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ASTROPHYSICAL OBJECTS


CRs & GALACTIC DYNAMICS


CR-excavated bubbles


CR feedback


MULTI-MESSENGER ASTRO


CRs and UHECRs


UHE -rays and neutrinos


EM counterparts of GW events

γ

PARTICLE ACCELERATION


Shocks


Magnetic reconnection


Turbulence


B-FIELD GENERATION


CR-driven instabilities


NON-THERMAL PLASMAS


Partially-ionized plasmas


CR viscosity



Magnetic Reconnection
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Living with a star

Dissipation of magnetic field loops on 
the Sun surface triggers solar flares 
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The coronal mass ejection 
reaches and shakes the Earth’s 
magnetosphere


Energetic particles produced in 
the magnetotail produce auroras 

Credits: NASA



Space Weather
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Aurorae (Northern/Southern lights)


Also seen from Intl. Space Station

http://www.esa.int/ESA_Multimedia/Videos/2017/09/Stunning_aurora_as_seen_from_the_Space_Station


Carrington Event
Most powerful geomagnetic storm recorded on September 1–2, 1859


Lots of aurorae, but wrought havoc with telegraph systems 


Such a solar storm today would cause widespread electrical disruptions, blackouts, and extended outages 


Some grid components are tailor made: outages may last months, affecting millions of people


In March 1989 a weaker geomagnetic storm knocked out power across large sections of Quebec


In 2012 a Carrington-like event missed the Earth by 9 days only!
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TURBULENCE



Reconnection  Turbulence⟺
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Explosive stage of acceleration (strong motional E), followed by 2nd-order Fermi processes


No universal predictions for spectra of accelerated particles (slope, maximum energy…)

Credits: L. Comisso & L. Sironi



SHOCK ACCELERATION



Fermi mechanism (Fermi, 1949): random elastic collisions lead to energy gain


In shocks, particles gain energy at any interaction (Krymskii77; Blandford & Ostriker; Bell; Axford+78)


DSA produces power-laws , depending on the compression ratio  only.


For strong shocks (Mach number ):   and 

N(p) ∝ 4πp2p−α R = ρd /ρu

Ms = Vsh/cs ≫ 1 R = 4 α = 4

A universal acceleration mechanism
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Diffusive Shock Acceleration (DSA)
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flows



DSA: Like playing ping pong (without friction!)
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Bell 1978: Let’s start with  particles with energy , and a process where at each iteration


 is the energy gain and  is the probability of remaining in the accelerator 


After  steps: we have  particles with energy , i.e.,: 


DSA returns energy power-law , function of the compression ratio  only.


In momentum (relativistically covariant), , with 


For any strong shock: Mach number  and spectra are  or

N0 E0

G P

k Nk = PkN0 Ek = GkE0

f(E) ∝ E−qE R

f(p) ∝ 4πp2p−q q =
3R

R − 1

M =
vsh

cs
≫ 1 → R = 4 f(p) ∝ p−4

A Universal Acceleration Mechanism

13

dNk

dE
= N0 ( Ek

E0 )
−qE

; qE = 1 −
log P
log G P ≃ 1 −

4u2

c

G ≃ 1 +
4
3

u1 − u2

c qE ≃
R + 2
R − 1
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f(E) ∝ E−2 (for relativistic particles)



Astroplasmas from first principles

Full-PIC approach                                            


Define electromagnetic fields on a grid


Move particles via Lorentz force


Evolve fields via Maxwell equations


Computationally very challenging!


Hybrid approach: Fluid electrons - Kinetic protons                                
(Winske & Omidi; Burgess et al., Lipatov 2002; Giacalone et al. 
1993,1997,2004-2013; DC & Spitkovsky 2013-2015, Haggerty & DC 2019-2022)


massless electrons for more macroscopical time/length scales
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Hybrid Simulations of Collisionless Shocks
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Upstream Flow


DENSITY + PARTICLES

Out of plane B FIELD
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Shock propagation


Initial B field

 dHybrid code (Gargaté+07; Caprioli-Spitkovsky13-18), now dHybridR (+relativity; Haggerty & Caprioli 2019)



