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Preface

Within this thesis, some of the chapters contain work presented in the

following jointly authored publications:

I. “Linear spectropolarimetry across the optical spectrum of Herbig
Ae/Be stars” — K. M. Ababakr, R. D. Oudmaijer and J.S.
Vink, 2016, MNRAS, 461, 3089.

I1. “Spectroscopy and linear spectropolarimetry of the early Herbig
Be stars PDS 27 and PDS 377 — K. M. Ababakr, J. R. Fair-
lamb, R. D. Oudmaijer, M. E. van den Ancker, 2015, MNRAS,
452, 2566.

Paper I forms the basis of Chapter 2. The paper details the FORS2
spectropolarimetric observations of 12 HAeBe objects. The work was
carried out by the primary author, K. M. Ababakr, and text was also
written by the primary author. The co-authors provided comments

on various drafts of the paper which were incorporated in the final
paper.

Paper II forms the basis of Chapter 3. The paper presents an in-

depth study of two particularly interesting HAeBe objects PDS 27



and PDS 37. The spectropolarimetric work presented in these sec-
tions of the paper were performed and written by the primary au-
thor, K. M. Ababakr. The work on presenting spectroscopic data
and obtaining the stellar parameters presented in these sections of
the paper were jointly performed and written between the primary
author, K. M. Ababakr and the secondary author, J. R. Fairlamb.
Other sections of the paper were the sole work of the secondary au-
thor, J. R. Fairlamb; as such, with the exception of section 3.4.1.4,
these particular sections are not included in this thesis. R. D. Oud-
maijer and M. E. van den Ancker obtained the spectroscopic data.
R. D. Oudmaijer also provided comments on various drafts of the

paper which were incorporated in the final paper.
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Abstract

This thesis presents the results of FORS2 and ISIS spectropolarimet-
ric observations of a total of 28 Herbig Ae/Be stars. The results
on the X-shooter spectroscopic observations and PIONIER interfer-
ometric observations of two early Herbig Be stars PDS 27 and PDS
37 are also presented. The FORS2 medium resolution spectra cover
the entire optical range, and comprise the largest spectropolarimetric
wavelength coverage, 4560 A to 9480 A, published to date. In this
range, the spectra of the targets show numerous spectral lines pre-
dominantly in emission including hydrogen recombination lines, Ca
11, He 1, Fe 11, O 1 and a number of forbidden lines. A change in linear
polarisation across the Ha line is detected in most objects. Such a
line effect reveals the fact that stellar photons are scattered off free
electrons that are not distributed in a spherically symmetric volume,
suggesting the presence of small disks around these accreting objects.
Thanks to the large wavelength coverage of the FORS2 data, it can be
reported that Ha is the spectral line in the optical wavelength range
that is most sensitive to revealing deviations from spherical symmetry,
and the one most likely to show a line effect across the polarisation
in such cases. Few other spectral lines display changes in polarisation

across the line. In addition, Hea is the only line which shows an ef-



fect across its absorption component in some sources. A scenario is
presented to explain this finding and demonstrate that the detection
of the line effect strongly relies on the number of photons scattered
into our line of sight. The analysis of spectral lines and photometry
shows that PDS 27 and PDS 37 are hot, massive and young in their
evolution and may become O-type stars. In addition, these two ob-
jects have very active circumstellar environment evidenced by a strong
wind, strong polarisation and IR excess. The near infrared interfero-
metric results confirm the spectropolarimetric results of the presence
of a circumstellar disk around these two objects and also suggest that
the objects have a possible companion. The first spectropolarimetry
of Herbig Ae/Be stars across He I line at 1.083 pum is also presented to
trace the inner accretion regions of the disk. Due to the fact that the
resolution was not sufficient, the data did not show a strong indica-
tion of the line effect. Finally, the first statistical spectropolarimetric
investigations of a sample of 56 Herbig Ae/Be stars are provided. The
results show that the detection rate of the line effect is very high (75
%), implying that most of Herbig Ae/Be stars possess a disk. The
statistical results might suggest that Herbig Ae stars form in the same
manner as T Tauri stars via magnetospheric accretion while Herbig

Be stars could have a different accretion mechanism.
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Chapter 1

Introduction

The formation of massive stars, whose masses are >8M®, is considered as one
of the most outstanding questions in astrophysics. These objects play a key
role in the chemical evolution of galaxies. They inject the interstellar medium
with heavy elements and powerful radiation through winds and supernova explo-
sions, ionise surrounding material and trigger further star formation (Zinnecker
& Yorke 2007). Despite their importance, the formation of massive stars is still
less well understood than that of lower mass stars, which is widely accepted to
be formed via magnetically controlled accretion (Muzerolle et all [1998; [Bertout
1989). Massive stars have radiative envelopes and thus they are likely to be
non- magnetic. Therefore, the formation mechanism is expected to be different
than low mass stars which have convective envelopes. Observationally, the study
of the formation of massive stars is challenging as they reside faraway and are
deeply embedded in their natal clouds. The optically bright, intermediate mass
(2-10M,) pre-main sequence Herbig Ae/Be (HAeBe) stars can help in this respect

as they bridge the gap between the low mass T Tauri stars and massive stars.



It is believed that the forming mechanism switches from magnetically controlled
accretion through the disk to the as yet unknown mechanism in the mass range
occupied by HAeBe stars. The aim of this chapter is to provide an overview of
our current understanding of star formation and its challenges. In particular, I
will focus on the areas that are closely related to this thesis. I will start with
discussing the environment where the star formation takes place in Section 1.1.
In Section 1.2 I present the classical formation mechanism of low mass stars. An
overview of massive star formation is presented in Section 1.3. A summary of
HAeBe stars is provided in Section 1.4. Section 1.4 presents the main observa-
tional technique used in this thesis. Finally, the thesis is briefly introduced in

Section 1.5.

1.1 Sites of Star Formation

The coldest, 10-20 K, and densest regions of the interstellar medium, where the
gas is in the form of mostly molecular hydrogen Hs,, are thought to be the ideal
sites for forming stars (Bergin & Tafalld 2007). Fig. [T shows a star forming
region in the constellation Aquila, hundreds of new stars are expected to be
formed across the region. The two bright regions in the figure are where the
clouds are illuminated by newly born stars. The largest molecular clouds are
giant molecular clouds (GMCs) which have masses in the range between 10* M,
to 10° Mg, sizes of ~ 50 parsec, and an average density of the order of ~ 200 H,
per cm® (Blitz 1993). The upper limit to their mass can be as high as 6 x10°
My (Williams & McKed [1997). At this temperature range, the dense molecular

clouds are not transparent at optical wavelengths due to the dust extinction,



they can thus only be observed at infrared and radio wavelengths. Hy is the
most abundant element in the GMCs, but it is difficult to detect at these cool
temperatures as it is a symmetric molecule and lacks a dipole moment. Instead,
the second most abundant molecule, carbon-monoxide CO, is often used to trace
Hs molecules as it can be excited at these cool temperatures as it possesses many
rotational lines. Molecular clouds are not homogeneous over the whole clouds but
are highly fragmented and contain smaller clumpy structures (Blitz & Williams
1999; Williams et all2000). The clumps have masses of thousands of solar masses,
sizes of several parsecs and densities of the order of 10% —10* Hy per cm?®. In turn,
within the clumps there are smaller substructure cores with masses of order of
0.5 — 5 My, sizes of order of ~ 0.1 parsec and densities of the order of 10* — 10°
H, per cm? (Larson 2003; Bergin & Tafalla 2007). The temperature of the gas in
clumps and cores is typically similar to the original molecular clouds. It is believed
that the clumps are the site of forming clusters while single stars form from the
cores. The initial conditions of star formation depend on the properties of the
molecular clouds. Essentially, the stars form after the molecular cloud collapses
when the gravity overcomes the thermal pressure. In general, the formation of
stars is divided into two main categories: Low mass star formation which is fairly

well understood and high mass star formation which is still unsolved.

1.2 Low Mass Star Formation

As discussed in the earlier section, stars form from the dense core of molecular
clouds when it collapses under its own gravity. Shu_ef all (1981) proposed a simple

classical model to describe the collapse of a molecular cloud. It should be stressed



Figure 1.1: The figure shows a 3-colour composite PACS/SPIRE of the Aquila re-
gion. The red, green and blue are SPIRE 500 pym, PACS 160 ym and PACS 70 pum
respectively. The figure is taken from |André et all (2010).

that this model only considers that the cloud is thermally supported. This is an
over simplified scenario as it is believed that the clouds are also supported by
magnetic fields, rotation and turbulence, however, it still gives a good overall
picture of the process. The minimum mass required for an isothermal sphere
which is only thermally supported to collapse is characterised by the Jeans mass

according to the following equation.

[ 5kT O\ [ 3 \?
0= (Gomn) () =

Where M is the Jeans mass, k; the Boltzmann constant, T the thermal tem-
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perature, G the gravitational constant, p the density, my is the mass of hydrogen
and p is mean mass per particle. Thus, the Jeans mass is positively related to
the temperature of the cloud while it is inversely related to the density of the
cloud. First, the core will collapse at free fall time from inside to outside to
form a protostellar object as the inner regions are denser than the outer regions
(Shut [1977; Larson [1969). At the beginning of the collapse, the density increases
while the temperature remains constant. This is because at this stage the core
is still optically thin and efficiently radiates the heat away from the core. Con-
sequently, the Jeans mass decreases allowing even further fragmentation. When
the core becomes opaque to the radiation as the density keeps increasing, the
radiation will be trapped causing the temperature to increase. At this point the
thermal pressure halts the collapse and a hydrostatic core will be formed with
a radius of ~ 5 au and a mass around 0.05 My (Masunaga. et _all 1998). The
hydrogen molecule begins to dissociate when the temperature of the core reaches
~ 2000 K which leads to a second collapse (Masunaga & Inutsuka 2000). The
second hydrostatic core will form following the dissociation of hydrogen molecule
when_the temperature reaches 10000 K at p ~ 0.1 g cm™® (Masunaga & Inut-
suka [2000). Essentially, the hydrostatic core at this stage is the final collapsed
protostar. Following this, the accretion stage starts when the material accretes
onto the protostar at free-fall time scales results in the protostar rapidly growing.
Eventually the protostar evolves to become an optically visible pre-main sequence

star as a T Tauri star.

As mentioned earlier this is a simplistic picture of star formation, the role of
the magnetic field and rotation of the core are not considered. However, the effects

of them are believed to be crucial in structuring the geometry of the accreted



material onto the star. The conservation of angular momentum due to rotation
leads to the formation of a disk around the protostar, with the star accreting
mass from the infalling material via this disk. The excess angular momentum
can also be removed by bipolar jets and outflows. Eventually, the outflows and

collimated jets will disrupt the natal clouds and reveal the star with the disk.

Observationally, based on the spectral energy distribution (SED), the evo-
lutionary stages of young stellar objects (YSOs) have been classified into four
classes. |Lada (11987) proposed three classes (LII and III), later an extra class
(class 0) was introduced by |Andre et all (1993), all the classes are shown in Fig.
2 Lada (1987) classified class (I,IT and III) based on the spectral index a of

the slope of their SED.

~ dlog\F)

1.2
d logA (1.2)

According to the proposed classification, the class 0 objects represent the
early stage of star formation, where the protostar is totally obscured by its dusty
envelope at infrared wavelengths and its SED shape is very similar to a black body
peaking at mm wavelengths. Class I objects have a wider SED than a black body,
which indicates that a large amount of IR radiation comes from circumstellar dust
around the protostar. The outflows from the poles dissipate the circumstellar
envelopes. The class I objects have a spectral index of 0 < o < 3. Class II objects
also have a wider SED than a black body with IR excess but less circumstellar dust
emission than class I. The SED of class I1 objects is characterised as a T Tauri pre-
main sequence star, having a spectral index of —2 < o < 0. The final evolutionary

stage, class III objects are optically visible and have a similar SED to a black body



with a weak IR excess, indicating a small amount of circumstellar dust around
the object. The SED of class III has a spectral index of —3 < a < —2 and
represents the photospheres of very evolved stars near or on the main sequence.
At this stage, the outflows have dissipated most of the circumstellar envelopes
and therefore it is believed young stars evolve from class 0 with a large amount of

circumstellar dust to class III with very little circumstellar dust in its envelope.

1.3 High Mass Star Formation

Unlike low mass stars, the formation of massive stars is one of the most out-
standing problems in astrophysics. The main difference between low mass stars
formation and high mass stars formation is that massive stars evolve fast. In fact
the Kelvin-Helmholtz (tky) timescale (given in equation 1.3) is shorter than the

free fall (tg) timescale (given in equation 1.4).

GM,2
t = 1.
KH = R (1.3)
3 2
= 14
tn (mp) (1.4

Where M,, R, and L, refer to the final mass, radius and luminosity of the formed
star, G is the gravitational constant and p is the density of collapsed core. For
a typical core number density, 10* cm™3, tg is ~4 x 10%yrs. The txy for a solar
mass star is ~3 x 107yrs which is considerably longer than tg. Assuming L, =
M33 for main sequence stars, we see tgy oc M1 and we find that it becomes

shorter than tg for stars with masses > 10My. Therefore, massive stars begin
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Figure 1.2: Schematic showing the evolution of the circumstellar disk of PMS. The
left hand side shows the SEDs of each class while the circumstellar geometry of the
corresponding classes is shown on the right hand side. The figure is taken from [[sella
(2006).
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nuclear burning and reach the zero-age main sequence (ZAMS) still embedded in
their natal cloud and are still experiencing accretion. This makes the pre-main
sequence phase invisible. Theoretically one of the biggest problems in massive
star formation is the radiation pressure. In fact, the radiation pressure for a
massive star (~15 M®) overcomes the gravitational pressure. This could halt the
accretion of materials onto the star from a spherically symmetric envelope. In
this way stars only up to ~15 M® can be formed. However, massive stars above
~100 M® are observed (Crowther et all2016). In addition, due to the nature of
initial mass function (IMF), massive stars are very rare compared to low mass
stars (Salpeter [1957). Furthermore, massive stars form in very far and dense
regions, where there is high extinction, hence it is very challenging to observe

such stars in the optical and infrared.

There are two main theories describing the possible formation of high mass
stars which are disk accretion and competitive accretion. Disk accretion is the
scaled up of the disk accretion of low mass stars through a monolithic collapse
of a high density core within molecular clouds and processing the accretion via a
disk. The difficulty is how mass is accumulated as massive stars have very strong
radiation. [Yorke & Sonnhalter (2002) simulated a model based on this theory,
they found that stars of masses 31.6 Mg, 33.6 Mg, and 42.9 M, can be formed
from non-magnetic, rotating massive molecular clumps of masses 30 M, 60 M,
and 120 M, respectively, taking into account the strong radiation from the stars.
Stars of masses up to even ~140 Mg, can be formed via this model (Kuiper et _al.
2010). They overcome the radiation problem with the idea that the radiation far
from the stars becomes anisotropic and will have less effect on the equatorial disk

but it still efficiently escapes via poles through the cavity formed by the outflows.
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This model allows massive stars to be formed in isolation.

The alternative scenario to disk accretion is the competitive accretion scenario
which has been proposed. It considers that all stars are initially formed as low
mass stars and in dense molecular clumps (Bonnell ef all 1997). They start to
accumulate from unbound gas as there is a significant amount of gas. The rate
of accretion depends on the star’s mass, star’s location and the density of the
gas. Therefore in the central region, where the gas is densest and has the lowest
velocity dispersion, the accretion is the highest. This allows central stars to
accumulate more material than other stars while stars not located at the centre
accumulate less due to the lower gas density and higher gas dispersion. The main
difference between these two scenarios is that in the disk accretion model, stars
can be formed in isolation while in the latter one a cluster is the origin of the
formation. Most massive stars are associated with clusters (e.g¢. (Lada_et al.

1991)) but they also rarely can be formed in isolation (de Wit_ef_all 2004, 20057).

1.4 Herbig Ae/Be Stars

HAeBe stars, the more massive counterparts of T Tauri stars, are optically visible
pre-main-sequence (PMS) stars with masses roughly between 2 and 10 M. With
their intermediate masses, they bridge the gap between low mass stars and high
mass stars. This group of stars was first identified by [Herbig (1960) in a study
of 26 objects, according to the following three distinct criteria. “The star has a
spectral type of A or B with emission lines, lies in an obscured region and illu-
minates a fairly bright nebulosity in its immediate vicinity”. Subsequent studies

( see e.g. [Finkenzeller & Mundf [1984; [The et all [1994; Waters & Waelkens [1998;
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Malfait._ef all[1998) adjusted the criteria slightly. The spectral type was extended
to include spectral type of F. One of the main criteria that have been added is
that these stars possess a significant amount of IR excess due to the dust in the
circumstellar environment as seen from their SED. In addition, they do not need

to be associated with nebulosity and star forming regions.

Hillenbrand et al. (1992), in a study of 47 stars, classified HAeBe stars based
on their SEDs into three groups: I, Il and III. In Group I stars, the large amount of
IR excess seen in their SEDs is interpreted by an optically thick flattened accretion
disk which is optically thin in the inner regions around the stars. Group II objects,
possess a flat or increasing IR-excess, this is best described by a photosphere
surrounded by an envelope of gas and dust. Group III stars, similar to classical
Be stars, only show a small amount of IR-excess. The last group objects are
best represented by a disk-less intermediate mass star similar to disk-less T Tauri
stars.

HAeBe and T Tauri stars are similar in many ways, for example in their
emission lines and line polarisation (see e.g. [Hamann & Persson [1992; [Vink et al.
20054). The main distinctions between the two groups are: HAeBe stars are
thought to have a radiative photosphere, therefore unlike T Tauri they are not
expected to have a magnetic field. In addition, HAeBe stars evolve more rapidly
towards the main sequence.

HAeBe objects not only have some common characteristics with high-mass
objects such as clustering (Testi_ef all [1999) but also have spectropolarimetric
characteristics in common with T Tauri stars (Vink_ef all 20054). [Vink et all
(2005a) find similar spectropolarimetric line effects across Ha in HAe stars and

T Tauri stars. As the origin of such a line effect is explained by the presence
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of emission line from accretion channel or accretion spot, this could suggest that
HAeBe stars might also have magnetic fields. Therefore, the study of the for-
mation of HAeBe stars can bring out the differences in the mechanisms of the
formation of low- and high-mass stars. In addition, because they are closer and
less embedded than massive young stars, HAeBe stars can act as a powerful test

bed for the formation of massive stars.

1.5 Circumstellar Disk Polarisation

As mentioned earlier, circumstellar disks are the outcome of the conservation
of angular momentum during the initial collapse of the molecular clouds. The
circumstellar disk plays a key role in many star formation processes such as the
accretion occurring in the inner disk of order of a few au. However, despite
its importance, the observation at such small spatial scales is challenging. The
conventional direct imaging technique can spatially resolve nearby objects. Nev-
ertheless, its spatial resolution reduces significantly with distance which makes
it difficult to study massive stars as they usually reside faraway. In contrast,
polarimetry is a robust technique to probe small spatial scale of order of stellar
radii of distant objects as it totally independent of distance. Polarimetry is espe-
cially useful in studying disk-like structures around stars. Even more complicated
structures such as outflows, expansion, accretion and rotation can be studied
with sophisticated models. Polarimetry provides information about the presence
of asymmetric structures, the asymmetry could be introduced by magnetic fields
or particle scattering. The technique could be even more powerful when com-

bined with spectroscopy which adds the wavelength distribution of light to the
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polarisation vector. Thus by performing spectropolarimetry (polarimetry with
spectroscopy) we can categorise regions and diagnose stellar activities within the
circumstellar environment around stars through distinguishing between polarisa-

tion from different components of spectral features.

1.5.1 Polarimetry

Most of the observational techniques such as spectroscopy, direct imaging, pho-
tometry and interferometry measure the intensity of radiation coming from as-
tronomical objects as a function of wavelength. Although we can learn a lot from
these techniques, we miss a very important property of light which is polarisation.
Light is an electromagnetic wave, it oscillates with no preferred direction when
it is not polarised while the oscillation will be in a certain direction when the
light is polarised. Thus by measuring the direction of the preferred oscillation
we can measure polarisation which will be unknown otherwise. Polarimetry pro-
vides information about the agents breaking the symmetry, this could be caused
by the presence of a magnetic field evidenced by the Zeeman effect in the ob-
served spectrum or the scattering of photons by scatterers from the asymmetrical
environment. The scatterers could be free electrons or dust grains within the
circumstellar environment. Essentially, if we have any aspherical geometry, for
instance an axisymmetric disk, we expect a measurable level of polarisation. Most
astronomical objects provide some level of polarisation as the presence of an ideal
symmetry is very rare. However, most astronomical objects have a very low de-
gree of polarisation of typically a few percent. Detecting such a low polarisation

is challenging.
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Figure 1.3: Schematic showing how the observed polarisation depends on the geome-
try of the circumstellar environment. The left image shows a circular geometry where
the distribution of material is spherical or the disk is viewed pole-on, the arrows show
the direction of polarisation. In such a geometry and orientation, all polarisation vec-
tors cancel each other out resulting in zero net polarisation. The right hand side image
shows a circumstellar disk viewed edge-on, in this case there is no cancellation and a
net polarisation is detected.

Polarisation is related to the spatial structure of an astronomical object re-
gardless of the distance. Let us assume that the distribution of the circumstellar
dust or free electrons in the ionised region close to the star is spherical. As shown
in Fig. left image, the photons are scattered by electrons or dust grains and
the direction of polarisation is perpendicular to the line between photons and
the scatterers. The polarisation in the poles cancel out the polarisation in the
equatorial regions which leads to zero net polarisation. However, if the distribu-
tion of the material is not entirely spherical (for example in the case of clumps)
a net polarisation could be observed. In addition, if the system is aspherical
but viewed pole-on at inclination angle of 0° (Fig. left image), again zero
net polarisation is expected for the same reason. However, in the case of a disk

viewed edge-on as seen in right image, we observe a net polarisation as the
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Figure 1.4: The diagram shows the polarisation ellipse. The electric vector E follows
an ellipse shape in the x-y plane, the direction of propagation is in z direction. 6 is the
polarisation angle while the angle 3 determines the axial ratio of the ellipse.

polarisation is perpendicular to the midplane of the disk and there will not be
any cancellation. Therefore, a level of polarisation is expected depending on the

degree of inclination and asymmetry of the circumstellar disk.

1.5.2 Stokes Parameters

We now consider the general form of polarisation, elliptical polarisation, to define
the Stokes parameters. The elliptical polarisation can be considered to consist of
two orthogonal electric fields propagating in the z direction (see Fig. [L4]). The
electric fields of the two waves can be written as follows:

E, = E,, cos(wt)

(1.5)
E, = E,, cos(wt+ ¢)
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where w is the angular frequency and ¢ is the phase difference between the two
waves. If the phase difference is 0° or 180°, the light is considered to be linearly
polarised. If E,, is equal to E,, and the phase difference is 90° or 270° then the
light is circularly polarised.

The polarisation state of electromagnetic radiation is fully described by the
four Stokes parameters I, Q, U and V (Tinbergen [1996; del Toro Iniesta 2007).
These parameters can be described mathematically according to the following

equations (for more details on obtaining the equations see (Goldstein 2003):

I- B+ B,
_ 2 2

Q - E:co - Eyo

U =2E,,E,,cos(¢) (1.6)

V =2E,,E,,sin(¢)

P=Q*+U+V?

where I is the total intensity, Q and U are the intensities in different orien-
tations: Q is the difference in intensity of the electric field oscillating at 0° and
90° while U is the difference in intensity of the electric field oscillating at 45° and
135°. Both Q and U are necessary to describe the linear polarisation of a source.
Finally, V describes the circular polarisation and it is the difference in intensities
between the right and left handed circular polarisation.

The degree of polarisation can be measured from the Stokes parameters ac-

cording to the following equation:

p— Lot _/Q2+ U2+ V2 (1.7)

I Ji
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Where I,,¢; is the sum of the polarisation component Q, U and V. If P = 0 the
light is considered to be unpolarised while if P = 1 then the light is completely
polarised. Anything in between 0 and 1 is considered as a partially polarised
light. As the degree of polarisation is usually very low, typically a few percent,
the Stokes parameters are commonly normalised (divided by the total intensity)
to provide the fraction of polarisation in each Stokes parameters. In this thesis
the capitals Q,U and V always denote the fractional values. Q, U and V can have

positive or negative values, while I is always positive.

The polarisation angle is given by

E..E,,cos(¢
zo Yo
Therefore,
tan(20) = < (1.9)
0 .

