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Abstract

More than a decade ago, two Galactic bubbles lobes were detected by the Fermi-
LAT instruments in a range of 10 GeV to 500 GeV, i.e., in the ~-ray energy band.
Their emissions reach a latitude of ~ 50° and a longitude of ~ 40°, corresponding
to a height of ~ 10 kpc and a width of 7 kpc for an observer at 8 kpc from the
Galactic Center. The brightness intensity of the emissions appears to be constant
within the lobes. Moreover, sharp edges are observed at the boundaries.

The Fermi bubbles could be a counterpart of the Microwave haze as they both
exhibit a hard spectra and a matching width at their bases. More recently, the
eROSITA bubbles have been observed in the X-ray band. They extend to a height
of 14 kpc, enshrouding the Fermi bubbles and are likely connected to them.

To date, there is no clear consensus about the mechanism responsible for the
formation of this bubble structure. Such a mechanism must be able to provide an
explanation for the emission mechanism and the origin of the event giving rise to the
bubbles. The emission of the Fermi bubbles could be explained by some hadronic
or leptonic cosmic rays energy losses.

The majority of the models proposed for describing the Fermi bubbles assume
a supersonic velocity profile with a velocity ranging from 500 to 1000 km s~!. The
observations of the UV absorption lines provided by cold clouds are able to establish
a velocity profile for the Fermi bubbles. The velocities range from 100 to 300 km s~
A maximal velocity of ~ 300 km s™! at a height of ~ 1 kpc from the Galactic
Center has been observed. Moreover, beyond this height, the velocity decelerates
continuously. Those observations seem to contradict the supersonic velocity models
proposed so far.

In this thesis, a subsonic model is proposed for explaining the velocity profile and
the emission of the Fermi bubbles. This model, called a Galactic breeze, exhibits
a deceleration that could be in agreement with the observations. A hydrodynamic
analytic model has been first explored. The Galactic breeze is considered to be
thermally-driven in an isothermal hot Galactic halo. The first step is to define a
Galactic gravitational potential. For the model, three components have been set
up, a bulge, a disc and a dark matter halo. At a distance called the critical radius,
the subsonic profile reaches its maximum velocity. The value of this critical radius
depends on the gravitational potential and the thermal velocity. In order to have a
subsonic velocity as close as possible to 300 km s~! at the critical radius, the largest
possible thermal velocity for the hot Galactic halo must be considered. Based on
the observations of the Gaia mission, a fitting-range for the Galactic gravitational
potential has been provided. For the Galactic breeze model, the gravitational poten-
tial has been normalised to reach the upper limit of this fitting range. Considering
a critical radius at a height of 1 kpc from the Galactic Center the corresponding
thermal velocity for the hot Galactic halo is 250 km s~ corresponding to ~ 400 eV.



Following these results, a numerical code has been used for solving the hydrodynamic
equations and to provide a spatial distribution for the subsonic velocity profile. A
Galactic breeze profile exhibiting a deceleration similar to the observations has been
obtained. However, the maximal velocity reachable with this model is lower than
the observations.

The next step has been to use the velocity profile provided by the numerical
simulation to numerically solve a transport code for the propagation of cosmic rays.
An isotropic and homogeneous diffusion has been considered and the gamma-rays
emission finds its origin in the pp interactions. For an injected luminosity of Li,; =
1.4 x 10%0 erg s71, the Galactic breeze model is able to form a bubble structure that
matches approximately with the observations. However, the bubbles formed are too
wide when compared with the Fermi bubbles as the sharpness of the edges is not
obtained.

Following these results, the Galactic breeze model has been extended to include
the spatial distribution of a magnetic field. An analytic study of the influence of a
magnetic field distribution on a subsonic profile has been done. This revealed that
an azimuthal magnetic field distribution can have an effect on the position of the
critical radius. Depending on the profile of the magnetic field, the critical radius can
be shifted farther from the Galactic Center implying that the thermal velocity can
be increased. However, it is extremely difficult to find a magnetic field distribution
able to provide a maximal velocity of 300 km s~! for the Galactic breeze and keep the
critical radius at 1 kpc. As a first step, the model has been explored by considering
values of just a few uG in order to conserve the Galactic breeze profile obtained
with hydrodynamic simulations. A MHD numerical code has been used and the
magnetic field has been injected with the velocity, allowing to study their mutual
influence. Several configurations have been considered that have demonstrated the
effect of a compression induced by the velocity profile on the azimuthal magnetic
field. This compression leads to a magnetic tension effect that slightly disrupts the
velocity profile.

In the same way as for the hydrodynamic model, both the velocity and the
magnetic field distribution have been used to numerically solve the transport of
cosmic rays. However, the diffusion is this time inhomogeneous. In order to compare
the results with the hydrodynamic model and ensure the consistency of the results,
an isotropic diffusion coefficient has been considered. For each configuration, a
different coherent length has been fixed to have a diffusion length of ~ 0.1 pc inside
the bubble structure, similar to the hydrodynamic model and the observations.
The next step has been to consider an anisotropic diffusion coefficient. For this, a
perpendicular diffusion coefficient ten times less than the parallel diffusion coefficient
has been considered. With such anisotropy, the Galactic breeze model is able to
provide y-ray emissions, reproducing the sharpness observed for the Fermi bubbles.



Allgemeine Zusammenfassung

Die Fermi-Blasen sind eine Struktur von galaktischem Ausmaf, die sich iiber und
unter dem galaktischen Zentrum der Milchstrafle erstreckt. Diese Blasen emittieren
im Gammastrahlen-Energiebereich. Diese Emissionen haben Aufschluss iiber die
Eigenschaften der Fermi-Blasen gegeben. Sie haben ein kontinuierliches Spektrum
und scharfe Kanten. Auflerdem werden kalte Wolken durch den Ausfluss, der die
Blasen formt, vorwérts bewegt. Durch Beobachtung der Emission dieser kalten
Wolken wurde ein Geschwindigkeitsprofil ermittelt. Die Geschwindigkeit erreicht
ein Maximum in einer Hohe von 1 kpc vom galaktischen Zentrum und eine kon-
tinuierliche Verlangsamung tiber diesen Punkt hinaus. Es wurden mehrere Mod-
elle zur Erklarung der Fermi-Blasen vorgeschlagen. Alle diese Modelle gehen je-
doch von Uberschallgeschwindigkeiten aus, die die beobachtete Verlangsamung nicht
wiedergeben.

In dieser Arbeit wird ein alternatives Modell vorgeschlagen. Das Geschwindigkeit-
sprofil wird durch ein Unterschallmodell beschrieben, das als galaktische Brise beze-
ichnet wird und die Abbremsung auf nattirliche Weise erklaren kann. Dieses Modell
der galaktischen Brise wird zunachst anhand eines hydrodynamischen Modells un-
tersucht, bei dem die Diffusion der kosmischen Strahlung isotrop und homogen ist.
Die Ergebnisse zeigen, dass ein solches hydrodynamisches Modell in der Lage ist,
eine Blase von der Grofle der Fermi-Blasen zu erzeugen, aber nicht in der Lage ist,
die Schéarfe der Kanten zu reproduzieren.

Das Modell wurde dann erweitert, um den Einfluss einer Magnetfeldverteilung zu
beriicksichtigen, die mit dem Ausfluss injiziert wird. Die Einbeziehung einer Magnet-
feldverteilung ermoglicht die Beriicksichtigung einer anisotropen und inhomogenen
Diffusion fiir die kosmische Strahlung. Bei diesem Modell wurde die Schérfe der
Kanten reproduziert.

Die in dieser Arbeit geleistete Arbeit zeigt also, dass ein galaktisches Brise-
Modell in Kombination mit einem anisotropen Diffuson in der Lage ist, sowohl das
Geschwindigkeitsprofil als auch die Schéarfe der Kanten zu reproduzieren.
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Chapter 1

Introduction

The Milky Way halo is an active environment where an ensemble of phenomena
takes place. Among these is the apparent ejection of outflows into the circumgalac-
tic medium (CGM). This has the effect of advecting gas in which cosmic rays (CR)
are embedded, resulting in the formation of bubble-like structures, multi-kiloparsec
in size. The precise origin of these bubbles and the mechanism leading to their
formation are still open questions. To try to answer these questions, the properties
of the Galactic halo in which the bubbles propagate must be taken into account.
Figure 1.1 shows a representation of the interaction of a galaxy with its CGM.

Figure 1.1: A cartoon representing the CGM. In red and brown, outflows travel from the Galactic
Center to the CGM in purple. The outflow can enrich and heat the CGM or form a Galactic
fountain, i.e., an inflow that will fall back, recycling material. This figure has been obtained from
(Tumlinson, Peeples and Werk 2017).
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1.1 Temperature and density distribution for the
hot Galactic halo

The CGM presents a multiphase structure (Tumlinson, Peeples and Werk 2017;
Dutta et al. 2023), composed of a cold (~ 10* K), a warm (~ 10°> K) and a hot (~
10° K) gas. Soft X-ray emission (Anderson and Bregman 2010; Anderson, Bregman
and Dai 2013) and absorption lines from quasi-stellar objects (Williams et al. 2005;
Gupta et al. 2012) provide direct evidence for the presence of a hot gas component.
Highly ionised metals and their interactions with high-velocity cold clouds provide
indirect evidence (Briins et al. 2000; Sembach et al. 2003; Fox, Savage and Wakker
2006; Lehner et al. 2009; Wakker et al. 2012). The mixture of cool, warm and hot
gas is also predicted by hydrodynamic simulations (Stinson et al. 2012; Ford et al.
2013; Shen et al. 2013; Suresh et al. 2017). In addition to the three phases, another
hotter phase of ~ 1 keV has been observed (Das et al. 2019b; Das et al. 2019a; Das
et al. 2021b; Gupta et al. 2021; Ramesh, Nelson and Pillepich 2023). So far, this
hotter phase has not been localised in some specific parts of the halo and seems to
permeate the entire gas.

The hot Galactic halo

The existence of a hot halo surrounding the Galactic disc has been highlighted
by the observations of H; clouds that should be confined by an external medium
(Spitzer 1956). Its extension and its proximity to the Galactic plane are still unclear.
The presence of this hot halo gas is supported by numerical simulations (Nuza et
al. 2014), for which a uniform temperature profile (TZ 10° K) for each galaxy
simulated is in good agreement with the observed profiles (Miller and Bregman
2015). The observations are also performed through bright Active Galactic Nucleus
(AGN) sight lines with detection of Oy and Owyyy in absorption, ram-pressure
stripping of gas and high-resolution X-ray spectra with energies between 0.1 - 1 keV,
implying temperatures between 107 K (Blitz and Robishaw 2000; Stanimirovi¢ et
al. 2002; Paerels and Kahn 2003; Sembach et al. 2003; Bregman and Lloyd-Davies
2007; Gatto et al. 2013; Miller and Bregman 2015; Salem et al. 2015).

The early models used X-ray observations, assuming an isothermal distribution
and a constant density (Bregman and Lloyd-Davies 2007; Gupta et al. 2012). How-
ever, those models found different density distributions. One withn = 9x10~% cm=3
at 7 = 19 kpc and the other with n > 2 x 107 ecm™2 at r > 139 kpc. Another model
for which the hot halo is composed of an adiabatic gas in hydrostatic equilibrium
with the Galactic gravitational potential has been proposed (Fang, Bullock and
Boylan-Kolchin 2013). It must be noted that observations tend to show that the
Galactic halo does not have a constant entropy profile (Crain et al. 2010; Miller and
Bregman 2015). At the present day, the hot halo temperature, inferred from X-ray
observations, seems to be fairly uniform, around a value of ~ 2 x 10% K but this
feature does not imply strictly an isothermal profile (Henley et al. 2010).

More recent observations of Oy and Oy emission lines have been studied
(Henley and Shelton 2012; Miller and Bregman 2013; Miller and Bregman 2015), in
combination with X-ray measurements to determine a hot halo density of 107* cm™3
to 107 ecm ™3 for 10 kpc < 7 < 100 kpe. The hot halo gas mass has been approx-
imated to be ~ 10 M, within 250 kpc. To obtain this result, three assumptions
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have been made. First, the density profile for the hot halo is described by a spher-
ically symmetric S-model taking the form n(r) oc r=#/2. Second, the hot halo is
isothermal with a temperature of T' = 2 x 10 K. Third, it is in collisional ionisation
equilibrium. Following those works, a physically plausible corona consistent with the
observed halo dynamic and with the UV /X-ray measurements has been proposed
(Tepper-Garcia, Bland-Hawthorn and Sutherland 2015). The dark matter halo is
normalised to the density profile and the total mass inferred from the observations
of the kinematics of halo stars (Kafle et al. 2012). For an isothermal dark matter
halo, the core radius is r. ~ 0.5 kpc. The study of the halo dispersion implies a
gas temperature of T'~ 10% K. The total baryonic mass range for the hot halo gas,
within the virial radius, is then ~ 8.8 1.2 x 10*° M.

Figure 1.2 shows the temperature distribution of the hot Galactic halo as a
function of the Galactic latitude.
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Figure 1.2: The figure presents the temperature distribution for the hot Galactic halo as a function
of the Galactic latitude. The orange, blue and green dots and lines are observational data outputs
provided by several different works. The median temperature has been estimated at T = 2 x 106 K
(kT =~ 200 eV). This figure has been obtained from (Das et al. 2021a).

1.2 Bubbles structures in the Galactic halo

Several bubble structures spread across the Galactic halo, finding their origin in the
Galactic Center. Those are the Fermi bubbles (see section 1.2.1), the Microwave
haze (see section 1.2.2) and the eROSITA bubbles (see section 1.2.3). They exhibit
different emission mechanisms that have yet to be explained. Studying these struc-
tures allows for a better understanding of the mechanisms leading to the creation
and propagation of a Galactic wind.
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1.2.1 The Fermi bubbles

The Fermi bubbles have been observed by the Large Area Telescope (LAT) (Atwood
et al. 2009), an instrument present onboard of the Fermi Gamma-ray Space Tele-
scope, in the v-ray energy range. The satellite was launched on 11th of June 2008,
renamed in honour of Pr. Enrico Fermi.

The Fermi bubbles are composed of two lobes extending above and under the
Galactic Center. They reach an angle of ~ 50° in latitude, corresponding to a
height from the Galactic Center of ~ 10 kpc. Their longitudinal width is ~ 40°,
corresponding to ~ 7 kpc. Their y-ray emission is in correlation with the microwave
haze, which is centred around the Galactic Center and reaches a height of ~ 6 kpc
(Dobler and Finkbeiner 2008; Planck Collaboration 2016b). They could even be
related to the polarised giant radio lobes (Carretti et al. 2013).

The Fermi bubbles exhibit a harder spectrum than other emissions, making them
easily visible for a photo-energy range above 2 V. It must be noted that the spectrum
of the Fermi bubbles is obtained after a complex and careful analysis. Different
radiations must be considered when mapping a structure like this. Those radiations
include the extragalactic background, the bremsstrahlung, the inverse Compton
and the hadronic emissions. They have been modelled using the GALPROP CR
propagation code (Moskalenko and Strong 1998; Moskalenko, Strong and Reimer
2004; Strong, Moskalenko and Reimer 2004; Ptuskin et al. 2006; Strong, Moskalenko
and Ptuskin 2007; Strong et al. 2009; Vladimirov et al. 2011).

The observations in energy range from 100 MeV to 500 GeV above 10° in Galac-
tic latitude. The ~-ray spectrum can be well described by a power-law with an
exponential cutoff with an index of 1.9 4+ 0.2 and a cutoff energy of 110 4 50 GeV.
The 7-ray luminosity is estimated to be 4.4723 x 10°7 erg s~*. There are no sig-
nificant variations in the spectrum across the bubbles. This smooth and extended
distribution suggests that this v-ray emission has been produced by a continuous
process rather than individual discrete events. Moreover, they exhibit sharp edges
(Ackermann et al. 2014). It is interesting to note that there is a significant enhance-
ment of y-ray emission in the southeastern part of the bubbles, but the origin of
this phenomenon is still unknown (Atwood et al. 2009).

Recently, the HAWC observatory (Abeysekara et al. 2013) put constraints on
the Fermi bubbles y-ray flux in the energy range of 1.2 - 126 TeV. The spectrum
at low latitude, that is, a latitude inferior to 10°, does not show a sign of cutoff
at energies up to ~ 1 TeV (Yang and Razzaque 2019). The Fermi bubbles at low-
latitudes are then not constraint, leaving the way clear for future observations for
CTA (Cherenkov Telescope Array Consortium et al. 2019) and LHAASO (di Sciascio
and Lhaaso Collaboration 2016) that will cover an energy range from 20 GeV to
300 TeV.

Figure 1.3 shows an illustration of the Fermi bubbles. The bottom figure on
figure 1.4, shows an observation of the Fermi bubbles (in blue) in combination with
the observations of the Microwave haze (in red).

1.2.2 The Microwave haze

In 2003, the Wilkinson Microwave Anisotropy Probe (WMAP) (Bennett et al.
2003) discovered some anomalously hard spectrum microwave emission, between
23 and 60 GHz, in the vicinity of the Galactic Center (Finkbeiner 2004; Dobler and
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Figure 1.3: The figure is an illustration of the Fermi bubbles in the -ray emission. Both X-ray
and microwave emissions at the base of the bubbles are also presented. Source: NASA / Goddard
Space Flight Center.

Finkbeiner 2008; Dobler 2012; Pietrobon et al. 2012; Planck Collaboration 2013).
This structure drew attention because its spectrum was too soft for a free-free emis-
sion and too hard for a synchrotron emission generated by electrons finding their
origin in supernova remnant (Dobler and Finkbeiner 2008). It exhibits an ellipti-
cally symmetric shape and extends above the Galactic Center, towards the north and
south directions, reaching a latitude of ~ 35° (~ 6 kpc). In the south region, at low
latitude, the morphology of the microwave haze is very similar to the Fermi bubbles
as both haze and bubbles exhibit an electron spectrum of dN/dE, o< E-? (Dobler et
al. 2010; Su, Slatyer and Finkbeiner 2010). In the north region, the observations are
more complicated due to dusty regions (Dobler 2012). The correlation between the
morphology and the spectrum provides a strong evidence that the Microwave haze
and the Fermi bubbles are a same phenomenon observed at multiple wavelengths.
At high latitude, i.e., for b < —35°, the microwave emission falls off quickly. The
intensity, as a function of the latitude, does not have an edge, unlike the Fermi bub-
bles. The synchrotron emission maps and WMAP polarisation seem to indicate that
the dominant component for the production of the synchrotron emission is the field
present within the haze and the Fermi bubbles rather than the Galactic magnetic
field (Dobler 2012). Figure 1.4 presents the observations obtained by the Planck
mission (Planck Collaboration 2013). On top, both maps for 30 GHz (in red) and
44 GHz (in yellow) are shown. On bottom, the 2-5 GeV map for the Fermi bubbles
(Dobler et al. 2010) is compared with the spatial distribution of the Microwave haze.
The two bubble structures show an excellent correspondence suggesting they share
a same physical mechanism.

1.2.3 The eROSITA bubbles

The observations performed by the eROSITA X-ray telescope (Predehl et al. 2020)
have revealed in 2020 another bubble-shaped structure surrounding the Fermi bub-
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Figure 1.4: On top, the figure presents the observation obtained with Planck for 30 GHz in red
and 44 GHz in yellow. On bottom, the figure presents the spatial correspondence between the
MIcrowave haze and the Fermi bubbles for 2-5 GeV (in blue). This figure has been obtained from
(Planck Collaboration 2013).

bles, called the eROSITA bubbles. Figure 1.5 presents the RGB map provided by
observations by the eROSITA mission and figure 1.6 presents a schematic of the
eROSITA bubbles. From their morphological similarities, they seem to be the coun-
terparts in the X-ray energy range, from 0.6 to 1 keV, of the y-ray Fermi bubbles.
They are however more energetic and extend to ~ 80° in longitude and ~ 85° in
latitude (Predehl et al. 2020). Their full vertical extent is estimated to be roughly
14 kpc.

It is assumed that the eROSITA bubbles have been produced by a shock structure
propagating through the Galactic halo that has a temperature of 2x 10% K. The Mach
number for the propagation of the shock is estimated at M = 1.5. The temperature
for the X-ray emitting shells has been measured to be ~0.3 keV (Kataoka et al.
2013; Kataoka et al. 2015; Tahara et al. 2015; Akita et al. 2018; Kataoka et al.
2018; Predehl et al. 2020; Kataoka et al. 2021). However, recent studies have shown
that the X-ray spectral model is more complex than previously assumed and the
shell seems to be best described by a two temperature model. It is the same for
the gas around the shell (Gupta et al. 2023). There is then a warm-hot phase at
the Galactic virial temperature of ~0.2 keV and a hotter phase at a super-virial
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Figure 1.5: The figure presents the all-sky map in Galactic coordinates provided by the eROSTTA
mission. The red color corresponds to 0.3-0.6 keV. The green color corresponds to 0.6-1.0 keV. The
blue color corresponds 1.0-2.3 keV. This figure has been obtained from (Predehl et al. 2020).
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Figure 1.6: The figure is a schematic of the eROSITA bubbles (in yellow) and the Fermi bubbles
contained inside (in purple). This figure has been obtained from (Predehl et al. 2020).

temperature ranging between 0.4 and 1.1 keV (Das et al. 2019b; Das et al. 2019a;
Das et al. 2021b; Gupta et al. 2021).

Figure 1.7 shows a schematic of the different bubbles in interaction with a CGM
wind.
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Figure 1.7: The figure shows a schematic of the different bubbles bended by a CGM wind model.
The blue zones represent the Microwave haze and the Fermi bubbles. The green zones are the
polarised radio lobes. The yellow zones represent the eROSITA bubbles and the Loop I in the
northern part of the Galactic halo. The orange zones represent the North Polar Spur. This figure
has been obtained from (Mou et al. 2023)

1.3 Origins of the Fermi bubbles

To be able to explain the origin of the Fermi bubbles, the source of their emis-
sion mechanism must be understood. Their v-ray emission can be explained by a
hadronic model or a leptonic model.

1.3.1 Hadronic model

For a hadronic model, CR protons interact with an ambient gas also composed of
protons. This interaction produces pions that decay into y-rays (see section 1.5.2).
The energy loss time scale is the rate at which the CRs lose their energy. For a
pp collision, it depends on the cross-section representing such a collision and the
density of the ambient gas. For an ambient gas with a density of 3 x 1073 cm™3,
the energy loss time scale is ~ 20 Gyr (Gabici, Aharonian and Blasi 2007). The
hadronic model then allows an age for the Fermi bubbles that ranges from multi
Myr to a Gyr scale depending on the surrounding density. This means that a slow
velocity outflow can be considered for describing the Fermi bubbles as well as a fast
velocity outflow. In addition to v-ray, hadronic interactions can produce secondary
electrons (Patrignani et al. 2016). However, the synchrotron emission provided by
those secondary electrons do not seem to be able to explain the spectrum observed

for the Microwave haze bubbles (Ackermann et al. 2014; Crocker et al. 2015).

1.3.2 Leptonic model

For a leptonic model, v-ray are produced by an inverse Compton scattering of high
energy electrons and low energy photons (Blumenthal and Gould 1970; Rybicki and
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Lightman 1979). The energy loss time scale for such an interaction is only a few
Myr. For example, for an electron producing a 1 GeV energy photon is 1 Myr
(Sarkar 2024). If the observed spectrum of the Fermi bubbles has a leptonic origin,
this would imply that the bubbles are quite young. Also, for reaching a height of
~ 8 — 10 kpc with such a short energy loss time scale, the outflow velocity must be
very high. A height of 10 kpc, reached in 1 Myr, requires a velocity of 10* km s7!.
Such a value matches with violent events such as supernovae (Shu 1992) or jet models
(Mondal et al. 2022).

1.3.3 Velocity profile

Due to the Fermi bubbles being observed through their emission, it is impossible to
make a direct detection of their velocity profile. It is however possible to observe
the shifted spectrum of high-velocity cold clouds that propagate with the Fermi
bubbles outflow. For this, a background source is necessary. Emission from this
source is absorbed by the cold clouds. Their absorption spectra will be blue-shifted
or red-shifted depending on their direction of propagation based on the position of
the observer, allowing to know the direction of propagation and the magnitude of
the velocity. Figure 1.8 shows an illustration of the way the velocity profile of the
Fermi bubbles is observed.

A population of ~ 200 high-velocity H; cold clouds have been detected within the
1.5 kpc of the Galactic plane (McClure-Griffiths et al. 2013; Di Teodoro et al. 2018;
Lockman, Di Teodoro and McClure-Griffiths 2020; Sofue 2022). The kinematics of
those clouds do not appear to follow the Galactic rotation but a Galactic centred
biconical outflow. From those observations, the radial velocity has been estimated as
a constant one, reaching ~ 330 km s~!. The fitting-model provided a mass outflow
rate of ~ 0.1 My yr~! and a luminosity injection of ~ 5 x 103 erg s! for the past
10 Myr. The luminosity is then less energetic than what could be expected from an
active Galactic nucleus episode (Lacy and Sajina 2020), leading to the assumption
that a past starburst episode could be at the origin of the outflow.

High Galactic latitude stars and UV-bright background AGN located behind or
near the Fermi bubbles have been used to provide more information on the large-
scale outflow in a range between ~ 1 kpc and 10 kpc (Keeney et al. 2006; Bowen
et al. 2008; Zech et al. 2008; Fang and Jiang 2014; Fox et al. 2015; Bordoloi et al.
2017; Savage et al. 2017; Karim et al. 2018; Ashley et al. 2020; Cashman et al.
2021; Ashley et al. 2022). All those observations have shown that the blueshifted
and redshifted high-velocity clouds exhibit maximum absolute local standard of
rest (LSR) velocities that decrease when the Galactic latitude increases. The model
considered by most is then a decelerating multi-phase outflow with an initial velocity
of ~ 1000 - 1300 km s~!. The total kinetic energy associated with such an outflow
would be ~ 6 x 105 erg, leading to a luminosity injection of ~ 2 x 10 erg s~

Figure 1.9 shows an illustration of the velocity profile of the cold clouds along
the Galactic latitude based on observations.

1.4 (Galactic magnetic field

Magnetic fields are present everywhere in the Universe and impregnate all the objects
and their media. A magnetic field cannot be measured directly but the radiations
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Figure 1.8: The figure shows the way the velocity profile of the Fermi bubbles is observed. For
this, a light source is needed for the line-of-sight to pass through the bubbles. Depending on the
shifting of the spectrum for UV absorption lines and visible emission, the velocity and its direction
can be determined. Source: NASA, ESA.
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Figure 1.9: The figure presents the maximum velocity of some cold clouds along the Galactic
latitude inside the south and north Fermi bubbles. The squares and circles represent clouds for
the north and south bubbles respectively. The red colour represents the redshifted clouds and the
blue colour the blueshifted clouds. This figure has been obtained from (Ashley et al. 2020).

due to the effects it has on particles are observable. However, they are very weak
in diffuse media. For the interstellar medium (ISM), the magnitude of the magnetic
fields reaches only a few uG (Beck and Wielebinski 2013). Due to the improvement
of instruments for observations, in particular polarisation measurements, progress
has been made during the last two decades for mapping the distribution of Galactic
magnetic fields. A polarisation is defined as an alignment of electromagnetic wave
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oscillations. This polarisation is generally due to the influence of a magnetic field
on the propagation of electromagnetic waves.

Observations of magnetic fields are very important for a theoretical work, as
they play a role, passive or active, in the dynamic of different stellar objects. Every
new detection of a magnetic field raises the question of its origin. A question that
appears early after the discovery of a sunspot magnetic field through a Zeeman
splitting of spectral lines (Hale 1908). Followed decades later by the observations of
a magnetic field in the Milky Way inferred by the isotropy of CR and the polarisation
of starlight (Fermi 1949; Hall 1949; Hiltner 1949). Stars and planets are formed in
molecular clouds that are permeated by magnetic fields (Girart et al. 2009; Rao et
al. 2014; Cox et al. 2015). Those clouds are formed by the contraction of interstellar
gas itself, which is permeated by weak magnetic fields. Which raises the question
of the origin of the magnetic fields in the interstellar medium and the intergalactic
medium. Answering this question is important since the magnetic field in the Milky
Way contributes to the containment of the charged CR and their transportation.
To understand the origin and propagation of CR, it is then necessary to understand
the Galactic magnetic field distribution (Letessier-Selvon and Stanev 2011).

