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OverviewOverview

 cosmic ray diffusion  – a brief recap
 cosmic rays escape from SNRs
 CRs self-confinement

 residence time
 gamma rays
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Way out 2: buoyant bubbles  
Fermi -Bubbles
similar structure in M31 

star formation/ GC activity
timescale few-few tens Myr

 Often present in central regions 
of galaxy clusters (in galaxies?)

 Radius of few kpc

 Rise velocity ~ sound speed 
(~ 100 km/s, HIM)

 Lifetime
 Stabilizing action of a B-field 

Fermi Bubbles base of 
a larger structureD?

Pshirkov et al. 2016

Recchia et al. 2019
Buoyant Bubbles 

4th EuCAPT Annual Symposium 

May 14-16 2024, CERN



Overview - CR propagation

what data and observations tell us 

microphysics of transport 

active role played by CRs 

summary
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… from data & observations



CR spectrum & magnetic confinement

rL ≈ 10−6 pc EGeV/BμG

Gabici et al. 2019 - review CRs 4

Galactic magnetic field

Galactic VS extraGalactic

power-law spectrum  ∝ E−2.7

KNEE

ANKLE

WCR ≈ Wth ≈ WB ∼ 1 eV/cm−3

Blasi 2013 - review CRs 



CR energetics
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CRs energetics CRs energetics 

Galactic disk shine in gamma-rays

 CRs roughly uniform in disk

 CR sources in disk

10% of SNR power
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CRs energetics CRs energetics 

Galactic disk shine in gamma-rays

 CRs roughly uniform in disk

 CR sources in disk

10% of SNR power

Galactic disk shine in gamma rays 

CRs roughly uniform in disk 

CR sources in disk

ECR,disk ∼ WCR × Vdisk ≈ 1055erg

LCR,disk ∼ ECR/τd ≈ 1041erg/s

 10% of SNR power∼



CR composition - residence time
primary CRs (p, He, CNO, …)     —-> accelerated from ISM
secondary CRs (LiBeB, , …)     —-> primary + ISM (spallation)p̄

rare nuclei in ISM are  

much more abundant in CRs

secondary/primary unstable isotopes
 

   [grammage - traversed matter] 

 few Myr

ns/np ∝ σsX/μmp

X = μmpc nd τdisk

τdisk(GeV) ≈

 

 

 tens Myr

τ(10Be) ∼ 1.4 Myr
10Be/be ∼ τ(10Be)/τgal

τgal(GeV) ≈



CR composition - diffusion
 few Myr 

 tens Myr

τdisk(GeV) ≈

τgal(GeV) ≈

E-dependent escape halo size

 diffusive transport

diffusive halo >> disk
h  150 pc       H 4 kpc∼ ∼

>> τball

τgal ∼
H2

D(E)
∝ E−δ

D(E) ∝ E0.3−0.7



CRs in a nutshell - SNR paradigm
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CRs energetics CRs energetics 

Galactic disk shine in gamma-rays

 CRs roughly uniform in disk

 CR sources in disk

10% of SNR power
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Global VS local CR transport Global VS local CR transport 

on large scales 3D isotropic diffusionon large scales 3D isotropic diffusion

diffusive shock acceleration Galactic propagation

power-law spectrum      

rigidity dependent       

protons to the knee?    

QCR ∝ E−2

R ∝ p/Z

≈ 3 PeV

H  few kpc 

  

equilibrium  

∼

D(E) ∝ E0.3−0.7

NCR ∝ QCR/D ∝ E−2.7

 10% of SNR power∼



CR propagation - gamma rays

HADRONIC

protons + ISM gas  —->  

 —-> gamma rays     

   

π0

π0

Eγ ≈ Ep/10

LEPTONIC

 + B  —-> synchrotron 
[radio, X] 

 + ISRF —-> gamma rays      

e±

e±

need target gas CMB is everywhere



CR propagation - gamma rays
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Way out 2: buoyant bubbles  
Fermi -Bubbles
similar structure in M31 

star formation/ GC activity
timescale few-few tens Myr

 Often present in central regions 
of galaxy clusters (in galaxies?)