CR-driven Magnetic-Field Amplification
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DC & Spitkovsky, 2013

Initial B field

Ms=MA=30
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Supra-thermal “bump”

Non-thermal tail

Shock 
inclination
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B-field amplification



Ion DSA at the Earth Bow Shock
MMS confirms that DSA is efficient at quasi-parallel shocks (Johlander, Caprioli+21)
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Magnetospheric Multiscale Mission



Oblique Shocks
Oblique shocks are good accelerators but bad ion 
injectors (Jokipii82, Giacalone+00, Giacalone05, Caprioli+15)


Is there a critical magnetization ( ) below  
which  becomes irrelevant?


No evidence in 2D hybrid sims w/o CR or B seeds


Sironi+11 found  for PIC relativistic shocks

∝ 1/M2
A

ϑ

M*A ≳ 30
19
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Oblique Shocks: B-Field Amplification
2D/3D simulations of a shock with  (Orusa & Caprioli 2023)MA = 100, θBn = 80∘
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2D out of plane

2D in plane

3D

Free energy in interpenetrating ion beams


1D: simple compression (MHD)


2D out-of-plane B: ~ compression


2D in-plane B:  at the shock


3D:  at the shock, but also 
 upstream


Dimensionality matters! Why?


Importance of vorticity and baroclinity 


Biermann battery/turbulent B amplification


δB/B0 ≲ 40

δB/B0 ≲ 40
δB/B0 ≫ 1

∇p × ∇ρ3D



Oblique Shocks: Ion Acceleration
Self-generated B turbulence solves the injection problem!
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3D geometry unlocks cross-field 
diffusion / B-field line wandering


Supra-thermal Ions can diffuse 
back from downstream 


and develop a non-thermal tail


Orusa & Caprioli 2023Sometimes 3D matters!



COSMIC RAY PHENOMENOLOGY



1911-12: D. Pacini and V. Hess 
discover an extraterrestrial 
source of ionization


1932: A. Piccard reaches the 
stratosphere (in a pressurized 
aluminum gondola attached 
to a ballon) to measure CRs!


1940: B. Rossi and P. Auger 
measure Extensive Air 
Showers up to ~105 GeV

V. Hess, 1912

The Dawn of Cosmic Ray Physics
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A. Piccard, 1932



1930: B. Rossi predicts the East-West effect 


1932: A. Piccard reaches the stratosphere (in a 
pressurized aluminum gondola attached to a 
ballon) to measure CRs!


1940: B. Rossi and P. Auger measure Extensive 
Air Showers up to ~105 GeV

What are CRs?
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J. Jeans: produced 
in star interiors


R. Millikan: ”Cosmic 
Rays” are the “birth 
cry” of new atoms 
being created to 
withstand entropy


A. Compton: CRs 
charged particles

Modern Mechanics (1932)



1930: B. Rossi predicts the East-West effect 


1932: C. Anderson discovers the positron in CRs


1934: B. Rossi notices multiple correlated 
triggers at large distances: extensive showers!  


1937: S. Neddermeyer and C. Anderson 
discover the muon


1939: P. Auger: showers up to ~105 GeV


…


1962: J. Linsley and L. Scarsi: ultra-high-energy 
CRs up to ~109 GeV

Modern CR History
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B. Rossi

C. Anderson

P. Auger



The CR spectrum at Earth

~E-2.7

26Credit: C. Evoli



Solar Modulation
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Below ~10 GeV: solar modulation 
observed via neutron monitors over 50yr


Charge-dependent anticorrelation with 
Sun activity



Cosmic Rays: Hunt for Sources

28

~E-2.7

Galactic Extra-Gal 

Remarkable power-law (plus “leg” features)


Hillas Criterion



SNR Paradigm for Galactic Cosmic Rays

29

Galactic 



SNR paradigm: energetics
Baade-Zwicky (1934) energetic argument, updated

€ 

εCR = 0.5eVcm−3

€ 

LCR ≈  WCR

τ conf

 ≈  5 ×  1040  erg s-1

€ 

LSN =  RSN Ekin  ≈  3×  1041 erg s-1
SN in NGC4526

~10% of SN ejecta kinetic energy converted into 
CRs can account for the energetics

€ 

Vconf =  π R2 h =  2 ×  1067  cm3

€ 

WCR =  εCR Vconf  ≈  2 ×1055  erg

30



Evidence of magnetic field amplification

Narrow (non-thermal) X-ray rims due to 
synchrotron losses of multi-TeV electrons...