Several methods can be used for determining the interstellar or intergalactic
magnetic field. Some are based on the magnetic effects of the radiation processes,
polarised thermal emission from aligned dust grains and diffuse radio synchrotron
emission from charged particles in magnetic fields (Crutcher, Heiles and Troland
2003).

The observations of Zeeman-split emission lines can be used to measure the mag-
netic field vector, i.e., the total field strength can be measured from the separation of
emission lines . The starlight polarisation, the polarised thermal dust emission and
the synchrotron emission reveal the orientation of the transverse magnetic field com-
ponent. Starlight becomes polarised due to the selective extinction of nonspherical
dust grains that are aligned by a magnetic field. The major axis being perpendicular
to the magnetic field implies that the polarisation angle of the starlight is parallel
to the orientation of the transverse magnetic field component. A depolarisation
may happen because of a different field orientation. The aligned dust grains have
a temperature of ~100 K producing a thermal emission observable in the millime-
tre, submillimetre and infrared (IR) spectrum (Han 2017). The thermal emission is
linearly polarised with the E-vector along the axis of the dust grain. The observed
polarisation is then perpendicular to the transverse magnetic field component (Han
2017).

The synchrotron emission originates from charged CR interactions with a mag-
netic field. This radiation is linearly polarised perpendicularly to the magnetic field
and thus, the observed polarisation gives the orientation of the transverse magnetic
field component. However, in most emission regions, the magnetic fields are not well
ordered. They are composed of numerous small-scale irregular fields and a larger-
scale ordered field. Such small-scale irregular magnetic fields produce a completely
depolarised emission. The observed radiation can be partially polarised if the emis-

sion region possesses a sufficiently large organised magnetic field (Han 2017; Hu
et al. 2024).
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1.4.1 Magnetic fields on small scales

The magnetic fields in the interstellar medium are subject to several constraints,
such as outflows created by newborn stars, shocks from stellar winds or supernova
explosions.

The most prominent feature known to imply a magnetic field is the North Polar
Spur, running from the disc to the north Galactic part. This is considered a local
feature standing within a hundred parsec from the Sun (Das et al. 2020; Panopoulou
et al. 2021). However, some past arguments consider that the NPS could find its
origin in the Galactic Center (Sofue et al. 2016) in the same way that the Fermi
bubbles (Su, Slatyer and Finkbeiner 2010; Ackermann et al. 2014) or even as a
shell from the inner part of the Galaxy (Sun et al. 2015). The loops outside the
Galactic plane possess a well-ordered magnetic field (Vidal et al. 2015) that has been
observed through synchrotron emission (Planck Collaboration 2016b). The radio
emission from supernova remnants originates mainly from synchrotron emission.
The magnetic fields, in a shell formed by a shock structure, are always tangential
to the shock front. The fields for young remnants are oriented radially from the
remnant center (The Magnetized Interstellar Medium 2004). By considering the
synchrotron emission, an estimation can be made for the magnetic field strength.
For this, an equipartition between the energy density of the magnetic fields and
relativistic particles is approximated (Govoni 2003; Beck and Krause 2005), leading
to a value of a few ten of G in shock shells and a few hundred of uG to a mG for
young remnants (Xiao et al. 2008).

1.4.2 The magnetic field in the Galactic halo

Due to our presence in the Milky Way, the observations of the magnetic fields are
of greater importance than for the other galaxies. The galactic magnetic fields are
fundamental for understanding the propagation of CR (Prouza and Smida 2003;
Letessier-Selvon and Stanev 2011) and for the evolution of molecular clouds and
star formation (Heiles and Crutcher 2005). Moreover, the polarisation of thermal
dust emission and diffuse radio emission, which are the result of the presence of a
Galactic magnetic field, pollute the observations and must therefore be deducted
(Page et al. 2007; Planck Collaboration 2016b).

Synchrotron emission is produced by electrons gyrating around magnetic field
lines. Such emission can be observed in the Galactic halo (Haslam et al. 1982; Reich
1982; Reich and Reich 1986; Reich, Testori and Reich 2001; Bennett et al. 2013;
Planck Collaboration 2016b). But the synchrotron emission of the Galactic halo is
buried by the strong emission of local sources. To be able to have a clear mapping
of the halo magnetic field, those local emissions must be separated from the diffuse
halo. Such a work has not yet been done. Also, radio synchrotron emission is
polarised but at distant regions, polarised emission is mostly depolarised. The main
polarised diffuse emission observed comes from the local region, which is within a
few hundred parsecs around the Sun. Significant polarisations are detected in the
outer part of the Galaxy. So far, the best polarisation maps available for synchrotron
emission have been provided by the WMAP and Planck measurements (Page et al.
2007; Bennett et al. 2013; Planck Collaboration 2016b). Those polarisation maps
have shown a well-ordered distribution of the E-vectors.

The Galactic halo therefore possesses radio synchrotron emission that contributes
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to the polarisations and intensities observed. But this emission cannot be easily
distinguished from the local emission (Han 2017).

Our location at the edge of the Galactic disc allows us to observe a large number
of extragalactic backgrounds and radio sources, as well as pulsars inside the Milky
Way. Those can be used to probe the magnetic field in the Galactic halo. To probe
the magnetised medium between the source and our position, the Faraday rotation
can be used. The polarisation angle of a radio source, in intergalactic space, follows
a random walk because of the intervening magnetised medium, implying that its
rotation measure has a zero-mean Gaussian distribution. The observed rotation
measures of radio sources are correlated, at low Galactic latitudes, with an angular
scale of a few degrees and at high latitudes with an angular scale of a few tens of
degrees (Simard-Normandin and Kronberg 1980; Oren and Wolfe 1995).

In the mid-latitude region, where 10° < b < 45°, for the inner Galaxy, where
[ < 90°, the rotation measures show an antisymmetry to Galactic coordinates.
Above the Galactic plane, a positive rotation measure dominates, while a nega-
tive one dominates under the Galactic plane. The antisymmetry of the magnetic
field distribution in the Galactic halo has been confirmed by several observations
(Taylor, Stil and Sunstrum 2009; Stil, Taylor and Sunstrum 2011; Xu and Han
2014; Oppermann et al. 2015). From those observations, it has been deduced that
the asymmetry in the rotation measures is due to a toroidal magnetic field with
reversed field directions above and below the Galactic plane (Han et al. 1997; Han,
Manchester and Qiao 1999).

It has been estimated that the magnetic field has a magnitude of 0.2-0.3 uG for
a distance between 700 pc and 1 kpc and with a direction going from the south to
the north Galactic pole (Han and Qiao 1994; Taylor, Stil and Sunstrum 2009; Mao
et al. 2010).

The toroidal and poloidal fields describe two distinct components of a magnetic
field. They are defined based on their orientation within an axisymmetric system.
The toroidal field lies on an azimuthal direction around a central axis. The poloidal
field lies in the plane defined by the radial and polar directions. It forms a loop
that connects the axis and moves around the cross-section of the torus. The results
of those different observations, concerning the toroidal and poloidal magnetic fields,
have been used as parameters for different numerical models that have so far suc-
cessfully simulated the radio Galactic sky and its polarisations (Prouza and Smida
2003; Sun et al. 2008; Pshirkov et al. 2011; Jansson and Farrar 2012).

Figure 1.10 shows an illustration of the magnetic field structure in the Galactic
halo. The toroidal field is shown by the red arrows above and under the Galactic
plane. The poloidal field is shown by the blue arrows looping from the Galactic
center.

1.4.3 The magnetic field in the Galactic central region

It is extremely difficult to measure the magnetic fields in the central region. First,
because of the possible confusion between the diffuse emission from the Galactic disc
and secondly, because the toroidal and poloidal magnetic fields are almost perpen-
dicular to the line of sight. Highly polarised non-thermal radio filaments have been
observed close to the Galactic Center and are mostly perpendicular to the Galac-
tic plane (Yusef-Zadeh, Morris and Chance 1984; Yusef-Zadeh, Hewitt and Cotton
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Figure 1.10: The figure is an illustration of the magnetic field structure in the Galactic halo.
The blue lines correspond to the dipolar magnetic field. The red lines correspond to the toroidal
magnetic field. On the top right, a recent model of the magnetic toroidal distribution has been
added, based on data fitting. This figure has been obtained from (Xu and Han 2024).

2004; LaRosa et al. 2004). Those observations support the existence of magnetic
flux tubes of poloidal fields within a few hundred parsecs of the Galactic Center
and show that the magnetic fields are aligned with the filaments (Lang, Morris and
Echevarria 1999) but the field direction cannot be determined. Assuming a hot
gas of ~ 10® K and an electron density of n, ~ 0.04 cm™3, the rigidity of those
filaments and the interaction with turbulent molecular gas lead to a magnetic field
strength in the tube as strong as 1 mG (Morris and Serabyn 1996). However, more
recent observations contradict this value as diffuse radio emission at low frequency
within ~ 400 pc from the Galactic Center for which a weak pervasive magnetic field
of a few tens of uG exists, assuming an energy equipartition (LaRosa et al. 2005;
Yusef-Zadeh et al. 2013). Moreover, the poloidal magnetic fields are frozen into the
ionised ISM that dynamically rotates around the Galactic Center (Hodges-Kluck,
Miller and Bregman 2016). In the inner disc, magnetic fields are possibly anchored
to molecular clouds and are then stretched by their movement in the central molec-
ular zone. This effect leads the magnetic field to be toroidal and parallel to the
Galactic plane. Observations of thermal dust emission tend to confirm this hypoth-
esis, as the orientation seems to align with the toroidal fields (Novak et al. 2003;
Nishiyama et al. 2010; Planck Collaboration 2016a). The observations of the rota-
tion measures of the background radio sources allow to measure the magnetic field
along the line of sight passing through the Milky Way. Those background sources
have a positive rotation measure indicating that, on average and along the Galactic
bar, the magnetic fields point to the Sun (Roy, Pramesh Rao and Subrahmanyan
2008). The major contribution for the rotation measures comes from regions close to
the Galactic Center (Lang, Morris and Echevarria 1999; Law, Brentjens and Novak
2011). In the central region, the antisymmetry present in the rotation measures is
similar to the one observed in the Galactic halo. This indicates toroidal magnetic
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fields for the central region similar to the ones present in the Galactic halo (Novak
et al. 2003; Law, Brentjens and Novak 2011). This could imply that the poloidal
fields, near the Galactic Center, i.e., the central molecular zone and the disc region,
should have directions from the south to the north. With such fields, the Fermi
bubbles (Dobler et al. 2010; Su, Slatyer and Finkbeiner 2010; Ackermann et al.
2014) could be produced by the propagating CR, finding their origin in the Galactic
Center, from massive star-forming regions like the central molecular zone or from
an accretion zone around the central black hole of the Milky Way.

1.5 Cosmic rays origins and interactions

The CR are responsible for most of the emissions that can be observed all around
us. Finding their possible origins and their emission mechanisms is then of great
importance to understand the observations of the Fermi bubbles and propose a
satisfactory model.

1.5.1 Cosmic rays origins in the Milky Way

CR find their origins through violent events across the Galaxy. However, only a
few of those are able to provide an environment able to accelerate them to energies
comparable with what has been observed. In this section, two possible origins for
high-energy CR are reviewed.

Supernova and supernova remnant

It has been often considered that CR find their origins mostly among the supernovae
(SNe) and their remnants (SNR) (Bykov et al. 2018; Liu et al. 2022) as only a few
sources can provide the energy flux for the observed CR in the Galaxy (Berezinskii
et al. 1984; Lingenfelter 2013). There is however a doubt as to whether the SNR can
supply the observed CR flux for the highest energies (Cristofari 2021). Other pos-
sible sources have been considered as star clusters and star-forming regions (Bykov
et al. 2020).

The violent event that represents SNe and SNR accelerates CR allowing them to
reach higher energies. However, if SNe and SNR are considered as the only possible
sources of CR in the Galaxy, they must convert ~10 percent of their total energy
to the CR to match the observations (Lingenfelter 2018). Such a high efficiency is
possible for a strong diffusive shock (Liu et al. 2022). The maximal energy that can
reach CR in an expanding SN shell can be estimated through the size of the shell,
Tsn, the shock velocity, vg, and the strength of the magnetic field, B (Hillas 1984; Li
et al. 2011; Marcowith et al. 2018; Cristofari 2021; Owen et al. 2023)

Tsh Ush B
Erx~=1|— | |==—+——7—) | — | TeV. 1.1
(pc) <104 km s—l) <,LLG) eV (11)

The CR can then be accelerated to reach energies of ~ 1 TeV. To be able to
reach energies beyond the TeV ranges, particular conditions must be met, such as

a dense circumstellar medium in which the shock propagates and a larger magnetic
field built-up by instabilities (Bell et al. 2013; Schure and Bell 2013; Schure and Bell
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2014). Those conditions could be met in SNe of type II (Petropoulou et al. 2017;
Marcowith et al. 2018).

The gas swept-up by a shock forms a shell, which forms a dense gas that acts as
a target for pp-collisions. Moreover, pp-interactions also produce secondary leptons
that radiate synchrotron emission (Reynolds 2008; Murase, Thompson and Ofek
2014).

Star-forming regions

The difference between the observed CR spectrum on Earth and the spectra of
accelerated particles at SNR shocks motivated new studies about looking for other
sources for the acceleration of CR (Tatischeff and Gabici 2018; Bykov et al. 2020).
Those sources are star-forming regions, composed of young massive stellar clusters
and the associated superbubbles. Through massive stars, star-forming regions can
host large powerful winds. Those stars can also produce SNe (Owen et al. 2023). -
ray observations of the Cygnus region support a hadronic CR acceleration in stellar
clusters (Ackermann et al. 2011; Bartoli et al. 2014; Abeysekara et al. 2021; Cao
et al. 2021). The presence of strong winds and shocks has its importance for the
acceleration of CR (Voelk and Forman 1982; Cesarsky and Montmerle 1983). For
clusters composed of young stars, the acceleration of CR happens at a termination
shock. If the cluster is not compact, each star will develop its own stellar wind and
therefore, its own termination shock. For compact clusters, the stellar wind of each
star will merge to form one termination shock. Older clusters are located inside
superbubbles (Owen et al. 2023) composed of hot gas and a low density region and
surrounded by a dense shell (Mac Low and McCray 1988). For those structures,
the mechanism related to the acceleration of CR is more complex. Acceleration can
happen in the turbulent medium inside the bubbles or at the boundary (Bykov and
Fleishman 1992; Parizot et al. 2004; Higdon and Lingenfelter 2005; Reimer, Pohl
and Reimer 2006; Bykov 2014). The termination shock for the superbubbles has an
important effect since it can accelerate CR up to PeV energy range (Bykov 2014;
Gupta et al. 2018; Morlino et al. 2021).

1.5.2 pp interactions

The CR are numerous and interact with each other to produce different particles.
The CR can be of different types, baryons, mesons, leptons, neutrinos or atomic
nuclei. Considering the subject of this thesis, the focus is going to be on hadronic
interactions.

Those hadronic CR are predominantly represented by protons. At low energies,
ionisations and collisions are the main mechanisms for the exchange of energy. At
higher energies, around GeV energy range and above, proton-proton, pp, and proton-
photon py interactions become predominant. For those two mechanisms, high energy
photons are produced through pion formation for the pp interactions as well as
electrons and neutrinos for the py interaction. This can play an important role in
the evolution of a system as non-thermal hadronic CR thermalise the surrounding
medium by the formation of secondary CR electrons (Owen et al. 2018; Simpson
et al. 2023).

The dominant pion production channel for pp interactions is (Owen et al. 2018)
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where AT and A™T are the delta baryons. A™ is composed of three quarks u and
ATt is composed of two quarks u and one quark d (Anderson et al. 1952; Hahn et al.
1952; Ashkin et al. 1956; Almeida et al. 1968; Skorodko et al. 2008). This interaction
happens for a threshold energy above ~ 0.28 GeV which is the proton energy needed
for the production of a neutral pion through the interaction pp — ppr®. Around 30
percent of the total interaction energy is transferred to neutral pions and the rest
goes to charged pion production. A neutral pion, 7%, decays mostly into two photons
through an electromagnetic process (Particle Data Group et al. 2020) giving

70— 2. (1.3)

The branching ratio is 98.8 percent and occurs with a timescale of 8.5 x 107! s
(Patrignani et al. 2016). As for the charged pions, they decay into electrons and
neutrino through weak interactions, giving then

=y, = etr

T = WU, = e Ve, (1.5)

where ™ and g~ are muons, v, is a muon neutrino, 7, is a muon antineutrino,
e~ is an electron, e’ is a positron, v, is an electron neutrino and 7, is an electron
antineutrino. The branching ratio is 99.9 percent for each of these decays and
occurs over a timescale of 2.6 x 107 s (Patrignani et al. 2016). The neutrinos get
three quarters of the total energy and the rest is transferred to the electrons. The pp
interactions and their secondary products have been extensively studied with Monte-
Carlo simulations by simulating high-energy collisions (Engel et al. 1992; Fletcher
et al. 1994; Engel, Ranft and Roesler 1995; Agostinelli et al. 2003; Ostapchenko
2006; Bopp et al. 2008; Béhr et al. 2008; Gleisberg et al. 2009; Bierlich et al. 2022)
that have shown good agreement with experimental data (Amenomori et al. 2019).

1.6 Focus of this thesis

The purpose of this thesis is to explore an alternative to the different supersonic out-
flow models proposed so far to explain the observed spectrum of the Fermi bubbles
(Crocker and Aharonian 2011; Guo and Mathews 2012; Yang et al. 2012; Mou et al.
2014; Crocker et al. 2015; Mou et al. 2015; Guo 2016; Yang and Ruszkowski 2017;
Sarkar, Nath and Sharma 2017). For this, a subsonic model has been considered.
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This model was first proposed in a free divergence form for the velocity field and
showed promising results (Taylor and Giacinti 2017). In this thesis, the model has
been extended to a non divergent form and the outflow propagates in an isothermal
hot gas. The influence of a magnetic field distribution on the diffusion of CR has
also been considered.

The thesis has been divided into two main parts. The first part, composed of
chapters 2 and 3, introduces the hydrodynamic model and the second part, composed
of chapters 4 and 5, the MHD model.

In chapter 2, the thermally-driven outflow model is introduced as well as the
different parts needed for determining a subsonic solution. Those parts are the
total Galactic gravitational potential, the density distribution and an isothermal
temperature for the hot Galactic halo based on the provided fitting-range. A nu-
merical simulation is then performed and the results are discussed and compared
with existing observations.

In chapter 3, the velocity profile, numerically simulated, is used for solving a
CR transport equation with a CR transport code. The CR transport equation is
composed of a diffusive spatial current and an advective spatial current. A term
representing an energy loss time scale for pp interactions is included and also a
source term. As the velocity profile is non free divergent, a term about momentum
advection, i.e., adiabatic losses, is also considered. For the hydrodynamic model,
an isotropic and homogeneous diffusion coefficient has been implemented. The CR
density map provided by the code is used to produce a v-ray energy flux distribution
for the subsonic velocity profile and is compared with data provided by the Fermi-
LAT instruments.

In chapter 4, a magnetic field term is included for the momentum equation. Its
effect on the subsonic solution is studied and compared with observations and simu-
lations of the magnetic field distribution for the hot Galactic halo. MHD simulations
are performed for several configurations with different values for the initial radial
and azimuthal magnetic field and velocity components. The different velocity maps
obtained are discussed.

In chapter 5, both the velocity and the magnetic field profiles are used for solving
a CR transport equation. For this, two diffusion coefficients are considered, i.e., an
isotropic one and an anisotropic one. For the isotropic case, the v-ray energy flux
emission of each configuration that has been introduced in chapter 4, is compared
with the hydrodynamic model. Following this, the anisotropic diffusion coefficient is
introduced and the necessary modifications for the CR transport code are discussed.
Some configurations are processed and the resulting CR distribution and their v-ray
emission are presented.
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Chapter 2

Thermally-driven subsonic outflow
for a hydrodynamic model

As highlighted by observations, the Fermi bubbles exhibit a velocity profile that
decelerates, passing a Galactic height of 1 kpc (Fox et al. 2015; Bordoloi et al.
2017; Karim et al. 2018; Lockman, Di Teodoro and McClure-Griffiths 2020; Ash-
ley et al. 2020; Cashman et al. 2021). However, since their discovery, every model
attempting to explain their emission has used supersonic velocity profiles mostly
ranging from 500 km s~ to 1000 km s~ whether in the form of a wind (Crocker
and Aharonian 2011; Mou et al. 2014; Crocker et al. 2015; Mou et al. 2015; Sarkar,
Nath and Sharma 2017) or a jet (Guo and Mathews 2012; Yang et al. 2012; Yang,
Ruszkowski and Zweibel 2013; Guo 2016; Yang and Ruszkowski 2017) . An alter-
native model is possible, based on a thermally-driven subsonic outflow (Taylor and
Giacinti 2017). In this chapter, within the framework of a hydrodynamic model, the
theoretical basis of such a subsonic outflow is described and developed for a Galactic
halo model, through a Galactic gravitational potential and a density distribution in
accordance with the observations. Using a hydrodynamic code for performing sim-
ulations, some initial conditions that are suitable for a subsonic solution are setup.
Section 2.1, presents the conservation form of hydrodynamic equations. In section
2.2, the thermally-driven outflow model that will serve to define a subsonic solution
is presented. In section 2.3, the different components that have been used for de-
scribing the total Galactic gravitational potential are introduced. In section 2.4, the
analytic subsonic solution, obtained from a description of the Galactic halo intro-
duced in the previous sections, is compared with the observations of high-velocity
cold clouds that have provided a velocity profile for the Fermi bubbles. The ve-
locities ranging from ~ 300 km s~! to ~ 150 km s~!. In section 2.5, a thermal
distribution for the Galactic halo is discussed and a hydrostatic density distribution
is described and compared with observations. Finally, in section 2.6, the numerical
setup that has been used for the hydrodynamic simulations is introduced, followed
by a description of the numerical results that have been obtained.

2.1 Conservation equations

The conservation equations for a hydrodynamic model describe the motion of fluid
elements. The mass and momentum conservation equations are the fundamental
principles of fluid motion. Solving those equations is a task that often requires nu-
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merical integration due to their non-linear nature. In this section, the mass and
momentum equations are presented in their conservative form. As it will be seen,
those equations are essential to describe the propagation of an outflow through an
ambient gas. For the numerical simulations, this gas will take the form of a hot
Galactic halo. It is assumed to be isothermal, i.e., it is described by a constant tem-
perature. As the hot Galactic halo is isothermal, the energy conservation equation
can then be omitted.

2.1.1 Mass conservation equation

The mass conservation equation states that the mass of a closed system remains
constant over time. A change of mass within a defined volume is equal to the net
mass that flows out of that volume. This equation is expressed as the following
continuity equation

dp B
% +V - (pv) =0, (2.1)

where p is the mass density and v the velocity vector of the fluid element.

2.1.2 Momentum conservation equation

The momentum conservation equation is an application of Newton’s second law of
motion for a fluid element. It describes the change in velocity of a fluid over time
and space when different forces are applied to it. Its expression in a conservative
form is given by

opv
% TVl oWt o+ Pl —0, (2.2)

Ram pressure  Thermal pressure

where I is the unity tensor and Py, the thermal pressure. By further developing
this equation, the equation of momentum conservation is obtained. For this, the
following equality V- (pvv’) = (pv - V) vI' + vV - (pv) has been used. This gives

0 0
v la—’t) + V. (pv)] + lpa—: +p(v-V)v+VP,| =0. (2.3)

~
Mass equation = 0

-

The momentum conservation equation becomes then

p%—l—p(v-V)v—FVPth:O. (2.4)

With both mass and momentum conservation equations, the propagation of an
outflow, on which different forces act, can be described. As part of this thesis, a
specific model will be explored, for which a gravitational force and a Py, term act
on the outflow, contributing to its propagation. Such an outflow is described as a
thermally-driven model.
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2.2 Thermally-driven outflow model

A thermally-driven outflow model refers to a scenario where the motion of a gas is
induced by a thermal process due to a heat source playing a significant role. In this
section, the mass conservation equation, Eq. (2.1), and the momentum conservation
equation, Eq. (2.4) both in steady-state, are used to define such a model.

A source of matter is considered in the form of a mass loss rate, M. Its expression
can be obtained by considering the steady-state form of the mass equation, (see Eq.
(2.1)). For a spherical symmetry, it is given by

M = 4z por?. (2.5)

In the Galactic halo, a gas is also subject to the force of gravity, which is directed
inward, and the gradient of Py, an outward force. If an outflow is present, the fluid
is also subject to a gradient of ram pressure. In the context of a hydrodynamic
model, for a steady-state fluid, the equation of momentum conservation, Eq. (2.4),
becomes

Thermal acceleration

V Py
vW.v  + = -V . (2.6)
N P
Fluid acceleration Gravitational acceleration

The term @ represents the gravitational potential. Its expression depends on
the considered system. For a star, it can be expressed with a simple spherical
point source. However, it can be more complex for a galaxy since an important
aspherical distribution of matter, as a disc, must be taken into account. The first
term represents the acceleration of the gas that is produced by the gradient of Py
(second term) and the gravitational force (right-hand side term).

Along with mass and momentum, energy is a quantity that must be conserved.
Since in this work the model considered is isothermal, the energy conservation equa-
tion can be omitted.

In 1958, Parker proposed a model for describing the dynamic of the hot solar
corona (Parker 1958). His work started by considering that the solar corona was in
static equilibrium. For such a model, the gas density goes to zero at an infinite dis-
tance from the Sun and a pressure of ~ 7.15x 1075 dynes cm ™2 is found. However, at
infinity, the pressure of the interstellar gas is estimated at ~ 1.4 x 10~ dynes cm 2.
The gas pressure of the corona cannot therefore be balanced by the interstellar gas,
leading to a constant pressure at infinity and therefore, a nonphysical solution. This
result led Parker to consider an expanding solar corona. Assuming an isothermal
distribution and using the mass and momentum conservation equations, he found
that this expansion could correspond to a transonic solar wind.

For an isothermal model, P, is expressed by

pc

Py = 2.7
=" (2.7)

where v represents the adiabatic index. For an isothermal gas, v = 1. ¢4 is
the thermal velocity, also known as sound speed. Going back to the momentum
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conservation equation for the hydrodynamic model, Eq. (2.6), the gradient of Py,
becomes

VP _ 2V

(2.8)

s

p p

By using the mass conservation equation, Eq. (2.1), the gradient of density can
be expressed as

Ye_ _Vv_Z (2.9)

Substituting this expression into the momentum conservation equation for the
hydrodynamic model, Eq. (2.6), leads to

Vo 1 (232 —rVO
== 7. 2.10
v r < v? — 2 ) (2.10)
Therefore, the equality v? = ¢? is a forbidden value, unless
2c2
=== 2.11
e (2.11)

The radius where this equality occurs is called the critical radius, r.. It is possible
to predict the behaviour of the outflow by looking at the sign on the right-hand side
of the Eq. (2.10) for different scenarios.

It is easier, to visualise the competition between P, and V® by expressing the
Eq. (2.10) through Py, Py the rotational pressure induced by gravity, and Py, the
ram pressure as

Vo 1(2Py—P,
— == =—]. 2.12
v r (Pram_Pth) ( )

It can then be seen that the forbidden value P, = P, is possible only if, at
Te, 2P = P,. This relation is presented in figure 2.1. The distribution of 2P
(solid red line) is compared with the distribution of P, (dotted magenta line). For
r. = 1 kpe, 2P,=PF,. The ram pressure, P,y (dashed green line), provided by a
subsonic velocity profile, reaches a maximal value at r. and decelerates beyond this
point. P, is always smaller than P, implying that the Galactic outflow is always
thermally-driven.

