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Introduction

The bulk of Cosmic Rays (CRs) reaching our planet is likely of Galactic ori-
gin and is thought to be accelerated in sources located in the Galactic disk
(mainly Supernova remnants (SNRs)). The energy density of Galactic CRs,
∼ 1 eV/cm3, can be accounted for if one assumes that 3-10% of the me-
chanical energy injected by SNe in the Galaxy is channeled into accelerated
particles.
The observed large residence time of CRs in the Galaxy (compared to the
time required for ballistic propagation of relativistic particles on Galactic
distances) suggests that Galactic CRs are well coupled to the interstellar
medium (ISM) and are likely to undergo diffusive motion, due to scattering
off magnetic turbulence in the ISM.
Most of current models of CR propagation treat the CR transport properties
(such as the diffusion coefficient and the size of the propagation region) as
fitting parameters and do not take into account the possible active role of
CRs in determining them. In fact, the escape of CRs from the Galaxy leads
to a gradient in the CR distribution function which can cause the excitation
of Alfvén waves, due to CR streaming instability, that in turn determine
the scattering properties of CRs, namely their diffusive transport. In addi-
tion, the CR pressure gradient can act as a force on the background plasma,
directed away from the Galactic disk. If this force is large enough to win
against gravity (due to Dark Matter, gas and stars), a wind can be launched,
which affects the CR convective transport.
The dynamics of CR-driven winds in the presence of self-generated turbu-
lence is intrinsically non-linear. In fact, the CR density gradient determines
the wind properties (velocity, pressure, magnetic field) and the excitation
of the plasma waves which cause CR diffusion. On the other hand, Galac-
tic winds could have a sizable effect on the CR distribution function, by
advecting CRs out of the Galaxy, by influencing their spectral features, by
affecting their radial distribution in the Galactic disk but also, possibly, by
reaccelerating them at the wind termination shock (see Zirakashvili & Voelk
(2006)). In addition, in such a scenario the CR diffusion coefficient, convec-
tion velocity and the size of the propagation region are not pre-assigned, but
rather they are derived self-consistently with the CR distribution function.
The importance of Galactic winds is not only restricted to CR physics. In
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fact, galactic outflows have been observed in many galaxies and constitute an
important ingredient in the galactic evolution. For instance, galactic winds
affect the amount of gas available and pollute the galactic halos with hot
plasma and metals, thus influencing the properties of the ISM and the star
formation rate. As for the Milky Way, observations have not yet provided a
clear answer as to the existence of such outflows, although the detection of
absorption lines in the X-ray band (Oxygen OV II and OV III lines) show the
presence of a hot dilute gas in the Galactic halo and the recent observation
of the so called Fermi Bubbles in the Galactic Center region are likely to be
connected with Galactic winds.
Galactic winds may be powered by several mechanisms, for instance by ther-
mal and radiation pressure gradients. However those mechanisms are un-
likely to occur in the Milky Way, with the only possible exception of the
Galactic Center region, since thermal and radiation pressure gradients are
expected to be too small. Nevertheless, the CR pressure gradient may pro-
vide the force necessary to launch winds, making CR-driving an appealing
mechanism for wind formation in our Galaxy.

In this thesis we solve the coupled system of the hydrodynamic equations
for CR-driven winds and for the CR transport in such winds. In our approach
the CR transport is due to diffusion on self-generated Alfvén waves and to
advection with these waves and with the wind. We then apply our solution
method to the Milky Way and we investigate: 1) how the wind launching
depends on the properties of the ISM (gas density and temperature, Galactic
magnetic field), on the CR pressure and on the Galactic gravitational poten-
tial (including the Dark Matter halo); 2) the implications of CR-driven winds
on the observed CR proton spectrum; 3) the effect of non-linear CR prop-
agation in the presence of self-generated diffusion, both with and without
CR-driven winds, on the CR distribution function in the Galaxy as a func-
tion of the Galactocentric distance, and we compare our predictions with the
observed radial CR density and spectral slope, as inferred from observations
of γ-rays.

5



Chapter 1

Cosmic Ray transport and
Galactic winds

In Sec. 1.1 we briefly summarize the main properties of the observed CR
spectrum, in terms of spectral features, energy density, chemical composition
and anisotropy and we report the main aspects of the current paradigm for
the origin of Galactic CRs, i.e the SNR paradigm. We focus in particular
on the diffusive Galactic CR propagation model and on its effects on the
CR spectrum and on the abundances of secondary spallation nuclei. We
also explore the possible occurrence and implications of non-linear transport
processes, such as the self-generation of plasma waves due to CR streaming
instability and CR-driven Galactic outflows, and we briefly discuss the pos-
sible effects of the neutral gas in the ISM on CR propagation.
In Sec. 1.2 we discuss the observational evidence and importance of winds
in other galaxies for the galactic evolution and for the ISM and intergalactic
medium (IGM) properties and we summarize their main powering mecha-
nisms. As for the Milky Way, we report observations which seem to indicate
the presence of winds in our own Galaxy (despite the existence of such winds
as not yet been proven) and we discuss the possible role of CR-driving. Fi-
nally, we report the state of the art of the modeling of CR-driven winds.
We conclude in Sec. 1.4 with an overview of the thesis work.

1.1 Galactic Cosmic Rays and their transport

CRs are charged particles accelerated to very high energies which travel
through the Universe and reach the Earth. They are directly detected at
Earth with balloon, satellite and air-shower detectors, but are also indirectly
tracked through the products of their interaction with the ISM: synchrotron
radiation at radio frequencies due to CR electrons and diffuse gamma radi-
ation due to the decay of π0, produced by CR protons interactions and by
CR electrons (by bremsstrahlung and inverse Compton).

6



The energy density of CRs at the position of the Sun is ∼ 1 eV/cm3. The
CR hadronic flux measured at the Earth is composed by protons (∼ 87%),
Helium (∼ 12%) and heavier nuclei (∼ 1%) and reaches energies of ∼ 1020

eV, while the leptonic flux is ∼ 100 times smaller and reaches energies of
∼ 1014 eV. The all-particle CR spectrum is shown in Fig. 1.1. Remarkably,
the CR spectrum is very close to a broken power law, extending form ∼ 30
GeV up to ∼ 1020 eV for the hadronic component. Below ∼ 30 GeV the
spectrum is affected by solar modulation.

A spectral break, called the "knee", occurs at Eknee ≈ 3 × 1015 eV,
where the spectral slope changes from ∝ E−2.7 to ∝ E−3.1 and the chemical
composition seems to become heavier. At larger energies the chemical com-
position is still debated. A second spectral break, called the "ankle", occurs
at Eankle ≈ 3× 1018 eV, where the CR spectrum flattens to ∝ E−2.7.
Also below the knee the CR spectrum presents an interesting feature detected
most clearly in the proton and Helium spectra: the PAMELA experiment
found a spectral hardening at ∼ 230 GV, where the slope of the proton spec-
trum changes from γ = 2.89 ± 0.015 to γ = 2.67 ± 0.03 (see Adriani et al.
(2011)). The same result has been confirmed also by the AMS-02 experiment
(see Aguilar et al. (2015)).
Important information on the CR propagation through the Galaxy can be
gathered from the abundances of secondary spallation nuclei relative to their
primary nuclei (e.g B/C), from the abundances of radioactive secondaries
(e.g 10Be), and from the CR anisotropy. For instance, the B/C ration as a
function of the energy is shown in Fig. 1.2, and appears to decrease with
energy, while the CR anisotropy is quite small (∼ 0.001 at TeV energies).
Any theory of the origin of CRs has to be able to explain in a unified frame-
work all these aspects: the spectral features, the maximum energy, the chem-
ical composition and the degree of anisotropy (see e.g Berezinskii et al. (1990)
for an extensive review of CR physics).

Nowadays, the bulk of CRs (presumably up to energies of ∼ 1017 eV) is
thought to be accelerated at the shocks of supernova remnants (SNRs) lo-
cated in the Galactic disk and to propagate diffusively in the Galaxy due to
scattering on magnetic inhomogeneities. The Galactic magnetic field plays
a prominent role in the confinement process. In particular, the presence of a
random component for the magnetic field causes the pitch angle scattering
of CRs and provides their spatial diffusion. The scattering process is of res-
onant nature, so that CRs with Larmor radius rL = pc

ZeB will be scattered
by magnetic waves with wave number k = 1

rL
.

The idea of SNRs as the accelerators of Galactic CRs has been put forward
in the ’30s (Baade & Zwicky (1934)), while the argument was made in a
more quantitative form in the ’60s (Ginzburg & Syrovatsky (1961)), based
on energetic considerations. In fact, the energy density of CRs can be ac-
counted for if one assumes that 3−10% of the mechanical energy released by
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Figure 1.1: Spectrum of cosmic rays at the Earth. The all-particle spec-
trum measured by different experiments is plotted, together with the proton
spectrum. The contributions from electrons, positrons and antiprotons as
measured by the PAMELA experiment are also shown.
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Figure 1.2: B/C ratio as a function of energy per nucleon. Data have been
extracted from the Cosmic Ray Database (Maurin et al. (2014)).

SNe in the Galaxy is channeled into accelerated particles. The mechanism
invoked for CR acceleration at SN shocks is the so called diffusive shock
acceleration (DSA), which predicts a power law spectrum. Since the energy
channeled into CRs during the acceleration process is quite large (3−10% of
the mechanical energy released in the SN explosion), the dynamical reaction
of accelerated particles can have important effects on the shock structure,
leading to nonlinearities in the acceleration process. This aspect is investi-
gated in the non linear theory of DSA. A presentation of the theory of DSA
is beyond the scope of the present work and we refer the reader to (Blasi
(2013)) for an extensive review.
The fact that CRs are accelerated at SN shocks is also confirmed by numer-
ous observations in radio, X-rays and γ−rays from SNRs, however it still
remain unproven that SNRs can accelerate CRs up to the knee. The combi-
nation of DSA and diffusive propagation in the Galaxy constitute a robust
theoretical framework for the origin of Galactic CRs which has become a
real paradigm.
In this framework the main features of CRs reported above can be inter-
preted as follows:1) the nearly power law spectrum is a natural consequence
of the acceleration mechanism 2) the knee results from the CR acceleration
mechanism being rigidity dependent. In fact, if E ≈ 3×1015 GeV is the max-
imum energy achieve by protons in SN shocks, heavier nuclei with charge Z
will reach an energy Z times larger. Fe nuclei could thus reach an energy
26 times larger than the protons and the knee would result from the super-
position of the cut-offs of different nuclei. 3) The observed small anisotropy
and the abundances of spallation secondary nuclei can be explained by the
diffusive CR propagation. The decrease in the B/C ratio with energy can be
accounted for with a diffusion coefficient which increases with energy, i.e with
a poorer confinement of CRs of higher energies. 4) The spectral hardening at
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∼ 230 GV is presumably due to transport effects. For instance Tomassetti
(2012) showed that a spatially dependent diffusion coefficient may lead to a
spectral hardening. Blasi et al. (2012) and Aloisio & Blasi (2013) showed that
a spectral hardening may naturally appear as the transition from scattering
on self-generated turbulence to scattering on a pre-existing turbulence. 5)
CR with energies beyond the "ankle", called Ultra High Energy Cosmic Rays
(UHECRs), are thought to be of extragalactic origin, since they cannot be
confined in the Galaxy, given that their Larmor radius in the typical Galactic
magnetic field is of the same order of the Galactic size. Notice however that
the transition energy from Galactic to extragalactic CRs is still matter of
debate.

1.1.1 Diffusive propagation of Galactic Cosmic Rays

The current paradigm describes the Galactic CR transport as a diffusion
process off magnetic waves, in which also CR advection, due to the scatter-
ing waves themselves and/or to large scale motion of the ISM is considered,
together with possible energy loss and gain, nuclear fragmentation, and ra-
dioactive decay of unstable nuclei. The CR distribution function can be
calculated once the CR injection term, the shape of the propagation region
and the boundary conditions for the problems have been assigned.
Usually in those models it is assumed that CRs do not play a dynamical role
in their transport and that the Galactic halo is static and has a preassigned
geometry. In most cases the CR diffusion coefficient and advection velocity
are considered to be the same in the whole Galaxy and are treated as fitting
parameters, together with the size of the propagation volume. The same
happens also for many of more complicated models, in which, for instance,
inhomogeneities of the diffusion coefficient and breaks in the injection spec-
trum are included: the model features are treated as fitting parameters and
do not derive from physical arguments (see e.g Berezinskii et al. (1990); Blasi
(2014); Ptuskin (2006)).
In what follows we illustrate a basic version of the CR diffusion model, in
which we assume that the CR propagation occurs only perpendicular to
the Galactic disk and the Galaxy is schematized as a cylinder of radius
R ∼ 15 − 20 kpc and total height 2H with H & 3 kpc. The CR sources
are located in a thin disk of thickness 2h (∼ 300 pc) and the CR diffusion
coefficient and advection velocity are preassigned and spatially independent.
Despite the simple picture, this model retains the most important character-
istics of more sophisticated scenarios, in particular the scaling with energy of
the resulting CR spectrum and the relation between the diffusion coefficient
and the B/C ratio.
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Convection-diffusion equation for protons

The stationary convection-diffusion equation for CR protons (neglecting pos-
sible energy gain or loss) reads

− ∂

∂z

[
D
∂f

∂z

]
+ u

∂f

∂z
− d u

d z

p

3

∂f

∂p
= Q(z, p), (1.1)

where z and p are the distance from the Galactic disk and the particle mo-
mentum respectively, f(z, p) is the CR distribution function, u(z) is the
advection velocity (which may be due to the presence of winds and/or to
convection with Alfvén waves), D(z, p) is the CR diffusion coefficient and
Q(z, p) is the CR injection term. Notice that we are assuming that the CR
propagation is one-dimensional and only occurs perpendicular to the Galac-
tic disk.
We solve this equation under the following simplifying assumptions: the dif-
fusion coefficient D(p) only depends on momentum, the advection velocity
is constant in z and directed away from the disk (thus d u

d z = 2uδ(z)), the
injection occurs at the Galactic disk (Q(z, p) = Q0(p)δ(z)) and the injec-
tion spectrum is a power law in momentum (where ξCR is the CR injection
efficiency (typically ∼ 10%), ESN is the energy released by a SN explosion
(∼ 1051erg), RSN is the rate of SN explosions (∼ 1/30 yr−1), and I(γ) is a
normalization factor)

Q0(p) =
ξCRESNRSN
I(γ)c(mc)4

( p

mc

)−γ
. (1.2)

Finally, we assume that the halo height H is fixed, and that at |z| = H CRs
escape freely from the Galaxy, i.e f(z,H) = 0. Notice that this condition is
necessary to guarantee the stationarity of the problem.
Eq. 1.1 can be solved by integrating between 0+ and a generic z < H with
the boundary condition f(0, p) = f0(p) and f(H, p) = 0, which gives

f(z, p) = f0(p)
1− exp−ζ(1− z

H )

1− exp−ζ
, (1.3)

where ζ(p) = uH
D(p) . The expression of f0(p) can be obtained by integration

of Eq. 1.1 around the disk and reminding that d u
d z = 2uδ(z):

− 2D(p)

[
∂f

∂z

]
z=0+

− 2

3
u p

d f0

d p
= Q0(p). (1.4)

Calculating
[
∂f
∂z

]
z=0+

from Eq. 1.3 we get[
∂f

∂z

]
z=0+

=
u f0

D(p)

1

λ(p)
, (1.5)
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where λ(p) = 1− expζ(p). Finally one can solve for the spectrum in the disk:

f0(p) =
3

2u

∫ ∞
p

dp′

p′
Q0(p) exp

[∫ p′

p

d p′′

p′′
3

λ(p′′)

]
. (1.6)

Two interesting limits of Eq. 1.6 can be obtained in the advection-dominated
regime ( uHD(p) � 1) and in the diffusion-dominated regime ( uHD(p) � 1): in the
assumption that D(p) ∼ pδ is also a power law in momentum we get

fdiff0 (p) =
Q0(p)H

2D(p)
∼ p−γ−δ (1.7)

fadv0 (p) =
Q0(p)

2u
∼ p−γ . (1.8)

As deduced from the energy dependence of the B/C ratio (see below), the CR
diffusion coefficient is an increasing function of momentum, which here we
model as a power law. In this scenario, for low enough CR energy, advection
dominates over diffusion and the observed CR spectrum has roughly the
injection slope. At increasing CR energy, diffusion becomes more and more
important and causes a steepening of the CR spectrum. At the energies
for which diffusion is dominant the spectral slope reduces to the sum of
the injection and diffusion coefficient slope γ + δ. The comparison with
the CR data allows to estimate the model parameters. Typical values of
such parameters are: injection slope γ ∼ 4.1, diffusion coefficient with slope
δ ∼ 0.6 and a characteristic value of ∼ 3× 1028 cm2/s at ∼ 1 GeV, halo size
of H ∼ 4 kpc and advection velocity of ∼ 20 km/s.

Diffusion equation and B/C ratio

If we consider the convection-diffusion equation for primary nuclei (such as
Carbon) we have to include the spallation term in Eq. 1.1, i.e the nuclear fis-
sion due to collisions of primary nuclei with nuclei of the ISM. For simplicity
here we also assume that u = 0 and Eq. 1.1 becomes

− ∂

∂z

[
D
∂f

∂z

]
+

f

τsp
= Q0(p)δ(z), (1.9)

where the spallation time scale is given by

τsp =
1

nISMσspv
(1.10)

and nISM is the density of the ISM, σsp is the spallation cross section and v
is the particle velocity. Notice that nISM depends on z and it is larger in the
disk. Here we approximate it as nISM ' 2hndδ(z), i.e we assume that the
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spallation process only occurs in the disk, of density nd and half-thickness
h. Eq. 1.9 thus becomes

− ∂

∂z

[
D
∂f

∂z

]
= Q0(p)δ(z)− 2hnd v σspδ(z) f. (1.11)

This equation can be solved in the same way and with the same boundary
conditions at z = 0 and z = H as Eq. 1.1: integration between 0+ and
z < H and integration around the disk gives respectively

f(z, p) = f0(p)
H − |z|
H

(1.12)

and

f0(p) =
Q0(p) H

2D

1 + h
Hndvσsp

H2

D(p)

. (1.13)

Notice that h
Hnd is the average density felt by CRs during their Galactic

propagation, while H2

D is the diffusion time and H
hndvσsp

is the effective spal-
lation time. The grammage (matter thickness traversed by CRs during their
propagation) is defined as

χ(p) = mp

(
nd

h

H

)
v

(
H2

D

)
, (1.14)

where mp is the proton mass. We also define χsp =
mp

σsp
. Notice that if

χ(p) � χsp the primary CR undergoes many spallation processes during
their diffusive propagation. This is due to the fact that in this limit the
diffusion time is much larger that the spallation time. In the opposite limit,
diffusion is much faster than spallation. Eq. 1.13 becomes

f0(p) =
Q0(p)

2ndhmpv

1
1

χ(p) + 1
χsp

. (1.15)

We have the two limits of strong and weak spallation:

χ(p)� χsp (strong spallation) f0(p) −→ Q0(p)

2ndhmpv
χsp (1.16)

χ(p)� χsp (weak spallation) f0(p) −→ Q0(p)
H

2D
. (1.17)

Thus, when spallation dominates, the spectrum at the disk will have roughly
the injection slope (the same effect of advection), while in the limit of weak
spallation we recover the diffusion-dominated regime. Since D(p) is an in-
creasing function of momentum spallation may dominate at low energies
(usually less than 1 GeV).
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Given those considerations, in this framework we can write the Carbon
spectrum at the disk as

fC(p) =
QC(p)

2ndhmpv

1
1

χC(p) + 1
χC,sp

. (1.18)

As for Boron, which is a secondary nucleus produced (mostly) from Carbon,
the transport equation is the same (notice that Boron also undergoes spal-
lation in the ISM), with the only difference that the injection term is due to
the spallation of Carbon:

QB(p)dp = 2hnd v σspfC
(
p′
)
dp′, (1.19)

where dp′

dp = A
A−1 and A is the atomic number of Carbon. The Boron spec-

trum in the disk is thus given by

fB(p) =
QB(p)

2ndhmpv

1
1

χB(p) + 1
χB,sp

(1.20)

QB(p) = 2hnd v σspfC

(
A

A− 1
p

)
A

A− 1
. (1.21)

For the B/C ratio we get

fB(p)

fC(p)
≈ 1

χC,sp

χB(p) +
χC,sp

χB,sp

. (1.22)

In the limit in which diffusion dominate over spallation (this happens at
large enough energies) we get the important result

fB(p)

fC(p)
≈ χB(p)

χC,sp
∝ 1

D(p)
, (1.23)

i.e by measuring the B/C ratio as function of the energy we can also esti-
mate the Galactic CR diffusion coefficient. Notice that for larger diffusion
coefficient the confinement time is smaller, resulting in smaller abundances
of secondary nuclei.

1.1.2 Non-linear Cosmic Ray transport: self-generation and
Galactic winds

We have seen that many models of Galactic CR propagation do not take
into account the possible role of CRs in determining their own transport
properties. However, the observed secular escape of CRs from the Galaxy,
together with the fact that the Galactic CR energy density is comparable
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with the thermal and magnetic energy densities, poses the question of the
importance of the dynamical role of CRs due to their gradient in the Galaxy.
The CR back reaction may largely affect both CR diffusion and convection.
In fact, it is known that the gradient in the CR distribution leads to the
excitation of the so called "streaming instability" (see e.g Skilling (1975)),
which causes the generation of Alfvén waves, which move in the direction
of the decreasing CR density. Those waves can resonate with CRs, thus
increasing their scattering frequency and affecting their diffusion coefficient.
The streaming instability is assumed to be saturated due to non-linear Lan-
dau damping (NLLD) (see e.g Zhou & Matthaeus (1990)).
Such process is non-linear, since CRs play and active role in determining their
transport properties. Streaming instability may provide a mechanism of self-
confinement for CRs in the Galaxy, which may be dominant compared to the
scattering on non self-generated turbulence. Moreover, since self-generated
Alfvén waves move in the direction of the decreasing CR density, they lead
to CR convection at Alfvén speed. It has been shown by Blasi et al. (2012)
and by Aloisio & Blasi (2013) that self-generation may if fact account for the
CR spectrum below ∼ 200 GeV. Notice that in the presence of self-generated
turbulence, the CR diffusion coefficient is no more a fitting parameter, but
derives self-consistently from the CR propagation model. The considerations
on the effects of convection and diffusion on the CR spectral slope (derived
in Sec. 1.1.1) are still applicable, however in this case the momentum scaling
of the diffusion coefficient and the transition energy between advection and
diffusion dominated regimes, depend in a complicated manner from the CR
source distribution and CR distribution function. For instance, a decrease
in the CR source density in the presence of self-generation leads to a smaller
CR density compared to the case of pre-assigned diffusion coefficient. In
fact, in the presence of self-generation, a decrease in the CR density leads to
a smaller production of waves, i.e to a larger diffusion coefficient and a faster
escape of CRs, which in turns decreases even more the CR density. Similarly,
an increase in the advection velocity leads to a decrease of the CR density,
i.e to a larger diffusion coefficient. In this case, despite the larger advection
velocity, the transition energy between advection and diffusion dominated
regimes may not change or even become smaller. Thus, streaming instabil-
ity constitutes a mechanism of self-regulation of the CR transport.

