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“Although to penetrate into the intimate mysteries of nature and thence to learn the true
causes of phenomena is not allowed to us, nevertheless it can happen that a certain fictive
hypothesis may suffice for explaining many phenomena.”

Leonard Euler
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We generalize the semi-analytical line transfer (SALT) model recently introduced by
Scarlata and Panagia (2015) for modeling galactic outflows, to account for bi-conical
geometries of various opening angles and orientations with respect to the line-of-
sight to the observer, as well as generalized velocity fields. We model the absorption
and emission component of the line profile resulting from resonant absorption in the
bi-conical outflow. We show how the outflow geometry impacts the resulting line
profile. We use simulated spectra with different geometries and velocity fields to
study how well the outflow parameters can be recovered. We find that geometrical
parameters (including the opening angle and the orientation) are always well recov-
ered. The density and velocity field parameters are reliably recovered when both
an absorption and an emission component are visible in the spectra. This condition
implies that the velocity and density fields for narrow cones oriented perpendicular
to the line of sight will remain unconstrained. To conclude, we fit the model to 10
highly compact galaxies (commonly referred to as Green Peas). We observe strong
evidence for bi-conical geometries.
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Chapter 1

P Cygni Profiles and Line Driven
Winds

1.1 Introduction

In this thesis, we will present a semi-analytical model capable of predicting the ab-
sorption and emission features observed in atomic spectra in the context of galactic
winds. By wind we are referring to the outflow of continuously ejected material from
a galaxy (Beals, 1929; Parker, 1958; Veilleux, Cecil, and Bland-Hawthorn, 2005). Al-
though we are not the first to introduce the model, our main contribution is to adapt
the model to account for bi-conical outflow geometries. The purpose of this chap-
ter is to introduce the reader to background material which is either assumed or
addressed at a more technical level in Chapter 2. We describe the theory of line
driven winds, i.e., winds powered by the interaction of radiation with material in
the outflow. This will provide as the theoretical basis for our model. In addition
we discuss P Cygni profiles which refer to the broadening of emission and absorp-
tion features observed in spectral line profiles due to the presence of strong, galactic
winds. P Cygni profiles will provide the empirical connection between our model
and nature.

1.2 P Cygni Profiles

Historically, winds were first observed in the atomic spectra of stars. Early obser-
vations revealed the existence of transitions proportional to the transition line (i.e.,
A\ o A7), and hence were the result of Doppler broadening (Campbell, 1892). Even-
tually, photographic evidence revealed that this broadening was due to the expan-
sion of outflowing material surrounding the star.

A schematic for an expanding, spherical outflow is shown in Figure 1.1. All
material surrounding the radiation source will absorb and reemit radiation. The
reemitted radiation that makes its way back to the observer will be added to the
background or continuum radiation from the source. We will refer to the addition
of this radiation to the continuum as the emission component of the spectrum. The
emission component is typically divided into two parts: the blue and the red shifted
component, which refers to the line-of-sight velocity of the reemitting material with
respect to the observer. A portion of the redshifted reemissions will be blocked by
the source. We say that this material has been occulted. Only material in front of the
source will scatter radiation away from the line-of-sight. We refer to the absence of
this radiation from the continuum as the absorption component. The combination
of both the emission and the absorption components defines the P Cygni profile.



FIGURE 1.1: Cross sectional diagram of a spherical outflow as viewed
from the right. Here material is outflowing radially away from an
isotropically emitting source of radiation. Radiation from the source
will be absorbed and reemitted by the outflow. Reemissions from
behind the source (grey) will be blocked from view. Material con-
tributing to the blue and redshifted emission components are shown
by their corresponding colors. Only material between the source and
the observer (lined region) will scatter photons away from the line-
of-sight and contribute to the absorption component.
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FIGURE 1.2: A normalized P Cygni profile for an atomic transition.
The radiation has been normalized to the surrounding continuum.
The profile is positioned in the rest frame of the transition line. The
velocities represent the relative velocities of the outflow with respect
to the source. Both the absorption and emission component are plot-
ted in light blue. The emission component would naturally appear
with the continuum, but the continuum has been subtracted for con-
venience. By definition, the redshifted emission component is asso-
ciated with the positive velocity regime and the blue shifted compo-
nent is with the negative velocities. Combining both the emission and
absorption components produces the P Cygni profile shown in dark
blue. This is what we observe and is a defining characteristic for the
presence of an outflow.

A P Cygni profile along with the separate emission and absorption components
is shown in Figure 1.2 for a spherical outflow. The normalized intensity of the profile
is plotted with respect to the observed outflow velocity as seen by an observer in the
rest frame of the transition. Note that both the absorption and emission features are
broad around the center due to the Doppler shift of the outflowing material.

1.3 Line Driven Winds

In line driven winds, radiation drives outflows by transferring momentum to ions
in the outflow via the absorption of photons through resonant, or ground state, elec-
tron transitions. The doppler shift is important here because it will allow radiation
to continuously transfer to the outflow as material moves along a velocity gradient
relative to the source of radiation. The probability of a photon scattering with ions
in the outflow will depend on the optical depth of the wind, 7, or the number of
mean free paths through the wind (Rybicki and Lightman, 2008). The optical depth
can be written as 7 = [ ¢k(s)p(s)ds, where p is the density, s is distance, and & is
the absorption coefficient associated with the profile function, ¢. ¢ is defined such
that [;° ¢(v)dv = 1. The profile function will determine the interaction region over
which a photon can be absorbed by the outflowing material. For steep velocity gra-
dients, ¢ can be approximated as a Dirac delta function. In this case, the photon will
interact, or be absorbed, only at single point in the outflow, where the relevant ion



comes exactly into resonance with the photon. This approximation is known as the
Sobolev approximation (Lamers and Cassinelli, 1999) and will be used throughout
the remainder of this work.

Typically, line driven winds are observed in hot, ultra luminous O and B type
stars, where the bulk of the radiation is emitted in the UV and absorbed by metals in
the wind (Kudritzki, 2002). Spectra of galaxies also reveal prominent P Cygni pro-
files in their spectra around heavy metal transition lines observed in the UV regime
(Veilleux, Cecil, and Bland-Hawthorn, 2005). Under these circumstances, the stellar
theory of line driven winds can be applied to galactic winds. In Chapter 2, we will
use the theory of line driven winds to develop a radiation transfer model, or for-
merly a semi-analytical line transfer (SALT) model, to predict spectral line profiles
observed in galaxies with bi-conical outflow geometries. We then fit the model to
data — UV observations of highly compact (Green Pea) galaxies — in Chapter 3.



