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Abstract

Herbig Ae/Be stars are intermediate mass (~ 2 to 20 M) pre-main sequence stars that
inherit a circumstellar disk of dust and gas from their formation phase. The region of this
disk closest to the star is entirely gaseous because dust evaporates at the high temperatures
there, and this gaseous region is currently poorly understood. Using non-LTE circumstellar
disk codes to model the optical and near-infrared spectra of five, early-type (BOVe to B2Ve)
Herbig Be stars obtained with the Canada-France-Hawaii telescope ESPaDOnS instrument, the
density structure of each inner gaseous disks was determined and estimates of the disk masses
and sizes were obtained. In the modeling, the photoionizing radiation of the central B star was
assumed to be the disk’s sole source of energy input.

For the four Herbig B2e stars, BD+65 1637, HD 76534, HD 114981 and HD 21669, rea-
sonable matches were found for all emission line profiles considered individually; however,
for each star, no disk density model based on a single power law for the equatorial den-
sity was able to simultaneously fit all of the observed emission lines in the spectrum. For
BD+65 1637, the equatorial disk density law was estimated to fall as 107'°(R,/R)* gcm™ in a
S0R. disk, and this model provided a reasonable match to the overall line shapes and strengths.
The stars HD 76534, HD 114981 and HD 216629 required a similar density model to that of
BD+65 1637, but in a smaller, 25 R, disk. The overall implied masses of these inner gaseous
disks are in the range of ~ 5.7 X 108 to 1.2 x 107 M,.

For BD+65 1637, the metal lines, Fen and especially the Cam IR triplet lines, required
higher disk densities than implied by the hydrogen Balmer lines, with the disk density falling
more slowly as 1071%(R,/R)* gcm™. In general for all stars, the metal lines of Can and Fen
required higher disk densities than the Balmer lines to match the observed line profiles. A more
complex disk density distribution is likely required to reconcile this difference and refine the
match to the spectra of these stars.

The spectrum of the Herbig BOe star MWC 137 is dominated by very strong emission lines
in comparison to the Herbig B2e stars. Preliminary results show that the models require ex-
tended disks to reproduce the observed Cann and Fe 1 metal emission line profiles. For hydrogen
Balmer lines, no disk models extending up to 200 R, were capable of reproducing the observed
line strengths, indicating that even larger disks are required and/or the observed hydrogen lines
are contaminated by hydrogen recombination emission from the surrounding H 11 region.

Taken as a whole, the analysis of these five, early-type HBe stars suggest that the optical and
near-IR emission lines in their spectra can be adequately accounted for by an inner, entirely
gaseous, disk in Keplerian rotation, heated solely by the photoionizing energy input of the
central star, and requiring only a tiny fraction (<~ 1077) of the central star’s mass.

Keywords: accretion, accretion disks - line: profiles - stars: emission-line, Be - stars:
individual (BD+65 1637, HD 76534, HD 114981, HD 216629, MWC 137) - stars: pre-main-
sequence - stars: variables: T Tauri, Herbig Ae/Be
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Chapter 1

Introduction

The formation of stars and planets is one of the most intriguing mysteries the universe has to
offer. Giant molecular clouds that contain gas and dust are the cradle of stars and planets, and

sometime called Stellar Nurseries.

The material in the molecular clouds is rich in not only hydrogen and helium but also
trace amounts of heavy elements, which resulted from the collapse of stars. These molecular
clouds collapse to form cores, either when the cloud is massive enough, i.e. above Jeans mass,
and undergoes gravitational collapse; or when an external event generates shock waves and
triggers gravitational collapse. The size of the cloud collapses from ~ 10* AU to ~ 10 AU.
An illustration of this process can be seen in Figure 1.1. The collapse results into accretion of
dust and gas towards the core and the core further shrinks in size to a few solar radii. While the
core still accretes material via infalling gas, it is called a protostar. This phase is accompanied
by bipolar outflows and jets. Once the infalling of gas has stopped, the protostar becomes
optically visible and is called pre-main sequence star. By now, the remaining dust and gas has
settled into a disk around the young star with a system size of ~ 100 AU, while the central star

is still gaining material via the disk but at a very slow rate.

The circumstellar disk of dust and gas around the pre-main sequence star will be the site

of planet formation. The circumstellar material in the disk contains dust, which coalesces to
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Figure 1.1: This illustration represents the formation of a star from a core in a molecular cloud.
The molecular core collapses from a giant molecular cloud and shrinks to a size of ~ 10° AU
from ~ 10* AU. The core accretes more material from the surroundings to form a protostar
a few solar radii in size, which also exhibits bipolar outflows and jets. Once the accretion of
the surrounding gas and dust dies down, the protostar becomes optically visible and is called a
pre-main sequence star. Figure credit: Yusuke Tsukamoto, RIKEN (modified version).

form centimeter/meter grains and kilometer sized boulders. These grains and boulders collide
to form bigger planetesimals. If the disk is massive, these planetesimals accrete material from
their surroundings to eventually form planets. Even with a clear overall understanding of how
the planets and star form, details of the processes are still far from clear, and are subjects of

active research.

The star’s mass is a fundamental property that drives star formation and eventually planet
formation in its surroundings. Because the lower mass objects spend more time in each phase,
a great strides have already been made in understanding their formation process. As the stellar
masses increases, the amount of time a protostar spends in each phase decreases, making it
harder to find high mass objects to fill in the void for understanding the star formation process.
High mass stars, such as O-type stars, have already started burning hydrogen in their cores
when they become optically visible, thus denying us of any optical observational evidence
about their formation process. This is where intermediate mass stars, such as the Herbig Ae/Be
stars, which become visible just before they start burning hydrogen in the core, can play an
important role and provide us with a peek into the process of their formation. In addition, these

stars are precursor to Vega-type debris disk and hence make interesting test beds for planet
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formation and disk physics.

1.1 Definition of Herbig Ae/Be Stars

In 1960, George Herbig (Herbig, 1960) proposed that there should exist stars that are the higher
mass counterparts of the pre-main sequence (or still contracting) T Tauri stars !. He studied a

small group of objects that met the three following conditions:
1. They are spectral type A or earlier, with emission lines in their spectra;
2. They are located in an obscured regions or inside a molecular cloud and
3. They illuminate bright nebulosity in the vicinity.

These criteria allowed him to eliminate many other types of stars that would resemble the young
stellar objects. For example, the second criterion excludes objects surrounded by ejected en-
velopes such as the planetary nebula or an old novae. The third criterion excludes the classical
Ae/Be stars. To honor G. Herbig’s work in the field, these stars are now known as Herbig
Ae/Be (hereafter HAeBe) stars. After their discovery, a large number of these stars were added
to the catalogs by several studies, such as Finkenzeller & Mundt (1984); Herbig & Bell (1988);
Thé et al. (1994).

The definition has, however, been modified as new observations and surveys identified
more of these HAeBe stars. New studies, such as those of Hu et al. (1991); Oudmaijer et
al. (1992); Hillenbrand et al. (1992), revealed that not all HAeBe stars are associated with a
molecular cloud or star forming region and some were present in isolated regions. Based on
the new studies and after noticing that the previous definition included many objects that share

similar properties to HAeBe stars, Davies et al. (1990); Malfait et al. (1998); van den Ancker

IT Tauri stars are pre-main sequence stars, with masses less than 2.5 M,, which show Balmer emission lines
in their spectra and an excess in their infrared (hereafter IR) spectral energy distributions (hereafter SEDs), in-
terpreted as gas and dust in the form of a circumstellar disk. The most massive T Tauri stars will later become
main-sequence A-type stars.
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et al. (1997); Waters & Waelkens (1998) revised the working definition of HAeBe stars to the
following:

HAeBe stars are

1. Stars of spectral type A or B with emission lines,

2. Stars that have an infrared excess, attributed to hot or cool circumstellar dust or both,
3. Stars are of luminosity class III to V.

Like Herbig’s criteria, these criteria allow exclusion of Classical Ae/Be stars, B[e] super-
giants and other stars such as the post-main sequence stars with disks. Circumstellar dust
separates the HAeBe stars from the Classical Ae/Be stars?.

In our galaxy, less than 4% of A and B-type pre-main sequence (PMS, hereafter) stars are
HAeBe stars (Bohm & Balona, 2000). The HAeBe phenomenon gives a rare opportunity and
glimpse into the young star’s PMS phase. At this stage, they are governed by gravitational
contraction at this stage.

The protostellar objects enter the HR diagram?® from the right of the main sequence (MS),
starting with low effective temperature and luminosity and moving to higher values of both
along the “birth line”. While the object is still accreting strongly, it increases substantially
in luminosity and increases moderately in effective temperature as it gains more mass. If the
object stops accreting rapidly (that is, the supply of new mass is largely exhausted) while it has
less than ~ 2 M, of mass, it will become a T Tauri star and evolve during some tens of millions
of years to become a low-mass MS star, increasing in effective temperature but not changing
much in luminosity as it approaches the MS. For objects that end rapid accretion with mass
somewhat above ~ 2 M, the star may become a T Tauri star for a while, then evolve into
a Herbig Ae star (hereafter HAe) star, and eventually become an MS A-type star. For a still

more massive protostar, the object will become a Herbig Be (hereafter HBe) star and evolve

2Classical Ae/Be stars are A/B-type main sequence (hereafter MS) stars that have emission lines and an IR
excess due to free-free emission from the ionized gas in a circumstellar gaseous decretion disk.
3The HR diagram is a plot of luminosity vs. effective temperature or observational proxies for these quantities.
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Table 1.1: Stellar Parameters for Main Sequence A and B-type Stars (Cox, 2000).

Stellar Class Teff (K) R (Rg) M (Mg) log(g) (cgs)

BO 30,000 7.4 17.5 3.94
B5 15,200 3.9 59 3.44
A0 9790 24 29 4.14
A5 8180 1.7 2.0 4.29

to become a MS B-type star. As higher mass stars are more luminous, these stars evolve more
rapidly towards MS than low mass T Tauri stars do. Many of the more massive stars, such as
O-type stars, do not emerge visibly from their birth clouds until they have become MS stars.

As these stars are deeply embedded in circumstellar dust and gas, their spectra include
emission lines, making it harder to determine the stellar parameters such as effective tempera-
ture, surface gravity and luminosity (Folsom et al., 2012). Normally, the wings of the observed
upper hydrogen Balmer spectral lines are fitted with synthetic Balmer line profiles (Kurucz,
1979) to determine stellar parameters, which assumes that emission is negligible. The stellar
parameters for MS A and B-type stars can be found in Table 1.1. The effective temperatures
of MS A-type stars range from 7500 K to 10,400 K and from 11,000 K to 33,000 K for B-type
stars (Cox, 2000).

1.2 Observational Properties

HAeBe stars have a wide range of observed characteristics. Some of the important proper-
ties relevant to this study include emission lines, evidence of magnetic fields and accretion,
spectral energy distributions (SEDs, hereafter) and polarization. Other properties include bipo-

lar/optical outflows, photometric variations, stellar winds, and high rotation rates.

1.2.1 Optical and Near-Infrared Emission Lines

HAeBe Stars show both permitted and forbidden emission lines. These emission lines seen in

the spectrum provide important information not only about the regions from which the emission
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originates, but also about the composition and structure of the region. The presence of emission
lines is a feature that separates the HAeBe stars from the normal, MS A/B type stars (Herbig,
1960) and is denoted by ‘e’ in the name HAeBe stars.

Garrison & Anderson (1977) studied 14 HAeBe stars and discovered that the Ha emission
line shows three different kinds of line profiles: single-peaked, double-peaked, and P-Cygni
or inverse P-Cygni. Examples of these different kinds of line profiles is demonstrated in Fig-
ure 1.2. Later studies, such as those of Finkenzeller & Mundt (1984), Catala (1989), Grinin
et al. (1994), Reipurth et al (1996), Waters & Waelkens (1998), confirm this variety of Ha
line shapes. Finkenzeller & Mundt (1984) found that 50% of the HAeBe stars in their sam-
ple showed a doubled-peaked profile for Ha, while ~25% showed single-peaked profile and
~20% showed either P-Cygni or inverse P-Cygni* line profile. The rest of ~5% the profiles
showed complex structure which do not fit the above mentioned kinds of line profiles. An
example of all the four different kinds of profiles can be seen be Figure 1.2. Finkenzeller
& Jankovics (1984) noted that all Balmer lines exhibit the same line shape as Ha, with the
strength of the line decreasing from Ha to Hy. Ha has been widely used for wind diagnostics
studies of HAeBe stars (Finkenzeller & Mundt, 1984; Corcoran & Ray , 1998) and polarization
studies (Vink et al., 2002; Vink, 2015).

In addition to Balmer lines, O1, Can, Sin, Mgu and Fe lines are also seen in emission
in HAeBe stars (Waters & Waelkens, 1998). Studies, such as those of Cohen & Kuhi (1979);
Finkenzeller & Mundt (1984); Hamann & Persson (1992a) and Bohm & Catala (1995), investi-
gated emission lines such as He, the Can IR triplet (1 8498, 18542 & 1 8662)° and several Fe
lines and interpreted them as revealing chromospheric and wind activity in these stars. Cauley
& Johns-Krull (2014) studied He1 (4 10830) emission line as a tracer of mass flow activity.

Hamann & Persson (1992a) and Hamann & Perrson (1992b) investigated the Cam infrared

(IR) triplet in HAeBe stars and found 84% of the HAeBe stars show emission in the triplet lines.

4A P-Cygni profile is a spectral feature in which there is red-shifted emission and blue-shifted absorption
component to the spectral line, indicating the expansion of a gaseous envelope away from the star. An inverse P
Cygni is attributed to infalling gas.

3 All wavelengths are in A unless otherwise stated.
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Figure 1.2: These plots of Normalized Flux vs Wavelength (A) show different Ha profiles seen
in HAeBe stars (Reipurth et al, 1996). When a star+disk is seen pole-on, a single-peaked Ha
profile is seen, while a double-peaked profile is produced when the star is seen at intermediate
angles. P Cygni or Inverse P Cygni profile is seen when the material in the disk is either
expanding away from the star or falling on the star (away from the observer).

Out of these, 71% of their HBe stars showed the Ca1 IR triplet lines in emission. They showed
that if the excitation is the same in all the stars, Can requires denser and/or thicker regions in
hotter stars. They also noted that due to the high stellar temperatures and the double-peaked
line profiles, the formation of the Cau lines would happen away from the stellar surface in a
disk, like those possessed by Classical Be stars and in a very small, ring-like structure close
to the star. They also showed that there is a correlation between the Can luminosity and the
IR excess in these stars and concluded that Can emission lines are somehow related to the
presence of a disk. Bohm & Catala (1995) studied non-photospheric lines such as the He, the
Camn IR triplet, and He1 (1 5876) and concluded that the energy fluxes for these lines increase
with the effective temperature and suggests that the origin of the emission in the lines is further
away from the stellar surface. Hefnandez et al. (2004) found that 33% of their sample showed

emission in Fe n multiplets and also noticed that the equivalent width (EW, hereafter) of one of
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the Fe it lines, Fe 1 multiplet (42) (15169), is correlated with the EW of Ha and seems to be
present only when [O1] (16300) also appears in the spectrum.

There are several emission lines outside the optical and NIR regions, such as Ly a (1215 A)
and Bracketty (2.166 um), have been used to trace several features of the disk such as the
accretion, mass flow as well as rotation of the disk (Cauley & Johns-Krull, 2014; Ababakr et
al., 2015; Mendigutia et al., 2015).

In addition to the permitted emission lines, HAeBe stars also show forbidden emission
lines (Herbig, 1960; Finkenzeller, 1985; Bohm & Hirth, 1997; Waters & Waelkens, 1998),
which are spectral lines emitted from metastable states that have a very low probability of ra-
diative decay. These lines can only appear strongly in low density regions. They are important
in characterizing the circumstellar environments around HAeBe stars. Many forbidden emis-
sion lines from different elements such as [C1], [Si1], [O1], [Nu], [Can], [Cru], [Feu], [O1]
and [Nim] are seen in HAeBe stars (Hamann, 1994). The forbidden line [O1] (6300 A) is seen
to be highly blue-shifted and is thought to be an evidence of outflow. [Sin] (6717/6731 A) is

detected in HAeBe stars with jets (Corcoran & Ray, 1997).

1.2.2 Polarization

HAeBe stars show linear polarization, which can occur both in the continuum and in the spec-
tral lines. HAeBe stars are seen to have variable polarizations varying on timescales from ~1
month to 1 year (Jain & Bhatt, 1995; Yudin & Evans, 1998). Jain & Bhatt (1995) measured 24
HAeBe stars for polarization and found that the percentage of polarization ranges from 0.1%
to ~6%. Several studies, such as those of Vink et al. (2002, 2005); Mottram et al. (2007),
and Vink (2015), have shown that there exists a difference in polarization between HAe and
HBe stars, especially early B-type stars. It was noticed that the continuum emission from the
HBe stars is more polarized than the spectral lines, an effect known as depolarization. Vink et
al. (2002, 2005) showed that while all HAe stars show intrinsic linear polarization consistent

with magnetospheric accretion, most HBe stars show line-depolarization which is consistent
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with classical disk accretion®.

1.2.3 Magnetic Fields

Only a very small fraction of HAeBe stars are known to have magnetic fields, with the first
detection by Donati et al. (1997). Alecian et al. (2009) and Alecian et al. (2013) found that less
than 10% of HAeBe stars in their sample of HAeBe stars have large scale magnetic fields.
HAeBe stars, being intermediate mass stars, have small convective cores and large radiative
envelopes (Alecian et al., 2009). Given that they have small convective cores, they might
generate core fields, but it does not seem that such fields could appear on the surface. For
this reason, the magnetic fields seen in HAeBe stars might be large scale fossil fields. The
fossil field model proposes that the magnetic fields are remnants of the star formation phase or
from the T Tauri stage, when the star would possess convective envelope (Alecian et al., 2009).
The primodial origin of these fields in HAeBe stars aids us in understanding the evolution of
these stars in the HR diagram. For lower mass counterparts of HAeBe stars, the T Tauri stars,
magnetic fields play an important role in formation and evolution of the star. Whether the same
applies to the HAeBe stars is still a matter of debate. A small fraction (~5%) of MS A and B
type stars are known to have large scale, global magnetic fields. All the magnetic MS A and
late B stars show quite specific chemical peculiarities, often termed as Ap/Bp stars (Alecian et

al., 2009).

1.2.4 Accretion

The lower mass counterparts to the HAeBe stars, T Tauri stars, are known to accrete magne-
tospherically (see reviews by Bouvier et al. (2007) and Gémez de Castro (2013)). The large
surveys of intermediate mass stars, such as those of Alecian et al. (2009, 2013), have yielded

that less than 10% of HAeBe stars show magnetic fields, and hence it is appropriate to say these

®In classical disk accretion, the material is supplied to the areas very close to the star by gravitational instability
or due to viscous heating (Lynden-Bell & Pringle, 1974) in the disk; this material finally settles onto the stars
equatorial region by a process of sporadic accretion.



10 CHAPTER 1. INTRODUCTION

stars may not accrete material magnetospherically (Alecian et al., 2009). Whether or not these
stars accrete via magnetic field lines is currently one of the mysteries in the field of HAeBe

stars.

Several tracers, such as Bracketty, Lya, He1 4 10830 lines, balmer discontinuity, and emis-
sion lines, are used to detect the accretion amongst these objects. Hamann & Persson (1992a)
used emission lines to study accretion close to the stars, and they suggested that the magneto-
spheric accretion disk models (normally applied to the T Tauri stars) cannot be applied to the
HAeBe stars because stellar radiation plays an important role in the excitation of ionized lines

such as Fen, Can IR triplet etc.

Blondel et al. (1993) derived accretion rates for HAe stars to be ~10~8 My/year using the
Lya (1216 A) emission line. The emission line was not found in HBe stars in their study.
Other studies, for example Donehew & Brittain (2011); Mendigutia et al. (2011a); Fairlamb
et al. (2015), have used the veiling of the Balmer discontinuity, luminosity of Bry (2.166 um)
emission line and UV-excess to derive accretion rates. These studies, however, have found dif-
ferences in HAe and HBe stars, and have not been able to apply the magnetospheric accretion
model to the HBe stars. Cauley & Johns-Krull (2014) studied He1 (4 10830) in a sample of
HAeBe stars and noticed that HBe stars show blue shifted absorption features while HAe stars
show both blue and red shifted absorption features. This difference indicates that HBe stars
show little evidence of infalling material, while HAe stars show a higher level of mass flow ac-
tivity, suggesting different mechanisms. Cauley & Johns-Krull (2015) studied various Balmer,
iron and calcium emission lines to detect mass flows in optical data. The study confirmed the
findings of Cauley & Johns-Krull (2014) that HBe stars lack the red-shift absorption features
which means they show little evidence of magnetospheric accretion, meanwhile, the HAe stars
show both absorption features which is evidence of magnetospheric accretion. However, it was
noted that the velocities of these lines are not as large as seen in their lower mass counter-
parts of T Tauri stars. The observed statistics amongst their sample of the 78 stars suggest a

transition of magnetospheric accretion to classical disk accretion between HAe and HBe stars.
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Figure 1.3: The Spectral Energy Distribution (SED) of the HAeBe stars of different character-
istic groups. Solid circles are ground based observations; open circles are IRAS observations
and triangles are observations taken at the Kuiper Airborn Observatory (KAQO). The solid line
is SED for a standard star of the same spectral type and dotted line (in (a)) is the best fit’
model, where the model consists of a central star with optically thick circumstellar accretion
disk (Hillenbrand et al., 1992).

Inverse P Cygni profiles are seen both in the T Tauri and HAeBe stars. For the T Tauri stars,
they can be explained using magnetospheric accretion. In HAeBe stars, however they could be

understood as accretion of clumpy material (Mora et al., 2004).

1.2.5 Spectral Energy Distribution

The spectral energy distribution (hereafter SED) of HAeBe stars differs from normal stars as
it shows an IR excess (between 1 to 10°um) and an ultraviolet (hereafter UV) excess (between
10 to 300 nm). The IR excess is interpreted to be from circumstellar dust, while the UV excess
is thought to be from the circumstellar gas. Warm gas near the star, whose temperature exceeds
the stellar effective temperature, could result in the UV excess of HAeBe stars (Meeus et al.,
1998). The UV excess is less dramatic when compared to the low mass counterparts, the T
Tauri stars (Catala, 1989).

Hillenbrand et al. (1992) studied 47 HAeBe stars and noticed that the stars can be grouped
into three broad groups based on the slope of the IR continuum. This classification scheme
helps to understand the existence and geometry of material based on the type of IR excess seen

in the SED of these stars. HAeBe stars are classified in the following groups:
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Group I: Stars in this group have large IR excesses at wavelengths 4 > 2.2 um with spectral
slope given by AF, ~ 173, Figure 1.3a shows the SED of one such BOe type star,
MWC 1080.

Group II: Stars in this group have large IR excesses with flat or rising spectra at longer wave-
lengths, out to 4 = 100 um. Figure 1.3b shows SED for a B3 type star, RCW 34, in which

a sharp onset of IR excess is seen at 1 um.

Group III: Stars in this group have very small IR excess, similar to those of Classical Be
stars. Figure 1.3c shows SED of BD+65 1637, which is an excellent example of a B2

type star with very small IR excess.