In addition to the effects on the CR diffusion, an efficient CR generation
of Alfvén waves would lead to a strong coupling between the CRs and the
ISM, allowing for an effective transfer of energy and momentum between
them. This means that CRs exert a force on the ISM directed away from the
Galactic disk. If this force is larger than the gravitational pull, a Galactic
wind may take place. In such scenario the CR force on the background
plasma is expected to act all along the halo and to have an important impact
on the gas dynamic and magnetic field configuration. The dynamics of CR-
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driven winds, including the CR transport in the presence of self-generated
turbulence, is intrinsically non-linear. In fact, the gradient in the CR density
determines the wind properties (velocity, pressure, magnetic field) and the
excitation of the plasma waves which cause the CR scattering, hence affecting
the CR diffusive properties. On the other hand, Galactic winds could have
a sizable effect on the CR distribution function, by advecting them out of
the Galaxy, by influencing their spectral features, by affecting their radial
distribution in the Galactic disk but also, possibly, by reaccelerating them
at the wind termination shock.

The size of the diffusive halo in the presence of Galactic winds

An important aspect of the Galactic wind scenario is that the size of the CR
propagation region is no more preassigned. Instead, it is determined self-
consistently with the CR propagation properties and becomes a function
of the particle momentum. This is due to the fact that in the presence of
Galactic winds, the CR advection velocity U(z) increases with the distance
from the Galactic disk and eventually CR advection starts to dominate over
diffusion. This happens at the critical distance s∗(p) for which the advection
and diffusion time scales are equal:

s∗2(p)

D(s∗, p)
=

s∗(p)

U(s∗)
. (1.24)

Interestingly, since the diffusion coefficient increases with momentum, s∗(p)
also increases with momentum. The quantity s∗(p) roughly sets the halo size
at a given particle momentum p and the larger the CR energy, the larger
the propagation volume. This fact may have important consequences both
on the CR spectrum and anisotropy.

1.1.3 The role of ion-neutral damping

An important issue which arises when considering the CR diffusive transport
in the ISM is that Alfvén waves propagating in a partially ionized medium
are damped due to ion-neutral damping (see e.g Kulsrud & Cesarsky (1971);
Ferriere et al. (1988); Everett & Zweibel (2011)). The damping process is
very fast. For instance the expected damping time-scale is of few tens of
years for waves resonant with CRs of momentum . 75 GeV/c and for the
typical parameters of the ISM. This means that the bulk of CRs in the Galaxy
should diffuse very little and should mostly stream freely. This is at odds with
the observed residence time of CRs in the Galaxy. A possible explanation
may be that, while the near-disk region (0.5-1 kpc above and below the
Galactic disk) is plagued by severe ion-neutral damping, farther away from
the Galactic disk, in the outer halo, the neutral component is negligible and
the CR scattering can be efficient. In such scenario, the actual diffusion
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region would be the outer halo. However, we may also speculate that the
neutral component is spatially separated from the ionized component and
mostly clumped in molecular clouds, so that most of the Galactic volume
is filled with ionized gas and the CR scattering may be efficient even in the
near-disk region (see Ferrière (2001) for a review of the various gas phases
of the ISM).
Those scenarios are applicable also in the presence of CR-driven winds: since
such winds can take place only in regions of strong CR-ISM coupling, in the
first case the wind launching is expected to be possible only in the the outer
halo, while in the second case it may take place also near the Galactic disk.
Notice that the first scenario also poses the important question of what the
CR transport in the near-disk region may be. In fact, despite the effect
of ion-neutral damping, we could speculate that some type of turbulence,
probably due to SNe themselves, may still be maintained in the near-disk
region. In general, the conditions in this region determine the connection
between the CR sources in the disk and the actual diffusion region and may
have an important impact on the overall CR transport.

1.2 Galactic winds in galaxies

Large-scale galactic outflows constitute an important feedback process in the
ecology and evolution of galaxies. In fact, since they remove gas from the
galaxies and inject it into the intergalactic space, they limit the star forma-
tion rate. Galactic models that do not include such feedback processes tend
to overpredict the amount of baryons and the star formation rate of galaxies
(see e.g. Crain et al. (2007)). Moreover, galactic winds pollute the galactic
halos and the intergalactic space with hot plasma and metals. This affects
the properties of the ISM and IGM, such as the chemical composition, the
temperature, the degree of ionization and cooling rate (see e.g Dalgarno &
McCray (1972); Miller & Bregman (2015)). In addition, the material injected
by galactic winds in the IGM may represent an important contribution to
the number of baryons in the Universe (see e.g. Kalberla & Dedes (2008);
Miller & Bregman (2015)) and may contribute to solve the problem of miss-
ing baryons in the local Universe (see e.g Anderson & Bregman (2010)).
Galactic winds are ubiquitous in most galaxies with a high star-formation
rate and/or with active galactic nuclei, both in the local Universe and at
high redshift. They can expel several M� per year at a speed which can
reach a sizable fraction of the speed of light (see e.g Veilleux et al. (2005);
King & Pounds (2015)). They have been directly observed in many galaxies
through their continuous and line emissions, which range from radio to X-
rays depending on the chemical composition and temperature of the ejected
gas and dust, and through absorption lines (see Veilleux et al. (2005); Martin
et al. (2012)). In many other galaxies winds have not been directly observed,
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but hot halos likely generated by the galactic winds themselves have been
detected.
Despite their importance, the physics of galactic winds is still not completely
understood and several production mechanisms have been proposed (see
Veilleux et al. (2005) for a review). Winds may be thermally-driven, i.e
generated by the heating of the ISM due to SN explosions (see e.g Chevalier
& Clegg (1985)) or by accretion onto the super-massive black holes in the
center of AGN (see e.g King & Pounds (2015)); radiation pressure-driven,
namely generated by continuum absorption and scattering of starlight radi-
ation on gas and dust grains (see e.g Scoville (2003); Murray et al. (2005));
CR-driven, namely due to the pressure exerted by escaping CRs on the ISM
(see e.g Uhlig et al. (2012)). The first two mechanisms are likely to take
place in starburst galaxies and galaxies with active nuclei.

1.3 Cosmic Ray-driven winds in the Milky Way

As for the Milky Way, observations have not yet provided clear evidence of
the existence Galactic winds. However, hot dilute gas, possibly connected
with such winds, has been detected through the continuous emission in the
X-ray band (Breitschwerdt & Schmutzler (1994); Breitschwerdt & Schmut-
zler (1999); Everett et al. (2008)) and through the absorption lines (Oxygen
OV II and OV III lines) in the spectrum of distant Quasars (Miller & Breg-
man (2015)). Form the Oxygen absorption lines it has been estimated a halo
mass of ∼ 1010 M�, a halo extension of ∼ 100 kpc, a halo temperature of
∼ 106 − 107 K and a metallicity of Z ∼ 0.2 − 0.3. The latter implies that
such gas comes from the Galaxy and not from the intergalactic space (Miller
& Bregman (2015)).
Moreover, the recent observation of the so called Fermi Bubbles may be as-
sociated to recent bursts near the Galactic Center region (see Cheng et al.
(2011); Zubovas et al. (2011)) or to past starburst activities (see Lacki
(2014)).
In the Milky Way the thermal and radiation pressure gradients are expected
to be too small (except maybe for the Galactic Center region) to drive out-
flows. However, CRs escaping from the Galaxy may provide the force nec-
essary to launch winds. As we pointed out in Sec. 1.1, the fact that the CR
energy density is comparable to the thermal and magnetic energy densities
and that CRs are observed to be well coupled to the ISM, makes CR-driving
an appealing mechanism for wind formation in our Galaxy. This point has
been addressed for the first time by Ipavich (1975), which made an attempt
to account for the CR contribution to Galactic winds. The author presented
a simplified, spherically symmetric Galactic wind model in which he included
the CR pressure in the wind hydrodynamics but without taking into account
the Dark Matter (DM) halo gravitational potential. He showed that, in or-
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der for a Galactic wind to be launched solely due to thermal gradients, high
(order of ∼ 108 − 109K) temperature for the gas is required, which is not
observed in the Galaxy. However, the addition of the CR contribution (due
to the fact that the CR pressure acts up to much larger heights from the
disk compared to the thermal pressure) makes possible to launch wind with-
out restricting requirement on the gas temperature or on the other physical
quantities involved in the calculation (gas density, CR pressure and the mass
of the Galaxy).
Later Breitschwerdt et al. (1991) presented an extensive study of the hy-
drodynamics of CR-driven winds. They considered a realistic geometry in
which the wind is assumed to be launched at some distance (∼ 1kpc) from
the Galactic disk and the flow proceeds with nearly cylindrical symmetry up
to ∼ 15 kpc and then opens up spherically. In addition, they included in the
wind dynamics the Alfvén waves, generated by CR streaming, and took into
account the DM halo gravitational potential. They showed that, with the
contribution of CRs and Alfvén waves, Galactic winds can be launched for a
large range of input parameters. Finally, they also discussed the important
role of wave damping.
The paper by Breitschwerdt et al. (1991) represented a milestone in the
sphere of CR-driven winds and their approach was adopted in much of the
later work on the subject, including the recent paper by Everett et al. (2008),
which used a CR-driven wind model (including damping of Alfvén waves)
to explain the observed Galactic soft X-ray emission. The role of CRs in
driving winds has been confirmed by later work, in time-dependent calcu-
lations (Dorfi & Breitschwerdt (2012)), in hydrodynamical simulations (see
Uhlig et al. (2012); Booth et al. (2013); Salem & Bryan (2014)) and in MHD
simulations (see Girichidis et al. (2016); Ruszkowski et al. (2016)).
Finally, the important physical and mathematical issue of what happens in
the region between the disk and the wind base (see also Sec. 1.1.3) has been
addressed in Breitschwerdt et al. (1993), while the effect of the Galactic ro-
tation has been studied in Zirakashvili et al. (1996).

In all these works, no matter the level of refinement, only the hydro-
dynamic wind problem was addressed, while no information was retained
on the CR spectrum. On the other hand, the CR spectrum represents the
main observable we can use in order to constraint wind models, hence its
prediction is essential. The first, and, to our knowledge, the only attempt
to account for both CR-driven winds and their effects of the CR transport
was made by Ptuskin et al. (1997). They adopted a simplified approach in
which the wind velocity was extrapolated from the hydrodynamic calculation
of Zirakashvili et al. (1996) and approximated with a linear function of the
heights above the disk to infer some general implications for the spectrum
of CRs and for the halo size (see also Sec. 1.1.2). Nevertheless, as we will
show in Chapter 4, this approach is too simplified and it is unable to predict

19



the CR spectrum with accuracy.

1.4 Overview of the thesis work

In this thesis we present the first semi-analytical method to solve self con-
sistently the hydrodynamic problem of the generation of CR-driven Galactic
winds and the kinetic problem of the transport of CRs in such winds and
in the self-generated turbulence. In our approach neither the CR diffusion
properties nor the wind velocity are preassigned. Instead, they are an output
of the calculation, together with the CR distribution function. In addition
both the CR diffusion coefficient and advection velocity are determined by
the CRs themselves. In fact, the CR streaming instability, locally balanced
by non-linear Landau damping (NLLD), sets the Alfvén wave spectrum,
which in turn determines the CR diffusion coefficient. On the other hand,
the CR and wave pressures, together with the thermal pressure, determine
the wind and Alfvén speeds, namely the CR advection velocity.
The solution of the wind problem allows for an extensive investigation of the
properties and implications of CR-driven Galactic winds:

1) the wind launching depends on the properties of the ISM (gas density
and temperature, Galactic magnetic field), on the CR pressure and on the
Galactic gravitational potential. All these quantities depend on the posi-
tion in the Galaxy and are constrained by observations. We studied how
the possible presence and properties of Galactic winds, launched at the Sun
position, are affected when changing the input parameters within the range
allowed by observations. In particular, we considered several Dark Matter
models and showed that the effect on the wind properties is quite important.

2) In our theoretical framework, the CR spectrum results from the com-
plex interplay between diffusion and advection on self-generated turbulence
and advection with the CR-driven wind. We investigated how the CR spec-
trum is modified by the presence of a self-generated wind, with a special
emphasis on the comparison with the CR spectrum observed at the Earth.
In particular, we found that in many cases, input parameters compatible
with observations lead to a spectrum that is quite different from the ob-
served one. However, it was still possible to find specific cases in which there
is a good agreement with the observed spectrum and the wind characteristics
are compatible with the Galactic halo properties deduced from the recent ob-
servations of Oxygen emission and absorption lines from the ISM (see Miller
& Bregman (2015)).

3) Recent results obtained by analizing Fermi-LAT data (see Acero et al.
(2016); Yang et al. (2016)) show a substantial variation of the CR density
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as a function of the distance from the Galactic Center, also accompanied by
a gradual spectral softening while moving outward from the center of the
Galaxy. These findings are difficult to explain in the context of standard
models of CR propagation, where the diffusion coefficient is assumed to be
constant in the whole Galactic volume. Hence we studied the radial depen-
dence of the CR spectrum in the framework of our non-linear propagation
model, both with and without the inclusion of Galactic winds. In the model
without winds we find that, for a realistic distribution of CR sources and
for reasonable assumptions on the spatial dependence of the magnetic field
on the Galactocentric distance, both the observed spatial profile of the CR
density and the spectral behavior are well reproduced, in particular those
reported in (Acero et al. (2016)). With inclusion of winds, we find that in
the outer Galactic ring (Galactocentric distance & 10 kpc) the wind is not
launched, so that our wind model cannot explain the CR gradient in the
outer Galaxy, while it is well explained in the model without winds. In the
inner Galaxy (Galactocentric distance . 10 kpc), the possibility to launch
winds and the wind properties strongly depend on the Dark Matter halo
model. In this region, the CR density and the spectral behavior reported
in (Yang et al. (2016)) are reproduced quite well, while the agreement with
(Acero et al. (2016)) is poorer.

The thesis is organized as follows: in Chapter 2 we illustrate the mathe-
matical and technical details of the solution method for the CR-driven wind
model. In Chapter 3 we present our results on the dependence of the wind
properties on the input parameters. In Chapter 4 we analyze the CR spec-
tral characteristics in a CR-driven wind, also making a comparison with the
observed CR spectrum. Finally, in Chapter 5 we study the radial distribu-
tion of Galactic CRs in view of the recent analysis of Fermi-LAT data. Our
conclusions are reported in Chapter Conclusions.
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Chapter 2

A semi-analitical approach to
Cosmic Ray-driven winds

In this thesis we study the problem of CR-driven Galactic winds, namely the
possible generation of winds in the Galaxy as due to the combined action of
thermal and CR pressure gradients between the Galactic disk and the halo
and the resulting diffusive-convective transport of CRs. Such study requires
to solve at the same time two different problems, namely the hydrodynamics
of the wind and the CR transport in such wind. The hydrodynamic prob-
lem can be summarized as follows: we assume that the wind is launched at
a specific point in the Galaxy (the wind base) and that the input quanti-
ties for our problem (density and temperature of the background plasma,
Galactic magnetic field and gravitational potential, CR pressure) are know
at the wind base. The evolution of the wind properties, namely of the gas
velocity, density and pressure, of the magnetic field ad of the CR pressure,
is governed by the mass, momentum, energy conservation equations and by
the equation of state for the gas, by the equation for the flow geometry and
by the equation for the CR gas. Given the input parameters at the wind
base, we look for a wind solution, namely a stationary solution of the hydro-
dynamic equations in which the gas is smoothly accelerated from subsonic
to supersonic speed while moving out of the Galaxy.
Current models of Galactic CR propagation describe the CR transport as a
diffusion-convection process in which diffusion is due to scattering on plasma
waves and convection is due to some large scale motion of the ISM or to the
scattering waves themselves. In Sec. 1.1.1 we analyzed the CR transport
equation in the assumption that both the CR diffusion coefficient and ad-
vection velocity are preassigned and do not depend on the location in the
Galaxy. Here we assume that the CR diffusion coefficient is due to Alfvén
waves generated by CR streaming instability, saturated through non linear
Landau damping, and that the CR advection is due to the self-generated
waves and to the wind. The CR density gradient between the Galactic disk
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(where the CR sources are located) and the halo plays a major role in deter-
mining the CR transport properties, since it is responsible for the generation
of the plasma waves that cause their scattering and helps in driving the
Galactic wind, which in turn affect the CR advective transport. For this
reason, the hydrodynamic wind equations and the CR transport equation
are coupled to each other in a non-linear way.

2.1 The mathematical model

Here we present the first semi-analytical method to solve the CR-driven
wind problem, namely to determine self-consistently both the properties of
the wind and the related CR distribution function and diffusion coefficient
(see Recchia et al. (2016a)).
We do so in the simplifying assumption that the wind flow and the CR trans-
port are one-dimensional and only occur along the magnetic field lines (par-
allel geometry). In a full treatment of the wind problem, the magnetic field
geometry, and thus the flow geometry, should be determined self-consistently
with the wind properties and with the CR distribution function. However
this is beyond the scope of the present work and, following most of the lit-
erature on CR-driven winds, we assume a preassigned topology for the wind
flow.
The dynamics of a CR-driven wind in the stationary regime is described
by the system of hydrodynamic equations for the wind (i.e the equations of
mass, momentum and energy conservation) and of kinetic transport equation
for CRs. Those equations are coupled to each other in different ways: 1) the
CR pressure gradient exerts a force which helps the launching of the wind
and contribute to determine the wind velocity and, since the wind profile
is connected to the gas density profile, also the Alfvén speed. Both veloc-
ities affect the advective transport of CRs. 2) CRs generate Alfvén waves
through streaming instability, which are quickly damped through NLLD and
contribute to the heating of the gas. 3) The equilibrium spectrum of Alfvén
waves, derived from the balance of their generation and damping mecha-
nisms, determine the diffusion properties of CRs, which in turn affect the
CR gradient and, consequently, the wind properties. These considerations
highlight the non-linear nature of the CR-driven wind problem.

2.1.1 The flow geometry

We adopt a flow geometry similar to that introduced by Breitschwerdt et al.
(1991) (sketched in Fig. 2.1), and used in much of the subsequent literature
on CR-driven winds: we assume that the wind is launched from a surface at
distance z0 above (and below) the Galactic disc, and that it retains a roughly
cylindrical geometry out to a characteristic distance Zb. At larger distances
the flow opens up as ∼ zα. The wind area transverse to z is then assumed
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Figure 2.1: Flux-tube topology for the magnetic field lines: z is the distance
from the Galactic disk, R is the Galactocentric distance. The flow geometry
is roughly cylindrical up to z ∼ Zb. At larger distances from the Galactic
disk the flow area opens up as ∼ zα.

to be in the form:
A(z) = A0

[
1 +

(
z

Zb

)α]
, (2.1)

which is only function of the spatial coordinate z, namely of the distance
from the Galactic disk. Notice that in Breitschwerdt et al. (1991) the authors
assumed Zb ∼ 15 kpc and α = 2, which corresponds to spherical opening.
Here, instead, we explore the effect of changing these two parameters for the
wind properties (see Sec. 3.3.2).
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2.1.2 Wind hydrodynamics

The hydrodynamic equations for the wind read (see Appendix A for their
derivation):

~∇ · (ρ~u) = 0, (2.2)

ρ(~u · ~∇)~u = −~∇(Pg + Pc)− ρ~∇Φ, (2.3)

~u · ~∇Pg =
γgPg
ρ

~u · ~∇ρ− (γg − 1) ~vA · ~∇Pc, (2.4)

~∇ ·
[
ρ~u

(
u2

2
+

γg
γg − 1

Pg
ρ

+ Φ

)]
= −(~u+ ~vA) · ~∇Pc, (2.5)

~∇ ·

[
(~u+ ~vA)

γcPc
γc − 1

− D~∇Pc
γc − 1

]
= (~u+ ~vA) · ~∇Pc, (2.6)

~∇ · ~B = 0, (2.7)

where ρ(~r), ~u(~r) and Pg(~r) are the gas density, velocity and pressure, ~B is
the background magnetic field (which has a preassigned geometry, as ex-
plained above), while Pc(~r) is the CR pressure and γc(~r) is the adiabatic
index of the CR gas. The average CR diffusion coefficient D is defined in
Eq. 2.16. Notice that γc(~r) is actually calculated locally (as a function of ~r)
from the distribution function f(p, ~r) that solves the CR transport equation.
~vA(~r) = ~B/

√
4πρ(~r) is the Alfvén velocity, while Φ(~r) is the gravitational

potential of the Galaxy (see Sec. 3.1 for details).
We assumed that the damping of Alfvén waves occurs on time scales much
shorter than any other process involved in the wind and CR dynamics, def-
initely justified for NLLD (see e.g the related discussion in Everett et al.
(2008)). This results in small wave pressure compared to the gas and CR
pressures.