Chapter 2

Galactic SALT Model

2.1 Introduction

As a prominent source of feedback, galactic winds play a vital role in the study
of galaxy evolution and the enrichment of the intergalactic medium, IGM, (Veilleux,
Cecil, and Bland-Hawthorn, 2005). Observations of low-ionization and high-ionization
resonant transitions in galactic winds often display P Cygni type line profiles which
can reveal a wealth of information regarding the physical nature of the winds. Quan-
tities of interest include density of the gas in the relevant ions, terminal velocity of
the wind, and mass outflow rate. Galactic winds, in both the local universe (Shop-
bell and Bland-Hawthorn, 1998) and at higher redshift (Martin etal., 2012; Erb, 2015),
appear to lack the symmetry of a full spherical outflow, and instead, are better de-
scribed as having a collimated, or bi-conical geometry. The geometry of the wind can
have a strong impact on the estimation of galactic properties. For example, Chisholm
etal. (2016) calculated up to an order of magnitude difference in their estimate of the
mass loading factor (outflow rate divided by star formation rate) in NGC 6090 when
comparing a spherical to a more realistic, bi-conical model. Various groups have
modeled the absorption + emission line profile resulting from the radiative trans-
port of resonant photons in outflowing medium. Models range from simple analytic
calculations (Martin et al., 2013; Scarlata and Panagia, 2015; Krumholz et al., 2017)
to more advanced approaches involving Monte Carlo techniques (Prochaska, Kasen,
and Rubin, 2011). In this paper, we generalize a semi-analytical line transfer (SALT)
model — first introduced by Scuderi et al. (1992) in the context of stellar winds and
later adapted by Scarlata and Panagia (2015) for modeling resonant lines present in
galactic spectra — to account for bi-conical wind geometries and variable orienta-
tions with respect to an observer. We analyze how the geometry of the wind impacts
the spectral line profile and what information can be recovered. We then test our
models by fitting to P Cygni profiles generated from simulated data. We present
only the theoretical description here with the intent to fit to actual galactic data in a
forthcoming paper. The analytic expressions presented provide a simple way to gain
physical intuition on how the wind geometry affects a line profile. This chapter is
organized as follows. We begin by reviewing the SALT model, originally presented
by Scarlata and Panagia (2015) for galactic outflows, in Section 2. We generalize the
SALT model to bi-conical outflow geometries characterized by an opening and an
orientation angle in Section 3. Our discussion follows in Section 4, where we investi-
gate the impact of the outflow geometry on P Cygni line profiles. We test our ability
to recover the wind parameters by fitting simulated data in Section 5. Finally, we
present our conclusions in Section 6
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FIGURE 2.1: A cross sectional view of the spherical wind model.
The line of sight is indicated by the s-axis, and the £-axis is in the
plane of the sky. The small, central circle marks the star formation
region/galaxy, with radius Rgr, while the outer circle indicates the
extent of the wind at radius Ry . The blue shaded region indicates
the absorption region — i.e., where the wind blocks the galaxy from
the line of sight, whereas the white area (including the blue area) in-
dicates the re-emission region that can be detected for a given Rap
(excluding the orange area). An occulted region is shaded in grey,
since emission cannot be detected from behind the galaxy. In our
model, the wind velocity increases monotonically with increasing ra-
dius of power law «. A velocity vector, v, along with its observed
velocity component, vops, has been drawn in red. Velocities at and be-
yond Ry, are equal to the terminal velocity, vs. The thin vertical line
represents the edge of the plane of constant v, for a v = 1 velocity
field.

2.2 Spherical SALT Model

In this section, we review the SALT model introduced by Scarlata and Panagia (2015)
for spherical, galactic outflows. The fiducial model consists of a spherical source (ra-
dius R = Rgr) of isotropically emitted radiation. Physically, the source embodies
the star formation region/galaxy. The source is located at the center of a spherical
envelope (wind) of material extending from the radius Rgr to the terminal radius,
Ry . A schematic representation of a cross sectional cut of the envelope is presented
in Figure 2.1. The &-axis runs perpendicular to the line of sight and is measured
using normalized units, /Rgr. The s-axis runs parallel with the line of sight and
is measured using the same normalized units. We refer to an arbitrary radius mea-
sured in the normalized units as p. The wind is characterized by a velocity field, v,
and a density field, n. We assume a power law for the velocity field, with:

.
v = v (RTSF) forr < Ry

2.1)

V= Voo forr > Ry,
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FIGURE 2.2: Cross sections for both spherical (left) and bi-conical

(right) outflows. The different colored shades define the same regions

as described in Figure 2.1. In both diagrams, the wind extends from

the radius Rgsp to the terminal radius Ry,. The bi-conical outflow,

shown in red, is defined by the orientation angle, ¢, and the opening
angle, o.

where vy is the wind velocity at the surface of the source (i.e., at Rsg), and v is the
terminal velocity of the wind at Ry,. Assuming a steady outflow rate, the density
and velocity are related by: n oc (vr?)~!. To solve the radiation transfer problem, we
adopt the Sobolev’s approximation (Ambartsumian, 1958; Sobolev, 1960). Provided
the velocity gradient, dv/dr, is large, an atom moving with respect to the source will
only absorb a photon at resonance with a transition line. Mathematically, we can
approximate the profile function of the optical depth as a delta function evaluated at
the Doppler shifted resonance frequency (Lamers and Cassinelli, 1999). In essence,
we have reduced the radiation transfer problem to a local problem and can now
decompose the outflow into thin spherical shells of a given radius, r, velocity, v, and
optical depth, 7(r, ¢). Here, ¢ is the angle between the velocity and the trajectory of
the photon. The optical depth is

e’ Nugi r/v
= — 1-— 2.2
) = T fudni(r) [ ng T 22)

where f,; and \,; are the osciallator strength and wavelength, respectively, for the

ul transition, and o = %ZEZ; — 1 (Castor, 1970). Assuming our density and velocity

field hold, and by neglecting stimulated emission (i.e., [1 — M} = 1), we get

N Gu
2
) = T v () @3)
2y+1
T o1 (v —Tol) cos? ¢ (RTSF) @4)
and
me? Rsk

70 = — fruMuno——, (2.5)
me Vo



where n;(r) = no (@)WH and ny is the gas density at Rgr. By allowing ~ to vary,
we will need to make a few slight modifications to several expressions presented
in Scarlata and Panagia (2015), who focus on the v = 1 scenario. For this reason,
we have placed a brief review of their procedure for multiple scattering of reemit-
ted photons in Appendix A along with our modifications. The observed spectrum
needs to be computed in terms of observed velocities, vys, Which, for a given shell, is
the projection of its intrinsic velocity onto the line of sight (i.e., vops = v cos §, where
¢ is the angle between the velocity at a given position and the line of sight). At each
Vobs, the observed spectrum is then computed accounting for all shells that absorb
and reemit at that observed velocity. For a single shell, regions of constant observed
velocity form rings in the plane of the sky. Within the outflow, surfaces of constant
vops can be formed by connecting all rings of the same observed velocity from neigh-
boring shells. An infinitesimal shell will absorb a fraction E(r) = 1 — e ") of
the emitted energy. For a spherical shell, this absorbed energy will be evenly dis-
tributed in terms of the observed velocities. (We will revisit this statement later
when we generalize to non-spherical outflow geometries.) e Absorption compo-
nent To compute the absorption component of the observed spectrum, we need only
concern ourselves with the portion of each shell in front of the source, as viewed on
the plane of the sky (i.e., in the hatched region). A given shell can only absorb in the
range of observed velocities between [v, vmip], Where vnin, is the component of the
velocity along the line of sight computed at { = 1. Setting y = v /vy, we compute:

Ymin = Umin _ ycosf (2.6)
0
_ y(v—l)/v(yﬂv _ 1)1/2' 2.7)

All shells with intrinsic velocity between vops and vy = vops/ cos 8 contribute to the
absorption at vyps. Setting © = vops/vo and y; = v1/vp , one can solve the following
equation to get y;:

v =y ) = o, (28)
Thus, the normalized absorption profile becomes

Y1 1 — e_T(y)

I(x)abs,blue =1- / 7(1217 (29)
max(x,1) Y — Ymin

where the lower bound of integration excludes the source. ¢ Emission component.
We have separated the emission profile into red shifted (positive velocity) and blue
shifted (negative velocity) components. For both profiles, half of the remitted energy
will be spread evenly from 0 to y. For a given v, in the red component, we exclude
contributions from all shells where the location of v, is blocked from the observer’s
tield of view by the source. Thus, only shells with intrinsic velocities from y; to
Yoo = Uoo/vo Will contribute to a given v,,s. The blue component will not be occulted,
hence, all shells, excluding the source, will contribute. The resulting normalized
profiles for the red and blue components are

I(x) / e, (2.10)
L )em,red = — . ay, .
Y1 2y



and

I() / oo (2.11)
L )em,blue = Y, .
max(x,1) 2y

respectively. The full P Cygni profile becomes

I(x) = I($)abs,blue + I(ﬂf)em,red + I(x)em,blue‘ (212)

In this formalism it is easy to account for an envelope that does not cover the full
source. We define f. as the wind covering fraction. We keep f. constant for all shells.
fe can be thought of as clumps or small holes in the wind uniformly distributed
across each shell — although the global fraction of energy absorbed by a shell is now
feE(T), the energy will still be evenly distributed. Lastly, we need to account for a
limiting, circular observing aperture of radius, Rap. Intuitively, one would expect
the emission component of the spectrum to be underestimated when the aperture
size is smaller than the wind. One can account for this by changing the range of
integration for each profile (Scarlata and Panagia, 2015), however, the same effect
can be accounted for by removing shells from the outflow using a scaling factor. We
define the aperture factor

Oap = O(Yap — [y?/7 — 22y /2y, (2.13)
where © is the Heaviside function:

0 if yap < [y2/7 — x2y2(1=7)/7]7/2
0:= (2.14)
1 otherwise.