There are three different possible solutions for a thermally-driven outflow: tran-
sonic (a wind), subsonic (a breeze) and supersonic. They are shown in figure 2.2.
The transonic solution (solid orange line) is launched with a subsonic velocity and
accelerates to reach ¢, at r. = 1 kpc and accelerates continuously beyond this point.
The subsonic solution (dashed blue line) is launched with a velocity that is insuffi-
cient to be able to reach ¢, at r.. The outflow accelerates but reaches a maximum
at r. = 1 kpc and then decelerates continuously beyond this point. The supersonic
solution (dotted green line) starts with a supersonic velocity and decelerates until
it reaches r. = 1 kpc and accelerates beyond this point in a similar way than the
transonic solution. ® used for determining those three solutions is the same as the
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Figure 2.1: The thermal pressure, Py, times a factor 2 is equal to the rotational pressure, P,
induced by the presence of a gravitational field at r. = 1 kpc. The ram pressure, Pyam, due to the
subsonic nature of the outflow reaches a maximal value at r. and decelerates continuously beyond
this point.
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Figure 2.2: Three possible solutions for a thermally-driven outflow are illustrated here. A transonic
solution (solid orange line) starts with a subsonic velocity that increases to reach a supersonic
velocity at r. = 1 kpc (solid vertical grey line) and accelerates continuously beyond this point. A
subsonic solution (dashed blue line) starts with a subsonic velocity as well, but this velocity is less
than for the transonic solution. As a consequence, the subsonic outflow cannot reach the supersonic
velocity and stays subsonic, reaching a maximal velocity at r. and decelerating continuously beyond
this point. A third possible solution is the supersonic solution (dotted green line), which is a mirror
image of the subsonic solution. This solution starts with a supersonic velocity and decelerates until
it reaches .. Beyond this point, it accelerates in a way similar to the transonic solution. A Galactic
® as been used for determining those three solutions (see section 2.3). The acceleration observed
for the subsonic and transonic solutions as well as the acceleration of the supersonic profile at a
distance of 0.3 to 0.45 kpc is due to the gravitational influence of the Galactic bulge.
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one used for the numerical simulations (see section 2.3). The deceleration that can
be observed, for the subsonic and transonic solutions, from 0.3 to 0.45 kpc is due
to the gravitational influence of a Galactic bulge. The acceleration observed for the
supersonic solution at the same distance is also due to the Galactic bulge influence.

Although the subsonic solution is a mathematical solution, it is not possible
for a system like the Sun that is surrounded by a low pressure medium like the
interstellar medium. This can be shown by pursuing the development of Eq. (2.10),
which becomes

v? v? v? v? r 2

S S S S
where v, and ®. are the velocity of the outflow and ® at r..

v
For the solar breeze solution, when r — co, — < 1 and decreases continuously. For

Cs
large r, the Eq. (2.13) reduces to
In (- 210 (r) = v ox ~ (2.14)
nl—|~-2h(r)=ovx-. :
Cs r2

From Eq. (2.1), it follows that the density of the Solar corona reaches a constant
value and then leads to a constant pressure, when the pressure of the interstellar
medium is close to zero.

. . v . .
For the solar wind solution, when r — 0o, — > 1 and increases continuously.
Cs

For large r, the Eq. (2.13) reduces to

2

v
5~ 41n (r) = v = 2c6y/In (1), (2.15)

leading to p — 0 and therefore F,;, — 0. This solution is suitable for matching
with the interstellar pressure.

A Solar subsonic outflow is then not possible because the Sun, as an isolated sys-
tem, cannot maintain a pressure high enough at a distance large enough. However,
the breeze solution is not invalid for a system like the Milky Way since the Galactic
halo extends far and exhibits different temperature phases (Dutta et al. 2023). It is
able to provide a support through Py, (~ 0.1 — 0.3 €V cm™3 for a constant temper-
ature of T'= 10° K for the Galactic halo) but also possibly through both magnetic
(0.1 — 0.25 eV ecm™ for a magnetic field of ~ 1 — 2 uG in the Galactic halo) and
CR pressure (0.1 — 0.3 eV cm™3). The propagation of a thermally-driven Galactic
outflow is considered and described by a subsonic solution in order to reproduce
the velocity profile of the Fermi bubbles (Ashley et al. 2020). This Galactic breeze
would therefore find its origin in the vicinity of the Galactic Center and be driven
by the hot Galactic halo. To be able to simulate the propagation of such an outflow,
it is first necessary to setup the different necessary parameters, i.e. a temperature
distribution for the hot Galactic halo and a total ® for the system.

In the following section, are introduced the expressions and parameters for the
total @ for the Milky Way that will be used for simulating the propagation of a
Galactic breeze.
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2.3 The Galactic gravitational potential

As r. depends on a relation between ¢, and ®, it is necessary to define a Galactic ®
that will determine a propagation of the outflow.

However, this task is not that simple, as the Galactic ® can only be deduced
through observations of the rotational velocity of the different elements, mostly the
stars, that compose the Milky Way. Moreover, the Galaxy is not a homogeneous
system and is therefore considered to have different parts. The three main parts are
the bulge, the disc and the dark matter halo. Other parts can be considered, such as
the massive black hole at the center of the Galaxy (Reid 2009; Genzel, Eisenhauer
and Gillessen 2010) or the central molecular zone (CMZ), a dense gas surrounding
the black hole (Mills 2017; Tress et al. 2020), depending on the studied system.

Many observations have been made for determining the rotational curve of the
Galaxy (Fich, Blitz and Stark 1989; Maciel and Lago 2005; Bovy, Hogg and Rix
2009; Sofue 2012; Bhattacharjee, Chaudhury and Kundu 2014) and continue to
this day. The Gaia mission (Gaia Collaboration 2018) is so far the most ambitious
project for the observation of the Milky Way and some of its data, as it will be seen
later, has been used to provide a constraint on ®. However, Gaia only measures
the velocity of the stars and not their acceleration and therefore, not their ® which
can thus only be inferred. So far, several mass models for the Milky Way have been
proposed (Schmidt 1956; Caldwell and Ostriker 1981; Dehnen and Binney 1998;
Klypin, Zhao and Somerville 2002; McMillan 2011; McMillan 2017).

As part of the research carried out for this thesis, only the bulge, the disc and
the halo are considered. The black hole and the CMZ have a too low ®, compared
with the other three components, for the distances involved. The total gravitational
potential, ®., is then expressed as

Dior = Py, + g + Py, (2.16)

where @}, represents the bulge, ®4 represents the disc and @y, represents the dark
matter halo.

The expression for each of those potentials must be determined. For this, a
mathematical model has been used (Flynn, Sommer-Larsen and Christensen 1996),
that aims to fit at best the observations of the rotation curve of the Milky Way. The
following subsections introduce those different potentials: the bulge (2.3.1), the disc
(2.3.2) and the dark matter halo (2.3.3).

2.3.1 The Galactic bulge

It has been more than seventy years since the Galactic bulge has been identified
as a distinct component of the Galaxy by observations (Baade 1946) and yet its
formation or its age are still under debate. A Colour-Magnitude Diagram (CMD)
(Terndrup 1988) indicates, for the bulge stellar population, an age of ~ 10 Gyr
(Ortolani et al. 1995; Clarkson et al. 2008; Gennaro et al. 2015).

Based on the velocities observed, a barred bulge shape has been proposed (de
Vaucouleurs 1964). The presence of this bar has been confirmed by a numerical
modelling of the gas motion in the bulge region (Binney et al. 1991; Englmaier and
Gerhard 1999; Fux 1999) and by the near-infrared observations made by the COBE
satellite (Blitz and Spergel 1991; Weiland et al. 1994; Binney, Gerhard and Spergel
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Component Parameter Value

Dy, rey 2.7 kpc
Mc, 6.0x10% M,
TCy 0.42 kpc

Mg, 3.2x101° M,

Dy b 0.3 kpc
a 5.81 kpc
Mp, 1.32x10M M,
as 17.43 kpc
Mp, -5.8x10% M,
as 34.86 kpc
Mp, 6.6x10% M,
by T 21.5 kpc
M200 2)(1012 M@

Table 2.1: List of parameters for the Galactic @, model.

1997). More recent data have confirmed that the bulge has a box/peanut shape
(McWilliam and Zoccali 2010; Nataf et al. 2010; Wegg and Gerhard 2013).

The bulge has therefore a complex shape and its mass distribution is subject
to numerous estimations (Licquia and Newman 2015; Bland-Hawthorn and Ger-
hard 2016). For determining it, a combination of tracer densities and multiple field
kinematics has been used (Portail et al. 2015; Portail et al. 2017). However, there
are uncertainties due to the continuous transition between the box/peanut bulge
and the central long bar, for which, an arbitrary distance must be chosen for de-
termining which stars constitute the bulge. From those choices, a total mass of
~ 1.85 x 10! M, has been determined (Portail et al. 2017).

For this thesis, a simpler model for the bulge has been chosen. The bulge po-
tential is described by a Plummer potential (Plummer 1911; Flynn, Sommer-Larsen
and Christensen 1996). Its expression is given by

GMe,

2

oy, = —

b Z \/ﬁ
i=1 rE+Te,

where 7 represents the spherical radius, r. the spherical scale radius and Mc,
represents the mass for the two components of the bulge. Mc,, Mc,, r¢, and rg,
are given in table 2.1. This potential has the advantage of having a simple analytical
form and reproducing the central concentration observed in many galactic bulges.

(2.17)

2.3.2 The Galactic Disc

The Galactic disc is composed of a thin disc and a thick disc (Gilmore and Reid
1983), both being distinct by their chemistry, their age and their elevation (Bensby,
Feltzing and Oey 2014; Masseron and Gilmore 2015; Hawkins et al. 2015). Photo-
metric studies have found an exponential scale height distribution of ~ 250 - 350 pc
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for the thin disc (Reid 1993; Gould, Flynn and Bahcall 1998; Ojha 2001; Jurié¢ et al.
2008) and ~ 700 - 1200 pc for the thick disc(Siebert et al. 2011).

Due to the low extinction at the poles of the disc, the scale height is well de-
termined in the infrared and optical spectra. It is not the case for the scale length.
More than one hundred papers exist about the determination of the disc parameters
(Bland-Hawthorn and Gerhard 2016). So far, the estimation of the scale length for
the thin disc is ~ 2.6 kpc and ~ 3.6 kpc for the thick disc (Juri¢ et al. 2008).

In addition, there is also an outer disc for which the detailed structure and
physical extent are not well known. Its edge has been estimated to be between 10
and 15 kpc, based on infrared and optical surveys (Habing 1988; Robin, Creze and
Mohan 1994; Ruphy et al. 1996; Minniti et al. 2011). Determining the edge is also
made more difficult by the possible distribution of the stellar density. Some external
galaxies have an inflection in their stellar density, expressed as a break in their
exponential density profile (Pohlen and Trujillo 2006). This profile is common but
models with no breaks and continuous exponential can also exist (Bland-Hawthorn
et al. 2005; Irwin et al. 2005; Ellis and Bland-Hawthorn 2007). Moreover, the
Galactic disc could be extended to ~ 20 kpc due to the presence of the Monoceros
Ring (Newberg et al. 2002; Ibata et al. 2003) and Molecular gas clouds having been
observed beyond 20 kpc (Yasui et al. 2008; Kobayashi et al. 2008). The edge of the
H; gas has even been pushed until ~ 60 kpc, within the range of the Magellanic
clouds (Kalberla and Dedes 2008). The total mass of the Galactic disc is naturally
not easy to determine as the lengths of the different components are unsure. This
mass is usually considered to be between ~ 3.75 x 10 M, and ~ 5.25 x 10 M
(McMillan 2011; Binney 2012; Bovy and Rix 2013; Piffl et al. 2014; Sanders and
Binney 2015; Binney and Piffl 2015). This mass range has been inferred from both
the observation of the kinematics of stars present in the Galaxy and a numerical
model offering a good comparison with the data.

Following the observations, the disc potential has three components that are
based on a Miyamoto-Nagai potential (Miyamoto and Nagai 1975; Flynn, Sommer-
Larsen and Christensen 1996) and is expressed by

3
G Mp,
®q = Z - = 2’
i=1 \/R2 + (@ + V22 + ?)
where R and z are the cylindrical coordinates, b is the scale height, ; is the cylin-

drical scale radius for the three different components and Mp, their corresponding
masses. These values are given in table 2.1.

(2.18)

2.3.3 The Galactic halo

Two different types of halo have been observed for the Milky-Way. A stellar halo
and a hot gaseous halo. A third one, theorised to explain the constant rotational
velocity observed for the Milky Way, is the dark matter halo.

Stellar halo

The stellar halo has been identified as composed of a population of old metal poor
stars. This halo presents large random motions and no rotations or only a little and
would have been formed by a smooth-envelope of old stars as the Galaxy collapsed
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during the first time of its formation (Eggen, Lynden-Bell and Sandage 1962). It has
also been proposed that the stellar halo is due to independent infalling fragments
since there exists a wide range of metal abundance independent of a Galactocentric
distance (Searle and Zinn 1978).

The stellar density, as well as being used to determine the mass distribution, is
used to study the past accretion history of the Milk Way. Several tracers are used as
RR Lyrae, blue horizontal branch stars, red giants and near main sequence turnoff
stars (Vivas and Zinn 2006; Ivezié et al. 2008; Belokurov et al. 2014; Xue et al.
2014). The total density profile is similar to an Einsato function (Xue et al. 2015).

Several estimations for the stellar halo mass have been done. A first estimation
has given a radius between 1 and 40 kpc, the halo stellar mass being ~ 3.7 £ 1.2 x
10% M. (Bell et al. 2008). A later estimation for a stellar halo mass within a radius
of 10 to 45 kpc gave ~ 3 x 10® M, (Kimmig et al. 2015).

Hot halo

The existence of a hot halo surrounding the Galactic disc has been highlighted
by the observations of Hy clouds that should be confined by an external medium
(Spitzer 1956). Its extension and its proximity to the Galactic plane is still unclear.
The presence of this hot halo gas is supported by numerical simulations (Nuza et al.
2014), for it has a uniform temperature profile (TZ, 10° K) for each galaxy simulated
and is in good agreement with the observed profiles (Miller and Bregman 2015). The
observations of a hot halo are performed through the bright Active Galactic Nucleus
(AGN). Through observations of sight lines, they are detected with Oy and Oviyy
in absorption, ram-pressure stripping of gas and high-resolution X-ray spectra with
energies between 0.1 - 1 keV. This implies a temperature between 107 K (Blitz and
Robishaw 2000; Stanimirovié¢ et al. 2002; Paerels and Kahn 2003; Sembach et al.
2003; Bregman and Lloyd-Davies 2007; Gatto et al. 2013; Miller and Bregman 2015;
Salem et al. 2015).

The early models for modelling the hot halo using X-ray observations assumed
an isothermal distribution and a constant density (Bregman and Lloyd-Davies 2007;
Gupta et al. 2012). However, observations found different density distributions for
electrons. One at n = 9x 10~* ecm ™2 at r = 19 kpc and the other n > 2x 10~ cm=3
at r > 139 kpc (Wang and Yao 2012). Another model for which the hot halo is
composed of an adiabatic gas in hydrostatic equilibrium with the Galactic potential
has been proposed (Fang, Bullock and Boylan-Kolchin 2013). It must be noted that
observations tend to show that the Galactic halo does not have a constant entropy
profile (Miller and Bregman 2015; Crain et al. 2010). At the present day, the hot halo
temperature, inferred from X-ray observations, seems to be fairly uniform, around
a value of ~ 2 x 10 K but this feature does not imply strictly an isothermal profile
(Henley et al. 2010).

More recent observations of Oy and Oy emission lines have been studied
(Henley and Shelton 2012; Miller and Bregman 2013; Miller and Bregman 2015), in
combination with X-ray measurements to determine a hot halo density of 107* cm™3
to 107° ecm ™3 for 10 kpc < 7 < 100 kpc. The hot halo gas mass has been approx-
imated to 10 M, within 250 kpc. To obtain this result, three assumptions have
been made. First, the density profile for the hot halo is described by a spherically
symmetric 3-model taking the form n(r) oc 7~%/2. Second, the hot halo is isothermal
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with a temperature of 7' = 2 x 10® K. Third, it is in collisional ionisation equilib-
rium. Following those works, a physically plausible hot Galactic halo consistent
with the observed halo dynamic and with the UV /X-ray measurements has been
proposed (Tepper-Garcia, Bland-Hawthorn and Sutherland 2015). For this model,
a dark matter halo is normalised to the density profile and the total mass is inferred
from the observations of the kinematics of halo stars (Kafle et al. 2012). This model
is valid if the Galactic dark matter halo is an isothermal sphere and in hydrostatic
equilibrium with the gravitational potential (Bland-Hawthorn and Gerhard 2016).
The study of the hot halo dispersion implies a gas temperature of 7' ~ 10° K. The
total baryonic mass range for the hot halo gas, within the virial radius, has been
deduced to be ~ 8.8 4 1.2 x 101 M (Nuza et al. 2014; Miller and Bregman 2015).

Dark matter halo

The model of the Cold Dark Matter halo is often called a necessary element for
explaining the quasi-constant rotation curve of the Galaxy. The mass of this dark
matter must then be well known within the virial radius ry;,. As there is no direct
observation of dark matter, different models can be adopted. In general, the virial
mass, M., is expressed as the mass within a central region for which the average
density exceeds a multiple of the mean density of the Universe. The virial density
is expressed as pyir = AvirQurperie (Klypin, Zhao and Somerville 2002; Kafle et al.
2014), where Ay;, = 340 is an overdensity constant, €y is a density parameter and
Perit 18 the critical density of the Universe. The virial radius is expressed as

AvirQM ~L/3 Mvir 1/

For a Navarro-Frenk—White (NFW) halo model, the scale height is rj, & 25 kpc
assuming a concentration parameter of ¢ ~ 10 (van der Marel et al. 2012). Another
mass estimation used is Mygy for which the average density within rogy is pogg =
200pcrit (Bryan and Norman 1998; Klypin, Zhao and Somerville 2002). M,;, is not
a total mass because the dark matter profiles extend and quickly drop beyond the
virial radius. One constraint for the total mass of the Galaxy comes from what is
called the timing mass (Kahn and Woltjer 1959). This implies that the mass of
our Galaxy and Milky Way galaxy types, like the galaxy M31, must be sufficient
to overcome the universal expansion to explain their observed kinematic movement.
Observations of galaxy pair, after considering the orbit of M33 around M31, have
led to estimate the total timing mass at Miiming, vir = 3.2 £ 0.6 X 102 M. It has
been estimated that the mass of M31 is comparable with the mass of the Milky Way,
providing an upper limit for the virial mass of M;, = 1.6 x 10'2 M, for our Galaxy
(van der Marel et al. 2012).

Other methods that use the timing mass, for the estimation of the virial mass, are
limited to the regions explored, for which the spatial distribution and kinematics are
used for an estimation of the enclosed mass. The Galaxy mass has been estimated
using the kinematics of halo stars, satellite galaxies and globular clusters. Those
observations give a low total mass of My < 102 M, (Xue et al. 2008; Deason et al.
2012; Kafle et al. 2012; Kafle et al. 2014). The estimations based on the kinematics
of satellites and globular clusters result in a higher value of My, = 1 —2 x 102 M,
if the Leo I dwarf satellite galaxy is assumed to be bound to the Milky Way. If Leo
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I is assumed to be unbound, a value of My < 102 M, is found (Wilkinson and
Evans 1999; Li and White 2008; Watkins, Evans and An 2010).

For this thesis, the hot halo potential is based on a NFW profile (Navarro, Frenk
and White 1996; Flynn, Sommer-Larsen and Christensen 1996) and is given by

GM200 In (1 + 7"/7”3>
7sf(Ca00) r/Ts
where My is the mass inside the virial radius, 00 = 258 kpc (Taylor et al.
2016). cono is the concentration parameter defined as coog = 7900/7s, Where 7, is
the scale radius. Both My and r4 are given in table 2.1. The function f(cog) is
expressed by f(ca00) = In (1 + ¢200) — €200/ (1 + c200)-

This potential has been able to provide a good fit to the observed rotation curves
of the Galaxy and the distribution of mass in galaxy clusters.

For the numerical simulations, only two halos have been considered. As the dark
halo mass dominates over the two other halos, it has been chosen for defining the
gravitational potential for the halo component. The hot halo gas is represented by
its hot temperature and has been setup with a temperature of ~ 4 x 105 K (see
section 2.5).

, (2.20)

(I)DM =

2.3.4 Gravitational potential model

The normalisation of @y, i.e., the value of the masses for the different components,
has been chosen based on observations. The Gaia mission (Gaia Collaboration
2016b; Gaia Collaboration 2016a; Gaia Collaboration 2018) has provided data about
the proper motion of more than a billion stars. Those new data made it possible to
provide a range of power-laws used for fitting the Milky Way gravitational potential
(Watkins et al. 2019), allowing a constraint for a normalisation of @, used for the
numerical simulations.

The wind equation, see Eq. (2.10), shows that there is a relation between c;
from the hot halo gas and ®,;. For the simulations of a Galactic breeze, the value
of ¢, is of uttermost importance. The model must be able to reach the highest
possible velocity for the breeze while maintaining r. at 1 kpc. This is in order to
get as close as possible to the observed velocity of ~ 300 km s~! for the cold clouds
at a distance of ~ 1 kpec from the Galactic Center (Bordoloi et al. 2017; Ashley
et al. 2020). In figure 2.3, the fitting power-laws are given (dot-dashed black lines)
and compared with @ (solid red line), which is composed by the Galactic bulge
potential (dot-dashed green line), @y, the Galactic disc potential (dotted blue line),
®4 and the hot Galactic halo potential (dashed orange line), ®,. The two vertical
dotted lines at R = 2 kpc and R = 21 kpc give the spatial range for which the
constraints provided by the Gaia observations are applicable. The dot-dashed black
lines show the extent of the best-fitting power laws, between the 2 — 21 kpc region
and their extension beyond this zone. The different potentials have been normalised
s0 Py, reaches the vicinity of the upper limit of the fitting range (see table 2.1 and
Eq. (2.16)), allowing to increase the constant temperature for the hot Galactic halo.

The next step is to consider the value that the temperature associated with the
hot Galactic halo should have. For a thermally-driven outflow, the relation between
®.t and ¢, determines the position of r.. For the Galactic breeze profile, based on
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Figure 2.3: @ (solid red line) and its different components used for the simulations are illustrated
here. There is a Galactic bulge (dotted-dashed green line), that dominates until a Galactic radius
of ~ 500 pc. A Galactic disc (dotted blue line) and a hot Galactic halo gas (dashed orange line)
dominate the Galactic radius above ~ 500 pc. For the numerical simulations, in order to use the
highest ¢, possible, @y, has to be increased to the highest possible value. From (Watkins et al.
2019), a fitting range has been provided for @ from 2 kpc to 21 kpc (grey zone). ®yo has then
been normalised to reach the upper limit of this fitting range, allowing to get the highest ¢, possible
for the galactic breeze model.

the observations, r. =~ 1 kpc. From this constraint, it is possible to determine a
value for ¢,. This is discussed in the following section.

2.4 Analytic Galactic breeze profile

The subsonic solution, Eq. (2.13), can be solved numerically to get a steady-state
solution that can be compared with observations of the UV absorption lines provided
by the high-velocity cold clouds present inside the Fermi bubbles (Fox et al. 2015;
Bordoloi et al. 2017; Savage et al. 2017; Karim et al. 2018; Ashley et al. 2020;
Cashman et al. 2021; Sofue 2022). This comparison can be seen in figure 2.4. The
solid blue line represents the steady-state subsonic solution. The blue and orange
dots come from recent observations of the Fermi bubbles velocity profile (Bordoloi
et al. 2017; Ashley et al. 2020). The green dot comes from an observation provided
by a cylindrical H; high-velocity cold cloud at a Galactic radius of ~ 1 kpc (Sofue
2022). For the resolution of the Eq. (2.13) it has been considered that the subsonic
outflow reaches ~ 85% of ¢; ~ 250 km s~! at the critical radius r, ~ 1 kpc. This
configuration has been chosen since, for the numerical simulations, a Mach number
at r. too close to 1 could create instabilities leading to a supersonic outflow. Hence,
a Mach number, M = 0.85, has been chosen as it implies a velocity at r. close to c;
that stays stable and provides a steady-state simulation. The subsonic solution then
shows a continuous deceleration profile similar to the one deduced from observations.
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However, it must be noted that the subsonic velocity profile does not reach the
observed velocity of 300 km s~ (Bordoloi et al. 2017; Ashley et al. 2020). Such
a velocity, for the Galactic breeze model considered here, could be reached for a
larger ®.. However, this would go beyond the upper fitting-range provided by
the observations (see section 2.3.4). Moreover, it can be seen in figure 2.4 that
the subsonic velocity profile first decelerates and reaches a minima at ~ 400 pc,
accelerates until it reaches r.. This effect is due to the gravitational influence of
the Galactic bulge and imposes a minimal radius for the numerical simulations of
~ 300 pc since for a lesser value, the outflow would be supersonic.

As a distribution for ®; has been defined (see section 2.3) and a value for ¢
has been fixed, the last step is to define a density distribution for the hot Galactic
halo. So far, the observations of these distributions did not show strong variations
that could indicate the presence of a shock (Martynenko 2022). This is another
possible reason to consider a Galactic breeze model, as it has no influence on a
density distribution. This is discussed in the following section.
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Figure 2.4: The deceleration exhibited in a steady-state subsonic velocity profile (solid blue line)
matches well with the observed velocity profile of the Fermi bubbles along the Galactic height
(blue, orange and green dots). Those observations have been provided by the UV absorption lines
from the high-velocity cold clouds present in the bubbles. Although the deceleration matches well,
the magnitude of the velocity does not match with the observations, for which the maximal velocity
is ~ 300 km s~!. For the Galactic breeze model, for which the maximal possible thermal velocity
is ¢s ~ 250 km s~!, assuming a Mach number, M = 0.85, at r. = 1 kpc, the maximal velocity is
~ 200 km s~ 1.

2.5 Density distribution for the hot Galactic halo

In the previous section, the Galactic breeze profile was introduced (see section 2.4).
This profile has been defined to be as close as possible to the observations. That is,
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to reach a maximum velocity at ~ 1 kpc and decelerate continuously beyond this
point. As the breeze solution is independent of the density distribution, only ®;.;
and ¢, are necessary. Those parameters can be used to define a hydrostatic density
distribution.

2.5.1 Hydrostatic density profile

In addition to @y, and c,, the density of the hot Galactic halo gas, in which the
subsonic outflow will propagate, must be defined for the numerical simulations.
For this, a hydrostatic density distribution has been chosen. A model proposed
during the 1960s explored this model based on stability considerations between gas,
magnetic field and CR, (Parker 1966). Numerical simulations are in good agreement
with all-sky survey data from radio to gamma-ray energy range (Buote and Canizares
1996; Kalberla and Kerp 1998; Pietz et al. 1998; Anderson and Bregman 2010;
Gupta et al. 2012) but also observations of absorption lines (Miller and Bregman
2013; Meiring et al. 2013). The hydrostatic density profile is dictated by ®y, and
¢s. The initial gas number density for the hydrodynamic simulations is expressed
by

Nhalo = M10 kpc €XP <_ CI)CtQOt) ’ (221)

where 110 kpe 1S a normalisation constant. Its value has been fixed at nig xpe =
6.35 x 107* cm ™2 in order to be compatible with the observational values from 10 to
100 kpc (Gupta, Mathur and Krongold 2017; Martynenko 2022). Figure 2.5 shows
the density distribution obtained for the normalisation of ®, and the resulting
cs. The red area represents the fitting-range provided by both X-ray spectroscopic
observations and satellite galaxies ram pressure stripping studies (Martynenko 2022).
The combination of the normalised @ (see section 2.3) and ¢, = 250 km g1
corresponding to KT = 400 eV (~ 4 x 10° K) (see section 2.4) provides a hydrostatic

density distribution matching well with the provided fitting range.