When we adopt the flow geometry of Fig. 2.1, the problem becomes
effectively one-dimensional and all quantities only depend on the distance
from the Galactic disk, z. This simplifies the hydrodynamic equations, which
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become (see Appendix B):

ρuA = const, (2.8)
AB = const, (2.9)

du

dz
= u

c2
∗

1
A
dA
dz −

dΦ
dz

u2 − c2
∗

, (2.10)

dPg
dz

= γg
Pg
ρ

dρ

dz
− (γg − 1)

vA
u

dPc
dz

(2.11)

dPc
dz

= γeff
Pc
ρ

2u+ vA
2(u+ vA)

dρ

dz
, (2.12)

c2
∗ = γg

Pg
ρ

+ γeff
Pc
ρ

[
1− (γg − 1)

vA
u

] 2u+ vA
2(u+ vA)

, (2.13)

γeff
γeff − 1

=
γc

γc − 1
− D

(γc − 1)(u+ vA)Pc

dPc
dz

. (2.14)

Two important quantities appear in these equations: the generalized sound
speed c∗ and the the effective adiabatic index for CRs, γeff . Looking at the
definition of c2

∗, Eq. 2.13, one can recognize the sum of the sound speed
(γgPg/ρ) and of a "CR sound speed" (notice the factor γeffPc/ρ, which is
formally identical to the sound speed). The CR sound speed also depends
on the Alfvénic Mach number u/vA. Notice that the term −(γg − 1)vA/u is
due to the non adiabatic gas heating induced by wave damping in Eq. 2.11.
The importance of c∗ resides in the fact that u = c∗ is the condition for the
flow to become sonic but also is a critical point for the wind equation 2.10.
The effective adiabatic index for CRs, γeff , takes into account the CR dif-
fusivity in the hydrodynamic equations (see also Zirakashvili et al. (1996)).
Note that, as for the CR adiabatic index γc, the effective adiabatic index γeff
can be calculated as a function of z from the distribution function f(p, z)
and diffusion coefficient D(z, p) that solve the wind problem. However, as it
has been verified in all cases treated so far, γeff shows a weak dependence on
z and we can safely treat it as a constant (more on that in the note below).
Also Breitschwerdt et al. (1991) introduced the generalized sound speed c∗
but with two important differences compared to our calculation. First, they
neglected the CR diffusion by assuming that D = 0. For this reason, in their
calculation γc appears instead of γeff (notice that, from Eq. 2.14, if D = 0
γeff = γc). However, we checked that this assumption on D is not justified
in general, so that it is necessary to take the CR diffusivity into account
in order to achieve the correct solution of the problem. Second, they did
not take wave damping into account and retained the wave pressure in the
hydrodynamic equations. Without damping, the growth of waves due to CR
streaming can in fact lead to a wave pressure which is comparable with the
CR pressure. For these reasons, instead of having the term −(γg−1)vA/u in
the definition of c2

∗, they have a "wave sound speed" term which takes into
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account the effect of the wave pressure.

2.1.3 Cosmic-ray transport equation

The transport of CR protons is described by the advection-diffusion equation
(see also Sec. 1.1.1):

~∇ ·
[
D~∇f

]
− (~u+ ~vA) · ~∇f + ~∇ · (~u+ ~vA)

1

3

∂f

∂ ln p
+Q = 0, (2.15)

where f(~r, p) and D(~r, p) are the CR distribution function and diffusion co-
efficient as functions of position ~r and momentum p. The term Q represents
the injection of CRs in the Galaxy, which we assume to be limited to the
Galactic disc. The average diffusion coefficient of Eq. 2.6 is defined as:

D(~r) =

∫∞
0 dp p2T (p)D(~r, p)∇f∫∞

0 dp p2T (p)∇f
, (2.16)

where T (p) is the kinetic energy of particles with momentum p. The trans-
port equation of CRs becomes one-dimensional with the flux geometry as-
sumed above:

∂

∂z

[
AD

∂f

∂z

]
−AU ∂f

∂z
+
d(AU)

dz

1

3

∂f

∂ ln p
+AQ = 0, (2.17)

where we introduced the advection velocity U(z) = u(z) + vA(z). Here
we assume that the diffusion coefficient D(z, p) is determined by the local
balance between the CR-driven growth of Alfvén waves and their damping
through NLLD. Since the self-generated perturbations in the magnetic field
are relatively weak, one can use the quasi-linear theory to write the diffusion
coefficient as:

D(z, p) =
1

3

v(p)rL(z, p)

F(z, kres)

∣∣∣∣
kres=1/rL

, (2.18)

where F is the normalized energy density per unit logarithmic wavenumber k,
calculated at the resonant wavenumber kres = 1/rL(p). In the regions where
the background gas is totally ionized, waves are damped through NLLD at
a rate (see Zhou & Matthaeus (1990); Ptuskin & Zirakashvili (2003)):

ΓD = (2ck)
−3/2kvAF1/2, (2.19)

where ck = 3.6. On the other hand the CR-driven growth occurs at a rate
which is given by Skilling (1971):

ΓCR =
16π2

3

vA
FB2

[
p4v(p)

∣∣∣∣∂f∂z
∣∣∣∣]
p=pres

. (2.20)
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Equating the two rates, ΓD = ΓCR, and using Eq. 2.18 one obtains:

F(z, p) = 2ck

p4v(p)
∣∣∣∂f∂z ∣∣∣ 16π2

3 rL(z, p)

B2(z)

2/3

, (2.21)

where F is expressed as a function of momentum by means of the resonant
condition p = pres(k).

2.1.4 The iterative method

In what follows we illustrate the iterative procedure used to compute the
solution of the coupled system of the hydrodynamic equations and of the
CR transport equation.
We start the calculation by solving the hydrodynamic equations as described
in Sec. 2.2, assuming that all quantities at the wind base z0 are given (except
the wind launching velocity u0, which is an output of the computation)
and setting γeff = 4/3 (i.e equal to the adiabatic index of ultrarelativistic
gas). This first step allows to derive a guess on the wind properties, i.e the
launching velocity u0, the gas density and pressure, the CR pressure. The
Alfvén speed vA(z) = B(z)/

√
4πρ(z) is also computed from those outputs.

The CR transport Eq. 2.17 is thus solved, as explained in Sec. 2.3, given
the CR injection term and using as an input the wind velocity u(z) and the
Alfvén speed derived from the hydrodynamic iteration. The solution of Eq.
2.17 gives the spectrum of CRs as a function of height z and momentum p,
f(z, p), and the self-generated diffusion coefficient D(z, p). Notice that, in
general, the CR pressure obtained by integrating the distribution function
f(z, p) is different, also at the wind base, from the one corresponding to the
wind and Alfvén speeds derived from the hydrodynamic equations. For this
reason other iterations are needed: the updated CR pressure at the wind
base is used, together with the updated γeff (which is calculated from the
CR distribution function and diffusion coefficient), to compute the structure
of the wind and the whole calculation is repeated. We recall that the effective
adiabatic index γeff takes into account the fact that D cannot in general
be ignored, in contrast to what has been assumed by Breitschwerdt et al.
(1991). This iterative scheme is repeated until the CR spectrum and diffusion
coefficient reach convergence at all distances and at all momenta, as well as
the whole structure of the wind. In particular, convergence is achieved when
the CR pressure calculated from the wind structure matches at all distances
the CR pressures computed by integrating the CR distribution function.
Notice that, as we will see in Chapter 4, if we want to apply this procedure
to winds launched at the Sun position, we have also to take into account
the observed CR pressure and spectrum. In this case, the CR injection is
varied, from one iteration to the other, so as to achieve a solution where
either the CR pressure at the wind base is the same as observed, or the
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value of the CR spectrum at one specific energy (for instance 50 GeV) is the
same as observed. It is crucial to stress that neither of these two conditions
is sufficient to guarantee that the CR spectrum which is solution of the wind
problem is also consistent with the CR spectrum observed at Earth, as we
will extensively discuss in Chapter 4.

2.1.5 Note on the CR diffusion term in the hydrodynamic
equations

In Recchia et al. (2016a) the diffusion term in the hydrodynamic equations
has been treated in a different way, by introducing an effective velocity term,

D =
d
dz

(
AD dPc

dz

)
AdPc

dz

. (2.22)

In that case, the equation for the CR pressure (Eq. 2.12) and for the gener-
alized sound speed (Eq. 2.13) become

dPc
dz

=
γcPc
ρ

2u+ vA
2(u+ vA −D)

dρ

dz
(2.23)

c2
∗ = γg

Pg
ρ

+ γc
Pc
ρ

[
1− (γg − 1)

vA
u

] 2u+ vA
2(u+ vA −D)

. (2.24)

It has been checked that both methods, i.e using γeff or D, lead to the
same results. However, using γeff is easier and cleaner from the numerical
point. In fact, the calculation of D involves the numerical derivative of D dPc

dz

(moreover divided by dPc
dz ). In addition, as above mentioned, γeff is a weak

function of z, and can be treated as a constant without significantly affecting
the result. This allows not only to neglect the derivative of γeff in Eq. 2.12,
but also to use the first integral for the CR pressure, Eq. B.15, which is valid
when D = 0 (see Appendix B).

2.2 Hydrodynamic calculation

In this section we illustrate the method adopted in order to determine the
wind profile for a given set of physical conditions at the wind base. Notice
that this procedure is embedded in an iterative calculation which, as ex-
plained above, is repeated until the solution for a CR-driven wind is achieved,
i.e until the convergence of the wind structure and of the CR spectrum and
diffusion coefficient is reached and the CR pressure computed from the wind
structure matches the one computed from the spectrum.

We look for a wind solution of Eq. 2.8-2.14, namely a solution for the
flow velocity u(z) that shows a smooth transition from subsonic (u < c∗) to
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Figure 2.2: Topology of the solutions of the hydrodynamics equations: 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 labeled as such.

supersonic (u > c∗) motion, 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 Eq.
2.8-2.14 depends on the nature of the critical points of the wind equation
2.10, i.e of 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. 2.2. The point for which both the numerator and the
denominator vanish is the critical (sonic) point, and it corresponds to the
location where the flow velocity equals the compound sound speed, i.e u = c∗.
As shown in Fig. 2.2, 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. 2.2 correspond to
flows that remain subsonic, and are 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 Eq. 2.10 vanishes. The
other two branches are unphysical and for both there is a point where the
denominator of Eq. 2.10 vanishes.

For given values of the magnetic field B0, gas density ρ0, gas pressure
Pg0 and CR pressure Pc0 at the wind base z = z0, we compute the launching
velocity 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. 2.2). Both the location of the sonic point and
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Figure 2.3: Schematic picture of the solution method for the hydrodynamic
equations: the wind curve lies between a breeze, obtained by integrating
with u0 = u0B, and an unphysical solution, obtained by integrating with
u0 = u0U , where u0B < u0U . The location of the sonic point zc can be
estimated as the location of the maximum of the breeze. The small box
shows a zoomed region around the sonic point.

the launching velocity u0 are outputs of the calculation. For each iteration,
Pc0 and γeff in Eq. 2.14 are computed based on the solution of the transport
equation in the previous iteration.

From the technical point of view, we start by searching for the wind
solution by looking in a closed interval of values for the launching velocity
u0 which may potentially include the actual solution. We do so by imposing
three criteria that we know the solution must fulfill: first, the flow is subsonic
at the wind base (c∗0 > u0); second, the wind velocity is a growing function
of z at the wind base (dudz |z0 > 0); third, the wind velocity is physical at
infinity (u2

f > 0). This last point derives from imposing energy conservation
between the wind base and infinity, i.e (see Appendix B for the derivation)

u2

2
+

γg
γg − 1

Pg
ρ

+ Φ +
γeff

γeff − 1

Pc
ρ

u+ vA
u

= const, (2.25)

and requiring that at spatial infinity all fluxes vanish with the exception of
the kinetic flux associated to the wind bulk motion.

Once a closed interval for u0, say [u0,min, u0,max], has been identified,
we numerically integrate the hydrodynamic 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
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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 and return the launching velocity of the wind.
In addition, it is also possible to estimate the location of the sonic point as
the location of the top of the nearest breeze (with the desired accuracy), as
shown in Fig. 2.3.

We can then compute both the flow speed and its derivative at the sonic
point:

u2
c = c2

∗c =
dΦ

dz

/
1

A

dA

dz
, (2.26)(

du

dz

)
zc

=
uc
2

(
1

A

dA

dz

)
zc

(2.27)

+

√√√√(−u2
c

4

(
1

A

dA

dz

)2

+
u2
c

2

1

A

d2A

dz2
− 1

2

d2Φ

dz2

)
zc

.

The last expression has been obtained by Taylor expanding Eq. 2.10 around
the critical point. In addition, using the conservation relations, Eq. 2.8, 2.9
and 2.25, and the fact that at the sonic point uc = c∗(zc), we can compute
the values of all physical quantities (ρ, B, Pg, Pc) at the sonic point. The
wind solution is finally found by integrating the hydrodynamic Eqs. 2.8-2.14,
starting at the sonic point toward z = z0 and toward z →∞.

2.3 Kinetic calculation

The stationary CR transport equation is reported in Eq. 2.17. The injection
of CRs is assumed to take place only from sources in the Galactic disk
(considered as infinitely thin) and can be written as Q(z, p) = Q0(p)δ(z).
Q0(p) is the injection spectrum,

Q0(p) =
NSN (p)RSN

πR2
d

, (2.28)

where NSN (p) is the spectrum contributed by an individual source occur-
ring with a rate RSN and Rd is the Galactic disk. Here we are implicitly
assuming that the sources of Galactic CRs are SNRs, although the calcula-
tions presented here do not depend crucially on such an assumption. The
spectrum of each SNR can be written as:

NSN (p) =
ξCRESN
I(γ)c(mc)4

( p

mc

)−γ
, (2.29)

where ξCR is the CR injection efficiency (typically ∼ 10%), ESN is the
energy released by a supernova explosion (∼ 1051erg), RSN is the rate of SN
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explosions (∼ 1/30 yr−1), and I(γ) is a normalization factor chosen in such
a way that ∫ ∞

0
NSNT (p) d3p = ξCRESN , (2.30)

where T (p) is the kinetic energy of particles with momentum p.
Eq. 2.17 can be recast in a simpler form by noticing that

UA
∂f

∂z
=
∂(AUf)

∂z
− f d(AU)

dz
, (2.31)

so that Eq. 2.17 becomes

∂

∂z

[
AD

∂f

∂z
− U Af

]
+
d(AU)

dz

[
f +

p

3

∂f

∂p

]
+AQ0(p)δ(z) = 0. (2.32)

In addition,
1

3

1

p3

∂(f p3)

∂ ln p
=
f

3

∂ ln(f p3)

∂ ln p
=

1

3

∂f

∂ ln p
+ f (2.33)

so that we can finally rewrite Eq. 2.17 as

∂

∂z

[
AD

∂f

∂z
− U Af

]
− d(AU)

dz

f

3
q +AQ0(p)δ(z) = 0, (2.34)

where we introduced the slope:

q(z, p) ≡ −∂ ln(f p3)

∂ ln p
. (2.35)

We look for an implicit solution of the transport equation 2.34 which satisfies
the conditions f(0, p) = f0(p) at the disk and f(p,H) = 0 at some outer
boundary H. Note that here H is set just for numerical purposes, and can
be also located at spatial infinity. In contrast to what happens in standard
CR propagation models, where the size of the halo has to be imposed by hand
and plays a crucial role, first of all in guaranteeing that a stationary solution
exists, the transport in a CR-driven wind does not require a preassigned
halo size (see also the discussion in Sec. 1.1.2). Instead, as it has been
anticipated in Sec. 1.1.2 and as it will be pointed out in Sec. 4.1, the halo
size in the wind scenario becomes an output of the calculation and depends
on the particle momentum. For numerical purposes we usually take H in
the range 300-700 kpc.
An implicit equation for f0(p) can be obtained by integrating Eq. 2.34
around the disk, i.e between z = 0− and z = 0+, and using the fact that the
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problem is symmetric around the disk so that:

U(0+) = −U(0−) = U0

dU

dz

∣∣∣∣
0

= 2U0δ(z)

f(0+) = f(0−) = f0(p)

dU

dz

∣∣∣∣
0+

= − dU

dz

∣∣∣∣
0−
.

Integration around the disc leads to:

2A0D0
df

dz

∣∣∣∣
0+
− 2A0U0

f0

3
q̃0 +A0Q0(p) = 0, (2.36)

where we used Eq. 2.35 and 2.33, and we introduced

q̃0(p) ≡ −∂ ln f0(p)

∂ ln p
. (2.37)

Integrating Eq. 2.34 between z = 0+ and a generic height z, one gets the
equation:

∂f

∂z
(z, p) =

U(z)

D(z, p)
f(z, p) (2.38)

+
G(z, p)

A(z)D(z, p)
− A0Q0(p)

2A(z)D(z, p)
− U0A0f0(p)q0(p)

A(z)D(z, p)
,

where

G(z, p) ≡
∫ z

0
dz

d(AU)

dz

f

3
q (2.39)

q0(p) ≡ 1− q̃0

3
. (2.40)

Integration of this equation between z and H with the condition f(H, p) = 0
leads to the following implicit solution for f(z, p):

f(z, p) =

∫
z

H dz′

A(z′)D(z′, p)
G(z′, p) exp

−
∫
z
z′dz′′ U(z′′)

D(z′′,p) , (2.41)

where
G(z, p) =

A0Q0(p)

2
+A0U0f0(p)q̄0 − G(z, p). (2.42)

Notice that this way of handling the CR propagation equation is the
same used in Sec. 1.1.1 in case of preassigned and spatially constant diffu-
sion coefficient and advection velocity.
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The formal solution 2.41 of the transport equation hides the non-linearity
of the problem in the function G(z, p), which depends on f(z, p) and on the
CR diffusion coefficient D(z, p) (see Eq. 2.18). The solution of Eq. 2.41 is
computed by using an iterative procedure which reaches convergence when,
for a given iteration j, the spectrum f j(z, p) and f j−1(z, p) (as well as the
diffusion coefficient Dj(z, p) and f j(z, p)) are close to each other within a
desired accuracy. Note that the advection velocity U(z) = u(z) + vA(z)
is computed from the hydrodynamic equations and is fixed while iterating
upon the distribution function f j .
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Chapter 3

Dependence of the wind
properties on the Galactic
environment

In Chapter 2 we described the semi-analytical method used to solve the CR-
driven wind problem. As illustrated so far, the method basically consists
of two blocks, the hydrodynamic calculation of the wind properties and the
kinetic calculation of the CR spectrum (and diffusion coefficient), linked to-
gether in an iterative procedure.
The wind launching depends on the properties of the ISM (gas density and
temperature, Galactic magnetic field), on the CR pressure, on the flow geom-
etry and on the Galactic gravitational potential. All these quantities depend
on the position in the Galaxy and are constrained by observations (see e.g
Ferrière (2001); Cox (2005); Wolfire et al. (2003); Miller & Bregman (2015)).
Here we present a purely hydrodynamical analysis of the possible presence
and properties of Galactic winds, launched at the Sun position, focusing
on how winds are affected when changing the input parameters within the
observational ranges. Suitable ranges for the input parameters at the Sun
location, as deduced from observations, are reported in Sec. 3.2. In partic-
ular, we considered several Dark Matter (DM) models (as described in Sec.
3.1) and showed that the effect on winds is quite important.
As illustrated in Sec. 2.2, the hydrodynamic problem consists, once speci-
fied a given set of input parameters, in the determination of the launching
velocity u0 for which the flow experiences a smooth transition from the sub-
sonic to the supersonic regime. Known u0, both the mass and energy flux
of the wind are fixed, and it is possible to compute all the hydrodynamic
magnitudes (gas density and pressure, wind velocity and CR pressure) as
functions of the distance from the Galactic disk.
The wind properties which we are mainly interested in are the wind launch-
ing velocity, the wind terminal velocity and the location of the sonic point
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(which gives indication on the wind evolution as a function of the distance
from the Galactic disk).

3.1 The Galactic gravitational potential

The mass distribution of the Milky Way and in general of galaxies is prin-
cipally determined by analyzing the dynamics of stars and gas, namely by
studying kinematic data such as rotation velocities, velocity dispersions, and
motions of satellite galaxies. Spiral rotation curves provide valuable infor-
mation on the mass content of our Galaxy and of other spiral galaxies and
also reveal the presence of a dark matter (DM) component of yet unknown
nature (see e.g Bertone et al. (2005) for a review). The presence of dark
matter also affects the dynamics of galaxy clusters and the large-scale struc-
ture of the Universe.
Many current models for the mass distribution of the Galaxy include a cen-
tral bulge, a stellar and gas disk and a DM halo (see e.g Irrgang et al. (2013)).
Several mass profiles for galactic dark matter halos have been proposed in
order to explain the dynamics of galaxies and the cosmological large-scale
structures. One of the most widely used models is the Navarro-Frenk-White
mass profile (Navarro et al. (1996)), which was inferred from Cold Dark Mat-
ter (CDM) cosmological simulations. On large scales (galaxy clusters and
superclusters, cosmological filaments) this model has proven quite success-
ful, while on galactic scales it faces a number of problems. For instance, it
predicts the presence of a central cusp in the density profile of galaxies which
is not observed in many galaxies, in particular in those with low mass.
A DM density profile that appears to fit quite better the observed galactic
rotation curves has been proposed by Burkert (1995). In contrast to the
Navarro-Frenk-White profile, the Burkert profile has a central core and does
not show a central cusp.

Following Breitschwerdt et al. (1991) and Irrgang et al. (2013), for the
gravitational potential of the Galactic bulge and disk we used the model
proposed by Miyamoto & Nagai (1975):

ΦB,D(R0, z) = −
2∑
i=1

GMi√
R2

0 +
(
ai +

√
z2 + b2i

)2
, (3.1)

where z and R0 are the distance from the Galactic disk and the Galacto-
centric distance respectively. For the parameters of this model we used the
values proposed by Sofue (2012), namely (M1, a1, b1) =(1.652× 1010M�, 0.0
kpc, 0.522 kpc) for the bulge and (M2, a2, b2) =(3.4 × 1010M�, 3.19 kpc,
0.289 kpc) for the disk.
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For the dark matter mass distribution we considered three models, namely
the above mentioned Navarro-Frenk-White and Burkert profiles, and, follow-
ing previous work on CR-driven winds by Breitschwerdt et al. (1991) and
Everett et al. (2008), the Innanen profile (Innanen (1973)):

• Navarro-Frenk-White (NFW) (Navarro et al. (1996)):

the density profile is of the form

ρNFW =
ρ0

x(1 + x)2
, (3.2)

where x = r/rc and rc is the scale radius of the distribution. For the
two quantities ρ0 and rc we considered both the values given for the
Milky Way by Sofue (2012) (ρ0 = 1.06 × 107 M� kpc−3; rc = 12.0
kpc) and by Nesti & Salucci (2013) (ρ0 = 1.3 × 107 M� kpc−3; rc =
16.0 kpc). We refer to the two sets of parameters as NFW-Sofue and
NFW-Salucci respectively. The DM halo is assumed to extend out to
a maximum distance that equals the virial radius, which corresponds
to rvir ≈ 240 kpc for NFW-Sofue and rvir ≈ 320 kpc for NFW-Salucci.
The gravitational potential corresponding to this spatial distribution
reads:

Φ(x) =− 4πGρsr
2
c

[
ln(1 + x)

x
− ln(1 + xvir)

xvir

]
− (3.3)

− GMvir

rc

1

xvir
(r ≤ rvir)

Φ(x) =− GMvir

rc

1

x
. (r > rvir).