Yap = Vap/Vo, Where vy, is the intrinsic velocity of the shell with radius Rap. This
scale factor will remove all shells that fall outside the aperture radius for a given, x.
For an explicit derivation of © 4p, we refer the reader to Appendix B. Finally, com-
bining the wind covering fraction, f., and the aperture factor, © 4p, the normalized
spherical (Sp) profiles are:

Y1 . 1— —7(v)
R g VST SN
max(x,1) Y — Ymin

+ /yoo ®AP*fC* (1 _e_T(y))dy (2 15)
Y1 2y
N /y"" Oap * fex (1 — B_T(y))dy
max(x,1) 2y

2.3 Bi-conical SALT Model

We have constructed a bi-conical outflow with the cones’ focal point positioned at
the center of the source in Figure 2.2. The cones are described by two parameters: «
and . « is the half opening angle for each cone. We will refer to « as the opening
angle. v is the overall angular displacement between the line of sight and the axis of
the cones. We will refer to ¢ as the orientation angle. A single shell of velocity v now
consists of the portion of a spherical shell that lies within the bi-conical outflow.
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We will refer to it as a bi-conical shell. A blue hatched section has been drawn to
indicate the new absorption region. To account for a bi-conical geometry, we must
consider how the energy absorbed by a given shell will be distributed in terms of
the observed velocities. For a spherical shell of velocity v the energy is distributed
uniformly between +v. This is demonstrated below and schematically shown in
the top left panel of Figure 2.3, which shows the emission line profile for a thin
spherical shell. Depending on the orientation and opening angle, a bi-conical shell
with velocity v may distribute the absorbed energy over a smaller observed velocity
range. In the remaining panels of Figure 2.3, we show how the line profile changes
for three bi-conical shells all with the same velocity v, but different orientations and
opening angles. In addition to not covering the full +v velocity range, the energy
is no longer evenly distributed. To see where the latter effect comes from, we first
show why the line profile of a spherical thin shell is flat between =+ v.

Following Beals (1931), we note that the energy absorbed by a band contour, or
ring of constant observed velocity (see Figure 2.4), will be proportional to the area of
the band, i.e.,

dI(veps)sp = (constant)rdf27r sin 6. (2.16)
Differentiating the observed velocity, vps = —v cos 0, we get
dvgps = wsinfdé. (2.17)
Hence,
dl(Vops) - _ constant, (2.18)
dvobs
and the energy is evenly distributed. =~ In the case of a bi-conical shell the band

contour will no longer be circular, i.e., at a given observed velocity, it will have an
arc length, I < 27rsin . Hence, with BC denoting the bi-conical case:

dI(veps)Bc = (constant)rdfl (2.19)
l
= dI(vops)Bc = mdl(vobs)Sp (2.20)
d1 (vobs) = d/ (vgps) : (2.21)
dvgbs Be dvgps Sp

where f, = [/2mrsinf. Thus, the bi-conical energy distribution can be obtained by
scaling the spherical energy distribution by a scale factor, f,. We call this scaling
ratio the geometric factor. Note that the arc length, [, is a non-trivial function of the
observed velocity, x, implying that the absorbed energy will no longer be evenly
distributed in terms of = as in the spherical case. We have provided an explicit
calculation of f, in Appendix C.

To conclude, the normalized bi-conical profiles are:
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FIGURE 2.3: Single shell emission profiles for various outflow geome-
tries, neglecting occultation from the source. Moving clockwise from
the upper left, a spherical shell will absorb and reemit energy inde-
pendently of vys. Thus the distribution is constant. To the right, we
consider a shell with an opening angle slightly less than a sphere,
oriented 45° away from the line of sight. At higher v, the shell be-
comes indistinguishable from a full sphere. Atlower v,,, a bump ap-
pears in the distribution because the back end of the shell has moved
between the source and the line of sight. Moving down, we consider
a shell with a small opening angle, oriented 45° away from the line of
sight. The distribution is greatly diminished, and only covers a small
range in veys. Finally, at the bottom left we consider an outflow with
a smaller opening angle, oriented along the line of sight. At large ob-
served velocities, the shell cannot be distinguished from the spherical
case, hence, the distribution is constant. The shell does not extend to
lower vops, and there is no energy reemitted at those velocities.

Y1 1— -7(y)
I()pe = 1_/ Oapx fgx(l—e )dy

max(x,1) Y = Ymin
+ / " Oarrfyr 1), 2.22)
Y1 2y .

/y°° Oap * fgx (1 - €_T(y))dy

max(x,1) 2y

2.4 Model Discussion

We begin the discussion by investigating how the geometry of the outflow (i.e., the
opening angle « and orientation angle v’) impacts the shape of the resonant line pro-
files. In Figure 2.5, we vary the orientation angle while the opening angle remains
fixed at 45°. We show the absorption and emission components of the profiles sep-
arately in the left and right panels of the Figure, respectively. As 1) increases, the
outflow covers a smaller fraction of the source, resulting in a smaller overall absorp-
tion. For large 1, the absorption is limited to small observed velocities, reflecting
the fact that the outermost shells (i.e., with the higher velocities) are not contribut-
ing to the absorption. For 1 = 90°, the outflow is oriented perpendicularly to the
line of sight, and the absorption is almost negligible. At this orientation the emis-
sion component is symmetric with respect to the systemic velocity (if we ignore the
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FIGURE 2.4: Band contours of constant observed velocity are shown

for spherical (left) and bi-conical (right) outflows. The geometric fac-

tor, f,, is defined as the fraction of an observed velocity contour from

a spherical shell overlapping the bi-conical shell. The overlap has arc
length ¢ and is shown in blue.

small occulting effect of the source). As 1) decreases and the outflow rotates towards
the line of sight, gas is no longer moving perpendicularly to it. Therefore the ree-
mission at zero velocity decreases, and a dip appears in the emission profile. The
dip broadens and the emission at larger observed velocities increases as the outflow
continues to move closer to the line of sight. Finally, it is important to realize that
for specific inclination/opening angle combinations of the bi-conical outflow, the
maximum velocity at which absorption occurs may largely underestimate the true
terminal velocity of the wind. This happens when the forward facing part of the
outflow is oriented in such a way that absorption no longer occurs at the terminal
velocity (e.g., when ¢ > «, if yéé” sin (¢p — ) > (£ = 1)). For these orientations, vmax
only reflects the outflow geometry and orientation.

2.4.1 Line Profiles for Bi-conical Outflows

We consider the opposite scenario in Figure 2.6, where we vary the opening angle
and keep the orientation angle fixed at 45°. For a = 90°, the geometry is spheri-
cal and the profiles are the same as presented in Scarlata and Panagia (2015). As «
decreases, the outflow decreases in overall size, covering a smaller fraction of the
source, leading to a smaller overall absorption component. For small «, absorption
occurs only at lower velocities because the shells at larger velocity are no longer in
front of the source. In the right panel, we see that for o < 90° — 1), material no
longer moves perpendicular to the line of sight, resulting in an overall decrease in
emission at zero observed velocity. The emission dip will broaden as a continues
to decrease as fewer shells contribute at low velocities. Similar to Figure 2.5, the
asymmetry between the blue and red emission components is due to occultation by
the source. The full P Cygni profile (i.e., absorption + emission) for variable ori-
entation angle and variable opening angle are shown in the left and right panels of
Figure 2.7, respectively. These figures show that the apparent absorption component
is decreased as a result of the infilling by the blue emission. However, many of the
same features from the previous discussion are still visible including the emission
dip. Observing such a feature would be strong evidence for a bi-conical outflow
(Bae and Woo, 2016). We consider the effects of varying the velocity power law
index, v, in Figure 2.8, where we consider the spherical and bi-conical outflows in
the left and right panels, respectively. In calculating the profiles we only change the
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FIGURE 2.5: The opening angle, a, has been fixed at 45°. The ori-
entation angle, v, ranges from 0°, or along the line of sight, to 90°,
or perpendicular to the line of sight. As ¢ increases, the outflow is
oriented away from the line of sight, resulting in fewer shells con-
tributing to the absorption (left) and a diminished profile. As ¢ de-
creases, more emission (right) occurs at higher velocities because the
outflow is no longer perpendicular to the line of sight. For small
1 a dip will appear as no absorption occurs near zero velocity. For
larger values of 9, the outflow will be oriented perpendicular to the
line of sight and a peak in emission will now occur near zero ve-
locity. (The remaining parameters used to generate the profiles are:
70 = 330,7 = 1,99 = 25 km/s, vy, = 450 ki /s.)

