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Abstract

Galactic winds have a large impact on galaxy formation and evolution, and recent
high-resolution and sensitive observations of this phenomenon have given us un-
precedented rich sets of data. We apply a novel analytical model to constrain the
kinematics of a multi-phase outflow with spatially resolved, multi-wavelength obser-
vations in M82. Our model is fully characterised by parameters describing geometry
and mass outflow rate, and physics prescriptions for the driving mechanism, gravi-
tational potential and cloud expansion law. We apply this approach to two distinct
cool phases of wind in M82, the cold molecular phase and the warm neutral phase,
and compare their results systematically.

Our best-fitting model reproduces an edge-on orientation and bi-conical geome-
try for both phases, in line with earlier studies. The measured outflow rate of the
warm neutral phase is larger than that of the cold molecular phase, but are both sim-
ilar to the SFR at the order-of-magnitude level. Our fits further show that for both
phases, the gas clouds are radiatively driven and maintain a constant cross-sectional
area as they propagate out. Overall our model shows good agreement with the ob-
servations, both for the sample spectra used for the fits and for the full 2D moment
maps.

Our results suggest a picture where strong magnetic fields in M82 thread the
launched gas clouds and prevent them from expanding and subsequently being de-
stroyed. The cold molecular outflow in M82 forms a galactic fountain within which
the bulk of the mass falls back after travelling no higher than about 5 kpc above the
galactic disc. Our modelling also shows that it is misleading to separate wind mate-
rial from bound gas simply by imposing a hard velocity cutoff in observed spectra.
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Chapter 1

Introduction

In 1963, Lynds and Sandage conducted the first observation of high velocity warm
ionized outflow found in the central region of the starburst galaxy M82 [Lynds and
Sandage, 1963] and discovered that the powerful explosion events of M82 drive the
surrounding gas out to a velocity much larger than the local escape speed. This
shows that galaxies are not ‘isolated islands” as previously thought in the eighteenth
century [Wright, |1750]. From then on, more and more subsequent observations on
this phenomenon have been performed, which revealed that galactic winds are ubiq-
uitous across nearly all starburst or active galactic nuclei (AGN) dominated galaxies
at both low and high redshift [Veilleux et al., 2005; [Heckman and Thompson, 2017;
Veilleux et al., [2020], and there are multiple phases within them. The hot phase out-
flows, characterised by their high temperature (~ 108 K) and high speed, are widely
observed in X-ray emission around the nuclear region and carries most of the energy
budget as long as strong outflows exist. Cool phase outflows (~ 10 — 10* K), on the
other hand, are much denser than the hot component and carry most of the mass.

It has been proven to be difficult, both observationally and theoretically, to study
and interpret this ubiquitous phenomenon in galaxies. As a result, the study of
outflows, particularly for their cool phase, is a particularly young area of research
with a history of about 20 years. Some fundamental problems in this field that are
still not fully resolved include:

1. Physical nature: How is the galactic wind triggered by Supernovae (SNe), radi-
ation pressure or AGN? How is their strength dependent on galactic activities
and properties?

2. Feedback effect: How will it affect galaxy formation and evolution? How will
it regulate the life cycle of galaxies? Will the outflows carry mass, metals, mo-
mentum and energy out to intergalactic scale, or fall back to the host galaxies?

3. Observational constraints: How to distinguish the outflow from the galactic
disc? How to extract information from multi-wavelength observations, such as
the multiphase structure and driving mechanism?

In this chapter, I will give a review of the current understandings for the above
three questions and introduce the goal in this thesis. Section summarises the

1
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2 Introduction
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Figure 1.1: Density (upper panel) and temperature (bottom panel) slices through the

x—z plane of the adiabatic nuclear outflow simulation of a model galaxy at 10, 25,

50, and 60 Myr. The high- resolution and three-dimensional nature of the simulation

results in a high degree of structure in the outflow, which is particularly visible in
the turbulent regions at later times. Credit: [Schneider et al|[2018]

current theoretical understandings of galactic winds while Section [1.2| presents the
common observational techniques used to extract information from the observations.
In Section [I.3] we describe the goal and outline of the thesis.

1.1 Theoretical understandings of galactic wind

As the physics involved in galactic winds are intrinsically complex and multi-scale,
theorists usually conduct detailed numerical simulation of this phenomenon in galac-
tic scale [Hopkins et al., 2012} Smith et al., 2020] or cosmological scale
to gain the most accurate results, with the cost of high calculation efficiency.
The advantages of this kind of exercises have three folds. First, we create a direct
channel to investigate the kinematic, thermal and chemical structures of the wind.
Second, it can separate the effect of different physics governing the galactic wind by
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§1.1 Theoretical understandings of galactic wind 3

enabling and disabling them. Third, we give a deeper interpretation to the observa-
tions by comparing synthetic observations to the real ones.

In this section we summarize our understandings of this phenomenon from recent
theoretical studies, with particular focuses on its physical nature and how it affect
galaxy formation and evolution.

1.1.1 Physical nature

The first widely accepted scenario for the galactic winds is proposed by (Chevalier
and Clegg| [1985], which suggests that galactic wind is a result of supernovae (SNe)
feedback. In this scenario, the explosion energy produced by SNe is partly ther-
malised into the surrounding hot plasma in the nuclei region of the galaxy. These
hot plasma has a larger pressure than the surrounding medium and drives hot and
fast outflow that then flows out of the nuclei region purely adiabaticly and mass-
conserving. This model gives a natural explanation of the origin of hot winds but
can not explain the cool winds that are widely observed.

The theoretical models that can explain the cool winds only appear several decades
later, including both numerical simulations and analytical models. However, these
models indicate different physical origins and natures for the cool winds. In one
scenario, Thompson et al.| [2016] suggests that the central cool gas is rapidly shred-
ded and shock heated into the hot winds near the nuclei region, this initial adiabatic
hot outflows then undergo radiative cooling beyond a cooling radius of several kpc,
resulting in the cool gas widely observed in circum-galactic medium (CGM) and in-
tergalactic medium (IGM). However, numerical simulations conducted in Krumholz
and Thompson [2013]; McCourt et al. [2015]; Schneider et al.| [2018] argue that cool
outflows have another origin. In this scenario, a large number of cool gas clouds are
driven out of the galactic disc via the ram pressure of hot wind or radiation pressure
from the central source. These cool gas clouds maintain their phase structure along
the trajectories as opposed to|[Thompson et al. [2016], either because they are driven
by some non-destructive mechanisms such as radiation pressure, or there are some
protective mechanisms that prevent the clouds from shredding into the hot winds.
We give one state-of-art example of this scenario in Figure which shows the den-
sity and temperature structure of simulated outflow at 4 different times. We see that
the hot gas flows through the central axis, with cool wind surrounding it. However,
whether these cold phase clouds could really survive through the hot gas outflow,
i.e. the cloud crushing’ problem, is highly debated and requires detailed numerical
simulations of the turbulent mixing layers between fast-moving hot and cool fluid
[Ji et al, 2019; Fielding et al., 2020; Tan et al., 2020; Scannapieco and Briiggen, |2015}
Zhang et al., 2017; Banda-Barragan et al., 2019; Gronke and Oh, 2018, 2020; Li et al.,
2020; |Cottle et al., [2020].
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4 Introduction

1.1.2 How do galactic winds affect galaxy formation and evolution?

The galactic winds have a significant impact on the life-cycle of galaxies and universe
at nearly all dynamical scales, from the giant molecular clouds (GMC) and the inter-
stellar medium (ISM) within the galaxy (~ 1 pc), to galactic properties (~ 10 kpc) or
even cosmological large scale structure (~ 1 Mpc).

At GMC scales, SNe feedback is the dominant energy source of turbulence in the
surrounding ISM for low redshift galaxies [Krumholz and Burkhart, 2016; Krumholz
et al., 2018; Bacchini et al., 2020; Gallegos-Garcia et al., 2020]. Ultraviolet (UV) ra-
diation from young stellar cluster exerts radiation pressure on dust grains that are
kinetically coupled to gas, locally disrupting the giant molecular cloud (GMC) and
expelling the dense gas out to a high speed [Kim et al., 2018]]. Galactic winds driven
by individual or clustered SNe could exhaust the molecular gas content and quench
the star formation in the galactic nuclei within tens of million years, making it the
dominant mechanism to explain low star formation efficiency typically observed in
nearly all galaxies [Hopkins et al., 2011].

At galactic scales, galactic winds affect the life-cycle of the entire galaxy, and reg-
ulate the balance between star formation, inflow and outflow, which offer a solution
for the long-standing "over-cooling” problem. Without galactic winds, gas just con-
stantly flows into the gravitational potential well of the dark matter halo and gives a
much higher star formation rate than observed [Springel and Hernquist, 2003|]. Feed-
back regulates star formation at the galactic scales, provides support against gravity
and therefore maintains the marginal equilibrium of the entire galactic disc [Murray
et al., 2005; Thompson et al., 2005]. It also suppresses the total stellar mass and bary-
onic budget of the galaxy, and shapes the stellar mass-halo mass relation [Hopkins
et al., [2014].

At cosmological scales, the escaped winds can entrain mass, metal and dust in the
ISM and nucleosynthetic products in supernova ejecta to the circumgalactic medium
(CGM) or even intergalactic medium (IGM) outside the galaxies [Nelson et al., |2018;
Tumlinson et al., 2011} Muratov et al., 2017], making the IGM the largest reservoir
of baryons and metals across the universe [Oppenheimer and Davé, 2006]. This
provides a possible solution to a long-standing problem that baryonic mass fraction
inside the dark matter halos is less than what it should be with cosmological pa-
rameters, which is referred as the ‘'missing baryon problem’. However, some of the
mass may form a galactic fountain and recycle back to the galaxies and trigger an-
other cycle of star-forming activities [Bregman, 1980; Melioli et al.,[2015; Marasco and
Fraternalil 2017 Werk et al., 2019; [Li and Tonnesen, 2020].

