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The original motivation :

- to escape
from the
leaky-box

but now...
precision experiments e.g.
Fermi, PAMELA, ACE, AMSO02, 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

Anro. Bev. Muacl Part. Sci. 2007, 37:285-327

The Awnwdd Revvenr of Wuclear amd Particde Science is
cnline at htepe/fmacl anow alrevicws.org:

This artick’s dai:
10.1 146/ anmarcwnucl. 5 7.0005 06,1 23011

Copyright i€) 2007 by Annual Beovicws.
All rights rescrved

0163-800807711 23-0 2855 20.00

Andrew W. Strong,! Igor V. Moskalenko,*
and Vladimir S. Pruskin®

! Max-Planck-Institut fiir cxtratermstdsche Physil, 85741 Garching, Germanmy,
cmail: awsEmpe.mpe.ds

*Hansen Experimental Physics Laboratary and Eavli Institues for Partick
Ad-'v:rophw i and |:\:'smch|o_¢:v. Stanford Ulniversity, Stanford , Califormia 84305
crmail: imos@stanford cdu

nstitute for Termstrial Magretism, loncsphers and Radicwave Propagation of the
Bussian Academy of Scicnces (IZMIPAM), Troitsk, Moscow region 142 190, Bussia;

crmail: vproskin@izmiran.m

Kev Words
energetic particles, gamma rays, interstellar medium, magnetic
fields, plasmas

Abstract

We survey the theory and experimental wests for the propagation of
cosmic raysin the Galaxyup eo energies of 101 eV, A muide to the pre-
vious reviews and essential licerature is given, followed by an exposi-
tiom of basic principles. The basic ideas of cosmic-ray propagation are
described, and the physical origin of its processes is explained. The
various techniques for computing the observational consequences of
the theory are described and contrasted. These include analyrical and
numerical techniques. We present the comparison of models with
data, including direct and indirece—especially y-ray—observations,
and indicaee wharwe can learn aboue cosmic-ray propagation. Some
imporeant wopics, incuding electron and antdpardcle propagacion,
are chosen for discussion.




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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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.... hot 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.
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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




Intergalactic space




COSMIC RAYS produce many observables

/‘ Intergalactic space

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:

Y - rays

synchrotron®

=3 Flux, GeV m?s
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Cosmic-ray interactions

by their photon emission

probed

The Planck one-year all-sky survey Cesa 065 1FL aod LFL somtaio by 2620



Cosmic-ray propagation

op (r,p)/ot = q(r,p)
cosmic-ray sources (primary and secondary)

+ [ '(DXXDL|J — vy )
diffusion convection

2 2
+ 0/0p [pZDppO/Op ey /p 7 PP = PV,

diffusive reacceleration (diffusion in p)

— d/op [ dp/dt @ - p/3{@vVv)y ]
momentum loss adiabatic momentum loss
lonization, bremsstrahlung

-y /T nuclear fragmentation
-y /1 radioactive decay



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

Boron / Carbon

Boron/Carbon B/G ratio
- b =450 MV

¥ Voyager
@ Ulysses
. O ACE
odulatioRHeac-2
O Chapell, Webber 1881
B Dwyer 1978
¥ Maehl et al. 1977

Kinetic energy, GeV/nucleon

However reacceleration not proven, maybe does not happen
- 'pure diffusion’ model: D_(p) ~ p°° , constant < 3 GeV.
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wave damping

plain diffusion diffusive reacceleration
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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

>500 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



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).



GALPROP updates by Eric Carlson @ UCSC
Variable grid spacing, radial winds etc

Plus many associated tools for Fermi data etc
Soon to be written up for his PhD thesis.

github.com/erccarls/galprop



Hot news:
Hammurabi new release coming soon from Tess Jaffe
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.



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: StellarlCS package
(used by Fermi-LAT for diffuse emission model)

Synchrotron routines



Propagation programmes: ' We are not alone '.

Other numerical propagation programmes e.g.

Evoli / Maccione / Gaggero / Grasso DRAGON PUBLIC
Ralf Kissman (Innsbruck group) PICARD 3D, most recent, not yet public

Analytical propagation programme:

Maurin / Putze / Derome USINE: PUBLIC (?)

Other programmes emphasizing other aspects than GALPROP:

Busching/Pohl Green's function approach

Hanasz, Lesch, Koturba PIERNIK code: MHD, CR= fluid. CR-driven dynamo
DeMarco, Blasi, Stanev Trajectory approach, for > 1 PeV

Girichidis MHD with CR = fluid.

