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Abstract

Accretion is one of the dominant sources of radiation from @Ww mass young
stellar object for the rst few million years. This process egulates the ow of
material and angular momentum from the surroundings to the entral object,
and is thought to play an important role in the de nition of th e long term stellar
properties. Variability is a well documented attribute of &cretion, and has been
observed on time-scales ranging from days to years. Howevelis not clear
where these variations come. The current model for accretias magnetospheric
accretion, where the stellar magnetic eld truncates the dic, allowing the matter
to ow from the disc onto the surface of the star. This model &ws for variations
in the accretion rate to come from many di erent sources, sticas the magnetic
eld, the circumstellar disc or the interaction of the di erent parts of the system.

This thesis sets out to use the intrinsic accretion variabty to probe the
inner regions of these systems. Two spectroscopic surveysravutilised that
concentrated on the H emission line, which is known to be closely connected
to the accretion process. Together, these surveys coveredl Gbject including
low mass T Tauri, intermediate mass T Tauri stars and Herbig A stars, on
time-scales of minutes, days, weeks, months to years. Theas® studies found
the accretion variations to be less than 1 M/yr and dominated by time-scales
close to the rotation period. A further photometric monitoing campaign was
undertaken to con rm the short term variations found in the low mass sample.
The results from all three of these works are in agreement \wieach other, and
they suggest that the majority of the variations in typical acreting objects are
the result of an asymmetric accretion ow.
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"All men have the stars,’ he answered, "but they are not the isee things for
di erent people. For some, who are travellers, the stars arguides. For others
they are no more than little lights in the sky. For others, whoare scholars, they
are problems.’

F The Little Prince, Antoine de Saint-Exupery



Introduction

1.1 The Story of Star formation

For millennia, the stars have been used to navigate, distingh the seasons, give
signi cant meaning to certain times of the year and as part othe folklore. For
the most part, we have seen them as immovable, eternal celakbbjects, reliable
and unchanging. However, over time we have learnt that theselestial bodies
have limited life times too, albeit orders longer than we caabserve. It is through
the study of our local star forming regions such as Taurus thave have learnt
the most about the formation of these stars. We cannot follow single star
through its lifetime, or even the initial stages of formatio, the time-scales are
too long. However in these star forming regions we can obserh erent objects
at all stages of star formation, which allows us to connect ehdi erent stages of
lifetimes. Through this we have learnt that they are dynamigcevolving objects in
the early stages. The rst sections of this chapter will brigy present the process
through which these star forming regions develop from molger clouds over a
few million years to main sequence stars such as our sun. Thamainder of the
chapter will be dedicated to accretion: from observationsfa@ccreting sources
(Sect. 1.2) and the accretion mechanism (Sect. 1.3), to theadelling (Sect. 1.4)
and measurements of accretion rates (Sect. 1.5). Finally éhdependencies of
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accretion and its variability will be addressed in Sect. 1,6L.7 and 1.8.

1.1.1 Fragmentation of the Cloud

Star forming regions begin as large molecular clouds that rcebe light years
across and are loosely bound together with low column derisié of 10 ?°g
cm 2 (Schulz 2005). As these clouds collapse slowly under theivo weight,
gravitationally bound regions form that are initially supported by various pro-
cesses such as magnetic elds, turbulence and thermal ener§ventually these
over-densities will begin to gravitationally collapse inb cores when the gravita-
tional energy is greater than the thermal energy i.e. when géhmass within a
radius reaches the Jeans limit given by, / T:3 where is the density andT
is the temperature. The gravitational energy is radiated aay which allows for
a free fall collapse.

Large surveys of molecular clouds and star forming regionarcidentify these
cores through molecular lines (e.g. Chamaeleon: Mizuno dt §1999), Taurus:
Onishi et al. (1998)). Depending on the initial conditions hese cores will vary
in mass and dimension, and they can be in clusters or isolatedhe lifetimes
of these cores will depend on their densities but is on the @adof 1G years
(Ward-Thompson et al. 2007).

These cores are the seeds in which stars form, and are expedtegradually
evolve towards becoming a main sequence star. The typicahgs$i cation system
of this evolution is based on the slope of the spectral enerdistribution (SED)
in the wavelength range of 2.2 to 10-25 m (Lada & Wilking 1984).

_ dlog F
~ dlog

(1.1)

There were originally three stages of evolution Class |, Ignd Ill. Class |
objects have a positive slope (> 0.3) indicating the presence of a lot of sur-
rounding dust, Class Il have a negative slope in the infrargd1.6< < -0.3) and
Class Il have a steeply negative slope € -1.5), indicative of a bare star with
no surrounding dust (Greene et al. 1994). An earlier stage efolution, Class
0, was then proposed by Andre et al. (1993), when hydrostateores showing no
infrared (IR) emission were discovered through submm contium maps of star
forming regions. The following sections describe the obsed properties of each
of the evolutionary stages. However, this evolution is a gdaal process and so
the observational divides between the classes are not deiwe.
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1.1.2 Class 0

Gravitational energy in these cloud cores is radiated awayntil enough density
builds up and the material becomes opaque. Here a hydro-stally stable core
forms - a protostar. The central object then continues to gre in mass through
the infall of material from the surrounding envelope. Thesgrotostars are re-
ferred to as Class 0 objects - deeply embedded protostars lwinvelopes that
are larger in mass than the central protostar (Andre et al. 193).

There is no optical or near-infrared emission from these swes due to the
high extinction and they are often di cult to detect and can be mistaken for
starless cores. The bolometric temperaturédor these objects is typically less
than 70K (Chen et al. 1997, 1995). Identi cation is often depndent on indirect
detections such as an out ow from the core, some source of tah heating
within the core or as compact radio sources (Andre et al. 1993In the last
years submm/mm interferometers have begun to disentangldné emission in
these objects, discovering structure within the envelopeas the form of discs
(J rgensen et al. 2009).

1.1.3 Class | objects

When the protostar's mass has grown to a similar mass as thaémaining in
the envelope, it can be classied as a Class | object (Andre at. 1993). More
guantitatively, when the bolometric temperature is betwee 650-2880K (Chen
et al. 1997, 1995) or using the IR spectral slope ¥ 0.3).

The vast majority of molecular clouds will have some rotatio, which is carried
through during the collapse into cores. This angular momeuin results in a disc
forming around the protostar, which is continuously fed wit material from the
surrounding envelope. These discs form very quickly aftehé¢ core begins to
collapse, and at the Class | phase the mass in the disc is lar¢fean the depleted
envelope. Due to the di culty in discriminating the disc from the envelope, they
are not easily observable. However sub-/millimetre contuum interferometric
observations have found disc masses of 0.3 MChandler et al. 1995; Pudritz
et al. 1996). This means these discs are massive enough toellgy gravitational
instabilities through which spiral arms can form, allowingfor the transport of
angular momentum outwards through the disc, and the infall fomaterial onto

1The bolometric temperature is de ned as the temperature of ablack body with the same
mean frequency as the observed continuum spectrum. This issed in place of the e ective
temperature as a pre-main squence star has a broader and reddspectral energy distribution
than a black body i.e. Tyo <Test -
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the proto-stellar surface (Laughlin & Bodenheimer 1994; Yobyov & Basu 2010).
The growth of these instabilities will lead to sporadic acetion events (Vorobyov
& Basu 2010), which have been observed in objects such as FUddrs, which
has been undergoing a large accretion event for the past camnt (Herbig 1977).
It is also possible that massive planet formation begins ahis stage, with planet
growth through gravitational instabilities (Boss 2000).

Accurate determinations of the rate at which material is ageted from the
circumstellar discs onto the source is hampered by the heaextinction associ-
ated with these systems. IR observations of some accretialated emission lines
have been carried out, but these studies are often heavilyased towards less em-
bedded objects and there are many uncertainties in derivirgjellar parameters at
this evolutionary stage. This has lead to accretion rates of 10 -10 8M .yr 1!
(Muzerolle et al. 1998a; Salyk et al. 2013), where as averagecretion rates of

10 ®M .yr ! on time-scales of 10yrs are necessary to grow to the observed
masses (Hartmann 1998). With accretion rates on this levahe excess luminos-
ity from the accretion ow should make up a substantial fracion of the observed
luminosity (Kenyon et al. 1990). However they are observea thave similar lumi-
nosities as more evolved objects (White & Hillenbrand 2004Episodic accretion,
such as that seen in FU Orinis, is often used to explain thesésdrepancies be-
tween theoretical expectations and observations of theseleedded protostars.

Another mechanism through which the envelope material is edred is out-
ows. These large collimated jets of material extend over tge distances and are
often more readily visible than the embedded sources (Eistbet al. 1994). They
are thought to be a direct consequence of the ongoing accogtiin these systems
(Cabirit et al. 1990; Reipurth & Bally 2001; Shu et al. 2000) ath as these systems
develop and the envelope is cleared, both the accretion radad the out ow rate
fall.

1.1.4 Class Il objects

When the circumstellar envelope has been depleted of maske tcircumstellar
disc falls below the mass where it can become gravitationallinstable and the
nal stages of disc accretion begin. These Class Il objectartbe recognised has
having an SED with an IR slope of -1.5< < 0 (Lada & Wilking 1984) and a
bolometric luminosity >2880K (Chen et al. 1997, 1995). (See Fig.1.1). Class
Il objects that are actively accreting are often referred tas Classical T Tauri
Stars (CTTS), where as Class Il objects that have ceased aeting are referred
to as Weak-lined T Tauri Stars (WTTS).
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Figure 1.1: Top Panel: Hershel image of the Rosette star forming regioh®w-
ing embedded protostars in the process of formation. BottofRanel Left: HST
image of T Tauri star HH-30 showing edge-on disc and jet. Theentral object
here is masked by circumstellar disc. Credit: C. Burrows (S5cl & ESA), the

WFPC 2 Investigation De nition Team, and NASA. Bottom Panel Right: SED

of a Class Il (top) and a Class Ill (bottom) young stellar objet in the Ori star-

forming region. E ective temperatures of the adopted photspheric template are
indicated as well as the name of the target. For the Class llhe median disk
SED in Taurus (grey region) is also displayed. Black pointsra the photometric
data. Taken from Rigliaco et al. (2012)
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Free from the envelope the central object, out ows, accrein ows and disc
are readily observable for the rst time across the entire weelength range, from
X-rays, UV, optical and infra-red. This allows for the diret measurement of the
accretion rate using UV excess emission from the base of trezigetion ow. The
accretion rate at this stage is on average 16-10 * M .yr ! (Gullbring et al.
1998). By now the star has accreted 90% of the stellar mass, and the accretion
rate continues to fall as the disc evolves.

The mass loss rate from these targets can be measured usingaahforbidden
emission lines that are now visible such as [Ol] 6300. Part of this mass loss
takes the form of a collimated out ow referred to as a jet. Thget launching
mechanism is still not very well understood, but for a long the it has been
associated with accretion (Cabrit et al. 1990; Hartigan etla1994). For most
CTTS, the ratio between the mass loss and the accretion rate been found to
be 10% demonstrating the close connection between the two (Q&b Andre
1991; Cabrit et al. 1990; Hartigan et al. 1995; Konigl & Pudtz 2000). Evidence
for additional mass loss through warm stellar wind has beewndnd in such lines
as He 10708 (Edwards et al. 2003).

The ongoing accretion and the out ows both contribute to thedissipation
of the circumstellar disc. Another important process at ths stage in the disc is
grain growth and planet formation through core accretion. Rnets that do form
at this stage are thought to sweep out cavities in the disc, th can allow for
further grain growth through the creation of pressure graéints in the disc, and
hence further planet formation (Chatterjee & Tan 2013). Anther process that
is thought to dominate the disc evolution at this stage is pho-evaporation of
the gas and dust in the disc by the radiation from the centraltar (Clarke et al.
2001).

1.1.5 Class Ill objects

The number of young stellar objects (YSOs) showing near-IRN(R) excess de-
creases as the age of the region increases (Bouwman et al.62®faisch et al.
2005; Hillenbrand 2008). This is thought to be due to a gradli@learing of the
inner disc material. The majority of YSOs have lost their dis at the age of 10
Myr (Fedele et al. 2010), this is referred to as the Class llllase. However it
is still not clear what is the dominant cause of the disc dispgal. Compared
to Class Il objects these are very inactive and show little veability as there is

no longer any accretion, no longer any jets and very little m@umstellar mate-

rial left. Mass loss still occurs through spherical stellawinds such as that from
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the surface of our Sun. These Class Ill objects do still haverse remaining
magnetic elds and chromospheric activity (e.g. Phillips tal. 1991). However,
though activity signatures are observed, they rapidly drop as these targets
evolve towards the main sequence (Scholz et al. 2007).

As has been shown, the star formation process is very dynam@nd one
in which the physical attributes of a protostar can change dstically in a few
million years, from a barely detectable deeply embedded eorto an energetic T
Tauri star emitting from the UV to the far-IR. Accretion is a vital feature in the
process of star formation. It controls the ow of matter and agular momentum
from the circumstellar environment on to the YSO. This thed is focused on disc
accretion in Class Il stage objects when their envelope hasdn dispersed and
the disc mass has fallen below the gravitationally unstablemit. It is at this
stage that the central object can be well classi ed as it is tectly observable for
the rst time.

1.2 Components of Accreting YSOs

Accretors at this stage of their evolution (Class Il) are sysms with multiple
interdependent components i.e. central star, magnetic d| circumstellar disc,
out ows (See Fig. 1.2). The following section describes tke components, their
connection and some of their properties as derived from olbgations.

The young stellar object at this stage is comprised of a ceairopaque core
surrounded by an atmosphere composed of layers of gas. Thdiaéion emitted
from the core is a ected by the di erent temperatures, densies and compositions
of the layers it passes through. For instance, atoms in the ptosphere will
absorb light at speci ¢ wavelengths corresponding to the engy levels in that
atom. The outer layer of the chromosphere is hotter, so sirailly the atoms are
heated, excited and emit photons at speci ¢ wavelengths. T composition of
atmospheric layers results in a spectrum with both absorgin lines and emission
lines, which carry the signatures of the atmospheric layefsom which they come
from. The spectral classi cation of stars is based on thespectral features which
identify the temperature of the photosphere.

The rst measurements of the magnetic elds on the surface of Tauri stars
found them to be quite strong, 1 kG (Basri et al. 1992; Johnstone & Penston
1986). The fact that X-ray emission is found in many YSOs ats#s to the
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presence of strong elds in the majority of the young stellapopulation (Feigelson
& Montmerle 1999). Magnetic activity in young stars acts to dirther heat the
chromosphere, resulting in more pronounced emission lineghe spectrum. This
enhanced emission is one of the most common methods of idigmig young
stellar objects in star formation regions, and is particuldy strong in H

Another distinguishing feature of YSOs and in particular acretors is their
variability, which has also been used to identify young popations (Ho meister
1962). Photometric monitoring reveal irregularities on te surface of Class Il
objects in the form of cool spots. These are analogous to thenspots on the
surface of our sun, and are a result of the magnetic eld intacting with the
stellar photosphere. As the cold spots move across the swdaof the star they
modulate the luminosity of the star, and provide a way to mease the stellar
rotation rates with accuracies of 1% (Herbst et al. 2007).