1.1.3 Limitations

We finish this section by noting a number of problems these simulations inevitably
suffer. Both galactic scales and cosmological simulations cannot resolve all the phys-
ical scale involved in galactic winds, and adopt several subgrid models as a compro-
mise. These subgrid models usually adopt several ad hoc parameters and tune them
to match some of the observed scaling relations of galaxies [Springel and Hernquist,
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§1.2 Previous Observational diagnostics 5
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Figure 1.2: Examples of double-peaked emission-line profiles in the nebulae of M82,
NGC253, NGC4945, Arp220, and IRAS00182-7112. The identifications of each com-
ponents in this emission-line profiles are indicated by the following symbols: for
IRAS 00182—7112, the [O III] AA4959, 5007 lines are denoted by O” and O, respec-
tively, while for the other five galaxies the [N II] A6548, Ha, and [N II] A6584 lines
are denoted by N’, H, and N, respectively. In some cases, a blueshifted H component
falls on top of a redshifted N” component or a redshifted H component falls on top
of a blueshifted N component, and these are so indicated., credit: [Heckman et al.,
1990].

2003]. This artificial adjustment, however, inevitably limits the self-consistency and
predictive power of the model. Furthermore, even if numerical simulations provide
the most accurate results, they are localized in a limited portion of parameter space.
This makes them unreliable to extract information from the observations that are
‘sampled” from a much larger portion of parameter space.

1.2 Previous Observational diagnostics

Apart from the above theoretical studies, another way to study the galactic wind is
to extract information of kinematic and thermodynamic structure from observations.
However, these kinds of measurements are non-trivial, both in the way we conduct
such observations, and in the way we extract the information.

The first complication originates from the confusion of gas from winds and discs.
In a real galaxy, the cool winds often spatially overlap with denser cool gas from
the wind launching region, and hence are hard to distinguish with the imaging
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6 Introduction

technique. The way to resolve this is to rely on emission line and absorption line
spectroscopy, which distinguish cool phase outflow based on velocity. The confusion
can be mitigated even further by observing the off-plane outflow that is not polluted
by the central gas from edge-on galaxies [Leroy et al., 2015]. We will describe these
techniques and what we get from the observations in Section[1.2.1}

The second complication is about how to transform the observable to the un-
derlying physical structure of the galactic wind. For this purpose, we usually rely
on semi-analytical models that are capable of generating synthetic observations with
a high computational efficiency, well suitable for constraining the model parameters
from the observation and gaining physical insights. We will describe previous efforts
in this direction in Section

1.2.1 Spectroscopy

We first describe the emission line spectroscopy. Figure shows us the double-
peaked emission line spectra from six galaxies, which reveals the bi-conical geometry
of the wind with cold gas sheath surrounding the central hot outflow [Heckman et al.,
1990]]. From emission line imaging, we can extract column density, velocity and mass
outflow rate based on the conversion between mass and light [Leroy et al., 2015]. For
cold molecular phase winds traced by optically thick line CO as an example, we usu-
ally adopt a constant conversion factor of ajco] = Xg/Wco = 1M, (Kkms™!pc?)~!
[Alatalo et al., 2011} |Genzel et al., 2011; [Janssen et al., [2016].

Although The emission line surveys provide detailed information of the spatial
and kinematic distribution of gas, detecting emission lines in the outflow suffers
more difficulties than the absorption lines. Even the most bright emission lines, in-
cluding CO transition lines and H 1 21cm line, have only been detected in a few local
galaxies. As a result, detecting outflow in more distant galaxies usually relies on
absorption lines of various species which probe a range of phases [Heckman et al.,
2000; Martin, 2005; Rupke et al., 2005a,b; Steidel et al., 2010; Werk et al., 2014]. Such
absorption line surveys usually carry rich spectroscopic information but limited spa-
tial information, as they are intrinsically limited by the availability of the background
sources. Observers usually select quasars as the background sources or view galax-
ies themselves as the source (detect absorption lines ‘"down-the-barrel’). Figure
presents the absorption line profiles of several neutral and low ionisation elements
taken from Pettini et al.| [2002]. We see that the strongest transitions are characterised
by broad line wings at velocity ranges of ~ 1000 km/s, which indicates strong warm
neutral phase outflow .

1.2.2 Extracting information from the observations

Beyond above direct extraction of information of density and velocity structure, a
more complete picture of galactic wind can only be obtained via applying semi-
analytical line transfer (SALT) model to the observations. For example, Steidel et al.
[2010]; Prochaska et al.| [2011] explain the stacked absorption profiles of ISM and
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Figure 1.3: Normalised profiles of FUV absorption lines in ¢B58, from various neutral
and low-ionisation elements that trace warm neutral phase outflow, credit: [Pettini

| et al.,[2002].

CGM of hundreds of Lyman break galaxies (LBG) via a picture where these LBGs
are partially covered by an ensemble of high-velocity optically thick clouds (t > 1).
Lochhaas et al.|[2018] shows that galactic wind-driven, radiatively cooling, expand-
ing bubbles can explain the CGM properties observed with COS-Halo survey.

However, SALT models often adopt simplified or heuristic prescriptions to avoid
the computational cost. For example, Models in Steidel et al. [2010]; Prochaska et al
[2011]; [Scarlata and Panagial [2015]; [Lochhaas et al| [2018] describe the wind as a
fully-filled spherically symmetric expanding shell, and adopt density, velocity and
covering fraction only as a simple function of radius from the center. A more realistic
description of biconical geometry is adopted in [Carr et al. [2018], but it still can not
fully describe the scenario that cold wind form a sheath surrounding the cone of
central hot outflow, and it still uses the simplified kinematic structure inherited from
Scarlata and Panagial [2015]. Although these models are able to roughly reproduce
the stacked spectra, this diagnostics inevitably throw out much of the information
hidden within individual un-stacked spectrum. Moreover, these models solely focus
on a single phase of galactic wind, and hence can not get a unified picture of multi-
phase outflow under one framework. Both of these problems raise great challenges
for modern observational studies of galactic winds.
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8 Introduction

1.3 Goal and outline of our thesis

With the rapid development of modern observations of galactic winds, which are
increasing in both resolution and precision, there is a clear need for models capable
of describing spatially resolved multi-wavelength data. For this purpose, Krumholz
et al| [2017b, hereafter KTOM17] proposed a semi-analytical model that gives a rea-
sonable balance between physical complexity and numerical efficiency. The KTOM17
model can generate spatially resolved synthetic spectra based on a physical model
for wind acceleration that depends on a few physical parameters and prescriptions,
suitable for comparison to the resolved observations of wind. This model is imple-
mented as an extension of the open-source code Derive the Energetics and SPectra of
Optically Thick Interstellar Clouds (DESPOTIC) [Krumholz, 2014].

The goal of this thesis is to test the robustness of the model in confrontation with
the real observational data. Specifically, we will apply the model to constrain the
physical properties of the cool winds from the observations of multi-phase outflows
in the dwarf starburst galaxy M82. We aim to extract much more detailed informa-
tion about the properties of the wind than would have been possible with previous
methods. The work presented in this thesis is the first spectrum-by-spectrum fit-
ting for one of the most well-observed galactic winds. Furthermore, this is also the
first joint study of multiple phases of the wind (atomic and molecular gas) under
one theoretical framework, which enables us to explore the relationship between the
phases.

The structure of the thesis is as follows: In Chapter [2, we describe the KTOM17!
model, the data to which we will apply it, and the methods we use to fit to the
observed data. We then present the results from measurements in Chapter[3l We next
discuss our results in Chapter d]and finally summarise our conclusions in Chapter 5|
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Chapter 2

Methods

As observations of galactic winds have reached higher spatial and spectroscopic
resolutions, it has become important to extract the rich information hidden within
them. However, inferring this information is non-trivial and requires detailed phys-
ical modelling and accurate statistical tools. In order to conduct this exercise, we
present our state-of-the-art model, including a large set of parametrised and pre-
scribed physical properties of winds. We aim to constrain these parameters and
prescriptions and investigate which features of observed, spatially-resolved spectra
carry information about which physical parameters. In this chapter, we describe the
methods by which we infer the physics of winds from observations in detail. We
introduce the observational data to which we compare and their properties in Sec-
tion In Section [2.2) we summarise the nature and the detailed prescriptions in our
model and how they affect the generated spectrum. We describe our approach to fit
multiple parameters to the observational data and compare different combinations
of model choices in Section The source code and data used in this thesis are
available from https://github.com/yyx319/multiphase-outflow- M82.

2.1 Observations of Outflow in M82

This section presents the observations of outflow in Messier 82 (M82), which is one
of the most well-studied cases in this field. We first give a general overview of
M82. MB82 is a typical edge-on (with an inclination angle ~ 80°), starburst galaxy
[O’Connell and Mangano, 1978; (O’Connell et al., [1995]], located only 3.6 Mpc away
(1 arcsec~ 17.5 pc) [Freedman et al., 1994], making it a promising candidate for the
study of outflow around the minor axis. Hubble Space Telescope (HST) imaging
revealed that M82 hosts very young massive clusters, concentrated in its central 500
pc (30 arcsec) nucleus. M82 is characterised by its intense star-bursting activities,
and is often referred to as the ‘Cigar Galaxy’. The star-bursting events in M82 are
commonly thought to be merger-driven and triggered by a tidal interaction with
neighbouring galaxy M81.