• Burkert (BUR) (Burkert (1995)):

the density profile is of the form

ρBUR =
ρ0

(1 + x)(1 + x2)
, (3.4)

where x = r/rc and rc is the core radius. For the two quantities ρ0

and rc we considered the values given for the Milky Way by Nesti &
Salucci (2013) (ρ0 = 4.13 × 107 M� kpc−3; rc = 9.3 kpc). The virial
radius for this model is rvir ≈ 300 kpc.
The gravitational potential corresponding to this spatial distribution
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reads:

Φ(x) = −4πGρsr
2
c

[
1 + x

2x
[arctan(x)− ln(1 + x)] +

x− 1

4x
ln(1 + x2)−

(3.5)
1 + xvir

2xvir
[arctan(xvir)− ln(1 + xvir)]−

xvir − 1

4xvir
ln(1 + x2

vir)

]
−

GMvir

rc

1

xvir
(r ≤ rvir)

Φ(x) =− GMvir

rc

1

x
. (r > rvir).

• Innanen (INN) (Innanen (1973)):

the mass profile is of the form

MINN = M0
x3

(1 + x)2
, (3.6)

where x = r/rc. For the two quantities M0 and rc we considered
the values given for the Milky Way by Breitschwerdt et al. (1991)
(M0 = 1.35× 1011 M�; rc = 13.0 kpc). The virial radius of the model
is rvir ≈ 100 kpc.
The gravitational potential corresponding to this mass distribution is:

Φ(x) =
GM0

rc

[
ln(1 + x) +

1

1 + x
− ln(1 + xvir)−

1

1 + xvir

]
− (3.7)

− GMvir

rc

1

xvir
(r ≤ rvir)

Φ(x) =− GMvir

rc

1

x
. (r > rvir).

These halo models predict a DM density at the Sun position in the range
0.2 − 0.4 GeV/cm3, in agreement with most of the current literature (see
Salucci et al. (2010) for a discussion on the local DM density).
A plot of the gravitational acceleration as a function of the height z from
the disc associated with the Galactic bulge and disk and with the considered
DM halos at the position of the Sun (R� = 8.5 kpc) is shown in Fig. 3.1(a).
One can see that the various DM models show large differences in magnitude
below z ∼ 30− 40 kpc. Since these profiles predict a similar DM density at
the Sun, this is due to the different functional dependence on x = r/rc and
to the different values of the scale radius rc. The BUR and INN profiles give
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(b) Galactic gravitational acceleration as function of R at z = 100
pc.

Figure 3.1: Galactic gravitational acceleration as due to the Galactic bulge
and disk, and to different Dark Matter halo models: a) all curves are com-
puted at the Sun position (R� = 8.5 kpc) and are functions of the height
from the Galactic disk; b) All curves are computed at z = 100 pc and are
functions of the Galactocentric distance.

a smaller contribution compared to the disk component below z . 10 kpc,
while the two NFW models dominate over the bulge and disk components
practically at all z.

The gravitational components as functions of the Galactocentric distance
R at z = 100 pc are shown in Fig. 3.1(b). One can see that the INN and
BUR DM profiles are largely dominated by the bulge and disk components
up to R ∼ 9-10 kpc, and their acceleration is nearly independent on R.
The NFW-Salucci profile dominates all other components at all R, while
the NFW-Sofue dominates up to R ∼ 5 − 6 kpc and at larger R becomes
comparable with the disk component. Notice also that the acceleration for
the NFW model largely increases toward the Galactic center, due to the
cuspy density profile.

3.2 Fiducial values for the environmental parame-
ters

The ISM is a rich environment in which several components, distinguished
by the level of ionization and temperature, coexist and interact: molecular
and atomic neutral gas, warm and hot ionized gas, interstellar magnetic field
and CRs. The most abundant element in the ISM is hydrogen followed by
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helium, carbon, oxygen, nitrogen etc. The various components are roughly
in equilibrium and play an important dynamical role in the Galaxy. In
the cooler, dense regions of the ISM, matter is primarily in molecular form
and can reach densities as high as 106 cm−3. On the other hand, in the
diffuse regions of the ISM, matter is mainly ionized and can reach densities
as low as 10−4 cm−3. In addition, the colder and denser phases of the ISM
are mainly confined in the Galactic disk and have filling factor of order
∼ 1 − 5%, much smaller than the dilute hot gas filling factor, which is of
order 30−70%. A detailed study of the gas components of the ISM has been
carried out by several authors (see e.g Cox (2005); Wolfire et al. (2003))
while a comprehensive review of the actual knowledge of the ISM can be
found in Ferrière (2001). In Table 3.1 we summarize the main properties
of the gas components of the ISM in the vicinity of the Sun as reported in
Ferrière (2001).

Table 3.1: Components of the ISM and their properties in the vicinity of the
Sun (see Ferrière (2001)).

Component Temperature (K) Density (cm−3) Scale Height (kpc)

Molecular 10-20 102 − 106 ∼ 0.1

Cold Atomic 50-100 20-50 ∼ 0.1− 0.4

Warm Atomic 6000-10000 0.2-0.5 ∼ 0.1− 0.4

Warm Ionized 8000 0.2-0.5 ∼ 1
Hot Ionized ∼ 106 ∼ 0.006 > 1

The Galactic magnetic field shows a rich structure in which at least a disk
component, which follows the spiral arms, and an out of disk component can
be found (see Jansson & Farrar (2012)). The regular field strength changes
with the Galactocentric distance. While there is a general consensus that in
the so-called "molecular ring", between 3 and 5 kpc (see Jansson & Farrar
(2012); Stanev (1997)), the magnetic field strength is nearly constant, much
less is known about the trend in the Galactic center region and at R > 5 kpc.
Jansson & Farrar (2012) and Stanev (1997) suggest the following prescription
for the radial dependence of the regular magnetic field strength:

B0(R < 5 kpc) = B�R�/5 kpc (3.8)
B0(R > 5 kpc) = B�R�/R.

The regular field strength in the vicinity of the Sun quoted in Jansson &
Farrar (2012) is ∼ 1 − 2µG for the disk component and ∼ 1µG for the out
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of disk component. In Ferrière (2001) B� ∼ 1.5µG is reported, while in Cox
(2005) the authors suggest a value of ∼ 3 − 5µG (which includes all field
components).

To conclude this overview, we mention the recent work by Miller & Bregman
(2015), in which the authors analyze the Oxygen OV II and OV III absorption
lines in Quasar spectra and the emission from the ISM and infer the presence
of a large Galactic corona, composed by hot dilute gas which reaches height
larger than ∼ 50−100 kpc. For the corona the authors deduce a temperature
of 2× 106K and a density distribution

n(r) ≈ n0r
3β
c

r3β
, (3.9)

where r =
√
R2 + z2, β = 0.5 ± 0.3 and n0r

3β
c = 1.35 ± 0.24 cm−3kpc3β .

Those values correspond to a gas density of 3−6×10−3 cm−3 in the vicinity
of the Sun. Notice that this coronal gas could be in fact the result of a
Galactic wind.

All these pieces of information give us the possibility to define reasonable
fiducial intervals for the input parameters of our wind problem (see Table
3.2 for a summary): we are interested in the hot dilute phase of the ISM
and in the out of disk regular magnetic field, for which we retain a density
3− 6× 10−3 cm−3, a temperature 1− 3× 106K and a field strength 1− 2µG
in the vicinity of the Sun.
The pressure of the proton component of CRs measured at Earth is ∼
4× 10−13 erg/cm−3.
Finally, Breitschwerdt et al. (1991) and Everett et al. (2008) assumed that
the flux-tube area index (α in Fig. 2.1) equals 2 (spherical opening), while
the results of Miller & Bregman (2015) suggest α ∼ 1.5. As for the area
length scale (Zb in Fig. 2.1), in Breitschwerdt et al. (1991) the value 15 kpc
was used (which roughly corresponds to the Galactic disk radius) while in
Everett et al. (2008) Zb was treated as a fitting parameter and allowed to
vary around ∼ 5 kpc. Here we retain α ∼ 1.5− 2 and Zb ∼ 5− 15 kpc.
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Table 3.2: Fiducial values for the wind input parameters at the Sun position.

parameter fiducial range

area-α 1.5-2.0
are-Zb 5-15 kpc

gas density 3− 6× 10−3 cm−3

gas temperature 1− 3× 106K
regular B 1− 2µG

CR pressure 4× 10−13 erg/cm−3

3.3 Parameters study

The hydrodynamic wind equations discussed in Chapter 2, and in particular
the mass and energy conservation equations and the wind equation,

ρuA = const (3.10)
u2

2
+

γg
γg − 1

Pg
ρ

+ Φ +
γeff

γeff − 1

Pc
ρ

u+ vA
u

= const (3.11)

du

dz
= u

c2
∗ a(z)− g(z)

u2 − c2
∗

, (3.12)

(referring to Eq. 2.10 we define a(z) ≡ 1
A
dA
dz and g(z) ≡ dΦ

dz ), present many
similarities with the Solar wind and the De Laval nozzle problem.
In analogy with the Solar wind, we define a wind ("coronal") base where
the boundary conditions for the problem are assigned, and we look for a
solution in which the flow experiences a smooth transition from subsonic to
supersonic regime, as in the De Laval nozzle problem. As in the Parker model
for the Solar wind (see Parker (1965)) the only possible transonic solution is
the one which passes through the critical point, as described in Sec. 2.2.
The similarity with the De Laval nozzle is even more evident if we compare
the formal expression for the wind equation reported above:

1

u

du

dz
=
a(z)− g(z)

c∗2

M2 − 1
(Wind equation) (3.13)

(3.14)
1

u

du

dz
=

a(z)

M2 − 1
(De Laval nozzle equation)

where M = u/c∗ is the Mach number and a(z) ≡ 1
A
dA
dz for the De Laval

nozzle. In Fig. 3.3 the scheme of a De Laval nozzle is shown. Notice that the
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Figure 3.2: Scheme of a De Laval nozzle: the flow is smoothly accelerated
(du/dz > 0 in all the duct) from the subsonic (M < 1) to the supersonic
regime (M > 1). The flow is subsonic in the converging section (dA/dz < 0),
becomes sonic at the throat (dA/dz=0, M=1) and continues to accelerate to
supersonic speed in the diverging section (dA/dz > 0).

nozzle has a converging and a diverging section. If we look at Eq. 3.15, we
see that this converging-diverging duct makes a smooth subsonic-supersonic
transition possible: the flow starts subsonic in the converging duct (a(z) < 0
and M < 1), becomes sonic at the throat (a(z) = 0 and M = 1) and is
accelerated to supersonic speed in the diverging duct (a(z) > 0 and M > 1).
In such configuration it is possible to constantly accelerate the flow along
the nozzle (du/dz remains positive). The sonic transition is only possible at
the nozzle throat (choking), where a = 0.
The numerator of the CR-driven wind equation 3.13 presents an "effective
area" term given by a(z)− g(z)

c∗2 , which plays the same role of a(z) in the De
Laval equation. Thus, in order to have a smooth subsonic-supersonic tran-
sition, the effective area must have the same convergent-divergent behavior
of the De Laval nozzle:

• u2 < c∗2 (subsonic regime)

the gravitational term g(z) must dominate in the numerator in order
to have du/dz > 0. Thus, g(z) is a "converging duct" term,

• u2 > c∗2 (supersonic regime)

the area term a(z) must dominate in the numerator in order to have
du/dz > 0. Thus, a(z) is a "diverging duct" term.
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It is clear from this analysis that if a(z) = 0, i.e if the flux-tube area is
constant, a wind solution cannot be achieved.
Finally, the passage through the critical point (choking condition for the De
Laval nozzle), fixes the wind launching velocity u0. Because all other mag-
nitudes in Eq. 3.10 and 3.11 are assigned at the wind base, this also fixes
the mass and energy flux of the wind.

In order to carry out an analysis of the effects of the input parameters on
the flow, it is helpful to define a reference model to which all other cases can
be compared. Because we are considering winds launched at the Sun posi-
tion, we define our reference case starting from observations, reported in Sec.
3.2 and we choose: z0 = 100 pc for the wind base (winds launched near the
Galactic disk), n0 = 6×10−3 cm−3 for the gas density, T0 = 2×106 K for the
gas temperature, Pc0 = 4 × 10−13 erg/cm3 for the CR pressure, B0 = 1µG
for the magnetic field, Zb = 15 kpc and α = 2.0 for the area parameters and
NFW-Sofue for the DM profile (see Sec. 3.1). The latter choice is motivated
by the fact that the NFW profile is one of the most commonly used models
for dark matter halos.
In Fig. 3.3(a)-3.3(c) we reported the wind profiles for the reference case,

while in Fig. 3.1(a) the various Galactic gravitational components are shown.
Notice that, unlike the bulge and disk components, which die off at ∼ 10
kpc, the DM component keeps up the gravitational acceleration up to the
virial radius (∼ 240 kpc for the NFW-Sofue).
For the reference case, at the wind base the flow is subsonic and sub-Alfvénic
and most of the work on the gas is due to the thermal pressure, which is four
times larger than the CR pressure. Also CRs contribute to push the gas,
however a considerable fraction of their energy is used to generate Alfvén
waves, which are quickly damped and heat the gas. This can be seen in Fig.
3.3(b), where it is shown that the gas temperature increases up to ∼ 10 kpc
and then decreases in z much slower than the gas density. Because of the
CR-induced gas heating, also the gas pressure falls off in z slower than it
would in the absence of wave damping. Nevertheless the gas pressure de-
creases with height much faster than the CR pressure, and at ∼ 20 kpc CR
pressure starts to dominate over the gas pressure. This is due to the fact
that CRs have a smaller adiabatic index compared to the gas, which has
important consequences on the relative contribution of the thermal and CR
pressure to the wind launching. For instance, while the thermal pressure is
more efficient in accelerating the gas near the wind base, the CR pressure is
able to push the gas also at large z, often making an outflow possible where
the thermal pressure alone would have failed (see Ipavich (1975); Breitschw-
erdt et al. (1991); Everett et al. (2008)). We will discuss this point in detail
in Sec. 3.3.1.
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Figure 3.3: Reference case: a) wind, Alfvén and compound sound speed; b)
gas density and temperature; c) gas and CR pressures. The input parameters
are: z0 = 100 pc, n0 = 6 × 10−3 cm−3, T0 = 2 × 106 K, Pc0 = 4 × 10−13

erg/cm3, B0 = 1µG, Zb = 15 kpc, α = 2.0 and the NFW-Sofue dark matter
profile.

46



3.3.1 Effect of the gas density and temperature and of the
Cosmic Ray pressure

Having defined a reference set of parameters, we study the dependence of
the outflow properties on the input parameters at the wind base. Here we
focus on the effect of changes of the gas density, gas temperature and CR
pressure. An analysis of the dependence on the area parameters and on the
DM profile will be presented in Sec. 3.3.2 and Sec. 3.3.3 respectively.
In order to better highlight the dependence on the input parameters, we
consider larger intervals compared to those compatible with observations
(discussed in Sec. 3.2).

Table 3.3: Dependence of the wind properties on the gas density. The gas
temperature (2× 106 K) and CR pressure (4× 10−13erg/cm3) are fixed. ṁ
is the mass loss rate of the wind.

Gas density u0 zc uf ṁ
(nR0 = 6× 10−3 cm−3) (km/s) (kpc) (km/s) (4.7× 10−4M�kpc−2yr−1)

0.2 39.7 18.9 595 2.5
0.5 10.7 30.9 428 1.7
1.0 3.1 40.6 403.7 1.0
3.0 0.8 72.2 296 0.73
6.0 0.3 96.5 269 0.53

Table 3.4: Dependence of the wind properties on the gas temperature. The
gas density (6× 10−3cm−3) and CR pressure (4× 10−13erg/cm3) are fixed.

Gas temperature u0 zc uf
(TR0 = 2× 106 K) (km/s) (kpc) (km/s)

0.5 3.09 34.3 419
1.0 3.1 40.6 403.7
2.0 6.9 104.9 243
3.0 17.5 367.6 152.4
4.0 182 13.32 263
5.0 280 7.8 441.3
6.0 362 4.8 573.5
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Table 3.5: Dependence of the wind properties on the CR pressure. The gas
density (6× 10−3cm−3) and temperature (2× 106 K) are fixed.

CR pressure u0 zc uf
(PRc0 = 4× 10−13erg/cm3) (km/s) (kpc) (km/s)

0.2 0.72 64.1 339
0.5 1.84 51.2 351
1.0 3.1 40.6 403.7
2.0 8.6 36.9 376.5
3.0 14.5 32.6 394
4.0 21.8 29.2 415
5.0 30.7 26.2 439.6
6.0 41.1 23.6 573.5

In Table 3.3-3.5 we report the variation of the launching velocity u0, of
the location of the sonic point zc and of the terminal velocity uf , when the
gas density (Table 3.3), the gas temperature (Table 3.4) and the CR pressure
(Table 3.5) are varied compared to the reference case of Fig. 3.3 (indicated
by the superscript "R").
The first basic considerations on the possibility for the gas to escape from
the Galaxy are based on energetic grounds. Consider for instance what
happens at fixed gas density and CR pressure (Table 3.4): for temperatures
below ∼ 0.4TR0 it is impossible to launch a wind simply because the energy
available is too low. In the opposite limit, i.e for temperatures ∼ 7TR0 , the
gas is simply too hot and the outflow is more an evaporation. This case
cannot be accounted for in our stationary approach.
At fixed gas temperature and CR pressure, an increase in the gas density
leads to a decrease of both the launching and terminal velocities (see Table
3.3). This is not surprising, since a larger mass load makes more difficult for
the pressure forces to launch a wind. Notice that the decrease of u0 with
increasing density is fast enough to drive down the mass loss of the wind
(which is proportional to n0 u0) despite the increasing density (see Table
3.3).
As shown in Table 3.4 and Table 3.5, increasing the temperature or the CR
pressure at fixed gas density leads to an increase in the launching velocity
(and because n0 is fixed, also in the mass loss rate). Notice however that
multiplying by factor of 6 the temperature and the CR pressure results in
an increase of factor ∼ 100 and ∼14 in u0 respectively. This fact can be
explained keeping in mind that momentum and energy depositions before
or after the sonic point affect the wind in different ways (see e.g Lamers &
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Cassinelli (1999)): momentum and energy added before the critical point
can increase both the mass loss and the terminal velocity, while momentum
and energy input after the critical point can only affect the terminal velocity,
since the mass loss is determined by the passage through the critical point.
The gas adiabatic index (5/3) is larger than the CR adiabatic index (∼
4/3), implying a larger gas pressure gradient compared to the CR pressure
gradient. Thus the thermal pressure is more efficient than the CR pressure
at increasing the mass loss. In addition, notice that the z evolution of the CR
pressure also depends on whether the flow is sub-Alfvénic or super-Alfvénic.
In fact, referring to Eq. 2.12, we have the following limits for the CR pressure
gradient (see Everett et al. (2008)):

lim
u<<vA

= γeff
Pc
2ρ

dPc
dz

(3.15)

lim
u>>vA

= γeff
Pc
ρ

dPc
dz

. (3.16)

The effective CR adiabatic index is γeff/2 in the sub-Alfvénic regime and
γeff in the super-Alfvénic regime. For what we said above, CRs are less
efficient at driving the wind in the sub-Alfvénic regime than in the super-
Alfvénic.
The behavior of the terminal velocity with the gas temperature and the CR
pressure is a bit more complicated to explain. In Table 3.4 and Table 3.5
we can see that, when increasing both magnitudes, the terminal velocity in
general does not increase. Keeping the gas density and the CR pressure at
the reference values and increasing the temperature from 0.5TR0 to 3TR0 , uf
decreases by a factor ∼ 3, while from 3TR0 to 6TR0 it increases by factor
of ∼ 4. Similarly, keeping the gas density and temperature atthe reference
values and increasing the CR pressure from 0.2PRc0 to PRc0, uf increases, then
decreases when passing from PRc0 to 2PRc0, and finally increases when passing
from 2PRc0 to 6PRc0.
In order to understand this behavior, notice that the terminal velocity is
computed from the energy conservation equation 3.11. At large z, where all
other quantities drop to zero, all the energy density of the wind goes into
kinetic energy of the gas, thus uf is related to the magnitudes at the wind
base through

u2
f

2
=
u2

0

2
+

γg
γg − 1

Pg0
ρ0

+ Φ(z0) +
γeff

γeff − 1

Pc0
ρ0

u0 + vA0

u0
. (3.17)

Unlike the gas pressure term, which does not depend on u0, the CR term
depends on the Alfvénic Mach number MA0 = u0/vA0 through the factor
(1 + MA0)/MA0. This factor becomes large when MA0 is small (� 1) and
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approaches unity when MA0 gets large (� 1). Considering the results of Ta-
ble 3.4, we have that, starting from 0.5TR0 and increasing the temperature,
the launching velocity and the gas pressure increase, together with the ki-
netic and gas terms in Eq. 3.17. However, the CR term decreases, due to the
factor (1 +MA0)/MA0. In the range 0.5TR0 − 3TR0 the decrease of the CR
term dominates over the increase of the kinetic and gas terms, thus leading
to a decrease of the terminal velocity with increasing temperature. At larger
gas temperature the gas term finally starts to dominate over the CR term
and the terminal velocity increases with the gas temperature. Notice that
at large temperatures the wind il launched super-Alfvénic (vA0 = 28 km/s)
and the CR term becomes practically independent on MA0. The results of
Table 3.5 can be explained with similar considerations.
The location of the sonic point is nearer to the Galactic disk for smaller gas
density and for larger gas temperature and CR pressures. This is due to the
fact that in all three cases the gas is accelerated more easily and in general
reach the sonic point at smaller z.

