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WHY GOING NON LINEAR?

1. NON LINEAR CR TRANSPORT ON GLOBAL GALACTIC SCALES 

2. CR INDUCED GALACTIC WINDS WITH SELF-GENERATED WAVES 

3. CR INDUCED INSTABILITIES AROUND GALACTIC SOURCES
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Too many features put by hands in phenomenological approaches 
(GALPROP, DRAGON, etc) - symptom of missing Physics

Diffusion of CRs is intrinsically non linear in nature due to 
momentum conservation

Many cases where we know such effects are in action (think of B-
field amplification in SNRs)



Basics of CR Transport
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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
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And requiring some balance between the two:

�CR ⇡ nCR

ni

vdr � vw
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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 



Basics of Galactic CR Transport

� @

@z


D
@f

@z

�
= Q0(p)�(z)

2h

2H

f0(p) =
Ninj(p)RSN

⇡R2
disc 2H

H2

D(p)
⇠ p����

D
@f

@z
= Constant ! f(z) = f0

⇣
1� z

H

⌘

p��

p�

PARTICLES ESCAPE AT |Z|=H —> FREE ESCAPE BOUNDARY !

DIFFUSION       SNR as SOURCES

@f

@z
= �f0

H



CR-INDUCED INSTABILITIES
INSTABILITIES ARE PRODUCED AS A RESULT OF A CR NET CURRENT THAT THE 
BACKGROUND PLASMA TRIES TO COMPENSATE FOR 

THE INSTABILITY GROWS AT A RATE THAT DEPENDS UPON THE WAVENUMBER K OF 
THE MODES AND THE CONDITIONS IN THE ENVIRONMENT 

IF THE CR CURRENT IS JCR THEN GROWTH IS FASTER AT 
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GROWTH OF THE RESONANT MODE
This regime is realised when the CR current is small 

and the growth rate can be rewritten as:  

or, using the transport equation
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In numbers TCR(E)~103 yr EGeV
-1 namely the instability grows on 

very short time scales and is bound to affect CR transport



1) CR INDUCED INSTABILITIES ON GALACTIC SCALES

PB, Amato & Serpico 2012PhRvL, 109, 1101
Aloisio & PB,  2013JCAP, 07, 001
Aloisio, PB & Serpico,  2015A&A, 583, 95
Recchia, PB & Morlino,  2016MNRAS, 462, 88
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α DENOTES	THE	TYPE	OF	NUCLEUS	(BOTH	PRIMARIES	
AND	SECONDARIES	ARE	INCLUDED)Power	law	in	p

Transport equation for all nuclei

All nuclei contribute to the development of the streaming instability, 
each with its own gradient and at the relevant resonant wavenumber



SUM	OVER	ALL	NUCLEI	OF	THE	RIGHT	MOMENTUM	
TO	GENERATE	A	WAVE	WITH	GIVEN	k

Evolution of the waves

Diffusion in k-space 
models damping Waves’ Growth as 

due to CR streaming

Wave source 
term δ(k-k0)

IN THE ABSENCE OF THE INSTABILITY THE EQUATION ABOVE 
RETURNS A KOLMOGOROV SPECTRUM. WITH THE GROWTH TERMS 
RETURNS A BROKEN POWER SPECTRUM OF TURBULENCE



Spectral Breaks:  
self-generation vs previous turbulence

R. Aloisio, P. Blasi and P. D. Serpico : Non-linear cosmic ray Galactic transport in the light of AMS-02 and Voyager data (RN)

injected on a scale lc ∼ 50 − 100 pc, for instance by super-
nova explosions. This means that qW(k) ∝ δ(k − 1/lc). The
level of pre-existing turbulence is normalized to the total power
ηB = δB2/B20 =

∫

dkW(k). Strictly speaking the wave number
that appears in this formalism is the one in the direction parallel
to that of the ordered magnetic field. In a more realistic situation
in which most power is on large spatial scales, the role of the
ordered field is probably played by the local magnetic field on
the largest scale.

The term ΓCRW in Eq. (6) describes the generation of wave
power through CR induced streaming instability, with a growth
rate (Skilling 1975):

Γcr(k) =
16π2

3
vA
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]

p=ZαeB0/kc
, (7)

where α is the index labeling nuclei of different types. All nu-
clei, including all stable isotopes for a given value of charge,
are included in the calculations. As discussed in much previous
literature, this is very important to compute properly the diffu-
sion coefficient and thus for a meaningful comparison with the
flux spectra and secondary to primary ratios, notably B/C. The
growth rate, written as in Eq. (7), refers to waves with wave num-
ber k along the ordered magnetic field. It is basically impossible
to generalize the growth rate to a more realistic field geometry
by operating in the context of quasi-linear theory, therefore we
will use here this expression but keeping in mind its limitations.

The solution of Eq. (6) can be written in an implicit form
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, (8)

being k0 = 1/lc. In the present paper we assume a Kolmogorov
phenomenology for the cascading turbulence, so that α1 = 7/2
and α2 = 1/2, and an unperturbed magnetic field B0 = 1µG.
The two terms in Eq. (8) refer respectively to the pre-existing
magnetic turbulence and the CR induced turbulence. In the limit
in which there are no CRs (or CRs do not play an appreciable
role) one finds the standard Kolmogorov wave spectrum

W(k) = W0

(

k
k0

)−s

s =
α1 − 1
α2 + 1

=
5
3

(9)

normalized, as discussed above, to the total power W0 = (s −
1)lcηB.

The equations for the waves and for CR transport are solved
together in an iterative way, so as to return the spectra of par-
ticles and the diffusion coefficient for each nuclear species and
the associated grammage. The procedure is started by choosing
guess injection factors for each type of nuclei, and a guess for
the diffusion coefficient, which is assumed to coincide with the
one predicted by quasi-linear theory in the presence of a back-
ground turbulence. The first iteration returns the spectra of each
nuclear specie and a spectrum of waves, that can be used now
to calculate the diffusion coefficient self-consistently. The pro-
cedure is repeated until convergence, which is typically reached
in a few steps, and the resulting fluxes and ratios are compared
with available data. This allows us to renormalize the injection
rates and restart the whole procedure, which is repeated until a
satisfactory fit is achieved. Since the fluxes of individual nuclei
affect the grammage through the rate of excitation of stream-
ing instability and viceversa the grammage affects the fluxes, the
procedure is all but trivial.
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Fig. 1. Spectrum of protons measured by Voyager (blue empty cir-
cles), AMS-02 (black filled circles) (Aguilar et al. 2015), PAMELA
(green empty squares) (Adriani 2011) and CREAM (blue filled squares)
(Yoon et al. 2011), compared with the prediction of our calculations
(lines). The solid line is the flux at the Earth after the correction due to
solar modulation, while the dashed line is the spectrum in the ISM.
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Fig. 2. Spectrum of He nuclei according to preliminary measurements
of AMS-02 (black filled circles), as measured by Voyager (blue empty
circles), PAMELA (green empty squares) and CREAM (blue filled
squares), compared with the prediction of our calculations (lines). The
solid line is the flux at the Earth after the correction due to solar modu-
lation, while the dashed line is the spectrum in the ISM.

3. Results

The main evidence for a transition from self-generated waves to
pre-existing turbulence can be searched for in the spectra of the
light elements, protons and helium nuclei. A spectral break was
in fact found by the PAMELA experiment (Adriani 2011) in both
spectra and later confirmed by AMS-02, although at the time
of writing this paper only the results of AMS on protons have
been published (Aguilar et al. 2015), while a preliminary version
of the spectrum of helium has been presented (AMS-02 2015).
The spectra of both elements were also measured by the Voyager
(Stone et al. 2013) outside the heliosphere, so as to make this
the first measurement in human history of the CR spectra in the
interstellar medium. This is a very important results in that it
also allows us to refine our understanding of the effects of solar
modulation (Potgieter 2013).

The spectrum of protons and helium nuclei as calculated
in this paper is shown in Figs. 1 and 2, respectively: the solid
lines indicate the spectra at the Earth, namely after solar mod-
ulation modelled using the force-free approximation (Gleeson
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that appears in this formalism is the one in the direction parallel
to that of the ordered magnetic field. In a more realistic situation
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phenomenology for the cascading turbulence, so that α1 = 7/2
and α2 = 1/2, and an unperturbed magnetic field B0 = 1µG.
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normalized, as discussed above, to the total power W0 = (s −
1)lcηB.

The equations for the waves and for CR transport are solved
together in an iterative way, so as to return the spectra of par-
ticles and the diffusion coefficient for each nuclear species and
the associated grammage. The procedure is started by choosing
guess injection factors for each type of nuclei, and a guess for
the diffusion coefficient, which is assumed to coincide with the
one predicted by quasi-linear theory in the presence of a back-
ground turbulence. The first iteration returns the spectra of each
nuclear specie and a spectrum of waves, that can be used now
to calculate the diffusion coefficient self-consistently. The pro-
cedure is repeated until convergence, which is typically reached
in a few steps, and the resulting fluxes and ratios are compared
with available data. This allows us to renormalize the injection
rates and restart the whole procedure, which is repeated until a
satisfactory fit is achieved. Since the fluxes of individual nuclei
affect the grammage through the rate of excitation of stream-
ing instability and viceversa the grammage affects the fluxes, the
procedure is all but trivial.
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Fig. 1. Spectrum of protons measured by Voyager (blue empty cir-
cles), AMS-02 (black filled circles) (Aguilar et al. 2015), PAMELA
(green empty squares) (Adriani 2011) and CREAM (blue filled squares)
(Yoon et al. 2011), compared with the prediction of our calculations
(lines). The solid line is the flux at the Earth after the correction due to
solar modulation, while the dashed line is the spectrum in the ISM.

101

102

103

10-1 100 101 102 103 104 105

E k
2.

7 J(
E k

) (
G

eV
1.

7 /(m
2  s

 s
r))

Ek (GeV/n)

helium

H=4.0 Kpc, hg=0.15 kpc, µ=2.4 mg/cm2

B0=1 µG, lc=50 pc, ηB=0.075, ξCR=0.045

ni=0.02 cm-3, φsol=500 MV 
γprot.=4.20, γnucl.=4.15

Fig. 2. Spectrum of He nuclei according to preliminary measurements
of AMS-02 (black filled circles), as measured by Voyager (blue empty
circles), PAMELA (green empty squares) and CREAM (blue filled
squares), compared with the prediction of our calculations (lines). The
solid line is the flux at the Earth after the correction due to solar modu-
lation, while the dashed line is the spectrum in the ISM.

3. Results

The main evidence for a transition from self-generated waves to
pre-existing turbulence can be searched for in the spectra of the
light elements, protons and helium nuclei. A spectral break was
in fact found by the PAMELA experiment (Adriani 2011) in both
spectra and later confirmed by AMS-02, although at the time
of writing this paper only the results of AMS on protons have
been published (Aguilar et al. 2015), while a preliminary version
of the spectrum of helium has been presented (AMS-02 2015).
The spectra of both elements were also measured by the Voyager
(Stone et al. 2013) outside the heliosphere, so as to make this
the first measurement in human history of the CR spectra in the
interstellar medium. This is a very important results in that it
also allows us to refine our understanding of the effects of solar
modulation (Potgieter 2013).

The spectrum of protons and helium nuclei as calculated
in this paper is shown in Figs. 1 and 2, respectively: the solid
lines indicate the spectra at the Earth, namely after solar mod-
ulation modelled using the force-free approximation (Gleeson
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PAMELA and AMS-02 data — combination of self-generated and pre-existing waves 

Voyager data are automatically fitted with no additional breaks… advection with self-
generated waves at  E<10 GeV? 
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THE AMS-02 B/C RATIO

A&A proofs: manuscript no. SelfGen

1968), while the dashed lines are the spectra in the ISM. The
data points are the spectra measured by the Voyager (empty cir-
cles) (Stone et al. 2013), AMS-02 (filled circles) (Aguilar et al.
2015), PAMELA (empty squares) (Adriani 2011) and CREAM
(filled squares) (Yoon et al. 2011). Figs. 1 and 2 show several
interesting aspects: 1) both the spectra of protons and helium nu-
clei show a pronounced change of slope at few hundred GeV/n,
where self-generation of waves becomes less important than pre-
existing turbulence (in fact, the change of slope takes place in
rigidity). 2) We confirm that injecting He with a slightly harder
spectrum with respect to protons (p−4.15 versus p−4.2) improves
the fit to the data. 3) The spectra calculated to optimise the fit to
the AMS-02 and PAMELA data is in excellent agreement with
the Voyager data (see dashed lines). This is all but trivial: in our
model, at sufficiently low energies (below ∼ 10 GeV/n), particle
transport is dominated by advection (at the Alfén speed) with
self-generated waves rather than diffusion. This reflects into a
weak energy dependence of the propagated spectra that is ex-
actly what Voyager measured (see also (Potgieter 2013)). 4) At
low energies, the agreement of the predicted spectra with those
measured by Voyager is actually better than the agreement with
the modulated spectra, as observed with AMS–02; this suggests
that probably the prescriptions used to describe solar modula-
tion are somewhat oversimplified, either when applied to data
collected over extended periods of time, when the effective solar
potential may change appreciably, or because of intrinsic limita-
tions of the force-field approximation.

For each heavier nucleus, we assume the same injected spec-
tral shape in rigidity as for helium, keeping as only free param-
eter the normalization, chosen to match the data. In Fig. 3 we il-
lustrate the prediction for Carbon nuclei (which is also a needed
ingredient to compute the B/C ratio), compared with data by
PAMELA and CREAM, as well as preliminary data by AMS-
02. The free normalization is chosen to match more closely the
AMS-02 data. Clearly, the phenomenon of transition from self-
generated to pre-existing waves manifests itself in the transport
of all nuclei, hence we should expect a spectral break at the
same rigidity as for helium and protons. This prediction appears
currently in agreement with Carbon spectrum observations, al-
though it is hard to judge to what extent a break is present in
AMS-02 data alone, giving the growing error bars and the lim-
ited dynamical range at high energy. Note that a break would
appear more prominent if one were to combine PAMELA and
CREAM data, which do seem to differ from AMS-02 data in the
10 to ∼ 200 GeV/n range beyond the reported errors. Definitely,
the forthcoming AMS-02 publication of nuclear fluxes should
help in clarifying the situation.