9
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Figure 2.1: Velocity-integrated intensity (top row) and first and second moment maps
(middle and bottom row) for the observations of the CO 2 — 1 [Leroy et al., 2015]
(left) and H 1 21 cm lines [Martini et al) 2018] (right). We have oriented our coordi-
nates so that the major and minor axis of the galaxy defined in [Martini et al. [2018]
lie along the x and y axis, respectively. We have also shifted the velocity field to the
systemic velocity of 211 km/s. The white region in the 21 cm map is masked because
it is dominated by galaxy emission. We can clearly see the structure of evidence of a
rotating disc in the midplane of the first moment map, as well as the outflow region
off the disc plane. We select several spectra within a bicone with opening angle of 45
degrees within the outflow region (y > 0.8 kpc). The positions of the selected spectra
aperture size over which they are averaged is shown by the orange squares.
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§2.2  Galactic wind line radiative transfer model 11

2.1.1 Outflows in M82

Various phases of winds from M82 has been observed and studied across the spec-
trum, from a hot phase observed in soft X-rays (~ 107 K) [Watson et al., [1984; Breg-
man et al., 1995; Strickland et al., [1997; Lopez et al., 2020], to warm ionised gas as-
sociated with Ha (~ 10* K) [McKeith et al., 1995; Martin, 1998; Westmoquette et al.,
2009], to a cool neutral phase seen in Hr 21cm (~ 5000 K) [Martini et al., 2018] to a
cold molecular phase (< 100 K) [Leroy et al., 2015; Walter et al., 2002]. These recent
observations support a picture that cool material traced by H 1 and CO confine the
central hot outflow, but will ultimately stall out or fall back as a fountain, while Ha
is associated with the interface between the hot outflow and surrounding cold gas.

In this thesis, we will focus on the cool phase outflow traced by CO and H 1 in
particular, and leave the warm ionised phase traced by Ha for future work. To show
the overall kinematic structure of the cool wind, we plot the velocity integrated inten-
sity and first and second moment maps of the CO J=2—1 (Left) and H 1 21cm (Right)
lines in Figure We have oriented our coordinates so that the major and minor
axis of the galaxy defined in Martini et al. [2018] lie along the x and y axis, respec-
tively. We have also shifted the velocity field to the systemic velocity of 211 km/s.
The white region in the 21 cm map is masked because it is dominated by galaxy
emission. From the first moment map, we clearly see the structure of a rotating disc
at the midplane, as well as the outflow region off the disc plane. We also see that
H 1 outflow is much more extended than the molecular outflow, which suggests they
have different spatial distributions and mass outflow rates, which we will compare
and discuss in the next chapter.

We next select the representative spectra to which we will compare our model.
The principle of the selection is that the regions we pick should generally capture the
rich information in the observation as a whole, so that our fitting is not overly biased
to small scale” spectroscopic features at certain positions, and gives a reasonable
fit to the entire observation. In accord with this principle, we extract spectra at a
broad range of positions within a conical region with an opening angle of 45 degrees
around the minor axis of the disc, above a height of 0.8 kpc (y > 0.8 kpc) so that we
observe off-plane. To increase the signal to noise ratio, we stack the spectra within
a square aperture with a size of +10” at each position, using the same positions
in the CO and H 1 maps. We show the positions of the selected spectra with their
aperture size in Figure Finally, we note that as the wind from M82 is asymmetric
[Shopbell and Bland-Hawthorn, 1998|], we will fit the model for the northern and
southern parts of the outflow separately.

2.2 Galactic wind line radiative transfer model

We summarise the general features of our KTOM17 wind model in this section. We
first describe how we model the kinematic structure in Section Then we illus-
trate how to couple the bi-conical geometry and mass-outflow rate into our model in
Section We finally show our model’s capacity to generate the synthetic spectra
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12 Methods

in Section

2.2.1 Kinematic structure

KTOM17 adopt the wind-launching model described in Thompson and Krumholz
[2016, hereafter TK16]. TK16/model the gas clouds in the galactic disc from which the
wind is launched as an isothermal, turbulent fluid, which has a log-normal density
probability density function (PDF) with a mean surface density of ¥, at scale ro.
The gas clouds are momentum-driven by some form of feedback mechanism, which
supplies a constant momentum injection rate of p per unit solid angle, driving mass
out of the gravitational potential well. We define the generalised Eddington ratio T,
as the ratio of the driving force to the gravitational force from regions with the mean
surface density ¥y. We note that the non-uniform density distribution of ISM has an
important implication for wind launching, as in this case even if I' < 1, winds can still
be produced by ejecting the lower tail of the gas column density PDF. In this scenario,
the gas clouds with logarithmic column density x = InX/X, that are below the
critical value x < xqrit = InT will be driven out. This is consistent with the idea that
the outflows escape along the path of least resistance, as many previous numerical
simulations revealed [Costa et al., 2014, [2015; [Nelson et al., 2019]. KTOM17| extend
the original model, combine it with the elements from Thompson et al. [2015] and
Krumholz et al.| [2017a], and compute the velocity and density structure, assuming
that wind properties are only a function of radius from the galactic centre, and that
the wind is time-steady.

We now give an overview of the derivation and the key elements and prescrip-
tions within our model. We consider a cloud being driven out by some feedback
mechanism from a galaxy with a specified gravitational potential, with the cloud’s
cross-sectional area to the driving force changing as it travels. We first assume a con-
stant momentum deposition rate p at the origin for ideally momentum-driven wind.
This assumption is not valid in realistic cases as the momentum deposition rate de-
pends on the physical process responsible for driving the wind, but it serves as a
useful starting point before building more complex models. The total mass (from
galaxy and dark matter halo) enclosed within radius r is M,. The equation of motion
for a cloud with a column density . and velocity v, at radius r is then

do, do,  GM, p 1
a Uar T R 4712

We next non-dimensionalize the system by introducing the dimensionless radius,
a = r/ro, velocity u, = u/vy (where vy = /GM,(r9)/10), and column density x =
In(Zg/Xo). The solution to Equation( depends on the functional form of M,
and X, on radius. We model the mass distribution M, = mM, where My = M,(ry),
which determines the gravitational potential, with two choices: a point mass profile,
m = 1, or an isothermal profile, m = a. We next model the evolution of the cloud’s
cross-sectional area to the driving forces as it moves outward, which we refer to as
expansion law. We parametrise this process by introducing a function y such that the

2.1)
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§2.2  Galactic wind line radiative transfer model 13

surface density decreases as ¥ = X ./y, or, equivalently, the cloud area increases
proportional to y. In extreme, the cloud may maintain a constant area, y = 1, or a
constant solid angle, y = a%. We also include an intermediate case, y = a, in between
these extremes. With the above definitions, we can rewrite Equation (2.1) as

du,
o

where T = p/4nGMpLy is the Eddington ratio. The first term on the RHS rep-
resents the driving forces exerted on the cloud, and scales with radius a as 1/a? for
constant area expansion, as 1/a for intermediate case, and as constant for constant
solid angle case. The second term represents gravity, and scales with radius as 1/4?
for a point gravitational potential, and as 1/a for an isothermal gravitational poten-
tial. This equation can be solved analytically for u, for each of our possible combina-
tions of y and m, thereby giving the velocity of a cloud with initial log density x as
a function of radius a; refer to the Table 1 in KTOM17| that gives the solutions. This
is the fundamental object we will use below to compute spectra, because combining
the u, curve with the distribution of column densities x in the launching region lets
us know how much material there is moving at any given velocity at any given point
in the wind.

1
2u, =3 (yTe™ —m) (2.2)

In above calculation, we assume an idealised wind with a constant p, which will
certainly break down when the clouds reach a high velocity or a low surface density.
For this reason, we introduce two potentially important and more realistic driving
mechanisms. One is momentum injection from starlight, in the form of radiation
pressure exerted on dust grains [Krumholz and Thompson) 2013} |Costa et al., 2018;
Zhang et al., 2018]. The dust grains then deposit the momentum they acquire into the
surrounding collisionally-coupled gas and drive the wind. We parametrise this effect
using a single extra parameter 1) = xpXo, where «r is the flux-mean specific opacity
of the dusty gas to starlight; the parameter 19 is the flux-mean optical depth at the
mean surface density. The rate of momentum injection into a cloud is multiplied by
a factor of 1 — e~ ™%/%0 compared to ideal case, so that when the cloud is optically
thick it receives the same momentum as in the ideal case, but as its dust optical
depth declines, the momentum it receives diminishes because more and more of the
starlight passes through it without being absorbed. The non-dimensional equation
of motion in this case is

du, 1 —x|q _e"TO _
2uada—az{yre {1 exp( y >] m} (2.3)

This equation, like Equation is also analytically soluble for our various com-
binations of y and m; refer to the Table 2 in KTOM17| that gives the solutions..

Another important driving mechanism is ram pressure from supernova heated
gas. The mechanisms by which cool clouds are entrained by hot outflows are phys-
ically complicated and still not fully understood. However, we will just simplify
this scenario by ignoring the destruction of clouds and introducing a free parameter
describing the hot gas (dimensionless) velocity uj,. In this case the driving force de-
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pends on the velocity contrast between the entrained cool clouds and hot gas. The
rate of momentum injection into a cloud will be multiplied by a factor of (1 — u,/uy)?
compared to ideal case, so the cloud receives less momentum as its radial velocity u,
approaches the hot gas velocity u;,. The non-dimensional equation of motion for this

case then becomes
SIS A SR/ R (2.4)
“da 2|V Up '

This equation, although can not be solved analytically, can be computed numer-
ically very straightforwardly, and we have precalculated the tabulated solutions to
allow quick interpolation, for our various combinations of y and m.

In sum, the velocity structure of the wind in our model is determined by the
driving mechanism, potential and expansion law. We list all these prescriptions with
their choices in Table Before proceeding further, we pause to point out that
our solutions can be broken into two classes: some combinations will give rise to
wind solutions, where all launched clouds always have net outward acceleration
and thus escape to infinity, while others will give fountain solutions, where clouds
stall at some radius and ultimately fall back. Consulting Equation (2.2), we see that
which behaviour occurs depends on the competition between gravity and driving
forces. In wind solutions, the clouds expand faster than the potential increases,
y > m, so the launched clouds are constantly accelerated and reach infinity, while for
fountain solutions y < m, even though clouds are accelerated initially, gravity will
overweigh the driving force at large radii, so clouds will ultimately fall back. At the
transition between wind and fountain solutions y = m, clouds with surface densities
just below the critical value will move out at a near-zero velocity in our model under
near-balance between gravity and driving forces. We will see below that wind and
fountain solutions can produce distinct features in observed spectra, which we will
exploit to distinguish between them.

