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Cosmic Rays vs Non-thermal particles
Cosmic Rays (CR) consist of a small minority of particles that reach the Earth after being energised in 
sources, both Galactic and Extra-Galactic, and being transported through the Universe or the Galaxy 

In this sense the physics of CR is the physics of all non-thermal particles that we see the radiation of, be it 
from AGN, GRB, SNR, muQSO, lightning, … 

This Physics consists of

PARTICLE ACCELERATION PROPAGATION FROM THE 
SOURCES TO EARTH

MICROPHYSICS OF 
PARTICLE TRANSPORT 

IN B FIELDS

IN THE END MOST MULTI-MESSENGER ASTROPHYSICS OF NON-THERMAL PHENOMENA (WITH THE EXCLUSION OF 
GW) BOILS DOWN TO UNDERSTANDING TRANSPORT PLUS THE COMPLEXITY OF THE ENVIRONMENT
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Cosmic Rays and MM/MW Astrophysics

The investigation of Cosmic Rays (CR) has always been based on Multi-Messenger and Multi-ν studies 

What we know about CR transport through the Galaxy has been derived from observations of secondary 
stable nuclei and secondary unstable isotopes as well as positrons and antiprotons (many messengers) 

The diffuse gamma ray emission from the Galaxy is a diagnostic tool of CR transport 

Gamma ray emission from sources is routinely used to assess the role of such sources for CR origin 

X-ray emission from SNR shocks has provided the first evidence ever of efficient CR acceleration  

Radio emission is used to trace the non-thermal history of SNR 

Neutrinos, both diffuse and from (many) sources, have been predicted long ago  

GWs are the new addition to this long list… the type of sources detected (BH mergers and NS mergers) 
were not expected to have an obvious counterpart in either CR or high energy radiation relevant for 
particle acceleration to non-thermal energies … we will have to see…
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A few examples of new trends inspired by MM

I will discuss two cases of observations, in gamma rays and neutrinos, that may deeply 
impact our ideas on Cosmic Rays 

HALOS OF EXTENDED HIGH ENERGY GAMMA RAY EMISSION FROM AROUND 
SOURCES (HAWC, LHAASO) 

ISOTROPIC NEUTRINO FLUX (IceCube), POSSIBLY OF EXTRA-GALACTIC 
ORIGIN… COULD IT BE THE SIGNATURE OF CR ESCAPING OUR GALAXY? 

and then discuss one possible future development involving GW: 

PRODUCTION OF UHECR NUCLEI IN NEWBORN NEUTRON STARS, POSSIBLE 
SOURCES OF GW 
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Extended γ-ray emission from around sources

PSF, the 68% containment radius of which is 0.45° in this
energy range, as indicated by the white circle in Fig. 1.
We use four spatial templates, convolved with the PSF, to

study the morphology of the source: point source, two-
dimensional Gaussian model, uniform disk, and the dif-
fusion model from a point source with constant injection
rate [4]. Table I lists the best-fit source positions, exten-
sions, and the TS values for these templates. For the point
source assumption, the fit to the > 25 TeV skymap gives a
TS value of 63.0.
In the case of the two-dimensional Gaussian model, the

fit yields R:A: ¼ 95.47°" 0.11°, Dec: ¼ 37.92°" 0.09°,
and extension σ ¼ 0.40°" 0.07°. The centroid of
LHAASO J0621þ 3755 is consistent with the location
of Fermi-LAT pulsar J0622þ 3749, with in an angular
distance of 0.11°" 0.12°. It is also consistent with the

expectation of the pulsar halo model that the γ-ray emission
above 10 TeV is close to the pulsar due to the fast cooling of
such VHE e", even if there is a moderate proper motion of
the pulsar [46]. The TS value of the source is 79.5,
corresponding to a significance of 8.2σ for four free
parameters. Assuming a uniform disk model, we obtain
a similar significance with a disk radius of 0.70°" 0.10°.
To study the significance of the extension of the source,

we define TSext ¼ 2 lnðLext=LpsÞ, i.e., twice the logarithm
of the likelihood ratio of an extended source assumption to
a point source assumption [47]. The TSext for the Gaussian
template is about 16.5, which corresponds to a significance
of ∼4.1σ for an additional free parameter.
To further study the spatial distribution of the source, we

use a fitting form of the morphological distribution from a
diffusion model under the approximation of continuous
injection from a point source,

fðθÞ ∝ 1

θdðθ þ 0.085θdÞ
exp½−1.54ðθ=θdÞ1.52'; ð1Þ

to fit the KM2A observed morphology. (A more detailed
modeling of the emission considering, e.g., the injection
history and potential pulsar proper motion [9,48], might
lead to small differences of the spatial distribution, and
hence the estimate of the extension parameter.) In Eq. (1), θ
is the angular distance from the source position, and θd ¼
180°=π · 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DðEeÞtE

p
=d is the typical diffusion extension

with DðEeÞ as the diffusion coefficient and tE ∼ 5.5 kyr as
the cooling time of electrons and positrons with ∼160 TeV
energies (see Sec. F of Supplemental Material [27] for the
magnetic field and photon fields used in this work). This
formula is a slightly improved version of that introduced in
Ref. [4], and can match the numerical calculation, which
includes the diffusion of e", the inverse Compton scattering
(ICS) off the background radiation field, and the line-of-
sight integral of the γ-ray emission, within a few percent up
to a distance as far as 3θd from the central source (see
Sec. G of Supplemental Material [27]. We get the fitted
θd ¼ 0°.91" 0°.20 for E > 25 TeV, and the TS value of
78.1 for the diffusion model, as given in Table I. We have
tested via MC simulations that the differences among the
three extended templates are not significant (with a largest
difference of ∼1.8σ). The one-dimensional distribution of
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FIG. 1. Significance map of the 3° × 3° region around
LHAASO J0621þ 3755 with energy above 25 TeV. The cyan
square and circle denote the best-fit and 1σ range of the location
of the LHAASO source. The triangle marks the location of
3HWC J0621þ 382, the black circles show the locations of the
two 4FGL sources, and the pink cross marks the location of
PSR J0622þ 3749. The angular distance between the centroid
of LHAASO J0621þ 3755 and PSR J0622þ 3749 is
0.11°" 0.12°. The white circle at the bottom-right corner shows
the size of the LHAASO PSF (68% containment).

TABLE I. Results of the morphological analyses of LHAASO J0621þ 3755.