In Fig. 4 we show the calculated B/C ratio (solid black line)
as compared with data from CREAM (blue squares), PAMELA
(green squares), and the still preliminary ones from AMS-02
(black circles). Even if the injected Carbon flux is normalized
to the preliminary Carbon data reported by AMS-02, the B/C
ratio is still in satisfactory agreement with both PAMELA and
CREAM data, as for our previous result (Aloisio 2013). The
B/C ratio also fits the AMS data up to ∼ 100GeV/n. At higher
energy, the AMS-02 analysis seems to suggest a B/C ratio some-
what higher than our prediction. While its significance is uncer-
tain, given the preliminary nature of AMS data, if this “excess”
is interpreted as physical, it would suggest the presence of an
additional contribution to the grammage traversed by CRs. The
most straightforward possibility to account for such a grammage
is that it may be due to the matter traversed by CRs while es-
caping the source, for instance a SNR. The grammage due to
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Fig. 3. Spectrum of C nuclei as measured by CREAM (blue squares),
PAMELA (green empty squares), and according to preliminary mea-
surements of AMS-02 (black circles), compared with the prediction of
our calculations (lines). The solid line is the flux at the Earth after the
correction due to solar modulation, while the dashed line is the spectrum
in the ISM.
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Fig. 4. B/C ratio as measured by CREAM (blue squares), PAMELA
(green empty squares), and according to preliminary measurements of
AMS-02 (black circles). The black/bottom solid line is the prediction of
our model, while the red/top line has been obtained by adding a source
grammage of 0.15 g cm−2, close to that given by Eq. (10).

confinement inside a SNR can be easily estimated as

XSNR ≈ 1.4rsmpnISMcTSNR ≈ 0.17 g cm−2
nISM
cm−3

TSNR
2 × 104yr

, (10)

where nISM is the density of the interstellar gas upstream of a
SNR shock and rs = 4 is the compression factor at the shock
and TSNR is the duration of the SNR event (or better, the lifetime
“useful” to confine particles up to E ∼TeV/n), assumed here to
be of order twenty thousand years. The factor 1.4 in Eq. (10) has
been introduced to account for the presence of elements heavier
than hydrogen in the target. While Eq. (10) is only a rough es-
timate of the grammage at the source, in that several (in general
energy dependent) factors may affect such an estimate, at least
it provides us with a reasonable benchmark value. The solid red
curve in Fig. 4 shows the result of adding the grammage accu-
mulated by CRs inside the source to the one due to propagation
in the Galaxy. It is clear that by eye it fits better the AMS-02
data at high rigidity, while being also compatible with the older
CREAM data. The forthcoming publication by AMS-02 of the
fluxes of nuclei and secondary to primary ratios should hope-
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OLD AMS-02 DATA

THE AMS-02 B/C RATIO CAN BE EXPLAINED AS A CONSEQUENCE OF 
THE WAVE SELF-GENERATION PLUS THE UNAVOIDABLE GRAMMAGE 
INSIDE SOURCES

A&A proofs: manuscript no. SelfGen

1968), while the dashed lines are the spectra in the ISM. The
data points are the spectra measured by the Voyager (empty cir-
cles) (Stone et al. 2013), AMS-02 (filled circles) (Aguilar et al.
2015), PAMELA (empty squares) (Adriani 2011) and CREAM
(filled squares) (Yoon et al. 2011). Figs. 1 and 2 show several
interesting aspects: 1) both the spectra of protons and helium nu-
clei show a pronounced change of slope at few hundred GeV/n,
where self-generation of waves becomes less important than pre-
existing turbulence (in fact, the change of slope takes place in
rigidity). 2) We confirm that injecting He with a slightly harder
spectrum with respect to protons (p−4.15 versus p−4.2) improves
the fit to the data. 3) The spectra calculated to optimise the fit to
the AMS-02 and PAMELA data is in excellent agreement with
the Voyager data (see dashed lines). This is all but trivial: in our
model, at sufficiently low energies (below ∼ 10 GeV/n), particle
transport is dominated by advection (at the Alfén speed) with
self-generated waves rather than diffusion. This reflects into a
weak energy dependence of the propagated spectra that is ex-
actly what Voyager measured (see also (Potgieter 2013)). 4) At
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measured by Voyager is actually better than the agreement with
the modulated spectra, as observed with AMS–02; this suggests
that probably the prescriptions used to describe solar modula-
tion are somewhat oversimplified, either when applied to data
collected over extended periods of time, when the effective solar
potential may change appreciably, or because of intrinsic limita-
tions of the force-field approximation.

For each heavier nucleus, we assume the same injected spec-
tral shape in rigidity as for helium, keeping as only free param-
eter the normalization, chosen to match the data. In Fig. 3 we il-
lustrate the prediction for Carbon nuclei (which is also a needed
ingredient to compute the B/C ratio), compared with data by
PAMELA and CREAM, as well as preliminary data by AMS-
02. The free normalization is chosen to match more closely the
AMS-02 data. Clearly, the phenomenon of transition from self-
generated to pre-existing waves manifests itself in the transport
of all nuclei, hence we should expect a spectral break at the
same rigidity as for helium and protons. This prediction appears
currently in agreement with Carbon spectrum observations, al-
though it is hard to judge to what extent a break is present in
AMS-02 data alone, giving the growing error bars and the lim-
ited dynamical range at high energy. Note that a break would
appear more prominent if one were to combine PAMELA and
CREAM data, which do seem to differ from AMS-02 data in the
10 to ∼ 200 GeV/n range beyond the reported errors. Definitely,
the forthcoming AMS-02 publication of nuclear fluxes should
help in clarifying the situation.

In Fig. 4 we show the calculated B/C ratio (solid black line)
as compared with data from CREAM (blue squares), PAMELA
(green squares), and the still preliminary ones from AMS-02
(black circles). Even if the injected Carbon flux is normalized
to the preliminary Carbon data reported by AMS-02, the B/C
ratio is still in satisfactory agreement with both PAMELA and
CREAM data, as for our previous result (Aloisio 2013). The
B/C ratio also fits the AMS data up to ∼ 100GeV/n. At higher
energy, the AMS-02 analysis seems to suggest a B/C ratio some-
what higher than our prediction. While its significance is uncer-
tain, given the preliminary nature of AMS data, if this “excess”
is interpreted as physical, it would suggest the presence of an
additional contribution to the grammage traversed by CRs. The
most straightforward possibility to account for such a grammage
is that it may be due to the matter traversed by CRs while es-
caping the source, for instance a SNR. The grammage due to
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Fig. 3. Spectrum of C nuclei as measured by CREAM (blue squares),
PAMELA (green empty squares), and according to preliminary mea-
surements of AMS-02 (black circles), compared with the prediction of
our calculations (lines). The solid line is the flux at the Earth after the
correction due to solar modulation, while the dashed line is the spectrum
in the ISM.
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Fig. 4. B/C ratio as measured by CREAM (blue squares), PAMELA
(green empty squares), and according to preliminary measurements of
AMS-02 (black circles). The black/bottom solid line is the prediction of
our model, while the red/top line has been obtained by adding a source
grammage of 0.15 g cm−2, close to that given by Eq. (10).

confinement inside a SNR can be easily estimated as

XSNR ≈ 1.4rsmpnISMcTSNR ≈ 0.17 g cm−2
nISM
cm−3

TSNR
2 × 104yr

, (10)

where nISM is the density of the interstellar gas upstream of a
SNR shock and rs = 4 is the compression factor at the shock
and TSNR is the duration of the SNR event (or better, the lifetime
“useful” to confine particles up to E ∼TeV/n), assumed here to
be of order twenty thousand years. The factor 1.4 in Eq. (10) has
been introduced to account for the presence of elements heavier
than hydrogen in the target. While Eq. (10) is only a rough es-
timate of the grammage at the source, in that several (in general
energy dependent) factors may affect such an estimate, at least
it provides us with a reasonable benchmark value. The solid red
curve in Fig. 4 shows the result of adding the grammage accu-
mulated by CRs inside the source to the one due to propagation
in the Galaxy. It is clear that by eye it fits better the AMS-02
data at high rigidity, while being also compatible with the older
CREAM data. The forthcoming publication by AMS-02 of the
fluxes of nuclei and secondary to primary ratios should hope-
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3.2 CR spectrum in the Galactic disk

The SNR distribution is usually inferred based on two possi-
ble tracers: radio SNRs and pulsars. Here we adopt the dis-
tribution of SNRs recently obtained by Green (2015) from
the analysis of bright radio SNRs. He adopted a cylindrical
model for the Galactic surface density of SNRs as a function
of the Galactocentric radius, in the form:

fSNR ∝
(

R
R⊙

)α

exp

(

−β
R−R⊙

R⊙

)

, (17)

where the position of the Sun is assumed to be at R⊙ = 8.5
kpc. For the best fit Green (2015) obtained α = 1.09 and
β = 3.87, so that the distribution is peaked at R = 2.4 kpc.
However, as noted by Green (2015), it is worth keeping in
mind that the best-fitting model is not very well defined, as
there is some level of degeneracy between the parameters α
and β.

Case & Bhattacharya (1998) also adopted a fitting
function as in equation (17) but obtained their best fit for
α = 2.0 and β = 3.53, resulting in a distribution peaked
at R = 4.8 kpc and broader for larger values of R with
respect to the one of Green (2015). Case & Bhattacharya
(1998) estimated the source distances using the so called
‘Σ–D’ relation, that is well known to be affected by large
uncertainties. Moreover Green (2015) argued that the Σ–D
used by Case & Bhattacharya (1998) appears to have been
derived incorrectly.

An important caveat worth keeping in mind is that the
SNR distribution derived in the literature is poorly con-
strained for large galactocentric radii. For instance Green
(2015) used a sample of 69 bright SNRs but only two of
them are located at galactic latitude l > 160◦. Similarly,
Case & Bhattacharya (1998) used a larger sample with 198
SNRs, but only 7 of them are located at R > 13 kpc and
there are no sources beyond 16 kpc.

The distribution of pulsars is also expected to trace that
of SNRs after taking into account the effect of birth kick
velocity, that can reach ∼ 500 km/s. These corrections are all
but trivial, (see, e.g. Faucher-Giguère & Kaspi 2006), hence
in what follows we adopt the spatial distribution as inferred
by Green (2015).

One last ingredient needed for our calculation is the
magnetic field strength, B0(R), as a function of galactocen-
tric distance R. While there is a general consensus that the
magnetic field in the Galactic disk is roughly constant in the
inner region, in particular in the so-called “molecular ring”,
between 3 and 5 kpc (Jansson & Farrar 2012; Stanev 1997),
much less is known about what the trend is in the very inner
region around the Galactic center, and in the outer region, at
R > 5 kpc. Following the prescription of Jansson & Farrar
(2012) (see also Stanev 1997), we assume the following radial
dependence:

B0(R < 5 kpc) = B⊙R⊙/5 kpc

B0(R > 5 kpc) = B⊙R⊙/R , (18)

where the normalization is fixed at the Sun’s position, that
is B⊙ = 1µG. Using this prescription we calculate the CR
spectrum as a function of the Galactocentric distance, as
discussed in §2. In Fig. 1 we plot the density of CRs with
energy ! 20 GeV (dashed line) and compare it with the
same quantity as derived from Fermi-LAT data. Our results

are in remarkably good agreement with data, at least out to
a distance of ∼ 10 kpc. At larger distances, our predicted
CR density drops faster than the one inferred from data,
thereby flagging again the well known CR gradient prob-
lem. In fact, the non-linear theory of CR propagation, in its
most basic form (dashed line) makes the problem even more
severe: where there are more sources, the diffusion coeffi-
cient is reduced and CRs are trapped more easily, but where
the density of sources is smaller the corresponding diffusion
coefficient is larger and the CR density drops. A similar sit-
uation can be seen in the trend of the spectral slope as a
function of R, plotted in Figure (2). The dashed line repro-
duces well the slope inferred from Fermi-LAT data out to a
distance of ∼ 10 kpc, but not in the outer regions where the
predicted spectrum is steeper than observed. It is important
to understand the physical motivation for such a trend: at
intermediate values of R, where there is a peak in the source
density, the diffusion coefficient is smaller and the momenta
for which advection dominates upon diffusion is higher. This
implies that the equilibrium CR spectrum is closer to the
injection spectrum, Q(p) (harder spectrum). On the other
hand, for very small and for large values of R, the smaller
source density implies a larger diffusion coefficient and a cor-
respondingly lower momentum where advection dominates
upon diffusion. As a consequence the spectrum is steeper,
namely closer to Q(p)/D(p). In fact, at distances R ! 15
kpc, the spectrum reaches the full diffusive regime, hence
f0 ∼ p7−3γ = p−5.6, meaning that the slope in Figure (2)
is 3.6. As pointed out in §2, the non-linear propagation is
quite sensitive to the dependence of the magnetic field on
R.

Both the distribution of sources and the magnetic field
strength in the outer regions of the Galaxy are poorly
known. Hence, we decided to explore the possibility that
the strength of the magnetic field may drop faster than 1/R
at large galactocentric distances. As a working hypothesis
we assumed the following form for the dependence of B0 on
R, at R ! 10 kpc:

B0(R > 10 kpc) =
B⊙R⊙

R
exp

[

−R − 10 kpc
d

]

(19)

where the scale length, d, is left as a free parameter. We
found that using d = 3.1 kpc, both the resulting CR density
and spectral slope describe very well the Fermi-LAT data
in the outer Galaxy. The results of our calculations for this
case are shown in Figs. 1 and 2 with solid lines.

The diffusion coefficient resulting from the non-linear
CR transport in the Galaxy, calculated as in §2, is illus-
trated in Fig. 3, for different galactocentric distances. It is
interesting to notice that at all values of R (and especially at
the Sun’s position) D(p) is almost momentum independent
at p " 10 GeV/c. This reflects the fact that at those energies
the transport is equally contributed by both advection and
diffusion, as discussed above. This trend, that comes out as a
natural consequence of the calculations, is remarkably simi-
lar to the one that in numerical approaches to CR transport
is imposed by hand in order to fit observations.

Contrary to a naive expectation, in the case in which
B0(R) drops exponentially, the diffusion coefficient becomes
smaller in the external Galaxy than in the inner part,
in spite of the smaller number of sources in the outer
Galaxy. This counterintuitive result is due to the fact that
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suppressed magnetic field is shown as a solid line. The dotten line
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DH(p) ∝ B4
0/Q

2
0 (see equation 13) and that both B0 and

Q0 are assumed to drop exponentially at large R. Clearly,
this result loses validity when δB/B0 approaches unity and
the amplification enters the non linear regime. Using equa-
tion (10), such condition in the disk can be written as
F(z = 0, k) ≈ DB/(2vAH) ! 1 which, for 1 GeV particles
occurs for R ! 28 kpc (red-dashed line in Figures (1) and
(2)). In any case, the density of CRs at large galactocentric
distances drops down, as visible in Figure (1).