2.2.2 Geometry and mass flux

In the above section, we have described an isotropic spherical wind. However, ob-
served galactic winds [e.g., Shopbell and Bland-Hawthorn, 1998] are often biconical
along the minor axis, as the outflows are usually blocked by the dense gas within
the galactic disc. For this reason, we consider winds with a “cone sheath” geometry
confined by two cones with outer opening angle 6o, € (0,77/2] and inner open-
ing angle 0in € [0,6in). The central axis of this cone has an inclination angle of
¢ € (—m/2,7/2) relative to the plane of sky, where ¢ = 0 corresponds to the central
axis of the outflow cone lying exactly in the plane of the sky.

The parameter we next introduce is the isotropic mass outflow rate that describes
the wind’s strength. This is related to the generalised Eddington ratio I' that enters
into our model. [Thompson and Krumholz, 2016] show that the mass outflow rate is
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§2.2  Galactic wind line radiative transfer model 15

Parameter & Prescriptions Units Description Choices & range

- Physical process that deposits momentum into  ideal, radiation and hot gas
- the surrounding material -

Potential - Mass distribution of galaxy and dark matter halo point, isothermal

- Dependence of cross sectional area to the driving constant area, intermediate
- force on the radius and constant solid angle

Driving mechanism

Expansion law

Optical depth at mean surface density, only

o ) needed in radiatively driven wind )
0, 170 K s Velocity of hot gas ot}tﬂowv, only needed in )
hot gas driven model
¢ - Orientation angle of the outflow (=m/2,7/2)
Oin - Inner opening angle of cone sheath [0,7t/2)
Oout - outer opening angle of cone sheath (Oin, 71/2)
log M Mo yrl isotropic mass outflow rate of (1, 3)

a particular phase outflow

Table 2.1: Summary of the ingredients of KTOM17 model. The first five rows list the
model prescriptions with their descriptions and choices, while the rest list the model
parameters with their descriptions and ranges.

related to the fraction of mass with column density below the critical value {y via

_ faM _ lm
M, €5t

where €5 ~ 0.01 as the star formation efficiency per free-fall time, M, is the star
formation rate of the galaxy and f4 = cos 8in — cos Oyt is the covering faction of the
bi-conical outflow. We next write out the relation between (y, I, and M. The ¢, is
given by

(2.5)

. 1 _ —2xcrit —+ (T%
M= 5 [1 erf (Zﬁax )} (2.6)

where the critical density is x.it = InT and the dispersion of log-normal distri-
bution oy is

0 = /In (1 + RM2/4),

_ — M?22-a)
R_ 1/3—w 1-M / 2.7)
2\2—« 1 — M2(3B-2)
a=25

As () is a function of I and M, we can then inversely solve for I' from any value
of {p. The physical interpretation for this conversion is that a higher mass outflow
rate implicates a larger proportion of clouds being driven out as a result of higher
Eddington ratio, and hence affects the overall density structure of winds.

2.2.3 Synthetic spectra

In the above sections we have described the kinematic and geometric structure of
bi-conical winds, and in this section we discuss the capability of our model to gener-
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ate synthetic spectra from the underlying winds. In general cases, this requires full
treatment of calculating emissivity as a complex function of density and temperature,
and the radiative-transfer effects on the level population of species, which requires
complex numerical calculation and is too expensive for parameter studies. For this
reason, we consider two limiting cases for which the emissivity can be calculated an-
alytically. The first is for the species in Local Thermal Equilibrium (LTE) with critical
density much less than the mean density in the wind, like CO and H 1 21 cm line.
The second is for the subcritical lines with critical density far beyond the mean den-
sity in the wind, and negligible radiative trapping effect, including Ha and CII 158
pm lines. We include one another simple prescription that affects the modeling of
radiative transfer effects, that is, whether the wind is correlated or uncorrelated. The
key distinction between them is that whether individual clouds launched into the
outflow are opaque (correlated) or transparent (uncorrelated), that is, are we dealing
with a mist of water droplets where you can see through each individual droplet
even if the mist as a whole opaque, or are we dealing with a cloud of dust where
every individual dust grain in the air is itself opaque. For example, CO belongs to
the correlated case, as it is an intrinsically much stronger line, and the typical cloud
of CO emission is very optically thick, with typical value of T ~ 50 —100. H 1, on the
other hand, belongs to the uncorrelated case, as the line is intrinsically very weak,
and we expect it to be optically thin. With above modeling of emissivity and radia-
tive transfer effects specified, DESPOTIC can analytically calculate the emission line
profiles up to a single numerical integral, which allows fast evaluation and parameter
studies.

2.2.4 Rotation

We end this section by noting that our model ignored the rotations of the out-
flows, which is potentially important for interpreting observations. As [Greve, 2004]
pointed out, the outflow material entrains the rotation of the disc, although with a
smaller value than that of disc. As a consequence, the spectra will be red-shifted in
the west of the minor axis and blue-shifted in the east, which is what we observe in
the first moment map in Figure This asymmetry is not predicted by our model,
as we only consider the motion of gas in radial rather than azimuthal direction.

In this thesis we add an "empirical” implementation of rotation to our model. At
each sky position of selected spectrum, we induce an artificial velocity shift to the
synthetic spectrum (translate the profile along the velocity axis) to minimise the dif-
ference between model and data. And as a result they will have similar systematic
velocity. This implementation, however, does not naturally model the underlying ro-
tation structure of the wind and we leave a more physical and self-consistent rotation
module for future work.
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2.3 Fitting method

We next outline our strategy for fitting the model to the data. We consider a series
of wind models described by all combinations of driving mechanism, potential and
expansion law. For each combination, we optimise the set of physical parameters
under a Bayesian framework. We then identify the combination that gives the best fit
between model and data.

2.3.1 Parameter fitting

We fit four parameters, ¢, 6in, Oout, and M, for ideal momentum driven winds, with
an additional parameter 7y for radiation driven and u;, for hot gas driven winds, re-
spectively. We adopt uniform priors for sin(¢) (¢ € (—nt/2,7/2)), 6in € [0,77/2),
Oout € (6in, 71/2), and log M/Mg yr~! € (—1,3). In particular, we note that the range
of mass outflow rate is broad enough to encompass pretty much all previously re-
ported results in Muratov et al. [2015]; Fluetsch et al.| [2019]; Roberts-Borsani and
Saintonge [2019]; Roberts-Borsani et al.| [2020]; Roberts-Borsani| [2020]. For the like-
lihood, as we compare our model to the observations on a spectrum-by-spectrum
basis, the total likelihood function is given by the product of single likelihood over
all sky positions and velocity bins, so

(fi(vj; @, Oin, Oout, log M) — ﬂ,obs(vj))z

2
O'Z-]-

(2.8)

. 1
lnP(fobsM)/ BOin, Oout, IOgM) — _E E §
i

where f; and f; 5,5 represent the predicted and observed spectra at the ith position
(i.e., at the ith box shown in Figure , the spectra are measured at velocities v;, and
0ij is the observational uncertainty at position i and velocity bin j. The posterior PDF
can then be calculated via Bayes’ theorem

P((P/ Qin/ Gout/ 10% M|fobs) & P(fobs ’¢/ 6in/ Qout/ log M)Pprior (¢/ Oin/ Qout/ log M) (29)

We calculate the posterior probability distribution function, from which we de-
termine the best-fitting parameters with their uncertainties, using the affine-invariant
Markov Chain Monte Carlo (MCMC) ensemble sampler EMCEE [Foreman-Mackey
et al., 2013]. For each combination of driving mechanism, potential and expansion
law, we use 40 MCMC walkers, each iterating over 500 steps to sample the posterior
distribution of parameters. In general, the distribution of walkers needs ~ 50 itera-
tions to stabilise, so we burn in the first 100 iterations and derive the posterior PDFs
from the rest.
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2.3.2 Which combination of driving mechanism, potential and expansion
law?

Having optimised physical parameters for all combinations of the driving mecha-
nism, potential, and expansion law, denoted as (dm, p, ex), we are now in a po-
sition to distinguish which combination gives the best fit to the observed data. In
order to decide this, for each combination (dm, p, ex), we find the largest value
of the likelihood function returned by any of the MCMC sample points, denoted
as ﬁ(dm,p,ex), and compute the corresponding Akaike information criteria (AIC) (see
[Sharmal, 2017])

AIC(dm/P/EX) =2k—2In ﬁ(dm,p,ex) (2.10)

where k =4,5 and 5 are the number of parameters for ideal, radiation and hot gas
driven winds, respectively: 3 parameters to describe the cone sheath geometry, 1
parameter to describe the mass-outflow rate, and 1 extra parameter to describe the
optical depth or hot gas velocity for the radiation-driven or hot gas cases, respectively.
The corresponding Akaike weight for each combination then is

efA(dm,p,ex) /2
w(dm, p,ex) =

Z e_A(dm,p,ex) /2
(dm,p,ex) (2.11)

A(dm,p,ex) = AIC(dm,p,ex) — min (AIC(dm,p,ex))

which gives the relative probability for each combination of driving mechanism,
potential, and expansion law.
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Chapter 3

Results

In this section, we fit our model to the observations of multi-phase outflows in M82
in order to constrain its kinematics, geometry, and mass flux. We make use of recent
resolved wide-field maps of the H 1 21cm line [Martini et al., 2018] and CO J=2—1
transition line [Leroy et al., 2015]], which provide us with unprecedented spatial and
spectroscopic information about the wind. Our strategy is as follows: for each phase
of outflow in M82, we optimise parameters describing the geometry and mass out-
flow rate, for all the combinations of driving mechanism, potential, and expansion
law. We then investigate which combination and set of parameters gives the best
recovery of the spectroscopic map, both based on the statistical tools and direct vi-
sual comparison. We then test the ability of the model to reproduce the data more
broadly, by investigating which features in the data the model can or cannot pro-
duce. We conclude this section by digging into the reasons why certain parameters,
driving mechanisms, potentials, and expansion laws are favored by the observations,
and discuss at what level of confidence we could believe in our results.

We introduce the basic set up of the model galaxy, upon which all our analyses
are based, in Section Section 3.2 shows our fits for H 1 21 cm line and Section
shows those for CO 2 — 1 transition line.