2.5.2 Influence of a breeze and a wind solution on the den-
sity distribution

Transonic and subsonic outflows have a different effect on the density distribution
of the medium in which they propagate. As a subsonic outflow produces no shock,
the surrounding gas is not disrupted. It is not the same for a transonic outflow that
produces a shock as it goes from a subsonic to a supersonic phase. This shock prop-
agates with the outflow and sweeps up the surrounding gas, significantly changing
its density distribution. Figure 2.6 shows the influence of a subsonic solution (solid
blue line) and a transonic solution (solid red line) on an initial hydrostatic density
distribution similar to the one that will be used for the numerical simulations. For
r < r., both solutions exhibit a subsonic velocity profile and the density distribu-
tion is not perturbed. At r., the transonic solution becomes supersonic, sweeping
up the surrounding density. The initial hydrostatic density distribution, which can
be approximated by n o 1/r (dashed light blue line), goes to n o 1/r* (dashed
orange line) due to the influence of the sweeping effect of shock propagation. How-
ever, recent observations of Oyy; and ram-pressure stripping have provided a fitting
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Figure 2.5: The number density distribution used for the hydrodynamic simulations (solid red
line) is compared with observational data provided by (Martynenko 2022). The fitting range is
represented by the red zone, for which the hydrostatic number density distribution matches well. It
depends on both @ and cs. Here ¢, = 250 km s~! corresponds to a temperature of kT = 400 eV.
®yo¢ has been normalised to correspond to the largest possible value following a fitting range
provided by observations as described in section 2.3.

range for a distance going from ~ 8 kpc to 100 kpc that matches with a hydrostatic
density distribution (Martynenko 2022). At a distance of ~ 10 kpc, the edges of the
eROSITA bubbles (Predehl et al. 2020) should have an impact on the density dis-
tribution if they have been produced by a transonic outflow, but such an effect does
not seem to be observed. Now that a steady-state subsonic solution has been ob-
tained, the next step is to use a hydrodynamic code set up with the expressions and
values of @y, ¢; and the hydrostatic density distribution. This code is introduced,
its setup and results are introduced in the following section.

2.6 Hydrodynamic simulation

Both mass and momentum conservation equations in steady-state (see Eq. (2.1)
and Eq. (2.4)) have been used to get a Galactic breeze solution. However, to be
able to study the influence of a Galactic breeze model on Fermi bubbles features, a
hydrodynamic code is required.

2.6.1 PLUTO code

The PLUTO code (Mignone et al. 2007), standing for Parallel Linear Unstructured
Transient Operator, is an open-source magnetohydrodynamic (MHD) simulation
code. It can solve the equations governing hydrodynamic fluid dynamic, which are
the mass conservation equation, the momentum conservation equation and the en-
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Figure 2.6: The effects of a subsonic and a transonic solution on an initial hydrostatic density
distribution are presented here. The subsonic solution does not produce a shock and does not
influence the initial hydrostatic density distribution of the surrounding hot Galactic halo (solid
blue line), which can be approximated by n o< 1/r (dashed light blue line). The transonic solution,
starting with a subsonic velocity, reaches a supersonic velocity at r. = 1 kpc. This has the effect
of sweep up the gas (solid red line). The initial density distribution decreases along the radius and
can be approximated by n oc 1/r? (dashed orange line). The observations have provided a fitting
range (red zone) for a distance of ~ 8 kpc to 100 kpc that matches with an hydrostatic density
distribution (Martynenko 2022).

ergy conservation equation. When MHD equations are considered, it also solves the
evolution of a magnetic field. The code takes advantage of parallel computing archi-
tectures. PLUTO manages various numerical methods to solve the hydrodynamic
equations and uses a finite volume method that discretizes the solution domain into
a set of control volumes. For each of those volumes, an integral form of the con-
servation equations is applied. Several Riemann solvers are available to calculate
fluxes across cell interfaces. The PLUTO code has been applied to a large variety
of astrophysical problems, like the study of the accretion disc around a black hole
(Hogg and Reynolds 2018), the dynamical behaviour of Supernovae (Matsuoka and
Sawada 2024), the behaviour of stellar or Galactic winds and jets and the study of
the emission of the Fermi bubbles (Sarkar, Nath and Sharma 2017).

2.6.2 Numerical Setup

For solving the hydrodynamic equations, a linear reconstruction method has been
selected (Mignone 2014). It assumes a linear variation of the conserved variables
within each cell. It is a second order accurate in space, with a stencil three points
wide. For time stepping, a second order Runge-Kutta method has been used. Also,
a Van Leer limiter has been chosen. It is a slope limiter used to prevent unphys-
ical oscillations. A HLL (Harten-Lax-van Leer) Riemann solver has been selected
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(Mignone 2007). This solver is known for its simplicity and computational efficiency,
making it a popular choice for many simulations.

Computational grid

The computational grid has been setup as a spherical logarithmic 2D grid (r,0).
256 bins are used in the r-direction and 92 bins in the #-direction. The inner radius
has been fixed at 300 pc and the outer radius at 300 kpc. This last value has been
chosen in order to prevent some unphysical perturbations in the computation grid.
It appears that the very low velocity of the outflow at large radii has the effect,
when the outflow reaches the outer boundary, of causing a large disturbance that
propagates through the grid. The outer radius has then been set up at a far enough
distance that this effect does not occur. The simulation domain covering a quarter
of a single hemisphere, 6 ranges from 0 to 7/2.

Boundary conditions

As a linear reconstruction has been chosen for the simulations, the ghost zone, i.e.,
the region that surrounds the computational grid, is two cells deep.

The outflow is injected at the inner radius. The initial velocity is calculated by
solving numerically the Eq. (2.13) for a breeze solution defined with a Mach number
of M =0.85 at r..

For the outer radius, the boundary has been set up as an outflow one. The
purpose of such a boundary is to simulate the natural behaviour of the system
when a fluid is allowed to freely leave the computational domain without significant
reflections or artificial effects. For the # direction, both inner and outer boundaries
have been set up to be reflective.

Initial setup

The computational grid at ¢ = 0 represents the hot Galactic halo in which the outflow
will propagate once ¢ > 0. The hot Galactic halo is represented by a hydrostatic
density distribution p, as it has been defined in section 2.5.1. The two components
needed for describing this density distribution , ®;.; and ¢, are defined as described
in section 2.3 for @i and in section 2.5 for ¢;. As an isothermal gas is considered
for describing the hot Galactic halo, the initial thermal pressure is described as (see

Eq. (2.7))

Py, = pc2. (2.22)

2.6.3 Subsonic velocity distribution

A first step is to check that the numerical simulations are able to provide the cor-
rect velocity profile. In figure 2.7, a comparison is made between a steady-state
subsonic profile (dashed black line) and the velocity profile obtained with PLUTO
(solid blue line), along the z-axis, after the simulation reaches a steady-state. The
simulated breeze appears to match well with the expected velocity at r. = 1 kpc
but presents a deceleration less steep than the steady-state. This difference is not
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due to the resolution of the numerical grid as larger resolutions produce the same
distribution. The steady-state solution corresponds to the analytic subsonic solution
of the outflow. It does not include the dynamic of the system as do the 2D model
provided by the numerical simulation with PLUTO. For this model, the asymmetry
of the Galactic potential drives the asymmetry of the velocity profile. The outflow
propagates mainly and is accelerated along the z-direction. The largest difference
between the two profiles is only of ~ 15 km s™!. The setup of the code seems then to
be able to simulate well a subsonic profile propagating into the hydrostatic density
distribution of a hot Galactic halo and an asymmetric ®;.

Figure 2.8 shows the 2D map of the velocity distribution for the subsonic profile
in both R and z-directions. The outflow propagates mainly along the z-direction
and a pinch is formed. This is due to the asphericity of the disc component for
®it. Close to the Galactic Center, the outflow takes a conic shape and extends
progressively to a lobular shape as the outflow decelerates.

2.7 Conclusion for this chapter

Observations of the Fermi bubbles have shown that the line-of-sight velocity exhibits
a velocity of ~ 300 km s™! at a Galactic height of ~ 1 kpc from the Galactic Center
and decelerates continuously beyond this distance (Bordoloi et al. 2017; Ashley et al.
2020). This velocity profile is reminiscent of a subsonic solution for the hydrody-
namic equations proposed first by Bondi for a mechanism of accretion around stars
(Bondi and Hoyle 1944) and explored then by Parker for describing a solar outflow
(Parker 1965). If the subsonic solution cannot be applied to an isolated system like
the Sun it is still possible to apply this solution to a complex system like the Milky
Way.

The subsonic solution has been first explored analytically. It is defined by two
parameters. A gravitational potential, able to describe the rotation velocity ob-
served for the Milky Way (Rubin, Ford and Thonnard 1980) and a thermal velocity
for the hot Galactic halo (Miller and Bregman 2015). The Galactic gravitational
potential used is composed of a bulge, a disc and a dark matter halo that has been
normalised through a fitting range based on the observations provided by the Gaia
mission (Martynenko 2022). With this normalised Galactic gravitational potential
and considering a maximum velocity for the outflow, reached at a Galactic height
of 1 kpc, the corresponding thermal velocity for the hot Galactic halo is equal to
250 km s~'. This is equivalent to a temperature of 400 eV or ~ 4x10° K in accor-
dance with observations (Das et al. 2019b; Das et al. 2019a).

Following this work, a numerical simulation has been performed with the PLUTO
code (Mignone et al. 2007). It appears that the subsonic solution is able to pro-
duce a steady-state solution. Under the influence of the disc, through its gravita-
tional potential, a pinch appears in the subsonic velocity distribution at the base
of the outflow. A Galactic breeze is able to produce a bubble shape and its profile
along the cylindrical axis z matches with the analytic solution. However, it appears
that the hydrodynamic model alone is not enough to be able to reach a velocity of
~ 300 km s~! at a Galactic height of 1 kpc and that an additional mechanism must
be considered.

Now that a subsonic steady-state solution has been obtained by solving numer-
ically the hydrodynamic equations, the output of the velocity profile can be used
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Figure 2.7: The simulated subsonic outflow for the hydrodynamic model after the simulation

reaches a steady-state (solid blue line) is compared with the analytic steady-state solution (dashed
black line).
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Figure 2.8: The figure shows a 2D spatial distribution of the Galactic breeze profile. The arrows
represent the direction of propagation of the outflow. The continuous colourbar indicates the
logarithm, of base 10, of the magnitude of the velocity. From the colourbar, the continuous
deceleration of the outflow along both z and R—directions can be seen. The black contour lines
represent the velocity distribution for two specific values of 100 km s~ and 30 km s~!. The outflow
propagates mainly along the z-direction due to the asphericity of the disc component for the total
gravitational potential.

50



for solving a CR transport equation. This will allow to determine a vy-ray energy
flux distribution for the hydrodynamic case and compare it with the Fermi bubbles
~-ray emission. This work is presented and described in the following chapter.
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Chapter 3

Propagation of cosmic rays and
v-ray emission for the
hydrodynamic model

Cosmic rays (CR) are an essential component for observations of the various types
of radiation that exist in the universe. To be able to describe their transport and
their interaction with an ambient medium, it is necessary to propose a realistic
astrophysical model that can be compared with observations (Ackermann et al.
2014; Yang and Razzaque 2019). CR interact with other particles and participate
in different leptonic and hadronic interactions and contribute to different emission
processes. CR are a significant part of every galaxy and their energy contribution
can be increased through acceleration. In section 3.1, the CR transport equation
is introduced. In section 3.2, the setup for solving numerically the CR transport
equation is presented. Following these simulations, the section 3.3 introduces the
CR density map obtained for the subsonic velocity profile, leading to a y-ray energy
flux distribution that is compared with observations.

3.1 CR transport equation

Various approximations of what is called a CR transport equation can be done
for various studies. This equation requires that the CR distribution function be
determined according to three spatial dimensions, time and momentum. It first
takes the form of a continuity equation of the form

of

o7 Ve bt Vpd, = Q. (3.1)

Here, f represents the CR phase space density and is expressed as f = %,

where N is the number of particles and p is the CR momenutum. () is a source
term. V, = a% represents the spatial derivative and V,, = 1%6% is the momentum
derivative. j, and j, are the spatial current density and momentum current density,
respectively and are expressed by

Advective current
. 1
| I— |

Diffusive current
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and

Advective momentum current
- 1
3

=5 (V%) . (33)

where x is the vector velocity for the considered outflow and D is a homogeneous
and isotropic diffusion coefficient (Compton and Getting 1935; Gleeson and Axford
1968; Caballero-Lopez and Moraal 2004). After inserting a energy loss time scale
term into this continuity equation, the transport equation can be written in the
following form

Momentum advection

Diffusion I 1 Source
of —— —— . 1 . Of f ™
2L _v.(D —-x- — (V- — ) 4
5 =V (DVI) =% V42 (V%) g = 4 (3.4)
Advection CR loss rate

On the right-hand side of the equality,

1. The first term represents the spatial diffusion coefficient, which describes the
random walk of CR in the magnetic field of the Galactic halo. It then quantifies
the rate at which CR spread out over space due to random scattering.

2. The second term represents the advection, which accounts for the bulk motion
of the CR that is due to the motion of the outflow through the Galactic halo.

3. The third term represents the momentum advection, which contributes to
moving the CR to lower energy as they are transported by the expanding
outfow.

4. The fourth term is the CR energy loss scale, 7, i.e. the rate at which the
CR lose their energy through inelastic pp collisions. The energy loss time scale
depends on the medium density and proton cross section (Gabici, Aharonian
and Blasi 2007).

5. The fifth term is a source term, (), that is the rate at which CR are injected
into the system and accounts for the production of CR from astrophysical
sources.

This CR transport equation can be solved numerically in order to obtain a density
distribution for the CR, which will be used to get the corresponding ~-ray energy
flux distribution. The numerical solution of this CR transport equation and the
results produced are introduced and discussed in the following section.

3.2 CR transport simulation

To be able to produce a ~v-ray emission map, a CR transport code must be used
to simulate the propagation of CR. The result of these simulations is a CR density
distribution map that is used for determining the v-ray energy flux distribution and
is compared with the observations of the Fermi bubbles y-ray emission.
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3.2.1 CR transport code

The CR transport code (Rodgers-Lee et al. 2017; Rodgers-Lee et al. 2020) solves
the CR transport equation (see Eq. (3.4)) by calculating the value of f, through a
spatial and momentum computational grid for each time step. The advection and
the momentum advection are defined by using the subsonic velocity profile simulated
with the PLUTO code (see section 2.6.3). The CR transport equation is advanced in
time using a forward in time method. The diffusive term is resolved with a centered
in space differencing scheme. A Lax-Wendroff scheme (Lax and Wendroff 1960) is
used for solving the advective term spatially. The overall scheme is first order in
time and second order in space.

Computational grid

The computational grid has been setup as a cylindrical logarithmic 2D grid (R, 2).
350 bins are used for both the R and z-directions. Their inner coordinates, R;, and
Zn, are setup at 100 pc and their outer coordinates, R,y and zyu, at 100 kpc. In
addition to the spatial grid, another one is needed for the momentum, p. This grid
has been setup with 5 bins and extends from 10 GeV/c to 30 GeV/c. As the PLUTO
simulations has been performed with a spherical grid, and the CR transport code
has been written with a cylindrical grid, the velocity distribution has been linearly
interpolated from the 2D spherical grid to a 2D cylindrical gird.

Diffusion coefficient

For the hydrodynamic model, D is defined as being isotropic and homogeneous. The
diffusion length, D/c, is defined as (Jokipii 1966; Schlickeiser 1989)

D D 2=

where 7 is the Kolmogorov turbulence power-spectrum slope for which v=5/3
and c is the speed of light. As D describes the random walk of CR induced by a
magnetic field, fixing the diffusion length implies a specific constant value for the
magnetic field. For a particle with a momentum of 10 GeV/c, a diffusion length of
0.1 pc corresponds to a magnetic field of ~ 0.1 nG through all the grid. This value
of 0.1 pc has been chosen to match with the value of D, deduced from observations
of the amount of radioactive 1°Be nuclei in CR for the Galactic halo and estimated
to be ~ 10%® cm? s7!, i.e. ~ 0.1 pc (Ginzburg, Khazan and Ptuskin 1980).

The numerical scheme used for solving D in space is described in appendix A.1.1.

Advective and momentum advective term

Both advection and momentum advection are defined by the movement of a gas,
which is described by its velocity profile. This profile takes the form of a subsonic
solution in a steady-state that has been solved numerically with the hydrodynamic
PLUTO code defined with a spherical grid (see section 2.6). As the CR transport
code uses a cylindrical grid (R, z), an interpolation has then been made for the data
points of the velocity profile from the spherical grid used by the hydrodynamic code
to the cylindrical grid used by the CR transport code.
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The numerical scheme used for solving the advection and the momentum advec-
tion is described in appendix A.1.2 and A.1.3.

Energy loss time scale

The loss time scale term depends on the energy of CR and on the density of the
gas that has been travelled through. For the simulations of the transport of CR, a
simplification has been made as a constant density has been assumed for the hot
Galactic halo gas of ngs = 3 x 107® em™3. Its expression is given by (Gabici,
Aharonian and Blasi 2007)

1 3x 1073 -3
Tloss = ——— = 20 ( . o ) Gyr7 (36)

NgasCKOpp Ngas

where x = 0.45 and oy, is the cross section for a proton-proton interaction, its
value is 40 mbarn (4 x 1072 cm?).

CR source

The source term expresses the injection of particles into the computational grid
following a specific law of distribution dependent on the particle energy. For the
simulations, the source term is described by a power-law distribution with an expo-
nential cutoff. Its expression is given by

l-a
Q < Ny <p£0) exp (—pp ), (3.7)

where py = 1.876 GeV/c, pmax = 107 GeV/c, a = 2 is representative of diffusive
shock acceleration (Bell 1978) and N is a constant of normalisation.
The injection is performed through multiple cells, for which 100 pc < ren < 400 pc
and 7een = /R2, + 22 Reen and zeen being the position of each cell in the cylin-
drical computation grid. As this grid is logarithmic, the area of each cell considered
for the injection must be taken into account, this area varying with the distance.
The surface element of a cell is expressed by

dscell = Rcellzcelld (ln (Rcell)) d (h’l (Zcell)) . (38)

With this expression, Eq. (3.7) is rewritten as

dSee e
chll X S 11j\[[] (ﬁ) exXp <_ P ), (39)
cell Do Pmax

where S represents the total area of injection that is expressed by

400 pc
Scell :/ dScell- (310)
1

00 pc
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Boundary conditions

The boundary conditions for the inner spatial coordinates, R;, and z;,, are reflective,

meaning that the CR cannot enter or leave the grid through the boundary. As the

computational grid is a quadrant, the injection site will be near the inner boundaries

and it is therefore of the utmost importance to ensure that the boundaries are sealed.
There are two ways to implement a reflective boundary in the code:

1. The first one is to treat spatial diffusion and advection together. For this
method, at the boundary interface, the diffusive and advective fluxes must be

Dit1y2 (vf)i+1/2 — Viy1/2fiv12 = 0, (3.11)

where ¢ represents the spatial dimension that can be R or z. As the cells
are self-centred, the subscript 1/2 represents the value of the corresponding
variable at the interface between two cells.

2. The second way is to treat separately the spatial advection and diffusion.
For this method, at the boundary cell, the spatial advective term is set to
be opposite to the velocity at the cell beside the boundary, ensuring that
the advective flux through the boundary is zero. Thus, vy = —v; implying
vo+1/2fo+1/2 = 0 at the interface. The condition for the diffusive flux to be
zero at the boundary implies that the phase space density at the boundary
cell is equal to that at the adjacent cell. Thus, D;y1/2 (Vf) = 0 implying
that at the inner boundary, fo = fi.

i+1/2

To test these methods, several simulations have been done. The grid goes from
0.3 kpc to 800 kpc, with 60 bins, to ensure that no particles interact with the outer
boundaries, which have been setup with an outflow condition. This condition implies
that matter from the computational grid can leave it but no matter from outside
the grid can enter it. The momentum advection term is suppressed from the CR
transport equation by considering a simple free-divergent velocity profile expressed
as

= { 7=t (%)

Uz = VUmax;

(3.12)

where Vpax = 300 km s™! and a single injection is performed in order to control
more easily the variation of particles for the simulation time.

There are two different schemes possible for the advection of the injected CR, a
Lax-Wendroff scheme or an Upwind scheme. Both have been used and compared to
determine which scheme conserves particles, at the interface between the computa-
tional grid and the boundary cells, the best. Two different times for the simulations
have been considered, one lasting 1 Myr and a second one lasting 300 Myr.

The first method for defining the reflective boundary condition in combination
with the Lax-Wendroff scheme is the best combination for conserving particles dur-
ing a simulation time of 300 Myr. The variation in the number of particles was only
0.5% from the initial injection.

With this setup, the CR transport code has been solved numerically. The results
are introduced and discussed in the following section.
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3.3 Galactic breeze v-ray signature

Solving numerically the CR transport code equation allows to obtain a CR density
distribution map. This distribution is dependent on the velocity profile of the outflow
in which travel CR. Advection and diffusion are then in competition for the transport
of CR. From the CR density distribution, the v-ray emission can be obtained and
will be compared with the observations for determining the viability of the Galactic
breeze model for describing the Fermi bubbles.

3.3.1 CR density distribution

Diffusion time versus advection time

Once the velocity profile has been obtained for the hydrodynamic model, it can be
used to define the advection that competes with the diffusion for the transport of CR.
The diffusion mechanism is not significant if the outflow velocity is high enough and
low energy particles (<10 GeV) are considered. However, in the case of a Galactic
breeze, the velocity is sufficiently small for both terms to play an important role in
dictating the CR spatial distribution. For a spherical symmetry, the diffusion time
is determined by the expression

7,2

toi = - (3.13)

Here D is given by the Eq. (3.5). For CR with a momentum of p = 10 GeV/c,
D =10% cm? s71.

The advection time is expressed by

tagy = —, (3.14)

where v, is the velocity profile for the Galactic breeze solution previously simu-
lated (see section 2.6.3).

Figure 3.1 shows the relation between tp;g (solid orange line) and ¢,q, (solid blue
line) along both the R-axis (left figure) and the z-axis (right figure). It must be
noted that if t.q, is faster than tpig, for the considered example, the relation depends
on CR momentum (see Eq. (3.5)). As the momentum increases, the influence of
diffusion becomes more important.

CR density distribution map

The CR number density, ncgr, is expressed through the space phase density distri-
bution, f, whose values are computed by the CR transport code

Ner = /47rf(t,r,p)p3dln (p). (3.15)

A 2D distribution map for ncr obtained from the simulation, including the
advection due to a Galactic breeze, can be seen in figure 3.2. As a quarter-grid
simulation is performed, the CR distribution has been mirrored. A symmetry is
then assumed between the north and south bubble. Based on the time scale for
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Figure 3.1: Following both Eq. (3.13) and Eq. (3.14), the diffusion time (solid orange line) for
D/c(p=10 GeV/c) = 0.1 pc and the advection time for the subsonic outflow (solid blue line)
are compared for both the R-direction (left) and the z-direction (right). For both figures, the
advection time is inferior to the diffusion time. The difference, however, is not large and diffusion
still plays a role in the propagation of particles.

D/c(p =10 GeV/c) = 0.1 pc and for the subsonic velocity profile numerically sim-
ulated, the advection dominates over the diffusion (see figure 3.1). Although the
effect of the diffusion cannot be neglected, ncr is mainly influenced by the velocity
profile (see figure 2.8). As a result, ncr shows an asymmetry in its distribution.
As the subsonic velocity profile for the advection propagates mainly along the z-
direction, ncg follows a similar distribution and takes an oblong shape.

With the ncg distribution, it is possible to obtain the corresponding y-ray emis-
sion that can be compared with the observations of the Fermi bubbles provided by
the Fermi-LAT instruments (Ackermann et al. 2014).

3.3.2 ~-ray emission

Inelastic CR collisions with the ambient gas in the Galactic halo result in the creation
of charged and neutral pions (see section 1.5.2). The dominant decay mode for the
neutral pions is into two photons (Particle Data Group et al. 2020). A photon
produced by such a collision obtains ~10 % of the initial energy of an incident CR
proton. Therefore, for the CR energy range considered, which is included between
10 and 30 GeV, photons with an energy included between 1 and 3 GeV are produced.

To be correctly interpreted, the photon emission resulting from ngr must be
considered from the point of view of an observer. The resulting y-rays brightness,
E,F,, seen by an observer along a particular solid angle of angular size A is

L
obtained from summing the contribution of the energy flux, 4—7
T

5, over the full
r

line-of-sight. E, F’, is expressed by

1 dL 1
EF., = T = drops, 3.16
T 3A0 / 47rrgbs 127 Tioss / CCRATob ( )

where 7,1, is the distance between the source of emission and the observer. L. is
the total y-ray luminosity. The factor of é accounts for the fraction of neutral pions
produced for inelastic CR interactions with the target gas. Those neutral pions, 7°,

quickly decay into y-ray photons. The two other charged pions, 7+ and 7, do not
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Figure 3.2: A 2D CR distribution map for ncgr, based on f(¢, R, z,p), is obtained for a Galactic
breeze profile and for an energy range of Fcr = 10 — 30 GeV. As a quarter-grid simulation is
performed, the CR distribution is mirrored. A symmetry is then assumed between the north and
south bubble. The dashed black lines are contours representing the distribution of ncgr along the R
and z directions. The continuous colourbar indicates the logarithm (base 10) of the CR density. As
the Galactic breeze profile defined for the advection dominates over the diffusion, the distribution
of ncgr follows a similar profile, that is distributed mainly in the z-direction.

decay directly into y-ray photons (see section 1.5.2). The position of the observer
from the Galactic Center has been fixed at 8 kpc (Gillessen et al. 2017).
The CR energy density, ecr, is expressed by

Pmax
ecrR = / 47 fp’dp. (3.17)

Pmin

The v-ray energy flux from all the computational cells contained along the line-
of-sight within each solid angle direction is summed up. The skymap of the y-ray
energy flux density is shown in figure 3.3. The Galactic breeze profile, in combination
with a CR luminosity Lcg ~ 1.4 x 10% erg s=!, produces bilobal v-ray emission.
From observations, the latitude of the Fermi bubbles is ~ 50°, corresponding to
~ 10 kpc for an observer at 8 kpc from the Galactic Center.

The brightness of the 7-ray energy flux appears broadly consistent with the
Fermi-LAT observations (see figure 3.4). However, the width of the observed Fermi
bubbles, estimated to be around 20° from the central axis (Ackermann et al. 2014)
are narrower than the results shown in figure 3.3, which extend to a width of ~ 30°.
This difference originates from the assumptions in the adopted setup. Specifically,
both the value of the diffusion length and the isothermal gas temperature, collec-
tively dictate the subsequent lobe width.

In figure 3.4, a direct comparison is made between the simulation data provided
by the Fermi-LAT collaboration (Ackermann et al. 2014) for latitudes of b = 30°—40°
and b = 40° — 50°. The solid blue line represents the y-ray energy flux provided by
the simulations for the subsonic velocity profile. The red error bars come from the
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Figure 3.3: A ~-ray emission map is produced, based on the spatial distribution of ncg obtained
for a Galactic breeze profile. This map takes into account the position of the observer fixed at
R = 8 kpc and z = 0 kpc from the Galactic Center. The emission is produced by photons with
energy ranging from 1 to 3 GeV. The bubble shape of the emission is clearly visible. However, the
width appears to be too large when compared with the Fermi bubbles that extend to a Galactic
longitude of ~ 20° for 40° < b < 50°.
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Figure 3.4: E,F, produced by the y-ray emission is plotted as a function of the Galactic longitude
for different latitude ranges. The solid blue line represents the ~-ray energy flux provided by
the spatial distribution of ngr for a Galactic breeze presented in section 2.6.3. The error bar
ranges and the shaded red region are provided by the Fermi-LAT observational results. The red
error bars represent the ~-ray energy flux determined from observations of the Fermi bubbles.
The shaded red region has been computed from the uncertainties of different models and different
possible templates. Figure (a) corresponds to the data provided by the Fermi-LAT for a latitude
of b = 30° — 40°. Figure (b) corresponds to the data provided by the Fermi-LAT for a latitude
of b = 40° — 50°. For both figures, the v-ray energy flux produced by the numerical simulations
matches roughly with the observations for Log ~ 1.4 x 1040 erg s~! but is broader beyond a
Galactic longitude of [ ~ 15°.
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data defined with the GALPROP CR propagation and interactions code (Vladimirov
et al. 2011) as templates. The red shaded regions were computed from the uncer-
tainties of different models and different definitions of the templates. Both the red
error bar ranges and the red shaded regions have been provided by the Fermi-LAT
collaboration (Ackermann et al. 2014). At latitudes between 30° < b < 40° and
40° < b < 50° for a longitude between —15° < [ < 15°, the v-ray energy flux
is broadly compatible with the observations, although as already noted previously,
beyond a longitude of 15° the y-ray energy flux no longer falls within the red shaded
region due to the broader width of the simulated lobes.