Group I’s SED resembles those of T Tauri stars which are known to have accretion disks that
are geometrically flat and optically thick. The stars in this group show a decrease in IR excess
as the wavelength increases. Group II is best explained as a disk+envelope system. Objects in
this group show either a flat or rising spectra with a sharp onset of IR excess between 1um and
2um. This wavelength corresponds to a temperature of ~3000 K to ~1500 K. The approximate
temperature at which the dust evaporates is ~1500 K (more on this in section 1.3). Group III’s
small IR excess is similar to that of the Classical Be stars, suggesting the excess is due to free-
free emission from a gaseous circumstellar disk. Hillenbrand et al. (1992) suggest these stars
could be higher-mass analogs of the disk-less (naked) T Tauri stars. Alonso-Albi et al. (2009)
noted that most of the HAe stars show SED characteristics of Group I, and HBe stars show that
of Group II.

In addition to Hillenbrand’s classification, Meeus et al. (2001) studied 14 HAeBe stars and

classified them into two groups based on the extended SED emission.

Group I: Stars in this group showed a rising or strong flux in the far-IR (20-100 um) region of

the SED, and

Group II: Stars in this group had the flux fall off strongly in the far-IR region of the SED.
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Meeus et al. (2001) suspected and Dullemond & Dominik (2004) confirmed, using SED mod-
eling that the two groups can be interpreted as a flaring (group I) and flat or self-shadowed
(group II) geometry of the disk.

For the remainder of the study, we will be using the Hillenbrand’s classification as we are

only concerned with the optical and NIR part of the SED.

1.2.6 Other properties:

HAeBe stars show photometric variability ranging from days to months to years (Herbig, 1960;
Finkenzeller & Mundt, 1984; Friedemann et al., 1992; Shevchenko et al., 1997), and vari-
ous models such as non-radial pulsation, accretion, etc, have been suggested for their occur-
rence (Catala, 1994; Waters & Waelkens, 1998; Mora et al., 2002). van den Ancker et al.
(1998) and Mendigutia et al. (2011) have shown that HAe stars show large to moderate varia-
tions in magnitude (>2".5) while HBe stars show low to moderate variations (<0™.5). Herbst
& Shevchenko (1999) studied 230 HAeBe stars and found that the large amplitude variations
are mainly seen in stars with spectral type later than B8. The differences seen in the variations
have been suggested to be due to different accretion mechanisms in high mass and low mass
stars amongst the HAeBe stars.

Finkenzeller (1985) studied a large group of HAeBe stars and found that HAeBe stars have
higher projected rotational velocities than T Tauri stars but lower than Classical Be stars. Ale-
cian et al. (2013) show that the HAeBe stars that possess magnetic fields rotate much slower
than MS A and B type stars. In addition, HBe stars seem to rotate faster than HAe stars. Bohm
& Balona (2000) find that the average projected rotational velocity for HBe stars is 110 km/s
and 90 km/s for HAe stars. Bohm & Catala (1995) and Finkenzeller (1985) show that the
projected rotational velocities can range from 60 km/s to 200 km/s.

Molecular outflows, sometimes bipolar in nature, have been seen in ~15-20% of HAeBe
stars (Mundt & Ray, 1994; Waters & Waelkens, 1998). Bachiller (1996) shows that the outflows

are correlated with the jets, which are highly collimated outflows. The origin of the outflows
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and the jets are not well understood but are generally associated to be a by-product of accretion.
The jets and molecular outflows illuminate neighboring regions, generally known as Herbig-

Haro objects (Waters & Waelkens, 1998).

1.3 Circumstellar Environment

HAeBe stars inherits dust and gas from its parent molecular cloud while it is still undergoing
formation to achieve MS star status. Over time, the dust and gas settle into an equatorial disk.
Remarkable progress has been made in the field of understanding the settling of this dust and
gas into a disk as well as its evolution from initial dust and gas phase to final planetesimals
phase. In addition to the disk, a halo of low density material surrounds the star+disk system

and is generally described as an extended envelope.

The spatial distribution of this circumstellar material is still being debated, and hence the in-
terest in these disks have grown over the last two decades. In addition to the methods mentioned
in the Section 1.2, these disks can be studied using millimeter, sub-millimeter, IR spectroscopic
(e.g. Mannings & Sargent (1997); Meeus et al. (2001); Dent et al. (2005)) and interferometric
observations (see the review by Kraus (2015) and references therein), IR and millimeter imag-
ing techniques (e.g. Marinas et al. (2011); Wilner et al (2011)) and SED modeling (e.g. Dulle-
mond et al. (2007)). Each of these methods traces a different region of the disk, thus providing
valueable information of the distribution as well as the kind of material in the disk.

Even with the details of the structure being the matter of debate for these stars, one can
assume these young stellar objects will follow a general structure, similar to those of their
lower mass counterparts, the T Tauri stars. As dust evaporates above ~1500 K, the portion
of the disk closest to the star is likely to be completely gaseous due to high temperatures
resulting from the star’s UV radiation. As one goes away from the star, the temperature is
lower and the cooler conditions allow molecular gas to be present. Once the temperature is

cool enough for dust to exist, one either finds a thick wall of dust, sometimes called a dust rim,
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or a smooth transition to a dusty disk at the dust sublimation radius (see Dullemond & Monnier
(2010) for review on The inner regions of protplanetary disks.). At larger distances and cooler

temperatures, molecular gas and dust can be found.

Thus, depending on the distance from the central star and the stellar radiation, HBe disks
can be divided into atomic gas, molecular gas, and dust. The expected structure of such a disk
is illustrated in Figure 1.4, with the emphasis on the inner regions of the disk. The size of the
circumstellar disk can range anywhere from few tens of AUs to up to 100s of AUs, while the
temperature in these disks can range from 10s K in the far distance to 1000s of K in regions

closer to the stellar surface.

Optical and NIR atomic lines are used to study the hot, atomic gaseous region. The disk re-
gion beyond the gaseous disk receiving direct radiation from the star is expected to have a thin
surface layer with atomic gas; hence, the emission seen in the spectrum can arise from a large
extended area. The atomic gaseous region can range from 0.01 to a few AUs in size depending
on the intensity of the stellar radiation. In the region beyond the atomic gaseous disk, where
the temperatures are cooler, molecular gas is expected. As the temperature decreases, thee
conditions are viable for the dust to exist and a mixture of warm dust and molecular gas is ex-
pected. NIR molecular emission lines and NIR/Mid-IR (MIR, hereafter) interferometry is used
to understand the structure of this region. Beyond this region, cooler gas and dust are detected
using millimeter and submillimeter interferometry. The region beyond the atomic gaseous disk
can range anywhere in size from 0.1 to 100s of AUs, including the dusty disk (Dullemond &
Monnier, 2010). The outer, dusty region of the disk is comparatively well studied, but currently

very little is known about the inner, gaseous region.

There are a few theories about how the atomic gaseous region might have formed, and the
characteristics of its structure. Catala (1989) proposed that there should exist a region close to
the star, where the heat from the star would evaporate the dust creating a hollow region. The
presence of an inner hole or dust free zone in many of the HAeBe stars can be inferred from

the IR excess that starts at 1-2 um which suggests the presence of a dust rim. As the effective
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Molecular Gas & Dust
Size: 0.1 to 100s of AUs
Observations: NIR Molecular

B- star Lines, NIR/MIR Interferometry
T.~12000-30000 K < -
f-::ji—i
Atomic Gas

Size: 0.01 to a few AUs
Observations: Optical & NIR
Emission Lines

Figure 1.4: Inferred structure of the disk around HBe stars. Close to the star, partially ionized,
atomic gas is expected, represented by orange color. The size of this region may extend any-
where from 0.01 AU to a few AUs. This region can be studied using optical and near-infrared
spectral lines. As the temperatures cool outward in the disk, molecular gas and dust are ex-
pected. The size of this outer disk ranges from 0.1 to 100s of AUs. The transition between
atomic and molecular gas occurs at around a few AUs. The molecular gas and dust found
beyond the atomic gaseous disk is represented by brown, and this region can be studied us-
ing a variety of different methods such as molecular lines and NIR/MIR interferometry. It is
important to note that this image is not to scale. Image Credit: Ami Patel

temperature of the HBe stars is higher than HAe stars, the higher radiation would essentially
photoevaporate the circumstellar material close to the star. The gaseous disk present very close
to the star, spans from ~ 0.1 AU (~4 R,) to ~ 1 AU (~40R,) in size, the latter distance likely the
dust sublimation radius (Dullemond & Monnier, 2010). Using optical emission lines of Mgn
and O1 as well as the forbidden emission lines of [O 1] and the corresponding surface brightness
profiles of the HBe star MWC 147 (B6e), Bagnoli et al. (2010) notes that the emission features
are consistent with a flat, inner, gaseous disk. Some of the important atomic line used to study

the gaseous disk are highlighted in Section 1.2.1.

Dullemond et al. (2007) suggests that young stellar objects (YSOs, hereafter) not only pho-
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toevaporate the material close to the star, but also regions beyond the dust sublimation radius.
Gaseous material still exists on the outer layers of the dusty disk of the YSOs that are exposed
to direct stellar radiation. Since HAeBe stars are hot, they are expected to have somewhat simi-
lar gaseous layers present in the extended disk. Molecular hydrogen (H,) and carbon monoxide
(CO) are the two most abundant molecules in the circumstellar disk. Lower transition probabil-
ities along with high excitation temperatures make it difficult to trace molecular hydrogen. So
CO is frequently used to trace molecular gas in the inner regions of the disk, especially regions
inside the dust sublimation radius. A large number of studies, van der Plas et al. (2015); Eisner
et al. (2014); Ilee et al. (2014, 2013) to name a few, have detected and studied CO overtone
emission (2.3 um) amongst HAeBe stars, and found it to originate from areas inside the dust
sublimation radius. There are a few examples of T Tauri stars and HAe stars whose spectra are
matched to models with small inner dust free, gaseous disks using NIR and MIR interferometry
(e.g. Akeson et al. 2005; Isella et al. 2008; Tannirkulam et al. 2008). A review of the molecular

gases used to trace the disk at a variety of distances can be found in Carmona (2010).

Between the inner dust-free zone and the dusty disk, there exists an optically thick wall
of dust normally called the dust inner rim (Dullemond et al., 2001). There is a lot of interest
in trying to understand the inner rim’s formation and structure. Near-IR and mid-IR interfer-
ometry have been used to trace the structure of the dusty, inner rim. Using K-band (2.2 um)
observations, the size of the dust sublimation radius around early type HBe stars is estimated
to be smaller than expected from the usual R, oc Li/ 2, which has been confirmed for HAe
stars (Monnier & Millan-Gabet, 2002; Millan-Gabet et al., 2007; Monnier et al., 2005; Kraus et
al., 2007). Monnier & Millan-Gabet (2002); Eisner et al. (2004) and Monnier et al. (2005) sug-
gested that the smaller disk size might be explained by an optically thick gaseous disk closer
to the stellar surface, which shields the dust from stellar radiation, hence allowing for cooler
temperatures closer to the star than expected, and for dust to form. Disk models with optically
thin gas surrounded by a dust wall have been successfully fit to the SED of HAe and late-type

HBe stars (Eisner et al., 2004).
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Using K-band (2.2 um) observations, Monnier et al. (2005) suggests that if an optically thin
gas exists in the dust-free zone, a wall of dust is expected as direct radiation from the star will
enhance the scale height of the dust rim or puff up the inner disk wall. If an optically thick gas
exists, then the transition to dust is smooth. The puffed up rim has been modeled by Dullemond

et al. (2001), who successfully matched it to the SEDs of HAe stars.

Dust has been detected around YSO stars using various techniques and the structure of
the dusty disk is comparatively well understood. As the temperature of the disk decreases
away from the star, small dust grains are found in the disk, which are thought to later coa-
lesce into planetesimals and planets. The temperature below ~ 1500 K is said to be ideal for
dust to exist, however in rare cases, dust can exist at somewhat higher temperature of up to
1800K (Dullemond & Monnier, 2010; Tannirkulam et al., 2008). The near-IR bump seen at
~ 2 um corresponds to the temperature of around ~ 1500 K, which is an average temperature of
dust evaporation. The IR excess at longer wavelengths is an indicator of the dust present in the

disk and at distances away from the star.

For an isothermal disk to be in vertical hydrostatic equilibrium, the disk has to flare at
larger radii. Combining the puffed up rim and flared disk, there may be regions where the
puffed up rim will cast a shadow on the disk. The shadow on the disk creates a region with
different temperatures in the disk than in the surroundings, changing the mechanism of the dust
formation and condensation. Dullemond & Dominik (2004) propose that the flaring disk and
self-shadowed disks are an evolutionary sequence, and that flaring disks occur in young stars
while self-shadowed disks occur in comparatively older stars as the dust grains settle down over
a long period of time. This has been confirmed by several studies of HAeBe stars (e.g. Acke et

al. (2004)).

Studies, like that of Waelkens et al. (1996), have shown that there exist molecules and dust
components that are rich in carbon and oxygen. These disks have been studied extensively at
MIR, far-IR and millimeter wavelengths for molecules and dust species such as PAHs (Poly-

cyclic Aromatic Hydrocarbons), iron oxide grains, and crystalline and amorphous silicate, to
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understand the evolution of these species in the disk (Waters & Waelkens, 1998; Malfait et al.,
1998; Acke & van den Ancker, 2004). Nearly 50% of the HAeBe stars show PAHs in their
spectrum (e.g. Meeus et al. (2001); Acke & van den Ancker (2004)), while their lower mass

counterparts T Tauri stars only ~ 8% show PAH emission (Geers et al. 2006).

Using interferometric observations, one can detect disks by investigating the CO rotational
lines/velocity fields. Many studies show evidence of disk’s Keplerian rotation using the mil-
limeter observations and CO J=2->1 rotational lines (e.g. Mannings et al. (1997); Pietu, Dutrey
& Kahane (2003); Raman et al. (2006)). As the disks are remnants of the star formation phase,

the disks are thought to be centrifugally supported, and hence Keplerian rotation is expected.

In addition to the disk, several HAeBe stars are known to have extended envelopes found
beyond the disk (Waters & Waelkens, 1998). At longer wavelengths (far-IR), there is an ex-
tended emission in the spectrum of these stars which cannot be explained by disk-only models.
Models with disk plus envelope match well to the SEDs of Hillenbrand’s Group II stars (Hil-
lenbrand et al., 1992). Including the envelope that is present beyond the disk for some of these
stars, the circumstellar environment spans from ~ 0.1 to ~ 1000 AU using the variety of data

acquired from observations (e.g. Eisner et al. (2003); Okamoto et al. (2009)).

Hillenbrand et al. (1992) derived disk masses from millimeter continuum measurements
for 47 HAeBe stars and they found that the disk masses ranged from 0.1 Mg, to 6 M. Alonso-
Albi et al. (2009) showed that the disk masses of HBe stars are 5 to 10 times lower than that
of the HAe and T Tauri stars and found an average mass for gas+dust disk in HBe star was
<0.01 M, and ~0.04 M, for HAe stars. They proposed that the lower mass of the disk in
HBe stars might be caused by photoevaporation of the extended disk and envelope as the star
evolves. Pietu, Dutrey & Kahane (2003) observed that the disks of HAeBe stars are similar to

their lower mass counterparts, but are hotter and more massive than the disks of T Tauri stars.
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1.4 Comparison to Classical Be stars

Several studies have suggested that HBe stars can be compared to Classical Be stars (see Hamann
& Persson (1992a); Mottram et al. (2007)) in their circumstellar disk and structure. HBe stars
show many similarities with Classical Be stars in observational properties. As mentioned ear-
lier, the SEDs of HAeBe stars in Group III of Hillenbrand’s classification resemble the SEDs
of Classical Be stars (Hillenbrand et al., 1992). Both show weak IR excess. Most HBe stars are
known to show Group III type SEDs (Bohm & Balona, 2000). Like early-type HBe stars, Clas-
sical Be stars are known to show line depolarization (see Rivinius et al. (2013)). In addition,
similarities such as the Ha equivalent width distribution, fast rotation speeds (i.e. high v sini),
photometric variability, and slow outflow velocities further connect the Classical Be and HBe
stars (Bohm & Balona, 2000). These similarities hint that maybe the same phenomenon is
responsible for the emission line profiles. In addition to He, Classical Be stars (Briot, 1981;
Jaschek et al., 1988, 1991; Apparao & Tarafdar, 1988) are known to show Can triplet lines
in their spectrum, similar to the HBe stars (Hamann & Persson, 1992a). For Classical Be
stars, Briot (1981) and Jaschek et al. (1988) noticed that the stars with the Camn IR triplet
emission lines show a slightly larger IR excess than stars without the Cam IR triplet. Bohm &
Balona (2000) note that the emission lines of HBe stars show velocities of few tens of km/s
which are similar to those found in Classical Be stars. As we have seen, the disks of HAeBe
stars (Mannings et al., 1997; Pietu, Dutrey & Kahane, 2003; Raman et al., 2006) are known
to show Keplerian motion, similar to those of Classical Be stars (Porter & Rivinius, 2003).
HAeBe stars are not such rapid rotators as Classical Be stars, but HAeBe stars are PMS stars
and hence they will be spinning faster as they evolve and try to conserve the angular momentum

while on their way to becoming MS stars, as suggested by Bohm & Balona (2000).
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1.5 Significance of HAeBe Stars

1.5.1 Relation to the Massive & Intermediate Mass Star Formation

HAeBe stars, being intermediate mass stars, are an important link between low and high mass
star formation. The evolution of their low mass counterparts, T Tauri stars, is fairly well un-
derstood as they spend a long time on the PMS phase and can be easily detected and studied.
High mass, O-type stars form at the centers of very dense clusters and involve complex en-
vironments. The formation of such stars is currently poorly understood (Larson, 2003). In
addition, such stars spend their pre-main sequence life in a deeply embedded state before be-
coming optically visible as main-sequence objects, hence depriving us of the opportunity to
observe the early phase of star formation (Zinnecker & Yorke, 2007). In contrast, HBe stars,
despite forming in complex and dense environments, may become optically visible just before
they reach the Zero Age Main Sequence (ZAMS hereafter) as they spend comparatively longer
in the PMS phase compared to their higher mass counterparts.

High mass stars are formed in Giant Molecular Clouds (GMCs) while low mass stars can
not only form in GMCs but also in less massive clouds (Waters & Waelkens, 1998). Given
that there is a lot of uncertainty about the structure and mass of the disks around these stars,
the implications of such uncertainty can affect our understanding the evolution of these stars.
Understanding disks at different stages of star formation can help us derive how the disks can

change the course of a star’s evolution.

1.5.2 Relation to Planetary Systems

The HAeBe stars are precursors of Vega-type systems, which are MS stars with excess IR radi-
ation attributed to large grains of dust in the form of debris disks. Some well-known examples
of such systems are S Pictoris, Fomalhaut, HR 5999, HD 100546 and Vega (Thé et al., 1996;
Pérez & Grady, 1997; Grady et al., 1997; Waters & Waelkens, 1998). Deleuil et al. (1993) de-

tected unexpected variation in the spectral lines of Fe i, Mg 1 and Al in spectra of a cool star
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(A5V),  Pictoris, and suggested that the spectral lines arise from the tail of a cometary like
body that is being bombarded by radiation from the central star. S Pictoris has been studied

and imaged extensively and is known to have a Jupiter mass planet amongst the debris.

Herndndez et al. (2008) studied PMS stars in the ~ 5 Myr old y Vel star cluster and
found that the gaseous disks around HAeBe stars have already dissipated, leaving only the dust
debris disks which can be detected and imaged. Stars such as Vega and S Pictoris are known
to show debris disks with gaps in them (Su & Rieke, 2013; Janson et al., 2013). Gaps can be a
result of photoevaporation, planets/planetesimals, or a companion star. Deriving the timescale
of the evolution of the disk will help us understand the overall picture of the formation of
planetesimals and planets in these disks and can be used to compare the formation process in
low and intermediate mass stars. Understanding HAeBe stars and their disks, thus, make an
important contribution to the overall understanding of the formation and evolution of planetary

systems in intermediate and high mass stars.

1.6 Summary

HAeBe stars are pre-main sequence A- or B-type stars with emission lines and SEDs with IR
excess. The emission lines, particularly the Balmer series of hydrogen, and the IR excess can
be attributed to circumstellar dust and gas, the likely remnants of the star-formation phase. In
addition to Balmer lines, HAeBe stars also show emission lines of metals such as Cam, Fe,
O1, Sinmand Mg.

Several observational methods, such as interferometric observations, IR and millimeter
imaging techniques, have been used to establish the presence of circumstellar disks surrounding
these stars along with circumstellar envelopes around some stars. Even with advancement in
the understanding of these disks, the detailed spatial distribution within such disks is still a
matter of debate. However, it can be assumed that the disk hosts gas and dust, with the gaseous

region closer to the star and molecular and dust gas present in the more distant cooler regions.
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Further away from the star, where the temperature has cooled to ~ 1500 K, the dust condenses.
These disks host a very interesting set of dust species such as iron oxide grains, crystalline
and amorphous silicate , which are thought to eventually coalesce to form planetesimals and
planets. The similarities of circumstellar disks of HBe stars with those of Classical Be stars
allow us an avenue to explore and test the applicability of the successful Classical Be stars’
circumstellar disk models to gain more understanding of disks around HAeBe stars.

Being intermediate mass stars, these stars provide a bridge between the low-mass and high-
mass star formation. Whether or not these stars accrete magnetospherically, is still a matter of
debate, as large-scale magnetic fields have only been detected around ~ 7% of these stars.
Magnetospheric accretion has successfully been modeled in HAe stars and late-type HBe stars
but not in early-type HBe stars. Studies have hinted at the transition of mode of the accretion
amongst the HBe stars, making them ideal candidates to study star formation and providing
an invaluable insight in the star formation of high-mass stars. This poses interesting questions
about the similarities and differences between these intermediate mass stars and their higher
and lower mass counterparts.

A great deal of progress has been made in past few decades to understand the formation and
evolution of these stars and their circumstellar disks. Nevertheless, HAeBe stars are mysterious

in many ways, and some of the unanswered, open-ended questions include:

e When does the method of accretion transition from magnetospheric to classical disk

accretion?
e Could HBe stars, the higher mass Herbig stars, host large-scale magnetic fields?

e What are the implications of classical disk accretion on the formation and evolution of

the star as well as the disk?
e What is the spatial distribution and structure of the gaseous disk?

e How does the gaseous disk affect formation and evolution of the protoplanetary disk as

well as the debris disk?
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e How does the stellar mass affect the size of these gaseous disks?

These unanswered questions make them ideal test beds for disk physics and theory of star
formation. Being young, bright and optically visible makes them great targets for such studies.

