plotting package compatible with GALPROP
Cosmic-ray spectra, ratios, gamma rays, synchroton
Cosmic-ray database, compatible with Maurin's CRDB. 
 Fermi and other data, radio surveys
 Publicly available
 
Various other tools:

  Inverse Compton routines

  Heliospheric and stellar inverse Compton: StellarICS package
     (used by Fermi-LAT for diffuse emission model)

  Synchrotron routines



  

                                            More CR Propagation schemesCR Propagation schemes

 Evoli/ Gaggero/ Grasso/ di Bernardo+  DRAGON,  DRAGON2    PUBLICPUBLIC

 Ralf Kissman (Innsbruck)                     PICARD      3D, not yet public

 David Maurin (Grenoble)                       USINE:  semi-analytical PUBLIC (?) 

 Büsching/Pohl                                        Green's function approach 
 
 DeMarco, Blasi, Stanev                         Trajectory approach, for > 1 PeV 

 Philipp Girichidis (Munich)                     MHD with CR = fluid

 Michal Hanasz (Torun)                           PIERNIK code: MHD, CR= fluid. CR-driven dynamo

 Benyamin etal                                        Monte Carlo particle propagation

Tess Jaffe (Tououse)                               Hammurabi: synchrotron/magnetic fields PUBLIC 



  

DRAGON Cosmic-ray propagation package
   

Concept same as GALPROP

Newly written, improved structure

Extras w.r.t GALPROP:

Spatial dependence of diffusion coefficient
Full anisotropic diffusion tensor
Spatial grid size variation
FLUKA-based spallation cross-sections (Nicola Mazziotta, Bari) 
Spiral structure 
 

Public: used for various  papers apart from DRAGON team.



  

DRAGON Cosmic-ray propagation package
   

Concept same as GALPROP

Newly written, improved structure

Extras w.r.t GALPROP:

Spatial dependence of diffusion coefficient
Full anisotropic diffusion tensor
Spatial grid size variation
FLUKA-based spallation cross-sections (Nicola Mazziotta, Bari) 
Spiral structure 
 

Public: used for various  papers apart from DRAGON team.



  

28 July 2016  arXiv:1607.07886   Very extensive exposition. 



  

DRAGON2
New version, released July 2016.

Extensive rewrite of DRAGON.

Main extensions in DRAGON2 

Non-separable in space and momentum diffusion and source term
Anisotropic diffusion
More advection models
Hadronic momentum losses for all nuclei
2nd order discretization for momentum losses
Alternative boundary conditions for momentum diffusion
New modular C++ structure with class inheritance to easily add user-provider models



  

DRAGON2: example with spatially varying anisotropic diffusion coefficient  

D(r,z) proton spectrum

r=0

8 kpc

3 kpc

17.9 kpc



  

DRAGON2: example with single CR source and anisotropic diffusion coefficient  



  

 PICARD Cosmic-ray propagation package.

Uni Innsbruck: Ralf Kissmann, (Michael Werner),  Olaf Reimer with AWS@MPE
New student now working on PICARD at Innsbruck.

Fully 3D from outset.
Modern numerical techniques for solving cosmic-ray  propagation.
Accurate and fast. Full MPI parallelization.
This allows fine 3D spatial resolution  with reasonable CPU resources.
Spiral structure incorporated.
Uses hdf5 for model storage (more flexible than FITS for 3D models)

Werner, M.      et al. 2015, Astroparticle Physics 64, 18 :  CR protons, electrons and spiral arms
Kissmann, R.  et al. 2015, Astroparticle Physics 70, 39 :  secondary/primary ratios

Synchrotron, B-fields: not yet, but foreseen. Fits well into 3D scheme.
 Will allow all components to be accurately included.

A public version is planned sometime in the future.

Probably PICARD will replace GALPROP in the long term. 

Anyway good to have multiple CR propagation packages:
  e.g. GALPROP, DRAGON, PICARD
 for cross-checks and healthy competition.

mailto:AWS@MPE


  

Kissmann, R.  et al. 2015, Astroparticle Physics 70, 39



  



  

12C 10B

Sun position

nearest arm

widest interarm

Carina arm

nearest interarm

secondaries
smoother
than
primaries



  

PICARD Cosmic-ray propagation package.