...in fields as large as B∼100-500μG
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Fig. 9. Projected X-ray emission at 1 keV. The Chandra data points are
from Cassam-Chenaı̈ et al. (2007) (see their Fig. 15). The solid line
shows the projected radial profile of synchrotron emission convolved
with the Chandra point spread function (assumed to be 0.5 arcsec).

indicates the synchrotron emission alone and the solid line cor-
responds to the sum of synchrotron plus thermal bremsstrahlung.

The electron temperature in the downstream, calculated tak-
ing into account only the heating due to Coulomb collisions with
protons (Fig. 3), results in a bremsstrahlung emission peaked
around 1.2 keV which, at its maximum, contributes for about
the 6 per cent of the total X-ray continuum emission only, in
agreement with the findings of Cassam-Chenaı̈ et al. (2007).

In the same energy range there is however a non-negligible
contribution from several emission lines, which becomes more
and more important moving inwards from the FS, where the X-
ray emission is mainly non-thermal (Warren et al., 2005). A de-
tailed model of the line forest is, however, beyond the main goal
of this paper.

The projected X-ray emission profile, computed at 1 keV, is
shown in Fig. 9, where it is compared with the Chandra data in
the region that Cassam-Chenaı̈ et al. (2007) call region W. The
solid curve represents the resulting radial profile, already con-
voluted with the Chandra PSF of about 0.5 arcsec, and shows a
remarkable agreement with the data. As widely stated above, the
sharp decrease of the emission behind the FS is due to the rapid
synchrotron losses of the electrons in a magnetic field as large
as ∼ 300µG. In Fig. 9 we also plot the radial radio profile com-
puted without magnetic damping (dashed line); since the typical
damping length-scale is ∼ 3 pc, it is clear that the non-linear
Landau damping can not contribute to the determination of the
filament thickness.

It is worth stressing that the actual amplitude of the mag-
netic field we adopt is not determined to fit the X-ray rim profile,
but it is rather a secondary output, due to our modelling of the
streaming instability, of our tuning the injection efficiency and
the ISM density in order to fit the observed gamma-ray emis-
sion (see the discussion in §3). We in fact checked a posteriori
whether the corresponding profile of the synchrotron emission
(which, in shape, is also independent on Kep), were able to ac-
count for the thickness of the X-ray rims and for the radio profile
as well.

8 10 12 14 16 18 20
10.0

10.5

11.0

11.5

12.0

12.5

13.0

13.5

Log$Ν% "Hz#

Lo
g$
Ν
F Ν
%
"J

y
H

z#

Fig. 10. Synchrotron emission calculated by assuming constant down-
stream magnetic field equal to 100 (dotted line), 200 (dashed line) and
300 µG (solid line). The normalization of the electron spectrum is taken
to be Kep = 1.6 × 10−3 for all the curves.

4.3. Radio to X-ray fitting as a hint of magnetic field
amplification

Another very interesting property of the synchrotron emission is
that a simultaneous fit of both radio and X-ray data may provide
a downstream magnetic field estimate independent of the one
deduced by the rims’ thickness.

In fact, assuming Bohm diffusion, the position of the cut-off
frequency observed in the X-ray band turns out to be indepen-
dent of the magnetic field strength, actually depending on the
shock velocity only.

On the other hand, if the magnetic field is large enough to
make synchrotron losses dominate on ICS and adiabatic ones,
the total X-ray flux in the cut-off region depends only on the
electron density, in turn fixing the value of Kep independently
of the magnetic field strength. Moreover, radio data suggest the
slope of the electron spectrum to be equal to 2.2 at low energies,
namely below Eroll $ 200 GeV. Above this energy the spectral
slope has in fact to be 3.2 up to the cut-off determined by setting
the acceleration time equal to the loss time, as discussed in §2.5.