We conclude this overview with a discussion on the role played by wave
damping. In Breitschwerdt et al. (1991) wave damping was considered
marginally and the paper mainly analyzed a model where Alfvén waves,
produced through CR streaming instability, are not damped and can grow
indefinitely. In such model the parameter space for the wind launching was
much larger than in the case of wave damping, resulting in the possibility
to easily launch winds also at relatively low temperatures and high gas den-
sities. In the presence of wave damping the parameter space is reduced,
mainly due to two factors. First, if waves are not damped, their pressure
contribution, which grows up to reach more or less the same magnitude as
the CR pressure, can significantly help in pushing the gas. Moreover when
the waves are damped, the heat input from wave damping increases the tem-
perature (and thus the gas pressure) along z, which results in a smaller gas
pressure gradient, i.e a smaller force imparted to the wind. If the contribu-
tion of wave damping is too intense, the gas heating can be so important as
to make the gas pressure increase with z, thus creating a stall in the outflow.
In this situation the wind formation is prevented (see Everett et al. (2008)).

3.3.2 Effect of the flux-tube geometry

In Chapter 2 we have seen that it is possible to solve the wind problem under
the assumption that the flow geometry is preassigned and the flow area is
given by

A(z) = A0

[
1 +

(
z

Zb

)α]
, (3.18)

where z is the distance from the Galactic disk. We have also shown that with
such an assumption the wind equations become effectively one-dimensional
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(only depend on z) while the gas expansion is accounted for with the increase
of the flux area with z. Here we analyze the impact of the flux-tube geometry
(i.e of the area parameters α and Zb) on the wind launching, keeping the gas
density, temperature and CR pressure to the reference values of Fig. 3.3 and
using the NFW-Sofue DM profile (see Sec. 3.1). The "mushroom" type ge-
ometry of Fig. 2.1 has been widely used in the literature of CR-driven winds
(see e.g Breitschwerdt et al. (1991); Everett et al. (2008)) and reflects what
we would intuitively expect for outflows from disk galaxies: the flow proceeds
in nearly cylindrical form up to a certain distance Zb from the galactic disk
and then opens up in a nearly spherical way (α = 2 corresponds to spherical
opening). Of course, in a full treatment of the CR-driven wind problem, the
flow geometry should be calculated self-consistently by accounting for the
large-scale magnetic field. However, such study is beyond the scope of the
present work, thus we retain the well established geometry of Fig. 2.1 and
we study how the wind properties get modified when Zb and α are changed.

The flux-tube geometry influences directly the flow acceleration, but also
the gas density (see Eq. 3.10 and 3.12) and consequently the pressure gra-
dients (see Eq. 2.11 and 2.12). Thus, it is not surprising that the shape of
A(z) has an important effect on the wind properties. In what follows we first
discuss the effect produced by changing the length scale, Zb, and then the
effect of the exponent α:

• effect of changing the length scale Zb

We fix α = 2.0 and we change Zb in the range 5-20 kpc, stepped
by 2.5 kpc. In Table 3.6 we show the wind launching velocity u0, the
wind terminal velocity uf and the location of the sonic point zc as
functions of Zb, while in Fig. 3.4 we report the wind profile for only
two cases, Zb = 5 kpc and Zb = 20 kpc.
It is clear from these plots that at smaller Zb correspond larger u0 and
zc and smaller uf . These results can be explained as follows: at smaller
Zb, the adiabatic expansion of the gas begins at smaller z, resulting
in a larger density gradient, as shown in Fig. 3.4(b). Larger density
gradients also correspond to larger pressure gradients (see Eq. 2.11
and 2.12) at smaller z. Because of what we said in Sec. 3.3.1, this
results in an increase of the wind launching velocity (and, because the
gas density is fixed, also in the mass loss rate).
Notice that, because vA = B/

√
4πρ and BA = const (see Eq. 2.9), a

steeper density profile also corresponds to a faster fall-off of the Alfvén
velocity (see Fig. 3.4(a)). This leads, at smaller Zb, to a flow which is
typically "more super-Alfvénic" along z, causing a more efficient CR
wind driving (see the discussion in Sec. 3.3.1), i.e an extra contribution
to the increase of u0.
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Table 3.6: Dependence of the wind properties on the area length scale Zb.
The gas density (3×10−3cm−3), gas temperature (2×106 K) and CR pressure
(4× 10−13erg/cm3) are fixed. α = 2.0.

Zb (kpc) u0 (km/s) zc (kpc) uf (km/s)

5.0 4.3 189.9 218.4
7.5 4.0 89.7 266.0
10.0 3.7 56.4 315.7
12.5 3.4 44.9 362.6
15.0 3.1 40.6 403.7
17.5 2.9 39.0 439.0
20.0 2.8 38.6 469.1

Being all parameters at the wind base fixed, the increase of the wind
launching velocity with decreasing Zb results in a decrease of the CR
term and in an increase in the kinetic term in the energy conservation
equation 3.11. However, in the case considered, the first effect is dom-
inant, and the terminal velocity decreases with decreasing Zb.

In the subsonic regime, the numerator of the wind equation 3.12 is
dominated by the gravitational term (see discussion at the beginning
of this chapter). A smaller Zb makes the term a(z) become important
at smaller z (the area starts to open up at smaller z), while, as it can
be seen in Fig. 3.4(a), c∗ depends weakly on Zb. This results in a
flatter velocity profile at smaller Zb. The larger launching velocity at
smaller Zb does not compensate the decrease in acceleration, leading
to a sonic point located at larger z.

• Effect of changing the expansion index α

Now we fix Zb = 15 kpc and we vary α in the range 1.2-2.2, stepped
by 0.2. In Table 3.7 we show the wind launching velocity u0, the wind
terminal velocity uf and the location of the sonic point zc as functions
of α. In Fig. 3.5 we report the wind properties only for the two ex-
treme cases α = 1.2 and α = 2.2.
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Table 3.7: Dependence of the wind properties on the expansion index α. The
gas density (3 × 10−3cm−3), gas temperature (2 × 106 K) and CR pressure
(4× 10−13erg/cm3) are fixed. Zb = 15 kpc.

α u0 (km/s) zc (kpc) uf (km/s)

1.2 2.5 73.0 513.6
1.4 2.7 61.2 482.0
1.6 2.9 52.6 453.5
1.8 3.0 45.9 427.6
2.0 3.1 40.6 403.7
2.2 3.3 36.2 382.0

As it can be inferred from these plots, larger value of α corresponds to
smaller zc, larger u0 and smaller uf . This behavior can be explained
with considerations analogous to those for the area scale height Zb. At
z > Zb, an increase in α corresponds to steeper density profiles (see
Fig. 3.5(b)), i.e to larger pressure gradients, which act both in the
subsonic and in the supersonic region (notice that in all cases zc >
Zb). For this reason, when α increases the launching velocity increases
(and consequently also the mass loss rate increases), while the terminal
velocity decreases. Notice also that, as it can be seen in Fig. 3.5(a),
the compound sound speed c∗ does not change much when changing
α, especially in the subsonic regime, and that, since Zb is fixed, the
flux tube area A(z) does not change much for z < Zb for the analyzed
cases. This leads to velocity profiles which are practically parallel up
to ∼ Zb at all α (see Eq. 3.12 and Fig. 3.5(a)), and to a decrease of
zc when α increases. In fact, because the velocity profiles are nearly
parallel within ∼ Zb and c∗ is weakly dependent on α in the subsonic
regime, at larger u0 correspond smaller zc.
Finally, notice the steeper c∗ profile at z > Zb corresponding to larger
α. This is due to a more rapid fall off in z of the density and pressures.
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Figure 3.4: Comparison of wind profiles in case of changing the flux tube
geometry. Two cases are shown, Zb = 5 kpc and Zb = 20 kpc, while the value
of α is fixed to 2. The different plots are: a) wind, Alfvén and compound
sound speed; b) gas density and temperature; c) gas and CR pressure.
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Figure 3.5: Comparison of wind profiles in case of changing the flux tube
geometry. Two cases are shown, α = 1.2 and α = 2.2, while the value of Zb
is fixed to 15 kpc. The different plots are: a) wind, Alfvén and compound
sound speed; b) gas density and temperature; c) gas and CR pressures.

3.3.3 Effect of the Dark Matter profile

In Sec. 3.1, we described the DM profiles which we consider in our analy-
sis. The corresponding gravitational accelerations at the Sun Galactocentric
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distance are shown in Fig. 3.1(a). Notice that the four profiles are quite
different below ∼ 30−50 kpc, with NFW-Salucci showing the larger acceler-
ation and the INN the smaller. In addition, the two NFW profiles dominate
over the bulge and disk components practically at all z.

Table 3.8: Dependence of the wind properties on the dark matter profile. The
gas density (3 × 10−3cm−3), gas temperature (2 × 106 K) and CR pressure
(4× 10−13erg/cm3) are fixed. Zb = 15 kpc and α = 1.5.

DM halo u0 (km/s) zc (kpc) uf (km/s)

NFW-Sofue 2.78 56.6 467.4
BUR 5.0 241.8 304.5
INN 8.9 298.1 243.0

Here we fix the gas density, gas temperature and the CR pressure to the
reference values (see Fig. 3.3), α = 1.5 and Zb = 15 kpc, and we solve
the hydrodynamic wind problem for the different DM profiles. In Fig. 3.6
we show the wind profiles obtained for different DM models. The NFW-
Salucci model is missing since, with the chosen input parameters, a wind
solution was not found, while it was found for the other three DM models.
This is a typical example of how, fixed any other parameter, an increase
of the gravitational pull (the NFW-Salucci has the largest force among the
proposed models) could prevent the wind launching.
At larger gravitational acceleration, i.e for the NFW-Sofue profile, we get a
smaller launching velocity u0, a smaller zc and a larger terminal velocity uf .
The u0 trend can be accounted for if we consider the fact that the wind has to
be launched against the gravitational force, and given all other parameters,
an increase in the gravitational acceleration causes a decrease of the mass
loss. As explained in Sec. 3.3.1, a decrease in u0 causes an increase of the
CR energy density (see Eq. 3.11). For the cases shown in this analysis, the
increase of the CR energy term dominates over the decrease of the kinetic
energy density (u2

0/2), leading to an increase of the terminal velocity (see
Table 3.8).
Finally, notice that in the subsonic regime the gravitational term dominates
the numerator of the wind equation 3.12, while c∗ is weakly dependent on
the DM profile (see Fig. 3.6(a)). Thus a larger gravitational force leads to a
larger gas acceleration in the subsonic region, large enough to give a smaller
zc despite the smaller launching velocity, as it can be seen in Fig. 3.6(a).
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Figure 3.6: Comparison of wind profiles in case of changing the dark matter
halo model. Three cases are shown, the NFW-Sofue, the Burkert and the
Innanen profiles. The different plots are: a) wind and compound sound
speed; b) wind and Alfvén speed; c) gas density; d) gas temperature; e) gas
pressure; f) CR pressure.
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3.3.4 Comments on the radiative cooling

We conclude this Chapter discussing the role of radiative cooling of the gas,
a process that we have neglected so far.
For temperatures of the ISM of order ∼ 106 K the radiative cooling may be
important. As shown by Dalgarno & McCray (1972), at these temperatures
the ISM is cooled by the emission of forbidden lines and soft X-rays, at a
rate

1

T

dT

dt
∼ Λ(T )n2. (3.19)

The cooling function is Λ(T ∼ 106) ∼ 2 × 10−23 erg cm3/s. Notice the
strong dependence on the gas density.

From the formal point of view, radiative cooling can be easily included
in the wind hydrodynamic equations: Eq. 2.11 for the gas pressure becomes

dPg
dz

= γg
Pg
ρ

dρ

dz
− (γg − 1)

vA
u

dPc
dz
− (γg − 1)Λ(T )

n2

u
, (3.20)

while the wind equation 2.10 gets modified as

1

u

du

dz
=
c2
∗ a(z)− g(z) + (γg − 1)Λ(T )nu

u2 − c2
∗

. (3.21)

These expressions have been derived also byDougherty et al. (1990), where
it was also shown that the solution topology illustrated in Sec. 2.2 holds also
with the addition of radiative cooling. Notice that the cooling term appears
in the numerator of the wind equation 3.21 with the same sign of the area
term, i.e as a "diverging duct" term in the De Laval nozzle picture.
Confronting the radiative cooling time and the wave heating time for the
reference case of Fig. 3.3, we have τcool ∼ 107 yr and τheat ∼ 108 yr. This
example shows that, in the absence of additional heating terms, the radia-
tive cooling can be a quite fast process near the Galactic disk (where the gas
density is larger) and can in principle prevent the wind launching. From the
formal point of view, a large cooling term would result in a positive numer-
ator at the wind base in Eq. 3.21, making a wind solution impossible (see
the discussion of Sec. 3.3).
On the other hand, the ISM 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 suggested 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 heat-
ing and cooling processes. Which process dominates the heating is at the
moment unclear but observations reveal that the temperature in the halo
reaches ∼ 105 − 106 K (see for instance Miller & Bregman (2015)), hence
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supporting the idea that either the cooling is negligible or it is balanced by
heating processes. It is worth to remark that the expression (3.19) is valid
assuming solar metallicity. In case of smaller metallicity, as it is expected
for the gas in the halo, the cooling rate is somewhat reduced.
In this thesis we decided, in line with Breitschwerdt et al. (1991), to assume
that radiative cooling is balanced by some heating processes, and not to
include it in our analysis.
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Chapter 4

Cosmic Ray spectrum

In Chapter 3 we illustrated how the wind properties depend on the input
parameters. We carried out our analysis only considering winds launched
at the Galactocentric distance of the Sun (R� ∼ 8.5 kpc) and near the
Galactic disk (z0 ∼ 100 pc). This information is important since, not only
the Galactic gravitational potential depends on the position in the Galaxy,
but also the CR spectrum and pressure at the Sun position are measured
(PCR� ∼ 4 × 10−13 erg/cm3), providing a strong constraint on our wind
model. As it has been pointed out in Chapter 2, the CR spectrum depends
in a non-linear way from the transport properties (advection and diffusion)
and from the injection spectrum (see Eq. 2.17). However, the injection spec-
trum can be normalized either to obtain the observed CR pressure, either to
match the computed spectrum with the observed spectrum at one specific
energy (for instance 50 GeV). This can be done both by changing the injec-
tion efficiency or the source rate in Eq. 2.28. In Chapter 3 we fixed the CR
pressure, here we use both approaches. Notice that neither normalization
of the injection spectrum guarantees that the CR spectrum, computed self
consistently with the wind properties (as illustrated in Chapter 2) matches
observations. And in fact usually it is not the case, and often happens that
reasonable values for the input parameters lead to a spectrum totally differ-
ent from the one observed.
In Sec. 4.1 we address this issue (see Recchia et al. (2016a)) by presenting
some selected cases in which we solve the wind problem for input parameters
suitable for the Sun position (see Sec. 3.2) and we check the computed spec-
trum versus observations. As we will show, a discrepancy at low CR energies
(. 50GeV ) is usually caused by a too large advection velocity at the wind
base (in most cases dominated by the Alfvén speed near the launching point),
which flattens the low energy CR spectrum. In some cases, the advection
velocity can be so large as to dominate the CR transport up to energies of
hundreds of GeV. A smaller Alfvén speed (and possibly a smaller wind speed)
is obtained by launching the wind with larger gas density (and/or at smaller
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magnetic field). However, for density values large enough to match the low
energy CR spectrum, it can happen that the wind is not launched. In these
borderline cases, once fixed all other parameters, the DM halo gravitational
potential can determines whether the wind is launched and the quality of
the agreement with the observed spectrum. At higher CR energies (above
& 200 GeV) the opening of the flux-tube area (see Fig. 2.1) together with the
energy dependence of the self-generated diffusion coefficient (see Eq. 2.18)
makes the CR spectrum steeper than the observed one.

In all these considerations, similarly to what we did in Chapter 3, we
assume that the wind is launched near the Galactic disk. In doing so, we im-
plicitly assume that the ionized part of the ISM, where the coupling of CRs
and plasma is strong and the wind launching can take place, is physically
separated from the neutral component even in the near disk region. This pic-
ture could be realistic if the neutral component of the ISM is mainly clumped
in clouds with a small filling factor (see e.g Ferrière (2001)). However, other
scenarios are possible. For instance, in case the neutral and ionized compo-
nents are not separated enough, ion-neutral damping is expected to damp
self-generated Alfvén waves within ∼ 0.5− 1 kpc from the Galactic disc (see
also Sec. 1.1.3). In this region the coupling between CRs and gas would be
too weak and the wind quenched. The wind can however be launched above
this region, where the neutral component becomes negligible. Breitschw-
erdt et al. (1991) considered such scenario and took z0 = 1 kpc as the wind
launching point. In Sec. 4.2 we examine a similar situation by assuming that
winds are launched at some distance from the Galactic disc, while the CR
transport in the near-disc region is assigned by speculating that some type
of turbulence may be maintained in the near-disc region, due for instance to
SN explosions, though the waves will be assumed to be isotropic, so that the
effective Alfvén speed is zero (see Recchia et al. (2016a)). We will show that
such setup has prominent consequences on the CR spectrum.

Finally, in Sec. 4.3, we discuss the impact of the DM halo profile on the
CR spectrum, and we show that it is possible to find a wind model which is
consistent both with the recent observations discussed in Miller & Bregman
(2015) and with the observed CR spectrum.

4.1 Reference models

The wind solution depends on several parameters, hence, in order to make the
discussion more fluent we decided to present three different scenarios, named
Model-A, Model-B and Model-C. In all three cases we solve the wind problem
(as described in Chapter 2) in the assumption that the wind is launched at
the Sun position (Galactocentric distance R� = 8.5 kpc, z0 = 100 pc), and
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by fixing the gas temperature to T0 = 2 × 106 K, the slope of the injection
spectrum to γ = 4.3, the parameters of the flux-tube geometry to Zb = 15
kpc and α = 1.5 and by using the NFW-Sofue dark matter profile. The three
scenarios differ in the values of the gas density n0 and magnetic field B0 at
the wind base and in the normalization of the CR injection spectrum (which
is normalized either to obtain the observed CR pressure, either to match the
computed spectrum with the observed spectrum at 50 GeV):

• Model-A:

we assume the gas density n0 = 0.003 cm−3 and the magnetic field
B0 = 2µG at the wind launching point z0. In addition, we normal-
ize the injection spectrum in order to get the observed CR pressure
Pc0 = 4× 10−13 erg/cm3 at z0. For this reason, we are bound to take

ξCR
0.1

RSN
1/30 yr−1

≈ 1.1

in the injection spectrum (see Eq. 2.28). The results are summarized
in the plots of Fig. 4.1 and 4.2, that we comment in what follows.
The solution for the wind density and temperature are shown in Fig.
4.1(b), while Fig. 4.1(a) shows the wind velocity, the Alfvén speed and
the compound sound speed. The wind is launched sub-Alfvénic with
u0 = 14 km/s and becomes sonic at zc = 35 kpc, while the Alfvén
speed at z0 is 79 km/s. The CR pressure is shown in Fig. 4.1(c),
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 CR pressure as derived from the hydrodynamic calculations
shows that the method of solution described in Chapter 2 reached
convergence. This is true for all the cases presented in this work. The
wave pressure shown in Fig. 4.1(c) is computed from the equilibrium
wave spectrum, obtained by equating the growth rate of waves due
to CR streaming instability and the damping rate due to NLLD (see
Eq. 2.21). Notice that the wave pressure is much smaller than the
gas and CR pressure, thereby justifying a posteriori the fact that it is
neglected in the hydrodynamic equations. In Fig. 4.1(d) we report the
CR spectrum at z0 together with the VOYAGER and AMS-02 data.
The red curve also includes the effect of the solar modulation (see e.g
Bernardo et al. (2010)). Finally, in Fig. 4.2(a) and 4.2(b) we show
the CR distribution function and diffusion coefficient respectively at
different heights from the Galactic disk, while in Fig. 4.2(c) we show
the effective boundary, s∗(p), between the wind regions where the CR
transport is dominated by diffusion or by advection. Notice that, as
anticipated in Sec. 1.1.2, s∗(p) is a growing function of momentum.
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• Model-B:

as for model-A, we assume the gas density n0 = 0.003 cm−3 and the
magnetic field B0 = 2µG at the wind launching point z0. However, we
normalize the injection spectrum in order to reproduce the observed
CR spectrum at 50 GeV. For this reason, we are bound to take

ξCR
0.1

RSN
1/30 yr−1

≈ 0.75.

The results for the wind density and temperature are shown in Fig.
4.3(b), while the wind velocity, the Alfvén speed and the compound
sound speed are shown in Fig. 4.3(a). The wind is launched sub-
Alfvénic with u0 = 9 km/s and becomes sonic at zc = 39 kpc, while the
Alfvén speed at z0 is 79 km/s. The CR pressure is shown in Fig. 4.3(c),
together with the gas pressure and wave pressure (also in this case the
wave pressure is small compared to the gas and CR pressure). Notice
that, because we are not imposing the CR pressure at z0, the latter is
an output of the calculation, with value Pc0 = 2.6 × 10−13 erg/cm3.
This explains the difference in wind velocity between model-A and
model-B. Finally, in Fig. 4.3(d) we compare the CR spectrum at z0

with the VOYAGER and AMS-02 data.

• Model-C:

We assume the gas density n0 = 0.006 cm−3 and the magnetic field
B0 = 1µG at the wind launching point z0. As for model-B, we nor-
malize the injection spectrum in order to reproduce the observed CR
spectrum at 50 GeV. For this reason, we are bound to take

ξCR
0.1

RSN
1/30 yr−1

≈ 0.32.