Template Extension a (°) R. A. (°) Dec. (°) TS Np
b

Point source ( ( ( 95.56" 0.10 37.85" 0.07 63.0 3
2D Gaussian 0.40" 0.07 95.47" 0.11 37.92" 0.09 79.5 4
Uniform disk 0.70" 0.10 95.44" 0.11 37.94" 0.09 80.2 4
Diffusion 0.91" 0.20 95.48" 0.10 37.90" 0.09 78.1 4
aRadius for the uniform disk; σ for the Gaussian model; θd for the diffusion model.
bNp is the number of parameters in the model.
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the number of events after subtracting the estimated back-
ground, together with the fitting 1σ band of the diffusion
model, are shown in Fig. 2.
Using the Gaussian extension of 0.40°, the resulting

differential flux (TeV−1 cm−2 s−1), assuming a single
power-law form, is

dN
dE

¼ ð3.11# 0.38stat # 0.22sysÞ × 10−16

ðE=40 TeVÞ−2.92#0.17stat#0.02sys ð2Þ

We derive the fluxes of LHAASO J0621þ 3755 in four
energy bins, [10, 25], [25–63], [63–158], and [158–
398] TeV, respectively. Above 100 TeV, we observed four
photonlike events against 0.5 background events, which
corresponds to a 3.1σ statistical significance. Because the
significance in the last energy bin is smaller than 2σ, a 95%
upper limit is derived. The SED is given in Fig. 3, where the
geometric mean energy is used to represent the energy of
corresponding bin. Assuming a power law with an expo-
nential cutoff improves the fitting quality very little, which
gives a TS value higher by 1.6 but with one more free
parameter.
Multiwavelength studies.—LHAASO J0621þ 3755 is a

new source in the VHE domain, without a counterpart in
the TeVCat [49,50]. It is potentially associated with 3HWC
J0621þ 382 in the third HAWC catalog [23], since the
angular distance between two sources is 0.31°# 0.32°. In
the GeV energy band, we find two 4FGL sources [51],
4FGL J0622.2þ 3749 and 4FGL J0620.3þ 3804, in the
vicinity of LHAASO J0621þ 3755 (see Fig. 1). 4FGL
J0620.3þ 3804 is associated with the radio source GB6
J0620þ 3806 [52] and is classified as a “bcu” (blazar
candidate of uncertain type) in the 4FGL catalog [51].
Since LHAASO J0621þ 3755 shows emission up to
100 TeVenergies, we expect that it should not be associated

with 4FGL J0620.3þ 3804. The other source, 4FGL
J0622.2þ 3749, is a γ-ray pulsar discovered using the
Fermi-LAT data [25]. Multiwavelength counterparts of the
pulsar have been searched for in Ref. [25]. No x-ray or
pulsed radio emission has been found. Faint sources and
extended diffuse emission might exist in the MPIfR surveys
of radio continuum emission at 408 MHz and 1420 MHz
[53,54]. However, after checking the 820-MHz and 4850-
MHz images [55,56], we find no clear diffuse emission
around the pulsar (see Fig. S1 in the Supplemental Material
[27]). The search in the infrared and optical bands does not
reveal counterparts of the pulsar or the extended halo.
The potential extended GeV γ-ray emission can give very

useful constraints on the properties of CR injection from
the pulsar and diffusion in the ISM [48,57,58]. For
Geminga, a possible large extended counterpart of the
TeV halo was reported in [48]. We therefore analyzed
11.5 years of the Fermi-LAT data to search for extended
emission associated with LHAASO J0621þ 3755. Events
of P8R3 version and SOURCE class in a square region of
25° × 25° with energies between 15 and 500 GeV were
used. The diffuse models used are gll_iem_v07.fits and
iso_P8R3_SOURCE_V2_v1.txt [60]. A binned likelihood
method is adopted, with background source model XML
file generated using make4FGLxml.py [61] based on the
4FGL source catalog [51]. No clear extended emission has
been found. The 95% flux upper limits have been derived,
assuming the predicted spatial template from the diffusion
model in the relevant energy band. The results are also
shown in Fig. 3. For more details of the Fermi-LAT data
analysis, please refer to the Supplemental Material [27].
Interpretation as a pulsar halo.—The multiwave-

length search indicates that LHAASO J0621þ 3755 is a
VHE γ ray–only source possibly associated with PSR
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FIG. 2. One-dimensional distribution of the > 25 TeV γ-ray
emission of LHAASO J0621þ 3755. The solid line and shaded
band show the best fit and Δχ2 ¼ 2.3 range of the diffusion
model fit, which is the convolution of Eq. (1) with the PSF.
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FIG. 3. The spectrum of LHAASO J0621þ 3755. The error
bars represent statistical uncertainties, and the shaded band shows
the systematic uncertainties. The HAWC measurement of 3HWC
J0621þ 382 [23] and the Fermi-LAT 95% upper limits are also
shown. The line shows the prediction based on the pulsar halo
model (see “Interpretation as a pulsar halo”).
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There are now several cases of extended gamma ray emission (halos) in the TeV range as seen with HAWC and 
LHAASO, around middle aged pulsars - the so-called TeV halos 

The spatial extent of the emission, interpreted as the result of ICS of electrons and positrons from the pulsar, leads to 
the conclusion that the diffusion coefficient is ~10-3-10-2 of the Galactic diffusion as inferred from Secondary/Primary 
ratios
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Similar Phenomenon around SNRs?

THE SNR W28 IS SURROUNDED BY A SYSTEM OF MOLECULAR CLOUDS 

THE GAMMA RAY EMISSION FROM THESE CLOUDS ALSO PROVIDES PRECIOUS 
INFORMATION ABOUT CR TRANSPORT FROM THE SNR  

THIS EXERCISE ALSO LED TO THE CONCLUSION THAT THE DIFFUSION 
COEFFICIENT AROUND THE REMNANT IS ~40 TIMES SMALLER THAN THE 
GALACTIC D(E) [Gabici et al 2010]

 Is it possible that around sources of CR particles the diffusion coefficient is much smaller than 
on average?  

 If so, what is the possible source of such phenomenon? 

 Are there other implications that one could/should be looking for? 
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Basic indicators of CR diffusion4
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FIG. 1. B/C and B/O ratios as derived by using our calcula-
tions (solid line) compared to recent AMS-02 data [4].

high-rigidity break parameters (Rb, ��, s) with a fit to
the H and He fluxes. Noticing that they are practically
the same as the best-fit values of the recent AMS-02 pub-
lication [58] , i.e. s = 0.09 and �� = 0.22, obtained by
fitting the proton spectrum. However we require a some-
what lower Rb of 290GV to simultaneously fit He which
is still compatible with the fit provided in [58] within
their error bars. These assumptions reduce the number
of free parameters which describe the transport to 3.

The injection e�ciencies ✏a of the species C, N, O, Ne,
Mg, Si, S and Fe are set in such a way that the total flux
of each species match the AMS-02 data. That amounts
to additional 8 parameters. For other primary species,
in particular Na, Al, P, Ar, Ca, Cr, Mn and Ni, the
TRACER03 [59], CRISIS [60], and HEAO3-C2 [38] mea-
surements have been used to fix their abundances and we
do not include these normalizations as free parameters in
the best-fit search. Notice that the e�ciency ✏a pertains
to the injection of a given charge, including all isotopes.
We distribute the e�ciency ✏a among the isotopes in or-

FIG. 2. Flux of Ne, Mg, Si and S (solid orange line) com-
pared to recent AMS-02 data. The shaded area shows the
e↵ect of cross section uncertainties on the predictions. The
dashed lines reflect the fluxes obtained by only including the
primary contribution (no secondary production). The red line
shows the expected flux for the given element, assuming a Mg
production cross section higher by 30%.

der to reproduce the isotopic abundance in the ISM as
measured in [61].