Werner, M. et al. 2015, Astroparticle Physics 64, 18 :  CR  and spiral arms

Cosmic-ray electrons, for 4  different spiral-arm source distributions



  

Future of modelling cosmic rays in the Galaxy.

GALPROP & co are phenomelogical i.e. just propagation equation
  with given parameters.

e.g. halo is just region with ad-hoc boundary, no physics.

But cosmic rays have dynamical effects.

Example from Philipp Girichidis (MPA Garching) et al.

Cosmic-ray driven wind from supernovae

includes chemistry.

Cosmic rays treated as relativistic gas, no energy spectrum.

Future: put in energy-dependence, secondary production etc.

 Test against cosmic-ray, gamma-ray data.



  



  

Modified FLASH code



  

Modified FLASH code



  

                       Supernovae energy input

only thermal          only cosmic rays              both

Time-dependent simulations avaiable for download



  

No Cosmic Rays

With Cosmic Rays

Cosmic rays increase vertical gas scale



  

Future work in context of cosmic-ray physics:

* Test such cosmic-ray-driven wind models against cosmic-ray and gamma-ray data.
* Extend models to include energy spectrum of cosmic rays (at present just a single fluid)
* Use to make GALPROP-like approaches more physical for convection and halo structure
  instead of simple pre-defined forms.



  
 

1 – 10 GeV

Cosmic-ray protons interacting with gas : hadronic (pion-decay)

                                                         interacting with interstellar radiation : inverse Compton

Exploiting gamma rays

Cosmic-ray electrons and positrons interacting with  gas : bremsstrahlung



2 years

1 year

 A lot of common astrophysics, cosmic rays, gas, magnetic fields !                 



  

Ackermann et al. ApJ 750, 3 (2012) 

Fermi-LAT
Inner Galaxy Gamma Ray Spectrum

Hadronic  

Inverse Compton
                             

Isotropic

Total
Sources

Bremsstrahlung



  



  

Phys. Rev. D 91, 083012 (2015)

IINNER GALAXY

INTERMEDIATE LATITUDES

HARDER THAN PREDICTED

OK AS PREDICTED



  

                                    Interstellar gamma-ray spectrum

Harder gamma-ray spectrum in Galactic plane  than expected from 
                                                                  local cosmic-ray proton spectrum via pion-decay

Gaggero etal. 2015 invoke spatially varying momentum-dependence of  diffusion coeffiicient.

 

But since Galactic plane spectrum is harder than local, can be just a local CR source

Then spectral  index in the plane is the “normal” one!

                      

                      THIS IS A BIG EFFECT AND DESERVES MORE ATTENTION!



  

Potpourri of related topics to mention 



  

David Maurin etal CR database: wonderful facility!
CRDB lpsc.in2p3.fr/cosmic-rays-db

Sample plot: Carbon

Enhances value of experiments, surprising little attention devoted  to this before.
Replaces earlier compilation by Strong & Moskalenko.
Live demo can be performed.



  

Galaxy luminosity over 20 decades of energy

cosmic rays

p

He

e

IR/optical

radio -rays

Strong et al. (2010), ApJL 722, L58 



  

Interstellar Cosmic ray spectra derived from gamma rays

PAMELA
Solar
 modulation

Cosmic-ray protons via pion-decayGamma-ray gas emissivity         used to derive

hadronic

leptonic

Fermi-LAT
TOTAL

Below 10 GeV affected by solar modulation, but gamma rays probe the interstellar spectrum.

Emissivity of local interstellar gas – Jean-Marc Casandjian (Fermi-LAT Collab).

Power-law in momentum overall, but low-energy break 
  e.g. from power-law injection and interstellar propagation (diffusion = f(E))

Interstellar spectrum essential to test heliospheric modulation models.

Method : Bayesian analysis (Strong etal arXiv:1507.05006)

AMS01

Interstellar



  

CR spectrum modelled as smoothly broken power-law in momentum



  

Method: Bayesian, MultiNest package implementing Nested Sampling algorithm
10 parameters
Posterior chains used to sample the resulting spectra. 