value of . In both the spherical and bi-conical cases, the strength of the absorption
at high observed velocities increases with ~. This is because, as 7y increases, the ter-
minal velocity (which is constant in all models) is reached at progressively smaller
distances, i.e., at progressively larger densities — resulting in stronger absorption for
larger . Consequently, the stronger absorption is reflected in a stronger re-emission
component. In the bi-conical geometry two effects are responsible for the observed
line profile: 1) how quickly the density grows with respect to the velocity field, and
2) how much of the wind contributes to the emission at a given observed veloc-
ity. The first effect is controlled by v and 7. The second effect is controlled by the
geometry/orientation of the outflow and v — which define the surfaces of constant
observed velocity (see Figure B.1 in Appendix B).

2.4.2 Effects of Aperture and Covering Fraction

Spectroscopic observations are typically conducted with an aperture of finite size,
which may cover only part of the scattering envelope. The shape of the resulting line
profile will depend on the shape of the aperture, and on the relative sizes of the aper-
ture and the envelope. We explore here the effects of circular apertures. We show
the results for spherical and bi-conical outflows in Figure 2.9, left and right panels,
respectively. The opening angle of the bi-conical outflow is fixed at 45° and the out-
flow is oriented parallel to the line of sight. As expected, for apertures smaller than
the terminal radius of the wind, i.e., for Rap < Ry, the overall emission decreases,
for both the spherical and bi-conical models. The shape of the profile also changes,
i.e., the decrease in emission is not a simple scaling factor. This velocity dependence
is introduced by the fact that smaller apertures progressively block photons scat-
tered by regions with different projected velocities. This effect can be clearly seen in
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FIGURE 2.6: The orientation angle, 1/, has been fixed at 45°. The open-
ing angle, «, ranges from 22.5°, or almost closed (little wind), to 90°,
which returns the spherical model. As « decreases, shells will cover
a smaller fraction of the source, resulting in a diminished absorption
profile (left). For small o, A dip in emission (right) occurs near zero
velocity when « is small enough such that the outflow is no longer
perpendicular to the line of sight. (The remaining parameters used
to generate the profiles are: 70 = 330,7 = 1,v9 = 25km/s,voo =
450 km/s.)
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FIGURE 2.7: Resonant line transitions. In the left display, the opening
angle, o, has been fixed at 45°. The orientation angle, ¢, ranges from
0°, or along the line of sight, to 90°, or perpendicular to the line of
sight. For smaller values of v, more emission occurs at higher veloci-
ties and less emission occurs near zero velocity. This is expected given
the orientation of the outflow. For higher values of v, a peak in emis-
sion occurs near zero velocity, reflecting that the outflow is oriented
perpendicularly to the line of sight. In the right display, the orienta-
tion angle, 1), has been fixed at 45°. The opening angle, a, ranges from
22.5°, or almost closed (i.e., almost no wind), to 90°, which returns the
spherical model. A deficit in emission occurs near zero velocity when
o is small, reflecting the fact that the outflow is no longer perpendic-
ular to the line of sight. (The remaining parameters used to generate
the profiles are: 7y = 330,y = 1,vp = 25 km/s, voo = 450 km/s.)
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FIGURE 2.8: Velocity fields of power law index ~ for spherical (left)
and bi-conical (right) outflows. The bi-conical outflow used has ge-
ometry (a, ) = (45°,45°). As v increases, the terminal velocities are
reached at progressively smaller distances and progressively larger
densities, which results in stronger absorption for larger . For the
bi-conical outflow, both how quickly the density grows with respect
to the velocity field and the geometry will affect how much absorp-
tion/reemission occurs at a given observed velocity. (The remain-
ing parameters used to generate the profiles are: 79 = 330,v9 =
25 km/s, voo = 450 km/s.)

2.5

2.0

0.5

0.0

FIGURE 2.9: Limiting, circular, observing aperture.

Spherical

Aperture

\

| | |
P L AN

I/I

-400

-200

200

v [km/s]

400

2.5

Bi-conical

2.0

15

1.0

0.5

0.0

\

Rar _
Ry

Rap
Ry
Rar _

B _
T

Olm Wl

=l

-400

-200

0 200
v [km/s]

The ratio

Rap/Rw represents the fraction of the outflow (Ry/) within a cir-

cular aperture (Rap) centered on the source. At Rap/Rw =
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the aperture is the same size as the source, i.e., Rap = Rgp. The
spherical model is shown to the left. As R4p decreases, the emis-
sion profile diminishes rapidly. To the right is the bi-conical model
with @ = 45° and ¢y = 0°. As Rsp decreases, the emission pro-
file begins to diminish, however, the effect is less prominent com-
pared to the spherical model. The majority of the wind lies along
the line of sight and is not eminently affected by the decreasing aper-
ture. (The remaining parameters used to generate the profiles are:
7o = 330,7 = 1,09 = 25 km/s, voo = 450 kin/s.)
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FIGURE 2.10: Spherical model with a constant covering fraction, f.
In the left display, we vary the covering fraction. For f, = 1, there
are no holes/clumps in the wind and we recover the fiducial model.
For f. = .2, almost the entire wind has been removed leaving behind
mostly continuum. Reducing f. diminishes both the emission and
absorption components. This is distinguishable from the effect of re-
ducing the aperture, which reduces only emission. To the right, we
fix f. = .5, and allow the optical depth, 7, to vary as a multiple of
Tp. Increasing 7 does lead to saturation in absorption like one usu-
ally expects, however, f. will always leave a portion of the source
uncovered, resulting in absorption components which do not reach
zero. (The remaining parameters used to generate the profiles are:
7o = 330,v = 1,09 = 25 km/s, voo = 450 km/s.)

the bi-conical case example shown in Figure 2.9, where photons emitted by regions
at progressively smaller projected velocities are blocked. Smaller apertures also help
to reduce the contribution of the blue component of the scattered re-emission to the
absorption profile (effect known as "in-filling", e.g., Prochaska, Kasen, and Rubin,
2011; Martin et al., 2012; Erb et al., 2012).

Recent works have advocated a covering fraction (f.) smaller than unity for the
neutral outflowing gas (Rivera-Thorsen et al., 2015; Jones et al., 2013). We have ex-
plored this possibility in Section 2.1, where we computed the profiles generated in
a spherical outflow with varying f.. The resulting line profiles are shown in Fig-
ure 2.10, left panel. The effect of a decreasing covering fraction is to reduce both the
absorption and the scattered re-emission components. This effect is distinguishable
from the changes introduced by different sized apertures, which act only to reduce
the emission component (leaving the absorption untouched). A bi-conical outflow
effectively covers only a fraction of the emitting source. The profiles resulting in
the two cases (spherical with f. # 1 and bi-conical), however, can clearly be distin-
guished, by the shape of the emission profile (e.g., the dip in the emission component
at zero projected velocities, see Figure 2.7) and the ratio between the areas of the ab-
sorption and emission components. In the right panel of Figure 2.10, we fixed the
covering fraction to f. = .5 and explore how changing the optical depth, 7y, changes
the shape of the resulting profile. As the absorption saturates, i.e., e™” — 0in I /Iy,
the fraction of energy absorbed by a single shell E(v) — f.. The maximum possible
depth of the absorption dip becomes 1 — f. because a portion of the source always
remains uncovered, allowing radiation to pass undisturbed directly to the observer.
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FIGURE 2.11: Map of the ratio Rgw = %, where Agpg is

the area below continuum, taken to be negative, and Ag;, is the area
above continuum, for winds of geometry with opening angle, «, and
orientation angle, 1. Winds with larger values of ¢ are oriented away
from the line of sight and become dominated by emission (Rgw = 1)
for all but the largest values of . In contrast, winds with smaller val-
ues of 1 are aligned with the line of sight and become dominated by
absorption (Rgw = —1) for all but the largest values of a. Geometries
approaching equivalent emission and absorption areas (Rgw = 0)
include the spherical wind, i.e.,, & = 90°, where a« = 1, and where
a = 0 (by definition). (The remaining parameters used to generate
the profiles are: 7o = 330,y = 1,v9 = 30 km/s, voo = 500 km/s.)