The solar modulation potential, �, and the injection
slope, �inj are two additional free parameters, bringing
the total number of free parameters to 13.

To fit the propagation parameters against di↵erent
datasets we use the MINUIT package [62]. To ensure
that true minima are found, O(50) minimisations from
di↵erent starting points are carried out for all our anal-
yses. The quantity we minimise is the �2 computed for
the AMS-02 measurements of di↵erent datasets. Specifi-
cally, the total �2 is computed by summing the reduced
�2 computed over the ratios Be/C, B/C, Be/O, Ne/Mg,
Si/Mg, Ne/O, Mg/O, Si/O, and the absolute fluxes of B,
C, N, O, Ne, Mg, Si, and S [4, 26, 41]. To normalize the
S primary injection we make use of the AMS-02 prelimi-
nary data on the S absolute flux as reported in seminar
presentations 2. The absolute fluxes are fitted only for
rigidities larger than ⇠ 10 GV in order to minimize the
e↵ect of solar modulation (see also [30]).

Finally, for each dataset the total uncertainty is
computed by adding systematic and statistic errors in
quadrature (see also [17] for an attempt to take into ac-
count the correlation among systematics).

2 See, e.g., https://indico.gssi.it/event/80/

THESE RATIOS PLAY A CRUCIAL ROLE IN OUR UNDERSTANDING OF 
THE ORIGIN OF GALACTIC COSMIC RAYS 

THEY FIX THE DIFFUSION COEFFICIENT OF CR IN THE GALAXY ON 
>> kpc SCALES AND THE SIZE OF THE GALACTIC HALO (H~5 kpc) 
  
IS IT THE SAME D(E) AROUND SOURCES? IF NOT, WHY? 

Evoli et al. 2020, 2021 
Schroer, Evoli & PB 2021, PRD, in press
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FIG. 4. Left panel: Ratio of Beryllium over Boron fluxes. The dotted line shows the case without decay for 10Be while the
other lines refer to di↵erent values of H, as labeled. Right panel: ��

2 ⌘ �
2 � �

2
min computed on the Be/B data as a function

of the halo size H. We show both the case where only the statistical errors are used (solid orange) and the case with the total
errors (solid blue). The best-fit reduced �

2’s are ⇠3 and ⇠0.85 in the two cases. The allowed maximum �
2 at 3� and 5� are

also indicated with dotted lines.

s�1 kpc�1), � = 0.68 GV and vA ⇠ 5 km/s. We notice
therefore that the typical dependence of the B/C ratio
with respect to the quantity D0/H is maintained also
if the radioactive decay of 10Be is taken into account,
although the �

2 associated with di↵erent values of H is
not the same. In particular, the �

2 appears to be higher
for smaller values of H.

In Fig. 3 we show the comparison of our best-fit results
with the AMS-02 data on the ratios B/C (left panel) and
Be/C (right panel) for di↵erent values of H as labeled. In
these plots we show the total experimental uncertainty,
obtained summing in quadrature the statistical and sys-
tematic errors as published by the AMS-02 Collaboration
[4–6]. As expected, for low values of H, say ⇠ 1 kpc, the
e↵ect of 10Be decay is weak, thereby leading to overes-
timating the Be/C ratio and underestimating the B/C
ratio.

In Fig. 3, as in the forthcoming figures, we plot also
the residual respect to experimental data, defined as the
”distance” between the theoretical expectation and data
divided by the total experimental error. As follows from
Fig. 3, the residual is always confined within 3�, confirm-
ing a good accuracy of our fitting procedure.

The residuals clearly show a preference for relatively
large values of the halo size, H & 6 kpc. A similar con-
clusion can be drawn by considering the Be/O and B/O
ratios, not shown here. A quantitative assessment of the
significance of these fits will be discussed in Section III B
using the Beryllium over Boron ratio.

B. Beryllium over Boron ratio

In order to calculate the Be/B ratio, we solve the trans-
port equations for all isotopes of both beryllium (7Be,
9Be and 10Be) and boron (10B and 11B). As we discuss
below, this ratio is more sensitive to the value of H with
respect to the secondary to primary ratios.

If all isotopes of Be were stable, the Be/B ratio at
rigidities above ⇠ 10 GV would be a slowly decreasing
function of energy, up to about ⇠ 200 GV, where the
spallation time of Be becomes appreciably longer than
the escape time from the Galaxy. The slight decrease re-
flects the fact that the total inelastic cross section scales
as / A

0.7 and boron (denominator) is slightly heavier
than beryllium. At higher rigidity, since the production
cross sections are basically independent of energy [44],
the Be/B ratio is expected to be constant. Moreover, the
spallation of Boron increases the amount of Beryllium
(numerator) at the same energy per nucleon. This be-
haviour is shown as a black dotted line in the left panel
of Fig. 4. At rigidities . 10 GV the spallation cross sec-
tion acquires a small energy dependence which reflects in
the small increase with rigidity visible in the figure.

The AMS-02 data clearly show that the Be/B ratio
increases with rigidity at least up to ⇠ 100 GV. The
simplest explanation of such a trend is based on the decay
of 10Be at low rigidity, where decays occur faster than
escape. The coloured solid lines in the left panel of Fig. 4



A Change of Paradigm?
• We are used to think of CR as individual charged particles (think for instance of the way we 

detect them!) 

• But in fact CR behave as electric currents, propagating in a plasma (ISM, IGM) 

• Electric currents in a plasma give rise to many interesting phenomena, such as the excitation of 
instabilities 

• CR are very sensitive to the existence of these perturbations, produced by themselves 

• Can it be that where there are lots of CR (near sources) these phenomena become important?



A PICTORIAL VIEW

SOURCE
ELECTRIC CURRENT ASSOCIATED 
WITH CR LEAVING THE SOURCE

Local Magnetic Field

If the energy density in CR escaping the source exceeds that in pre-existing magnetic field, a non resonant 
streaming instability gets excited

Non-Resonant Instability

2

[22, 23]). If interpreted in terms of di↵usion length, �,
this reads D(E) = v�(E)/3, and assuming v ⇡ c one

immediately infers that �(E) ' 1 pc E1/2
GeV . If the coher-

ence scale of the Galactic magnetic field is lc ⇠ 50 pc,
the di↵usion length exceeds lc at energies E & 2.5 TeV
and at these energies the particle transport immediately
around the sources is not di↵usive. In this regime, a
coherence scale is covered by the escaped particles in a
time ⌧c ' 3lc/c ⇠ 500yr and their propagation is approx-
imately ballistic, with a corresponding density

nCR(> E) ⇡
✓
Es

E

◆
⇠CR

⇡R2
scTs⇤

, (1)

where we assumed that the di↵erential spectrum of parti-
cles is ⇠ E�2 and ⇤ = ln(Emax/mc) ⇠ 15; Rs and Ts are
the size of the source and the typical time scale in which
the energy Es is released. For a SNR, Ts is of order the
beginning of the Sedov phase (⇠300 yr) and Rs is the cor-
responding size of the SNR (⇠ 3 pc). The typical energy
released in the form of kinetic energy of the expanding gas
is assumed to be Es = 1051 erg, adequate for most SNRs,
while a typical conversion e�ciency to CRs of ⇠CR = 0.1
is chosen [24]. For the values above, one infers a CR den-
sity nCR(> E) ⇡ 5.4⇥ 10�8E�1

