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WHY IS ESCAPE FROM AN ACCELERATOR IMPORTANT? 
 The spectrum of accelerated particles that escape a source (“source term”) — Generally different from the spectrum at the 
acceleration site  

 The CR energy density around the source is bound to be >> ISM, — dynamical effects on the environment should be 
expected 

 Large gradients of density of charged particles, to be expected near sources, correspond to electric currents, which can 
produce instabilities, which in turn change the way particles move around  

 Escape is what defines the “boundary conditions” of an acceleration or transport problem, which are usually imposed by 
hand 

 I will discuss here three instances: 

 supernova remnants 

 pulsar wind nebulae 

 the entire Galaxy (or an entire galaxy) as a source of non thermal particles
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SUPERNOVA REMNANTS 
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A QUICK LOOK AT INSIDE THE ACCELERATOR FIRST
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One of the best studied processes of particle acceleration, at work in a variety of astrophysical 
sources, is DIFFUSIVE SHOCK ACCELERATION (DSA)
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Each shock crossing guarantees that particles gain energy 
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The spectrum of accelerated particles is a power law only dependent 
upon the compression factor at the shock 

The process of diffusion provides near isotropization of the distribution of 
accelerated particles around the shock 

…but it also determines how many times the particles can cross the 
shock front —> Emax 

From the microphysics point of view diffusion reflects resonant 
interactions between charged particles and plasma waves



MAXIMUM ENERGY

 The maximum energy reached at a shock, for instance in supernova explosions, becomes 
interesting only if instabilities are excited that increase the level of turbulence UPSTREAM of 
the shock 

 The accelerated particles are the only agents able to reach the upstream region of a shock, 
hence they must excite such instabilities 

 The relevant instability is due to the streaming of accelerated particles and comes in two 
flavours, RESONANT and NON-RESONANT 
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Resonant self-generation of Alfven waves…the easy way
The net effect of  spatial diffusion is to reduce the momentum of  the particles in the z direction… forcing 
them, eventually, to move at the same speed as the waves vw

nCRmvdr ! nCRmvw ! dpCR

dt
=

nCR(vdr � vw)

⌧90
dpw
dt

= �CR
b2

8⇡vw

And requiring some balance between the two:

�CR ⇡ nCR

ni

vdr � vw
vw

⌦cyc

If CR stream faster than the waves, the net effect of diffusion is to make waves grow and make CR 
diffusive motion slow down… this process is known as self-generation of waves (Kulsrud&Pearce 
1969)

Time for deflection 
by 90 degree
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NON-RESONANT STREAMING INSTABILITY
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Accelerated  
Particles

THE ACCELERATING PARTICLES MAKE A POSITIVE CURRENT 
MOVING IN THE UPSTREAM 

IT IS COMPENSATED BY A NEGATIVE CURRENT MADE OF 
PLASMA ELECTRONS MOVING WITH RESPECT TO IONS 

THE SYSTEM OF THESE TWO CURRENTS IS UNSTABLE ON 
SPATIAL SCALES SMALLER THAN THE LARMOR RADIUS

THE INSTABILITY ONLY GROWS IF 

AND ITS GROWTH RATE IS:
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IT CAN BE EASILY SHOWN THAT kmax>>1/Larmor               NO SCATTERING 7

Bell 2004 - MHD 
Amato&PB 2009 - Kinetic
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THE GROWTH OF THE PERTURBATIONS OCCURS ON SCALES << THAN THE LARMOR RADIUS OF THE 
PARTICLES (NO SCATTERING) —> THE CURRENT PROCEEDS UNABATED. 

THIS PROCEEDS WAY INTO THE NON LINEAR PHASE UNTIL THE TRANSVERSE PLASMA DISPLACEMENT 
DUE TO THE JXB FORCE BECOMES COMPARABLE WITH THE LARMOR RADIUS IN THE AMPLIFIED FIELD

IN THE UPSTREAM REGION OF A STRONG SHOCK THIS CRITERION LEADS TO



MAGNETIC BOOTSTRAP: YOU NEED ESCAPE TO AVOID ESCAPE

Bell & Schure 2013 
Cardillo, Amato & PB 2015

Caprioli & Spitkovsky 2014

DOWNSTREAM    UPSTREAM
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THE SPECTRUM OF CR ESCAPING A SNR
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P. Cristofari et al.: Cosmic ray protons and electrons from supernova remnants
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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Cristofari, PB & Caprioli 2021, Cristofari, PB & Amato 2020

THE SPECTRUM RELEASED INTO THE ISM IS THE SUM OF CR ESCAPING FROM UPSTREAM AND THE ONES TRAPPED 
DOWNSTREAM (COMPLEX SPECTRAL SHAPES)

THE EFFECTIVE MAX ENERGY FOR IA AND II IS <100 TEV

PEVATRONS ONLY FROM EXTREMELY POWERFUL AND RARE SUPERNOVA REMNANTS



…AND ESCAPE THEY DO…
Density of local CR:

Density of Galactic CR:

r=rate of source occurrence 

Rd=radius of Galactic disc 

H=Size of the Galactic halo 

Lc=coherence length GMF 

The solution remains 1D for as long as the particles do not reach Lc

On the other hand the local density dominates upon the sea of CR for as long as:

for the energies we are interested in

Lc



DYNAMICAL EFFECTS OF CR NEAR A SOURCE

Since in the ordinary ISM ECR≈EB≈Eth, it is clear that near a source the escaping CR must produce  

1. Local dynamical effects (gas evacuation, heating, vorticity, etc) 

2. Magnetic field modification (amplification, shears, etc) 

Notice that self-generation has a positive feed-back: larger gradients lead to stronger 
confinement which in turn lead to larger CR densities 

This chain of events leads to some self-regulation of the whole process
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SELF-CONFINEMENT NEAR A SNR

D’Angelo, PB, Amato 2016, 2018 

Nava+2016, Recchia+, 2023

Depending on the total and ionized density in the circum-source medium, self-generation 
increases the confinement time by about one order of magnitude

1948 M. D’Angelo et al.

Figure 1. Spatial profile of the CR density, turbulence energy density and
diffusion coefficient at an energy of 10 GeV and at four different times after
the particle release by the source, as specified on top of the figure. Top panel:
CR density nCR = (4/3)πp3f ; the black dashed line represents the Galactic
distribution ng = (4/3)πp3fg, with fg(p) defined in equation (3). Centre
panel: self-generated turbulence F ; the black dashed line represents the
Galactic turbulence Fg. Bottom panel: CR diffusion coefficient D; the black
dashed line represents the Galactic diffusion coefficient Dg (as calculated
by Ptuskin et al. 2009). Here we assumed a fully ionized medium with ion
density ni = 0.45 cm−3.

times after release of the freshly accelerated particles in the ISM.
The curves have been obtained as numerical solutions of equations
(1), (8) and (10) in the case of a fully ionized medium with density
ni = 0.45 cm−3. The first thing to notice in Fig. 1 is that the density of
10 GeV particles, nCR = (4/3)πp3f , exceeds the average Galactic
density ng = (4/3)πp3fg by more than one order of magnitude at
least for t ! 105 yr in a region ∼5 pc around the parent source. Even
after 5 × 105 yr, the particle density is still larger than the Galactic
density for z up to 30 pc. This time is much longer than the standard
diffusion time τd = L2

c/Dg at E = 10 GeV, which is of the order of
≈4 × 104 yr.

The maximum level of amplification reached by the magnetic
turbulence is F ! 10−2 (as can be seen from the central panel in
Fig. 1). This is about three orders of magnitude higher than the
background turbulence Fg, but still below the limit of validity of
quasi-linear theory, which requires F ≪ 1. When the bulk of par-
ticles escape from the region, the level of turbulence drops to Fg.
The behaviour of F at small z is due to the advection term vA∂f /∂z

and the associated boundary condition (6): advection of the parti-
cles with self-generated waves causes a depletion of particles in the
inner region (z → 0), which leads to a small gradient in the density
of CRs in the same region. In turn, this gradient causes the growth
of Alfvén waves moving towards z ∼ 0. This is the reason why
the spatial profiles of F show the dips and peaks that are visible in
Fig. 1. A note of caution is required here: since the waves excited by
the advection-induced gradient move towards the origin, it is likely
that in this region the net Aflvén velocity gets lower or even van-
ishes, depending on the compensation due to waves travelling in the
opposite direction. This effect is hard to take into account in a quan-
titative manner. In any case, since this phenomenon is limited to the
region very close to the source, its effect on the confinement time
and grammage accumulated by particles is negligible, at least for

Figure 2. CR escape time tesc (see the text for exact definition) as a func-
tion of particle energy for four different types of ISM: (1) no neutrals and
ni = 0.45 cm−3 (black solid line); (2) nn = 0.03 cm−3 and ni = 0.45 cm−3

(blue dashed line); (3) nn = 0.05 cm−3 and ni = 0.45 cm−3 (blue dot–
dashed line); (4) no neutrals and ni = 0.01 cm−3 (green dashed line). The
black dashed line represents case (1) but without the advection term in
both equations (1) and (10). The solid red line represents case (1), but
with a steeper injection spectrum, α = 4.2; analogously, the dot–dashed
red line corresponds to case (3) with α = 4.2. For all other curves, the
slope is α = 4. The grey dashed line represents the standard diffusion time
τd = L2

c/Dg = 8.3 × 104(EGeV)−1/3 yr.

WIM gas density of the order of ∼1 cm−3. For a rarefied medium,
the Alfvén speed is larger and the effect of advection becomes more
important. On the other hand, this is also the case when no apprecia-
ble effect on the grammage is expected (see discussion below). In
the bottom panel of Fig. 1, we report the spatial diffusion coefficient
D, which clearly shows a profile that reflects the dips and peaks of
F , being D ∝ F−1: at the location where the level of amplification
is maximum, D reaches its minimum of ≈4 × 1025 cm2 s−1, more
than three orders of magnitude lower than the Galactic diffusion
coefficient (dashed black line).

We further proceed to discuss the confinement time of particles
around their sources. Due to the non-linear processes involved, this
calculation is not straightforward. In the case where a burst of par-
ticles is injected a t = 0 with a pre-assigned diffusion coefficient
equal to Dg(p), we find that about 89 per cent of the total injected
particles N

inj
CR(p) = 2πLcR

2
SNq0(p) leave the box within the classi-

cal diffusion time τd = L2
c/Dg. We used this result to estimate the

escape time in the non-linear case. For a given particle momen-
tum, the number of freshly accelerated particles inside the tube,
NCR(p, t), is calculated from the total amount of particles in the tube
2πR2

SN

∫ Lc
0 dzf (p, z, t) after subtraction of the background term

2πR2
SNLcfg(p). The escape time tesc(p) is defined as the time at

which NCR(p, tesc(p)) = 0.11N
inj
CR(p). We should bear in mind that

we assumed the duration of the escape time of accelerated particles
from the source to be much shorter than the propagation time in
the near-source region. For typical values of the parameters, this
assumption remains satisfied for energies !10 TeV, if one assumes
a release time for an average SNR of about 104 yr (see e.g. Caprioli,
Blasi & Amato 2009).

We plot the escape time as a function of particle energy in Fig. 2,
considering the four different types of ISM listed above. For case (1)

MNRAS 474, 1944–1954 (2018)
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MOST REALISTIC SITUATION IS 
THAT OF EITHER LOW DENSITY 
MAINLY IONIZED GAS  

OR 

HIGHER DENSITY MOSTLY 
NEUTRAL H-GAS



GAMMA RAYS FROM OCCASIONAL NEARBY MOLECULAR CLOUDS

1D

Molecular  
cloud

Source

While confinement is easier if the surrounding medium is almost 
completely ionized, interactions of CR are easier in denser (hence 
partially ionized) plasma 

The coexistence of these two conditions may occur when a SNR is 
located near a molecular cloud, that only acts as target, while 
confinement is guaranteed by the surrounding ionized medium

Molecular cloud touching the shock is not a good place to test diffusion and self-generation phenomena for 
many good reasons… 

 The shock velocity drops quickly making acceleration inefficient  

 Only ionized gas takes part in the shock formation, low number of particles to become CR 

 Large density of neutrals implies strong damping of waves —> weak acceleration 14



The instance of HB9
HB9 is a composite SNR with age ~7 kya and has two MC around, R1 
and R2 

R1 shows 1720 MHz maser emission, flagging shock-MC interaction, 
R2 seems cleaner 

The estimated shock velocity at present is 640 km/s, certainly not a 
record breaker, but common in mature SNR

14 Bao, Blasi & Chen

Figure 1. hadronic �-ray emission from MC R2 around HB9 for the 1D (left panel) and 3D (right panel) phenomenological
models. The di↵erent curves refer to di↵erent values of the suppression factor for the di↵usivity, di↵erent value of the distance
of the cloud from the SNR and di↵erent masses of the MC.

Figure 2. Phenomenological models for the hadronic �-ray emission from MC A (left panels) and B (right panels) of the W28
complex. The di↵erent curves refer to di↵erent values of the suppression factor for the di↵usivity, di↵erent value of the distance
of the cloud from the SNR and di↵erent masses of the MC.
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Table 1. Fitting Parameters for the linear phenomenological
scenario

Parameter HB9 R2 W28 MCA W28 MCB

tage (kyr) 7.0 32

nISM (cm
�3

) 0.3 5.0

Mej (M�) 3.0 6.0

tSedov (kyr) 1.5 0.6

tPDS (kyr) not entered 5

↵E 2.4 2.0

⇢Inj (pc, for 1D models) 8.0 7.0

ESN (10
51

erg) 0.30 1.0

⇠ 0.09 0.09

d (kpc) 0.60 2.0

⇤
Parameters used in phenomenological models.

Figure 3. �-ray emission from R2 in the self-generated turbulence case. In all curves we have considered the convection term.
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The instance of HB9: yet another ambiguous case 
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5. Results

Here, we illustrate the results of our calculations of CR
transport around sources using phenomenological models and
self-generation models and their implications in terms of γ-ray
emission from the MCs located in the regions around two
SNRs, HB9 and W28.

5.1. Phenomenological Models of CR Transport

The phenomenological models allow us to infer some
generic properties of CR transport in the near-source regions
without delving into the complex aspects involved in self-
generation. In particular, these models can provide an easy flag
for appreciable suppression of diffusivity in the near-source
regions (see, for instance, Gabici et al. 2007; Nava &
Gabici 2013).

The γ-ray emission expected from the MC (R2) near the
HB9 SNR is shown in Figure 1 for the 1D (left panel) and 3D
(right panel) cases, respectively. The different curves refer to
different distances and masses of the R2 MC so as to illustrate
the effect of the uncertainty in these two quantities. One can see
that for the ranges of mass and distance that are allowed by
observations, a suppression of the diffusion coefficient with
respect to the Galactic one is required for both the 1D and 3D
cases. The suppression factor κ ranges between ∼10 and ∼200.

It is important to stress that the main need for suppressing
the diffusion coefficient comes from the spectral shape of the γ-
ray emission in the low-energy range: the downward inflection
of the spectrum requires that the low-energy particles do not
reach the cloud. Clearly, this effect is more pronounced;
namely, it requires more suppression of the diffusion
coefficient when the distance from the SNR shock to the cloud
dcl is larger.