In this thesis, we present three journal articles that explore gaseous disks around early-type
HBe stars. We compare the emission lines profiles seen in the observed spectra with synthetic
spectra generated using non-LTE, radiative transfer circumstellar disks codes to constrain the
physical properties of the inner gaseous disk. In Chapter 2 of the thesis, we describe the non-
LTE radiative transfer circumstellar disk codes, Bepisk and Beray, used to model the synthetic
line profiles of gaseous disks around these stars as well as the process to generate the observ-
ables. We also look at the success of these codes in understanding the disks around Classical Be
stars. In Chapter 3, we investigate the gaseous disk around one HB2e star, BD+65 1637, using
Balmer and metal lines. In Chapter 4, using the same methods as in Chapter 3, we investigate
the inner, gaseous region around three HB2e stars, HD 76534, HD 114981 and HD 216629.
We compare the disks of these stars to that of BD+65 1637 in order to derive an overall under-
standing of disks around HB2e stars. In Chapter 5, we explore the disk around MWC 137, a
HBOe star using the Balmer and the metal lines as well as compare the disk of this HBOe star
with those of HB2e stars. In Chapter 6, we revisit the conclusions of each chapter and derive an
overall understanding of inner gaseous disks amongst early-type HBe stars and note on what
more needs to be done that could be helpful in understanding of the overall structure of these

disks.
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Chapter 2

Circumstellar Disk Modeling

2.1 The Bepisk Circumstellar Disk Code

To calculate the thermal structure of an equatorial, rotationally-supported, gaseous disk sur-
rounding a central B star, the Bebisk code (Sigut & Jones, 2007) was used. This code calculates
the temperature structure of the disk, given a user-defined density structure, by enforcing ra-
diative equilibrium in a gas of solar composition. The energy input to the disk was assumed to
be solely from the photoionizing radiation field of the central star, and no wind from the cen-
tral star was included in the calculations. The microscopic rates of heating and cooling were
balanced to determine the temperature at many grid points in the disk. The disk was assumed

to be axisymmetric and in Keplerian rotation,

2.1

where G is the gravitational constant, M, is the stellar mass and R is the radius. BEDISK in-
cludes the nine abundant elements H, He, C, N, O, Mg, Si, Ca and Fe over many ionization
stages in the determination of the radiative equilibrium temperatures. The atomic level pop-
ulations, required for the calculation of the heating and cooling rates, as well as for use later

in computing emission lines, were obtained by solving the statistical equilibrium equations in

33
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Figure 2.1: The enforcement of radiative equilibrium by Bepisk. For a given volume element
in the disk (shown as the blue circle), rays are traced back to the stellar surface, and the pho-
tospheric intensity is used as the initial intensity for a radiative transfer solution along the ray.
Only one ray is shown, but Bepisk includes ~ 400 rays back to the stellar surface so that the
mean intensity, J,, in each element can be accurately computed. This mean intensity is the sole
energy source assumed for the disk. To determine photon losses, the optical depth to the upper
and lower edges of the disk are computed, and the losses computed in an escape probability
formalism based on these optical depths. Balancing the rates of energy gain and loss in each
volume element defines the local radiative equilibrium temperature, T(R, Z).

an escape probability formalism (see Sigut & Jones (2007) for details). An illustration of the

basic computational principle of BEbisk can be seen in Figure 2.1.

The user defined density structure of the inner gaseous disk, p(R,Z), in g cm™3, was taken
to be specified by two parameters: py (the base disk density) and » (the radial power law index)

in the equation

R.\"
o(R,Z) = po (;) L 2.2)

Here R and Z are cylindrical co-ordinates in the disk, R, is the stellar radius, and H is the disk
scale height, which is a function of R as shown below. In all models, the disk is assumed to
extend from the stellar photosphere at R, out to a radius of R, which is typically in the range

of 10 to 100 R,.

The vertical density structure of the disk is assumed to be determined by gravitational
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equilibrium,' and the scale height in this case has the form

R\
H::B(THE)(R_) , (2.3)

where

2kTyeR?
Top) = 4 | —mM= . 2.4
B(Tye) = | Gl (2.4)

Here, M. is the mass of the star, u is the mean molecular weight of the gas in the disk (taken
to be 0.68), my is the mass of hydrogen, and Tyg is a hydrostatic equilibrium temperature
assumed for the disk. This hydrostatic temperature is used solely for setting the vertical scale
height of the disk, and typically in classical Be stars, one finds Tyg ~ 0.6 Teg. A self-consistent
treatment, in which the radiative equilibrium disk temperatures are used in the calculation of
the vertical hydrostatic equilibrium, is possible (Sigut et al., 2009), but that has not been used
here. In the present work, varying Tyg allowed the scale height of the disk to be varied. Note

that vertical gravitational equilibrium predicts a flaring disk with H oc R*/%,

An example BEDIsk calculation for the thermal structure of a disk surrounding a B2V star
(5.3Rs, 9.1 M) is shown in Figures 2.2 through 2.5. In Figure 2.2, the computational grid
(R, Z;j) is shown. The upper envelope of the Z;; grid points reflects the R¥/? flaring of the disk

predicted by vertical gravitational equilibrium.

The density structure of the disk surrounding this B2V star, assuming parameters py =
7.5 x10~" gcm™ and n = 3.0 in Eqn. 2.2, is shown in Figure 2.3. Given this density structure,
the BEDISK code enforces radiative equilibrium at each computational grid point in order to de-
termine the disk temperature at that location using the procedure illustrated in Figure 2.1. The
final balance between the heating and cooling rates in the gas (expressed as a ratio of heating

to cooling) at each point in the disk is shown in Figure 2.5. As can be seen, the maximum im-

I'The disk is rotationally supported in the R direction.
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Figure 2.2: The computational grid for a Bepisk calculation for a disk surrounding a central
B2V star (not shown). The grid flares with radius in order to account for the increase in the
disk scale height with R. The disk is axisymmetric about the rotation axis and symmetric above
and below the disk mid-plane.

balance is typically +1%, although errors as large as 6% occur in the upper envelope far from
the central star. As shown in Figure 2.4, the disk is far from isothermal, with a cool inner zone
close to the central star. This cool zone occurs in dense disks where all lines of sight back to the
central star are optically thick, thus significantly reducing the photoionization radiation from
the central star reaching these regions. Moving further out in the disk, some lines of sight back
to the central star (initially those terminating at high stellar latitudes) become optically thin,
and the input heating rate increases. In addition, far from the star and/or far above the central
plane of the disk, the low gas density reduces the cooling rate, resulting in higher temperatures.
This cool inner zone, with hot “shealths” above and below, is a feature of all sufficiently dense

disks heated by photoionization from a central star.

In addition to providing the basic thermodynamic state of the disk gas (7', P, and p), the
BEDISK code also computes the atomic level populations of all of the included bound energy
levels of the atoms and ions included in the calculation. All of this information is used by

the BERAY code to predict observables, such as line profiles and spectral energy distributions
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Figure 2.3: The disk density structure surrounding a B2V star with disk density parameters
po =75 x 107" gcm™ and n = 3.0. The central star is shown as an outline only. The colour
bar to the right is in log,, p.
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Figure 2.4: The disk radiative equilibrium temperatures corresponding to the density distribu-
tion shown in Figure 2.3. The energy input to the disk comes from the central stars photionizing
radiation field. The colour bar to the right is temperature in degrees K.
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Figure 2.5: The ratio of the heating to cooling rate at each location in the disk which reflects
the error in the enforcement of radiative equilibrium at that location. The colour bar to the right
is the heating to cooling ratio.

(SEDs), as discussed in the next section.

The assumption of vertical hydrostatic equilibrium produces a very thin disk near the star.
From Eq. 2.4, it is easy to see that the ratio H/R can be expressed as
H Cg
R

= V—K, (25)

where cg 1s the local sound speed and Vi is the Keplerian orbital velocity, Eq. 2.1. As the orbital
velocity is typically hundreds of kms™! while the sound speed is on the order of 10kms~! for
the disk temperature, the disk is predicted to be geometrically thin with H/R < 1. Such thin
disks have been successful in interpreting observables in classical Be stars, although there has
been some evidence in the support of larger disk scale heights (see Arias et al. (2006); Zorec
et al. (2007); Sigut & Patel (2013)). However, the application of such thin disks to HBe stars
is less clear. For this reason, we also considered disk density models with an enhanced scale

height, achieved by setting the Ty temperature to be 5 T, a factor of nearly 10 over the
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gravitational equilibrium value. We will refer to these models as thick disk models. Note that
for the same disk density parameters, pg, n, and Ry, the thick disk models are a factor of

V5/0.6 more massive, as the total disk mass is proportional to the scale height.

2.2 The Beray Radiative Transfer Code

The temperature structure and atomic level populations computed by BEDISK are input into the
code Beray (Sigut, 2011), which can compute observables such as line profiles, SEDs, and
monochromatic images in the sky. This is done by solving the equation of radiative transfer
along a series of rays (= 10%) that pass through the star+disk system directed at the observer.
Thus the Beray calculation adds an additional parameter, namely the viewing inclination of the
system: from i = 0° for a pole-on star (face-on disk) to i = 90° for an equator-on star (edge-on
disk).

Examples rays are shown in Figures 2.6 and 2.7, in the co-ordinate system (Xj, Yy, Z;) where
(X, Yy) define the plane of the sky and the Z; direction points at the observer, assumed to be
located at Z; = +o0. In Figure 2.6, the disk is viewed at an inclination angle of 30° and the ray
shown has X; = 0 and Y, = 100 R,. This ray intersects the top and bottom edges of the disk
and passes through the equatorial plane of the disk. A series of grid points is created along the
ray between the disk intersections, and the radiative transfer equation is formally solved for the

emergent intensity by computing
Ty
L=+ f S,e"dr,, (2.6)
0

where T, is the total optical depth along this ray at frequency v. For this ray, the incident
intensity at the start of the ray is I = 0. The optical depth scale, 7,, and source function, S,

are defined in terms of the gas opacity (y,) and emissivity (n,) as

YA
7, = f W +xhdz,, (2.7)
Z
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and
m, + 1,

Sy = -,
Xyt Xy

(2.8)

respectively. The opacity and emissivity have both line (superscript /) and continuum (super-
script ¢) contributions. Contributions to the continuum opacity include radiative bound-free
(photoionization) and free-free (bremsstrahlung) processes, while the continuum emissivity
includes radiative recombination and free-free emission. For the line contributions, the opac-
ity and emissivity for a transition from atomic energy level E; with level population N; and to

atomic energy level E; with level population N; are

hv
X, = 3 (NiBi = N; Bji) ¢, . 2.9)
and
n,= ENjAji oy, (2.10)

respectively. Here, hvyg = E; — E;, N; and N; are the atomic level populations, A j;, B;; and B;;
are the Einstein constants for spontaneous emission, stimulated emission, and photoabsorption
respectively, and ¢, is the line absorption profile. The required level populations N; and N; are
found by interpolating in the level populations computed by Bepisk. The line profile, ¢,, which
gives the probability of either absorption or emission of a line photon of frequency v was taken

to be a (unit normalized) Gaussian of the form

, 2.11
N (2.11)
where A is the line width defined as
2kT 12
A = (— + g}) . (2.12)
A mpyg

Here A is the atomic weight of the atom or ion and my is the hydrogen mass. In the compu-
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Table 2.1: Atomic data for the lines used in this work. (Source: NIST Atomic Spectra
Database)

Atom/lon Air Wavelength (A) g g Ei(eV) Aji (s™h

Hi1(Ha) 6562.7 8 18 10.2 4.41e+07
Hi1(Hp) 4861.3 8 32 10.2  8.42e+06
Hi1(Hy) 43414 8 50 10.2  2.53e+06
He1 6678.1 3 5 21.2  6.37e+07
Can 8542.1 6 4 1.7 9.90e+06
Fen 5169.0 6 8 29 4.20e+06
Fen 5316.6 12 10 3.1 3.90e+05

tation of the thermal line width, a microturbulent contribution of £, kms™' was allowed (see
discussion below). As the transfer equation is solved in the observer’s frame, it is necessary to

include the Doppler shift of the line centre frequency as

V= vy — — , (2.13)

Here vy is the rest frequency of the line, hvy = E; — E;, Vi is the Keplerian velocity at that
point in the disk (assumed rotating in the direction specified by the unit vector ¢) and 2 is a unit

vector in the direction of the observer (assumed to be at Z;, = +00).

Atomic data for the lines of hydrogen, helium, calcium and iron considered in this work

(air wavelength, excitation energy, and Einstein A ; value) are given in Table 2.1.

A microtubulent contribution to the line width was included in some models as there is
some evidence in classical Be stars that the @ viscosity parameter required in hydrodynamical
models of disk formation and dissipation is = 1 (Carciofi et al., 2012). One possible interpre-
tation of this result is that of sonic turbulence in the disk, i.e. v = acg H ~ ¢ H. For this
reason, we have also considered models in which the disk is assumed to have a microtuburbu-
lent velocity equal to the local sound speed. Microturbulence is a concept from classical stellar
atmospheres that represents the dispersion of an assumed Gaussian distribution of turbulent

velocities on scales smaller than unit optical depth. In this case, the turbulence acts to broaden
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Figure 2.6: A single example ray (assumed in the Y, Z; plane) passing through the circumstel-
lar disk. Blue lines show the limits of the disk while the green lines shown the upper and lower
edges of the disk. The ray along which the transfer equation is solved is shown by the thick
blue line, directed at the observer, assumed to be at Z; = +co. The inclination angle of the disk,
the angle between the disk and star’s common rotation axis and the line of sight is 30°. In this
case, an I, = 0 boundary condition is used for the intensity.

the atomic absorption profile and hence is easily incorporated as an increase in the Doppler
widths of radiative transitions. In our models, we assumed that the microturbulence value was
either zero or equal to the local sound speed. These models will be referred to as turbulent
disks.

Another example ray is shown in Figure 2.7. Here the disk is viewed at a larger inclination
angle, i = 80°, nearly edge one, and in this case, the ray terminates on the stellar surface. Rays
that terminate on the stellar surface use a Doppler-shifted photospheric (LTE) line profile for
the initial boundary condition, 1%, while rays that pass entirely through the disk, like that shown
in Figure 2.6, assume no incident radiation with 1° = 0.

The main use of BERAY in this work is to compute line profiles for hydrogen, helium, and

ionized metals, such as Can and Fe 1, for the star+disk system. As the systems are unresolved

on the sky, the emergent intensities along each of the rays are combined to form the monochro-

X.dY
F, = f 1,dQ = f f L(X,, m%, (2.14)

matic flux following
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Figure 2.7: A second example ray, similar to Figure 2.6 but for a disk viewed at i = 80°. In this
case, a photospheric intensity is used for the initial condition.

where D is the distance to the source, and the integration is over the plane of the sky containing
the system. If F. is the continuum flux outside of the line, the relative flux F,/F. can be
compared to continuum normalized spectra. In addition, the total strength of a line can be

expressed in terms of the line equivalent width, defined as
F,-F.

where the integral is taken over the width of the line, and emission lines (emission above
the local continuum) are defined as positive equivalent widths. Equivalent widths are usually
measured in Angstroms (1 A=10"*cm) and represent the “width” of continuum flux required

to give the same emission as the line.

The stellar rotation rate was considered to be Vq = 0.8 V,;; for all the models, where

2G M,
3R, ’

Verie = (2. 16)

is the critical rotation rate at the equator in which the centrifugal force balances gravity. Note

that in this notation, the projected stellar rotation rate, usually called v sin , is equal to V4 sini.
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Such high rotation rate generally deforms the star and gravitationally darkens them; however,
as the emission from the disk is the subject of the study here, and not the star, the star is taken

to spherically symmetric.

2.3 Classical Be Stars and the BeEray and Bepisk Codes

Bebisk and Beray are non-LTE radiative transfer codes constructed specifically for classical Be
stars and their ionized, gaseous decretion disks. Many studies, such as Silaj et al. (2010, 2014),
have been able to successfully model the structure of the gaseous disk by comparing synthetic
and observed Ha lines. Sigut (2011) has shown that such models based on Ha are also able to
correctly predict observed Fe 11 lines in the spectra of these stars. These models have also been
able to reproduce the observed correlation seen between Ha and long-term variations in visual
magnitude, which are interpreted as formation and dissipation of the disk over long periods of
time in classical Be stars (Sigut & Patel, 2013). Observed IR line fluxes (Halonen et al., 2008;
Jones et al., 2009) as well as optical and near-IR interferometry (Jones et al., 2008; Tycner et
al., 2008; Mackay et al., 2009; Grzenia et al., 2013; Sigut et al., 2015) computed with Bebisk

and Beray models, have been used to put constraints on the several classical Be star disks.

Several authors, such as Carciofi et al. (2006, 2007, 2009), studied the classical Be stars
a Eri, ¢ Tau and ¢ Sco by fitting viscous decretion disk models to the observed Balmer lines,
SEDs, and polarization measurements. Silaj et al. (2010) studied 56 classical Be stars and
successfully fit the observed Ha profiles to Bepisk models. Many individual stars, such as
X Oph (Tycner et al., 2008), « Dra, 8 Psc, v Cyg (Jones et al., 2008), and o Aqgr (Sigut et
al., 2015), have been studied spectroscopically as well as interferometrically and are found to
match a density model similar to the one adopted in this study. All of these mentioned studies,
as well as several others, have fit the observed line profiles well with a power law index (n)
ranging from 2.0 to 4.0, typically 3.5, and the disk base density (p,) varying between 10~'° and

1072 gcm™ (Rivinius et al., 2013).
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Given the noted similarities between HBe and Classical Be stars (Hamann & Persson,
1992a; Bohm & Balona, 2000; Mottram et al., 2007), a good starting point for the modeling of
the emission spectra of HBe stars is using codes that have successfully been able to reproduce
emission lines from the gaseous disks of classical Be stars. The analysis can give insights on
the regions where the lines are being formed, the mass of the disk, and the temperature and

density structure of the emitting regions.
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Chapter 3

Herbig B2e Star: BD+65 1637

This chapter is adapted from the article: Patel, P., Sigut, T. A. A. & Landstreet, J. D., ’Pho-
toionization Models of Inner Gaseous Disk of Herbig Be Star: BD+65 1637, 2016, ApJ, 817,
29.

3.1 BD+651637

BD+65 1637 (V* V361 Cep) is a B2e star of visual magnitude 10.83 in the young cluster NGC
7129 (Straizys et al. , 2013; Dahm & Hillenbrand, 2015). BD+65 1637 was identified as a HBe
star by George Herbig in his first paper on Herbig stars (Herbig, 1960) and was noted to have a
spectrum very much like that of a classical Be star. Hillenbrand et al. (1992) studied the star’s
SED which showed a small infrared excess, and they classified it as very similar to classical Be
stars. The assigned spectral type has varied in the literature from B2 to BS (see Herbig (1960);
Strom et al. (1972); Finkenzeller & Mundt (1984); Finkenzeller (1984); Hillenbrand (1995)).
Here, we will adopt the stellar parameters and their uncertainties from Alecian et al. (2013),

reproduced in Table 3.1.
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Table 3.1: Stellar parameters for BD+65 1637

Parameter Value

Spectral Type B2e

Tegr (K) 19000
log g (cgs) 4.0
Radius (Rp) 6.7+0.7
Mass (Mo) 8.11*023
Distance (pc)  1250+50

vsini (kms™!)  278+27

Note. All of the values for the parameters as well as their uncertainties are taken from Ale-
cian et al. (2013). The value of T = 19000 K is within the error 1000 K obtained by Ale-
cian et al. (2013).

3.1.1 Observations

The observational data were obtained in 2006 (HJD 2453898) using the high-resolution spec-
tropolarimeter ESPaDOnS at the Canada-France-Hawaii Telescope (CFHT, hereafter). Addi-
tional spectra are also available from the Narval spectropolarimeter at the Télescope Bernard
Lyot, obtained in 2009 (HJD 2455099). Both spectropolarimeters cover the wavelength range
from 3700 to 10500 A with a spectral resolution of 65,000. The peak Signal-to-Noise ra-
tio (SNR, hereafter) per CCD pixel at 7300 A was 237 for ESPaDOnS spectrum and 276 for

Narval spectrum.

The CFHT spectrum of BD+65 1637 can be seen in Figure 3.1. A high resolution version
of the spectrum can be found in Appendix A, Figure A.1. The spectrum not only contains
strong Balmer line emission, Ha and HB, but also emission in many metal lines, such as those
from calcium, oxygen and iron. In addition to the two strong Balmer lines, we will investigate
one of the three Ca infrared triplet lines (1 8542), two Fe 1 lines (15169 of multiplet 42 and
45317 of multiplet 49) and one Her1 line (1 6678). The He1 line is seen in absorption and is

used to estimate stellar properties such as the v sini of the star. A detailed profile of each line
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Figure 3.1: CFHT ESPaDOnS spectrum for BD+65 1637 (Alecian et al. , 2013). The spectrum
shows many emission lines, such as the hydrogen Balmer lines, Ha (1 6563) and HB (14861),
the Can IR-triplet lines (1 8498, 48542 and A 8662) and the Fe 1 lines (415169 of multiplet 42
and 45317 of multiplet 49). The strengths of the lines vary over a large scale, particularly for
Ha, as seen in the vertical scale of each subplot.

can be found in Figure 3.2.

The Balmer lines, Hao and Hg, are the strongest emission lines in the optical/NIR spectrum
of BD+65 1637, as illustrated in Figure 3.1. For BD+65 1637, the equivalent width (EW,
hereafter) of the Ha lines has been noted to vary from 45 A to 28 Al (Garrison & Anderson,
1977; Hefnandez et al. , 2004; Fernandez et al. , 1995; Finkenzeller & Mundt, 1984). In the
2006 CFHT spectrum, the EW measured for He is 26.2 A and for Hg, 0.92 A. The EW for
Cam IR Triplet (1 8542) is measured to be 4.0 A. The two Fen lines, 45169 and 45317, were
chosen for this study as they are in different multiplets, and their EWs were measured to be
0.58 A and 0.40 A. Fen 15169 is in multiplet 42 (a®S — z°P°) and Fen 415317 is in multiplet
49 (a*G — z*F®), although it is blended with a weaker line from multiplet 48.2 Both of these
lines have low excitation energy. He1 (1 6678) is in absorption, and the EW was measured to

be -0.33 A.

'Emission in EW is represented by a positive value and absorption is represented by a negative value in this
as well as the following chapters.

2While both multiplets arise from the a*G lower level, the transition probability (Aj;) value of the multiplet 48
component is 6.5 times smaller than the multiplet 49 component.
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Figure 3.2: The ESPaDOnS observations (blue) are overplotted with the Narval observations
(red) for each individual line. The ESPaDOnS observation was obtained in 2006 (HJD-
2453898) at CFHT, and the Narval observations were taken in 2009 (HJD-2455099) at the
Télescope Bernard Lyot. Except for He1 (1 6678), all the lines show variations with time.

A comparison between the CFHT and Narval spectra, taken approximately three years
apart, can be seen in Figure 3.2. Some variation in the spectral lines is seen, most notably in
the metal lines and V/R ratio, with a strong red component in the Narval (2009) observations.
The similarity in the He1 (16678) absorption line, in contrast to variations in the Balmer and
metal lines, confirms that the Balmer and metal emission lines arise from material outside the
star and that the disk structure varies over time. For the analysis of this study, only the 2006

CFHT ESPaDOnS data was used.

Ha, HB, and both the Fe lines (15169 and 45317) show double-peaked profiles, with
a stronger red component (R) when compared to the blue component (V). All the nonphoto-
spheric lines included in this study show changes in the V/R ratio over time (see Figure 3.2).
Classical Be stars are known to show V/R line variability, which is interpreted as being caused
by a one-armed, global disk oscillation (for details see the review by Rivinius et al. (2013)).
This effect has not been included in the model here, and hence the synthetic line profiles cannot

fit both peaks of a line profile simultaneously.
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Figure 3.3: Left: All Can IR Triplets before the subtraction of Paschen lines. Right: The
Can IR Triplets after subtraction of Paschen lines. The black solid line denotes 0 km s™! radial
velocity.

3.1.2 Reduction of Spectra

In order to compare the observed and modeled line profiles, the observed spectra needed to
be continuum normalized. The unnormalized data obtained from CFHT (and Narval) were
separated into specific wavelength windows that included the emission lines of interest. Each
wavelength window was continuum normalized using IRAF *. The function and order used
for normalization varied from one spectral window to another; ‘Legendre’ and ‘cubic spline’
functions and low-order polynomials were generally used in the process.