GeV cm�3 as a rough esti-
mate. The corresponding energy density, approximately
energy independent, is ⇠ 54 eV/cm3, which significantly
exceeds the energy density of the background magnetic
field B0, ⇠ 0.2 eV/cm3 for B0 = 3µGDC. When the
energy density in CRs exceeds the energy density in the
form of pre-existing magnetic field, a non-resonant hy-
brid instability is excited [5]. The fastest growing mode
has a growth rate �max = kmaxvA where

kmaxB0 =
4⇡

c
JCR(> E) (2)

and JCR(> E) = enCR(> E)c is the electric current
associated with particles with energy & E. Using the
previous estimates, these modes are estimated to grow
on a time scale ��1

max ⇡ 1.1(E/2.5TeV)�1 yr. Moreover it
can be shown that k�1

max is smaller than the Larmor ra-
dius of the particles dominating the current, so that the
current is not a↵ected by the growth, at first instance.
On somewhat longer time scales the MF is expected to
grow to saturation when the energy density in the am-
plified field becomes comparable with the energy density
in the form of escaping CRs. This condition is actually
equivalent to assuming that power is transferred from
small scales k�1

max to the scale of the Larmor radius of
particles in the amplified magnetic field [5, 25]. For the
parameters listed above, we expect at most �B/B0 of a
few. However this field has a typical scale of the order
of the Larmor radius of the CRs dominating the current.
For 2.5 TeV particles this corresponds to ⇠ few 10�4

pc, much smaller than lc. Hence the e↵ects on the di↵u-
sion properties of CRs are dramatic, despite the fact that
�B/B is not very large: for a spectrum E�2 we expect
di↵usion to occur at roughly the Bohm rate [e.g., 26, 27],

which means that CRs with energy 2.5 TeV would have a
di↵usion coe�cient D(E) = rLc/3 ⇡ 1025cm2/s, several
orders of magnitude smaller than expected at the same
energy for Galactic CRs.
This simple estimate shows that high energy CRs es-

caping unimpeded from a SNR (but similar considera-
tions apply to other CR sources) is virtually impossible,
in that their streaming induces the excitation of modes
that scatter particles, thereby confining them close to
the source. It follows that their density and local pres-
sure increase by a large amount because of the e↵ect of
di↵usion, which we still assume occurring mainly in the
direction of the local magnetic field, since �B/B . 1.
This physical picture, that we specialised to the case of
ballistic streaming of CRs, is qualitatively identical to
that investigated in previous literature as due to resonant
streaming instability [1, 3, 4, 28]. However all these ap-
proaches missed a crucial piece of information: the large
overpressure in the tube of cross section ⇠ ⇡R2

s with re-
spect to the external ISM leads to a pressure gradient in
the transverse direction that can be expected to result
in the tube expansion until pressure balance is achieved.
This expectation, that will be confirmed below by us-
ing PIC simulations, has several important implications:
1) since the initial situation in the ISM of our Galaxy is
that gas and CRs are in pressure balance, the injection of
new non-thermal particles near a generic source is bound
to break such balance; the accumulation of CRs in the
near source region unavoidably leads to the creation of an
over-pressurised region that expands into the surround-
ing ISM. 2) The role of streaming instability is only that
of bootstrapping the process by making particles scatter,
thereby enhancing the local pressure. At that point the
expansion of the bubble driven by the CR overpressure
starts and continues for as long as CRs are injected by
the source. 3) The expansion makes the pressure and
the CR current lower, so that the di↵usion coe�cient in
the bubble is expected to be larger than suggested by
the simple estimate illustrated above. We will discuss
this point in more detail below, based on the results of
the PIC simulation and having in mind observational ev-
idence of reduced CR di↵usivity based on gamma ray
observations. I think that the e↵ect will be small, but
can this a↵ect the expansion of the SNR itself?DC

PIC simulations - To study the non-linear coupling
of the streaming CR population and the background
plasma, we perform self-consistent simulations using
dHybridR, a relativistic hybrid code with kinetic ions
and (massless, charge-neutralizing) fluid electrons [7, 29].
dHybridR is the relativistic generalized version of the
Newtonian code dHybrid [29], and has already been
demonstrated to be capable of simulating CR driven
streaming instabilities [30, 31]. Hybrid codes are better
suited to self-consistently simulate the long-term, large-
scale coupling of CRs and background plasma than fully
kinetic PIC codes since they do not need to resolve the
small electron scales, which are usually dynamically neg-
ligible.
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GeV , for E & 10 GeV/n. More refined

treatments of Galactic di↵usive transport return better
descriptions of its normalization and energy dependence
(e.g., Evoli et al. 2019a, 2020). In terms of di↵usion
length �, this reads D(E) = v�(E)/3, and, assuming

v ⇡ c (being c the speed of light), �(E) ' 1 pc E1/2
GeV .

If the coherence scale of the GMF is taken to be lc ⇠
50 pc, the di↵usion length exceeds lc at E & 2.5 TeV.
At these energies particle transport immediately around
the sources is roughly ballistic, and a coherence scale is
covered in a time ⌧c ' 3lc/c ⇠ 500yr. The corresponding
density of CRs can be estimated as

nCR(> E) ⇡
✓
Es

E

◆
⇠CR

⇡R2
scTs⇤

, (1)

where we assumed that the di↵erential spectrum of par-
ticles is ⇠ E�2 and ⇤ = ln(Emax/mc) ⇠ 15. Here Rs

and Ts are the source size and the typical time scale
in which the energy Es is released. For a SNR, we
choose Ts of order the beginning of the Sedov phase
(⇠300 yr) and Rs as the corresponding SNR size (⇠ 3
pc). The typical energy released in the form of ki-
netic energy of the expanding gas is assumed to be
Es = 1051 erg, adequate for most SNRs, while a typ-
ical conversion e�ciency to CRs of ⇠CR = 0.1 is cho-
sen (Caprioli & Spitkovsky 2014a). For these val-
ues, one infers a CR energy density nCR(> E)E ⇠
54 eV/cm3, substantially larger than the typical GMF
energy density. It is easy to see that this holds true
also for CRs released after the end of the Sedov phase
and propagating di↵usively in the source surroundings.
Even with observationally-preferred (Evoli et al. 2019b)
and theoretically-motivated (Haggerty & Caprioli 2020;
Caprioli et al. 2020) steeper spectra, e.g., E�2.3, the en-
ergy density is decreased only by a factor of 2 at 2.5TeV
energies, which still significantly exceeds the energy den-
sity of the GMF, ⇠ 0.2 eV/cm3 for B0 = 3µG. When
the CR momentum flux (related to the CR energy den-
sity) exceeds the local magnetic pressure, a nonresonant
hybrid instability is excited (Bell 2004). The fastest-
growing mode has a growth rate �max = kmaxvA where