These results would suggest that for the SNR HB9, there is
evidence of suppressed diffusivity and that such evidence is
independent of the assumed dimensionality of the problem.
Given the importance of the statement, it is important to check
whether other factors may mimic the same phenomenology.
One possibility is related to the way particles escape the
remnant: as discussed above, the general, and somewhat
idealized, picture of particle escape is that CRs leave the
remnant from upstream of the shock in such a way that only
particles with energy in a narrow neighborhood of the

maximum energy at that given time can escape. This means
that at a given time, only particles with energy> ( )E tmax can fill
the medium surrounding the SNR. From the phenomenological
point of view, we can mimic this picture by repeating the
previous calculation but assuming that the spectrum of
escaping particles has a minimum energy and checking how
low such minimum energy should be in order to fit the
observed γ-ray emission.
The results of this exercise are summarized in Figure 2,

where we allowed the minimum energy to be 1 TeV and
100 GeV, and the diffusion coefficient is the same as assumed
for the Galaxy at large. The suppression of the γ-ray emission
at low energies here is not due to confinement but rather to the
fact that only particles with energies above some minimum
value have escaped the remnant at the time corresponding to
the age of HB9. The low-energy behavior of the γ-ray emission
reflects the energy dependence of the differential cross section
of pion production µ p

-E 1.
This exercise, based on a phenomenological description of

the diffusion of particles in the near-source region, suggests
that there is a degeneracy between the model of particle escape

Figure 1. Hadronic γ-ray emission from MC R2 around HB9 for the 1D (left panel) and 3D (right panel) phenomenological models. The different curves refer to
different combinations of values of the suppression factor for the diffusivity and the distance of the cloud from the SNR, and the mass of MC. ξ = 9% is adopted in all
panels.

Figure 2. Hadronic γ-ray emission from MC R2 around HB9 for the 1D
phenomenological model, assuming a minimum energy of the escaping
particles as indicated in the legend. Two injection spectra have been adopted,
with slopes of αE = 2 and 2.4.
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IF IT HAPPENS THAT THE MAX ENERGY AT THE AGE OF HB9 IS AS LOW AS 100 GEV, THEN THE LOW ENERGY SUPPRESSION 
MAY BE PRESENT EVEN WITHOUT SELF-GENERATION 

THE EXPECTED MAX ENERGY IN THE PRESENCE OF ION-NEUTRAL DAMPING IS EXPECTED TO BE A FEW TEV, BUT HARD TO 
RULE OUT A LOWER VALUE



GRAMMAGE NEAR THE SOURCE

The grammage accumulated by CR near a source due 
to self-confinement depends on conditions (level of 
ionisation, coherence length) 

Most importantly it depends upon the presence of 
molecular clouds in the neighbourhood of a source  

…but it is clear that it is not a phenomenon that we can 
ignore at a time in which measurements are made at 
percent level 

… and at a time in which the diffuse fluxes of gamma 
rays and neutrinos hint at some possible anomalous 
behaviour
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Figure 7. CR grammage accumulated near a SNR for ni = 0.01 cm−3 (left panel) and ni=nn=1 cm−3 (right panel). The
radius of the SNR is assumed to be 30 pc in the low density case (left panel) and 12 pc in the high density
case (right panel). The MC is approximated to be a cylinder with radius 30 pc and centered at z = zMC. The free escape
boundary is assumed to be 100 pc away from the source.

while propagating in the Galaxy, a quantity that we infer from observing secondary to primary ratios in the cosmic587

radiation. For reasons explained above, SNRs and PWNe are expected to behave in qualitatively different ways and588

a dedicated investigation should be devoted to each of the two classes of sources.589
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In the attempt to identify some clean cases, in which the emission from (some of the) clouds is reasonably well604

associated with the production of pions by CRs diffusing away from a given SNR, we chose one MC around SNR605

HB9 and two clouds around W28, as targets of our investigation and carried out the calculations in606
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A rough assessment of the possible need for a suppression in the diffusion coefficient around sources can be made608

by using a phenomenological calculation, in which the diffusion coefficient is parametrized as a fraction of a Galactic-609
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Meanwhile, a non-linear computation that includes self-generation and damping, clarifies whether the conditions are611

appropriate to expect a suppression of the diffusion coefficient as a result of the excitation of resonant streaming612

instability.613

We find that the case of MC R2 around the SNR HB9 is particularly useful: the diffusion coefficient required to614

account for the low energy part of the γ-ray emission is about two orders of magnitude smaller than the Galactic615

one and we show that it can be interpreted as a result of self-generation. Unfortunately this apparently clear616

signature is made less evident by the degeneracy between this scenario and one based on a different617

picture of particle escape from the SNR: if the maximum energy for HB9 at the present age is as618

low as ∼ 100 GeV, and the escape is assumed to be quasi-monochromatic, namely the particles escape619
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A CLOSER LOOK AT CR ESCAPING A YOUNG SNR

Lc

It is easy to show that the diffusive path length 
in the Galaxy is expected to be 

so that a >TeV particle should travel almost 
undisturbed on scales ~Lc thereby contributing 
to a CR electric current

If the SNR is relatively young, the cross section of the flux tube is small, hence the energy density of the particles can be large and 
possibly satisfy the conditions for the growth of the non resonant streaming instability 

where the drift velocity for streaming particles is close to c 

Notice that the energy density carried by these high energy particles may by itself be >ISM energy density!

<latexit sha1_base64="N2UEoGjWuUyWMjyZE6n91IhCMXQ=">AAACGXicbVBNT8JAEN3iF+IX6tHLRmKCF9ISjJ4MAUk8ohEwodhsly1s2G6b3S0Jafo3vPhXvHjQGI968t+4QA8KvmSSl/dmMjPPDRmVyjS/jczK6tr6RnYzt7W9s7uX3z9oyyASmLRwwAJx7yJJGOWkpahi5D4UBPkuIx13VJ/6nTERkgb8Tk1C0vPRgFOPYqS05ORN7sT126R42ThtQNsTCMdj5yqJcQLtAUmVmmM+lJO4Yoc0cfIFs2TOAJeJlZICSNF08p92P8CRT7jCDEnZtcxQ9WIkFMWMJDk7kiREeIQGpKspRz6RvXj2WQJPtNKHXiB0cQVn6u+JGPlSTnxXd/pIDeWiNxX/87qR8i56MeVhpAjH80VexKAK4DQm2KeCYMUmmiAsqL4V4iHSYSgdZk6HYC2+vEza5ZJ1VjJvKoVqLY0jC47AMSgCC5yDKrgGTdACGDyCZ/AK3own48V4Nz7mrRkjnTkEf2B8/QDjLZ+g</latexit>
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SIMULATING THE STREAMING OF CR NEAR A SOURCE

Schroer+, 2021 and 2022

We  used 2D and 3D PIC Hybrid numerical 
simulations to mimic the streaming of 
particles in the ISM near a source 

The simulation is initialised so that the NR 
streaming instability is excited, but similar to 
those expected for a young SNR 

Due to numerical limitations, vA is only c/20CR Density         Plasma Density        Turbulent B

THE EXCITATION OF THE INSTABILITY LEADS TO STRONG PARTICLE SCATTERING, WHICH IN TURN INCREASES CR DENSITY NEAR THE SOURCE  

THE PRESSURE GRADIENT THAT DEVELOPS CREATES A FORCE THAT LEADS TO THE INFLATION OF A BUBBLE AROUND THE SOURCE 

THE SAME FORCE EVACUATES THE BUBBLE OF MOST PLASMA 

THERE IS NO FIELD IN THE PERP DIRECTION TO START WITH, BUT CR CREATE IT AT LATER TIMES (SUPPRESSED DIFFUSION, ABOUT 10 TIMES BOHM)
19
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Onset of diffusion and creation of the bubble

4

FIG. 2. Contour plots of the CR bulk speed along x (top)
and y (bottom) at three time instant.

FIG. 3. CR momentum distribution along x at two di↵erent
times, computed by averaging on the whole simulation box
except a small slice x 2 [0, 60] to exclude the injection region.
The distribution at t⌦ = 1200 is divided by 6 for illustration
purposes.

field is proven by di↵erent pieces of evidence. One is
illustrated in Fig. 2, that shows the mean CR speed
in the y-direction perpendicular to the pre-existing or-
dered magnetic field (bottom row panels) and in the x-
direction (top panels), as functions of the location along
x (direction of the beam) and the transverse direction y.
At early times the velocity component vx is strongly di-
rected towards the positive x-direction, since the stream-
ing instability has not been excited yet. At later times,
the scattering of CRs o↵ self-generated waves leads to
isotropization in that direction, so that inside the bubble
the mean vx tends to vanish. Since particles are injected
isotropically in the half-sphere vx > 0, the mean of the
perpendicular component vy is vanishingly small at all
times.

Another clear consequence of particle scattering is visi-
ble in Fig. 3 where the particle distribution function in px
is shown at two di↵erent times. At early times it follows

closely the isotropic injection in a half-sphere, hence it is
flat and only contains particles with a positive momen-
tum in x. However, at later times a significant amount
of particles gets scattered o↵ the self-generated magnetic
fields inside the bubble and the directions of motion are
reversed. Hence, the negative values of px become pop-
ulated as well as time goes. This can be seen as a hint
of CR di↵usion inside the bubble. In this perspective,
we roughly estimated the parallel di↵usion coe�cient by
taking the ratio of the square of the bubble size in the x
direction at a given time and time itself. With this rather
simple estimate we found that the di↵usion coe�cient is
a few times the Bohm di↵usion coe�cient, thereby prov-
ing that there is a high level of scattering induced by
self-produced magnetic field perturbations.

Conclusions - We demonstrated that for typical sources
of CRs in the Galaxy the ballistic propagation of CRs
around the sources is inhibited by the self-generation of
magnetic perturbations, that in turn lead to CR scat-
tering and to the creation of an over-pressurised region
of CR particles around the source. The pressure gradi-
ent with respect to the external ISM plasma leads to the
expansion of this bubble and to the evacuation of the re-
gion. We expect that all typical sources of CRs should
be surrounded by extended regions of reduced di↵usiv-
ity and local over density of CR particles. It is worth
stressing that limitations associated with the finite size
of the simulation box force us to limit the evolution of
these phenomena to relatively short times compared with
those of relevance for astrophysical situations. It follows
that some degree of inference needs to be adopted to ex-
trapolate our conclusions to more realistic situations. For
instance, it is likely that the CR excavated bubbles keep
expanding under the action of the pressure gradient, even
after CR injection by the source finishes. We are unable
to run the simulation to reach such a situation. On the
other hand, our findings are completely consistent with
what we could expect based on the simple arguments il-
lustrated above. Hence we dare to infer that the cavities
excavated due to CR accumulation around sources must
be a generic phenomenon and are likely to be the expla-
nation of the recent observation of �-ray emission from
SNRs [19] and star clusters [20]. Indeed, the expected
size of the bubble, about ⇠ 100 pc if pressure balance is
assumed, is in agreement with these observations. The
case of �-ray emission from the regions surrounding pul-
sar wind nebulae [21] can be qualitatively di↵erent in
that the escaping particles are electron-positron pairs,
and will be discussed in a forthcoming article.
The very existence of these bubbles has many impli-

cations that bear the potential to shake the pillars of
CR transport: first, depending on the details of the gas
density and presence of clouds in the circum-source re-
gions, an appreciable grammage could be accumulated
by CRs due to the reduced di↵usivity, thereby a↵ecting
the secondary-to-primary ratios measured at the Earth.
Second, electrons leaving the source di↵use through the
bubble with small di↵usion coe�cient in times that may
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Figure 3. Pressure in CRs, background plasma and magnetic field as a func-
tion of y at time tWci = 1500 averaged from x = 1200 to x = 2100.

Part of this field is compressed on the edges and pushed in the per-
pendicular direction, as can be seen in the blue curve in Figure 3.
Most of the transverse field is however in the form of turbulent field
with a typical magnitude of ⇠ 0.3B0. In fact the turbulent part inside
the bubble seems to have all three components of the magnetic field,
as expected in the case of strong turbulence that leads to quasi-Bohm
diffusion.

In passing, we point out that recent X-ray observations of the ex-
tended region around Geminga (Liu et al. 2019), spatially coincident
with its TeV halo, hint at the fact that in that region the magnetic field
is appreciably lower than in the ISM, perhaps suggesting that we are
observing a bubble similar to the one discussed above. In fact, the
case of pulsar wind nebulae (PWNe) is expected to be different in
that the total current should be negligible. However, it is also possi-
ble that processes of charge separation (Olmi & Bucciantini 2019)
and/or a net charge (Gupta et al. 2021b) may create regions where
the non-resonant instability may be excited. In addition, the forma-
tion of the bubble and its expansion are in fact a generic product of
the diffusive motion of particles. In principle these conditions may
be produced also when other instabilities are excited, although the
growth can be slower.

Finally, one may notice that the pressure of the external medium,
set at unity in the beginning of the simulation, is reduced in Figure
3. This is an artifact of the open boundary condition at x = 0, which
allows for gas particle leakage from the box. We partially address
this problem by using an injector that forces particle number density
conservation in the box. The scheme however does not keep the pres-
sure constant, hence with time the gas component gets cooler. This
imperfect treatment of the gas behavior should not affect the con-
clusions concerning the formation of the overpressurized CR bubble
illustrated above.

Another possible shortcoming of the simulation is that the open
boundary condition for CRs on the left-hand side, i.e., close to the
source, allows CRs to leave the box on that side. In reality, CRs
would go back towards the source and might even return from that
region. This introduces effectively a leakage of CR pressure to the
left which is not expected in a more physical picture of the system.
In order to investigate the effect of this leakage we tested the other
extreme of setting the boundary as reflective, i.e., every particle try-
ing to leave the system on the left gets reflected back into the bubble

eliminating the leakage completely. Within this setup an increase in
CR pressure is observed, as expected, but the overall evolution of
the quantities stays the same. While there is a stronger over-pressure
and a slightly larger expansion of the bubble, we did not observe any
new feature. Hence, we conclude that the leakage of CR pressure to
the left does not influence the conclusions drawn above.

4.2 3D Simulation

The results discussed above, and partially outlined in our previous
article (Schroer et al. 2021), leave room to the possibility that at least
some of them may be due to the reduced dimensionality of the 2D
simulations used so far. In order to address this possibility we ran 3D
simulations of the same problem using dHybridR. Due to the much
higher computational requirements of these simulations, we reduced
the box size to 1200⇥1200⇥1200di divided in 1440⇥1440⇥1440
cells, and tracked the beam of CRs only until shortly after the for-
mation of the bubble-like structure when the density waves in the
outside plasma reach the periodic boundary in y- and z-direction.

Figure 4 shows 3D contour plots of the CR density at three dif-
ferent times, the viewing angle is chosen in order to correspond to
Figure 1 for the 2D case with the injection of CRs on the left hand
side.

Though the box is smaller, the evolution looks very similar to the
2D case, in that CRs start scattering off magnetic self-produced fluc-
tuations and form an expanding flux tube. Since in 3D we inject CRs
as a cold beam, there is no initial gyration, but once particles start
scattering off the magnetic fluctuations, the beam opens up by one
gyroradius to each side; this can be seen comparing the left with the
middle panel of Figure 4 and Figure 5. Furthermore, it is evident that
particles get trapped close to the injection region, this can be seen by
the red region in the middle panel which is located close to the in-
jection region. At later times the expansion of the tube is purely due
to the over-pressure in CRs, as can be inferred by comparing the
middle and right panel of Figure 4. The over pressurised red region
expands in all directions, although it expands preferentially along
the x direction which is mainly due to the CRs being injected as a
cold beam along x, therefore pushing the bubble from the left hand
side. Interestingly, also in 3D particles start to scatter effectively at
roughly 10g�1

max ⇡ 100W�1
ci

, as in the 2D case.
In 3D we can check the transverse evolution of the bubble exca-

vated by CRs, namely its expansion in the y� z� plane. Figure 5
displays the CR density, the background gas density and the perpen-
dicular magnetic field at early, intermediate, and late times averaged
along the x axis between 500di and 520di taken from Figure 4, well
inside the bubble.