With the E. F, distribution, it is possible to determine the velocity distribution
observed from the Earth, called the line-of-sight-velocity and compare the Galactic
breeze profile with the velocity profile observed from the shifted spectrum of high-
velocity cold clouds present in the Fermi bubbles (see section 1.3.3).

3.3.3 Line-of-sight velocity profile for the hydrodynamic model

The hydrodynamic simulation has provided the velocity distribution for the Galactic
breeze (see section 2.6.3) but does not take into account the position of the observer.
For this, the line-of-sight velocity must be considered. It is computed, as a function
of the Galactic longitude and latitude, to be compared with observations. The
emission weighted line-of-sight velocity, vy, with respect to the observer is expressed
by

b+Ab pl+Al

v, B, F.dl'db
vias(1,0) = R (3.18)
b—Ab JI-Al EWFle db

where v, is the velocity profile of the Galactic breeze. b expresses the Galactic
latitude and [ the Galactic longitude. E,F, is given by Eq. (3.16).

In figure 3.5, the steady-state solution for the Galactic breeze profile obtained
numerically is plotted along the latitude (solid blue line). A position for an observer
at 8 kpc from the Galactic Center and at a Galactic longitude of 0° has been consid-
ered. This line-of-sight velocity is then compared with several data points provided
by different observations (Ryans et al. 1997; Fox et al. 2015; Bordoloi et al. 2017;
Ashley et al. 2020; Sofue 2022) (see section 1.3.3). From this comparison, it ap-
pears that the Galactic breeze profile follows well the continuous deceleration that
has been observed. However, the fitted model is not able to provide the necessary
conditions for a breeze solution to reach a velocity of ~ 300 km s~ at r.. Therefore,

the velocity profile of the Galactic breeze is less than the observations (see section
2.4).

3.4 Conclusion for this chapter

A numerical solution to the hydrodynamic equations has provided a steady-state
Galactic breeze profile. In order to make a comparison with the Fermi bubbles
observations, this profile is not enough. The ~-ray emission produced by pp inter-
actions must be taken into account. For this, a CR transport equation has been
resolved numerically. The advection is expressed through the Galactic breeze profile
simulated previously. A homogeneous and isotropic diffusion coefficient has been
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Figure 3.5: The line-of-sight velocity (solid blue line) is compared with different observations of
high-velocity clouds (coloured dots). A distance of 8 kpc between the observer and the Galactic
Center has been considered and the Galactic longitude fixed a 0°. The continuous deceleration
profile matches well with the data points beyond a galactic height of 1 kpc but the velocity is less
than what has been observed (see section 2.4).

considered and a diffusion length of 0.1 pc has been fixed. The CR have been in-
jected through an area ranging from 100 pc to 400 pc. For their transport, both
advection and diffusion play an important role. As the Galactic breeze profile forms
a shape expanding mainly in the z-direction, the CR density distribution follows a
similar distribution and takes an oblong shape.

From these results, a ~-ray energy flux distribution has been obtained. This
distribution shows a clear bubble shape. For an injected CR luminosity of 1.4 x
1010 erg s71, the emission related to the Galactic breeze profile is able to match
approximately with observations for a latitude ranging from 40° to 50°. The ~-
ray energy flux distribution has then been used for getting the line-of-sight velocity
profile, for an observer placed at 8 kpc from the Galactic Center. The Galactic
breeze profile matches well with the continuous deceleration observed for the Fermi
bubbles.

However, the bubbles produced through this emission are too large when com-
pared with the Fermi bubbles since, at a Galactic longitude of ~ 15°, the emission
shows no sharpness. This feature can be clearly seen in the Fermi bubbles. A hy-
drodynamic model is not enough for describing the Fermi bubbles with a Galactic
breeze profile and another mechanism is needed. A MHD model, introducing a mag-
netic field distribution, could be able to provide a better description. Such a model
is introduced and described in the following chapter.
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Chapter 4

Thermally-driven subsonic outflow
for a MHD model

The Milky Way has intense magnetic activity for each of its components. If the
magnetic field configuration is well known for the Galactic disc, it is not the case
for both the Galactic bulge and the Galactic halo (Han 2017). By its presence,
the magnetic field can have an important effect on the propagation of an outflow
through magnetic tension and magnetic pressure. It is therefore a feature that must
be explored to be able to offer a correct explanation for the emission associated with
the Fermi bubbles. Section 4.1 presents the expression corresponding to the MHD
momentum equation. In section 4.2, an analytic study of the effect of a magnetic
distribution on the subsonic solution is discussed. In section 4.3, the setup for MHD
numerical simulations is presented as well as the obtained results.

4.1 MHD momentum equation

As for the hydrodynamic model (see chapter 2), the MHD momentum equation can
be expressed in a conservative form given by
dpv

LE+V.T=0, (4.1)

where T represents the stress-energy tensor composed of two parts, both related
to hydrodynamic and MHD components.

Compared to the hydrodynamic momentum equation (see Eq. (2.4)), the MHD
momentum equation includes additional terms

0 BB’ B1
RCAE V] pvvl 4 Pl - + — (4.2)
ot L (- 4T 8T
Ram pressure  Thermal pressure I L1

Magnetic tension = Magnetic pressure

In the bracket, the first two terms are related to the hydrodynamic version of
the momentum equation (see section 2.1.2). The two other terms are related to the
inclusion of a magnetic field. The last term, the magnetic pressure, is an equivalent
of the thermal pressure. The third term, the magnetic tension, acts to straighten
out the field lines when those ones are bended by another force.
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From Eq. (4.2), it is possible to study the effect of a magnetic field on the
subsonic solution. This is covered in the following section.

4.2 Effects of a magnetic field distribution

4.2.1 Influence of the magnetic field distribution on the crit-
ical radius

Following the results produced for a hydrodynamic model (see chapter 2), the in-
clusion of a magnetic field is a natural step. Historically, after having worked on
an expanding Solar corona model (Parker 1958), Parker included a Solar magnetic
field (Parker 1965), since its influence cannot be ignored for the propagation of an
outflow and for the diffusion of CR, whether on a stellar or a galactic scale. As
for the hydrodynamic model, the MHD momentum equation (see Eq. (4.2)) can
be used to determine the effect of the magnetic field on the position of r. and the
different possible initial values for the magnetic field. It is extended by considering
., previously used for the hydrodynamic model (see section 2.3).

ov VPth 1 B2 .
5 + (VV) vV + 0 — % |:(BV) B-V (7>:| = _Vq)tot- (43)

By considering the radial component of the MHD momentum equation in spher-
ical coordinates and for a steady-state, i.e., for %—‘t’ =0, the Eq. (4.3) becomes

" or r or

(4.4)

Ur—— 2 or ’

dv, vy 10Py 1 [, 0B. Bj 9 (B>\] 00
or ro p or Admp B

where v,.(r) and B, (r) are respectively the radial component of the velocity and
the magnetic field. v,(r) and By(r) are respectively the azimuthal component of the
velocity and the magnetic field. By considering By(r) = 0 puG, the total magnetic

field B(r) is written as B(r) = \/BE(T) + B3(r). The magnetic field as then an
helicoid structure. By including this expression in Eq. (4.4), the radial gradient of

the radial component B,(r) for both the magnetic tension and magnetic pressure
cancel each other. The Eq. (4.4) becomes then

. (4.5)

% U; Ao, 22 ﬁ & " 0B, _ _8(I)t0t
r or or

or r v, Or r 4mp

It can be seen that By (r) influences the propagation of an outflow. The variations
of By(r) can help to accelerate or decelerate it.

In order to analyse more easily the influence of a magnetic field distribution on
the position of r., By(r) is expressed as a simple inverse power-law and is expressed
as

To\ ¢
By(r) = Ba (%), (4.6)

where By, represents the value of By(r) at ry. For the model presented here, 7
= 0.3 kpc and « is the power index.
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As for the hydrodynamic model, the Eq. (4.5) can be rewritten in a more
convenient form to get an intuition of the outflow evolution and the relation with
the magnetic field

B2
1 122402 =1V + 2 (1 —a
—Vou, = - ? ot T dmp ( ) . (4.7)

Uy r v2 — 2

The equation is similar to the hydrodynamic model (see Eq. (2.10)) but there
is now a term that depends on By(r). It appears then, from Eq. (4.5) and Eq.
(4.7), that the presence of a gradient of By(r) can switch the position of r., which
is defined for the MHD case as the position where

2

2¢2 +v2 —rVe —i—ﬁ(l—a)—() (4.8)
S (15 tot 47Tp - Y. .

The effect will be different depending on how fast By(r) decreases. There are
three different possible effects on the position of r., depending on the value of the
index a.

a =1=B;(1-a)=0
a >1=B}(1-a)<0 (4.9)
a <1=B;(1-a)>0.

The index o implies that if & = 1, the presence of B,(r) has no effect on the
position of r.. If @ > 1, By(r) will shift 7. closer from the Galactic Center. If & < 1,
r. will be shifted farther away from the Galactic Center. For this last case, based
on Eq. (4.7), it is possible, by increasing the temperature of the hot Galactic halo
and therefore the value of ¢, to shift back r. closer from the Galactic Center. This
allows to increase the peak velocity of the subsonic solution at r..

An example is shown in figure 4.1. This figure compares the Galactic breeze
profile for the hydrodynamic model (solid blue line) and the MHD model (dashed
orange line). The dotted red line corresponds to ¢, = 250 km s™'. The By(r)
profile is described by the Eq. (4.6), with the parameters defined as By, = 30 uG
at rg = 0.3 kpc and o = 0.6. For this configuration, r, is shifted farther from the
Galactic Center passing from r. = 1 kpc to r. = 2.5 kpc. By correctly choosing
a value for By, and the index «, it is possible for this simple model to increase cs
for keeping r. &~ 1 kpc. However, this raises the problem of the distribution of the
hydrostatic density of the hot Galactic halo as it depends on ¢ (see section 4.2.2).

As for the hydrodynamic model (see Eq. (2.12)), it can be convenient to express
the Eq. (4.7) in terms of the different pressures involved, giving

1 1(2Pth+P¢—Pg+2PB¢(1—Oz))
Vo, = - )

— 4.10
Pram - Pth ( )

r

Py is the thermal pressure. Py, is the ram pressure induced by v,(r). P, is
the pressure induced by v,4(r). P, represents the pressure of the rotational velocity
induced by @, (see section 2.3) and Pg, is the pressure induced by By(r).
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Figure 4.1: The subsonic solution in steady-state for both the hydrodynamic and the MHD model
is compared to show the influence of By(r) on the value of r.. ¢, (dotted red line) has been fixed
at 250 km s~!. The hydrodynamic model (solid blue line) is based on the model presented in
chapter 2 for which there is no magnetic field. The MHD model (dashed orange line) is based on
the parameter given in section 4.2.1. With such a model, 7., which is at 1 kpc from the Galactic
Center for the hydrodynamic model, is shifted farther away to a Galactic height of ~ 2.5 kpc.
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Figure 4.2: The figure compares three different pressures, the thermal pressure P, (solid blue
line), the ram pressure P, (dashed green line) and the magnetic pressure for the azimuthal
component Pg, (dash-dotted red line). Py, and Prap, are the same as for the hydrodynamic model.
Here By(r = 0.3 kpc)= 2 uG, this value corresponds to the observations of the magnitude of the
magnetic field in the Galactic halo. The power index has been set up to a = 0.5.
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Depending on the value of «, the magnetic pressure can contribute to the accel-
eration or the deceleration of the outflow. However, to have such an effect, Pg, must
have a value comparable to Py,. In figure 4.2, Py, (solid blue line) , P, (dashed
green line) and Pp, (dash-dotted red line) are compared. By, = 2 uG, a value
comparable with the observations of the magnetic field distribution in the Galactic
halo (see section 4.2.3 on this subject), and o = 0.5. Py, and P,,;,, have been defined
in the same way as for the hydrodynamic model (see section 2.2). Compared to Py,
Pp, appears to be negligible. However, as P, decreases faster than Pg,, the two
pressures can become comparable.

4.2.2 Constraints imposed by observations for the Galactic
density profile

The expression of a hydrostatic density distribution, Eq. (2.21), exhibits a relation
between &y, and c,. Increasing ¢, has the effect of changing the density distribution.
This aspect must be taken into account for deciding which maximum value ¢, can
be chosen. Considering the same normalisation for ®;.; that has been done for the
hydrodynamic model, different density distributions resulting for different values of
cs values are shown in figure 4.3. In addition to the initial value, ¢, = 250 km s~*
used in chapter 2 (solid red line), the effect of four higher values is shown: 275 km s~
300 km s, 350 km s~! and 400 km s~!. As for figure 2.5, the red zone corresponds
to the fitting-range provided by both X-ray spectroscopic observations and satellite
galaxies ram pressure stripping studies (Martynenko 2022). Following its lower limit
at 10 kpc, the hydrostatic density at this distance has been fixed at 3.8 x 10~* cm 3.
Both ¢, = 275 km s™! and ¢, = 300 km s~! match with the fitting range but higher

velocities of ¢, do not.

4.2.3 Determining a suitable distribution for By(r)
Exploration through the MHD momentum equation

As the By(r) has an effect on the determination of the position of r., a distribution
allowing to reach r. = 1 kpc for ¢; = 300 km s can be explored. A value for By,
and « (see Eq. 4.6) must be determined. For this, the numerator at the right-hand
side of the Eq. (4.7) can be solved for different values of By, and a. The root
of the equation will determine the position of r.. In figure 4.4, several different
configurations are shown for ¢, = 300 km s=!. r, is defined as the point where the
numerator goes from a negative value to a positive value. Only some values of B,
and « allow a r. to exist. For instance, with a configuration of By =12 uG and
a=0.35 (solid blue line), r. ~ 1 kpc. With an identical value for a but a lesser value
for By,, here By,=2 nG (dashed yellow line), the numerator has no root and then
T, cannot exist.

By fixing a value to By,, it is therefore possible to see the influence of the index
a. Considering By, = 20 uG and o = 0.5 (dotted-dashed green line), results in
r. =~ 2.25 kpc, by increasing the index alpha, as a = 0.7 (dotted red line), no root
exists. A too high value for B, gives no root if the field does not decrease fast
enough. This effect is shown by a configuration with By, = 20 uG and o = 0.4
(solid purple line). Therefore, By, can be strictly tied to a. For some values of By,
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Figure 4.3: The hydrostatic density distribution for the hydrodynamic model (solid red line) with
cs = 250 km s~! is compared with three other values of cs, 275 km s™! (dashed blue line),
300 km s~! (dotted dashed green line), 350 km s=! (dotted yellow line) and 400 km s~! (solid
black line). @ is the same for all the different values and the number density distribution has
been fixed at 3.8 x 107 em™3 at a distance of 10 kpc from the Galactic Center coinciding with
the lower fitting range provided by observations (Martynenko 2022).
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Figure 4.4: The figure shows the different values along r for the numerator at the RHS of the
Eq. (4.7) for different configurations of By, and . Considering cs = 300 km s~! and the same
normalisation for ®,; used for the hydrodynamic numerical simulations, Bg,= 12 uG and o=0.35
lead to r. = 1 kpc (solid blue line). A too small value for By, does not give any value for r. for
instance, with Bg, = 2 uG (dashed orange line). A larger value for By, is possible if « is not
too large.Bs, = 20 puG and a=0.5, leading to r. = 2.25 kpc (dashed-dotted green line). But for
a=0.7, By4(r) decreases too fast and no value for r. exists (dotted red line). Moreover, if By, is
large enough for a value of « too small, there is also no value for r. (solid purple line).
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no root can exist if a strong magnetic field does not decrease fast enough or if a
weak field decreases too fast.

Determining B,, from observations

To be able to increase cs to its maximal possibility and keep r. = 1 kpc, a possible
configuration, according to the numerator at the RHS of the Eq. (4.7), is By, =
12 pG with an « = 0.35. This configuration allows ¢, = 300 km s~*. However,
the distribution of By(r) does not match with the observations and simulations
that have been done so far for the Galactic halo. In this region, little is known
about the magnetic field but several works have proposed a distribution model based
on observations of Faraday rotation measures and synchrotron radiation emission
(Jansson and Farrar 2012; Shaw, van Vliet and Taylor 2022; Unger and Farrar 2023).
Those works provided an estimation for the magnetic field, at a height between
~1—06 kpc, of ~1—2.5 uG.
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Figure 4.5: Two power-law distributions for By (r) are compared with the toroidal magnetic field in
the Galactic halo deduced from the observations. The By (r) distribution for which By, = 12 pG
and o = 0.35 (solid green line) that allows r. = 1 kpc for ¢, = 300 km s~* do not match with the
observations. Based on two models, (Jansson and Farrar 2012) (dashed orange line) and (Shaw,
van Vliet and Taylor 2022) (solid blue line), the magnetic field from ~ 1 to 6 kpc ranges from 2 to
3 nG. A power-law distribution for By (r) with By, = 2 G and o = 0.1 (dashed red line) matches
roughly with the observations until a Galactic height of ~ 8 kpc.

In figure 4.5, the toroidal distribution is presented for two previous works by
Jansson et al. (Jansson and Farrar 2012) and Shaw et al. (Shaw, van Vliet and
Taylor 2022) as well as two configurations, By, = 12 uG for o = 0.35 and By,
= 2 puG for @ = 0.1. It can be seen that the first configuration is too high when
compared with observations. The second configuration shows a better match but
a simple power-law profile is not enough to provide a well-fitted comparison. It
shows however, that a value of ~ 2 —3 uG in the first kiloparsec can roughly match
observations.
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The frozen-in field approximation

For determining a realistic distribution of B,(r) that will be compared with results
provided by a MHD simulation, it is useful to consider the frozen-in field approxi-
mation. This approximation states that for a highly conducting fluid, like plasma,
embedded with a magnetic field, this last one has to move together with the fluid.
This can be shown by considering the expression for a current density, j for an
electromagnetic fluid

j=a<E+VXB), (4.11)

c

where o is the coefficient of conductivity. As it is considered infinite for a plasma,
this implies that for j to remain finite, a necessary condition is that

B
E- Y2 (4.12)
C

given the frozen-in approximation. This one can be included in Faraday’s law,
expressed by

10B
E=————. 4.1
V x - (4.13)

Assuming a steady-state condition gives

V x (v x B) = 0. (4.14)

This last equation can be used to obtain the expression of By(r) depending on
v (1), vy(r) and B, (r).

1d
o (r(v,Bg —v4B,)) =0, (4.15)
leading to
7 (U, By — 0y By) = 10 (Vg Boy — Vo Bro) - (4.16)

It can be easier to understand the relationship between the different components
by approximating their distribution. Considering the following power-law distribu-
tions

vy = Ung (%)a (4.17)
Vg = Vg, (%) : (4.18)
B, = B,, (%)2 , (4.19)

gives
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v r2 ro\ -«
B, = [B¢0 + B, (r_g - 1)} (-0) . (4.20)

o r

It can be seen then that it is not necessary to have By, # 0 for a By(r) distribu-
tion to exist. For this, if By, = 0 uG, vy, and B, must be different from zero. Even
if the combination B, v, is enough to produce a By(r) distribution, this one will
decrease proportionally to r=271** A large value for B, or vg, will be necessary
to have a By(r) value of a few puG for a Galactic height of ~ 1 to 10 kpc. However,
a too large value for v4, would disrupt deeply the propagation of the outflow as it
would compete with v,,.

Also, the distribution of By(r) depends mostly of o representing the distribution
of v.(r). Considering the Galactic breeze profile (see chapter 2), for which the
deceleration corresponds to a ~ 1, the distribution of By(r) should not be steep and
looks like a quasi-constant along r. Finally, Bs(r) can switch of sign for By, > 0
and By, < BTO%.

The analytic 0study of the influence of a magnetic field distribution on an outflow
has provided insight that can be compared with numerical simulations. For this, a
MHD code must be used. The setup for such simulations and the subsequent results
are introduced and discussed in the following section.

4.3 MHD simulations

As described in section 3.4, the inclusion of a magnetic field is a natural step in
trying to explain the features of the Fermi bubbles. This requires the use of a MHD
numerical code for solving the MHD equations.

4.3.1 Numerical setup

For solving the MHD equations, the numerical setup is mostly the same as for the
hydrodynamic model presented previously (see section 2.6.2). The only difference is
the use of a 2.5D logarithmic grid instead of a 2D one. As numerical methods do not
naturally preserve the condition of free divergence for a magnetic field, it must be
ensured by a specific module. For the simulations, the module DIV _CLEANING
has been used. With this module, the magnetic field retains a cell average repre-
sentation and a divergence cleaning technique is used (Dedner et al. 2002; Mignone,
Tzeferacos and Bodo 2010).

Computational grid

The computational grid has been setup as a spherical logarithmic 2.5D grid (r, 6). A
2.5D simulation is a computational model that represents a physical system studied
in two dimensions while taking into account the effects of components depending on
a third dimension, here the azimuthal angle ¢. B, is defined as depending on the
radial and polar directions and assumes then an axisymmetry. The advantage of a
2.5D simulation over a 3D one is, above all, due to computational efficiency. A 2.5D
simulation is less demanding than a 3D simulation for both resources and time. As
the main interest is to gain insights into the mutual influence between the radial
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propagation of the outflow and the radial distribution of B, (r,6) and By (r,0) it is
not necessary to fully compute the ¢-direction.

As for the hydrodynamic model, 256 bins are used in the r-direction and 92 bins
in the 6-direction. The inner radius has been fixed at 300 pc and the outer radius
at 300 kpc. For the polar direction, the inner # is 0 and the outer 6 is /2.

Boundary conditions

At the inner radius, the outflow is injected into the computational grid in the same
manner as the hydrodynamic model (see section 2.6.2). The outer radius has been
set up with an outflowing boundary. There is a difference with the hydrodynamic
model that lies in the setup of the inner # boundary. For the MHD model, this
boundary condition has been setup with an axisymmetric boundary condition. It
is identical to a reflective one, except for vy(r,8 = 0) and By(r,6 = 0) which also
change sign. As for the hydrodynamic model (see section 2.6), v,, is setup at the
inner radial boundary. vy, , By, and By, are also injected at this boundary. Different
values have been considered that depend on the different configurations considered
(see section 4.3.2).

Initial setup

The main goal of the MHD simulations is to study the distribution of a magnetic field
confined in the bubble produced by a Galactic breeze profile. Therefore, the compu-
tation grid at ¢ = 0 has been setup with no initial distribution for the total magnetic
field. Thus, the magnetic field distribution that will be obtained will depend only
on its interaction with the Galactic breeze profile. As for the hydrodynamic model,
at ¢ = 0 the computation grid contains an initial density distribution representing
the hot Galactic halo gas that is expressed with a hydrostatic distribution. It is
defined through @ and c¢g (see section 2.5.1). As for the hydrodynamic model,
the isothermal temperature for the hot Galactic halo is defined with k7" = 400 eV,
corresponding to ¢, = 250 km s~!. The expression for P, is then identical to the
hydrodynamic model (see section 2.6.2).

4.3.2 Magnetic field distribution in interaction with a Galac-
tic breeze profile

In section 4.2, the effect of the magnetic field has been studied in an analytic way. For
By(r,0), described with a simple power-law distribution, it is possible to increase
¢s to 300 km s™! and keep r. = 1 kpc. However, for this, By, = 12 uG and
a = 0.35. Unfortunately, this distribution does not match with the observations
of the magnetic field distribution for the Galactic halo (Jansson and Farrar 2012;
Shaw, van Vliet and Taylor 2022; Unger and Farrar 2023). Moreover, such a solution,
based on a power-law distribution for a steady-state model is extremely difficult to
reproduce numerically as the influence of By(r,8) over the velocity profile is not
taken into account.

In order to do a first exploration of the influence of the magnetic field on the
velocity distribution, several configurations, including small values for B,,, Bs, and
vy, have been considered. With this, ¢, = 250 km s™! and 7. = 1 kpc as for
the hydrodynamic model guaranteeing that the Galactic breeze profile will not be
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disrupted. Therefore, this allows an easier study of the influence of the magnetic
field but also an easier comparison with the hydrodynamic model. The initial values
for the different configurations are given in table 4.1.

Configuration B, By, Vg
A 20 uG 0 puG O kms™!
B1 2uG 0puG 2kmst
B2 - - 20 km s~!
B3 - - 50 km s7*
C1 20 uG 1 puG 20 km st
C2 - 2 uG -
C22 40 uG 4 uG -
C23 20 puG - 40 km s~!

Table 4.1: List of the different values for the initial setup of the different configurations that are
presented.

Configuration A

With this configuration, a test model is first made to explore the influence of B,.(r, 6)
on the velocity distribution. This is done to ensure that the velocity profile stays
subsonic throughout the entire computation grid. As described by the Eq. (4.5),
v.(r,0) is influenced by By(r,6). B,.(r) playing no roles. It is then not expected
to see a difference from the hydrodynamic model. The configuration (A) considers
here B,, = 20 puG. In figure 4.6 (a), the 2D map distribution of the Galactic breeze
profile is presented. In figure 4.6 (b), the distribution of the Galactic breeze profile
along the r-axis can be seen. Both figures show results similar to the hydrodynamic
model (see figure 2.8). Figure (b) compares the velocity distribution for the hydro-
dynamic model (dashed orange line) and for the MHD model (solid blue line) both
obtained through numerical computation. Under the influence of B,.(r) the velocity
distribution is very similar to the hydrodynamic model.

In figure 4.7 (a), the corresponding magnetic field distribution map can be seen.
As the magnetic field is injected with the plasma, its distribution follows the propa-
gation of the outflow and takes a slightly conic shape. In figure 4.7 (b), the distribu-
tion of B,(r) along the z-axis is shown. Following Maxwell laws, the divergence of
B,(r) is null, implying that B, (r) o< r~2. This power-law is well reproduced through
the computational grid. As indicated by the Eq. (4.20), the mere presence of B,, is
not sufficient to imply a distribution for By(r,#). Its value is then null throughout
the simulation.

Configuration B

A next step for the simulations is to include a ¢-component for the propagation of
the outflow. The combination of B,(r) and both v,(r,8) and v,(r, ) has an effect
on the By(r,0) distribution. As seen with the Eq. (4.20), By, = 0 does not imply
that a distribution for By(r, #) is not present for ¢ >0.
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Figure 4.6: Configuration (A): For B, ;= 20 uG, Bs, = 0 uG and vg, = 0 km s™*. In figure
(a), a 2D spatial distribution for the Galactic breeze profile with the presence of a B, (r) field
is presented. The arrows represent the direction of propagation of the outflow. The continuous
colourbar indicates the logarithm, in base 10, of the magnitude of the velocity. The black contour
lines represent the velocity distribution for two specific values of 100 km s~! and 30 km s~!.

In figure (b), the distribution of the Galactic breeze profile along z is plotted (solid blue line)
and compared with the hydrodynamic model (orange dashed line) and the analytic steady-state
solution (dashed black line).
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Figure 4.7: Configuration (A): For B,,= 20 uG, By, = 0 uG and vy, = 0 km s~1. In figure (a),
the 2D map distribution of the magnetic field is presented. The arrows represent the direction of
propagation of Br(R, z) and B,(R,z). The colourbar indicates the logarithm, in base 10, of the
magnitude of | B|. The dashed black contour lines represent the magnetic field distribution for two
specific values of 0.1 G and 0.01 pG.