Actively accreting Class |l objects will also have hot spoten their surface
where the infalling accretion material heats the photosphe to a higher temper-
ature than the surroundings (Bertout et al. 1988). The tempmeature of cold spots
is about 10-30% lower than the photosphere, however hot sgadre thought to
be a few 100 to a few 1000K hotter than the photosphere (Bouviet al. 1995).
Hence, small hot spots can cause much larger variations inethight curves than
cool spots. Through modelling of the color variations the tav can be distin-
guished.

Through rotation rate measurements it has been found that aceting T Tauri
stars are slow rotators compared to stars with no accretionist (Bouvier et al.
1986; Vogel & Kuhi 1981). As the protostellar object accresematerial it is also
accreting angular momentum, so it is expected to spin up maig it necessary to
have some process to slow the rotation of the central star viiit is accreting.
The key di erence between these two populations of rotatoris the presence of a
circumstellar disc, indicating it has a strong role to playn the rotational braking.

Observations of these objects have revealed large scaldimalted out ows
called jets, that are thought to be launched from the disc, ahalso stellar winds
launched from the surface of the star. As both these processsntribute to the
mass loss in the system, they could be key ingredients to thpisning down of
the star (Matt & Pudritz 2005, 2008).

The mass reservoir for accretion at this evolutionary stage the circumstellar
disc. The NIR emission from these objects is dominated by threprocessing of
the stellar radiation by the dust in the disc. The level of enssion suggests many
of the discs have a high degree of aring, exposing more swéaarea to the



1.3. What is Accretion? 9

Figure 1.2: Cartoon showing dierent components of an accreting Clasd |
source. Also indicated are the wavelengths used to observese di erent com-
ponents. Taken from (Dullemond & Monnier 2010)

stellar radiation, allowing for a more e cient absorption of the light which in
turn increases the aring in the disc (Kenyon & Hartmann 198). Some objects
show high degree of variability in the NIR emission and thissi probably due to
changes in the structure of the disc (Flaherty et al. 2012). Wether there is a
single source for all the objects variations or if it changesom source to source
is not clear.

The above processes all come from the inner AUs of these syste making
them highly likely to be sensitive to changes in each of thenOne process that
does connect them all is accretion.

1.3 What is Accretion?

T Tauri stars are rstidenti ed as a di erent class of object by the excess emission
observed in a certain emission lines such has Hand its variability (Joy 1945).
Later it was found that high levels of H emission was strongly correlated with
the presence of a UV excess (Haro & Herbig 1955). A number of dets have
been put forward to explain this emission.

It was rst postulated that this emission was a result of the acretion of
material from the circumstellar disc through a boundary lagr. In this picture
the disc extends all the way to the surface of the star. The eass energy in the
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disc is dissipated through shearing forces between slowlytating star and the
disc following Keplerian rotation (Lynden-Bell & Pringle 1974). The observed
NIR excess in the spectra of YSOs then originates in a self lumus disc and
the UV excess comes from the energy released in the boundaayelr between
the disc and star.

However there were a number of observations that were contliatory to the
physics in this model. The associated emission lines wereosin to be very
broad, with high velocities of 100kms?!. This is indicative of acceleration
of material from large distances to the stellar surface whids inconsistent with
the boundary layer model. As the resolution of spectrograghmproved many of
these highly broadened emission lines were also seen to aonteverse P-Cygni
pro les, which is a signature of infalling material at high \elocities (Walker 1972).

Under the boundary layer model there is no mechanism under wh the star
can loose the angular momentum it gains during accretion, meing the stars
would continuously spin up. At the time there was also mountig evidence that
the stellar discs do not extend all the way to the surface of ehstar (Bertout et al.
1988). The surface hotspots that are revealed through phatetric monitoring
suggest the origin of the UV emission is not axisymmetric aseaded in the
boundary layer model, but in con ned regions that come in anaut of view as
the star rotates.

As the quality and amount of observations of these targets aneased, it be-
came apparent that this model was not re ective of the physgin these systems.
Kenigl (1991) suggested that the presence of magnetic eldould regulate the
accretion ow as was rst proposed as a model of accretion inemtron stars by
Ghosh & Lamb (1978).

In this magnetospheric accretion model the inner disc is pially ionised by
the stellar radiation and collisions, allowing for a stellamagnetic eld to couple
to the disc. At some point in the disc, if the magnetic eld is s'ong enough, the
kinetic and ram pressure of the accreting material moving tiough the disc will
equal the magnetic pressure. This point is referred to as theuncation radius
Rr. Here, if the disc material is su ciently ionised, its motion will be controlled
by the magnetic eld. Due to the pressure gradient the mateal is lifted from
the disc and can free-fall onto the surface of the star follomg the magnetic eld
lines. Based on simple spherical infall models and a dipolaid, the truncation
radius can be found to be proportional to the strength of the sgnetic eld (B ),
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stellar mass (M) and stellar radius (R ) (Bouvier et al. 2007b):

& _ B4 7R5 7 (12)
R M2(2GM )17
In reality the disc truncation radii are much smaller than ths, as the higher disc
densities mean the ram pressure in the disc is larger than rapnessure due to
spherical infall accretion.
The magnetic eld intersects the disc at a series of radii. Td point at which
the angular velocity of the star ( = %) equals the Keplerian velocity in the
disc ( x = Gng 2), is called the co-rotation radius R,) i.e.

1
Rc = % (13)

Any magnetic eld lines that couple to the disc outside the cmtation radius will
act to slow the stellar rotation. In the same way, any eld lires coupled inside
the corotation radius will act to spin the star up. This proces allows for a disc
braking mechanism, which coupled with the angular momentunioss through
out ows, could account for the spin down of accreting starsRomanova et al.
2005; Ustyugova et al. 2006).

Accretion shocks form at the base of the accretion ows neaheé surface
of the star, which cool through X-ray emission, most of whicls absorbed and
reprocessed as UV emission. These shocks are similar to tlessical boundary
layers in their basic geometry, but instead occur at high la@udes which increases
the visibility of the emission regions, and allows for an e eént heating of the
disc by stellar radiation.

The geometry of this system would mean that the central star euld, for
the most part be masked by the accretion curtains. Howeverh¢ density and
temperatures in the ows fall o rapidly as the distance fromthe star increases,
which allows for the stellar UV and optical emission to be olesved.

This magnetospheric accretion model has held up well agairtee modern
observations. The application of this model to observatiahas lead to insights
into the make up of the inner AUs of these systems, and gives asfurther
understanding of the physics in the inner regions that wouldot be attainable
otherwise. The following section describes one of the earyodels, and some
conclusions that can be drawn from the application of more phisticated models
to individual objects.
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1.4 Modelling of Accretion

The rst models of magnetospheric accretion used a strong reynetric dipolar
eld and radiative transfer methods to model emission linesrom accreting T
Tauri stars (Hartmann et al. 1994). Many of these models coantrated on the
emission lines in particular as they hold a lot of informatio on the structure
and velocities of the accretion ow, the geometry of the maggiosphere and the
interaction between the magnetosphere and disc.

Hartmann et al. (1994) focused on the production of the Balmeseries, which
is one of the most readily observable series in these acangtobjects. These emis-
sion lines are thought to originate in the hot accretion ows Hartmann adopted
a simple approximation for the temperature pro le in these ows that was in-
versely proportional to the density within the ows. This meant the accretion
material was cool as it left the disc, warmed as it reached tigr velocities and
lower densities and cooled again as it reached the stellarface and the density
increased and enhanced the radiative cooling. The line soarfunctions were
then calculated using the Sobolev approximation, which assies that conditions
in the ow are resonant over length scales proportional to th velocity in gas.
This is likely to only be valid in the fastest part of the accréon ow, where
the velocity gradient is at its largest. It has been found theStark broadening
is an important factor in the optically thick H line which means the Sobolev
approximation is not valid in this case (Muzerolle et al. 200). However this ap-
proximation is still used in the majority of radiative transfer calculations, albeit
with some caution for the H emission line in particular.

The Balmer lines are seen in non-accreting stars at this eutibnary stage
due to the active magnetic elds these stars harbour. The ession that this
model produces however is much stronger and broader than ehrospheric ac-
tivity alone. The enhanced emission comes from the hot actiom ows exciting
the Hydrogen atoms. The broadened emission lines also reagdhe range of
velocities from zero to free fall within the accretion ow. Wthin the Hartmann
model the higher Balmer emission lines (H also showed overlying red-shifted
absorption features which occur when the hot inner parts ohe accretion ow
are viewed through the cooler tail of the ow.

In reality the emission pro les are more complex than theserapli ed models
can reproduce. For instance, comparing the model with obsations Hartmann
et al. (1994) noted that the model does not show the blue-stefl absorption
that is seen in the pro les of BP Tau and UY Aur. This blue-shited absorption
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is commonly, but not always seen in the Balmer pro les, and igdicative of
a cold wind outside of the accretion emission region, realbmg the emission
(Giampapa et al. 1993). It has been later found that warm winsloriginating close
to the star, can contribute to the emission in these Balmernes (Whelan et al.
2009). Particularly for H , which is the strongest and most readily observable
emission line in these accreting objects, a hybrid code inporating accretion
and wind is necessary to model this line properly.

Many accretion related emission lines have also been obs#hto contain a
broad component consistent with free-fall velocities, wit an overlying narrow
emission component attributed to emission directly from te accretion shock
(Basri 1987; Hamann & Persson 1992). This demonstrates thab properly
model the emission the di erent components of the accretiorow have to be
considered.

One of the weaknesses that still remains in modern models,tie tempera-
ture structure in the magnetosphere. The Hartmann et al. (1®4) temperature
approximation for the accretion ows has an arbitrary normdisation to t ob-
servations. More consistent temperature structure calcafions have yet to t
observations (Martin 1996), but it has been suggested thahe line pro les are
only sensitive to the mean temperature in the ow rather thatthe detailed tem-
perature structure (Kurosawa et al. 2008).

The simplistic geometries of the rst models have been impved on and
made more realistic to better model the observed emissiom tecent years the
magnetic elds of a number of accreting T Tauri stars have beemapped. This
is done using spectro-polarimetric observations, and maoring of the rotational
modulation of the Zeeman signal. Photospheric lines are ust& map the mag-
netic eld across the surface of the star, but also accretiorelated emission lines
are used to estimate the magnetic eld strength at that base fahe accretion
ow. Very complex elds have been found in accreting stars, icering greatly
from a simple dipolar eld (e.g. V2046 Sgr (Donati et al. 2014)). However, for
the majority of T Tauri stars, a combined dipolar and octupoé magnetic eld
has been found to t the observations (e.g. BP Tau (Donati et b 2008), V2129
Oph (Donati et al. 2011a) and AA Tau (Donati et al. 2010)). Thepresence of the
octupole eld is thought to force the accretion ows into a snaller area to higher
latitudes. As the octupole is only dominant on the surface hie dipolar eld still
determines the truncations radius (Adams & Gregory 2012). bkt recently, the
limitation of the assumed dipole magnetic eld has been addssed by combin-
ing magnetohydrodynamics (MHD) and radiative transfer coes to model more
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realistic accreting systems. These models can allow for rracomplex magnetic
elds with multiple components, misalignments between ration axis and eld
axis (Kurosawa et al. 2008) and instabilities in system (Kuwsawa & Romanova
2013). These models are coming much closer to reproducingsetvations and
can provide very detailed pictures of what is happening in #Bse systems.

Models of these accreting systems have also lead to a bettadarstanding of
how the geometry and structure of the accretion ows. A smaimisalignment in
the magnetic eld and rotation axis will also lead to structued accretion funnels
(rather than a curtain of material in classical model). Thee is strong evidence for
this from photometric monitoring of accreting objects whib is more conducive
to distinct hot spots on the surface rather than a continuougircumstellar hot
ring. Romanova et al. (2003) showed there exists density glients in the cross
sections of these ows, where a narrow dense column is sumded by a much
larger low density ow that can cover most of the magnetosphie. This is then
re ected in the hot spots on the surface of the star, which caalso have pressure,
velocity and density gradients across them, peaking in theentre. The size of
the accretion ows, and the size of the accretion shock aresal dependent on
the accretion rate. At higher accretion rates, the shock andw expand, so that
the energy ux in the ows remain equal for di erent accretion rates (Gullbring
et al. 2000). This has been observed in BP Tau (Ardila & Basri@00). Also
when the accretion rate increase, the truncation radius dexases. This leads to
a higher angular velocity at the base of the accretion funnelvhich then changes
the position of the accretion spot on the surface (Romanova al. 2004).

As our understanding of accretion improves, and more obsations are gath-
ered on the di erent components in the system, the models came developed
to become closer to reality. The above examples show that tlceirrent state of
the models do allow us to derive strong constraints on the gaetry in these
systems. However this is usually restricted to speci c obges for which a lot of
observational data is available to constrain the propert® of the accretion ows.
The most successful applications of models to accreting 8®s have used the
observed spectroscopic variability to narrow down the modi@arameter space
(See Sect. 1.7 for more).

The necessity of large amount of observations is a weaknebattneeds to be
overcome in order to expand our understanding of accretingstems to more than
a handful of targets. One possible way to do this is through thmeasurement of
the accretion rate across many targets. This allows for theomparison between
the physical properties of these systems and accretion rat® understand which
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Figure 1.3: Observed spectrum of accreting star BP Tau (thick black line
The narrow line shows the model excess continuum emissionigfhis a combina-
tion of the post-shock and pre-shock continuum emission (ded line) and the
continuum emission originating in the heated photospheredéshed line). From
Gullbring et al. (2000).

are the de ning properties in the accretion process.

1.5 Measuring Accretion Rates

Disentangling the accretion emission from the stellar or ber sources of emission
is non-trivial. The following section goes through the mostommon methods of
deriving accretion rates from observations.

The "gold standard' of accretion rate measurements and theast direct, is to
use the accretion shock emission at wavelengtks3700A. The material falling
along the magnetic eld lines will reach the surface of the at at free-fall velocity.
A shock front forms just above the photosphere, as the kinetienergy of the in-
falling material is released as it meets the surface of theast The energy is
released as soft X-rays, which are quickly absorbed by theeBar atmosphere
in one direction, and the accretion ow in the other. This enssion is then
readmitted in the optical and the UV.