As the polarisation can not be directly measured at the telescope, we need
to filter the light coming from a target source to recover the Stokes parameters
(see Fig. [LH). In the case of linear polarisation, Q and U, a rotatable half wave
retarder plate is commonly used to control the orientation of polarisation. At least
four position angles are required to fully recover the linear Stokes parameters. For
circular polarisation, two filters are used to separate the positive (right-handed)

and negative (left-handed) circular polarisations. Finally, the Stokes parameters
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Figure 1.5: The figure shows the filters needed to recover the stokes parameters Q,
U and V.

can be recovered according to the following equations:

I'=1Io+1Tgo=I4s+ 135 = 14 + 1_

Q = [0 - [90

(1.10)
U= I — 5ss
V - [+ - [_

where Iy, Igg, 145, 1135 are the intensities of the electric field oscillating at 0°,
90°, 45° and 135° respectively. I, and I_ are the intensities of positive (right-

handed) and negative (left-handed) circular polarisations.

The astronomical polarisation is usually presented in a (@), U) diagram where
the Stokes Q is plotted against Stokes U (see Fig. [LH). In the Figure, the length

of the vector P represents the amount of polarisation and its direction indicates
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U (%)

20

Q (%)

Figure 1.6: Normalised Stokes parameters U is plotted against Q, the length of vector
P represents the amplitude of polarisation and its direction represents the direction of
the polarisation.

the direction of polarisation. From the Figure:

Q = P cos(20) 1.11)

U = P sin(20)

Once you have the linear polarised light, Q and U, and the total intensity I,
scattered and direct light, one can measure the percentage of polarisation and

polarisation angle according to the following equations:

P=\Q*+U?

. U (1.12)
0= 5 arctan <§)
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1.5.3 The Tool of Spectropolarimetry

Spectropolarimetry of stars is capable of revealing the spatial structure of the
circumstellar environment. The key point is to understand whether the ionised
region around the star is spherically symmetric or not by examining the scattered
light from free electrons. In such an ionised region, where the density of free elec-
trons is the highest, the free electrons scatter the continuum radiation coming
directly from the stellar photosphere as well as the hydrogen recombination lines
from the hot ionised disk. If the geometry of the scattering electrons, the inner
disk, is not circular but a flattened structure on the sky, net polarisation will be
detected (see Fig. [[3)). However, detecting polarisation towards an object by
itself is not enough to confirm the presence of a disk. This is complicated by the
presence of polarisation due to the interstellar medium and circumstellar dust
further out from the star unless the star is very close to us and has no circum-
stellar dust. The subtraction of the foreground polarisation from the intrinsic
polarisation is challenging. A few methods have been used but they usually do

not give accurate measurements.

Here is where the spectral polarimetry comes in. It uses the fact that the hy-
drogen recombination photons will be less polarised than the continuum photons.
This is because unlike the continuum light, emission lines pass through a smaller
ionised volume and hence encounter less free electrons. Ultimately, the emission
line will be less polarised than the continuum. This behaviour is absent in the
case of interstellar medium and circumstellar dust. The interstellar medium has
a broad wavelength dependence and the circumstellar dust is located over a much

larger area than hydrogen recombination lines. As a consequence, they polarise
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continuum and emission photons equally. Therefore, any detection of change in
polarisation across the emission lines is directly traced to the presence of a disk
regardless of the contribution of the foreground polarisation. Thus, performing
polarimetry across a particular spectral feature does not require the knowledge
of foreground polarisation as it does not affect the results. In fact, it does only

add a constant value to the Stokes parameters Q and U.

The (@, U) diagram is another way to look at the polarisation, we can mea-
sure intrinsic polarisation accurately from the slope of the line effect regardless
of the contribution of the foreground polarisation. Another advantage of spec-
tropolarimetry is that we can establish the orientation of disk even if it is not
resolved. As seen in the Figl[3 the polarisation is perpendicular to the circum-
stellar disk. Thus, the position angle of a circumstellar disk on the sky is +90°

from the polarisation position angle.

The only downside aspect of spectropolarimetry is that the technique is re-
stricted by the number of observed photons, in fact the technique is a “photon-
hungry” method. Therefore the main uncertainty in the observed polarisation
is due to photon statistics. This is why it requires a large telescope or a very
long integration times compared to other observational techniques. As a rule of

thumb:

1

o
o]

AP(%) ~ (1.13)

=

The typical line effects are of order 0.5% and hence to properly sample the
polarization behaviour as a function of wavelength, one needs a polarisation pre-

cision of order 0.1%. This requires 10° photons, SNR ~ 1000, per resolution
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element. It is difficult to achieve such accuracy especially for faint objects. To
reduce the uncertainty, the spectra can be rebinned but this comes at the cost of

reducing the spectral resolution.

1.5.4 Spectropolarimetric Line Effect

As discussed above the line effect refers to the change in polarisation across spec-
tral features such as Ha line. Mainly there are two types of line effects, depolar-
isation and intrinsic line polarisation. The line effect is as broad as the emission
line in depolarisation while it is narrower in intrinsic line polarisation. There is
another sub-type line effect called the McLean effect across the absorption com-
ponent of the emission line. FiglL7 shows a cartoon explaining the situations
without a line effect, depolarisation and line polarisation across Ha line. The fig-
ure is a combination of triplots (left) and (@, U) diagrams (right). In the triplot,
the Stokes I (normal intensity) is shown in the lower panel, the polarisation per-
centage in the middle, while the position angle (PA) is shown in the upper panel.
In the figure, also the Q and U Stokes parameters are plotted against each other

beside each triplot.

1.5.4.1 No Line Effect

In the case where the circumstellar environment is circular on the sky. The
circular geometry could be due to spherical distribution or the disk is viewed
pole-on. As is shown in Fig. [ top images, there is no change in polarisation
across the line in the triplot and all the Q and U values in the (@, U) diagram
are concentrated in a single dot representing the continuum polarisation. The

non-detection of the line effect could be due to the fact that the geometry is
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Figure 1.7: Cartoon showing Spectropolarimetry across Ha line in a combination
of triplots (left) and (@, U) diagrams (right). In the triplot polarisation spectra the
Stokes intensity (I) is shown in the lowest panel, polarisation (%) in the centre, while
the position angle (PA) is shown in the upper panel. The Q and U Stokes parameters
are plotted against each other beside each triplot. The upper plots show no line effect,
the depolarisation line effect is presented in middle plots and finally the bottom plots
show the intrinsic line polarisation. The figure is taken from [Vink et all (2002).


Chapter1/Chapter1Figs/EPS/no.eps
Chapter1/Chapter1Figs/EPS/dep.eps
Chapter1/Chapter1Figs/EPS/linepol.eps

24

spherically symmetric, or that the disk is close to face-on.

1.5.4.2 Depolarisation

Depolarisation has been observed in classical Be stars and in massive late HBe
stars. Depolarisation line effect is where the drop in polarisation is as broad
as the emission line (see Fig [ middle left). In this case it is assumed that a
large portion of hydrogen emission lines are formed in an extended ionised region
around a star. When the polarisation translates into (@, U) diagram we see a line

excursion from the continuum knot towards the line (see Fig [ middle right).

1.5.4.3 Line polarisation

This type of line effect is found towards the less massive and cooler stars than the
objects displaying the depolarisation line effect. It has been observed in T Tauri
stars and HAe stars by Vink et all (20054). In this case the line is intrinsically
polarised instead of exhibiting a depolarisation. The intrinsic line polarisation
is thought to be caused by the effects of magnetospheric accretion, where the
material from the disk is funnelled via accretion columns on to the stars, causing
a shock to the photosphere. The emission lines coming from this hot spot will
be polarised as they scatter off the disk material due to the doppler shift this
becomes visible as a line effect (Vink_ef all 2005H). The line effect is narrower
than the emission line compared with depolarisation and a loop is expected to be
present in the (@, U) diagram caused by a flip in the polarisation angle (see Fig

[T bottom images)
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1.5.4.4 McLean effect

The concept of the McLean effect is based on the fact that the the wind material
in our line of sight blocks the unscattered light and removes it from the beam.
This leads to observation of a strong emission line with a blueshifted absorption
component. However, the flux in the absorption does not reach zero because the
re-emission process is isotropic; some of the photons will be scattered into our line
of sight. If the distribution of the material is aspherical, the observed light across
the absorption will be more polarised than the continuum light. In addition to
that, some of the photons could get through the wind material without scattering,

depending on the density of the wind.

1.5.5 (@, U) diagram

The (@, U) diagram, where the wavelength dependent Stokes U is plotted against
Q, is very useful to categorise the wavelength dependent geometry of the circum-
stellar disk. The magnitude of the line effect and the polarisation angle can be
directly measured from the slope of the line effect ( see Fig. [LAl). The polarisa-
tion angle is very important to establish the disk orientation but careful analysis
is required to measure it correctly. The intrinsic polarisation angle is measured
from the line to the continuum for depolarisation line effect while the opposite is
true for intrinsic line polarisation. The intrinsic angle is measured according to
the equation Bl For instance the [Q U] value of [1 1] and [-1 -1] result in the
same polarisation angle of 22.5° despite each being located in a different quadrant
in Fig. L8 Thus, the angle for [-1 -1] should be 112.5° (22.5° 4+ 90°) resulting a
difference of 90° with [1 1].
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Figure 1.8: Normalised Stokes parameters U is plotted against ). The polarisation
angle is measured by using 6 = %arctan <%> From the equation it is clear that the

angle is indistinguishable between: [+U,+Q] and [-U-Q]; [+U,-Q] and [-U,+Q)] for the
same values of Q and U. In fact there should be a 90° difference between each pair.

1.5.6 The Application of Linear Spectropolarimetry

Spectropolarimetry has been used in the 1970s to study the circumstellar environ-
ment of Be stars by [Clarke & McLean (1974); [Poeckert. & Marlborongh (1976).
They found that Be stars are surrounded by an spherically asymmetric envelope.
At that time, the disks could not be spatially resolved. It was only in 1994 when
Quirrenbach_ef_all (1994) could directly confirm the disk hypothesis by using
interferometric observations of a Be star. In the late 1990s and early 2000s Oud-
maijer & Drew (1999); Vink et all (2002), expanded the use of the technique to

apply to HAeBe objects.
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Vink et al. (2002) found that 7 out of 12 Herbig Be (HBe) objects have a
depolarisation line effect across Ha as found in Be objects. These line effects
are as broad in polarisation as the line spectra themselves. This suggests that
Ha is formed over an extended volume in the circumstellar medium. However,
Vink et all (2002) found a different line effect, line polarisation, across 9 out of 11
Herbig Ae (HAe) objects. They proposed the line itself is intrinsically polarised
as probably part of the emission lines from a compact region, where the accretion
takes place as explained above. Vink et all (20054) found that HAe stars have a
similar spectropolarimetric signature to T Tauri while HBe stars have a different

signature than HAe and T Tauri stars.

1.6 Motivation and Thesis Overview

Unlike low mass stars, the formation of massive stars is poorly understood. Ob-
servationally, the main challenge is that they are located faraway and deeply em-
bedded in their natal clouds. The physical properties of HAeBe stars make them
a very key class of stars to improve our understanding of such a long-standing
puzzle in astrophysics. The circumstellar environment is a key element in many
phases of star formation, yet determining its geometry often poses a challenge.
One of the most effective way to overcome the observational challenges is to use
spectropolarimetry. The technique is unconstrained by distance and very pow-
erful to probe very small spacial scales of order solar radii around stars. In this
thesis I represent the results of spectropolarimetric observations of 28 HAeBe
objects. The data were obtained with the FORS2 instrument on the VLT in

Chile and the ISIS instrument on the WHT in La Palma. The FORS2 medium
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resolution spectra cover the entire optical range, and comprise the largest spec-
tropolarimetric wavelength coverage, 4560 A to 9480 A, published to date. In
addition to spectropolarimetry, other observational tools were used to enhance
and further investigate the circumstellar environment of two stars, including near
infrared interferometry and optical spectroscopy. This thesis is structured as

follows:

e Chapter 2 presents the FORS2 spectropolarimetric observations of 12 HAeBe
objects. The observations and the data reduction procedures are discussed.
The large wavelength coverage of FORS2 enables us to assess and make
a direct comparison between the spectropolarimetric properties of Ha and
other emission lines within the same spectrum at the same resolution. This
has never been studied in this manner before. All the emission lines are
spectropolarimetrically investigated and classified with different volumes

within the circumstellar environment.

e Chapter 3 presents an in-depth study of two particularly interesting objects
PDS 27 and PDS 37 from the FORS2 sample. The X-shooter spectroscopic
data were used to measure their stellar parameters. The X-shooter data
are also provide further clues about the nature of the circumstellar envi-
ronment through analysing the observed spectral lines. The spectrometric
and spectroscopic observations are complimented with the high angular res-
olution of the PIONIER near infrared interferometric data. The observed
interferometric visibilities of both objects can be explained with a binary

nature of the system.

e Chapter 4 presents the first spectropolarimetry of HAeBe stars across He
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I line at 1.083 pum obtained with the NICS instrument on the TNG. The
chapter also provides a statistical investigation of the spectropolarimetric
line effects in HAeBe stars. In this chapter, the FORS2 sample, 12 objects,
are combined with a sample of 17 HAeBe stars observed with the ISIS on
the WHT. The sample size is increased to 56 HAeBe objects by adding all

the previous spectropolarimetric investigations to draw a better statistics.

Chapter 5 presents the main conclusions of the thesis and the future studies

of the circumstellar disks around young stars.
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Chapter 2

Linear Spectropolarimetry

Across the Optical Spectrum of
Herbig Ae/Be Stars

2.1 Introduction

Despite the important role of massive stars in the evolution of the interstellar
medium and unlike their counterpart low mass stars that are thought to be formed
via magnetospheric accretion (Muzerolle ef all[1998), their accretion mechanism is
still open to debate. Observationally, the detection of massive stars is challenging
as they reside far away and are deeply embedded in their natal clouds. As an
alternative to massive stars, the intermediate mass HAeBe stars are the best
candidates to address this issue. They are optically visible and bridge the gap
between low and high mass stars. The current view is that HAeBe stars are

surrounded by disks through which material continues to accrete onto the star
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(e.g. Mee_et all2014), although the precise scenario is not known (for reviews on

- IKraud 2015:;

Y Y

the topic, see IGrady et all 201! eltran & de Wit 2016).

In order to make progress, one needs to study the circumstellar environment
through which the material accumulates onto the star via accretion channels. This
requires methods capable of probing the matter very close to the star, as this is
where the accretion action happens. A key point is the observation of whether
the ionised region around the star is spherically symmetric at small scales or
not. If it is not, then the possibility that a flattened structure is observed lends
support to the disk accretion scenario responsible for the formation of such stars.
Studying the circumstellar environment at these small scales is possible through
linear spectropolarimetry, measuring the scattering of photons off free electrons

in a dense, ionised gas.

The idea of spectropolarimetry is that in the ionised region, free electrons
scatter and polarise continuum photons from the central star. If the geometry is
not circular on the sky, for example in the case of flattened disk, a net polarisation
can be detected. However, emission photons undergo less scattering as they
emerge further away from the central star. If the polarisation is measured as a
function of wavelength, this difference in scattering will be visible as a change
in polarisation across the line, which is often simply referred to as the “line

effect”. The observed de-polarisation across the Ha line constituted the first

evidence that the class of Be stars were surrounded by disks (Clarke & McLea

1974; Poeckert. & Marlborongh [1976). This was only much later confirmed by

direct observations (e.g. IQuirrenbach et all 11994 based on image reconstruction

of interferometric data; Wheelwright. et all2012 using sub-milliarcsecond precision

spectro-astrometry).
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Oudmaijer & Drew (1999), Vink et all (2002) and Mottram et all (2007)

extended the use of the technique to HAeBe objects. Vink et all (2002) found

that 7 out of 12 HBe objects they observed have a depolarisation line effect across
Ha, very similar to what was found in Be stars. As the line-effect becomes less
pronounced for lower inclinations, and would disappear for a face-on disk, which
is circular on the sky, the detection statistic strongly suggests that all HBe stars
are surrounded by small disks with sizes of order several stellar radii. In contrast,
they found a different line effect for HAe objects, where enhanced polarisation
across the Ha was found in 9 out of 11 stars. They proposed that the line itself

is intrinsically polarised since part of the emission lines originate from a compact

region, where the accretion takes place. [Vink et all (2005a) found that HAe stars

have a similar spectropolarimetric signature as the lower mass T Tauri stars with

HBe stars having a different signature.

McLean (1979) reported a different line effect, across the absorption compo-
nent of the emission line which is often called the McLean effect. The general
idea is that the absorption blocks the unscattered light from the beam, and pho-
tons originally emitted in different directions are scattered into the line of sight,

resulting in enhanced polarisation across the absorption. An alternate hypothesis

was provided by [Kuhn_ef all (2007), who proposed the polarisation can be caused

by selective absorption due to optical pumping of an anisotropic radiation field.

In addition, [Kuhn_et all (2011) point out that resonant line scattering, which po-

tentially also produces line polarisation, predicts that the lines within the Ca 11

near-infrared triplet around 8500 A will be differently polarised from each other.

For a recent review on the use of linear spectropolarimetry, see [Vink (2015).

In this chapter I aim to expand the existing spectropolarimetric work that was
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mostly aimed at Ha by observing other emission lines probing different volumes
and conditions than Ha. I present a spectropolarimetric study of a sample of 12
HAeBe objects. The new feature of the current study is the broad wavelength
range from 4560 A to 9480 A, covering almost the entire optical spectrum. The
chapter is organised as follows. In Section 2 I discuss the sample selection crite-
ria, the details of the observations and data reduction. In Section 3 I present the
results starting with continuum polarisation and then discussing line spectropo-

larimetry. The analysis is provided in Section 4. I conclude in Section 5.

2.2 Observations

2.2.1 Source Selection

Twelve objects were selected for this work from the X-shooter project of 91 HAeBe

stars (Oudmaijer et all 2011; [Fairlamb ef all2015). The main reason for choosing

these, was the presence of strong emission lines which allows for a good determina-

tion of their spectropolarimetric properties. The targets were originally selected

from the HAeBe catalogue of [The_ef all (1994) and candidates of Vieira. et al

2003). They are presented in Table Bl alongside their spectral type and V

magnitudes. The spectral type is taken from |Abab and Fairlamb

et al. ) while the V magnitude is taken from ) and SIM-

BAD. The results of PDS 27 and PDS 37 have been published elsewhere in a

study dedicated to these two objects, but I keep them in here (Ababakr et al

2015 and Chapter 3).




Table 2.1: HAeBe Observations. The Vmagnitude and spectral type are listed in column 3 & 4. The spectral type is
taken from |Ababakr et all (2015) and [Fairlamb_ef all (2015) while the V magnitude is taken from Vieira et all (2003) and
SIMBAD. The integration times (column 8, 9 & 10) denote the total exposures in V (4560 - 5860 A), R (5750 - 7310 A) and
Z (7730 - 9480 A) bands.

Name Other name V Spec. type Date Exposure (s)
Vv R Z Vv R 7Z
PDS 27 DW CMa 13.0 B3 04-02-12 04-02-12 04-02-12 8x340 24 %50 16x120
PDS 37 Hen 3-373 13.5 B3 05-02-12 05-02-12 05-02-12 16x340 24x70 16x100
CPD-485215 Hen 3-847 10.6 B6 20-01-12 10-03-12 03-03-12 8x150 32x15 16x90
R Mon MWC 151 11.8 B8 19-02-12  01-02-12 01-02-12 4x340 12x85 12x80
12-10-11 12x85
V380 Ori 10.7 A0 03-01-12 03-01-12 10-11-11 8x60 16x20 12x20
12-10-11 12x20
PDS 133 SPH 6 13.1 B6 21-01-12  21-01-12 16x150 8% 340
BF Ori 9.7 A2 12-10-11  12-11-11 8XT5 8x90
MWC 275 HD 163296 6.9 Al 01-04-12 30-03-12 32x2.5 16x7.5
GU CMa HD 52721 6.6 B1 07-01-12 07-01-12 24 %2 24 x5
HD 104237 PDS 61 6.6 A7 16-01-12  16-01-12 40x1 24 x5
HD 85567 8.6 BT 30-12-11 08-12-11 8%5 16x30
30-03-12 8x5

HD 98922 Hen 3-644 6.8 A0 30-12-11  16-01-12 40x1.5,16x1 24x5

Ge
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Table 2.2: The seeing and spatial widths of the FORS2 data. The seeing was measured
from the astronomical site monitor.

Name Date Seeing(”) FWHM(”)
Vv R Z v R Z V. R Z
PDS 27 04-02-12 04-02-12 04-02-12 12 12 14 1.0 09 1.0
PDS 37 05-02-12 05-02-12 05-02-12 13 11 1.1 08 1.0 1.0
CPD-485215 20-01-12 10-03-12 03-03-12 19 09 16 16 1.1 1.1
R Mon 19-02-12 01-02-12 01-02-12 1.0 1.1 09 1.2 09 08
12-10-11 1.6 2.6
V380 Ori 03-01-12 03-01-12 10-11-11 09 09 10 08 08 1.0
12-10-11 1.5 2.8
PDS 133 21-01-12  21-01-12 22 15 1.2 09
BF Ori 12-10-11  12-11-11 1.5 1.1 3.0 13
MWC 275 01-04-12  30-03-12 0.8 1.1 1.2 09
GU CMa 07-01-12 07-01-12 1.8 1.6 1.8 1.2
HD 104237 16-01-12  16-01-12 2.2 26 23 20
HD 85567 30-12-11  08-12-11 3 1.9 20 1.0
30-03-12 1.2 1.8
HD 98922 30-12-11  16-01-12 2.0 22 1.2 1.0

2.2.2 Spectropolarimetric Observations

The spectropolarimetric data for our targets were obtained with the FORS2 spec-
trograph mounted on ESO’s VLT in Chile. Three gratings were used with a
4096 x 2048 pixel CCD to sample the entire optical range. The 1400V grating
with central wavelength 5200 A covered the spectral range from 4560 to 5860 A
and includes HS and several Fe 11 lines. The 1200R grating was used for the spec-
tral range from 5750 to 7310 A, with central wavelength 6500 A, and includes
notable lines: He, [O 1] 6300 A, and He I lines at 5875, 6678 and 7065 A. Finally,
the 10277 grating covers 7730 — 9480 A, at central wavelength 8600 A, and this
includes the calcium triplet lines and the hydrogen Paschen series. A 0.5 arcsec
slit was used in all cases, which resulted in a spectral resolution of R = 3800,
4800, 4800 in the V., R and Z bands respectively. The dates and the exposure

times in each band are given in Table LIl The seeing and spatial widths of the



37

data are summarised in Table

FORS2 is equipped with an optical polarimeter in order to analyse the linearly
polarised components. The polarisation optics consist of a rotating half-wave
plate and a calcite block. The calcite block separates the incoming light into two
perpendicularly polarised light beams, the ordinary (O) and extraordinary (E)
beam. The half-wave plate is rotated to measure polarisation at four different
angles: 0°, 45°, 22.5° and 67.5°. One complete set of observations consists of
four exposures, one at each of the four angles. Several cycles of observation
at the above angles were taken for each object to check for the consistency of
the polarisation and its features. Polarised and unpolarised standard stars were
observed throughout the night. The exposure times for these were much shorter

as it was only the continuum values that were of interest.

Spectropolarimetry is a photon-hungry method. Typical line effects are of
order 0.5% and to properly sample the polarisation behaviour as a function of
wavelength, a polarisation precision of order 0.1% per pixel is therefore required.
This corresponds to signal-to-noise ratios of order 1000. Long exposure times
were used for faint objects and several short exposure times for objects with

strong Ha lines in order to avoid saturation of the CCD.

2.2.3 Data Reduction

The spectropolarimetric data reduction was carried out using GASGANO and
FORS pipeline v4.9.18. Two recipes were used: one dedicated to the calibration
and the other to extract the science spectrum. The reduction procedure consists

of bias subtraction, flat fielding, sky subtraction, extraction and wavelength cal-
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ibration of the O and E spectra. The Stokes parameters, obtained from the O
and E beams, lead to the percentage of linear polarisation, P, and polarisation

angle, 6, according to the following equations:

P=\Q>+U? (2.1)

1 U
0= 5 arctan <é) (2.2)

For the analysis purposes, the data were imported into the IRAF (Tody [1993)

and POLMAP package (Harried [1996) maintained by Starlink.