 Radius of few kpc

 Rise velocity ~ sound speed 
(~ 100 km/s, HIM)

 Lifetime
 Stabilizing action of a B-field 

Fermi Bubbles base of 
a larger structureD?

Pshirkov et al. 2016
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Fermi Bubbles Andromeda halo

 kpc≳ 10  kpc≈ 100
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Karwin et al. 2019 - analysis M31 



CR propagation - gamma rays
Molecular clouds around SNRs TeV halos pulsars
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OverviewOverview

 cosmic ray diffusion  – a brief recap
 cosmic rays escape from SNRs
 CRs self-confinement

 residence time
 gamma rays

pro
be 
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HAWC - Geminga & MonogemSNR W44



3D isotropic diffusion & small D 

energy losses CMB/B   
τCMB ≈ 10 kyr

10-200 TeV , ICS on CMB 

,   

10s pc extension

e±

Ee ∼ 100 TeV Eγ ∼ 20 TeV

Rhalo ∼ 4DτCMB ∼ 30pc D27τ4

D halo
(100TeV) ≈ 102

7 cm
2 /s

D ISM
(100TeV) ≈ 103

0 cm
2 /s

12

CR propagation - TeV halos
HAWC: Geminga-Monogem



… microphysics



CR transport - microphysics

ISM is magnetized 

ISM is turbulent 

Injected by sources [10s pc] 

Cascade (type, anisotropy) 

Power spectrum 

Intermittency … 

Produced by CRs

14

MHD TURBULENCE

CRs inte
ract w

ith tu
rbule

nce

Fornieri et al. 2021 

Lazarian 2023 



CR transport - microphysics

CR gyromotion 

scattering off waves 

  (resonance)k ∼ 1/rL

 parallel diffusion MHD turbulence
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CR transport in magnetized ISMCR transport in magnetized ISM

 CRs gyrate around field lines  

 CR scatter on plasma waves

 diffusion along B

 resonant scattering

B

parallel diffusion parallel diffusion MHD turbulenceMHD turbulence

 injected  on large scales (10s pc)

 need  cascade to 

 without damping 

 not become inefficient in scattering

 can be produced by CRs

depend on type of turbulence, damping, ...

Fornieri et al. (2021)

Lazarian  (2023)

source injection (10s pc) 

cascade to  ? 

damping?

k ∼ 1/rL
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D∥(E) ∝ λmfp
(pa
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lel
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Mertsch  2020 - review turbulence & transport 



CR transport - microphysics
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CR transport in magnetized ISMCR transport in magnetized ISM

perpendicular transportperpendicular transport

 field line random walk

 turbulent motion of field lines

 large-scale (>> r
L
) turbulence

 field-line diffusivity  D
M 

 

 small-scale perpendicular diffusion

 particle jump to other field lines

 scattering, drifts, ...

 large-scale perpendicular diffusion

 FLRW + small-scale perp. diffusion

 scales > L
RR 

anisotropic transport anisotropic transport 

field line walk (FLRW) 

turbulent motion of field lines 

large-scale ( ) turbulence≫ rL

16

 Perpendicular transport 

Small-scale perp. diffusion 

CRs jump between field lines 

scattering, drifts…

——> LARGE-SCALE PERPENDICULAR DIFFUSION D⊥(E) ≲ D∥(E)

Shalchi  2020 - review perp. Transport 



small  << size 

3D isotropic diffusion 

Small D 

spherical morphology

Lcoh

 highly turbulent ISM  anisotropic transport 

size  

typical ,         

emission morphology depends 
on flux-tube orientation 

elongated structures

Lcoh ≳

D∥ D⊥ ≪ D∥

Lcoh
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CR transport around sources
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Nava & Gabici  2013 - 3D VS anisotropic prop. 



CR transport - TeV halos
highly turbulent region around 
some PSR 

- filling factor? extension? 