3.1 Model galaxy

We set the basic physical parameters of our M82 model to the same values adopted in
Krumholz et al.| [2017Db]], except for the parameters we would like to fit. Specifically,
we adopt 9 = 250pc to be the radius of star-bursting center [Kennicutt, |1998] and
take the escape speed to be vy = 170 km s~! [Greco et al., [2012], corresponding to a
dynamical mass of My = 8.2 x 108M,. M82’s star formation rate is M, = 4.1Mqyr !
assuming (Chabrier| [2005] IMF [Kennicutt, 1998]. The gas velocity dispersion in the
disc is measured to be ~ 40 km/s [Leroy et al., 2015] and the gas temperatures are
T= 5000 K for warm neutral phase, corresponding to a Mach number of M = 7.4.
For cold molecular phase we set the gas temperature to be T= 50 K [Wild et al., 1992]
corresponding to a Mach number of M = 100.

19
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20 Results
HI 21cm [Martini et al.|[2018]
Models Best fit parameters
dm pot exp law w ¢ Oin Bout log M T Up
North
ideal point area 0 1.007287 32337178 89.02708F  0.6170% - -
intermediate 0 —34.0977%° 38.1372%  73.0072% 146700 - -
solid angle 0 —42461257% 46271300 70437325 1817013 - -
isothermal area 0 —040133  13.8315¢) 87737132 1.62002 - -
intermediate 0 106739 3009118 8569730 0.8770%2 - -
solid angle 0 35941575 42714200 700274 1.7370% - -
radiation  point area 1 1.73733%5  57.297330 7898733 0747001 655571580 -
intermediate 0 —104773272 34.047$%%  69.887515 144700 76.1275% -
solid angle 0 —37.7873% 51.03720% 71.087870, 1597012 77.49T851 -
isothermal area 0 5241312 3305785 8306755, 1731005 71.58712%3 -
intermediate 0 092139 3014733 8572130 0.88100:  78.627 ¢, -
solid angle 0 —1641%518% 22391185 594511422 0967028 22337107 -
hot gas point area 0 72.533%2 10.6539‘23 87.902:‘]12 0.57f8:82 - 14.833‘3’355
intermediate 0 —32.6170%7 37.737342 6698702 1437012 - 7.99128
solid angle 0 —23.88150% 47.831387  66.3677% 1.82703) - 134377
isothermal area 0 1.9275%  31.8972% 701071550  1.64700 - 8.51732)
intermediate 0 —19.6873%%  9.6777% 882073  0.887h0: - 23.957227
solid angle 0 36.8815572  44.337375,  64.0677%  17470% - 9.811278

Table 3.1: Best-fitting parameters and Akaike weights obtained for all combinations
of driving mechanism (Column 1), potential (Column 2) and expansion law (Column
3) for the warm neutral phase outflow. We highlight the case that gives the highest
(82)71(50) '\ here p(q) is the
(16)—p(50)”

gth percentile of the marginalised posterior PDF for that quantity. The first three
Column 1: driving mechanism; Column 2: gravitational potential; Column 3: cloud

expansion law;

Akaike weight. Values are specified in the form p(SO)Z
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Figure 3.1: Corner plot showing the 1D and 2D histograms of the posterior PDFs
of the parameters ¢, 6in, Oout logM and 1) of the warm neutral phase outflow, as
determined by MCMC optimisation. Histograms show 1D marginal PDFs for each
parameter; 2D maps show 2D probability densities. The model fit shown is for a
radiatively-driven wind in a point gravitational potential, for clouds that maintain
constant area as they flow outward; this combination of driving, potential, and cloud
expansion yields the highest Akaike weight as compared to other combinations.
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3.2 Warm neutral phase

We first present our fits for warm neutral phase outtflow as traced by the H1 21 cm
observations. We show the set of best-fit parameters with their uncertainties and the
Akaike weights for all combinations of the driving mechanism, expansion law and
potential in Table From the Akaike weight in the table, we find that a radiatively
driven wind in a point gravitational potential, with clouds that maintain constant
area, provides the best fit to the data. We explore the implications of our best-fitting
parameters for this case in Section validate our model in Section and
compare our fits with different combinations of of driving mechanism, potential and
expansion law in Section [3.2.3]

3.2.1 Best-fitting physical parameters

For radiatively driven, point potential and constant area expansion, the combination
of driving mechanism, potential, and expansion law for which we find the highst
Akaike weight, Figure shows the 1D and 2D histograms of the marginalised
posterior PDFs of the five parameters ¢, 0in, Oout, log M and 1y as determined from
our MCMC samples. We see that these parameters are well constrained and largely
non-degenerate, with all of them converged into a tiny island of parameter space
with the exception of 7y, which is simply constrained to be 2 20. Our best-fitting
parameters values are largely consistent with and extend the results of previous
observational studies. The near-zero orientation angle ¢ indicates the edge-on nature
of the M82 and the large opening angle 6i, and 0, implies the cone sheath geometry
of galactic outflow, which has not been proposed before. The mass outflow rate at
the nuclear region is about 5.50M /yr, corresponding to the mass-loading factor
of wn = M/M, ~ 1.34, which is within the range of values derived in previous
literature [Strickland and Heckman), |2009].

3.2.2 Model validation

Before accepting the best-fitting parameters we have obtained as definitive, it is im-
portant to establish that the our parametric model gives a reasonable description of
that data. To this end, we compare spectra predicted by our parametric model to the
observed ones in Figure In this figure, the grey band shows the observed spec-
trum (with 1o errors) at each of our sample positions, while the orange lines show
predicted spectra computed using parameters from 5 randomly-selected walkers at
the final iteration of the MCMC. We see that the theoretical spectra give a fairly good
fit to the observations at all positions, both in strength and shape.

In order to explore how well the model can discriminate between different pa-
rameter values, Figure [3.3| gives us a view on how the quality of the fits varies with
the change of each parameter, which we will discuss in turn. The purpose of this
exercise is not simply to justify the tight parameter constraints shown in Figure
but to provide some insight into what features of the spectra the model is using to
constrain particular model parameters.
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Figure 3.2: Predicted versus observed HI 21 cm spectra; each panel shows the spec-
trum at one of our sample positions, expressed as brightness temperature Tp as a
function of velocity v, with v = 0 corresponding to the systemic velocity of M82. The
lines shown are the predicted spectra adopting the value of parameters that gives the
maximum value of likelihood function in MCMC (blue line), and using the parame-
ters from 5 random walkers at the last iteration of MCMC sampling (orange lines).
For comparison, we also show the observed spectrum with its 1 ¢ error (grey region).
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Figure 3.3: Same as Figure but now showing how the predicted spectra vary

in response to changes in the fit parameters. The best-fit case is shown by the blue

line and the observed spectrum with 1o errors is shown by the grey region, as in

Figure while spectra produced by varying ¢, 0;, with 0y, M and 1y are shown
in orange, green, red and purple, respectively.
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Figure 3.4: Velocity-integrated intensity (top row) and brightness temperature

weighted second moment map (bottom row) for the observations (left), theoretical

predictions using our best-fitting model (middle) and the residual between the two

(right) for HI 21 cm line. The black lines show our best-fitting angles 6i, and 6y for

the inner and outer angles of the outflow cone. The grey central region is a mask to
block out 0.6 kpc around the galactic disc.
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We first increase the orientation angle ¢ by 10 degrees, thereby inclining the out-
flow axis more relative to the plane of the sky. We see that the increased value of
¢ gives rise to an asymmetry in the spectra. The reason for this is simple: positive
velocities correspond to the far side of outflow while negative velocities correspond
to the near side. A small value of ¢ means we are observing both near and far side
of wind at similar distances from the nuclear region, so only optical depth effects,
which are negligible in the case of H 1, could induce asymmetry between the negative
and positive velocity sides of the spectra. However, for non-zero ¢, our line of sight
passes through the the near and far sides of the outflow at two different distances
from the nucleus. The near and far sides therefore have different emissivities, lead-
ing to a sharp change in the spectrum near zero velocity. Such a sharp feature is not
observed, which is why our model prefers an orientation angle ¢ close to zero.

We next jointly investigate the changes caused by the variations in i, 0oyt and .
To this end, we plot example predictions for which the opening angles 8;, and 6oyt
have been reduced by 20° and 10° compared to the best-fitting case, respectively. We
see that the effect of this change is that line the profile becomes narrower for lines
of sight close to the central axis of the wind (e.g., (x,y) = (0,1) kpc), but and both
becomes narrow and much more intense near v = 0 for lines of sight farther from
the central axis (e.g., (—1,1) kpc). The physical origin of this behaviour is that, as
we narrow the outflow cone, we both reduce the amount of material travelling close
to along the line of sight (thus depressing the high-velocity wings of the line) and
create lines of sight that remain inside the outflow cone over much longer distances,
increasing the intensity. Thus both the shape of the line winds and the amount of
variation in intensity from one line of sight to another serve to constrain the open-
ing angle. Decreasing 1) from ~ 23 to ~ 13 has a somewhat similar effect as the
lower optical depth makes it harder to accelerate material to high speed, and there-
fore suppresses the line wings. Surprisingly, it seems like there is little degeneracy
between the opening angle and optical depth even they play a similar role in setting
the linewidth. The reason for this is that 7 will only affect the tail of spectra that is
nearly close to the asymptotic velocity, while the opening angle changes the overall
geometric shape of the outflow and will affect the spectra over a much wider velocity
range. Hence in Table [3.1) we see that even in fits with radiation and hot gas driven
prescription, there is a similar uncertainty in these two opening angles compared to
ideal cases.

Finally, we see that the mass outflow rate acts as a normalisation of the spectra,
which affects the overall intensity rather than the shape of the profile. With increased
M, the generated spectra overestimate the observed ones at nearly all velocity bins
and all positions. In sum, we see that our model is able to capture the rich informa-
tion hidden in the spectra, exploiting the fact that each parameter is responsible for
different features, with ¢ setting the asymmetry of the profile, 6in, Oout and 1 setting
the line-width and M controlling the overall scaling.