2.4.3 Equivalent Widths and Blue Emission In-fill

We next quantify the effects of the geometry on the ratio between the absorption
and emission equivalent widths (EWs) of the model profiles. To do so, we directly
compare the area produced by the light profile below the continuum, A 4gg, to the
total area above the continuum, Agj; (which includes both the red and blue emission
components). A4pg is defined to be negative. To study the effect of the emission on
the absorption profile as a function of the outflow geometry («, 1), we compute the
ratio Rgw as follows:

Aaps + Aem

= 2.23
|Aaps| + Aem (2.23)

Rew

The value of Rgy for different values of a and v is shown in Figure 2.11. In the
spherical case, while ignoring occultation from the source, one would expect the
profile to have equal absorption and emission EWs, or Rgyw = 0 (e.g., Prochaska,
Kasen, and Rubin, 2011). This is not always the case for bi-conical outflows. When
viewed perpendicular to the line of sight (i.e., large values of 1), a bi-conical outflow
heavily favors emission, (Rgw =~ 1), for all but the largest values of «. In contrast,
when viewed directly along the line of sight (i.e., small values of 1), the bi-conical
outflow favors absorption, (Rgw ~ —1), for all but the largest values of . When the
edge of the cone is aligned with the line of sight (i.e., « < 90° and o = ¢) a large frac-
tion of the source remains uncovered and the profile tends to have Ry ~ 0. Small
changes in either the orientation or the opening angles have large effects on Rgy in
this regime.  In addition, we also investigate how the outflow geometry directly
affects the blue shifted emission in-filling of the absorption component in a P Cygni
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FIGURE 2.12: Map of the quantity 2¥<2(IN) for ratio Ryy =
Apm\ABs
AaBs\EM
ing the absorption component, and A 45\ g is the absorption area,

excluding the emission component. Winds with larger values of 1

are oriented away from the line of sight and become dominated by

emission (R;ny >> 1) for all but the largest values of «. In contrast,

winds with smaller values of 1) are aligned with the line of sight and

become dominated by absorption (R;n << 1) for all but the largest

values of a. (The remaining parameters used to generate the profiles
are: 7o = 330,7 = 1,v9 = 30 km/s, voe = 500 kim/s.)

, where Apyn aps is the blue shifted emission area, exclud-

profile by allowing the geometry to vary while holding the remaining parameters
constant in our models. We isolate the emission and absorption components, and
consider the ratio:

_ Apwm\ass

Rin (2.24)

- )
AABS\EM

where A\ aps is the blue shifted emission area, excluding the absorption compo-
nent, and A 4pg\ gy is the absorption area, excluding the emission component. For
Rin << 1, there is barely any blue emission in-filling the absorption component
of the profile. These outflows are characteristically oriented along the line of sight
and have smaller opening angles. For R;y >> 1, the profile is dominated by the
emission component, and little to no absorption is visible in the profile. Such out-
flows are oriented away from the line of sight and have smaller opening angles. The
later scenario is dramatically different from the blue emission in-filling present in
spherical outflows, and unique to bi-conical outflows. As pointed out by Zhu et al.
(2015), the blue emission in-fill can never dominate the absorption component in a
spherical outflow. Ultimately, the exact value of the ratio R;x will depend on all of
the parameters mentioned in this paper, and additional factors such as multiple scat-
tering, i.e., photons reemitted outside the resonant channel, but arguably the most
important factor affecting R,y is the geometry. We have plotted (2/7)*arctan (R;y)
in Figure 2.12 to map the range of the ratio R;x between zero and one. It is impor-
tant to note that Ry cannot be directly observed, for the blue infill and absorption
areas will be combined in a P Cygni profile, i.e., Apapaps + Aaps\ea- Therefore,
only Figure 2.11, not Figure 2.12, can be compared to observations. However, the
blue shifted emission infill can be separated from the true absorption component
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using Ry, from Figure 2.12, if model fits can sufficiently constrain the geometry of
the outflow and the observed P Cygni profile. In the next section, we explore how
reliably the outflow parameters can be recovered in simulated data.

2.5 Model Fitting

In this Section, we explore the accuracy at which the outflow parameters are recov-
ered using spectral fitting procedures. To this aim, we created a set of 50 simulated
spectra, with a range of randomly chosen input parameters. Our model is described
by six parameters: the opening angle, a, the orientation angle, 1, the power law
index of the velocity field, v, the optical depth, 7,, the initial velocity, vy, and the
terminal velocity, v.. We generated the spectra by selecting parameters uniformly
from the following parameter ranges: 20° < a < 90°, 0° < ¢ < 90°, .5 < v < 4,
.01 <715 <100,2 < wvp <80 km/s, and 200 < vy, < 800 km/s. In order to reproduce
actual data, we added Gaussian noise to the simulated spectra, to reach a signal to
noise ratio of approximately 10 in the normalized continuum (Henry et al., 2015).
To derive the best fit parameters for the model, we used the emcee package in
python (Foreman-Mackey et al., 2013), which relies on the Python implementation
of Goodman’s and Weare’s Affine Invariant Markov Chain Monte Carlo (MCMC)
Ensemble sampler (Goodman and Weare, 2010). The emcee analysis returns proba-
bility distributions (PDFs) for each parameter. Because many of the PDFs are asym-
metric, the best fit parameters were chosen to represent the most likely value (i.e.,
the mode) for a given parameter’s PDF. Similarly, we chose the median of the abso-
lute deviation around the mode (MAD) to describe the width for each distribution
(and use this value as an estimate of the error associated with each parameter).

2.5.1 Discussion of Returned Parameters From Model Fitting

Figures 2.13, 2.14, and 2.15 show the comparison between the input parameter val-
ues (on the horizontal axis) and the recovered values (on the vertical axis). For clar-
ity, we have organized the simulations according to orientation. In general, the pa-
rameters describing the geometry of the outflow (o,1)) are the best constrained. The
accuracy with which we derive the velocity and optical density parameters depends
on the inclination of the cone with respect to the line of sight. The highest accu-
racy is reached for 30° < ¢) < 60°. These profiles are characterized by having both
a strong emission and absorption component visible in the spectra, simultaneously
providing constraints on the geometry, the velocity and the density of the scattering
gas. When the cone is oriented almost perpendicularly to the line of sight (i.e., for
¥ > 60°), and for small opening angles, the profiles are dominated by the emission
component. Additionally, the limited absorption present in these profiles is limited
to material close to the emitting region, with low velocity and high density. Shells
at higher velocities no longer contribute to the absorption — limiting their diagnostic
power. In these cases, the terminal velocity v, is not well constrained (i.e., measured
with large uncertainties) and it is typically underestimated. This is because v, has
little effect on the emission component. Moreover, v itself appears to be overesti-
mated. As demonstrated in Section 4, ¢ acts to control the position of the emission
component and a large change in v results in a small shift in the actual profile in
terms of the observed velocities. This minuscule effect is difficult to detect with low
signal-to-noise data.
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FIGURE 2.13: Returned parameters for the bi-conical model with ori-
entation angle 0° < 9 < 30°. The true value for a given parameter
has been plotted along the horizontal axis while the best fit, or mode
of the PDF, has been plotted along the vertical axis. The solid orange
lines represent a perfect match between the true value and best fit.
The top error bar represents the upper estimate of the median of the
absolute deviation around the mode, and the bottom error bar rep-
resents the lower estimate of the median of the absolute deviation
around the mode. These outflows are oriented along the line of sight.
For sufficiently small opening angles, «, these profiles are character-
ized by a large absorption dip and a small emission spike. We have
traced a profile that was drastically underestimated in v., by coloring
it red. The corresponding profile is shown in Figure 2.16.
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FIGURE 2.14: Returned parameters for the bi-conical model with ori-
entation angle 30° < ¢ < 60°. The true value for a given parameter
has been plotted along the horizontal axis while the best fit, or mode
of the PDF, has been plotted along the vertical axis. The top error bar
represents the upper estimate of the median of the absolute deviation
around the mode, and the bottom error bar represents the lower esti-
mate of the median of the absolute deviation around the mode. These
profiles are characterized by having both strong absorption and emis-
sion components.