Originally a simple slab model of hot hydrogen with strong erssion peaking
in the UV was used to reproduce the excess emission from thegion (Basri &
Bertout 1989; Gullbring et al. 1998; Valenti et al. 1993). Th excess emission in
UV is due to the Balmer continuum emission which peaks in the W (< 370)
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where the majority of low mass stars do not emit strongly. Th&almer jump
can be de ned as the ratio of the continuum emission at 3680to the that at
4000A. For non-accretors this can be as low as 0.35 whereas foriagly accreting
objects it can be as high as 6 (Herczeg & Hillenbrand 2008). &ess continuum
emission long-ward of 4008 is classi ed as Paschen continuum emission. This
excess is observed as a lling in of the stellar photospherbsorption lines, and
is usually referred to as veiling. The amount of veiling in apectrum can be
found by comparing the depth of photospheric absorption les in accreting and
non-accreting stars (Hartigan et al. 1991).

Valenti et al. (1993) used a pure hydrogen isothermal slab idrE to repro-
duce this Balmer and Paschen emission. The luminosity of thislab model is
dependent on ve parameters, the emitting surface area, themperature, den-
sity, macroturbulance, and the depth of the slab. Through tls simple model
the Balmer jump, and veiling due to the Paschen continuum ermsgion can be
estimated. This was rst developed for the boundary layer madel where the
range of temperatures and densities is low compared to the greetospheric ac-
cretion model. Calvet & Gullbring (1998) proposed a multicmponent shock
model to be more appropriate for the case of magnetosphericceetion. However
comparisons between the slab model and the multicomponeritaeck model have
shown very little di erence between the predicted emissiofHerczeg & Hillen-
brand 2008). So although the slab model makes very simpli ealssumptions on
the shock geometry, it is considered the best way to estimagecretion rates.

This slab model method does very well in reproducing the ersien that is
observed at these wavelengths (See Fig. 1.3). The accretlaminosity can then
be converted to an accretion rate using the stellar radiuR , the infall radius
Ri,, stellar massM and the following equation from Herczeg & Hillenbrand
(2008): )

R LaccR
M= 1 R GM

This UV excess is di cult to observe in many objects with low acretion rates,
and due to extinction or obscuration it is not possible to ol#in UV spectroscopy
for many more objects. Instrument limitations (CCDs are notvery sensitive at
wavelengths<40007) also limit the feasibility of large UV surveys of accretig
objects.

For this reason, the accretion rates derived from the UV exse emission,
have been used to nd empirical relations between accretiorates and certain
emission line luminosities. This allows for the measurenteaf accretion rates

(1.4)
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Figure 1.4: Relation between H line luminosity and the accretion luminosity
derived from the Balmer continuum excess. The dashed linepresents the linear
t to the data. From Herczeg & Hillenbrand (2008).

from readily observable emission lines such as HBr , Call ( 8542 and 8662),
Hel 5876 (Hartigan & Kenyon 2003; Herczeg & Hillenbrand 2008; Manty
et al. 2005; Muzerolle et al. 1998a), and also for line pro Iproperties (e.g. H
10% width Natta et al. (2004)). Fig. 1.4 shows the relation deved by Herczeg
& Hillenbrand (2008) between the accretion luminosity and H line luminosity.

These relations are empirically derived and though there B strong correla-
tion found between these line luminosities and accretionnunosities, the physics
connecting the line emission and the excess continuum enossis not well de-
ned. These relations use the entire line emission, which as the case of H,
can contain emission from other sources such as chromosphier wind emission.
For this reason, large samples are used to derive these ralas, in an attempt
to limit the e ect of these issues. It has also been found thathese luminosity
relations do not to hold across very large mass ranges. Foraexple, Mohanty
et al. (2005) found on deriving a relation between Call lineuminosity and the
accretion rate, that there was an o set between the relatiomerived for the low
mass ( 0.1 M ) and the higher mass ( 0.7 M ) T Tauri stars in their sample.

There have been e orts to extend these relations to higher rsa Herbig AeBe
stars (2-5M ). For example, Mendiguta et al. (2011) found a slightly skallower
relation between H line emission and the accretion luminosity than was found
in the lower mass € 1M ) sample of Herczeg & Hillenbrand (2008). Though
there is inconclusive evidence of strong magnetic elds onekbig stars, the fact
that a very similar relation is found for these larger mass T duri stars suggests
they are undergoing the same accretion process.

These relations have created many more opportunities to m&ae accretion
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rates in di erent systems than was previously allowed withhe UV excess emis-
sion. Accretion models are developed somewhat “blindly' tothe data available.
Infalling material at free-fall velocity is used to estimag¢ the energy released, the
luminosity and hence the accretion rate. This relies on sing assumptions on
the geometry and the physics of the inner system, but it doeselV to reproduce
the emission observed. One way to test the reliability of ttee accretion mea-
surements and models is to apply them to a wide range of acargf objects to
test the dependence on such things as mass, age and disc prigge  Another
very powerful method, and one which is used in this thesis, is use the intrinsic
variability of the accretion process to do the same.

1.6 Accreting Objects as Dynamic Systems

These systems are very dynamic and this is re ected in the olxwed variable
emission at X-Ray (Gagre et al. 2004), UV (Herbst et al. 1994 optical (Grankin
et al. 2007), NIR (Scholz et al. 2009) and radio (Feigelson el. 1994) wave-
lengths. This section explores the variations that are obsed in accretors and
their connection to the di erent components of T Tauri stelar systems.

The original classi cation of T Tauri stars was based on theiirregular pho-
tometric variability (Joy 1945). Photometric variability is seen in all pre-main
sequence stars at some level, and is a diverse phenomenomiwity on all time-
scales. A large fraction of this variability is caused by cdspots on the surface.
On top of these variations, CTTS are more likely to show mordgni cant vari-
ability than WTTS due to the ongoing accretion and hot spots o their surface
(Herbst et al. 1994).

Long term photometric monitoring of CTTS suggest that typial T Tauri
stars show low levels of variations over time periods of20yrs (Grankin et al.
2007). Only a fraction of the sample of Grankin et al. (2007h&wed signi cant
changes over time-scales of months to years, whereas the onigdy showed varia-
tions on time-scales of weeks suggesting that the short tetme-scales are more
important in these systems.

At early evolutionary stages large photometric changes heween found, re-
ecting an evolution in the variability in these objects. This is most likely due to
a transformation in the accretion process itself as it chaeg from being driven
by infall from the envelope to solely disc accretion (See FidL.5). FU Ori ob-
jects, show increases from luminosities of normal accregiim Tauri stars to a
few 100L . These jumps in emission correspond to accretion rate chasgof
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Figure 1.5: Speculative evolution of the accretion rate onto the star @r time.
In the beginning large accretion rate variations occur whel the disc is gravita-
tionally unstable, then when the envelope mass has been exbted the disc mass
falls below the gravitationally unstable limit and disc accetion begins. EXors
are thought to lie between the FU Ori and T Tauri phase. From Chet et al.
(2000).

three orders of magnitude, from 10’ up to 10 *M yr . The increase takes
months or years, and remains high for centuries (Hartmann & &yon 1996).
It is not clear if all FU Ori objects are at the same stage of elation. FU Ori
itself appears to have cleared its envelope (Malbet et al. 98, 2005), where as
emission from other FU Ori objects is consistent with enveie emission (Kenyon
& Hartmann 1991). However, one likely mechanism for this poess is that these
targets still have massive enough discs to allow gravitatial instabilities to form
which would dump huge amounts of material onto the central ar (Vorobyov &
Basu 2010). Another possibility is that these large changese a result of binary
interaction (Reipurth & Aspin 2004), but it has yet to be con rmed that FU Ori
outbursts occur preferentially in close binary systems.

Slightly less dramatic accretion changes occur in EXors tgpobjects, which
can show 1-3 magnitude are ups every few years for a periodwéeks (Herbig
2007) which could be a result of instabilities in the inner dic (D'Angelo &
Spruit 2012). These objects probably represent the transitetween FU Ori type
accretion to the T Tauri disc accretion phase.

Observations of accreting T Tauri stars in multiple star foming regions of
di erent ages give strong evidence that there is an evolutinto the accretion
rate as these systems gets older. Fedele et al. (2010) nd that 1.5-2 Myr the
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fraction of accreting stars in star forming regions is 60%his drops to only 2%
at 10 Myr. These are similar time-scales for disc clearingpWwever the number of
accretors is found to drop o much faster than the number of YSs harbouring
discs which suggests that the point at which accretion ceasés dependent on
the disappearance of the disc.

Fig. 1.5 shows the hypothetical connection between the dirent phases of
accretion in a system i.e. large episodic accretion in the FOri stage evolving to
lower levels of accretion and variability in the EXors stagewhich further evolves
to disc accretion in the T Tauri phase, which decays gradugllas the system
evolves. This connection is still speculative. One of theras of this thesis is
to study the variations in the T Tauri stage to quantify their magnitudes in
order to better compare the accretion processes at the dient stages, and the
connection between them.

As was indicated in the cases of FU Oris and EXors, the presengeometry
and amount of circumstellar material is thought to play an inportant role in
the accretion process. Evidence has been found for changedhie inner disc
of T Tauri systems. Eiroa et al. (2002) found variations in te NIR emission
of 1 mag. on time-scales of days for a number of objects, susjgeg changes in
the structure of the inner disc on short time-scales. Any clmges to the inner
structure due to changes in the accretion rate through the sl will occur on
viscous time-scales which in T Tauri discs are on the order ofonths and years
(Pringle 1981). These short term variations are thus morekiely to come from
a change in the magnetic eld (Armitage 1995) or some instalily in the inner
disc (Lai 1999), which can cause changes in the structure dfet inner disc on
time-scales of days. These kind of variations in the inner sti structure could
induce changes in the accretion rate onto the star.

Conversely, changes in the accretion rate can also a ect thener disc. A
change in the accretion rate and hence accretion luminosityill change the
sublimation radius in the disc and cause the inner edge to mawn or out. Ob-
servations of this occurring have been made in a few cases i@mter et al. 2001;
Skrutskie et al. 1996).

The magnetic elds in these accretors channel the ow of matal from the
disc to the surface of the star. Donati et al. (2011a) found emges in magnetic
topology of the accreting star V2129 Oph over the time-scaef years. A change
of 0.3kG in the magnetic eld, coincided with a half an order bmagnitude change
in the logarithmic accretion rate. This kind of change in themagnetic eld will
also have an e ect on the inner disc, as the truncation radiushanges.



1.7. Accretion Variability 21

The variability seen in other parts of the accreting systemsi also seen in
accretion. The excess emission and emission lines from tleeration shock and
ows are all found to be variable on time-scales from hoursotweeks, and to
years (Mohanty et al. 2005; Nguyen et al. 2009b; Scholz & Jayardhana 2006).
Although the current models of magnetospheric accretion the emission we
observe in these objects, it is as of yet unclear where the \a&fons come from.

This variability can and has been used to probe the inner remis of these
accreting systems, to nd the source of the variations and tprovide stringent
constraints on the nature of the accretion process itself (ipree et al. 2012). The
time-scale of accretion variations and the magnitude of theriations will depend
on their source. This thesis sets out to monitoring typical écreting systems over
di erent time-scales, in order to identify where these vasdtions originate. This
allows for constraints to be put on the stability of the dierent parts of the
accreting system i.e. the magnetic eld, the inner disc andhe accretion ows
themselves.

1.7 Accretion Variability

Spectral lines are particularly useful when investigatingaccretion due to the
velocity information they contain and the multiple componats within them. In

particular spectroscopic variability studies can providénformation on the spatial
structure and dynamics of the accretion ow (Bouvier et al. R03).

The majority of the spectroscopic monitoring studies of YS®have focused
on either single target or a small number of targets, speciatly selected for their
known variability. Some of these studies have led to a detad close-up view
on the disc-accretion system (e.g, Bouvier et al. 1999; Gigaypa et al. 1993)
and provided unique insights into the magnetospheric acdren/ejection scenario
(e.g. Bouvier et al. 2007a; Johns & Basri 1995a). In other aasthe changes in
the variability patterns are highly complex and di cult to i nterpret (e.g. Alencar
et al. 2005). This thesis makes use of these spectral linesronitor the accretion
rates in YSOs and in the following sections some examples @igen as to what
can be found by doing this.

From the basic model of steady disc accretion through a dipl magnetic
eld, there have been a number of variations on these modelsitpforward to
explain the variations seen in T Tauri objects. One of the rs models to be
investigated was the case of an asymmetric accretion owss @ suggested by
the photometric variability seen in these objects. Simulabns of magnetospheric
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Figure 1.6: MHD simulation of accreting star with a 30 o set between rota-
tion axis and magnetic eld axis which results in an asymmeic accretion ow.
Volume density is colour coded on a logarithmic scale, andrsple magnetic eld
lines are shown in red. From Kurosawa & Romanova (2013)

accretion have found that even a slight o set (2-5 between the rotation axis of
the star and the magnetic eld will result in an asymmetry in an accretion ow
(Romanova et al. 2003). Di erent parts of the ow will then come into view as
the star rotates, changing the emission signature we obseren the time-scale
of the rotation period (Kurosawa et al. 2008). This will reslt in an apparent
accretion rate change (See Fig. 1.6), and take the form of a soth variation in
the emission line and its features. An example of such a asyminic ow was
found in SU Aur where the accretion emission features (rethited absorption in
H ) and the wind emission (blue-shifted absorption in H) were found to vary on
rotational time-scales in anti-phase (Johns & Basri 1995b)f both the rotation
and the magnetic eld axis were aligned, these signatures uld be expected to
vary in phase, but even a slight o set between the two will radt in anti-phase
correlation.

An asymmetric accretion ow is thought to be responsible fothe variations
observed in the spectra of V2129 Oph (Alencar et al. 2012). €hauthors used
MHD simulations of the observed magnetic octupole and dipar elds of V2129
Oph, and radiative transfer codes to reproduce the observéide pro les. Earlier
observations of the magnetic eld found an o set between thectupole and dipole
elds (15 and 25) and the rotation axis (Donati et al. 2011a). The modelling b
these elds result in two ordered ows of material onto the sar very close to the
poles. The derived pro le variations are similar in magnitde to the observed
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pro les, however the changes in the pro le shape are not. Thagresence of higher
order elds, as has been observed in a number of targets, wéllso disrupt the
symmetry in the system making it more likely for asymmetric ecretion ows to
form.