In figure (b), the loglog plot shows the distribution of B, for three different fixed polar angles, 0°
(solid blue line), 45° (dashed orange line) and 90° (dotted green line).

For the configuration (B), three models have been considered, for which By, = 0
and B,, = 2 uG. This last value is one order of magnitude less than the configuration
(A). It has been chosen to allow the By(r,6) field to be larger than the B,.(r) field
at a distance depending on each configuration. This gives the opportunity to study
the effect that B,(r,6) can create on the outflow. The setup for the three different

configurations is
1. Configuration (B 1): B,, =2 uG, By, =0 uG, vy, =2 km s™!
2. Configuration (B 2): B,, =2 uG, By, = 0 uG, vg, = 20 km s™!
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3. Configuration (B 3): B,, =2 uG, By, =0 uG, vg, = 50 km s7!

By using the steady-state solution for the distribution of v,.(r, 6) (see chapter 2),
as presented in figure 2.4 and assuming a value for vy,, the distribution of By(r, )
can be estimated and compared with the numerical simulations. It must be noted
that this comparison can work only in the case where the distribution of v,.(r, )
is not strongly modified by the By(r,6) distribution. As it will be seen for the
configurations (B) and (C), even if for some models strong perturbations of the
outflow can be observed, those perturbations are confined to some regions and the
estimation of the distribution of By(r,#) and its comparison with other models stay
valid.

The first model, the configuration (B 1), has been tested by considering the
following initial values, B,, = 2 uG and vy, = 2 km s™'. For those weak values,
the resulting velocity distribution is similar to the configuration (A) (see figure 4.6
(a)). In figure 4.8 (a), a comparison is made between the expected distribution for
B,(r,0) in steady-state (dashed green line) and the distribution provided by the
numerical simulation (solid orange line), for § = 45°. It can be seen that the two
profiles fit very well. Also, as expected, B,(r) o< 7=2. The By(r,0) distribution
decreases slowly, following a power-law index of ~ 0.3 for 0.4 kpc < r < 15 kpc and
exceeding B, (r) at ~ 8 kpc. This distribution of both B, (r) and By(r, 8) is reflected
in the distribution of the total magnetic field, as shown in figure 4.8 (b). In the
first 8 kpc, the total magnetic field distribution is dominated by B,., decreasing then
o r~2. Beyond 8 kpe, By(r,6) dominates. As its distribution decreases slowly, it
looks homogeneous.
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Figure 4.8: Configuration (B 1): B,,= 2 uG, By, = 0 uG and vy, = 2 km s~!. In figure (a), a
comparison is made between the distribution of By (r, 8) obtained numerically (solid orange line)
and analytically (dashed green line) for § = 45°. The distribution of B,.(r) is also presented (solid
blue line).

Figure (b), the 2D map distribution of the magnetic field is presented. The arrows represent
the direction of propagation of Br(R, z) and B,(R,z). The colourbar indicates the logarithm, in
base 10, of the magnitude of |B|. The dashed black contour lines represent the magnetic field
distribution for two specific values of 0.01 G and 0.003 uG.

For the second model, the configuration (B 2), vy, has been increased by one
order of magnitude, giving vs, = 20 km s~*. By considering Eq. (4.20), for such
an increase, it is expected that the distribution for By(r, §) will also increase by one
order of magnitude. Figure 4.9 (a) shows the distribution of B, (r) and By(r, §) along
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Figure 4.9: Configuration (B 2): B, = 2 uG, By, = 0 uG and vy, = 20 km s~1. In figure (a),
a comparison is made between the distribution of By(r, ) obtained numerically (solid orange line)
and analytically (dashed green line) for § = 45°. The distribution of B,.(r) is also presented (solid
blue line).

Figure (b), the 2D map distribution of the magnetic field is presented. The arrows represent
the direction of propagation of Br(R, z) and B,(R, z). The colourbar indicates the logarithm, in
base 10, of the magnitude of |B|. The dashed black contour lines represent the magnetic field
distribution for two specific values of 0.05 uG and 0.015 uG.

r for 6 = 45°. As expected, the By(r, 6) distribution is one order of magnitude higher
than the configuration (B 1) (see figure 4.8 (a)). Therefore, By(r, #) dominates from
a shorter distance than previously, here at ~ 2 kpc. In figure 4.9 (b), the 2D map
distribution for the total magnetic field is presented. Until a distance of r ~ 2 kpc,
B, (r) dominates. For r > 2 kpc, By(r, ) dominates. This domination of By(r, §) at
a smaller radius than for the configuration (B 1) (see figure 4.8 (a)) has the effect of
creating a shell at the border of the distribution. This happens because the magnetic
field lines are anchored in the outflow and move away due to their propagation. As
the outflow decelerates, the magnetic field lines pile up. However, the weak intensity
of the By(r,0) field does not create a shell with a significant intensity.

As the outflow, due to the asymmetry of @, induced by the disc component,
propagates mainly along the z-direction (see section 2.6.3), the compression of the
magnetic field is larger at the top of the bubble. This compression, although weak,
is still enough to twist the magnetic field lines, causing a deceleration through the
effect of magnetic tension. This effect can be seen in figure 4.10 for which the 2D
map of the distribution of the total velocity has been plotted. At the top of the
bubble, for a height of ~14 kpc, the deceleration of the outflow due to magnetic
tension can be observed on the contour line standing for log,,(v) = 1.5.

The third model, configuration (B 3), explores further the effect of the magnetic
tension on the velocity distribution. This effect can be better observed by increas-
ing v4(r,d) and thus reducing even more the radial distance over which By(r,0)
dominates over B,(r). Both velocity and magnetic field distributions can be seen in
figure 4.11. In figure (a), the 2D map of the total magnetic field distribution shows a
strong compression on the top of the bubble at a height of ~ 8 kpc. As shown by the
arrows in this zone, the magnetic field is twisted around this compression, causing
a deceleration of the outflow. In figure (b), the 2D map of the velocity distribution
is presented. As the compression of the magnetic field lines happens at a smaller
height, the effect on the outflow leads to a larger deformation. An important zone of
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Figure 4.10: Configuration (B 2): B,,= 2 uG, By, = 0 uG and vg, = 20 km s~*. A 2D spatial
distribution for the Galactic breeze profile under the influence of a magnetic field is presented. The
arrows represent the direction of propagation of the outflow. The continuous colourbar indicates
the logarithm, in base 10, of the magnitude of the velocity. The black contour lines represent the
velocity distribution for two specific values of 100 km s~! and 30 km s~!'. At z = 14 kpc, for
0 < R < 2 kpc, the contour line shows a deceleration happening because of a magnetic tension
effect.

deceleration can be seen coinciding with the zone of magnetic compression. More-
over, the velocity distribution formed by the Galactic breeze is larger than for the
hydrodynamic model (see figure 2.8). Since the magnetic tension acts to decelerate
the outflow, the compression zone is then bypassed and the outflow propagates in
broader directions. Following the conservation of momentum equation, the outflow
is accelerated along those directions.

Configuration C

The last step is to consider By, # 0. This will lead to larger values for the distribu-
tion of By(r,6). As a result, the value of B,, that was of 2 uG for the configuration
(B) has been switched back to 20 uG. For the configuration (C), two models have
been considered.

1. Configuration (C 1): B,, =20 uG, Bg, =1 pG, vg, =20 km s7!
2. Configuration (C 2) : B,, = 20 uG, By, = 2 uG, vg, =20 km s~!

Keeping a constant value for B,, and vg4, ensures that the differences that will
appear between the two models will be only due to the variation of the By, value.

For the configuration (C 1), the corresponding 2D velocity distribution map can
be seen in figure 4.12. From the results that have been studied for the configurations
(B 2) and (B 3), the magnetic tension leads to a deceleration of the outflow at
a Galactic height of ~ 13 kpc but this deceleration is not as pronounced as for
the configuration (B 3). Here, the compressed magnetic field is bypassed by the
outflow, creating an extension in the velocity distribution when compared to the
hydrodynamic model (see figure 2.8). In figure 4.13 (a), the distribution of B, (r)
and By(r,0) along the spherical radius for § = 45° is presented. B,(r) oc r~2 and
the distribution for By(r, ) is quite similar to the configurations (B 1) and (B 2)
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Figure 4.11: Configuration (B 3): B,,= 2 uG, Bs, = 0 uG and vy, = 50 km s~!. For figure
(a), the 2D map distribution of the magnetic field is presented. The arrows represent the direction
of propagation of Bg(R, z) and B,(R,z). The colourbar indicates the logarithm, in base 10, of
the magnitude of |B|. The dashed black contour lines represent the magnetic field distribution for
two specific values of 0.1 uG and 0.03 uG. At z = 8 kpc and R ~ 2 kpc, the contour lines show
the compression of the magnetic field lines, leading to an increase in the intensity.

In figure (b), a 2D spatial distribution for the Galactic breeze profile under the influence of a
magnetic field is presented. The arrows represent the direction of propagation of the outflow. The
continuous colourbar indicates the logarithm, in base 10, of the magnitude of the velocity. The
black contour lines represent the velocity distribution for two specific values of 100 km s~! and
30 km s~!. The contour line for log;,(v) = 1.5, shows a large zone of deceleration that is due to
the compression of the magnetic field (see figure (a)).

(see figures 4.8 (a) and 4.9 (a)). However, the first difference lies in the intensity
of By(r,0) that is four times larger than for the configuration (B 2). The second
one is in the change of direction that can be seen at r ~ 0.4 kpc. This transition
can be understood by looking at Eq. (4.20). For the configuration (C 1), the initial
parameters are B,, = 20 uG, vg, = 20 km s~* and v,, = 211 km s~'. This leads to
BTO% ~ 2 pG. At the inner boundary, By, = 1 4G but as the radius increases and
r > ro the second term of Eq. (4.20) leads to a negative direction.

In figure 4.13 (b), the 2D distribution map for the total magnetic field is pre-
sented. As implied by figure (a), the field strength is found to be quasi-uniform from
a distance of 1 kpc to 12 kpc. The intensity of the shell at the border of the distri-
bution or at the zone of compression is not large enough to be clearly visible. The
distribution shows an extension reaching a height of ~ 18 kpc. As the magnetic field
lines are anchored to the outflow, the extension visible in the velocity distribution
(see figure 4.12) leads to the extension in the magnetic field distribution.

For the configuration (C 2), the value By, = 2 pG has been considered. It
exhibits a specific magnetic field distribution, as shown in figure 4.14 (a) and (b).
Figure (a) presents the distribution of B, (r) and By(r, #) along the spherical radius
for 6 = 45°. The distribution of Bg(r,6) (solid orange line) matches well with the
steady-state solution (dashed green line), except for the extremity of the distribution,
at r ~ 13 kpc, where By(r,6) presents a surge in the intensity. Moreover, the
direction of the By (r, #) distribution in this surge is negative when it is positive from
0.3 kpc to ~ 13 kpc. As presented in figure 4.14 (b), this By(r, §) distribution with
a negative direction forms a shell as it is pushed along with the outflow propagation.
This is shown in figure 4.15 for four different time steps. For ¢ = 3 Myr (figure (a)),
By, is injected with a positive value. However, the direction of By(r, ) switches
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Figure 4.12: Configuration (C 1): B, = 20 uG, By, = 1 uG and vg, = 20 km s~*. The figure
shows the 2D spatial distribution for the Galactic breeze profile. The arrows represent the direction
of propagation of the outflow. The continuous colourbar indicates the logarithm, in base 10, of
the magnitude of the velocity. The black contour lines represent the velocity distribution for two
specific values of 100 km s~ and 30 km s=!. The contour line for log,y(v) = 1.5, shows a zone

where the velocity is larger than for the hydrodynamic model (see figure 2.8) for z > 14 kpc.
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Figure 4.13: Configuration (C 1): B, ,= 20 uG, By, = 1 uG and vs, = 20 km s~'. In figure
(a), a comparison is made between the distribution of By(r,¢) obtained numerically (solid orange
line) and analytically for § = 45°. The transition of By(r, §) between a positive (dashed green line)
and negative value (dashed red line) is shown. The distribution of B,.(r) is also presented (solid
blue line).

For figure (b), the 2D map distribution of the magnetic field is presented. The arrows represent
the direction of propagation of Bg(R,z) and B,(R,z). The colourbar indicates the logarithm, in
base 10, of the magnitude of |B|. The dashed black contour lines represent the magnetic field
distribution for two specific values of 0.3 uG and 0.1 uG.

almost immediately. In figure (b), By(r,#) propagates along r with the outflow for
t = 30 Myr. The direction of By(r,6) is negative for 0.4 < r < 3 kpc. It can be
seen that the direction of By(r, ), which was switching almost immediately after
the injection, switches now at a farther distance. In figure (c), for t = 150 Myr, the
direction of By(r,#), from the inner radius to a distance of ~ 4.5 kpc, is positive.
The By(r,6) distribution presenting a negative direction has been moved away due
to the propagation of the outflow and is compressed and starts to form a shell. In
figure (d), for ¢ = 300 Myr, the shell has been formed. It is composed by the By(r, 0)
distribution exhibiting a negative direction. The rest of the By(r,6) distribution,
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from a distance of 0.3 kpc to ~ 12 kpc,
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Figure 4.14: Configuration (C 2): B,,= 20 uG, By, = 2 uG and vy, = 20 km s~!. In figure
(a), a comparison is made between the distribution of By(r, ) obtained numerically (solid orange
line) and analytically (dashed gree line) for @ = 45°. The distribution of B,.(r) is also presented

(solid

blue line).

Figure (b), presents the 2D map distribution of the magnetic field. The arrows represent the
direction of propagation of Br(R,z) and B.(R,z). The colourbar indicates the logarithm, in
base 10, of the magnitude of |B|. The dashed black contour lines represent the magnetic field
distribution for two specific values of 0.3 uG and 0.1 uG.
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Figure 4.15: Configuration (C 2): B,,= 20 uG, Bs, = 2 uG and vy, = 20 km s~!. The different
figures show the temporal evolution of both By(r, ) (solid orange line) and B,.(r) (solid blue line).
In figure (a), t = 3 Myr. In figure (b), t = 30 Myr. In figure (c), t = 150 Myr. In figure (d),
t = 300 Myr.
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This distribution is particularly interesting since, from the first observations
of the Fermi bubbles, a magnetic field strength of 6 — 12 uG for the lobes and
13 — 15 uG for the edges has been inferred (Carretti et al. 2013). As the different
models aiming to reproduce the features of the Fermi bubbles consider a supersonic
velocity, the stronger strength of the magnetic field at the edges is associated with
a shock structure. However, for a subsonic model such a shock does not exist (see
section 2.5.2). Therefore, the configuration (C 2) offers a possibility for the Galactic
breeze model to produce a shell that increases locally the strength of the magnetic
field. This specific distribution could be due to the fact that for, the configuration
(C 2) (see table 4.1), Eq. (4.20) is equal to zero when r = r(. To test this possibility,
two additional configurations have been considered.

1. Configuration (C 2.2) : B,, =40 uG, By, = 4 uG, vg, = 20 km s™*
2. Configuration (C 2.3) : By, = 20 uG, By, = 4 uG, vy, = 40 km s~

Yoq
’UT‘O

For both configurations, B,,
qu)o =4 ,uG

For the configuration (C 2.2), figure 4.16 (a) presents the distribution of B,.(r)
and By(r,0) for § = 45°. The comparison between the analytic steady-state of
By(r) (dashed green line) and the simulated By(r,#) (orange solid line) shows a
discrepancy.

For the configuration (C 2.3), figure 4.16 (b) presents the distribution of B,.(r)
and By(r,0) for § = 45°. The comparison between the analytic steady-state of
By, (r) (dashed green line) and the simulated By(r, ) (orange solid line) is identical,
except for a distance of ~ 13 kpc where a surge can be seen. This configuration
presents then a distribution qualitatively identical to the configuration (C 2). Those
two configurations show that the values of B,, and vy, are important for creating a
shell. It also shows that for the configuration (C 2.2), the larger value for B,, causes
the discrepancy.

~ 4 puG leading to an Eq. (4.20) close to zero as
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Figure 4.16: The figures present and compare the distribution of By(r,§) obtained numerically
(solid orange line) and analytically (dashed green line) for § = 45°. The distribution of B,.(r) is
also shown (solid blue line).

Figure (a) presents the different distributions for the configuration (C 2.2): B, = 40 pG, By, =
4 4G and vy, = 20 km st

Figure (b) presents the different distributions for configuration (C 2.3): B,,= 20 uG, By, = 4 pG
and vg, = 40 km s~ 1.
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4.4 Conclusion for the chapter

The hydrodynamic model proved that a Galactic breeze profile is able to provide a
velocity distribution with a deceleration similar to the observations. This velocity
profile has been used to produce a ~-ray emission based on pp interactions. This
emission exhibits a bubble shape but is too wide when compared with observations.
That is, the model does not seem to be able to reproduce the sharpness of the Fermi
bubbles edges. An additional mechanism is therefore needed and a magnetic field
distribution has been considered.

The first step was to study the influence of a magnetic field distribution on the
Galactic breeze profile through the MHD momentum equation for a steady-state.
From this, it has been deduced that only the By(r,6) field has an influence on
the velocity profile. Moreover, By(r,6) can have an effect on the position of the
critical radius, .. Considering that By(r,6) can be approximated by an inverse
power-law for a power index a < 1, By(r,0) can shift r. farther away from the
Galactic Center. This effect allows to increase the temperature, which will have the
effect of shifting back r. closer from the Galactic Center. It is possible, at least
in an analytic way, to propose a model for which the subsonic profile can reach a
velocity of 300 km s~! at r, = 1 kpc. However, as a hydrostatic density distribution
seems to be able to describe the hot Galactic halo for a distance r > 8 kpc, the
influence of the temperature on the density distribution must be taken into account.
The analysis has shown that, based on observations, the maximal thermal velocity
possible is ¢, ~ 300 km s~!. With such a result, the Galactic breeze profile remains
an option. Moreover, it is possible to use the frozen-in field approximation to predict
the distribution of By(r,#). This prediction has been compared with the results
provided by a MHD numerical simulation for different configurations. It must be
noted that such a prediction of By(r,f) can be done because the hydrodynamic
Galactic breeze profile has been assumed. The comparison can therefore only hold
if the magnetic field distribution does not largely disrupt the velocity profile.

To be able to produce a numerical simulation for a Galactic breeze profile reach-
ing 300 km s~! by including a magnetic field is an extremely difficult task. As part
of this thesis, only weak values for both B,.(r) and By(r,#) have been considered.
With those values, ¢, = 250 km s7!, i.e., the thermal velocity is identical to the hy-
drodynamic model. This allowed an easier comparison between the hydrodynamic
model and the MHD model and to study more easily the influence of the B, (r) and
By(r,0) distributions on the velocity profile. Several numerical simulations have
been done based on different configurations.

The first configuration (A), has been setup for testing the consistency of the
simulations with the MHD simulations. Based on the MHD momentum equation,
B, (r) does not influence the velocity profile. It has been defined with B,, = 20 uG,
By, = vy, = 0. The result is in accordance with the prediction. The velocity profile
is identical to the hydrodynamic model and B,(r) oc r~2 as expected from the free
divergence of a magnetic field.

The configurations (B) have been focused on the influence of v,(r, #) on the By(r, 0)
distribution. From the prediction, it is indeed possible to see that an initial value
for By(r,8) is not necessary if B,, # 0 and vs, # 0. Three different models have
been considered that each have a different value for v,(r.0). The models have shown
the impact of a compression of the magnetic field on the velocity distribution. This
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compression leads to a bending of the magnetic field lines, which has the effect of
decelerating the outflow in the compression zone due to a magnetic tension effect.

Finally, the configuration (C) has introduced the parameter By, i.e., an initial
value for the injection of By(r,#). The configuration (C 2) is the most interesting
because it shows a shell for which the magnetic strength is largely increased com-
pared to the previous configuration. This feature is reminiscent of the shell observed
on the Fermi bubbles, for which the magnetic field is stronger than the one from the
lobes.

The MHD simulations have then shown promising results about the consistence
of a Galactic breeze model combined with a magnetic field. The next step, as for the
hydrodynamic model, is to use the simulated velocity and magnetic field distribution
to numerically solve the CR transport equation. The presence of the magnetic field
allows for a more complex definition of the diffusion coefficient.
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Chapter 5

Propagation of cosmic rays and
v-ray emission for a MHD model

For the MHD model, a magnetic field has been injected alongside a velocity field.
This has given a spatial distribution for the magnetic field that depends on each
configuration considered. As this magnetic field is not homogeneous, the ncr dis-
tribution and the related -ray energy flux distribution cannot be obtained by con-
sidering a homogeneous density coefficient anymore. The CR transport code for a
MHD model must then include an inhomogeneous diffusion coefficient that can be
isotropic or anisotropic. In section 5.1, the expression for an isotropic and inhomo-
geneous diffusion length is introduced. The configurations introduced in chapter 4
are used to determine the nggr distribution and the resulting -ray energy flux and
are compared with the hydrodynamic model presented in chapter 3. In section 5.2,
the expression of the anisotropic diffusion coefficient is given. Its implementation
into the CR transport code is discussed and the results are presented.

5.1 Isotropic diffusion coefficient

5.1.1 Diffusion length

As a spatial distribution of a magnetic field is considered, an isotropic and inho-
mogeneous diffusion coefficient is first used for solving the CR transport equation.
From quasi-linear theory, the diffusion length is given by (Jokipii 1966; Schlickeiser

1989)
<= (o) o

where r;, = p/(eBy) is the Larmor radius. B? represents the mean magnetic
field and 6 B%(ry) represents the turbulent component and can be expressed as

do B?

d\ -’

where \ is a wavelength. 6B?% can be expressed by the summed power of the
turbulent modes

§B2(\) = A

(5.2)

do B2
B? = .
) j/ o dX, (5.3)
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for which
dé B? B d(SBQ% B

dA dk dx

where k oc A7 is a wave number and ddB?/dk represents the power spectrum

x k7. v = 5/3 is the Kolmogorov index spectrum. The Eq. (5.3) can therefore be
expressed by

a2, (5.4)

max’

)\max
§B* = / aX " 2d\ ~ aX ] (5.5)
>\min
where A\ax corresponds to the longest wavelength and A, the shortest. Apax
represents the characteristic distance over which the magnetic field maintains its
coherence. Considering a = 0B*\"7 and Eq. (5.2) leads to

max

SB2(\) = 6B ( A )H (5.6)

/\max

Using this expression with Eq. (5.1) gives

D B2/ .\

Throughout this work, B2 = §B? is assumed. The value for A\, depends on
the size of the astrophysical system considered. Here, the maximal radius of a shock
wave produced by a supernova is considered. For an ambient medius gas with a
density of 2 x 1072* g cm™® and an energy of £ = 10°! erg, this shock radius is
~ 2 pc (Shu 1992).

From observations, the diffusion lenth of the Galactic halo has been deduced
to be D/c &~ 10%® cm? s7! or ~ 0.1 pc (Ginzburg, Khazan and Ptuskin 1980).
This value has been used to define an isotropic and homogeneous D/c for the hy-
drodynamic model (see chapter 3). However, as r; depends on the magnetic field
distribution, D/c cannot be considered homogeneous anymore. A first step, for a
comparison with the hydrodynamic model, is to select a suitable value for A,,,, for
each configuration explored in the previous chapter (see chapter 4). In such a way,
D/c will be close enough to 0.1 pc. The different values considered for A,.x are
listed for each configuration in table 5.1.

Configuration A

A 1 pc
B1 0.5 pc
B2 1.5 pc
B3 2 pc
C1 3 pc
C2 1.5 pc

Table 5.1: List of the different values of Ap.x for each considered configuration.
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Configuration A

For configuration (A), the total magnetic field only depends on its radial component
(see table 4.1) that follows a power-law distribution oc r=2. A variation of D/c for
the spatial grid is then expected (see Eq (5.7)). Amax = 1 pc has been chosen and
the corresponding 2D spatial distribution map for D/c can be seen in figure 5.1. In
the inner part of the distribution, D /¢ ranges from ~ 0.03 pc to 0.1 pc (dark blue
to light blue). At the border of the distribution, the diffusion length ranges from
~ 0.15 pc to 0.3 pc (green to yellow).

As Anax = 1 pc has been assumed, r;, is not allowed to go beyond this value.
ry = 1 pc corresponds to B,(r) = 1075 uG for a 10 GeV particle. Thus, anywhere
on the computational grid where B,(r) < 107 uG, B,(r) has been fixed with the
minimal value B, . = 107° uG. Then, beyond the bubble, at a distance of r ~
14 kpc (see figure 4.7), D/c is assumed to be constant and equals to 1 pc (orange).

Amax=1 pc

20,

Figure 5.1: Configuration (A): B,,= 20 uG, By, = 0 uG and vy, = 0 km s~!. The figure
represents the 2D spatial distribution map for D/c. In the inner part, D/c ranges from ~0.03 pc
to 0.1 pe (dark blue to light blue). At the border, D/c ranges from ~0.15 pc to 0.3 pc (green to
yellow). As Apax = 1 pc, the minimal value for B,.(r) has been fixed to be 107° uG corresponding
to r, = 1 pc (orange) for a 10 GeV particle.

Configuration B

For the three different models discussed for the configuration B, where B, = 0, the
combination of B,, and vy, is able to produce a non-zero By(r,#) distribution (see
Eq. (4.20)).

For configuration (B 1), the By(r, #) distribution is quasi-constant for a distance
ranging from ~ 1 kpc to 15 kpc (see figure 4.8). However, By(r,6) only becomes
larger than B,(r) at a distance of ~ 8 kpc. As a result, D/c increases along the
radius and stabilises at a distance of ~ 8 kpc. In figure 5.2, the 2D map for the
spatial distribution of D/c is presented. Ayjax = 0.5 pc has been chosen. From
~ 8 kpe < r < 15 kpe, D/c = 0.1 pc (light blue zone). At the border, D/c ~ 0.3 pc
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(green zone). For r > 16 kpc, r, = Apax for 10 GeV particles, giving D/c = 0.5 pc
(yellow zone).
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Figure 5.2: Configuration (B 1): B,,= 2 uG, By, = 0 uG and vg, = 2 km s~!. The figure
represents the 2D map for the spatial distribution of D/ec. For this configuration, Apax = 0.5 pe.
With this value, at ~ 8 kpc < r < 15 kpe, D/ec = 0.1 pc (light blue zone). At the border,
D/c = 0.3 pc (green zone) and for r >16 kpc, D/c = Apax (vellow zone).

For configuration (B 2), as vy, is increased by one order of magnitude (see table
4.1), By(r,0) is increased by the same amount and becomes larger than B, (r) at
r ~ 2.5 kpc (see figure 4.9). For this configuration, Ap.x = 1.5 pc has been chosen
to have D/c = 0.1 pc in a large part of the bubble. In figure 5.3, the 2D map for the
spatial distribution map of D/c is shown. For this configuration, By(r, #) is larger
than B,(r) at r = 2.5 kpc and exhibits a spatial magnetic field distribution that can
be considered quasi-constant, giving D/c = 0.1 pc inside most of the bubble.

For configuration (B 3), the diffusion is slightly different from configuration (B
2). The larger value of vy, (see table 4.1) leads to a zone of compression where the
strength of By(r,6) is increased (see figure 4.11). However, this zone is small in
comparison to the size of the magnetic spatial distribution. As seen in figure 5.4,
the By(r,0) distribution becomes larger than B,(r) at a distance of r ~ 1.5 kpc.
Thus, D/c = 0.1 pc for most of the spatial magnetic field distribution.

Configuration C

For the two models considered here, configurations (C 1) and (C 2), a value for By,
is included (see table 4.1).

For configuration (C 1), By(r,0) becomes larger than B,(r) at a distance of
~ 3 kpc (see figure 4.12). Figure 5.5, shows the 2D map for the spatial distribution
of D/c for Apax = 3 pe. For this value |, a quasi-constant value of D/c = 0.1 pc can
be obtained for a distance of ~ 3 kpc < r < 15 kpc (light blue zone).