Having shown that our model can provide a reasonable fit to all these represen-
tative spectra, our final validation test is to investigate whether our fits give a good
match to the entire 2D map, or, in other words, whether our model can reproduce
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the data that is not included in the fits. To investigate this, we check the degree
of consistency between predicted and observed velocity-integrated quantities across
the whole region. Specifically, we compare the integrated intensity and intensity-
weighted second moment map of model and observation in Figure In this figure,
we mask the central region from 0 to 0.6 kpc in the vertical axis to avoid contami-
nation from the disc region. Outside the masked region, we see that the predicted
and observed maps show similar morphology and and absolute value, particularly
near the minor axis, illustrating that our model reproduces the structure for the bulk
of the outflow. However, there are some tensions near the inner boundary of the
outflow cone, as illustrated by the black lines in the figure. In particular, we see
that our model predicts significantly more limb-brightening than is observed in the
integrated-intensity map, and a sharper decrease in second moment as one moves
away from the central axis. This may be due to our oversimplification of the true
geometry, as we assume there is a hard cutoff of wind material at the inner and
outer boundary. At a given height, this feature of our model implies increasing LOS
distance and decreasing velocity range as the impact parameter (x) approaches the
inner cone, which overestimates the velocity-integrated intensity and underestimates
the second moment. This artificial boundary effect is not present in real galaxies, as
the geometry is more likely to resemble a biconical frustum (for which the “base” in
the plane of the galaxy is a disc of finite area, rather than a point), and the boundary
of the volume occupied by H 1 is much less sharp than in our idealised model.

3.2.3 Driving mechanism, potential and expansion law

Having illustrated why certain parameters are favored for the combination of ra-
diative driving, point gravitational potential, and constant area expansion law that
yields the highest Akaike weight, we now return to explore why our modeling
favours this combination of driving mechanism, potential, and expansion law over
the alternatives we have tried.

We start with the two choices that will cause the largest variation to the physi-
cal nature of the outflow and the shape of the spectra, which are the potential and
expansion law. As a reminder, the choice of potential describes the shape of the grav-
itational potential, and thus the rate of gravitational deceleration, as the wind moves
out — a point potential corresponds to a gravitational force that diminishes as 1/7?
(as would be expected is the mass decelerating the outflow is mostly concentrated in
the galaxy itself), while an isothermal potential corresponds to 1/r (as would be ex-
pected if the dark matter halo dominates the deceleration). Similarly, the expansion
law dictates how clouds’ cross-sectional areas, and thus the amount of momentum
per unit time they intercept from the wind driving mechanism, change as they flow
outward; constant area and constant solid angle are the two extremes, and interme-
diate representing the geometric mean of the two. Together these choices dictate
much of the physical nature of the wind, and this in turn manifests in the MCMC
fitting. For example, consulting Table we see that all wind models (models where
the outflow escapes to infinity, which happens for either constant solid angle clouds
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Figure 3.5: Same as Figure but now showing how the predicted spectra vary in
response to the choices of potential and expansion law, for radiatively driven winds.
We show the best-fitting spectra for each individual combination of potential and
expansion law. The spectrum produced with the combination that yields the highest
Akaike weight is shown by the thickest line and the observed spectrum with 1o errors
is shown by the grey region, as in Figure Spectra adopting point and isothermal
gravitational potential are shown in solid and dashed lines, while those adopting
constant area, intermediate, and constant solid angle expansion laws are shown in
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Figure 3.6: Same as Figure but now showing how the predicted spectra vary in
response to the choices of driving mechanism, for point gravitational potential and
constant area expansion. We show the best-fitted spectra for each individual driv-
ing mechanism. The spectra produced with the combination that yields the highest
Akaike weight is shown by the thickest line and the observed spectrum with 1c er-
rors is shown by the grey region, as in Figure while spectra adopting ideally,
radiatively and hot gas driven wind are shown in blue, orange and green, respec-

tively.
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or for clouds with intermediate expansion in a point potential) yield unrealistically
large orientation angles ¢ ~ £40° with a huge uncertainty, while fountain models
where the wind does not escape (all others) yield ¢ ~ 0, consistent with the edge-on
nature of M82. The reason for this is simple: we observe emission near zero velocity,
which implies either that gas launched in the wind eventually decelerates to zero
velocity, as happens in a fountain, or that we are seeing gas whose velocity is solely
along the plane of sky and hence has zero projection on the LOS. As the gas is con-
stantly being accelerated in the wind scenario, leaving no gas whose radial velocity
is zero, the MCMC attempts to compensate for this by fitting a large orientation an-
gle, so that one side of the wind is flowing nearly on the plane of sky. However,
this compensation worsens the fit to the remainder of the spectrum, yielding a lower
Akaike weight overall.

We illustrate this effect in Figure which shows us how the quality of fits
varies with the different choices of potential and expansion law, for radiatively driven
winds. For each combination of driving mechanism and expansion law, we plot the
model with the highest likelihood recovered by the MCMC. We see that although all
models produce near zero-velocity emission, the wind models clearly show a deficit
of emission at the centre, and a line shape function completely different to that of the
observed spectra. In contrast, fountain models provide a much better comparison to
the observations, both at line centre and line wings, and yield Akaike weights that
are orders-of-magnitude higher than those of the wind models. Our method is able
to distinguish between winds and fountains with great confidence.

The difference between various types of fountain models, for example constant
area expansion with a point versus an isothermal potential, is somewhat more subtle,
but still noticeable, and allows the MCMC fit to distinguish clearly between models.
For example, an isothermal potential gives rise to a much larger asymmetry between
positive and negative velocities than the point potential; the physical reason is that
the wind cone is slightly tilted relative to the line of sight, so along a give line of sight,
the material at positive velocity is at a slightly different distance from the launching
point than the material at negative velocity, resulting in a velocity difference. The
size of the difference, in turn, depends on how quickly the wind decelerates, and is
larger for the stronger deceleration provided by an isothermal potential.

We next deal with the choices that will calibrate the line wings of the spectra,
which is the driving mechanism. We illustrate how the quality of fits varies with the
different choices of driving mechanism, for point gravitational potential and constant
area expansion, in Figure For each driving mechanism, we plot the model with
the highest likelihood recovered by the MCMC. We clearly see raditively-driven wind
reproduced the line wings at nearly all positions, whereas other two models both
show a deficit at the line wings and overweigh the peak at the centre. Our method is
able to distinguish between driving mechanism with great confidence.
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CO J=2—1 [Leroy et al.[[2015]

Models Best fit parameters
Dm Pot Exp law w ¢ Oin Bout log M T m
North
ideal point area 0 1861322 34977157 6970055  —0.061 55 - -
intermediate 0 —2.025290 13757153 602710%%  0.367 0% - -
solid angle 0 —47.60110085 43631227 74977122 0.807 003 - -
isothermal area 0 011123 2880705 77530377 0.53%%3 - -
intermediate 0 -125%%%.  7.6371%2 8790712k —0.1270% - -
solid angle 0 —49.60 0% 40907200 75547078 0757502 - -
radiation point area 0.03 —1.047282 313070% 7637778 009702 —88.0471%, -
intermediate 0 0001333 25019570 60211730 019007 8875155, -
solid angle 0 1.00733%% 23915507 67267 kil 030107 87.887 0% -
isothermal area 0.57 —0.527172 29197141 80077275 0.53700:  75.18T1:5: -
intermediate 0 0947246 295872002 8459373 0.0710%  96.4073)% -
solid angle 0 1.867320  27.331575, 8078757 014100 9723748 -
hot gas point area 0.22 1.057% 4 5207357 85317522, —0.107038 - 13.99715%°
intermediate 0 —26.53580 27.971783 6505743 0.60721% - 10.807253
solid angle 0 —15217716d 45634845 6919102 0.79+00 - 9.02+17%
sother o 114” 088 et 06 ] 501
isothermal area 0 0.1575735 29.39T 059 79447574 0.57 003 10.57 7501
intermediate 0.17  —131171233  2227LF  859972¢0 010700 - 26417275
anli . 92.10 6.07 6.28 0.09 .
solid angle 0 —39.6170%0 46407877 68.07783%  0.7375%% - 11.13%74,

Table 3.2: Same as table but show the results of fits for CO.

3.3 Cold molecular phase

We next present similar kind of analysis as in Section (3.2 for cold molecular phase
outflow as traced by the CO J= 2 — 1 observations. We show the set of best-fit
parameters with their uncertainties and the Akaike weights for all combinations of
the driving mechanism, expansion law and potential in Table From the Akaike
weight in the table, we find that a radiatively driven wind in a isothermal gravi-
tational potential, with clouds that maintain constant area, provides the best fit to
the data. We explore the implications of our best-fitting parameters for this case in
Section validate our model in Section and compare our fits with different
combinations of of driving mechanism, potential and expansion law in Section [3.3.3]

3.3.1 Best-fitting physical parameters

For radiatively driven, isothermal potential and constant area expansion, Figure
shows the 1D and 2D histograms of the marginalised posterior PDFs of the five
parameters ¢, Oin, Oout, log M and Tj as determined from our MCMC samples. Again,
we see that these parameters converged into a tiny island of parameter space with the
exception of 1. We again find a near-zero orientation angle ¢ and reasonable values
of opening angle i, and 6y, verifies the cone sheath geometry of cold molecular
phase outflow [Walter et al., 2017]. The mass outflow rate at the nuclear region is
about 3.4M, /yr, corresponding to the mass-loading factor of fjem = M/ M, ~ 0.83.
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Figure 3.7: Same as figure but show the results for CO.
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Figure 3.8: Same as figure but show the results for CO.
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Figure 3.10: Same as figure 3.4} but show the results for CO.
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Figure 3.11: Same as figure 3.5 but show the results for CO.

3.3.2 Model validation

We present the same kind of analysis as in Section[3.2.2] We again compare predicted
spectra, computed using parameters from 5 randomly-selected walkers at the final
iteration of the MCMC, to the observed ones in Figure We again see that the
theoretical spectra give a fairly good fit to the observations at all positions. We next
plot how the quality of the fits varies with the change of each parameter in Figure
We again see that our model is able to capture the rich information hidden in the
spectra, with role of each parameter separated on creating these features.