800

T&ﬂ: f

t

75

¢out

25

25 75 25 50 75

100

80 |-

1L 60 |

Vo out

0 a0}

20 -

20 40 60 600

Voin

102 103

Toin Usoin

FIGURE 2.15: Returned parameters for the bi-conical model with ori-
entation angle 60° < ¢ < 90°. The true value for a given parameter
has been plotted along the horizontal axis while the best fit, or mode
of the PDF, has been plotted along the vertical axis. The top error bar
represents the upper estimate of the median of the absolute devia-
tion around the mode, and the bottom error bar represents the lower
estimate of the median of the absolute deviation around the mode.
These outflows are perpendicular to the line of sight. For sufficiently
small opening angles, «, these profiles are characterized by a small (if

visible) absorption dip and a large emission spike.
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FIGURE 2.16: Mock profile (red), true value (black), and best fit (blue)
for the red colored marker in Figure 2.13. The grey area represents
plus or minus the error at each observed velocity. Here, the outflow
is oriented toward the observer (v < 30°), and confined to the ab-
sorption region. Hence, the profile is dominated by an absorption
dip with little to no visible emission. It is difficult for the model to
find the correct terminal velocity, for the maximum velocity at which
absorption occurs can easily succumb to the signal to noise.

When the cone is parallel to the line of sight, the parameters are typically well
recovered, albeit with a larger uncertainty. We have selected one case, with dras-
tically underestimated v.,. The profile is plotted in Figure 2.16 and the simulation
results are highlighted by the red point in Figure 2.13. It is easy to see that, because
of the low column density of this particular example, the true velocity range of the
absorption component has been lost due to the low signal-to-noise, resulting in an
underestimate of V.

2.6 Conclusion

In this chapter we have presented and discussed an extension to the SALT model
presented in Scarlata & Panagia (2015), to calculate the expected absorption and re—
emission line profile generated in a bi-conical outflow surrounding a galaxy with
a finite size (Rgr), under the Sobolev approximation. We parametrize the outflow
with the opening angle a and the inclination with respect to the line of sight. Sim-
ilar to our previous work, we computed the analytical profiles for a gas velocity
increasing with distance from the galaxy (v oc 77), and a constant mass outflow rate
(ny(r) o< (vr?)~1).  We analyzed the effects of the wind geometry on the line pro-
files, and compared to the simpler spherical model, with constant covering fraction,
fe. The resulting profiles vary substantially. Depending on the orientation, the pro-
file can vary from pure absorption (i.e., small o and ) to pure emission (for large
1 and small «), with a range of P Cygni-like profile shapes in between. We have
studied how the ratio between the EW of the emission and absorption components
changes with the outflow geometry. We used simulated spectra to study the ac-
curacy and degeneracies in recovery of the outflow parameters from fitting models
to the data. We show that for a typical S/N ratio of ~ 10 in the continuum, the ge-
ometry can be accurately reproduced. The velocity field (described by vy, v, and
7) is better constrained when the terminal shell of the outflow intercepts the line of
sight, producing absorption at v. If this is not the case, then the maximum velocity
remains largely unconstrained by the resulting absorption profiles. This fact has an
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interesting consequence. Because the outflows will be distributed randomly in the
sky, one would expect that for many of them gas moving at v, will not necessarily
contribute to the absorption component. Consequently, one would expect to find
only weak correlations between the maximum velocity of absorption and galactic
properties, as found by Martin et al. (e.g., 2012).

To conclude, by simultaneously modeling the resonant absorption and the as-
sociated resonant emission, the line profiles computed with our SALT model can
be used to constrain the real 3-dimensional geometry and orientation of gaseous
outflows, their density field and the velocity structure within the winds. This infor-
mation can be used to constrain the wind launching mechanism, to ultimately shed
light on SF driven feedback.
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Chapter 3

Fitting to Green Pea Galaxies

3.1 Introduction and Data

In this chapter, we fit the SALT model developed in Chapter 2 to galactic data. We fo-
cus on individual atomic spectra as opposed to stacked data sets (Scarlata and Pana-
gia, 2015). This will allow us to identify individual outflow geometries. Our data
set consists of ten extremely high equivalent width emission line galaxies, known as
‘Green Peas’, originally selected from the Sloan Digital Sky Survey (SDSS) catalog by
Cardamone et al. (2009). These ten galaxies were previously analyzed in the work
of Henry et al. (2015) to study Ly« emission. We refer the reader to this paper for a
more in depth overview of the data selection process and only provide the relevant
details here. Observations were made using the Cosmic Origins Space (COS) spec-
trograph — aperture diameter 2.5” — aboard the Hubble Space Telescope (HST). The
spectra were obtained in the far ultraviolet regime (FUV: X 1340 — 1790A) across two
different diffraction gratings, G130M and G160M, spanning 950 — 1450A for nine of
the ten galaxies. For Galaxy 1424+4217, the G160M observation failed. The galaxies
are compact and do not fill the COS aperture ( 200 km/s). Hence, they have a better
resolution. The resolution for each grating was obtained from a line spread function
(LSF). The FWHM of the LSF for G130M (G160M) corresponds to 25 (30) km/s for
typical Green Peas and 37 (46) km/s for galaxy 1244+0216. Spectra obtained from
both gratings are shown for galaxy 0303-0759 in Figure 3.3. Spectra for the remain-
ing nine Green Peas can be obtained from Henry et al. (2015). For more information
regarding the Green Peas see Tables 3.2 and 3.3. Throughout this chapter, we will
assume the standard Big Bang cosmology, i.e., H = 70 km/s/Mpc, )y = .3 and
Qp =.7T.

3.2 Data Fitting

The spectra were binned by 10 native COS pixels into one to reduce signal-to-noise
(S/N) and mitigate the effects of correlated noise. We performed a linear fit to ad-
jacent flux values near emission and absorption features, making sure to avoid the
features themselves, to establish the continuum for normalization. Errors were taken
from Henry et al. (2015). Our aim is to fit to transition lines in the Si II ion. In par-
ticular, we will fit to the A1190.42 and 1193.28A Si II doublet. Both of these transi-
tions have a fluorescent channel, i.e., once a photon is absorbed there is a probability
that the electron can decay into an excited ground state, resulting in reemission at
a higher wavelength. The relevant fluorescent lines are 1194.5 and 1197.39 for the
A1190.42 and 1193.28A transitions, respectively. A schematic for the Si IT doublet is
provided in Figure 3.2. The atomic information is provided in Table 3.1. To ac-
count for the fluorescent channel, we invoke the procedure for multiple scattering
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discussed in Appendix A. The profile used for fitting with multiple scattering (MS)
becomes

v Oup * fyx (1 —e W)

Iahnows = 1- | dy
max(x,1) Y — Ymin
Yoo FZ 1— —7(y)
+ / *@Ap*f;*( ) 4y 3.1)
Y1 Y
N /yoo Fi*@Ap*fg*(l—e*ﬂy))dy’
max(x,1) 2y

where F; = Fp/Fp for the fluorescent/resonant channel, respectively. The red and
blue emission component will now be distributed between both the resonant and
fluorescent transition.  Our fitting procedure is identical to the one proposed in
Chapter 2 and we have assumed the same parameter ranges. The velocity at the
aperture radius, v,,, was determined using the ratio of the COS aperture radius,
RAp,i.e., the distance spanned by 1.25” at the angular diameter distance appropriate
to each galaxy, with the Petrosian radius Rp (Petrosian, 1976). The ratio was then
scaled by vy using the velocity field:

gl
Vap = Vo <}zf> . (3.2)

The best fit parameters and associated errors are provided in Table 3.4. The fits
themselves are shown at the end of the Chapter. An emblem representing the best
fit geometry has been provided in the upper left corner of each plot. The light blue
features in the spectrums of galaxies 0303, 1133, and 1219 are known Milky Way
contaminants have been removed from all model fits.