kmaxB0 =
4⇡

c
JCR(> E) , (2)

the Alfvén speed vA = B0/
p
4⇡min0, with n0 the num-

ber density of the ISM and mi the ion mass and the
electric current of particles with energy & E: JCR(>
E) = enCR(> E)c. Using the previous estimates, these
modes grow on a time scale ��1

max ⇡ 1.1(E/2.5TeV) yr.
Moreover, k�1

max is smaller than the gyroradius of the
particles dominating the current, hence the current is
not a↵ected by the growth, at first instance. On longer

time scales the magnetic field is expected to saturate
when the energy density in the amplified field becomes
comparable with the one of escaping CRs. This condi-
tion is equivalent to assuming that power is transferred
from small scales k�1

max to the scale of the particles’
gyroradius in the amplified magnetic field (Bell 2004;
Caprioli & Spitkovsky 2014b). For the above parame-
ters, we expect at most �B/B0 of a few. However this
field has a typical scale of the order of the gyroradius
of the CRs dominating the current. For 2.5 TeV par-
ticles this corresponds to ⇠ few 10�4 pc, much smaller
than lc. Hence, the e↵ects on the di↵usion properties
of CRs are dramatic, despite the fact that �B/B is not
very large. For a spectrum E�2 we expect di↵usion to
occur at roughly the Bohm rate (e.g., Reville & Bell
2013; Caprioli & Spitkovsky 2014c), meaning that CRs
with energy 2.5 TeV would have a di↵usion coe�cient
D(E) = rLc/3 ⇡ 1025cm2s�1, several orders of mag-
nitude smaller than expected at the same energy for
Galactic CRs.
This simple estimate shows that it is impossible for

high-energy CRs to travel in the ISM surrounding a
source ballistically, since their streaming induces the ex-
citation of modes that scatter particles, thereby confin-
ing them in the circumsource region. It follows that their
density and local pressure increase by a large amount
because of the e↵ect of di↵usion. This physical picture,
that we specialized to the case of ballistic streaming of
CRs, is qualitatively identical to that investigated in pre-
vious literature as due to resonant streaming instability
(Malkov et al. 2013; Blasi et al. 2015; Nava et al. 2016,
2019). However, all these approaches missed a crucial
piece of information, which we introduce here: the large
overpressure in the tube of cross section ⇠ ⇡R2

s with re-
spect to the external ISM leads to a pressure gradient in
the transverse direction that is expected to result in the
expansion of the tube, so that one of the main assump-
tions of previous calculations gets invalidated. This ex-
pectation has several important implications: 1) since
the gas, magnetic field and CRs are initially in pressure
balance in the Galactic ISM, the injection of new non-
thermal particles near a source is bound to break such
balance and lead to excitation of the NRSI; the accumu-
lation of CRs in the near source region unavoidably leads
to the creation of an overpressurized region expanding
into the surrounding ISM. 2) The role of streaming in-
stability is only that of bootstrapping the process by
making particles scatter, thereby enhancing the local
pressure. At that point, the bubble expansion, driven
by the CR overpressure, starts and likely continues un-
til pressure balance is achieved or damping of the tur-
bulence leads to particle escape. In the first case, the
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netic energy of the expanding gas is assumed to be
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tion is equivalent to assuming that power is transferred
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gyroradius in the amplified magnetic field (Bell 2004;
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ters, we expect at most �B/B0 of a few. However this
field has a typical scale of the order of the gyroradius
of the CRs dominating the current. For 2.5 TeV par-
ticles this corresponds to ⇠ few 10�4 pc, much smaller
than lc. Hence, the e↵ects on the di↵usion properties
of CRs are dramatic, despite the fact that �B/B is not
very large. For a spectrum E�2 we expect di↵usion to
occur at roughly the Bohm rate (e.g., Reville & Bell
2013; Caprioli & Spitkovsky 2014c), meaning that CRs
with energy 2.5 TeV would have a di↵usion coe�cient
D(E) = rLc/3 ⇡ 1025cm2s�1, several orders of mag-
nitude smaller than expected at the same energy for
Galactic CRs.
This simple estimate shows that it is impossible for

high-energy CRs to travel in the ISM surrounding a
source ballistically, since their streaming induces the ex-
citation of modes that scatter particles, thereby confin-
ing them in the circumsource region. It follows that their
density and local pressure increase by a large amount
because of the e↵ect of di↵usion. This physical picture,
that we specialized to the case of ballistic streaming of
CRs, is qualitatively identical to that investigated in pre-
vious literature as due to resonant streaming instability
(Malkov et al. 2013; Blasi et al. 2015; Nava et al. 2016,
2019). However, all these approaches missed a crucial
piece of information, which we introduce here: the large
overpressure in the tube of cross section ⇠ ⇡R2

s with re-
spect to the external ISM leads to a pressure gradient in
the transverse direction that is expected to result in the
expansion of the tube, so that one of the main assump-
tions of previous calculations gets invalidated. This ex-
pectation has several important implications: 1) since
the gas, magnetic field and CRs are initially in pressure
balance in the Galactic ISM, the injection of new non-
thermal particles near a source is bound to break such
balance and lead to excitation of the NRSI; the accumu-
lation of CRs in the near source region unavoidably leads
to the creation of an overpressurized region expanding
into the surrounding ISM. 2) The role of streaming in-
stability is only that of bootstrapping the process by
making particles scatter, thereby enhancing the local
pressure. At that point, the bubble expansion, driven
by the CR overpressure, starts and likely continues un-
til pressure balance is achieved or damping of the tur-
bulence leads to particle escape. In the first case, the

>Coherence scale for E> a few TeV!!!
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2004). On the same time-scale, particles are forced into
a di↵usive regime, with a di↵usion coe�cient that can
be estimated to be much smaller than the one usually
inferred on Galactic scales from secondary-to-primary
ratios in the ISM.
We demonstrate here, first by using analytic argu-