In Fig. 10 we plot the synchrotron emission from the down-
stream, assuming a given magnetic field at the shock and ne-
glecting all the effects induced by damping and adiabatic expan-
sion. The three curves correspond to different values of B2 =
100, 200 and 300µG, while the normalization factor Kep is cho-
sen by fitting the X-ray cut-off and it is therefore the same for all
curves. As it is clear from the figure, in order to fit the radio data
the magnetic field at the shock has to be >∼ 200µG, even in the
most optimistic hypothesis of absence of any damping mecha-
nism acting in the downstream.

As a matter of fact, synchrotron emission alone can provide
an evidence of ongoing magnetic field amplification, indepen-
dently of any other evidence related to X-ray rims’ thickness or
emission variability. Such an analysis is in principle viable for
any SNR detected in the non-thermal X-rays for which it is also
possible to infer the spectral slope of the electron spectrum from
the radio data, only requiring radio and X-ray emissions to come
from the same volume and therefore from the same population
of electrons.
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Fig. 9. Projected X-ray emission at 1 keV. The Chandra data points are
from Cassam-Chenaı̈ et al. (2007) (see their Fig. 15). The solid line
shows the projected radial profile of synchrotron emission convolved
with the Chandra point spread function (assumed to be 0.5 arcsec).

indicates the synchrotron emission alone and the solid line cor-
responds to the sum of synchrotron plus thermal bremsstrahlung.

The electron temperature in the downstream, calculated tak-
ing into account only the heating due to Coulomb collisions with
protons (Fig. 3), results in a bremsstrahlung emission peaked
around 1.2 keV which, at its maximum, contributes for about
the 6 per cent of the total X-ray continuum emission only, in
agreement with the findings of Cassam-Chenaı̈ et al. (2007).

In the same energy range there is however a non-negligible
contribution from several emission lines, which becomes more
and more important moving inwards from the FS, where the X-
ray emission is mainly non-thermal (Warren et al., 2005). A de-
tailed model of the line forest is, however, beyond the main goal
of this paper.

The projected X-ray emission profile, computed at 1 keV, is
shown in Fig. 9, where it is compared with the Chandra data in
the region that Cassam-Chenaı̈ et al. (2007) call region W. The
solid curve represents the resulting radial profile, already con-
voluted with the Chandra PSF of about 0.5 arcsec, and shows a
remarkable agreement with the data. As widely stated above, the
sharp decrease of the emission behind the FS is due to the rapid
synchrotron losses of the electrons in a magnetic field as large
as ∼ 300µG. In Fig. 9 we also plot the radial radio profile com-
puted without magnetic damping (dashed line); since the typical
damping length-scale is ∼ 3 pc, it is clear that the non-linear
Landau damping can not contribute to the determination of the
filament thickness.

It is worth stressing that the actual amplitude of the mag-
netic field we adopt is not determined to fit the X-ray rim profile,
but it is rather a secondary output, due to our modelling of the
streaming instability, of our tuning the injection efficiency and
the ISM density in order to fit the observed gamma-ray emis-
sion (see the discussion in §3). We in fact checked a posteriori
whether the corresponding profile of the synchrotron emission
(which, in shape, is also independent on Kep), were able to ac-
count for the thickness of the X-ray rims and for the radio profile
as well.
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stream magnetic field equal to 100 (dotted line), 200 (dashed line) and
300 µG (solid line). The normalization of the electron spectrum is taken
to be Kep = 1.6 × 10−3 for all the curves.

4.3. Radio to X-ray fitting as a hint of magnetic field
amplification

Another very interesting property of the synchrotron emission is
that a simultaneous fit of both radio and X-ray data may provide
a downstream magnetic field estimate independent of the one
deduced by the rims’ thickness.

In fact, assuming Bohm diffusion, the position of the cut-off
frequency observed in the X-ray band turns out to be indepen-
dent of the magnetic field strength, actually depending on the
shock velocity only.