Observations indicative of an azimuthally twisted accretin column have been
found on SU Aur. Oliveira et al. (2000) found a delay in variabns and features
in a number of emission lines. The authors argue that these &sion lines form
in di erent parts of the accretion ow, and the o set is due to an azimuthally
twisted accretion ow. This could occur in the case of di eratial rotation be-
tween the disc and the star, which will lead to a trailing of te magnetic eld
anchored in the disc and disrupt the symmetry of the accretio ow. Di erential
rotation can also lead to expanding eld lines, which couldadically reduce the
mass accretion rate as the magnetic eld lines open, and withen cause it to
increase again upon reconnection (Goodson et al. 1998). $aanagnetic recon-
nection led variations are expected to occur on the time-dea on the order of
the rotation period of the circumstellar disc (Hayashi et al1996). If this process
is seen to occur, it can provide important constraints for th rotational brak-
ing problem. If the magnetic eld is not stable on these timescales, it would
mean that disk locking alone cannot account for the slow roters observed, and
so another mechanism is needs to be evoked to carry away thdraxangular
momentum such as accretion powered stellar wind (Matt et aR012).

Additionally, inhomogeneities in the disc will cause the akerved accretion
rate to vary, as is the case with an accreting T Tauri star fouth by Bouvier
et al. (1999). AA Tau was found to have a light curve with rougly constant
brightness, broken by a quasi-periodic fading. This was atbuted to a wall
in the inner circumstellar disc which obscures the light frm the central source
periodically as it rotates. In the same way, such a wall coulde a source of
apparent accretion variability on a much longer time-scalé placed further out
in the circumstellar disc.

These walls are thought to occur in the event of an o set betven the rota-
tional and magnetic eld axis. The interaction between the mgnetic eld and
the disc is thought to lead to an accumulation of matter in thenner disc (Ro-
manova et al. 2002), forming a denser ring of material at theuncation radius. If
a misalignment exists between the magnetic eld and rotatio axis, the material
from the disc would preferentially be loaded onto the shorteeld lines, making
it likely for a warp in the disc to form with the possibility of trailing spiral arms
(Terquem & Papaloizou 2000).
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The examples above show the quality and resolution of the 3DHID mod-
elling has reached a level of sophistication that allows u® tfollow variations
in the features of the emission lines as di erent aspects ohe accreting sys-
tem change. However, so far only a few individual objects hawthe temporally
resolved spectroscopic observations that are needed to wlathese simulations.

Apart from a few benchmark objects, observations have yet tdistinguish a
dominant source of variations. Each of the sources of variahs discussed above
will show di erent amplitudes and time-scales of variatios, which provides a
robust way to determine their origins.

1.8 Accretion Rate Dependencies

It is still not clear what drives accretion through the circumstellar disc. Atthe T
Tauri phase the discs are no longer massive enough to be grationally unstable.
One of the more likely methods of transporting material and wmentum through
the disc is via magneto-rotational instabilities (MRI). Havever for MRI to play
a signi cant role the disc must be su ciently ionised, whichis probably not the
case in the inner, densest part of the disc where the matter ghielded from
cosmic rays and X-rays (Mohanty et al. 2013) Recently, simations have found
that both ohmic resistivity and ambipolar di usion could dominate in the inner
AU and act to completely suppress the MRI, allowing for a disevind driven
accretion of matter through the disc (Bai 2013).

If MRI is the driving force for matter through the disc, we woud expect the
accretion rate onto the star to show some dependence on it. \Wever, one of
the only correlations that has been found when measuring treecretion rates in
large samples of objects is a dependency on stellar mass YMConversely, MRI
is strongly dependent on the active surface layer density the disc, and shows
no explicit dependence on stellar mass.

A wide range in exponents have been derived for thi.-M relation, and a
de ning feature of these plots is the spread around the relamins. Mohanty et al.
(2005) derived a correlatiorM-/ M 2 for a sample with a mass range of 0.18
to 2M and age range from& 1Myr to 10 Myr (See Fig. 1.7). Apart from
the correlation, there is a 1.5 order of magnitude spread in accretion rates at
any given mass. Natta et al. (2006) found a similar trend for aample of (0.03 -
3M ) in Ophiuchus, which has an age of about&0.5Myr - 1 Myr). For this
single region there is still a spread of 2 dex at least for any given mass.

Several explanations have been put forward to explain thigatter in accretion
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Figure 1.7: Accretion rates versus stellar mass. Upper limits in measements
are given in downward pointing arrows. The t to the data, M--M?, is repre-
sented by the thick black line. The two dashed lines are the 1.5 dex o set
to the t and are over-plotted to represent the upper and lowe envelopes of
the trend. Accretion rates are compiled from a number of di ent sources, see
Mohanty et al. (2005) for details.

rates at a given mass such as environmental or initial conins (Dullemond et al.
2006) or uncertainties in the determinations of stellar pameters such as radius
and mass (Antoniucci et al. 2011). It has also been put forwdithat this relation
is simply an attribute of limited sample sizes and detectalily (Barentsen et al.
2011; Clarke & Pringle 2006). (See Chapt. 3 for further dissgion). One of the
most promising ways to explain the scatter in this relationg through accretion
variability. If the majority of the accreting population regularly go through
accretion variations of 1-2 dex then the correlation holds. However, if the
variations are smaller than the spread in the correlation,tiis likely that the
accretion rate is not directly related to the stellar mass, Wt it is an indirect
correlation due to some other ongoing process.

1.9 \Variability as a Tool

There has been a limited number of spectroscopic studies erdger samples of
T Tauri stars (See Fig. 1.8). These studies are vital if we e@gt to determine
the characteristic magnitudes of accretion variations inypical accreting objects.
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Figure 1.8: Amplitudes of accretion rate variations versus the time-sdes over
which they occur. Average numbers are taken in the case of Exscand FU Ori
objects. Error bars here indicate the spread in accretion tes, and time coverage
in each bin. (Biazzo et al. 2012; Nguyen et al. 2009b; Pogod#h al. 2012)

Nguyen et al. (2009b) monitored a sample of YSOs over timeades of days,
weeks and months and found that the variability in accretiorrates of a sample
of YSOs is dominated by variations on time-scales. The ampldes of variations
found to be much lower than the spread in théd.-M relation. A small number
of observations were taken over a period 48 hours of 29 acargtobjects in
Chamaeleon IlI, from which Biazzo et al. (2012) found an sinait accretion rate
spread of 0.2-0.4 dex. These works suggest that typical aeton variability on
the time-scales of weeks is not enough to explain the spreadhe M.-M relation,
but longer term variations could play a role. To derive condisive results a wider
range of time-scales needs to be probed.

To understand where the origins of the variations lie, a unbsed sample needs
to be studied over all time-scales. Published results aretef di cult to compare
as accretion rates and variations are derived using di erémethods and di erent
emission lines. The goal of this thesis is to encompass as yaaurces as possible
while performing the same observations and analysis throgut. Only by doing
this can the dominant time-scales and magnitudes of varias be identi ed in
typical accreting systems. This will further allow for a beter understanding
of the dependencies of the accretion process. These resaf® also provide
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constraints for the dominant processes at work in the disc, hich is important
for disc evolution and planet formation. Also the stabilityand geometry of the
magnetic eld can be probed through variability monitoring

This aim of this thesis is to address this issue of accretioranability in
an unbiased sample, in order to probe the inner workings of gical accreting
systems. It is laid out as follows: The observations, instrments used and the
reduction methods are described in Chapt. 2. Two spectrogmo monitoring
studies covering complementary time-scales of accretingrgets are presented in
Chapt. 3 and 4. Finally a photometric monitoring campaign isdescribed in
Chapt. 5 before the summary in Chapt. 6.



Methods

2.1 About this Chapter

To address the issue of accretion variability the two most iportant require-
ments were to spectroscopically monitor accreting targets order to accurately
follow the accretion variations over time, and identify therotation periods of
the accretors - an important time-scale in the inner regionsf these systems.
To complete these two targets high resolution spectroscojy needed, for which
FLAMES (Fibre Large Array Multi Element Spectrograph) on the VLT (Very
Large Telescope) and ISIS (Intermediate dispersion Speagraph and Imaging
System) on the WHT (William Herschel Telescope) were used. photometric
monitoring campaign was also undertaken with WFI (Wide Fiad Imager) on the
2.2m at La Silla Observatory. Another important aspect of tese studies was to
get as large a sample as possible. For this reason we beganstudies with the
multi-object spectrograph FLAMES, and completed them withthe large eld of
view of WFI.

The data is based on targets from the Chamaeleon | region, thiEurus-
Auriga association and the Orion complex. The rst part of tke chapter will be
dedicated to the description of these regions, the data setand the timing of
the observations. The second part of the chapter introducéle instruments and

28
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telescopes used to obtain these data sets and the reductioetimods.

2.2 Chamaeleon |

The Chamaeleon | sample forms the core of this thesis, and ihet following
section the region is brie y introduced and the spectroscap and photometric
observations are presented.

Chamaeleon is a relatively close star forming region (d 160 - 170 pc, Bertout
et al. 1999; Whittet et al. 1997) that is split into three mainclouds Cha I, Cha
Il and Cha Ill. All three clouds are relatively compact with an angular size of a
few degrees and masses and stellar densities that are low paned to other star
forming regions. At a high galactic latitude, it is an isolaéd region which makes
it attractive for star formation studies as contamination d the membership is
limited. The mean age of the region is 2Myr, and it holds members of every
evolutionary stage from embedded Class O protostars to masequence stars.

The rst members of the cloud where found through H objective prism
surveys (e.g. Henize 1963). Since then deep X-ray surveysdaeen carried out
with a number of telescopes ROSAT, XMM-Newton and Chandra @tgelson &
Lawson 2004). The modest extinction in Chamaeleon (A<5) means many of
the optical and NIR surveys have been successful in ideniilg members (e.qg.
Luhman 2007; Spezzi et al. 2007). For the identi cation of th youngest, most
embedded and for the lowest mass stars in the region mid- arad4R surveys are
necessary. The region has been mapped with IRAS, ISO and it resulting
in a near complete survey of the disc bearing members (Baud &t 1984; Persi
et al. 1999; Young et al. 2005).

Most of the star formation is concentrated in Chal, which hag37 con rmed
members (Luhman 2008), as opposed to 50 members in Chall. Tingial mass
function (IMF) of the Chal region peaks at 0.1-0.15M, and 33 members are
likely brown dwarfs with spectral types>M6.

The Chal cloud is further split into a northern ( > -77) and southern clus-
ter ( < -77) that have mean ages of 3-4Myr and 5-6 Myr respectively. The
spectroscopic study used in this work was centred on the higgt density of stars
which lies in the southern part of the Chal cloud.
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Figure 2.1: Composite image of the Chamaeleon | region obtained with FC31
at VLT (11'.2 x 6'.8). The image is made using V, | and R photomey. Image
has been rotated so that east is up, and north is right. CreditESO.

2.2.1 Spectroscopy in Chal

The spectroscopic observations of Chamaeleon were carrgad using the multi-
object bre spectrograph FLAMES/GIRAFFE at the ESO/VLT und er the ESO
programmes 082.C-0005(A) and 084.C-0094(A) (See Sectiob.2 for instrument
description).

Targets were chosen from the census by Luhman (2007). For thee posi-
tioning the UCAC catalogue (Zacharias et al. 2004) coorditas were used when
available, however for the faintest targets (spectral typtater than M4) the less
accurate 2MASS coordinates were used as these are not cavdrg the UCAC
catalogue.

There are 130 bres on the FLAMES/GIRAFFE spectrograph. In the prepa-
ration of the observations, and the con guration of the bres, priority was given
to objects with a) evidence for accretion from emission liseand b) evidence
for a circumstellar disc from mid-IR excess (e.g. Class Il @xts). No other
selection criteria were used. A single eld was observed Wit central pointing
of 11"08"20.0°5, -77°36%1.0°°(J2000).

The nal sample of targets contained 50 objects, however twey ve of these
objects were dropped from the analysis because no measueadikllar continuum
was observed above the sky background emission. A brief dgsttcon of the 25
targets are given in Table. 2.1. The spectral type distribubn for the objects
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Figure 2.2: Histogram of spectral type distribution within Chamaeleonl spec-
troscopic sample. The dashed line indicates all objects atite solid line indicates
the objects with discs.

with and without discs in this sample is shown in Fig. 2.2. Theemaining working
bres (35 for the rst run and 58 for the second) were placed othe sky.

We observed this sample 6 times in each of the two campaignshélobserva-
tions cover the time span from January 2009 to March 2009 antbin December
2009 to April 2010. The minimum separation between conseoug¢ observations
is 1lweek. The exact dates of the observations are given in Tale2. These
observations were performed using two grisms, HR15 (647096A) and HR21
(8480-900(\) which cover the H emission line and the Call infra-red triplet
respectively.

Please note that the proposal and preparation of these obsations should
not be considered part of the thesis work as they were comp#et by others.

2.2.2 Photometry in Chal

The photometric monitoring of the Chamaeleon region was permed using the
WEFI on the MPG-ESO 2.2m telescope. The central pointing of th telescope
was roughly the same as our FLAMES pointing ( 11"07"08.7°, -77°37°13:3%
so all targets in the spectroscopic sample are within the dlof view of WFI.
(See Section 2.4 for details on instrument and telescope).