4 CONCLUSIONS

The CR density recently inferred from Fermi-LAT obser-
vations of the diffuse Galactic γ-ray emission, as carried
out during the last seven years, appears to be all but
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Figure 3. Diffusion coefficient D(z = 0, p) as a function of mo-
mentum in GeV/c for different Galactocentric distances as la-
belled.

constant with galactocentric distance R (Acero et al. 2016;
Yang et al. 2016). In the inner ∼ 5 kpc from the Galactic
center, such density shows a pronounced peak around 3− 4
kpc, while it drops with R for R ! 5 kpc, but much slower
than what one would expect based on the distribution of
SNRs, as possible sources of Galactic CRs. Moreover, the
inferred slope of the CR spectrum shows a gradual steep-
ening in the outer regions of the Galaxy. This puzzling CR
gradient is hard to accommodate in the standard picture of
CR transport.

Here we showed that both the gradient and the spec-
tral shape can be explained in a simple model of non-linear
CR transport: CRs excite waves through streaming insta-
bility in the ionized Galactic halo and are advected with
such Alfvén waves. In this model, the diffusion coefficient
is smaller where the source density is larger and this phe-
nomenon enhances the CR density in the inner Galaxy. In
the outer Galaxy, the data can be well explained only by
assuming that the background magnetic field drops expo-
nentially at R ! 10 kpc, with a suppression scale of ∼ 3
kpc. This scenario also fits well the spectral slope of the CR
spectrum as a function of R, as a result of the fact that
at different R the spectrum at a given energy (∼ 20 GeV)
may dominated by advection (harder spectrum) or diffusion
(softer spectrum). A simple prediction of our calculations is
that the spectral hardening should disappear at higher en-
ergies, where transport is diffusion dominated at all galac-
tocentric distances.
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3.2 CR spectrum in the Galactic disk

The SNR distribution is usually inferred based on two possi-
ble tracers: radio SNRs and pulsars. Here we adopt the dis-
tribution of SNRs recently obtained by Green (2015) from
the analysis of bright radio SNRs. He adopted a cylindrical
model for the Galactic surface density of SNRs as a function
of the Galactocentric radius, in the form:

fSNR ∝
(

R
R⊙

)α

exp

(

−β
R−R⊙

R⊙

)

, (17)

where the position of the Sun is assumed to be at R⊙ = 8.5
kpc. For the best fit Green (2015) obtained α = 1.09 and
β = 3.87, so that the distribution is peaked at R = 2.4 kpc.
However, as noted by Green (2015), it is worth keeping in
mind that the best-fitting model is not very well defined, as
there is some level of degeneracy between the parameters α
and β.

Case & Bhattacharya (1998) also adopted a fitting
function as in equation (17) but obtained their best fit for
α = 2.0 and β = 3.53, resulting in a distribution peaked
at R = 4.8 kpc and broader for larger values of R with
respect to the one of Green (2015). Case & Bhattacharya
(1998) estimated the source distances using the so called
‘Σ–D’ relation, that is well known to be affected by large
uncertainties. Moreover Green (2015) argued that the Σ–D
used by Case & Bhattacharya (1998) appears to have been
derived incorrectly.

An important caveat worth keeping in mind is that the
SNR distribution derived in the literature is poorly con-
strained for large galactocentric radii. For instance Green
(2015) used a sample of 69 bright SNRs but only two of
them are located at galactic latitude l > 160◦. Similarly,
Case & Bhattacharya (1998) used a larger sample with 198
SNRs, but only 7 of them are located at R > 13 kpc and
there are no sources beyond 16 kpc.

The distribution of pulsars is also expected to trace that
of SNRs after taking into account the effect of birth kick
velocity, that can reach ∼ 500 km/s. These corrections are all
but trivial, (see, e.g. Faucher-Giguère & Kaspi 2006), hence
in what follows we adopt the spatial distribution as inferred
by Green (2015).

One last ingredient needed for our calculation is the
magnetic field strength, B0(R), as a function of galactocen-
tric distance R. While there is a general consensus that the
magnetic field in the Galactic disk is roughly constant in the
inner region, in particular in the so-called “molecular ring”,
between 3 and 5 kpc (Jansson & Farrar 2012; Stanev 1997),
much less is known about what the trend is in the very inner
region around the Galactic center, and in the outer region, at
R > 5 kpc. Following the prescription of Jansson & Farrar
(2012) (see also Stanev 1997), we assume the following radial
dependence:

B0(R < 5 kpc) = B⊙R⊙/5 kpc

B0(R > 5 kpc) = B⊙R⊙/R , (18)

where the normalization is fixed at the Sun’s position, that
is B⊙ = 1µG. Using this prescription we calculate the CR
spectrum as a function of the Galactocentric distance, as
discussed in §2. In Fig. 1 we plot the density of CRs with
energy ! 20 GeV (dashed line) and compare it with the
same quantity as derived from Fermi-LAT data. Our results

are in remarkably good agreement with data, at least out to
a distance of ∼ 10 kpc. At larger distances, our predicted
CR density drops faster than the one inferred from data,
thereby flagging again the well known CR gradient prob-
lem. In fact, the non-linear theory of CR propagation, in its
most basic form (dashed line) makes the problem even more
severe: where there are more sources, the diffusion coeffi-
cient is reduced and CRs are trapped more easily, but where
the density of sources is smaller the corresponding diffusion
coefficient is larger and the CR density drops. A similar sit-
uation can be seen in the trend of the spectral slope as a
function of R, plotted in Figure (2). The dashed line repro-
duces well the slope inferred from Fermi-LAT data out to a
distance of ∼ 10 kpc, but not in the outer regions where the
predicted spectrum is steeper than observed. It is important
to understand the physical motivation for such a trend: at
intermediate values of R, where there is a peak in the source
density, the diffusion coefficient is smaller and the momenta
for which advection dominates upon diffusion is higher. This
implies that the equilibrium CR spectrum is closer to the
injection spectrum, Q(p) (harder spectrum). On the other
hand, for very small and for large values of R, the smaller
source density implies a larger diffusion coefficient and a cor-
respondingly lower momentum where advection dominates
upon diffusion. As a consequence the spectrum is steeper,
namely closer to Q(p)/D(p). In fact, at distances R ! 15
kpc, the spectrum reaches the full diffusive regime, hence
f0 ∼ p7−3γ = p−5.6, meaning that the slope in Figure (2)
is 3.6. As pointed out in §2, the non-linear propagation is
quite sensitive to the dependence of the magnetic field on
R.

Both the distribution of sources and the magnetic field
strength in the outer regions of the Galaxy are poorly
known. Hence, we decided to explore the possibility that
the strength of the magnetic field may drop faster than 1/R
at large galactocentric distances. As a working hypothesis
we assumed the following form for the dependence of B0 on
R, at R ! 10 kpc:

B0(R > 10 kpc) =
B⊙R⊙

R
exp

[

−R − 10 kpc
d

]

(19)

where the scale length, d, is left as a free parameter. We
found that using d = 3.1 kpc, both the resulting CR density
and spectral slope describe very well the Fermi-LAT data
in the outer Galaxy. The results of our calculations for this
case are shown in Figs. 1 and 2 with solid lines.

The diffusion coefficient resulting from the non-linear
CR transport in the Galaxy, calculated as in §2, is illus-
trated in Fig. 3, for different galactocentric distances. It is
interesting to notice that at all values of R (and especially at
the Sun’s position) D(p) is almost momentum independent
at p " 10 GeV/c. This reflects the fact that at those energies
the transport is equally contributed by both advection and
diffusion, as discussed above. This trend, that comes out as a
natural consequence of the calculations, is remarkably simi-
lar to the one that in numerical approaches to CR transport
is imposed by hand in order to fit observations.

Contrary to a naive expectation, in the case in which
B0(R) drops exponentially, the diffusion coefficient becomes
smaller in the external Galaxy than in the inner part,
in spite of the smaller number of sources in the outer
Galaxy. This counterintuitive result is due to the fact that
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which returns the following implicit form for the wave spec-
trum:

F(k) = (2ck)
3

[

16π2p4

B2
0

D
∂f
∂z

]2

. (9)

Inserting the diffusive flux,D∂f/∂z (from equation (4)) into
equation (9), we can derive the diffusion coefficient using
equation (6):

D(z, p) = DH(p) + 2vA (H − z) , (10)

where DH(p) is the diffusion coefficient at z = H and reads:

DH(p) =
DB

(2ck)3

[

B2
0

16π2p4
1− e−ξ(0,p)

vAf0(p)

]2

. (11)

It follows that the diffusion coefficient is maximum at z = 0
and decreases linearly with z.

The exact solutions, equations (4)-(5) and (10)-(11), can
be written in an explicit form in the two opposite limits of
diffusion-dominated and advection-dominated transport. In
particular, it is straightforward to verify that in the diffusion
dominated case (i.e. when vAH ≪ DH) the leaky box solu-
tion is recovered. In fact in this limit e−ξ(0,p) ≈ 1−vAH/DH

and D becomes constant in z, namely

D(z, p) → DH(p) → D
1

3

B

1
2ck

[

B2
0H

16π2p4f0(p)

]
2

3

. (12)

In the same limit equation (4) reduces to the well known
f(z, p) = f0(p) (1− z/H), where f0(p) = Q0H/(2DH). Re-
placing this last expression for f0 into equation (12) we ob-
tain explicit expressions for both DH and f0, which read

DH(p) = DB
1

(2ck)3

[

2B2
0

16π2p4Q0

]2

∝ p2γ−7 (13)

and

f0(p) =
Q0

2
H
DH

=
3c3k
rLv

(

16π2p4

B2
0

)2

HQ0(p)
3 ∝ p7−3γ , (14)

respectively. In the opposite limit, when vAH ≫ DH, we
have that e−ξ ≈ 0, hence f(z, p) → f0(p) and from equa-
tion (5) we recover:

f0(p) =
3Q0(p)
2vA γ

. (15)

On the other hand, we see from equation (10) that the diffu-
sion coefficient in the disk behaves like a constant in momen-
tum, namely D(z = 0, p) → 2vAH . This happen because for
small p, F → DB/(2vAH), hence D = DB/F → 2vAH .
Clearly this dependence is restricted to the momenta for
which diffusion becomes comparable to advection, typically
below ∼ 10 GeV/c (see below). We refer to this regime as
advection dominated regime, although particles never reach
a fully advection dominated transport because diffusion and
advection time are of the same order.

We are interested in describing the dependence of the
CR spectrum on the Galactocentric distance, which enters
the calculation only through the injection term and the mag-
netic field strength. Comparing equations (14) and (15) we
see that the CR density has the following scalings with quan-
tities depending on R:

f0(p) ∝ (Q0/B0)
3 (diffusive regime)

f0(p) ∝ Q0/B0 (advective regime). (16)

In a more general case, equations (5), (10) and (11)
can be solved iteratively. We start by choosing a guess func-
tion for DH(p) (for instance the expression, equation (13),
obtained without advection) and then we iterate until con-
vergence is reached, a procedure which usually requires only
few iterations. Notice that the general case of a transport
equation (1) where the advection speed may depend on the
z-coordinate has been recently discussed by (Recchia et al.
2016) and used to describe CR-induced Galactic winds. For
the sake of simplicity, and to retain the least number of pa-
rameters, here we assume that the advection velocity is sim-
ply the Alfvén speed of self-generated waves and we assume
that vA is independent of z.

3 RESULTS

3.1 Fitting the local CR spectrum

The rate of injection of CRs per unit surface can be cal-
ibrated to reproduce the energy density and spectrum of
CRs as observed at the Earth. In all our calculations, fol-
lowing most of current literature, we choose a size of the
halo H = 4 kpc, while the ion density in the halo is fixed as
ni = 0.02 cm−3, a value consistent with the density of the
warm ionized gas component (see, e.g, Ferrière 2001). The
magnetic field B0 at the location of the Sun is assumed to be
B⊙ = 1µG (since we are only describing the propagation in
the z direction, this should be considered as the component
of the field perpendicular to the disc). Notice that, given
B0 and ni, the value of the Alfvén speed is also fixed, and
this is very important in that it also fixes the momentum
where the transition from advection propagation to diffu-
sion dominated propagation takes place for a given injection
spectrum and product of injection efficiency times the local
SN explosion rate, ξinj × RSN(R⊙). Following (Blasi et al.
2012; Aloisio & Blasi 2013; Aloisio et al. 2015) we adopted
a slope at injection γ = 4.2. Then, by requiring that the
local CR density at ∼ 10− 50 GeV is equal to the observed
one, we get ξinj/0.1×RSN/(1/30 yr) = 0.29.

It is worth stressing that the CR spectrum in the energy
region ! 100 GeV, may be heavily affected by either pre-
existing turbulence (Blasi et al. 2012; Aloisio & Blasi 2013;
Aloisio et al. 2015) or a z-dependent diffusion coefficient
(Tomassetti 2012). Both possibilities have been proposed to
explain the spectral hardening observed in both the protons’
and helium spectrum at rigidities above ∼ 200 GV. For this
reason, a model including only self-generated diffusion can
be considered as reliable only below ∼ 50 GeV. In the fol-
lowing, we limit our attention to CRs that are responsible
for the production of γ-rays of energy ∼ 2 GeV, as observed
by Fermi-LAT , namely protons with energy of order ∼ 20
GeV. This threshold is sufficiently low that the slope de-
rived by ignoring the high energy spectral hardening can be
considered reliable.

The injection parameters (efficiency and spectrum)
found by fitting the CR density and spectrum at the Sun’s
location are assumed to be the same for the whole Galaxy.
As discussed in §3.2, the rate of injection of CRs per unit
surface is then proportional to the density of SNRs as in-
ferred from observations.
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The spectrum is also harder in the central Galaxy than it is in the outskirt
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cient is reduced and CRs are trapped more easily,
but where the density of sources is smaller the cor-
responding di↵usion coe�cient is larger and the CR
density drops. A similar situation can be seen in the
trend of the spectral slope as a function of R, plot-
ted in Figure (3). The dashed line reproduces well
the slope inferred from Fermi-LAT data out to a dis-
tance of ⇠ 10 kpc, but not in the outer regions where
the predicted spectrum is steeper than observed. It
is important to understand the physical motivation
for such a trend: at intermediate values of R, where
there is a peak in the source density, the di↵usion
coe�cient is smaller and the momenta for which ad-
vection dominates upon di↵usion is higher. This im-
plies that the equilibrium CR spectrum is closer to
the injection spectrum, Q(p) (harder spectrum). On
the other hand, for very small and for large values
of R, the smaller source density implies a larger dif-
fusion coe�cient and a correspondingly lower mo-
mentum where advection dominates upon di↵usion.
As a consequence the spectrum is steeper, namely
closer to Q(p)/D(p). In fact, at distances R & 15 kpc,
the spectrum reaches the full di↵usive regime, hence
f0 ⇠ p7�3� = p�5.6, meaning that the slope in Figure
(3) is 3.6. As pointed out in §2, the non-linear prop-
agation is quite sensitive to the dependence of the
magnetic field on R.