FORS2 is mounted on the UT1 Cassegrain focus, resulting in a relatively
stable instrumental polarisation. To improve signal-to-noise and the polarisation
accuracy, the individual data sets were combined. Four polarised and three zero
polarised standard stars were selected from the sample of [Fossati et all (2007) for
the purpose of polarimetric calibrations. The instrumental polarisation is found
to be ~0.16%, from the observation of unpolarised standard stars. The angle
offset is found to be 0.5° from the observation of polarised standard stars. In
order to clearly visualise the line effect, the change in polarisation across the
lines, the polarisation spectra are rebinned to a constant polarisation error per
bin. I performed the rebinning of the spectra very carefully to avoid losing the line
effect signature. I did not correct the data for the instrumental and interstellar
polarisation. Because these two only add a wavelength independent vector to the
observed Q and U parameters whereas our main aim in this work is the detection
of polarimetric change across the lines. However, as the polarisation is a vector

quantity, the interstellar polarisation could flip the polarisation signature across
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the line (see e.g. [Oudmaijer et all [1998 in HD 87643). Therefore, careful analysis

is needed to characterise the line effect.

2.3 Results

2.3.1 The Optical Spectrum

In the optical range from 4560 A to 9480 A, the spectra show numerous spectral
lines in emission and absorption. The entire spectrum of PDS 27 is presented
in Fig. 21 to show the range of the observed spectra and the identified spectral

lines.

The Ha lines are the strongest with line peak to continuum ratios ranging
from ~ 2 to ~ 20. In all targets, Ha is in emission, as shown in Fig. The
Ha lines exhibit various different profiles. These include pure emission lines,
double peaked emission with central absorption through to P Cygni profiles. GU
CMa, CPD-485215 and V380 Ori display a pure emission line, R Mon and BF Ori
show a double peaked emission line with central absorption. The remaining seven
objects display P Cygni profiles, for two of which HF data are also available. For
both spectra that contain Hf, the absorption component in Hj3 is deeper than in
Ha. In addition to Balmer series, weak Paschen lines are also seen in emission
for most objects.

The Ca 11 triplet lines at 8498, 8542 and 8662 A are observed in all objects
apart from GU CMa and CPD-485215. They are all in emission apart from BF
Ori where they are in absorption. The line to continuum ratio is in the range 1.5

to 10.5. The Ca 11 doublet at 8912 and 8927 A is present in all objects apart from
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GU CMa, MWC 275 and CPD-485215. The lines are in emission in all objects
apart from HD 104237 and BF Ori where the lines are in absorption.

Three He 1 lines at 5876, 6678 and 7065 A are observed in all objects. The
lines are in absorption in six objects including PDS 27, PDS 37, R Mon, HD
85567, GU CMa and BF Ori. PDS 133, HD 104237, V380 Ori and HD 98922
have the lines in emission. Inverse P Cygni profiles, weak emission and strong
absorption He 1 lines are detected in the spectra of MWC 275 and CPD-485215
and indicate infalling material.

Several forbidden [Fe 11] at 4814, 5158, 5262, 5333, 7155 and 8616 A lines are
observed in the spectra of R Mon and CPD-485215. [S 11] at 6716 and 6730 A
is also seen in the spectra of R Mon. In addition, strong [O 1] at 6300, 6364 A
is present in the spectra of R Mon, CPD-485215 and PDS 133. However, [O 1]
lines are either absent or very weak in the spectra of the remainder of the targets.
Unlike the cases of R Mon and CPD-485215, the [O 1] lines in the spectra of PDS
133 are broad and double peaked which may suggest that the forbidden lines
emerge from a rotating disk. This has been suggested before for HAeBe stars
(Acke_et_all 2005), although the broad line could also indicate a disk-wind (see
e.g. [gnace & Brimeyer 2006).

In summary, many strong emission lines are observed which allows us to in-
vestigate spectropolarimetric line effects which had never been studied before for

most of these lines.
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Table 2.3: The continuum polarisation of the targets measured in the following wavelength regions: B band centred at
4700 A; V band centred at 5500 A; R band centred at 7000 A; I band centred at 9000 A. The polarisation was measured
over a wavelength range of 250 A either side of the central wavelength, except for the B band where it was 125 A either side.
All the errors are differential, where the instrumental error is ~0.16% in polarisation and ~ 0.5° in angle (see text in Section
2.3 for details).

Object B V R 1
Peont (%) egont Pcont(%) egont Peont (%) agont Peont (%) egont
PDS 27 8.60 +£ 0.03 18.60 + 0.10 9.00 +0.01 18.90 + 0.01 8.80 + 0.01 18.40 +£ 0.04 7.50 + 0.01 18.10 £+ 0.03
PDS 37 4.70 £ 0.04 130.00 &£ 0.30 5.10 £ 0.01 130.80 = 0.01  5.20 & 0.01 130.00 £ 0.06 4.40 = 0.01 133.40 £ 0.05
CPD-485215 1.25+£0.01 19.30+0.30 1.30 £0.01 15.30 £ 0.06 1.70 & 0.01 9.50 £0.20 1.90 + 0.01 6.70 £ 0.20
R Mon 11.20 + 0.04 80.60 +£ 0.10 11.20 4+ 0.02 80.00 + 0.05 12.15 £ 0.01 67.70 £ 0.04 12.10 + 0.01 60.15 4+ 0.03
8.10 £ 0.02 69.40 £+ 0.07
V380 Ori 0.60 +£ 0.01 90.80 &+ 0.70 0.70 +£0.01 93.20 + 0.30 0.70 + 0.01 98.40 +£ 0.06 0.10 + 0.01 124.00 + 3.00
V380 Ori 0.70 £ 0.02 95.15 + 1.00
PDS 133 2.30 £0.04 37.70 £ 0.50 2.10 £ 0.03 38.30 = 0.05
BF Ori 0.70 £ 0.01 44.00 % 0.06
MWC 275 0.70 £+ 0.01 1.60 + 0.20 0.67 £ 0.01 14.84 4+ 0.28
GU CMa 1.60 + 0.01 14.60 £ 0.01 1.40 + 0.01 14.45 £+ 0.09
HD 104237 0.35 £ 0.01 174.60 + 0.60 0.58 4+ 0.01 182.89 + 0.35
HD 85567 0.38 £ 0.01 133.90 &= 0.60 0.23 & 0.01 154.02 + 0.61
0.26 £+ 0.02 134.50 + 2.10
HD 98922 0.40 £ 0.01 174.90 &+ 0.30 0.58 & 0.01 177.90 £ 0.30

ey
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Figure 2.3: The polarisation and polarisation angles as a function of wavelength for
the polarised standard stars. The data for this work are presented in black solid circles
and were coarsely sampled to improve the error bars. The data in B and V for NGC
2024-1, and in B, V and I (black dots) are taken from [Fossati ef all (2007). The black
lines denote the best-fitting Serkowski law to the data.

2.3.2 Continuum Polarisation

The continuum polarisation is measured for the entire spectrum and the results
for the polarimetric standard stars are shown in Fig. 3 while those for the
HAeBe stars are plotted in Fig. 24l The data are rebinned using a coarse

sampling of ~ 250 A per bin, to minimise errors.

Typically, the observed continuum polarisation is a vector addition of the
interstellar polarisation and the intrinsic polarisation which is due to scattering
of star light by circumstellar dust and free electrons. The interstellar polarisation
is caused by dichroic absorption of aligned dust grains. Its wavelength dependence

is well understood and explained by [Serkowski et all (1975). They found that the


Chapter2/Chapter2Figs/EPS/ka.eps

45

= PDS 27 134 PDS 37 = RMon PDS 133
a 19.0 . ar] soF 4 4t .
S 185 F 4132F 1 70F 4 a0F ]
L
ey 130 |- -
Z180F 3 = 60 | 4 36F .
128F T .
f f f f f f f f f f ; f
~ 54F e 30F g
% 90 F E 13 = 426F 4
S 85F 450F ; 3 3
§ 12k q22
g 80F J46F . 1.8 F E
) P max =9.2% P max =5.2% 11 F Pmax =12.6% ] P max =2.5%
£ 7.5 F 2 max=59604 - A max = 6320A Amax=7970A { 1.4 F A max=7210A 4
k= 42 F k=is57 4 k=059 k=457
1 1 1 1 1 1 1 1 1 1 1 1
5000 7000 9000 5000 7000 9000 5000 7000 9000 5000 7000 9000
g 1 —
= GU CMa 180 B HD 98922 4 ;5 :_ MWC 275 Jraop  vasoor T _
g l6F 1178 N 120
o 1] 10F E
S I5F 4176 F e 100 -
é,) ni I Juak I 3 80 -
< 172 4 OF 1 60 F -
1 1 1 [ 3 [T T T B |
1 1 1 1 103 L 1 1 1
— =0.69 108F E
S 16k 406 -E‘;}’,‘g%‘o{% =Bl 08k 3
S5k JosE 1%7F Jo6F .
Z1aF do04F 4 06F I 3ok .
= P max = 1.6% [ Pmax=0.7% P max =8.1%
£ 13 F A max=63104 403F 405F  max = 69304 702 F 4 max=s5% 5
| ] ] ] ] L] E | ] ] L ]
5000 7000 9000 5000 7000 9000 5000 7000 9000 5000 7000 9000

—_

(o))

o
T

T T T T T T T
HD 85567 4 k3 CPD4s21s 3 o F HD 10423711 I_ so b BFO 3
15 - 180 | 4 45 F -
1 w0k J175 F 4 40 F .
4 S5F <4170 | 4 35 F I -

1 1 1 1 1
1 1 1 1 1
I 4 1.8F 4 07 F pmax=063% I7199F E
0.6 E Amax_ 105804 3
1.6 - =23 0.8 F -
114 0 o7
’ P max =2% 0.4 .
A max = 11680A-] 0.6 | E
k=063

Angle (degrees)
=
S
T

—

[\

(=)
T

o
~
T

Polarisation (%)
=}
(98]
T

0.2 b Pmax=0. 38% -
: /1 max = 6640A 1.2 F 03 F E
=49 X .
| 1 | 1 1 1 1 1 1
5000 7000 9000 5000 7000 9000 5000 7000 9000 5000 7000 9000
Wavelength (A) Wavelength (A) Wavelength (A) Wavelength (A)

Figure 2.4: As the previous figure, but now for the HAeBe stars. The polarisation is
shown in the lower panel while the polarisation angle is shown in the upper panel. The
black lines denote the best fitting Serkowski law to the data.
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linear polarisation follows an empirical curve according to the following equation:

P _ exp { —k 1n2(M)] (2.3)

mazx A
where )., is the wavelength where the polarisation is at its maximum value,
Praz, and k is the width of the empirical curve. Typically, the polarisation peaks
in the visual band at ~ 5500 A, but can be in the range of 4500-8000 A. &
was initially taken to be a constant value of £ = 1.15. However, it has been
found that the value of £ depends on the value of \,,,., and is sensitive to the
size distribution of the dust particles (Whittet ef all 1992). In order to assess
whether the observed polarisation may have an interstellar dust component, I
fit the Serkowski law (Equation 3) to our targets and polarised standard stars.
Amazs Pmae and k are taken as a free parameters. The Serkowski law provides -
as expected - an excellent fit to the polarised standard stars as shown in Fig. 23
The figure also shows that the polarisation angle remains constant over different

bands.

The best fit to our targets is provided in Fig. 24l The stars generally follow
the Serkowski law but not as well as the standard stars. In some objects, the
polarisation spectra peak at much longer wavelengths than the V band while, in
addition, the polarisation angle changes over different bands in all objects. This
overall behaviour would suggest that a fraction of the observed polarisation is
due to interstellar dust, but that an intrinsic contribution is present. This is also
consistent with the polarisation angle. For all objects, the observed polarisation
angle changes over different bands, indicating the presence of intrinsic polarisa-

tion. The deviation of the angle ranges from 1° to 30° (see FigfZ4l). The polarised
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standards did not show a significant deviation in the observed polarisation angles.

I note that the continuum polarisation and the polarisation angle jump from
one setting to another for some objects (see FigZAl). This is particularly striking
in PDS 37, R Mon and MWC 275. This might be because the objects are ex-
tended, and that a slightly different positioning of the slit could result in slightly

different polarisation to be measured, which I shall discuss later.

To facilitate comparison with past and future observations, I measured the
continuum polarisation at the B, V, R and I bands and the results are summarised
in Table EZ3 The linear continuum polarisation ranges from ~0.3 % in the very
low polarised star HD 85567 to ~12 % in the highly polarised star R Mon. The
data of two epochs are provided for three objects, R Mon, V380 Ori and HD
85567. R Mon shows a strong variability of order of ~4 % in the R band between
these two epochs. V380 Ori shows similar polarisation values and HD 85567
shows a little variation. The literature values for the objects are summarised in
Table E4l The polarised standard stars are consistent with the literature values.
The HAeBe stars are broadly consistent with the previous measurements, but

there is some variation in the polarisation data.

The polarisation variability in the degree of polarisation and/or polarisation
angle is a common phenomenon among HAeBe objects (Grinin [1994: Jain &
Bhatt [1995). Its origin is thought to be caused by the intrinsic polarisation over
time as the interstellar polarisation is unlikely to be variable over a short period

of time.
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Table 2.4: Previous measured continuum polarisation. Column 2 gives the band at
which the polarisation was measured. Columns 3 and 4 list the measured polarisation
percentage and polarisation angle. The references are presented in the last column.

Object Band Peont (%) 0%, Ref.
PDS 37 v 3.253 £ 0.104 1201 £ 1.0 1
CPD-485215 V 0.348 £ 0.035 20.7 £3.0 1
R Mon |4 12.0 £ 1.2 91+3 2
U 11.1 + 0.7 8.7+ 1.8 3
B 11.1 £ 04 86.6 £ 1.1 3
14 12.3 £ 0.5 894 +12 3
R 12.6 + 0.3 83.5+£08 3
1 121+ 04 945+09 3
V380 Ori v 0.98 £ 0.10 86 +3 2
R 1.26 £+ 0.01 9%6+1 4
U 0.08 £ 0.16 151 £ 57 3
B 0.80 £ 0.06 88.8 £ 21 3
|4 0.98 £ 0.06 86.2 £ 1.8 3
R 1.31 £ 0.14 744 +£32 3
1 1.25 £ 0.18 849+ 42 3
BF Ori R 0.6 £0.1 88+ 1 5
R 0.886 £ 0.017 52.0£ 0.6 6
v 0.46 £ 0.01 7
GU CMa R 1.15 £ 0.01 19+£1 4
R 0.8 +0.1 244+1 5
R 1.726 £+ 0.006 270+ 0.1 6
HD 104237 v 0.032 £ 0.063  167.2 £56.5 1
HD 85567 v 0.478 £ 0.035 1057 £20 1
HD 98922 U 0.515 = 0.087 1528 £ 5.0 8
B 0.201 + 0.070 1684 £ 14.1 8
V 0.235 + 0.051 160.5 £ 6.0 8
MWC 275 v 0.417 £ 0.035 36.0£25 1
v 0.225 + 0.012 298+ 16 8
R 0.284 £ 0.014 355 £15 8
1 0.351 + 0.018 383+£15 8
V 0.02 £ 0.01 7

References. 1{Rodrigues et all (2009), the errors on the polarisation angle for this
reference are calculated from 0.5 X arctan (op/P); 2:{Hillenbrand et _all (|1992I),

31Vrba_et all (1979); 4{Ondmaijer & Drew (IJ_Q_QQ), 5{Wheelwright. et all (201 |d);
6:Vink et all (2005a); 7iOudmaijer et all (2001); 8:Yudin & Evans (1998), T cal-

culated the average values for MWC 275, taken on the same day.
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2.3.3 Line Spectropolarimetry

Most of the previous spectropolarimetric studies have been performed on the
strong Ha: emission lines. However, the advantage of this study is that the long
spectral coverage allows us to perform linear spectropolarimetry on lines that had
never been studied in this manner before. I begin by discussing the results of the

strongest hydrogen recombination lines before discussing other lines.

2.3.3.1 Hydrogen Recombination Lines

Spectropolarimetry was performed on all hydrogen lines including Ha, HBZ and
the Paschen lines. The spectropolarimetric data around Ha are shown in a so-
called “triplot” in the upper half of Fig. 2 In this triplot, the Stokes I (normal
intensity) is shown in the lower panel, the polarisation percentage in the middle,
while the position angle (PA) is shown in the upper panel. The results are
also represented in a Stokes (@, U) diagram (bottom) in Fig. using the
same wavelength range of the triplot spectra, but sometimes with a different
binning. Ten out of the twelve objects display a clear line effect across Ha while
the remaining two, BF Ori and HD 104237, show a potential line effect. The
observed line effects across Ha are of order of ~0.2 % to ~7 % in the case of R
Mon. The change in polarisation occurs across the emission lines, the absorption
components or the entire line profiles.

The spectropolarimetric properties of Ha for each target are listed in Table
PO Columns 3, 4 & 5 list the spectroscopic characterisation of Stokes I, the
intensity spectrum. Generally, the lines are stronger in HBe objects than in HAe

objects. The final three columns represent the line polarimetric properties, i.e.
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the depolarisation, line polarisation and McLean effects as introduced in Sec. 1.

The intrinsic polarisation angle is measured from the slope of the loop of
the line in the (@, U) diagram following Wheelwright. ef all (20114). From the
analysis of the (@, U) diagram, the direction of intrinsic polarisation on the sky
can be determined. I have measured the intrinsic polarisation from the slope
of the loop across the line in the (@, U) diagram of Fig. EZ8 This gives two
different results depending on the type of the line effect. In the case of line
depolarisation, the intrinsic angle is measured from the line to continuum while
for line polarisation it is measured from continuum to the line resulting in a 90°
difference from the former. This 90° difference in polarisation is equivalent to
180° on the sky, for that reason the direction of the vector in the (@), U) diagram
is crucial, and this depends on the observed type of polarisation. For the objects
displaying the McLean effect, the angle is measured from the continuum to the
line.

The data for the next strongest hydrogen recombination line, Hj, is available
for five objects. Two of these, R Mon and CPD-485215, show a clear change
in polarisation across this line and the results are presented in Fig. X6l The
Paschen lines are much weaker than the Balmer series and only R Mon shows a

line effect across these lines.
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Figure 2.5: Ha spectropolarimetry of the stars. The data are presented as a com-
bination of triplots (top) and (@, U) diagrams (bottom). In the triplot polarisation
spectra, the Stokes intensity (I) is shown in the bottom panel, polarisation (%) in the
centre, while the position angle (PA) is shown in the upper panel. The Q and U Stokes
parameters are plotted against each other below each triplot. The data are rebinned to
a constant error in polarisation, which is indicated at the top of each plot. The arrows
in the (@, U) diagrams indicate the polarisation moves in and out of the line effect
from blue to red wavelengths.
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Figure 2.5: continued
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Figure 2.6: HpS spectropolarimetry of R Mon and CPD-485215. See the caption of
Fig. B3 for more details.
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Table 2.5: The Ha line results: columns (3), (4) and (5) list the Stokes (I) characteristics; columns (6), (7) and (8) list
line spectropolarimetry characteristics of each target. Column (8) provides an estimation of the intrinsic polarisation PA
derived from line excursions in the (@, U) diagram (see text for details). Errors in the EW measurements are typically 5%,
the uncertainty in intrinsic polarisation angle is approximately 10°.

Object Spec. type line profile EW (A) Line/cont. Line effect(o level) Classification 65,
PDS 27 B3 P Cyeni 1208 180 450 M 77
PDS 37 B3 P Cygni -122.6 19.4 6.00 M 56
PDS 133 B6 P Cygni -94.5 20.7 3.50 M 126
HD 98922 A0 P Cygni -17.9 6.0 4.00 D/M 22
R Mon(2011) B8 Double-peaked -98.6 12.6 15.00

R Mon(2012) Double-peaked -105.5 12.9 32.50

GU CMa B1 Pure emission -11.1 2.6 15.50 D 127
CPD-485215 B6 Pure emission -100.8 19.6 4.50 D 62
MWC 275 Al P Cygni -14.9 3.8 6.50 P 112
HD 85567(2011) B7 P Cygni -43.5 9.9 6.00 D 31
HD 85567(2012) P Cygni -42.1 10.2 250

V380 Ori(2011) A0 Pure emission -82.7 15.5 No

V380 Ori(2012) Pure emission -71.1 13.6 4.50 P 10
HD 104237 A7 P Cygni -27.2 6.5 200

BF Ori A2 Double-peaked 1.0 1.9 3.00

D: Depolarisation, P: Polarisation, M: McLean

Gq
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2.3.3.2 Ca 11 Lines

The Ca 11 triplet at 8498, 8542 and 8662 A originates at larger distances from the
central star than Ha because of its lower ionisation energy. Only two objects out
of twelve, show a change in polarisation across these lines. MWC 275, as shown
in Fig. B displays a clear change across these lines. The change is as broad
as the emission lines and is clear in both polarisation and polarisation angle. R
Mon also shows a change in polarisation across these lines (see Fig. ZZ11). PDS
37 shows a possible line effect in only the first two datasets while the second
two datasets do not show such a line effect (Ababakr et all 2015 and Chapter
3). Therefore, the line effect in PDS 37 is not a conclusive result based on the
current data. The Ca 11 doublet at 8912 and 8927 A is also seen in the spectra
of most objects. R Mon is the only object that shows a line effect across the Ca

1I doublet.

2.3.3.3 He 1 Lines

The He 1 lines trace the very inner hot circumstellar environment as they have a
very high excitation energy. Three He 1 lines at 5876, 6678 and 7065 A are seen
in the spectra of all objects. These lines do not show any signs of a line effect.
In most objects the lines are in absorption however, while those in emission are

very weak, possibly too weak to show the line effect.

2.3.3.4 Forbidden Lines

Most objects have forbidden emission lines, however line effects across them are

limited to a few objects. All the [Fe 11 lines show a depolarisation in R Mon
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Figure 2.7: Ca 11 triplet polarisation data of MWC 275. In the (Q, U) diagram, the
lines at 8498, 8542 and 8662 A are plotted in red, green and blue solid lines. See the
caption of Fig. for more details.
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and CPD-485215. Both [S 11] display a clear depolarisation in the spectra of R
Mon. [O 1] lines also display a clear depolarisation in R Mon, CPD-485215 and
PDS 133. However, the lines are broad and double peaked in PDS 133. The
polarisation spectra of PDS 133 across [O 1] at 6300 A is presented in Fig.

and the remainder of the polarisation spectra of all forbidden lines are presented

in Fig. 17

2.3.3.5 O 1 and Fe 11 Lines

Two O 1 lines at 7773 and 8446 A are observable. R Mon and CPD-485215 show
a clear change in polarisation across these lines. Several Fe 11 lines are observable
in the spectra of all objects. However, only R Mon shows the line effect across

these lines. The polarisation spectra can be seen in Fig. EET7

2.3.3.6 Summary on the Occurrence of the Line Effect

I presented spectropolarimetry from ~4500 to 9000 A of a sample of HAeBe stars
that were previously known to have a line effect across the Ha line. I find that
this phenomenon is very rare across lines other than Ha. Strong emission lines
such as HA and the Call near-infrared triplet are only seen with a line effect in
just a few sources. It should perhaps be noted here that the detection does not
necessarily depend on the line strength. For example, lines such as H3 and even
H~ in the Be star ¢ Tau have line effects of order 1%, while the lines themselves
hardly reach above the continuum (see the review by lOudmaijer 2007 and Chapter
4). The fact that strong lines do not exhibit a line effect is thus a very strong
observational finding. Finally, R Mon appears to be an exceptional object in the

sense that it is the only star in our sample that has a polarisation effect in most
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of its emission lines. I will return to this object later in the following discussion.

2.4 Analysis

The spectropolarimetric results of the sample show a continuum polarisation at
the level between ~0.3 % to ~12 %. Unlike the polarised standard stars, the
majority of objects do not follow the empirical curve of the Serkowski law. A line
effect is present across the Ha line in all objects.

Three different line effects are observed across the Ha line in the sample
(see Table ZH): depolarisation, intrinsic polarisation; and a polarisation change
across the absorption, which is commonly referred to as the McLean effect. In
depolarisation, the polarisation across the emission line decreases compared to
the continuum, and it is more common in high mass stars (Clarke & MclLean
1974; [Poeckert. & Marlborough [1976). Intrinsic line polarisation can be due to an
anisotropic line emitting region scattering off circumstellar material, and it was
found in T Tauri and HAe stars (Vink_ et _all 2002, 2003, 20054). The McLean
effect is where the absorption component of the emission line often has a different
polarisation than the continuum, but the emission has not (McLeanl [1979). There
is a distinct difference in polarimetric properties between the HBe stars, showing
de-polarisation and the HAe stars showing enhanced polarisation across the line.