The photometric observations took place over seven nighta iApril 2012,
from the 18" to the 25". Due to poor weather during the observation run, the
awarded 11 half nights of monitoring were not completed. Th&vo Iters used
in this analysis were R/162 with a central wavelength of 6517.28, and Ic/lwp
with a central wavelength of 7838.3\. Exposure times of 10 s were used for both
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Table 2.1:

Spectral SED

Object Type Class [hh:mm:ss] ['"]
CHXR28 K6 Il 11:07:55.8 -77:27:25.5
CHXR20 K6 I 11:06:45.1 -77:27:02.3
T22 M3 [ 11:06:43.5 -77:26:34.5
1ISO143 M5 I 11:08:22.4 -77:30:27.7
T33A G7 [l 11:08:15.2 -77:33:53.1
T39A M2 - 11:09:11.6 -77:29:12.7
ChaH 2 M5.25 I 11:07:42.5 -77:33:59.3
B43 M3.25 I 11:09:47.4 -77:26:29.0
T45 M1.25 I 11:09:58.7 -77:37:09.0
ChaH 6 M5.75 [l 11:08:39.5 -77:34:16.6
ISO126 M1.25 [l 11:08:2.97 -77:38:42.5
ChaH 8 M5.75 I 11:07:46.1 -77:40:08.9
ChaH 5 M5.5 [ 11:08:24.1 -77:41:47.3
ESOHa566 M5.75 " 11:09:45.2 -77:40:33.2
T30 M2.5 Il 11:07:58.1 -77:42:41.3
T34 M3.75 M 11:08:16.5 -77:44:37.2
ChaH 3 M5.5 I 11:07:52.3 -77:36:56.9
T26 G2 [l 11:07:20.7 -77:38:07.3
ESOHa560 M4.5 "l 11:07:38.3 -77:47:16.8
LM04 429  M5.75 I 11:07:24.4 -77:43:48.9
CHXR22E M35 [l 11:07:13.3 -77:43:49.8
CHXR21 M3 I 11:07:11.5 -77:46:39.4
T31 K8 [l 11:08:01.5 -77:42:28.8
CHXR76 M4.25 "l 11:07:35.2 -77:34:49.3
CHXR74 M4.25 "l 11:06:57.3 -77:42:10.6
Data on Chamaeleon sample observed spectroscopically. Spsd

types from Luhman (2007), SED classes from Luhman et al. (280 Coordinates
are for epoch J2000.
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Obs. Period 1 Time Obs. Period 2 Time Grism
Obs. Date UuTC Obs. Date UTC
04-Jan-2009 05:10 09-Dec-2009 07:06 HR21
04-Jan-2009 05:26 09-Dec-2009 07:21 HR15
16-Jan-2009 04:35 03-Jan-2010 06:30 HR21
16-Jan-2009 04:51 03-Jan-2010 06:46 HR15
03-Feb-2009 04:40 15-Jan-2010 07:26 HR21
03-Feb-2009 04:56 15-Jan-2010 07:42 HRI15
11-Feb-2009 05:30 27-Jan-2010 04:11 HR21
11-Feb-2009 05:46 27-Jan-2010 04:26 HR15
19-Feb-2009 05:38 10-Feb-2010 06:30 HR21
19-Feb-2009 05:54 10-Feb-2010 06:45 HRI15
01-Mar-2009 02:42 07-Mar-2010 06:20 HR21
01-Mar-2009 02:59 O07-Mar-2010 06:36 HR15

Table 2.2: Observing log of spectroscopic observations of Chamaeldaegion.
These observations were taken using the FLAMES/GIRAFFE insument.

Iters. Priority was given to the | band over the course of theobservations
to ensure that an extensive light curve could be achieved irt &ast one band.
Details of the timing and lters used are given in Table 2.3.

2.3 Taurus-Auriga and Orion

The second sample of stars used in this thesis is not as unifolas that in the
Chamaeleon | region. Most of the sample lie in the Taurus-Aiga region, while
three objects are from the Orion complex. The following is ahsrt description
of both regions and the observations.

The parental molecular cloud of Taurus-Auriga is highly suctured. Spread
over 30 pc and with a mass of 3x#M (Ungerechts & Thaddeus 1987), most
of the star formation in the region follows the laments in ths cloud. Kenyon
et al. (2008) report the young stellar and brown dwarf populson of this region
to be 380. At a distance of 140-145pc it is the closest region witmgoing
star formation of both massive and low mass stars.

The Orion complex is the nearest giant molecular cloud, hasg everything
from massive O stars ( 40M ) to the low mass end beyond the hydrogen
burning limit ( 0.08 M ). Orion's high galactic latitude means there is limited
foreground confusion, and large extinction in the cloudsnhits the background
confusion. This makes it a very attractive region to study str formation at all
ages, and across a very wide mass range. The full membershigdoion is not
yet known, it is likely that 5,000 - 20,000 stars have formedithe region in the
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Date Time Filter Date Time Filter Date Time  Filter
18 02:53:54 I 21 00:22:52 I 22 00:22:24 I
19 00:34:26 I 21 00:34:54 R 22 00:34:37 R
19 00:55:16 R 21 00:49:14 I 22 00:46:59 I
19 01:09:07 I 21 01:12:24 I 22 01:05:53 I
19 01:34:22 I 21 01:25:22 I 22 01:21:31 I
20 00:14:42 I 21 01:37:18 I 22 01:33:45 R
20 01:04:48 I 21 01:50:32 R 22 01:46:04 I
20 01:22:15 R 21  02:03:37 I 22 02:09:19 I
20 01:36:27 I 21 02:31:33 I 22 02:36:02 I
20 01:56:17 I 21 03:25:52 I 22 02:59:28 I
20 02:08:05 I 21 03:37:52 R 22 03:14:48 I
20 02:20:07 R 21 03:57:16 I 22 03:29:17 R
20 02:32:23 I 23 03:54:27 I
20 02:50:20 I 24  03:57:15 R
20 03:01:24 I 25 00:47:46 I
20 03:19:48 R 25 01:47:42 I
20 03:31:53 I
20 03:55:43 I

Table 2.3: Observing log of photometric observations in Chamaeleon aken
with the WFI instrument on the ESO-MPG 2.2m at La Silla. All observations
took place in April 2012. The time is given in UTC. Exposure tnes of | band
and R band images were 10 seconds.
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last 15 Myr (Bally 2008). The whole Orion complex lies at abdu 400 pc, and
is comprised of many di erent regions that formed at di eret ages.

One of the targets, BF Ori, is in the southern part of the Orioncomplex, in
the Lynds 1541 molecular cloud which makes up the bulk of CIdlA. It lies at
a distance of about 400 pc, with an age of 1-2 Myr.

Both CO Ori and GW Orilie inthe -Ori at a distance of 440 40 pc (Murdin
& Penston 1977). This region is centred on the star-Ori and is surrounded by a
ring of gas and dust. The low mass population is spread over@lt 16 pc radius
from -Ori. Star formation began in this region 6-8Myrs ago and has been
continuing since (Mathieu 2008).

Our targets were originally observed for a linear spectrogbarimetry study
(Vink et al. 2005) to probe the circumstellar structures arond Herbig Ae/Be
and T Tauri stars. The sample was chosen from Herbig & Bell (88), based on
their relative brightness (V. 11), and their position on the sky, but not on any
known circumstellar geometries, or T Tauri/Herbig Ae type.A general overview
of the targets is given in Table 2.4. Individual targets willbe discussed in more
detail in Chapt.4 and Appendix A. The observations where tagn in 2001 and
2003, and for the most part take the form of hour block observations of a
single target. This provided very dense sampling with only mutes separating
spectra. The majority of the targets were observed more thamce, and half the
sample was observed in both 2001 and 2003. See Table 2.3 foremetails on
the break down of the observations.

The following sections introduce the instruments and telespes used to ob-
tain the above described data, as well as the reduction stepsrformed on each
of the data sets.

2.4 Photometry with WFI

Monitoring of a star forming region with high cadence needsanstrument with
a large eld of view and one that is sensitive enough to allovof short exposures.
The Wide Field Imager (WFI) on the ESO-MPG 2.2 m ful Is these equirements,
and provided the monitoring needed in Chamaeleon to deriveotation rates.
In this section the instrument and telescope are rst desdoed, followed by an
introduction to CCDs and CCD reduction and nally the speci ¢ reduction steps
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Name Mag. SpT Ref. Type Date Exposures Total
[hrs]
RY Tau 101 K1 3 CTTS 26-12-01 4x120,12x180 4.0
10-12-03 8x120, 20x240
12-12-03 8x90, 12x180
13-12-03 8x120, 12x180
AB Aur 7.1 A0 3 27-12-01 20x30,16x30,16x30 1.83
10-12-03 12x90
11-12-03 20x60
12-12-03 20x60
13-12-03 4x120,12x90
T Tau 103 K1 3 CTTS 12-12-01 8x45,16x120 1.37
12-12-03 4x60, 18x150
SU Aur 9.0 G2 3 SU AUR 27-12-01 12x180 2.30
10-12-03 8x90,16x150
11-12-03 4x90,5x240
13-12-03 12x120
DR Tau 1143 K5 2,1 CTTS 27-12-01 16x180 1.87
12-12-03 4x60,20x180
RW Aur A 10.36 K1 2,7 CTTS 26-12-01 11x180 1.40
10-12-03 12x150
13-12-03 4x60,20x150
GW Ori 111 G5 3 CTTS 11-12-03 4x60,20x240 1.40
V773 Tau 1035 K2 4 CTTS 13-12-03 4x60,16x240 1.13
UXTauA 113 K2 3 WTTS  13-12-03 1x120,24x240 1.63
BP Tau 12.1 K7 3 CTTS 12-12-03 4x90 2.13
13-12-03 4x30,24x300
BF Ori 122 A0 3 HAe 27-12-01 16x180 0.80
LKha 215 108 B1 3 HAe 12-12-01 16x120 0.53
MWC 480 7.6 A3 5 HAe 26-12-01 16x75,16x30 1.03
27-12-01 16x45,8x45,16x60
CO Oiri 983 F8 6 SU AUR 27-12-01 8x120,8x180
24-12-01 8x12,8x180 1.09
Table 2.4: Target list and observing log for spectroscopic observatie in

Taurus-Auriga and Orion. Magnitudes are given in the V-band The T Tauri
type is taken from Herbig & Bell (1988), where a SU Aur type isigen as A
star like SU Aur: type late F to K, weak emission at H-alpha andCa Il, very
broad absorption lines (v sin i>50 km/s), and relatively high luminosity'. Ex-
posures are given as number of exposures times the exposumeetin seconds.
References: 1. Mora et al. (2001), 2: H g et al. (2000), 3: Ceh & Kuhi (1979),
4: Rydgren et al. (1976), 5: Jaschek et al. (1988), 6: Herbig Bell (1988), 7:
Basri & Bertout (1989).
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Figure 2.3: Image of the ESO-MPG 2.2 m telescope (silver dome in foregral)
at La Silla Observatory, Chile.

taken with the WFI Chamaeleon data set are presented.

The ESO-MPG 2.2 m telescope was built by the Max Planck Gessthaft, and
has been in operation at La Silla observatory since 1984. Tloptical design of
the telescope is Ritchey-Chretien, with a 2200 mm free apare and a Cassegrain
focus. WFI is mounted permanently on the Cassegrain focushéhas a eld of
view of 34'x34'. WFI contains a f/5.90 focal reducer by way ofwo triplets
of lenses to atten and reduce the intrinsic telescope scafeom 0.0351" per
15 m pixel to 0.238"/pix. The instrument contains a large rougly semi circular
rotating shutter, that allows exposures of less than 2 secd® It also contains
a lter wheel that can hold up to 46 lters, allowing WFI to cover wavelength
ranges from 350 nm- near-IR.

The detector is comprised of 4 x 2 mosaic of 2k x 4k CCDs (seet@et2.4.1 for
further explanation of CCD technology). On the eastern sidef the detector in
the same plane lies the tracker chip. Both lters used in thecsence observations
were circular in shape and cover both the science mosaic arkek ttracker chip.
The two lters were R./162 with a central wavelength of 6517.28, and Ic/lwp
with a central wavelength of 7838.28\.. The gaps between each chip in the mosaic
are of 98 2 pixels on the long side and 30 2 on the short side of each chip.
The surface of each chip is con ned to two planes within 80m from each other,
where the mean plane is aligned with the focus.

2.4.1 Introduction to CCDs

CCD or charge-coupled device is the modern detector used iptical astronomy.
CCDs are made up of arrays of capacitors. These capacitoreanainly made
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of silicon, which has a band gap energy of 1.41eV. When the CG®exposed,
photons that strike the CCD are easily absorbed if they are ahe right energy,
i.e. from 1.1 to 4eV (11,000 to 3,008). As the silicon absorbs a photon, it is
forced to give up a valence electron and move it into the condtion band. Here
the free electrons are trapped by an applied voltage called gate. A typical
CCD will have three gates per pixel. At the end of the exposuy¢he voltages of
the three gates in a pixel are manipulated so that all of the ettrons are in the
deepest potential well. Then the voltages across all the @bs are cycled through
so that one by one the charge moves from one pixel to the nexth@re remains
one unexposed column at the end, in which the charges colle€tom here each
charge that has collected in each pixel is ampli ed by an outg ampli er and
converted to a digital number. These digital numbers are ofh referred to as
ADUs (analogue-to-digital units). The number of electrongper ADU is called
the gain of the device.

If too many electrons are gathered in one pixel, it can lead tan over ow of
charge into neighbouring pixels. This is often called bloamg, and can lead to
bleeding of charge in both directions along the row away froithe overexposed
pixel. This can be countered by exposing for a shorter amouof time or by the
use of anti-blooming CCDs.

The dark current of a CCD is a result of thermally excited phatns within
the CCD. At high enough temperatures (room temperatures) ettrons can be
freed from the valence band and collect along with the sciem@lectrons. This
problem is tackled by cooling the CCD with, for instance, ligid nitrogen. It is
also important to keep the CCD at a stable temperature as theatk current is
highly temperature dependent.

Due to noise in the electronics, an unexposed pixel will hawedistribution
of readings around zero. In order to avoid negative numberand avoid reducing
the dynamical range of the CCD, a positive bias is applied tdne CCD. This zero
level and it's uncertainty can be estimated using a bias frae which is simply
an unexposed image of the CCD, which consists of the bias legéphotons only.

2.4.1.1 Basics of CCD reduction

Before any readout from the CCD can be used for science, a fewps need to
be taken into account to address some of the issues mentioradzbve.

The rst thing that is done to the science frames, is to subtret the zero level
o set, i.e. the bias frame. The quantum e ciency diers from pixel to pixel,
so in order to get a uniform response across the CCD a at eldeeds to be
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taken. This is normally achieved with the use of an illuminagd screen on the
inside of the telescope dome. This screen is brighter thandlscience image, and
so produces a calibration frame that has a high signal-noisatio. The early
evening sky is also often used in place of an illuminated sereas it provides a
more uniform image. Flat eld images need to be produced forvery Iter used.
The bias image is rst extracted from the at eld image and then the at eld
image is divided into the biased science images.

A dark frame can be obtained to estimate the dark current, byexposing'
the CCD with the shutter closed. The exposure time in this casshould be
approximately the same as for the science frames. In most eaghe dark current
does not need to be considered, if the CCD is cooled. Howevighe dark is non-
negligible it should be used in place of the bias.

No CCD is perfect, and all contain some dead pixels or hot pilee Before
carrying out the WFI observations, the archive CCD images we checked for
bad pixels. On nding that the eastern four CCDs had signi catly less dead
columns and pixels, the science targets were positionedmparily on these four
CCDs.

2.4.2 Reduction of WFI Photometry

The basic reduction steps of the WFI data were performed uginRAF. All the
steps below were followed for both the | and R band observatis separately.
Firstly the ts les are unpacked with mscsplit as the mosaic is delivered as a
single ts le. This also requires the header to be rewritterwith the command
esohdr(in the esow package). Then the standard bias frames and evening sky
ats were used along withzerocombine atcombine and imarith to produce the
science images.

The photometry was computed for the four eastern most chipssing the
IRAF package daophottaking the following steps:

The rst step was to choose an image in which to identify the tayets.
This image should not have the best seeing in the series, biet majority
of stars should be visible i.e. not the worst night of weather A list of
targets is then compiled usingdao nd.