Both the distribution of sources and the mag-
netic field strength in the outer regions of the
Galaxy are poorly known. Hence, we decided to ex-
plore the possibility that the strength of the mag-
netic field may drop faster than 1/R at large galac-
tocentric distances. As a working hypothesis we as-
sumed the following form for the dependence of B0
on R, at R & 10 kpc:

B0(R > 10 kpc) =
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where the scale length, d, is left as a free parameter.
We found that using d = 3.1 kpc, both the resulting
CR density and spectral slope describe very well the
Fermi-LAT data in the outer Galaxy. The results of
our calculations for this case are shown in Figs. 2
and 3 with solid lines.

The di↵usion coe�cient resulting from the non-
linear CR transport in the Galaxy, calculated as in
§2, is illustrated in Fig. 4, for di↵erent galactocen-
tric distances. It is interesting to notice that at all
values of R (and especially at the Sun’s position)
D(p) is almost momentum independent at p . 10
GeV/c. This reflects the fact that at those energies
the transport is advection dominated, as discussed
above. This trend, that comes out as a natural con-
sequence of the calculations, is remarkably similar to
the one that in numerical approaches to CR trans-
port is imposed by hand in order to fit observations.

Contrary to a naive expectation, in the case in which
B0(R) drops exponentially, the di↵usion coe�cient be-
comes smaller in the external Galaxy than in the inner part,
in spite of the smaller number of sources in the outer
Galaxy. This counterintuitive result is due to the fact that
DH(p) / B4

0/Q
2
0 (see equation 13) and that both B0 and
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Q0 are assumed to drop exponentially at large R. Clearly,
this result loses validity when �B/B0 approaches unity and
the amplification enters the non linear regime. Using equa-
tion (10), such condition in the disk can be written as
F (z = 0, k) ⇡ 1

3 rLv/(2vAH) & 1 which, for 1 GeV parti-
cles occurs for R & 28 kpc. In any case, the density of
CRs at large galactocentric distances drops down,
as visible in Figure (2).

4 CONCLUSIONS

The CR density recently inferred from Fermi-LAT
observations of the di↵use Galactic gamma ray emis-
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Cosmic Rays vs Gravity
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The force exerted by CR may wins 
over gravity and a wind may be 
launched
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fact, in the traditional ”leaky-box” model the CR spectrum
at the disk and spectrum spatial dependence are given by

f
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(p) =
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and

f (z,p) = f
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where Q
0

is the injection spectrum, D the di↵usion coe�-
cient (assumed to be spatially constant) and Rd the galactic
disk radius. H is the location of the free escape boundary,
an artificial boundary where the CR distribution function
is set to zero in order to guarantee the stationarity of the
propagation problem, and is usually taken to be of order ' 4

kpc. Instead in this approach H is replaced by s⇤(p), which
is momentum-dependent and does not need to be artificially
imposed but derives self-consistently from the solution of the
transport problem. The CR distribution function at the disk
thus becomes

f
0

(p) ' Q(p)

2⇡Rd
2s⇤(p)

s⇤2(p)

D
. (4)

3 A SEMI-ANALYTICAL APPROACH TO
CR-DRIVEN WINDS

In this paper we make use of the results mentioned in
Sec. 2, in particular of the hydrodynamic model developed
in Breitschwerdt (1991), however our approach is by no
mean similar. In fact here for the first time an attempt
is made to solving self consistently the coupled system of
the hydrodynamic equations for CR-driven winds and of
the CR transport equation. The solution of the coupled
problem is found by mean of a semi-analytical method
which, once the input parameters of the problem have been
assigned (gas density, gas pressure and magnetic field at the
wind base and the CR injection spectrum), computes the
CR spectrum, the CR di↵usion coe�cient and the profiles
of the hydrodynamic quantities, such as the wind velocity,
as functions of the distance from the galactic disk. Note
that the galactic gravitational potential, as well as the CR
source distribution, depend on the galactocentric distance
R

0

, so that the result of the computation, and even the
possibility itself to have a wind, depend on the position in
the Galaxy. In our approach both the di↵usion coe�cient
and the advection velocity appearing in the CR transport
equation are output of the calculation and are determined
by CRs themselves.

The three-dimensional dynamical equations involved in
the problem are the hydrodynamic equations for the thermal
gas and for the CRs (which describe the total mass, momen-

tum and energy conservation (see Sec. 4 and appendix A)):

~r · (⇢~u) = 0, (5)
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~r · ~B = 0 (10)

and the CR transport equation (see Sec. 5)
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⇢(z), ~u(z), Pg (z) are the gas density, velocity and pressure.

f (z,p), D(z,p), Pc (z) and D(z) are the CR distribution func-
tion, di↵usion coe�cient, pressure and averaged di↵usion co-
e�cient. Finally ~B(z) and ~vA (z) are the magnetic field and
the Alfvén velocity, while �(R

0

, z) is the gravitational po-
tential of the Galaxy (see Sec. 3.1) and Q(R

0

, z,p) the CR
injection spectrum.
In our computation we assume the same one dimensional
model as in Breitschwerdt (1991) and use the same flow ge-
ometry (see Fig. 1). In addition, we assume that only Alfvén
waves generated by CR-streaming instability are present and
that their generation is locally balanced by nonlinear Lan-
dau damping. The coupling between CRs and ISM, guar-
anteed by Alfvén waves, is not assumed to be ideal so that
the CR di↵usion terms are kept in the hydrodynamic equa-
tions (in contrast to what has been done in Breitschwerdt
(1991), in which di↵usion is neglected). The assumption of
local damping of the Alfvén waves means, from the point
of view of the hydrodynamic equations, that the waves are
generated and damped immediately, so that any e↵ect of
wave dynamics can be neglected and the energy fed by CRs
to the waves simply results in gas heating. For that reason
the wave pressure is not taken into account in the hydro-
dynamic equations. On the other hand, it has been shown
in Everett (2008) that the assumption of immediate damp-
ing of waves in the hydrodynamic equations is well justified
when we compare the damping time-scale of waves in the
ISM due to non-linear Landau damping (order of years) to
the typical advection time-scale (order of 10

6yr for typical
wind velocities).
The CR di↵usion coe�cient appearing in the transport equa-
tion is assumed to be self-generated and is given by

D(z,p) =
1

3

v(p)rL (z,p)

F
�����kres=1/rL

. (12)

where F is the equilibrium wave spectrum
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resulting from equating the growth rate of waves due to CR
streaming instability (Eq. 14) and damping rate due to non-
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Diffusion determined by self-generation at 
CR gradients balanced by local damping 
of  the same waves 

No pre-established diffusion coefficient and 
no pre-fixed halo size

Breitschwerdt et al. 1991
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PREVIOUS ATTEMPTS
Ipavich (1975): First treatment of CR induced winds (no dark matter, spherical symmetry, no 
diffusion, no kinetic CR, namely no spectra)

Breitschwerdt et al. (1991): First calculation of CR induced winds with dark matter and realistic 
geometry (diffusivity set to zero, no kinetic CR, namely no spectra; case of wave damping only treated 
for spherical symmetry)

Breitschwerdt et al. (1993): recognition of the importance of the launching region of the wind

Ptuskin et al. (1997): adoption of Breitschwerdt (1991) method and simplified approach to the 
spectrum of CRs; inclusion of Galaxy rotation.

Dorfi & Breitschwert (2012): numerical hydro calculation, but no kinetic treatment of CRs

Everett et al. (2008): adoption of Breitschwerdt (1991) method and application to X-ray emission 
of the Galactic halo

Recchia et al. (2016): Generalization of the Breitschwerdt (1991) method to the case of diffusion, 
with realistic dark matter profile, with wave damping and detailed kinetic description of the CR 
transport 17



Cosmic Rays vs Gravity: CR driven winds

z2

D(p)
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STANDARD CASE                          CR-INDUCED WIND WITH SELF-GENERATION

No fixed halo size H

Aside from math, the Physics of  the problem can be 
understood easily: There is a critical distance above (and 
below) the disc (which depends on particle energy) where 
diffusion turns into advection:

Ptuskin et al. 1997

At high energy, the critical scale becomes larger than the size of  the region where the geometry 
of  the wind remains cylindrical, and a steepening of  the spectrum should be expected
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A LOOK AT THESE CR INDUCED WINDS
Cosmic ray driven Galactic winds 5
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Figure 2. Gravitational acceleration as due to the three compo-
nents: the Bulge, the Disk and the Dark Matter Halo. All curves
are computed at the Sun’s position (R⊙ = 8.5 kpc).
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Figure 3. Topology of the solutions of the hydrodynamics equa-
tions: z0 indicates the base of the wind, while zc is the critical
point, where u(zc) = c∗(zc). The (red) solid line represents a wind
solution, that starts as subsonic and becomes supersonic at the
critical point. The branches of the solutions that are unphysical
are labelled as such.

3 IDENTIFICATION OF THE WIND

SOLUTION

Here we discuss the procedure adopted for the determination
of the wind solution for a given set of conditions at the
base of the wind. We recall that, as discussed above, this
calculation is embedded in an iterative computation that is
repeated until convergence of the overall structure of the
wind and of the CR spectrum is achieved.

We look for a wind solution of equations (10)-(16),
namely a solution for the flow velocity u(z) that shows a
transition from subsonic (u < c∗) to supersonic (u > c∗) mo-
tion, where c∗(z) is the compound sound speed as a function
of z.

The topology of the solutions (see also
Breitschwerdt et al. 1991)) of equation (10)-(16) depends
on the nature of the critical points of the wind equation
(12), namely the points in which the velocity derivative has
zero numerator (c2∗ = dΦ

dz /
1
A

dA
dz ) and/or zero denominator

(u2 = c2∗), and is schematically represented in Fig. 3. The

point for which both numerator and denominator are zero is
the critical (sonic) point and it corresponds to the location
where the flow velocity equals the compound sound speed,
u = c∗. As shown in Fig. 3, there are two curves passing
through the critical point. The one corresponding to a
subsonic flow at z0 is the one relevant for our problem.
The other one corresponds to an accretion (infall) solution.
The curves in the lower branch of solutions shown in Fig.
3 correspond to flows that remain subsonic, the so called
“breezes”. The upper branch corresponds to supersonic flow
and is physically irrelevant. For both families of curves,
there is a point where the numerator of equation (12)
vanishes. The other two branches are unphysical and for
both there is a point where the denominator of equation
(12) vanishes.

For given values of the magnetic field B0, gas density ρ0,
gas pressure Pg0 and CR pressure Pc0 at z = z0, we compute
the velocity at the base of the wind u0 that corresponds to
the wind solution, namely the value of u0 for which the flow
starts as subsonic and then smoothly becomes supersonic at
the critical point zc (see Fig. 3). Both the location of the
sonic point and the launching velocity u0 are outputs of the
calculation. For each iteration, Pc0 and D(z) in equation
(16) are computed based on the solution of the transport
equation in the previous iteration.

From the technical point of view, we start the search
for the wind solution by bracketing the range of values of
u0 that may potentially correspond to a wind solution. In
order to do so, we impose three conditions: 1) the flow starts
as subsonic (c∗0 > u0); 2) u(z) is a growing function of z at
z0, namely du

dz |z0 > 0; 3) the solution leads to a final wind
velocity at infinity that is physical, namely u2

f > 0.
This last point corresponds to imposing energy conser-

vation between z = z0 and infinity and requiring that at
z = ∞ all fluxes vanish with the exception of the kinetic
flux associated to the wind bulk motion. This condition se-
lects the solutions that correspond to u2

f > 0.
Once a closed interval for u0, say [u0,min, u0,max], has

been determined, we numerically integrate the hydrody-
namic equations starting at z0 and for values of u0 in this
range, stepped by ∆u0. In this way we sample the topology
of the solutions and we can identify the transition between
the last breeze and the first unphysical solution by gradually
increasing the value of u0. This procedure can be repeated
to narrow down the region where the actual wind solution
is located.

The procedure of identification of the wind solution also
returns the location of the critical point z = zc. We can then
compute both the flow speed and its derivative at the sonic
point:

u2
c = c2∗c =
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The last expression has been obtained by Taylor expanding
equation (12) around the critical point. In addition, using
the conservation relations (10), equations (11) and (B12)
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3 IDENTIFICATION OF THE WIND

SOLUTION

Here we discuss the procedure adopted for the determination
of the wind solution for a given set of conditions at the
base of the wind. We recall that, as discussed above, this
calculation is embedded in an iterative computation that is
repeated until convergence of the overall structure of the
wind and of the CR spectrum is achieved.
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namely a solution for the flow velocity u(z) that shows a
transition from subsonic (u < c∗) to supersonic (u > c∗) mo-
tion, where c∗(z) is the compound sound speed as a function
of z.

The topology of the solutions (see also
Breitschwerdt et al. 1991)) of equation (10)-(16) depends
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(12), namely the points in which the velocity derivative has
zero numerator (c2∗ = dΦ

dz /
1
A

dA
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(u2 = c2∗), and is schematically represented in Fig. 3. The

point for which both numerator and denominator are zero is
the critical (sonic) point and it corresponds to the location
where the flow velocity equals the compound sound speed,
u = c∗. As shown in Fig. 3, there are two curves passing
through the critical point. The one corresponding to a
subsonic flow at z0 is the one relevant for our problem.
The other one corresponds to an accretion (infall) solution.
The curves in the lower branch of solutions shown in Fig.
3 correspond to flows that remain subsonic, the so called
“breezes”. The upper branch corresponds to supersonic flow
and is physically irrelevant. For both families of curves,
there is a point where the numerator of equation (12)
vanishes. The other two branches are unphysical and for
both there is a point where the denominator of equation
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For given values of the magnetic field B0, gas density ρ0,
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From the technical point of view, we start the search
for the wind solution by bracketing the range of values of
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order to do so, we impose three conditions: 1) the flow starts
as subsonic (c∗0 > u0); 2) u(z) is a growing function of z at
z0, namely du

dz |z0 > 0; 3) the solution leads to a final wind
velocity at infinity that is physical, namely u2

f > 0.
This last point corresponds to imposing energy conser-

vation between z = z0 and infinity and requiring that at
z = ∞ all fluxes vanish with the exception of the kinetic
flux associated to the wind bulk motion. This condition se-
lects the solutions that correspond to u2

f > 0.
Once a closed interval for u0, say [u0,min, u0,max], has

been determined, we numerically integrate the hydrody-
namic equations starting at z0 and for values of u0 in this
range, stepped by ∆u0. In this way we sample the topology
of the solutions and we can identify the transition between
the last breeze and the first unphysical solution by gradually
increasing the value of u0. This procedure can be repeated
to narrow down the region where the actual wind solution
is located.