The intrinsic line polarisation is thought to be caused by the effects of mag-
netospheric accretion. In this case, disk material is funnelled through accretion
columns on to the stars. The material shocks the photosphere where it crashes
into at high speeds. The line emission coming from these hot spots will be po-

larised as they scatter off the disk material, which becomes detectable as a line
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effect (Vink_ et all 2005h).

2.4.1 McLean Effect

A number of objects display a polarisation change across the P Cygni absorption
of the hydrogen lines and do not necessarily fit into the categories above. For

illustration, the formation of P Cygni profile is schematically shown in Fig. ZZ9.

The concept of the McLean effect is based on the fact that the wind material
in our line of sight blocks the unscattered light and removes it from the beam.
This leads to observation of a strong emission line with a blueshifted absorption
component. However, the flux in the absorption does not reach zero because
the re-emission process is isotropic; some of the photons will be scattered into
our line of sight. If the distribution of the scattering material is aspherical, the
observed light across the absorption will be more polarised than the continuum
light. PDS 27, PDS 37 and PDS 133 show a clear McLean effect across the
absorptive component of Ha. The line effect is of order 1-2% in these objects.
Naively, the same line effect might be expected across the HG but this is not
observed. Fig. shows the Ho and H3 P Cygni profile of PDS 27, PDS 37
and PDS 133. The P Cygni absorption seems to be saturated with broad and
flat core features for PDS 27 and the absorption is around 0.4 and 0.15 of the
continuum level for Ha and H/3 respectively. In PDS 37, the P Cygni absorption is
at 0.75 and 0.3 of the continuum level for Ha and H respectively. The absorption
in HB is thus deeper than that of Ha in both objects. This is not expected as
typically the higher lines display weaker absorption. This unusual behaviour is

also seen for the Paschen lines as presented in Fig. EETIl The figure shows that
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Figure 2.9: Schematic explaining P Cygni profile. In part B the photons are re-
emitted to the direction of the observer following the absorption, both the absorption
and re-emission are seen by the observer. Part A and C are the front and back sides
of the envelope, the photons are re-emitted to the direction of the observer following
the absorption of the photons that are not originally directed towards the observer, in
these regions the absorption is not seen by the observer. Part D is the obscured region
behind the star, this causes the emission profile to be asymmetric.
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Figure 2.10: Ha and HG spectropolarimetry of PDS 27, PDS 37 and PDS 133. For
PDS 133 only Ha data is available. See the caption of Fig. 28 for more details.

the absorption component of Paf is weaker than Pay and Pad. Unlike PDS 27

and PDS 37 the absorption part of the line of PDS 133 is above the continuum.

By analysing the observed P Cygni spectral lines and the observed polari-

sation line effects, the McLean effect can be understood in Ha and its absence

in HB relatively straightforwardly.

The strong Ha line photons are scattered

into the line of sight filling in the absorption component. If the scattering re-

gion is asymmetric, net polarisation across the absorption part of the line will be
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Figure 2.11: The comparison of P Cygni profile,Pad, Pay and Pag of PDS 27 and PDS
37. The spectroscopic data are taken from the HAeBe X-shooter project (Oudmaijer
et al. 2011; [Fairlamb_et_all 2015)

observable.

The Hf line, which is weaker than Ha has fewer photons, and will therefore
also have fewer scattered photons filling the absorption component (see Fig. EZI0).
The net effect is that both the H3 absorption remains deeper than for Ha, while
the scattered, polarised component is less obvious. Therefore, the lack of the
scattered photons in HS could explain the absence of the line effect across this
line. This argument is supported by the observed line effects across the absorptive

component of Ha in PDS 27, PDS 37 and PDS 133, as the line effect is stronger
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Figure 2.12: Schematic explaining the McLean effect with the data present in three
sets: the unpolarised light is shown in the upper panel, polarised light into the line
of sight in the upper middle, the observed Ha line profile in the lower middle and the
observed polarisation (%) is shown in the lower panel. The absorption is completely
filled when there is a significant amount of polarisation in our line of sight, this results in
a detection of a notable line effect (red solid line). In contrast, when the polarised light
into our line of sight is not sufficient to fill in the absorption component significantly,
this results in a weak line effect which is challenging to observe (black solid line). The
solid blue line represents an average between the two extreme cases.
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for a weaker absorption component. |Ababakr ef all (2015) suggested a similar
scenario in an in-depth study of PDS 27 and PDS 37, but here an extra object,

PDS 133, is available that follows the same pattern.

For illustration, I sketch the situation in Fig. EET2 In the schematic, it can
be seen that different levels of polarisation in the line of sight result in different
absorption line profiles. In the case of large polarisation, no absorption is seen
in the observed line profile as the polarised light fills in the absorption. Interest-
ingly, the McLean effect can thus also be observed in the absence of absorption.
In contrast, very deep absorption would be observed when there is little or no

polarisation.

2.4.2 The Case of R Mon

A small number of objects display line effects across more lines than Ha alone.
I discuss these here, focussing particularly on the most extreme object, R Mon.
Its continuum polarisation is large, with values of order 12% and 8%, in the R
band in 2012 and 2011 respectively. Unlike the other stars, R Mon displays a
line effect across virtually all observed emission lines. The difference between
line and continuum polarisation is 7% across the Ha and Hf lines (see Figs.
and Z6]), which is large and rare. Typically, the strongest line effect due to
electron scattering is of order 2% (Oudmaijer 2007 and Chapter 4). In addition,
the direction of the intrinsic polarisation angle from the line effects in the (@, U)
diagram is not constant over different bands. Therefore, it would appear that R
Mon is atypical as it differs on many counts from most objects that have been

studied spectropolarimetrically.
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Figure 2.13: Polarisation image of R Mon in H band, the polarisation vector lines
show the amplitude of polarisation and the polarisation position angle. The figure is
taken from Llolin_et all (2010).

Relevant to this discussion is that R Mon is an extended object. Its reflec-
tion nebula is due to radiation from the inner parts, such as the star and wind,
being scattered off circumstellar dust particles, resulting in strong polarisation.
Spatially resolved polarisation images reveal polarisation in excess of 50 % (Jolin
et al. 2010) (see Fig. EI3)). This polarised flux is largest closest to the star and
decreases with distance, while the polarisation angles follow a centro-symmetric
pattern. For a circularly symmetric, highly polarised object on the sky, the same
would apply, but if it were unresolved, the net observed polarisation would be
zero. However, because R Mon is asymmetric, a net polarisation will be observed,
and this is even stronger in our data as the scattering circumstellar material is

resolved and larger than the slit.

These features have important consequences for the observed polarimetry.
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Figure 2.14: Ordinary and extraordinary polarisation beams at the Ha line of R Mon.
The 2011 data are represented by red line while the blue line represents the 2012 data.

Below I will argue that this is the main reason that the (spectro-)polarimetric
properties of R Mon are different from the other stars, and that the various
emission lines originate from different line forming regions. For example, given
that the polarisation drops off rapidly with distance from the star, a slight change
in seeing or slight change in the positioning of the slit can result in largely different
polarised light entering the slit. In addition, larger positioning errors can result
in differently observed position angles, as the PA depends on position.
Inspection of the raw spectropolarimetric data shows that the width of the
ordinary (O) and extraordinary (E) beam in the spatial direction in the 2011
data is about twice that of the 2012 data (and wider than the data for the other
stars) (see Fig. EXI4)). In addition, the individual beams do not follow the typical
Gaussian shape of the seeing profile, but appear asymmetric. This confirms that

R Mon is not a point source but an irregular, extended object.
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I will discuss here the polarisation properties of R Mon in this context, starting
with its observed broadband peculiarities. The polarisation seemingly increased
by 4% over a timespan of 4 months, while the polarisation angle stayed the same.
The slit direction and position were the same for both observations but as men-
tioned above, the spatial profile of the 2011 data, which has a smaller level of
polarisation, is much wider than that in 2012 smearing at polarisation. As the
polarisation closest to the object is highest, it follows that the net polarisation in
2012 is higher. A similar argument can be put forward to explain the discrepant
position angles for each of the wavebands the object was observed. In Fig. 24,
the slope of the PA is the same for the V', R and I bands, but they are offset
by 10° (see also Table 23). According to the data in LJolin et all (2010), the
polarisation is centro-symmetric, and the polarisation angle changes with at least
20° every 1 arcsec (see Fig. ZTH). Hence, a slight displacement can result in a
noticeable change in PA. I argue, therefore, that the fact that R Mon is extended
and asymmetric explains the high polarisation, large continuum variability, and
offset in PA for the various wavelength settings. However, the cause of the ob-
served discrepant position angles from one setting to another for other objects,
for example MWC 275 and PDS 37, is unknown. The seeing is fairly constant
among different settings for these two objects (see Table ZZ2)), and unlike R Mon

their seeing profiles follow the typical Gaussian shape.
In regard to the spectropolarimetric properties, of which the fact that most

lines seem to exhibit a line effect, and that the line effect is large, makes R Mon

stand out.

The left hand panel of Fig. EZT0 shows the (@, U) diagram of three forbidden

lines of R Mon, with each line taken from a different wavelength setting. The
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Figure 2.15: Polarisation position angle of R Mon in H band. The figure is taken
from Llolin_ef _all (2010).

right hand panel shows lines from different wavelength settings as well; H3, Ha
and a Ca 11 triplet line, at 8662 A. The line excursions are large, ranging from
~5% to ~10% in Ha. The direction of the intrinsic polarisation angle is roughly
the same for all forbidden lines, with an average value of 64 + 5°. However, very
different intrinsic angles of 90 + 15°, 57 + 10° and 128 4+ 10° are found for Hp,
Ha and the Ca 11 triplet line respectively. The Ha and Ca 11 triplet data were

taken at the same date while HG was taken a few days later. The polarisation
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angle in Ha is the only one consistent with the forbidden lines.

The question that now arises is how can the line effects be strong, and why
would the intrinsic angles be different for the various lines? By simply stating
that the lines are formed in a larger region than the star and would be less prone
to scattering, such as the polarisation dilution discussed in[Trammell ef all (1994),
does not hold in the current situation. The reflecting dust is located far away
from the star and is in all likelihood much more extended than the ionized wind.
In this case, the emission lines will be equally likely to be scattered and thus as
polarised as the continuum. The remaining possibility is that the line emitting
regions themselves are not isotropic - either asymmetric or clumpy, leading to a
polarisation line emission different from the continuum. The different polarisation
angles for the various lines may be the result of different geometries and volumes
of the line forming regions. The optically thick Ha emission and the forbidden
lines originate from large, possibly similar volumes, which could follow similar
scattering paths, whereas other lines arise in regions closer to the star and have
potentially different geometries, leading to different polarisation angles.

To our knowledge this is the first time an object has been reported to have
so many lines with a polarisation effect across them. It will not be trivial to
disentangle the various contributions and multi-parameter modelling is needed
to retrieve the geometry of the system. This is beyond the scope of the current
work. For the above reasons, the line spectropolarimetric result of R Mon is not
used in the statistical conclusions in Chapter 4.

Another object, CPD-485215, also displays many line effects across the emis-
sion but again the intrinsic polarisation angle is not constant (see Fig. 2ZZT6]). In

this case, all the spectral lines have an intrinsic angle of 60 + 15° while the for-
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bidden lines give an angle of 11 4+ 5°. However, PDS 133 is the only object that
has the same polarisation angle in both Ha and [O 1] at 6300 A (see Fig. EZI0),
this suggests that both lines emerge from the same volume. This is evidenced by
the observed profile of [O 1] at 6300 A which is unlike R Mon and CPD-485215,

it is broad and double peaked.

2.5 Final Remarks and Conclusions

I have performed the first linear spectropolarimetry over a large wavelength range
of a sample of HAeBe stars. The spectra cover the range from 4560 A to 9480 A,
including many emission lines such as: hydrogen recombination lines, Ca 11, Fe
11, O 1 and He 1 and several forbidden lines including [O 1], [Fe 11] and [S 11].
All the objects have a measurable continuum polarisation, ranging from ~0.3 %
in the very low polarised star HD 85567 to ~12 % in the highly polarised star
R Mon. Our values are broadly consistent with these values but there are some
variations from the literature values. The continuum polarisation of some of our
objects do not follow the general trend of the Serkowski law. This is evidence of
the presence of intrinsic polarisation in the observed continuum polarisation as
the interstellar polarisation does not vary significantly over time.

All the objects show a sign of line effect across Ha. All HBe objects display
either a classical depolarisation or a McLean effect signature. The HAe objects
show a mixture of McLean, depolarisation, intrinsic line polarisation and complex
line effect. This suggests that the circumstellar environments around HAeBe stars
have a flattened structure. Four objects in our sample show a McLean effect,

where the change in polarisation occurs across the absorptive component of the
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Figure 2.16: (@, U) diagram of several spectral lines and forbidden lines of R Mon,
CPD-485215 and PDS 133. The lines are taken from B band (blue solid line), R band
(green solid line) and I band (red solid line). In R Mon HfS, Ha and Ca 11 triplet at
8662 A are presented in blue, green and red lines respectively (right); three forbidden
lines: [Fe 11] at 5158 A, [O 1] at 6364 A and [Fe 1] at 8616 A are shown in blue,
green and red lines respectively (left). In CPD-485215 H3, Ha and O 1 at 7773 A are
presented in blue, green and red lines respectively (right); three forbidden lines: [Fe 11]
at 5333 A, [0 1] at 6300 A and [Fe 11] at 8616 A are shown in blue, green and red lines
respectively (left). In PDS 133 Ha is presented in green line (right); forbidden line [O
1] at 6300 A is shown in green line (left).
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emission line of Ha. This suggests that the distribution of the ionised material
is not circular on the sky. From these four objects HF data are only available for
PDS 27 and PDS 37. The same line effect would be expected across the absorption
component of HF. However, the absorption in Hf is approximately three times
stronger than that of Ha. This apparent inconsistency can be explained by the
fact that strong Ha line emission scatters into our line of sight filling in the
absorption component. The Hf line is weaker than Ha and thus fewer scattered
photons fill in the absorption component, yielding a much lower polarisation
effect, consistent with the observed non-detection.

It would appear, therefore, that the differing polarisation behaviour can be
explained across the absorption parts of the Ha and Hf lines very well in the
context of the McLean effect. An alternative scenario to explain polarisation
across the absorption parts of hydrogen lines was put forward by [Kuhn_ et al.
(2007). Essentially this invokes selective optical pumping of the lines, predicting
that both HB and Ha will have polarisation effects of similar magnitude (Kuhn
et al. 2011), their Figs. 4 and 5). This is not what has been observed in our data.
What is more, this scenario will also struggle to explain why the H{ absorption
is so much stronger than that of Ha. Within the current set of observations, the
McLean effect seems to be a more viable explanation.

Four HBe objects show a depolarisation line effect, where the change in po-
larisation is as broad as the emission line. This suggests that Ha emerges in an
extended circumstellar disk. Two HAe objects show an intrinsic line polarisation,
where a significant portion of the photons emerge from accretion hot spots. BF

Ori and HD 104237 show a possible line effect across Ha.

I have observed depolarisation line effects across [O 1] lines at 6300 and 6364 A
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in PDS 133, R Mon and CPD-485215. The line profile in PDS 133 is broad and
double peaked unlike the other two, which are narrow and single peaked. The
line profiles may suggest that the lines originate from a rotating disk in PDS 133
while in R Mon and CPD-485215 many forbidden lines display a depolarisation
line effect. It is to be expected to see a depolarisation line effect across [O 1] in
PDS 133 as they originate in the disk further out from the inner ionised disk.
The Ca 11 triplet also shows a depolarisation in MWC 275. These lines have
low ionisation potential energy as they are formed in a predominately neutral
zone. In general they originate in the circumstellar environment but outside the
hydrogen ionisation boundary. Therefore, a depolarisation line effect might be
expected across these lines. However, for the objects that display a depolarisation
line effect, the Ca 11 triplet line effects are either absent or very weak.

Finally, T have presented the medium resolution spectropolarimetry on the
entire optical range from 4560 A to 9480 A of a sample of 12 HAeBe stars. The

data allow us to draw the following conclusions:

e [ sample linear line spectropolarimetry in the optical wavelength range,

which is much larger than any previous work at similar spectral resolution.

e Changes in the polarisation across the Ha emission line are detected in
all objects, as an indication of a flattened structure of the circumstellar
environment. The line effects vary from depolarisation, line polarisation to

the McLean effect.

e Depolarisation and the McLean effect are observed in Be type stars pre-
dominantly in early B type stars while line polarisation is observed in Ae

type objects.
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e The McLean effect is observed only across the absorptive component of Ha
and the line effect is stronger for a weaker absorption component, while Hj3
does not display the effect. I propose a scenario to explain this property. It
is based on the fact that the photons from the strong Ha line are scattered
into the line of sight. As a consequence, the photons in the absorption
are more polarised than the emission. A side result is that the selective
absorption due to optical pumping as proposed by [Kuhn et all (2007) is

unlikely to be responsible for the polarisation behaviour in these objects.

e A broad depolarisation line effect is detected across Ca 11 triplet and [O 1]
in two objects. These lines are emerging further away from the star and Ha
region in the circumstellar environment. The depolarisation simply implies
that the circumstellar environment has an asymmetrical structure in this

region.

e The few spectra with calcium triplet lines that show an effect show a sim-
ilar polarisation profile for all members of the triplet. I confirm a similar
observation by IKuhn_ef all (2011) for an evolved, RV Tau star. As these
authors explained, resonant line scattering can then not be the cause for
the observed line polarisation, as the Ca 11 8662 A comes from a different
upper level than the other members of the triplet. Similar polarisation due

to line scattering would then not be expected.

e Finally, apart from Hea, few lines in few objects show a line effect in the
polarisation. I present the case of R Mon, which displays exceptionally
strong line effects in most of its emission lines. In addition, not all lines

show the same type of line effect. This can be explained by the fact that the
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object itself is resolved and propose that different line forming regions and
geometries are responsible for polarisation properties of the higher hydrogen

recombination lines and forbidden lines and Ha on the other hand.
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Chapter 3

Observational Study of the Early
Type Herbig Be Stars PDS 27
and PDS 37

3.1 Introduction

To study the star formation mechanism as a function of mass, it is necessary to
sample a large number of HAeBe stars, with many representatives in all mass
bins. The known sample of HAeBe stars [see e.g. the catalogue by [The et al.
(1994)] contains many A-type and late B-type objects, but there is a dearth of the
earliest type, most massive HBe stars (also see e.g. |Ochsendorf ef all 2011). In
this chapter I present an in-depth investigation of two early HBe star candidates
identified by the Pico dos Dias Survey (PDS). Based on their observational char-
acteristics, PDS 27 (also known as DW CMa, RA 07:19:36, Dec. —17:39:18) and
PDS 37 (also known as Hen 3-373, RA 10:10:00, Dec. —57:02:07.3) were proposed
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to be early type Herbig stars by Vieira et all (2003). The young nature of PDS

27 was also suggested by Sudrez et _all (2006). Both stars were also classified as

young in the Red MSX Source (RMS) survey for Massive Young Stellar Objects

(MYSOs) (Lumsden_et all 2013). In 2011, Vieira_et all (2011) considered PDS

27 to be an evolved star instead, but ruled out an evolved nature for PDS 37.
However, as I will demonstrate in this chapter, both objects are very similar, and

I proceed under the assumption that they are young stars.

Using optical photometry, the temperature has been estimated to be around

22000 K for both objects (Vieira._et all 2003). Vieira._et all (2003) also estimated

their distance and it was found to be 1100 pc for PDS 27 and 720 pc for PDS 37;

PDS 27 is associated with CMa star-forming region while PDS 37 is associated

with C 282.4+0. [llee_et all (2013) studied the near-infrared (NIR) first overtone
CO emission of PDS 37, and assuming that it originates from the circumstellar

disc, they found the disc to be highly inclined to the line of sight (80°). Rodrigues

et al. 9) determined an intrinsic polarisation of 2.77% for PDS 37, suggesting

that the circumstellar environment is not spherical.

Here I present a spectroscopic and spectropolarimetric study of these two
objects. I will use the large wavelength coverage provided by X-shooter to de-
termine the stellar parameters. Spectropolarimetry is a very powerful technique
that can probe very small unresolved spatial scales of the order of stellar radii

and allows one to extract information on the geometry of this material (see e.g.

Oudmaijer & Drew [1999; Vink et _all 2002, 2005a and Chapter 1). A new ele-
ment in the present study is that the medium-resolution spectropolarimetry has
a wavelength coverage from 4560 to 9480 A, which is much larger than presented

in any previous study at similar spectral resolution. Another powerful technique
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to study the circumstellar environment is interferometry. The inner gaseous and
dusty disk is typically less than 10 au which requires a high angular resolution and
the temperature in this region is of order of ~1500 K. These make near infrared
interferometry an ideal tool to reveal this region. I will present the results of the
PIONIER interferometric data in the H-band continuum to further investigate
the circumstellar environment of these two interesting objects.

This Chapter is organised as follows: in Section the observations and data
reduction are discussed. The results are presented in Section Section B4
presents an analysis of the data followed by a discussion in Section Finally,

conclusions are drawn in Section EL6.

3.2 Observations and Data Reduction

3.2.1 Spectropolarimetry

The data of PDS 27 and PDS 37 were taken as part of a wider spectropolarimetric
investigation whose results are presented in Chapter 2. The details on the objects
selection criteria, observation and data reduction procedures are contained in

Chapter 2.

3.2.2 Spectroscopy

The spectroscopic data of PDS 27 and PDS 37 were obtained using the medium-
resolution spectrograph X-shooter, mounted on the VLT, Chile (Vernet et al.
2011) as part of a larger programme (Oudmaijer et all 2011; [Fairlamb et al.

2015). One of the main strengths of the instrument is its huge wavelength cover-
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age, taken simultaneously, over three arms: 3000 - 5900A, UVB; 5300A - 1.0um,
VIS; and 1.0 - 2.4pm, NIR. The smallest slit widths available (0.5 arcsec - UVB,
0.4 arcsec - VIS and 0.4 arcsec - NIR) were used and provided the highest spectral
resolution available for X-shooter: R=9100, 17400 and 11300, respectively. Both
objects were observed in nodding mode in an ABBA sequence. Two observations
were made of PDS 27, on the evenings of 2009 December 18 and 2010 February
24 (these data sets will be referred to as X-shooter(a) and X-shooter(b), respec-
tively, for the remainder of this chapter). The exposures were the same for each
observation with a breakdown across the arms of UVB - 300sx4, VIS - 300sx4
and NIR - (2sx6)x4. PDS 37 was observed on the evening of 2010 March 31
with exposures of UVB - 300sx4, VIS 300sx4, and NIR (3sx6)x4. The spec-
tra of both objects were reduced automatically by ESO, using the X-shooter
pipeline v0.9.7 (Modigliani et _all 2010) following standard reduction procedures
(flat-fields, wavelength calibration, etc.). I have noted that there is a shift in
the spectrum of both objects, indicating that the wavelength calibration was
not quite right. I used several telluric absorption lines using a solar spectrum
catalogue (Delbouille_ef all[1973) to manually perform the final wavelength cal-
ibration. Telluric lines are present in the spectra in the range between 6800 A
to 1000 A. There is an average shift of the order of -6 kms™ and -2 kms™! for
PDS 27 (X-shooter(b)) and PDS 37 respectively, the spectra were corrected ac-
cordingly. In the spectrum of PDS 27 (X-shooter(a)), only a negligible shift of

the order of -0.2 kms™! was found.
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3.2.3 Interferometry

The near infrared interferometric data of PDS 27 and PDS 37 were obtained
with the PIONIER, H band 4 beam combiner, at the VLT by using the 8.2 m
Unit Telescopes (UT). With PIONIER, the visibility can be measured with six
baselines simultaneously. Two observations were made for PDS 27 during the
nights of 2015 March 2 and 3 (these data will be referred to as PDS 27(1) and
PDS 27(2) respectively for the reminder of this chapter). The data from only three
baselines are available for PDS 27(1). The data of PDS 37 were taken on the night
of 2015 March 1.5. The baselines are ranging from 47 to 130 m, this corresponds
to a maximum resolution of ~ 3 mas at 1.65um (1.5 au at 1kpc, typical distance
for massive stars). The data were reduced using the automated pipeline at ESO,

the PIONIER pipeline was developed by Le Bouquin (Le Bouquin et all2011).