This list was then manually cleaned for false detections due bad pixels
or cosmic rays.

As the tracking of WFI is not perfect, there were some small gets between
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Figure 2.4. Left: Standard deviation of magnitudes versus average matudes
for all objects for which I-band photometry was extracted orchip 7 of WFI.
Right: The same for the R-band photometry. In both cases theeference stars
are marked in colour. The black line shows a mean standard dation for each
magnitude bin (excluding outliers).

frames. The o sets were identi ed for half the chips using tk eclipse script
jitter , which was designed to be used for IR observations with ISAC&hd
SOFI, and for half the chips manually. Two of the chips contaied di use
emission, allowingjitter to register the frames. The resulting o sets were
then applied to each frame usingmshift. For the other two chips with no
di use emission, the target list was manually adjusted for &h frame.

Photometry was found using thephot function along with a range of aper-
tures. The output les for each frame were then edited to set¢ stellar IDs,
coordinates and magnitudes.

A suitable aperture size was selected by plotting the apente sizes and
the magnitudes measured in them. The aperture at which the ngaitude
turns over and stops rising was taken as the most suitable. TEhensures
that the aperture is large enough to contain all the ux whilelimiting the
contribution from the background. The same aperture was timeused for
the analysis on all the chips.

To derive the relative photometry a script in IDL was written following the
method of Scholz & Eise el (2004). In the following a “frane' refers to an
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Object RA DEC SpT. SED LAMP
Chipl

B43 11:09:47.4 -77:26:29.0 M3.25 I X
Chip2

T33 11:08:15.2 -77:33:53.1 G7 X
ChaH 2 11:07:42.5 -77:33:59.3 M5.25 I X
ChaH 6 11:08:39.5 -77:34:16.6 M5.75 I X
ISO 143 11:08:22.4 -77:30:27.7 M5 X
ChaH 1 11:07:16.7 -77:35:53.3 M7.75 |l X
Chip7

T31 11:08:01.5 -77:42:28.8 K8 [l X
CHXR 27  11:07:43.7 -77:39:41.2 MO I X
1ISO126 11:08:2.97 -77:38:425 M1.25 Il X
T30 11:07:58.1 -77:42:41.3 M2.5 X
CHXR 22E 11:07:13.3 -77:43:49.8 M3.5 X
Chip8

T45 11:09:58.7 -77:37:09.0 M1.25 II X

Table 2.5: Variable targets found during photometric monitoring campgign in
Chamaeleon I. Coordinates are for epoch J2000. Spectral §gpand SED classes
are taken from Luhman (2007) and Luhman et al. (2008). The taets which
were studied in the LAMP sample are indicated in the last colan.

observation frame. In total, the data set contains 35 I-bandrames and 11 R-
band frames. In most cases the numbers below refer to the Idzhimages.

First this script identied a number of stars that were deteded in the
majority of frames (i.e. 34 out of 35 frames for I-band). Thisvas done
to make sure all targets were well sampled, and to remove angmaining
false detections. The stars that are not well sampled werertiwn out.

The average magnitude1fy;) was found for each star

1 X
m = — mi(tj) (21)
Ne

wherej =1 Ng is the frame number, and =1 N is the star number.

The average magnitude of that star was then removed from its agnitude
in each individual frame to give a normalised magnituden{®)

me(y) = m(t) m (2.2)

The mean magnitude and standard deviation of magnitudes iraeh frame
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was calculated.
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The frame with the highest standard deviation was rejectedral the process
repeated. This is done until the standard deviations of allrhmes are
roughly the same.

The next step was to nd non-variable stars within the sampleto use
as reference stars, using only the "good' frames that passbd above test.
The di erence between the normalised magnitude of a star arttie average
magnitude in that frame was found for each star. If this valuevas larger
than the standard deviation in the frame, the star was conseted to vary
in that frame.

if jmd(t) ™ j thenvarj =1 (2.4)

This was repeated for all frames and stars. Any star for whickar; =

Px . :
var; was greater than 2 was not considered to be a reference stahig

j=1

left approximately 20 - 30 reference stars for each chip.

For each frame the average magnitude of the reference staraswdeter-
mined. (Including those frames rejected as being too varibabove).

ef

me(t) = m* (t;) (2.5)

N ref i=1

This average frame magnitude of the reference stars was th@moved from
the magnitude of each star in that frame.

me(t) = m) W (L) (2.6)

Finally the frame with the lowest standard deviation was cheen as the
reference o set for the magnitudes. The magnitude of eachastin this
frame was added to the relative magnitudes calculated above

m™e () = m" (1) + M(torrser ) (2.7)
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The standard deviation of the resulting magnitudes versushe average mag-
nitude for all stars on chip 7 of the WFI mosaic are shown in Fi@.4. These
plots show that the mean standard deviation within the sam@ is small (0.015
for I-band and 0.012 for R-band in Chip 7). As we do not expeche majority of
stars to show variations, the mean standard deviation is rectant of the errors
in the derived photometry. However there are variable starashich have large
standard deviation (See Table 2.5 for lists). For these stamwe investigate their
light curves further and attempt to nd periods in each of then (See Chapt.5
for more).

2.5 Spectroscopy

In order to get accurate measurements of the changes in theission line pro les
associated with accretion, high resolution spectroscopy needed. Spectroscopic
observations in Chamaeleon, Taurus-Auriga and Orion wereaken using two
di erent instruments, I1SIS on the William Herschel Telescpe and FLAMES on
the ESO-VLT. Here a brief general description of spectrogpas is given, followed
by a more detailed description of ISIS and FLAMES and the rediion steps
taken on each data set.

Spectrographs are designed to split light into wavelengthifs the size of
which are dependent on the instrument and the instrumentalet-up. Most spec-
trographs begin with a slit entrance, which is used to focushé light entering
from the telescope, to reduce the amount of stray light enterg and to set the
spectral resolution. The thinner the entrance slit is the lgher the spectral resolu-
tion will be i.e. the narrower the wavelength bins. However aarrower entrance
slit also results in less counts per wavelength bin, so if thebserving target is
dim this needs to be taken into consideration. After passintdprough the slit, the
light is dispersed by a grating, a prism or a combination of & two (a grism).
Further optics are then necessary to focus the light on the QT It is considered
preferable to align the emergent spectra with either the cetnns or rows of the
CDD. Within the spectrograph there is also a light source to qvide at elds
and wavelength calibration.

The rst steps of CCD reduction for spectroscopy take the saenform as
those discussed above i.e. bias, at eld and darks (see Se2i4.1). These
steps then produce an image of the 1-dimensional spectrum tre surface of
the CCD. This spectrum then needs to be extracted from the ingee. Due to
aws and imperfections in the optics of these spectrograplthe light will not
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fall perfectly on a single column of pixels in the CCD. The sg&um will have
some curvature and spread which can be due to a number of reasooptic
imperfections, misalignment in the spectrograph or di ematial refraction of the
spectral light by the atmosphere. This makes it necessary sum the light across
a number of pixels along the slit axis, and trace the the pathfdhe light along
the dispersion axis.

In slit spectroscopy, the sky background contribution to tle resultant spec-
trum can also be estimated by measuring the counts either sidf the traced
path and subtracting the mean. This is not the case with bre pectroscopy (see
Sect.2.5.4).

251 ISIS @ WHT

The Intermediate dispersion Spectrograph and Imaging Syst (ISIS) is mounted
on the Cassegrain focus of the 4.2m William Herschel Telepeoon La Palma,
Canary Islands.

ISIS comprises of two standard spectrographs built in a haontal layout,
where the upper arm is optimised to operate in the wavelengthange 3000 -
6000A, and hence is called the blue arm. The lower red arm, is optised to
operate in the range 5000-1000Q A dichroic allows for observations in both
arms simultaneously or individually.

The light from the entrance slit (4' slit length and 22" slit width) is fed, via
a 45 mirror or prism in the optical path of the telescope, into thecollimators
in each of the spectrographs. Above these components lie {haarimetry optics
which are composed of: a quarter wave plate which convertsidarly polarised
light to circular, a half wave plate which rotates the polarsed light to a specic
angle, a Savart plate which splits the light beam into two ohogonally polarised
beams and a polaroid lter.

The CCD for the red arm, which was used for the observations this thesis,
has 4096 x 2048 pixels. ISIS has nine gratings in all, four fdre red arm and
ve for the blue arm. In the case of these observations, a sileggrating was used
R1200R, along with a slit width of 1.0 arcsec. This grating leaa spectral range
of 1000A centred on 6500, with a spectral resolution of' 35kms ! around
H . During the observations the rotating quarter-wave plate ad a calcite block
where in place, which split the light into two incoming beams
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2.5.2 ISIS Reduction

The standard reduction steps were taken to reduce the ISIS @ausing IRAF
routines. To bias and at eld the images zerocombineand imarith where used.
The apall routine was used to extract the spectra. In this case there veetwo
apertures per image, as the incoming beam was split into twe@hams of oppositely
polarized light. The windows for the sky estimation had to bearefully chosen,
as the two resulting spectra lie very close on the CCD (10 pixels apart). To
perform the wavelength calibrationidentify was used on the nearest (in time) arc
spectrum to the science observations, and the wavelengthligmon was applied
using dispcor. The two apertures were then separated usingcopy Before per-
forming any science, the two extracted spectra were addedycathe continuum
normalised. The measurements, analysis and results fromese spectra are given
in Chapt. 5.

2.5.3 FLAMES @ VLT

The Very Large Telescope (VLT) is composed of four 8 m Unit Tescopes (UTs)
that can be used separately or combined. The Fibre Large AyaMulti Ele-
ment Spectrograph (FLAMES) is a multi-object spectrographmounted on the
Nasmyth foscus of UT2.

FLAMES has a large a eld of view (25arcmin) and is composed dlfiree
main parts: a bre positioner consisting of two plates, a madm-high resolu-
tion spectrograph GIRAFFE, and a link to the high resolution spectrograph
UVES. The two spectrographs GIRAFFE and UVES are bre fed anccan used
simultaneously. For the observations in this thesis GIRAFE was used. It con-
tains a 2kx4k CCD with a scale of 0.19 arcsec/pixel. It can besed in three
bre modes: MEDUSA and two IFU modes called ARGUS and IFU. Fothis
work the MEDUSA mode was used, allowing the observation of ug 130 ob-
jects simultaneously. GIRAFFE is a medium to high resolutin spectrograph
R =7500-45000 and covers the entire visible range from 37@500A. It con-
tains two grisms, high and medium resolution. Order sortingters are used to
select the relevant spectral range for the observations.

FLAMES has two bre positioner plates, allowing observatiaos with one while
the bres on the other plate are being positioned for the nexbbservation. Each
of these plates hosts 132 MEDUSA bres, where each bre has aperture on
the sky of 1.2arcsecs. These bres are then fed to one of twd siits, one for
each plate. The slits are split into sub-slits of two types: )leight sub-slits hosting
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Figure 2.5: Schematic of VLT unit telescope with Nasmyth and Cassegrain
focus indicated. Credit: ESO

9 bres and 2) ve sub-slits hosting 13 bres, one of which isdr simultaneous
wavelength calibration. After this slit unit the light passes into GIRAFFE and
through the order sorting Iters to a collimator, dispersedby the grism (high or
low) and through another collimator before landing on the CO.

Two high-resolution GIRAFFE grisms were used in these obsattions, R15N
and HR21, with a wavelength coverage of 6470-67A0and 8480-900@ re-
spectively (See Table 2.2). These settings were selecteddnese they cover the
accretion-related emission lines H Hel, and the Ca infrared triplet. The nom-
inal resolution for these grisms is in the range @@ 16000 - 17000. For each
epoch and setting a long exposure (800s for HR21 and 1000 sHi&t15N) was
obtained and in addition a short exposure (305s) in case of saation. As satu-
ration was not an issue even for the brightest objects the sticexposures were
only used for consistency checks.

2.5.4 FLAMES reduction

The FLAMES analysis was based on the fully processed scierfcames as pro-
vided by the ESO-GIRAFFE pipeline (SRBS' les). The pipelne reduction in-

cludes bias correction, extraction, at elding, transmission correction and wave-
length calibration. The spectral response is not correctetbecause no standard
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Figure 2.6: FLAMES observations in Chal. A spatially averaged spectrum
of the sky background H emission, and a single epoch spectrum from a non-
accretor in the sample, CHXR74, which is o set by 1 for clarit

stars were observed, i.e. absolute ux measurements are rfeasible with this
data set. In the standard pipeline reduction, sky subtractin and scattered light
subtraction does not take place.

Spectra taken in molecular cloud regions are a ected by ersisn line ux
from the nebular background (e.g. Sicilia-Aguilar et al. 206). For bre spectro-
graphs this can be problematic. The light collected in the be is a combination
of both sky and target, and cannot be separated. So a measuramhof the back-
ground close to the target is usually not feasible as it is fahe slit spectrometers.
To be able to assess the background contamination, a numbdraalditional bres
were placed on empty sky across the eld (35 and 58 sky bresrfthe rst and
second observation periods). Fig.2.6 shows an averagedctpan from eight sky
bres, with a single epoch spectrum from an object in the sanip, CHXR74.
Here we see that the amount the sky emission contributes togH ux is small
(here CHXR74 has a H equivalent width  8.6A).

Two di erent methods were used to remove the sky backgroundatinuum
levels from the object spectra. For the majority of objectsa spatially averaged
sky continuum value was derived for each epoch, and was reradvfrom their
spectra. To increase the spatial resolution and the relidhy of our background
subtraction, in addition to the sky bres, 18 target spectrawere used that showed
no continuum emission above the sky background. This methagas found to be
insu cient for four objects' shorter wavelength spectra (€70-679), and so a
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further step in the sky subtraction was taken. When a range afky continuum
values from across the eld of view was removed from these ebis, it was found
that their H equivalent width (EW) measurements for a single epoch vade
by 20-50A (which resulted in an order of magnitude change in the caltated
accretion rate). For these four objects (1ISO143, Chal2, ChaH 6 and B43)
3-4 nearest neighbour bres were used to estimate the locdtysbackground
continuum. Again by varying this local sky continuum value \ithin the range
given by the neighbouring sky bres, the EW measurements werfound to stay
stable for ISO143 and ChaH6. However objects B43 and ChaH still showed
very large variations in EW. For these objects the EW measumgents cannot
be trusted, so in the following chapter only measurements bed on the H line
width are given.

A number of spectra were e ected by cosmic rays. These weraemaved using
a sigma-clipping script that was written in MIDAS. The cosmic rays appear in
the spectra as large, sharp jumps in the counts. By removingnga pixels that are
5-sigma above the average continuum around them the cosmays are cleaned
from the spectra. These pixels are then set to zero so that thevould not be
included in any further analysis.