Figure 5 shows that the transverse expansion of the CR-filled bub-
ble is quasi-spherical, as in 2D simulations. Compared with the 2D
case, the evacuation of central region of the bubble is somewhat
stronger, most likely as a consequence of the larger initial CR over-
pressure. We notice that the interface between the bubble and the
external medium is less sharp in 3D than in 2D, highlighting a more
pronounced mixing between the two media. This mixing also causes
the presence of gas structures inside the bubble itself, as shown, e.g.,
in the top right part of the excavated bubble in the central-right panel
of Figure 5. Similar to the 2D case, there is a strong turbulent mag-
netic field inside the bubble which moves with the expanding bubble
but seems localized in a slightly smaller region.

Additionally, in 3D there are two ring-like structures visible in
the magnetic field. The outer one is the result of the compression
of the magnetic field at the boundary between external medium and
compressed gas expelled from the cavity. The inner ring is harder to

MNRAS 000, 1–12 (2020)

 In the beginning most particles move forward, μ>0 

 When B is created particles scatter and populate μ<0 

 Eventually the particles get isotropized

 After production of the perturbations, the regular field is 
plowed away outward 

 The turbulent field grows and eventually saturates 

 The gas is evacuated from the bubble, ngas drops 

 The CR density increases considerably

Schroer+, 2021 and 2022
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3D PIC Hybrid 

8 B. Schroer et al.

Figure 4. 3D Contour plots of CR density at tWci equal to 60, 180 and 300 for the 3D simulation.

Figure 5. CR density at two different times and plasma density in the y� z-
plane for the 3D simulation. All quantities are averaged along x between
500di and 520di to represent a cross section through the bubble.

associate with structures, but might reflect an inward moving wave
due to the interaction with the external medium (similar to a reverse
shock).

Apart from these small differences the 3D simulation reproduces
the physical picture emerging from the 2D simulation. The struc-
ture of the self-generated magnetic field can be appreciated in Fig-
ure 6, which shows the magnetic power in RH (top) and LH (bottom)
modes as a function of wave number k at different times for the 3D
simulation. In 3D the magnetic fields are first integrated over the y

and z directions in the whole simulation box, and then Fourier trans-
formed along x. Due to the initialization as a cold beam the maxi-
mum growing wave number is closer to the predicted one. After a
time ⇠ 10g�1

max ⇡ 100W�1
ci

one can see the saturation and cascading
to the larger scales, accompanied by an increase in power at the reso-
nant wave number in both LH and RH modes, which enables strong
particle scattering and results in the formation of the expanding bub-
ble of CRs.

This suggests that the main physical aspects of the problem can be
captured by 2D simulations and, at the same time, puts the conclu-
sions drawn from the 2D simulation on firmer grounds. Nonetheless,

Figure 6. Fourier spectrum along x of the right-handed (top panel) and left-
handed (bottom panel) magnetic field modes inside the whole 3D simulation
box as a function of the wave number k. The black line shows the theoretical
value of the fastest growing wave number kmax of the non-resonant mode and
the dashed line corresponds to the resonant wave number.

small differences like the larger overlap of the CR bubble and the
background gas and small structures of gas inside the bubble pro-
vide important hints for the production of hadronic g-rays that can
be expected in this scenario.

4.3 CR interactions in the bubble

As mentioned in §1, in addition to the general question of under-
standing the plasma physics of CR self-confinement around their
sources, there is observational interest in this problem, because of
the recent evidence for regions of extended g-ray emission, e.g.,

MNRAS 000, 1–12 (2020)

 The global picture seems unaltered, though 
numerical limitations force us to stop at earlier 
times 

 The bubble is still evacuated of the gas due to 
the CR pressure gradient, but more mixing with 
outside ISM 

 Similar growth of the magnetic field in the 
bubble

Schroer+, 2022

Assuming that a fair amount of the CR energy is injected in the bubble before the 
Sedov phase (small region) and neglecting damping, the bubble should expand until 
pressure balance with ISM —> Rbubble~50-100 pc 

The evacuation ensures that the grammage remains small despite the long 
confinement time in the near source region (unless clouds…) 21



ESCAPE FROM A  
PULSAR WIND NEBULA
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TeV HALOS AND FILAMENTS
 Several PWN have now been observed to be at the center of TeV halos 

 The diffusion coefficient in these regions is inferred to be ~100-1000 times smaller than in the ISM 

 These regions are the first firm proof of the production of pairs by PWN (important for positron excess) 

 In addition to the halos, long filaments of X-ray emission protruding from PWN have been observed, 
with inferred strength of the magnetic field of a few tens μG 

EVIDENCE OF PARTICLE ESCAPE: MISALIGNED X-RAY TAILS

PSR J2030+4415 
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EVIDENCE OF PARTICLE ESCAPE: MISALIGNED X-RAY TAILS

PSR J2030+4415 

LIGHTHOUSE 

GUITAR 

PSR LUMINOSITY~1.4×1036 erg/s 
DISTANCE~7 kpc 
PSR VELOCITY ~800-2400 km/s

L=15 pc 

L=0.6 pc 

PSR LUMINOSITY~1.27×1033 erg/s 
DISTANCE~0.8 kpc 
PSR VELOCITY ~765 km/s

L=3 pc 

PSR LUMINOSITY~2.2×1034 erg/s 
DISTANCE~720 pc 
PSR VELOCITY ~290 km/s

May these phenomena have a common origin?
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DIFFERENCES BETWEEN PWN AND SNR

 The energetic in the form of non-thermal particles of a SNR 
is usually larger than that of PWN  

The vast majority of the non-thermal energy of a SNR is 
emitted in the form of electric charges of one sign (protons) 

 In general, PWN produce an equal number of electrons and 
positrons, so that the total charge at any given location 
vanishes (no net current —> no non-resonant modes) 

 …with the exception of particles near the potential drop, 
where charge separation between positrons and electrons is 
possible and in fact expected  

8 B. Olmi & N. Bucciantini

Figure 5. 3D maps of selected particles superimposed on the 3D structure
of the BSPWN, for (+) particles with � = 108, color-coded according to
their injection angle ✓, as in Fig. 4
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THE MAKING OF AN X-RAY FILAMENT
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ESCAPE OF PARTICLES: HOW AND FROM WHERE

PARTICLES  
in the  

POLAR FLOW

RECONNECTION  
POINT

VPSR

B ISM 

When the current sheet points towards the CD, particles can escape 
at reconnection points of the magnetopause

[Olmi & Bucciantini 2019-III] 

Courtesy B. Olmi

Particles with Lorentz factor below but close to the maximum potential drop 
may be able to leave the nebula, for instance through a reconnection point: 

Particles move along the ISM B-field covering a transverse surface A and carrying a 
current: 

The length and width of the X-ray feature together with the X-ray luminosity of 
the feature fix the parameters of the problem [Olmi, Amato, Bandiera & PB 2024]

J2030
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of order ⇠c⌧CR, where ⌧CR is the time needed for the satura-
tion of the instability. During this phase, the perturbed magnetic
field keeps growing, possibly beyond the average Galactic value,
on scales much smaller than the Larmor radius of the particles
dominating the current. At saturation, or close to it, the non-
linear evolution of the instability drives power on large scales
(Bell 2004), and eventually on scales comparable to the Larmor
radius of the particles in the amplified field. At this point, par-
ticles start scattering e�ciently and rapidly isotropize. The syn-
chrotron emission of these electrons or positrons in the amplified
field is expected to produce the X-rays that we observe from a
region of length ⇠c⌧CR.

The proper motion of the pulsar is characterized by the pul-
sar velocity, Vpsr, and the (typically large) angle, ✓ f , that it forms
with the local GMF (which is assumed to coincide in direction
with the filament elongation). This would shape the emission
region as a wide stripe, unless the emitting particles su↵er syn-
chrotron losses on a timescale, ⌧cross = wf /(Vpsr sin ✓ f ), with wf
being the filament width.

Imposing ⌧loss = ⌧cross returns the strength of the magnetic
field in the filament, which must be compared with the value
inferred from the saturation of the NRI. We show that the picture
we are proposing is able to describe in a coherent way the length,
thickness, and luminosity of the observed filaments.

2. Physical model of the filament

The discussion that follows aims at a quantitative description
of three observables: (i) the length of the feature, Lf , (ii) its
transverse thickness, wf ⌧ Lf , and (iii) the observed X-ray
luminosity in a given energy band, LX1�X2 . To date, the fila-
ments have only been reliably measured in a handful of sources:
the Guitar Nebula, the Lighthouse, and J2030+4415. These will
be our benchmark cases. As was discussed early on (Bandiera
2008), the small filament widths require that the magnetic field
inside these structures be larger than the GMF (typically by a
factor of ⇠10) so that synchrotron losses are fast enough. At the
same time, however, the radiating particles must reach distances
from the pulsar much larger than the thickness of the filaments.
This latter requirement suggests that the instability responsible
for magnetic amplification is nonresonant. A resonant instability
would in fact limit the particle motion to a few Larmor radii from
the pulsar, due to e↵ective resonant scattering, which is incom-
patible with the observed length. Here we show that the exci-
tation of the current-driven NRI (Bell 2004) satisfies all these
conditions and provides a suitable explanation of the observed
phenomena.

While BSPWNe are expected to produce an equal num-
ber of electrons and positrons, it has been shown that particles
with di↵erent charges escape the nebula along di↵erent paths
(Olmi & Bucciantini 2019) at energies .mc2�MPD, where the
Lorentz factor corresponding to the MPD is

�MPD =
e

mc2

s
Ė
c
. (1)

m and e are the electron mass and charge, respectively, and Ė
is the spin down luminosity of the pulsar. The current asso-
ciated with the escaping particles can be expressed as jp =
e ✏Ė/(m c2 �esc A), where ✏ is the fraction of Ė carried by the
escaping particles, �esc is the minimum energy of the escaping
particle, and A = ⇡R2 is the area at the base of the filament. The

current can then be written as

jp = ✏
m c3

e⇡R2
�MPD

2

�esc
. (2)

The NRI excites perturbations that in the linear and early non-
linear phases grow on small scales, with the maximum growth
occurring at

kmax =
4⇡
B0c

jp =
4✏
R2

c
⌦c

�MPD
2

�esc
, (3)

at a rate,

⌧�1
CR = kmaxvA =

4✏
R2

c2

⌦c

vA

c
�MPD

2

�esc
, (4)

where vA = B0/
p

4⇡ ⇢ISM is the Alfvén speed in the ISM with
mass density ⇢ISM and ⌦c = eB0/(mc) is the electron cyclotron
frequency in the unperturbed ambient field, B0.

The condition for these modes to be excited is kmax RL > 1,
with RL = m c2�esc/(e B0) the Larmor radius of the particles with
�esc. The inequality can be rewritten as

✏ > ✏lim =
R2⌦2

c

4c2 �MPD2 =
1
4

R2

R2
L,MPD

, (5)

where RL,MPD = mc2�MPD/(eB0). Excitement of the NRI
requires the energy density carried by the electric current to
locally exceed that of the ambient magnetic field. This is
reflected in a lower limit on the fraction of Ė that needs to be
channelled into the tube: once ✏ > ✏lim, the NRI is excited.
The saturation of the NRI has been the subject of much litera-
ture: as was already found in the seminal work on this instability
(Bell 2004), the growth of the unstable modes, associated with
scales much smaller than RL, is also accompanied by power
deposition at larger scales, until there is power on scales com-
parable to the Larmor radius of the particles dominating the
current calculated in the amplified field, �B. At that point, scat-
tering becomes important and the current is disrupted. This con-
dition reads as kmax

⇤ R⇤L = 1, where kmax
⇤ = 4⇡ jp/(c�B) and

R⇤L = m c2�esc/(e�B), and it leads to
 
�B
B0

!2

=
✏

✏lim
. (6)

It is important to keep in mind that during the exponential
growth of the instability the perturbations remain on scales much
smaller than the resonant scale, so that scattering is inhibited
and, in the first approximation, the motion of the particles can
be pictured as quasi-ballistic. We see a posteriori that a rather
small collimation angle, ↵, of the injected particles is required
and the longitudinal speed of the particles in the quasi-ballistic
phase is ⇠c. This phase lasts for a few e-folds of the instability,
⇠5 (Bell 2004), so that particles move along the magnetic field
for a length,

Lf ⇡ 5c ⌧CR =
5c
⌦c

 
c
vA

!  
✏

✏lim

!�1

�esc (7)

' 422 pc
 
✏
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!�1

� 7 n1/2
1 B�2

3 ,

where in the last equality we have introduced � 7 = �esc/107,
B3 = B0/3 µG, and n1 = ⇢ISM/(1 mp cm�3), with mp the proton
mass.
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of order ⇠c⌧CR, where ⌧CR is the time needed for the satura-
tion of the instability. During this phase, the perturbed magnetic
field keeps growing, possibly beyond the average Galactic value,
on scales much smaller than the Larmor radius of the particles
dominating the current. At saturation, or close to it, the non-
linear evolution of the instability drives power on large scales
(Bell 2004), and eventually on scales comparable to the Larmor
radius of the particles in the amplified field. At this point, par-
ticles start scattering e�ciently and rapidly isotropize. The syn-
chrotron emission of these electrons or positrons in the amplified
field is expected to produce the X-rays that we observe from a
region of length ⇠c⌧CR.

The proper motion of the pulsar is characterized by the pul-
sar velocity, Vpsr, and the (typically large) angle, ✓ f , that it forms
with the local GMF (which is assumed to coincide in direction
with the filament elongation). This would shape the emission
region as a wide stripe, unless the emitting particles su↵er syn-
chrotron losses on a timescale, ⌧cross = wf /(Vpsr sin ✓ f ), with wf
being the filament width.

Imposing ⌧loss = ⌧cross returns the strength of the magnetic
field in the filament, which must be compared with the value
inferred from the saturation of the NRI. We show that the picture
we are proposing is able to describe in a coherent way the length,
thickness, and luminosity of the observed filaments.

2. Physical model of the filament

The discussion that follows aims at a quantitative description
of three observables: (i) the length of the feature, Lf , (ii) its
transverse thickness, wf ⌧ Lf , and (iii) the observed X-ray
luminosity in a given energy band, LX1�X2 . To date, the fila-
ments have only been reliably measured in a handful of sources:
the Guitar Nebula, the Lighthouse, and J2030+4415. These will
be our benchmark cases. As was discussed early on (Bandiera
2008), the small filament widths require that the magnetic field
inside these structures be larger than the GMF (typically by a
factor of ⇠10) so that synchrotron losses are fast enough. At the
same time, however, the radiating particles must reach distances
from the pulsar much larger than the thickness of the filaments.
This latter requirement suggests that the instability responsible
for magnetic amplification is nonresonant. A resonant instability
would in fact limit the particle motion to a few Larmor radii from
the pulsar, due to e↵ective resonant scattering, which is incom-
patible with the observed length. Here we show that the exci-
tation of the current-driven NRI (Bell 2004) satisfies all these
conditions and provides a suitable explanation of the observed
phenomena.

While BSPWNe are expected to produce an equal num-
ber of electrons and positrons, it has been shown that particles
with di↵erent charges escape the nebula along di↵erent paths
(Olmi & Bucciantini 2019) at energies .mc2�MPD, where the
Lorentz factor corresponding to the MPD is

�MPD =
e

mc2

s
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. (1)

m and e are the electron mass and charge, respectively, and Ė
is the spin down luminosity of the pulsar. The current asso-
ciated with the escaping particles can be expressed as jp =
e ✏Ė/(m c2 �esc A), where ✏ is the fraction of Ė carried by the
escaping particles, �esc is the minimum energy of the escaping
particle, and A = ⇡R2 is the area at the base of the filament. The

current can then be written as
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where vA = B0/
p

4⇡ ⇢ISM is the Alfvén speed in the ISM with
mass density ⇢ISM and ⌦c = eB0/(mc) is the electron cyclotron
frequency in the unperturbed ambient field, B0.