ments, that 1) streaming particles are able to excite fast-
growing modes through NRSI, and 2) CRs self-confine
themselves in a region surrounding the source. By doing
so, CRs establish a pressure gradient with respect to the
region outside the flux tube. This configuration is unsta-
ble since the pressure gradient in the transverse direction
causes an expansion of the tube and a partial evacuation
of the surrounding region, as illustrated in the bottom
panels of Figure 1. We confirm this expectation by us-
ing two-dimensional (2D) hybrid (kinetic protons, fluid
electrons) Particle-In-Cell (PIC) simulations (Haggerty
& Caprioli 2019) describing the behavior of CRs leav-
ing their source. The coupling of CRs and the back-
ground plasma has been considered in several numerical
works, within a magnetohydrodynamics (MHD) (Yang
et al. 2012; Dubois & Commerçon 2016; Pfrommer et al.
2017; Ruszkowski et al. 2017; Jiang & Oh 2018; Wiener
et al. 2019; Dubois et al. 2019; Gupta et al. 2021; Jana
et al. 2020), a combined MHD-kinetic (Bai et al. 2015;
Lebiga et al. 2018; van Marle et al. 2019) or a hybrid
kinetic (Haggerty & Caprioli 2019, 2020; Caprioli et al.
2020) framework. Although a fluid approach allows to
describe larger systems, here we focus on a kinetic treat-
ment since it guarantees that the microphysics processes
responsible for the bubble formation are retained. We
use a 2D domain initialized with a uniform magnetic
field and a localized CR source; CRs that have left the
source and move in the ISM self-consistently trigger the
NRSI and start scattering, creating an overpressure that
inflates an extended bubble around the source. Our
setup is innovative, in that it allows us to capture the
transverse expansion of the bubble that is inevitably lost
in the simple existing nonlinear models (Malkov et al.
2013; D’Angelo et al. 2016; Nava et al. 2016, 2019). It
is worth stressing that the bubble formation due to the
pressure gradient is generic and should be present also
when the streaming instability is limited to the resonant
regime.
We find that the magnetic field inside the bubble is

due both to the excitation of NRSI and to turbulent
motions induced by the expanding plasma bubble. This
finding is of great importance for several reasons: first,
the CR confinement in the region around the sources
may lead to an excess grammage that might a↵ect the
observed secondary-to-primary ratios (such as B/C) and
the production of positrons (Cowsik & Burch 2010; Li-

Figure 1. Schematic view of the CR transport around a
source in the standard flux tube assumption and as proposed
here (bubble scenario).

pari 2018); second, the CR overdensity around sources,
caused by the reduced di↵usivity, may produce an excess
of �-ray production possibly connected with recent ob-
servations from regions around selected supernova rem-
nants (Hanabata et al. 2014), star clusters (Aharonian
et al. 2019) and PWNe (Abeysekara & et al. 2017).
In Sect. 2, we first discuss the development of the

NRSI induced by CRs leaving their sources and the con-
ditions that are expected around such sources. Then, in
Sect. 3, we introduce the kinetic simulations used to
model the motion of CRs in the ISM after they have left
the sources. Our main results and their implications are
discussed in Sect. 4, while we conclude in Sect. 5.

2. STREAMING INSTABILITY

In this section we present a back-of-the-envelope cal-
culation to obtain a first intuition for the processes trig-
gered by CRs around their sources. For the sake of clar-
ity we assume that the source is a SNR where particles
are energized through di↵usive shock acceleration. The
particle leakage at the highest energy reached at any
given time t during the ST phase is a crucial ingredient
of the mechanism and the very reason why scattering
occurs due to the excitation of NRSI by the same escap-
ing particles (Bell 2004; Schure & Bell 2014). Although
the number density of such particles is small, their cur-
rent can be demonstrated to be the same as at the shock
(Bell et al. 2013). The particles that left the acceleration
region are the main characters in the picture discussed
below.
For the sole purpose of providing simple estimates of

the phenomena that we are interested in, we assume
that the di↵usion coe�cient in the Galaxy is of order
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Particle-in-Cell Simulations of particles becoming CR4

final size of the CR bubble is estimated to be about
L ⇡ (⇠CREs/⇤PISM )1/3 ⇠ 60 pc, where PISM is the
pressure of the ISM. We will discuss these points in more
detail below, based on the results of the PIC simulation
and having in mind observational evidence of reduced
CR di↵usivity based on �-ray observations.

3. PIC SIMULATIONS

To study the nonlinear coupling of streaming CRs
and the background plasma, we perform self-consistent
simulations using dHybridR, a relativistic hybrid code
with kinetic ions and (massless, charge-neutralizing)
fluid electrons (Gargaté et al. 2007; Haggerty & Capri-
oli 2019). We consider here an adiabatic closure for
the electron pressure, i.e., Pe / ⇢5/3 (Caprioli et al.
2018; Haggerty & Caprioli 2020). dHybridR is the rel-
ativistic version of the Newtonian code dHybrid (Gar-
gaté et al. 2007) and it is capable of properly simulat-
ing CR-driven streaming instabilities (Haggerty et al.
2019; Zacharegkas et al. 2019). Hybrid codes are better
suited to self-consistently simulate the long-term, large-
scale coupling of CRs and background plasma than fully-
kinetic PIC codes since they do not need to resolve small
electron scales, usually dynamically negligible.
In simulations, physical quantities are normalized to

the number density (n0) and magnetic field strength
(B0) of the initial background plasma. Lengths, time
and velocities are respectively normalized to the ion in-
ertial length di = vA/⌦ci, the inverse ion cyclotron fre-
quency ⌦�1

ci , and vA. The background ion temperature
is chosen such that �i = 2v2th,i/v

2
A = 2, i.e. thermal

ions gyroradius rg,i = di. The system is 2D (x � y) in
physical space and retains all three components of the
momenta and electromagnetic fields. We discretized the
simulation grid, of size 5000⇥7000 di, with 7500⇥10500
cells (i.e. �x = �y ' 0.66di). Open boundary condi-
tions are imposed in each direction for the CRs and on
x for the background plasma; the y direction is periodic
for thermal particles. A background magnetic field, di-
rected along x and of strength B0, is embedded in the
simulation domain. The time step is 0.01⌦�1

ci while
c = 20 vA. The background plasma, described with
Nppc = 4 particles per cell, has density n0 and its distri-
bution is Maxwellian. CRs, discretized with Nppc = 16,
are injected at the left boundary at x = 0 in a small
stripe 3200di < y < 3800di with an isotropic momen-
tum distribution with ptotal = 100mvA, i.e. Lorentz
factor � ⇡ 5, and nCR = 0.0133n0. CR injection is
continuous in time and numerical parameters are com-
parable with the SNR case, in the sense that the ratio
of energy densities of CR particles and thermal energy
in the beginning is ⇠ (nCR/n0)(c/vA)2� ⇠ 26.

Figure 2. Contour plots of CR density (top), background
plasma density (center), and perpendicular magnetic field
(bottom) at three times in the simulation. An animated ver-
sion of this figure is available in the HTML version of the arti-
cle showing the time evolution of these quantities throughout
the whole simulation and demonstrating the growth of the
bubble.