We next test whether our fits give a fair match to the entire 2D map by comparing
integrated intensity and intensity-weighted second moment map of both model and
observation, in Figure Outside the masked region, Our model reproduces the
structure for the bulk of the outflow, particularly near the minor axis. However, we
see that our model predict a shallower gradient in intensity than is observed in the
integrated-intensity map, and a smoother change in second moment as one moves
away from the central axis.

We see that the quality of fits for H 1 is significantly better than that for CO.
This is due to the intrinsic complications of modeling CO lines, which requires us
to make several approximations that may inevitably fail in some regime. First, the
assumption of LTE is not valid for low density region of CO. Second, there is a
complication in the Large Velocity Gradient approximation we used at evaluating
optical depth effect, which may cause divergence at near zero velocity when thermal
broadening becomes important.
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Figure 3.12: Same as figure but show the results for CO.

3.3.3 Driving mechanism, potential and expansion law

We shows how the quality of fits varies with the different choices of potential and
expansion law, for radiatively driven winds in Figure Our method again dis-
tinguish between winds and fountains with great confidence. However, in this case,
the difference between various types of fountain models, for example constant area
expansion with a point versus an isothermal potential, is not clearly noticable, and
only allows for Akaike weight to distinguish between models. We next illustrate how
the quality of fits varies with the different choices of driving mechanism, for isother-
mal gravitational potential and constant area expansion, in Figure For each
driving mechanism, we plot the model with the highest likelihood recovered by the
MCMC. In this case, however, we do not get direct visual evidence that raditively-
driven wind reproduced the line wings while other two don’t. Consulting Table
we also see that there is no order-of-magnitude difference in Akaike weight with the
change of potential and driving mechanism. In sum, we conclude that CO 2—1 line
can not distinguish different gravitational potential and driving mechanisms with a
great confidence.
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Chapter 4

Discussion

Having presented our fits for the multi-phase outflow of M82, we are now in a posi-
tion to interpret these results and come up with a physical picture of the cool wind
in M82. We describe such a picture in Section including clouds’ evolution, com-
parison between multiple phases and the fate of outflowing cool gas in M82. We

then discuss several caveats to our model and their possible effects on our results in
Section

4.1 A physical picture of cool winds in M82

We discuss the origin and the evolution of launched cool gas clouds in Section
and the fountain scenario in Section

4.1.1  Origin and evolution of cool gas clouds

We first examine the primary source of the cool gas in the outflows. One scenario,
proposed by Thompson et al.[[2016], is that the cool gas in the galactic plane initially
gets shock heated and mixed into the hot outflow, so that the gas leaving the galactic
disc is almost entirely hot. The cool gas that we see above the plane then re-forms
in-situ via radiative cooling of hot gas, and only appears far from wind launching
region. In contrast, our model is based on an alternative scenario where a continuous
population of cool clouds is accelerated from the central regions and survives their
interactions with hot outflow. Our model therefore predicts the existence of a large
amount of cool gas near the wind launching region, which is what we observed in
M82. Our model therefore is more applicable to the central region of M82 than the
model of [Thompson et al., 2016].

Our results further suggest that, when launched, these cold molecular and warm
neutral clouds maintain approximately constant cross-sectional area as they propa-
gate outwards, which implies that their morphologies are well-preserved through the
entrainment processes. Previous theoretical studies have not reached consensus on
whether, and under what circumstances, this is possible. Purely hydrodynamic sim-
ulations from Hopkins and Elvis [2010] show that Kelvin-Helmholtz (KH) instabili-
ties stretches cold clouds and increases their cross-sectional area dramatically, while
studies from [McCourt et al., 2015; Banda-Barragan et al., 2018; Zhang et al 2017;
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Greonnow et al., 2017] show that the magnetic pressure with p ~ 1 could suppress
mixing [Gentry et al., 2019], confine the cloud expansion transverse to the direction
of magnetic field, and allow the cloud to survive being entrained. Our results un-
doubtedly favor the latter scenario, and hence indicates that M82 is characterised
by a strong magnetic field with field lines tracing the trajectory of launched clouds.
This scenario is consistent with the recent measurements of magnetic field strength
and morphology in M82 [Buckman et al., 2020; Yoast-Hull et al., 2013; Jones et al.,
2019; Lopez-Rodriguez et al., 2021], which show that the magnetic field threads from
starburst core all the way to intergalactic medium with a strength of B ~ 300uG and
p~0.7.

4.1.2 Fountain scenario of M82

While our fits allow us to quantify with relatively small uncertainty how much gas
the winds expel, we are left with another important question: what is the ultimate
fate of the gas in the galactic winds in M82? Will it be driven out to the CGM or even
further into IGM, or will it be captured by the gravitational potential and fall back
as a fountain? Our finding that the molecular phase is best fit by the combination of
isothermal potential and constant area expansion suggests that the outflow in M82 is
a fountain [Krumholz et al, [2017b], which means all the molecular gas expelled by
the central galaxy will ultimately fall back. To investigate how far the gas in M82 will
go, we need to calculate how the mass-outflow rate decreases with the distance from
the galaxy. Our calculations are as follows: we use the wind model parameters with
the highest posterior probability from our MCMC samples to calculate the wind
density and velocity structures. Now consider a parcel of gas that exits the wind
launching region with dimensionless surface density x = In(X/X), where X is the
mean column density. Gas with higher surface density x will be driven to lower
height, and when the gas surface density approaches x.i = InI, the Eddington
ratio, it will not be driven out at all. We can therefore calculate the height rym at
which the gas with initial column density x will turn around. Conversely, this means
that all gas with surface density below x will reach radius 7, while all the denser
gas falls back. Therefore we find that at radius r, there is a cutoff column density
xc(r) above which the gas will not be driven to that radius. Under the assumption
of the steady-state outflow in our model, the mass outflow rate at a given radius is
proportional to the fraction of mass that can reach that radius, so we can calculate
the mass-outflow rate at radius r, M(r), via

xc(r)
: ) pm(x)dx
M(T‘) = fAM—-t
J25 pa(x)dx
where ppr(x) denotes the mass-weighted column density distribution at the wind
launching region. We plot the mass-outflow rate versus the radius in blue lines in
Figure We see that the mass-outflow rate decreases from 3M /yr at r ~ 0.25
kpc to 0.6 M, /yr at r ~ 3 kpc, i.e. 80% of the gas falls back to the host galaxy before

@.1)
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Figure 4.1: Molecular phase mass outflow rate as a function of radius. The blue
line shows the total outflow rate whereas orange line shows the outflow rate only
considering material moving faster than the escape velocity.

reaching 3 kpc height. If we define the effective scale height of the fountain as the
height where the mass flux falls to 1/e of its value at launch, we find an effective
scale height of ~ 1.5 kpc.

A further implication of our model is that, although M82 is a fountain, we still
observe emission at velocities above vy (the escape speed) in Figure This finding
challenges the commonly adopted strategy to distinguish the wind from fountain
material by comparing the velocity with the escape speed. In the M82 molecular
fountain, the gas may be driven to a speed higher than escape speed at some radius
and nonetheless decelerate to zero speed and turn around at some larger radius.
We investigate this issue by plotting the outflow rate of material with speed higher
than the escape speed versus radius in orange lines in Figure We also plot the
fraction of material that moves faster than the escape speed as a function of radius r in
Figure We see that at small radius, almost none of the gas has been accelerated
enough to exceed the escape speed. By radius of about 2 kpc, nearly 30% of the
outflow material moves faster than the escape speed; however, our model suggests
that all this gas will eventually fall back. In general, there is no correlation between
the actual mass flux in the fountain, the fraction of material that moves at above the
escape speed at any given radius, and the mass flux that will eventually escape the
galaxy; it is not possible to distinguish fountains from winds based on velocity alone,
without knowing the shape of the gravitational potential well outside the galaxy.
This subtlety represents a challenge to future theoretical and observational study of
outflows.
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Figure 4.2: Fraction of the outflow material which moves faster than the escape speed
as a function of radius. We see the acceleration processes increase the fraction of high
velocity cloud at large radius of about 2 kpc.

4.2 Caveats

We end this chapter by noting several caveats for our results, as our analytical model
inevitably ignore some key physics that will affect the underlying structure of our
generated winds, both at galactic scale and cosmological scale.

The first limitation regards the simplified thermal and chemical structure adopted
in our model, which assumes the each individual phase of cool wind is composed of
a continuous population of clouds with a constant temperature and chemical com-
position that is independent of time and distance from the central galaxy. However,
it is possible that galactic winds evolve in thermal or chemical properties as the they
propagate outward. Depending on the nature of the change, this could either move
gas into our out of the cool phases as the outflows propagate outward. The observed
weak cooling in the wind of M82 found by [Hoopes et al., 2003] suggests a cooling
of hot phases into the cool phase is unlikely to be a strong effect in this galaxy, but
it is unclear if this result applies to outflows in general, or only to M82. Conversely,
launched clouds may undergo chemical phase changes that dissociate molecular gas
into neutral gas, which would cause the density of molecular gas to decrease much
faster than that of neutral gas along the outflow. Similarly, some fraction of the neu-
tral gas could be ionised, causing it to disappear in H 1 and appear in tracers of warm
ionised gas such as Ha. Determining how these thermal and chemical processes will
affect the cool wind requires future observations of the chemical and thermal struc-
ture of the wind of M82 and a more accurate description of the thermal and chemical
properties of the wind in our model.