The condition for these modes to be excited is kmax RL > 1,
with RL = m c2�esc/(e B0) the Larmor radius of the particles with
�esc. The inequality can be rewritten as

✏ > ✏lim =
R2⌦2
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4c2 �MPD2 =
1
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where RL,MPD = mc2�MPD/(eB0). Excitement of the NRI
requires the energy density carried by the electric current to
locally exceed that of the ambient magnetic field. This is
reflected in a lower limit on the fraction of Ė that needs to be
channelled into the tube: once ✏ > ✏lim, the NRI is excited.
The saturation of the NRI has been the subject of much litera-
ture: as was already found in the seminal work on this instability
(Bell 2004), the growth of the unstable modes, associated with
scales much smaller than RL, is also accompanied by power
deposition at larger scales, until there is power on scales com-
parable to the Larmor radius of the particles dominating the
current calculated in the amplified field, �B. At that point, scat-
tering becomes important and the current is disrupted. This con-
dition reads as kmax

⇤ R⇤L = 1, where kmax
⇤ = 4⇡ jp/(c�B) and

R⇤L = m c2�esc/(e�B), and it leads to
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It is important to keep in mind that during the exponential
growth of the instability the perturbations remain on scales much
smaller than the resonant scale, so that scattering is inhibited
and, in the first approximation, the motion of the particles can
be pictured as quasi-ballistic. We see a posteriori that a rather
small collimation angle, ↵, of the injected particles is required
and the longitudinal speed of the particles in the quasi-ballistic
phase is ⇠c. This phase lasts for a few e-folds of the instability,
⇠5 (Bell 2004), so that particles move along the magnetic field
for a length,

Lf ⇡ 5c ⌧CR =
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of order ⇠c⌧CR, where ⌧CR is the time needed for the satura-
tion of the instability. During this phase, the perturbed magnetic
field keeps growing, possibly beyond the average Galactic value,
on scales much smaller than the Larmor radius of the particles
dominating the current. At saturation, or close to it, the non-
linear evolution of the instability drives power on large scales
(Bell 2004), and eventually on scales comparable to the Larmor
radius of the particles in the amplified field. At this point, par-
ticles start scattering e�ciently and rapidly isotropize. The syn-
chrotron emission of these electrons or positrons in the amplified
field is expected to produce the X-rays that we observe from a
region of length ⇠c⌧CR.

The proper motion of the pulsar is characterized by the pul-
sar velocity, Vpsr, and the (typically large) angle, ✓ f , that it forms
with the local GMF (which is assumed to coincide in direction
with the filament elongation). This would shape the emission
region as a wide stripe, unless the emitting particles su↵er syn-
chrotron losses on a timescale, ⌧cross = wf /(Vpsr sin ✓ f ), with wf
being the filament width.

Imposing ⌧loss = ⌧cross returns the strength of the magnetic
field in the filament, which must be compared with the value
inferred from the saturation of the NRI. We show that the picture
we are proposing is able to describe in a coherent way the length,
thickness, and luminosity of the observed filaments.

2. Physical model of the filament

The discussion that follows aims at a quantitative description
of three observables: (i) the length of the feature, Lf , (ii) its
transverse thickness, wf ⌧ Lf , and (iii) the observed X-ray
luminosity in a given energy band, LX1�X2 . To date, the fila-
ments have only been reliably measured in a handful of sources:
the Guitar Nebula, the Lighthouse, and J2030+4415. These will
be our benchmark cases. As was discussed early on (Bandiera
2008), the small filament widths require that the magnetic field
inside these structures be larger than the GMF (typically by a
factor of ⇠10) so that synchrotron losses are fast enough. At the
same time, however, the radiating particles must reach distances
from the pulsar much larger than the thickness of the filaments.
This latter requirement suggests that the instability responsible
for magnetic amplification is nonresonant. A resonant instability
would in fact limit the particle motion to a few Larmor radii from
the pulsar, due to e↵ective resonant scattering, which is incom-
patible with the observed length. Here we show that the exci-
tation of the current-driven NRI (Bell 2004) satisfies all these
conditions and provides a suitable explanation of the observed
phenomena.

While BSPWNe are expected to produce an equal num-
ber of electrons and positrons, it has been shown that particles
with di↵erent charges escape the nebula along di↵erent paths
(Olmi & Bucciantini 2019) at energies .mc2�MPD, where the
Lorentz factor corresponding to the MPD is

�MPD =
e

mc2

s
Ė
c
. (1)

m and e are the electron mass and charge, respectively, and Ė
is the spin down luminosity of the pulsar. The current asso-
ciated with the escaping particles can be expressed as jp =
e ✏Ė/(m c2 �esc A), where ✏ is the fraction of Ė carried by the
escaping particles, �esc is the minimum energy of the escaping
particle, and A = ⇡R2 is the area at the base of the filament. The

current can then be written as

jp = ✏
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e⇡R2
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2

�esc
. (2)

The NRI excites perturbations that in the linear and early non-
linear phases grow on small scales, with the maximum growth
occurring at
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at a rate,
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where vA = B0/
p

4⇡ ⇢ISM is the Alfvén speed in the ISM with
mass density ⇢ISM and ⌦c = eB0/(mc) is the electron cyclotron
frequency in the unperturbed ambient field, B0.

The condition for these modes to be excited is kmax RL > 1,
with RL = m c2�esc/(e B0) the Larmor radius of the particles with
�esc. The inequality can be rewritten as

✏ > ✏lim =
R2⌦2

c

4c2 �MPD2 =
1
4

R2

R2
L,MPD

, (5)

where RL,MPD = mc2�MPD/(eB0). Excitement of the NRI
requires the energy density carried by the electric current to
locally exceed that of the ambient magnetic field. This is
reflected in a lower limit on the fraction of Ė that needs to be
channelled into the tube: once ✏ > ✏lim, the NRI is excited.
The saturation of the NRI has been the subject of much litera-
ture: as was already found in the seminal work on this instability
(Bell 2004), the growth of the unstable modes, associated with
scales much smaller than RL, is also accompanied by power
deposition at larger scales, until there is power on scales com-
parable to the Larmor radius of the particles dominating the
current calculated in the amplified field, �B. At that point, scat-
tering becomes important and the current is disrupted. This con-
dition reads as kmax

⇤ R⇤L = 1, where kmax
⇤ = 4⇡ jp/(c�B) and

R⇤L = m c2�esc/(e�B), and it leads to
 
�B
B0

!2

=
✏

✏lim
. (6)

It is important to keep in mind that during the exponential
growth of the instability the perturbations remain on scales much
smaller than the resonant scale, so that scattering is inhibited
and, in the first approximation, the motion of the particles can
be pictured as quasi-ballistic. We see a posteriori that a rather
small collimation angle, ↵, of the injected particles is required
and the longitudinal speed of the particles in the quasi-ballistic
phase is ⇠c. This phase lasts for a few e-folds of the instability,
⇠5 (Bell 2004), so that particles move along the magnetic field
for a length,

Lf ⇡ 5c ⌧CR =
5c
⌦c

 
c
vA

!  
✏

✏lim

!�1

�esc (7)

' 422 pc
 
✏
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!�1

� 7 n1/2
1 B�2

3 ,

where in the last equality we have introduced � 7 = �esc/107,
B3 = B0/3 µG, and n1 = ⇢ISM/(1 mp cm�3), with mp the proton
mass.
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THE MAKING OF AN X-RAY FILAMENT
The non-resonant hybrid instability is excited if the beam of particles is sufficiently collimated, 
and it grows as 

Provided ε>εlim the instability is excited and saturates at a level 

Recall that the non resonant hybrid instability initially grows on scales much smaller than the Larmor radius of the particles dominating the 
current, hence it can grow exponentially way into its non linear stage, until scattering starts, when the scale becomes comparable with the 
gyration scale

where e is the fraction of the pulsar spin-down power (Ė) conveyed into this flow of particles. Here the underlying assumption
is that the particle energy distribution is sufficiently steep (power-law smaller than �2) that both the number of particles and
their energy are dominated by those around gesc; this issue will be discussed in more details below.

According to Bell’s theory, under the above conditions a current driven instability will be set, with a wavenumber of
maximum instability, and a relative growth rate, which are respectively:

kmax =
4p
B0c

jp =
4e3

m3c7
eĖ
g3

esc

B0

sin2a
; (4)

G = kmaxvA =
2e3

m3c7
eĖ B2

0pp r0 g3
esc sin2a

(5)

(we consider here only the linear regime of the instability), where vA = B0/
p

4p r0 is the Alfvén velocity in the ambient
medium with density r0.

An important parameter connected with the physics of the source is the Lorentz factor associated to the pulsar maximum
potential drop, that gives the maximum theoretical limit to the energy at which particles can be accelerated in the source:

gMPD =
e

mc2

r
Ė
c
. (6)

This allows us to reform Eq. 4-5 in an easier fashion, where gesc is scaled with gMPD:

kmax =
4eB0

sin2 a

✓
Ė
c

◆�1/2✓ gesc

gMPD

◆�3
(7)

G =
4eB0

sin2a
vA

✓
Ė
c

◆�1/2✓ gesc

gMPD

◆�3
. (8)

Let us now estimate the level of the magnetic field amplification (DB) at the saturation of the instability. By integrating in
time the Lorentz force density:

r0
d2Dx
dt2 =

jp DB
c

, (9)

under the assumption that the perturbed field grows exponentially with the growth rate G is given by Eq. 5, one can estimate the
spatial displacement as:

Dx =
sin2 a

4e
e3Ė2

m3c8
DB
B2

0

g3
esc

g6
MPD

=
sin2 a

4e
c2m

e
DB
B2

0

g3
esc

g2
MPD

. (10)

Qui commentare che a differenza della Bell instability standard in cui la dipendenza è solo ds DB, qui abbiamo un B0 che
viene dal richiedere che Dx=RG(gammaesc). Given that the instability saturates when: Dx ' rgyr,?|g=gesc , where rgyr,? =
(mc2g)/(eDB) is the gyration radius for particles moving perpendicular to the magnetic field, one finally gets:

✓
DB
B0

◆2
=

e
elim

, (11)

where the quantity elim indicates the limit below which the current density is not sufficient to trigger the instability at all:

elim =
sin2 a

4

✓
gesc

gMPD

◆2
⌘ elim? sin2 a , (12)

where we have introduced elim? which does not depend on the pitch angle. One may notice that the collimation of the particles
flow is an important factor in determining the onset of the instability: for instance, for a rather well collimated flow (say
sina < 0.1) and a rather low minimum Lorentz facot for the escaping particles (say gesc < 0.02gMPD), the instability can be
triggered even with e as low as 10�6.

Using the previous Eq. 12, we can rewrite the growth rate for the instability (Eq. 5) in a very simple way, that we will
use again in the following, since it permits to give a quantitative estimate of the Lorentz factor of the particles producing the
instability, without the necessity to know the pitch angle:

G =
eB0vA

mc2

✓
e

elim

◆
1

gesc
. (13)
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LENGTH OF THE FILAMENTS

Typically the instability requires 5-10 e-folds for saturation, during which the particles move at ~c 

After saturation particles start diffusing and the escape time from the filament becomes long 

The length of the filament is therefore: 

Lfil

Pulsar  
motion

The particles that radiate in X-rays usually have energy a bit larger than the escaping particles… 

Their diffusion time was estimated by using the small pitch angle assumption… they get isotropized 
very quickly after saturation of the instability 27

Local Magnetic field line
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of order ⇠c⌧CR, where ⌧CR is the time needed for the satura-
tion of the instability. During this phase, the perturbed magnetic
field keeps growing, possibly beyond the average Galactic value,
on scales much smaller than the Larmor radius of the particles
dominating the current. At saturation, or close to it, the non-
linear evolution of the instability drives power on large scales
(Bell 2004), and eventually on scales comparable to the Larmor
radius of the particles in the amplified field. At this point, par-
ticles start scattering e�ciently and rapidly isotropize. The syn-
chrotron emission of these electrons or positrons in the amplified
field is expected to produce the X-rays that we observe from a
region of length ⇠c⌧CR.

The proper motion of the pulsar is characterized by the pul-
sar velocity, Vpsr, and the (typically large) angle, ✓ f , that it forms
with the local GMF (which is assumed to coincide in direction
with the filament elongation). This would shape the emission
region as a wide stripe, unless the emitting particles su↵er syn-
chrotron losses on a timescale, ⌧cross = wf /(Vpsr sin ✓ f ), with wf
being the filament width.

Imposing ⌧loss = ⌧cross returns the strength of the magnetic
field in the filament, which must be compared with the value
inferred from the saturation of the NRI. We show that the picture
we are proposing is able to describe in a coherent way the length,
thickness, and luminosity of the observed filaments.

2. Physical model of the filament

The discussion that follows aims at a quantitative description
of three observables: (i) the length of the feature, Lf , (ii) its
transverse thickness, wf ⌧ Lf , and (iii) the observed X-ray
luminosity in a given energy band, LX1�X2 . To date, the fila-
ments have only been reliably measured in a handful of sources:
the Guitar Nebula, the Lighthouse, and J2030+4415. These will
be our benchmark cases. As was discussed early on (Bandiera
2008), the small filament widths require that the magnetic field
inside these structures be larger than the GMF (typically by a
factor of ⇠10) so that synchrotron losses are fast enough. At the
same time, however, the radiating particles must reach distances
from the pulsar much larger than the thickness of the filaments.
This latter requirement suggests that the instability responsible
for magnetic amplification is nonresonant. A resonant instability
would in fact limit the particle motion to a few Larmor radii from
the pulsar, due to e↵ective resonant scattering, which is incom-
patible with the observed length. Here we show that the exci-
tation of the current-driven NRI (Bell 2004) satisfies all these
conditions and provides a suitable explanation of the observed
phenomena.

While BSPWNe are expected to produce an equal num-
ber of electrons and positrons, it has been shown that particles
with di↵erent charges escape the nebula along di↵erent paths
(Olmi & Bucciantini 2019) at energies .mc2�MPD, where the
Lorentz factor corresponding to the MPD is

�MPD =
e

mc2

s
Ė
c
. (1)

m and e are the electron mass and charge, respectively, and Ė
is the spin down luminosity of the pulsar. The current asso-
ciated with the escaping particles can be expressed as jp =
e ✏Ė/(m c2 �esc A), where ✏ is the fraction of Ė carried by the
escaping particles, �esc is the minimum energy of the escaping
particle, and A = ⇡R2 is the area at the base of the filament. The

current can then be written as

jp = ✏
m c3

e⇡R2
�MPD

2

�esc
. (2)

The NRI excites perturbations that in the linear and early non-
linear phases grow on small scales, with the maximum growth
occurring at

kmax =
4⇡
B0c

jp =
4✏
R2

c
⌦c

�MPD
2

�esc
, (3)

at a rate,

⌧�1
CR = kmaxvA =

4✏
R2

c2

⌦c

vA

c
�MPD

2

�esc
, (4)

where vA = B0/
p

4⇡ ⇢ISM is the Alfvén speed in the ISM with
mass density ⇢ISM and ⌦c = eB0/(mc) is the electron cyclotron
frequency in the unperturbed ambient field, B0.