The wind density and temperature are shown in Fig. 4.4(b). In Fig.
4.4(a), we show the wind velocity, the Alfvén speed and the compound
sound speed. The wind is launched sub-Alfvénic with u0 = 2 km/s
and becomes sonic at zc = 60 kpc, while the Alfvén speed at z0 is 28
km/s. The CR pressure is shown in Fig. 4.4(c), together with the gas
and the wave pressure. As for model-B, because we are not imposing
the CR pressure at z0, the latter is an output of the calculation, with
value Pc0 = 3.2 × 10−13 erg/cm3. Finally, in Fig. 4.4(d) we compare
the CR spectrum at z0 with the VOYAGER and AMS-02 data.
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Figure 4.1: Results for Model-A: at the wind base, z0, the gas density is
n0 = 3 × 10−3cm−3 and the magnetic field is B0 = 2µG. The CR injection
spectrum has been normalized in order to get the observed CR pressure
Pc0 = 4× 10−13 erg/cm3 at z0.
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Figure 4.2: Results for Model-A (continued): at the wind base, z0, the gas
density is n0 = 3 × 10−3cm−3 and the magnetic field is B0 = 2µG. The
CR injection spectrum has been normalized in order to get the observed CR
pressure Pc0 = 4× 10−13 erg/cm3 at z0.
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In all the three cases the CR advection velocity near the wind base is domi-
nated by the Alfvén speed, which is non-zero at the base of the wind, because
of a non zero strength of the magnetic field orthogonal to the galactic plane.
The advection velocity at the wind base is u0 + vA0 ∼ 93 km/s, ∼ 88 km/s
and ∼ 30 km/s for model-A, B and C respectively. An important feature
of the spectra at the disk, shown for the three models in Fig. 4.5(a), is the
spectral hardening with increasing advection velocity. In fact, as it can be
seen from Fig. 4.5(b), where the slope of the three spectra as a function of
momentum is reported, the spectrum for Model-A is systematically flatter
than that for Model-B, which in turn is flatter than the spectrum for Model-
C. This is due to the fact that, the larger the CR advection velocity, the
higher the CR energy at which advection dominates the CR transport, thus
producing a spectrum with spectral index near the injection spectral index
(see Sec. 1.1.1).
From Fig. 4.4(d), we can see that below ∼ 200 GeV Model-C reproduces well
the observed CR spectrum, while the larger spectral hardness of Model-A
and Model-B leads to spectra which do not resemble the observed spectrum.
This is a crucial point, since for all the three models we adopted environmen-
tal parameter values which are compatible with observations (see Sec. 3.2).
Exploiting the results of Chapter 3 on the dependence of the wind properties
on the launching parameters, we can infer what would happen by changing
the gas density and temperature and the magnetic field at the wind base (al-
ways within the observational constraints). By increasing the magnetic field
and/or decreasing the gas density we would obtain an increase in the Alfvén
speed and, consequently, harder spectra. In addition, a decrease of the gas
density, as well as an increase of the gas temperature, leads to an increase
of the wind launching velocity, with a similar result on the CR spectrum.
On the other hand, an increase in the gas density would lead to smaller
advection velocities (both decreasing the Alfvén and the wind speed), i.e to
a generally steeper spectrum. However, when the density is above a certain
threshold it may become impossible to launch winds. The same consider-
ation holds when decreasing the gas temperature: the Alfvén speed is not
affected but the wind velocity decreases. This situation is particularly im-
portant for winds in which the launching velocity is comparable or larger
than the Alfvén speed. Also in this case at smaller temperatures the wind
launching may be prevented.
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Figure 4.3: Results for Model-B: at the wind base, z0, the gas density is n0 =
3×10−3cm−3 and the magnetic field isB0 = 2µG. The CR injection spectrum
has been normalized in order to reproduce the observed CR spectrum at 50
GeV.
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Figure 4.4: Results for Model-C: at the wind base, z0, the gas density is n0 =
6×10−3cm−3 and the magnetic field isB0 = 1µG. The CR injection spectrum
has been normalized in order to reproduce the observed CR spectrum at 50
GeV.
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Figure 4.5: Comparison of CR spectra and slope for models A, B and C and
for the model which includes the near-disk region.

To summarize, we found that the CR spectral features in a CR-driven
wind depend strongly on the wind parameters, and that imposing the ob-
served CR pressure at z0 (or imposing the matching with the observed spec-
trum at a specific energy) does not guarantee at all that the CR spectrum
which solves the wind problem matches the observed one. For this reason it
is frequent, in the CR-driven wind problem, to find winds which are compat-
ible with the observational constraints on the input parameters but which
lead to a spectrum totally different from the one observed.
The strong dependence of the CR spectrum on the wind parameters found
in this work seems to conflict with previous results by Ptuskin et al. (1997),
and deserves a deeper discussion. In their approach the authors considered
the CR transport in a simplified wind model in which the CR advection
velocity (dominated by the Alfvén speed) was assumed to scale linearly in
z up to the area scale height Zb ∼ 15 kpc, and to be constant for z > Zb.
Because the advection velocity grows linearly in z, it will eventually reach a
critical distance, s∗(p), at which advection starts to dominate over diffusion
(see Sec. 1.1.2). At this critical distance the CR advection time equals the
diffusion time

s2
∗

D(p)
≈ s∗
U (s∗)

⇒ s∗(p) ∝ D(p)1/2, (4.1)

where we used the assumption of linear relation U ∼ ηz. Notice that, because
the CR diffusion coefficient is a growing function of momentum, also s∗(p)
grows with momentum.
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In the diffusion-dominated regime, namely when z . s∗(p), the CR spectrum
is expected to be approximately the one obtained in the standard diffusion
model (see Sec. 1.1.1). Thus, we can approximate the CR diffusion flux at
the disk as

D(p)
∂f

∂z
|z=0 ≈ −Q0(p)/2 ∝ p−γ , (4.2)

and the equilibrium spectrum as

f(p) ∼ Q0(p)

s∗(p)

s2
∗

D(p)
∼ Q0(p)D(p)−1/2, (4.3)

where we used Eq. 4.1.
Notice that Eq. 4.2 and 4.3 are similar to those in a leaky-box model, in
which f0(p) ∼ Q0(p)H/D(p), but with a momentum dependent halo size
s∗(p), which replaces the preassigned halo size H.
Note that a momentum dependent halo size appears naturally in our CR-
driven wind model as an output of the calculation. In contrast to what
happens in standard CR propagation models, where the size of the halo has
to be imposed by hand in order to guarantee the stationarity of the problem,
the transport in a CR-driven wind does not require a preassigned halo size
(see also Sec. 2.3).
Using Eq. 2.21 and 2.18 for the CR diffusion coefficient one can show that

D(p) ∝ p2γ−7 (4.4)

f(p) ∼ p−2γ+7/2.

Hence, for injectionQ0(p) ∼ p−4.3 one infers an equilibrium spectrum f0(p) ∼
p−5.1.

The problem with this argument put forward by Ptuskin et al. (1997), is
that it is strictly valid only when the advection velocity vanishes at the base
of the wind. In fact, Eq. 2.36 shows that Eq. 4.2, which holds in the diffusion
dominated regime, is strictly valid only if the advection velocity is zero at
the disk (U(z0) = 0). In a real wind problem, as it as been shown in Chapter
3 and in the present chapter, this is evidently not the case. This is evident
by looking for instance at Model-A: in Fig. 4.2(c) and 4.2(b) we show the
critical distance s∗(p) and the diffusion coefficient. One can see that the
simple scaling s∗(p) ∝ D(p)1/2 is not satisfied. In addition, if the simple
scalings of Eq. 4.4 were satisfied, we would have obtained a spectral slope
of ∼ 5.1 at CR momenta such that s∗(p) < Zb. In Model-A s∗ ∼ Zb = 15
kpc occurs at p ∼ 150 GeV. However, as we can infer from Fig. 4.5(b), the
spectral slope of Model-A is well below 5.1 at momenta below ∼ 150 GeV.
At momenta larger than that for which s∗ = Zb, the authors assume the
advection velocity to be constant. In this case the equilibrium spectrum
is expected to be as f0(p) ∼ Q0(p)πR2

d/(ufs
2
∗), while s∗ ∝ D(p). Thus the
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equilibrium spectrum would have a slope −3γ+7. This effect corresponds to
a steepening of the spectrum at the transition momentum for which s∗ = Zb.
This spectral softening is typical in the CR-driven wind model presented in
this thesis, as it can be seen also for Model-A, Model-B and Model-C. For
such reason it is not possible to reproduce the spectral hardening measured
by PAMELA Adriani et al. (2011) and AMS-02 Aguilar et al. (2015). In
Sec. 4.2 below we discuss a modified version of our wind model in which it
is possible to account for this spectral hardening.

4.2 The importance of the near-disk region

In Sec. 4.1 we reported our analysis of the CR spectrum in a CR-driven
wind by assuming that the wind is launched at the edge of the Galactic
disk (z0 = 100 pc). As discussed in the introduction to this chapter, this
picture is justified by assuming that the neutral hydrogen in the ISM is
mostly clumped in clouds with small filling factor, so that the generation
of Alfvén waves is not strongly suppressed by ion-neutral damping (Kulsrud
& Cesarsky (1971)). Is is worth recalling that, since plasma waves provide
the coupling between CRs and background plasma, a strong wave damping
would lead to a quenching of the wind.
However, as pointed out by Breitschwerdt et al. (1991), the picture could be
different from the one proposed in Sec. 4.1, and the near-disk region may
be plagued by severe ion-neutral damping (see Sec. 1.1.3). In this scenario,
the wind is suppressed in this region, but may still be launched farther from
the Galactic disk, where the density of the neutral component of the ISM is
expected to largely decrease and the ion-neutral damping to become unim-
portant. For this reason Breitschwerdt et al. (1991) considered z0 = 1 kpc
as the wind base.
Notice that ion-neutral damping prevents CR diffusion even in the absence
of winds. This was recognized in pioneering works on CR propagation (see
e.g Skilling (1971); Holmes (1975)), where the near-disk region was assumed
to be wave-free and the CR propagation in this region to be ballistic, while
the ionized outer halo was considered as the actual diffusion region.
However, some type of turbulence may still be maintained in the near-disc
region, perhaps due to SN explosions themselves. One could speculate that
the waves may be considered to be isotropic there, so that the effective Alfvén
speed vanishes.

Keeping in mind these considerations (see Recchia et al. (2016a)), here we
illustrate a scenario for the wind launching that is different from the one
presented in Sec. 4.1 and constructed as follows: the wind is assumed to
be launched at a distance z0 = 1 kpc from the disc and the near-disc re-
gion (|z| < z0) is assumed to be characterized by a preassigned diffusion
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coefficient, in the following form:

D(p) = 3× 1028

(
p

3mpc

)1/3

cm2 s−1, (4.5)

and by an effective Alfvén velocity vA = 0. At z ≥ z0, namely in the wind
region, the diffusion coefficient is assumed to be purely self-generated as
illustrated in Chapter 2.
From a technical point of view, the method of solution is the same described
in Chapter 2, with the only difference that now, since the wind base is quite
far from the Galactic disk, the CR pressure at the base of the wind differs
from the one at the Sun location, which is imposed to equal the observed
one as in Model-A of Sec. 4.1.
Notice that if U0 is non-zero, there is always a particle momentum below
which advection is more important than diffusion and the CR spectrum
turns out to have roughly the same slope as the injection spectrum.
As we pointed out, here we assume the advection velocity to vanish in the
near-disk region. However, in order to avoid discontinuities in the advection
velocity at the boundary between the near-disk region and the wind region,
we instead allow for both the wind velocity u(z) and the Alfvén speed vA(z)
to have a low z cutoff at z < z0, so that both velocities drop to zero in
a continuous manner in the near disc region. We checked that the details
of such assumption do not have serious implications for the solution of the
problem, provided that the velocity drops to zero fast enough inside the near-
disc region. In order to appreciate the effect of the "near-disk" region, we
consider a wind launched with the same parameters as Model-A of Sec. 4.1
at the wind base. In Fig. 4.6(b) and Fig. 4.6(a), we show the wind density
and temperature and the wind velocity (together with the Alfvén and sound
speed) respectively. Of course, those profiles are limited to the wind region
z ≥ z0 = 1 kpc. As for Model-A, B and C of Sec. 4.1, the advection velocity
is dominated by the Alfvén speed at the wind base. The wind is launched
with u0 = 15 km/s and becomes sonic at zc ∼ 40 kpc. The Alfvén speed at
the wind base is vA0 = 79 km/s.
In Fig. 4.6(c), we show the CR and gas pressures. The gas pressure is limited
to the wind region while the CR pressure extends down to the disk region.
Here we also plotted the CR pressure as derived from the hydrodynamic
calculation in the wind region, which, with good accuracy, overlaps with the
one derived from the kinetic calculation. In the same plot we also show the
wave pressure as derived from the kinetic calculation.
The injection spectrum has been normalized in order to get the observed CR
pressure at the disk. For these reason we are bound to take

ξCR
0.1

RSN
1/30 yr−1

≈ 0.8. (4.6)
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Figure 4.6: Results for the model which includes a near-disk region. Different
panels show: a) wind, Alfvén and compound sound speed; b) gas density and
temperature; c) gas and CR pressure.
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In Fig. 4.5(a) and 4.5(b), we compare the CR spectrum at the disk and the
corresponding spectral slope as obtained for this wind model, together with
those of Model-A, B and C. One can immediately see the huge effect of the
near-disk region on the CR spectrum at Earth: at low energies (below ∼ 10
GeV) the CR spectrum is mainly affected by advection, while in the range
10 GeV . E . 1000 GeV it is mainly affected by the self-generation of waves
in the wind region. At energies higher than ∼ 1 TeV the spectrum hardens.
The flat spectrum at low energies and the progressive steepening up to ∼ 1
TeV is typical of non-linear CR propagation models (see e.g Aloisio et al.
(2015)), and was also found in our wind model (see Sec. 4.1). This spec-
tral behavior is due to the effect of advection (at low energies) and to the
fast energy dependence of the self-generated diffusion coefficient. The spec-
tral hardening at ∼ 1 TeV is due to the Kolmogorov turbulence (Eq. 4.5)
assumed in the near disc region. And in fact, the spectral slope becomes
4.3(injection) + 1/3(Kolmogorov) ' 4.63 at E & 1 TeV. This hardening is
qualitatively similar to the one found by Tomassetti (2012) in a simple two
zone model of the Galactic halo.
The important point to remark here is that the CR spectrum above ∼ 1 TeV
is mainly affected by the nar-disk region, while below ∼ 1 TeV, it is mainly
affected by what happens in the wind region, i.e is determined by the inter-
play between the advection with the self-generated Alfvén waves and with
the wind and the diffusion on the self-generated turbulence, as illustrated
in this thesis. Thus, the transport properties of the bulk of CRs are not
preassigned in this approach.
To conclude, notice that the qualitative behavior at high energy of the spec-
trum presented here resembles the spectral hardening measured by PAMELA
(Adriani et al. (2011)) and AMS-02 (Aguilar et al. (2015)). We did not try
to fit the data because our main goal is to show the qualitative effect of
diffusion in the near-disk region.

4.3 Comparing the model with observations: the
effect of the Dark Matter halo

In the present chapter and in Chapter 3 we illustrated how, in a CR-driven
wind model, both the wind properties and the CR spectrum depend on the
launching parameters. We performed our analysis by taking into account the
observational constraints on the parameters at the Sun position, as described
in Sec. 3.2. In Sec. 3.3 we also considered the effect of the DM halo (see
Sec. 3.1) on the wind profile.

Here we present a wind model whose parameters are compatible with
properties of the Galactic halo derived in Miller & Bregman (2015), i.e
Model-C of Sec. 4.1, and to study how the CR spectrum depends on the
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DM halo profile. In particular, we show that it is possible to have a good
agreement with the observed CR spectrum, depending on the choice of the
DM halo potential.
We already mentioned the work of Miller & Bregman (2015) in Sec. 3.2.

Here we report a more detailed description of their results. A hot gaseous
halo has been detected in the Milky Way through Oxygen absorption lines
in quasar spectra and emission lines from blank-sky, measured by XMM-
Newton/EPIC-MOS. Constraints on the structure of the hot gas halo are
given by fitting a radial model,

n(r) ≈ n0r
3β
c

r3β
, (4.7)

for the halo density distribution and a constant-density model for the Local
Bubble, from which the expected emission, to compare with observations, is
computed.
Here r =

√
R2 + z2, where R is the Galactocentric distance and z the dis-

tance from the Galactic disk. The best fit parameters for the halo density
given in Miller & Bregman (2015) are β = 0.5± 0.3 and n0r

3β
c = 1.35± 0.24

cm−3kpc3β . The authors also infer a nearly constant halo temperature of
∼ 2× 106 K and a sub-solar gas metallicity that decreases with r, but that
also must be & 0.3Z� to be consistent with the pulsar dispersion measure
toward the Large Magellanic Cloud.
This halo model implies a gas density of 3 − 6 × 10−3 cm−3 in the vicin-
ity of the Sun, a density scaling with z that reads n(z) ∼ z−1.5, and a
halo mass of M(< 50kpc) = (3.8 ± 0.3) × 109 M� and M(< 250kpc) =
(4.3±0.8)×1010 M�. Notice that this coronal gas could be in fact the result
of Galactic winds and that such halo mass accounts for . 50% of the Milky
Way missing baryons.

The Model-C wind, which we considered in Sec. 4.1 and we use also in the
present analysis, has the following parameter values: gas density n0 = 0.006
cm−3, gas temperature T0 = 2× 106 K, expansion index of the area α = 1.5,
area scale height Zb = 15 kpc, magnetic field B0 = 1µG and wind base close
to the Galactic disk, at z0 = 100 pc. The CR injection is normalized in order
to match the observed CR spectrum at 50 GeV. In Fig. 4.7(c) we show the
wind density and temperature obtained with these input parameters and for
the three DM halos NFW-Sofue, BUR and INN (see Sec. 3.1). The NFW-
Salucci model is missing since with such halo no wind was launched. In Fig.
4.7(a) and 4.7(b) we show the corresponding wind speed, sound speed and
Alfvén velocity, while in Fig. 4.7(d) we show the gas and CR pressures.
For all the three DM models, the wind is launched as sub-Alfvénic with:
(u0 = 2 km/s, zc = 60kpc, uf = 450km/s) for the NFW-Sofue profile,
(u0 = 3 km/s, zc = 285kpc, uf = 273km/s) for the BUR profile and (u0 =
5 km/s, zc = 339kpc, uf = 209km/s) for the INN profile.
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Figure 4.7: Dependence of the CR spectrum on the DM halo: a) wind
and compound sound speed; b) wind and Alfvén speed; c) gas density and
temperature; d) gas and CR pressure.
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Figure 4.8: Dependence of the CR spectrum on the DM halo: a) CR spec-
trum with the NFW halo; b) CR spectrum with the BUR halo; c) CR
spectrum with the INN halo.
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The effect of the DM halo model on the wind properties has been discussed
in Sec. 3.3.3 and those considerations are still valid: the NFW-Sofue profile,
having a larger gravitational force compared to the other two models, shows
the smallest launching velocity, the larger terminal velocity and the steepest
velocity profile (as it can be seen in Fig. 4.7(a)). Due to the mass and mo-
mentum conservation, the rapid increase of the wind velocity, which starts at
smaller z and with a steeper profile for the NFW-Sofue, corresponds to the
rapid decrease of the gas density and of the CR and gas pressure (see Fig.
4.7(c) and Fig. 4.7(d)). In the range z ∼ 1− 100 kpc, the NFW-Sofue pro-
file shows the largest Alfvén speed (due to the smaller gas density), and the
smallest CR pressure. However the first is still dominant, leading to a larger
heating due to wave damping (recall that the heating term is ∼ vA∇Pc),
and hence to a slightly larger temperature (see Fig. 4.7(c)) compared to the
BUR and INN halos.
Notice that the effect of wave damping is in fact to keep the gas temperature
around 2×106 K up to ∼ 100 kpc (this is especially true for the NFW-Sofue
profile), in line with the results of Miller & Bregman (2015) on the galactic
halo.
In Fig. 4.8, we show the CR spectrum for the NFW-Sofue, BUR and INN
profile respectively. Below ∼ 200 GeV, the best matching with the observed
spectrum is achieved with the NFW-Sofue model. The larger wind velocity
of the BUR and INN models leads to a low energy spectrum harder than the
observed one. As we illustrated in Sec. 4.2, the spectral hardening at ∼ 200
GeV cannot be obtained in our wind model, unless we include, for instance,
some preexisting turbulence.
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Chapter 5

The radial distribution of
Galactic Cosmic Rays

In this thesis we have shown that CR propagation is strongly influenced by
the properties of the ISM and by the action that CRs themselves exert on
the environment. This surely happens in a CR-driven wind problem, but it
remains true also in the absence of winds. For instance, the Alfvén speed de-
pends on both the magnetic field and the density of the background plasma.
The properties of the ISM and the CR source distribution depend on the
location in the Galaxy, in particular on the Galactocentric distance. Thus
it is not surprising that the CR distribution in the Galaxy also exhibits a
radial dependence.
The CR distribution in the Galaxy can be tracked using the diffuse γ-ray
emission from the Galactic disc and shows interesting features. At Galacto-
centric distances R & 10 kpc (i.e in the outer region of the Galaxy) the CR
distribution is flatter than the radial distribution of the supernova remnants,
the alleged sources of the bulk of CRs. The latter is modeled using the pulsar
and SN catalogs. This result, known as the "radial gradient problem", was
obtained for the first time from the analysis of the γ-ray emissivity in the
Galactic disk derived from the SAS-2 data by Stecker & Jones (1977) and
later from the analysis of the COS-B data by Bhat et al. (1986) and Bloemen
et al. (1986), then confirmed by work based on EGRET data (Hunter et al.
(1997); Strong & Mattox (1996)) and, more recently by data collected by
Fermi-LAT (Ackermann et al. (2011); Ackermann et al. (2012)).
However, a recent analysis, published in two independent papers by Acero
et al. (2016) and Yang et al. (2016), of Fermi-LAT data accumulated over
seven years, including also the inner part of the Galaxy, shows a more com-
plex situation: while in the outer Galaxy the flatness of the CR gradient has
been confirmed, the density of CR protons in the inner Galaxy turns out to
be appreciably higher than in the outer regions of the disk, showing a peak
in the region ∼ 2− 5 kpc. In addition, the decrease in the CR density with
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increasing Galactocentric distance seems to be accompanied by a softening
of the CR spectrum, with a slope ranging from 2.5-2.6, at a distance of ∼ 3
kpc, to 2.8-2.9 in the external regions. These results concern CRs that are
responsible for the production of γ-rays of energy ∼ 2 GeV, namely protons
with energy of order ∼ 20 GeV.
These are very interesting results, however it is worth keeping in mind that
the spatial distribution of CRs in the Galaxy is not the result of a direct
measurement, since it can only be inferred from the observed γ-ray emission
through a careful modeling of the spatial distribution of the gas that acts as
target for nuclear collisions and by separating the γ-ray contribution due to
hadrons from that due to leptonic interactions (bremsstrahalung and inverse
Compton scattering).

