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ABSTRACT

Cosmic Rays escaping the Galaxy exert a force on the interstellar medium directed
away from the Galactic disk. If this force is larger than the gravitational pull due
to the mass embedded in the Galaxy, then galactic winds may be launched. Such
outflows may have important implications for the history of star formation of the host
galaxy, and in turn affect in a crucial way the transport of cosmic rays, both due
to advection with the wind and to the excitation of waves by the same cosmic rays,
through streaming instability. The possibility to launch cosmic ray induced winds and
the properties of such winds depend on environmental conditions, such as the density
and temperature of the plasma at the base of the wind and the gravitational potential,
especially the one contributed by the dark matter halo. In this paper we make a critical
assessment of the possibility to launch cosmic ray induced winds for a Milky-Way-like
galaxy and how the properties of the wind depend upon the conditions at the base of
the wind. Special attention is devoted to the implications of different conditions for
wind launching on the spectrum of cosmic rays observed at different locations in the
disc of the galaxy. We also comment on how cosmic ray induced winds compare with
recent observations of Oxygen absorption lines in quasar spectra and emission lines
from blank-sky, as measured by XMM-Newton/EPIC-MOS.

Key words: keywordl — keyword2 — keyword3

1 INTRODUCTION

Galactic winds have been observed in many galaxies (see
e.g Veilleux et al. (2005); Martin et al. (2012); King &
Pounds (2015)) and constitute an important feedback pro-
cess to the evolution of galaxies. In fact, by removing gas
from the galactic disk galactic winds regulate the star for-
mation rate (see e.g. Crain et al. (2007)) and pollute galactic
halos and intergalactic space with hot plasma and metals,
thus affecting the chemical composition, the temperature
and the degree of ionization of the interstellar medium (ISM)
and of the intergalactic medium (IGM) (see e.g Miller &
Bregman (2015)). Moreover, the expelled material may con-
tain an appreciable fraction of the number of baryons in the
Universe (see e.g. Kalberla & Dedes (2008); Miller & Breg-
man (2015)) and may contribute to solving the problem of
missing baryons in the local Universe (see e.g Anderson &
Bregman (2010)). Although observations of the Milky Way
have not yet led to conclusive evidence of the existence of a
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Galactic wind, hot dilute gas, possibly connected with such
winds, has been detected through the continuous emission
in the X-ray band (Breitschwerdt & Schmutzler (1994); Bre-
itschwerdt & Schmutzler (1999); Everett et al. (2008)) and
through Oxygen absorption lines (Ovrr and Ovrr lines) in
the spectrum of distant Quasars (Miller & Bregman (2015)).
The features of such lines are compatible with a halo with
a mass of ~ 10'°Mg, an extension of ~ 100 kpc, a temper-
ature in the range 10° — 107 K and an average metallicity
of Z ~ 0.2 — 0.3. In particular the latter data imply that
the gas in the halo comes from the Galaxy and not from in-
tergalactic space (Miller & Bregman (2015)). Moreover, the
recent observation of the so called Fermi Bubbles may be
associated 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)).

Galactic winds may be 1) thermally-driven, namely gen-
erated 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)); 2) radiation pressure-driven (see e.g Scov-
ille (2003); Murray et al. (2005)); 3) CR-driven, namely due
to the pressure exerted by escaping CRs on the ISM (see
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e.g Ipavich (1975) Breitschwerdt et al. (1991); Uhlig et al.
(2012)). The first two mechanisms are likely to take place in
starburst galaxies and galaxies with active nuclei.

In the Milky Way the thermal and radiation pressure
gradients are expected to be too small (except perhaps for
the Galactic Center region) to drive outflows. However, CRs
escaping from the Galaxy lead to a gradient in the CR den-
sity with several implications. First, the CR pressure gra-
dient exerts a force, —V P, , on the background plasma
directed away from the disk and opposite to the Galactic
gravitational force (due to both baryonic and dark mat-
ter). If this force is larger than the gravitational pull it may
launch a wind. Second, the CR density gradient can excite
Alfvén waves, due to CR streaming instability (Kulsrud &
Cesarsky (1971); Skilling (1975)), which move in the direc-
tion of the decreasing CR density. Such waves affect the
scattering properties of CRs, namely their diffusive trans-
port. Third, winds and the waves that propagate inside the
outgoing plasma, advect CRs and contribute to change the
spectrum of CRs as observed in the Galaxy.

CRs have been widely recognized as an appealing way to
launch winds in our Galaxy and the hydrodynamics of CR-
driven winds has been extensively studied in stationary one
dimensional calculations (see e.g Ipavich (1975); Breitschw-
erdt et al. (1991); Everett et al. (2008); Zirakashvili et al.
(1996)), in time-dependent calculations (Dorfi & Breitschw-
erdt (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)). The paper by Breitschwerdt et al. (1991) rep-
resented a crucial step forward in the investigation of CR-
driven Galactic winds: their computation techniques have
been adopted by much of the subsequent work on the sub-
ject.

In all this bulk of work, no matter the level of refine-
ment, only the hydrodynamics of CR-driven winds was ad-
dressed, while no information was retained on the CR spec-
trum in such winds. On the other hand, the CR spectrum
represents a crucial observable that we can use in order to
constraint wind models, hence its prediction is essential. Re-
cently, our group (Recchia et al. 2016, hereafter Paper I)
presented an extensive study of the problem of the CR trans-
port in a CR-driven wind. We developed a semi-analytical
method which allows to compute self-consistently the hy-
drodynamical properties of CR-driven winds and the corre-
sponding CR distribution function in the presence of self-
generated Alfvén waves. In our approach, the hydrodynam-
ics of the wind is calculated following the one-dimensional
stationary model developed by Breitschwerdt et al. (1991)
and the CR transport is due to scattering of CRs on the
self-generated turbulence and to the CR advection with such
waves and with the wind. Both the flow and the CR trans-
port only occur along the magnetic field lines and the flow
geometry is preassigned. The CR diffusion coefficient is cal-
culated from the spectrum of waves excited by streaming
instability and locally damped through non linear Landau
damping (NLLD). The importance of CRs for wind launch-
ing was confirmed by our work, although we found that in
general, the CR spectrum in the presence of winds launched
in the vicinity of the Sun is not in agreement with obser-
vations. This is mainly due to the fact that CR advection
in such winds is strong, leading to spectra at low energies

(below ~ 200 GeV) which are harder than the observed spec-
trum. At high energy (above ~ 200 GeV), instead, the wind
expansion together with the steep energy dependence of the
self-generated diffusion coefficient, leads to spectra that are
steeper than the observed spectrum. However, these conclu-
sions strongly depend, at low energy, on the wind launching
parameters and, at high energy, on the physical conditions
in the near-disk region, in particular on the amount of neu-
tral gas in such region and on its volume filling factor. For
instance, we showed that at high energy the CR spectrum
is very sensitive to the diffusion properties of the near-disk
region (< 1 kpc) where the presence of a pre-existing tur-
bulence would lead to a spectral hardening in the high en-
ergy part of the spectrum (see also Aloisio et al. (2015)), in
agreement with recent observations of the proton and helium
spectrum (see Adriani et al. (2011); Aguilar et al. (2015)).

In this paper we use the calculations developed in Paper
I and we study the possibility to launch winds, the depen-
dence of the wind properties on environmental parameters
and the implications of such dependences for the spectrum
of CRs observed at the Sun position. Special attention is
devoted to investigating the wind properties as functions of
the ISM properties (gas density and temperature, Galactic
magnetic field), of the CR pressure, of the flow geometry
and on the Galactic gravitational potential.