- how many halos? 

anisotropic diffusion 

- need small  for spherical halo 

- chance? morphology? 

- look for features?   

self-generated turbulence?  

ψincl

D halo
(100TeV) ≈ 102

7 cm
2 /s

D ISM
(100TeV) ≈ 103

0 cm
2 /s

Martin et al.  202218
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CR transport on Galactic scales

On the origin of the spectral features 
observed in the cosmic ray

spectrum

JC – UniTo    08/02/2024

Sarah Recchia
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Global VS local CR transport Global VS local CR transport 

on large scales 3D isotropic diffusionon large scales 3D isotropic diffusion
large-scale Galactic B field 

 propagation on scales >>  [10s pc?] 

effective global diffusion? (B/C, …) 

some effect of anisotropic diffusion? 

Non-uniform transport in the Galaxy? 

Up to which distance from disk?

Lcoh

“gl
ob

al”
 pr

ob
e

Cerri et al. 2017 



… CR driving



CR-induced turbulence
CR GRADIENT CR CURRENT

transfer momentum to waves 

generate resonant Alfvén 
waves ( ) 

resonant streaming instability

k ∼ rL

Waves on scales  

grow to   

non-resonant streaming 
instability 

important for acceleration

≪ rL

k ∼ rL
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CR self-confinementCR self-confinement

decreasing CR density transfer momentum to
Alfvén waves

 Resonant streaming instability - resonant Alfvén waves

 suppressed diffusion coefficient – better confinement 

 CR density depend on escape time-radius (energy dependent)

 Nava+(2016, 2019)
 Recchia+(2021)

 13

CR self-confinementCR self-confinement

decreasing CR density transfer momentum to
Alfvén waves

 Resonant streaming instability - resonant Alfvén waves

 suppressed diffusion coefficient – better confinement 

 CR density depend on escape time-radius (energy dependent)

 Nava+(2016, 2019)
 Recchia+(2021)

more w
aves 

- more s
catter

ing

suppr
essed

 diffusi
on



CR-induced turbulence

… around sources
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OverviewOverview

 cosmic ray diffusion  – a brief recap
 cosmic rays escape from SNRs
 CRs self-confinement

 residence time
 gamma rays

self-confinement around 
sources (SNR, …PSRs?) 

suppressed diffusion 

longer residence time 

enhanced gamma-ray 
signals  

energy-dependent effect - 
spectra

 19

Suppression of diffusionSuppression of diffusion
10 GeV 1 TeV

Nava et al. 2016, 2019 D’Angelo et al. 2016 



CR-induced turbulence
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CR PROPAGATION : ISSUESCR PROPAGATION : ISSUES

CR DENSITY CR DENSITY 
GRADIENTGRADIENT

● Physical processes which determine D, u and H?Physical processes which determine D, u and H?

● CR gradient

● CR induced diffusion

● Advection with self-generated waves

● CR-driven large scale flows (WINDS)

● Free escape boundary? Size of the propagation region

… Galaxy
Self-generated diffusion 

may shape D(E) 

likely dominant up to 100s 
GeV

This can be considered as due to a fictitious power
spectrum Wb that is shown in Fig. 1 as a dotted line.
This trick turns out to be necessary only very close to the
disc where turbulence on small scales (resonant with CRs
with the energies we are interested in) do not have time to
develop through cascading. The relevant diffusion coef-
ficient as a function of particle momentum is shown in
Fig. 2 as dashed lines.
At this point, we introduce the contribution of self-

generated waves, as due to CR streaming. This phenome-
non adds to the nonlinearity of the problem, in that the
amount of waves produced by this phenomenon is related
to the number density and gradients of CRs, which are in
turn the result of the scattering of CRs on self-generated (or
preexisting) waves. The rate of self-generation and the rate
of CR injection by sources in the Galaxy are clearly related
to each other and need be calibrated to the observed
spectrum of CRs.
It is worth noticing that in the near-disc regions, where