For configuration (C 2), the spatial magnetic field distribution is more complex
than for configuration (C 1). The values chosen for B,,, By, and vy, lead to the
formation of a shell at the border of the distribution. Moreover, By(r, ) is not
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Figure 5.3: Configuration (B 2): B,,= 2 uG, By, = 0 uG and vg, = 20 km s~!. The figure
represents the 2D map for the spatial distribution of D/c with Amax = 1.5 kpc. By(r,0) becomes

larger than B,(r) at a distance of 7 = 2.5 kpc and D/c = 0.1 pc (light blue zone) for most of the
spatial magnetic field distribution.

20 Amax=2 pc

Figure 5.4: Configuration (B 3): B, ;= 2 uG, By, = 0 uG and vg, = 50 km s~'. The figure
represents the 2D spatial distribution map for D/c with Apax = 2 pe. The configuration is quite
similar to the configuration (B 2). By(r, ) becomes larger than B,.(r, ) at a distance of r ~ 1.5 kpc
and stays quasi-constant. This allows to have D/c = 0.1 pc for most of the magnetic distribution
(light blue zone). At a height of ~ 6 kpc a zone of compression leads to an increase of the By (r, 0)

strength and consequently of D/c. However, the area of this zone is small when compared with
the rest of the D/c distribution.

larger than B, (r) except for the shell part (see figure 4.14). Thus, getting a fixed
value for D/c in the bubble is not possible. In figure 5.6, the 2D map for the spatial
distribution of D/c is presented. A value of Ay = 1.5 pc has here been chosen.
This allows to have D/c = 0.1 pc for the shell part and for ~ 6 kpc < r < 10 kpec.
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Figure 5.5: Configuration (C 1): For B,,= 20 uG, By, = 1 uG and vs, = 20 km s~'. The figure
presents the 2D map for the spatial distribution of D/c with Amax = 3 pc. As By(r,6) becomes
larger than B,.(r) at r =~ 3 kpc, a quasi-constant value of D/c = 0.1 pc can be obtained for the
largest part of the spatial magnetic field distribution (light blue zone).

In the inner region, for r < 6 kpc, D/c presents a lesser value due to the larger

strength of the magnetic field.

20 Amax=1.5 pc

Figure 5.6: Configuration (C 2): For B,,= 20 uG, By, = 2 uG and vg, = 20 km s~'. The
figure presents the 2D map for the spatial distribution of D/c with Amax = 1.5 pc. By(r, ) is not
larger than B,.(r) except at the position of the shell. This does not allow a quasi-constant value

for D/c. However, Amax = 1.5 pc allows this value to be present for a distance of 6 kpe < r <
10 kpc and in the shell zone (light blue zone).

With a defined expression for the isotropic and inhomogeneous diffusion coeffi-
cient (see Eq. 5.7) and Ay fixed for each configuration, the next step is to proceed
with the numerical solving of the CR transport equation. The numerical setup and
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the results are presented in the following section.

5.1.2 Cosmic rays transport simulations
Computational grid

For the isotropic and inhomogeneous diffusion coefficient, motivated by the MHD
numerical results, the setup of the simulation is, for the most part, equivalent to
the hydrodynamic simulation. Therefore, no important changes are needed for the
algorithm (see section 3.2). However, the maximal value considered for D/c is a least
one order of magnitude larger than the hydrodynamic model for which the diffusion
is homogeneous and D/c = 0.1 pc. This larger value for D/c implies a smaller
diffusion time and therefore a larger time step to satisfy the CFL conditions. To
be able to consider a high enough spatial resolution allowing to study the different
results in a minimum of computation time, the computation grid has been reduced.
The grid ranges from 0.1 to 100 kpc for the hydrodynamic model has been reduced
to 20 kpc. Therefore, it must first be ensured that the grid boundaries do not
affect the resultant spatial ncgr distribution in a significant way. In figure 5.7, a
comparison of ncr for the hydrodynamic model, identical to the one presented in
chapter 3, is shown for two different grids. The red curve corresponds to the grid
used in chapter 3, i.e., ranging from 0.1 to 100 kpc with 60 bins. The black curve
corresponds to a grid ranging from 0.1 to 20 kpc with 45 bins. Qualitatively, ncr for
the two grids are identical. The difference in values between the two comes naturally
from the difference in the total volume, which implies a change in the grid. From
those results, the outer boundary can be placed at 20 kpc from the centre of the
grid without altering the results.

(a) 108 t= 300 Myr, p = 10 - 30 GeV/c (b) 109 t= 300 Myr, p = 10 - 30 GeV/c
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Figure 5.7: The figure presents the spatial distribution of ncr along the axis R (figure (a)) and
z (figure (b)). The red curve corresponds to a grid ranging from 0.1 to 100 kpc for 60 bins. The
black curves correspond to a grid ranging from 0.1 to 20 kpc for 45 bins. The distributions for
both grids are qualitatively identical. The difference in values lies in the different total volume of
the grid.

Configuration A

In a similar way than for the hydrodynamic model (see section 3.3), the velocity
profile from the MHD simulation is used in the CR transport equation. In addition,
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the spatial magnetic field distribution is also used for the diffusion coefficient (see
section 4.3.2). The CR transport code allows then to get the ncr spatial distribution
for which E. F, is derived (see Eq. (3.16)).

—— MHD model
HD model

(@ s

z[kpcl
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Figure 5.8: Configuration (A): B,,= 20 uG, By, = 0 4G and vgs, = 0 km s™!. In figure (a), the
2D map of the spatial distribution for ncg is presented. As D/c is smaller than the value adopted
for the hydrodynamic model in the inner 10 kpc of the grid, the advection plays a more important
role and exhibits a more elongated profile. In figure (b), the E,F, distribution is presented for
40° < b < 50° (solid blue line) and compared with the hydrodynamic model (orange dashed line).
As the spatial distribution of ncr appears more elongated, sharper edges than the hydrodynamic
model can be observed for [ > 15° but stays consistent with the hydrodynamic model for [ < 15°.

In figure 5.8 (a), the 2D map for the spatial distribution of ncg is presented.
As D/c (see figure 5.1) is smaller than 0.1 pc until a distance of ~ 10 kpc, the
advection plays a more important role. This leads to a more elongated shape for
the resultant ncgr distribution when compared with the hydrodynamic model (see
figure 3.2). In figure 5.8 (b), the ~-ray energy flux distribution derived from the
ncr distribution is presented (solid blue line) and compared with the hydrodynamic
model (orange dashed line) for 40° < b < 50°. As ncg is more elongated and less
wider, the E,F, distribution shows slightly sharper edges beyond a longitude of
~ 15° but stays consistent with the hydrodynamic model for [ < 15°. For this
configuration, the injected CR luminosity needed for reaching the observed energy
flux for 40° < b < 50° is Leg ~ 1.4 x 10*° erg s1.

Configuration B

For the configuration (B 1), D/c = 0.1 pc for a distance ranging from 8 kpc < r <
15 kpc (see figure 5.2). The distribution for ncg is then expected to be less extended
in height than the configuration (A) as diffusion plays a more important role in this
region. However, as D/c < 0.1 pc for r < 8 kpc the ncegr distribution will be less
wide than for the hydrodynamic model (see figure 3.2). Figure 5.9 (a) presents the
2D map for the spatial distribution of ncr. As expected, this distribution is less
elongated than the configuration (A). This can be seen through the contour lines that
extend less far in the z-direction. The resulting spatial £, F, distribution is presented
(solid blue line) in figure 5.9 (b). It is similar to the hydrodynamic model (orange
dashed line). For this configuration, the injected luminosity needed for reaching the
observed ~-ray energy flux for 40° — 50° in latitude is Lor ~ 1.3 x 10%0 erg s1.
For the configuration (B 2), D/c = 0.1 pc covers most of the grid, except in the
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Figure 5.9: Configuration (B 1): B, = 2 uG, By, = 0 puG and vy, = 2 km s~!. Figure (a)
shows the 2D map spatial distribution for ncr. D/c is smaller than the hydrodynamic model
for r < 8 kpc (see figure 5.2) and the advection plays a more important role and gives a oblong
shape to the ncr distribution (red to yellow zone). For 8 kpc < r < 15 kpc (green to dark blue
zone), D/c = 0.1 pe, the ncr distribution presents an elongated profile that becomes rounder as
T increases.

In figure (b), the resulting E.F, distribution is presented (solid blue line). For a latitude of
40° < b < 50° the y-ray emission is comparable to that of the hydrodynamic model (dashed
orange line). The MHD model shows slightly sharper edges for I > 15°.

inner region for r < 2.5 kpc (see figure 5.3). Subsequently, diffusion plays a more
important role than for both configurations (A) and (B 1). The ncr distribution
is therefore expected to be less elongated and present a rounder shape. This effect
can indeed be seen in figure 5.10 (a) where in the inner 5 kpc, the ncgr distribution
is less elongated and extended than for both configurations (A) and (B 1) and
presents a round shape. However, one feature is present. As shown in figure 4.10,
the compressed By(r, #) lines, through a magnetic tension effect, decelerate abruptly
the outflow at a height of 2z ~ 12 kpc. This feature can be observed through
the contour lines since it exhibits a flatter distribution of ncg. This is due to
the diffusion becoming the main transport mechanism for the CR as the advection
becomes less important in this zone. Figure 5.10 (b) presents the resulting ~-ray
energy flux distribution. As for configurations (A) and (B 1), the spatial distribution
of ngr for configuration (B 2) (solid blue line) does not show a large difference
with the hydrodynamic model (dashed orange line). The injected CR luminosity
needed for reaching the observed vy-ray energy flux at 40° — 50° in latitude is Lcgr =~
1.35 x 10% erg s71.

For configuration (B 3), the larger value for vy, (see table 4.1) creates a larger
zone of compression of the By lines as a consequence of a magnetic tension effect. It
disturbs strongly the distribution of the velocity profile along the z-axis for z ~ 6 kpc
(see figure 4.11). This feature is subsequently reflected in the ncgr distribution.
By(r,0) becomes larger than B,(r) at a distance of r ~ 1.5 kpc and exhibits a
quasi-constant value of D/c = 0.1 pc for most of the rest of the grid (see figure 5.4).
Figure 5.11 (a) presents a 2D map for the spatial distribution of ncg. The main
difference with the other configurations is the presence of a concave distribution.
This concavity can be seen through the contour line at a height of ~ 9 kpc. In figure
5.11 (b), the corresponding E. F, distribution is shown. The MHD model results
(solid blue line) appear to be very similar to those obtained for the hydrodynamic

92



(b) b =40°-50
10 T T
(a) 15 -9.0 — —— MHD model
I; HD model
-95 __
—_ |
(]
_10.0‘? {? 0.5
c .
S -105 5 €
§' 110 « B
— O 0
N 115 .8 S
e
-120 O ~
o x
-12.5 e
>
-13.0 w

0 20 —40 60
Longitude (°)

60 40 20

Figure 5.10: Configuration (B 2): B,,= 2 uG, By, = 0 uG and vg, = 20 km s~!. Figure (a)
shows the 2D map for the spatial distribution of ncr. As D/¢ = 0.1 pc for r > 2.5 kpc (see figure
5.3) the distribution of ncg is rounder than for configuration (B 1) (red to green zone). At a height
of ~ 14 kpc the contour lines show a flat profile as the velocity is strongly decelerated (see figure
4.9 (a)).

Figure (b) shows the resulting E,F, distribution (solid blue line). For 40° < b < 50° it is
comparable to the y-ray emission from the hydrodynamic model (dashed orange line). The MHD
model shows slightly sharper edges for [ > 15°

model (dashed orange line). For this configuration, the injected CR luminosity
needed for reaching the observed energy flux at 40° — 50° in latitude is Log ~
1.4 x 10% erg s71.
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Figure 5.11: Configuration (B 3): B,, = 2 uG, By, = 0 uG and vs, = 50 km s~!. Figure
(a) shows the 2D map of the spatial distribution of ncgr. This distribution takes an oblong shape
under the influence of the advection in the inner region (red to yellow zone). The velocity profile
(see figure 4.11 (b)) causes a concavity in the ncgr distribution at z &~ 10 kpc as shown by the

contour lines.
Figure (b) shows the E,F, distribution at a latitude of 40° — 50° (solid blue line). The MHD
profile is very similar to the E. F, emission for the hydrodynamic profile (dashed orange line).

Configuration C

The configuration (C 1), like the configurations (B 2) and (B 3), exhibits a distribu-
tion for By(r,#) that is quasi-constant for r 2 3 kpc. Therefore, D/c = 0.1 pc can
be obtained for most of the spatial magnetic field distribution (see 5.5). As shown
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in figure 5.12 (a), ncr in the inner 5 kpc is similar to both configurations (B 2)
and (B 3). Configuration (C 1) and (B 2) share a similar deceleration at a Galactic
height of ~ 12 kpc (see figures 4.10 and 4.12), resulting in both a less extended ncr
distribution. In figure 5.12 (b), the resulting E,F, distribution can be seen (solid
blue line). As for the previous configurations, the profile looks very similar to the
hydrodynamic model (dashed orange line). The injected CR luminosity needed for
reaching the observed E. F, at 40° — 50° in latitude is Lcg & 1.4 x 10% erg s71.

For configuration (C 2), as the spatial magnetic field distribution presents a
complex structure, it is not possible to have a constant value for D/c (see figure
5.6). It is then difficult to predict the resulting ncg distribution. As in the inner
~ 6 kpc D/c < 0.1 pc, the advection plays a more important role than for the
hydrodynamic model. Thus, a more extended distribution in the z-direction can be
expected. For 8 kpc < r < 13 kpe, D/¢ > 0.1 pc and in the shell zone, D/¢ = 0.1 pe.
However, the variations of D/c are not large and the velocity profile is not disrupted
as for the configuration (B 3) (see figure 4.11 (b)). Moreover, the shell zone is at
a distance of ~ 15 kpc from the Galactic Center, i.e., at the outer limit of the ncr
distribution and therefore, will not play an important role. The ncgr profile should
look similar to the one that can be observed for the configuration (A) (see figure 5.8
(a)). In figure 5.13 (a), the 2D map for the spatial distribution of ncg is presented.
As expected from the diffusion profile (see figure 5.6), the distribution does not show
a large difference with the configuration (A) (see figure 5.8 (a)). As the diffusion
coefficient is isotropic, the shell does not play an important role. In figure 5.13 (b),
the E. F., distribution is presented for 40° < b < 50°. As for the other configurations,
the sharpness is slightly larger for [ > 15° but the profile stays coherent with the
hydrodynamic model.

The CR luminosity needed for reaching the observed E. F), at 40° — 50° in lati-
tude is Leg ~ 1.4 x 10% erg s~
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Figure 5.12: Configuration (C 1): B,,= 20 uG, By, = 1 uG and vs, = 20 km s~!. Figure (a)
presents the 2D map for the spatial distribution of ncr. In the first 10 kpc (red to yellow green
zone), the distribution is similar to configuration (B 2) (see figure 5.10). At a Galactic height of
~ 12 kpc, the contour line (dashed black line) is flattened due to the deceleration of the outflow
in this region.

Figure (b) presents the resulting E. F, distribution (solid blue line) for a latitude of 40° < b < 50°.
For | < 15°, the ~-ray emission is similar to the hydrodynamic model (dashed orange line). For
[ > 15°, the MHD model shows slightly sharper edges.
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Figure 5.13: Configuration (C 2): B, ,= 20 uG, By, = 2 uG and vg, = 20 km s~!. Figure
(a) presents the 2D map for the spatial distribution of ncgr. This distribution shows an elongated
profile twice as high as wide (yellow to yellow green zone). The second contour line from the centre
(dashed black line) reaches a Galactic height of ~ 12 kpc and a width of ~ 6 kpc. This ratio
diminished as the CR propagate farther (green to light blue zone)

Figure (b) shows the distribution of E,F, for 40° < b < 50° (solid blue line) that is compared
with the hydrodynamic model (dashed orange line). The profile is similar for [ < 15° and shows
slightly sharper edges for [ > 15°.

5.1.3 Line-of-sight velocity profiles for the MHD model

As for the hydrodynamic model (see section 3.3.3), the E. F, distribution for the
different configurations can be used to get the line-of-sight velocity profile to be
compared with observations. As the By(r,§) distribution can affect the velocity
profile, it is interesting to study the different line-of-sight velocity profiles for each
configuration.

In figure 5.14, the line-of-sight velocity profile is shown for the six configurations
considered in the previous section (see section 5.1.2). Except for the configuration
(B 3), all the different configurations present a similar profile. The Fermi bubbles
extend up to ~ 10 kpc in Galactic height, corresponding to ~ 50° for an observer at a
distance of ~ 8 kpc from the Galactic Center. However, the specific features observed
in the velocity profile of most configurations are beyond this height of 10 kpc. This
explains why the different figures show a similar line-of-sight velocity profile. For
the configuration (B 3), the velocity profile is disrupted by the compression of the
By(r,0) lines at ~ 6 kpc (see figure 4.11 (b)) and appears then in the plot.

5.1.4 Intermediate conclusion

The inclusion of the different spatial magnetic field distributions obtained from
the MHD simulations has allowed to consider an inhomogeneous diffusion for the
transport of CR. As a first step, an isotropic and inhomogeneous diffusion coefficient
has been considered and several configurations have been tested. In order to compare
the coherence of the results with the hydrodynamic model, a specific A, has been
fixed for each configuration. This A\y.x has been chosen in such a way that D/c ~
0.1 pc for most of the considered spatial magnetic field distributions. The E,F,
distributions obtained are similar, for [ < 15°, to the hydrodynamic model and
for an equivalent Lcg. Some configurations, due to the influence of a magnetic
tension effect, exhibit a local disruption of the velocity profile. With the exception

95



(a) Configuration (A), | = 0°, Resolution of 5° (b) Configuration (B 1), | = 0°, Resolution of 5°

103} 1 103 1
Tm o Tm K
° °
[ °
E 102 + e “ 4 E 102 | Ld “ i
~ e ~ °
w w
° o
> >
® Ryans (1997) ® Ryans (1997)
Fox (2015) Fox (2015)
® Bordoloi (2017) @ Bordoloi (2017)
10t & 10t | 1
® Ashley (2020) ® Ashley (2020)
® Sofue (2022) ® Sofue (2022)
100 100
Latitude (°) Latitude (°)
(c) Configuration (B 2), | = 0°, Resolution of 5° (d) Configuration (B 3), | = 0°, Resolution of 5°
10° F g 10° F g
T S T o
n n
® ° ° °
AE& 102+ e “ 1 AE{ 10% e “ 1
~ ° ~ °
w w
o o
> >
® Ryans (1997) ® Ryans (1997)
Fox (2015) Fox (2015)
® Bordoloi (2017) ® Bordoloi (2017)
101k 1 101 F 1
® Ashley (2020) ® Ashley (2020)
® Sofue (2022) ® Sofue (2022)
10t 101
Latitude (°) Latitude (*)
(e) Configuration (C 1), | = 0°, Resolution of 5° (f) Configuration (C 2), | = 0°, Resolution of 5°
103} 1 103 1
i o 7 o
0 0
° ° ° °
AEﬁ 107} e " 1 Agﬁ 107 e " 1
~ ° ~ °
%) %)
o o
> >
® Ryans (1997) ® Ryans (1997)
Fox (2015) Fox (2015)
® Bordoloi (2017) ® Bordoloi (2017)
10! F E| 10' b 1
® Ashley (2020) ® Ashley (2020)
® Sofue (2022) ® Sofue (2022)
161 161
Latitude (°) Latitude (°)

Figure 5.14: The line-sight-velocity profile (solid blue line) for the six different configurations
considered for a model including an isotropic and inhomogeneous diffusion coefficient. The different
velocities of high-velocity cold clouds are represented by colour dots provided by five different
observations. The observer is considered to be at 8 kpc from the Galactic Center and at a Galactic
longitude of I = 0°.

of configuration (B 3), these disruptions happen for z > 10 kpc, i.e., above the
estimated height of the Fermi bubbles. Most of the different line-of-sight velocity
profiles are then similar for b < 50°. The magnetic field distributions presented
here only shows weak values. Their main interest is then to provide a setup for an
anisotropic diffusion for the propagation of CRs.

The next step is to include an anisotropic diffusion coefficient for the numerical
solution of the CR transport equation.
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5.2 Anisotropic diffusion coefficient

5.2.1 Definition

An anisotropic diffusion coefficient is defined through a parallel and a perpendicular
term, D and D, . Its expression is given by (Giinter et al. 2005; Potgieter et al.
2013)

B, B;
Bl B’

where the indexes ¢ and j represent the directions R and z. The development of
this expression is detailed in appendix B. There are 4 components for the diffusion
tensor that must be considered, Drgr, D.., Dg, and D,g. From this expression,
it can be deduced that when D = D, the expression for the isotropic model is
obtained, where Drr = D,. and Dg, = D,r = 0. The next step is to include this
expression in the CR transport code.

Dij = D6y + (D) — D)) (5.8)

5.2.2 Numerical setup

The computational setup is similar to the one used for the hydrodynamic model (see
section 3.2). To include an anisotropic coefficient of diffusion, the components Dg,
and D, must be implemented. The diffusion part of the CR transport equation (see
Eq. (3.4)) must be modified, as well as the expression for the boundary conditions
(see (Eq. 3.11)). The development of these expressions is left to the appendix A.
In order to test the correct implementation of the anisotropic diffusion coefficient, a
numerical test has been performed.

Test problem: Ellipse

A simple test problem has been considered for testing the implementation of the
anisotropic diffusion coefficient. This test consists of considering the propagation of
CR without an advection term for the transport equation. The diffusion model is
based on a constant spatial distribution of the magnetic field in the computational
grid. From Eq. (5.8), the terms Dy, and D,r can be eliminated and Drgr = D,, if
Dy = D, leading to an isotropic and homogeneous model.

A first test has been performed to check that a disc shape is obtained when this
isotropic and homogeneous model is used. Figure 5.15 (a) shows the distribution for
this model. As expected, the distribution takes a disc shape.

A second test considered a magnetic field defined along the R-axis only, i.e., for
which B, = 0. For this model, D = 0.1 pc and D, = 0.1D). The result of this
configuration is shown in figure 5.15 (b). As expected, the CR distribution takes an
elliptic shape elongated along the R-axis.

A third test considered a magnetic field defined along the z-axis only, i.e., for
which Bp = 0. D| and D, are defined in the same way as the previous test model.
The result is shown n figure 5.15 (¢). The CR distribution also takes an elliptic
shape but is elongated this time along the z-axis.

Finally, the last test was to consider a spherical distribution for a constant mag-
netic field and the same ratio between the values of Dy and D, i.e., D; = 0.1D)}.
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The result is shown in figure 5.15 (d). The resulting CR distribution forms an el-
lipse propagating mainly along an axis, forming an angle of 45° with both the R
and z-axis.
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Figure 5.15: The figure shows different spatial distributions of ncgr corresponding to different
configurations of the magnetic field in order to test the implementation of an anisotropic diffusion
for the computational grid and boundaries. In figure (a), Br = B and D = D] give an isotropic
and homogeneous configuration and therefore a disc shape. For the next three configurations, a
ratio D) /D) = 0.1 has been considered. In figure (b), the configuration has been setup with
B, = 0 and By has a non zero value. As D| = 0.1D), ncr takes an elliptic shape oriented along
the R-axis. In figure (c), the configuration is B = 0 and B, has a non zero value. As for the
previous setup, ncgr takes an elliptic shape but this time the diffusion happens along the z-axis.
In figure (d), the two components for the magnetic field have been set up as Bgr = B,. The CR
are diffused with an angle of 45° from both the R and z-axis.

It must be noted that a difference exists between the CR distribution along the
R-axis (see figure 5.15 (b)) and the z-axis (see figure 5.15 (¢)). It can be seen that the
distribution along the z-axis extent farther than along the R-axis. This difference
can be explained by Green’s function for the diffusion of particles for a cylindrical
Symmetry

R2 22
€exXp <—m> exp <—m>
4r Dt VarDt

The diffusion of particles along R decreases faster. This happens because R
is composed of the two Cartesian coordinates  and y as it can be expressed by
R = /a2 +y? It represents then two dimensions, where z only represents one.
All the results for these test models are in line with expectations. The next step
is to check what is the maximal ratio between Dy and D, that can be handled by
the numerical scheme adopted. Figure 5.15 (d) shows that a ratio of D, /D) = 0.1

Geyl = (5.9)
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is possible. In figure 5.16, two different ratios are presented. Figures (a) and (b)
represent the ncr distribution for a ratio D, /Dy = 0.025. Figure (a) is for a
simulation with 120 bins. Figure (b) is for a simulation with 240 bins. For 120 bins,
two peaks in ngg, either side of the ellipse, appear. This is due to a number of bins
being insufficient for computing the CR transport code with such an anisotropic
diffusion coefficient ratio, since this feature does not appear when the number of
bins is increased to 240 bins. The same effect can be seen for figures (c¢) and (d)
that represent the density distribution for a ratio of D, /Dy = 0.015. In figure (c),
a grid with 240 bins has been considered. The same feature, for an anisotropic
distribution coefficient ratio of 0.025, for 120 bins, can be seen but disappears when
the number of bins is increased, here to 480 bins, as shown in figure (d). The ratio
that can be handled by the numerical scheme depends on the number of spatial bins.
More bins mean a better resolution and a better precision but they increase largely
the necessary computation time needed to resolve the transport of CR. It must be
noted, however, that even if the number of bins is low, the nggr distribution is not
dramatically affected.
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Figure 5.16: Two ratios for D) /D) are presented. Figure (a) represents ncr for a ratio of 0.025
for a grid with 120 bins. Two peaks surrounding the ellipse appear. But this feature is not
present in figure (b) for which 240 bins have been used. Indicating that those features are due
to an insufficient number of bins. The same effect can be seen in both figures (¢) and (d) which
correspond to a ratio of 0.015. On the left, 240 bins have been used and the feature appears but
disappears on the right figure, for which 480 bins have been used. A larger ratio therefore requires
a larger number of bins to be correctly computed.

The advection problem

The consideration of anisotropic diffusion for CR transport can have an adverse effect
on the resultant CR distribution. Figure 5.17 shows an example by considering
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a constant spherical velocity distribution, v, = 300 km s~!, projected along the
cylindrical axis, R and z, to get vg and v,. In order to eliminate the effects due to
the expansion of the outflow, the module solving the momentum advection has been
turned off. A first step is to consider the case where D is isotropic and homogeneous
and the grid ranges from 0.1 to 20 kpc with 180 bins. In figure (a), for D/c = 0.1 pc,
the ncr distribution is spherical as expected from the numerical setup. In figure
(b), for D/c = 0.01 pe, a discrepancy can be seen. The ncr distribution should be
spherical but along the R-axis the distribution is less than expected. In figure (c),
for D/c = 0.001 pc, the effect is amplified. As the diffusion becomes negligible for
the propagation of the CR, a conic shape for the velocity profile can clearly be seen.
This is due to the inner radius of the grid, which is at Ry, = 2, = 100 pc. This
implies that the area of injection represents only a fraction of the total spherical
area that has its origin point at zero.
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Figure 5.17: The figure represents the behaviour of the ncr distribution for a constant spherical
velocity, no momentum advection and an isotropic and homogeneous diffusion. The grid ranges
from 0.1 to 20 kpc and is defined with 180 bins. For figure (a), D/c = 0.1 pc. The spatial
distribution of ncg takes a spherical shape. For figure (b), D/c = 0.01 pc. The spatial distribution
of ncr shows a discrepancy with the expectations, as it is not spherical anymore. For figure (c),
D/c =0.001 pc and the ncr distribution takes a conical shape.