The three data sets discussed here, photometric monitorirfigppm WFI and
spectroscopy from ISIS and FLAMES together cover many di emt time-scales,
from minutes, hours, days, weeks, months and years. They repent a powerful
tool to probe the accretion in these young stellar objects. he following three
chapters present the analysis and results from these datatseand discuss the
implications for the magnetospheric accretion model.



The Long-termA ccretionM onitoring
Program: LAMP

3.1 About this Chapter

The majority of accretion rate monitoring programs focus omndividual targets
known for their variability. There are very few unbiased stdies. The LAMP
project was designed to investigate the extent and characistics of accretion-
related variability in YSOs in an unbiased sample of objectsnot chosen for
their variability. In total 25 low-mass YSOs were observedni the Chamaeleon
| star forming region (age 2 Myr) using the multi-object bre spectrograph
FLAMES at the ESO/VLT. For each target, 12 epochs were obtaied, covering
time-scales from 1 week to 15 months. The observations and reduction have
been discussed in Chapt. 2. Rather than focusing on individlly selected targets,
the main goal was to constrain long-term accretion variabty for typical YSOs.
Three accretion-related emission lines (H6563A, Hel 6678A, Call 8662A)
were used to investigate possible accretion within thesestgms. In this chapter
the analysis of the data will be presented in Sect.3.2. Theigin of the H and
Call emission and the derivation of the accretion rates fronthis emission are
given in Sect. 3.4 and 3.5. The measurements of accretioneafariations and the

49
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time-scales over which they occur are then presented and dissed in Sect. 3.7.

3.2 Emission Lines

The two high-resolution GIRAFFE grisms used in this data set(R15N and

HR21) cover a narrow wavelength range of 6470-67A0and 8480 -900@ re-

spectively. The most prominent emission line within this weelength range is
the is H (6562.81A) and is present in almost all targets within sample. In
addition, both the Hel (6678.2A) and Call triplet emission lines (8498, 8542,
8662.1A) are covered and are present in the spectra of a few objects.

3.21 H emission

Fig.3.1, 3.2 and 3.3 show average line pro les for a selectiof objects in the
sample. Based on the shape of the Hpro les, the objects clearly fall in two
groups. Ten of them show strong, broad Hemission (see Fig. 3.1 and 3.2), often
asymmetric and accompanied by absorption features. In thisase 7 out of 10
show obvious absorption superimposed on the emission lisehave blue-shifted
and 1 has red-shifted absorption. Most of the remaining 15 @zts have weak,
symmetric H emission as seen in the two upper panels of Fig.3.3. A small
subgroup of these objects, show broad wings in their Hproles (See lower
panels of Fig. 3.3).

Under each average prole in Fig.3.1, 3.2 and 3.3 the normséid variance
pro le is plotted in blue. This can be used to assess the vabdity as a function
of wavelength. The variance at a certain wavelength is giveby:

1 X
n 1.

?()= (i 1) (3.1)
wherel ; isthe ux at wavelength for spectrum numberi, | is the average ux
at that wavelength andn is the total number of spectra for a given object (Johns
& Basri 1995a). The normalised variance is then given byz ( )= 2( )=l .
The horizontal navy dashed line in these plots indicates theero variability

level, which is given by p_!
2

A= o - 32)

where ., is the normalised variance in the continuum (Scholz & Jayawdhana
2006; Stelzer et al. 2007).
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The variance proles in Fig.3.1 and 3.2 reveal that the varikility is not
uniform across the line prole. Seven of these objects showutiple peaks of
enhanced variations. (Two objects B43 and ChaH2 are shown without variance
pro les, as they have weak continuum emission compared todhsky background
emission).

In all spectra the H equivalent widths (EW) and 10% widths (10%w) were
measured. The 10%w is simply the full width of the emissionnie at 10% of the
peak height, and is measured in km$g. The equivalent width of a line is given

by
F. F

Fe
whereF. is the continuum ux and F is the monochromatic ux and the units
of EW are A. Three di erent integration window sizes were used, depemg on
the emission line width (25, 15 or 7.%). The continuum was found by averaging
measurements from two 168 windows either side of the integration window.
To determine the 10%w of the H line, the same continuum was used to nd
the peak height above the continuum. Given in Table 3.1 are ¢haverage and
the spread in EW and 10%w for all objects as well as the windowzss and an
estimate of the measurement errors. A brief explanation oblw the measurement
errors where estimated is given in Sect. 3.3.

Due to the low signal to noise ratio in some spectra, a numbef the 10%w
measurements are considered to be upper limits. In these eagshe H wings
are not clearly distinguishable from the continuum due to th noise. This does
not a ect the EW measurements in the same way, as the full lines integrated
over to calculate the EW. For the objects with more measuremés than upper
limits, the measurements only are taken in calculating theverage 10%w given
in Table 3.1.

As previously mentioned in Chapt. 2, when the sky subtractiowas preformed
for two objects (ChaH 2 and B43) it was found that they have no discernible
continuum above the sky background. For this reason no EW vas are given
for these targets, and only 10%w measurements which are noeeted by low
continuum counts are quoted.

Plotted in Fig. 3.4 is the average 10%w against EW for all 23 Weneasured
objects, one panel for each of the two observing periods. @Oy#otted on these
two panels is the often adopted cut o between CTTS and WTTS, a EW of
10A and a 10%w of 270kms! (White & Basri 2003). Barrado y Navascles
& Martn (2003) have introduced a more precise CTTS/WTTS division based

EW =

(3.3)
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Figure 3.1: Average pro les of H emission for 6 of the 10 objects with strongest
H emission (see Sect.3.2.1). The name of the object is giveneach frame.
Vertical lines mark the central wavelength for H emission (6562.84). The blue
region in each plot shows the variance pro le. The horizontanavy dashed line
is the zero variability level. Only variations above this lne can be considered
signi cant, these are shaded in blue.
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SpT SED EW EW Er. 10% 10% Er. Win

Object A kms ! (A)
CHXR28 K6 1l 06 08  (0.1) <194 - (36) 7.5
CHXR20 K6 I 03* 07 (01) <255 - (24) 75
T22 M3 Il 3.0 1.3  (0.1) 419 384  (29) 15
1SO143 M5 Il 138.2* 172.2 (13.6) 395 66 (5) 25
T33A G7 I 259 197 (0.4) 433 158 (1) 15

T39A M2 Il 53 42  (0.1) 197 86 (3) 15
ChaH 2 M5.25 Il - - - 349 74 6) 25

B43 M3.25 Il - - - 398 * 68 (5) 25
T45 M1.25 I 1044 648 (1.3) 506 69 (1) 25
ChaH 6 M5.75 Il 817 557 (3.8) 350 118 (6) 25
1SO126 M1.25 Il 79.9 721 (40) 386 68 (1) 25
ChaH 8 M5.75 Il 6.7 9.1  (1.3) 170+ 108  (24) 15
ChaH 5 M55 Il 7.3* 45  (1.4) 168 116 (12) 15
ESOHa566 M5.75 Il 7.5¢ 31  (1.6) 158* 75 (3) 15
T30 M25 Il 590 539 (22) 561 213 (1) 25
T34 M3.75 Il 3.0 26  (0.2) 194+ 78 (11) 15
ChaH 3 M55 Il 6.9 106 (0.5) 222 146  (12) 15
T26 G2 Il 207 7.6 (0.2) 430 90 (1) 25
ESOHa560 M4.5 1l 102 80  (0.7) 526 179 (7) 15
LMO4 429 M5.75 Il 11.7* 112 (1.6) <618 - (23) 25
CHXR22E M35 Il 95 81  (0.7) 412* 357 (37) 25
CHXR21 M3 Il 9.1* 75  (0.2) 425+ 211 (4 25
T31 K8 Il 689 367 (04) 470 214 (1) 25
CHXR76 M4.25 1l 126 6.4  (1.3) 153 58 (2) 15
CHXR74 M4.25 1l 8.6 35  (0.4) 174 74 1) 15

Table 3.1: Data for observed sample. Spectral types from Luhman (20Q7)
SED classes from Luhman et al. (2008). EW and 10%w measureitsehsted
are the averages from all 12 epochs. ( In these cases the mean is not based
on 12 measurements. See Tables 3.8 and 3.9). Th&EW and 10%w are the
max - min measurements for the 12 epochs, unless otherwisdigated. Win

is the integration Window over which the EW and 10%w are caldated. Error
estimates are given for EW and 10%w measurements (See Se@t.fdr more).
Note: Sky subtraction was not possible for B43 or Chat2 so measurements are
not given (See Chapt. 2, Sect. 2.5.4).
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Figure 3.4: Average H 10%w versus H EW for the rst and second obser-
vation periods on the upper and lower panel respectively. Ehhorizontal line is
at 270 kms ! and the vertical line is at 10A, which are the standard limits to
di erentiate between WTTS and CTTS. The spread (max - min) in measure-
ments for objects with the broadest H pro les are indicated by the over-plotted
horizontal and vertical bars (shown in blue). The arrows poting down indi-
cate upper limits in 10%w. The green ringed objects have we#&kit broad H
emission and are discussed in Sect.3.4.1.
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objects marked with (cyan) diamonds are Class Il YSOs accang) to Luhman
et al. (2008).



3.2. Emission Lines 58

on spectral type: for K6 stars it is 5.A, for M1 stars it is 10.1A and for M6
objects 24.1A. The mean spectral type in the sample is M1, making the 1® a
reasonable value to take, as the three K and two G type stars ithe sample,
either have very high EW or an EW well below the cut o for their spectral
type.

Eight objects stand out with EW > 20A and 10%w> 350kms?! (two ob-
jects, B43 and ChaH 2 have 10%w> 270kms?! but no EW measurements).
They appear in the upper right quadrant and coincide with theobjects found
to have highly variable, mostly asymmetric line pro les (se above). De ning
the spread as the maximum - minimum value measured during omdservation
season, the spread in H EW and 10%w measurements are indicated by the
over-plotted horizontal and vertical bars. Although varidility is clearly present,
the objects in the right upper quadrant have continuous stneg H emission
over both observation periods and remain a separate groupbfects with 10%w
< 270kms ! also show some variations but are not shown in the plot for cigy.

The subgroup of objects mentioned above with weak Hemission but broad
wings, are ringed in Fig. 3.4, with EW& 20A and 10%w> 270kms?!. These
objects show signi cant variability over the course of the bservations; in two
cases their 10%w fall below 270km§ in some epochs.

It is worth noting that the changes in EW and 10%w both show eatic be-
haviour, with no recognisable pattern across the time pernbof observations.
However it is possible that the temporal resolution of the aervations was not
high enough to resolve any periodic or quasi-periodic vatians in these quanti-
ties.

3.2.2 Other emission lines

In the spectra for which Hel (6678.2) and Call (8662.1A) emission lines were
detected, the EW of these lines were measured. For the He Idia 6A integration
window was used and the average of two POwindows on either side of the
integration window was taken to measure the continuum. For €11 an integration
window of either 12A or 20A is used depending on the line strength. To estimate
the continuum, the average of three di erent continuum measgements is taken,
two 10A windows centred at 8605 and 85848 and a 20A window centred at
8670A. Table 3.2 and 3.3 shows the EW measurements for both lineSstimates
of the measurement errors for both lines are also given in Tlab3.2 and 3.3. (See
Sect. 3.3 for an explanation of how these were derived).

In the upper panel of Fig. 3.5, the objects with Call or Hel enssion are
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Call Emission

Object Obs.1EW CaEW Obs. 2EW EW Error

[A] [Al
1SO143 4.6 5.0 3.2 3.5 (0.30)
T33A 2.0* 2.5 - (0.07)
ChaH 2 - - - -
B43 12.4 15.8 19.3 7.0 (0.90)
T45 21.6 24.7 19.8 16.3 (0.05)
ChaH 6 - - - -
1ISO126 6.2 5.6 6.7 4.3 (0.10)
T30 114 17.1 7.4 12.4 (0.10)
T26 - - - - -
T31 3.3 6.2 7.4 8.4 (0.01)

Table 3.2: Emission line measurements for objects with Ca emission iheir
spectra. EW measurements listed are the averages from eadtservation period,

EW is the max - min measurement in an observation period. Estate of
measurement errors are given in parentheses. ( Call in emission in only four
epochs for this object.)

He | Emission
Obs.1 EW Obs.2 EW Error

[Al [A]
ISO143 7.7 100  (3.00)
T33A - - -
ChaH 2 - - -
B43 X - -
T45 1.2 1.1 (0.05)
ChaH 6 1.4 1.3 (0.20)
1ISO126 - - -
T30 1.7 1.5 (0.20)
T26 - - -
T31 0.6 1.0 (0.06)

Table 3.3: Emission line measurements for objects with He in their spiea.
EW measurements listed are the averages from each obsematperiod, EW is
the max - min measurement in an observation period. Estimateof measurement
errors are given in parentheses. (X : Hel present in spectriayt no continuum
for measurements.)
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marked with squares and triangles respectively. It clearlghows that these emis-
sion lines are found along with strong and variable H emission. Calcium ab-
sorption increases in earlier types, correspondingly, theo earliest type stars in

the sample, T33A and T26, show Call in absorption. (For four gochs in the

rst observation period T33A does show weak Call emission)ndividual epoch

Call EW measurements for the accretors are given in Table 1 The average
Call pro les for all 10 accretors are given in Fig. 3.6 and 3.7Fig. 3.8 shows the
average Hel pro les for the ve objects that show Hel emissioand one which
does not.

3.3 Error Estimation

In order to get an estimate of the measurement errors of the émsion lines
both the sky removal and emission line measurement parametewere varied.
Speci cally the parameters used were (i) three di erent skgontinuum estimates,
the spatially averaged sky continuum and the average sky domuum  standard
deviation (i) ve dierent window sizes around the chosen vindow size given
within the text, and (iii) ve di erent window positions aro und the line centre.
The ranges in parameters were chosen to allow for reasonableasurements of
the emission line, while still di ering from the correct paameters. These three
sets of parameters were separately varied for each measueebhof the H , Call
and Hel emission lines.

The mean di erence in the correct line measurement and the pgarbed line
measurement was found for each of the three parameter vai@ts. After these
mean di erences were added in quadrature, the square rootthle sum was taken
to get an estimate of the total error in each line measuremeirfsee Tables 3.1,
3.2 and 3.3).

These total error estimates were then carried through to thaccretion rate
estimates, giving the error estimates in Table 3.5.

3.4 Origin of Emission

3.4.1 Accretion

Based on the emission lines in the spectra, the sample showslear division
into two groups (see Sect.3.2). In this section it is arguechat 10 objects in
the sample are accreting from a disc for the following reasain(i) Strength and
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width of H emission lines (ii) Shape of H pro les (iii) Presence of Calcium
and Helium and (iv) Presence of circumstellar discs in the swle.