The Can infrared triplet lines (18498, 18542 and 18662) are blended with the hydrogen
Paschen series. In order to compare with synthetic line profiles, the Paschen line must be
subtracted from the Ca line. This was done by taking an average of the two nearest, unblended
Paschen lines and then subtracting the average from the Can line. Figure 3.3 illustrates all three
lines before the process of subtraction (on the left) and after subtraction (on the right) in the
CFHT spectrum. It can be seen that the subtraction process decreases the strength of the Can
line, and the resultant line profile is double-peaked with a stronger red peak.

An example of the subtraction process is illustrated in Figure 3.4, where the average of

3IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Associ-
ation of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Figure 3.4: Left: One of the Can triplet lines (1 8542), seen in red, along with the Paschen 14
(P14, 18596) in green and Paschen 17 (P17, 18467) in blue. Right: The resultant Can line
profile after subtraction of the average of the Paschen lines. The different scales on the y axes
should be noted. The black solid line denotes 0 km s~! radial velocity.

Paschen 14 (P14, 18596) and Paschen 17 (P17, A8467) is subtracted from the blended Can
48542 line to extract the unblended Cau profile. For the rest of the paper, the resultant Can
line profile (seen in the right-hand panel of Figure 3.4) will be used. All the lines are adjusted
for the stellar radial velocity. The radial velocity required for the line shifts was measured using
the center of He 1 (1 6678), which was measured to be —17.1 km s~! for the CFHT spectrum and
1

—4.1 kms™! for the Narval spectrum. Both the values are within the range of =26 + 20 km s~

measured by Alecian et al. (2013).

3.2 Results

Large libraries of synthetic line profiles were calculated for Ha, HB, the Can IR triplet (1 8542),
Fen (15169, 15317)*, and He 1 (16678) for disks surrounding a B2 star using combinations
of the disk density parameters listed in Table 3.2. Values of the base disk density parameter,
0o, ranged from 10713 to 107 gcm™, and the power-law index n ranged from 0.5 to 3.0. Three
different-sized disks were considered, R;;+=25, 50 and 100 R,; thus, the largest disk considered

has an outer diameter of 3.1 AU. This range of disk density parameters and disk sizes includes

“For Fen 5317, only the multiplet 49 component was included.
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the range of values typically found for classical Be stars, as noted above, but with an extension
to more massive disks (i. e. higher py and/or lower n). All synthetic line profiles were calculated
at viewing inclinations of 18°, 45°, 60° and 75°, which represent the centers of the first four

bins of five equal-area bins in a random sin i distribution.

Each observed line profile was compared to its synthetic library by computing a figure-of-
merit, F, defined as
1 N | FMod F0b5|
Z FObs

: (3.1

i=1

where F l.ObS is the observed relative flux, F IMOd 1s the model relative flux, and the sum is over
the N wavelength points spanning the line. In performing this sum, a range of small shifts
to the observed wavelength scale was also tried, within the errors of the star’s radial velocity.
The smallest value of & was deemed to define the best-fit model for that feature, although
all profiles with small values of F were visually inspected. These top 9 best-fit lines, along
with the model parameters (illustrated using log;y o9 vs n) for BD+65 1637 can be found in
Appendix B, from Figure B.1 to Figure B.10. In addition, the disk density parameters of
profiles that fit the observed profiles almost as well as the best-fit model were also examined,

and this point, concerning the uniqueness of the fits, will be discussed in Section 3.3.

While the minimum of F for a given line, say ¥, defines the best fit for that particular
line, it is not guaranteed that the best-fit model for all lines will result in the same set of

disk density parameters. A figure-of-merit defined by Eqn. 3.1 can be obtained for each line

Table 3.2: Explored Model Parameters for the Disk of HBe stars.

Parameter Range
Base Disk Density, py (gcm™) 1078...10713
Power Law Index, n 0.5...3.0
Inclination, i (°) 18...75

Disk Radius, Rz (R.) 25...100
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considered: FHe, F98 and so on. Therefore, it is possible to search for the best set of disk
parameters that minimizes the sum of all of the line figures-of-merit, i.e. the global, best-fit
model.

For all the line profile matches performed in this study, the effort was made to fit to the blue
peak of the emission line. When a reasonable fit was not found for the blue peak, the fit was
computed for the red peak instead.

We will now first discuss the best-fit models for each line individually and then consider

the best global model.

3.2.1 Individual Fits

The best-fit models for all individual lines are listed in Table 3.3, and the best synthetic line
profile fits to the individual observed emission lines are shown in Figure 3.5. With the free-
dom to chose the density model independently for each line, the observed line profiles can be
reproduced quite well in strength, shape, and equivalent width by the models.

The best fit for Ha is a S0 R,, thin disk model with the base disk density parameter p, of
3.2 x 10712 gcm™ and power-law index n of 2.0 seen at an inclination of 60°. The observed and
synthetic profiles are compared in Figure 3.5. The width of Ha at its base is underestimated,
and a better fit might be possible by refining the viewing inclination, however, we have not
attempted this.

For HB, the best match to the observed profile was found for a model with slightly smaller,
thin disk of 25 R, seen at 45° with the base disk density parameter po of 1.0 x 10~'! gcm™ and
power-law index n of 2.0. The overall strength and width of HS (including its absorption wings)
are well reproduced by the model. We note that the V/R asymmetry cannot be reproduced by
our assumed axisymmetric disk models.

At this point, we immediately see that the best-fit models for Ha and Hg differ. Neverthe-
less, it should be kept in mind that in addition to the best-fit model, there is a range of other

disk models that fit each profile nearly as well. For example, there will be N models that fit
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Table 3.3: Best-fit Model Parameters for Individual Emission Lines and the Global Models
with and without Ca.

Emission Line Disk Density po (g cm™3) Power Law Index n  Inclination i (°) Disk Radius Ry;s (R) Model Type
Ha (6562 A) 3.2 x 10712 2.0 60 50 Thin

HB (4861 A) 1.0 x 10711 2.0 45 25 Thin

Cau IR-triplet (8542 A) 1.0 x 10710 2.0 60 25 Thin & Turbulent
Feu (5169 A) 1.0 x 10710 3.0 45 25 Thick & Turbulent
Feu (5317 A) 1.0 x 107° 1.5 75 25 Thin & Turbulent
Global 1.0 x 10710 2.0 45 50 Thin
Global (w/o Ca) 1.0 x 10710 3.0 45 50 Thin & Turbulent

Note. No best-fit model for He1(46678) absorption line is given because it is of photo-
spheric origin.

Ha with a figure-of-merit within 25% of the best fit model, and for Hg, there will be M such
models. We will return to the question of the number of such models and how the disk density

parameter ranges compare in Section 3.3.

For Can 48542, the best-fit model to the observed line has a disk density parameter p, of
1.0 x 107!° g cm™ and power-law index n of 2.0 seen at 60° for a 25 R, thin and turbulent disk.

We again note that the width and overall strength of the line are well reproduced.

For the two Fe 11 lines, the figure of merit # was computed by using only the red half of the
line, i.e. the blue peak was ignored in the fit. The Fe n multiplet (42) 45169 line requires the
base disk density parameter py of 1.0 x 107!° gcm™ and a power-law index n of 3.0 seen at
45° for a 25 R, thick and turbulent disk. The Fe n multiplet (49) 45317 line requires a model
with disk density parameter po of 1.0 x 10~ gcm™ and a power law index n of 1.5 seen at 75°
for a 25 R, thick and turbulent disk. We note that the lines of Can and Fe 1 prefer the turbulent

disk model, as these models tend to produce broader and stronger lines.
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Figure 3.5: The best-fit profile (red) for observed emission line (blue) of Ha (16562), HB
(14861), Cam IR Triplet (18542), Fen multiplet (42) (15169), Fe n multiplet (49) (15317),
and He1 (16678) for BD+65 1637, which were modeled using BeEray. The fit parameters
for each model can be found in Table 3.3, with the exception of Her because it is fit by a
photospheric profile.

To investigate what range of disk radii contribute to the formation of the lines considered,
the cumulative intensity produced by each emission line was plotted against the radius of the
disk for the models listed in Table 3.3, as shown in Figure 3.6. To do this, a face-on synthetic
image (i = 0°) was produced using the best-fit disk density model for each line. For each
i = 0° image, the intensity was integrated over the total width of the line. Then, the integrated

intensity out to a disk radius of R can then be defined as
R
C(R) =2n f I(R)R dR', (3.2)
R.

where /(R) is the wavelength integrated line intensity at distance R, and R, is the stellar radius,
assumed to be the inner edge of the disk. Then C(R)/C(Ry;s) can be plotted versus R to
determine how the line intensity is accumulated by the disk. In the Figure 3.6, a dashed black
line shows the cumulative fraction of 0.9. It is important to keep in mind when looking at this
figure that the disk density model particular to each transition has been used and not a single

disk density model. This explains, for example, why C=1 is reached at SOR. for Ha but 25 R,
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Figure 3.6: The cumulative line emission (Equation 3.2) as a function of distance from the
star for each observed line using the best-fit disk density model. The model parameters that
produced each individual line can be found in Table 3.3. The black dashed line represents a
cumulative emission fraction of 0.9.

for the remaining lines. In order to reproduce the strength of the Ha emission, an extended
emission region is required, reaching 90% of the emission at 40R,. However, 90% of the
emission for Cam, and Fen (15169) originates from the innermost 10 R, of the disk, and HB
and Fen (15317) are intermediately reaching 90% complete at ~20 R...

This figure also illustrates how the disk might be structured in order to produce all the line
profiles by having the disk’s equatorial density vary in a more general way than as a single

power-law (see Section 3.4).

3.2.2 Global Fits

Given that different disk density models are required to best fit each observed profile for
BD+65 1637, the next logical step was to see if a single disk density model could fit all the
lines in a reasonable (as opposed to optimal) manner. This will also assist us in deciding how
to move forward in looking for a more general density model that would better describe the

structure of the disk. To find the single best model, we minimized the sum of all the individual
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Figure 3.7: The global best fit of all the synthetic line profiles (red) for the observed emission
lines (blue) of He (16562), HB (14861), Can IR Triplet (1 8542), Fe n multiplet (42) (15169),
Fe n multiplet (49) (15317), and He1 (16678) for BD+65 1637, which were modeled using
Beray. The global best-fit model parameters used for this Figure can be found in Table 3.3.

6
Frool = wiF (3.3)
i=1

where i ranges over the six lines considered. Initially, we set w;=1 for all i to weigh all six
lines equally. The model that was found to best reproduce all the observed line profiles in this

manner is listed in Table 3.3.

Figure 3.7 shows all six synthetic emission lines produced for this model as compared to the
observed line profiles. The disk parameters are a power-law index n of 2.0, the base disk density
parameter py of 1.0 x 107! gcm™ with a 50R,, thin disk seen at 45°. As illustrated in the
figure, the Balmer lines can be reproduced approximately in strength, but are too narrow at the
base; the metal lines are either too strong (Fe 1 lines) or too weak (Cam IR Triplet) compared to
the observed emission lines. The mismatch of the shape of the Balmer line profiles, particularly
in the wings, indicates that that the material is not distributed correctly in the disk by a single
power-law. The synthetic line profile for Can IR triplet (18542) is weaker in strength, as well

as narrower in velocity, than the observed line profile. It does, however, produce a double-
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Figure 3.8: The cumulative line emission (Equation 3.2) as a function of distance from the star
for each observed line using the global disk density model. The global model parameters can
be found in Table 3.3. The black dashed line represents from where the 90% of the emission is
coming from.

peaked shape. Both of the synthetic Fe 11 line profiles have approximately the same shape and
strength when compared to each other; however the width of the wings are different: Fe 1 (42)
(15169) has a narrower spread of velocity in the wings when compared to Fen (49) (15317).
Both synthetic Fen line profiles are too strong compared to the observed profiles, suggesting
that smaller regions may be required to reproduce the observed line (as seen in Section 3.2.1).
Finally, He1 shows absorption with some central emission, sometimes called a central quasi
emission (CQE) feature (Hanuschik, 1995). Because the star and disk system is seen 45°, the
CQE can be attributed to the disk partly blocking the direct stellar radiation.

Figure 3.8 illustrates where the intensity is produced by these lines for this single power-
law model by plotting C(R), Equation 3.2, as a function of disk radius. It can be seen that, in all
the cases, 90% of the emission now is coming from inside 40 R, (or 1.25 AU). This figure also
illustrates that the Can IR Triplet (1 8542) is produced in the innermost 10 R, of the disk; the
Hp (14861) and the Fe 1 multiplets (15169 and A 5317) produce most of their emission within
20R., and Ha emission is produced throughout the disk, with 90% coming from within 40 R..

Comparison of Figures 3.6 and 3.8 shows that the Cau IR triplet forms in the innermost part of
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the disk, while Ha forms throughout the disk. The emission from HS and Fe n multiplets are

intermediate and emerge from the same region for the global model.

In addition to constraining the density distribution in the disk for a model that is consistent
with the observations, the global model can be used to give insight to the temperature structure
of the disk. Figure 3.9 illustrates the temperature distribution predicted by Bebisk in a thin disk
for a model with the base disk density parameter p, of 1.0 x 107! g cm™ and power-law index
n of 2.0. The upper plot illustrates the temperature in the entire disk, which generally ranges
from 5500 K to 10000 K. The bottom log-log plot shows the region close to the stellar surface
where temperatures in the disk can reach as high as 14000 K. When combined with the density
structure, this provides valuable information on the structure of the inner, gaseous disk. For
example, even at 110 R,, the coolest temperature predicted in the equatorial plane, ~5500 K, is

still above the dust sublimation temperature.

Finally, the disk density parameters can be used to estimate the total mass of the inner
gaseous disk. The mass is estimated to be 9.3 x 10% g (5.7 x 108 M, or 4.6 x 1077 M),
while the scale height H of the disk at the stellar surface was estimated to be 1.6 x 10'° cm

(3.5 X 1072 R, or 0.23R,).

It was noticed in the fitting process that the metal lines, especially the Can IR Triplet,
require a high disk density parameter p, with low value of the power-law index n. Ca is
generally not well reproduced by the models that otherwise are found to work reasonably well
for a single power law. For this reason, we searched for global fits that exclude the Ca line by
setting w; = 0 for %! in Equation 3.3. The result can be seen in Figure 3.10. The details for
this model can be found in Table 3.3, and this model is able to reproduce the emission in the
two Fe 11 lines reasonably well. The Balmer lines are not strong enough to match the strength of
the observed profile. However, they match well when the width of the lines is considered. The
same is the case for He1 line. The Can IR triplet for this model shows hardly any emission,
and this indicates that Ca is likely formed in a different region, while all the other lines can

be reasonably produced by a disk with a single power law with n=3.0. The mass of this disk
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Figure 3.9: Temperature distribution in the disk for a model with the base disk density param-
eter po of 1.0 x 107! gcm™ and power-law index n of 2.0. On the top, the plot illustrates
the temperature structure in the entire disk, while at the bottom, in a log-log plot, the temper-
ature distribution in the region close to the stellar surface is illustrated. A color bar giving the
temperature scale (in K) is to the right of each plot.
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Figure 3.10: Synthetic profiles (red) for the global best-fit for the model that produces reason-
able fits for all lines except Can IR Triplet (18542) when compared to the observed spectral
lines (blue). The global model used can be found in Table 3.3 (on the line ”w/o Cau™).

was estimated to be 4.8 x 10% gm (2.3 x 10 M, or 4.6 x 1077 My).

In order to illustrate where these lines are formed in this model that excludes Cam, and if
there is any similarity to the previous global model, Figure 3.11 was constructed. The plot
shows Ha forming almost throughout the entire disk with the 90% of emission coming from
inside the 30R... HB, Fen (15169) and Fe 1 (15317) can be seen forming within 15 R,. When
compared to the previous global fit model (Figure 3.8), all the emission lines except Ha in this
model are produced within half the radius.

Thus, from the all three models considered, it can be concluded that the HB and the metal
lines form in the innermost region of the disk, while the Ha forms in an extended region

covering nearly the entire disk.

3.2.3 The Near-IR SED

As mentioned in Section 2, BErRAY can also calculate continuum SEDs of the star+disk sys-
tem. In order to assess how comparable these models are to the available observations, a SED
was produced for the global disk model of Table 3.3 and compared to the observed SED for

BD+65 1637 found in Hillenbrand et al. (1992). This is illustrated in Figure 3.12. The star’s
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Figure 3.11: Cumulative line emission (Equation 3.2) as a function of distance from the star
for each observed line using the global disk density model without Ca . The model parameters
used for this figure can be found in Table 3.3. The black dashed line represents where 90% of
the emission is coming from.

continuum SED, i.e., in the absence of a disk, is also shown. As it can be seen in the figure, the
global disk model produces a brighter SED at longer wavelengths compared to the observed
SED. This suggests a thinner and less dense disk than those considered here is required in order
to be comparable to the observed SED. However, it is important to note that the SED observa-
tions were taken more than 16 years prior to the observations of the emission lines used in the
analysis here. Ha has been previously reported to be variable in EW (26 A to 45 A), so the

comparison of the disks over a long period of time should be considered with caution.

3.3 Uniqueness of Disk Models

As described in the Section 3.2, the fitting procedure used the values of the figure of merit ¥
for all the lines, found by using Equation 3.3, to build a set of the global, best-fit models. In
Section 3.2.1, it was noted that although one model is the best-fit for each line profile, more
than one model can fit a particular line profile within a certain range of #. Table 3.4 gives the

number of models for each emission line that have ¥ < 1.25F,,;, (the top 25% best fits). As
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Figure 3.12: Continuum SED calculated using Beray for the global best-fit model (with Cam)
for the disk (blue circles; see Table 3.3 for the disk parameters). The photospheric spectrum of
the star is shown as the red dashed line. These SED observations of Hillenbrand et al. (1992)
are marked with gray filled circles.

can be seen from the table, the number of models within this range varies from one model for
Cau to seven models for He 1. Figure 3.13 illustrates where all these models fall in the explored
parameter space of base disk density py and power-law index n. If a single model is found, it
is represented by a point. For two models, a line connecting the two models is shown on the
figure. For three models, a triangle is used. For more than three models, an ellipse is shown
that encloses most of the models. For He1, a photospheric feature, the region that represents
the models that reproduce no disk emission is shown with an arrow. It is important to keep
in mind that this figure represents only the value of the power-law index n and disk density
Po; the rest of the parameters for the models (R and i) are not distinguished. As the figure
illustrates, some, but not all, of the models overlap, again illustrating that no common region is
found where all of the lines can be well fit by a single power-law model. However, two general
regions on the plot can be separated, one for the Balmer lines, which require relatively low
densities and another region of higher densities, dominated by the metal lines Fen and Car.

This figure confirms the earlier observation that the metal lines require higher densities.
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yellow and multiplet (49) (45317) in magenta, and He1 (1 6678) in cyan. The He1 constraint
is the region that results in no observable disk emission in the He 1 photospheric line.
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Table 3.4: Number of Models within 25% of the Lowest Figure-of-merit 7,,;, < ¥ < 1.25 F i
Using the Global Disk Density Model of Table 3.3.

Emission Line Number of Models

Ha 4
HpB 7
Can (18542) 1
Feun (15169) 3
Fen (15317) 3

Given that a single model is not able to reproduce the observed line profiles, understanding
how different power-law indices and disk densities for the disk affect the overall line strengths
is important. To this end, the EW for each line as a function of disk density parameter p, was
plotted for models with a 50 R, disk size seen at an inclination of 45°. Figures 3.14 and 3.15
show the results for the four disk types considered here: thin, thick, thin and turbulent, and
thick and turbulent. Models with disk density parameter po of 10713, 1072, 107!, 107'* and
10~ gcm‘3, and power-law indices n of 1.0, 2.0, and 3.0 are shown. In each figure, the
black line indicates the observed EW for that particular emission line in the CFHT ESPaDOnS
spectrum from 2006.

Even as no single (py,n) combination is able to match the observed EW of all the lines,
some models match the observed EW for more than one line. For example, in Figure 3.14b for
a thin and turbulent disk, the EW of two Fe 1 lines and He1 line match the observed EW for
the disk density py of 107'° gcm™ and power-law index n of 3.0. The EW of Ha for the same
model is very close to the observed EW. However, the EW of HS and Ca 1 (4 8542) are weaker
for the same model when compared to the observations.

In general, the EWs increase with disk density py to a maximum value, and then decline
as the lines become saturated while the continuum continues to increase, weakening the EW.
A good example of this can be seen for the power-law index n of 1.0, where a sharp increase

to a peak and than decline can be clearly seen for each line. In general, the maximum EW



68 CHAPTER 3. HEeRrBIG B2E STAR: BD+65 1637

moves to a higher disk density p, as the power-law index n increases. Also illustrated in the
plots, the addition of turbulence increases the strength of the lines. The thicker disk models
generally show a large number of models with EW equal or greater than the observed EW for
all the lines. For example, for a power-law index n of 2.0, the models with thicker disks show

stronger EWs as the density increases.

3.4 Discussion

Good matches for all of the observed individual emission line profiles for BD+65 1637 have
been found in the large library of synthetic models. However, the diversity of the models in
Table 3.3, and the failure to find one global model that fits all the observed line profiles well,
seems to indicate that the density distribution within the inner gaseous disk of BD+65 1637
cannot be of the simple form of a single power law (Equation 2.2) with power-law index n >
0. The differences between the best fits for individual lines and global fits suggest that the
structure of the disk is more complex than a single power law. The idea that different density
structures might be at play is supported by Figure 3.6 which illustrates how the variations in the
structure of the disk can produce all the emission lines. In addition, the metal emission lines
(Cam and Fe ) seem to require a denser region for their formation as compared to the Balmer
lines.

The SED of the best-fit, global model overpredicts the near-IR excess compared to the
available observations. However, it is important to note that the SED is very sensitive to the
underlying (assumed) stellar temperature in the optical/NIR, and hence should be viewed with
caution. In general, the line modeling serves as a more powerful tool in inferring the structure
of gaseous disk found close to the star. The comparison between the observed and computed
SEDs was performed merely as a byproduct of the line modeling study performed here, and,

perhaps most importantly, the SED and line spectra observations are separated by 16 years.

A general trend was noticed while manually searching for the best fit to the line profiles that



3.4. DiscussioN

—
=3
>

Equivalent Width (Ang)
= 2

Equivalent Width (Ang)

—
3
>

Equivalent Width (Ang)
= 2

- N

~

Equivalent Width (Ang)

=

Ho Hpj 3 Call (8542 A)
—o—n=1 24 E:
S| | 2 A z, /
—#—n=3 s 2 =
= =
=0 =
d 52 5
.A&: : £l
54 B
= =
=6 =
A3 12 11 <100 -9 (3 12 11 10 9 A3 12 11 100 9
log(p,) log(p,) log(p,)
Fell (5169 A) . Fell (5317 A) Hel (6678 A)
o) )
; 3 g -0.1
5 =
22 T -0.2
= =
- Z
51 £-0.3
s | =
M £ 0 5 A ™
S 204
= 1 =
13 .12 11 <100 -9 13 12 11 100 9 -3 -12 11 <100 9
log(p,) log(p,) log(p,)
(a) Thin disk model
Ho s Hpj Call (8542 A)
—®—n=1 i 4 E"s
—e—n=2 < 36
—#—n=3 =) =
= =
=) =4
g, 5
VRSN ES
Z Z
A3 12 11 <100 -9 (3 12 <11 100 9 A3 12 11 100 9
log(p) log(p) log(p,)
Fell (5169 A) 0 Fell (5317 A) Hel (6678 A)
En =-0.1
<8 202
g 4 g
= =
= £.03
z ., = Pram—
E £ -04
2 2
£2 S.0s
el .
g0 = -0.6
A3 412 <11 <10 9 (A3 12 11 100 9 A3 12 11 100 9
log(p,) log(p,) log(p,)

(b) Thin & Turbulent disk model

69

Figure 3.14: Equivalent width (A) of each individual line as a function of disk density (log(py))
for three different power-law indices n for models of radius S0 R, seen at 45° inclination angle.
The solid black line in each panel is the observed equivalent width.
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Figure 3.15: Equivalent width (A) of each individual line as a function of disk density (log(py))
for three different power-law indices n for models of radius SO R, seen at 45° inclination angle.
The solid black line in each panel is the observed equivalent width.
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the metal lines required higher densities compared to the Balmer lines in order to reproduce
the observed line profiles. The addition of turbulence to these models made the lines stronger
and broader.