However, the data provided by the hydrodynamic model and the MHD model
cannot be extended to a radius smaller than 300 pc. Given that the analytic model
used for defining the Galactic breeze profile has a velocity that increases as the radius
decreases for r < 400 pc. For r < 300 pc, the velocity would become supersonic
(see chapter 2). A solution has then been explored, for which the inner radius of
the grid has been extended to 10 pc. In the region between 10 pc and 300 pc, no

100



magnetic field is present for the MHD simulations. The region is filled out with a
magnetic field distribution for which r;, = Apax (see section 5.1.1). In figure 5.18,
the ncr distribution is shown for the same setup and D/c = 0.01 pc but with an
inner grid starting at 10 pc. It can be seen that, contrary to figure 5.17 (b), the ncr
distributions appear to be continuous. However, the 180 bins for the grid that have
been increased by one decade are not large enough to provide a full spherical shape.

Increasing the inner range of the grid therefore helps to improve the distribution
of ncr. The data provided by the MHD numerical code can now be used to obtain
the ~-ray emission for the anisotropic diffusion model.
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Figure 5.18: the figure shows the distribution of ncgr for a setup identical to figure 5.17 (b). The
inner radius of the computation grid has been extended from 100 pc to 10 pc. As the diffusion
dominates from 10 to 300 pc, it allows the distribution to emulate a spherical shape.

5.2.3 ~-ray emission for the MHD model

For getting the y-ray emission and comparing it with the Fermi bubble observations,
only three configurations have been considered. The configurations (A), (C 1) and
(C 2). The configuration (B) has been put aside as its purpose was only to study
the effect of vy(r, ) on both v,(r,0) and By(r.0). Moreover, the spatial distribution
of By(r,0) for each of the three setups of the configuration (B) is close to the
configuration (C 1).

Configuration A

As described in section 5.2.2, the computational grid ranges from 10 pc to 20 kpc.
The grid is logarithmic, with 60 bins. This is a small amount of bins when the
grid has ~ 3 decades in space. However, as r;_. = 1 pc, the computational time
is greatly increased and the number of bins must be kept low to be able to finish
the simulations during the 48 hours allocated by the cluster used. Figure 5.19
presents the ncr distribution and the resulting vy-ray emission for 30° < b < 40°
and 40° < b < 50° for D, = 0.1D). In figure (a), the ncr distribution is shown.
At the base of the distribution, an extension can be seen. This extension is due
to diffusion being the only transport mechanism for the propagation of the CR as
the grid had to be extended. In this region, D/c = 1 pc, a value too large for the
Galactic Center and the disc (Han 2017). However, this extension does not disrupt
the distribution at a range of 6 to 10 kpc, which is the region of interest. The
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distribution is clearly less wide than for the hydrodynamic model (see figure 3.2)
or the MHD isotropic model (see figure 5.8 (a)). Figures (b) and (c) present the
v-ray emission obtained for the ncg distribution and the pp interactions (see section
3.3.2). It can be clearly seen that the E. F), emission shows a pronounced sharpness
that matches with the fitting range provided by the Fermi collaboration (Ackermann
et al. 2014). An anisotropic diffusion in combination with a Galactic breeze model is
therefore able to provide an explanation for the observed sharp edges. For matching
with the observations, the injected CR luminosity is Log ~ 8 x 10%? erg s™!. But
since the resolution is low, this value must be considered only as an approximation.
A larger resolution will be needed for a better estimation.

(a) 1s t= 300 Myr, p = 10 - 30 GeV/c
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Figure 5.19: The figure presents the results for the configuration (A) for D; = 0.1D). Figure
(a) shows the spatial distribution for ncr. For R < 5 kpe, the contour lines show a much larger
extension in the z-direction (red to green zone) than the hydrodynamic model (see figure 3.2)
or for the isotropic diffusion for the MHD model (see figure 5.8 (a)). Figures (b) and (¢) show
the resulting E.F., emission for 40° < b < 50° and 30° < b < 40°. The emission (solid blue
line) exhibits a clear sharpness that follows the fitting-range provided by the Fermi collaboration
(dotted red line). The ~-ray emission for the hydrodynamic model (dashed orange line) is shown
for comparison.

Following these results, another setup has been considered for which D, =
0.01D). Figure 5.20 presents the distribution for ncr (figure (a)) and the E,F,
distribution for 40° < b < 50° (figure (b)) and for 30° < b < 40° (figure (c)). The
ncr distribution is thinner than for the case D, = 0.1D (see figure 5.19 (a)). The
emission shows a slightly better fit with the sharpness observed for the Fermi bub-
bles. It must be noted that the low resolution of the grid introduces imprecision.
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However, the results suggest that for an anisotropic diffusion, the sharpness of the
edges can be provided for 0.01D < D, <0.1D).

(a) t= 300 Myr, p = 10 - 30 GeV/c
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Figure 5.20: The figure presents results for the configuration (A) and for D, = 0.01D). Figure (a)
shows the spatial distribution for ncr. This distribution exhibits a pronounced vertical structure
(red to green zone) that extends farther than for D; = 0.1D) (see figure 5.19 (a)). Figures (b)
and (c) show the resulting E,F, emission for 40° < b < 50° and 30° < b < 40° (solid blue
line). The emission exhibits a sharpness that matches very well with the fitting range provided by
observations (dotted red line). The v-ray emission for the hydrodynamic model (dashed orange
line) is shown for comparison.

Figures 5.19 and 5.20 show an extension at the base of the ncr distribution.
This extension is due to the necessity to increase the inner radius of the grid to
10 pc but also the low resolution that must be used for reaching a computation
time of 300 Myr. As shown in figure 5.21, for a simulation time of 49 Myr, for the
configuration (A), the ncgr distribution for a grid of 60 bins (figure (a)) shows an
extension at the base of the distribution reaching a distance of R &~ 7 kpc. As the
number of bins is doubled (figure (b)) an extension appears only for the last contour
line and does not extend far when compared with the 60 bins resolution.

Configuration C

The configuration (C 2) has been set up with Ap.x = 1.5 pe (see section 5.1.1). This
value and a grid of 60 bins do not allow to reach a computation time of 300 Myr.
A time of 276 Myr has been reached and the configuration can be studied as close
to steady-state. For this configuration, D, = 0.1D).
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Figure 5.21: The figure presents a comparison of the ncr distribution for the configuration (A)
for D; = 0.01D) for ¢t = 49 Myr. For figure (a), a resolution of 60 bins has been used. At the
base of the distribution, the contour lines show an extension reaching a distance of R ~ 7 kpc.
For figure (b) a resolution of 120 bins has been used. The spatial distribution of ncg shows only
a small extension for the last contour line.
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Figure 5.22: The figure presents the results for the configuration (C 2) for D = 0.1D) and for
a simulation time of 276 Myr. Figure (a) shows the spatial distribution of ncr. The distribution
presents a profile extended along the z-direction (red to green zone) similar to the configuration (A)
(see figure 5.19 (a)). Figures (b) and (c) show the resulting E, F, distribution for 40° < b < 50°
and 30° < b < 40° (solid blue line). It exhibits a profile with a sharpness comparable to the Fermi
bubbles (dotted red line). The ~-ray emission for the hydrodynamic model (dashed orange line) is
shown for comparison.
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Figure 5.22 (a) presents the spatial distribution of ncr. Figures (b) and (c)
present the E. F, distribution for 40° < b < 50° and for 30° < b < 40°. The spatial
magnetic field distribution of the configuration (C 2), as for the configuration (A),
is dominated by B, (1), except at the formed shell (see figure 4.14). But this shell is
at a Galactic height of ~ 15 kpc and therefore, its effect on the spatial distribution
of ncr is not visible. Figure (a) shows a distribution fairly close to the configuration
(A). The same applies for the E. F, distribution (figures (b) and (c)).

The configuration (C 1) has been set up with Apax = 3 pe (see section 5.1.1).
With this value, only a computation time of 152 Myr has been reached. As the nu-
merical simulation is not in a steady-state the results themselves cannot be analysed.
However, it is possible to compare the ncr distribution with the two other configu-
rations for the same computation time. Figure 5.23 (a), shows the configuration (C
1). Figure 5.23 (b) shows the configuration (A) and figure 5.23 (c) the configuration
(C 2). For configuration (C 1), By(r,0) dominates B,(r). The diffusion of the CR
is done mainly in the direction of this field. As shown by the three last contour
lines, for ¢t = 152 Myr, the spatial distribution of ncr extends less far than for the
configurations (A) and (C 2).

(a) t= 152 Myr, p = 10 - 30 GeV/c (b) t= 152 Myr, p = 10 - 30 GeV/c
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Figure 5.23: The figure presents the ncgr distribution for the configuration (C 1) (figure (a)) for a
computation time of 152 Myr. This configuration is compared with the configurations (A) (figure
(b)) and (C 2) (figure (c)) at the same time. Since for the configuration (C 1), By(r, §) dominates,
the CR are confined and ncr decreases faster than for the configurations (A) and (C 2). This
effect can be seen on the last three contour lines that are closer for the configuration (C 1) than
for the two other configurations.

5.3 Conclusion for the chapter

The different configurations considering an isotropic and inhomogeneous diffusion
coefficient have been able to reproduce both the CR and 7-ray maps obtained using
the simple hydrodynamic model. The next step has been to consider an anisotropic
diffusion coefficient.

The larger value for the diffusion length leads to a larger time needed for the
computation of the code. Thus, only one configuration of the three considered has
been able to reach the simulated time of 300 Myr. The results still allow to study
the effect of an anisotropic diffusion on the distribution of ngg. This anisotropy
brings a constraint on the CR propagation and the configurations show a sharpness
in their E, F, profile that matches well with the fitting-range provided for the Fermi
bubbles. Therefore, a Galactic breeze model in combination with an anisotropic
diffusion is able to approximate both the velocity and the E. F), profile of the Fermi
bubbles.
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Chapter 6

Conclusion

The discovery of the Fermi bubbles (Dobler et al. 2010; Carretti et al. 2013; Ack-
ermann et al. 2014) has revealed the presence of a large scale bubble around the
Galaxy emitting in the ~-ray energy range. This emission seems to be correlated
with the Microwave Haze (Dobler et al. 2010; Dobler 2012) and the recently ob-
served eROSITA bubbles (Predehl et al. 2020). These bubbles find their origin in
the Galactic Center. The observations of high velocity cold clouds, present inside
the bubbles have provided a velocity profile that reaches a maximal velocity of ~
300 km s™! at a Galactic height of 1 kpc and subsequently decelerates beyond this
point (Fox et al. 2015; Bordoloi et al. 2017; Karim et al. 2018; Lockman, Di Teodoro
and McClure-Griffiths 2020; Ashley et al. 2020; Cashman et al. 2021).

For chapter 2, the aim was to explore a specific solution in order to provide an
explanation for the velocity profile of the Fermi bubbles. A subsonic solution could
provide an explanation for the deceleration observed. As a first step, a hydrodynamic
model was considered.

This solution involves a subsonic velocity outflow, called a breeze solution, for
which the initial velocity is not high enough to be able to become supersonic. The
velocity profile reaches its maximum at a point called the critical radius, r., and
decelerates continuously beyond this point. Such a solution had previously been
explored analytically for a divergent free velocity field, providing promising results
(Taylor and Giacinti 2017). For this thesis, this work has been extended by using
a hydrodynamic code for relaxing the divergence free assumption of the subsonic
velocity field.

For proceeding with the simulations, the first step was to define the total Galactic
gravitational potential. For this, three different components were considered. A
bulge, expressed with a Plummer potential (Plummer 1911). A disc, described by
a three components Miyamoto-Nagai potential (Miyamoto and Nagai 1975) and a
dark matter halo described by a Navarro-Frenk-White potential (Navarro, Frenk
and White 1996). The normalisation of this total Galactic gravitational potential
has been done by using a fitting range provided through recent observations by the
Gaia mission (Watkins, Evans and An 2010). The total Galactic potential has then
been normalised to reach the upper limit of the fitted range. This allows to consider
the highest possible thermal velocity for the hot Galactic halo, here ¢, = 250 km s~*
(kT =~ 400 eV), while maintaining r. = 1 kpc.

A second step has been to set up a density distribution for the hot Galactic
halo. For this, a hydrostatic density distribution has been considered that is defined
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through the total Galactic gravitational potential and the thermal velocity of the
gas. This distribution has been compared with a recent fitting range, given for 10
- 100 kpc from the Galactic Center, based on the observations of hot Galactic gas
halo from O vy and H | spectra and ram-pressure stripping (Martynenko 2022). The
density distribution defined for the considered model matches well with the fitting
range.

As both the Galactic gravitational potential and the thermal velocity considered
have provided satisfactory results. These two parameters have been implemented
for a spherically 2D hydrodynamic simulation. For this, the PLUTO code has been
used (Mignone et al. 2007). First, the initial grid has been setup with a hot halo gas
in a hydrostatic density distribution and an isothermal temperature profile. The
initial velocity of the breeze, at a distance of 300 pc from the Galactic Center,
has been calculated by solving numerically the outflow equation obtained from the
momentum equation in steady-state. The peak outflow velocity has been chosen to
be ~ 210 km s7!, reaching a Mach number of 0.85 at r.. The numerical simulation
has been performed until it reaches a steady-state. The outflow spreads mainly
along the z-direction due to the asphericity of the disc component for the Galactic
gravitational potential, forming an elongated bubble shape.

For chapter 3, the aim was to provide a 7y-ray emission distribution that would
be compared with the observations. For this, the CR transport equation has been
solved numerically to determine the CR density distribution based on the outputs
of the Galactic breeze profile numerically simulated in chapter 2. For the transport
of CR, an isotropic and homogeneous diffusion coefficient has been adopted (Jokipii
1966; Schlickeiser 1989). The diffusion length has been set to 0.1 pc for an energy of
10 GeV. The advection, is represented by the velocity distribution obtained with the
PLUTO code (see chapter 2). As the velocity profile is not divergence free, adiabatic
losses have been taken into account. The CR are all considered to be protons. To
simulate their transport, a constant number density for the hot Galactic halo gas of
Ngas = 3 X 1072 ¢cm ™ has been assumed. For this density, and proton-proton inter-
actions, the loss time scale is around 20 Gyr (Gabici, Aharonian and Blasi 2007).
The injected energy-spectrum of CR into the computation grid has been expressed
with a power-law distribution. The energy range for the injection goes from 10 GeV
to 30 GeV. For the chosen diffusion length and the simulated velocity profile, the
diffusion time is larger than the advection time. The advection is therefore the
main mechanism for the propagation of CR. The CR density distribution follows
the outflow and shows an elongated structure along the z-axis. The energy flux
distribution for such a CR density distribution has been compared with the obser-
vations provided by the Fermi-LAT instruments (Ackermann et al. 2014). A CR
luminosity of 1.4 x 10%° erg s~! approximately matches with the y-ray brightness of
the observations. However, the model does not reproduce the sharp edges that can
be observed at a Galactic longitude of [ =~ 15°. This hydrodynamic model based on
a Galactic breeze profile is therefore able to produce a bubble shape. But this model
alone is not sufficient to provide a full explanation of the origin and formation of
the Fermi bubbles.

Chapter 4 aimed to extend the hydrodynamic model with a magnetic field dis-
tribution. From observations, the presence of a magnetic field for the Galactic halo
has been revealed, through the WMAP Haze (Dobler and Finkbeiner 2008; Dobler
2012) and S-PASS bubble (Carretti et al. 2013). Their bases coincide with the base
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of the Fermi bubbles (Dobler et al. 2010; Ackermann et al. 2014) and extend up to
~ 6 kpc in height. The soft X-ray emission from the eROSITA bubbles (Predehl
et al. 2020) is thought to originate from energetic thermal electrons. This would be
consistent with a heating mechanism, potentially due to a magnetic field. Moreover,
magnetic fields certainly play a role in the diffusion of CR and may underlie some
aspects of the morphology of the Fermi bubbles. A lead explored in this thesis is the
relation between the edges of the Fermi bubbles and the magnetic field geometry in
this region.

The hydrodynamic momentum equation used in chapter 2 has been extended
to include a magnetic field distribution in the form of a magnetic tension and a
magnetic pressure. A magnetic tension acts to straighten out the magnetic field
lines when they are bent by another force. The magnetic pressure is an equivalent
to the thermal pressure.

The influence of a magnetic distribution on the position of the critical radius, r.,
has been studied. This position depends on the azimuthal component of a magnetic
field, By(r). In order to carry out an analytic study, a simple magnetic field con-
figuration has been considered, with By(r) taking a spatially dependent power-law
distribution with a power index . Depending on the value of « the effect of By(r)
on the position of r. will be different. For aw = 1, By(r) has no effect on the position
of r.. For a > 1, By(r) has the effect of shifting r. closer to the Galactic Center. For
a < 1, r. is shifted farther away from the Galactic Center. In this case, it is possible
to consider a higher temperature for the Galactic halo. This has the consequence of
increasing the thermal velocity, shifting back r. to 1 kpc and increasing the velocity
of the galactic breeze profile.

However, in the Galactic halo region, little is known about the magnetic field dis-
tribution. Several works proposed a distribution based on observations of Faraday
rotation measures and synchrotron radiation emission (Jansson and Farrar 2012;
Shaw, van Vliet and Taylor 2022; Unger and Farrar 2023). Those works have pro-
vided an estimation for the magnitude of the toroidal magnetic field of ~ 1-2.5 uG
for a galactic height of 1-6 kpc. As part of this thesis, the focus has been on weak
magnetic field strengths. These values do not perturb in a significant way the prop-
agation and the profile of the galactic breeze and allow a first analysis of the model.
Several configurations have been tested in which a magnetic field is injected into
the computational grid along with the initial velocity, leading to the formation of
an outflow.

Based on the MHD momentum equation, a radial magnetic field B,(r) does
not influence the velocity profile of the outflow. A first configuration explored
B,, = 20 pG and By, = v4, = 0. Following Maxwell equations, V- B = 0 and
as B,(r) is the only component for the magnetic field, the 2D distribution in the
grid follows a power-law proportional to r—2. As expected, the velocity distribution
is not disturbed by the presence of B, (r) and therefore the 2D map for the velocity
distribution is identical to the hydrodynamic model.

A second set of configurations has been simulated to compare the effect of dif-
ferent values for vy, and keeping fixed B, = 2 uG and By, = 0 uG. Based on the
frozen field approximation, it is possible to estimate the distribution of B, for a
velocity distribution close to the hydrodynamic model. From this approximation, it
appears that an initial value for By () is not needed as long as both B, and vy, are
not equal to zero. A first configuration considered vy, = 2 km s~*. For such a small
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value, the velocity distribution does not show any difference with the hydrodynamic
model. A weak strength for the B, (r, #) distribution is present with a maximal value
of 1072 uG at a Galactic height of ~500 pc. By(r,0) dominates in value B,(r) at
a Galactic height of ~9 kpc. A second configuration increased vy, by one order of
magnitude, giving vg, = 20 km s, Following the frozen-field approximation, the
By(r) distribution is also increased by one order of magnitude and becomes superior
to B,(r) at a Galactic height of ~2 kpc. The velocity distribution shows a slight
deceleration along the z-axis. The third configuration considered has been simulated
for v45,=50 km s™!. This value has a strong impact on the velocity distribution along
the z-axis. As the By(r,0) value is larger than B,(r), the magnetic field lines are
piled up, creating a zone of larger magnetic field but where the magnetic field lines
are also twisted. This has the effect of decelerating the outflow at this zone due to
a magnetic tension effect. The outflow bypasses this zone and the bubbles shape of
the outflow shows a larger size.

A third set of configurations includes a value for By,. The first configuration
considered had Bg,=1 uG for B,y = 20 uG and vy, = 20 km s~*. The 2D map for
the velocity distribution shows an extension at the top of the bubble shape. This
corresponds to an acceleration of the outflow when compared with the hydrody-
namic model. As for the previous configuration, a magnetic tension decelerates the
outflow at the zone where the magnetic field lines are twisted. However, the effect
is less for this configuration. The outflow bypasses the zone more easily and causes
the visible extension. For the second configuration, a value of B, =2 puG has been
considered. This configuration shows a specific distribution of the magnetic field.
A shell is formed as By, creates a positive direction for By(r,6) at the beginning of
the numerical simulation. As it progresses, a negative direction for By(r,8) dom-
inates, pushes and compresses the positive By(r, 6) field at the outer boundary of
the bubbles.

Similar to the hydrodynamic model, those different configurations and their ve-
locity and magnetic distribution have been used to map their associated CR density
distribution and ~v-ray energy flux.

For chapter 5, the aim was to provide a ~y-ray emission distribution in a similar
way to chapter 3 by including the magnetic field distribution obtained in chapter
4. Both the velocity and the magnetic field distribution outputs are used to nu-
merically solve the CR transport equation. The magnetic field distribution is not
homogeneous. For the numerical simulation of CR transport, two models have been
considered. The first one has an isotropic diffusion coefficient. The second one has
an anisotropic diffusion coefficient.

The isotropic and inhomogeneous model allows to compare the CR density dis-
tribution and the resulting ~-ray emission with the results obtained for the hydro-
dynamic model. The diffusion length is expressed through the ratio of the Larmor
radius and the maximum Alfven wavelength, A,.. which represents the charac-
teristic distance over which the magnetic field maintains its coherence. For each
configuration, a value of A,., has been fixed in order to have a diffusion length as
close as possible to the constant value of 0.1 pc used for the hydrodynamic model.
As the magnetic field distribution is inhomogeneous, a constant value for the dif-
fusion length is not possible. However, some configurations, for which By(r, ) is
the dominant component and is quasi-constant, allowed for a good approximation.
Each configuration has shown an energy flux emission similar to the hydrodynamic
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model. In chapter 4, some features have been observed for some configurations due
to the influence of a magnetic tension, leading to a deceleration or an acceleration
effect in the velocity distribution and a compression of the magnetic field lines. As
those features are beyond the height of the Fermi bubbles, i.e. ~ 10 kpc, their
possible effects are not visible in the y-ray emission.

Following these results, an anisotropic diffusion coefficient has been adopted. For
this, the CR transport code has to be modified to include transverse components
for the diffusion tensor. A test problem has been performed in order to check that
the anisotropic diffusion was solved correctly. Once this test was carried out with
coherent results, the next step was to proceed with some configurations. However,
the need for a Aya.x ranging from 1 to 3 pc had the effect of largely increasing the
computation time. Moreover, the anisotropic model has an effect on the advection.
In order to be able to reach a computation time of 300 Myr, a low resolution grid of
60 bins has been used. The grid ranges from 10 pc to 20 kpc. However, with those
parameters, only the configuration (A) was able to reach 300 Myr. The configuration
(C 2) reached a computation time of 276 Myr and the configuration (C 1) reached
152 Myr. However, these simulations provided results that showed a strong similarity
with the observed ~-ray emission for the Fermi bubbles. The anisotropic diffusion
is then able to reproduce the sharpness of the Fermi bubbles.

As a general conclusion, the work provided in this thesis offers a serious alterna-
tive for describing the Fermi bubbles features. The Galactic breeze model developed
here is able to reproduce the observed deceleration ranging from ~ 1 kpc to ~ 10 kpc
(Keeney et al. 2006; Bowen et al. 2008; Zech et al. 2008; Fang and Jiang 2014; Fox
et al. 2015; Bordoloi et al. 2017; Savage et al. 2017; Karim et al. 2018; Ashley et al.
2020; Cashman et al. 2021; Ashley et al. 2022). In combination with anisotropic
and inhomogeneous diffusion, the Galactic breeze model is able to reproduce the
sharpness in the Fermi bubbles emission (Ackermann et al. 2014).

Three future points to focus on to further improve this model are the following,
the gravitational potential of the bulge, the temperature distribution in the hot
Galactic halo and the magnetic field distribution. First and foremost, the velocity
profile at a distance of ~ 300 pc from the Galactic Center must be modified. A
large deceleration can be observed at this distance (see figure 2.4). This effect is due
to the gravitational potential of the Galactic bulge. A bubble formed by a subsonic
outflow, for a thermally-driven model, should start with a low-velocity at its base
that increases continuously until it reaches r.. A better description than proposed
in this work is then necessary for the gravitational influence of the Galactic bulge
and the subsequent velocity profile. This will also have the effect of improving the
setup for the CR transport code, offering better results for the y-ray emission.

Secondly, a better constraint of the temperature in the hot Galactic halo must
be explored. The isothermal model used in this work is not able to provide a
maximum velocity of ~ 300 km s™! at r.. For the hot Galactic halo, observations
have highlighted a hotter phase that seems to permeate the entire halo (Das et al.
2019b; Das et al. 2019a; Das et al. 2021b; Gupta et al. 2021; Ramesh, Nelson and
Pillepich 2023). Those observations motivate the consideration of a more complex
temperature profile expressed through a multi-thermal phase model.

Lastly, a more complete study must be carried out to find a suitable magnetic
field distribution. This work has shown that an azimuthal magnetic field distri-
bution can lead to an increase in thermal velocity and consequently, the velocity

110



distribution. However, the Galactic breeze profile explored for the MHD simula-
tions was identical to the hydrodynamic simulations. A fully satisfying model must
then be able to emulate a maximum velocity of ~ 300 km s™! at a Galactic height
of ~ 1 — 1.5 kpc (Ashley et al. 2020) as well as the deceleration observed along the
Galactic latitude (Fox et al. 2015; Bordoloi et al. 2017; Savage et al. 2017; Karim
et al. 2018; Ashley et al. 2020; Cashman et al. 2021; Ashley et al. 2022).
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Appendix A

The numerical CR transport code

In this appendix, details about the discretisation of the CR transport equation are
given as well as the implementation of the boundary conditions.

A.1 Numerical scheme

The code assumes a cylindrical symmetry with two spatial dimensions, R andz. A
logarithmic spaced spatial grid and a logarithmic spaced momentum grid are used.
A change of variables is introduced as u = In R and s = Inz. Dj; is the diffusion
coefficient, where i and j represent the two directions R and z.

A.1.1 Diffusive term

For the diffusive term, a first order forward in time and second order centered in
space scheme is used. The anistropic diffusion equation is expressed as

19 of 1 0 1 of
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10 1 of 10 1 of
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Its discretisation giving
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where
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A.1.2 Advective term

For the spatial advective term, a Lax-Wendroff scheme has been used. It is a second-
order accurate method for both time and space. It is a explicit method, meaning
it updates the solution at each time step based of the value from the previous time
step. For the advection the conservation form is expressed as
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A.1.3 Momentum advection term

The momentum advection term is discretised with an upwind scheme. As for the
spatial term, the momentum is expressed with a logarithmic spacing, here w = In p.
It is expressed as

af V.wof
A = o A A.13
ot~ 3 0w (A.13)
Its discretisation gives
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A.1.4 Boundary conditions

The inner boundary condition for both the R and z directions are reflective. To
implement this boundary condition the spatial diffusion and advection are treated
together. The flux across the boundary must zero implying the following equation

DVf—vf=0. (A.21)

Considering an anisotropic expression for the diffusion, its discretisation for the
boundary in the R-direction is

DRRi+%’ijf|i+%,j —f‘ DRZi+%,ijf|i+%,j - URiJr%,jfi-f—%,j = O (A22)
For the z direction the discretisation gives
Dzzi,ﬁ%vzﬂi’j*% + DZRi,j+%VRf’iJ+% B Uzi,j+%fi’j+% =0 (A.23)
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The expression of the space density, f; ;, in the boundary zone for the R-direction
is then given by

Dgrr VR
L — ) fi i+ Dre, Vafli
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For the boundary zone in the z-direction, the space phase density is given by

fii= (A.24)
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Appendix B

The expression of the diffusion
coefficient

A 2D cylindrical symmetry (R, z) is considered here. Assuming that the parallel
diffusion is done along the z-axis, D = D., and then the perpendicular is done
along the R-axis, D, = Dgg. The cross-diffusion terms are considered to be zero,
Dg. = D.p=0.

The transformation of a tensor is expressed by

T=R'TR, (B.1)

where T represent a tensor and R is the transformation matrix, here

R— ( cos SM) | (B.2)

—sinf cos6

The transformation of the diffusion tensor lead then to the following expression
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The function cos @ and sin @ can be related to the components of the total mag-
netic field as

Br = |B|siné (B.7)

B, = |B|cos¥, (B.8)

leading to the expression for the general expression for the diffusion coefficient
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