4. RESULTS

As discussed above, the excitation of streaming in-
stability acts as a bootstrapping process for seeding the
overpressurized region around the source. Although this
may be expected to occur even due to resonant stream-
ing instability, we checked that both right- and left-
handed waves are produced, as expected if the NRSI
is also excited.
In principle, this configuration may also produce

other instabilities, e.g., driven by pressure anisotropies
(Zweibel 2020). Once the particles start scattering on
these self-generated perturbations, they move slower in
the x-direction and their number density increases. This
can be seen in the top panels of Figure 2, which display
the CR density nCR at three di↵erent times in the simu-
lation. Several interesting aspects arise from this figure:
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first, at early times, CR presence is limited to a small
region around the injection location, and the region oc-
cupied by CRs has basically the same transverse size as
the source itself (in fact somewhat larger because their
injection is isotropic, hence CRs are initially distributed
on a region exceeding the source size by a gyroradius
on both sides). Particles are still streaming ballistically
in the x-direction. At later times, the density of CRs
around the source increases and the region filled by CRs
expands in the transverse direction as a result of the
overpressurization of the flux tube due to scattering.
This finding invalidates the assumption, made in pre-
vious work on CR transport around sources, that CRs
propagate in a tube with the same transverse size as the
source (see also Figure 1).
The force associated with the gradient of CR pressure

in the perpendicular direction causes a partial evacua-
tion of the plasma previously located inside the bubble,
as can be seen in the central panels of Figure 2 (gas
density, ngas). While the bubble expands, the gas den-
sity in the center of the bubble decreases while the gas
density on the outskirts of the bubble increases and den-
sity waves are launched outward in the simulation box.
In fact we stop the simulation when those waves reach
the boundary in the y-direction. The bubble expansion
triggered by CR scattering is due to the generation of
magnetic perturbations in the directions perpendicular
to the initial background magnetic field, which are ini-
tially absent. This is illustrated in the last row of plots
of Figure 2, where we show B? at three di↵erent times.
At early times there is no turbulent magnetic field. The
streaming of particles along the x-direction drives the
formation of a highly-structured B?. The self-generated
magnetic field follows the expansion of the bubble and
determines the local rate of particle scattering in the
whole volume filled by CRs. The magnetic field seems
particularly strong on the edges of the bubble, signaling
that the bubble is wrapped in an envelope of swept up
compressed field lines. Inside the bubble the field is ir-
regular, as it should be if responsible for CR scattering.
The fact that CR transport around the source gets

profoundly a↵ected by this turbulent field is proven by
di↵erent pieces of evidence. One is illustrated in Figure
3, which shows the contour plots of the x (top) and y
(bottom) components of the mean CR speed in the simu-
lation domain. At early times the velocity component vx
is strongly directed toward the positive x-direction. At
later times, the CR scattering o↵ self-generated waves
leads to isotropization in that direction, so that inside
the bubble the mean vx tends to vanish, a clear sign of
particle di↵usion. Since particles are injected isotropi-

Figure 3. Contour plots of the CR bulk speed along x (top)
and y (bottom) at three instants of time.

cally in the half-sphere vx > 0, the mean of the perpen-
dicular component vy is vanishingly small at all times.
We have roughly estimated the parallel di↵usion coef-

ficient 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.
This further proves that there is strong scattering in-
duced by self-produced magnetic field perturbations.

5. CONCLUSIONS

We demonstrated that for typical sources of CRs in
the Galaxy the ballistic propagation of TeV CRs around
the sources is inhibited by self-generation of magnetic
perturbations, which in turn lead to CR scattering and
to the creation of an overpressurized region. The pres-
sure gradient with respect to the external ISM produces
the expansion of this bubble and the evacuation of the
region. We expect that all typical CR sources should
be surrounded by extended regions of reduced di↵usiv-
ity and local overdensity 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 extrapolate our conclusions to more realistic situa-
tions. For instance, it is likely that CR-excavated bub-
bles keep expanding under the action of the pressure
gradient even after CR injection by the source turns o↵,
a scenario too expensive to simulate given the long time
scales involved. On the other hand, our findings are
completely consistent with what we could expect based
on simple arguments and illustrated in Figure 1. Hence,
we dare to infer that the bubble of reduced di↵usiv-
ity inflated by CR in the region around sources must

Particles initially streaming freely in the x direction generate plasma 
fluctuations, and scatter off them, thereby drastically reducing the 
diffusion coefficient! 

The induced D(E) is close to Bohm and much smaller than the one 
expected in the Galaxy 

THIS IS DONE WITH PROTONS. THE CASE OF PAIRS FROM PWN IS MORE 
INTRICATE (AT ZERO ORDER CURRENT FREE) AND ONGOING…
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Implications
•The self-generation of perturbations around sources seems to be a natural consequence of the excess 

current in those regions 

•The effect should result in a reduction of D(E) and excavation of a bubble with reduced gas density and 
enhanced turbulence  

•These bubbles are expected to be blown until pressure balance with the external ISM is reached (typical 
size of tens of pc) - perhaps the HAWC and LHAASO bubbles? 

•CR confinement in these bubbles might lead to accumulation of excess grammage to be seen at some 
point in B/C and B/O (AMS-02 precision measurements crucial here) 

•Small D(E) has very important for leptons 

•Very rich phenomenology
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Astrophysical neutrinos and 
the CR escape from the 

Galaxy
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A TOY MODEL FOR 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

Rd

14

Mathematically, the problem is faced by solving a set of (about 60, one per nucleus) second order coupled 
partial differential equations with free escape boundary conditions   

In stationary regime, the flux injected by sources (for instance by supernova explosions or star clusters) is 
equal to the flux of CR escaping the Galaxy (not for heavy nuclei, because of fragmentation)



ESCAPING THE GALAXY

Escaping
Cosmic Rays

The current of escaping CRs is very 
well known

JCR(p) = eD
@f

@z
|z=H =

eQ0(p)

2⇡R2
d
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PB&Amato 2018

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|

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
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rent provided the energy flux associated with the escap-
ing particles is larger than c times the magnetic energy
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In order to check whether Eq. 6 is likely to be sat-
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dius of the particles dominating the current, so that the
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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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they find themselves in a region where condition 6 is sat-
isfied. On the other hand this conclusion does not really
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ticle propagation, while only based on conservation of the
energy flux constantly injected in our Galaxy in the form
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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
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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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this parameter only enters all estimates logarithmically.
In order to check whether Eq. 6 is likely to be sat-
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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-
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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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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
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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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A PHYSICAL UNDERSTANDING OF SATURATION 
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galactic medium, then their density immediately outside
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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
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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 Picture
When escaping CR reach a region where 
the field drops below ~10-8 G, they excite 
a non-resonant instability that sets the 
plasma in motion 

Hence, their density is set by advection 

Instead of escaping at c they move at 
speed vA so that their density is much 
higher around the Galaxy than in the 
case of free streaming 

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

�B ⇡
✓p

4⇡⇢⇡LCR

R
2
d
⇤

◆1/3

⇡ 2.6⇥ 10�7
L
1/3
41 �

1/6
G

R
�2/3
10 G.

(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:

F⌫(E⌫)E
2
⌫
⇡ LCR

2⇡R2
d
⇤ṽA

E
2
⌫

E2

dE

dE⌫

�G⌦b⇢cr

mp

c�ppRd

2⇡
. (15)

Calculating ṽA in the magnetic field �B from Eq. 8 we
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Implications for Neutrinos
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 
secondary neutrinos 

As seen from inside our Galaxy this 
phenomenon looks like an escape… 
conclusions unchanged for B/C

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.

obtain
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2
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◆ 1
2
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◆3/2
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5⇥ 10�12
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3/2
G

GeVcm�2s�1sr�1
, (16)

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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the non resonant instability.
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Newborn neutron stars

Courtesy: Lorimer & Kramer (2005)

the supernova ejecta region for further processing. We discuss our results and conclude in
Section 5.