Benyamin etal Monte Carlo particle propagation



DRAGON Cosmic-ray propagation package
(Daniele Gaggero, Carmelo Evoli, Giuseppe DiBernardo, etal )

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 spallation cross-sections (Nicola Mazziotta, Bari)
Spiral structure

Public: used for various papers apart from DRAGON team.



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

Propagation in 3D spiral-arm cosmic-ray source distribution models and
secondary particle production using Picarp

R. Kissmann**, M. Werner®, O. Reimer *, A.W. Strong"”

*Insdrut fiir Astro- und Tefichenp opold-Franzens- Univers Innsbrick, 020 Innsbruck, Austria
"Max Planck Inseinit fiir extrater > Physik, Postfach 1312, D-85741 Garching Germany

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



Features of PICARD

Solver Example Simulation Results

20 —

@ Steady-state solution

Explicit time integrator

10

o
o MPl-parallel ;
Q

Improved nuclear network :

-5

@ Speed

| -

Example Resolution 20

o Standard CR simulation
(e.g., Fermi Diffuse Paper)

o 2D (1 kpc x 100 pc)
o PICARD
o 3D (up to ~75 pc?)




R Kissmann et al. /Astroparticle Physics 70 (2015) 39-533

2c 108

secondaries
smoother
than
primaries

[kpe] | Qr&pﬂ

Fig. 2. Cosmic-ray flux in the Galactic plane at an energy of ~-10 GeV/nucleon for the Steiman source distribution in model z4R20. Data are given in units of GeV/nucleon/
m*s sr. On the left the flux for C as a standard primary is shown and on the right the flux for "B as a standard secondary.

R. Kissmann et al./Astroparticle Physics 70 (2015) 39-53

1.5

B/C relative to Earth | 1.4 mﬁo; 9Be relative to Farth

widest interarm

nearest interarm

Sun position
yd Carina arm

nearest arm

10” 10 : i ' B 10” 10°
Frin/muc [GeV| Erin/muc [GeV]

Deviations relative to the spectrum at the nominal position of Earth (solid blue line) are shown tor the nearest spiral arm (green dashed line ), the nearest inter-arm position
(red dotted line), the widest inter-arm region (cyvan dash-dotted line), and an intermediate position in the direction of the Carina arm (solid magenta line). (For interpretation




PICARD Cosmic-ray propagation package.

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

Figure 4: Same as Figure 3, but for electrons.

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

o
S erml
Gamma-ray
Space Telescope
| 4
1 1-10 GeV
_

adoos3afa, aaedg AeJ—ewweD [mla:{

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

Cosmic-ray electrons and positrons interacting with gas : bremsstrahlung
interacting with interstellar radiation : inverse Compton
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A lot of common astrophysics, cosmic rays, gas, magnetic fields !



Fermi-LAT
Inner Galaxy Gamma Ray Spectrum
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Ackermann et al. ApJ 750, 3 (2012)



Gamma-ray sky points to radial gradients in cosmic-ray transport

Daniele Gaggero,!:? I %llqu{u Urbano, ! Elf\l:uur: Valli, 1 " Hland Piero Ullio!:2 “-
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Potpourri of related topics to mention
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Interstellar Cosmic ray spectra derived from gamma rays

Method : Bayesian analysis (Strong etal arXiv:1507.05006)
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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.



CR spectrum modelled as smoothly broken power-law in momentum

819 where oy, cry are the indices below and above the

form used is n(p) e< 1 /

LY L1"I A

0i2, and the spectrum breaks around a momentum centred on py,; the

Fag

break respectively for o <
parameter 6 controls the sharpness of the break: smaller 6 produces a sharper break, typical values

are 6 =0.5 — 1.5. It converges to the given power-laws at low and high p, with a smooth transition.

10.00

C'.I
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Method: Bayesian, MultiNest package implementing Nested Sampling algorithm
10 parameters

Posterior chains used to sample the resulting spectra.

Table 1: Summary of model fits to equation 6.1. Entries are prior range, posterior mean and standard
deviation. The proton parameters are constrained by the y-ray emissivities, while the lepton parameters re-
flect mainly the prior from synchrotron and direct measurements. The parameters are highly correlated and
degenerate, so the resulting spectrum derived from the full posterior (Fig 1) is preferred to the individual pa-
rameters. The CR density n,.r is multiplied by (¢/4m) to give a flux in the usual units quoted in experiments.
Pref= 10° MeV for protons, 2 x 10* MeV for leptons.
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Interstellar Cosmic ray spectra derived from gamma rays

Method : Bayesian analysis

Gamma-ray gas emissivity
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Technical note

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 GALPRORP etc.