On the other hand, if the magnetic field is large enough to
make synchrotron losses dominate on ICS and adiabatic ones,
the total X-ray flux in the cut-off region depends only on the
electron density, in turn fixing the value of Kep independently
of the magnetic field strength. Moreover, radio data suggest the
slope of the electron spectrum to be equal to 2.2 at low energies,
namely below Eroll $ 200 GeV. Above this energy the spectral
slope has in fact to be 3.2 up to the cut-off determined by setting
the acceleration time equal to the loss time, as discussed in §2.5.

In Fig. 10 we plot the synchrotron emission from the down-
stream, assuming a given magnetic field at the shock and ne-
glecting all the effects induced by damping and adiabatic expan-
sion. The three curves correspond to different values of B2 =
100, 200 and 300µG, while the normalization factor Kep is cho-
sen by fitting the X-ray cut-off and it is therefore the same for all
curves. As it is clear from the figure, in order to fit the radio data
the magnetic field at the shock has to be >∼ 200µG, even in the
most optimistic hypothesis of absence of any damping mecha-
nism acting in the downstream.

As a matter of fact, synchrotron emission alone can provide
an evidence of ongoing magnetic field amplification, indepen-
dently of any other evidence related to X-ray rims’ thickness or
emission variability. Such an analysis is in principle viable for
any SNR detected in the non-thermal X-rays for which it is also
possible to infer the spectral slope of the electron spectrum from
the radio data, only requiring radio and X-ray emissions to come
from the same volume and therefore from the same population
of electrons.
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~0.02 pc

Völk et al, 2005…;

Warren et al, 2005;


Uchiyama et al. 2007;

Cassam-Chenaï et al. 2008;


Morlino & Caprioli 2012;

Slane et al. 2014;


Ressler et al. 2014;


Tycho



Tycho: a clear-cut hadronic accelerator

Proton acceleration efficiency ~10%


Electron/proton ratio Kep~ 3x10-3


Protons up to ~0.5 PeV
32
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Fig. 6. Spatially integrated spectral energy distribution of Tycho. The curves show synchrotron emission, thermal electron bremsstrahlung and pion
decay as calculated within our model (see text for details). The experimental data are, respectivley: radio from Reynolds & Ellison (1992); X-rays
from Suzaku (courtesy of Toru Tamagawa) , GeV gamma-rays from Fermi-LAT (Giordano et al., 2011) and TeV gamma-rays from VERITAS
(Acciari et al., 2011). Both Fermi-LAT and VERITAS data include only statistical error at 1 σ.

spherical symmetry, which is somehow expected just because
the northeastern region is brighter than the rest of the remnant.

Another subtle but interesting difference is that the emis-
sion peaks slightly more inwards than in our model; as a con-
sequence, also the emission detected in the region 0.6 <∼ r/Rsh <∼
0.8 is found to be a bit larger than the theoretical prediction.
This difference might have different explanations. The most ob-
vious, and already mentioned, is the possible deviation from the
spherical symmetry. Another possibility is given by placing the
CD in a different position: if one assumed the CD to be located
closer to the center (i.e. if one took the CD/FS ratio to be a few
per cent smaller), the theoretical prediction would nicely fit the
data. However, we can not forget that this explanation would be
at odds with the findings of Warren et al. (2005), who estimated
the position of the CD to be more towards the forward shock,
namely around 0.93Rsh.

A final comment on the radio profile concerns the effects of
the non-linear Landau damping in the determination of the mag-
netic field relevant for the synchrotron emission. If we neglected
the damping, the magnetic field strength in the downstream (dot-
ted line in Fig. 5) would lead to a total radio flux larger by a fac-
tor 50 per cent or more with respect to the data, even if the radial
radio profile would retain a rather similar shape.
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Fig. 8. X-ray emission due to synchrotron (dashed line) and to syn-
chrotron plus thermal bremsstrahlung (solid line). Data from the Suzaku
telescope (courtesy of Toru Tamagawa).

4.2. X-ray emission

As it is clear from Fig. 6, the synchrotron emission spans from
the radio to the X-ray band, where it sums up with the emission
due to thermal bremsstrahlung.