  

Interstellar Cosmic ray spectra derived from gamma rays

Solar
 modulation

Cosmic-ray protons

Gamma-ray gas emissivity                         

hadronic

leptonic

Fermi-LAT
TOTAL

Method : Bayesian analysis

Interstellar

Cosmic-ray leptons

+ constraints
from synchtrotron

AMS01, PAMELA

Fermi, PAMELA CHECK



  

Use momentum, not kinetic energy!
Momentum is physically appropriate for acceleration mechanisms
e.g. diffusive shock acceleration gives power-law in momentum.
 
Kinetic energy power-law has  a break break when plotted in momentum

Originally pointed out by Chuck Dermer, see e.g. Strong etal ICRC2015

Also: use density n(p)  not flux I(p)
More physical, n(p) are the units used by GALPROP etc.
We don't want the velocity!

Observers usually use I(E
k
) which is convenient since

n(p) = (4/c) I(E
k
) 

Technical note



  

Low energy Gamma rays

Fermi low-energy extension with Pass8 event processing.
Down to 20 MeV, difficult because of broad PSF, energy dispersion and earth emission
But coming along.

COMPTEL (1-30 MeV) heritage,  still only available mission in this range.
Good news: Werner Collmar (MPE Garching) still working on this (only he can!)
Example: LS5039 microquasar periodicity
New point-source catalogue, eventually all-sky maps on the horizon.

(INTEGRAL/SPI:   only 20 keV - 1 MeV)

New missions unfortunately slow in coming but e.g. AstroGam initiative
Large interest in the community.



  

INTEGRAL / SPI 
Continuum skymaps

Bouchet et al. 
 ApJ 739, 29 (2011) 

A real mix of processes !



  

Inner Galaxy
INTEGRAL / SPI 
Bouchet et al.   ApJ 739, 29 (2011) 



  

                    Inner Galaxy: keV to TeV

Inverse
Compton

e+e-

bremsstrahlung

o

GeV electrons – inverse Compton -  important  for MeV gamma rays !

26Al

60Fe

positronium

sources

sources

INTEGRAL
SPI

COMPTEL Fermi

Other components ?



  

Fermi-LAT 25 – 40 MeV

NB low angular and energy resolution ! 
Nominal energy range: photons may originate from range 10 to <100 MeV.
 But valuable to bridge the MeV gap.



  

Fermi-LAT 25-40 MeV

COMPTEL 10-30 MeV

meets

New COMPTEL analysis underway (poster at Heidelberg Gamma2016)



  

Annual Review of Astronomy and Astrophysics, Vol 53, 2015



  



  

                            Diffusive reacceleration called into question

Diffusive reacceleration = diffusion in momentum
Spatial diffusion will be accompanied by momentum diffusion if the scattering medium is moving.
Standard formula : D

pp
 = p2  V

A

2 / (9 D
xx

)

Popular since explains peak in  B/C energy-dependence without
                    ad-hoc break in D

xx
(p) and more consistent with Kolmogorov diffusion index 1/3

Avoids high-energy anisotropy problem

BUT it is not proved!
In reacceleration models,
 a large fraction of the energy in cosmic rays (up to 30%) comes from reacceleration i.e. 
 in the interstellar medium.  So SNR are not the only major source of  CR!

Is this physically plausible, and where does the energy come from?

Other ways to get B/C: convection is a natural mechanism.
Needs much more work.

See Drury & Strong ICRC 2015 arXiv:1508.02675



  

Low energy cosmic rays: 1-100 MeV

 Important for interstellar chemistry: ionization. Traced by H
3

+

 Hot topic!

Voyager 1 enters interstellar space, measures MeV protons unmodulated

For cosmic-ray propagation and modulation a new era starting.

 



  
Grenier,  Black & Strong, ARAA 53, 2015



  

arXiv:1512.04836 Dec 2015

GALPROP model
Fitted to Voyager 1



  

Gamma rays as gas tracer, dark gas

Gamma rays detect ALL gas independent of phase, via pion-decay.

Led to first detection of CO-dark molecular hydrogen (Grenier 2005)

Meanwhile confirmed e.g. by Planck thermal dust analyses.

Gas models for GALPROP etc have to address this.