It is difficult to account for this scenario in the framework of the stan-
dard approach to CR propagation, in which the CR propagation properties
are assumed to be the same in the whole Galaxy (see e.g Berezinskii et al.
(1990)). Several ideas have been explored within this approach in order to
solve the radial gradient problem. To mention few of them: a) assuming a
larger halo size or b) a flatter distribution of sources in the outer Galaxy
Ackermann et al. (2011); c) take into account advection effects due to the
presence of Galactic winds Bloemen et al. (1986); d) assuming a sharp rise
of the CO-to-H2 ratio in the external Galaxy Strong et al. (2004); e) specu-
lating on a possible radial dependence of the injected spectrum Erlykin et al.
(2016).
None of these proposals, taken individually, can simultaneously account for
both the spatial gradient and the spectral behavior of CR protons. More-
over, many of them have issues in accounting for other observables (see for
instance the discussion in Evoli et al. (2012)).

A different approach is to relax the hypothesis of a spatially constant
diffusion coefficient. This was done for instance in Gaggero et al. (2015a)
and Gaggero et al. (2015b), where it was shown that a phenomenological
scenario in which both the CR advection and diffusion depend on the po-
sition in the Galaxy can explain the CR radial gradient. Similarly, Evoli
et al. (2012) proposed a correlation between the diffusion coefficient parallel
to the Galactic plane and the source density in order to account for both the
CR density gradient and the small observed CR anisotropy. The problem of
these approaches is the lack of a physical motivation to justify the assumed
spatial dependence of the CR transport properties.

Here we try to explain the CR radial distribution considering two possi-
ble scenarios.
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In the first one (see also Recchia et al. (2016b)), we examine a simplified
version of the propagation model explored so far in the thesis, where Galac-
tic winds are not taken into account and the Alfvén velocity is considered
independent on z. The CR propagation is assumed to take place due to scat-
tering on the self-generated Alfvén waves and due to advection with these
waves. Recall that, as we have seen in Chapter 4, the observed CR spectrum
below ∼ 200 GeV may be dominated by the effects of self generation, and
by advection near the disk which is mostly due to Alfvén waves. In fact, it
has been shown that the CR spectrum below ∼ 200 GeV can be explained
in a scenario in which both diffusion and advection are due to self-generated
waves (see Aloisio & Blasi (2013); Blasi et al. (2012)).
In the second approach we consider also the possible presence of Galactic
winds and we use the model presented in the thesis.

We apply both these propagation models everywhere in the Galaxy, in
the assumption that the spatial distribution of SNRs traces the Galactic CR
sources and we compare our results with the two analyses of Acero et al.
(2016) and Yang et al. (2016). Notice however that, as we will show in what
follows, the two analyses give somewhat different results: in Acero et al.
(2016), the CR distribution is peaked at ∼ 3 kpc, while in Yang et al. (2016)
the it is peaked at ∼ 5 kpc and the peak is less pronounced. Moreover,
in Yang et al. (2016) the CR spectrum is harder, with a slope of 0.1-0.2
smaller than in Acero et al. (2016). In spite of the differences, the qualitative
behavior of the two analyses is very similar.
With the first scenario (see Sec. 5.1) we find that, for a realistic distribution
of CR sources and for reasonable assumptions on the spatial dependence of
the magnetic field on the Galactocentric distance, both the observed spatial
profile of the CR density and the spectral behavior are well reproduced, in
particular those reported in Acero et al. (2016). The second scenario (see
Sec. 5.2) is more complicated because we find that in the outer Galaxy
(R & 10 kpc) the wind is not launched, hence it is difficult to explain the
data in a fully consistent picture. For R . 10 kpc, the possibility to launch
winds and the wind properties strongly depends on the DM halo model.
In addition, the presence of winds leads to a less peaked CR in the inner
Galaxy (compared to the model without winds), and, in general, to a better
agreement with the analysis of Yang et al. (2016) than with that of Acero
et al. (2016).

5.1 The CR transport model without winds

The first scenario we want to explore is a simplified version of the transport
model presented in this thesis, in which the CR diffusion and advection
are both due only to self-generated Alfvén waves without the presence of

81



any wind. Also in this case, we adopt a one-dimensional transport model,
in which, at every Galactocentric distance R, the CR particles advect and
diffuse only along z, i.e there is no diffusion along the Galactic plane. In
addition, we assume that the Alfvén speed is constant in z and directed out
of the Galactic disk.
With these assumptions, the CR transport equation 2.17 becomes

− ∂

∂z

[
D(z, p)

∂f

∂z

]
+ w

∂f

∂z
− p

3

∂w

∂z

∂f

∂p
= Q0(p)δ(z) , (5.1)

where the advection velocity is

w(z) = sign(z) vA. (5.2)

As in Sec. 2.3, the injection of particles occurs only in the Galactic disk (at
z = 0) and is a power law in momentum (see Eq. 2.28 and Eq. 2.29):

Q0(p) =
ξinjESNRSN(R)

4πΛc(mpc)4

(
p

mpc

)−γ
. (5.3)

Notice that the SN rate, RSN, is a function of the Galactocentric distance.

The self-generated wave spectrum, as in our wind model, is determined by
equating the growth rate of waves due to CR streaming instability, Eq. 2.20,
and the damping rate due to NLLD, Eq. 2.19. The resulting equilibrium
wave spectrum reads

F(k) = (2ck)
3

[
16π2p4

B2
0

D
∂f

∂z

]2

. (5.4)

This expression holds since damping is much faster than wave advection at
the Alfvén speed.
The diffusion coefficient is thus calculated, using the quasi-linear theory
(valid for weak magnetic perturbations δ B � B0), Eq. 2.18.

A technique to solve the transport equation 5.1 is the same used in Sec.
2.3, i.e to integrate between 0− and 0+ (around the disk) and between 0+

and z, with the boundary conditions f(0, p) = f0(p) and f(H, z) = 0.
Notice however that, in contrast to what happens in the wind model, in
which H is only set for numerical purposes and can in principle be located
at spatial infinity, here the halo size has to be imposed by hand, in order
to guarantee the stationarity of the transport problem. The halo size plays
a crucial role in standard CR propagation model (see Sec. 1.1.1), while it
becomes an output of the calculation in the wind problem.
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With the simplifying assumption on the advection velocity, Eq. 2.41 for
the CR distribution function f(z, p) becomes (see also Sec. 1.1.1):

f(z, p) = f0(p)
1− e−ξ(z,p)

1− e−ξ(0,p)
, (5.5)

where ξ(z, p) =
∫ H
z vA/D(z′, p)dz′ and the distribution function at the disk

is:

f0(p) =

∫ pmax

p

dp′

p′
3Q0(p′)

2vA
exp

[
−
∫ p′

p

(
dp̂

p̂

3

eξ(0,p̂) − 1

)]
. (5.6)

Interestingly, the diffusion coefficient can be expressed in a compact form
using the diffusive flux, D∂f/∂z, computed from Eq. 5.5 into Eq. 5.4. The
expression for the CR diffusion coefficient becomes:

D(z, p) = DH(p) + 2vA (H − z) , (5.7)

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

. (5.8)

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

Eq. 5.5-5.6 and Eq. 5.7-5.8, can be recast in an explicit form in the two
opposite limits of diffusion-dominated and advection-dominated transport.
In the diffusion dominated regime (i.e. when vAH � DH) the diffusive
solution is recovered. In fact, in this limit e−ξ(0,p) ≈ 1 − vAH/DH and we
get the well known expressions (see Sec. 1.1.1)

f(z, p) = f0(p)
[
1− z

H

]
(5.9)

f0(p) = Q0
H

2DH
.

In addition, the diffusion coefficient becomes constant in z, i.e

D(z, p)→ DH(p)→ D
1
3
B

1

2ck

[
B2

0H

16π2p4f0(p)

] 2
3

. (5.10)

Replacing f0 (Eq. 5.9) into Eq. 5.10, we finally obtain

DH(p) = DB
1

(2ck)3

[
2B2

0
16π2p4Q0

]2
∝ p2γ−7 (5.11)

f0(p) = Q0

2
H
DH

=
3c3k
rLv

(
16π2p4

B2
0

)2
HQ0(p)3 ∝ p7−3γ . (5.12)
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In the opposite regime, i.e when vAH � DH, we have that e−ξ ≈ 0, so that
f(z, p)→ f0(p) and from Eq. 5.6 we recover:

f0(p) =
3Q0(p)

2vA γ
. (5.13)

On the other hand, we see from Eq. 5.7 that the diffusion coefficient in the
disk behaves like a constant in momentum, namely D(z = 0, p) → 2vAH.
This happen because at small p, F → DB/(2vAH), so that D = DB/F →
2vAH. Clearly this dependence is restricted to the momenta for which diffu-
sion becomes slower than 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 ad-
vection times are of the same order.

The numerical solution to the transport problem illustrated so far can be
obtained with the same technique described in Sec. 2.3: we start by choosing
a guess function for DH(p) (for instance the expression (Eq. 5.12) obtained
without advection) and then we iterate until convergence is reached, a pro-
cedure which usually requires only few iterations.

Here we are interested in exploring the dependence of the CR spectrum
on the Galactocentric distance, which enters the calculation through the SN
rate in the injection spectrum and through the magnetic field strength and
the gas density (which determine vA). In order to minimize the number
of parameters that enter the calculation, we assume that the gas density is
constant in the whole propagation volume, while the magnetic field strength
depends on R but not on z, so that vA is independent from z.
Notice that, comparing Eq. 5.12 and 5.13, we see that the CR spectrum has
the following scalings with the two quantities depending on R:

f0(p) ∝ (Q0/B0)3 (diffusive regime)
f0(p) ∝ Q0/B0 (advective regime). (5.14)

This dependence is the key feature of this scenario that allows one to get the
spatial dependence of CRs similar to the observed one.

5.1.1 Fitting the CR spectrum at the solar position

Here, we analyze the radial dependence of the magnetic field and of SNRs
and we illustrate our results on the corresponding radial dependence of the
CR spectrum. Following most of the current literature, we assumed a halo
size of H = 4 kpc.
The gas density, magnetic field and SN rate can be chosen in order to re-
produce the proton CR spectrum observed at Earth. Here we consider two
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different sets of parameters, named Model-1 and Model-2, in which we fix
the gas density to two different values, corresponding to the density of the
warm ionized and hot ionized gas components of the ISM respectively (see
Ferrière (2001)). In addition, the CR injection slope has been chosen in order
achieve a good agreement with the observed CR spectrum below ∼ 100 GeV
and it is different for the two models.
In Model-1, following Blasi et al. (2012) and Aloisio & Blasi (2013), we fix
the gas density to n = 0.02 cm−3 (a value consistent with the density of the
warm ionized gas component (Ferrière (2001))) and we adopt an injection
slope γ = 4.2 in the whole propagation volume, while we assume B0 = 1µG
at the Sun position (see Sec. 3.2). The same set of parameters was also
used by Recchia et al. (2016b). Notice that these two parameters also fix
the value of the Alfvén speed (∼ 15 km/s) at the Sun location. This is very
important since, as we have shown also in the wind model (see Chapter 4),
the interplay between advection and diffusion determines the CR distribu-
tion function, once given the injection spectrum and the product of injection
efficiency times the local SN explosion rate, ξinj × RSN(R�). By requiring
that the local CR spectrum at ∼ 50 GeV is equal to the observed one, we
get ξinj/0.1×RSN/(1/30 yr) = 0.29. Notice that these values lead to a good
agreement with the observed CR spectrum below ∼ 100 GeV (see e.g Aloisio
& Blasi (2013).
In Model-2 we fix the gas density to n = 0.006 cm−3 and we adopt an in-
jection slope γ = 4.3, while we assume B0 = 1µG at the Sun position (so
vA ∼ 28 km/s). By requiring that the local CR spectrum at ∼ 50 GeV is
equal to the observed one, we get ξinj/0.1×RSN/(1/30 yr) = 0.36, and also in
this case we obtain a quite good agreement with the observed CR spectrum
below ∼ 100 GeV.

Since here we are interested only to CRs that are responsible for the pro-
duction of γ-rays of energy ∼ 2 GeV, as observed by Fermi-LAT , namely
protons with energy of order ∼ 20 GeV, we can safely ignore the issues re-
lated to the CR spectral hardening at ∼ 200 GeV (see Sec. 4.2; Blasi et al.
(2012); Aloisio & Blasi (2013); Aloisio et al. (2015); Tomassetti (2012)).

Notice that in Model-C, proposed in Chapter 4, where we assumed the same
gas density, magnetic field and injection slope of Model-2, we also achieved a
good agreement with the observed spectrum by taking ξinj×RSN(R�) = 0.32.
The difference in ξinj×RSN(R�) compared to Model-2 is due to the presence
of the wind.

5.1.2 The radial dependence of the CR spectrum

The SNR distribution is usually inferred based on two possible tracers: radio
SNRs and pulsars. Here we adopt the distribution of SNRs recently obtained
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by Green (2015) from the analysis of bright radio SNRs. The author used 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

(
−βR−R�

R�

)
, (5.15)

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, since
there is some level of degeneracy between the parameters α and β.

Case & Bhattacharya (1998) also adopted the fitting function Eq. 5.15
but obtained their best fit for α = 2.0 and β = 3.53, resulting in a distribu-
tion 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 is that the SNR distribution derived in the literature
is poorly constrained 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 the 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).

The other magnitude needed for our calculation is the radial dependence
of the magnetic field strength, B0(R). Here we assume the model described
in Sec. 3.2, i.e

B0(R < 5 kpc) = B�R�/5 kpc

B0(R > 5 kpc) = B�R�/R , (5.16)

where the normalization is fixed at the Sun position with B� = 1µG. Using
this prescription we calculate the CR spectrum as a function of the Galacto-
centric distance, as discussed in Sec. 5.1. In Fig. 5.1 we show the density of
CRs with energy & 20 GeV, for Model-1 and Model-2, compared to the same
quantity as derived from Fermi-LAT data. In both cases our results are in
remarkably good agreement with data, at least out to a distance of ∼ 10 kpc.
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Notice also that Model-1 reproduces well the peak in the CR distribution
function of Acero et al. (2016), while Model-2 is in better agreement with
Yang et al. (2016).
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
(in Fig. 5.1, the curves related to B ∼ 1/R) makes the problem even more
severe: where there are more CR sources, the diffusion coefficient 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 situation can be seen in the trend of the spectral slope as a function
of R, plotted in Fig. 5.2. In both Model-1 and Model-2 with B ∼ 1/R, our
predicted line reproduces well the slope reported in Acero et al. (2016) out
to a distance of ∼ 10 kpc. Notice that the slopes of Model-1 and Model-2
are practically overlapped below ∼ 5 − 6 kpc, despite the different vA and
injection slope of the two models. This is the result of the non-linearity of
the problem: from the one hand we expect that for Model-2, which has the
largest vA, advection dominates over diffusion up to larger momenta com-
pared to Model-1, leading to generally harder spectra. On the other hand,
the importance of this effect is reduced due to the fact that the smaller CR
density in the inner Galaxy of Model-2 (see Fig. 5.1) leads to larger diffusion
coefficients (see Fig. 5.3 and Fig. 5.4) compared to Model-1. Moreover, it
has to be taken into account the different injection slope of the two models.
In the region R ∼ 6-10 kpc, the CR density is practically the same for both
models. Here the larger advection in Model-2 makes the spectrum slightly
harder than in Model-1, despite the steeper injection of Model-2.

In the outer region the predicted spectrum is steeper than observed. It is
important to understand the physical motivation for such trend: at interme-
diate values of R, where there is a peak in the source density, the diffusion
coefficient is smaller and the momenta for which advection dominates on dif-
fusion 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 correspondingly lower momentum where advection
dominates on 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, i.e f0 ∼ p7−3γ , which gives f0 ∼ p−5.6 for Model-1
and f0 ∼ p−5.9 for Model-2 (meaning that the slope in Fig. 5.2 is 3.6 for
Model-1 and 3.9 for Model-2).

As pointed out in Sec. 5.1, the non-linear propagation is quite sensitive
to the radial dependence of the magnetic field on R.
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Figure 5.1: CR density at E > 20 GeV from Acero et al. (2016) and Yang
et al. (2016) as a function of the Galactocentric distance, as labelled. Our
predicted CR density at E > 20 GeV for Model-1 and Model-2 are shown.
The cases of exponentially suppressed magnetic field are shown as a solid
lines (red for Model-1 and orange for Model-2). The black dotted line shows
the distribution of sources of Green (2015).

Since both the distribution of sources and the magnetic field strength in the
outer regions of the Galaxy are poorly known, 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

]
(5.17)

where the scale length d, is left as a free parameter. We found that using
d = 3.1 kpc in Model-1 and Model-2, both the resulting CR density and
spectral slope reproduce very well the results of Acero et al. (2016) in the
outer Galaxy. The predictions of our calculations for this case are shown in
Fig. 5.1 and Fig. 5.2.

The diffusion coefficient resulting from the non-linear CR transport in
the Galaxy for Model-1 and Model-2, is shown in Fig. 5.3 and in Fig. 5.4
respectively, for different Galactocentric distances. It is interesting to notice
that in both cases, at all values of R (and especially at the Sun 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 ad-
vection and diffusion, as discussed above. This trend, that comes out as a

88



 2

 2.2

 2.4

 2.6

 2.8

 3

 3.2

 3.4

 3.6

 3.8

 4

 0  5  10  15  20  25  30

sl
op

e 
of

 n
C

R
(2

0G
eV

)

R(kpc)

Acero et al.(2016)
Yang et al.(2016)

MODEL 1, B with cut-off
MODEL 1, B ~ 1/R

MODEL 2, B with cut-off
MODEL 2, B ~ 1/R

Figure 5.2: Radial dependence of the power-law index of the proton spectrum
as inferred by Acero et al. (2016) and Yang et al. (2016). Our predicted slopes
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natural consequence of the calculations, is remarkably similar 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 ex-
ponentially, the diffusion coefficient becomes smaller in the external part
of the 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 Eq. 5.12) and that both B0 and Q0 are as-

sumed to drop exponentially at large R. Clearly, this result loses validity
when δB/B0 approaches unity and the amplification enters the non lin-
ear regime. Using Eq. 5.7, such condition in the disk can be written as
F(z = 0, k) ≈ DB/(2vAH) & 1 which, for 1 GeV particles occurs at R & 20
kpc (red-dashed and orange-dashed lines in Fig. 5.1 and Fig. 5.2). In any
case, the density of CRs at large Galactocentric distances drops down, as
visible in Fig. 5.1.

It is worth recalling that the model presented here has been applied to
CR protons responsible for the production of γ-rays of energy ∼ 2 GeV, as
observed by Fermi-LAT , namely protons with energy of order ∼ 20 GeV.
Nevertheless, this model can also be tested by applying it to the study of the

89



CR density gradient and slope for CR protons of higher energies (& 20 GeV).
In particular, we expect that, since the effect of advection is less prominent
at higher energies, the spectral slope shows a weaker dependence on the
Galactocentric distance.
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Figure 5.3: Model-1: diffusion coefficient D(z = 0, p) as a function of mo-
mentum in GeV/c for different Galactocentric distances as labelled.

1027

1028

1029

1030

1031

1032

1033

100 101 102 103 104

D
 (

cm
2 /s

)

p(GeV/c)

R=3kpc
R=5kpc
R=8kpc

R=15kpc
R=20kpc

Figure 5.4: Model-2: diffusion coefficient D(z = 0, p) as a function of mo-
mentum in GeV/c for different Galactocentric distances as labelled.
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5.2 The effect of Galactic winds

In this section we consider the effect of the possible presence of CR-driven
winds on the radial distribution of CRs. In order to better highlight such
effect, we considered the same parameters of Model-2, namely we assumed
the gas density n0 = 6 × 10−3cm−3, the magnetic field orthogonal to the
Galactic plane at the Sun position B0� = 1µG and the CR injection slope
γ = 4.3. In addition, we fixed the gas temperature to T0 = 2 × 106 K.
With such assumptions, we study how the CR radial distribution and spec-
tral slope change compared to the case without winds. We carried out such
study by considering all the three DM halo profiles (NFW-Sofue, Burkert
and Innanen) used in this thesis. The parameters of Model-1 were not used
in this analysis because the gas density corresponding to the warm ionized
gas component of the ISM is quite large and for such density it was not
possible to launch winds anywhere in Galaxy. Notice that the parameters
of Model-2 at the Sun position have also been used in the wind models il-
lustrated in Sec. 4.3 and are inferred from observations (see Sec. 3.2). The
spectrum obtained with such parameters and for the NFW-Sofue, Burkert
and Innanen DM profiles are shown in Fig. 4.8(a), 4.8(b) and 4.8(c) respec-
tively.
Similarly to what we did for the scenario without winds, we normalize the
CR injection spectrum at the Sun position in order to reproduce the observed
CR spectrum at 50 GeV and we consider the same radial dependence of the
CR source distribution and of the Galactic magnetic field, while we assume
that both the gas density and temperature along the Galactic plane do not
depend on the Galactocentric distance.

For the chosen parameters the wind is not launched at R & 10 kpc, for all
three DM halo profiles, irrespective of the magnetic field radial dependence
in such region. This means that with the present scenario it is not possible
to explain the observed CR radial distribution and slope in a consistent pic-
ture.
Of course this result depends on the choice of the parameters, in particular
on the assumption that the gas density and temperature be independent on
R. The situation may substantially change if, for instance, we consider a
more complicated scenario in which also the gas density and temperature
depend on R, in agreement with observations (see e.g Miller & Bregman
(2015)).
However, since here we want to illustrate the qualitative effect of winds com-
pared to the scenario without winds, we decided to leave such dependence
of the gas density and temperature out of the analysis.

For R . 10 kpc the possibility to launch a wind and the wind properties
strongly depend on the structure of the DM halo. Looking for instance at
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Fig. 5.5, we can see that for the NFW-Sofue profile the wind is launched
only in the ring 5-10 kpc, while for the BUR and INN profiles winds are
launched up to the very inner Galaxy, R ∼ 0.1-0.7 kpc. This is due to the
fact that, as shown in Fig. 3.1(b), the NFW-Sofue profile shows a much
larger acceleration than the Burkert and Innanen profiles at low R.