The best-fitting to the X-ray continuum observed by Suzaku
data is illustrated in greater detail in Fig. 8, where the dashed line
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Fig. 11. Gamma-ray emission observed by Fermi-LAT and by VERITAS compared with spectral energy distribution produced by pion decay (dot-
dashed line), relativistic bremsstrahlung (dot-dot-dashed) and ICS computed for three different photon fields: CMB (dashed), Galactic background
(dotted) and IR photons produced by local warm dust (solid). The thick solid line is the sum of all the contributions. Both Fermi-LAT and
VERITAS data points include only statistical errors at 1σ. For VERITAS data the systematic error is found to be ∼ 30% (Acciari et al., 2011),
while for Fermi-LAT the systematic uncertainties are comparable or even larger than the statistical error especially for the lowest energy bins due
to difficulties in evaluating the galactic background (see Fig. 3 in Giordano et al., 2011, and the related discussion).

background, we are left with ICS on the IR background due to
local dust as the only viable candidate. However, as predicted
by standard ICS theory and as showed in Fig. 11, the expected
photon spectrum below the cut-off is typically flatter than par-
ent electrons’ one, and more precisely is ∝ ν−1.6 for an electron
spectrum ∝ E−2.2, clearly at odds with Fermi-LAT data in the
GeV range.

Another point worth noticing is that the ICS on the CMB
radiation is sensitive to the steepening of the total electron spec-
trum above ∼100 GeV (Fig. 4) due to the synchrotron losses
particles undergo while being advected downstream, while for
the ICS on the IR+optical background the onset of the Klein-
Nishina regime (above Ee ≈ 7 TeV for photons of 1 eV) does
not allow us to probe significantly the steep region of the elec-
tron spectrum.

In other words, ICS on the CMB radiation is too low and
cannot be boosted by invoking a larger electron density, while
ICS on IR and/or optical background, which might as well be
locally enhanced with respect to the mean Galactic value, cannot
provide a spectral slope in agreement with both Fermi-LAT and
VERITAS data.

We are therefore forced to conclude that the present multi-
wavelength analysis of Tycho’s emission represents the best ev-

idence of the fact that SNRs do accelerate protons, at least up to
energies of about 500 TeV. The proton acceleration efficiency is
found to be ∼ 0.06ρ0V2

sh, corresponding to converting in CRs
a fraction of about 12 per cent of the kinetic energy density
1
2ρ0V3

sh. As estimated for instance in §3 of the review by Hillas
(2005), such a value is consistent with the hypothesis that SNRs
are the sources of Galactic CRs, provided that the residence time
in the Milky Way scales with ∼ E−1/3.

It is important to remember that the actual CRs produced by
a single SNR is given by the convolution over time of different
contributions with non trivial spectra, and namely the flux of
particle escaping the remnant from upstream during the Sedov-
Taylor stages and the bulk of particles released in the ISM at the
SNR’s death (Caprioli, Blasi & Amato, 2009; Caprioli, Amato
& Blasi, 2010a). In this respect, the instantaneous spectrum of
accelerated particles in Tycho, which is inferred to be as steep
as ∝ E−2.2, provides a hint of the fact that SNRs can indeed
produce rather steep CR spectra as required to account for the
∝ E−2.7 diffuse spectrum of Galactic CRs (Caprioli, 2011b).
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Synchrotron

Type Ia SN

ESN=1051erg

Age=451yr


Distance~3kpc

Thermal 

Bremsstrahlung



The Knee

Chemical composition heavier at ~1 PeV


Steepening due to convolution of exp cutoffs!

33



Extra-galactic (Ultra-High Energy CRs)

34

~E-2.7

Extra-Gal 

Remarkable power-law (plus “leg” features)


Hillas Criterion



Extensive Air Showers

35

Indirect detection of CRs above hundreds of TeV



Interactions with the CMB radiation
Photo-pair and photo-pion production 


Photo-pion has both a larger threshold and a larger inelasticity


The flux of UHECR protons above 5x1019eV is suppressed (Greisen 
1966; Zatsepin & Kuz’min, 1966): GZK cut-off at ~100Mpc 

3630



Variance in Xmax at a given E better indicator of the average chem. comp.