3.3 Results

3.3.1 Spectral Lines

The spectra of both stars are remarkably similar showing numerous emission lines,
while there is a paucity of photospheric absorption lines. A representative set of
lines is shown in Fig. Bl

The strongest emission is found among the hydrogen recombination lines, Fe
11, Ca 11 and [O 1]. The Hae and Hf lines have P Cygni profiles, with absorption
observed at velocities in excess of 500 kms™! in the case of PDS 27, with some
emission observed bluewards of the P Cygni absorption. The Ha lines are very

strong with line-to-continuum ratios of the order of 20 and an equivalent width
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Figure 3.1: A selection of observed spectral lines from the X-shooter data is shown
for both targets (for PDS 27 only the X-shooter(b) data set is shown for clarity). The
spectra are shifted such that their systemic velocity (see the text) is 0 kms™*. The red
solid line denotes PDS 27, while the blue dashed line is PDS 37. The black dash-dotted
line is a Kurucz-Castelli (KC) model atmosphere for a 21000 K type star m%,
(Castelli & Kurucz |2QO_4 ); this is an upper limit to the temperature (this limit will be
discussed in Section 4.1.3). The spectra of both objects are normalised to one but
PDS 27 is shifted by an arbitrary value for clarity. Note the similarity of both objects’
spectra, with a difference being the number of double-peaked lines of Fe 11 in PDS 37.
Blueshifted absorption reaching -700 and -400 kms~! is observed in Ho and helium for
PDS 27 and PDS 37, respectively.
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Figure 3.2: Ha line variability from three observation epochs for PDS 27: FORS2
(blue dashed line) and two X-Shooter epochs, X-shooter(a) (green dotted line) and X-
shooter(b) (red solid line). For PDS 37, there is only one X-shooter data set (red solid
line). A KC model (black dash-dotted line) of temperature 21000 K is also overplotted.
The lines are shifted to the rest wavelength of the stars as in Fig. Bl

(EW) of -70.4 and -111.4 A for PDS 27 and PDS 37, respectively. Several strong
Fe II emission lines can be seen in the visible portion of the spectra; the majority
of these are double peaked in PDS 37, while they are all single peaked in PDS 27.
Strong emission is also present in the Ca 11 (8498, 8542, 8662 A) and Ca 11 doublet
(8912, 8927 A) in both stars. The Ca 11 triplet lines are blended with the Paschen
lines at 8502, 8545 and 8665 A. The Ca 11 lines at 8542 and 8662 A in PDS 27


Chapter3/Chapter3Figs/EPS/hvari.eps

92

have a very weak blueshifted absorption. The other nearby Paschen lines at 8598,
8750 and 8863 A have similar absorption components. Therefore, the absorption
seen in the Ca II lines is more likely to belong to lines from the Paschen series
with which they are blended. He I lines at 5875, 6678, 7065 and 10830 A are in
absorption and blueshifted to the same velocities as observed in the hydrogen P
Cygni profiles. He I at 10830 A has a P Cygni profile in PDS 37 with absorption

1 and the EW of the emission is slightly larger than that

observed up to -450 kms™
of the absorption. For PDS 27, He 1 at 10830 A has a very strong absorption up
to -700 kms™! and is accompanied by a very weak redshifted emission component.
As we go from low-order lines in the hydrogen Balmer series (Ho, H3) towards the
higher order hydrogen lines, we see a progressively weaker absorption component
in each line. The only exception is that the absorption in Ha is less deep than
in HB, which I shall discuss later. The varying hydrogen line profiles prevent
a reliable measurement of the stars’ radial velocity (V;). Therefore, to obtain
the systemic velocity, I measured the V; from the clean and symmetric Fe 11 and
Ca 11 triplet lines in the X-shooter and FORS2 spectra. The measured V, are
corrected for heliocentric motion and local standard of rest motion for the dates
of observation. These give local standard of rest velocities (Vigr) of 47.2 &+ 3.4,
45.3+4.3, and 63 £ 7 kms™! for PDS 27 X-shooter(a), X-shooter(b) and FORS2,
respectively. Both X-shooter(a) and X-shooter(b) values are in agreement with
each other, while there is a difference of ~ 18 £ 8 kms™! between X-shooter and
FORS2. For PDS 37, the Vigg is found to be 11.7+5.5 kms™! for X-shooter and
13.5 4+ 8.0 kms—! for FORS2. For the final Vigg to PDS 37 an average of the X-

shooter and FORS2 values is taken and this results in a Vigg of 12.6+4.8 kms™!.

Both stars’ spectra are variable. An illustration of this is provided in Fig.
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in which Ha is shown at three observing epochs for PDS 27 and two for PDS
37. The line profiles are variable with a deeper absorption component when the
emission is weaker. For PDS 27 the Ha line-to-continuum ratio ranges from 13
to 18, and the EW increases from —70.4 to —120.8 A from the X-shooter(b) to
the FORS2 data sets (with the X-shooter(a) observations lying in between). For
PDS 37 the line-to-continuum increases from 19.5 to 24, and the EW from -111.4
to —122.6 A. Vieira_et all (2011) observed, in 1990, an EW of -88 and —105 A
for PDS 27 and PDS 37 respectively.

Variability of the He 1 line in PDS 27 also occurs between all observations.
Fig. shows four of the He 1 lines, along with overplots from each observation
epoch in order to highlight the variability. The He 1 lines 5875, 6678 and 7065 A
are present in both X-shooter and FORS2 spectra, while 10830 A is covered only
by the X-shooter observations. The 5875 A line in the FORS2 data shows a
broad blue absorption wing which is seen extending from -500 kms~! towards
the red, but it cannot quantified how far it extends into the red due to the Na 1
lines blending with it. In the X-shooter(a) data set a clear absorption line is seen
centred at ~-150 kms™' from the rest wavelength. The line in the X-shooter(b) is
difficult to measure, due to the blending mentioned, but it appears to be centred
at ~-100 kms~'. The 6678 and 7065 A lines show a similar behaviour in their
velocities between the data sets, as demonstrated in Fig. B3 The 10830 A line

only shows a small variability in the strength of the line.

In the case of PDS 37, all the He 1 lines, present in both X-shooter and FORS2,
show variability in the line centre of ~50 kms™! between them, with respective
line centres being blueshifted from the central wavelength. Some of these show a

very weak redshifted emission, which is seen to be much stronger in the 10830 A
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line. There is also strong variability in the line strengths, measured solely across
the absorption component, where the strength is ~2.5 greater in FORS2 than in

X-shooter.

3.3.2 Interstellar Lines

The spectra of both targets contain interstellar absorption lines, most notably
the K 1 doublet (7664.9, 7698.9 A), Na 1 doublet (5889.9, 5895.9 A) and the
diffuse interstellar bands (DIBs); their origin comes from the material present in
the interstellar medium (ISM). The K 1 doublet at 7664.9 A is blended with a
telluric line. The strength of the DIBs increases with the amount of material, and
therefore reddening, along the line of sight (Jenniskens & Desert [1994). However,
the DIBs can only provide a lower limit to the total reddening. IOudmaijer et al.
(1997) found for a sample of young objects that the majority of the DIBs corre-
late with the reddening due to interstellar dust, but they remain insensitive to
the dust in circumstellar envelopes and their parental molecular clouds. Eight
well-known DIBs are clearly identified in both objects; the measured EW for each
line, along with the line strength per unit E(B-V) determined from Jenniskens
& Desert (1994), and the resulting E(B-V) are given in Table Bl The overall
E(B-V) is found to be 1.2 £ 0.16 for PDS 27 and 0.98 + 0.37 for PDS 37. The
spread of the values is fairly large with E(B-V) ranging, for PDS 27 and 37 re-
spectively, from a low of 0.99 and 0.48, for the 5780 A line, to a high of 2.42 and
2.9, for the 5849 A line. The very large colour excess derived from the 5849 A
DIB is not entirely unexpected as it was suggested by IChlewicki et all (1986)

that the strength of this DIB could provide a good indication of the total redden-
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Figure 3.3: He I line variability is shown for PDS 27 of three observation epochs:
FORS2 (blue dashed line) and two X-shooter epochs, X-shooter(a) (green dotted line)
and X-shooter(b) (red solid line). For PDS 37, there is only one X-shooter data set
(red solid line) and one FORS2 observation (blue dashed line). A KC model (black
dash-dotted line) of temperature 21000 K is overplotted for the 5875, 6678 and 7065 A
lines, while for the 10830 A line a black dash-dotted line shows just the continuum
level. The lines are shifted to the rest wavelength of the stars as in Fig. Bl
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Table 3.1: The observed EW and the E(B-V) values obtained from the DIBs. Errors
in the EW and E(B-V) are typically 5%.
DIB EW/E(B-V) PDS 27 PDS 37
EW E(B-V) EW E(B-V)
(A) (mA/mag) (mA) (mag) (mA) (mag)

5780.6 979 971.5 0.99 278.9 0.48
5797.1 132 190.7 1.44 221.6 1.68
5849.8 48 116.4 2.42 1394 2.90
6089.8 17 24.1 1.42 234 1.38
6204.3 189 230.8 1.22 129.0 0.68
6013.7 23 242.0 1.05 206.5 0.89
6660.6 51 61.8 1.21 46.9 0.90
6993.2 116 131.7 1.06 100.0 0.86

ing towards an object including the circumstellar component. This argument is
strengthened by IOudmaijer_et all (1997) who found in their study that this DIB
was an exceptional case which more accurately traced the total reddening for
each star than any of the other DIBs. Therefore, in the overall E(B-V) reported
above, the 5849 A DIB is not included. The Vigg of the DIBs is measured to be
26.6 +£5.3, 27.3 4+ 5.6 and 27.5+ 2 kms™! for PDS 27 X-shooter(a), X-shooter(b)
and FORS2 spectra, respectively; all the values are in very good agreement with
each other. This indicates that there is no variability and an extra check on the
quality of the data. For PDS 37, the Vigg is found to be 0.54+2.8 and 6 +£4 kms™*
for the X-shooter and FORS2 spectra, respectively. This is consistent with the
Visr observed in the sharp absorption lines from Na 1 5889.9 and 5895.9 A, which
is found to be 26.5 + 1, 26.8 + 0.3 and 26 + 2 kms™! for PDS 27 X-shooter(a),
X-shooter(b) and FORS2 spectra, respectively, and —4.5 + 0.5 and —5 + 1 for
PDS 37 X-shooter and FORS2 spectra, respectively. Fig. B4 shows three DIBs,
Na 1 5889.9 A and K 1 doublet at 7698.9 A in order to highlight the consistency

between the observed interstellar lines.
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Figure 3.4: A selection of observed interstellar lines from the X-shooter data is shown
for both targets (for PDS 27 only the X-shooter(b) data set is shown for clarity). For
both targets, the red solid line denotes K 1 doublet at 7698.9 A, while the blue solid
line is Na 1 5889.9 A and finally the green solid lines are three DIBs line at wavelengths
shown on the graph. The lines are shifted to the rest wavelength of the stars as in Fig.
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3.3.3 Continuum Polarisation

The continuum polarisation of the targets is shown in Fig. In the figure,
the spectropolarimetric data were rebinned using a coarse sampling, of ~ 250 A
per bin, to minimize errors. It can be seen that the percentage of polarisation
increases from short wavelengths, peaks in the V' band and then decreases towards
longer wavelengths. The Serkowski law provides an excellent fit to the observed
continuum polarisation for both objects. This combined with the large E(B-V)
found towards these objects in Section 3.2 suggests that the bulk of the observed
polarisation is indeed interstellar. The angle of polarisation changes slightly over
the different bands; a change of 1 deg is observed for PDS 27 while a 5 deg
change is observed for PDS 37. The polarisation angle normally does not change
as a function of wavelength for the ISM. The slight change in position angle with
wavelength indicates that there is a contribution from another polarising agent

to the total polarisation.

3.3.4 Line Spectropolarimetry

The polarisation spectra around the strongest lines, Ha, H3 and the calcium
triplet are displayed in Fig. There is a clear change in polarisation across
the Ha line in both objects. The red peak and, where visible, the blue peak
have almost the same polarisation value as the continuum, while there is a strong
change across the absorptive component in both polarisation spectra and the
(Q,U) plots. The shift in the polarisation from continuum to the line is of the

order of 1% for PDS 27 and 1.6% for PDS 37.

Fig. also shows that there is no clear change in the polarisation spectra
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Figure 3.5: The polarisation and polarisation angles as a function of wavelength for
PDS 27 and PDS 37. The spectropolarimetric data were coarsely sampled to improve
the error bars. The black lines denote the best-fitting Serkowski law to the data.

across Hf for both targets. Several different ways of rebinning the data were
tried, but no compelling evidence for line effects across HG could be found.

The Ca 11 triplet has a lower ionisation potential than the Ha line, and as such
it originates in a different region at a larger distance from the central stars. I did
not detect any line effect across the Ca 11 triplet in PDS 27, whereas in PDS 37,
the first two data sets show a possible line effect while the second two data sets

do not show such a line effect (see Fig. B.f]). Therefore, the current data are not
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Figure 3.6: The polarisation data of PDS 27 (upper half) and PDS 37 (lower half)
are shown here. The data are presented as a combination of triplots (top) and (@, U)
diagrams (bottom). In the triplot polarisation spectra, the Stokes intensity (1) is shown
in the lowest panel, polarisation (%) in the centre, while the position angle (PA) is
shown in the upper panel. The @ and U Stokes parameters are plotted against each
other below each triplot. The data are rebinned to a constant value, as indicated at
the top of each plot. The Ca 11 triplet in PDS 37 is presented in two colours: the first
two data sets with possible line effect are shown in black solid line; the second two data
sets with no line effect are shown in blue solid line.


Chapter3/Chapter3Figs/EPS/pds2737.ps

101

Table 3.2: The line spectropolarimetry results: columns (2), (3), (5) and (6)
list the Stokes (I) characteristics; columns (4) and (7) list line spectropolarimetry
characteristics of each target. Errors in the EW measurements are typically 5%.

Lines PDS 27 PDS 37
EW (A) Line/cont. Line effect EW (A) Line/cont. Line effect

Ha -120.80 18.0 Yes -122.60 19.4 Yes
Hp -14.56 5.8 No -12.27 4.5 No
Ca 11(8498) -24.05 6.0 No -22.66 4.4 -
Ca 11(8542) -23.97 9.3 No -25.43 5.1 -
Ca 11(8662)  -22.78 5.2 No -23.12 48 -
Ca 11(8912) -1.11 1.2 No -0.81 1.1 No
Ca 11(8927) -1.79 1.3 No -1.69 1.3 No
He 1(6678) 0.90 0.9 No 1.40 0.8 No
He 1(7065) 0.27 0.9 No 0.52 0.9 No
[O 1](6300) -0.36 1.1 No -0.46 1.2 No
Fe 11(6456) -3.14 1.8 No -2.07 1.5 No

sufficient to confirm whether there is a line effect or not across the Ca 11 triplet
in PDS 37. I do not detect changes across any other lines in this polarimetric
spectrum, which includes the Ca 11 doublet, He 1, [O 1] 6300 A and Fe 11 lines.
The observed line characteristics of the targets in the FORS2 data are presented

in Table B2 including an indication whether a line effect is present.

3.4 Analysis

3.4.1 Stellar Parameters
3.4.1.1 Stellar Velocity

Due to the lack of photospheric absorption lines in the spectra of both stars, the
clean and symmetric Fe 11 and Ca 11 triplet emission lines were used to estimate
the systemic velocity.

For PDS 27 I noted that in Section 3.1 both X-shooter observations provide

a similar Viggr, while there is a difference of ~ 18 £ 8 kms™! in V;gr between X-
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shooter and FORS2. To examine the reliability of this variation, it is important
to check the Vigr of the interstellar lines as this should not vary over different
epochs. In Section 3.2, a similar Vigr was found of the DIBs in all epochs. These
velocities are consistent with the Vigg observed in the sharp absorption lines
from Na I 5889.9 and 5895.9 A. The observed variation in Vigg of PDS 27 could
be due to the star itself through changes in the circumstellar environment. On
the other hand, it could be due to the presence of a second star in the system.
Distinguishing conclusively between the two scenarios is challenging with only
a few epochs of data, and requires additional observations. However, the line
profiles are almost symmetric in all epochs; hence, it is more likely that the
changes seen are due to binary motions and are not due to the movements of
circumstellar material around the star. Based on the above argument, the stellar
velocities for PDS 27 is not used for kinematic distance determinations.

For PDS 37, the Vigg is consistent within the errorbars for the X-shooter and

FORS2 data.

3.4.1.2 Distance

Accurate stellar parameters are required for any quantitative analysis to be made
about either age, accretion or evolution for these two enigmatic objects. First the
distance will be discussed, which will later help constrain the total luminosity.
Using a Galactic rotation curve an estimate of the distance to the stars can
be made using the observed velocities. In this work, the rotation curve from Reid
et al. (2009) is used. The observed Viggr in PDS 27 is unlikely to trace the actual
stellar velocity as argued in the previous section. Fortunately, molecular observa-

tions of 3CO (1-0) and NH3 (1,1) towards these objects are available (Urquhart
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et al. 2001, 2011). The molecular lines in this case trace the parental clouds in
a larger volume around the star compared to the optical lines. These authors
observe velocities of 43.5 and 5.4 kms~! for PDS 27 and PDS 37, respectively.
Using the molecular velocities the resulting kinematic distance for PDS 27 is 3.17
(4+0.66, -0.62) kpc, while for PDS 37 the distance is found to be 3.67 £ 0.95 kpc.
For PDS 37 the stellar lines can also be used; these provide distances of 4.53
+ 0.77 and 4.74 (+0.75, -0.90) kpc for the lines measured from X-shooter and
FORS2, respectively. The molecular and spectral line measurements are in agree-
ment with each other in PDS 37. For the final distance to PDS 37, an average of
the three values is taken and this results in a distance of 4.31 4+ 0.67 kpc.

An interesting consistency check is to see what the kinematic distances to the
DIBs along the line of sight towards the objects are. This is because the DIBs
trace the material between us and the star, and should therefore be closer than
the stellar and molecular distances. The observed Vigr velocities of the DIBs
in Section 3.2 provide kinematic distances for PDS 27 of 1.76 (4+0.58, -0.55) and
1.80 (+0.58, -0.55) kpc for the X-shooter and FORS2 data, respectively. For
PDS 37 the kinematic distances of DIBs are found to be 2.59 £+ 1.4 and 3.76 +
0.92 kpc for the X-shooter and FORS2 data, respectively. These distances are
indeed lower than the ones traced by the stellar and molecular lines, which is as

expected.

3.4.1.3 Temperature

Spectral types of both stars are difficult to determine due to a general lack of
photospheric absorption lines in the spectra. So far, the only spectral type given

to these stars is by [Vieira_et all (2003), who assign them both a tentative B2
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classification based on their photometry.

A rough lower limit on the temperature can be found using the observed colour
indices. Vieira_et all (2003) measure a (B — V) of 1.32 for PDS 27 and 1.52
for PDS 37. The DIBs provide colour excesses, E(B — V), of 1.20 &+ 0.16 and
0.98 £+ 0.37 for PDS 27 and PDS 37, respectively. Combining the observed and
excess colours allows an intrinsic (B —V') to be derived. This is only a lower limit
as the DIBs trace the ISM, but not necessarily the total extinction. The highest
(B — V) from the DIBs is found to be -0.04 in PDS 27 and 0.15 in PDS 37.
This gives a lower limit to the temperatures which corresponds to B9-type star
with a temperature of 10000 K and A5-type star with a temperature of 8000 K
for PDS 27 and PDS 37, respectively. The stars are likely to be even hotter than

this, as this is a lower limit.

An upper limit to the temperature can be placed using the Balmer jump in
the spectra. This is because the Balmer jump decreases in size with increasing
temperature (for temperatures greater than ~ 9000 K, where the Balmer jump is
at its maximum). The observed size of the jump therefore places an upper limit
on the photospheric temperature. Moreover, a small jump can also be achieved
by cooler stars combined with a flux excess due to accretion. The Balmer jump
constraint provides an upper limit of 21000 K (see Fig. B). In the figure, the
observed Balmer excess for each star is shown for different temperatures, beyond

21000 K no excess can be observed.

The DIBs and Balmer jump constraints give an effective temperature range
of 8000 K/10000 - 21000 K. In addition, the observed lines from the two objects
suggest that they lie more towards the upper temperature limit. N I emission

lines at 8629 and 8683 A are seen in both objects. These lines have a high
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excitation energy (~10 eV), and have only been observed in B-type HAeBe stars,
predominately early types (Hamann & Persson 11992). Given that the latest
spectral type in which these authors detected both N I emission lines was B6
(corresponding to 14000 K), a revised lower limit of around 14000 K is inferred
to the temperatures of PDS 27 and PDS 37 .

Based on the above three arguments, which combine knowledge of photometry
and spectra, the most plausible range to the temperatures is found to be 14000
— 21000 K. A temperature of 17500 £ 3500 K is adopted for both objects.

In addition, the only absorption lines that are present in both spectra are
from He 1. If their origin were assumed to be from the photosphere, then their
strength would peak at around 21000 K. However, the observed strengths are
greater than predicted from stellar model atmospheres, and they are asymmetric.
The blueshifted absorption extends all the way to -500 kms™! and covers the
same velocity range as the hydrogen lines. Therefore, an additional contribution
to the absorption could be due to a strong wind. Although strong absorption has
been regularly observed for T Tauri stars in the He 1 10830 A line, such a strong
and broad absorption in a wind is not expected in the higher energy transitions
of He T in classical T Tauri stars (CTTs) by either theory (Kurosawa. et all 2011))
or observations (Beristain et all 2001). This suggests that the stars are much
hotter than CTTs, which is in agreement with the other temperature constraints

adopted.

3.4.1.4 Other Stellar Parameters

With a limit on both distance and temperature established for the stars, other

stellar parameters were found. A start will be made with determining the lu-
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Figure 3.7: The measured Balmer Excess changes for each star depending upon the
adopted temperature. PDS 27 is represented by the magenta dashed line, and PDS
37 by the green solid line. For both stars a zero Balmer Excess is measured around
21000 K. Figure by Fairlamb (Eairlamb 2015, PhD thesis; |Ababakr et all 2015).

minosity using the previously observed optical photometry. The Kurucz-Castelli
(KC) models of 17500 K are used which provide a surface flux density. The ob-
served photometry is then dereddened until their shape matches the slope of the
KC model for the adopted temperature. To fit the models to the photometry,
a scaling factor must be applied, as the models used are in surface flux while
the photometry is observed flux. This scaling factor is just a ratio between the
distance and radius squared, (D/R)?. Fig. shows the result of dereddening
the photometry and a 17500 K KC-model fit to the data The luminosities are

then calculated as a sum of the scaled KC model flux multiplied through by the
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Figure 3.8: An example of the SED integration for extracting a dereddened total flux
for the case of PDS 27 (left) and PDS 37 (right). The red diamonds are the observed
photometry, the blue crosses are the dereddened photometry and the solid black line is
a KC model of 17500 K. Figure by Fairlamb (Ababakr_et all 2015).

distances found previously. Taking into account the errors on the distance and
temperature, the luminosities are calculated to be log(L./Le)= 4.39 £ 0.40 for
PDS 27 and log(L./Ls)= 4.75 £ 0.39 for PDS 37.

With the luminosity established for each star, along with a well-defined tem-
perature limit, the calculation of remaining stellar parameters through the use of
PMS tracks can be performed. In this work, two sets of PMS tracks are adopted:
one set by [Siess et all (2000), as they cover up to 12 Mg, and the other set from
Bernasconi & Maeder (1996), as they cover a larger luminosity and mass range
(these are the 15 and 25 M, tracks in Fig. Bd). Along each mass track, there is
a unique relation between the luminosity and temperature. Fig. shows where
PDS 27 and PDS 37 lie on the PMS tracks. Based on their position, a mass of
15.3 (+5.4, -4.4) Mg and 21.1 (+11.0, -5.3) Mg, is found for PDS 27 and PDS 37
respectively.