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 0  2  4  6  8  10

nC
R

(2
0 

G
eV

)

R(kpc)

Proton density [Acero et al.]
Emissivity [Yang et al.Fig.7]

MODEL-2(no wind)
NFW-Sofue

BUR
INN

Figure 5.5: CR density at E > 20 GeV from Acero et al. (2016) and Yang
et al. (2016) as a function of the Galactocentric distance, as labelled. Our
predicted CR density at E > 20 GeV for Model-2, NFW-Sofue, BUR and
INN are shown.

In Fig. 5.7 we show the Alfvén speed for Model-1 and Model-2, and the
total advection velocity at the wind base for the NFW-Sofue, BUR and INN
halo profiles. The Alfvén speed at the wind base for these three cases is
the same as in Model-2: for all the three DM halo models the Alfvén speed
is dominant at the wind base. The INN profile, for which the gravitational
acceleration is smaller compared to the NFW-Sofue and BUR, shows a larger
launching velocity at all R (see Sec. 3.3). For both BUR and INN profiles,
u0 is peaked around ∼ 2 − 4 kpc. In fact, the role of the wind is mostly
important in this region and results in a CR distribution generally flatter
in R compared to the cases without winds, due to a larger CR advection
velocity.

This is clearly visible in Fig. 5.5, where we see also that, with the ad-
dition of winds to Model-2, the peak in the CR distribution (at R ∼ 3 kpc
in Acero et al. (2016), at R ∼ 5 kpc in Yang et al. (2016)) is not well repro-
duced, although the agreement with the other data points remains good.
In Fig. 5.6 we also show the slope of the CR spectrum as a function of R.
The trend of such slope with the Galactocentric distance can be explained
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Figure 5.6: Radial dependence of the power-law index of the proton spectrum
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by considering the relative importance of advection and diffusion, similarly
to the scenario without winds. Notice that, in general, an increase of the
advection velocity results in a decrease on the CR density, which in turn
causes an increase of the self-generated diffusion coefficient. For this reason,
in the presence of self-generated turbulence, an increase of the CR advection
velocity does not necessarily lead to an increase of the transition energy be-
tween advection and diffusion dominated CR transport. In such scenario, a
larger advection velocity may not result in a flattening of the spectrum.
This can be seen in the plot of the spectral slope as a function of R, Fig. 5.6,
when comparing such slope for Model-2 (no winds) and for the models with
winds. In fact, the CR density in the presence of winds is smaller compared
to Model-2, especially in the region R . 6 kpc, and the self-generated dif-
fusion coefficient is larger. Below R ∼ 4 kpc, such increase of the diffusion
coefficient in the presence of winds dominated over the larger advection due
to winds, leading to a spectrum steeper than in Model-2. The trend is re-
versed between R ∼ 4-7 kpc, where the larger advection velocity dominates
over the increase of the diffusion coefficient and the CR spectrum is system-
atically harder than in Model-2.
For this reason, in the region R ∼ 6-10 kpc, Model-2 predicts slopes which
are in remarkably good agreement with Acero et al. (2016), while the BUR
and INN models predict slopes which are in good agreement with Yang et al.
(2016), that report a harder CR spectrum compared to Acero et al. (2016).
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In summary, we studied the radial distribution and the spectral slope
of CRs in the Galaxy as inferred from the observed diffuse γ−ray emission
from the Galactic disk. In particular, we considered CRs of energy ∼ 20
GeV, responsible for the production of photons of ∼ 2 GeV, detected by
Fermi-LAT and analyzed by Acero et al. (2016) and Yang et al. (2016). The
qualitative behavior inferred for the CR density and slope is similar for the
two analysis: the CR density shows a peak in the inner Galaxy (in the region
R ∼ 3-5 kpc) and becomes practically flat in R in the outer Galaxy (R & 10
kpc), while the spectrum shows a gradual steepening when moving from the
inner to the outer Galactic region. Such CR gradient is hard to explain in
standard Galactic CR transport models.
Here we showed that both the CR density and spectral slope can be explained
in the framework of a nonlinear CR propagation model in which the CR
transport is due to diffusion on self-generated waves and to advection with
the same waves. In this scenario, the diffusion coefficient is smaller where the
source density is larger, thus enhancing 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 exponentially at R & 10 kpc with a
suppression scale of ∼ 3 kpc. The data on the spectral slope can be explained
as a result of the fact that at different R the spectrum at a given energy (∼ 20
GeV in the present case) may be dominated by advection (harder spectrum)
or diffusion (softer spectrum). With the addition of CR-driven winds, the
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scenario is more complex because we find that in the outer Galaxy (R & 10
kpc) the wind is not launched, while in the inner Galaxy the possibility to
launch winds and the wind properties strongly depends on the assumption
on the DM halo model. Thus, in the presence of winds it is more difficult
to accommodate the data in a consistent picture. The effect of the larger
advection velocity in the presence of winds compared to the model without
winds is to reduce the peak of the CR density in the inner Galaxy and leads
to a spectrum which is systematically flatter compared to the case without
winds at R & 4 kpc.
Is is worth to stress that the wind properties, and in particular the fact
that the wind is not launched in the outer Galactic region, strongly depend
on the choice of the environmental parameter, especially on the gas density
and temperature. Here, in order to make the analysis easier to interpret
we only considered the radial dependence of the CR source distribution and
of the magnetic field. However, a more complete study should also include
the possible radial dependence of the halo density and temperature. With
such radial dependence, the wind may be launched also in the outer Galactic
region.
Finally, notice that here we only considered CRs of energy ∼ 20 GeV, but
observations of the diffuse γ−ray emission also provide information on the
radial distribution and slope of CRs of higher energies. A simple prediction
of our calculations is that at higher energies, for which diffusion dominates
over advection at all R, the spectral hardening due to advection should
disappear.
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Conclusions

In this thesis we developed a semi-analytical calculation of the structure of
a CR-driven Galactic wind that allows to determine the hydrodynamical
structure of the wind (velocity and pressure of the plasma), and at the same
time the distribution function of CRs at any location in the disc or in the
wind region. The transport of CRs is described as advective and diffusive.
Diffusion is due to scattering off self-generated Alfvén waves, excited by the
same CRs due to streaming instability, while advection is due to the self-
generated waves and to the wind.
Most of current models of CR Galactic propagation assume that CR trans-
port properties are the same in the whole Galaxy and that they do not
depend on the CR distribution. However, CR transport is affected by the
properties of the ISM and by the dynamical action that CRs themselves
exert on the environment. Due to the CR density gradient between the
Galactic disk and the halo, CRs can excite the streaming instability, leading
to the generation of Alfvén waves which move in the direction of the de-
creasing CR density (see e.g Skilling (1975); Holmes (1975)). CR scattering
off self-generated waves affects the CR diffusive properties, while advection
with such waves influences their convective transport (see Blasi et al. (2012);
Aloisio & Blasi (2013)). Moreover, CRs escaping from the Galaxy exert a
force, −∇Pc, directed away from the disk and opposite to the Galactic grav-
itational force (which is the result of the gravitational contribution of the
Galactic bulge and disk and of the Dark Matter halo). If this force is larger
than the gravitational pull it can lift ionized gas from the disk and launch
a wind. The possible presence of Galactic winds would have an important
impact both on the CR convective motion and on the evolution and ecology
of the Galaxy.
The dynamics of CR-driven winds and the CR transport in such winds, in-
cluding the self-generation of plasma waves, is intrinsically non linear, since
the CR density gradient is responsible for the generation of the Alfvén waves
and of the wind which together determine the CR transport.
CR-driving has been widely recognized as an appealing mechanism for wind
formation in the Milky Way (see e.g Ipavich (1975); Breitschwerdt et al.
(1991)) and the hydrodynamics of Galactic CR-driven winds has been ex-
tensively studied (see e.g Breitschwerdt et al. (1991); Everett et al. (2008)),
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while no information was retained on the CR spectrum. Nevertheless the CR
spectrum provides a strong constraint for Galactic wind models and its pre-
diction is crucial in the study of CR-driven Galactic winds. The first, and, to
our knowledge, the only attempt to account for both CR-driven winds and
their effects of the CR transport was made by Ptuskin et al. (1997). The
authors used a simplified approach to the characteristics of the wind to infer
some general implications for the spectrum of CRs. However, their method
is too simplified and is not able to predict the CR spectrum in a CR-driven
wind with accuracy.

In this thesis we developed a semi-analytical technique which allows to
determine at the same time the properties of a CR-driven wind (velocity,
density and temperature of the plasma) and the corresponding distribution
function of CRs. In our approach CRs diffuse by means of self-generated
Alfvén waves and advect along the direction of the same self-generated waves
and with the wind. The diffusion coefficient is calculated from the spectrum
of waves exited by streaming instability and locally damped through non
linear Landau damping.
In agreement with previous calculations of the hydrodynamics of CR-driven
winds, we found that CRs can drive winds in our Galaxy. The possibility to
launch a wind and the wind properties, strongly depend on the conditions
of the ISM. The latter are constrained by observations and depend on the
location considered in the Galaxy. For instance, the Galactic gravitational
potential and, in particular, the contribution of the DM halo, changes ap-
preciably depending on the position in the Galaxy. Contrary to previous
calculations, we also computed the CR distribution function in a CR-driven
wind, and in particular we computed the CR spectrum observed at Earth.
We found that in many cases, winds launched with parameters compatible
with the observed ISM properties in the vicinity of the Sun lead to a CR
spectrum which is not in agreement with observations. This is mainly due to
the fact that CR advection in such winds is strong, leading to spectra at low
energies which are harder than the observed spectrum. At high energy, in-
stead, the wind expansion, together with the steep energy dependence of the
self-generated diffusion coefficient, leads to spectra which are steeper than
the observed spectrum. However, these conclusions strongly depend on the
wind launching parameters and on the physical conditions in the near-disk
region (in particular on the amount and on the filling factor of the neutral
gas). The presence of pre-existing turbulence in the near-disk region can
lead to a spectral hardening in the high energy part of the spectrum, in
agreement with observations.
Both the CR density and spectral slope in the Galaxy, as inferred by the
γ−ray emission in the Galactic disk, change appreciably as functions of the
Galactocentric distance. This finding is difficult to explain in the framework
of most current models of CR propagation, which assume that the CR trans-
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port properties are the same in the whole Galaxy. Several empirical models
have been proposed which relax the assumption of spatially constant diffu-
sion coefficient and try to reproduce the CR spatial gradient, however, the
problem of these approaches is the lack of a physical motivation to justify the
assumed spatial dependence of the CR transport properties. On the other
hand, the CR propagation in the presence of self-generated waves and, possi-
bly, of CR-driven winds, naturally provides, trough the radial dependence of
the properties of the ISM, a spatial dependence for the CR transport prop-
erties. In fact, we found that it is possible to reproduce the observed radial
dependence of the CR density and spectral slope in the framework of our
non linear CR propagation model.

The technique developed here is very general and can be extended to
study the possible existence of CR-driven winds and their implications, both
for the Milky Way and for other galaxies.
In the present work we focused on the propagation of CR protons. However,
with the addition of spallation and nuclear decay terms in the transport
equation, it is possible to study also the effect of CR-driven winds on the
propagation of heavier nuclei and the implications for important observables
such as the B/C ratio.
An additional possible development of this work concerns the Galactic termi-
nation shock. In fact, in the presence of Galactic winds, the hot supersonic
plasma ejected from the disk will eventually impinge on the IGM and create
a shock. Analogously to what happens at SN shocks, CRs can be accelerated
at the wind termination shock and may even reach very high energies in this
reacceleration process. This may have important implications on the ob-
served spectrum, especially on the transition from Galactic to extragalactic
CRs. From the technical point of view, a termination shock can be included
in our calculation of the CR transport as a discontinuity in the advection
velocity.
Galactic winds can eject severalM�/yr and can transport hot ionized plasma
and metals from the disk to the outer halo. According to our results, the
estimated mass loss rate for the Milky Way is of the order of ∼ 1M�/yr.
Considering that the star formation rate in the Milky Way is also∼ 1M�/yr,
one can easily understand that galactic winds are of crucial importance in
modeling the evolution of both our Galaxy and other galaxies. This conclu-
sion acquires even more importance if we recall that galactic models usually
overpredict the star formation rate unless some mechanism able to subtract
gas from the galaxy is included. In addition, due to processes of charge ex-
change, the neutral gas in the ISM can couple to the ionized gas and may
also be transported away from the disk. This would have important implica-
tions for CR transport (due to wave damping by ion-neutral friction), for the
star formation rate and for the properties of the halo (such as the chemical
composition and the cooling rate).
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An important limitation of our work is that we only considered station-
ary outflows. This simplification can be considered a good approximation
in many cases and is helpful in developing an understanding of the CR-
driven wind problem, but can also be used to check more sophisticated time-
dependent approaches. Notice however that our stationary computation may
be inadequate in describing important types of flows which may take place in
our Galaxy (or in other galaxies). For instance, this may be the case of the
so called "galactic fountains" which happen when some gas is ejected from
the disk due to thermal and CR pressure gradients, but then it cools down in
the halo and falls back. In addition, an interesting aspect of time dependent
winds is the possible formation of multiple termination shocks propagating
through the halo at which CRs may be reaccelerated to very high energies.
In summary, the calculation developed here is very general and can be ap-
plied to a variety of problems concerning the formation of CR-driven winds
and the related CR transport. Moreover, our work paved the way to more
complex studies involving time dependent flows.
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Appendix A

Derivation of the
hydrodynamic equations

In this section we derive the hydrodynamic equations used throughout this
paper. They describe the macroscopic behaviour of the thermal plasma and
CRs and their mutual interactions. As we already pointed out in Chapter
2, the wave component is not present in these equations because we are
assuming that all Alfvén waves (generated through CR streaming instability)
are locally dumped on short time scales, so that the energy fed by CRs into
waves just results in the heating of the gas. Here we are also neglecting
any external loss of mass, momentum and energy. A general form of those
equations, with and without damping of waves, is reported in Breitschwerdt
et al. (1991).

A.1 Gas mass conservation and equation of motion

In absence of any mass and momentum external loss, the time dependent
gas mass conservation and equation of motion read

Dρ

Dt
= −ρ~∇ · ~u, (A.1)

ρ
D~u

Dt
= −~∇(Pg + Pc)− ρ~∇Φ, (A.2)

where ρ, ~u, Pg, Pc and Φ are the gas density, velocity and pressure, the
CR pressure and the galactic gravitational potential respectively. D/Dt =
∂/∂t+ ~u · ~∇ is the convective derivative.
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A.2 Gas internal energy and total energy

The internal energy of the gas in a volume V is given by

εg =
PgV

γg − 1
(A.3)

and its time evolution is given by

Dεg
Dt

= −PgDV
Dt
− ~vA · ~∇PcV (A.4)

where on the right hand side we find the work done on the gas when V
changes and the energy input due to damping of the self generated Alfvén
waves. In fact, as it will be shown in Sec. A.4, the hydrodynamic counterpart
of the CR streaming instability is given by the term ~vA · ~∇Pc, where ~vA is
the Alfvén speed and Pc the CR pressure. In terms of ρ, and using Eq. A.1,
we get

D

Dt

(
Pg

γg − 1

1

ρ

)
= −Pg

ρ
~∇ · ~u− 1

ρ
~vA · ~∇Pc. (A.5)

The gas total energy per unit volume is the sum of the kinetic and internal
energy per unit volume

ε =
1

2
ρu2 +

Pg

γg − 1
. (A.6)

Making use of Eq. A.1, A.2 and A.5, we get the equation for the gas total
energy

D

Dt

(
1

2
ρu2 +

Pg

γg − 1

)
= −~∇ · ~u

(
1

2
ρu2 +

γgPg

γg − 1

)
(A.7)

− ~u · ~∇(Pg + Pc)− ~vA · ∇Pc − ρ~u · ~∇Φ.

A.3 CR energy

The time dependent CR transport equation reads

∂f

∂t
+ (~u+ ~vA) · ~∇f = ~∇ ·

[
D~∇f

]
+
[
~∇ · (~u+ ~vA)

] p
3

∂f

∂p
(A.8)

where f is the CR distribution function and D the CR diffusion coefficient.
We also introduce the CR energy density and pressure

εc =

∫ ∞
0

dp 4πp2T (p)f(z, p), (A.9)

Pc =

∫ ∞
0

dp
4π

3
p2pvf(z, p), (A.10)
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where T (p) =
√
p2c2 + (mc2)2 −mc2 is the kinetic energy. Multiplying the

transport equation by 4π p2T (p) and integrating in p we get

∂εc
∂t

+ (~u+ ~vA) · ~∇εc = ~∇ ·
[
D~∇εc

]
+

+ ~∇ · (~u+ ~vA)

∫ ∞
0

4

3
πdpp3T (p)

∂f

∂p
, (A.11)

where we introduced the average diffusion coefficient

D(z) =

∫∞
0 dp 4πp2T (p)D(z, p)~∇f∫∞

0 dp 4πp2T (p)~∇f
. (A.12)

The last integral can be performed by parts, using the fact that dT (p)/dp =
v. After rearranging terms and introducing the effective CR adiabatic index
εc = Pc/(γc − 1) we obtain:

∂εc
∂t

+ ~∇ ·
[
(~u+ ~vA)

γcPc
γc − 1

]
= ~∇ ·

[
D

~∇Pc
γc − 1

]
+ (~u+ ~vA) · ~∇Pc. (A.13)

A.4 Wave energy

The time evolution of the Alfvén wave spectral energy densityW (~z, p), taking
into account wave advection by the thermal plasma and wave generation by
CR streaming instability, is given in Jones (1993)

∂W

∂t
+ ~∇ ·

[(
3

2
~u+ ~vA

)
W

]
=

1

2
~u · ~∇W − ΓCRW (A.14)

where ΓCR (see also Eq. 2.20) is the wave growth rate due to CR streaming
instability (k is the wave number and B0 the average magnetic field)

ΓCR =
16π2

3

~vA
kWB2

0

·
∫ ∞

0
dpp4v(p)δ

(
p− qB0

kc

)
~∇f. (A.15)

We also define the wave energy density and pressure

εw =

∫ ∞
k0

B0
2

4π
W (z, k)dk (A.16)

Pw =
εw
2
. (A.17)

107



The hydrodynamic version of the wave equation can be obtained by inte-
grating in

∫∞
k0

B0
2

4π dk. The integration of the streaming instability term gives∫ ∞
k0

B0
2

4π
ΓCRW (z, k)dk (A.18)

=

∫ ∞
0

∫ ∞
k0

4π

3

~vA
k
· ~∇fp4v(p) δ

(
p− qB0

kc

)
dpdk

=

∫ ∞
0

∫ ∞
k0

4π

3
~vA · ~∇fp4v(p)

kc

qB0
δ

(
k − qB0

pc

)
dpdk

= ~vA · ~∇
∫ ∞

0

4π

3
fv(p)p3dp

= ~vA · ~∇Pc

where we used the properties of the Dirac’s delta and the definition of Pc
given in Eq. A.10. Finally, the equation for the wave energy is

∂εw
∂t

+ ~∇ · [(3~u+ 2~vA)Pw] = ~u · ~∇Pw − ~vA · ~∇Pc. (A.19)

In our approach we assume that all generated waves are locally and immedi-
ately dumped, so that the hydrodynamic equation for waves is not necessary.
On the other hand, the term of wave generation by CR streaming instability,
~vA · ~∇Pc, enters the right hand side of the equation for the gas pressure A.5
because the damped waves result in gas heating.
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Appendix B

Stationary hydrodynamic
equations in the flux tube

We are dealing with a steady one-dimensional flow, in which the flux tube
geometry is preassigned as shown in Fig. 2.1. The stationary regime is ob-
tained by setting ∂/∂t = 0 in the hydrodynamic equations. The stationary
hydrodynamic equations are listed in Chapter 2. As for the flux tube geom-
etry, referring to Fig. 2.1, if z is the vertical coordinate and A(z) the flux
tube area, the divergence and gradient operators become

~∇S =
dS

dz
ẑ (B.1)

~∇ · ~V =
1

A(z)

d

dz

[
~A(z) · ~V

]
. (B.2)

By applying this prescription for the gradient and divergence operators to
the stationary equations we get

ρuA = const, (B.3)
AB = const, (B.4)

ρu
d

dz

(
u2

2
+ Φ

)
= −u d

dz
(Pg + Pc) , (B.5)

dPg
dz

= γg
Pg
ρ

dρ

dz
− (γg − 1)

vA
u

dPc
dz

(B.6)

ρuA
d

dz

(
u2

2
+

γg
γg − 1

Pg
ρ

+ Φ

)
= −A(u+ vA)

dPc
dz

, (B.7)

dPc
dz

= γeff
Pc
ρ

2u+ vA
2(u+ vA)

dρ

dz
. (B.8)

In the derivation of Eq. B.8 we defined

γeff
γeff − 1

=
γc

γc − 1
− D

(γc − 1)(u+ vA)Pc

dPc
dz

. (B.9)
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and we used

d(uA)

dz
= −uA

ρ

dρ

dz
(B.10)

d(vAA)

dz
= −vAA

2ρ

dρ

dz
. (B.11)

B.1 First integrals

It is possible to derive from the hydrodynamic equations two first integrals
which come in handy when searching for the wind solution. The first one
derives directly from the total energy conservation: summing equations 2.5
and 2.6 and moving to the flux tube geometry, we get

u2

2
+

γg
γg − 1

Pg
ρ

+ Φ +
γeff

γeff − 1

Pc
ρ

u+ vA
u

= const. (B.12)

The other first integral is obtained from Eq. B.8 when we can treat γeff
as constant (this was the case in Breitschwerdt et al. (1991), where it was
assumed D = 0 and γc = 4/3). In fact, using Eq. B.10 and B.11

d

dz
(A(u+ vA)) = −A(2u+ vA)

2ρ

dρ

dz
, (B.13)

thus dPc/dz in Eq. B.8 becomes

dPc
dz

= −γeff
Pc

A(u+ vA)

d

dz
[A(u+ vA)] (B.14)

from which we finally get

Pc [A(u+ vA)]γeff = const. (B.15)

B.2 The wind equation

Starting from Eq. B.5 and using Eq. B.6 and B.8 we get the so-called wind
equation, i.e an equation for the flow speed,

du

dz
= u

c2
∗

1
A
dA
dz −

dΦ
dz

u2 − c2
∗

(B.16)

where we defined the “compound sound speed"

c2
∗ = γg

Pg
ρ

+ γeff
Pc
ρ

[
1− (γg − 1)

vA
u

] 2u+ vA
2(u+ vA)

. (B.17)
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