The spatial dependence of these quantities in the
Galaxy is constrained by observations (see e.g Ferriere
(2001); Cox (2005); Wolfire et al. (2003); Miller & Bregman
(2015)). In particular, the observation of the Oxygen ab-
sorption lines in the spectrum of distant Quasars analyzed
by Miller & Bregman (2015) suggests the presence of a
large Galactic halo, presumably due to a Galactic wind, and
provides us with indications on the gas mass distribution
and temperature of such halo, and consequently on the flow
geometry. Moreover, the baryonic and DM content of the
Milky Way and the corresponding gravitational potential
can be constrained by analyzing the dynamics of stars
and gas (see e.g Bertone et al. (2005); Sofue (2012); Nesti
& Salucci (2013)). We discuss how our results change by
adopting different distributions of Galactic dark matter and
compare them with the halo structure deduced by Miller &
Bregman (2015).

The paper is organized as follows: in Section 2 we de-
scribe our wind model and we briefly summarize the method
used to solve the hydrodynamic wind equations and the CR
transport equation, as illustrated in Paper I. In Section 3
we describe the model used for the gravitational potential
of the Galaxy, including several DM halo models. In Sec-
tion 4 we summarize the main properties of the ISM as de-
duced from observations and their relevance for the models
of CR driven winds. In Section 5, we discuss in detail the
dependence of the wind properties on the parameters of the
problem, as well as on the geometry of the outflow and the
Galactic gravitational potential. Finally, in Section 6, we il-
lustrate the implications of CR driven winds launched at the
position of the Sun on the spectrum of CRs.

MNRAS 000, 1-19 (2016)



2 THE WIND MODEL

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 by the kinetic transport equation for CRs.
The hydrodynamic wind equations have been written down
and discussed in detail by Breitschwerdt et al. (1991). A
method to calculate the combined solution of the hydrody-
namical equations for the wind and the transport equation
of CRs has been recently developed in Paper I. This method
allows one to determine at the same time the wind struc-
ture and the related CR spatial and momentum distribu-
tion. Here we briefly summarize the equations and the main
features of the wind model.

Following Breitschwerdt et al. (1991), we assume that
the wind is launched from a surface at distance zg above
(and below) the Galactic disc. The geometry of the outflow
induced by the CR pressure gradient is assumed to be pre-
assigned and reflecting the geometry of magnetic field lines.
In our calculation the CR diffusion coefficient is due to scat-
tering off self-generated Alfvén waves, as due to the excita-
tion of streaming instability, saturated through NLLD. Ad-
vection of CRs with self-generated waves and with the wind
are taken into account. Wave damping is considered to occur
on a timescale much shorter than any other considered pro-
cess (definitely justified for NLLD) and contribute to the gas
heating. Under these assumptions, as shown in Paper I, the
hydrodynamic wind equations and the CR transport equa-
tion become effectively one-dimensional and only depend on
the distance z from the Galactic disk. The hydrodynamic
equations read

puA = const, 1)

AB = const, (2)
21 dA _ 4o

R R @)

CRL )

5 Py P. [ UA:| 2u+va

=Yg — erf— |1 — —-1)—| —— 6

c rYQ p +7 ff p (’Yg ) u 2(U+’UA)7 ( )
Yeff . Ve D dP,

'Yeff_l B Ye—1 (75_1)(U+UA)PC dz (7)
where p(z), u(z) and P4(z) are the gas density, velocity and
pressure, B(z) is the background magnetic field strength and
Vg = 5/3 is the adiabatic index of the gas. P.(z) is the CR
pressure and 7.(z) is the adiabatic index of the CR gas, while
the average CR diffusion coefficient D is defined in equa-
tion 11. Notice that . (z) is actually calculated as a function
of z from the distribution function f(p, z) that solves the CR
transport equation. The space-dependent Alfvén velocity is
va(z) = B(z)/+\/47p(z), while ®(z) is the gravitational po-
tential of the Galaxy. The wave pressure does not appear
explicitly since the assumption of fast damping results in a
wave pressure much smaller than the gas and CR pressure.
Two important quantities appear in these equations: the
generalized sound speed c, and the effective adiabatic index
for CRs, 7eys. Looking at the definition of ¢2, equation 6,
one can recognize the sum of the sound speed term (square
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root of 4 Py/p) and of a ’CR sound speed” term (the term
YerfPe/p is formally identical to the square root of the sound
speed) which depends on the Alfvénic Mach number u/va4.
Notice that the term —(v4 — 1)va/u is due to the non adi-
abatic gas heating induced by wave damping in equation 4.
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 3. The effective adiabatic index
for CRs, 7eyy, takes into account the CR diffusivity in the
hydrodynamic equations (see also Zirakashvili et al. (1996)).
In general, veys is a function of z, however, it has been ver-
ified that in general (including in the cases presented here)
~Yess shows a weak dependence on z and we can safely treat
it as a constant. Typical values of yefs ~ 1.1 — 1.2, while
Ve ~ 4/3. Breitschwerdt et al. (1991) also introduced the
generalized sound speed c. but with two important differ-
ences compared with the calculation discussed here. First,
they neglected the CR diffusion by assuming that D = 0
so that in their calculation 7. appears instead of vess. Ne-
glecting diffusion is not a good approximation, at least not
at all distances z from the disc. Second, Breitschwerdt et al.
(1991) 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 this reason, instead of having the term
—(7g — D)va/u in the definition of ¢?, they have a ’
sound speed” term which takes into account the effect of the
wave pressure.
The CR transport equation reads

9 [y a2 | dAD)1 O
0z {ADGz] AU8Z+ dz 30Inp

where f(z,p) and D(z,p) are the CR distribution function
and diffusion coefficient as functions of position z and mo-
mentum p and U(z) = u(z) +va(z) is the advection velocity
including the wind speed and the Alfvén speed.

The term Q(z,p) represents the injection of CRs in
the Galaxy, which we assume to be limited to the Galac-
tic disc (considered as infinitely thin) and can be written
as Q(z,p) = Qo(p)d(z). The function Qo(p) describes the
injection spectrum,

_ Nsn(p)Rswn
N wR? ’

'wave

AQ=0, (8

Qo(p) )
where Ry is the Galactic disk and Nsn(p) is the spectrum
contributed by individual supernovae (SN) occurring at a
rate Rsy and reads

ScrEsn ([ p \77
Non(p) = I(y)e(me)t (%) ‘ (10)
In the last expression £c g is the CR injection efficiency (typ-
ically ~ 10%), Esn is the energy released by a SN explosion
(~ 10°%erg), Rsn is the rate of SN explosions (~ 1/30yr™!),
and I(7) is a normalization factor (see Paper I).

The average diffusion coefficient of equation 7 is defined as:

Dla) = 15" dp p°T(p)D(z,p)V f
o dp P T()VS
where T'(p) is the kinetic energy of particles with momen-

tum p. The diffusion coefficient D(z, p) is determined by the
local balance between the CR-driven growth of Alfvén waves

(11)
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and their damping through NLLD. Since the self-generated
perturbations in the magnetic field are relatively weak, one
can use quasi-linear theory to write the diffusion coefficient
as:

Lo(p)re(z,p)

D = - 12

(Z7p) 3 ]:(Z, k'res) kres:l/TL ) ( )
where F is the normalized energy density per unit logarith-
mic wavenumber k, calculated at the resonant wavenumber
kres = 1/rr(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)):

I'p = (2cx) "2 2kvaF'/?, (13)

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

of } . (14)

1672 va [ 4 ®)
_ T v 9/
3 B2 [P "W |5,
Equating the two rates, ' = I'cr, one obtains:

Ier =

F(z,p) = 2ci

B(z) 15)

a 572 2/3
[p4v(p) |51 25— TL(Z7P):|
where F is expressed as a function of momentum by means
of the resonant condition p = pres(k).

As for the flow geometry, we adopt one that is similar
to the one introduced by Breitschwerdt et al. (1991) namely
we assume that the wind is launched at the wind base zg and
that it retains a cylindrical geometry out to a characteristic
distance Z,. At larger distances the flow opens up as ~ z“.
The wind area transverse to z is then assumed to be in the
form:

A(z) = Ao {1 + (%)a] : (16)

which is only function of the spatial coordinate z, namely
of the distance from the Galactic disk. Notice that in Bre-
itschwerdt et al. (1991) and in Paper I the authors assumed
Zp ~ 15 kpc and a = 2, which corresponds to spherical open-
ing. Here, instead, we explore the implications of changing
these two parameters for the wind properties.