Composition becomes heavier at higher E!


Implications for cut-off: no photo-pion, but photo-disintegration of Fe nuclei!


Surprisingly, attenuation lengths turn out to be comparable ~100Mpc

UHECR (heavier and heavier) composition
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THE ROLE OF CRs IN THE GALAXY:

 Self-confinement



Secondary elements (e.g. Boron) produced via spallation in the Milky Way


B/C , the Galactic residence time (also radioactive isotopes: Be10/Be9, with TBe10~1.4Myr )


Grammage needed:


For leptons


Propagation steepens the injection spectrum  to


 for hadrons


 for electrons

∝ Tres

E−γ

∝ E−γ−δ ∼ E−2.7

∝ E−γ−1 ∼ E−3

Propagation of Galactic CRs
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DIFFUSIVE PROPAGATION!

Tres >> Tcross~kpc/c

PAMELA 2014


Tres(E)~E-𝜹

h⌅i = 4g/cm2
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Energy Partition in the Galaxy

40M31 (by D.Dayag)

Pcr ∼ PB ∼ Pgas

Close to CR sources:

Pcr > PB, Pgas



Evidence of CR “Spheres of Influence”

41

Supernova Remnants (SNRs) 
Casanova+10, Hanabata+14,…

W28

Pulsar Wind Nebulae (PWNe)
HAWC 18, …

Geminga

Stellar Clusters
Ohm+13, Aharonian+19, …

Cygnus Loop

TeV haloes 50-100 pc wide are ubiquitous around CR sources. Why?


They require a diffusion coefficient ~100x smaller than the Galactic one



Controlled Simulations of CR-driven Instabilities
Hybrid sims in periodic boxes in the Bell regime (e.g., Haggerty, Zweibel & Caprioli 2019)

42Zacharegkas, Caprioli & Haggerty 2021

Jcr

Note the 
large  
at saturation

δB/B0

Can also be 
driven by 
leptons! 
(Gupta, 

Caprioli & 
Haggerty 

2021)



Global Hybrid Simulations of CR Escape
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CR source (e.g., SNR)

B0

CR bubble

Self-generated turbulence

~50pc

Code units Code units Code units

Schroer, Caprioli et al 2021 

nCR ngas B⊥



THE ROLE OF CRs IN THE GALAXY:

 Self-generated diffusion



Galaxy Simulations with Self-reduced CR Diffusion

5 kpc
fg0.4-noCR

fg0.4-const∑

fg0.4-supp∑

100 101 102 103

ßg (MØ pc°2)
10°2 10°1 100

ß̇? (MØ yr°1 kpc°2)
10°3 10°1 101 103

Pturb (eV cm°3)
10°3 10°1 101 103

Pcr (eV cm°3)
0.00 0.25 0.50 0.75 1.00

Pcr/Ptot

Self-regulated 
diffusion in star-
forming regions 
suppresses the 

formation of 
massive gaseous 

clumps and returns 
spirals and -ray 

emission consistent 
with observations

γ
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No CRs

Constant Diffusion

Self-regulated Diffusion

Semenov, Kravtsov, DC 21



Punch Line

46

CR pressureGas pressure

Gas pressure
SFRDensity

CRs do have a dynamical 
role in sculpting galaxies.


Microphysical (plasma) 
processes can affect the 

largest scale.

They need to be 

modeled accurately from 
first principles

Semenov, Kravtsov, Caprioli 21

No CRs

Self-regulated Diffusion



Outstanding Problems in Plasma Astrophysics

Space Weather: ability to predict solar storms


Acceleration of electrons in shocks


Why the electron/proton ratio in CRs is ?


CRs self-confinement


Maximum energy achievable; Haloes around sources


CR transport in the Galaxy  Galactic turbulence


What is the dynamical role of CRs/B fields in galaxy formation and evolution?


ISM heating, wind launching, stellar feedback,…


Multi-messenger astrophysics (UHE neutrinos, UHECRs, EM transients, …)


What are the sources of UHECRs?

∼ 10−3

⟺
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