the nonlinear cascade has no time to develop down to the
small scales resonant with CR energies, CR scattering is
fully determined by self-generated waves. In the distant
regions, depending on particle energy, self-generation and
nonlinear cascading compete with each other. This com-
petition results in breaks in the spectra of primary CRs, as a
result of both a complex power spectrum of the turbulence
and of the spatial dependence of the diffusion coefficient.
These effects are illustrated in Fig. 1 (solid lines), where
one can see that in the presence of self-generation the
power spectrum is enriched with power in the high k range,
with respect to the simple cascade from larger spatial
scales. In the near disc region (jzj≲ 0.2 kpc), virtually all
the power at the resonant scales with CRs in the energy
range below ∼TeV is due to self-generation.

In terms of CR transport, these effects are more clearly
visible in Fig. 2: only at very high energies, CR scattering is
due to Kolmogorov turbulence (solid and dashed lines
overlap), while at basically all distances from the disc
scattering is mainly due to self-generated waves for
E ≤ 1 TeV.
The spectrum of protons as calculated solving the set of

equations describing CR and wave transport together is
plotted in Fig. 3, as compared with data from PAMELA
[11], AMS-02 [12], and CREAM [27] at high energies and
Voyager 1 [28] at low energies.
The inset in the same figure shows the spatial depend-

ence of the solution for two values of energy (10 GeV and
10 TeV), compared with the linear decrease predicted in the
standard halo model with a halo size H ¼ 4 kpc.
In the range of energies 10≲ T ≲ 200 GeV=n, the self-

generation is so effective as to make the diffusion coef-
ficient have a steep energy dependence. As a consequence,
the injection spectrum that is needed to fit the data is
p2ΦðpÞ ∝ p−2.2, which is not far from what can be
accounted for in terms of DSA if the velocity of the
scattering centers is taken into account [29].
At lower energies, the CR transport becomes dominated

by advection with Alfvén waves. In this regime, advection
and ionization losses make the spectrum in the disc close to
the injection spectrum.
The CR acceleration efficiency in terms of protons that is

needed to ensure the level of wave excitation necessary to
explain observations is ϵCR ∼ 4%, in line with the standard
expectation of the so-called SNR paradigm.
Conclusions.—We use a numerical approach to the

solution of the transport equations for particles and
waves to show that the CR halo arises naturally from a

FIG. 2. Diffusion coefficient as a function of momentum for
different values of z.

FIG. 3. Spectrum of protons in the local ISM compared to
observational data. The spatial dependence of the CR distribution
function is shown in the inset for energies 10 GeV and 10 TeV.

PHYSICAL REVIEW LETTERS 121, 021102 (2018)

021102-4

Aloisio et al. 2015 

Evoli et al. 2018 



CR-induced turbulence
… Galaxy

self-generated diffusion 

coupling  CRs-ISM 

 

dynamical impact 

large-scale outflows - winds

WCR ≈ Wth ≈ WB ∼ 1 eV/cm−3
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WINDS IN GALAXIESWINDS IN GALAXIES

● AGN, Starburst Galaxies, ...

● Mass loss 

● Flow speed  

● Driven by        ,        ,       , ...

Ṁ≃MS / yr

u≃100km / s

PTH PRAD PCR

● Galactic evolution

● Star formation rate

● Chemistry of ISM and IGM

● Missing barions
Breischwerdt et al. 1991 

Recchia et al. 2016, 2017 



CR-induced turbulence

self-generated diffusion 

self-generated advection 

confinement around sources

CRs can largely affect their own transport

pro
pag

ati
on

 is
 no

n-
lin

ear

need to take such effects into account in order to understand 
data and observations…



… summary



summary

turbulence, turbulence, turbulence 

very difficult 

modeling/simulation 

probe in solar system 

… extend to ISM …

… CR propagation

B field, structures 

anisotropic transport 

global VS local probes 

… be careful to the 
information they carry  …

CR driving 

non-linearities 

both local & global scales

???