See Strong, Black & Grenier ARAA 53 (2015) for recent review.

Also 
 C+ line emission (Herschel) REF
 Radio recombination line survey (Jodrell Bank) HII, with kinematic info
  HII is important for gammas too.



  

Source populations:  how much of  'diffuse Galactic emission' is really sources?

Fermi-LAT 3rd Catalogue has ~3000 sources,  about 300 Galactic.
The Galaxy contains perhaps 50000 sources, most below detection threshold.
They make a contribution to the 'diffuse' emission from the Galaxy.
Source population modelling:  5-10% contribution, energy-dependent.
Hence essential to account for this in analyses of 'diffuse' emission.

Source population synthesis in Fermi 3FGL paper.



  New paper on populations of pulsars and MSPs: O'Leary arXiv:1601.05797 



  

                   Interstellar Radiation Field

Essential for leptons: energy losses, inverse ComptonEssential for leptons: energy losses, inverse Compton

New ISRF from Richard Tuffs (Bonn)
See talk at Obergurgl 2015 Workshop, Poster at Gamma2016 Heidelberg

Specialist for such calculations, up to now  for external galaxies
Now for Milky Way
Will be public soon.

Differs from  standard  GALPROP ISRF.
  

Need to implement it in GALPROP etc 
 and compare with standard  GALPROP ISRF
 



  

New analysis methods

Torsten Ensslin group at MPA Garching

IFT: Information Field Theory: Bayesian technique for data analysis on fields
NIFTY: package implementing IFT for general use

Example application:
D3PO
Gamma rays: source detection with data-driven diffuse emission (no “diffuse model”)
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Denoising, Deconvolving, and Decomposing

Photon Observations Selig et al. (2014)
www.mpa-garching.mpg.de/ift/d3po
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diffuse point-like

photon flux

data

photon counts

D3PO – challenges & assumptions

signal fields

                          superposition

instrument response functions

Poissonian shot noise

Selig & Enßlin 
(2013)

arXiv: 1311.1888 

http://arxiv.org/abs/1311.1888
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log-data … denoised … deconvolved … decomposed
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log-data … denoised … deconvolved … decomposed
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log-data … denoised … deconvolved … decomposed



2014 - 09 - 29 Revealing the gamma-ray sky   by   Marco S
elig

138

log-data … denoised … deconvolved … decomposed
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known in 3FGL

First D³PO Fermi Point Source Candidates 
Catalog (1DF)
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First D³PO Fermi Point Source Candidates 
Catalog (1DF)
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Diffuse gamma-ray sky
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“bulge”-like

“bubble”-like

“cloud”-like

Diffuse gamma-ray sky
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Inverse Compton

Spectra of diffuse components

Inverse Compton

leptonic ?

π0 decay 

mix of hadronic + leptonic ?

hadronic ?



  

 ( actually triggered my visit here ! )

Use 21 Fermi-LAT SNRs to model proton spectrum. 
These are 10% of total active SNRs, assume they are typical.
GALPROP 3D point-source injection mode.
Study proton  spectral  variations over Galaxy

Not yet secondaries?



  



  

SNRs : several with claimed  'pion-peak'

But beware, this is at m(
  
/2 = 67.5 MeV, so Fermi hardly covers it.

NB multiplying by E2 is good but shifts the peak to higher energies, do not see the 'bump'

May be instead an  indication for break in proton spectrum.

Need Fermi extension to lower energies, coming with Pass 8.

Sample spectrum: W44, Cardillo etal 2014. Model proton spectrum has break at 20 GeV.

New 25 Jan: Fermi paper on RCW86: arXiv:1601.06534 
  Latest Pass 8 data. Favours a leptonic model

W44



  

Fermi Bubbles

(related to WMAP Haze ?)

Planck haze  (arXiv:1208.5483)
Overlaid on Fermi Bubbles

connection to 511 keV line ?

All are - 
 centred on Galactic Centre
 leptonic
 unknown origin



  



  

 END 



  

 END 



  

Electrons, synchrotron and magnetic fields



  

Planck : Tess Jaffe lead author    arXiv:1601:00546

New: Planck sychrotron paper
Polarization, B-fields
GALPROP electron model

Hammurabi.  