Finally, the analysis of observed and synthetic line profiles and their fits suggest that
BD+65 1637 is seen at an angle between 45° and 60°.

Decretion disks around Classical Be stars are generally modeled with a single power law
for the density structure, as mentioned in Section 2 and Sigut & Jones (2007). When hydro-
dynamic models are used, a more complex density structure is predicted (Carciofi, 2011). As
shown by the current work, HAeBe stars do not seem to follow a single power law for their
disk structure, perhaps as expected. Thus, a disk with density described by several different
power laws in different radial zones might be able to provide a better global fit to all the lines
considered. Finally, we assumed that the disk extends all the way to stellar photosphere, so
another possible area of exploration would be to have the disk start further away from star. If
the star is not actively accreting, or has sporadic events of accretion, the disk may not extend
all the way to the star. Many recent studies such as Vink et al. (2005); Vink (2015) have
suggested that it may be possible to constrain the presence of such an inner hole radius using

polarimetry.

3.5 Conclusions

This study of inner gaseous disk of the Herbig B2e star, BD+65 1637, by modeling the optical

and near-infrared emission lines, has led to three key findings:

e All of the observed emission lines considered in this study can be reproduced with mod-

els that use photoionizing radiation of the central star as the sole energy source for the

disk.

e Despite being able to reproduce the observed emission lines individually, no model based

on a single power law for the equatorial density was able to reproduce all of the emission
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lines simultaneously. More complex density models are required to generate a consistent

disk structure for this star.

e The metal lines (Ca, Fe 1) require higher densities when compared to the Balmer lines.
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Chapter 4

Herbig B2e Stars: HD 76534, HD 114981
& HD 216629

This chapter corresponds to the article: Patel, P., Sigut, T. A. A. & Landstreet, J. D., ’Pho-
toionization Models of Inner Gaseous Disk of Herbig Be Star: HD 76534, HD 114981 &

HD 216629’ (submitted).

4.1 Stars

Three HBe stars of spectral type B2 are considered in this study: HD 76534, HD 114981 and
HD 216629. The stellar parameters, adopted from Alecian et al. (2013), can be found in
Table 4.1. Alecian et al. (2013) derived the fundamental parameters, such as effective tem-
perature, mass, radius and v sini, by using various methods; synthetic spectra, generated by
TLUSTY and SYNSPEC codes (Hubeny, 1988; Hubeny & Lanz, 1992, 1995), were compared
to the observed spectra and used to determine the stellar effective temperatures. The synthetic
spectra were generated assuming log(g) = 4.0 for all stars. The synthetic spectra were also
used to determine v sini of the stars. Using the derived luminosities and effective temperatures,
the stars were placed in the H-R diagram and compared to evolutionary tracks, calculated us-

ing the CESAM stellar evolutionary code version 2K (Morel, 1997), to determine the stellar

75
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Table 4.1: Adopted Stellar Parameters.

Parameter HD 76534 HD 114981 HD216629
Teir (K) 18000+2000  17000+2000 19000
log g (cgs) 4.0 4.0 4.0
Radius (Rg) 7.7+1.6 7.0£2.0 -
Mass (Mo) 9.0+0.6 7.9435 -
Distance (pc) 870+80 5501%28 720f£8

v sini (kms™1) 68+30 239+13 179+27

All parameters are adopted from Alecian et al. (2013).

masses and radii.

HD 76534 A (V* OU Vel) is of spectral type B2e with a visual magnitude of 8.35 located at
a distance of 870 pc. It is a member of the Vela R2 association and illuminates the surrounding
reflection nebula VdB 24 (Herst, 1975). This star is the brighter member of a visual binary.
HD 76534 was first classified as a HBe star by Finkenzeller & Mundt (1984), and its small
infrared excess led it to be classified as group III stars by Hillenbrand et al. (1992), HBe stars
with small infrared excess, similar to those of classical Be stars. Large variations in equivalent
width (EW) of He, ranging from 14.30 A to -2.4 A, have been noted in various studies, such as
those of Oudmaijer & Drew (1997); Corcoran & Ray (1998); Oudmaijer & Drew (1999). Large
scale variations are also seen in HD 76534’s polarization over time scales of ~1 month (Jain &

Bhatt, 1995).

HD 114981 (V* V958 Cen) is a 7.16 visual magnitude star found at the distance of 550 pc (Ale-
cianetal., 2013). It is a B-type star that shows a small IR excess and has been suggested to be a
classical Be star (Wilson Cauley & Johns-Krull, 2014), not a HBe star. Hill (1970) and Vieira et
al. (2003) classified HD 114981 as a HAeBe candidate with spectral type B5 due to H @ emis-
sion; however Alecian et al. (2013), used high resolution spectra to determine the temperature
of the star and re-classified it as type B2. Mannings & Barlow (1998) identified HD 114981 as

a candidate Vega-type star based on the IR excess, consistent with its HBe classification.
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HD 216629 (V* IL Cep) is a B2e star of visual magnitude 9.31 magnitude located the
distance of 720 pc (Alecian et al., 2013). Several studies, such as those of Peter et al. (2012);
Garmany (1973), have associated HD 216629 with the Cep OB3 association; however, Alecian
et al. (2013) argues against this based on its position in the H-R diagram. Wheelwright et
al. (2010) studied HD 216629 with spectro-astrometry and found that it is a wide, double-
lined spectroscopic binary. Alecian et al. (2013) also noted variation in Her lines from one
observation to another and indicated that the binary companion might be causing the variations.
A double-peaked emission He has been observed in emission in various studies with the EW
ranging from +34.5A to -4.5A (Wheelwright et al., 2010; Harrington & Kuhn , 2009; Mottram
et al., 2007; Acke et al., 2005; Vink et al., 2002). The EW of HS has been reported to be
34A previously (Mottram et al., 2007). Mottram et al. (2007) studied Balmer emission lines

of HD 216629 and failed to detect any depolarization'.

4.1.1 Observations

All observational data used in this study were obtained using the high-resolution ESPaDOnS
spectropolarimeter at the Canadian-France-Hawaii Telescope (CFHT). This instrument covers
the wavelength range 3700 to 10500 A with a spectral resolution of 65,000.

The HD 76534 spectrum, obtained in 2005 (HJD 2453423), can be seen in Figure 4.1, with
the peak SNR of per CCD pixel of 221 at 7080 A A high resolution version of spectrum is
illustrated in Appendix A, Figure A.2. The spectrum contains not only a strong Ha emission
(EW = +11 A) but also weaker emission from Hf and the Can IR triplet. Weak emission from
several Fe n multiplets, common in the optical spectra of HBe stars, is also detected. The EWs
of all the measured line profiles for HD 76534 can be found in Table 4.2.

For HD 114981, two different data sets are available, one from 2005 (HJD 2453422) with
peak SNR per pixel of 329 at 5150 A, and one from 2006 (HJD 2453748) with peak SNR per

pixel of 633 at 5150 A. The 2006 spectrum is shown in in Figure 4.2 and its high resolution

'Depolarization occurs when the continuum is much more polarized than the line photons.
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Figure 4.1: The 2005 (HJD 2453423) CFHT ESPaDOnS spectrum of HD 76534 from Alecian
etal. (2013). The hydrogen Balmer lines, Ha (1 6563) and HB (14861), and the Cau IR-triplet
lines (18498, 18542 and 48662) are indicated. Note that the strengths of the emission lines
are quite diverse, particularly for He, as seen from the different vertical scale of each subplot.

version can be found in Appendix A, Figure A.3. Again, emission lines of Ha, HB, the Can
IR triplet, and Fe 1t are detected. A comparison of the two spectra taken approximately a year
apart can be seen in Figure 4.3; only small changes are seen in the spectrum. The Ha line
is a bit stronger in the 2006 observations, and the HB line has shallower wings in the 2005
observations. For the Fe 1 lines, the 2005 profiles are slightly stronger. All the emission lines
show symmetric, doubly-peaked profiles. He 116678 is seen in absorption and has a very broad
profile. As the 2006 spectrum has a higher SNR, we analyze only the 2006 data. The EWs of
all the line profile for HD 114981 can be found in Table 4.2.

The observed data for HD 216629 was obtained in 2006 (HJD 2454077) at peak SNR per
pixel of 227 at 7080 A and can be seen in Figure 4.4. Appendix A, Figure A.4 displays high
resolution version. The spectrum shows Ha, HB, and Can IR triplet emission lines. The two
Fe lines, 15169 and 45317, are also present in emission, but very weak. The He is singly-
peaked, while Hg, the Can IR triplet, and the Fen lines are doubly-peaked. HB and the two Fen
lines show a stronger red (R) component in their doubly-peaked profile as compared to the blue

(V) component. The EWs of all the line profiles for HD 216629 can be found in Table 4.2.
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Figure 4.2: The 2006 CFHT ESPaDOnS spectrum of HD 114981 from Alecian et al. (2013).
The emission lines Ha (16563), HB (14861), the Can IR-triplet lines (18498, 18542 and
18662) and Fe lines (15169 and A5317) are indicated. Again, note the different scales on
the y-axes.

4.1.2 Data Reduction

The spectra for all the stars were continuum normalized using IRAF? in order to be able to
compare the observed line profiles to the synthetic spectra. The individual orders containing
the emission lines of interest were normalized using various low order (2"¢ or 3"¢) polynomials,

using the ‘Legendre’ and ‘cubic spline’ functions available in IRAF.

Cau Subtraction & Elimination

The three Can IR triplet lines, A 8498, 18542, 18662, are blended with various high-n Paschen
lines which need to be subtracted from the Ca lines in order to extract unblended Cau line
profiles. In order to remove the contaminating Paschen emission, the two adjacent, and un-
blended Paschen, lines were averaged and subtracted from the Cau profile. For example, to
de-blend Can 48542 from Pal5 18543, the average of the two adjacent Paschen lines, Pal4

18596 and Pal7 18465, was subtracted from the observed Cam A 8542 line.

IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Associ-
ation of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Figure 4.3: The 2005 (HID 2453422) observations of HD 114981 are shown in red, overplotted
in blue on the 2006 (HJD 2453748) observations, for lines modeled in this study.

Table 4.2: Measured Equivalent Widths.

Line (1A) EW (A)
HD 76534 HD 114981 HD 216629

Ha (16563) 10.93 18.63 19.74
Hp (14861) 491 -4.45 232
Can (18542) 1.77 0.18 0.99
Fer (15169) 0.19 0.18 -0.36
Feu (15317) 0.60 -0.20 0.17
He1(16678) -0.51 -0.40 -0.66

This procedure was performed on all the three Can IR triplets lines for all three stars. An
example of the subtraction process and results can be seen in Figure 4.5 using the Can 48542
emission line. This subtraction process did not yield a significant Cau line profile compared to
the continuum noise for two of the three stars, HD 76534 and HD 114981, and therefore, Can
was not considered in the analysis of these stars. The Can line profile for HD 216629 however,

shows a strong, double-peaked line profile after subtraction, and this profile was retained in the

analysis.
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Figure 4.5: The Can IR triplet line 48542 before the subtraction process (i.e., blended with
Paschen lines) is illustrated in red for all three stars: HD 76534, HD 114981, & HD 216629.
The resultant subtracted profile for Cam A 8542 alone is seen in blue.
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4.2 Results

To model the observed line profiles of the three HBe stars considered in this work, a large
grid of synthetic line profiles for a disk surrounding a central B2 star were calculated using the
parameters given in the Table 4.3. The adopted B2 parameters fall within the uncertainty of
the stellar parameters given in Table 4.1 for all stars. A wide variety of disk parameters, listed
in Table 4.4, were explored. Typical values of py and n for classical Be stars fall in the range
of 1072 gem™ to 10719 gecm™, and 2 to 4 (peaking at 3.5), respectively (Rivinius et al., 2013).
However, for HBe stars an expanded range of model parameters was considered in order to
include more massive disks by calculating higher p, and/or lower n. Thus, the models were
calculated with the disk base density parameter, py, ranging from 10~!% to 1078 gcm™3, and the
power-law index, n, ranging from 0.5 to 3.0 . The size of the disk was chosen to be one of three
values, Ry;=25, 50 and 100R.. All synthetic line profiles were calculated at four viewing
inclinations, which represent the centers of the first four bins of five equal probability bins in a
random sin i distribution: 18°, 45°, 60° and 75°. The fifth bin, i = 84°, was not considered as
there is no evidence of shell absorption, i.e. deep central reversals in the line profiles originating

from disk absorption, in any of the spectra.

To compare each synthetic profile in the computed library to an observed line profile, a

Table 4.3: Adopted stellar parameters for the B2 spectral type.

Parameter Value

Ter (K) 19000
log g (cgs) 4.1
Radius (Rp) 6.7
Mass (Mg) 8.11

Note: values were adopted from Alecian et al. (2013).
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figure-of-merit, #, was computed. This figure-of-merit was defined as

1 i |FlMod _ FlQb5|

J0bs ’ (4.1)

where FP™ is the observed relative flux, FM* is the model relative flux, and the sum is over
the N wavelength points spanning the line. A range of small shifts to the observed wavelength
scale were also considered, within the errors of the star’s radial velocity, in order to best match
the observed profile. The smallest value of # was deemed to define the best-fit model for that
feature, although the ten profiles with smallest # values were visually inspected in order to
verify a best match. In cases of asymmetric line profiles, i.e. V/R ratios other than 1 (such as
Hp for HD 216629), the match was made to only one of the peaks, depending on the shape,

strength and width of the line profile.

We will first discuss the best-fit models for each line of Table 4.2 individually for each star,
and then consider the single, best global model for all the stars. Disk density parameters for
the individual and global fits for all three stars are listed in Table 4.5. Section 4.4 discusses the

uniqueness of the model fits.

Table 4.4: Explored model parameters for the disk of HB2e stars: HD 76534, HD 114981 &
HD 216629.

Parameter Range
Base Disk Density, pg (gcm™) 1078...10713
Power Law Index, n 0.5...3.0
Inclination, i (°) 18...75

Disk Radius, R;; (R.) 25...100
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4.2.1 Line Fits: HD 76534

The best-fit synthetic line profiles to the individual observed emission lines for HD 76534 are
shown in Figure 4.6 and the top 9 best-fit lines and its corresponding model parameters can be
found in Appendix B, from Figure B.11 to Figure B.18. All the observed emission lines are
well matched in strength, shape, and width.

The model that best fits Ha line profile is from a 100 R,, thin disk model with a base disk
density (pg) of 7.5 x 1072 gcm™ and power-law index (n) of 2.5 viewed at an inclination of
i = 45°. The synthetic line profile is slightly weaker at the base when compared to the observed
profile, indicating that either slightly more material is required closer to the star and/or the
system is viewed at an inclination angle of somewhat more that 45°. However, the fit was not
refined along these lines. For Hp, the best-fit model profile is from a 100 R,, thick disk model
with base disk density (pg) of 1.0 x 107! gcm™ and the power-law index (n) of 3.0, seen at
the same inclination as Ha, i = 45°. For the two Fen lines, 45169 and 45317, the model
that fits both observed line profiles is from a 25 R, thin disk with a base disk density (py) of
1.0 x 10719 gcm™ and power-law index (n) of 3.0, again seen at i = 45°.

Except for the two Fen lines, all of the optimal models for the individual lines differ. As
noted before, these best fit models are those with the minimum value of . However, there is a
range of other disk density models that fit each line profile nearly as well. The range of fitting
models for each feature, and implications, will be discussed in Section 4.4.

As for HD 76534°s He1 absorption line, it presents a special problem. The observed line
profile has a very wide base in the wings and a sharper, narrow absorption core. The syn-
thetic profiles were found to well fit only either the wide wings or the narrow absorption core,
depending upon the viewing inclination, with i = 18° models matching the narrow core and
i = 45° models matching the broad wings. None of the models reproduced the observed line
profile as whole. As Her1 16678 A is a transition in helium’s singlet spin system, we do not
expect a diffuse, forbidden component to the line’s profile (as is the case for the triplet system).

We have explored variations in the adopted stellar parameters; models were calculated for a
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T.s increased by 2000 K (in order to strengthen the helium lines), as well higher and lower
values of log g. None of these variations were able to fit the observed He1 profile. Finally,
we investigated the possibility of binarity, postulating that the observed He 1 line is actually the
sum of two stellar components of very similar spectral types. As mentioned earlier, HD 76534
is already known to be a visual binary, although the separation is too large for this to be the
origin of the addition spectrum. We did manage to produce an acceptable match to the He1line
by combining the two line profiles, i.e. a fit to the narrow absorption with a photospheric model
with v sini of 49 km/s and fit the wide base component of the line profile with a photospheric
model with v sini of 222 km/s. The two line profiles were combined assuming an equal flux
contribution from each component, and the composite line profile is illustrated in Figure 4.7.
Thus, there is evidence that the HD 76534 spectrum is actually a composite spectrum of two
B stars of nearly the same spectral type. We note that we are unable to detect a systematic
velocity offset between the two components, and therefore, the binary orbit must be either very
wide or the orbital plane is in the plane of the sky. Despite this circumstantial evidence for a
composite spectrum, we will retain the assumption that HD 76534’°s emission line spectrum is

due to a single HBe star in the analysis.

From Table 4.5, we see that no single model was able to fit all the emission line profiles
for HD 76534. It is likely that a disk density distribution more complex than an axisymmetric,
single power law is necessary to explain the equatorial density variation of the inner, gaseous
disk. To this end, and to investigate what range of disk radii contribute to the formation of each
line, the cumulative emission for each line was calculated and plotted against the radius of the
disk. To calculate this cumulative disk emission, C(R), a face-on (i = 0°) synthetic image was
produced in the integrated light of each emission line using the best-fit disk density model for
that line. The intensity was then integrated over the total width of the line for each image, and

then this integrated over disk radius as

R
C(R) =2n f I(R)R dR' . (4.2)
R.
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Figure 4.6: The best fit synthetic line profile (red) for each observed emission line of HD 76534
(blue): Ha (16563), HB (14861), Fe 1 multiplet (42) (415169), Fe n multiplet (49) (15317) and
He1 (16678). The fit parameters for each model can be found in Table 4.5, with the exception

of Her as it is fit by a pure photospheric profile.
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Figure 4.7: The two model fit for the observed He1 line profile (seen in Blue) of HD 76534.
The photospheric model with v sini of 222 km/s (red) is fit to the wide base and wings and the
photospheric model with v sini of 49 km/s (green) is fit to the narrow absorption core. The sum
of the two model lines (seen in Black) is matched to the observed.
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Figure 4.8: The cumulative line emission (Equation 4.2) as a function of distance from the
central star of HD 76534 for each individual line using the best-fit disk density model. The
model parameters that produced each individual line can be found in Table 4.5. The black
dashed line represents a cumulative emission fraction of 0.9.

Here I(R) is the wavelength integrated line intensity at distance R, and R, is the stellar radius,
assumed to be the inner edge of the disk. Then C(R)/C(Ry;s) can be plotted versus R to
determine the contribution to the total intensity of each line throughout the disk.

Figure 4.8 shows the cumulative emission C(R) for each individual line. It is important to
note that in this figure, the disk density model used to calculate the C(R) for each line is the
individual best fit model for that line given in Table 4.5. As a result, for example, C(R)/C(Ry;sx)
reaches one at 100 R, for Ha and HB, but for Fem, it is reached by 25 R,.. While HS requires a
100 R. disk to best reproduce the observed profile, most of the emission comes from the region
very close to the star. Ha also requires extended disk, but 90% of the emission is produced in
the 25 R, disk near the star. Both the Fe 1 lines on the other hand are mostly produced in the

region less than S R,.

4.2.2 Line Fits: HD 114981

For HD 114981, the best fit model parameters, both individual and global, can be found in Ta-

ble 4.5, and the comparison between the model and observed profiles can be seen in Figure 4.9.
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The top 9 best fit lines along with the corresponding models are illustrated in Appendix B, from
Figure B.19 to Figure B.26. For this star, all of the observed lines were individually matched

reasonably well in terms of strength and sample by synthetic library profiles.

The disk density model that best fits the observed Ha line profile is an S0R,, thick disk
with base disk density (o) of 1.0 x 1072 gcm™ and power-law index (n) of 2.0 seen at an
inclination of i = 60°. For HB, the model that best fits the observed line was a 100 R, thin disk
with the base disk density (o) of 3.2 x 107! gcm™ and power-law index (n) of 2.5 with again
an i = 60° inclination. For both the Balmer lines, the best-fit synthetic lines do show deeper
central absorption compared to the observed line profile. A change in the inclination angle,

intermediate between 45° and 60°, might improve the fit, but this was not attempted.

For the two Fe 1 lines, the model that fits both observed profiles well is a 25 R,,, base disk
density (pg) of 1.0 x 107'°gcm™ and power-law index (n) of 3.0 when seen at a i = 45°
inclination. The only difference between the two models used for the fits is that Feu 415169
requires a thin disk while Fe 1 45317 requires the thick disk. For He1, the photospheric model
that best reproduces the observed line profile has a v sini of 222 km/s. The He1 line is matched

very well in strength.

The cumulative disk emission as a function of R ;4 for HD 114981 is shown in Figure 4.10.
Again it should be remembered that the individual disk density model for each line (Table 4.5)
has been used to compute C(R)/C(Ry;s). Ha requires an extended region to reproduce the
observed line profile, with most of the emission for He is produced within 30 R, of the disk.
Hp is produced throughout the 100 R, disk; however, 90% of the emission comes from the
inner 20 R, of the disk. Finally, Feu (15169) emits from region closer to the star, and most
of the emission comes from within 5 R,; Fer (15317) emits from little further out in the disk,

and 90% of the emission comes from within the first 10 R, of the disk.
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Figure 4.9: The best fitting synthetic emission line (blue) for each observed line (red) of
HD 114981: Ha (16563), HB (14861), Feu multiplet (42) (15169), Fen multiplet (49)
(45317) and He1 (16678) modeled using BEray. The fit parameters for each model can be
found in Table 4.5, with the exception of He1 as it is fit by a photospheric profile.
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Figure 4.10: The cumulative line emission (Equation 4.2) as a function of distance from the
central star of HD 114981 for each individual line using the best-fit disk density model. The
model parameters that produced each individual line can be found in Table 4.5. The black

dashed line represents a cumulative emission fraction of 0.9.
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4.2.3 Line Fits: HD 216629

The individual, best-fit models for the emission lines of HD 216629 are illustrated in Fig-
ure 4.11, and the corresponding model parameters for each line can be found in Table 4.5. The
top 9 best fit lines and its corresponding model parameters can be found in Appendix B, from
Figure B.27 to Figure B.36. Unlike HD 76534 and 114981, the Cau infrared-triplet is detected
in emission in the spectrum of HD 216629, and the Paschen-subtracted profile for 48542 is
available for the analysis. As can be seen from Figure 4.11, the hydrogen and iron emission
lines are fit reasonably well, but not the Cau IR triplet line where the model profile, while
fitting the peak emission, is significantly narrower than the observed line profile.