Following Paper I, the hydrodynamic equations for the
wind and the CR transport equation are solved together
following at iteration scheme. For a given set of input pa-
rameters at the wind base zo (namely the gas density po,
the gas temperature Tp, the magnetic field strength By and
the CR pressure P.), for each iteration we determine the
velocity uo at the base of the wind, for which the flow ex-
periences a smooth transition from the subsonic to the su-
personic regime. Given ug, both the mass and energy flux
of the wind are fixed, and it is possible to compute all the
hydrodynamic quantities (gas density and pressure, wind ve-
locity and CR pressure) as functions of the distance from the
Galactic disk. For each iteration, the transport equation 8
is solved for the CR distribution function f(z,p) and the
diffusion coefficient D(p, z). The iteration is then repeated
until convergence is reached within a given accuracy.

3 THE GALACTIC GRAVITATIONAL
POTENTIAL

The mass distribution of the Milky Way, and of other galax-
ies as well, is mainly inferred from analyses of the dynamics
of stars and gas, namely by studying kinematic data such as
rotation velocities, velocity dispersions and motion of satel-
lite galaxies. Current models for the mass distribution of the
Galaxy include a central bulge, a stellar and gas disk and a
DM halo (see e.g Irrgang et al. (2013)).

Following Breitschwerdt et al. (1991) and Irrgang et al.
(2013), the gravitational potential of the Galactic bulge and
disk can be modelled using the parametrization of Miyamoto
& Nagai (1975):

2
GM;
®p,p(Ro,2) = — Z

X 2
=t \/Rg + (ai + /22 + b?)

where z and Ry are the distance from the Galactic disk and
the Galactocentric distance respectively. For the parameters
of this model we used the values proposed by Sofue (2012),
namely (M, a1,b1) =(1.652 x 10'° Mg, 0.0 kpe, 0.522 kpc)
for the bulge and (Ms,az,b2) =(3.4 x 10'°° Mg, 3.19 kpc,
0.289 kpc) for the disk.

For the dark matter mass distribution we considered
three models, namely the Navarro-Frenk-White (Navarro
et al. 1996), the Burkert (Burkert 1995) and the Einasto
(Retana-Montenegro et al. 2012) profiles:

; (17)

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

the density profile is of the form

po

= 18
PNFW x(l ¥ .’L‘)Q ) ( )
where ¢ = r/r. and r. is the scale radius of the distri-

bution. For the two quantities po and 7. we considered
both the values given for the Milky Way by Sofue (2012)
(po = 1.06 x 10" Mg kpc™; r. = 12.0 kpc) and by Nesti
& Salucci (2013) (po = 1.3 x 10 Mg kpc™2; r. = 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 7vir =~ 240 kpc for NFW-Sofue
and rvir & 320 kpc for NFW-Salucci.

e Burkert (BUR) (Burkert (1995)):

the density profile is of the form

PBUR = ma (19)

where © = r/r. and 7. is the core radius. For the two
quantities po and r. we considered the values given for the
Milky Way by Nesti & Salucci (2013) (po = 4.13 x 10" Mg
kpc™®; 7. = 9.3 kpc). The virial radius for this model is
rvir ~ 300 kpc.

e Einasto (EIN) (Retana-Montenegro et al. (2012)):

the density profile is of the form
pEIN = po exp(—z), (20)

MNRAS 000, 1-19 (2016)
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Figure 1. Galactic gravitational acceleration as function of the
distance from the galactic plane, z, at the Sun position produced
by different DM profiles. The contribution due to the disk and
the bulge are also shown.

where z = r/r.. For the three quantities po, r. and a we
considered the values given for the Milky Way by Bernal &
Palomares-Ruiz (2012) (po = 3.5 x 10" Mg kpc™3; r. =
6.7 x 1075 kpc, a =0.17).

These halo models predict a DM density at the Sun position
in the range 0.2 — 0.4 GeV/cm?®, in agreement with most of
the current literature (see Salucci et al. (2010) for a discus-
sion on the local DM density).

A comparison between the gravitational acceleration
produced by different DM models at the solar galactocentric
distance R = R and as a function of the Galactic altitude
is shown in Fig. 1 where also the contribution due to the
disk and the bulge are reported. One can see that the Burk-
ert and the Einasto profiles are quite similar in magnitude
below z ~ 50 kpc and that the Einasto profile becomes sys-
tematically larger than the Burkert profile above z ~ 50
kpc. On the other hand, the NFW profile shows large dif-
ferences in magnitude, compared to the other two profiles,
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 z = r/r. and to the different values of the
scale radius 7.

4 FIDUCIAL VALUES FOR THE
ENVIRONMENTAL PARAMETERS

The ISM is a rich environment in which several components,
distinguished by the level of ionization and temperature, co-
exist and interact: molecular and atomic neutral gas, warm
and hot ionized gas, interstellar magnetic field and CRs. In
the cooler, denser regions of the ISM, matter is primarily in
molecular form and can reach densities as high as 10 cm 3.
On the other hand, in the diffuse regions of the ISM, mat-
ter is mainly ionized and can reach densities as low as 107*
cm 3. In addition, the colder and denser phases of the ISM
are mainly confined in the Galactic disk and have filling fac-
tor of order ~ 1 — 5%, much smaller than the dilute hot gas
filling factor, which is of order 30 —70%. A detailed study of

MNRAS 000, 1-19 (2016)

Table 1. Components of the ISM and their properties in the
vicinity of the Sun (see Ferriere (2001)).

Component Temperature Density Scale Height
(K) (em™?) (kpe)
Molecular 10-20 10% — 108 ~0.1
Cold Atomic 50-100 20-50 ~0.1-04
Warm Atomic 6000-10000 0.2-0.5 ~01-04
Warm Ionized 8000 0.2-0.5 ~1
Hot Ionized ~ 106 ~ 0.006 >1

the gas components of the ISM has been carried out by sev-
eral authors (see e.g Cox (2005); Wolfire et al. (2003)) while
a comprehensive review of the present knowledge of the ISM
can be found in (Ferriere (2001)). In Table 1 we summarize
the main properties of the gas components of the ISM in the
vicinity of the Sun as reported by Ferriere (2001).

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. An estimation of the magnetic field
strength in the vicinity of the Sun is reported for instance in
Jansson & Farrar (2012), which quote the value ~ 1 — 2uG
for the disk component and ~ 1uG for the out of disk com-
ponent. Ferriere (2001) quote a value Bg ~ 1.5uG, while
Cox (2005) suggest a value of ~ 3—5 uG (which includes all
field components). Here we are mainly interested in the out
of disk component.

Recently Miller & Bregman (2015) analyzed the Oxygen
absorption lines in quasar spectra and emission lines from
blank-sky regions, measured by XMM-Newton/EPIC-MOS,
and inferred the presence of a hot gaseous halo which could
in fact be the result of a Galactic wind. Constraints on the
structure of the hot halo can be found by fitting a radial
model,

n(r) &~ no (%)SB , (21)

for the halo density distribution, from which the expected
emission, to compare with observations, is computed. Here
r = Vv R? + 22, where R is the Galactocentric distance and z
the distance from the Galactic disk. The best fit parameters
for the halo density given by Miller & Bregman (2015) are
B = 054 0.3 and nord® = 1.35 + 0.24 cm *kpc®’. The
authors also infer a nearly constant halo temperature of ~
2 x 10° K and a sub-solar gas metallicity that decreases
with r, but that also must be 2 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 x 1073
em™® in the vicinity of the Sun, a density scal-
ing with z that reads n(z) ~ 2z '° and a halo
mass of M(< B50kpc) = (3.8 & 0.3) x 10°Mgy and
M(< 250kpc) = (4.3 + 0.8) x 10'°Mg. Notice that such
halo mass would account for < 50% of the Milky Way



Table 2. Fiducial values for the wind input parameters at the
Sun position.

parameter fiducial range
area-o 1.5-2.0
area-Zp, 5-15 kpc

gas density 3-6x10"3 cm~3

gas temperature 1—-3x 10K

regular B 1—-2uG

CR pressure 4 x 10713 erg/cm—3

missing baryons.