GALPROP Cosmic-ray electrons used for synchrotron emission



  

Planck comparison with B-field models, Jaffe etal 2015

DATA

MODELS

                TOTAL                 Polarized: Stokes Q                    Stokes U



  

Hot news:

 Hammurabi synchrotron new release  from Tess Jaffe (Toulouse)

 sourceforge.net/hammurabicode

         With GALPROP interface!

Hammurabi = synchrotron package used for Planck etc.
                      Full Stokes parameters.

Additional to GALPROP features:
 Faraday depolarization
 Faraday rotation of radio sources
 More advances B-field models

GALPROP can compute electrons + positrons
 → good combination.



  

                   CHANG-ES Project

JVLA 35 nearby edge-on galaxies
Including familiar ones NGC891, 4631  etc
21 and 6 cm, polarization

Synchrotron halos
Spectral variation, cosmic-ray propagation

Data now public, on-going analysis by collaboration
Followup with GBT, Alma etc

 



  

Composite image of 30 galaxies



  



  



  

END 



Producing the cosmic-ray electron spectrum

energy

flux
injection



injection

Energy-
dependent 
diffusion

flux

energy

Producing the cosmic-ray electron spectrum
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dependent 
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Energy
 losses

energy

Producing the cosmic-ray electron spectrum

flux



injection

Energy-
dependent 
diffusion

Energy
 losses

(diffusive
reacceleration)

flux

energy

Producing the cosmic-ray electron spectrum



injection

E-2.3

E-2

E-3

E-1.6

interstellar

flux

energy

Producing the cosmic-ray electron spectrum



  

MNRAS 416, 1152 (2011)  

Uses RM, polarization, MCMC.
Cosmic-ray electrons from sources + propagation

  



  

Following results based  on this paper.                          



  

Continuum 
sky surveys

22 MHz

408 MHz

150 MHz
45 MHz

1.4 GHz

820 MHz
2.3 GHz

23 GHz



  

SYNCHROTRON       SAME
ELECTRONS 
    for
RADIO
   and 
GAMMA RAYS !

good constraints
on models

ELECTRONS

INVERSE
COMPTON

GAMMA RAYS

COSMIC RAY
ELECTRONS



Northern Sky

SYNCHROTRON

Radio  provides essential probe of 
interstellar electron spectrum at
E < few GeV
to complement direct measurements 
and determine solar modulation

 Electrons have huge uncertainty
 due to modulation here

Cosmic-ray
ELECTRONS

Radio surveys

COSMIC RAY
ELECTRONS



Galactic center region

Radio surveys

SYNCHROTRON

microwaves   probe  
interstellar electron spectrum 
 10 - 100  GeV

 No solar modulation of 
directly-measured 
electrons > 10 GeV

    

WMAP COSMIC RAY
ELECTRONS



  

SYNCHROTRON
FROM
PRIMARY 
ELECTRONS

FROM
PRIMARY 
ELECTRONS
        +
SECONDARY
ELECTRONS /
POSITRONS

FROM
SECONDARY 
ELECTRONS /
POSITRONS

Secondary positrons
(and secondary electrons)
 are important for synchrotron !



  

Strong, Orlando & Jaffe, A&A 534, A54 (2011)

Cosmic-ray electrons Synchrotron

Effect of electron injection spectral index

index = 1.0 1.3

1.81.6

2.52.0



  

Strong, Orlando & Jaffe (2011)

Galactic
Synchrotron
Spectral
Index

Effect of electron injection spectral index

Injection index = 1.0

1.81.6

1.3

2.0 2.5



  

Planck

 

A&A 536, A21 (2011)

Galactic
Synchrotron
Spectral
Index



  

Model Synchrotron spectral index

                    408 MHz – 23 GHz

Model predicts  small but systematic variations due to propagation effects.

Reality is of course much more complex (Loop I etc not modelled).

The model gives a minimum underlying variation from electron propagation.

longitude

b



  

Total B (local) =7.5 G from this analysis

Using high latitudes only,  avoiding Loop I etc



  

Orlando and Strong 2013 (A&A 436, 2127)

What is new : 

Polarized synchrotron

Separates regular from random B

Now modelled in GALPROP

B-fields from literature, basic modifications to fit data.