The condition for these modes to be excited is kmax RL > 1,
with RL = m c2�esc/(e B0) the Larmor radius of the particles with
�esc. The inequality can be rewritten as

✏ > ✏lim =
R2⌦2

c

4c2 �MPD2 =
1
4

R2

R2
L,MPD

, (5)

where RL,MPD = mc2�MPD/(eB0). Excitement of the NRI
requires the energy density carried by the electric current to
locally exceed that of the ambient magnetic field. This is
reflected in a lower limit on the fraction of Ė that needs to be
channelled into the tube: once ✏ > ✏lim, the NRI is excited.
The saturation of the NRI has been the subject of much litera-
ture: as was already found in the seminal work on this instability
(Bell 2004), the growth of the unstable modes, associated with
scales much smaller than RL, is also accompanied by power
deposition at larger scales, until there is power on scales com-
parable to the Larmor radius of the particles dominating the
current calculated in the amplified field, �B. At that point, scat-
tering becomes important and the current is disrupted. This con-
dition reads as kmax

⇤ R⇤L = 1, where kmax
⇤ = 4⇡ jp/(c�B) and

R⇤L = m c2�esc/(e�B), and it leads to
 
�B
B0

!2

=
✏

✏lim
. (6)

It is important to keep in mind that during the exponential
growth of the instability the perturbations remain on scales much
smaller than the resonant scale, so that scattering is inhibited
and, in the first approximation, the motion of the particles can
be pictured as quasi-ballistic. We see a posteriori that a rather
small collimation angle, ↵, of the injected particles is required
and the longitudinal speed of the particles in the quasi-ballistic
phase is ⇠c. This phase lasts for a few e-folds of the instability,
⇠5 (Bell 2004), so that particles move along the magnetic field
for a length,

Lf ⇡ 5c ⌧CR =
5c
⌦c

 
c
vA

!  
✏

✏lim

!�1

�esc (7)

' 422 pc
 
✏

✏lim

!�1

� 7 n1/2
1 B�2

3 ,

where in the last equality we have introduced � 7 = �esc/107,
B3 = B0/3 µG, and n1 = ⇢ISM/(1 mp cm�3), with mp the proton
mass.
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THICKNESS OF THE FILAMENTS

Lfil
Pulsar  
motion

Once the magnetic field is amplified, the 
motion of the pulsar would transform 
the filament into a stripe, if it were not 
for synchrotron energy losses that limit 
the thickness

The filament is reformed continuously while the pulsar moves forward, but its thickness 
remains roughly the same and limited by losses in the self-generated magnetic field

28



THE CASE OF THE GUITAR NEBULA

Maximum Potential Drop

The calculations require that the focusing occurs on angles  

with an efficiency                               and a Lorentz factor of escaping electrons 

The magnetic field in the filament after the saturation of the instability is                              
compatible with the thickness of the filament being loss dominated 29



ESCAPE OF COSMIC RAYS FROM A GALAXY
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A TOY MODEL FOR PROTONS in OUR GALAXY

2h

2H

HALO ~ several kpc 

DISC ~ 300 pc

Assumptions of the model: 
1. CR are injected in an  infinitely thin disc 
2. CR diffuse in the whole volume  
3. CR freely escape from a boundary

1 Q(p, z) =
Q0(p)

⇡R2
d

�(z)
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3 f(z = H, p) = 0
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A TOY MODEL FOR PROTONS in OUR GALAXY

2h

2H

HALO ~ several kpc 

DISC ~ 300 pc

Assumptions of the model: 
1. CR are injected in an  infinitely thin disc 
2. CR diffuse in the whole volume  
3. CR freely escape from a boundary

1 Q(p, z) =
Q0(p)

⇡R2
d

�(z)
<latexit sha1_base64="dEq7O0LYmr8XS4LSNkpAj6ex2Z0=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpGSFEE3QtGNy1bsBZoYJpNJO3SSDDMToQ19Bze+ihsXirh14863cXpZaPWHgY//nMOZ8/ucUaks68vILS2vrK7l1wsbm1vbO+buXksmqcCkiROWiI6PJGE0Jk1FFSMdLgiKfEba/uBqUm/fEyFpEt+qISduhHoxDSlGSlueedwo8ZNR+cIJBcJZw7NKvDzOHE7hjRfcVcfQCQhTqDQqQ88sWhVrKvgX7DkUwVx1z/x0ggSnEYkVZkjKrm1x5WZIKIoZGRecVBKO8AD1SFdjjCIi3Wx60xgeaSeAYSL0ixWcuj8nMhRJOYx83Rkh1ZeLtYn5X62bqvDczWjMU0ViPFsUpgyqBE4CggEVBCs21ICwoPqvEPeRTkfpGAs6BHvx5L/QqlZszY3TYu1yHkceHIBDUAI2OAM1cA3qoAkweABP4AW8Go/Gs/FmvM9ac8Z8Zh/8kvHxDc8WnDg=</latexit><latexit sha1_base64="dEq7O0LYmr8XS4LSNkpAj6ex2Z0=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpGSFEE3QtGNy1bsBZoYJpNJO3SSDDMToQ19Bze+ihsXirh14863cXpZaPWHgY//nMOZ8/ucUaks68vILS2vrK7l1wsbm1vbO+buXksmqcCkiROWiI6PJGE0Jk1FFSMdLgiKfEba/uBqUm/fEyFpEt+qISduhHoxDSlGSlueedwo8ZNR+cIJBcJZw7NKvDzOHE7hjRfcVcfQCQhTqDQqQ88sWhVrKvgX7DkUwVx1z/x0ggSnEYkVZkjKrm1x5WZIKIoZGRecVBKO8AD1SFdjjCIi3Wx60xgeaSeAYSL0ixWcuj8nMhRJOYx83Rkh1ZeLtYn5X62bqvDczWjMU0ViPFsUpgyqBE4CggEVBCs21ICwoPqvEPeRTkfpGAs6BHvx5L/QqlZszY3TYu1yHkceHIBDUAI2OAM1cA3qoAkweABP4AW8Go/Gs/FmvM9ac8Z8Zh/8kvHxDc8WnDg=</latexit><latexit sha1_base64="dEq7O0LYmr8XS4LSNkpAj6ex2Z0=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpGSFEE3QtGNy1bsBZoYJpNJO3SSDDMToQ19Bze+ihsXirh14863cXpZaPWHgY//nMOZ8/ucUaks68vILS2vrK7l1wsbm1vbO+buXksmqcCkiROWiI6PJGE0Jk1FFSMdLgiKfEba/uBqUm/fEyFpEt+qISduhHoxDSlGSlueedwo8ZNR+cIJBcJZw7NKvDzOHE7hjRfcVcfQCQhTqDQqQ88sWhVrKvgX7DkUwVx1z/x0ggSnEYkVZkjKrm1x5WZIKIoZGRecVBKO8AD1SFdjjCIi3Wx60xgeaSeAYSL0ixWcuj8nMhRJOYx83Rkh1ZeLtYn5X62bqvDczWjMU0ViPFsUpgyqBE4CggEVBCs21ICwoPqvEPeRTkfpGAs6BHvx5L/QqlZszY3TYu1yHkceHIBDUAI2OAM1cA3qoAkweABP4AW8Go/Gs/FmvM9ac8Z8Zh/8kvHxDc8WnDg=</latexit><latexit sha1_base64="dEq7O0LYmr8XS4LSNkpAj6ex2Z0=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpGSFEE3QtGNy1bsBZoYJpNJO3SSDDMToQ19Bze+ihsXirh14863cXpZaPWHgY//nMOZ8/ucUaks68vILS2vrK7l1wsbm1vbO+buXksmqcCkiROWiI6PJGE0Jk1FFSMdLgiKfEba/uBqUm/fEyFpEt+qISduhHoxDSlGSlueedwo8ZNR+cIJBcJZw7NKvDzOHE7hjRfcVcfQCQhTqDQqQ88sWhVrKvgX7DkUwVx1z/x0ggSnEYkVZkjKrm1x5WZIKIoZGRecVBKO8AD1SFdjjCIi3Wx60xgeaSeAYSL0ixWcuj8nMhRJOYx83Rkh1ZeLtYn5X62bqvDczWjMU0ViPFsUpgyqBE4CggEVBCs21ICwoPqvEPeRTkfpGAs6BHvx5L/QqlZszY3TYu1yHkceHIBDUAI2OAM1cA3qoAkweABP4AW8Go/Gs/FmvM9ac8Z8Zh/8kvHxDc8WnDg=</latexit>

2 � @

@z


D
@f

@z

�
= Q(p, z)

<latexit sha1_base64="SHNjRqPMSw4Ydm6MPRGBlT5ElVM="></latexit><latexit sha1_base64="SHNjRqPMSw4Ydm6MPRGBlT5ElVM="></latexit><latexit sha1_base64="SHNjRqPMSw4Ydm6MPRGBlT5ElVM="></latexit><latexit sha1_base64="SHNjRqPMSw4Ydm6MPRGBlT5ElVM="></latexit>

3 f(z = H, p) = 0
<latexit sha1_base64="CSRqDRv8D3jfPKzJ/Aa/Kpxi1Ks=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgl4KRS89VrAf2C4lm2bb0Gw2JFmhLv0XXjwo4tV/481/Y9ruQVsfDDzem2FmXiA508Z1v52V1bX1jc3cVn57Z3dvv3Bw2NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1O/dYjVZrF4t6MJfUjPBAsZAQbKz2EpadK7VyeVdxeoeiW3RnQMvEyUoQM9V7hq9uPSRJRYQjHWnc8Vxo/xcowwukk3000lZiM8IB2LBU4otpPZxdP0KlV+iiMlS1h0Ez9PZHiSOtxFNjOCJuhXvSm4n9eJzHhtZ8yIRNDBZkvChOOTIym76M+U5QYPrYEE8XsrYgMscLE2JDyNgRv8eVl0rwoe27Zu7ssVm+yOHJwDCdQAg+uoAo1qEMDCAh4hld4c7Tz4rw7H/PWFSebOYI/cD5/ALP9j50=</latexit><latexit sha1_base64="CSRqDRv8D3jfPKzJ/Aa/Kpxi1Ks=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgl4KRS89VrAf2C4lm2bb0Gw2JFmhLv0XXjwo4tV/481/Y9ruQVsfDDzem2FmXiA508Z1v52V1bX1jc3cVn57Z3dvv3Bw2NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1O/dYjVZrF4t6MJfUjPBAsZAQbKz2EpadK7VyeVdxeoeiW3RnQMvEyUoQM9V7hq9uPSRJRYQjHWnc8Vxo/xcowwukk3000lZiM8IB2LBU4otpPZxdP0KlV+iiMlS1h0Ez9PZHiSOtxFNjOCJuhXvSm4n9eJzHhtZ8yIRNDBZkvChOOTIym76M+U5QYPrYEE8XsrYgMscLE2JDyNgRv8eVl0rwoe27Zu7ssVm+yOHJwDCdQAg+uoAo1qEMDCAh4hld4c7Tz4rw7H/PWFSebOYI/cD5/ALP9j50=</latexit><latexit sha1_base64="CSRqDRv8D3jfPKzJ/Aa/Kpxi1Ks=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgl4KRS89VrAf2C4lm2bb0Gw2JFmhLv0XXjwo4tV/481/Y9ruQVsfDDzem2FmXiA508Z1v52V1bX1jc3cVn57Z3dvv3Bw2NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1O/dYjVZrF4t6MJfUjPBAsZAQbKz2EpadK7VyeVdxeoeiW3RnQMvEyUoQM9V7hq9uPSRJRYQjHWnc8Vxo/xcowwukk3000lZiM8IB2LBU4otpPZxdP0KlV+iiMlS1h0Ez9PZHiSOtxFNjOCJuhXvSm4n9eJzHhtZ8yIRNDBZkvChOOTIym76M+U5QYPrYEE8XsrYgMscLE2JDyNgRv8eVl0rwoe27Zu7ssVm+yOHJwDCdQAg+uoAo1qEMDCAh4hld4c7Tz4rw7H/PWFSebOYI/cD5/ALP9j50=</latexit><latexit sha1_base64="CSRqDRv8D3jfPKzJ/Aa/Kpxi1Ks=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgl4KRS89VrAf2C4lm2bb0Gw2JFmhLv0XXjwo4tV/481/Y9ruQVsfDDzem2FmXiA508Z1v52V1bX1jc3cVn57Z3dvv3Bw2NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1O/dYjVZrF4t6MJfUjPBAsZAQbKz2EpadK7VyeVdxeoeiW3RnQMvEyUoQM9V7hq9uPSRJRYQjHWnc8Vxo/xcowwukk3000lZiM8IB2LBU4otpPZxdP0KlV+iiMlS1h0Ez9PZHiSOtxFNjOCJuhXvSm4n9eJzHhtZ8yIRNDBZkvChOOTIym76M+U5QYPrYEE8XsrYgMscLE2JDyNgRv8eVl0rwoe27Zu7ssVm+yOHJwDCdQAg+uoAo1qEMDCAh4hld4c7Tz4rw7H/PWFSebOYI/cD5/ALP9j50=</latexit>

For z≭0: 

D
@f

@z
= Constant ! f(z) = f0

⇣
1� z

H

⌘

Rd
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A TOY MODEL FOR PROTONS in OUR GALAXY

2h

2H

HALO ~ several kpc 

DISC ~ 300 pc

Assumptions of the model: 
1. CR are injected in an  infinitely thin disc 
2. CR diffuse in the whole volume  
3. CR freely escape from a boundary

1 Q(p, z) =
Q0(p)

⇡R2
d

�(z)
<latexit sha1_base64="dEq7O0LYmr8XS4LSNkpAj6ex2Z0=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpGSFEE3QtGNy1bsBZoYJpNJO3SSDDMToQ19Bze+ihsXirh14863cXpZaPWHgY//nMOZ8/ucUaks68vILS2vrK7l1wsbm1vbO+buXksmqcCkiROWiI6PJGE0Jk1FFSMdLgiKfEba/uBqUm/fEyFpEt+qISduhHoxDSlGSlueedwo8ZNR+cIJBcJZw7NKvDzOHE7hjRfcVcfQCQhTqDQqQ88sWhVrKvgX7DkUwVx1z/x0ggSnEYkVZkjKrm1x5WZIKIoZGRecVBKO8AD1SFdjjCIi3Wx60xgeaSeAYSL0ixWcuj8nMhRJOYx83Rkh1ZeLtYn5X62bqvDczWjMU0ViPFsUpgyqBE4CggEVBCs21ICwoPqvEPeRTkfpGAs6BHvx5L/QqlZszY3TYu1yHkceHIBDUAI2OAM1cA3qoAkweABP4AW8Go/Gs/FmvM9ac8Z8Zh/8kvHxDc8WnDg=</latexit><latexit sha1_base64="dEq7O0LYmr8XS4LSNkpAj6ex2Z0=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpGSFEE3QtGNy1bsBZoYJpNJO3SSDDMToQ19Bze+ihsXirh14863cXpZaPWHgY//nMOZ8/ucUaks68vILS2vrK7l1wsbm1vbO+buXksmqcCkiROWiI6PJGE0Jk1FFSMdLgiKfEba/uBqUm/fEyFpEt+qISduhHoxDSlGSlueedwo8ZNR+cIJBcJZw7NKvDzOHE7hjRfcVcfQCQhTqDQqQ88sWhVrKvgX7DkUwVx1z/x0ggSnEYkVZkjKrm1x5WZIKIoZGRecVBKO8AD1SFdjjCIi3Wx60xgeaSeAYSL0ixWcuj8nMhRJOYx83Rkh1ZeLtYn5X62bqvDczWjMU0ViPFsUpgyqBE4CggEVBCs21ICwoPqvEPeRTkfpGAs6BHvx5L/QqlZszY3TYu1yHkceHIBDUAI2OAM1cA3qoAkweABP4AW8Go/Gs/FmvM9ac8Z8Zh/8kvHxDc8WnDg=</latexit><latexit sha1_base64="dEq7O0LYmr8XS4LSNkpAj6ex2Z0=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpGSFEE3QtGNy1bsBZoYJpNJO3SSDDMToQ19Bze+ihsXirh14863cXpZaPWHgY//nMOZ8/ucUaks68vILS2vrK7l1wsbm1vbO+buXksmqcCkiROWiI6PJGE0Jk1FFSMdLgiKfEba/uBqUm/fEyFpEt+qISduhHoxDSlGSlueedwo8ZNR+cIJBcJZw7NKvDzOHE7hjRfcVcfQCQhTqDQqQ88sWhVrKvgX7DkUwVx1z/x0ggSnEYkVZkjKrm1x5WZIKIoZGRecVBKO8AD1SFdjjCIi3Wx60xgeaSeAYSL0ixWcuj8nMhRJOYx83Rkh1ZeLtYn5X62bqvDczWjMU0ViPFsUpgyqBE4CggEVBCs21ICwoPqvEPeRTkfpGAs6BHvx5L/QqlZszY3TYu1yHkceHIBDUAI2OAM1cA3qoAkweABP4AW8Go/Gs/FmvM9ac8Z8Zh/8kvHxDc8WnDg=</latexit><latexit sha1_base64="dEq7O0LYmr8XS4LSNkpAj6ex2Z0=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpGSFEE3QtGNy1bsBZoYJpNJO3SSDDMToQ19Bze+ihsXirh14863cXpZaPWHgY//nMOZ8/ucUaks68vILS2vrK7l1wsbm1vbO+buXksmqcCkiROWiI6PJGE0Jk1FFSMdLgiKfEba/uBqUm/fEyFpEt+qISduhHoxDSlGSlueedwo8ZNR+cIJBcJZw7NKvDzOHE7hjRfcVcfQCQhTqDQqQ88sWhVrKvgX7DkUwVx1z/x0ggSnEYkVZkjKrm1x5WZIKIoZGRecVBKO8AD1SFdjjCIi3Wx60xgeaSeAYSL0ixWcuj8nMhRJOYx83Rkh1ZeLtYn5X62bqvDczWjMU0ViPFsUpgyqBE4CggEVBCs21ICwoPqvEPeRTkfpGAs6BHvx5L/QqlZszY3TYu1yHkceHIBDUAI2OAM1cA3qoAkweABP4AW8Go/Gs/FmvM9ac8Z8Zh/8kvHxDc8WnDg=</latexit>