The radius is found straightforwardly from the D/R values, determined in the
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Figure 3.9: Shows the PMS tracks of Bernasconi & Maeder (1996) (15 and 25 Mg
tracks) and Siess et all (2000) (up to 12 M, track), along with the positions of PDS
27 in magenta dashed line and PDS 37 in green solid line. The lines show where the
objects lie for the determined temperature range, while the error bars show the allowed
changes in luminosity given the errors in distance. Figure by Fairlamb

2017).

previous section, by using the distance. This provides 17.0 & 4.0 R, for PDS 27
and 25.8 + 5.0 Ry for PDS 37. With a mass and radius determined, the log(g) is
calculated to be 3.16 £ 0.27 for PDS 27 and 2.94 £ 0.35 for PDS 37. The errors
in log(g) are dominated by the errors in distance. The position of the stars in the
HR diagram suggests that they are very young objects, which may be evolving

into massive O-type stars.
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3.4.2 Interferometric Results

As seen in Fig. B8 both objects show a significant near infrared excess, in fact
the brightness of the extended dust and the star is almost the same in H band.
On the other hand, the spectropolarimetric results, strongly suggest the presence
of a circumstellar disk very close to the stars. Although the SED provides useful
information about the presence of the dust in the circumstellar environment, its
interpretation is challenging. Another technique is needed with high angular

resolution to directly trace these inner regions.

The key point to understand the spatial scale of these two objects relies on the
spatial resolution. The spatial resolution in radians of an instrument operating
at a wavelength () is given by:

Af = 1.22i (3.1)
D

Where D is the diameter of the instrument. According to this equation the
angular resolution of the VLT (8.2 m), at near infrared H band wavelengths (~
1.65um), is 50 mas. For a typical distance of massive stars, ~ 1 kpc, this corre-
sponds to a linear size of 50 au. This limits the observations of the very inner part
of the circumstellar environment. Instead of building a large telescope, interfer-
ometer can be be used to achieve high angular resolution by combining separate
light beams from several telescopes. Since the performance of an interferome-
ter depends on distance between telescopes, baseline (B), its angular resolution
increases significantly compared with a single dish telescope. A resolution of ~
1.5 mas, A8 = 2. B=130 m, can be achieved with the PIONIER near infrared

2B’

interferometry at the VLTI for the same above example. Thus increasing the
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resolution by ~ 30 times. Because of the nature of light, combining beams from
different telescopes results in observing constructive and destructive interference
fringes. Analysing these fringes provides information about the spatial scale of
observed objects. The fringe contrast or visibility amplitude is given by the fol-

lowing equation:

I — I
V = mazx min 3.9
Ima:c + [min ( )

Where I, and I,,,;, are the maximum and minimum intensity of the fringes,
the value of visibility amplitude is between 0 and 1. If V =1, I,,,, = 1 and
Inin = 0, then the object is unresolved (point source) which means the source
emits coherent radiation. In contrast, if V.= 0, I,,,, = 1 and I,,;,, = 1, then the
object is completely resolved (extended source). The value of the visibility varies
between 0 and 1 as it is measured with different baselines, the visibility decreases
towards longer baselines. Another observed quantity is the closure phase. The
closure phase is the ratio of symmetric and asymmetric flux of the targets, a non
zero closure phase means that there is asymmetry in the observed flux. This
asymmetry in flux could be due to the presence of an inclined disk or unequal
brightness binary (in case of binary system). For a binary system the closure
phase in radians is roughly of the same order of magnitude as the inverse of flux

ratio.

Here, the results of the near infrared PIONIER data are presented in Fig. BI0.
By looking at the observed visibilities and closure phases, a number of indicative
clues can be seen to understand the nature of the surrounding environment of the

objects. The observed visibility for both objects, even in the smallest baseline is
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not equal to one, which indicates that either the objects are not point sources but
extended or they are a member of a resolved or unresolved binary system at the
resolution of our data. In addition, the visibility oscillates especially in PDS 37,
this could suggest that the objects have a possible companion. Another way to
look at the circumstellar environment is the observed closure phase. The observed
closure phase is around 3+3° and 5+2° for PDS 37 and PDS 27 respectively. PDS
37 shows a large uncertainty in the closure phase but a non zero closure phase in

PDS 27 is seen, which could suggest that the object is part of a binary system.

First let us see what kind of visibility is expected from a binary system. Fig.
B1T shows a few examples of how the visibility of a point source binary system
looks like for different separations between the two components and the flux
ratios. From the figure, it can be seen that the visibility has a typical oscillation
structure. The main two parameters in modelling the visibility of a binary are the
separation between the two components and their flux ratio. The frequency of the
oscillation depends on the separation, it increases with the separation, while the
flux ratio controls the amplitude of the oscillation, which is at maximum when
the flux ratio is 1. Now, let us assume that both objects are extended. Fig.
shows a modelled visibility of a resolved binary (right) and a uniform disk (left)
for comparison. The visibility of a resolved binary appears as a modulation of a

uniform disk.

3.4.2.1 Modelling the Visibility

I fit the observed visibility of both objects with different models including: uni-

form disk and binary system with and without circumstellar disks.
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Figure 3.10: uv coverage, visibility and closure phase:

upper panels are PDS 37 while

the middle and bottom panels are PDS 27(1) and PDS 27 (2) respectively.
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Figure 3.11: Examples of the visibility of a binary system for different separations
between the components and the flux ratios. The figures were made using Aspro and
for simplicity the AMBER interferometry is used with three baselines at 47, 57 and
102 m. The uppermost image represents an expected visibility of a binary that has a
separation of 10 mas between the components and the flux ratio of 1:1, in the middle
image the separation is 5 mas and the flux ratio is 1:1. The lowermost, the separation
is 10 mas and the flux ratio is 0.8:0.2
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Figure 3.12: Left: the visibility of a uniform disk of a diameter of 3 mas. Right: the
visibility of a binary whose components have a disk of a diameter of 3 mas with a flux
ratio of 1:1. The visibility appears as a modulation of a uniform disk.

PDS 37

The visibility of PDS 37 shows that the object is resolved, and it also shows a
sinusoidal shape. LITpro, which is a model fitting program, is used to fit the

observed visibility. The program provides a number of models to fit the visibility.

To begin with, I first show a uniform disk model for a single object. The
parameters that need to be constrained are the angular diameter of the disk and
the flux ratio (star:disk). The best fit is shown in the top panel of FiglBT3l The
disk diameter in this model is 7.3+1.3 mas and the flux ratio is 1.38%55. Tt is
clear from the figure that there is a poor agreement between the data and the

model. The high value of reduced x? of 140 is another indication that the fit did

not work. In addition, the flux ratio is poorly determined as it has very large

uncertainties.

Now we consider fitting the data with a point source binary model without

circumstellar environment. The parameters that need to be constrained are the
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Figure 3.13: Three different models are compared with the observed visibility of PDS
37. The black circles with vertical error bars are the observed data while the solid
black triangles represent the best visibility fit. Upper image is the best fit of a uniform
disk model to the data. Middle image is the best fit of a point source binary model to
the data. The bottom image represents the best fit of a binary model with a resolved
primary object.
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Figure 3.14: Reduced x? map of the position, x2 and y2, of the secondary companion.
The minimum and maximum value are shown at the top of the figure. There are two
symmetrical minima to the origin which introduce an ambiguity of 180° in the PA of
the binary.

position of the second component in x and y directions which constrain the sepa-
ration and the position angle; and the flux ratio starl:star2. The best fit is shown
in the middle panel of FigBT3 Again the fit shows a poor agreement with the
observed data. However, in this case the general shape of the measured visibility
is in good agreement with the observed visibility as both show a rippled structure.
The above two models give a good indication that PDS 37 is possibly a binary
star with one or both objects being resolved. Finally, we consider a binary system
with one or both objects resolved. The added complication of this situation, is the
large number of variables. For simplicity, I considered two stars with a disk and I
fixed the position of one object and the disk at the origin and let the position of
the second object to be free. This will give two possible results depending on the
position of the secondary object and the diameter of the disk. The two possible

results are a binary system with a circumstellar disk around both components or
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a disk around one object and a point source companion. The result for a binary
and a disk around one object is shown in the lower panel of FigBT3 The figure
shows that the model is able to better fit the visibility, x? ~ 14, than the previ-
ous two models. The best fit provides the following parameters: the normalised
flux of 053570218 0.13570151 and 0.33703% for primary object, secondary object
and a disk around the secondary object respectively; the diameter of the disk is
estimated to be 4.564+0.54 mas; the position of the secondary object is set on
x2=-22.4740.23 mas, y2=-3.77+0.27 mas from the primary object. Although
the fit of the model is in fairly good agreement with the data, the uncertainty in
the flux ratios is large. I created a x? map as a function of the position of the
secondary object which is shown in Fig. B4l From the figure, it can be seen
that there are two symmetric minima relative to the origin. This means that the
solution is either x2= -22.7 mas and y2= -3.5 mas, which corresponds to PA of
260°, or x2= 22.7 mas and y2= 3.5 mas, which corresponds to PA of 80°. In order
to remove this ambiguity of 180°, the closure phase needs to be considered which
is sensitive to the PA of the binary. Unfortunately, the quality of the closure

phase measurement for PDS 37 is not good enough to remove this ambiguity.

PDS 27

For PDS 27, the same procedure was followed as for PDS 37. The results of a
disk model and a binary model with one of the companion being resolved, are
presented in Fig. B0 the left images are the disk model and the right images
are the binary model with one object being resolved. The upper images are PDS
27(1) while the middle images represent PDS 27(2) and both data sets are shown

in the bottom. The Figure shows that there is a poor agreement between the
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Figure 3.15: Two different models are compared with the observed visibility of PDS
27, uniform disk model (left) and resolved binary model (right). The black circles with
vertical error bars are the observed data while the solid black triangles represent the
best visibility fit. Upper images represent PDS 27(1), PDS 27(2) is shown in the Middle
while both data together are shown in the bottom images.
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observed visibility and the disk model. In contrast, the binary model provides
a good fit to the observed visibility for the individual data. The position of the
companion is found to be x2=8740.5 mas and y2=3740.5 mas. The best fit is
also indicates a disk of a diameter of 6.340.2 mas around the primary object. The
flux ratio has a large uncertainty which is comparable to the value itself. The
reduced x? of the position of the companion is 1.5, 22, 35 for PDS 27(1), PDS
27(2) and both data together. The x? map shows only a single global minimum
for PDS 27(1) while for the PDS 27(2) and both data together, there are several
local minima. This is a degenerate problem where several combinations of x and
y lead to the same result. Therefore, the available data are not sufficient to
constrain all the parameters. The degeneracy can be broken by obtaining more
data. The non zero closure phase seen in PDS 27 is another good indication of
the presence of a companion but it also could be due to an inclined disk.
Overall, there are a number of clues to understand the nature of the objects
by qualitatively looking at the data. The observed oscillations in the visibility,
especially in PDS 37 is a good indication of the presence of a binary system.
The non zero closure phase again suggests an asymmetry in the observed flux.
It seems that the binary model with one extended object is the best model to
represent the observed data. However, the available data can not constrain all

the parameters due to the degeneracy problem.

3.5 Discussion

I have presented a spectroscopic, spectropolarimetric and interferometric study of

two early-type Herbig stars. The spectra of both objects are remarkably similar,
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strongly suggesting that both are in the same evolutionary phase. The spectra are
dominated by strong emission lines, and do not reveal any photospheric absorp-
tion lines. Indeed, the only lines that are fully in absorption are the interstellar

DIB lines.

The picture that emerges is that both objects undergo strong winds as attested
by the clear, and numerous, P Cygni profiles observed. P Cygni absorption
extends in both stars to hundreds of kms™!. The He 1 line at 10830 A is the only
helium line seen as a P Cygni profile. The remaining He 1 lines at 5875, 6678
and 7065 A are present only in absorption (see Fig. B3)). These lines are broader
than the expected intrinsic lines from the photosphere. If they originate from the

wind, they must probe the very hot inner wind.

3.5.1 Circumstellar Geometry

The majority of the observed Fe 11 lines are double peaked in PDS 37, while
they are single peaked in PDS 27 (see Section 1.3.1). This suggests that PDS 37
has an inclined disc that we are viewing close to edge-on. This interpretation is
supported by a high inclination angle being reported by [lee et all (2013), based
on first overtone CO emission. In addition, the continuum polarisation shows a
change in position angle with wavelength. The observed polarisation must have
an intrinsic component as normally the interstellar polarisation angle is constant
with wavelength. This change is stronger in PDS 37 than PDS 27 as illustrated in
Fig. Further information on the geometry of the circumstellar environment

can be achieved by performing spectropolarimetry across the lines.

Both PDS 27 and PDS 37 show a strong McLean-type effect across the absorp-
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tive component of Ha (see Fig. Bl and the change is as broad as the absorption.
This indicates the presence of intrinsic polarisation which in turn implies that the
ionised material around the star is asymmetrically distributed. The strength of
the line effect in Ha is of the order of 1% in PDS 27 and 1.6% in PDS 37. This
supports the idea that PDS 37 has a more inclined disc than PDS 27, as we
would expect more intrinsic polarisation in a more inclined disc. The slope of
the loop from the continuum to the line in the (@,U) diagram represents the
intrinsic polarisation for the continuum polarisation (see Fig. Bf). The intrin-
sic continuum polarisation angle represents the electron scattering angle in the
circumstellar medium. An intrinsic polarisation angle of ~ 77° and ~ 56° is de-
termined for PDS 27 and PDS 37 respectively. The angle has been measured from
the continuum to the line in the (@, U) diagram in Fig. B (see the discussion in

Wheelwright_et all 20111 also in Chapter 1).

The interferometric results also show that both objects have an extended
circumstellar environment as seen from the observed visibilities. The angular
size at which PIONIER is sensitive to can be determined. According to the
Wien’s law, AT = 2.898 x 1073 m.K, the PIONIER wavelength range (1.533um
- 1.772pm) is sensitive to the thermal radiation of the dust at temperature range
between 1500 to 2000 K. The angular distance of the dust from the star can be

estimated according to the following equation.

_ Rx Tx?

q— 2 .
7 77 (3:3)

Where d is the distance of the dust from the star, R* and Tx are the radius and

temperature of the star and Ty is the dust temperature. Based on this equation,



122

the larger the star’s radius and temperature, the larger the distance of the dust
from the star. In contrast, the larger the distance of the dust from the star,
the lower its temperature. The stellar radius and temperature for our objects,
found in the previous sections are ~17500 K and ~20 R, respectively. For a dust
temperature of 1500 K, an angular size of ~ 6 au is estimated for our objects,
which would correspond to the very inner parts of the circumstellar disk. The
maximum angular resolution of the PIONIER at the measured distance of our
objects is ~ 5£1 and 6.54+1.0 au for PDS 27 and PDS 37 respectively. This
suggests that the observed flux is not thermal emission in the inner region but it

is scattered light from the outer disk.

3.5.2 Stellar Properties

Based on their position in the HR diagram, it can be inferred that both of the
targets are young objects with an active circumstellar environment. This is ev-
idenced by strong winds, with P Cygni absorption of around 90 and 80% of
continuum level for PDS 27 and PDS 37, respectively, in H{3, and also maximum

! measured in the Ha line; and

respective velocities of ~-700 and ~-400 kms™
variability in line strengths and velocities seen in both the hydrogen and the He 1
lines. In particular, PDS 27 has shown unusual variability in the He I lines where
the velocity of the line centre and the line strength change dramatically between
epochs. This type of variability in line strength has been observed previously in
other objects by IKucerova. et all (2013), but an origin of the varying line strength
cannot be reached with only three epochs of data. On the binary nature, PDS 27

also shows variability in the observed Visg between the X-shooter and FORS2
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spectra. This could be due to the presence of a secondary companion. However,
with only three epochs of data, the binary nature of PDS 27 can not be estab-
lished conclusively; additional data are required to determine the frequency and
magnitude of the velocity variations. Based on this observed velocity variation
in the period of two years, the system is expected to be a close binary, less than
10 au. However, the interferometric results suggest that the second companion
is about 300 au from the primary object, this could suggest that PDS 27 is in
fact a triple system. Unlike PDS 27, PDS 37 did not show any variability in the
observed Vigr between the X-shooter and FORS2 spectra but the interferometric
results suggest that the object has a companion at 100 au. Although the spectro-
scopic and interferometric results show indications of the presence of a companion
in these two objects, further investigations are needed to confirm this. Studying
the multiplicity of these two objects could help in better understanding them, in
particular these two objects are optically visible even though they are massive,
~20 Mg. Recent studies have shown that binarity has a significant impact on
the evolution of massive stars (e.g. [Sana_et all 2012). Sana_et all (2012) found
that ~70% of O-type stars have a close companion that interchange material with
their primary objects. They also found that one third of the primary stars could
eventually merge with their companion. In fact, the binary fraction is higher in

massive stars than low mass stars (Chini_et all 2012).

3.6 Conclusions

This chapter presents new data on two previously poorly studied HAeBe candi-

date stars. By combining X-shooter spectroscopy and FORS2 spectropolarimetry,
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our understanding of properties in the circumstellar environments and the stellar
parameters of the stars themselves has improved. The main findings in this work

are as follows:

e The targets are both hot 17500 £+ 3500 K with a spectral type of around
B2. When combined with their high luminosities, of log(L./Lg) ~ 4.5, they
are placed in a secluded area on the HR diagram where very young objects
lie. They are swollen objects with large radii, 17.0 £ 4.0 and 25.8 £ 5.0 R,
and large masses, 15.3 (+5.4, -4.4) and 21.1 (4+11.0, -5.3) Mg, for PDS 27

and 37 respectively.

e Spectropolarimetric line effects are detected in the Ha line for both objects.
This polarisation property is explained by the McLean effect; line photons
are scattered into the line of sight, increasing the polarisation across the P
Cygni absorption. The spectropolarimetry indicates that the circumstellar

environment is of a flattened structure, likely a disc.

e No line effects are seen across lines other than Ha. This is consistent with
the notion that the spectropolarimetric behaviour in both cases is due to
the McLean effect. The effect requires a strong emission line filling in ab-
sorption and a line with great optical depth so that the scattered photons
will dominate the polarisation. It appears that in the cases studied here,

only Ha fulfils both requirements.

e Line variability is seen in both objects, which can be ascribed to an active
circumstellar environment. Extreme line variability of the He 1 species is

seen in PDS 27. In addition, PDS 27 also shows a variability in the observed
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Visr between X-shooter and FORS2; this could be due to the fact that the

system is binary.

e The PIONIER data suggest that both objects might have a companion
as seen from the observed visibility. In addition, PDS 27 also shows a
variation in the observed Vigg suggesting a binary system. However, the
interferometric results and velocity variations are not consistent, suggesting
that PDS 27 could be a triple system but more data are required to confirm

this.

To conclude this chapter: two young PMS stars are presented, whose spectral
classification as early B-type is consistent with them belonging to the group of
HAeBe stars. Their masses and locations in the HR diagram indicate that they
will continue to evolve to become O-type stars. As they are optically bright, these
stars provide important test beds to study the formation of the most massive
stars. Their young age is further supported by their large radii and low surface
gravities. These properties are typical of very young objects where their puffed-up
envelope is still undergoing contraction and will shrink as it progresses towards

the main-sequence (Davies et all 2010).
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Chapter 4

Statistical Spectropolarimetric

Study of Herbig Ae/Be Stars

4.1 Introduction

One of the difficult questions in the field of star formation is, at what spectral type,
the accretion mechanism switches from magnetically controlled accretion from
disks with inner holes to the as yet unknown mechanism. Vink et _all (2005aH)
demonstrated that the spectropolarimetric signatures observed across the Ha line
in both T Tauri and HAe stars can be explained with accretion hot spots due
to magnetically channelled accreting material. However, Ha does not necessarily
probe the inner accretion regions in the very inner parts of the circumstellar disk.
This is especially case for the hotter objects which have a much larger ionizing flux
and consequently, the Ha forming region occupies a very large volume. Hence, we
need another line that effectively traces the inner accretion regions. The helium

line at 1.083um is a very powerful accretion diagnostic. Its transition requires a
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high excitation energy, and as such it probes the hot inner wind and accretion
region much closer to the star than Ha. The line was recently recognised as an
accretion tracer in the low mass T Tauri stars (Edwards et all 2006; [Fischer et al.
2008). lOudmaijer et all (2011) in an exploratory study of a large sample of HAeBe
stars, reported for the first time that the line is present in the spectra of HAeBe
stars. Fig. Bl shows the helium line at 1.083um and hydrogen recombination
line Pay of the spectrum of PDS 133 (spectral type B6). In the figure, the helium
line shows both absorption and emission, while the Pa~y line only shows emission.
The helium emission line originates from the inner regions, which are not visible
in the optically thick hydrogen line, because it arises from a much larger volume,
masking the spectrum from the inner parts. By performing spectropolarimetry
around this line we can hope to identify the geometry of the helium emitting
material and distinguish between a disk accretion and an accretion funnel scenario
for the massive objects. Studying both Ha and He I lines will thus allow us to
see the similarities and the differences in the inner and the very inner parts of

the disk.

Over Ha, the main line that has been studied in this manner, the line shows
straight depolarisation signatures for the hotter HBe stars and intrinsic line po-
larization for the cooler HAe and T Tauri stars (Vink_ef_all 20054). It is expected
that for cool stars, the helium line displays a similar behaviour as the hydrogen
lines as they both arise in accretion shocks. For the hotter stars, the hydrogen
lines originate from a disk, further out from the star. If the helium shows a
straight depolarisation for these more massive stars, then it arises from a disk,
just like hydrogen, but much closer in, and disk accretion is the most likely mode

of formation. If however, helium polarisation appears to exhibit intrinsic polariza-
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Figure 4.1: The helium line and Pa~ line in the spectrum of PDS 133. The lines have
different profiles, which is due to the fact that the hydrogen line originates and traces
in a larger volume than the helium line. The figure is taken from |Oudmaijer et all
(2011).

tion, accretion shocks and hot spots are then most likely the origin of the helium

emission, indicating a different formation scenario. In this chapter I attempt to

carry out the first spectropolarimetry across He I line at 1.083um.

4.2 Observations and data reduction

The original plan was to observe a sample of HAeBe stars quasi-simultaneously
with both the NICS instrument on the TNG, to perform spectropolarimetry on
the helium line at 1.083um, and the ISIS spectrograph on the WHT, La Palma, to

perform spectropolarimetry on Ha. The reason for using the TNG is that linear
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Table 4.1: HAeBe Observations (ISIS/WHT). The Vmagnitude and spectral type are
taken from [The et all (1994); |[Cauley & Johns-Krull (2015); [Fairlamb_ef all (2015) and
SIMBAD, and are listed in column 2 & 3. The integration times (column 5) denote the
total exposures. The continuum polarisation was measure in the range between 6900
and 7100 A and are listed in column 6 & 7. All the errors are differential, where the
systematic error is ~ 0.16 per cent in polarization and ~ 0.5° in angle (see the text in

Section EZZT] for details)

Name V' Spec. type Date  Exposure (s) Peont (%) 00
HD 163296 6.9 Al 04-08-15 12x20 0.160 £+ 0.005 52.90 £+ 0.94
MWC 610 8.9 B3 04-08-15 4x240 2.507 £ 0.006 81.95 £+ 0.07
MWC 342 10.6 B(e) 04-08-15 24%x20 0.736 £+ 0.015 97.83 £ 0.56
HD 200775 7.4 B2 04-08-15 24x15 0.782 £ 0.005 93.36 £ 0.18
HD 203024 8.8 A 04-08-15 4x240 0.496 £+ 0.007 49.77 £ 0.42
V361 Cep 10.2 B4 04-08-15 8x300 0.846 £ 0.007 89.36 £+ 0.25
HD 240010 9.2 B1 04-08-15 4%x240 3.018 £ 0.008 72.63 £ 0.07
V374 Cep 10.6 BO 04-08-15 8x300 4.841 £ 0.007 127.80 £+ 0.04
MWC 863 8.8 A0 05-08-15 12x150 5.319 4+ 0.004 56.95 £+ 0.20
V718 Sco 8.9 A4 05-08-15 12x120 0.457 4+ 0.007 78.77 £ 0.44
HD 141569 7.1 A0 05-08-15 8x90 0.639 £+ 0.004 86.69 £+ 0.18
MWC 300 11.6 B(e) 05-08-15 20x90 4.467 £+ 0.015 58.62 £+ 0.10
MWC 953 10.8 B2 05-08-15 12x180 2.555 4+ 0.008 75.80 £ 0.10
MWC 623 10.9 K2/B4(e) 05-08-15 24x45 2.548 + 0.010 54.02 £+ 0.12
V1977 Cyg 10.9 B8 05-08-15 12x300,4x45 2.774 + 0.008 168.91 4+ 0.08
MWC 1080 11.6 BO 05-08-15 20x300 1.601 4+ 0.007 81.36 £ 0.12
HD 144432 8.2 A7/F0 05-08-15 12x150 0.432 4+ 0.004 12.80 £+ 0.25

spectropolarimetry around He I line at 1.083 pm can not be obtained with the
WHT and ESO at sufficient spectral resolution. The observations were carried out
on the night of 2015 July 11 for the NICS and during the nights of 2015 August
4 and 5 for the ISIS. The reason was to have quasi-simultaneous observations to
avoid misinterpretation of the data, the objects do not vary strongly over the
weeks period between the two observations. Seventeen targets were selected from
the HAeBe catalogue of [The_et all (1994) and candidates of Vieira. et all (2003).
The list of the objects is presented in Table I, alongside their spectral type and
V magnitudes from [The_ef all (1994): ICanley & Johns-Krull (2014); Fairlamb

et al. (2015) and SIMBAD.
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4.2.1 ISIS Observations

The linear spectropolarimetric data were obtained with the ISIS spectrograph on
the WHT, La Palma, during the nights of 2015 August 4 and 5. The dates the
data were taken and the exposure times per object are given in Table EEIl The
1200R grating centred at 6800 A, with a spectral range of 1000 A, was employed
with a windowed 351 x 4200 pixel CCD and a slit width of 1.0 arcsec. This

I as measured from arc lines

setup provides a spectral resolution of ~35 kms™
around Ha line. The seeing was less than 1.0 arcsec throughout both nights. The
polarisation optics, which consist of a rotating half-wave plate and a calcite block,
was used in order to perform linear polarisation observations. The calcite block
separates the light into two perpendicularly polarised light beams, the ordinary
(O) and extraordinary (E) beam. One complete set of observations consists of
four exposures with the half-wave plate set at angles: 10°, 55°, 32.5°, and 77.5°.
The dekker with 18 arcsec slot separation was used to observe the object and the
sky simultaneously. Several cycles of observations per object were obtained at
the four position angles to check for the consistency of the results. Several short
exposure times were taken for objects with strong Ha line to avoid the saturation.