All these pieces of information allow us to define rea-
sonable fiducial values for the input parameters of our wind
problem (see Table 2 for a summary): we are interested in
the hot dilute phase of the ISM, for which we adopt a den-
sity 3— 6 x 1072 cm ™2 and a temperature 1 — 3 x 10°K, and
in the out of disk regular magnetic field for which we retain
a field strength 1 — 2uG.

The pressure in the form of CR protons measured at Earth
is ~ 4 x 107" erg/cm™3.

Finally, Breitschwerdt et al. (1991), Everett et al. (2008) and
Paper I assumed that the flux-tube opens up spherically,
namely a = 2 in equation 16, while the results of Miller
& Bregman (2015) suggest o ~ 1.5. As for the area length
scale Zp, Breitschwerdt et al. (1991) and Paper I adopted
the value 15 kpc, while Everett et al. (2008) treated Z, as
a fitting parameter and allowed it to vary around ~ 5 kpc.
Here we consider o ~ 1.5 — 2 and Z, ~ 5 — 15 kpc.

5 DEPENDENCE OF THE WIND
PROPERTIES ON THE GALACTIC
ENVIRONMENT

In this section we present a purely hydrodynamical analysis
of Galactic winds, launched at the Sun position, focusing
on how the wind’s properties are affected when changing
the environmental parameters within the range allowed by
observations, as summarized in Section 4. In Section 5.3 we
briefly discuss the role of radiative cooling while we describe
the implications for the CR spectrum in such winds in
Section 6.

The topology of the solutions of the hydrodynamic
equations 1-7 depends on the nature of the critical points of
the wind equation 3 (see Breitschwerdt et al. (1991); Paper
I), i.e of the points in which the velocity derivative has
zero numerator (c; = 42/%94) and/or zero denominator
(u? = ¢?). 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.. The solution
relevant for our problem is the one with velocity that starts

subsonic at the wind base z¢, increases with z, goes through
the critical point where it becomes supersonic and keeps
increasing (wind acceleration). The wind launching velocity
uo for this solution is found by imposing crossing through
the critical point. For launching velocities smaller than uo,
the flow remains subsonic everywhere and there is a point in
which the numerator of equation 3 vanishes. Such solutions
are called “breezes”. For launching velocities larger than wug
but still subsonic, there is a point in which the denominator
of equation 3 vanishes and the corresponding solutions are
unphysical.

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

puA = const (22)
2

&=t o)

(with reference to equation 3 we define a(z) = 442 and

g(z) = 4%), 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, namely the point
where both the numerator and the denominator of the wind
equation are zero. The similarity with the De Laval nozzle is
even more evident if we compare the formal expression for
the wind equation reported above and the De Laval nozzle:

_ 9(»)
%% = % (Wind equation) (25)

(26)
1du a(z)

iy R (De Laval nozzle equation)
udz -

where M = u/c* is the Mach number and a(z) = %% for
the De Laval nozzle. In Fig. 5 the scheme of a De Laval noz-
zle is shown. Notice that the nozzle has a converging and a
diverging section. If we look at equation 27, 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 super-
sonic 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 25 presents
an "effective area” term given by a(z) — £ ) which plays the
same role of a(z) in the De Laval equation. Thus, in order to
have a smooth subsonic-supersonic transition, the effective
area must have the same convergent-divergent behavior of
the De Laval nozzle:

o u? < ¢*? (subsonic regime)
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subsonic

supersonic

Figure 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).

the gravitational term g¢(z) must dominate in the nu-
merator in order to have du/dz > 0. Thus, g(z) is a
“converging duct” term,

e u? > c*? (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.

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. Similarly, if the a(z) > 0, namely the flow only
expands (as in our wind model), the gravitational term 96(722
allows for the presence of a stationary wind solution.
Finally, the passage through the critical point (choking
condition for the De Laval nozzle), fixes the wind launching
velocity wuo. Because all other magnitudes in equation 22
and 23 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
position, we define our reference case starting from observa-
tions and we choose: zp = 100 pc for the wind base (winds
launched near the Galactic disk), no = 6 x 1072 ecm™® for
the gas density, To = 2 x 10° K for the gas temperature,
Po =4x10713 erg/cm3 for the CR pressure, Bp = 1uG
for the magnetic field, Z, = 15 kpc and a = 2.0 for the area
parameters and NFW-Sofue for the DM profile. 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(a)-3(c) we reported the spatial profile of the wind
related quantities for the reference case, while the various
components of the Galactic gravitational acceleration have
been previously shown in Fig. 1. Notice that, unlike the
bulge and disk components, which die off at ~ 10 kpc, the
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Figure 3. Reference case: a) wind, Alfvén and compound sound
speed; b) gas density and temperature; c) gas and CR pressures.
The input parameters are: zgp = 100 pc, ng = 6 x 1073 cm~3,
To =2 x 108 K, Pg = 4 x 10713 erg/cm3, By = 1 uG, Z;, = 15
kpc, a = 2.0 and the NFW-Sofue dark matter profile.



Table 3. Dependence of the wind properties on the gas den-
sity. The gas temperature (2 x 106 K) and CR pressure (4 x
10~ 13erg/cm?3) are fixed. 1 is the mass loss rate of the wind.

Gas density uQ Ze ufs m
nf =6x 1073 4.7 x107*
(cm™3) (km/s) (kpc) (km/s) (Mgkpc—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

DM contribution to the acceleration remains important out
to the virial radius (~ 240 kpc for the NFW-Sofue).

For the reference case, at the wind base the flow is sub-
sonic 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. 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(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 decreases with height much faster than the
CR pressure, and at ~ 20 kpc the 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
(ye ~ 4/3; vg = 5/3), 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, of-
ten making an outflow possible where the thermal pressure
alone would have failed (see Ipavich (1975); Breitschwerdt
et al. (1991); Everett et al. (2008)).

Having defined a reference set of parameters, below we
study the dependence of the outflow properties on the input
parameters at the wind base. In Section 5.1 we focus on the
effect of changes of the gas density, gas temperature and CR
pressure, while the analysis of the dependence on the area
parameters is reported in Section 5.2.

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

In order to emphasize the dependence of the results on the
input parameters, here we also include in our analysis pa-
rameters’ values that are not strictly compatible with obser-
vations at the position of the Sun (discussed in Section 4).
In Table 3-5 we report the launching velocity uo, the po-
sition of the sonic point z. and the terminal velocity uy, for
different values of the gas density (Table 3), gas temperature

Table 4. Dependence of the wind properties on the gas tem-
perature. The gas density (6 x 1073cm~2) and CR pressure
(4 x 10~ 13erg/cm?) are fixed.

Gas temperature uo Ze uf m
TH =2 x 10° 4.7 x 1074

(K) (km/s)  (kpc) (km/s) (Mgkpe~?yr—1)
0.5 3.09 34.3 419 0.98
1.0 3.1 40.6 403.7 1
2.0 6.9 104.9 243 2.2
3.0 17.5 367.6 152.4 5.6
4.0 182 13.32 263 58
5.0 280 7.8 441.3 89
6.0 362 4.8 573.5 116

Table 5. Dependence of the wind properties on the CR pressure.
The gas density (6 x 10~ 3cm~3) and temperature (2 x 10% K) are
fixed.