The procedure of identification of the wind solution also
returns the location of the critical point z = zc. We can then
compute both the flow speed and its derivative at the sonic
point:
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The last expression has been obtained by Taylor expanding
equation (12) around the critical point. In addition, using
the conservation relations (10), equations (11) and (B12)
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boundary condition f (H,p) = 0 leads to the following im-
plicit solution for f (z,p):

f (z,p) =

Z
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H dz0
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0

Q
0

(p)

2

+ A
0

U
0

f
0

(p)q̄
0

� G(z,p). (41)

This rewriting of the transport equations hides the non-
linearity of the problem in the function G(z,p), which de-
pends on f (z,p) and on the CR di↵usion coe�cient D(z,p)

(see equation 18). The solution of equation (40) is computed
with an iterative procedure.

The procedure reaches convergence when, for a given
iteration j, f j (z,p) and f j�1

(z,p) are close to each other
within a desired precision. Note that the advection velocity
U (z) is computed from the hydrodynamic equations and is
fixed while iterating upon the distribution function f j .

5 RESULTS

In this section we illustrate some selected cases of CR in-
duced winds, aimed at addressing di↵erent issues that arise
in this type of problem. The first case is what we will re-
fer to as our reference case, namely a case that illustrates
the most basic characteristics of a CR induced wind, with
a minimal number of physical parameters introduced. The
wind is launched very close to the disc of the Galaxy, and
we consider the specific situation expected at the solar ra-
dius, namely at the Galactocentric distance R = R� = 8.5
kpc, where the Sun is located. This information is crucial in
that it determines the gravitational potential that the wind
has to fight against. The second model considered below is
that in which a wind is launched at some distance from the
Galactic disc, while particle transport in the near-disc region
is assigned. This latter situation is physically motivated by
the fact that ion-neutral damping is expected to damp any
type of self-generated turbulence within ⇠ 0.5 � 1 kpc from
the disc, because of the presence of a substantial amount
of neutral hydrogen. We will show that the consequences of
this setup for the spectrum of CRs observed at the Earth
are very prominent.

5.1 Reference case

Our reference case corresponds to launching a CR-induced
wind at a Galactocentric distance R = R� = 8.5 kpc. The
base of the wind is assumed to be at the edge of the Galac-
tic disc, z

0

= 100 pc, where we assumed that the ionized
gas has a density n

0

= 0.003 cm

�3 and the magnetic field is
B

0

= 1.5µG (to be interpreted as the component of the field
along the z direction). The CR pressure at z

0

is taken to
equal the observed CR pressure, Pc0

= 6 ⇥ 10

�13

erg/cm

3.
We solve simultaneously the hydrodynamical equations for
the wind and the transport equation for CRs, with self-
generated di↵usion and advection taken into account. In or-
der to get the desired CR pressure at the Sun’s location (see
above) we are bound to take
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solution in the reference case.
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Figure 6. Wind velocity (red solid line), Alfvén velocity (green
dashed line) and sound speed (blue dotted line) as a function of
the height z above the disc, for the reference case.

for an injection spectrum with slope � = 4.3. The density
of plasma in the wind and the temperature of the wind are
shown in Fig. 5. The temperature of the wind is maintained
by the continuous damping of wave energy into thermal en-
ergy of the gas. In Fig. 6 we show the wind velocity u(z)

(green dashed line), the Alfvén speed vA (z) (blue dotted
line) and the sound speed c⇤ (z) as functions of the distance
from the Galactic disc. The wind is launched with a speed
of 41 km/s and asymptotically reaches a speed of 353 km/s,
while it becomes supersonic at ⇠ 15 kpc.

For the sake of future discussion it is important to notice
here that the CR advection velocity at the base of the wind
is dominated by the Alfvén speed and that the latter is non
zero at the base of the wind (because of a finite density and
magnetic field).

The pressure of CRs as a function of the distance z from
the disc is shown in Fig. 7, together with the gas pressure
and the CR pressure as derived from the kinetic calculation:
the fact that the latter is basically overlapped to the Pc (z)
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the disc, because of the presence of a substantial amount
of neutral hydrogen. We will show that the consequences of
this setup for the spectrum of CRs observed at the Earth
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Our reference case corresponds to launching a CR-induced
wind at a Galactocentric distance R = R� = 8.5 kpc. The
base of the wind is assumed to be at the edge of the Galac-
tic disc, z
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Figure 6. Wind velocity (red solid line), Alfvén velocity (green
dashed line) and sound speed (blue dotted line) as a function of
the height z above the disc, for the reference case.

for an injection spectrum with slope � = 4.3. The density
of plasma in the wind and the temperature of the wind are
shown in Fig. 5. The temperature of the wind is maintained
by the continuous damping of wave energy into thermal en-
ergy of the gas. In Fig. 6 we show the wind velocity u(z)

(green dashed line), the Alfvén speed vA (z) (blue dotted
line) and the sound speed c⇤ (z) as functions of the distance
from the Galactic disc. The wind is launched with a speed
of 41 km/s and asymptotically reaches a speed of 353 km/s,
while it becomes supersonic at ⇠ 15 kpc.

For the sake of future discussion it is important to notice
here that the CR advection velocity at the base of the wind
is dominated by the Alfvén speed and that the latter is non
zero at the base of the wind (because of a finite density and
magnetic field).

The pressure of CRs as a function of the distance z from
the disc is shown in Fig. 7, together with the gas pressure
and the CR pressure as derived from the kinetic calculation:
the fact that the latter is basically overlapped to the Pc (z)
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Figure 7. CR pressure (red solid line) and gas pressure (blue
dotted line) in the reference case. The green dashed line shows
the CR pressure as obtained from the solution of the transport
equation. The same calculation also returns the wave pressure
Pw(z) (pink dotted line) that is assumed to vanish in the hydro-
dynamical equation.

the fact that the latter is basically overlapped to Pc(z)
as derived from hydrodynamics shows that the system of
equations (hydro plus kinetic) reached convergence (with
accuracy of ∼ 0.1% at heights z close to the base of the
wind and ∼ 10−20% at z close to the outer edge of the box
used for numerical computation; here all quantities, with
the exception of the wind velocity, are bound to vanish).

The gas temperature obtained for z ! 10 kpc (see
Fig. 5) suggests that cooling may be important. At such
temperature the gas is cooled by the emission of forbidden
lines and soft X-rays (Dalgarno & McCray 1972) but, on
the other hand, it is also heated by SN explosions through
the injection of hot gas and magnetic turbulence that will
eventually decay into thermal energy. Recently it was sug-
gested that also Coulomb losses of CRs themselves might be
a substantial source of heating (Walker 2016). The relevance
of cooling was already recognized by Breitschwerdt et al.
(1991) which, nevertheless, assumed that energy balance
exist between heating and cooling processes. Which process
dominates the heating is at the moment unclear but ob-
servations reveals that the temperature in the halo reaches
∼ 105 − 106 K (see, e.g., Miller & Bregman 2013), hence
supporting the idea that either the cooling is negligible or it
is balanced by heating processes. In this paper we decided
to neglect the role of cooling, deferring a more complete
study in a future work.

The spectrum of CRs as a function of particle momen-
tum is reported in Fig. 8 for several distances from the
Galactic plane. The most striking feature of the spectrum at
the disc is the pronounced spectral hardness: the spectrum
that should be measured at the Earth location at momenta
below ∼ 1 TeV/c is roughly ∝ p−4.4, only slightly steeper
than the injection spectrum (Q(p) ∝ p−4.3). This finding
reflects the fact that the Alfvén speed at the base of the
wind is very large and dominates CR advection up to high
energies. One could argue that a larger value of the den-
sity at the base of the wind would make the Alfvén speed
smaller, but in that case two problems appear: 1) it may
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Figure 8. CR spectrum, f(p) × p4.7, in the reference case, at
different locations in the wind: base of the wind (red solid line),
z = 10 kpc (green dashed line), z = 50 kpc (blue short-dashed
line) and z = 100 kpc (pink dotted line).

become harder if not impossible to launch the wind because
of excessive baryonic load. In other words, for a given CR
pressure at the base, there may be cases in which the wind
is not launched. 2) When the wind is in fact launched, its
initial velocity may easily be super-Alfvenic, so that again
advection dominates up to relatively high energies.

This result on the spectrum of Galactic CRs appears
to be at odds with previous results by Ptuskin et al. (1997),
where a toy model for the velocity scaling with z provided
different results, of apparently easy interpretation. Since the
argument of Ptuskin et al. (1997) is rather simple, we report
it here and we explain why this simple approach does not
apply to realistic cases of CR-driven winds. The basic as-
sumption of Ptuskin et al. (1997) is that the advection ve-
locity (dominated by the Alfvén speed) scales approximately
linear with z, vA ∼ ηz. Now, it is easy to imagine that while
the advection velocity increases with z, it reaches a critical
distance, s∗, for which advection dominates upon diffusion.
This happens when

s2∗
D(p)

≈
s∗

vA(s∗)
⇒ s∗(p) ∝ D(p)1/2, (42)

where we used the assumption of linear relation vA ∼ ηz.
Now, when diffusion dominates, namely when z ! s∗(p),
one can neglect the advection terms and make the approx-
imate statement (as in the standard diffusion model), that
D(p) ∂f∂z |z=0 ≈ −Q0(p)/2 ∝ p−γ . Now, using equations (21)
and (18) one can easily show that D(p) ∝ p2γ−7 (for a p−4

injection one gets a linear scaling of the diffusion coefficient
with momentum). The quantity s∗(p) plays the role of the
size of the diffusion volume and one can show that, similar
to a leaky box-like model, the equilibrium spectrum in the
disc is

f(p) ∼
Q0(p)
s∗(p)

s2∗
D(p)

∼ Q0(p)D(p)−1/2 ∼ p−2γ+7/2. (43)

For injection Q0(p) ∼ p−4.3 one infers an equilibrium spec-
trum f0(p) ∼ p−5.1 (notice the contrast with the standard
diffusion model within a given halo of size H , that predicts
f0(p) ∼ Q0(p)H/D(p)).

The problem with this argument, put forward by

MNRAS 000, 1–14 (2016)

Cosmic ray driven Galactic winds 9

 0.1

 1

 10

 100

 1000

100 101 102 103 104 105

kp
c

p(GeV)

S*(p)

Figure 9. Effective boundary, s∗(p), between the diffusion dom-
inated and the advection dominated region of the wind in the
reference case.

Ptuskin et al. (1997), is that it is strictly valid only when
the advection velocity vanishes while approaching the base
of the wind. One can see from equation (35) that the as-
sumption that diffusion is the dominant process at z → 0
holds true only if U0 = 0. The solution of the combined hy-
drodynamical equations and transport equation of CRs as
presented above clearly shows that this is not the case. At
low energies the slope of the CR spectrum at the base of
the disc, as shown in Fig. 8, is ∼ 4.3 (see also Fig. 14, lower
panel), basically the same as the injection spectrum. The
same point can be also made by plotting s∗(p) (Fig. 9) and
the diffusion coefficient D(p) (Fig. 10): the simple scaling
s∗(p) ∝ D(p)1/2 can be easily seen to be not satisfied by the
actual solution of the problem. Notice that s∗(p) becomes
larger than Zs, the location where there is a transition to a
spherical-like flow, at p ∼ 1 TeV/c. At energies much larger
than this one can assume that the advection velocity tends
to a constant, uf . The equilibrium spectrum observed at
the Earth can then be written as f0(p) ∼ Q0(p)πR2

d/(uf s
2
∗),

while s∗ ∝ D(p), so that the equilibrium spectrum has a
slope −3γ + 7. This effect corresponds to a steepening of
the equilibrium spectrum at the transition energy, that for
the values of the parameters used in Fig. 8, corresponds to
about ∼ 1 TeV.

Even qualitatively one can see that the CR spectrum
in Fig. 8 is quite different from the one actually observed at
the Earth: it is harder than observed at low energies, and
it is softer than observed at high energies, even though the
pressure carried by these CRs is as observed.

This example clearly shows that it is possible to con-
struct solutions of the hydrodynamical equations that corre-
spond to CR driven winds, with pressures at the base of the
wind that are compatible with observations and yet leading
to CR spectra that are not compatible with the CR spectra
observed at the Earth. In particular, the basic wind model
discussed in this section does not lead to any hardening of
the spectrum at high energy, hence it is not possible to fit
spectral hardening such as the ones observed by PAMELA
(Adriani et al. 2011) and AMS-02 (Aguilar et al. 2015). In
§5.2 below we discuss a situation in which this conclusion
may not apply.
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Figure 10. Self-generated diffusion coefficient, D(p), in the ref-
erence case at different locations in the wind: base of the wind
(red solid line), z = 10 kpc (green dashed line), z = 50 kpc (blue
short-dashed line) and z = 100 kpc (pink dotted line). The tran-
sition from the cylindrical to the spherical geometry of the wind
flow is clearly visible in the momentum dependence of D(p).

5.2 The importance of the near-disc region

As already pointed out in the original work on CR driven
winds (Breitschwerdt et al. 1991) the region close to the disc
may be plagued by severe ion-neutral damping which sup-
presses the generation of Alfvén waves (Kulsrud & Cesarsky
1971). Since waves provide the coupling between CRs and
the ionized plasma, their severe damping leads to quenching
of the wind. In fact, ion-neutral damping was recognized as
a hindering factor for diffusion even in the absence of winds
(Skilling 1971; Holmes 1975): in these pioneering papers, the
near disc region was assumed to be wave-free and the prop-
agation of CRs in that region was taken to be ballistic. Dif-
fusion in the outer halo, where the density of neutral hydro-
gen is expected to drop and the role of ion-neutral damping
to become negligible, was considered as the actual diffusion
region. One could however speculate that some type of tur-
bulence may be maintained in the near-disc region, perhaps
due to SN explosions themselves, though the waves may be
considered to be isotropic, so that the effective Alfvén speed
vanishes.

In this section we discuss a scenario for the wind launch-
ing constructed in the following manner: the wind is assumed
to be launched at a distance z0 = 1 kpc from the disc and
the near-disc region (|z| < z0) is assumed to be characterised
by a given diffusion coefficient, in the following form:

D(p) = 3× 1028
(

p
3mpc

)1/3

cm2 s−1, (44)

and by an Alfvén velocity vA = 0. At z ≥ z0, namely in the
wind region, the diffusion coefficient is calculated as due to
self-generation through streaming instability, saturated by
NLLD, as in the reference case (§5.1).