Polarised standard stars and zero-polarised standard stars were observed on each

night to calibrate for the instrumental polarisation and angle offset.

The data reduction was carried out using IRAF (Tody 1993), which includes
bias subtraction, flat fielding, sky subtraction and extraction of the O and E
spectra. The extracted spectra were imported into the TSP package (Bailey [1997)
maintained by Starlink to compute the Stokes parameters. The wavelength cal-

ibration was performed using FIGARO. For the analysis purposes, the data were
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imported into the POLMAP package (Harried [1996) maintained by Starlink. Mul-
tiple observations of the same targets provided a very consistent results. As the
observations were obtained at the parallactic angle to achieve high SNR, the angle
calibration was performed using the observed polarised standard stars. The in-
strumental polarisation is found to be ~0.1% while the angle offset is found to be
less than 0.5° from the observation of unpolarised and polarised standard stars.
As the instrumental and interstellar polarisation add a wavelength independent
vector to the observed spectra, I did not correct the observed polarisation for

them.

4.2.2 NICS Observations

The linear spectropolarimetric data were obtained with the NICS instrument on
the TNG, La Palma on the night of 2015 July 11. The original plan was to use
the medium resolution (R ~ 2500) 1MIC grism combined with the 0.5 arcsec
slit results in the highest resolution available and just enough to sample the line
profiles (see later). The setup covers a spectral range from 0.96 to 1.09 ym. This
enables us to observe the He 1 line at 1.083 ym. An added bonus is that for the
brightest targets, the Pay hydrogen recombination line at 1.094 pm ,which is at
the edge of the filter, can be observed at good SNR and would even facilitate a
direct comparison between He and H. The medium spectral resolution at 2500,
which is the highest possible with NICS, is sufficient for our purposes as it will

resolve the line profiles.

The proposal for these observations, using spectropolarimetry with the 1IMIC

grism, was submitted to the OPTICON panel. After technical and scientific
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assessment, the time was awarded. However, on the day of the observations after
taking flat fields and calibration lamp spectra with 1MIC grism, the support
astronomer found out the that requested spectropolarimetry setup had never
been possible at the TNG at all. It turns out that the polarising optics and 1MIC
grism are in the same filter wheel, making it impossible to carry out observations
in this set up. Instead, the observations in spectropolarimetry mode were carried
out with low resolution (R ~ 1000) IJ grism despite the fact that the chances
to observe a line effect would be very low at this resolution. The grism covers
a spectral range from 0.9 to 1.45 pm. To see the line profiles in the medium
resolution and compare it with the low resolution, additional data in spectroscopic
mode were obtained with 1MIC grism. In addition, due to a faulty motor, the
targets were acquired manually resulting in significantly more overhead. In the
end, it was only possible to observe three targets out of seventeen and at low
resolution. The seeing was in the range between 1 to 4 arcsec, where the early
objects have the worst seeing which progressively improved towards the end of
the night. On average the seeing was worse and more unstable on the standard
stars. Below I will describe the observations and data reduction. An assessment
of the quality of the data is also provided, as the instrument had never been used

in spectropolarimetric mode.

The NICS is able to simultaneously measure the polarised light at angles 90°,
0°, 45°, and 135° in a single exposure. Thus the NICS is very efficient as Q
and U Stokes parameters can be derived in a single exposure, which eliminates
any uncertainties due to time variability. Two polarised standard stars and a
zero-polarised standard star were observed to calibrate for the instrumental po-

larisation and angle offset. The polarised standard stars were observed at many
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position angles of the derotater to accurately measure the instrumental polarisa-
tion. The data reduction for both spectroscopic and spectropolarimetric data was
carried out using IRAF following the standard procedures, which includes bias
subtraction, sky subtraction, extraction of spectra and wavelength calibration.
The spectral resolution was measured from arc lines around He T line at 1.083 pym
and it was confirmed to be 1000 and 2500 for the I1J and 1MIC grisms respec-
tively. I found a wavelength displacement among the spectra at angles 90°, 0°,
45°, and 135°. This is because the data at those angles are curved on the CCD.
I shifted the spectra with reference to one of the spectra after identifying the
features and computing the shift. All the polarised standard stars were observed
twice at many position angles of the derotater. The Stokes parameters were then

computed by using IRAF according to the following equations.

0- 1(0°) — 1(90°)
—1(0°) + 1(90°) (4.1)
v 1(45°) — 1(135°) ‘
I(45°) + 1(135°)

The observations consisted of several short exposures at two different nod
positions (hereafter Nod A and Nod B) along the slit to perform sky subtraction.
On average the position of Nod B is 20 arcsec from Nod A (see Fig. ). The
order of the individual beams on the CCD are as follows: 90°, 0°, 45°, and 135°.
According to equation 4.1, the beams at 90° and 0° give the Stokes Q parameter
while the Stokes U parameter is determined from the beams at 45° and 135°. The
observations for the targets were as follows: 10, 20 and 6 sets of data were taken

for HD 163296, HD 200775 and MWC 1080 respectively.
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Figure 4.2: The NICS polarisation raw data, one column, at four angles in two nod
positions (Nod A and Nod B) of HD 163296. In the figure the Nod A is subtracted
from the Nod B to perform sky subtraction.

4.3 Results on He 1 1.083 ym

The full spectra at both resolutions are shown in Figs. and £4l The medium
resolution spectra show Pad in emission in all the targets and weak Pay at the
edge of the spectra in HD 200775 and MWC 1080. A P Cygni profile He 1 line
at 1.083 pm is present in the spectra of HD 163296 and MWC 1080 while a very
weak absorption is visible in the spectra of HD 200775. In the medium resolution
spectra, the counts at the edge of the spectra around He 1 at 1.083 pum are very
low (~ 1000). The low resolution spectra show Pa(3, Pay and Pad line in emission
in all objects. In addition, a P Cygni He 1 line at 1.083 um is also seen in the
low resolution spectra of HD 163296 and MWC 1080. Pad, Pay and He 1 line at

1.083 pm lines for both resolutions are overplotted in Fig. EEAl The Pavy line is
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Figure 4.3: NICS spectropolarimetric observations at low resolution. The polarisa-
tion spectra at angles 0°, 45°, 90°, and 135° of HD 163296, HD 200775 and MWC 1080.
The observed spectral lines are highlighted by blue dashed lines. Fe 11 lines at 0.999
and 1.050 pm, and [O 1] at 1.317 pm are also identified.
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Figure 4.4: NICS spectroscopic observations at medium resolution. The spectra of

HD 163296, HD 200775 and MWC 1080. The observed spectral lines are highlighted
by blue dashed lines. Fe 11 lines at 0.999 and 1.050 pum are also identified.
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not observed in the medium resolution for HD 163296 due to low counts at the
edge of the spectrum. I present the continuum and line polarisation around He 1

at 1.083 pm.

4.3.1 Continuum Polarisation

The continuum polarisation in the Q and U Stokes parameters was measured in
the the range between 1.0pum and 1.05um for the two polarised standard stars
and the zero polarised standard star, the results are summarised in Table B2l
For the zero polarised standard star HD 188512, the Q and U values are mea-
sured twice in 10 derotater position angles. The polarisation values are different
over different position angles of the derotater which may perhaps be expected.
However, different sets of observations at the same angle should provide similar
polarisation values, which is not the case in our observations. As seen in Fig.
and Table there is a big difference between the first and second sets at the
same position angle in zero polarised standard star HD 188512, for example Q
and U vary by 10% and 5% respectively at the angle of 60°. The assessment of
the raw data, count rates, by eye is consistent with these results. The polarised
standard stars HD 187929 and HD 183143 were also observed several times at
the angle of 0°. The measured QQ and U values for these two standard stars vary
significantly among the observed sets (see Table EL2). However, the Q and U po-
larisation are more stable in our science objects, the average Q and U of several

sets of observations are summarised in Table

The (@, U) diagram of the NICS observations and the ISIS observations in

R band are plotted in Fig. Bl The Q and U were measured around 0.7 pm
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Figure 4.5: A selection of normalised observed spectral lines from the NICS low and
medium resolutions for HD 163296, HD 200775 and MWC 1080. The red line denotes
the low resolution spectropolarimetric data while the blue solid line is the the medium
resolution spectroscopic data. The Pary line is not observed in the medium resolution
for HD 163296 due to low photon counts at the edge of the spectrum. The EW of the
lines are similar in both resolutions.
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Table 4.2: The log of the polarised and zero polarised standard stars (NICS/TNG),
the data were observed on the night of 2015 July 11. HD 188512 is a zero polarised
standard star while HD 187929 and HD 183143 are polarised standard stars. The
continuum polarisation in Q and U Stokes parameters was measured in the range
between 1.um and 1.05um and is listed in column 4 & 5. The errors in the Stokes Q
and U are differential and are typically: 1 per cent in HD 188512 and HD 187929; 2 per
cent in HD 183143. The accepted polarisation values for the polarised standard stars
in Q and U was measured in J band from the degree of polarisation and polarisation
angle provided by [Bailey & Houngh (1982).

Object J Exposure Derotator Observed Literature
(s) PA (°) Q%) U(%) Q%) U(%)
0 3.4 1.4
0 11.8 -1.3
30 4.6 -2.8
30 6.5 0.7
60 15.6 -4.7
60 5.7 1.8
90 4.6 1.8
90 11.6 -4.7
120 6.1 2.5
120 -50.0 28
150 7.1 3.2
150  -49.0 4.7
180 2.5 5.2
180 6.8 -3.3
210 3.8 2.3
210 -0.7 9.8
240 7.8 -1.1
240 5.2 -1.2
270 9.1 -1.8
270 6.8 3.2

HD 188512 2.2

o R R W W Ot Ot ot Ot Ot Ot Ot Ot Ot Ot ot Ot Ot ot Ot Ot ot Ot Ot Ot Ot Ot Ot Ot

HD 187929 2.4 0 5.4 5.7 -0.80+0.04 0.08 £ 0.04
0 7.8 -2.9
0 7.1 3.3
0 4.8 6.6
HD 183143 4.1 0 13.5 -7.4 271 £0.03 -0.38+0.03
0 15.4 -1.1
0 13 7.8
0 9.1 0.85
0 8.7 0.5
0 5.3 0.4
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Figure 4.6: Zero polarised standard star HD 188512: The Q and U values are plotted
against the derotater position angle. At each PA the Q and U are measured twice, note
that Q and U vary by up to 10%. Two Q values in the second set at the angle of 120°
and 150°; and a U value at the angle of 120° in the second set are not plotted because
they lie out (see Table EE2). The error in Q and U is + 1.0 %.

Table 4.3: HAeBe Observations (NICS/TNG). The Vmagnitude and spectral type
are taken from [The et all (1994); [Fairlamb_et all (2015) and SIMBAD, and are listed
in column 4 & 5. The integration times (column 7) denote the total exposures. The
continuum polarisation in @ and U Stokes parameters was measured in the range
between 1.um and 1.05um and are listed in column 8 & 9. The errors in the Stokes Q
and U are differential.

Name Mode SNR V' Spec. type Date Exposure (s) Q%) U(%)
HD 163296 Polar. 200 6.9 Al 11-07-15 10x120 794+04 22+£0.5
HD 163296  Spect. 80 11-07-15 2x120
HD 200775 Polar. 250 7.4 B2 11-07-15 20x120 6.9+ 05 1.44+0.7
HD 200775 Spect. 70 11-07-15 2x120
MWC 1080 Polar. 100 11.6 BO 12-07-15 6x300 6.4 +10 0.2=+0.6
MWC 1080 Spect. 50 11-07-15 1x150
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Figure 4.7: (@, U) diagram. The solid triangles represent the Q and U value of NICS
low resolution observations, the values were measured in the range between 1.0 pm and
1.05um. The solid circles represent the Q and U value of ISIS observations, the values
were measured in the range between 6900 and 7100 A. The typical error in Q and U
is £0.005% in ISIS observations and +0.5% in NICS observations.

and 1.0pum for the ISIS and NICS observations respectively, the values are not
expected to vary significantly between 0.7 pm and 1.0um (cf. Serkowski law of
polarisation). The instrumental polarisation in the ISIS observations is as low
as ~0.1%, which can be neglected. The figure shows that the two observations
have two different patterns. The difference in Q between the two observations
for all the targets is constant at ~8.0% while the difference in U is in the range
between~0.25% and ~2.0%. It would be tempting to assume that the instru-
mental polarisation at Q is 8.0% but that would imply that the instrumental

polarisation at U would vary by 2.0% among the observations. However, even if
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this was the case, the offsets between the observed polarisation of our standard
stars and the literature are not constant in Q and U. This could be a rough value
of the instrumental polarisation, it is not possible to accurately measure it with

such an unstable system.

In summary, the observed Q and U polarisation values for the standard stars
are inconsistent. However, the values are less variable for the science objects.
This might be due to the fact that the exposure time is longer on the science

objects and the seeing is relatively better.

4.3.2 Line Spectropolarimetry

Despite the inconsistency in the observed continuum polarisation linear spec-
tropolarimetry can still be attempted as that concerns a differential effect which
is independent of the continuum values. The low resolution data around He 1 at
1.083 pm for HD 163296, MWC 1080 and HD 200775 are shown as a triplot in
the upper half of Fig. In this triplot, the Stokes I (normal intensity) is shown
in the lower panel, the Stokes U in the middle, while the Stokes Q) is shown in the
upper panel. The results are also represented in a Stokes (@, U) diagram (bot-
tom) in Fig. using the same wavelength range of the triplot spectra. The He
I at 1.083 pm has a P Cygni profile in HD 163296 and MWC 1080, in MWC 1080
the line has a strong absorption and is accompanied by a very weak redshifted
emission. The line is not observed in HD 200775. As is shown in Fig. there
is no clear change in the polarisation spectra and the (@, U) diagram across the

He 1 at 1.083 pm in these objects.

It can be argued that, detecting a line effect across 1.083 pum at this low
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Figure 4.8: He 1 at 1.083 pum spectropolarimetry of the NICS sample. The data
are presented as a combination of triplots (top) and (Q,U) diagrams (bottom). In the
triplot polarisation spectra the Stokes intensity (I) is shown in the lowest panel, U
(%) in the centre, while the Q (%) is shown in the upper panel. The Q and U Stokes
parameters are plotted against each other below each triplot.

resolution and low SNR is unlikely. To check this, I reduced the spectral resolution
of our FORS2 spectropolarimetric data from ~ 4500 to ~ 1000 in R band which
is comparable to NICS’s spectral resolution (see Fig. EL9l). The figure shows that
the magnitude of the line effect, across Ha and [O 1] at 6300 A as an example,
decreases by ~ 50-60%. The magnitude of a typical line effect is around 0.5%

and hence it is very difficult to be detected in the low resolution of 1J grism.
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Figure 4.9: Polarisation Line effect in low and medium resolutions across: Ha line of
GU CMa (left) and [O 1] at 6300 A of CPD-485215 (right). The blue solid line is the
medium resolution (R = 4500) while the low resolution is plotted in red solid line. The
line effect decreases by more than 50% in the low resolution, it is hardly visible across
[O 1] at 6300 A at this low resolution.

It turns out that I was the first to use the NICS in spectropolarimetry mode.
In summary, none of the objects show any signs of line effect across the He 1
at 1.083 pum or any other emission lines. It is hard however to draw any firm
scientific conclusions from this finding. I will now continue with the optical data

only.

4.4 Results on Ha

The results of the ISIS optical data around Ha are presented. I begin with a brief
presentation of the continuum polarisation of the ISIS targets before focusing on
Ha line polarimetry. In addition, a statistical study on Ha line polarimetry will

be provided of all HAeBe stars that have observed thus far.
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Table 4.4: Previous measured continuum polarisation. Column 2 gives the band at
which the polarisation was measured. Columns 3 and 4 list the measured polarisation
percentage and polarisation angle. The references are presented in the last column.

Object Band Peont (%) 02, Ref.

HD 163296 R 0.70 £ 0.01 1.60 + 0.20 1
V0247 £0.026 29.3+£3.0 2

R 0.322 £ 0.021 357+ 1.9 2

I 0330+ 0.027 37.0+ 2.3 2

V0417 +£0.035 36.0 £ 2.5 3

MWC 342 U 1.24 + 0.12 974+ 29 4
B 1.03 £ 0.11 99.6 + 3.1 4

Vv 1.02 £ 0.08 103.8 £ 2.1 4

R 1.15 £ 0.08 101.5 £ 2.0 4

I 0.67 £ 0.05 105.6 + 2.3 4

HD 200775 14 1.0£0.1 88.0=* 3.0 5
B 0.88 £ 0.01 96.4 +£ 0.1 6

R 0.82+£0.01 956 +£0.1 6

R 0.801 £0.003 93.6 +£0.1 7

HD 141569 R 0.647 £ 0.005 85.2 + 0.2 7
MWC 300 U 3.32 £ 027 58.8+23 4
B 4.22 £0.21 58.0 £ 1.4 4

14 4.83 £0.11 59.3 £ 0.7 4

R 481 +0.18 603 +1.1 4

I 3.92+0.14 588=+x1.0 4

MWC 623 U 2.57+0.14 53.0x1.6 4
B 2.89 £ 0.12 55.2 £ 1.2 4

14 2.67 £0.08 544+£038 4

R 2.77+0.10 54410 4

I 1.25 £ 0.08 52.7+ 1.2 4

MWC 1080 B 1.71 £+ 0.02 72.2 £ 0.3 6
14 254 +£030 68.2+34 8

R 1.73 £ 0.1 77.0£ 1.0 9

HD 144432 14 10
( 3

(@); 417ickeraf & Schult,

(2001)

(1989);
Mottram et all (2007); 7: Vink et all (2005); 8:Vrba_ et all (1979); 9:
(2002) :10: lOudmaijer et all

gues
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4.4.1 Continuum Polarisation

The continuum polarisation is measured in R band in the wavelength range from
6900 to 7100 A and the results are summarised in Table EZIl The degree of linear
continuum polarisation ranges from ~0.2 % in the very low polarised star HD
163296 to ~5 % in the highly polarised star MWC 863. The literature polarisation
values for the objects are summarised in Table. L4l The observed polarisation

values are broadly consistent with the previous measurements.

4.4.2 Line Spectropolarimetry

Ha spectropolarimetry is performed for all the targets and the results are shown in
Fig. EET0, 11 objects out of 17 have never been observed with spectropolarimetry.
This is an excellent opportunity to finish our Ha spectropolarimetry survey of
HAeBe objects that had not been studied thus far (Oudmaijer & Drew [1999;
Vink et all 2002, 2005a; Mottram et all 2007; Wheelwright. et all2011H). In total,
11 objects show a possible line effect across Ha line. In this thesis, a sample of 28
HAeBe objects has been studied by combining these observations with the FORS2
data (Ababakr et all2016 and presented in Chapter 2). In this sample, 18 objects
are HBe stars and the remaining 10 objects are HAe stars. R Mon is discarded
from the sample, leaving us with a sample of 27 objects. ( see the discussion in
Chapter 2). 13 HBe objects out of 17 (~76 %) show a possible line effect while
8 HAe objects out of 10 (~80 %) show a possible line effect (see table EEX). For
HBe objects, the line effect is consistent with depolarisation for 7 objects and the
remaining 6 objects display the McLean line effect. In contrast, 2 HAe stars show

an intrinsic line polarisation, a McLean effect in one object and a depolarisation
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Figure 4.10: Ha spectropolarimetry of the ISIS sample. The data are presented as a
combination of triplots (top) and (Q,U) diagrams (bottom). In the triplot polarisation
spectra the Stokes intensity (I) is shown in the lowest panel, polarisation (%) in the
centre, while the position angle (PA) is shown in the upper panel. The Q and U Stokes
parameters are plotted against each other below each triplot. The data are rebinned
to a constant value, as indicated at the top of each plot.
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Figure 4.10: continued
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Figure 4.10: continued
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in 2 objects. The line effect in 2 HAe objects is not strong enough,<3.0c, to
categorise. MWC 863, HD 144432 and HD 98922 show two different line effect.
It seems that HBe stars are mostly consistent with a depolarisation while HAe
stars display intrinsic line polarisation. It is not clear exactly at what spectral
type the line effect changes from line polarisation to depolarisation line effect. In
order to do this a bigger sample is needed. The line effect signature ranges from

depolarisation to intrinsic line polarisation through the McLean effect (see table

).

4.4.3 Statistical Analysis on Ha

In order to perform a statistical study on the line polarimetry, a big sample of
HAeBe stars is needed. The size of our sample (ISIS and FORS2) is increased by
adding all the previous spectropolarimetric work across Ho line of HAeBe stars
(Oudmaijer & Drew 11999: [Vink_ef_all 2002, 20054 Mottram et all 2007; Wheel-
wright et al. 20111). The final sample size is 56 HAeBe objects (31 HBe and 25
HAe). The vast majority, 51, objects were selected from the HAeBe catalogues
of [The_ et _all (1994), 9 of which are in the table of extreme emission lines and
other early emission line stars that are not in the main table of HAeBe stars.
The remaining 5 objects were selected from the candidates of Vieira et all (2003).
Thus, about half of the HAeBe catalogue has been observed spectropolarimet-
rically, the remaining targets of the catalogue are too faint which require very
long exposure times as the spectropolarimetry needs high SNR. The results for
the whole sample are shown in FiglTIl The figure shows that 42 objects (75

%), 21 HBe and 21 HAe, show a line effect. To see at what spectral type the line
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Table 4.5: The Ha line results of the FORS2 and ISIS observations: AMX(pol) is
given in column 4 and it is the width of the line effect. Column 5 gives the fractional
width AX(pol)/AX(I). Column 8 provides an estimation of the intrinsic polarisation
PA derived from line excursions in the (@, U) diagram. The uncertainty in intrinsic
polarisation PA is approximately 10°.