CR pressure uQ Ze ufs m
PE=4x10"13 4.7 x 1074
(erg/cm?) (km/s)  (kpc) (km/s) (Mekpc 2yr~')
0.2 0.72 64.1 339 0.2
0.5 1.84 51.2 351 0.6
1.0 3.1 40.6 403.7 1
2.0 8.6 36.9 376.5 2.8
3.0 14.5 32.6 394 4.6
4.0 21.8 29.2 415 7.0
5.0 30.7 26.2 439.6 9.8
6.0 41.1 23.6 573.5 13

(Table 4) and CR pressure (Table 5), as compared with the
reference case of Fig. 3 (indicated by the superscript "R”).

Some basic considerations can be put forward based on
purely energetic grounds. Consider for instance what hap-
pens at fixed gas density and CR pressure values as in Ta-
ble 4: for temperatures below ~ 0.4T& it is impossible to
launch a wind simply because the energy available is too
small. In the opposite limit, for instance for temperature
> 7TE, the gas is simply too hot and the outflow resembles
more an evaporation process, which in reality would result
in a non-stationary outflow that cannot be described using
our formalism (see also Everett et al. (2008)).

At fixed gas temperature and CR pressure, an increase
in the gas density leads to a decrease of both the launching
velocity uo and the terminal velocity uy (see Table 3). This
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is not surprising, since a larger mass load makes more diffi-
cult for the pressure forces to launch a wind. Notice that the
decrease of up with increasing density is fast enough to drive
down the mass loss rate of the wind (which is proportional
to no uo) despite the increasing density (see Table 3).

As shown in Table 4 and Table 5, increasing the temperature
or the CR pressure at fixed gas density leads to an increase
in the launching velocity (and because ng 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 ug respectively. This fact can be
explained keeping in mind that momentum and energy de-
positions before or after the sonic point affect the wind in
different ways (see e.g Lamers & Cassinelli (1999); Everett
et al. (2008)): momentum and energy added before the crit-
ical point is reached can increase both the mass loss and
the terminal velocity, while momentum and energy input
after crossing 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, no-
tice that the z evolution of the CR pressure also depends on
whether the flow is sub-Alfvénic or super-Alfvénic. In fact,
with reference to equation 5, we have the following limits for
the CR pressure gradient (see Everett et al. (2008)):

P.dp

A g et g (27)
. dP. P. dp
1 = yepp 2P, 2
u>l§11)A dz et p dz (28)

The effective CR adiabatic index is 7esf/2 in the sub-
Alfvénic regime and 7.5 in the super-Alfvénic regime. As
a consequence, 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 temper-
ature and the CR pressure is a bit more complicated being
non monotonic. In Table 4 and Table 5 we can see that, when
increasing both P9 and po, the terminal velocity in general
does not increase. Keeping the gas density and the CR pres-
sure at the reference values and increasing the temperature
from 0.5T§ to 37§, us decreases by a factor ~ 3, while
from 3TF to 6 T it increases by factor of ~ 4. Similarly,
keeping the gas density and temperature at the reference
values and increasing the CR pressure from 0.2 PE to P,
uys increases. It decreases when the CR pressure goes from
PE to 2 PR, and finally increases for CR pressure from 2 PR
to 6 PX.

In order to understand this behavior, notice that the termi-
nal velocity is computed from the energy conservation equa-
tion 23. 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 uy is related to the quantities at the wind
base through

2 2

uy U, P, e Peouo+v
LU0y e T90 | ()4 —JelS  Z0BOT VA 99
2 2 v —1npo Yerr —1 po Uo
Unlike the gas pressure term, which does not depend on
up, the CR term depends on the Alfvénic Mach number
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Mao = uo/vao through the factor (1+ Mao)/Mao. This fac-
tor becomes large when M 40 is small (<« 1) and approaches
unity when Mao gets large (> 1). Considering the results of
Table 4, we have that, starting from 0.5 T¢° and increasing
the temperature, the launching velocity and the gas pressure
increase, together with the kinetic and gas terms in equa-
tion 29. However, the CR term decreases, due to the factor
(14 Mao)/Mao. In the range 0.5 T — 3TF the decrease of
the CR term dominates over the increase of the kinetic and
gas terms, thus leading to a decrease of the terminal veloc-
ity 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 tempera-
ture. Notice that at large temperatures the wind is launched
super-Alfvénic (vap = 28 km/s) and the CR term becomes
practically independent of M 4. The results of Table 5 can
be explained with similar considerations.

The location of the sonic point is closer 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 reaches the
sonic point at smaller z.

Is is also worth stressing the role played by wave damp-
ing. Breitschwerdt et al. (1991) did not study the effect of
wave damping in detail and the paper mainly focused on a
model where Alfvén waves, produced through CR stream-
ing instability, are not damped and can grow indefinitely. In
such a model, the parameter space for the wind launching
was much larger than in the case where wave damping is
included, resulting in the possibility to easily launch winds
also at relatively low temperatures and high gas densities.
In the presence of wave damping the parameter space is re-
duced, mainly due to two factors. First, if waves are not
damped, their pressure contribution, which grows to reach
more or less the same magnitude as the CR pressure, can sig-
nificantly help in pushing the gas. Second when the waves
are damped, the heat input from wave damping increases
the temperature (and thus the gas pressure) along z, which
results in a smaller gas pressure gradient, i.e a smaller force
acting on to the wind. If the contribution of wave damping
is too intense, the gas heating can be so important so 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)).

We conclude this overview with a discussion of the mass
loss rate of the Galaxy due to winds. In Tables 3, 4 and
5 we report the mass loss rate per unit area for different
values of the launching parameters of the wind. If we assume
that such mass loss rate per unit area is the same as in
the whole Galactic disk and we consider input parameters
compatible with the halo observations, we obtain a mass loss
rate roughly in the range ~ 0.5 — 1.5M /yr. Such values of
the mass loss rate are of the same order of magnitude of the
Galactic star formation rate (~ Mg /yr; see e.g Robitaille
& Whitney (2010)), which means that CR-driven Galactic
winds may play an important role in the evolution of the
Milky Way.

5.2 Effect of the flux-tube geometry

Here we analyze the impact of the flux-tube geometry
through the variation of the two parameters a and Z;, of
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equation 16, keeping the gas density, temperature and CR
pressure to the reference values of Fig. 3 and using the NFW-
Sofue DM profile. The "mushroom” type geometry of equa-
tion 16 reflects what we would intuitively expect for outflows
from disk galaxies: the flow proceeds in nearly cylindrical
symmetry up to about a distance Z; from the galactic disk
and then opens up in a nearly spherical way. Of course, in
a full treatment of the CR-driven wind problem, the flow
geometry should be calculated self-consistently by account-
ing for the large-scale magnetic field. However, such study
is beyond the scope of the present work, hence we retain the
geometry described by equation 16 and we study how the
wind properties get modified when Z, and « are changed.

The flux-tube geometry directly affects the acceleration
of the outflow, as well as the gas density (see equation 22 and
24) and consequently the pressure gradients (see equation 4
and 5). Thus, it is not surprising that the shape chosen for
the function A(z) has important implications for the wind
properties. In what follows we first discuss the effect pro-
duced by changing the length scale, Z;, and then the effect
of changing the exponent a:

5.2.1 Effect of changing the length scale Zp

We fix a = 2.0 and we change Z; in the range 5-20 kpc,
stepped by 2.5 kpc. In Table 6 we show the wind launching
velocity uo, the wind terminal velocity us and the location of
the sonic point z. as functions of Z;, while in Fig. 4 we report
the wind profile (relevant velocities, densities, temperature
and pressures) for the two extremal cases Z, = 5 kpc and
Zy = 20 kpc.