We don't want the velocity!

Observers usually use /(E ) which is convenient since
n(p) = (4m/c) I(E)



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)

50—-100 keV log(Intensity)/pixel

A real mix of processes !



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

€OMBTEL

Other components ?
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GeV electrons — inverse Compton - important for MeV gamma rays !
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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.
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Annual Review of Astronomy and Astrophysics, Vol 53, 2015



Galaxy luminosity over 20 decades of energy
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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.



Gamma-ray sky points to radial gradients in cosmic-ray transport

Daniele Gag‘gcrn‘;,l'g' Alfredo Ul'}.:re'umf'El Mauro Valli,i'g' and Piero lilliul'z'

Phys. Rev. D 91, 083012 (2015
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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
Different from typical Galactic case.
Then spectral index in the plane is the normal case.

THIS IS ABIG EFFECT AND DESERVES MORE ATTENTION!



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_ = p*VvV.2/(9D )

Popular since explains peak in B/C energy-dependence without
ad-hoc break in D_(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 H3+
Hot topic!

Voyager 1 enters interstellar space, measures MeV protons unmodulated

For cosmic-ray propagation and modulation a new era starting.
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Figure 1

Local spectra of cosmic-ray protons and helium, as measured near the Earth and heliopause (Panov et al. 2009, Adriani et al. 2011,
Yoon et al. 2011, Choutko et al. 2013, Stone et al. 2013, Consolandi et al. 2014), and displayed without solar demodulation (#) in
momentum distributions and (5) in particle spectra in kinetic energy. They indicate proton hardening and He enrichment above a few
hundred GeV. The gray band marks the range of proton spectra inferred in the local ISM from the average y-ray emissivity of the
interstellar gas, given the current uncertainties in the hadronic cross sections (data from Dermer et al. 2013b).

Grenier, Black & Strong, ARAA 53, 2015




New local interstellar spectra for protons, Helium and

Carbon derived from PAMELA and Voyager 1

observations

D. Bisschoff « ML.S. Potgieter

arxiv:1512.04836 Dec 2015

= V1, protons

Pamela, protons GALPROP model
Fitted to Voyager 1
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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.



0 107°s lem2sr 1 GeV! 2

FIG. I: All-sky model of the gamma-ray flux (dN/dE) from young pulsars in the Milky Way (MW) at 2 GeV, as discussed in § V. The
bright peak in the center results from young pulsars arising in the Central Molecular Zone (CMZ) of the Galactic Center (GC). We have set the
maximum flux at 2 x 107°s~*em~2sr~'GeV~" in order to enhance the visibility of the diffuse plane emission.

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



Interstellar Radiation Field
Essential for leptons: energy losses, inverse Compton
New ISRF from Richard Tuffs (Bonn)
See talk at Obergurgl 2015 Workshop

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:
D°PO
Gamma rays: source detection with data-driven diffuse emission (no “difftuse model”)



Denoising, Deconvolving, and Decomposing

Photon Observations selig etal. (2014)
www.mpa-garching.mpg.de/ift/d3po




Selig & Enl3lin

D°PO — challenges & assumptions (2013)
arxiv:
® . o .
diffuse point-like
e |
photon flux

photon counts

data

Revealing the gamma-ray sky by Marco Selig 69


http://arxiv.org/abs/1311.1888

log-data



log-data ... denoised



log-data ... denoised ... deconvolved



log-data ... denoised ... deconvolved ... decomposed






D3PO Fermi Point Source Candidates
Catalog (1DF)
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Diffuse gamma-ray sky

2014 -09 - 29 Revealing the gamma-ray sky by Marco Selig 77



Diffuse gamma-ray sky

2014 -09 - 29 Revealing the gamma-ray sky by Marco Selig 78



Spectra of diffuse components

+ leptonic ?

leptonic ?
Inverse Compton

"cloud"-like
"bubble"-like




David Maurin etal CR database: wonderful facility!
CRDB Ipsc.in2p3.fr/cosmic-rays-db
Sample plot: Carbon

ACE-CRIS(1997/08-1995/04)

Balloomy 197609

CRM-Spacelab2{ 1985/07-198508)

PAMELAL2006/07-2008/03)

10 10°
Ekn [GeV/n]

TRACEROG 2006107

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



Gamma-ray emitting supernova remnants as the origin of

(Galactic cosmic rays?