The synthetic line profile that provides the best fit to Ho was a 25 R, thin and turbulent disk
with the a base disk density (p,) of 1.0 x 107! gcm™ and power-law index (n) of 2.5 seen at
i = 45°. However, as can be seen in Figure 4.11, this model does not give a single-peaked line
profile for Ha as observed and is too narrow at the base. The Hp profile for this star shows
asymmetric red and blue emission peaks, superimposed on a wide absorption trough. For
modelling, the weaker, blue emission peak was chosen and a good fit to this emission peak and
the absorption trough was found for a 25 R., thin and turbulent disk with the base disk density
(p.) of 1.0 x 107" gcm™ and power-law index (n) of 2.5, seen at an inclination of i = 45°.
Fitting the red peak instead (not shown) leads to a denser denser disk, (p,) of 1.0x 107 gcm™
with a larger power-law index (n = 3.0) but seen at an inclination of i = 60°.

The observed Cam IR triplet (1 8542) emission line is very wide, with a full width of 870
km/s at the base of the profile from the apparent edge of one wing to the other. The best-fit
synthetic model for Cam is a 25 R,, thick and turbulent disk with a base disk density (pg) of
1.0 x 107" gcm™ and power-law index (n) of 3.0 seen at an angle of i = 60°. The model
reproduces the peak emission, but fails to match the overall width and strength of the line.

Fen 15169 requires a 25 R., thin disk with a base disk density (o,) of 1.0 x 107'°gcm™
and power-law index (n) of 3.0 seen at an inclination of i = 60°. Fen 45317 line requires the

same disk density parameters, but for a thin and turbulent disk seen at a higher inclination of
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Figure 4.11: The best fit synthetic profiles (red) for HD 216629 compared to the observed
emission lines (blue). The panels are Ha (16563), HB (14861), Cau IR triplet (18542), Fen
multiplet (42) (15169), Fe n multiplet (49) (15317) and He1 (16678) as indicated. The disk
density parameters for each model can be found in Table 4.5, with the exception of He1 as it is
fit by a photospheric profile.

i = 75°. The synthetic profile for Fenm 15169 is narrower than the observed line profile but
matches well in strength. The Fen 15317 synthetic line profile matches well both the shape

and strength of the observed line profile.

Finally, the He1 416678 can be fit to the observed line profile with a synthetic model that
has a v sini of 303 km/s. The synthetic line profile shows some central emission, which can
be attributed to a CQE feature arsing from stellar radiation being blocked by the disk as the

system is seen at a higher inclination.

A plot of C(R)/C(R is) versus Ry for HD 216629 can be found in Figure 4.12. Similar
to HD 76534, most of the emission for the Fe 1 lines is produced in the inner most 5 R, of the
disk. 90% of the flux for Can IR triplet also comes from the inside the 5 R.. For HB, 90% of the
emission is produced within 7 R, of the disk. Ha requires an extended region and is produced

in the first 20 R,. of the disk.
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Figure 4.12: The cumulative line emission (Equation 4.2) as a function of distance from the
central star of HD 216629 for each individual line using the best-fit disk density model. The
model parameters that produced each individual line can be found in Table 4.5. The black
dashed line represents a cumulative emission fraction of 0.9.

4.3 Global Fits

Given that the aim of this study was to determine a unique density structure for each star’s
innermost gaseous disk, the next step was to see how well a density model with a single set
of parameters (pg, n, i, R;) and type (thin, thick, turbulent) could fit all of the observed line
profiles. If a single density model is unable to reproduce all the emission line profiles satisfac-
torily, comparing the individual line fits to the best global model will assist in deciding how
to generalize the density structure of the disk. To find the single best disk density model, a
weighted sum of all the individual line profile figures-of-merit ¥ was computed for each disk

density model,

N,
Froul =" wiF, (4.3)
i=1

where i ranges over the lines available; N, = 6 if the Ca line is detected in the spectrum, but
N; = 5 otherwise. Initially, the weights w; were set to one for all lines and such fits will be
referred to as the all-line fits. However, additional weightings were also explored: Balmer-line

fits, in which only the hydrogen Balmer lines He and HS were retained in the sum, or metal-



4.3. GrosaL FiTs 93

line fits, in which only the Fe n and Ca 1 (when available) metal lines were included in the sum.
By examining the results of these various weightings, an adopted density model for the inner,

gaseous disk for each star is suggested.

4.3.1 Global Fits: HD 76534

For HD 76534, a 25 R,, thin and turbulent disk with the base disk density (oy) of 1.0x 10~ g cm™>
and power-law index (n) of 3.0 seen at i = 75° is the best global, all-line fit (Table 4.5). Fig-
ure 4.13 shows the synthetic line profiles for this single model compared to the observed lines.
The Ha synthetic line profile has the right strength and shape, but it is narrower at the base
compared to the observed profile. As the selected model is seen close to edge-on, at angle of
75°, the center of the Ha profile shows a deep absorption feature in the core that is not observed.
The synthetic line profile for HB produces the correct shape for the two peaks; however, it also
shows a very deep central absorption core, that, like He, is not observed. Both Fem lines
produced by this model are stronger than the observed profiles and also show excessive central
absorption. The He1 synthetic line profile is a poor fit; however, the possible two-component
nature of this line, illustrated in Figure 4.7, is not accounted for in this single, global model.
The total disk mass associated with this global model is ~ 1.2 x 1078 M, or 1.9 x 10*° g.
Figure 4.14 next shows the Balmer-line fit, where the metal lines are excluded, to the obser-
vations, while Figure 4.15 shows the metal-line fit in which the hydrogen lines were excluded.
Comparing these two figures reveals that, overall, the metal-line fit seems to do the best job;
while the fits to Ho and HB are formally worse, the differences are not compelling, and the
metal-line fit hydrogen profiles now deep absorption cores that are not observed, owing to the
i = 45° viewing angle that is now selected. In addition, the Fe i lines are now much better fit,
while the wide base of the He1 line is reproduced. For these reasons, we adopt this metal line
fit as the best-fit, single disk model for HD 76534. The disk mass associated with this model is
1.9 x 10% g or 10~ M., about ten times smaller than the mass associated with the best global

model weighting all lines equally.
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Figure 4.13: Global fits for HD 76534: model profiles (red) for the all-line fit compared to
the observed emission lines (blue). The disk model parameters for this fit are n = 3.0, py =
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Figure 4.16: Global fits for HD 114981: model profiles (red) for the all-line and metal-line
weightings (as both resulted in the same mode), compared to the observed emission lines
(blue). The disk model parameters for this fit are n = 3.0, py = 1.0 x 107 gcm™.

4.3.2 Global Fits: HD 114981

For HD 114981, a 25R, thin disk with a base disk density (py) of 1.0 x 107 gcm™ and
power law index n = 3.0 seen at an inclination of i = 45° is the best global, all-line fit model.
Figure 4.16 illustrates all-line fit model, and Table 4.5 lists the model parameters. As illustrated
in the figure, the synthetic profile of Ha has the right strength and shape, but is narrower
in width in comparison to the observed line profile. The wings of HB are reasonably well
reproduced, and the line profile has two peaks and the right shape; however, the synthetic line
profile is significantly weaker in the emission peaks. The synthetic line profile for Feu 45169
matches to the observed the observed profile well, while for Fen 45317, the shape of the
observed line profile is well reproduced, but it is weaker in strength in the emission peaks. We
note that 45317 shows an asymmetry in the emission peaks that is not seen in 45169. Lastly,
the He 1 absorption line profile is weaker than the observed profile.

Figure 4.17 illustrates the Balmer-line fit for HD 114981, and the model parameters can be
found in Table 4.5. The strength of the Ha, as well as its overall width, are better reproduced

by this model, compared to the all-line fit previously discussed. For HB, the width of the line
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compared to the observed emission lines (blue). The disk model parameters for this fit are
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and the broad absorption trough is well reproduced, but again the strength of the emission
peaks of the synthetic line profile does not match the observed. As for the two Fer lines, the
Balmer-line model is an extremely poor match, with this model predicting essentially no Fe it
emission.

Finally, the metal-line fit based solely on the Fe 11 lines selects the same model as the global-
fit model previously discussed. For this reason, we adopt the all-line fit model as the best single
disk model for HD 114981. Note that this model is the same as that adopted for HD 76534, and

thus the estimated disk mass is again 1.9 x 10* g or 10~ M.,,.

4.3.3 Global Fits: HD 216629

The best all-line fit model for the observed line profiles of HD 216629 is same model as the
adopted models for both HD 76534 and HD 114981: a 25 R,, thin disk with a base density p, of
1.0 x 1079 gcm™ and power law index n of 3.0 seen at an inclination of i = 45°. Figure 4.18
illustrates this all-line weighted line profiles of HD 216629. This model reproduces the strength
of Ha well; however, it is narrower at the base. The HS synthetic line profile reproduces the
observed blue peak of the line very well; however, the red peak is a poorer match, with the
model profile being too narrow and too weak. Unlike HD 76534 and HD 114981, the Can line
is detected in the spectrum of HD 216629 and can be modelled. The synthetic Ca line of the
all-line model is much too weak compared to the observed line. The synthetic line profile for
Fen 451609 is similar in shape and strength, but narrower compared to the observed line profile.
On the other hand, the synthetic line for Fe 1 4 5317 matches the observed line quite well. The
synthetic He1 line matches the observed line well in width but produces emission in the core
of the line that is not observed. Overall, with the exception of Ca, all the line profiles match
reasonably well.

Figure 4.19 shows the best Balmer-line fit model for HD 216629. This model has a lower
po and n, 1.0 x 107" gcm™ and 2.5 respectively, compared to the previous model. The Her

synthetic line profile is reasonably reproduced in strength; however, the width of the line at the



4.3. GrosaL FiTs 99

4 Ha (6562 A) . H/[ (4881 A) Call Triplet (8542 A)
35 1.05 11
£ 3 £ ]
= = 1 =
T 25 2 2105
S = 0.95 N
3 2 3 3
g £ oo £
S1s S Z 1
1 0.85
0.5 0.8
-1000  -500 0 500 1000 -1000 -500 0 500 1000 -500 0 500
Velocity (km/s) Velocity (km/s) Velocity (km/s)
Fell M42 (5169 A) Fell M49 (5317 A) L02 Hel M46 (6678 A)
1.04 1
1< ” #
= 2 = 0.98
= = &= 0.
2 - 1.02 =
2 5 =096
£ E 1 £
B E 5 0.94
z z r4 Observed
0.92 Serve
0.98 Synthetic
0.9
-500 0 500 -500 -500 0 500
Velocity (km/s) Velocity (km/s) Velocity (km/s)

Figure 4.18: Global fits for HD 216629: model profiles (red) from the all-line and metal-line
weighting (both resulted in the same model) compared to the observed emission lines (blue).
The disk model parameters for this fit are n = 3.0 and py = 1.0 x 107° gcm™.
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Figure 4.19: Global fits for HD 216629: model profiles (red) from the Balmer-line fit disk
density model compared to the observed emission lines (blue). The disk model parameters for

this fitare n = 2.5 and py = 1.0 x 107" gecm™.
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base is narrower when compared to the observed profile. For the HB, the strength of the blue
peak is reproduced, but the overall the width of the synthetic line and the size of the red peak
is not comparable to the observed profile. Essentially no Fe 1 or Ca emission is predicted by
this model.

The best fit for the metal-line weighting to HD 216629 is the same model as the all-line
model above as illustrated in Figure 4.18. Hence, we adopt this model as the best single-power
law model to represent the inner gaseous disk of HD 216629. The total disk mass of this model

is 1.9 x 10% g or 107 M, and is the same as adopted global model for other two stars.

4.3.4 Summary of the Global Fits

Remarkably, the adopted, best-fit model based on a single set of density parameters for the
inner disks of all three stars turns out to be the same: a thin disk with a base disk density of
po = 1.0x 10719 gcm™, a power index of n = 3.0, and an outer disk radius R; = 25 R,, seen
at an inclination of i = 45°. The disk mass associated with this model is 1.2 X 10~ M, or
1.90 x 10% gm. Recall that the only four inclination bins were considered, i = 18, 45, 60,
and 75°, and some variation in the viewing inclinations is still consistent with the models. The
finding of a similar disk model for all three B2 HBe stars is a result of the basic similarity of the
strengths and shapes of their emission line spectra; this point is further discussed in Section 4.5.

To understand where the emission is produced in the disk by this single model, as well as
to help in future work to decide how to better structure the disk in order to reproduce the line
profiles, the cumulative line emission, C(R)/C(R ), is plotted as a function of disk radius,
Risk, for this adopted global model in the Figure 4.20. While this plot applies to all three
stars considered, HD 76534, HD 114981 and HD 216629, one difference is that Ca 1 emission
was detected only in HD 216629, despite the common model assigned to all three stars. Ha
is produced in an extended region of the disk, with most of the emission produced within the
inner 15 R.. This is followed by HB, where 90% of the emission for the line is produced within

the inner 7R, of the disk. Both the Fe lines follow similar curve and are produced mostly
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Figure 4.20: The cumulative line emission (Equation 3.2) as a function of distance from the star
for each individual line using the best fit global disk density model for HD 76534, HD 114981
and HD 216629. The disk model parameters for this fit are n = 3.0, py = 1.0 x 107 gcm™;
further details can be found in Table 4.5. The black dashed line represents from where 90%.

in the inner region of the disk, confined to the 5 R.. Given that hardly any emission was seen
in the Can synthetic line profile, the little emission it produced was from the inner 4 R, of the

disk.

4.4 Uniqueness of the Line Fits

As discussed in Section 4.2, a figure-of-merit is calculated whose minimum value, %,,,;,, defines
the best fitting profiles. Nevertheless in the library of models, it is often the case that several
models with different combinations of disk parameters (py, n, i, R4;sx) produce nearly as good
fits to a given line. To quantify the range of models that come reasonably close to fitting
each line, all the models that fall within 25% ¥, i.e. those with figure-of-merit ¥ satisfying
Fmin < F < 1.25 Fuin, have been determined. Table 4.6 gives the number of such models found
for each emission line for each star. The total number of matching models a given line is seen

to vary from 1 to 17 depending on the line and the star.

In order to illustrate where the ensemble of best-fitting models for a given line falls in the
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explored parameter space, and how well the best fits for different lines agree, we have plotted
the models satisfying ¥ < 1.25 ¥, in the plane defined by the parameters py and n. Note
that the other model parameters, i and Ry, and type of disk (thin, thick, turbulent, etc...) are
not distinguished in such a plot. To illustrate ranges of satisfactory models in such a plot, a
point is used to illustrate a single model. If there are two selected models, a line connects
them, and if there are three models, a triangle is used. If there are more than three models
satisfying the condition on 7, an ellipse is used to enclose the points. For He 1, which generally
has a photospheric origin and thus does not constrain the disk parameters, an arrow and line
of the same color are used to represent the region of models that produce no disk emission.
An example of such a plot is given in Figure 4.21 for HD 76534. As shown, only some of
the models for different lines overlap in the (o, n) parameter space, illustrating the previous
conclusion given in Table 4.5 that there is no single set of disk parameters, representing a
single power-law for the disk’s equatorial density, for which all of the lines can be well-fit. For
HD 76354, two separate regions in parameter space can be seen, one in which the Fe 11 lines are
best fit, and another where the fits to the hydrogen Balmer lines are found. The Fe 1 lines select
a large region in parameter space that correspond to model profiles that fall withing within 25%
of .., that have high base disk densities and lower power law indices. The Balmer lines select

similar to lower base disk densities and higher power law indices.

The plot illustrating the (p,, n) plane for HD 216629 can be seen in Figure 4.22. There is a
large set of models selected by Fen 45169. However, the Ha, HB, Can and Fen 45317 lines
select only a few models satisfying the ¥ < 1.25 %,,;, criteria. Again, no common region is

found in the parameter space for all the lines.

Finally, Figure 4.23 illustrates the models for HD 114981. Unlike the previous two stars,
HD 114981 has very few models in the range of 25% of the lowest # value for all the lines.
The Balmer lines, as expected, are found in the lower base disk density (py) and higher power-
law index (n) region. The two Fe 1 lines each have only one model that fits the criteria and they

occupy the high base disk density and higher power law index region.
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Figure 4.21: Regions of the (n, log py) plane occupied by models with ¥ < 1.25 ¥, for the
indicated lines for the star HD 76534. The He1 constraint is the region indicated by the line
and arrow below which there is no observable disk emission in the model He1 line.

Finally note that the adopted global model for all three stars would fall at the point log oy =
—10 and n = 3. For all the three stars, no region in the explored parameter space leads to
a unique model for the disk. This, along with the fact that individual line fits yielded good
matches, suggests that a more complex model with various density variations amongst the disk

is required in order to reproduce all the lines using a single model.

4.5 Discussion

While fitting the individual line profiles, it was interesting to see that all the models for HD 76534
that fit well to the emission lines were seen at inclination of 45°. For HD 216629, the observed
Cam IR triplet is wider than any of the line profiles in the database. The common parameter
amongst all the lines is the smaller disk radii. Unlike HD 76534 and HD 216629, no common
parameter or similarities were found amongst the Balmer and Fe 11 lines in HD 114981. While
HD 76534 and HD 114981 required a thin or thick disk, HD 216629 required either thin, thin

and turbulent or thick and turbulent disk to successfully reproduce all the individual line pro-
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Figure 4.23: Regions of the (n, log py) plane occupied by models with ¥ < 1.25 ¥, for the
indicated lines for the star HD 114981. The He1 constraint is the region indicated by the line
and arrow below which there is no observable disk emission in the model He1 line.
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files. The two Fen lines of all the three stars required the model with same base disk density

(00), power law index (n) and disk radius (R.) to match both 15169 as well 15317.

The parameters that are constant in the models for all the line profiles can help narrow the
parameter space, making it easier to construct the complex single disk density model that can
reproduce all the line profiles. Figures 4.8, 4.10 and 4.12 provide a wealth of information on
the location of material in the disk. These figures show a complex density structure would be
responsible in emitting the line profiles seen in the observed data. For all the three stars, it is
evident from these figures that the lines of iron form in the inner-most region of the disk, while
the Balmer lines require an extended region to form the emission lines with Ha being produced

in almost the entire disk.

As discussed in Section 4.3, the best fit models selected for all the three stars are same,
even with a wide variety of best fit models found for individual line profiles for all three stars.
The similarities in the strength and shape of the Feu lines for all the three is partly the reason

why a similar model is found as the global best fit model.

Comparing to the work in previous chapter, there are some similarities and differences
between the keys findings. Similar to BD+65 1637, the individual observed line profiles were
found to match well with the synthetic line profiles. It was not possible for any of the three
stars studied here to find a single global density distribution model that predicted emission
line profiles in good accord with all lines observed. Like BD+65 1637 in Chapter 3, it was
concluded that more complex models with density variations are required in order to be able to
reproduce all the observed profiles. It was noted that BD+65 1637 required higher density and
lower power law index models for metal (Can & Fen) lines to fit the observed line profiles.
In this work as well, similar models were required to fit the two Fe lines. For the Camn IR
triplet however, conclusions were different. For two of the three stars in this work, HD 76534
and HD 114981, the Can line profiles were negligible after the Paschen subtraction process
and were eliminated from the study. The Ca line profile of HD 216629, as mentioned before,

was too wide to be fit by any of our synthetic line profiles. This suggest more denser material
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Figure 4.24: All the line profiles of all the stars considered in this chapter as well as in the
previous chapter are overplotted. BD+65 1637 studied in the previous chapter is shown in red,
while the three stars, HD 76534, HD 114981 and HD 216629, studied here are shown in blue,

green and black respectively.

is required closer to the star than the model parameters considered in this study. Thus, models
with density variations implemented by defining various power laws might be able to provide
a better fit the line profiles and achieve a global model. For Classical Be stars, the disks are
generally modeled with a single power law density structure (Sigut & Jones, 2007), however

more complex structure is predicted using hydrodynamic models (Carciofi, 2011).

An over-plot of all the emission lines for all the four stars shows how similar these stars are
to each other. This is illustrated in Figure 4.24. BD+65 1637 has stronger emission lines when
compared to the other three stars, while still having a similar He1 line profile to the other, with
the exception of HD 76534. The similarity in the He 1 absorption lines of the three HB2e stars
suggests the central stars are similar in nature, however the disks around them vary as seen due

to the variety of their emission line profiles.
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4.6 Conclusions

The key findings in the study of the inner gaseous disk of three HBe stars, HD 76534, HD 216629
and HD 114981, are:

e The line emission spectra of all three stars can be adequately reproduced, in terms of
both line strength and shape, from a small, geometrically thin, gaseous circumstellar
disk heated solely by the available photoionizing radiation field from the photosphere of

central B star.
e The equatorial density in the disk varies roughly as 107'° (R, /R)* gecm™.
o The size and mass of the emitting disk are Ry /R, ~ 25 and Myig /M, ~ 107°.

e The models, however, were not successful in reproducing the line profiles of H1, Her,
Can and Fen simultaneously based on an equatorial disk density varying as a single
power-law with radius. A possible resolution is to consider equatorial density distribu-

tions that vary in a more complex way.

e The star HD 76534 has He 1 line profile which exhibits two distinct components: a wide
base and a narrow, absorption core. This profile can be well fit by combining two equal
photospheric B2V He1 profiles that correspond to different v sin i values, suggesting that

the spectrum is that of two equal-massed B stars as an unresolved binary.

A key limitation of the current study is that the three HBe stars analyzed are all Group III
Herbig Ae/Be objects according to the Hillenbrand et al. (1992) classification, that is, objects
with small infrared excesses resembling classical Be stars. We intend to extend our current
analysis to Group I and II objects that show unambiguous signs of dust in their infrared spectral

energy distributions.
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Table 4.5: Individual line and global best-fit model parameters for all three stars. The adopted
best-fit, global model for each star is indicated with a check-mark.

Star Line po (g em™)  n i(°) Ryig (R Model Type

HD 76534  Ha (16563) 7.5 x 10712 25 45 100 Thin
HpB (14861) 1.0 x 10711 3.0 45 100 Thick
Fen (15169) 1.0 x 10719 3.0 45 25 Thin
Fen (15317) 1.0 x 10719 3.0 45 25 Thin
Global Fit 1.0x 102 30 75 25 Thin & Turbulent
Balmer Line Fit 1.0 x 10711 25 45 25 Thin
Metal Line Fit +/ 1.0x 10719 3,0 45 25 Thin

HD 114981 Ha (16563) 1.0 x 1072 2.0 60 50 Thick
Hp (14861) 32 x 1001 25 60 100 Thin
Fem (15169) 1.0 x 10710 3.0 45 25 Thin
Feu (15317) 1.0 x 10719 3.0 45 25 Thick
Global Fit / 1.0 x 10719 3,0 45 25 Thin
Balmer Line Fit 1.0 x 1071 25 45 100 Thin & Turbulent
Metal Line Fit +/ 1.0 x 1071 3.0 45 25 Thin

HD 216629 Hea (16563) 1.0 x 10711 25 45 25 Thin & Turbulent
Hp (14861) 75 x 10710 3.0 45 25 Thin
Cau IR-triplet (18542) 7.5 x 1071 3.0 60 25 Thick & Turbulent
Fen (15169) 1.0 x 1071 3.0 60 25 Thin
Fem (15317) 1.0 x 1071 30 75 25 Thin & Turbulent
Global Fit / 1.0 x 10719 3,0 45 25 Thin
Balmer Line Fit 1.0 x 1071 25 45 25 Thin & Turbulent
Metal Line Fit +/ 1.0 x 10710 3.0 45 25 Thin

He1(16678) is a photospheric line and is not used to constrain the disk models.
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Table 4.6: Number of models satisfying F,.;, < F < 1.25 Fin.