2 � @

@z


D
@f

@z

�
= Q(p, z)

<latexit sha1_base64="SHNjRqPMSw4Ydm6MPRGBlT5ElVM="></latexit><latexit sha1_base64="SHNjRqPMSw4Ydm6MPRGBlT5ElVM="></latexit><latexit sha1_base64="SHNjRqPMSw4Ydm6MPRGBlT5ElVM="></latexit><latexit sha1_base64="SHNjRqPMSw4Ydm6MPRGBlT5ElVM="></latexit>

3 f(z = H, p) = 0
<latexit sha1_base64="CSRqDRv8D3jfPKzJ/Aa/Kpxi1Ks=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgl4KRS89VrAf2C4lm2bb0Gw2JFmhLv0XXjwo4tV/481/Y9ruQVsfDDzem2FmXiA508Z1v52V1bX1jc3cVn57Z3dvv3Bw2NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1O/dYjVZrF4t6MJfUjPBAsZAQbKz2EpadK7VyeVdxeoeiW3RnQMvEyUoQM9V7hq9uPSRJRYQjHWnc8Vxo/xcowwukk3000lZiM8IB2LBU4otpPZxdP0KlV+iiMlS1h0Ez9PZHiSOtxFNjOCJuhXvSm4n9eJzHhtZ8yIRNDBZkvChOOTIym76M+U5QYPrYEE8XsrYgMscLE2JDyNgRv8eVl0rwoe27Zu7ssVm+yOHJwDCdQAg+uoAo1qEMDCAh4hld4c7Tz4rw7H/PWFSebOYI/cD5/ALP9j50=</latexit><latexit sha1_base64="CSRqDRv8D3jfPKzJ/Aa/Kpxi1Ks=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgl4KRS89VrAf2C4lm2bb0Gw2JFmhLv0XXjwo4tV/481/Y9ruQVsfDDzem2FmXiA508Z1v52V1bX1jc3cVn57Z3dvv3Bw2NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1O/dYjVZrF4t6MJfUjPBAsZAQbKz2EpadK7VyeVdxeoeiW3RnQMvEyUoQM9V7hq9uPSRJRYQjHWnc8Vxo/xcowwukk3000lZiM8IB2LBU4otpPZxdP0KlV+iiMlS1h0Ez9PZHiSOtxFNjOCJuhXvSm4n9eJzHhtZ8yIRNDBZkvChOOTIym76M+U5QYPrYEE8XsrYgMscLE2JDyNgRv8eVl0rwoe27Zu7ssVm+yOHJwDCdQAg+uoAo1qEMDCAh4hld4c7Tz4rw7H/PWFSebOYI/cD5/ALP9j50=</latexit><latexit sha1_base64="CSRqDRv8D3jfPKzJ/Aa/Kpxi1Ks=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgl4KRS89VrAf2C4lm2bb0Gw2JFmhLv0XXjwo4tV/481/Y9ruQVsfDDzem2FmXiA508Z1v52V1bX1jc3cVn57Z3dvv3Bw2NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1O/dYjVZrF4t6MJfUjPBAsZAQbKz2EpadK7VyeVdxeoeiW3RnQMvEyUoQM9V7hq9uPSRJRYQjHWnc8Vxo/xcowwukk3000lZiM8IB2LBU4otpPZxdP0KlV+iiMlS1h0Ez9PZHiSOtxFNjOCJuhXvSm4n9eJzHhtZ8yIRNDBZkvChOOTIym76M+U5QYPrYEE8XsrYgMscLE2JDyNgRv8eVl0rwoe27Zu7ssVm+yOHJwDCdQAg+uoAo1qEMDCAh4hld4c7Tz4rw7H/PWFSebOYI/cD5/ALP9j50=</latexit><latexit sha1_base64="CSRqDRv8D3jfPKzJ/Aa/Kpxi1Ks=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgl4KRS89VrAf2C4lm2bb0Gw2JFmhLv0XXjwo4tV/481/Y9ruQVsfDDzem2FmXiA508Z1v52V1bX1jc3cVn57Z3dvv3Bw2NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1O/dYjVZrF4t6MJfUjPBAsZAQbKz2EpadK7VyeVdxeoeiW3RnQMvEyUoQM9V7hq9uPSRJRYQjHWnc8Vxo/xcowwukk3000lZiM8IB2LBU4otpPZxdP0KlV+iiMlS1h0Ez9PZHiSOtxFNjOCJuhXvSm4n9eJzHhtZ8yIRNDBZkvChOOTIym76M+U5QYPrYEE8XsrYgMscLE2JDyNgRv8eVl0rwoe27Zu7ssVm+yOHJwDCdQAg+uoAo1qEMDCAh4hld4c7Tz4rw7H/PWFSebOYI/cD5/ALP9j50=</latexit>

For z≭0: 

D
@f

@z
= Constant ! f(z) = f0
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� @

@z


D
@f

@z

�
=

Q0(p)

⇡R2
d

�(z)
<latexit sha1_base64="XXhpQyZQ2cs9UK7JC/fGKhZ9qcc="></latexit><latexit sha1_base64="XXhpQyZQ2cs9UK7JC/fGKhZ9qcc="></latexit><latexit sha1_base64="XXhpQyZQ2cs9UK7JC/fGKhZ9qcc="></latexit><latexit sha1_base64="XXhpQyZQ2cs9UK7JC/fGKhZ9qcc="></latexit>

Let us now integrate the diffusion equation around z=0 

and recalling that 

�2D
@f

@z
|z=0+ =

Q0(p)

⇡R2
d

<latexit sha1_base64="dWW41u5N6G3NdixeL/e1J42PvOE="></latexit><latexit sha1_base64="dWW41u5N6G3NdixeL/e1J42PvOE="></latexit><latexit sha1_base64="dWW41u5N6G3NdixeL/e1J42PvOE="></latexit><latexit sha1_base64="dWW41u5N6G3NdixeL/e1J42PvOE="></latexit>

Rate of  
injection per  
unit volume 

Diffusion  
Time 

Since Q0(p)~p-γ and D(p)~pδ 

f0(p) ~ p-γ-δ

f0(p) =
Q0(p)

2⇡R2
d

H

D
=

Q0(p)

2⇡R2
dH

H
2

D
<latexit sha1_base64="pPwlM0slNd8uLiTvnud2HiUhjy0="></latexit><latexit sha1_base64="pPwlM0slNd8uLiTvnud2HiUhjy0="></latexit><latexit sha1_base64="pPwlM0slNd8uLiTvnud2HiUhjy0="></latexit><latexit sha1_base64="pPwlM0slNd8uLiTvnud2HiUhjy0="></latexit>

D
@f

@z
|z=0+ = �D

f0

H
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WHICH CR FLUX WOULD BE MEASURED BY AN OBSERVER OUTSIDE OUR GALAXY? 

WE ALREADY ESTABLISHED THAT  

BUT THIS IS EXACTLY THE FLUX ACROSS A SURFACE IN DIFFUSIVE REGIME: 

THE SPECTRUM OF COSMIC RAYS OBSERVED BY AN OBSERVER OUTSIDE OUR GALAXY IS THE 
SAME AS INJECTED BY SOURCES, NOT THE SAME AS WE MEASURE AT THE EARTH!
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MODELS WITH SELF-GENERATED HALO (in passing)

34

There have been a few attempts to investigate the possibility that the whole CR-confining halo 
of the Galaxy is self-produced by the CR streaming (Evoli, PB, Morlino & Aloisio 2018; 
Chernyshov, Dogiel, Ivlev, Erlykin & Kiselev 2022) 

In these models there is no boundary condition at some fixed surface of free escape 

The idea is that at some (energy dependent) distance from the disc, self-generation becomes 
so strong that transport becomes advection dominated at the local Alfven speed 

This results in spectra that are in good agreement with the observed ones 



ESCAPE OF GALACTIC CR

Escaping
Cosmic Rays

THE CURRENT OF ESCAPING CRS IS WELL 
KNOWN:

JCR(p) = eD
@f

@z
|z=H =

eQ0(p)

2⇡R2
d
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SUCH CURRENT IN THE TYPICAL IGM EXCITES A NON-
RESONANT BELL-LIKE INSTABILITY PROVIDED: 

2

assumed for simplicity that the sources of CRs are lo-
calized in an infinitely thin disc and that CRs can freely
escape at the edge of the halo |z| = H, where nCR ! 0.
This results in

nCR(z, E) = ngal(E)

✓
1� |z|
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◆
, (2)

which implies that CRs escape from the boundary of the
halo with a flux

�CR(E) = �D(E)
@ngal
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= D
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2⇡R2
d
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�2
, (3)

where we have assumed that CRs are injected in the
Galaxy with a luminosity LCR and a spectrum /
E

�2 extending between Emin and Emax, and ⇤ =
ln(Emax/Emin). Eq. 3 clearly shows that, as expected,
the spectrum of escaping CRs is the same as the injected
spectrum. If, as commonly assumed, CRs propagate bal-
listically outside the Galactic halo and into the inter-
galactic medium, then their density immediately outside
the halo boundary can be easily estimated from flux con-
servation as nCR,ext(E) = 3�CR/c. For our purposes,
however, the assumption of ballistic motion is not essen-
tial. In fact we focus on the current carried by CRs with
energy > E, given by JCR = eE�CR(E). As discussed
in [6] a non-resonant instability is induced by this cur-
rent provided the energy flux associated with the escap-
ing particles is larger than c times the magnetic energy
density pre-existing the current:
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B
2
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4⇡
, (4)

where we assumed that a regular magnetic field of
strength B0 is present in the circumgalactic medium
(CGM) around our Galaxy. The instability is excited on
scales that are initially much smaller than the Larmor
radius of the particles dominating the current, namely at
wavenumber

kmax =
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cB0
JCR =
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cB
2
0

E
2
�CR

rL(E)
, (5)

and with a growth rate �max = kmaxvA, where vA =
B0/

p
4⇡⇢ is the Alfvén speed in the unperturbed field

and the density ⇢ is written as �G⌦b⇢cr, where ⇢cr =
1.88⇥ 10�29

h
2 g cm�3 is the critical density of the uni-

verse and we use ⌦bh
2 = 0.022. The parameter �G & 1

allows us to account for an overdensity of baryons around
the Galaxy.

The condition for the excitation of the non-resonant
instability, Eq. 4, translates into a condition on the back-
ground magnetic field

B0  Bsat ⇡ 2.4⇥ 10�8
L
1/2
41 R

�1
10 G (6)

where L41 is the CR luminosity of the Galaxy in units of
1041 erg s�1 and R10 is the radius of the galactic disk in

units of 10 kpc. We assumed Emax = 1PeV . However
this parameter only enters all estimates logarithmically.
In order to check whether Eq. 6 is likely to be sat-

isfied, one can estimate an upper limit on B0 based
on equipartition with the thermal energy density: for
a CGM density �G⇢cr⌦b and temperature T , this results

in Bth  2⇥10�9G�
1/2
G

T
1/2
4 , where T4 is the gas temper-

ature in units of 104 K. We expect B0 well below Bth in
most cases, which suggests that it is safe to assume that
the condition for the development of the non resonant
instability is typically satisfied away from the Galaxy,
where �G . a few hundreds.
When the instability is excited, its growth proceeds at

a rate

�max = kmaxvA ⇡ 0.5 yr�1
�
�1/2
G

E
�1
GeVL41R

�2
10 . (7)

For reasonable values of �G the time for growth is ex-
tremely short compared to all other relevant timescales,
so that the field rapidly grows. The growth initially hap-
pens on scales k

�1
max

much smaller than the Larmor ra-
dius of the particles dominating the current, so that the
current is only weakly a↵ected by the growth. On the
other hand, at the same time a force ⇠ JCR�B/c is ex-
erted on the background plasma, that gets displaced by
an amount �r ⇠ �BJCR/c⇢�

2
max

. The instability even-
tually saturates when the scale �r becomes of the same
order of magnitude of the Larmor radius, which implies

�B ⇡ Bsat ⇡

s
2LCR

c R
2
d
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(8)

It is important to notice that, for a spectrum N(E) /
E

�2, �B is the same on all scales, so that the di↵usion
coe�cient is expected to be Bohm-like. Moreover �B is
independent of the initial magnetic field strength and the
density of background plasma.
The Bohm di↵usion coe�cient corresponding to this

situation is

D(E) =
1

3

E c

e�B
⇡ 1.4⇥1024 EGeV L

1/2
41 R10 cm

2 s�1
. (9)

In other words, the original assumption of free streaming
of CRs after escaping our Galaxy leads to the apparently
contradicting result that the instability they excite is suf-
ficient to induce a di↵usive motion with short scattering
length, hence particle di↵use very e↵ectively as soon as
they find themselves in a region where condition 6 is sat-
isfied. On the other hand this conclusion does not really
depend on any specific assumption on the physics of par-
ticle propagation, while only based on conservation of the
energy flux constantly injected in our Galaxy in the form
of CRs.
Much discussion has appeared in the literature con-

cerning the saturation of the instability. A comprehen-
sive study of the topic [3] has highlighted two processes
that may limit the saturation field to lower values than
the one derived above. The first is the progressive in-
crease with growing field strength of the fastest growing

2

assumed for simplicity that the sources of CRs are lo-
calized in an infinitely thin disc and that CRs can freely
escape at the edge of the halo |z| = H, where nCR ! 0.
This results in

nCR(z, E) = ngal(E)

✓
1� |z|

H

◆
, (2)

which implies that CRs escape from the boundary of the
halo with a flux

�CR(E) = �D(E)
@ngal

@z
= D

ngal

H
=

LCR

2⇡R2
d
⇤
E

�2
, (3)

where we have assumed that CRs are injected in the
Galaxy with a luminosity LCR and a spectrum /
E

�2 extending between Emin and Emax, and ⇤ =
ln(Emax/Emin). Eq. 3 clearly shows that, as expected,
the spectrum of escaping CRs is the same as the injected
spectrum. If, as commonly assumed, CRs propagate bal-
listically outside the Galactic halo and into the inter-
galactic medium, then their density immediately outside
the halo boundary can be easily estimated from flux con-
servation as nCR,ext(E) = 3�CR/c. For our purposes,
however, the assumption of ballistic motion is not essen-
tial. In fact we focus on the current carried by CRs with
energy > E, given by JCR = eE�CR(E). As discussed
in [6] a non-resonant instability is induced by this cur-
rent provided the energy flux associated with the escap-
ing particles is larger than c times the magnetic energy
density pre-existing the current:

E
2
�CR

c
>

B
2
0

4⇡
, (4)

where we assumed that a regular magnetic field of
strength B0 is present in the circumgalactic medium
(CGM) around our Galaxy. The instability is excited on
scales that are initially much smaller than the Larmor
radius of the particles dominating the current, namely at
wavenumber

kmax =
4⇡

cB0
JCR =

4⇡

cB
2
0

E
2
�CR

rL(E)
, (5)

and with a growth rate �max = kmaxvA, where vA =
B0/

p
4⇡⇢ is the Alfvén speed in the unperturbed field

and the density ⇢ is written as �G⌦b⇢cr, where ⇢cr =
1.88⇥ 10�29

h
2 g cm�3 is the critical density of the uni-

verse and we use ⌦bh
2 = 0.022. The parameter �G & 1

allows us to account for an overdensity of baryons around
the Galaxy.