The plots in Fig. 4 show that for smaller values of Z,
vales the wind is launched with higher speed uo, reaching the
critical point z. farther away from the disc, but reaching a
smaller final velocity us. These results can be explained as
follows: for smaller values of Z;, the adiabatic expansion of
the gas associated to the geometric expansion of the outflow
begins closer to the disc (smaller values of z), resulting in a
larger density gradient, as shown in Fig. 4(b). Larger density
gradients also correspond to larger pressure gradients (see
equation 4 and 5) at smaller z. This results in an increase of
the wind launching velocity (and, because the gas density is
fixed, also in an enhanced mass loss rate).

Notice that, since va = B/y/4mp and BA = const (see
equation 2), a steeper density profile also corresponds to a
faster fall-off of the Alfvén velocity with z (see Fig. 4(a)).
For smaller values of 7 this leads to a flow which is typically
“more super-Alfvénic” along z, causing a more efficient driv-
ing of the CR wind (see discussion in Section 5.1), namely
an extra contribution to the increase of ug.

Being all parameters at the wind base fixed, the increase
of the wind launching velocity with decreasing Z, results in
a decrease of the CR term and in an increase in the kinetic
term in the energy conservation equation 23. However, in the
case considered, the first effect is dominant, and the terminal
velocity decreases with decreasing Z.

In the subsonic regime, the numerator of the wind equation
24 is dominated by the gravitational term. A smaller value
of Z, 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. 4(a), ¢* depends weakly on Z;. This results in
a flatter velocity profile for smaller values of Z,. The larger

Table 6. Dependence of the wind properties on the area length
scale Z. The gas density (3 x 1073cm™3), gas temperature (2 x
108 K) and CR. pressure (4 x 10~ 13erg/cm3) are fixed. a = 2.0.

2, (kpe) o (km/s) ze (kpe) uy (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

Table 7. Dependence of the wind properties on the expansion
index a. The gas density (3x1073cm™3), gas temperature (2x 108
K) and CR pressure (4 x 10~ 3erg/cm?) are fixed. Z;, = 15 kpc.

e ug (km/s)  zc (kpc) wuy (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

launching velocity at smaller Z;, does not compensate the
decrease in acceleration, leading to a sonic point located
farther away from the disc.

5.2.2 Effect of changing the expansion index o

Here we fix Z, = 15 kpc and we vary « in the range 1.2-2.2,
stepped by 0.2. In Table 7 we show the wind launching ve-
locity wuo, the wind terminal velocity uy and the location of
the sonic point z. as functions of a. In Fig. 5 we show the
wind properties only for the two extreme cases o = 1.2 and
a=2.2.

As it can be inferred from these plots, a larger value of «
corresponds to smaller z., larger uo and smaller uy. This
behavior can be explained with considerations analogous to
those invoked above for the case of a changing scale height
Zpy. At z > 73, an increase in « corresponds to steeper den-
sity profiles (see Fig. 5(b)), i.e to larger pressure gradients,
which act both in the subsonic and in the supersonic region
(notice that in all cases z. > Z). For this reason, when
« increases, the launching velocity increases too (and con-
sequently the mass loss rate increases), while the terminal
velocity of the wind decreases.
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Notice also that, as it can be seen in Fig. 5(a), the com-
pound sound speed ¢* does not change appreciably when
changing «, especially in the subsonic regime. Moreover, for
a given Z, the area of the flux tube A(z) does not change
much for z < Z,. This leads to velocity profiles which are
practically parallel up to ~ Z; at all « (see equation 24 and
Fig. 5(a)), and to a decrease of z. when « increases. In fact,
because the velocity profiles are nearly parallel within ~ Z
and ¢* is weakly dependent on « in the subsonic regime, at
larger uo correspond smaller z.. Finally, notice the steeper
c¢* profile at z > Z, corresponding to larger values of a.
This is due to a more rapid fall off in z of the density and
pressures.

5.3 Radiative cooling

For gas temperature of order ~ 10% K radiative cooling may
be important and affect in a potentially important manner
the properties of CR driven winds or even the possibility to
launch such winds.

As shown by Dalgarno & McCray (1972), in this range
of temperature the ISM is cooled by the emission of forbid-
den lines and soft X-rays, at a rate

1dT
T dt
where the cooling function is A(T ~ 10%) ~ 2 x 10723 erg
cm®/s for Solar metallicity. The dependence of the cooling
rate as the square of the gas density suggests that the im-
portance of the cooling will be much more important in the
cases of dense winds.

From the formal point of view, radiative cooling can be
easily included in the wind hydrodynamic equations: equa-
tion 4 for the gas pressure becomes

ar, __ Pydp _
dz _’ygpdz

~ A(T)n?, (30)

WAl (- 0AmT, ()

(vg—1)
while the wind equation 3 gets modified as

ldu _ cia(z) —g(2) + (v — DA 2

wdz u? — 2 ’ (32)

u dz

These expressions have been derived also by Dougherty et al.
(1990), where it was also shown that the solution topol-
ogy remains the same with the addition of radiative cooling.
Notice that the cooling term appears in the numerator of
the wind equation 32 with the same sign of the area term,
namely it behaves as a ”diverging duct” term in the De Laval
nozzle picture discussed above.

Comparing the radiative cooling time and the wave
heating time for the reference case of Fig. 3 (no = 6 x
1073cm™3), we have Teoor ~ 107 yr and Thear ~ 10% yr.
This example shows that, in the absence of additional heat-
ing terms, the radiative 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 for-
mal point of view, a large cooling term would result in a
positive numerator at the wind base in equation 32, making
a wind solution impossible.

On the other hand, the ISM is also heated by SN ex-
plosions through the injection of hot gas and magnetic tur-
bulence that will eventually dissipate into thermal energy.
Recently it was suggested that also Coulomb losses of CRs
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Figure 4. Comparison of wind profiles in case of changing the flux
tube geometry. Two cases are shown, Z, = 5 kpc and Z, = 20
kpc, while the value of « is fixed to 2. The different plots are:
a) wind, Alfvén and compound sound speed; b) gas density and
temperature; ¢) gas and CR pressure.
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Figure 5. Comparison of wind profiles in case of changing the
flux tube geometry. Two cases are shown, o = 1.2 and a = 2.2,
while the value of Z, is fixed to 15 kpc. The different plots are:
a) wind, Alfvén and compound sound speed; b) gas density and
temperature; ¢) gas and CR pressures.

themselves might be a substantial source of heating (see
Walker (2016)). The relevance of cooling was already rec-
ognized by Breitschwerdt et al. (1991) which, nevertheless,
assumed that some sort of energy balance must exist be-
tween heating and cooling processes. It is currently unclear
which mechanism may be responsible for sufficient heating
to compensate cooling, but observations reveal that the tem-
perature in the halo is indeed in the range ~ 10° — 10° K
(see for instance Miller & Bregman (2015)), hence support-
ing the idea that either cooling is negligible or it is balanced
by one or more heating processes.

It is worth remarking that the cooling function in equa-
tion 30 has been estimated assuming that the halo has the
same metallicity as the ISM in the solar vicinity, which might
not be strictly true. In case of smaller metallicity, as one
might expect for the gas in the halo, the cooling rate is
somewhat reduced.

Given the lack of knowledge of detailed physical pro-
cesses that may heat the base of the wind, here we adopted
the same pragmatic attitude as Breitschwerdt et al. (1991)
and assume that radiative cooling is balanced by some heat-
ing process, so as to not include an explicit heating and
cooling term in the wind equations (see also (Paper I)).

