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The SNR paradigm for the origin of CRs

Energetics: ~10% of SN kinetic energy can 
account for Galactic CRs (Baade-Zwicky34)


Mechanism: Fermi acceleration at SNR 
shocks is first-order and produces power-
laws. Diffusive Shock Acceleration (DSA) 
(Krimskii77,Axford+78,Bell78,Blandford-Ostriker78)


Evidence of B field amplification: self-
generated scattering enhances the 
energization rate (e.g., Bamba+05, Völk+05, 
Parizot+06, Morlino+12, Ressler+14, etc)

SN in NGC4526
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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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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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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.

11

~0.02 pc
Tycho



Rsub < 4

Rtot > 4

Non-Linear Diffusive Shock Acceleration

DSA yields momentum power laws 


The slope  depends only on the shock compression


The CR pressure makes the adiabatic index  smaller 
and induces a shock precursor


Particles “feel” different compression ratios:   spectra 
should become concave


If acceleration is efficient, high-energy particles feel 
 and their spectra must be flat, i.e., q < 4

f(p) ∝ 4πp2p−q

q

γ

Rtot > 4

3

u2

u1

R = 4

p

p4
f(

p)

q =
3R

R − 1
; R =

γ + 1
γ − 1

≃ 4; → q = 4 for strong shocks

(e.g., Jones-Ellison91, Malkov-Drury01 for reviews)



Theory vs Observations

Efficient DSA should return:


Compression ratios ;


CR spectra flatter than  (flatter than  for relativistic particles)


Observations, instead, point to significantly steeper spectra:


Hadronic -rays from historical and middle-age SNRs:  (e.g., Caprioli11,12; Aharonian+19);


Synchrotron emission from radio SNe:  (e.g., Chevalier-Fransson06, Bell+11);


Propagation of Galactic CRs suggests source spectra with  (e.g., Blasi-Amato11a,b; Evoli+19).

R > 4

p−4 E−2

γ q ∼ 4.3 − 4.7

q ∼ 5

q ∼ 4.3 − 4.4
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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…)


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


Initial B field

 dHybridR code (+relativity; Haggerty-Caprioli19)



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

Initial B field

Ms=MA=30



DSA Efficiency

B amplification and 
ion acceleration 

where the shock is 
parallel

8

X-ray emission:

red=thermal


white=synchrotron

Simulations of ion acceleration at shocks: DSA efficiency 17

ϑ = 0deg

Bz/B0

ϑ = 45deg

Bz/B0

ϑ = 80deg

Bz/B0

Figure 13. Self-generated component of the magnetic field, Bz , in units of the initial field B0, which lies in the xy-plane; the three panels
correspond to t = 200ω−1

c for different 3D simulations (section 8) with inclinations ϑ = 0, 45, 80 deg (top to bottom). The iso-volume
rendering shows 10 levels of −1 ≤ Bz ≤ 1, with the respective color code in the legends. The shock position is marked by a plane of
enhanced magnetic field, around x = 600c/ωp. The amount of magnetic field amplification is very different in the parallel case, where in
the upstream there are several regions with Bz ≈ B0, and the quasi-perpendicular case, where in the upstream Bz ! 0.1B0. Also, the
magnetic field exhibits large-scale turbulent structures (both upstream and downstream) for ϑ = 0deg, while it is mainly along By for
ϑ = 80deg. The ϑ = 45 deg case shows intermediate properties. A color figure is available in the online journal.

𝜗=80o

Self-generated B

Simulations of ion acceleration at shocks: DSA efficiency 17

ϑ = 0deg

Bz/B0

ϑ = 45deg

Bz/B0

ϑ = 80deg

Bz/B0

Figure 13. Self-generated component of the magnetic field, Bz , in units of the initial field B0, which lies in the xy-plane; the three panels
correspond to t = 200ω−1
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rendering shows 10 levels of −1 ≤ Bz ≤ 1, with the respective color code in the legends. The shock position is marked by a plane of
enhanced magnetic field, around x = 600c/ωp. The amount of magnetic field amplification is very different in the parallel case, where in
the upstream there are several regions with Bz ≈ B0, and the quasi-perpendicular case, where in the upstream Bz ! 0.1B0. Also, the
magnetic field exhibits large-scale turbulent structures (both upstream and downstream) for ϑ = 0deg, while it is mainly along By for
ϑ = 80deg. The ϑ = 45 deg case shows intermediate properties. A color figure is available in the online journal.
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magnetic field exhibits large-scale turbulent structures (both upstream and downstream) for ϑ = 0deg, while it is mainly along By for
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Acceleration 
depends on the 
shock inclination

– 27 –

(a) Magnetic vectors

(b) Radial and fixed angle distributions

Fig. 7.— (a) Magnetic field orientation with respect to polar angle (polar-referenced angle).