Emission Line HD 76534 HD 114981 HD 216629
Ha 1 3 2
Hp 4 2 2
Can (18542) - - 3
Fen (15169) 17 1 4
Fen (15317) 10 1 1
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Chapter 5

Herbig B0Oe Star: MWC 137

This chapter corresponds to the article: Patel, P. Sigut, T. A. A. & Landstreet, J. D. 'Photoion-

ization Models of Inner Gaseous Disk of the Herbig Be Star MWC 137’ in preparation.

51 MWC137

MWC 137 (V*V1308 Ori) is a 11.2 visual magnitude BOe star surrounded by the H 1 region
SH 2-266 (Esteban & Fernandez (1998) and references therein). The spectral type and the
evolutionary state of this star have long been a matter of debate: it has been labelled as ev-
erything from pre-main sequence to post-main sequence due to overlapping of features used
in classification schemes. Several studies have classified it as an evolved B[e] supergiant (Es-
teban & Fernandez, 1998; Mehner et al., 2016; Muratore et al., 2015), and others as a HBOe
star (Finkenzeller & Mundt, 1984; Hillenbrand et al., 1992; Thé et al., 1994; Hillenbrand,
1995; Fuente et al., 2003; Alonso-Albi et al., 2009; Verhoeff et al., 2012). It was even once
mis-classified as a Planetary Nebula (Kohoutek, 2001; Frew et al., 2013)! As the majority of
the spectral features in MWC 137’s spectrum are emission lines, it has been called a continuum
star (Hefnandez et al. , 2004) or an emission line star.

Most recent studies, such as Muratore et al. (2015), have hinted at a post-main-sequence

classification due to the enhanced '>C/'3C ratio found in the circumstellar material around the
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star. Mehner et al. (2016) argues that the '>C/!3C ratio should not alone be used as an indicator
of a post-main-sequence phase and, employing color-color and color-magnitude diagrams, they
provide additional evidence for a post-main-sequence phase. Nevertheless, they also observe a

jet which is indicative of an accretion disk in the system.

Hillenbrand (1995) classified MWC 137 as Group I HBe star based on the shape of its
infrared SED, and this SED is illustrated in Figure 5.1. Group I objects show a large IR ex-
cess for A > 2.2 um. The stellar photosphere dominates until 1.2 um and the flux decreases
between 1.2 um and 2.2 um for objects in this group. The change in the 1um and 2um win-
dow is attributed to a dust free zone by Hillenbrand (1995). The shape of this SED resem-
bles that of T Tauri stars, and this hints to the young nature of the MWC 137. According
to the criteria described by Lamers et al. (1998) for different B[e] stars, the primary crite-
ria include log (L/Ly)>4.0 for B[e] supergiants and log (L/L;)<5.0 for HAeBe stars. How-
ever, the log (/L) value of MWC 137 depends on the distance used. Hillenbrand (1995) ob-
tained the log (L/Ly)=4.4 assuming d = 1300 pc, while Esteban & Fernandez (1998) dervied
log (L/Ly)=5.37 assuming d = 600 pc. Some of the conditions in the secondary criteria for
a B[e] classification require that the star’s spectrum shows indication of mass loss, either a
P Cgyni profiles or a double peaked emission lines with violet shifted central absorption for
Balmer lines; in addition, the B[e] criteria also require that the spectrum is a hybrid spectrum,
containing the simultaneous presence of narrow, low excitation emission lines and of broad
absorption features of higher-excitation lines. However, for MWC 137, all the Balmer lines are
single-peaked, emission line profiles and most of the line profiles are fully in emission with
hardly any absorption. In addition, MWC 137 is reported to be surround by interstellar dust
and gas (Testi et al., 1997) further hinting at its young nature. In conclusion, most of the ev-
idence points to a pre-, as opposed to post-main sequence evolutionary status for MCW 137,
and in the analysis that follows, it is assumed that MWC 137 is a BOe HBe star whose optical

and near-IR emission line spectrum comes from a gaseous circumstellar disk close to the star.

The stellar parameters for MWC 137 proposed by Hillenbrand (1995) can be found in Ta-
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Figure 5.1: The SED of MWC 137, a Group I HBe star. Solid circles are ground based ob-
servations and open circles are IRAS observations. The solid line is a photospheric SED for a
standard star of the same spectral type, and the dotted line is the ‘best fit’ model SED consisting
of a central star with optically thick, circumstellar accretion disk (Hillenbrand, 1995).

ble 5.1.

5.1.1 Observations

The observational data for several BOe stars were obtained in 2014 and 2015 using the high-
resolution spectropolarimeter ESPaDOnS at the CFHT.! MWC 137 was one of four BOe stars
observed, and its spectrum was obtained in 2014 (HJD 2456972) and 2015 (HJD 2457031).
The spectra cover the wavelength range from 3700 to 10500 A with a spectral resolution of
65000. A detailed log of the observations can be found in Table 5.2.

MWC 137’s 2015 spectrum can be seen in Figure 5.2 and a larger version of the spectrum
can be seen in Appendix A, Figure A.5. The spectrum contains strong emission in the hydrogen
Balmer lines, such as He, HB, and Hy.? The spectrum also displays a very strong O1 1 8446
emission line. Other identified emission lines include the Can IR triplet, several multiplets of
Fen and lines of He1. It is important to note that the He1 46678 is typically a photospheric

line and, hence, generally seen in absorption as is the case for the four HB2e stars discussed

'CFHT Program Number- 14BC25, PI- Patel, P.
2Hy was not included in previous studies, however due to its strength, it has been included in this study.
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Table 5.1: Stellar parameters for MWC 137

Parameter Value
Spectral Type BOe
Te (K) 31000
Radius (Rg) 6.0
Mass (Mg) 18.9
Distance (pc) 1300

All the values for the parameters are
taken from Hillenbrand et al. (1992).

Table 5.2: Log of observations for MWC 137 obtained using ESPaDOnS spectropolarimeter at
the Canada-France-Hawaii Telescope.

Star Date (dd/mm/yyyy) HJD Total Exposure Peak SNR A (nm)
Time (UT) Time (sec)
MWC 137 10/11/2014 9:46:34 2456971.91118 3360 281 839
8/1/2015 11:47:52  2457030.99629 3360 262 839

previously. However, for MWC 137, this He1 line is in emission, both in the 2014 and 2015
spectra as illustrated in Figure 5.3.

The equivalent widths of individual lines for the 2014 and 2015 spectra are given in Ta-
ble 5.3. The strengths of the emission lines are striking, with the EW of He being over 400 Al
This is more than an order of magnitude stronger than the previously studied HB2e stars con-
sidered in the previous chapters. Following the hydrogen lines, the O1 line A 8446 is the next
strongest emission line in the spectrum, followed by the Can IR triplet lines. The spectrum
does not display any sign of He 1 14686, consistent with MWC 137 being of spectral type B
and not of spectral type O.

The EW of He for MWC 137 has been observed to vary over time from +133 A to +665 A
(Finkenzeller & Mundt, 1984; Esteban & Fernandez, 1998; Oudmaijer & Drew, 1999; Vink et
al., 2002; Hefnandez et al. , 2004; Baines et al., 2006; Kondratyeva, 2007; Wheelwright et al.,

2010), and the shape of the line profile has always been singly-peaked. The variability of He
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Figure 5.2: The 2015 (HJD-2457031) ESPaDoNS spectrum for MWC 137. The spec-
trum shows many emission lines, such as Ha, HB, Hy, O1 (18446), and Can
(18498, 18542&18662), as indicated. The strength of the emission lines varies over a large
scale: note the vertical scale of each subplot.

and the entire spectrum is further shown by the two ESPaDoNS spectra obtain for this work,
one in November 2014 and one in January 2015, barely two months apart. Variation is seen in
all emission lines except He1. This is illustrated in Figure 5.3. For the analysis of the current

study, only the 2015 spectrum will be used.

5.1.2 Reduction of Spectra

The observed ESPaDoNS spectra of MWC 137 were continuum normalized in order to com-
pare the synthetic and observed line profiles. Each un-normalized spectrum was separated into
wavelength-specific windows corresponding to the various echelle orders and then continuum
normalized using IRAF for individual emission lines of interest. ‘Legendre’ and ‘cubic spline’
functions, in combination with other low-order polynomials, were generally used to normalize
the line profiles, and the mix varied from one spectral window to another.

The Camu IR triplet lines (48498, 18542 and A8662) are blended with several high-n

3IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Associ-
ation of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Table 5.3: Measured Equivalent Widths for MWC 137.

Line (14A) EW (A)
2014 2015
Ha (16563) 399.5 4542
HpB (14861) 427 565
Hy (14341) 155 196
O1(18446)  51.1 51.1
Camn(18542) 15.8 18.7
Feu(15169) 19 2.8
Fem (15317) 21 29
He1(16678) 15 14

Paschen lines of hydrogen. To de-blend the lines, an average Paschen line had to be sub-
tracted from each of the individual lines of Cau in order to be able to compare the Can lines
to the calculated synthetic line profiles. The subtracted Cau profile was obtained by taking the
nearest two, unblended Paschen lines, averaging them, and then subtracting the average from
the observed blend. Both the observed and un-blended Ca lines are illustrated in Figure 5.4.

For the rest of this study, only one of the triplet lines, A 8542, has been modeled.

5.2 Preliminary Results

As discussed in Chapter 2, the BEDIsK and BERAY codes were used to calculate synthetic line
profiles for a disk around the BO star for the lines of Ha, HB, Hy, the Can 48542, Fent 15169
and 45317, and He1 46678. The combination of disk density parameters used in the BEDISK
calculations are noted in Table 5.4. The value of base disk density ranged between 10~ and
10713 gcm™, and the power law index ranged between 0.0 and 3.0. Four inclinations, 18°, 45°,
60° and 75°, were considered for the BERAY line profile computations. Due to the strengths of
most of the emission lines being much larger than those encountered in the HB2e stars of the

previous chapters, larger circumstellar disks were considered; disk radii of 25 R, S0R,, 100 R,
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Figure 5.3: The 2014 (HJD2456972) observations (blue) are over-plotted with 2015
(HJD 2457031) observations (red) for the indicated lines of MWC 137. Both observations
were obtained using the ESPaDOnS spectropolarimeter at the Canada-France-Hawaii Tele-
scope. Except for He1 (16678), all the lines show small variations with time.

and 200R, were explored.* Only thin and thin and turbulent models have been computed for
MWC 137.

Using the methods fully described in Section 3.2, each of the observed emission line pro-
files was compared to the library of synthetic line profiles. A figure-of-merit, ¥, was calculated
using Equation 3.1, with the smallest values defining the best fits. The top 9 synthetic lines
with smallest 7 for each emission line were visually inspected for the best-fit lines. These
top 9 best-fit lines, along with the model parameters illustrated using log;o po vs n plane for
MWC 137, can be found in Appendix B, from Figure B.37 to Figure B.48. The best-fit model
chosen from the top 9 models for each individual emission line is illustrated in Figure 5.5 along
with the observed line profile; the respective model parameters can be found in Table 5.5.

A 100R,, thin disk with the base disk density (op) of 1.0 x 10713 gcm™ with the power-
law index (n) of 0.5 and an i = 18° inclination angle is the best fit for Ha. As it can be seen

in Figure 5.5, the synthetic line profile is lacking not only the strength of the observed line

4An attempt was made to model larger disks of 300R. and 400 R.; however, problems with BEDISK were
encountered that could not be immediately solved.
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Figure 5.4: Left: All Can IR triplet lines before the subtraction process. Right: The Can IR
triplet lines after subtraction of the average Paschen line. Note the different vertical scales.

Table 5.4: Range of model parameters considered for disk of MWC 137.

Parameter Range

Base Disk Density, pg (gcm™) 107°...10713

Power Law Index, n 0.0...3.0
Inclination, i (°) 18...75
Disk Radius, R ;g (R:) 25...200

profile but also its width. The best fit model for HB is a 100 R, thin disk with the base disk
density (pg) of 1.0 x 10712 gcm™ with the power law index (n) of 1.0 seen at an angle of 18°.
Like He, the synthetic line profile of HE also lacks strength and width when compared to the
observed line profile. It is possible that our circumstellar disks did not extend to large enough
radii to reproduce the strengths of these low-lying Balmer lines, but this would not increase the
width of the computed lines. In addition, it is possible that the profiles are contaminated by the
corresponding hydrogen recombination lines formed in the surrounding H 11 region SH-2-266,
particular near line centre (or at low projected radial velocity). This is perhaps supported by the
fact that the observed hydrogen lines Ha, HB and Hy are all singly-peaked whereas the metal

lines of Fen and Can are doubly-peaked. Indeed some of the failure to match the widths of
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Figure 5.5: The best fit synthetic line profile (red) for each observed emission line (blue) for
the indicated transition at the top of each panel. The fit parameters for each model can be found

in Table 5.5.

the Balmer lines Ha and HB may have its origin in the selection of a low inclination, i = 18°,

models in order to get singly-peaked lines.

For Hy, however, a 200 R, thin disk with power-law index (n) of 1.0 and base disk density
(o) of 1.0 x 1072 gcm™ seen at i = 75° is the best fit found for the observed line profile,
and the fit is better than for the two lower series members. Hy is relatively well reproduced
when it comes to the width of line; however, the synthetic model does fail to reproduce the
strength. The fit of Hy with an i = 75° model also suggests that Ho and HB may be strongly
contaminated near line centre by circumstellar emission away from the star and from the Hn
region.

For the Cam IR triplet line 48542, the best fit model is a thin disk with radius of 100R,,
power-law index (n) of 2.0, base disk density (py) of 1.0 X 10~ gcm™ seen at an inclination
angle of 75°. As illustrated in Figure 5.5, the synthetic line profile reproduces the strength
and width of observed profile relatively well. However, the centre of the synthetic line profile
shows a deeper absorption trough than the observed line profile. This is due to the disk being

seen at a rather high inclination, i.e. closer to an edge-on view, for the synthetic line profile.
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Table 5.5: Best-fit model parameters for individual emission lines for MWC 137.

Emission Line Disk Density pg (gcm™) Power Law Index n  Inclination i (°) Disk Radius Ry;s (R.) Model Type
Ha (16562) 1.0 x 10713 0.5 18 100 Thin
Hp (14861) 1.0 x 10712 1.0 18 100 Thin
Hy (14341) 1.0 x 10712 1.0 75 200 Thin
Can IR-triplet (1 8542) 1.0 x 107 2.0 75 100 Thin
Fe (15169) 1.0 x 1071 1.0 75 100 Thin & Turbulent
Feu (15317) 1.0 x 1071 1.0 45 100 Thin & Turbulent
He1 (16678) 1.0 x 10710 2.0 75 200 Thin

For the Fer 45169, a thin and turbulent disk model of 100 R, with power-law index (n)
of 1.0 and base disk density (py) of 1.0 X 107! gcm™, and a i = 75° inclination angle gives
the best fit. The observed profile for this line has an unusually wide base and narrow, double-
peaked profile. The best synthetic line profile is stronger but lacks the broad wings when com-
pared to the observed line profile. On the other hand, Fe 1 1 5317 shows a double-peaked profile
on a narrower base. The best synthetic model for this emission line is a thin and turbulent disk
of 100 R, with power-law index (n) of 1.0 and base disk density (py) of 1.0 x 107! gcm™ and
inclination angle of 45°. The synthetic model fits well in terms of strength as well as width and

overall shape when compared to the observed line profile.

For the B2e stars of previous chapters, the He1 16678 is generally reasonably well fit with
a photospheric line profile for the central star. However for MWC 137, and as illustrated in
Figure 5.5, its Her profile is in emission; thus, there is a contribution from the disk to this
line profile. For this reason, He1 profiles including the contribution of a disk were computed
and included in the library. The best match was found to be a 200 R, thin disk with base disk
density (o) of 1.0 x 1071° gcm™3, power-law index (n) of 2.0 and seen at 75° inclination angle.

It may be significant to note that the shape of He1 16678 line is similar to that of Feur 45169;
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Figure 5.6: The cumulative line emission (Equation 3.2) as a function of distance from the
star for each individual line using the best-fit disk density model for MWC 137. The model
parameters that produced each individual line can be found in Table 5.5. The black dashed line
represents a cumulative emission fraction of 0.9.

the He 1 emission line has very wide base with a narrow single peaked center.

In order to understand the flux contribution and formation of each line profile as a func-
tion of the disk radius, the cumulative flux as a function of radius was computed using the
Equation 3.2 for the individual best-fit line models listed in Table 5.5. The results are shown
in Figure 5.6. It is important to recall that because this plot represents the best-fit models for
individual lines, the underlying disk density model and disk radius can vary for the features.
Ca (18542) forms close to the star, with most of the emission coming from within 65 R,, with
the largest contribution to the flux from within 30 R... HB, the two Fe i lines 45169 and 45317
and the Ha produce 90% of their emission within 95 R, of the star. Finally, Hy requires an
extended region, with most emission being produced within 180 R, of the disk. Hy also has a
very gradual increase in emission as the radius increases. He 146678 requires an extended disk
of up to ~ 200 R, but with most of the emission formed within ~ 35 R,. It should be kept in

mind, however, that the Ha and HB lines were not matched at all with the models considered.
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5.3 Discussion

From the results illustrated in Figure 5.3, larger disks with different disk density parameters are
required to fit the individual line profiles of the Hy and the lines of He1, Cam and Fe 1, when
compared to the disks for B2e stars. The lower order Balmer lines He and HB were not fit at
all with any of the models considered. In the previous studies of Herbig B2e stars, the best
fits of individual models were used in order to narrow down the regions the metal and Balmer
lines occupy in the disk density parameter space, namely a plot of base disk density (log;o o) vs
power law index (n), in search for a global model. The very poor fits in the case of MWC 137,
and the large differences between the models found for individual lines, imply that a search for
a global best-fit model is not warranted, and that more complex disk density models need to be
considered in order to the fit individual line profile before a global fit for this star is attempted.
This might also include much larger disks and/or constraints on nebular emission in the Balmer
lines from the surrounding H 1 region. Note also that only a very crude grid of models has been
computed for these lines so additional models with fine-tuned parameters may be able to fill
in minor changes for the synthetic line profile such as the width of the Fen (15169) or central
absorption feature of Cam IR triplet (1 8542).

The metal lines in the previous studies of HB2e stars have been fit with synthetic models
with disk radii of typically 25 or 50 R,, however for MWC 137, all the metal lines require at
least a 100 R, disk. The synthetic Balmer lines do not reproduce the observed lines at all and
large disks may be required in order to have enough material in an outer portion of the disk to
give significant emission near the line centre for these lines. Larger disks of size 200 R, and
300 R, were attempted for the Balmer lines; however, the very low densities so far out caused
computational difficulties with the code that have yet to be rectified. Like HB2e stars, the
metal lines for MWC 137 require denser disks compared to the Balmer lines, giving another
indication that larger disks might be the solution to fit the Balmer lines. In addition, we note that
the strengths of Ha and HB were maximized in disks of very low pg, ~ 10712 or 10713 g cm?,

compared to the metal lines, with a much lower power-law index (i.e. gradual density drop-off)
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in large disks. Hence a compound density structure of an inner, dense disk surrounded by a
much larger, low density, nearly flat density drop-off disk may be a useful direction to explore
for a global model.

The unusual structure of the Fen 45169 and He1 46678, not seen in any of the other line
profile, requires some material closer to the star along with large amounts away from the star.
None of the computed synthetic lines show this structure; the models would either fit the wide
base (as in the case of Her) or the narrow peak (as in the case of Fe). This suggests that a
disk with a change in the power law at some intermediate radius might be required in order to
model these lines which have two components, as noted above in connection with the Balmer
lines.

In addition to the considered emission lines of hydrogen and metals lines, MWC 137 hosts
more emission lines which could be utilized to expand the number of emission lines in the
database. One of the important and very strong emission lines, which can be seen in Figure 5.2,
is that of O 14 8446. A complication with this lines, and the reason it was not selected to model
in this work, is that fluorescent excitation via pumping by hydrogen Ly 8 may be an important
excitation mechanism for this transition. Given the very poor match obtained for the hydrogen
spectrum, it is unclear if the Ly source function would be computed accurately enough to

represent this pumping effect.

5.4 Conclusions

The modelling of Balmer and metal emission lines of the inner gaseous regions of the Herbig

BOe star, MWC 137, has led to a few preliminary key findings:

e No reasonable matches were found for the emission line profiles, with the exception of
the Cam IR triplet (18542) and Fen (15317), using the small set of models computed
for the disk of MWC 137.

e The metal lines require larger disk models, as opposed to denser disk models as the case
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for HB2e stars, to reproduce the observed emission lines.

e The observed emission lines of MWC 137 are very strong, when compared to the HB2e
stars studied previously, which led to the larger disk models to qualitatively fit the ob-
served spectrum. Larger disk models, especially for the Balmer lines, are probably re-

quired to reproduce individual line fits.
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Chapter 6

Conclusions & Future Work

6.1 Introduction

HAeBe stars are intermediate mass A- or B-type pre-main sequence stars with circumstellar
disks of gas and dust. The dust and gas are inherited by the star during its formation phase and
this circumstellar material settles into a disk as the star is forming. These stars show emission
lines, particularly the hydrogen Balmer lines, in their optical and NIR spectra, and a strong
IR-excess in their SED. These characteristics are indicative of circumstellar material (Waters

& Waelkens, 1998).

Herbig (1960) was first to postulate that there exist higher mass analogs of T Tauri stars.
He characterized 26 A- and B-type stars which showed the above mentioned peculiarities as
possible pre-main sequence stars. After that, large surveys, such as those of Finkenzeller &
Mundt (1984); Thé et al. (1994), were conducted in order to increase the dataset of HAeBe
stars. These young stars are also thought to be the predecessors of Vega-type stars, stars with
debris disks, making them ideal objects with which to study disks around stars to understand
the formation of planetary systems (Thé et al., 1996; Pérez & Grady, 1997; Grady et al., 1997).
Being bright, HBe stars provide a great testing bed for theories pertaining to stellar evolution

and protoplanetary disks.
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The structure of these disks has long been a matter of debate. The circumstellar dust and
the gas, found in the extended region of the disk, is of a particular interest due to the region
being the site of planet formation. Near the stellar surface, the temperatures are very high,
evaporating the dust and creating a dust free zone. In the dust free zone, closer to the star,
atomic gas is expected and as temperatures cool outward, molecular gas is expected. For the
region closer to the star, however, information is scarce when compared to what is known about

the dusty disk.

The understanding of the disk closer to the star not only improves our overall understanding
of protoplanetary disks but also of the influence of the disk on the star’s formation. Intermediate
mass stars such as the HAeBe stars, bridge our understanding of low mass and high mass star
formation processes. The inability to optically observe the formation of high mass stars, makes
studying HAeBe star formation even more important (Zinnecker & Yorke, 2007).

Due to the above stated reasons, early-type HBe stars - four HB2e and one HBOe star -
were selected in order to investigate the inner gaseous regions of their disks. Using optical
and NIR emission lines, which are thought to form in regions close to the star, we studied the
atomic gaseous region closer to the star, which experiences intense stellar radiation, in order
to understand the disk properties such as the structure and kinematics of the disk. BEpisk
and Beray codes, which have been well tested for classical Be stars, provided an ideal set of
initial models with which to test the disk physics by comparing the predictions of the computed

models against the observed optical and NIR emission lines.