It is important to emphasise that the near-disc region
is crucial to establish a connection between the sources and
the wind region. From the mathematical point of view this is
evident from equation (35), where the solution of the trans-
port equation in the disc, f0(p), is related to the injection
rate through the value of the advection velocity at z = 0.
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the CR pressure as obtained from the solution of the transport
equation. The same calculation also returns the wave pressure
Pw(z) (pink dotted line) that is assumed to vanish in the hydro-
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the fact that the latter is basically overlapped to Pc(z)
as derived from hydrodynamics shows that the system of
equations (hydro plus kinetic) reached convergence (with
accuracy of ∼ 0.1% at heights z close to the base of the
wind and ∼ 10−20% at z close to the outer edge of the box
used for numerical computation; here all quantities, with
the exception of the wind velocity, are bound to vanish).

The gas temperature obtained for z ! 10 kpc (see
Fig. 5) suggests that cooling may be important. At such
temperature the gas is cooled by the emission of forbidden
lines and soft X-rays (Dalgarno & McCray 1972) but, on
the other hand, it is also heated by SN explosions through
the injection of hot gas and magnetic turbulence that will
eventually decay into thermal energy. Recently it was sug-
gested that also Coulomb losses of CRs themselves might be
a substantial source of heating (Walker 2016). The relevance
of cooling was already recognized by Breitschwerdt et al.
(1991) which, nevertheless, assumed that energy balance
exist between heating and cooling processes. Which process
dominates the heating is at the moment unclear but ob-
servations reveals that the temperature in the halo reaches
∼ 105 − 106 K (see, e.g., Miller & Bregman 2013), hence
supporting the idea that either the cooling is negligible or it
is balanced by heating processes. In this paper we decided
to neglect the role of cooling, deferring a more complete
study in a future work.

The spectrum of CRs as a function of particle momen-
tum is reported in Fig. 8 for several distances from the
Galactic plane. The most striking feature of the spectrum at
the disc is the pronounced spectral hardness: the spectrum
that should be measured at the Earth location at momenta
below ∼ 1 TeV/c is roughly ∝ p−4.4, only slightly steeper
than the injection spectrum (Q(p) ∝ p−4.3). This finding
reflects the fact that the Alfvén speed at the base of the
wind is very large and dominates CR advection up to high
energies. One could argue that a larger value of the den-
sity at the base of the wind would make the Alfvén speed
smaller, but in that case two problems appear: 1) it may
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Figure 8. CR spectrum, f(p) × p4.7, in the reference case, at
different locations in the wind: base of the wind (red solid line),
z = 10 kpc (green dashed line), z = 50 kpc (blue short-dashed
line) and z = 100 kpc (pink dotted line).

become harder if not impossible to launch the wind because
of excessive baryonic load. In other words, for a given CR
pressure at the base, there may be cases in which the wind
is not launched. 2) When the wind is in fact launched, its
initial velocity may easily be super-Alfvenic, so that again
advection dominates up to relatively high energies.

This result on the spectrum of Galactic CRs appears
to be at odds with previous results by Ptuskin et al. (1997),
where a toy model for the velocity scaling with z provided
different results, of apparently easy interpretation. Since the
argument of Ptuskin et al. (1997) is rather simple, we report
it here and we explain why this simple approach does not
apply to realistic cases of CR-driven winds. The basic as-
sumption of Ptuskin et al. (1997) is that the advection ve-
locity (dominated by the Alfvén speed) scales approximately
linear with z, vA ∼ ηz. Now, it is easy to imagine that while
the advection velocity increases with z, it reaches a critical
distance, s∗, for which advection dominates upon diffusion.
This happens when

s2∗
D(p)

≈
s∗

vA(s∗)
⇒ s∗(p) ∝ D(p)1/2, (42)

where we used the assumption of linear relation vA ∼ ηz.
Now, when diffusion dominates, namely when z ! s∗(p),
one can neglect the advection terms and make the approx-
imate statement (as in the standard diffusion model), that
D(p) ∂f∂z |z=0 ≈ −Q0(p)/2 ∝ p−γ . Now, using equations (21)
and (18) one can easily show that D(p) ∝ p2γ−7 (for a p−4

injection one gets a linear scaling of the diffusion coefficient
with momentum). The quantity s∗(p) plays the role of the
size of the diffusion volume and one can show that, similar
to a leaky box-like model, the equilibrium spectrum in the
disc is

f(p) ∼
Q0(p)
s∗(p)

s2∗
D(p)

∼ Q0(p)D(p)−1/2 ∼ p−2γ+7/2. (43)

For injection Q0(p) ∼ p−4.3 one infers an equilibrium spec-
trum f0(p) ∼ p−5.1 (notice the contrast with the standard
diffusion model within a given halo of size H , that predicts
f0(p) ∼ Q0(p)H/D(p)).

The problem with this argument, put forward by
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SPECTRA

Wind solutions can be found, but 
they typically lead to CR spectra 
at the Earth that are quite unlike 
the observed ones…
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Figure 12. Wind velocity (red solid line), Alfvén velocity (green
dashed line) and sound speed (blue dotted line) as a function of
the height z above the disc, limited to the region where the wind
is launched, z � z

0

= 1 kpc.

solution of the problem, provided that the velocity drops to
zero fast enough inside the near-disc region. It is also worth
stressing that, contrary to the reference case illustrated in
§5.1, the CR pressure at the base of the wind (z = z

0

) does
not correspond to the CR pressure measured at the Earth
(z = 0). The criterion for convergence is still that the pres-
sure at z = 0 equals the observed CR pressure at the Earth
location (clearly this would be di↵erent if we were interested
at a di↵erent Galactocentric distance).

In order to recover the observed CR pressure in the
Galactic disc at the Sun’s location, in the model discussed
here we need to require that:

⇠CR

0.1

RSN
1/30yr

�1

⇡ 0.8.

The density and temperature of the wind, limited to the
region z � z

0

= 1 kpc where the wind can be launched are
plotted in Fig. 11. The corresponding wind velocity, Alfvén
speed and sound speed in the wind region are plotted in Fig.
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Figure 13. CR Pressure and gas pressure in the case of Kol-
mogorov turbulence in the near-disc region. The green dashed
line shows the CR pressure as obtained from the solution of the
transport equation. The same calculation also returns the wave
pressure Pw (z) that is assumed to vanish in the hydrodynamical
equation.

12: the advection velocity is again dominated by the Alfvén
velocity at the base of the wind. The wind becomes super-
sonic at zc ⇠ 20 kpc, and eventually reaches u f ⇠ 400 km/s
at large distances from the disc. The pressures of the gas
and CRs are shown in Fig. 13, where the gas pressure is lim-
ited to the wind region while the CR pressure extends to the
whole di↵usion region. We also plotted there the CR pres-
sure that is returned by the kinetic calculation, to show that
with good accuracy it coincides with the one derived from
the hydrodynamical calculation. The wave pressure as de-
rived from the kinetic calculation is also shown: the plateau
at z < z

0

has been estimated from the assigned di↵usion co-
e�cient. The fact that Pw (z) is always much smaller than
all other terms, justifies the assumption of instantaneous
damping (Pw = 0) in the hydrodynamical computation.

Using the approach described in §2, §3 and §4, we also
calculated the spectrum of Galactic CRs: in the upper panel
of Fig. 14 we show the CR distribution in the Galactic disc
for the reference case compared to the case where the wind is
launched at a finite distance z

0

from the disc. One can imme-
diately see the dramatic di↵erence that the near-disc region
makes in terms of CR spectrum observed at the Earth (or,
for that matter, anywhere). In the second case there are at
least two spectral breaks that can be identified and explained
in a reasonably easy way: the low energy part of the spec-
trum is a↵ected by advection (below ⇠ 10 GeV) as well as
from self-generation of waves at z � z

0

(at 10GeV . E . 1000

GeV). At energies higher than ⇠ 1 TeV the spectrum hard-
ens. All these changes of slope are illustrated more clearly
in the lower panel of Fig. 14, where we show the slope of
the CR distribution in the disc for the reference case (red
solid line) and for the case with a wind launched at a finite
distance z

0

from the disc (green dashed line).
The hard spectrum (slope ⇠ 4.5 below ⇠ 10 GeV reflects

advection and is similar to the e↵ect already seen in non-
linear models of galactic CR propagation (Aloisio et al. 2015,
see for instance). On the other hand, the spectrum has a
continuous steepening at higher energies up to . 1 TeV:
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Figure 14. Upper panel: spectrum of CRs in the disc of the
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line) and for the case in which the wind is launched at z

0
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from the disc and there is a near-disc region where the di↵usion
coe�cient is assigned and advection is absent (green dashed line).
The lower panel shows the corresponding slopes.

this e↵ects is also similar to the one claimed by Aloisio et al.
(2015) and reflects the very rapid energy dependence of the
self-generated di↵usion coe�cient. Finally the slope of the
spectrum becomes ⇠ 4.63 at E & 1 TeV, because of the
assumption of Kolmogorov turbulence in the near disc region
(z  z

0

). This hardening is qualitatively similar to the one
found by Tomassetti (2012) in a simple two zone model of
the Galactic halo: the low energy part is sensitive to the far
zone, while the high energy part is sensitive to the near zone,
where the assumption of Kolmogorov turbulence leads to an
expected slope 4.3(injection) + 1/3(Kolmogorov) ' 4.63. The
important point we wish to make here is that the di↵usion
coe�cient that determines the low energy behaviour of the
bulk of CRs is not assumed here, but rather derived from
the condition of self-generation of waves and advection with
the CR induced Galactic wind, as calculated above.

Although here we did not make any attempt to fit our
curves to real data, it is interesting to notice that quali-
tatively the scenario presented in this section (contrary to
the reference model in §5.1) has the same feature as the
spectrum of CR protons as recently measured by PAMELA
(Adriani et al. 2011) and AMS-02 (Aguilar et al. 2015).

6 CONCLUSIONS

We presented a semi-analytical calculation of the structure
of a CR driven Galactic wind that returns the hydrody-
namical structure of the wind (velocity and pressure of the
plasma), and at the same time the spectrum of CRs at any
location in the disc or in the wind region. The transport
of CRs is described as advective and di↵usive: advection oc-
curs at a local speed that is the sum of the Alfvén speed and
the wind speed at that point. Di↵usion is due to scattering
o↵ self-generated turbulence, as generated by the same CRs
due to streaming instability. The non-linear nature of the
problem is manyfold: the wind is driven by the CR gradient
in the z direction, perpendicular to the Galactic disc, that
results from the gradual escape of CRs from the Galaxy.
The force �rPCR acts in the direction opposite to gravity,
so that, under certain conditions, it can lift ionized gas and
launch a wind. On the other hand the amount of waves gen-
erated by CRs depends on their transport, which in turn
depend on the wind speed. The di↵usion coe�cient is calcu-
lated in a self-consistent manner from the local spectrum of
waves excited by streaming instability and damped through
NLLD.

Qualitatively, we confirm earlier findings that CRs can
drive winds with asymptotic velocities of order several hun-
dred km/s. Contrary to previous calculations, we also de-
rived the spectrum of CRs as observed at the Earth (or any
other location): for most of the parameter space for which
a CR driven wind is launched, the spectrum is in disagree-
ment with observations: the main reason for such a finding
is that the CR advection with the wind is very strong and
leads to hard spectra that are unlike the one observed at
the Earth. However, this conclusion is found to depend in a
critical way on the conditions in the near-disc region (z . 1

kpc). The conditions in such region a↵ect the high energy
behaviour of the spectrum, and change the launching speed
of the wind at z ⇠ z

0

⇠ 1 kpc, so that the low energy region
of the spectrum is also changed. For certain assumptions on
the di↵usion coe�cient in the near-disc region, the predicted
CR spectrum may resemble the observed one: as an instance
we shoed one case in which the spectrum is relatively hard
at E . 10 GeV (as previously found by Aloisio et al. (2015)),
steeper for 10 . E . 1000 GeV, and show a hardening at
higher energies as recently claimed by Adriani et al. (2011);
Aguilar et al. (2015). From the physical point of view, we
expect that the region at z . 1 kpc is reach in neutral gas,
which may damp Alfvén waves through ambipolar di↵usion.
This implies that the coupling between CRs and gas may be
exceedingly weak in this region so as to inhibit the launch of
the wind. In the near-disc region, di↵usion, if any is present,
should be guaranteed by some source other than CR self-
generation.

The calculation presented here is very general and can
be applied to a variety of conditions. This will allow us to
explore the conditions in which a CR driven wind could de-
velop with a CR spectrum at the Earth resembling the ob-
served one. This type of calculations is also useful to develop
possible diagnostics of the existence of CR-driven winds in
our own Galaxy as well as in others.
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AS REALIZED BY Breitschwerdt et al. (1993) THE NEAR DISC REGION IS VERY 
CRITICAL TO FIND THE WIND SOLUTION

IT IS EVEN MORE CRITICAL TO DETERMINE THE SPECTRUM OF GALACTIC CR 
THAT CORRESPONDS TO A WIND SOLUTION, IN THAT THE NEAR DISC REGION 
CONNECTS HALO AND SOURCES (CRUCIAL IN A NON LINEAR PROBLEM)

IF ONE ASSUMES A NEAR DISC REGION WITH PRE-ASSIGNED D(E), FOR 
INSTANCE A LA KOLMOGOROV:
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DEPENDENCE ON PARAMETERS

THE LAUNCHING OF WINDS DEPENDS ON SOME 
OF THE INPUT PARAMETERS OF THE PROBLEM:

1) SHAPE OF THE GRAVITATIONAL POTENTIAL
2) GEOMETRY OF THE OUTFLOW
3) PRESSURE CONDITIONS AT THE BASE
4) PRESENCE OF NEUTRAL H AT THE BASE

(Recchia, PB & Morlino, 2017, in preparation)



NON LINEAR COSMIC RAY TRANSPORT:

1) CR INDUCED INSTABILITIES 
AROUND GALACTIC SOURCES AND 

IMPLICATIONS FOR CR GRAMMAGE

D’Angelo, PB & Amato, PRD 2016
D’Angelo, PB, Amato & Morlino 2017, in prep
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MOTIVATION
IT IS INTERESTING per se

SEVERAL ANOMALIES: 
1) POSITRON EXCESS
2) ANTIPROTONS/PROTONS ~ ENERGY INDEPENDENT
3) PRODUCTION RATES OF Pbar and e+ AS EXPECTED 

FROM PARTICLE PHYSICS (as if no energy dependent 
transport and no energy losses were present - Lipari 2016)

SOME AUTHORS HAVE SPECULATED THAT POSITRONS AND 
ANTIPROTONS ARE ALL PURELY SECONDARIES (Wawman, Cowsik, Lipari)

IS THERE ANY PHYSICAL IMPLEMENTATION OF THESE 
IDEAS THAT IS MORE THAN JUST FUN SPECULATION?  