The center of the polar coordinate system used to define the polar angle (local radial direc-

tion) is marked by a yellow cross at the center of SN 1006. The color scheme of the legend

is cyclic; blue represents both 90◦ and −90◦. A positive polar-referenced angle indicates a

counter-clockwise angular difference between magnetic vectors displayed in Fig. 3 and the

polar angle. (b) Magnetic field orientation with respect to the Galactic Plane and polar

angle. Red pixels are for vectors at a fixed angle of 60◦ (the direction of the Galactic Plane),

while green indicates vectors that are locally radial. In both cases, a tolerance of ±14◦ is

– 24 –

Fig. 4.— Fractional polarization p of SN 1006 at 1.4 GHz. The resolution is 10 arcsecs. The

color scale is shown at the right. Only pixels where p was at least twice its error were kept.

Reynoso+13

B0

ϑ

SN1006



CR-modified Shocks: Enhanced compression!
Hybrid simulations (Haggerty-Caprioli20)


Efficiency at parallel shocks


Formation of upstream precursor


R increases with time, up to 


 inferred in Tycho (Warren+05). In SN1006: , modulated with the azimuth/
shock inclination (Giuffrida+21)


If 


Tycho: radio to -ray observations:

≲ 15 %

∼ 6

R ∼ 6 − 7 R ∼ 4 − 7

R ≃ 7 → qexpected ≃ 3.5

γ

9

M=20

qinferred ≃ 4.3

A challenge to DSA theory!



The Role of Amplified Magnetic Fields

CRs feel an effective compression                                                  


We can measure both  and the effective CR speed 


Upstream:


Downstream:


B fields (and hence CRs) drift downstream with respect to the thermal gas


First evidence of the formation of a postcursor


CRs feel a compression ratio smaller than the gas

w ⟨vcr⟩

10

Rcr =
u1 + w1

u2 + w2
;

w1 ≃ − vA,1(δB1) ≪ u1

⟨vcr⟩ ≃ w2 ≃ + vA,2(δB2) ≡ α u2

w = wave speed ≈ vA =
B

4πρ

Rcr ≃
u1

u2(1 + α)
< Rgas

u2

u1

w1w2

Haggerty-Caprioli20



With the effective compression felt by CRs                                                                                                   





CRs feel : the power-law index is 
not universal, but depends on B field


Ab-initio explanation for the steep spectra 
observed in SNRs, radio SNe, CRs…


Diesing-Caprioli21; See also R. Diesing’s talk


In a multi-wavelength fit B strength and 
particle slope are not independent!

q =
3Rcr

Rcr − 1
=

3Rgas

Rgas − 1 − α
> qDSA

Rcr < Rgas

11

Caprioli, Haggerty & Blasi 2020

Old DSA prediction

Revised prediction

A Revised Theory of Diffusive Shock Acceleration



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
12

Btot/B0(t = 200ω−1
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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

Magnetic field generation:


1D: simple compression (MHD)


2D out-of-plane : ~ compression


2D in-plane :  at the shock


3D:  at the shock, but also 
 upstream


Dimensionality matters! Why?


Turbulence is different in 3D…


B0

B0 δB/B0 ≲ 40

δB/B0 ≲ 40
δB/B0 ≫ 1

3D



Oblique Shocks: Ion Acceleration
Self-generated turbulence solves the injection problem!

14

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 2023



Oblique Shocks: Shock Drift Acceleration

Particle tracking reveals that ions gain energy 
via shock drift acceleration


Acceleration efficient ( ) and very fast!


There is maximum energy achievable via SDA


Slope and maximum energy depend on 

≳ 15 %

MA
15
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Orusa & Caprioli 2023

Emax ∝ t2



Implications for SNRs (e.g., SN1006)
Investigate dependence on  and  (w. Orusa, Simon, in prog.)


Preliminary: allows injection also for oblique shocks with 


consistent with the compressions inferred in SN1006 (Giuffrida+21)


SDA energy gain is limited ( ), then ions escape upstream


They have hard time driving Bell instability, so no DSA


See E. Simon’s talk tomorrow


SDA is very fast: 


A  km/s can make ~GeV particles in  1 day


Explains azimuthally symmetric radio emission from SN1006


But is intrinsically limited to relatively small 


Explains lack of X-ray synch and TeV emission

θBn MA

45∘ < θBn < 65∘

∝ MA

Emax ∝ t2

vsh ≃ 3,000 ≲

Emax(θBn)

16

X-rays

Radio



Particle acceleration is generally efficient in SNR shocks 


Q-parallel: DSA is efficient ( )


Efficient B amplification via Bell’s instability (Caprioli-Spitkovsky14a,b,c)


Slope not universal! Steeper than , depends on B (Caprioli+20, Diesing & Caprioli 21)


 determined by the time it takes to grow B (Simon’s talk, in prog.)


Q-perpendicular: SDA efficient if ; no injection problem (Orusa & Caprioli+20)


Slope not universal! Steep, but  for 


Generally limited to  (Orusa & Caprioli, in prog.)


Use shock acceleration theory to interpret SNR multi-wavelength emission!

≳ 10 %

E−2

Emax

MA ≳ 30

→ E−2 MA ≳ 100

Emax ≲ 10 GeV

TAKE-AWAY MESSAGES



Thank you!
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