Julia Becker Tjus™*, Bjorn Eichmann®, Mike Kroll®, Nils Nierstenhofer®

®Theoretische Physik IV: Plasma-Astroteilchenphysik
Fakultdt fiir Physik und Astronomie
Ruhr-1 sitdt Bochum

A

Germany

( 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?



07 -
Ecg [GeV]

Figure 5: The CR flux in the large galaxy for simulated 20,000 SNRs, with the individual
injection parameters taken from [17], considering a 1o error in the spectral index. The diffusion
coefficient has been set to a Kolmogorov-type diffusion, i.e. D o« E%32, Experimental data

taken from CREAM [69], PAMELA [70] and AMS-01 [71].




SNRs : several with claimed 'pion-peak’

But beware, this is at m(1°) /2 = 67.5 MeV, so Fermi hardly covers it.

NB multiplying by E? 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.

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



More physical models of cosmic rays.

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 Philipp Girichidis (MPA Garching) et al.

Cosmic-ray driven wind from SN, includes chemistry.

Cosmic rays treated as relativistic gas, no energy spectrum.
Future: put in energy-dependence, secondary production etc.
To test against cosmic-ray, gamma-ray data.
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Supernovae energy input

only thermal only cosmic rays both

THE ASTROPHYSICAL JOURNAL LETTERS, Ble:L1% (6pp), 2016 January 10 GIRICHIDIS E

_ 5SNe: only thermal (10* erg) SNe: only CR (10°" erg) SNe: thermal + CR

1.5 10-21

Time: 250.0 Myr , e

—1.0 ™
—1.0 —0.5 0.0

x (kpc) [ e Gl TR 7]

Time-dependent simulations avaiable for download



Cosmic rays increase vertical gas scale

for = 0.0, fin =10
fer =01, fin=0.0
for = 0.1, fin = 1.0
MW (DL90)

Cosmic Rays
H!i'ﬂ

g
=l
=~
L)
|L_|
=71

s
oy
=1

100 1000
z (pc)

Figure 2. Vertical profiles of the total gas density for all simulations. The
arrows indicate the height of 90% enc d mass. A fit to the erved density
profile of the solar neighborhood (Dickey & Lockman 1990) are shown in
yellow. Thermal energy injection alone leads to a compact atomic gas
distribution. Including CR feedback results in very extended distributions,
which are much closer to the observed extent of the gas. The profiles indicate
that CRs have their main impact at larger altitudes.




. Including CRs thickens the galactic disk. The height of

e of 10% CR energy injection per SN after 250 Myr

and to increase confinuously. Comparison with the

vertical density distribution in the MW indicates good
agreement.

. We find that CRs quickly lead to the formation of a warm
and neutral galactic atmosphere providing a mass
reservoir for galactic winds and outflows. Whereas the
thermal contribution of the SNe mainly shapes the disk
close to the midplane, the additional CR energy shows
the strongest impact above the disk and in the halo.

3. All simulations drive gas out of the midplane with little
variation over time. For purely thermal SN feedback, the
outflows are hot and composed of mainly ionized
hydrogen with rates below the star formation rate. They
are fast (up to ~ afew 100 km s~ 1) with low densities

= 7). CRs alone can drive outflows with

mass loading factors of order unity, which are warm
(10* K) and mainly composed of atomic hydrogen. They
are a factor of a few slower (~10-50kms ') and 1-2
orders of magnitude denser (p ~ 1072102 g cm )
compare to their thermally driven counterparts.

(p <1077 gem™

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
iInstead of simple pre-defined forms.



Fermi Bubbles

(related to WMAP Haze ?)

Planck haze (arXiv:1208.5483)
Overlaid on Fermi Bubbles

connection to 511 keV line ?

INIEICE

centred on Galactic Centre
leptonic

unknown origin
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Free parameters

Propagation

Proton normalization (1072 cm? sr—1s~!MeV—1)
Diffusion coefficient® (1028 cm? s—1)

Rigidity power law index

Alfvén speed (km s~ 1)

Diffusion zone half-height (kpc)

Rigidity of first injection break (10% MV)

Nucleus injection index below pp,-

Nucleus injection index above pg,

Nucleus injection index above 220 GV

Difference between p and heavier 1nj. indices

Abundances: H, He, C, N, O, Ne, Na, Mg, Al, Si

20 Free parameters!




Results: propagation parameters
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Electrons, synchrotron and magnetic fields



Planck : Tess Jaffe lead author arXiv:1601:00546

Planck intermediate results. XLIl. Large-scale Galactic magnetic
fields

Planck Collaboration: R. Adam®, P. A. R. Ade™, M. I. R. Alves®®® M. Ashdown®®*, J. Aumont®, C. Baccigalupi'",
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Planck comparison with B-field models, Jaffe etal 2015
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CHANG-ES Project