Object Spec. Line effect  AX(pol)  AX(pol) Flip in Class. 65 .
type (o level) ANT) Pol or PA

HD 163296 Al 12.00 15.0£2.0 0.86+0.11 Y P 122

MWC 610 B3 No

MWC 342 B(e) 12.00 17.5£2.5 0.71£0.10 N D 112

HD 200775 B2 23.50 29.0£6.0 1.10+0.22 N D 95

HD 203024 A No

V361 Cep B4 No

HD 240010 Bl 11.00 27.0+4.0 0.87£0.13 N D 45

V374 Cep BO 27.50 27.5+3.5 0.81+0.10 N D 178

MWC 863 A0 16.00 15.0£2.0 1.00£0.13 N M/P 62

V718 Sco A4 9.50 12.0£2.0 0.72£0.12 N 160

HD 141569 A0 No

MWC 300 B(e) 5.50 3.56+0.5  0.29+0.04 N 135

MWC 953 B2 No

MWC 623 K2/Bd(e) No

V1977 Cyg B8 11.00 5.8£0.8  0.34+0.04 N M 37

MWC 1080 B0 4.50 7.8+£1.3  0.294£0.05 N M 50

HD 144432 AT/FO0 12.00 12.5+1.5 1.00+£0.12 N D/M 28

PDS 27 B3 4.50 18.0£2.0 0.57£0.06 N M 7

PDS 37 B3 6.00 15.5£2.0 0.55+0.07 N M 56

PDS 133 B6 3.50 6.0£1.0 0.284£0.04 N M 126

HD 98922 A0 4.00 9.8+1.3 0.72+£0.09 N D/M 22

R Mon(2011) B8 15.00 30.542.5 1.0040.08

R Mon(2012) 32.50 26.5+£2.5 0.82+0.07

GU CMa B1 15.50 12.8+£2.8 0.70£0.15 N D 127

CPD-485215 B6 4.50 17.0£2.0 1.00£0.11 N D 62

HD 163296 Al 6.50 19.5£2.5 1.05£0.13 Y P 112

HD 85567(2011) B7 6.00 17.0£2.0 0.87+£0.10 N D 31

HD 85567(2012) 2.50

V380 Ori(2011) A0 No

V380 Ori(2012) 4.50 7.0£1.0 0.54+0.07 N P 10

HD 104237 A7 2.00

BF Ori A2 3.00

D: Depolarisation, P: Polarisation, M: McLean
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Figure 4.11: The figure shows the observed line effect across Ha line in each sub
group of spectral type of the whole sample of HAeBe stars that have been observed
spectropolarimetrically. The sample contains 56 objects and are collected from the
current work and the previous spectropolarimetric work on HAeBe stars (Oudmaijer &
Drew [1999; Vink et _all 2002, 20054; Mottram_ et _all 2007; Wheelwright. et all 20111).

effect switches from line polarisation to depolarisation, I increased the sample to
include 9 T Tauri stars of Vink et all (20054) and the result is shown in Fig T2
The figure shows that the intrinsic line polarisation is dominated in T Tauri and
late HAe stars while most early HBe stars show a depolarisation. There is also a
number of HBe stars displaying a McLean line effect. It seems that the line effect

changes from intrinsic line polarisation to depolarisation around A0-B9 spectral
type.

The magnitude of the line effect is measured from the (@, U) diagram for all
the objects that show a clear line effect. It ranges from ~0.3% to ~2.0% and the

average is ~0.9 %. Only R Mon shows a magnitude of ~7% which is not expected

from electron scattering close to the star and due to a different mechanism ( see
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Figure 4.12: The figure represents the type of the observed line effect across Ha line
as a function of spectral type of a sample of 51 HAeBe and T Tauri objects. The data
are taken from the current work and the previous spectropolarimetric work on HAeBe

and T Tauri stars (Qudmaijer & Drew 1999; Vink et all 2002, 2005a; Mottram et all
2007; Wheelwright et all 2011H).

Chapter 2). To see whether there is any correlation between this magnitude and
the spectral type, I plot them against each other and the result is shown in Fig.
The figure shows that there is no correlation (correlation coefficient (r) ~

0) between the magnitude of the line effect and the spectral type.

To see whether the strength of the emission lines is correlated with the mag-
nitude of the line effect, I measured the line peak to continuum of the Ha line
of all objects that display a line effect. FiglLT4 shows the magnitude of the line
effect as function of the emission line strength. As is shown in the figure there is
a very weak correlation between them( r = 0.18) which means that only 3% of

the variation in the magnitude can be explained by the line strength.
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Figure 4.13: The figure shows the relation between the magnitude of the observed
line effect in (%) of the sample of HAeBe stars and the spectral type. The data are
taken from the current work and the previous spectropolarimetric work on HAeBe and
T Tauri stars (Oudmaijer & Drew [1999; [Vink et all 2002, 20054; IMottram et all 2007,
Wheelwright. et _all 2011h).

4.4.4 Ha Line Effect Width

To differentiate between the depolarisation and the line polarisation effect, the
width of the line effect is used (see Table EEH). The method was first used by
Vink et all (2002, 2005a) to classify the line effects. Vink ef all (2002, 2005a)
statistically classified stars according to the fractional width [AX(pol)/AN(T)]
at which the polarisation changes across the line. Generally a wide fractional
width is associated with depolarisation line effect, whereas, the fractional width
of line polarisation effect is often narrower than the depolarisation. Here, AX(),
which is the Full Width at Zero Intensity (FWZI), is measured at 2% above the
continuum level. This is because it is difficult to distinguish the line from the

continuum, especially for broad line profiles. AX(pol) is the width over which the
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Figure 4.14: The figure shows the relation between the magnitude of the observed
line effect in (%) of the sample of HAeBe stars and the strength of Ha line. The data
are taken from the current work and the previous spectropolarimetric work on HAeBe
and T Tauri stars (Oudmaijer & Drew [1999; Vink et all 2002, 20054; Mottram et al

2007; (Wheelwright. et _all 20111).

polarisation changes across the line in the polarisation spectra.

If the line effect is detected across the absorption component of the emission
line then it is considered as a McLean line effect. The line effect across the emis-
sion line is classified based on two criteria which are fractional width and whether
there is a flip in the polarisation and PA spectra or not. If the fractional width is
equal to or larger than 0.7 and there is no flip in the polarisation and PA spectra
across the emission line then the line effect is consistent with depolarisation. On
the other hand, if the fractional width is equal to or larger than 0.7 and a flip is

observed in either the polarisation or PA spectra then the line effect is considered
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Figure 4.15: The fractional width of the line effect (AX(pol)/AX(I)) is plotted against
spectral type of a sample of HAeBe and T Tauri stars. The black solid line represents
the best fit of the data, the errors of the best fit are the standard deviation. The black
solid circles with error bars represent the averages of early HBe, late HBe, early HAe,
late HAe and T Tauri from early to late spectral type respectively.

as polarisation. In addition, if the fractional width is smaller than 0.7 then the
line effect is also consistent with polarisation. In some cases two different line
effects, a McLean line effect across the absorption and either depolarisation or
intrinsic polarisation across the emission line, can be observed for the same ob-
ject. The flowchart in Fig. EET0 shows the decision tree used for the classification

of different line effects.

Vink et al. (2002, 20054) found a fractional width of 1.0£0.2, 0.7£0.3 and
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Figure 4.16: The flowchart shows the classification of the line effect.
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Figure 4.17: The difference between disk position angle and the polarisation angle is
plotted against spectral type.

0.540.2 for early HBe stars, HAe stars and T Tauri stars respectively. It tends to
decrease towards late spectral type, as expected from Fig. LT T can now revise
the relation by increasing the sample from 25 to 42 objects. The result is plot-
ted in Fig. EETD, the figure shows that there is a correlation, r = -0.60, between
the fractional width and the spectral type. The updated values are found to be
0.88+0.17, 0.73+0.26 and 0.5040.2 for HBe, HAe and T Tauri stars. Distinc-
tively, the values of 0.91+0.15, 0.81+0.2, 0.7740.22, 0.6040.34 are found for early
HBe, late HBe, early HAe and late HAe stars. This sub classification reveals that
the fractional width of late HBe stars and early HAe stars are very close. This
suggests that late HBe stars and early HAe stars share similar spectropolarimetric

behaviour.
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4.4.5 Polarisation and Disk PA

Spectropolarimetry also provides an unique opportunity to deduce the geometry
of the circumstellar environments. It enables us to directly measure the intrinsic
polarisation angle from the loop of the line effect across the lines in the (@, U)
diagram. The observed loops in the (@, U) diagram (see Fig. EIT) represent
the change in polarisation across the line profiles and hence the asymmetry in
the ionised region. I was able to measure the intrinsic polarisation angle for
the objects whose Ha line show a polarisation line effect and the results are
summarised the last column in Table EEA. Once the intrinsic polarisation angle
is known, the orientation of the disk can be estimated. If the circumstellar disk
is optically thin, the intrinsic polarisation angle is perpendicular to the position
angle of the disk. However, for an optically thick circumstellar disk, multiple
scattering will take place, in this case the intrinsic polarisation would be parallel
to the disk position angle (Vink et all 20054). I have compared our intrinsic
polarisation angle (PA) with disk PAs and the result is summarised in Table
Ed and Fig. EETA In the table the sample of [Wheelwright. ef all (2011h) has
been increased by adding five more objects to draw better statistical results. The
results reinforce the finding of (Wheelwright_et all 2011H) that the polarisation
position angle is related to the disk position angle. Therefore, spectropolarimetry

can be used to estimate the disk position angle even for unresolved objects.

4.5 Discussion

It is clearly seen in the Fig LT that T Tauri stars and HAe stars, especially late

HAe, stars share the same Ha intrinsic polarisation line effect. This effect arises
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Table 4.6: Comparison between disk PA and intrinsic polarisation PA. The intrinsic
polarisation PA data in column 2 are from the current work, disk PA in column 3 are
taken from literature and the differences between them is listed in column 4.

Object S.Type Pol. PA° Disk PA° A PA° Rela.
HAe
AB Aur A0 160* 792 81 1
MWC 480 A3 55! 1543 99 1
HD 179218 A0 454 235 22 I
CQ Tau F3 20! 1206 100 1
HD 163296 Al 1227 1288.1262,120 3 I
MWC 863 A0 627 35817 64
HBe
HD 200775 B2 957,939 710 87 1
MWC 147  B6 168° 80! 88 1
HD 45677 B2 16412 7713 87 1
V1685 Cyg B3 36° 1103 74 1
MWC 1080 B0 759 553 20 I
HD 85567  B7 3114 1211° 90 1
MWC 137 B0 25! 7516 50 1
T Tauri
RY Tau F8 6218 163! 101 1
SU Aur G2 12719 130! 3 I
FU Ori G3 4720 45! 2 I
GW Ori G5 5621 (60)* 4 I
8 ||

DR Tau K5 12822 1201

<|20D2|)

from scattering photons originating from a compact source, where the accretion
take place on to the star, off the circumstellar disk. In contrast, HBe stars, in
particular the early HBe stars, show a depolarisation line effect, explained by the
presence of an extended circumstellar disk. Thus, the presence of the intrinsic
line effect could be related to the magnetospheric accretion model which has been

proposed for the accretion of low mass stars.
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The complication is whether HAe stars have sufficient magnetic fields to fa-

cilitate MA or not. [Wade et _all (2004, 2007); |Alecian et al) (2013); [Hubrig et al

2009, 2013) detected magnetic fields (~ a few hundred G) in a few HAeBe stars,

mostly HAe and late HBe stars. |Grady et all (2010) in a study of a HAe ob-

ject MWC 480, conclude that the star goes through the same MA accretion as

T Tauri stars. Vink_ef_all (2002) found an intrinsic line polarisation across Ha

line of MWC 480. [Fairlamb et all (2015), in a study of a large sample of HAeBe

stars, found that the detection of large UV excess can not be modelled with MA
in seven HBe stars. These could suggest that T Tauri and HAe stars accrete via
MA. In contrast, the spectropolarimetric results and the lack of magnetic field
detection of early HBe stars could imply that MA is no longer valid at these

spectral ranges. One of the possible models is the Boundary Layer (BL) where

the circumstellar disk extended to the surface of the central star. [Blondel & Djie

2006) found that HAeBe stars can be accreting via BL, through modelling the

UV spectra of a sample of HAeBe stars.

4.6 Conclusions

This chapter presents the spectropolarimetric results for seventeen HAeBe stars,
eleven of them had never been observed spectropolarimetrically. In addition, I
draw useful statistical conclusions from a large sample of almost 60 HAeBe stars
from this work and the previous linear spectropolarimetric work on HAeBe stars.

The main findings in this work are as follows:

e He 1 at 1.083 pum is a very powerful line to trace the very inner region of

circumstellar disk. However, the line did not show any sign of a legitimate
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and physical line effect at this low resolution and SNR.

Eleven objects out of seventeen in the ISIS observations show a clear detec-
tion of a line effect across Ha line. This indicates the presence of a flattened

structure, such as a disk around them.

The detection rate of the line effect is 75 % (42/56) in the sample of 56

objects that have been observed spectropolarimetrically.

Most of the HBe stars’ signatures are consistent with a depolarisation line
effect. In contrast, intrinsic line polarisation is more common in HAe and
T Tauri stars. It seems late HBe and early HAe stars are at the interface
between the two line effects. The similarity between T Tauri and HAe stars
might mean that both are forming via magneto-spheric accretion. The
interface between HBe and HAe is possibly where the accretion mechanism

switches from magnetospheric accretion to another, unknown, process.

The magnitude of the line effect is of order of 0.3-2 %. There is no correla-
tion between this magnitude and spectral type. A very weak correlation is

seen between the magnitude of the line effect and the strength of Ha line.

The intrinsic polarisation angle is related to the disk position angle. There-

fore, the orientation of disk can be established even if it is not resolved
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Chapter 5

Conclusions

5.1 Summary

The work presented in this thesis has focused on the circumstellar disks around
pre-main sequence HAeBe stars using various observational techniques including
spectropolarimetry, spectroscopy and interferometry.

The main findings in the thesis are summarised briefly below:

e Chapter 2 presented linear spectropolarimetric observations of a sample
of 12 HAeBe stars. The medium resolution spectra cover the entire optical
range and comprise the largest spectropolarimetric wavelength coverage,
4560 A to 9480 A, published to date. A change in linear polarisation across
the Ha line, either from the emission or absorption component is detected in
all objects. This indicates that the circumstellar geometry of the material at
size scales of order stellar radii around HAeBe objects is not circular on the
sky but it has a flattened structure, such as a disk. Most HBe stars display

a depolarisation or McLean line effect, while intrinsic line polarisation is
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more common in HAe stars. The large wavelength coverage results show
that Ha is the spectral line in the optical wavelength range that is most
sensitive to revealing deviations from spherical symmetry. In addition, Ha
is the only line that shows an effect across the absorptive component of
the line, the line effect is stronger for a weaker absorption. A scenario was
presented to explain this finding and demonstrate that the detection of the
line effect strongly relies on the number of scattered photons into our line
of sight. Apart from He, few other spectral lines, including forbidden lines,
display a change in polarisation across the line. The line effect is consistent
with a broad depolarisation in all the forbidden lines. This implies further
support for a disk structure around these stars. R Mon is a special case
in the sample, it is the only object in the sample in which many lines
have a polarisation effect. This effect is much stronger than in all other
objects. The direction of polarisation is different for various over emission
lines. This suggests that the observed polarisation in R Mon is caused by
different emitting volumes within the circumstellar environment. Finally,
the first spectropolarimetry of HAeBe stars is presented across the calcium
triplet and it is found that all the three lines behave similarly. Therefore, the
possibility of resonant line scattering being responsible for the line effects
can be ruled out, as this predicts different polarisation signatures across the

three triplet lines.

Chapter 3 presented the results of spectroscopic, spectropolarimetric and
interferometric observations of two previously poorly studied HAeBe can-

didate stars. The spectra of both objects are remarkably similar, strongly
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suggesting that both are in the same evolutionary phase. The spectra are
dominated by strong emission lines, and do not reveal any photospheric
absorption lines. Indeed, the only lines that are fully in absorption are the
interstellar DIB lines. The observed spectral lines indicate that both objects
undergo strong winds as supported by the clear, and numerous, P Cygni
profiles observed and line variations. The P Cygni absorption extends in
both stars to hundreds of kms™'. Through analysis of spectral lines and
photometry, an effective temperature of the order of 20000 K is found for
both objects. The results also show that the objects are massive ~ 20 M,
and have large radii ~20 Ry. This suggests that these two objects are
very early in their evolution and may become O-type stars. The results of
spectropolarimetric and near infrared interferometric observations strongly
support the presence of a circumstellar disk around these two objects. The
observed variability in Vpgg and the results of interferometric data, suggest
that both objects might have a companion, in particular PDS 27 could be

a triple system.

Chapter 4 presented the first spectropolarimetry of HAeBe stars across He
I line at 1.083 pm, obtained with the NICS instrument on the TNG. The
line is very powerful in tracing the inner accretion regions of the circum-
stellar disk. However, it was not possible to obtain the data at the required
medium spectral resolution. Instead, the data could only be obtained at
low spectral resolution, R = 1000, and only for three objects. Although the
lines did not show any sign of a line effect at this low resolution and low

SNR, the FORS2 data suggest that a polarisation effect which is typically
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of order 0.5% would be hard to detect at this low resolution. Therefore,
the absence of line effect is not compelling and it requires a higher spectral
resolution to confirm whether there is a line effect or not. Ha spectropo-
larimetric data are also presented for a sample of 17 HAeBe objects, to
complete the spectropolarimetric survey of HAeBe stars. This chapter also
provides a large statistical investigation of the spectropolarimetric proper-
ties of HAeBe stars. The sample size of the ISIS and FORS2 observations
was increased by adding all the previous spectropolarimetric work across
Ha line of HAeBe stars. The final sample size is 56 HAeBe objects, half of
the HAeBe catalogue, where 31 are HBe objects and 25 are HAe objects.
The spectropolarimetric results of the sample show that the detection rate
of the line effect is very high (75 %). This implies that most HAeBe stars
have a circumstellar disk around them. The statistics also show that the
intrinsic polarisation line effect in T Tauri and HAe stars switches to a de-
polarisation line effect in HBe stars around the spectral type of early A and
late B. This might suggest that at these spectral types, the accretion mech-
anism changes from MA to an as yet unknown mechanism. The magnitude
of the line effect, which is found to be 0.3-2 %, is not correlated with the

spectral type and the strength of Ha line.

5.2 Future Work

The results of this thesis has improved our understanding of properties in the
circumstellar environments of HAeBe stars. In particular, the results show indi-

cations that T Tauri stars and HAe stars possibly accrete in similar manner while
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HBe stars might have a different accretion mechanism. More work is needed, es-
pecially on how HBe stars accrete and their relation with massive stars. This

section presents ideas for future extensions of this work.

5.2.1 High Angular Resolution - Ha Interferometry

Spectropolarimetry is a very powerful technique to reveal small spatial scale
around HAeBe stars. It is shown in chapter 4 that the analysis of the polari-
sation line effect across Ha provides information about the line emitting region.
The majority of HAe and T Tauri stars show an intrinsic line polarisation which
is associated with the line originating from a compact source where the accretion
occurs onto the star. The luminosity of the Ha line is found to be correlated
with the accretion luminosity (Fairlamb_ef all 2015). For the more massive HBe
stars, a depolarisation line effect is more common. This is interpreted by the
line emerging from an extended circumstellar disk. In addition, a few objects,
mostly HBe stars, display a McLean line across the absorption component of Ha.
Therefore, the spatial origin of Ha ranges from accretion spots to extended disks
through stellar winds. The results also suggest that the interface between HBe
and HAe (~ B9 to A1) is where the accretion mechanism changes. In this spectral
range, distinguishing between intrinsic polarisation and depolarisation line effect

becomes more difficult.

The Ha line originates from the very inner parts, a few au, of the circumstellar
environment where most stellar activities take place. Therefore, high angular
resolution Ha spectro-interferometry is extremely powerful to spatially resolve

Ha line components. Through analysis of the observed visibility and phase of
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the line and nearby stellar continuum, it can be determined whether the line is
compact or extended. Essentially, the origin of the line is revealed, whether it is
accretion region or extended region. Currently, Ha spectro-interferometry can be
obtained with VEGA/CHARA spectro-interferometer. [Rousselet-Perrant._ef. al.
(2010) performed Ha spectro-interferometry on the HAeBe star AB Aur, and
found that the origin of the Ha line is disk wind. This is consistent with the
polarisation line effect seen across the absorptive component of Ha (Vink_ef_al!

200).

5.2.2 Circumstellar Geometry - Line Profiles

Chapter 3 is dedicated to the observational studies of two optically visible and re-
cently recognised massive young stellar objects PDS 27 and PDS 37. Their young
nature is supported by the observed UV excess and high accretion rates which
are often observed in young objects that are still accreting (Fairlamb_ef all 2015).
In addition, they have an active circumstellar environment evidenced by strong
wind, high accretion rates, strong polarisation and a large IR excess. Both stars
were also classified as young in the Red MSX Source (RMS) survey for MYSOs
(Lumsden_ef_all 2013). They are massive ~20 M, and hot ~20000 K and their
location on the H-R diagram indicate that they are evolving to become O-type
stars. The near infrared interferometric results also show that both objects are
extended and have possible companions. Despite the valuable information that
was gathered about their circumstellar environment, I could not strongly confirm
their nature nor map much of the extended nebula in our 1-dimensional spectra.

As they are massive, young and have a dusty active circumstellar environment,
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they are a very important test-bed to study the formation of the most massive
stars. Specifically, the study of their circumstellar environment gives a wealth
of information to better understand the process of massive star formation. Line
profiles can also be used as a useful tool to probe the circumstellar geometry but
their interpretation in 1-dimensional spectra can be challenging. To confirm our
findings and have a better understanding on the nature of the stellar activity such
as accretion and outflows, the objects need to be observed from different viewing

angles and distances from the star.

This can be achieved with Integral Field Spectroscopy which is an ideal tool
for exploring spatially extended objects and studying the complex process such
revealing disk, accretion mass and outflows in the circumstellar environment.
With this technique a spectrum can be produced for all parts of the extended
objects simultaneously over a full 2-dimensional field of view. The circumstellar
dust acts like a mirror by reflecting light from the central star. When the emission
line photons are scattered by the circumstellar dust, we are able to see the star
from different directions. The dust above the star views the disk face-on resulting
in single peaked emission lines. However, the dust in the midplane views the disk
edge-on, resulting in double peaked emission lines. Therefore, the variation of
line profiles can be studied as a function of viewing angle. The technique has
been successfully used by [Davies et all (2007) to study the geometry of mass-loss
through investigating the reflected light from the dusty nebula around the evolved
objects IRC+10420.
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5.2.3 McLean Line Effect

As presented in this thesis, a number of HAeBe stars, mostly HBe stars, show
a change in polarisation only across the absorption component of Ha line, com-
monly referred to as the McLean effect. The concept of this type of line effect is
based on the fact that wind material, in case of aspherical geometry, blocks the
unscattered light and scatters some of the photons into our line of sight. The non
detection of this line effect across Hf3 in some sources is explained by the fact the
detection of the line effect strongly relies on the number of scattered photons into
our line of sight. However, [Kuhn et all (2007) propose optical pumping model
to explain the McLean effect, where the absorbing materials cause polarisation
without scattering. The difference with the former scenario is that scattering in a
flattened geometry is not responsible for the observed polarisation. There is a lack
of explanation about the optical pumping model proposed by I[Kuhn_ et all (2007)
and it only expects a change in polarisation across the absorptive component of
Ha line. However, a change in polarisation is detected across the absorption as
well as the emission at the same time (e.g. HD 98922). In order to thoroughly
investigate this a sophisticated model is necessary to reproduce the line profile

and its line effect.

5.2.4 Extreme Polarisation Objects

A few objects display line effects across more lines than Ha alone, in particular
R Mon shows the line effect across almost all the observed emission lines. It
has a very strong continuum polarisation with values of order 12% and 8%, in

the R band in 2012 and 2011 data respectively. The continuum polarisation
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increased by 4% over timespan of only 4 months, while the continuum polarisation
angle stayed the same in both epochs. However, the continuum polarisation
angle shows a gradual decrease of ~ 10° from V to I band. In addition, R
Mon also shows an extremely rare line effect up to 7% across Ha line. This
magnitude of line effect has never been observed, the analysis of a large sample
of HAeBe stars in chapter 4 shows that a typical line effect due to electron
scattering is of order 2%. In addition, the results show that the angle of intrinsic
polarisation varies, from ~ 60° to ~ 130° among the observed emission lines.
In fact Ha and forbidden lines display a similar angle, which might suggests
that the lines emerge in large and perhaps similar volumes, while other lines,
emerging from smaller volumes and perhaps different geometries, show a different
angle. All these complex polarisation behaviours could be due to clumpy structure
within the circumstellar environment or different optical depths and geometries
being responsible for the observed polarisations. To fully investigate this and
understand the complex nature of the circumstellar environment of R Mon, multi
epoch polarisation observations are needed at different wavelengths, to see how
the polarisation, both intrinsic and continuum polarisation, behaviour is changing
in strength and angle. This can then be compared with different analytical models

to retrieve the circumstellar morphology of the star.

5.3 Final Remarks

The work in this thesis presents the spectropolarimetric study of a large sample of
HAeBe stars. The observed line effects across Ha line suggests that HAeBe stars

are surrounded by circumstellar disks. It appears that HAe and T Tauri stars
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share similar polarisation properties while HBe stars behave differently than the
former two. This might suggest that HAe stars form in the same manner as T
Tauri stars via magnetospheric accretion while HBe stars could have a different

accretion mechanism.
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