3.3 Conclusion

Galaxy 1137 represents the strongest case for a bi-conical geometry. The spectrum is
characterized by very strong absorption features — almost reaching zero across the
spectrum — and mild to weak emission features. Profiles with these characteristics
are typical of galaxies observed face-on, which is supported by the best fit param-
eters: (a°,1°) = (64°,1°). The only alternative explanation for such a profile is a
spherical outflow with an aperture which fails to recover the full extent of the wind,
resulting in a diminished emission component. However, the recovered initial veloc-
ity, v, and velocity power law index, v, along with the associated Petrosian radius,
Rp, suggest that this is not the case. Many of the galaxies favor an edge-on view,
or a = 1) geometry. Galaxy 1424 — (a°,9°) = (72°,72°) —is a strong example. In this
scenario, a portion of the source always remains uncovered by the wind, allowing
radiation to pass undisturbed directly to the observer. In these profiles, the depths
of the absorption wells will not reach zero. For large enough «, the EWs associated
with the absorption and emission components will be equal. Both of these character-
istics can be explained by a spherical outflow with a constant covering fraction less
than unity. Due to the frequent occurrence of these geometries, we expect that this
is a more probable explanation for these galaxies. Realistically, both effects are likely
at play. With improvements in our data fitting algorithm, we may be able to fit to the
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FIGURE 3.1: COS G130M + G160M spectrum of the Green Pea galaxy
0303-0759. Gaps in the spectrum demarcate the wavelengths be-
tween the COS FUV A and B segments. Red markers indicate the
expected locations of ISM features in the Green Peas and blue la-
bels show stellar features. Black vertical lines indicate Milky Way
features, whereas @ symbols mark geocoronal emission. This sight
line contains damped Milky Way Ly« absorption, apparent around
Aest ~ 1042 A. Figure was taken from Henry et al. (2015).
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FIGURE 3.2: Si II doublet. (Figure taken from Scarlata and Panagia
(2015).)
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covering fraction along with the geometry, but at the present we are limited by com-
putation time. An improved signal-to-noise may also help break the degeneracies.
In the future, we plan to use the recovered parameters, including the geometry, to
calculate galactic properties (e.g., mass outflow rate) for the Green Peas.
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TABLE 3.1: Atomic Data for Si II and Si Il ions. Data taken from the
NIST Atomic Spectra Database®.
Ion Vac. Ay ful E — E, g1 — Gu Lower Upper
Wavelength Level Level
A st eV Conf., Term,]| Conf.,Term,]
Sill 1190.42 6.53 x 2.77 x| 0.0 —10.41520 2 -4 | 3s23p2P%1/2| 3s3p?2P3/2
108 107!
1193.28 2.69 x 5.75 x | 0.0 —10.39012 2 -2 | 3s23p2P%1/2| 3s3p?2P1/2
10° 107!
1194.50 3.45 x 7.37 x 0.035613 — 4—4 | 3s23p2P%3/2| 353p?2P3/2
10° 107! 10.41520
1197.39 1.40 x 1.50 x 0.035613 — 4-2 | 3s23p2P"3/2| 3s3p?2P1/2
10° 1071 10.39012
1260.42 2.57 x 1.22 0.0 —9.836720 | 2—4 | 3s23p2PY1/2| 3s23d2D3/2
10°
1264.73 3.04 x 1.09 0.035613 — 4—6 | 3s23p2P"3/2| 3523d2D5/2
10° 9.838768
@ http:/ /www.nist.gov/pml/data/asd.cfm
TABLE 3.2: Green Pea Galaxies 1
Galaxy Wi, Ho/Hg | E(B—V)gas |log(Lu,/ergs™1)] SFR Log M/My| 12+1og(0/H) | Mruv | B | Ruv
(A) (mag) (Moyr™) (mag) | B | (kpc)
0303-0759 670 2.78 0.00 42.24 7.6 8.89 7.86 -20.35 - 0.8
2.23
1244+0216 840 3.10 0.07 42.78 26.2 9.39 8.17 -20.32 - 2.6
1.70
1054+5238 400 3.15 0.08 42.71 224 9.51 8.10 -21.31 - 13
1.94
1137+3524 580 3.08 0.06 42.58 16.8 9.30 8.16 - - 1.8
20.56 | 1.78
0911+1831 420 3.50 0.17 42.68 21.1 9.49 8.00 -20.56 - 1.1
1.82
0926+4427 610 3.20 0.10 42.49 13.6 8.52 8.01 -20.58 - 1.0
1.98
1424+4217 1100 3.01 0.04 42.57 16.5 8.08 8.04 -20.40 - 1.0
1.90
1133+6514 300 2.90 0.01 42.02 4.6 9.04 7.97 -20.40 - 19
1.93
1249+1234 670 3.09 0.07 42.50 13.8 8.79 8.11 -20.25 - 1.8
1.82
1219+1526 1270 2.87 0.00 42.43 119 8.09 7.89 -19.94 - 0.7
1.65




TABLE 3.3: Green Pea Galaxies 2
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Galaxy RA DEC z E(B—V)mw | Rest Wavelength G130 G160
Coveorrage Exposure Exposure
(J2000) | (J2000) (mag) (A) (s) (s)
0303-0759 0303 0759 | 0.164887 0.0877 975 - 1515 2190 3829
21.41 23.2
1244+0216 | 1244 0215 | 0.239420 0.0213 945-1430 2042 6507
23.37 404
1054+5238 | 1053 5237 | 0.252645 0.0132 910-1425 824 2736
30.80 52.9
1137+3524 | 1137 3524 | 0.194396 0.0161 965-1505 1264 2340
22.14 26.7
0911+1831 | 0911 1831 | 0.262236 0.0248 900-1435 2074 6530
13.34 08.2
0926+4427 | 0926 4427 | 0.180698 0.0165 970-1505 5640 6180
00.44 36.5
1424+4217 | 1424 4216 | 0.184800 0.0094 965-1220 1209 0
05.72 463
1133+6514 | 1133 6513 | 0.241400 0.0097 945-1430 1232 4589
03.80 414
1249+1234 | 1248 1234 | 0.263403 0.0252 900-1425 1644 6372
34.63 02.9
1219+1526 | 1219 1526 | 0.195614 0.0239 965-1505 716 2304
03.98 08.5
@ Failed Observation
TABLE 3.4: Best Fits with o and
Galaxy a (deg) | ¢ (deg) v To vo (km/s) | vy (km/s) | vap (km/s)
0911+1831 Mode 78, 6317 1273 L7TG 7ty 550737 98
0303-0759 39%9 3177 170 1 033, 31718 708 F X 394
1054+5238 4577 4675 0.770% | 043, 22772 175 53
0926+4427 5173 5573 1.8707 3538 117 951120 129
1244+0216 90097 | 837% 20,004 14%% 1512 270727 301
1137+3524 64712 1+1) 1.4%2 19730 552 7117118 30
1424+4217 727 72HL 0.7+32 0.8T13 47+ 694 75L 127
1249+1234 877 87 1.0793 117% 1578 757 44
1133+6514 39F17 55758 | 05700 | 0303, 52+ 2867380 86
1219+1526 1674 2079 2.00% 272 25T 729 5% > 729
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Appendix A

Multiple Scattering

Here we review the method of multiple scattering by Scarlata and Panagia (2015).
Once a resonant photon is scattered /absorbed it will have a probability of getting re-
absorbed /re-scattered by local ions. We define the escape probability 3 of a photon
from a shell of velocity v to be the probability that a photon is scattered /absorbed at
resonance per mean free path, i.e.,