The condition for the excitation of the non-resonant
instability, Eq. 4, translates into a condition on the back-
ground magnetic field

B0  Bsat ⇡ 2.4⇥ 10�8
L
1/2
41 R

�1
10 G (6)

where L41 is the CR luminosity of the Galaxy in units of
1041 erg s�1 and R10 is the radius of the galactic disk in

units of 10 kpc. We assumed Emax = 1PeV . However
this parameter only enters all estimates logarithmically.
In order to check whether Eq. 6 is likely to be sat-

isfied, one can estimate an upper limit on B0 based
on equipartition with the thermal energy density: for
a CGM density �G⇢cr⌦b and temperature T , this results

in Bth  2⇥10�9G�
1/2
G

T
1/2
4 , where T4 is the gas temper-

ature in units of 104 K. We expect B0 well below Bth in
most cases, which suggests that it is safe to assume that
the condition for the development of the non resonant
instability is typically satisfied away from the Galaxy,
where �G . a few hundreds.
When the instability is excited, its growth proceeds at

a rate

�max = kmaxvA ⇡ 0.5 yr�1
�
�1/2
G

E
�1
GeVL41R

�2
10 . (7)

For reasonable values of �G the time for growth is ex-
tremely short compared to all other relevant timescales,
so that the field rapidly grows. The growth initially hap-
pens on scales k

�1
max

much smaller than the Larmor ra-
dius of the particles dominating the current, so that the
current is only weakly a↵ected by the growth. On the
other hand, at the same time a force ⇠ JCR�B/c is ex-
erted on the background plasma, that gets displaced by
an amount �r ⇠ �BJCR/c⇢�

2
max

. The instability even-
tually saturates when the scale �r becomes of the same
order of magnitude of the Larmor radius, which implies

�B ⇡ Bsat ⇡

s
2LCR

c R
2
d
⇤

(8)

It is important to notice that, for a spectrum N(E) /
E

�2, �B is the same on all scales, so that the di↵usion
coe�cient is expected to be Bohm-like. Moreover �B is
independent of the initial magnetic field strength and the
density of background plasma.
The Bohm di↵usion coe�cient corresponding to this

situation is

D(E) =
1

3

E c

e�B
⇡ 1.4⇥1024 EGeV L

1/2
41 R10 cm

2 s�1
. (9)

In other words, the original assumption of free streaming
of CRs after escaping our Galaxy leads to the apparently
contradicting result that the instability they excite is suf-
ficient to induce a di↵usive motion with short scattering
length, hence particle di↵use very e↵ectively as soon as
they find themselves in a region where condition 6 is sat-
isfied. On the other hand this conclusion does not really
depend on any specific assumption on the physics of par-
ticle propagation, while only based on conservation of the
energy flux constantly injected in our Galaxy in the form
of CRs.
Much discussion has appeared in the literature con-

cerning the saturation of the instability. A comprehen-
sive study of the topic [3] has highlighted two processes
that may limit the saturation field to lower values than
the one derived above. The first is the progressive in-
crease with growing field strength of the fastest growing

2

assumed for simplicity that the sources of CRs are lo-
calized in an infinitely thin disc and that CRs can freely
escape at the edge of the halo |z| = H, where nCR ! 0.
This results in

nCR(z, E) = ngal(E)

✓
1� |z|

H

◆
, (2)

which implies that CRs escape from the boundary of the
halo with a flux

�CR(E) = �D(E)
@ngal

@z
= D

ngal

H
=

LCR

2⇡R2
d
⇤
E

�2
, (3)

where we have assumed that CRs are injected in the
Galaxy with a luminosity LCR and a spectrum /
E

�2 extending between Emin and Emax, and ⇤ =
ln(Emax/Emin). Eq. 3 clearly shows that, as expected,
the spectrum of escaping CRs is the same as the injected
spectrum. If, as commonly assumed, CRs propagate bal-
listically outside the Galactic halo and into the inter-
galactic medium, then their density immediately outside
the halo boundary can be easily estimated from flux con-
servation as nCR,ext(E) = 3�CR/c. For our purposes,
however, the assumption of ballistic motion is not essen-
tial. In fact we focus on the current carried by CRs with
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In other words, the original assumption of free streaming
of CRs after escaping our Galaxy leads to the apparently
contradicting result that the instability they excite is suf-
ficient to induce a di↵usive motion with short scattering
length, hence particle di↵use very e↵ectively as soon as
they find themselves in a region where condition 6 is sat-
isfied. On the other hand this conclusion does not really
depend on any specific assumption on the physics of par-
ticle propagation, while only based on conservation of the
energy flux constantly injected in our Galaxy in the form
of CRs.
Much discussion has appeared in the literature con-

cerning the saturation of the instability. A comprehen-
sive study of the topic [3] has highlighted two processes
that may limit the saturation field to lower values than
the one derived above. The first is the progressive in-
crease with growing field strength of the fastest growing

At a wavenumber

and with a growth rate: 
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AN EASY WAY TO SATURATION 

CURRENT
The current exerts a force of the background 
plasma 

which translates into a plasma displacement: 

⇢
dv

dt
⇠ 1

c
JCR�B

�x ⇠ JCR

c⇢

�B(0)

�2
max

exp(�maxt)

which stretches the magnetic field line by the same amount… 
The saturation takes place when the displacement equals the Larmor radius of the particles 
in the field δB

2

assumed for simplicity that the sources of CRs are lo-
calized in an infinitely thin disc and that CRs can freely
escape at the edge of the halo |z| = H, where nCR ! 0.
This results in

nCR(z, E) = ngal(E)
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which implies that CRs escape from the boundary of the
halo with a flux
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where we have assumed that CRs are injected in the
Galaxy with a luminosity LCR and a spectrum /
E

�2 extending between Emin and Emax, and ⇤ =
ln(Emax/Emin). Eq. 3 clearly shows that, as expected,
the spectrum of escaping CRs is the same as the injected
spectrum. If, as commonly assumed, CRs propagate bal-
listically outside the Galactic halo and into the inter-
galactic medium, then their density immediately outside
the halo boundary can be easily estimated from flux con-
servation as nCR,ext(E) = 3�CR/c. For our purposes,
however, the assumption of ballistic motion is not essen-
tial. In fact we focus on the current carried by CRs with
energy > E, given by JCR = eE�CR(E). As discussed
in [6] a non-resonant instability is induced by this cur-
rent provided the energy flux associated with the escap-
ing particles is larger than c times the magnetic energy
density pre-existing the current:
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where we assumed that a regular magnetic field of
strength B0 is present in the circumgalactic medium
(CGM) around our Galaxy. The instability is excited on
scales that are initially much smaller than the Larmor
radius of the particles dominating the current, namely at
wavenumber
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and with a growth rate �max = kmaxvA, where vA =
B0/

p
4⇡⇢ is the Alfvén speed in the unperturbed field

and the density ⇢ is written as �G⌦b⇢cr, where ⇢cr =
1.88⇥ 10�29

h
2 g cm�3 is the critical density of the uni-

verse and we use ⌦bh
2 = 0.022. The parameter �G & 1

allows us to account for an overdensity of baryons around
the Galaxy.

The condition for the excitation of the non-resonant
instability, Eq. 4, translates into a condition on the back-
ground magnetic field

B0  Bsat ⇡ 2.4⇥ 10�8
L
1/2
41 R

�1
10 G (6)

where L41 is the CR luminosity of the Galaxy in units of
1041 erg s�1 and R10 is the radius of the galactic disk in

units of 10 kpc. We assumed Emax = 1PeV . However
this parameter only enters all estimates logarithmically.
In order to check whether Eq. 6 is likely to be sat-

isfied, one can estimate an upper limit on B0 based
on equipartition with the thermal energy density: for
a CGM density �G⇢cr⌦b and temperature T , this results

in Bth  2⇥10�9G�
1/2
G

T
1/2
4 , where T4 is the gas temper-

ature in units of 104 K. We expect B0 well below Bth in
most cases, which suggests that it is safe to assume that
the condition for the development of the non resonant
instability is typically satisfied away from the Galaxy,
where �G . a few hundreds.
When the instability is excited, its growth proceeds at

a rate
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For reasonable values of �G the time for growth is ex-
tremely short compared to all other relevant timescales,
so that the field rapidly grows. The growth initially hap-
pens on scales k

�1
max

much smaller than the Larmor ra-
dius of the particles dominating the current, so that the
current is only weakly a↵ected by the growth. On the
other hand, at the same time a force ⇠ JCR�B/c is ex-
erted on the background plasma, that gets displaced by
an amount �r ⇠ �BJCR/c⇢�

2
max

. The instability even-
tually saturates when the scale �r becomes of the same
order of magnitude of the Larmor radius, which implies
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It is important to notice that, for a spectrum N(E) /
E

�2, �B is the same on all scales, so that the di↵usion
coe�cient is expected to be Bohm-like. Moreover �B is
independent of the initial magnetic field strength and the
density of background plasma.
The Bohm di↵usion coe�cient corresponding to this

situation is
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In other words, the original assumption of free streaming
of CRs after escaping our Galaxy leads to the apparently
contradicting result that the instability they excite is suf-
ficient to induce a di↵usive motion with short scattering
length, hence particle di↵use very e↵ectively as soon as
they find themselves in a region where condition 6 is sat-
isfied. On the other hand this conclusion does not really
depend on any specific assumption on the physics of par-
ticle propagation, while only based on conservation of the
energy flux constantly injected in our Galaxy in the form
of CRs.
Much discussion has appeared in the literature con-

cerning the saturation of the instability. A comprehen-
sive study of the topic [3] has highlighted two processes
that may limit the saturation field to lower values than
the one derived above. The first is the progressive in-
crease with growing field strength of the fastest growing
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galactic medium, then their density immediately outside
the halo boundary can be easily estimated from flux con-
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tial. In fact we focus on the current carried by CRs with
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strength B0 is present in the circumgalactic medium
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the condition for the development of the non resonant
instability is typically satisfied away from the Galaxy,
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tremely short compared to all other relevant timescales,
so that the field rapidly grows. The growth initially hap-
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much smaller than the Larmor ra-
dius of the particles dominating the current, so that the
current is only weakly a↵ected by the growth. On the
other hand, at the same time a force ⇠ JCR�B/c is ex-
erted on the background plasma, that gets displaced by
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. The instability even-
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It is important to notice that, for a spectrum N(E) /
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�2, �B is the same on all scales, so that the di↵usion
coe�cient is expected to be Bohm-like. Moreover �B is
independent of the initial magnetic field strength and the
density of background plasma.
The Bohm di↵usion coe�cient corresponding to this
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In other words, the original assumption of free streaming
of CRs after escaping our Galaxy leads to the apparently
contradicting result that the instability they excite is suf-
ficient to induce a di↵usive motion with short scattering
length, hence particle di↵use very e↵ectively as soon as
they find themselves in a region where condition 6 is sat-
isfied. On the other hand this conclusion does not really
depend on any specific assumption on the physics of par-
ticle propagation, while only based on conservation of the
energy flux constantly injected in our Galaxy in the form
of CRs.
Much discussion has appeared in the literature con-

cerning the saturation of the instability. A comprehen-
sive study of the topic [3] has highlighted two processes
that may limit the saturation field to lower values than
the one derived above. The first is the progressive in-
crease with growing field strength of the fastest growing
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THE EMERGING PICTURE
When escaping CR reach a region where the field drops below ~10-8 G, they excite a 
non-resonant instability that slows down CR diffusion and eventually sets the plasma 
in motion

Hence, their density is set by advection

We started this gedankenexperiment by assuming that CR freely escape at a boundary 
and we reached the conclusion that they instead they almost come to a stop… This 
probably means that it is not very physical to impose the boundary by hand: the 
problem chooses it in a self-regulated manner

3

wavelength. We checked that this process leads to satura-
tion values close to that in Eq. 8, although a dependence
onB0 appears. Another process turns out to be of greater
importance: while the field grows and the motion of CRs
from ballistic turns into di↵usive, the pressure gradient
that develops exerts a force on the background plasma.
This force sets the gas in motion and the field saturates
when the plasma bulk speed equals the Alfvén velocity
in the amplified field, ṽA = �B/

p
4⇡⇢. If di↵usion were

the dominant transport process for CRs outside the halo,
the density could be approximated as

nCR(E) ⇡ 2�CR

s
t

⇡D(E)
, z <

p
4D(E)t, (10)

where we assumed that CRs enter steadily through the
halo surface and di↵use with a constant di↵usion coe�-
cient D(E) for a time t. For the scales that are reached
by particles in a time t, namely for z <

p
4D(E)t, the

current of particles is conserved and still given by Eq. 3.
Hence we can define a di↵usive (or drift) velocity

vD =
�CR

nCR

⇡
r

⇡D(E)

4t
. (11)

At the same time, di↵usion creates a pressure gradient
that is directly related to the CR current as rPCR =
E

2
�CR/D. This force imparts to the background plasma

a velocity that can be estimated as

vbg ⇡ E
2
�CR

D

t

⇢
. (12)

When vD = vbg the distribution of CRs becomes reg-
ulated by advection with the background gas, rather
than by di↵usion. By requiring that this advection ve-
locity is also the Alfvén velocity in the amplified field,
ṽA = �B/

p
4⇡⇢, and assuming the di↵usion coe�cient

given by Eq. 9, one derives
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(13)
This criterion returns then a strength of the magnetic
field that is somewhat larger than in Eq. 8, for typi-
cal values of the parameters, hence we conclude that the
streaming of CRs induces the generation of a magnetic
field of order �B  Bsat ⇡ 2.4⇥10�8 G, as deduced from
Eq. 8. Yet the advection velocity ṽA becomes larger than
vD after a time of a few �

�1
max

, indicating that the trans-
port quickly turns into advective, so that the distribution
function of CRs is

nCR(E) =
�CR

ṽA
, (14)

a factor ⇡ c/ṽA larger than what would be estimated in
the case of ballistic motion at the speed of light.

The problem can be treated as one dimensional, as we
have implicitly assumed above, for as long as z . Rd,

which happens in a time ⇠ Rd/ṽA. At larger distances
the CR density drops with distance r as r

�2 and the
e↵ects described above quickly disappear.