2 Ion extraction and acceleration within the light cylinder

Neutron-star surfaces are believed to be composed of anisotropic, tightly bound condensed
matter. Calculations show that the outer layers should be composed mainly of long molecular
chains with axes parallel to the magnetic field [29, 30]. The chains are thought to be composed
of 56Fe ions forming a one-dimensional lattice with an outer sheath of electrons. The binding
energy of the ions can be estimated as ∼ 14 keV and the lattice spacing as l ∼ 10−9 cm [31].
Ions can thus be stripped off the surface provided that they experience a surface electric field
of E0 = 14keV/(Zel) ∼ 5.4× 1011 Z−1

26 l−1
−9 Vcm−1.

However, ions can also be stripped off with milder electric fields if the surface is bombarded
by particles (for instance leptons accelerated towards the star surface after the cascading
processes in the magnetosphere are started), and/or if they can be boiled off the surface by
stellar heat [31, 32]. In the case of a pulsar with millisecond periods at birth, the electric
field that can be provided at the surface of the star can be estimated as (see, e.g., [3])

E =
2πR!B

Pc
∼ 6.3× 1014 B13R!,6P

−1
−3 V cm−1 , (2.1)

where B is the dipole magnetic field strength of the star, R! its radius and P its rotation
period. In practice, this electric field does not persist on large distances, as it is expected to
be readily screened out by pair cascading.

However the total potential drop that is available, at least in principle, for particle accelera-
tion in the magnetosphere is2:

Φ =
2π2BR3

!

P 2c2
∼ 6.6 × 1019 B13R

3
!,6P

−2
−3 V , (2.2)

which corresponds to a maximum achievable particle Lorentz factor:

γfpd =
Ze

Ampc2
Φ = 7× 1010

Z

A
B13 P

−2
−3 . (2.3)

In reality, the maximum energy achievable by ions within the corotating region will be
limited by losses, the most severe among which is curvature loss. Assuming that the to-
tal potential drop Φ is available for particle acceleration over a gap of length ξRL with
RL = cP/(2π) ∼ 4.8 × 106 P−3 cm the light cylinder radius, the equation describing the
particle energy evolution, subject to acceleration and curvature losses can be written as:

dγ

dt
=

ZeΦ

Ampc2
2π

ξP
−

8π2

3cP 2

Z2e2

Ampc2
γ4 . (2.4)

2Throughout this work, we have adopted the convention used in Ref. [3] for the geometric pre-factors of
the electromagnetic energy loss rate. See in particular its footnote 5.
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A newly born neutron star is typically located in a very hostile environment 
for particle acceleration 

The NS might still be acquiring its shape and getting rid of its quadrupole 
moment through emission of GW 

The spinning of the NS results in a potential drop between the surface and 
infinity: 

The electric field at the surface may be large enough to extract Fe nuclei from 
the surface (requires                                                            ), with a maximum 
Lorentz factor: 

the implications  for UHECRS are quite impressive (PB, Epstein & Olinto 2000, 
Arons 2003, Kotera, Amato & PB 2015)
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Newborn neutron stars

Credit: ESO/L. Calçada

Nuclei of Fe move along the B-field 
lines while being bombarded from 
below by thermal photons coming 
from the hot surface of the newborn 
neutron star 

This phenomenon leads to photo-
disintegration of nuclei

Figure 2. Cosmic-ray spectra EdNA/dE and composition estimated at time tw after injection with
tw = 100×RL/c and an injection time < 100 yr. This limit on tinj, which reflects in the iron spectrum
to be cut off at ≈ 1018 eV, was chosen because at later times the unknowns are such as to make our
calculation unreliable (see text for details). The results refer to a case in which only iron is extracted
from the star surface and photo disintegration is taken into account as described in Section 3. From
left to right, top to bottom, temperatures are T = [1, 2, 5, 10]× 106K.

Figure 2 shows the spectra of the primary and secondary nuclei produced in the wind at
times tw = 100 × RL/c after injection, for a primary iron nucleus injection at t = tinj with
tinj < 100 yr. The time tw is chosen to be much longer than the photodisintegration loss
time scale, to ensure that these spectra reflect the composition that will be injected in the
wind and leave the star with the wind Lorentz factor. In our calculations we use the output
obtained in Section 3 and Eq. (4.5) normalized to the total number of injected nuclei:

E
dNA

dE
=

NA

NFe(t = 0)
exp

(

−
γ

γw

)

, (4.6)

where γw is defined in Eq. (4.1) with xA < 1 for all nuclei.

Figure 3 gives the fraction of each nuclear species as a function of the neutron star surface
temperature T , assuming again that only iron is directly extracted from the stellar surface.
This figure demonstrates that a significant fraction ! 10% of heavy nuclei survive the photo-
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Magnetic dipole Spin-down of the pulsar leads to very hard spectra (~1/
E) (PB, Epstein & Olinto 2000) and photo-disintegration leads to a mass 
composition that becomes mixed (Kotera, Amato & PB 2015). Both 
ingredients sit well with the findings of the Auger Observatory

T=106 K T=2x106 K

T=5x106 K T=107 K

Kotera, Amato & PB 2015



Conclusions
✓ RECENT DEVELOPMENTS IN GAMMA RAY AND NEUTRINO ASTROPHYSICS ARE FUELLING CONCEPTS 

WITH A PROFOUND EFFECT ON THE FIELD OF CR AND MORE IN GENERALE NON-THERMAL UNIVERSE 

✓ PARTICULARLY IMPORTANT SEEMS TO BE THE DISCOVERY OF REGIONS OF REDUCED DIFFUSIVITY 

AROUND SNR AND PULSAR WIND NEBULAE (HAWC, LHHASO) 

✓ THE ISOTROPIC NEUTRINO BACKGROUND MEASURED BY IceCube IS OPENING THE WAY TO A NEW 

BRANCH … TO BE STRENGTHENED BY FUTURE DETECTION FOR SOURCES, IF ANY… 

✓DATA ARE OVERFLOWING, THERE IS ROOM FOR DEEP THINKING, NOT JUST SAME OLD STUFF … BE 

BRAVE 

✓ IT WILL GET EVEN BETTER WITH THE UPCOMING CTA (ESPECIALLY ON SOURCES SUCH AS SNR, STAR 

CLUSTERS, PWN…) 

✓ GRAVITATIONAL WAVES HAVE PROBABLY NOT EXHAUSTED THEIR POTENTIAL OF DISCOVERY IN 

TERMS OF HIGH ENERGY UNIVERSE… INTERESTING WHAT THEY WILL TELL US ABOUT NEWBORN 

NEUTRON STARS