_ —7(v)
g=lze ™ (A1)
-

Once a photon is scattered, it will have a probability pr of being re-emitted via the
fluorescent channel and a probability pr of being re-emitted via the resonant chan-
nel. Because of the Sobolev approximation, a photon emitted via the fluorescent
channel will escape the outflow and make its way to the observer. Of the fraction
pr, a fraction 1 — 3 of photons will be absorbed again before they escape the shell.
Accordingly, some of these photons will enter the resonant channel and some the flu-
orescent channel. The process repeats itself iteratively. The final fraction of photons
entering the fluorescent channel becomes

Fp(r) = pr/[L = pr(1 = B)]; (A2)
and the final fraction entering the resonant channel becomes
Fg(7) = Bpr/[l — pr(1 - B)]. (A.3)

After each scattering, the optical depth will depend upon the velocity and the
new trajectory of the scattered photon. To account for this, we take 3 in expressions
A.2 and A.3 averaged over the 2-sphere,

][BdQ = % /Bd(cos 0)de. (A4)
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Appendix B

Observing Aperture

To account for a limiting, observing aperture we need to make precise when a shell in
an outflow will no longer contribute to the observed spectrum. For a given v,;s, we
define the curve of constant observed velocity, I', to be the intersection of the surface
of constant v,ps with the {s-plane. We have plotted I for several velocity fields of
different power law index « to the right in Figure B.1. Shells that intersect I" outside
of the aperture radius, p4p, will no longer contribute to the observed spectrum at
Uobs-

We seek to parameterize I' in the {s-plane. To this end, we consider the generic
problem of identifying the curve of constant observed velocity between two shells
of known position in a velocity field of arbitrary power law as defined in Section 2.
Let p1,v1 and p2, v2 be the radii and velocities, respectively, for two separate shells
such that ps > pi. See Figure B.1. Finding the equivalent observed velocity to v; at
p2, we get

v1 = wgcosh (B.1)
¥
— cosh = L= <p1> . (B.2)
V2 P2

We want to exclude all shells along the curve of constant observed velocity that
fall outside the aperture radius, pap, hence, we seek the location of constant ob-
served velocity in terms of position. Using the angle determined from the velocity
field, we define a triangle in terms of the radius, p2, such that p%s + p%5 = p%, where
p2,s = p2cosB and py ¢ = posinf are the horizontal and vertical components of the
triangle, respectively. Moreover,

Prs <p1>7 (B3)
P2 P2
= pos = pipy . (B.4)

Hence, the vertical component becomes

pre =3 — p 3 T2, (B.5)

Thus, the parameterization of I in the {s-plane becomes

T=(&s) = (pipy I3 —n s V12 (B.6)
= (zyI 217 — g2y 2012 (B.7)
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FIGURE B.1: On the left are concentric shells of radii p; and p, at ve-
locities v, and v, respectively. The orange regions are excluded by
an aperture of radius p4p. For a shell of velocity v;, the equivalent
observed velocity for a shell with larger radius, ps, is defined by the
expression, v; = v cosf. We want to find this location in terms of
position, hence, we use the angle # to construct a right triangle in
terms of the radius, py, ie., p3 = p3, + pg,g, where ps s = pacosf
and ps ¢ = pa2sind are the horizontal and vertical components of the
triangle, respectively. A shell will be excluded by the aperture if the
location of constant observed velocity lies outside the aperture radius,
ie. pa¢e > pap. To the right are curves, I, of constant observed ve-
locity, vops, for velocity fields of different power law index, v, drawn
overtop a bi-conical outflow shown in red. These curves represent
where the surfaces of constant observed velocity intersect the plane
of the diagram. If a shell intersects the curve, it will contribute to the
spectrum at the observed velocity defining I'.
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where in the last expression we have converted back into velocity and expressed the
generic quantities in terms relevant to the paper. Thus, following along the curve of
constant observed velocity for a shell of radius p; and velocity vy, all contributions
to the spectrum at the observed velocity v, from shells of larger radius, p2, will be
excluded if pap < pog,ie.,

pap < 03— pY o3V, (B.8)

Converting to velocity and the relevant quantities, we get the following condition,

Yap < [y2/7 _ x2y2(1*v)/7]7/27 (B.9)

where y,;, = vqp/v0. Therefore, we define the aperture factor

Oup = O(yap — [y*/7 — 222 I1]/2), (B.10)
where O is the Heaviside function:
O = (B.11)
1 otherwise.

This scaling factor will exclude all shells outside the aperture radius. Note that this
construction will work for all outflow geometries.
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Appendix C

Geometric Factor

To calculate the geometric factor, f;, we want to find the fraction of a bi-conical shell
of intrinsic velocity, y, overlapping the constant observed velocity contour of interest
from the corresponding spherical shell. For a velocity field of power law index, ,
the curve of constant observed velocity, =, will be

T = (&,5) = (ay =0/, [y2/7 — 22 20-D/11/2),

See Appendix A for a derivation. All shells that intersect, I', will contribute to the
spectrum at z. Thus for a given x, we want to compute f; for all shells of intrinsic
velocity, y, that intersect I'. Then given a shell of intrinsic velocity, y, the distance to
the relevant contour from the center of the outflow, written in terms of velocity, will
be V = 2y(1=7)/7. This distance has been drawn in orange in Figure C.1.

Now that we know the precise location of the observed velocity contour in terms
of z, we need to explicitly compute, f,. Our approach will be to find the angular
separation, n, made by half of the arc length of the overlap of the spherical shell
with the observed velocity contour, shown in dark blue. We consider four major
cases regarding the wind geometry.

For cases I and II: @« + ¢ > 90° and o« > 9 (I) or @ < 7 (II). As shown in I,
the observed velocity contour touches both the front and backside of the bi-conical
shell. We will distinguish these contributions as f,, and f,;, respectively. We provide
only the pictorial representation of the geometry necessary to calculate f,,, however,
calculations for both f,, and f,; are provided. We will need the following quantities
to compute fg,:

b = 7/2—a; B=a+y—7/2;

W, = m, WQ:Sin‘Ew);W:W1+W2;
P = m S =y Q = Ssin(a); T = (Q* — [@ — W)/
K — MV(WJZMP(M;G:J—K;n:amtan@).
Thus,
fou =1

(If V' > Jtan (), set G = K — J and take fg, =1 — 1)
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FIGURE C.1: Diagram containing various geometries and orienta-
tions of the bi-conical outflow: (I) a + ¢ > 90° and a > ¥, (II)
a+1Y > 90°and a < ¢, (III) a + ¥ < 90° and a > 9, and (IV)
a+ 1 < 90° and o < 1. We want to find the fraction of the bi-conical
shell overlapping the spherical shell for a given observed velocity. We
use the band contour of constant observed velocity for a shell of ve-
locity y located at a distance V' = zy =1/ from the ¢-axis. Our goal
to compute f,, is to calculate the angular separation, , made by half
of the arc length of the overlap of the spherical shell with the observed
velocity contour, shown in dark blue. To do this, we calculate the two
lengths, T" and G, forming the tangent of 1. To complete this task, we
calculate T from the circle formed by the intersection of the bi-conical
shell with the spherical shell, shown in red. We have shown the nec-
essary values for calculating 7 in I and II. The computation for III, is
the same as I, and the computation for IV, follows from III
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To compute fy;, we will need the following:

V

N = G L=M-NT=1Q"- Q-1
H = ta‘r;b; G =J + H; n = arctan <g>
Thus,
fa =2
Therefore,
fg = fgu + fgl-

For cases [l and IV: o + ¢ < 90° and o > v (IIl) or o < ¢ (IV). We will need the
following quantities to compute f;:

z ,_ Z
sin ()" tan (¢)’
J = ysin(k); Q = Ssin(a); G=J-L; T =[Q*— (Q — W)} "%

arcta r
= arctan | — |.
g G

Therefore,

kK = a+; H:ylhcos(/{); Z=V —-—H; W=

_1
=2

(If V> Jtan (¢) + H,set G = L — J and take f;, =1 — 1)
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