  

Cosmic-ray electron distribution is a main input from gamma rays.



  

INNER GALAXY

synchrotron

thermal dust

synchrotron

synchrotron

thermal
 + spinning dust

free-free

PP Total



  

HIGH LATITUDES synchrotron

synchrotron

synchrotron

thermal dust

thermal
 + spinning dust

free-free

P

Total 



  

Q Q P

P I I

synch synch 408 MHz

408 MHz

23 GHz

23 GHz23 GHz23 GHz

23 GHz23 GHz

23 GHz 23 GHz

Data: WMAP

Data: Haslam



  

408 MHz

Using various
B-field
and
cosmic-ray
models

Haslam

Regular B-field models from Sun etal, Pshirkov et al.
Scaling factor applied.



  

23 GHz
P 

Using various
B-field 
and
cosmic-ray
models

WMAP

Regular B-field models from Sun et al, Pshirkov et al.
Scaling factor applied.



  

Illustrative model for   30 GHz Stokes P

B_reg   : Sun et al., scaled
B_rand : double exponential

Cosmic-ray electrons based on gamma rays and locally measured spectrum

                                         



  

Illustrative model for   30 GHz Stokes P

B_reg   : Sun et al., scaled
B_rand : double exponential

Cosmic-ray electrons based on gamma rays and locally measured spectrum

                                         



  

Illustrative model for   30 GHz Stokes Q



  

Illustrative model for   30 GHz Stokes I

synchrotron

free-free
total

Free-free from NE2001, illustrative                                         



  

B- field from  Orlando & Strong 2013

Using :
  Fermi-LAT cosmic-ray electrons
  408 MHz  
  23 GHz WMAP polarized

Local B-field: 

Regular  : 3-4 G : 
 factor 1.5-2 higher than original models of Sun, Pshirkov
 Attribute to anisotropic field which contributes to synchrotron
 but not to rotation measures.
 
Random : 6  G 



  

NOTES on use of  GALPROP for synchrotron calculations 

1. Computes synchrotron using full formulae and electron + positron spectra.
     no power law or p=-3 approximations (unlike Hammurabi).
  
2. 3D mode used for B-field and synchrotron.

3. Any B-field model can be incorporated, latest is Jansson & Farrar 2012.

4. Random and regular fields, Stokes Q, U, P, I for any frequencies.

5. No Faraday depolarization (unlike Hammurabi).

6. Only large-scale B, does not attempt Loops and other details.
    No pc-scale random structures (unlike Hammurabi).

7. Electron and positron spectra based on cosmic-ray propagation and locally
   measured spectra, and synchrotron data, also gamma ray constraints.

8. Updated in public domain, http://sourceforge.net/projects/galprop
    (>500  downloads since start in October 2013).

http://sourceforge.net/projects/galprop


  

Positrons: excess above secondary production, probably pulsars.
Need to account for in synchrotron! e.g. for spectral variations measured by Planck
and accurate future measurements.
 Not yet done.



  

Synchrotron from molecular clouds



  

Gamma rays from the heliosphere



  

Lecture 1 : Basic ideas and relation to astrophysics

Intro: first lecture just about the basics, the physics, second lecture about practical computations.

CR propagation only: not CR origin!  Only up to 1 TeV, rest covered elsewhere.
Species, nuclei, leptons: standard pics
isotopes, source abundances, reaction chain from Ni down (and >Ni too)
cross-sections, total and partial, K-capture, actinides, radioactive isotopes
LB as basic paradigm
secondaries as probe of propagation because can compute production
secondaries from sources
synchrotron gammas gas tracers
Emissivities → protons
propagation equation, each effect
Reacceleration ala Drury
Anisotropy (not addressed, small up to 1 TeV)
Change to trajectory approach at 1015 eV
units momentum KE flux density
Multimessengers
Global galaxy, calorimetry
external galaxies, radio. recognition of halo.
LECR Voyager ionization chemistry (ARAA53) protoplanetary discs
CO destruction
CR becoming mainstream as people realize
MHD winds CR-driven dynamos

RELATE TO OTHER LECTURES: 
  John Wefel also covers some of these topics including historical perspective .
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