CR INDUCED INSTABILITIES AROUND 
GALACTIC SOURCES AND CR GRAMMAGE

On a scale of 1-2 coherence scales of the 
field, diffusion is about 1-dimensional

Dense disc

In the standard scenario, the time for escaping the near-source region is too small 
to imply a significant grammage —> Grammage is mainly accumulated through 
propagation in the whole Galaxy (dense disc+empty halo)

X(E) ⇠ 1.4
L2

D(E)
mpngasc ⇡ 0.2 E��

GeV g/cm
2

GALACTIC DISC
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CR INDUCED INSTABILITIES AROUND 
GALACTIC SOURCES AND CR GRAMMAGE

The CR density close to the source and the gradients that develop remain 
large for quite some time, hence the CR current becomes sufficient to excite 
resonant CR streaming instability — CR BECOME DIFFUSIVELY SELF-CONFINED2

propagation on Galactic scales. The density of CRs leav-
ing their parent SNR stays larger than the Galactic mean
density for relatively long times, even in the absence of
non-linear e↵ects. The strong spatial gradient in the CR
density generates hydromagnetic waves (streaming insta-
bility), that in turn slow down the CR propagation in the
near-source region. Within a distance of about 1-2 Lc,
with Lc = 50�150 pc[3], the problem can be well approx-
imated as one dimensional (see also [4, 5, 7]). We show
that for particle energies up to a few TeV, the grammage
accumulated by CRs within such distances, as due to
non-linear di↵usive transport in the dense Galactic disc
(nd ⇠ 1 cm�3), may become comparable with the global
grammage expected in the standard picture of propaga-
tion throughout the whole Galaxy, as deduced from the
measurement of the B/C ratio. The implications of this
finding for our understanding of the origin of CRs will be
discussed.

Calculations – As a benchmark for the Galac-
tic di↵usion coe�cient we adopt the functional form

Dg(E) = 3.6 ⇥ 1028E1/3
GeV cm2/s, as derived in

Ref. [11] from a leaky-box fit to GALPROP [12] (see
http://galprop.stanford.edu) results for a Kolmogorov
turbulence spectrum (here, for simplicity, we restrict our-
selves to the relativistic regime). The scenario we have
in mind is that of a supernova (SN) that explodes in
the Galactic disc, where the magnetic field is assumed
to have a well established direction over the coherence
length Lc ⇠ 50�150 pc. In fact the magnetic field direc-
tion will not experience dramatic changes even on scales
somewhat larger than Lc if the turbulence level is low,
�B/B < 1. Describing the particle transport as di↵usive
on scales . Lc can only be done for particles with a mean
free path 3Dg(p)/c << Lc. This condition is easily seen
to be satisfied up to at least ⇠ 105 � 106 GeV for the
standard Galactic di↵usion coe�cient Dg: we will only
be concerned with particles well below this energy. After

a time ⇠ L2
c/Dg(E) ⇠ 9⇥104E�1/3

GeV years, particles start
di↵using out of the region where the magnetic field can
be assumed to have a given orientation and the problem
should be treated as 3-dimensional di↵usion. In such
a phase, within a distance from the source

p
Dg(E)ts,

the CR density due to the source itself remains larger
than the mean galactic density for a time ts that we
can estimate by equating the individual source contri-
bution, N(E)/(4⇡Dg(E)t)3/2, to the average Galactic
density, N(E)RH/(2⇡R2

dDg(E)), with N(E) the aver-
age spectrum that a source of CRs injects in the Galaxy,
R the SN rate, Rd and H the size of the galactic disc and
halo respectively. For typical values of the parameters,
R = 1/30 yr�1, Rd = 30 kpc (from [11]) and H = 4

kpc, one finds ts ⇠ 2 ⇥ 104E�1/3
GeV yr, which indicates

that the density of locally accelerated CRs quickly drops
to the galactic average as soon as propagation becomes
3-dimensional. Hence we formulate our problem start-
ing from the solution of the one-dimensional transport

equation,

@f

@t
+vA

@f

@z
� @

@z


D(p, z, t)

@f

@z

�
= q0(p)�(z)⇥(TSN � t) ,

(1)
in a box of size 2Lc with the boundary condition that
f(p, |z| = Lc, t) = fg(p), with fg the di↵use CR spectrum
in the Galaxy. Eq. 1 is meant to describe a situation
in which di↵usion is due to self-generated waves moving
away from the source at the Alfvén speed vA (second
term on the lhs of the equation).
Injection is assumed to be constant in time from t = 0

to a time TSN , which characterizes the duration of the re-
lease phase of CRs into the ISM. Since we are interested
in CRs with energies below ⇠ 100 TeV or so (for higher
energies the density of particles close to the source is too
small to lead to e↵ective growth of the streaming insta-
bility), the escape of CRs is expected to occur at the time
of shock dissipation. The function q0(p) = A (p/mpc)

�4

mimics injection at a strong SNR shock, with the nor-
malisation constant A = ⇠CRESN/⇡R2

SNTSNI, and I =R1
0

dp4⇡p2 (p/mpc)
�4

✏(p), where ✏(p) is the kinetic en-
ergy of a particle with momentum p. The normalization
is such that a fraction ⇠CR of the kinetic energy ESN

of the SNR shock is converted into CRs. The radius of
the SNR at the time of escape of CRs is chosen to be
RSN ⇡ 20 pc, of order the size of the slowly varying
radius of a SNR during the Sedov phase in the ISM. In-
tegrating Eq. 1 in a neighborhood of z = 0 one finds:
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2D(p, z, t)|z=0
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which is used as a boundary condition on Eq. 1.
The di↵usion coe�cient in Eq. 1 is self-generated by

CRs leaving the source:

D(p, z, t) =
1

3
rL(p)v(p)
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F(k, z, t)
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, (3)

where the spectrum of the self-generated waves F(k, z, t)
satisfies the di↵erential equation:
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is the growth rate of the resonant streaming instability
associated with CRs moving at superalfvènic speed [13],
while the damping rate �D = �IN + �NL contains both
the e↵ects of ion-neutral damping (IND) at rate �IN [15]
and non-linear wave damping (NLLD) [16]. For the rate
of NLLD we use:

�NL = (2cK)�3/2kvAF1/2 cK ⇡ 3.6 , (6)

ADVECTION WITH SELF-
GENERATED ALFVEN WAVES

DIFFUSION COEFFICIENT 
IN SELF-GENERATED WAVES

2

propagation on Galactic scales. The density of CRs leav-
ing their parent SNR stays larger than the Galactic mean
density for relatively long times, even in the absence of
non-linear e↵ects. The strong spatial gradient in the CR
density generates hydromagnetic waves (streaming insta-
bility), that in turn slow down the CR propagation in the
near-source region. Within a distance of about 1-2 Lc,
with Lc = 50�150 pc[3], the problem can be well approx-
imated as one dimensional (see also [4, 5, 7]). We show
that for particle energies up to a few TeV, the grammage
accumulated by CRs within such distances, as due to
non-linear di↵usive transport in the dense Galactic disc
(nd ⇠ 1 cm�3), may become comparable with the global
grammage expected in the standard picture of propaga-
tion throughout the whole Galaxy, as deduced from the
measurement of the B/C ratio. The implications of this
finding for our understanding of the origin of CRs will be
discussed.

Calculations – As a benchmark for the Galac-
tic di↵usion coe�cient we adopt the functional form

Dg(E) = 3.6 ⇥ 1028E1/3
GeV cm2/s, as derived in

Ref. [11] from a leaky-box fit to GALPROP [12] (see
http://galprop.stanford.edu) results for a Kolmogorov
turbulence spectrum (here, for simplicity, we restrict our-
selves to the relativistic regime). The scenario we have
in mind is that of a supernova (SN) that explodes in
the Galactic disc, where the magnetic field is assumed
to have a well established direction over the coherence
length Lc ⇠ 50�150 pc. In fact the magnetic field direc-
tion will not experience dramatic changes even on scales
somewhat larger than Lc if the turbulence level is low,
�B/B < 1. Describing the particle transport as di↵usive
on scales . Lc can only be done for particles with a mean
free path 3Dg(p)/c << Lc. This condition is easily seen
to be satisfied up to at least ⇠ 105 � 106 GeV for the
standard Galactic di↵usion coe�cient Dg: we will only
be concerned with particles well below this energy. After

a time ⇠ L2
c/Dg(E) ⇠ 9⇥104E�1/3

GeV years, particles start
di↵using out of the region where the magnetic field can
be assumed to have a given orientation and the problem
should be treated as 3-dimensional di↵usion. In such
a phase, within a distance from the source

p
Dg(E)ts,

the CR density due to the source itself remains larger
than the mean galactic density for a time ts that we
can estimate by equating the individual source contri-
bution, N(E)/(4⇡Dg(E)t)3/2, to the average Galactic
density, N(E)RH/(2⇡R2

dDg(E)), with N(E) the aver-
age spectrum that a source of CRs injects in the Galaxy,
R the SN rate, Rd and H the size of the galactic disc and
halo respectively. For typical values of the parameters,
R = 1/30 yr�1, Rd = 30 kpc (from [11]) and H = 4

kpc, one finds ts ⇠ 2 ⇥ 104E�1/3
GeV yr, which indicates

that the density of locally accelerated CRs quickly drops
to the galactic average as soon as propagation becomes
3-dimensional. Hence we formulate our problem start-
ing from the solution of the one-dimensional transport
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term on the lhs of the equation).
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lease phase of CRs into the ISM. Since we are interested
in CRs with energies below ⇠ 100 TeV or so (for higher
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small to lead to e↵ective growth of the streaming insta-
bility), the escape of CRs is expected to occur at the time
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ergy of a particle with momentum p. The normalization
is such that a fraction ⇠CR of the kinetic energy ESN

of the SNR shock is converted into CRs. The radius of
the SNR at the time of escape of CRs is chosen to be
RSN ⇡ 20 pc, of order the size of the slowly varying
radius of a SNR during the Sedov phase in the ISM. In-
tegrating Eq. 1 in a neighborhood of z = 0 one finds:
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is the growth rate of the resonant streaming instability
associated with CRs moving at superalfvènic speed [13],
while the damping rate �D = �IN + �NL contains both
the e↵ects of ion-neutral damping (IND) at rate �IN [15]
and non-linear wave damping (NLLD) [16]. For the rate
of NLLD we use:

�NL = (2cK)�3/2kvAF1/2 cK ⇡ 3.6 , (6)

2

propagation on Galactic scales. The density of CRs leav-
ing their parent SNR stays larger than the Galactic mean
density for relatively long times, even in the absence of
non-linear e↵ects. The strong spatial gradient in the CR
density generates hydromagnetic waves (streaming insta-
bility), that in turn slow down the CR propagation in the
near-source region. Within a distance of about 1-2 Lc,
with Lc = 50�150 pc[3], the problem can be well approx-
imated as one dimensional (see also [4, 5, 7]). We show
that for particle energies up to a few TeV, the grammage
accumulated by CRs within such distances, as due to
non-linear di↵usive transport in the dense Galactic disc
(nd ⇠ 1 cm�3), may become comparable with the global
grammage expected in the standard picture of propaga-
tion throughout the whole Galaxy, as deduced from the
measurement of the B/C ratio. The implications of this
finding for our understanding of the origin of CRs will be
discussed.

Calculations – As a benchmark for the Galac-
tic di↵usion coe�cient we adopt the functional form

Dg(E) = 3.6 ⇥ 1028E1/3
GeV cm2/s, as derived in

Ref. [11] from a leaky-box fit to GALPROP [12] (see
http://galprop.stanford.edu) results for a Kolmogorov
turbulence spectrum (here, for simplicity, we restrict our-
selves to the relativistic regime). The scenario we have
in mind is that of a supernova (SN) that explodes in
the Galactic disc, where the magnetic field is assumed
to have a well established direction over the coherence
length Lc ⇠ 50�150 pc. In fact the magnetic field direc-
tion will not experience dramatic changes even on scales
somewhat larger than Lc if the turbulence level is low,
�B/B < 1. Describing the particle transport as di↵usive
on scales . Lc can only be done for particles with a mean
free path 3Dg(p)/c << Lc. This condition is easily seen
to be satisfied up to at least ⇠ 105 � 106 GeV for the
standard Galactic di↵usion coe�cient Dg: we will only
be concerned with particles well below this energy. After

a time ⇠ L2
c/Dg(E) ⇠ 9⇥104E�1/3

GeV years, particles start
di↵using out of the region where the magnetic field can
be assumed to have a given orientation and the problem
should be treated as 3-dimensional di↵usion. In such
a phase, within a distance from the source

p
Dg(E)ts,

the CR density due to the source itself remains larger
than the mean galactic density for a time ts that we
can estimate by equating the individual source contri-
bution, N(E)/(4⇡Dg(E)t)3/2, to the average Galactic
density, N(E)RH/(2⇡R2

dDg(E)), with N(E) the aver-
age spectrum that a source of CRs injects in the Galaxy,
R the SN rate, Rd and H the size of the galactic disc and
halo respectively. For typical values of the parameters,
R = 1/30 yr�1, Rd = 30 kpc (from [11]) and H = 4

kpc, one finds ts ⇠ 2 ⇥ 104E�1/3
GeV yr, which indicates

that the density of locally accelerated CRs quickly drops
to the galactic average as soon as propagation becomes
3-dimensional. Hence we formulate our problem start-
ing from the solution of the one-dimensional transport

equation,
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the SNR at the time of escape of CRs is chosen to be
RSN ⇡ 20 pc, of order the size of the slowly varying
radius of a SNR during the Sedov phase in the ISM. In-
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is the growth rate of the resonant streaming instability
associated with CRs moving at superalfvènic speed [13],
while the damping rate �D = �IN + �NL contains both
the e↵ects of ion-neutral damping (IND) at rate �IN [15]
and non-linear wave damping (NLLD) [16]. For the rate
of NLLD we use:

�NL = (2cK)�3/2kvAF1/2 cK ⇡ 3.6 , (6)

CR TRANSPORT EQUATION

TRANSPORT EQUATION OF WAVES

This set of coupled non-linear equations can be solved 
numerically for CR distribution function and diffusion coefficient
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ROLE OF ION-NEUTRAL DAMPING

IN THE PRESENCE OF PARTIALLY IONIZED GAS AROUND A SNR, CHARGE EXCHANGE 
BETWEEN IONS AND NEUTRALS DAMPS ALFVEN WAVES AT A RATE:

FOR TYPICAL VALUES OF GAS DENSITY ‘IND’ SEEMS TO BE IMPORTANT

…BUT THERE ARE SOME CAVEATS:

MOST NEUTRAL GAS IN THE WIM IS IN THE FORM OF He — its charge exchange 
cross section is about 3 orders of magnitude smaller than for H

HOW LARGE IS THE FRACTION OF RESIDUAL NEUTRAL H AT 8000K?