6 COSMIC RAY SPECTRUM

As discussed in the sections above, the possibility to launch
a CR driven wind and the properties of such winds depend
upon the local conditions at the base of the wind, and the
gravitational potential along the trajectory of the outflow.
Of course, one of the important parameters of the problem
is the CR pressure at the base of the wind. If we are inter-
ested in solving the problem at the position of the Sun we
should recall that not only the CR pressure but also the CR
spectrum is measured, so that the problem of launching a
wind is much more constrained. In a non-linear theory, such
as the one we adopt in this paper, the two quantities are not
independent: the number of CRs at a given momentum de-
termines the energy density of the self-produced waves and
hence the diffusion coefficient, which in turn affects the spec-
trum and energy density of CRs. Moreover the same quan-
tities have a direct effect on the wind properties, which also
have a feedback on the CR spectrum through advection. No-
tice that in our iterative approach to solving the combined
set of hydrodynamical equations for the wind and kinetic
equation for CRs, the CR pressure is taken from observa-
tions (Pcre ~ 4 x 1073 erg/cm?), but the spectrum is an
output of the kinetic equation. Imposing that the predicted
spectrum matches the observed flux at a given energy does
not ensure that the spectrum also fits observations. In fact,
it is in general the case that the spectrum corresponding to
wind solutions is quite unlike the CR spectrum observed at
the Earth (see also the discussion in Paper I).

This will be best discussed in Section 6.1, where we
present some selected cases in which we solve the wind prob-
lem for input parameters suitable for the Sun’s position in
the Galaxy and we check the computed spectrum versus ob-
servations. We will show that typically the CR spectrum
associated to wind solutions is harder than the observed
one, as a result of a dominant role of advection of CRs with
the wind. In some cases, the advection velocity can be so
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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 magnetic field). On the
other hand, it may happen that increasing the gas density at
the base of the wind, so as to reduce the Alfvén speed and
the wind speed, at some point the wind can no longer be
launched. In some borderline cases, whether the wind is in
fact launched or not may depend on the spatial distribution
of dark matter, namely the contribution of dark matter to
the gravitational potential.

At CR energies E = 200 GeV) the opening of the flux-
tube area together with the energy dependence of the self-
generated diffusion coefficient (see equation 12) makes the
CR spectrum typically steeper than the observed one. How-
ever, as discussed in Paper I, the high energy behaviour of
the CR flux may be considerably affected by the presence of
non self-generated turbulence in the near disc region (within
~ 1 kpc from the base of the wind). In fact such turbulence
should be postulated in this class of models if to account for
the spectral hardening measured by the PAMELA (Adriani
et al. 2011) and AMS-02 (Aguilar et al. 2015) experiments.

In Section 6.2, 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 with both the recent
observations illustrated by Miller & Bregman (2015) and
with the observed CR spectrum.

6.1 Reference models

Here we discuss three scenarios in which a wind is launched
at the position of the Sun (Galactocentric distance R = 8.5
kpc, zo = 100 pc) with parameters that are compatible with
observations. Following the discussion reported in Section 4,
we fix the gas temperature as Tp = 2 x 10° K and the param-
eters of the flux-tube geometry as Z, = 15 kpc and o = 1.5.
The calculations are carried out assuming that dark matter
is distributed according to a NF'W-Sofue profile and we fix
the slope of the injection spectrum as v = 4.3. The three
scenarios differ in the values of the gas density no and mag-
netic field By at the wind base and in the normalization of
the CR injection spectrum (which is normalized either to
reproduce the observed CR pressure or to match the com-
puted and observed spectra at 50 GeV): in the first scenario
(Model A) we assume ng = 0.003 cm ™ and By = 2 uG at
the wind launching point zp. In addition, we normalize the
injection spectrum in order to get the observed CR pressure
Po=4x10713 erg;/cm3 at zo. This implies the following
condition to be fulfilled:

{cr Rsn
0.1 1/30yr—1

for the injection term (equation 9). The results for Model A
are summarized in Fig. 6: Fig. 6(a) shows the wind velocity,
the Alfvén speed and the compound sound speed, while wind
density and temperature are shown in Fig. 6(b). The wind is
launched sub-Alfvénic with uo = 14 km/s and becomes sonic
at zc = 35 kpc, while the Alfvén speed at zo is 79 km/s.
The CR pressure is shown in Fig. 6(c) together with the gas
pressure and the wave pressure. The latter is computed from
the equilibrium wave spectrum, obtained by equating the
growth rate of waves due to CR streaming instability and
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the damping rate due to NLLD (see equation 15). 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 the second model (Model B) we assume again a gas
density no = 0.003 cm ™ and a magnetic field By = 2 uG at
the base of the wind. However, we normalize the injection
spectrum in a way that the computed flux of CR protons at
the location of the Sun is the same as measured at an energy
of 50 GeV. This constraint implies the following condition
on the injection parameters:

{cr Rsn

0.1 1/30yr 1~ 075

The corresponding wind velocity, the Alfvén speed and the
compound sound speed are shown in Fig. 7(a) while the wind
density and temperature are shown in Fig. 7(b). The wind is
launched sub-Alfvénic with uo = 9 km/s and becomes sonic
at z. = 39 kpc, while the Alfvén speed at zo is 79 km/s.
The CR pressure is shown in Fig. 7(c), together with the gas
pressure and wave pressure. Notice that, because we are nor-
malizing the spectrum to the observed proton flux at 50 GeV
rather than on the CR pressure at zg, the latter is an out-
put of the calculation, with value Py = 2.6 x 1073 erg/cm3.
This explains the difference in wind velocity between Model
A and Model B.

In the third scenario (Model C), we assume a gas density
no = 0.006 cm™2 and a magnetic field By = 1 uG at the base
of the wind. As for Model B, we normalize the injection
spectrum in order to reproduce the observed CR flux at 50
GeV, which implies:

{cr Rsn

== ~(0.32.
0.1 1/30yr—! 0-3

The wind velocity, the Alfvén speed and the com-
pound sound speed for Model C are shown in Fig. 8(a),
while Fig. 8(b) illustrates the evolution of the wind density
and temperature. The wind is launched sub-Alfvénic with
up = 2 km/s and becomes sonic at z. = 60 kpc, while the
Alfvén speed at zo is 28 km/s. The CR pressure is shown
in Fig. 8(c), together with the gas and the wave pressure.
As for Model B, the CR pressure at zp is an output of the
calculation, P, = 3.2 x 10713 erg/cmS.

The spectrum of CR, protons at the position of the Sun
in the three scenarios discussed above is shown in Figs. 9(a),
9(b) anf 9(c) compared with the proton flux as measured by
the VOYAGER-I (Stone et al. 2013) at low energies and
by AMS-02 (Aguilar et al. 2015) at higher energies. The red
curve illustrates the effect of solar modulation, with the sim-
ple recipe of Bernardo et al. (2010). One should not overesti-
mate the importance of the comparison of our predicted CR
spectrum with observations at energies below ~ 1 GeV, be-
cause in such energy region energy losses become important
and such effects have not been included in the calculations
presented in this paper.

In all the three cases introduced above, the CR ad-
vection velocity near the wind base is dominated by the
Alfvén speed. The advection velocity at the wind base is
uo + vao ~ 93 km/s, ~ 88 km/s and ~ 30 km/s for model-
A, B and C respectively. An important feature of the spec-
tra in the disk, shown for the three models in Fig. 9, is the
presence of hard spectra which extend to higher energies for
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Figure 6. Results for Model-A: at the wind base, zp, the gas
density is ng = 3x10~3cm ™3 and the magnetic field is By = 2uG.
The CR injection spectrum has been normalized in order to get
the observed CR pressure P = 4 x 10713 erg/cm? at 2.

increasing advection velocity. This is due to the fact that,
the larger the CR advection velocity, the higher the CR en-
ergy at which advection dominates upon diffusion in the CR
transport equation, thus producing a spectrum with spectral
index close to the injection spectral index.

From Fig. 9(c), one can see that below ~ 200 GeV
Model-C resemble the observed CR spectrum, while the
harder spectra in Model A and B appear to be quite un-
like the observed one, even qualitatively. This is a rather
general conclusion: even using values for the environmental
parameters that are compatible with observations (see Sec-
tion 5) and that lead to wind launching, the corresponding
CR spectrum at the Sun’s position is, in general, qualita-
tively different from the observed one, even if the total CR
pressure may be close to the measured one.