Implications for CR escape - at first it may seem coun-
terintuitive that the assumption of escape of CRs across a
free escape boundary leads to the conclusion that in fact
particles create an exceedingly small di↵usion coe�cient.
The picture we have in mind is that of CRs propagating
in an exponentially decreasing magnetic field while leav-
ing the Galaxy [7]. This results in a rapidly growing
di↵usion coe�cient. E↵ectively such a rapid growth of
the scattering length is equivalent to a transition to a
quasi-ballistic motion. At a distance where the energy
density in magnetic fields drops below that of the escap-
ing particles (Eq. 6), the CR current driven instability
starts being excited and within a time of order several
�
�1
max

the field grows to ⇠ 0.02µG, which implies a strong
tie between CRs and background plasma. The pressure
gradient induced by di↵usion sets the plasma in motion
and CR transport becomes advective with a typical ve-
locity ṽA ⇠ 10 � 100 km/s, depending on the gas den-
sity in the circumgalactic region. Advection carries CRs
away from the Galaxy, inhibiting their return. Hence the
equilibrium CR distribution inside the Galaxy (and more
specifically in the disc) is not changed with respect to the
standard picture we use to describe CR transport in the
Galaxy.

Implications for the magnetization of the Universe -
the escape of CRs from any galaxy leads to the creation
of an extended region where the magnetic field is pushed
up to a value close to the equipartition value with the
current of escaping CRs. Each galaxy can be imagined
as embedded in a halo of CR induced magnetic field. The
extent and strength of such field depends on the type of
galaxy and its luminosity. The magnetic field originated
from the growth of a CR current is expected to be roughly
scale invariant, which implies that the largest scale is of
the order of the Larmor radius of the highest energy par-
ticles in the current. Largest scales are expected around
galaxies that host more powerful accelerators, able to ac-
celerate particles to higher energies. As discussed in [2],
the field can be large enough to a↵ect the transport of
low energy CRs from the sources to Earth, by allowing
only ultra high energy particles to reach us.

Implications for high energy neutrinos - the region of
size ⇠ Rd around our Galaxy is filled with CRs in a
time ⇠ Rd/ṽA ⇠ 108� 109 years, which corresponds to a
local overdensity of CRs in the same region of ⇠ c/ṽA ⇠
104 � 105 compared with the case of free escape. The
occasional interactions of these particles with the CGM
gas leads to production of gamma rays and neutrinos.
The flux of neutrinos can be estimated as follows:
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Calculating ṽA in the magnetic field �B from Eq. 8 we37



ESCAPE OF GALACTIC CR

COSMIC RAYS SHOULD EVENTUALLY SLOW DOWN THEIR FREE 
ESCAPE AND ACCUMULATE AT LARGE DISTANCES FROM THE 
GALAXY (~30 Kpc)

AROUND EVERY GALAXY THERE SHOULD BE A REGION WITH 
B~LCR1/2 DUE TO THE ACTION OF ESCAPING CR

THE  INTERACTION  OF  CR  WITH  THE  LOCALLY  OVERDENSE 
INTERGALACTIC MEDIUM LEADS TO PRODUCTION OF A QUASI-
ISOTROPIC FLUX OF SECONDARIES (FOR INSTANCE NEUTRINOS)

4

FIG. 1. Flux of isotropic di↵use gamma ray emission (blue)

as measured by Fermi-LAT [8] and flux of astrophysical neu-

trinos as measured by IceCube [4, 5] (red). The (green) hori-

zontal lines show the expected flux of neutrinos from pp col-

lisions in the circumgalactic medium, for the overdensity �G
as indicated.
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where we assumed that the neutrino energy is related
to the energy of the parent proton by E⌫ = ⌘E, with
⌘ ⇠ 0.05. For simplicity we neglected the weak energy
dependence of the cross section for neutrino production,
which is known to increase slowly with energy, so as to
lead to a slight increase in the neutrino flux at high en-
ergy.

The estimated flux of di↵use neutrinos is plotted in
Fig. 1 (green horizontal lines) for di↵erent values of the
overdensity �G. In the same figure we show the flux of
astrophysical neutrinos measured by IceCube [4, 5] and,
for comparison, the flux of gamma rays that Fermi-LAT
associates with an isotropic extragalactic origin [8]. One
can see that the if the overdensity of baryonic gas in
the circumgalactic medium is of order ⇠ 100, then the

expected neutrino flux is comparable with the one mea-
sured by IceCube. It is worthwhile to mention that the
virial radius of our Galaxy, which is of order ⇠ 100 kpc,
is defined as the radius inside which the mean overden-
sity is 200. Hence a value of �G ⇠ 100 � 200 appears to
be quite well justified on scales of ⇠ 10 kpc.
A few caveats should be stressed: 1) the fluxes shown

in Fig. 1 have been obtained in the simple case that the
injection spectrum from individual supernovae (or what-
ever other sources of Galactic CRs) is N(E) ⇠ E

�2. A
steeper injection spectrum reflects in a correspondingly
steeper spectrum of the neutrino flux. At the present
level of investigation of the complex phenomenon of in-
teraction of escaping CRs with the CGM, considering
additional complications would shed no more light on
the relevant physics. 2) In the estimate above we did
not include a spectral suppression at some maximum en-
ergy. Such suppression is expected to reflect in a change
of slope rather than a cuto↵ in the CR source spectrum
[9, 10], that would lead to a somewhat lower neutrino
flux at the highest energies.

Conclusions: the escape of CRs from our Galaxy is
required by the assumption that at energies & 10 GeV
stationarity is reached between injection at the sources
and escape. This equilibrium is observationally visible in
the decrease with energy of the ratio between the fluxes
of secondary and primary nuclei, most notably the B/C
ratio. Escape is not well understood and is usually mod-
elled by imposing the existence of a free escape boundary
located at a few kpc from the disc. At such boundary it
is assumed that the CR transport becomes ballistic in
nature. In reality we expect that the di↵usion coe�cient
becomes increasingly larger away from the disc, so that
at some point particles can be assumed to stream freely.
We showed that, independently of the details of the prop-
agation physics, the current of such escaping CRs in the
circumgalactic medium is such that a rapidly growing,
non resonant instability is excited as soon as the back-
ground magnetic field is lower than ⇠ 2 ⇥ 10�8 Gauss.
The growth of the instability leads to three main con-
sequences: 1) a quasi-scale invariant magnetic field is
generated with a strength ⇠ 2 ⇥ 10�8 Gauss over a dis-
tance ⇠ 10 kpc from the Galaxy. 2) The pressure gradi-
ent of CRs scattering on such magnetic fluctuations sets
the background plasma around our Galaxy in motion, so
that CRs are advected away with the plasma at a speed
⇠ 10� 100 km/s. 3) The occasional interactions of CRs
with the CGM produce a quasi-isotropic neutrino flux
at Earth, that is comparable with the flux observed by
IceCube, provided the local baryon overdensity is ⇠ 100.
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IMPLICATIONS FOR UHECRS

Source of  
UHECR2Rs

Escaping CR

Cosmic rays escaping the source can excite a non 
resonant streaming instability provided (D’Angelo, PB & 

Amato 2015, Cermenati, Evoli, Aloisio, PB 2024)

2

where L is the galaxy’s luminosity, and ⇤ = ln(Emax
Emin

) is a normalization factor.
For the size of the tube, we assume that this is of the size of the size unless their Larmor radius, rL, exceed this,

so we can sum up this condition as R(E) = max [Rs, rL(E)].
The transition energy between the two cases can be estimated from

ET = eB0Rs ⇠ 92.5PeVB�10Rs,Mpc . (3)

Finally, we consider particles injected with an isotropic distribution in pitch angle µ ⌘ cos ✓, hence their mean drift
velocity in the direction parallel to the original magnetic field is vD = c

2
.

Therefore, the di↵erential density of CRs within the flux tube can be easily derived from the continuity equation
as:

nCR(E) =
Q(E)

vD
=

2q(E)

⇡R2(E)c
(4)

In the latter, we assume a source extension Rs ⇠ Mpc, Emin = 1 GeV, and Emax = 10 EeV (⇤ ⇠ 23).

A. Growth of the instability

The cosmic rays’ current JCR(> E) ⇠ eEQ(E) can give rise to the non-resonant streaming instability if the
associated energy flux, divided by the speed of light, is greater than the original magnetic energy density, as initially
discovered by A. R. Bell [2]:

EJCR(> E)

ec
⇠

E
2
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c
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B
2
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4⇡
, (5)

which is equivalent to requiring that the fastest-growing mode, kmax, of the instability is excited at scales smaller
than the Larmor radius of the particles that dominate the current, kmaxRL(E) >> 1, with:

kmax(E) =
4⇡

c

JCR(> E)

B0

. (6)

This requirement sets an upper limit on the strength of the IGMF for which the non-resonant modes of the streaming
instability can be excited:

B0 < Bsat =

s
4L

⇤R2
sc

⇠ 7.8 nG ⇥
L
1/2
44

Rs,Mpc

, (7)

where L44 is the luminosity of the source in units of 1044 erg/s. This limit does not depend on the energy of the
particles dominating the current because the injected flux has been assumed to be proportional to E�2, as in standard
first-order di↵usive shock acceleration [3], and is valid as long as particles with energy smaller than ET participate to
the current. For magnetic fields stronger than Bsat, only the resonant branch of the streaming instability is allowed
[2, 4].
If the condition in equation (7) is fulfilled, the magnetic field can be amplified by the cosmic rays’ current up to its
saturation value (equation (7)). According to linear theory [2], the growth rate of the instability is given by:

�max(E) = VAkmax =
1

p
4⇡⇢

4⇡

c
JCR(> E), (8)

where VA is the Alfvèn speed in the original magnetic field; we consider the intergalactic medium density ⇢ = �⇢b to
be the baryonic critical density ⇢b = ⌦b⇢crit times an overloading factor �.
The non-linear evolution of the NRSI is studied using numerical simulations [2, 5, 6]. A general result, as already
demonstrated by Bell in his original work [2], is that the growth rate in the linear regime of the instability is
consistent with the linear theory prediction. The amplification of the fastest-growing mode becomes non-linear after
approximately 5-10 times the inverse of the growth rate. The magnetic perturbations nearly reach their saturation
value within the same timescale, and the peak power shifts to longer wavelengths in the non-linear stage [5]. To
phenomenologically describe the di↵usion coe�cient that cosmic rays experience in the self-generated turbulence, we
assume that the magnetic field perturbations reach their saturation value (equation (7)) at k = R�1

L (E) in a time:

⌧sat(E) = 10 · ��1

max
(E) ⇠ 42 Myr
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EPeVR
2

s,Mpc

L44

. (9)

The instability leads to self-confinement for energies below:  

 

meaning that CR with E<Esat take longer than the age of the universe to escape. 

For typical luminosities invoked for UHECR sources the instability causes a low energy cutoff in the ~0.1-1 EeV range, interesting 
since the Auger data seem to require a similar trend.  

Moreover, every source should be surrounded by a ~10 Mpc region with ~nG magnetic fields 
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It is reasonable to assume that after a time ⌧sat(E) (figures 1, 2), cosmic rays’ resonant scattering on the self-
generated turbulence becomes e�cient, and the transport becomes di↵usive with a di↵usion coe�cient corresponding
to Bohm di↵usion in the amplified magnetic field Bsat. This assumption is based on two considerations: Bohm di↵usion
is generally found in the quasi-linear theory (QLT) of wave-particle interactions when �B/B0 ⇡ 1 (see [7]), and �B2

is roughly scale-independent; in the particular case of the NRSI, with �B >> B0 and scale-invariant power spectrum,
there is additional evidence that transport is governed by Bohm di↵usion (see [8] and [9]). Since the turbulence takes
a longer time to saturate at larger wavelengths, on timescales shorter than ⌧sat(E), cosmic rays can only experience
small pitch-angle scattering on wavelengths shorter than their Larmor radius, resulting in a di↵usion coe�cient D(E)
/ E2 [10].
The saturation time, a function of energy, is plotted for di↵erent values of the luminosity (figure 1)
and the size of the source (figure 2).

Since we assume continuous injection of cosmic rays from the accelerator with a constant luminosity, the net cosmic
ray current flowing into the flux tube remains the same, whether we assume rectilinear or di↵usive propagation (see
[1]). The instability grows continuously, and the amplified turbulence reaches the saturation value Bsat at larger and
larger wavelengths, satisfying the resonant condition to di↵use cosmic rays with greater energy. From equation (9),
we define the energy scale Esat(t) at which the instability saturates in a time t:

Esat(t) ⇠ 24 PeV
L44tGyr

�1/2R2

s,Mpc

. (10)

We consider that Bohm di↵usion governs the transport of particles with energy smaller than (10), and therefore, the
di↵usion coe�cient grows with the square of the energy:

D(E, t) =

(
c
3

E
e·Bsat

⇠ 4.3 · 1030 cm2/s EPeVRs, Mpc

L1/2
44

if E  Esat(t),

c
3

E
e·Bsat

E
Esat(t)

if E > Esat(t).
(11)

Our assumption on the amplified magnetic field (equation (7)) is valid as long as the current is dominated by
particles of energy smaller than ET, where the particle’s current is J(>E) / E�1, and the saturation time grows
linearly with the energy (see figures 1, 2). When particles of energy of the order of ET are di↵used and confined
within a distance d(t) ⇡

p
4D(E)t, the current at larger distance results in being / E�3, and the turbulence power

spectrum is no longer scale-invariant. This implies that the di↵usion coe�cient cannot be Bohm-like at energies larger
than ET.

FIG. 1. Plot of the saturation time of the instability for di↵erent luminosities of the source, compared with the Age of the
Universe (black-dashed line), for R = 1 Mpc. The two vertical lines are Emagn (black-solid) and ET (black-dotted).

B. Advection

As the instability grows and the motion of cosmic rays shifts from ballistic to di↵usive, a pressure gradient develops
in the direction parallel to the original magnetic field, exerting a force on the background plasma. This force sets
the plasma in motion, and a stationary situation is reached when both the plasma and the bulk of cosmic rays drift
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SUMMARY: WHY SHOULD YOU WANT TO UNDERSTAND ESCAPE

 Escape is regulated by microphysics of plasma-particles interactions and is a missing link between 
the physics of the accelerator and the physics of transport on large scales 

 In the case of SNR this phenomenon is responsible for Emax as well as for the transport in the near 
source region — GRAMMAGE AROUND THE SOURCE? 

In the regions around PWN we have evidence for extended regions of reduced diffusivity (TeV halos) 
and for long, thin X-ray filaments with large magnetic fields… DO THEY HAVE A COMMON ORIGIN? 
IMPORTANT IMPLICATIONS FOR CR POSITRONS 

 The escape of CR from the Milky Way is mimicked by using a free escape boundary condition, but if 
we impose such a condition we infer that those particles do not freely escape — DIFFUSE 
NEUTRINOS? B-FIELDS? 

 When applied to UHECR from very energetic sources the phenomenon implies a low energy cutoff in 
the region around 0.1-1 EeV — REASON FOR STRANGE AUGER SPECTRA? 40



SUMMARY: WHY SHOULD YOU WANT TO UNDERSTAND ESCAPE

 We could have ignored these effects when error bars on measurements were large, but not now that 
we are able to measure the grammage at a few percent level 

 There are hints, perhaps just hints, that something interesting is happening at high energies: 

 Diffuse gamma and neutrino flux from the Milky Way 

 Possible hardening of the B/C at E/n>TeV/n 

 Some anomalies (positron excess) have even stimulated profoundly different ideas on transport that 
require alternative ways to accumulate grammage (Cowsik 2016, Lipari 2017) 

 Moreover, for the first time we have “good eyes” to look at large diffuse sources —> Chance to look at 
the escape regions around sources
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