The second limitation originates from our ignorance of the larger cosmological
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environment around M82 that may induce complex structures in the real outflows
that are not accounted for in our simple model. For example, the torque from M81
induces a tidal stream from M82, and this might alter the structure and distribution
of matter in the outflow of M82. This is especially evident for warm neutral outflow
traced by H 1, as we can see in the form of the 'northwest spur” and "southeast spur’
induced by the drag exerted by ambient environment [Martini et al.,[2018]], This "NW-
SE” asymmetry is in contrast with our model predictions, which is symmetric with
the minor axis.
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Chapter 5

Conclusion

5.1 Summary

Despite recent high-resolution and sensitive observations of galactic winds that have
given us rich sets of data, there is a lack of theoretical tools to extract information
from them and interpret the results. In this thesis, we make a first step in this
direction by applying a novel analytical model to constrain the kinematics of a multi-
phase outflow with multi-wavelength observations in M82. We model the outflow as
a continuous population of gas clouds being momentum-driven out of an isothermal
turbulent medium in the galactic disc, and calculate the resulting winds’ density
and velocity structures. The kinematic structure is determined by model parameters
describing geometry and mass outflow rate, and physics prescriptions for the driving
mechanism, gravitational potential and cloud expansion law. We compare our model
to H 1 and CO data on the wind of M82 on a spectrum-by-spectrum basis, well to
the recent spatially resolved observations of galactic winds. We then constrain the
physical parameters with a Bayesian approach and distinguish the best combination
of driving mechanism, potential and expansion law. We apply this approach to two
distinct cool phases of wind in M82, the cold molecular phase and the warm neutral
phase, and compare their results systematically.

Our best-fitting model has an edge-on orientation and bi-conical geometry for
the outflow in M82 for both phases, consistent with earlier visual analyses. The
measured outflow rate of the warm neutral phase is larger than that of the cold
molecular phase, but are both similar to each other and to the SFR at the order-of-
magnitude level, implying a mass-loading factor of a few. Our fits further show that
for both phases, the gas clouds are radiatively driven and maintain a constant cross-
sectional area as they propagate out. Our model shows good overall agreement with
the observations, both for the sample spectra used for the fits and for the full 2D
moment maps, although several areas of tension still remain due to the simplified
geometry and physics recipes adopted by our model.

Our results suggest a picture where strong magnetic fields in M82 thread the
launched gas clouds and prevent them from expanding and subsequently being de-
stroyed by Kelvin-Helmholtz instability as the move outward along their trajectories.
However, this does not imply that the gas escapes to from the galaxy: our best-fitting
model for the cold molecular outflow in M82 suggests that it forms a galactic foun-
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tain within which the bulk of the mass falls back after travelling no higher than about
5 kpc above the galactic disc. Our modelling also shows that it is misleading to at-
tempt to separate wind material from bound gas simply by imposing a hard velocity
cutoff in observed spectra, without formulating a physically self-consistent model
for the background gravitational potential and clouds’ evolution along their trajec-
tories. There is an extremely poor correspondence between the mass outflow rates
we deduce from physical models and those one would obtain simply by attempt-
ing to measure the mass at any given height that is observed to be instantaneously
travelling above the local escape speed.

5.2 Future work

In the future, we will self-consistently couple the rotation of outflow into our model
and constrain its properties. We have already come up with the theoretical frame-
work describing this phenomenon and have presented it in the appendix.
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Appendix A

how to extend the model to include
rotation in the outflow

A.1 Coordinate transformations

We consider the same basic setup as in |[Krumholz et al.|[2017b, hereafter KIOM17],
but now we suppose that the wind material is launched with dimensionless specific
angular momentum j about the central axis of the wind, which is conserved as fluid
elements flow outward. The wind central axis is oriented at an angle ¢, relative to
the plane of the sky!, i.e., ¢, = 0 corresponds to the central wind axis being in the
plane of the sky, ¢, = 71/2 to the wind axis pointing directly at the observer. The unit
system in which we work is the same as used in the main paper, i.e., positions are
measured in units such that the radius r¢ from which the wind is launched is unity,
and velocities are measured in units such that a dimensional velocity v = v/ GMy/ro
corresponds to a dimensionless velocity of unity; here My is the mass interior to ry.
Thus j = 1 corresponds to a dimensional specific angular momentum /GMyry. We
assume that j is small enough so that the radial velocity is always dominated by that
imparted by whatever mechanism launches the wind, i.e., the contribution of rotation
to the radial velocity is negligible, but that its contribution to the angular velocity
(which is otherwise zero) is not. This cannot strictly be true near the wind launch
point, where the wind radial velocity is zero, but will quickly become true once the
wind accelerates to speeds significantly larger than the initial rotation speed. Our
goal here is to compute how the line of sight velocity of the wind is affected when
j#0.

First consider the case ¢, = 0, so that the wind central axis lies in the plane of the
sky. In order to compute the line-of-sight velocity, we must consider transformations
between several coordinate systems. The first of these is our observer-centric coor-
dinate system described by coordinates (a, @,, @;), where a is the 3D radial distance
from the centre of the wind (in dimensionless units), @, is the impact parameter
between the observer’s line of sight and the wind centre, projected in the direction
along the wind axis, and @; is the impact parameter of the line of sight projected

INote that we use ¢, here, rather than ¢ as in the original paper, because below we shall introduce
the usual spherical coordinate ¢, and we wish to avoid confusion between the two.
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44 how to extend the model to include rotation in the outflow

transverse to the wind axis. Our second coordinate system is a standard Cartesian
coordinate system, with its origin at the centre of the wind, the z axis along the cen-
tral axis of the wind, and the observer located at y = —oo, so the observer’s line of
sight is parallel to the y axis. The coordinates in this coordinate system are related to
our observer-centric one by

X = Wt (A1)
= +4/a2 — @? — @? (A.2)
z = @, (A.3)

Finally, our third coordinate system is a standard cylindrical coordinate system, with
the same origin as the Cartesian one, rotated to that the wind axis is aligned with the
North pole, and ¢ = 0 corresponds to the plane of the sky. The coordinates in this
coordinate system are related to the other two by

ro= \/x24y?=/a*— @2 (A.4)

2 2
— tan 'Y —pan 1/ P A.
¢ an”" - = tan o (A.5)

z = @, (A.6)

With these coordinate systems established, and under the assumption that rota-
tion contributes significantly only to the angular component of the velocity, we can
write the vector velocity at any position as

U= i + £43, (A7)

where u, is the (spherical) radial velocity of the wind, 4 is a unit vector in the a
direction, ¢ is a unit vector in the ¢ direction, and our expression makes use of our
assumption that j is constant. The line-of-sight velocity is

u=u-7. (A.8)

We can evaluate the dot product using the usual transformation rules between spher-
ical, cylindrical, and Cartesian coordinates, whereby

Loy [1-=22/a?
a-§ = < 71_1_]/2/3(2 (A9)

o= (A.10)

Substituting to replace the Cartesian coordinates by the observer-centric ones, this

x>
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gives

@? . @
W=\l = Y

(A.11)
where @2 = @? + @?, and the plus sign applies for y > 0 and the minus sign for
y < 0, i.e,, on the near and far sides of the wind, respectively. The first term is
identical to that derived in the original paper, while the second term incorporates
the effects of j # 0.

We can generalise to the case ¢, # 0 simply by noticing that the effect of such
a rotation is simply to incline the extra velocity vector (j/r)¢ relative to the line of
sight, so that the amount that is projected along the line of sight is reduced by a
factor cos ¢,. Thus the general relationship between u, u,, and j is given by

@? @
u = tu\/1- —I—]ita)2 COS ¢;. (A.12)

a

A.2 Effect on observables

We now calculate the effect of this velocity shift on various observable quantities. In
order to do so, we follow the same method as in [ KTOM17, whereby we first write
the total density of material at a given position as an integral over the radial velocity
distribution of the material, u,. This is (equation 25 of KTOM17)

dpmean/dx
_ mx/ 2 e | (A.13)

where pmean is the mean density of material at distance a from the wind centre, x is
the normalised column density of the material at the point where it was launched
into the wind, and u, = U,(x) describes the acceleration law for material with
starting density x; the summation is to be evaluated at all overdensities x; that
satisfy u, = U,(x;). The next step in KTOM17| is to make a change of variables
from u, to u, i..e, from radial to line-of-sight velocity. However, note from
tion [equation]|[12][A]A.12| that

du @2

—=\/1-—= A.l4

du, a2 ( )
independent of j. Since the form of the differential density of absorbers at velocity
u depends only on du/du,, this is unchanged from the form given in equation (29)
of KTOM17, i.e., the differential density of particles of species X with line of sight
velocities in the infinitesimal interval u to u + du is

dnx 1 APmean/ dx

du X /a2 @22 |dU, /dx|

(A.15)
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The effect of rotation appears only in the values x; at which the summation is evalu-
ated, which are now given implicitly by

U (x;) = j:\/aza_iaﬂ (u —jﬂ‘i’fw% cos%) , (A.16)
where the plus sign appears for the far side of the wind and the minus sign for the
near side. For j = 0, this reduces to equation (28) of KIOM17,

There is, however, an important conceptual difference between the cases j = 0 and
j # 0. For j = 0, for each u solutions exist only on the near or far side of the wind re-
gardless of the value of a; that is, if u > 0, then since U, is a strictly positive function,
solutions x; exist only if we select the positive root in|[Equation [equation][[16][A]A.16)
and thus are on the far side of the wind. Similarly, # < 0 implies solutions only on
the near side. For j # 0 the situation is somewhat more complex, because on which
side of the wind a given solution exists does depend on a. Specifically, for a given
combination of u, a, and j, a solution can exist on the far side of the wind (positive
root) only if

u —jazf)twg cos¢, > 0, (A17)
with an identical condition except for a reverse inequality for a solution to exist on
the near side of the wind. Thus for some combinations of u, @,, and @;, solutions
exist only one one side of the wind, while for other combinations solutions exist on
both sides. Specifically, note that the second term on the left hand side of
|tion [equation][17][A]A.17] reaches its maximum absolute value when a? = thZ + @2,
at which point this term takes on a value Uyt max = (j/@;) cos ¢,. We can therefore
say that solutions on both sides of the wind are possible only if

O <u< urot,max 1f urot,max > 0

urot,max <u<o0 if urot,max <0. (A18)

Note that this is a necessary but not a sufficient condition; whether solutions in fact
exist on both sides depends on the function U, (x).
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