Making use of the points discussed in Section 5 concern-
ing 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 (always within the observational constraints).
By increasing the magnetic field and/or decreasing the gas
density the Alfvén speed would increase and, consequently,
harder spectra would be inferred. 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 sim-
ilar implications for the CR spectrum. On the other hand, an
increase in the gas density would lead to smaller advection
velocities (decreasing both the Alfvén and the wind speed),
hence a generally steeper spectrum. However, when the den-
sity becomes too high it may become impossible to launch a
wind. The same considerations hold when decreasing the gas
temperature: the Alfvén speed is not affected but the wind
velocity decreases. This situation is particularly important
for winds in which the launching velocity is comparable or
larger than the Alfvén speed. Also in this case, for smaller
temperatures the wind launching may be inhibited.

6.2 Models versus observations: the effect of the
Dark Matter halo

Here we present a wind model whose parameters are com-
patible with properties of the Galactic halo derived in Miller
& Bregman (2015), i.e Model-C of Section 6.1 (see discussion
below), and we study how the CR spectrum depends on the
DM halo profile. In particular, we show that it is possible to
have a good agreement with the observed CR proton spec-
trum, depending on the choice of the DM halo potential.

In Fig. 11(a) we show the wind density and tempera-
ture obtained with the input parameters of Model-C and
for the three DM halos NFW-Sofue, BUR and EIN. The
NFW-Salucci model is missing since with such halo no wind
was launched. 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. In Fig. 10(a)
and 10(b) we show the corresponding wind speed, sound
speed and Alfvén velocity, while in Fig. 11(b) we show the
gas and CR pressures. For all the three DM models, the
wind is launched as sub-Alfvénic with: (ug = 2km/s, zc =
60kpc, uy = 450km/s) for the NFW-Sofue profile, (up =
3km/s, z. = 285kpc, uy = 273km/s) for the BUR profile
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Figure 7. Results for Model-B: at the wind base, zg, the gas
density is ng = 3 x 1073cm~3 and the magnetic field is By =
2uG. The CR injection spectrum has been normalized in order to
reproduce the observed CR spectrum at 50 GeV.
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Figure 8. Results for Model-C: at the wind base, zg, the gas
density is ng = 6 x 107 3cm 3 and the magnetic field is By =
11G. The CR injection spectrum has been normalized in order to
reproduce the observed CR spectrum at 50 GeV.
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Figure 10. Dependence of the CR spectrum on the DM halo: a)
wind and compound sound speed; b) wind and Alfvén speed.

and (uo = 2.7km/s, z. = 590kpc, us = 253km/s) for the
EIN profile.

The mass loss rate and the halo mass of the wind is
(M = 0.46 Mg /yr, M(< 50kpc) ~ 1.2 x 10°Mg, M(<
250kpc) ~ 1.9 x 10°Mg) for the NFW-Sofue profile,
(M = 0.7Mg/yr, M(< 50kpc) ~ 3.2 x 10°Mg, M(<
250kpc) ~ 6.4 x 10°Mg) for the BUR profile and (M =
0.63 Mg /yr, M(< 50kpc) ~ 3.1 x 10°Mg, M(< 250kpc) ~
8 x 10°Mg,) for the EIN profile. Such values of the halo mass
are of the same order of magnitude of the Galactic halo
mass estimated by Miller & Bregman (2015) (M (< 50kpc) ~
3.8 x 10°Mg, M(< 250kpc) ~ 4.3 x 10'°My).

Notice that at larger gravitational acceleration, i.e for
the NFW-Sofue profile, we get a smaller launching velocity
up and a larger terminal velocity uy. Moreover, we get a
smaller z.. This fact can be explained as follows: in the sub-
sonic regime the gravitational term dominates the numera-
tor of the wind equation 3, while ¢* is weakly dependent on
the DM profile (see Fig. 10). Thus a larger gravitational force
leads to a larger gas acceleration in the subsonic region, large
enough to provide a smaller z. despite the smaller launch-
ing velocity, as it can be seen in Fig. 10. The rapid increase
of the wind velocity, which starts at smaller z and with a
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steeper profile for the NFW-Sofue, corresponds to the rapid
decrease of the gas density and of the CR and gas pressure
(see Fig. 11(a) and Fig. 11(b)). In the range z ~ 1 — 100
kpc, the NFW-Sofue profile shows the largest Alfvén speed
(due to the smaller gas density), and the smallest CR pres-
sure. However the first effect is still dominant, leading to a
larger heating due to wave damping (recall that the heating
term is ~ vaVP.), and hence to a slightly larger tempera-
ture (see Fig. 11(a)) compared to the BUR and EIN halos.
Notice that the effect of wave damping is in fact to keep the
gas temperature around 2 x 10° 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
temperature.

In Fig. 12, we show the CR spectrum for the NFW-
Sofue, BUR and EIN profiles. Below ~ 200 GeV, the
best (qualitative) match to the observed proton spectrum
is achieved with the NFW-Sofue model. The larger wind
launching velocity of the BUR and EIN models leads to a
low energy spectrum harder than the observed one.
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7 CONCLUSIONS

In this paper we studied the possible presence of CR-driven
Galactic winds launched at the Sun location and the
dependence of their properties and of the related CR
spectrum on the conditions of the Galactic environment
in the vicinity of the Sun. We used the semi-analytical
calculation developed in Paper I, which allows to compute
at the same time both the hydrodynamical structure of the
wind, the CR distribution function and CR self-generated
diffusion coefficient. The CR transport is considered to be
due to the diffusion off Alfvén waves generated by CRs
through streaming instability, saturated through NLLD,
and to the advection with such waves and with the wind.
The wind launching and the CR spectrum depend on
the properties of the ISM (gas density and temperature,
Galactic magnetic field), on the CR injection, on the flow
geometry and on the Galactic gravitational potential. All
these quantities depend on the position in the Galaxy and
are constrained by observations.

We found that, in agreement with previous hydro-
dynamic calculations of CR-driven winds, the combined
action of the thermal and CR pressures can drive winds for
a variety of environmental conditions. In particular, it is
possible to launch winds with input parameters compatible
with observations of the ISM in the vicinity of the Sun.
We also found that in many cases, winds launched with
environmental parameters compatible with observations
lead to a CR spectrum which is not in agreement with the
observed one. As pointed out in Paper I, this is mainly
due to the fact that CR advection in such winds is strong,
leading to spectra at low energies (below ~ 200 GeV) which
are harder than the observed spectrum. At high energy
(above ~ 200 GeV), instead, 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, the high energy spectrum
may be affected by other factors, such as the presence of
turbulence non generated by CRs (Aloisio et al. (2015);
Paper I).

As for the low energy part of the spectrum, we found
that it is possible to find specific cases in which the wind
launching parameters and the resulting wind properties
are compatible with observations, in particular with the
Galactic halo properties deduced by Miller & Bregman
(2015), and the resulting CR spectrum is also in agreement
with observations. In this analysis we also found that an
important role is played by the choice of the dark matter
halo model. In fact, we showed that, for given values of all
parameter, the DM gravitational potential can determine
whether the wind is launched and the quality of the
agreement with the observed CR spectrum.

This analysis highlights that the low energy part of the CR
spectrum provides a strong constraint for wind models and
that an accurate modeling of the Galactic environment and
of the Galactic gravitational potential (in particular of the
DM halo) are of crucial importance in the understanding of
Galactic winds.

The study presented here can be extended to any other
locations in the Galaxy different from the Sun’s position and

can be used to analyze the possible presence of winds and the
related CR spectrum in the whole Galaxy. Such investigation
would allow us to calculate the rate of mass loss and the mass
of the baryonic halo induced by the wind (both are crucial
ingredients in models of galaxy formation and evolution),
as well as the expected intensity in emission and absorption
lines from the halo (for instance in the X-ray band) and the
CR density gradient in the Galaxy (which can be tracked by
the y—ray emission resulting from CR interactions with the
background plasma).
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