6.2 Summary

In Chapter 2 of this thesis, the circumstellar disk codes, BEbisk and BERAY, used for reproducing
the observables for the star were summarized. They are non-LTE radiative transfer disk codes.
The codes assume that the central star is the sole source of radiation in the system and that the

disk is in radiative equilibrium and Keplerian motion. A user-defined density function is used
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to calculate the thermal structure of the disk in Bepisk. This thermal and density structure, along
with the atomic level populations, obtained by solving equations of statistical equilibrium, are
used by BERAY to calculate the emission line profiles and SEDs by solving the equation of
radiative transfer. These codes have been successful in modeling the general structure of the
gaseous decretion disk around classical Be stars, thus, making them an ideal starting point for

modeling gaseous disks around HBe stars.

In Chapter 3, gaseous disk around one of the four HB2e stars, BD+65 1637, was inves-
tigated. Large libraries of synthetic models were generated for several emission line profiles
of the Balmer series, such as Ha, HB, and of metal lines, such as Cau IR triplet (18542) and
Feu (15169 and A5317). The synthetic line profiles were then compared to the high resolution
observations of BD+65 1637 in order to constrain the physical properties of the disk. This was
the first-ever attempt to understand the geometry, density structure and kinematics of the disk
using radiative transfer codes such as those of BEDISK and BERAY by comparing synthetic line

profiles of hydrogen, helium, iron and calcium with the observed line profiles.

Reasonable matches were found for all line profiles individually using the stellar radiation
as the sole source of energy. However, no disk density model based on a single power-law
for the equatorial density was able to simultaneously fit all of the observed emission lines.
Amongst the emission lines, the metal lines, especially the Can IR triplet, required higher disk
densities than the Balmer lines. Excluding the Ca 1 lines, the model in which the equatorial disk
density falls as 107'° (R, /R)? gcm™ seen at an inclination of 45° for a 50R, disk provided a
reasonable match to the overall line shapes and strengths of all the emission lines. The implied
mass of the gaseous disk was estimated to be 5.7 X 1078 M.,. The Cau IR triplet (1 8542) line
required a shallower drop off as 1079 (R, /R)* gcm™ to match their strength and the mass of
this disk was estimated to be 2.3 x 107 M,. More complex disk density distribution models

are likely required to refine the match to the BD+65 1637 spectrum.

In Chapter 4, the inner gaseous disk around three other HB2e stars, HD 76534, HD 114981

& HD216629 were studied. As these stars have similar spectral type as that of BD+65 1637, the
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same set of libraries of synthetic emission line profiles created for BD+65 1637, and similar
methods as those discussed in Chapter 3, were used to analyze and compare the observed

emission line profiles for each of these three stars to the synthetic profiles.

For the three stars, good matches were found for all emission line profiles individually.
However, like BD+65 1637, no single disk density model based on a power law was able to
reproduce all the observed emission lines simultaneously. Among the single power-law models
considered, the model with a gas density varying as ~ 1071 (R,/R)? gcm™ in the equatorial
plane, seen at a 45° inclination and assuming a disk extent of 25 R,,, best represented all the
spectral lines simultaneously of HD 76534, HD 114981 and HD 216629. This model implies
a total mass of ~ 1.2 x 10~ M, for the inner gaseous disk. Similar to BD+65 1637, more

complex models are likely required to fully reproduce the disk emission for these stars.

The He line profile of HD 76534 was noticed to have a wide base and a sharp narrow com-
ponent in the core. The modeling of this line suggests that it is a composite with a secondary
component of approximately the same spectral type which contributes to the sharp, narrow

absorption in the He line profile.

In this chapter, the four HB2e stars studied are compared to gain an understanding of
the overall structure of the disks found in HBe stars of this effective temperature. While
BD+65 1637 has strong emission line profiles, hence possessing a larger disk, all the other
three stars have very similar line profiles, especially in the Fen line profiles, and they also

followed the same density model.

In Chapter 5, the inner gaseous disk of a HBOe star, MWC 137 was investigated. By adding
a HBOe star to the study, the similarities and differences of the structure of the disk as a function
of effective temperature can be studied, allowing us to investigate and understand the influence
of temperature on the disk structure. Using similar methods to those used in the previous stud-
ies, a small set of synthetic emission line profiles were generated specifically for BO spectral

type central star.

The MWC 137 spectrum is dominated by strong emission lines, especially that of the
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Balmer series. The Balmer emission line profiles of MWC 137 are stronger and wider than
those of any of the HB2e stars considered in the study. The metal lines, on the other hand, are
not stronger but wider than those of HB2e stars. The preliminary results provided no reason-
able matches for emission line profile of hydrogen and one of the Fe lines, even as models
with extended disk size of 200 R, were calculated. The metal lines, of Can and Fen, were
reproduced well by the synthetic models and required larger disk models, when compared to
the HB2e stars. Thus, disks for MWC 137 requires larger disk models to reproduce the ob-
served emission lines. It is possible that the observed hydrogen emission lines have significant

contributions from the recombination emission of the surrounding H 11 region.

6.3 Future Work

Important progress has been made in understanding the physical properties of the inner gaseous
disk around HBe stars with this first attempt by using high resolution spectra and non-LTE cir-
cumstellar disk models. Prior to this project, there was little or no information on this subject.
However, there are still various avenues that need to be explored to further our understanding
of the gaseous region and its implications on not only the formation of planets, but also on
formation of the star. The overall results of individual line profiles from the study of these
HBe stars have successfully shown that photoionizing radiation alone can reproduce the emis-
sion line profiles seen in these stars. This points to the possibility of classical disk accretion
amongst early-type HBe stars. To further this understanding, it is important to understand the
similarities and differences in the disks around early and late-type HBe stars.

More complex models with radial density variations are likely required to fully describe the
disks of all HB2e stars. This modification can easily be achieved in the BEpIsk and BERAY codes
by setting different power law indices in different radial zones and should be the logical next
step. Currently in the models, the disk extends all the way to the stellar surface; an attempt can

therefore be made to model a disk that does not touch the surface of the star. This would be
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the case if the accretion is sporadic. In addition to the previously modeled emission lines, one
of the other strong emission line profiles that has been noticed in the HBe stars is O1 (1 8446).
This line profile can be added to the already existing set of line profiles. It is important to note
that this line profile, like that of the Cau IR triplet, is blended with the Paschen lines and should
be corrected before being analyzed.

For the HBOe star, the preliminary results suggest that larger disk models along with finer
grid models will be required in order to fit the line profiles. In addition, thick and thick and
turbulent disk models should be included to encompass some of the obvious possibilities of
disk models. The issue of calculating observables for much larger disks, with low densities at
larger distances, needs to be addressed in order to account for the strong line center emission.
The observing proposal that obtained the spectra of MWC137 also provided the spectra of
three more HBOe stars, namely MWC 1080, MWC 166 and LkHa 101. As was the case for
HB2e stars, having more than one star will provide a better overview of various possibilities of
the disk as well as similarities and differences amongst them. Preliminary inspection of their
spectra shows that the shape and strength of the emission lines of two of three HBOe stars are
similar to that of MWC 137. This suggests similar larger disk models will be required for these
stars and they should be analyzed along with that of MWC 137.

Once the modeling of the disks around HBOe stars has been attempted, a study of both
models of the spectral type should be carried out. Studying these early type HBe stars and
understanding the differences between the disks around these two spectral types will allow us
to gain a more general understanding of the structure and the extent of the disk surrounding

them.
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Appendix A

High Resolution Observed Spectra

This Appendix gives larger, landscape figures for all of the CFHT ESPaDOnS spectra used in

this thesis. The emission lines analyzed are labelled in each figure.
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Figure A.1: High resolution 2006 CHFT ESPaDoNS spectrum of BD+65 1637.
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Figure A.2: High resolution 2006 CHFT ESPaDoNS spectrum of HD 76534.
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Figure A.3: High resolution 2006 CHFT ESPaDoNS spectrum of HD 114981.
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Figure A.4: High resolution 2006 CHFT ESPaDoNS spectrum of HD 216629.
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Appendix B

Fits to Individual Lines Profiles

This Appendix illustrates the top nine individual line fits to all of the emission lines for all
stars. Also given for each fit is the location of the models in the (logpg,n) plane using the
model number seen in the each panel of individual line fits as well as (log oy, n) plot. These are
the main parameters in the assumed single power-law density model. The viewing inclination
and disk size for each fit can be found in the side panel of the latter plots. The title for both the
individual line fits as well as (log pg, n) plot represents the method used in the calculations of

the ¥ value, in this cases 2 represents the absolute percent difference test.
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Figure B.1: Ha profiles for BD+65 1637: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the # value calculated using equation 3.1.The top
left panel represents the best-fit line profile.
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Figure B.2: Ha profiles for BD+65 1637: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.1, in the (n, log( p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual

line fits in the previous plot).
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Figure B.3: HB profiles for BD+65 1637: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.
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Figure B.4: HpB profiles for BD+65 1637: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.3, in the (n, log( p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature

(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual
line fits in the previous plot).



146

CHAPTER B. Fits To INDIVIDUAL LINES PROFILES

FOM = 2:
FOM = 1.75e-02 FOM = 1.76e-02 FOM = 1.77e-02
1.5 1.5 1.5
399 415 407
1 a.-oof/\van-— 1 .dﬂjw\nmm' 1 ..*JM\’Q-—
0.5 0.5 0.5
8530 8540 8550 8560 8530 8540 8550 8560 8530 8540 8550 8560
FOM = 1.90e-02 FOM = 2.01e-02 FOM = 2.59e-02
1.5 1.5 1.5
1040 1039 947
1 ’«Mm 1 Mﬁ\w-a 1 _—-Mmm
0.5 0.5 0.5
8530 8540 8550 8560 8530 8540 8550 8560 8530 8540 8550 8560
FOM = 2.72e-02 FOM = 2.81e-02 FOM = 2.90e-02
1.5 1.5 1.5
951 950 946
1 .‘«M&o—t 1 ..«wﬁ&\-uew—t 1 ..“Mm‘.
0.5 0.5 0.5
8530 8540 8550 8560 8530 8540 8550 8560 8530 8540 8550 8560

Figure B.5: Can profiles for BD+65 1637: The top 9 best synthetic (red) line profiles, result
of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.
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Figure B.6: Can profiles for BD+65 1637: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.5, in the (n, logo p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual

line fits in the previous plot).
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Figure B.7: Feu (15169) profiles for BD+65 1637: The top 9 best synthetic (red) line profiles,
result of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-
merit) value above each panel of best fit represents the ¥ value calculated using equation 3.1.
The top left panel represents the best-fit line profile.
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Figure B.8: Feu (15169) profiles for BD+65 1637: The top 9 best-fit models corresponding
to the line fittings, seen in Figure B.7, in the (n, log,o p) plane. The additional parameters of
each model are noted in the legend in the following order: model name, inclination (i), disk
temperature (Tyg), disk radius (R,), turbulence (@) and model number (which corresponds to

the individual line fits in the previous plot).
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Figure B.9: Feu (15317) profiles for BD+65 1637: The top 9 best synthetic (red) line profiles,
result of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-
merit) value above each panel of best fit represents the ¥ value calculated using equation 3.1.
The top left panel represents the best-fit line profile.
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Figure B.10: Fen (15317) profiles for BD+65 1637: The top 9 best-fit models corresponding
to the line fittings, seen in Figure B.9, in the (n, log,o p) plane. The additional parameters of
each model are noted in the legend in the following order: model name, inclination (i), disk
temperature (Tyg), disk radius (R,), turbulence (o) and model number (which corresponds to

the individual line fits in the previous plot).
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Figure B.11: Ha profiles for HD 76534: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.



153

FOM = 2
-8.5 T T T T T T T
-9 I B
-9.5 -
-10 - BRYAN g
—()—BD651637 60° 11400 100R, 0 #1489
- —[}—BD651637 60° 11400 50R, 0 #1497
[ - . = ):#} -
5 10.5 * #spsslsav 60° 11400 25R, 0 #1493
~ —X/—BD651637 75° 11400 25R, 0 #1494
o
-~ —A\— BD651637 75° 95000 25R, 1 #408
=11 - -
Q_° : : : E@ : — = BD651637 60° 11400 25R, 0 #1629
° —s+—BD651637 60° 11400 100R, 0 #1625
a
g\ 115 —K— BD651637 60° 11400 50R, 0 #1633
— ’ —¢— BD651637 60° 95000 25R, 0 #351
——}—BD651637 75° 95000 25R, 0 #404
-12 X -
-12.5 -
~13 |- : : ; ; 4
-13.5 1 1 1 1 1 1 1
-0.5 0 0.5 1 1.5 2 2.5 3 3.5

Power-Law Index

Figure B.12: He profiles for HD 76534: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.11, in the (n, log( p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual
line fits in the previous plot).
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Figure B.13: Hp profiles for HD 76534: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.
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Figure B.14: Hp profiles for HD 76534: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.13, in the (n, log( p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual

line fits in the previous plot).
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Figure B.15: Fen (15169) profiles for HD 76534: The top 9 best synthetic (red) line profiles,
result of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-
merit) value above each panel of best fit represents the ¥ value calculated using equation 3.1.
The top left panel represents the best-fit line profile.
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Figure B.16: Fen (15169) profiles for HD 76534: The top 9 best-fit models corresponding to
the line fittings, seen in Figure B.15, in the (n, logop) plane. The additional parameters of
each model are noted in the legend in the following order: model name, inclination (i), disk
temperature (Tyg), disk radius (R,), turbulence (o) and model number (which corresponds to
the individual line fits in the previous plot).
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Figure B.17: Fen (15317) profiles for HD 76534: The top 9 best synthetic (red) line profiles,
result of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-
merit) value above each panel of best fit represents the ¥ value calculated using equation 3.1.
The top left panel represents the best-fit line profile.
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Figure B.18: Fen (15317) profiles for HD 76534: The top 9 best-fit models corresponding to
the line fittings, seen in Figure B.17, in the (n,logop) plane. The additional parameters of
each model are noted in the legend in the following order: model name, inclination (), disk
temperature (Tyg), disk radius (R,), turbulence (@) and model number (which corresponds to

the individual line fits in the previous plot).
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Figure B.19: He profiles for HD 114981: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.
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Figure B.20: Ha profiles for HD 114981: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.19, in the (n, log; p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual

line fits in the previous plot).
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Figure B.21: HB profiles for HD 114981: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.
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Figure B.22: Hp profiles for HD 114981: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.21, in the (n, log( p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual

line fits in the previous plot).



164 CHAPTER B. Fits To INDIVIDUAL LINES PROFILES

FOM = 2:
FOM = 3.73e-03 105 FOM = 4.06e-03 FOM = 4.19e-03
’ 1078 ’
mjm%
1 o ¥ 2 ” .
0.95 0.95 0.95
5160 5170 5180 5160 5170 5180 5160 5170 5180
FOM = 4.32e-03 FOM = 5.44e-03 FOM = 5.63e-03
1.05 1.05 1.05
1086 187 A 208 A
1 Wt i
1 £2. Sde oo 1 - g o . 1 -
0.95 0.95 0.95
5160 5170 5180 5160 5170 5180 5160 5170 5180
FOM = 5.63e-03 FOM = 5.70e-03 FOM = 5.71e-03
1.05 1.05
325 388
8 A A
i 3
1 3 1 .
0.95 0.95
5160 5170 5180 5160 5170 5180 5160 5170 5180

Figure B.23: Feur (15169) profiles for HD 114981: The top 9 best synthetic (red) line profiles,
result of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-
merit) value above each panel of best fit represents the ¥ value calculated using equation 3.1.
The top left panel represents the best-fit line profile.
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Figure B.24: Fen (15169) profiles for HD 114981: The top 9 best-fit models corresponding
to the line fittings, seen in Figure B.23, in the (n, log;o p) plane. The additional parameters of
each model are noted in the legend in the following order: model name, inclination (i), disk
temperature (Tyg), disk radius (R,), turbulence (o) and model number (which corresponds to
the individual line fits in the previous plot).
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Figure B.25: Fen (15317) profiles for HD 114981: The top 9 best synthetic (red) line profiles,
result of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-
merit) value above each panel of best fit represents the F value calculated using equation 3.1.
The top left panel represents the best-fit line profile.
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Figure B.26: Fen (15317) profiles for HD 114981: The top 9 best-fit models corresponding
to the line fittings, seen in Figure B.25, in the (n, log,o p) plane. The additional parameters of
each model are noted in the legend in the following order: model name, inclination (i), disk
temperature (Tyg), disk radius (R,), turbulence (@) and model number (which corresponds to

the individual line fits in the previous plot).



168 CHAPTER B. Fits To INDIVIDUAL LINES PROFILES

FOM = 2:
FOM = 1.39e-01 . FOM = 1.39e-01 . FOM = 1.40e-01
’ ’ P ’

1298 1314

0 : - 0 : - 0 - -
6550 6555 6560 6565 6570 6575 6550 6555 6560 6565 6570 6575 6550 6555 6560 6565 6570 6575

FOM = 1.45e-01

FOM = 1.55e-01
1306 :

FOM = 1.67e-01
1307 3 :

363

0 : : 0 : : 0 : :
6550 6555 6560 6565 6570 6575 6550 6555 6560 6565 6570 6575 6550 6555 6560 6565 6570 6575

FOM = 1.76e-01 FOM = 1.76e-01 FOM = 1.76e-01
518 § 351 § 534

0 : : 0 : : 0 : :
6550 6555 6560 6565 6570 6575 6550 6555 6560 6565 6570 6575 6550 6555 6560 6565 6570 6575

Figure B.27: Ha profiles for HD 216629: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.
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Figure B.28: He profiles for HD 216629: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.27, in the (n, log( p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual

line fits in the previous plot).
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Figure B.29: Hp profiles for HD 216629: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.
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Figure B.30: Hp profiles for HD 216629: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.29, in the (n, log,( p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual

line fits in the previous plot).
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Figure B.31: Can profiles for HD 216629: The top 9 best synthetic (red) line profiles, result
of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.



log, p, (g/cm)

-12.5

-13f

-13.

—(—Bp651637
—f—Bp651637

BD651637

¢

BD651637
:Z:snssmw
—sf=—BD651637
—%— BD651637
—— BD651637
—>¢— BD651637
——}—BD651637

60 °
60 °
60 °
60 °
60 °
60 °
60 °
60 °
60 °
60 °

95000
95000
95000
11400
11400
11400
95000
95000
95000
11400

258 1 #503
50R 1 #511
100R, 1 #495
100R, 1 #1276]
50R 1 #1292
25R 1 #1284
258 0 #499
50R 0 #507
100R, 0 #491
258 0 #1192

-0.

0 0.5 1 1.5 2 2.

Power-Law Index

173

Figure B.32: Can profiles for HD 216629: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.31, in the (n, log( p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual
line fits in the previous plot).
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Figure B.33: Fen (15169) profiles for HD 216629: The top 9 best synthetic (red) line profiles,
result of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-
merit) value above each panel of best fit represents the ¥ value calculated using equation 3.1.
The top left panel represents the best-fit line profile.
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Figure B.34: Feu (15169) profiles for HD 216629: The top 9 best-fit models corresponding
to the line fittings, seen in Figure B.33, in the (n, log,o p) plane. The additional parameters of
each model are noted in the legend in the following order: model name, inclination (7), disk
temperature (Tyg), disk radius (R,), turbulence (o) and model number (which corresponds to

the individual line fits in the previous plot).
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Figure B.35: Fen (15317) profiles for HD 216629: The top 9 best synthetic (red) line profiles,
result of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-
merit) value above each panel of best fit represents the ¥ value calculated using equation 3.1.
The top left panel represents the best-fit line profile.
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Figure B.36: Fen (15317) profiles for HD 216629: The top 9 best-fit models corresponding
to the line fittings, seen in Figure B.35, in the (n, log,o p) plane. The additional parameters of
each model are noted in the legend in the following order: model name, inclination (i), disk
temperature (Tyg), disk radius (R,), turbulence (o) and model number (which corresponds to
the individual line fits in the previous plot).



178 CHAPTER B. Fits To INDIVIDUAL LINES PROFILES

FOM = 2:

FOM = 5.23e-01 FOM = 5.24e-01 FOM = 5.32e-01
100 100 100
72 73 42

50 50 50

A A

0 0 0
6520 6540 6560 6580 6600 6520 6540 6560 6580 6600 6520 6540 6560 6580 6600
FOM = 5.35e-01 FOM = 5.39e-01 FOM = 5.40e-01
100 100 100
71 74 83
50 50 50
6520 6540 6560 6580 6600 6520 6540 6560 6580 6600 6520 6540 6560 6580 6600
FOM = 5.46e-01 FOM = 5.47e-01 FOM = 5.48e-01
100 100 100
78 77 1
50 50 50
0 ! 0 A 0 A
6520 6540 6560 6580 6600 6520 6540 6560 6580 6600 6520 6540 6560 6580 6600

Figure B.37: Ha profiles for MWC 137: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the F value calculated using equation 3.1. The
top left panel represents the best-fit line profile.
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Figure B.38: Ha profiles for MWC 137: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.37, in the (n, log( p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual

line fits in the previous plot).
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Figure B.39: Hp profiles for MWC 137: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.
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Figure B.40: Hp profiles for MWC 137: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.39, in the (n, log,o p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual

line fits in the previous plot).
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Figure B.41: Hy profiles for MWC 137: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.
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Figure B.42: Hy profiles for MWC 137: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.41, in the (n, log,( p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual

line fits in the previous plot).
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Figure B.43: Can profiles for MWC 137: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The

top left panel represents the best-fit line profile.
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Figure B.44: Can profiles for MWC 137: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.43, in the (n, log( p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual
line fits in the previous plot).
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Figure B.45: Fen (15169) profiles for MWC 137: The top 9 best synthetic (red) line profiles,
result of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-
merit) value above each panel of best fit represents the ¥ value calculated using equation 3.1.
The top left panel represents the best-fit line profile.
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Figure B.46: Fen (15169) profiles for MWC 137: The top 9 best-fit models corresponding to
the line fittings, seen in Figure B.45, in the (n,logop) plane. The additional parameters of
each model are noted in the legend in the following order: model name, inclination (i), disk
temperature (Tyg), disk radius (R,), turbulence (@) and model number (which corresponds to

the individual line fits in the previous plot).
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Figure B.47: Fen (15317) profiles for MWC 137: The top 9 best synthetic (red) line profiles,
result of Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-
merit) value above each panel of best fit represents the F value calculated using equation 3.1.
The top left panel represents the best-fit line profile.
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Figure B.48: Fen (15317) profiles for MWC 137: The top 9 best-fit models corresponding to
the line fittings, seen in Figure B.47, in the (n, logop) plane. The additional parameters of
each model are noted in the legend in the following order: model name, inclination (i), disk
temperature (Tyg), disk radius (R,), turbulence (o) and model number (which corresponds to

the individual line fits in the previous plot).
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FOM = 2.15e-02

CHAPTER B. Fits To INDIVIDUAL LINES PROFILES
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Figure B.49: Heu profiles for MWC 137: The top 9 best synthetic (red) line profiles, result of
Equation 3.1, that best match the observed (blue) emission line. The FOM (figure-of-merit)
value above each panel of best fit represents the ¥ value calculated using equation 3.1. The
top left panel represents the best-fit line profile.
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Figure B.50: He 1 profiles for MWC 137: The top 9 best-fit models corresponding to the line
fittings, seen in Figure B.49, in the (1, logo p) plane. The additional parameters of each model
are noted in the legend in the following order: model name, inclination (i), disk temperature
(TyE), disk radius (R,), turbulence (@) and model number (which corresponds to the individual

line fits in the previous plot).
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