⌫ = nHhvrel�cei ⇡ 8.4⇥ 10�9 s�1
⇣ nH

cm�3

⌘
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FIG. 2: Escape time of CRs from the near-source region for
Lc = 100 pc in the three cases: (1) nn = 0, ni = 0.45cm�3;
(2) ni = 0.45cm�3 and nn = 0.05cm�3; (3) nn = 0, ni =
0.01cm�3. The dotted line refers to the escape time calculated
using the Galactic di↵usion coe�cient Dg.

10
-6

10
-5

10
-4

10
-3

10
-16

10
-15

10
-14

10
-13

10
4

10
3

10
2 10

F

k(cm
-1

)

p(GeV/c)

F0

t = 10 4
 yr, n

n =0

t = 10 5
 yr, n

n =0
t = 2.5x10 4

 yr, n
n =0.05

FIG. 3: Normalized power spectrum of waves for Lc = 100 pc,
at distance z = 50 pc from the source, 104 and 105 years after
CR release in the ISM. The solid and dotted lines correspond
to the fully ionized medium with ni = 0.45cm�3, while the
dashed line corresponds to the warm ionized medium with
ni = 0.45cm�3 and nn = 0.05cm�3. The dot-dashed line
shows the Galactic power spectrum, corresponding to the dif-
fusion coe�cient that provides a good fit to the GALPROP
grammage [11].

years. In Case (2), the presence of neutrals decreases
the level of self-generated waves (see dotted line, com-
puted at t = 104 years), which however remains appre-
ciably higher than the Galactic turbulence level F0(k),
also shown in Fig. 3 as a thick dot-dashed curve. Parti-
cles di↵using away from the source keep pumping waves
into the environment for about 105 years. At later times,
higher energy particles start escaping the near-source re-
gion, the gradients diminish and F(k) approaches again
F0(k), starting from low values of k.

FIG. 4: Particle density 4⇡p3f(p) for p = 10 GeV/c as a
function of distance from the source. The curves refer to
times 104, 105 and 106 years, as labelled (we used Lc = 100
pc). Top Panel: ni = 0.45cm�3 and nn = 0. Bottom Panel:
ni = 0.45cm�3 and nn = 0.05cm�3.

The e↵ect of particle self-confinement is illustrated in
Fig. 4, where we show the density of particles (or more
correctly the quantity 4⇡p3f(p)) with momentum p =
10 GeV/c as a function of the distance from the escape
surface, for three times after release (104, 105 and 106

years). The top and bottom panels refer to the cases
with no neutrals and ion density ni = 0.45cm�3, and
ion density ni = 0.45cm�3 with neutral density nn =
0.05cm�3 respectively. In the latter case the e↵ect of IND
is that of limiting wave growth and reducing the time
needed for particle escape from the near-source region.
One can clearly see that on time scales of order 104 years,
comparable with the di↵usion time on a scale Lc = 100
pc with Galactic di↵usion coe�cient Dg, the density of
particles in the near-source region (⇠ 1 � 2 pc) remains
more than one order of magnitude larger than the
Galactic background in the case with no neutrals,
and about one order of magnitude larger in the
case with nn = 0.05cm�3. Even after 106 years
the density of particles in the near-source region
(⇠ 30�50 pc) remains appreciably larger than the
Galactic mean density in the case of no neutrals
(or neutrals consisting of He alone).

Eventually all particles injected by the source escape
the region, the density of CRs drops to the mean Galactic
value (assumed to be the one observed at the Earth) and
the wave power spectrum drops to F0(k) at all values of k.
One should notice that even if the e↵ect of CR streaming
is that of increasing the energy density of waves by orders
of magnitude, typically it remains true that F(k) . 1,
hence the use of quasi-linear theory remains well justified.

Discussion – We calculated numerically the grammage
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dashed line corresponds to the warm ionized medium with
ni = 0.45cm�3 and nn = 0.05cm�3. The dot-dashed line
shows the Galactic power spectrum, corresponding to the dif-
fusion coe�cient that provides a good fit to the GALPROP
grammage [11].
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ciably higher than the Galactic turbulence level F0(k),
also shown in Fig. 3 as a thick dot-dashed curve. Parti-
cles di↵using away from the source keep pumping waves
into the environment for about 105 years. At later times,
higher energy particles start escaping the near-source re-
gion, the gradients diminish and F(k) approaches again
F0(k), starting from low values of k.

FIG. 4: Particle density 4⇡p3f(p) for p = 10 GeV/c as a
function of distance from the source. The curves refer to
times 104, 105 and 106 years, as labelled (we used Lc = 100
pc). Top Panel: ni = 0.45cm�3 and nn = 0. Bottom Panel:
ni = 0.45cm�3 and nn = 0.05cm�3.

The e↵ect of particle self-confinement is illustrated in
Fig. 4, where we show the density of particles (or more
correctly the quantity 4⇡p3f(p)) with momentum p =
10 GeV/c as a function of the distance from the escape
surface, for three times after release (104, 105 and 106

years). The top and bottom panels refer to the cases
with no neutrals and ion density ni = 0.45cm�3, and
ion density ni = 0.45cm�3 with neutral density nn =
0.05cm�3 respectively. In the latter case the e↵ect of IND
is that of limiting wave growth and reducing the time
needed for particle escape from the near-source region.
One can clearly see that on time scales of order 104 years,
comparable with the di↵usion time on a scale Lc = 100
pc with Galactic di↵usion coe�cient Dg, the density of
particles in the near-source region (⇠ 1 � 2 pc) remains
more than one order of magnitude larger than the
Galactic background in the case with no neutrals,
and about one order of magnitude larger in the
case with nn = 0.05cm�3. Even after 106 years
the density of particles in the near-source region
(⇠ 30�50 pc) remains appreciably larger than the
Galactic mean density in the case of no neutrals
(or neutrals consisting of He alone).

Eventually all particles injected by the source escape
the region, the density of CRs drops to the mean Galactic
value (assumed to be the one observed at the Earth) and
the wave power spectrum drops to F0(k) at all values of k.
One should notice that even if the e↵ect of CR streaming
is that of increasing the energy density of waves by orders
of magnitude, typically it remains true that F(k) . 1,
hence the use of quasi-linear theory remains well justified.

Discussion – We calculated numerically the grammage

PARTICLES ARE SELF-TRAPPED AROUND THE SOURCE TO AN EXTENT 
THAT DEPENDS UPON THE LEVEL OF IONISATION OF THE ISM

THE CONTRIBUTION OF THESE CR TO THE DIFFUSE GALACTIC GAMMA RAY EMISSION 
FROM THE DISC IS NOT NEGLIGIBLE (D’Angelo et al., in prep)

D’ANGELO + 2016
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times 104, 105 and 106 years, as labelled (we used Lc = 100
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The e↵ect of particle self-confinement is illustrated in
Fig. 4, where we show the density of particles (or more
correctly the quantity 4⇡p3f(p)) with momentum p =
10 GeV/c as a function of the distance from the escape
surface, for three times after release (104, 105 and 106

years). The top and bottom panels refer to the cases
with no neutrals and ion density ni = 0.45cm�3, and
ion density ni = 0.45cm�3 with neutral density nn =
0.05cm�3 respectively. In the latter case the e↵ect of IND
is that of limiting wave growth and reducing the time
needed for particle escape from the near-source region.
One can clearly see that on time scales of order 104 years,
comparable with the di↵usion time on a scale Lc = 100
pc with Galactic di↵usion coe�cient Dg, the density of
particles in the near-source region (⇠ 1 � 2 pc) remains
more than one order of magnitude larger than the
Galactic background in the case with no neutrals,
and about one order of magnitude larger in the
case with nn = 0.05cm�3. Even after 106 years
the density of particles in the near-source region
(⇠ 30�50 pc) remains appreciably larger than the
Galactic mean density in the case of no neutrals
(or neutrals consisting of He alone).

Eventually all particles injected by the source escape
the region, the density of CRs drops to the mean Galactic
value (assumed to be the one observed at the Earth) and
the wave power spectrum drops to F0(k) at all values of k.
One should notice that even if the e↵ect of CR streaming
is that of increasing the energy density of waves by orders
of magnitude, typically it remains true that F(k) . 1,
hence the use of quasi-linear theory remains well justified.

Discussion – We calculated numerically the grammage

4

energy (or rigidity) is plotted in Fig. 1, for the case of
a SNR with total kinetic energy ESN = 1051 erg. The
field coherence length is taken to be Lc = 100 pc and
the CR acceleration e�ciency is ⇠CR = 20%. In terms
of properties of the medium around the source, the four
cases mentioned above are considered (see labels on
the curves). The thick dashed line shows the gram-
mage estimated from the measured B/C ratio, assuming
standard CR propagation in the Galaxy with turbulence
described a la Kolmogorov [11]. The thick solid curve
represents the grammage as calculated in the model of
non-linear CR propagation of Ref. [8] (see also [9]), while
the horizontal (thick dotted) line shows an estimate of
the grammage traversed by CRs while still confined in
the downstream of the SNR shock [21]. In all cases we
assumed injection / p�4, but for case (2) above we also
considered the case of steeper injection (thin dotted (red)
line).

In case (1), in the energy region E . few TeV, the
grammage contributed by the near-source region due to
non-linear e↵ects is comparable (within a factor of ⇠
few) with that accumulated throughout the Galaxy if the
standard di↵usion coe�cient is adopted. When neutral
atoms are present, the IND severely limits the waves’
growth: in case (2) the grammage in the energy
range E . few hundred GeV is about ten times
smaller. However, since the importance of IND
decreases with decreasing wavenumber k, parti-
cles at energies above ⇠ 1 TeV are again allowed
to generate their own waves and the grammage in
the near-source region increases, thereby becom-
ing comparable with the one accumulated inside
the source.

As pointed out above, following [19], it seems
plausible that most of the neutral gas in the
warm-hot phase is made of helium, whose charge
exchange cross section with ionized hydrogen is
very small. Ref. [19] suggests an upper bound
to the density of neutral hydrogen of ⇠ 0.03cm�3.
This case is accounted for as Case (3) above.

Case (4) corresponds to a small grammage (due
to the low gas density) but it is important to re-
alize that in fact Cases (1) and (4) correspond to
roughly the same propagation time in the near-
source region. This might have important ob-
servational consequences in the case in which a
dense target for pp collisions, such as a molecu-
lar cloud, is present in a region where the gas
density (outside the cloud) is very low and IND
is absent: the long escape times and the corre-
spondingly enhanced CR density will reflect in
enhanced gamma-ray emission.

The time needed for CR escape from the region of size
Lc = 100 pc around a source is shown in Fig. 2 for the
four cases of interest, compared with the di↵usion time
in the same region estimated by using the Galactic dif-
fusion coe�cient Dg (dotted line). This plot shows once
more that the escape time is weekly dependent upon the
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FIG. 1: Grammage accumulated by CRs in the near-source
region for Lc = 100 pc in the three cases: (1) nn = 0,
ni = 0.45cm�3; (2) ni = 0.45cm�3 and nn = 0.05cm�3;
(3) nn = 0, ni = 0.01cm�3, as labelled. The thin dotted
(red) line corresponds to case (2) but with slope of the injec-
tion spectrum 4.2. The thick dashed line (labelled as XPSS09)
shows the grammage inferred from the measured B/C ratio
[11], while the thick solid line (labelled as XAB13) shows the
results of the non-linear propagation of Ref. [8]. The hori-
zontal (thick dotted) line (labelled as XABS15) is the source
grammage, as estimated in Ref. [21].

density of ions provided there is no appreciable IND. The
small di↵erence between the two cases (dash-dotted and
dashed lines) is to be attributed to the weak advection
with Alfvén waves, since the waves’ velocity is somewhat
di↵erent in the two cases.
In the absence of neutrals, the near-source grammage

increases with increasing Lc and with increasing CR ac-

celeration e�ciency ⇠CR, proportional to ⇠ L
2/3
c and

/ ⇠
2/3
CR respectively. It is interesting to notice that these

trends are the same shown by the self-similar solution
obtained in Ref. [6] for a similar problem, though with
di↵erent boundary conditions and under the assumption
of impulsive CR release by the source. In the cases in
which neutral atoms are absent, for particles with ener-
gies up to ⇠ 1 TeV, the grammage decreases with energy
in roughly the same way as the observed grammage [11],
as a result of the dependence of the NLLD rate on k in
Eq. 6.

The enhanced grammage illustrated in Fig. 1 is the re-
sult of streaming instability excited by CRs leaving the
source. This e↵ect is particularly important for parti-
cles with energy . 10 TeV, because of the large density
of particles at such energies, that reflects into a corre-
spondingly high growth rate of the instability (see Eq. 4).
In Fig. 3 we show the power spectrum F(k) at z = 50
pc for a case with Lc = 100 pc. On the top x-axis we
show the momentum of particles that can resonate with
waves of given wavenumber k (bottom x-axis). The solid
(dashed) line refers to case (1) at time t = 104 (t = 105)

PARTICLES ARE CONFINED IN THE ISM 
AROUND A SNR FOR TIMES THAT LARGELY 
EXCEED THE STANDARD DIFFUSION TIME

THIS RESULT IS WEAKLY DEPENDENT 
UPON THE NEUTRAL DENSITY

THE ACCUMULATED GRAMMAGE IS NON 
NEGLIGIBLE IN THE ABSENCE OF 
NEUTRALS

AT HIGH ENOUGH ENERGY A RESIDUAL 
GRAMMAGE MAY BE PRESENT DUE TO THE 
VANISHING ROLE OF IND

ESCAPE TIMES GRAMMAGE
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CONCLUSIONS
1. THE STANDARD THEORY OF CR SCATTERING SPRINGS OUT OF THE SAME THEORETICAL 

CONSIDERATIONS THAT LEAD TO PREDICT WAVE GENERATION — CR TRANSPORT IS 
INTRINSICALLY NON LINEAR

2. THESE EFFECTS ARE HOWEVER IGNORED IN THE ‘STANDARD MODELS’

3. OBSERVATIONALLY, SOME ANOMALIES FORCE US TO RECONSIDER THE STANDARD MODELS, 
LOOKING FOR SUBTLE PHYSICAL EFFECTS

4. NL EFFECTS NEAR SNR CAN CHANGE THE GRAMMAGE, TO AN EXTENT THAT DEPENDS ON THE 
FRACTION ON NEUTRAL H

5. NL GALACTIC CR TRANSPORT LEADS TO SEVERAL IMPLICATIONS (ADVECTION AT LOW E 
FITS VOYAGER, CHANGE OF SLOPE AT FEW HUNDRED GV)

6. CR CAN LAUNCH GALACTIC WINDS — IMPLICATIONS FOR SPECTRUM AND GALACTIC 
DYNAMICS
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