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

;- e ——

:'ﬂh“_“:—'{.‘:‘?*.._#.f*«. T iy e

Synchrotron halos o
Spectral variation, cosmic-ray propagation

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

CHANG-ES IV: Radio continuum emission of 35 edge-on galaxies
observed with the Karl G. Jansky Very Large Array in
D-configuration — Data Release 1
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Composite image of 30 galaxies
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Connecting Synchrotron, Cosmic Rays, and Magnetic
Fields in the Plane of the Galaxy

23+ J. P. Leahy't, S. Leach®%§, A. W. Strong’q

MNRAS 416, 1152 (2011)

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



A&A 534, A54 (2011) Astronomy
DOI: 10.1051/0004-6361/201116828

& -
@ ESO 2011 AStI"OthSICS

The interstellar cosmic-ray electron spectrum from synchrotron
radiation and direct measurements™

A. W. Strong', E. Orlando®!, and T. R. Jaffe’*

Max-Planck-Insttut fiir extraterrestrische Physik, Postfach 1312, 85741 Garching, Germany

eg-mail: aws@mpe .mpg . de

W.W. Hansen Experimental Physies Laboratory, Kavh Insutute for Particle Astrophysics and Cosmology, Stanford University,
Stanford, CA 94305, USA

e-mail: eorlando@stanford. edu

Université de Toulouse: UPS-OMP, IRAP. Toulouse, France

CNRES, IRAP, 9 Av. colonel Roche, BP 44346, 31028 Toulouse Cedex 4, France

Received 4 March 2011 / Acecepted 17 August 2011
ABSTRACT

Aims. We exploit synchrotron radiation to constrain the low-energy interstellar electron spectrum, using various radio surveyvs and
connecting with electron data from Fermi-LAT and other experiments.

Methods. The GALPROP programme for cosmic-ray propagalion, gamma-ray and synchrotron radiation 1s used. Secondary electrons
and positrons are incloded. Propagation models based on cosmic-ray and gamma-ray data are tested aganst synchrotron data from
22 MHz to 94 GHz.

Results. The synchrotron data confirm the need for a low-energy break in the cosmic-ray electron injection spectrum. The interstellar
spectrum below a few GeV has to be lower than standard models predict, and this suggests less solar modulation than usoally assumed.
Reacceleraton models are more diflicult to reconcile with the synchrotron constraints. We show that secondary leplons are important
for the mterpretation of synchrotron emission. We also consider a cosmic-ray propagation ornigin lor the low-energy break.
Conclusions. Exploiting the complementary information on cosmic rays and synchrotron gives unigue and essential constraints on
electrons, and has implications for gamma rays. This connection 1s especially relevant now in view of the ongoing Planck and Fermi

MI55100N5,

Following results based on this paper.
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Fig.4. Electron spectra for pure diffusion model, low-energy eleciron Fig. 5. Synchrotron spectra [or pure diffusion model with low-ener
injection index 1.0, 1.3, 1.6, 1.8, 2.0, 2.5. Modulation @ = 0, 200, 400,  electron injection index (left te right, top to bottom) 1.0, 1.3, 1.6, 1
G600, 300 MYV. Data as in Fig. 1. 2.0, 2.5, Including secondary leptons. Data as in Fig, 2.

Effect of electron injection spectral index  strong, Orlando & Jaffe, A&A 534, A54 (2011)
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Model Synchrotron spectral index

408 MHz — 23 GHz

avnchrotron_index_ skymap 54 z10LMZ 405-2%540 MH=z

3.1 J.lz

Model predicts small but systematic variations due to propagation effects.
Reality is of course much more complex (Loop | etc not modelled).

The model gives a minimum underlying variation from electron propagation.



Total B (local) =7.5 uG from this analysis

Using high latitudes only, avoiding Loop | 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.
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408 MHz

Using various
B-field

and
cosmic-ray
models

Interstellar radio emission

R
E
——

V

Haslam

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



B-field

and
cosmic-ray
models

P
Using various°

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



lllustrative model for 30 GHz Stokes P
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Cosmic-ray electrons based on gamma rays and locally measured spectrum



lllustrative model for 30 GHz Stokes P
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lllustrative model for 30 GHz Stokes Q
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lllustrative model for
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B- field from Orlando & Strong 2013

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

Local B-field:

Regular : 3-4 uG:

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 pG



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, | 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
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