1. H 10%w versus EW: Eight objects show H emission with average EW
> 20A and 10%w> 340kms? (see Fig.3.4) (Two further objects, B43
and ChaH 2, which are classi ed as accretors have strong Hemission
with 10%w > 340kms !, but do not have a continuum for measurement of
the H EW). In the case of accretion, the line velocities should c@spond
to the typical velocities in an accretion ow. Taking the mas range in the
sample to be around 0.M -1M | free fall velocities should be in the region
of s 160 - 300 km s, which would correspond to a range in 10%w &f320 -
600kms 1. The apparent free-fall velocities will be smaller than thd range
in most cases due to the inclination of the stellar system witrespect to us.
For example taking an inclination of 45 this 10%w range becomes 225 -
425 kms!. The line widths for the 10 accretors are consistent with thee
ranges (see Fig.3.4 and Table 3.1). In contrast, the rotatal velocities
of M-type stars in Cha-l have on averagesini s 11kms ! (Nguyen et al.
2009a), which cannot account for the broadening that is obsed .

2. Shape of the H proles: The accretors' H pro les are almost all asym-
metric, often with more than one peak and an overlying absotipn feature
(see Fig.3.1 and 3.2). Therefore the emission is likely toiginate from a
structured ow. One possible explanation of the asymmetrysi absorption
by stellar wind or material in the inner disc (Edwards et al. 994; Hartmann
et al. 1994).

3. H Variability: The accretors show distinctively di erent variations across
the emission line compared to the non-accretors. The varie@ pro les seen
in Fig. 3.1 show multiple peaks of variations across the ersisn line and
are much stronger than those of the non-accretors (see Fig3B

4. Presence of Calcium and Helium emission: Strong emissairthese lines is
thought to originate in the infall region of a magnetospheréJayawardhana
et al. 2003; Muzerolle et al. 1998b). As seen in the top pandlfig. 3.5 and
from Tables 3.3 and 3.2, 8 out of 10 of the accretors show sigofseither
Hel or Call emission. None of the non-accretors show the pesse of Call
or He l. Both of these emission lines can be produced in the ommospheres
of active M-type objects, however it is either at low levelsampared with
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Figure 3.9: Colour plot for the sample based on Spitzer photometry fromuh-
man et al. (2008). Here the accreting objects are indicatedtv a red box. Four
objects are not shown as not all of the 4 IRAC magnitudes werevalable for
them (T26, T33A, ESOHa560 and CHXR21).

the accretors or in transitory are events (Gizis et al. 2002Jayawardhana
et al. 2006; Montes et al. 1998).

5. Discs: The lower panel of Fig. 3.5 shows a plot of 10%w vessEW of the
H emission in the sample, where the objects with discs are matkwith a
diamond. This is based on the SED classi cation by Luhman etla(2008)
from Spitzer photometry (see Fig.3.9). All of the objects irthe sample
are either Class Il, which are considered to have inner disax Class Il
objects. All 10 accretors are Class Il objects.

The above arguments strongly suggest that these 10 objecteactively ac-
creting. This accretion is further discussed in Sect. 3.5 dr8.7. The 15 remaining
objects are de ned as non-accretors (further discussed bei). There is a possi-
bility that some are weakly accreting objects that fall belar the detection limits.
However, the distinctive dierence in H emission between the accretors and
non-accretors is strong evidence that they are two separapopulations, with
di erent physical processes determining the H emission.

There are four objects that do show H EW of 10A and have large H
wings (these are ringed in Fig. 3.4). Apart from these broadings, they do not
share the other characteristics with the accretors. Most rtably, only one object
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has any evidence of having a disc and none have Call or He | inisgion. The H
emission pro les are quite di erent to the accretors, they g centrally peaked and
show with no overlying absorption or other structures withm the pro le. Their

H EWs are also below the cut-o s for accretors (Barrado y Navases & Martn
2003), and they do not show the same amplitude of variations EW (4.8 A on
average) as seen in the accretors (8§. This can also be seen by comparing the
variance pro les of the non-accretors, Fig. 3.3, with the sength of those of the
accretors, Fig.3.1. The origin of this emission remains ulear.

3.4.2 Magnetic Activity

The 15 non-accretors in the sample all show an average W of . 13A, which
is consistent with chromospheric emission from young M-tgpstars caused by
magnetic activity (Scholz et al. 2007). They mostly show naow, symmetric H
pro les (see Fig. 3.3), which is expected for chromospheranission.

3.5 Accretion Rate Estimates

The Call EW (at 8662.1A), H 10%w and the H EW were used to estimate
mass accretion rates. The Hel emission was not further examed due to the
fact that the line was very weak and noisy or else not observed all.

1. Call: To derive M. from the Call EW, the method of Mohanty et al. (2005)
was followed. Firstly, the underlying continuum ux is detemined around
the Call emission line from the AMES-Dusty synthetic spect by Allard
et al. (2001), which are available for a range of e ective teperatures,
gravities and metallicities. The appropriate model spectm is selected
using the e ective temperature from Luhman (2007). In eachase the
lowest logg available was used, which for I < 3100K was logy = 3.5, T¢
< 4000K was logg=4 and T, > 4000K was logy = 5. Considering a small
range of logy values will not adversely a ect the results as the continuum
ux is only negligibly dependent on logy, and primarily determined by
T (Mohanty et al. 2005). The average continuum ux (Fon) Was then
computed from the model over the range 8600 - 8780

The Calcium ux F ¢ (per unit area on the stellar surface [ergs setcm ?])
was calculated from the EW, using the following equation:

Fcat =Fcont (1471 cany) EWecai (3.4)
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wherer cany IS @ measure of excess continuum emission produced by the
accretion shock relative to the photospheric emission, and given by

Il can = FFCT(()) Following Mohanty et al. (2005), it is assumed that

I (can 0, which is a reasonable approximation for the red part of the
spectrum and at low accretion rates. If this is not the casena r cay Is
not close to zero, the accretion rates will have been undetiesated. (See

Sect. 3.6 for a test of this statement).

Using accretion rates derived from UV veiling measuremenend detailed
modeling of the H proles in a sample with a mass range of 0.02M
to 2M ), Mohanty et al. (2005) found the following relation betwee
accretion rates and Call uxes.

log(M.) =1:06 log(Fcay) 1540 (3.5

where the units of M. are M yr 1. (Note Herczeg & Hillenbrand (2008)
found a very similar relationlog(M-) = 1:03 log(Fcan) 152).

2. H 10%w: Using veiling measurements for calibration purposesid H
line modeling from a few di erent studies with a sample massange of
0.04M to 0.8M , Natta et al. (2004) found that the 10%w of the H
emission line correlates with the mass accretion rate:

logM)=A+B (H 10% width) (3.6)

where A= 1289 0:03 and B = 0:0097 0:0007. Units ofM areM yr 1.
The spread in the coe cients is not propagated through the claulations,
as it is the variations that are relevant in this case ratherttan the absolute
accretion rate.

3. H EW: To estimate the accretion rate using the H EW, rstly the the
H EW is converted to a ux per unit area on the stellar surface [gs
sec 'cm ?]. As with Call and following Eq. 3.4, the AMES-Dusty models
are used to compute the continuum ux in the range 6554 -6572 Note
that the AMES-Dusty models do not go to high enough temperates to
cover the T of two objects T26 and T33A. In these two cases the Kurucz
(1993) atmosphere models are used to convert the HEW to a ux. Veiling
is not taken into account (see Appendix 3.6 for further detés). Using
the published stellar luminosities and e ective temperattes from Luhman
(2007) stellar radii (R ) are determined for each accretor. The H uxes
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are then converted to luminosities by multiplying by 4R 2.

By tting models to accretion continuum emission to objectsn the range
0:02M . M. 1M , Herczeg & Hillenbrand (2008) derived a series of re-
lations between accretion luminosity and the luminosity oertain emission
lines associated with accretion. They derived the followgnrelation for H :

log(Lacc) =A+B  log(Ln ) (3.7)

where A=2.0 04 and B =1:20 0:11. Ly ;Lgc are in units of L .
This equation is used to to determine accretion luminositeebut again, the
spread in the coe cients are not taken into account. Assumig that all the
gravitational energy from the accretion is converted intouminosity, the
accretion luminosity is related to the accretion rate as fws (Herczeg &

Hillenbrand 2008):
R ' L.R
M= 1 —
Rin GM
Here R is the stellar radius, R, is the infall radius andM is the stellar
mass. Following Herczeg & Hillenbrand (2008), the approxiation of (1

&) ' L25is taken, assumin®;, 5R (Gullbring et al. 1998).

(3.8)

To get an estimate of the stellar mass, the published e ectestemperatures
of the targets (Luhman 2007) were compared with a 2 Myr isocbne from
the BCAH98 evolutionary models by Barae et al. (1998). Two bjects
in the sample have temperatures that are higher than those wered by
the Barae models (T26 and T33A); for these objects there mass are
estimated to beM  2.5M based on the D'Antona & Mazzitelli (1997)
isochrones. The Bara e et al. (1998) models have been founal $ystemat-
ically overestimate masses compared to the D'Antona & Mazeili (1997)

models (Muzerolle et al. 2003). Therefore the HEW derived accretion
rates of T26 and T33A are underestimated compared to those e other
accretors. This means that although these accretion rategeanot fully

comparable, the relative spread in accretion rates are.

The time-averaged accretion rates and the spread (max - mim) accretion
rates for all three diagnostic are given in Tables 3.5 and 3.6The parameters
such asF.ont, M and R that were used in the derivation of these accretion rates
are given in Table 3.4.
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ObJeCt FCOI’]I (H ) FCOI’\t (Ca) M R

M1 [R]
1SO143 1.369 3.600 0.175 1.02
T33A 58.89 - 25 177
ChaH 2 - - 0.15 1.17
B43 - 5.731 0.35 1.38
T45 4.383 8.073 0.75 2.29
ChaH 6 0.879 2.797 0.11 0.87
1ISO126 4.383 8.073 0.75 1.43
T30 3.055 6.467 0.50 1.07
T26 70.16 - 25 3.39
T31 10.295 11.567 115 3.71

Table 3.4: Parameters used in the derivation of accretion rates. Flugeare in
units of [ergs sectcm 2A x1CP. ( : Estimates from Kurucz (1993) models.)

Log(M) Ca EW Log(M) H EW Log(M) H 10%w
Av. [Sprd] Er. Av. [Sprd] Er. Av. [Sprd] Er.

1SO143 -8.97 [0.67] (0.07) -8.82 [0.29] (0.10) -9.06 [0.640.10)
T33A - - -8.09 [0.42] (0.01) -8.68 [1.53] (0.01)
ChaH 2 - - - - -9.54 [0.68] (0.12)
B43 -8.39 [1.04] (0.09) - - -9.02 [0.70] (0.09)
T45 -7.85 [0.68] (0.003) -7.82 [0.34] (0.01) -7.98 [0.66] .0
ChaH 6 <-9.16 (0.08) -9.37 [0.40] (0.05) -9.49 [1.14] (0.12)
1ISO126 -8.39 [0.73] (0.04) -8.65 [0.46] (0.06) -9.14 [0.660.01)
T30 -8.39 [1.11] (0.03) -9.24 [0.59] (0.04) -7.45 [2.07] O@)
T26 - - -7.16 [0.19] (0.01) -8.71 [0.88] (0.01)
T31 -8.20 [0.76] (0.03) -7.06 [0.27] (0.01) -8.32 [2.08] OD.
Av. Spread [0.83] [0.37] [1.11]

Table 3.5: Derived time-averaged accretion rates for the sample in Teb3.4.
Following each average is the max-min spread in accretiontea over the 12
epochs of observations. An estimate of measurement erron® @ive in paren-
theses. Units: LogM yr ). A 2 upper limit is given for the object with no
discernible Call emission in its spectrum (ChaH6). No Call accretion rate
estimates are given for the 3 objects in the sample with Ca lhiabsorption. For
B43 and ChaH 2 no H EW estimates are given as they have no measurable
continuum at that wavelength.
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Observation Period 1
Log(M) Ca EW Log(M)H EW Log(M)H 10%w
Av. [Sprd] Av. [Sprd] Av. [Sprd]

1ISO143 -8.89 [0.58] -8.80 [0.18] -9.06 [0.50]
T33A - -8.02 [0.25] -9.00 [0.52]

ChaH 2 - - -9.65 [0.42]

B43 -8.24 [0.64] - -8.91 [0.23]
T45 -7.78 [0.68] -7.82 [0.34] -7.84 [0.51]
ChaH 6 <-9.26 -9.36 [0.40] -9.44 [1.12]
ISO126 -8.45 [0.64] -8.70 [0.30] -9.14 [0.66]
T30 -8.28 [1.10] -9.28 [0.59] -7.07 [0.94]
T26 - -7.13 [0.10] -8.81 [0.69]
T31 -8.36 [0.50] -7.10 [0.16] -8.45 [1.31]
Av. Spread [0.69] [0.29] [0.69]

Observation Period 2
Log(M) Ca EW Log(M)H EW Log(M)H 10%w
Av. [Sprd] Av. [Sprd] Av. [Sprd]

1SO143 -9.04 [0.44] -8.96 [0.01] -9.05 [0.64]
T33A - -8.20 [0.34] -8.31 [1.10]

ChaH 2 - - -9.45 [0.47]

B43 -8.60 [0.50] - -9.26 [0.65]
T45 -7.88 [0.54] -7.83 [0.14] -8.11 [0.39]
ChaH 6 <-9.11 -9.38 [0.24] -9.55 [1.05]
ISO126 -8.35 [0.64] -8.61 [0.36] -9.13 [0.33]
T30 -8.49 [1.10] -9.23 [0.31] -7.83 [2.01]
T26 - -7.20 [0.11] -8.62 [0.64]
T31 -8.06 [0.59] -7.02 [0.24] -8.20 [2.08]
Av. Spread [0.54] [0.22] [0.94]

Table 3.6: Derived average accretion rates shown separately for obssgron
periods 1 and 2. Units: Logfl yr ). The 2 upper limits are given for the
object with no discernible Call emission in its spectrum (CaH 6). For B43 and
ChaH 2 no H EW estimates are given as they have no measurable continuum
at that wavelength. No Call accretion rate estimates are gen for the 3 objects
in the sample with Call in absorption.
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3.6 Test for Veiling

The accretion process not only results in excess line emissibut also produces
continuum emission, which lls in and “veils' any photosphec absorption lines,
making these lines appear shallower. One method of estinragithe accretion rate
is to compare a veiled spectrum of an accreting star to that @& non-accreting
star of similar spectral type and age.

The strongest photospheric absorption line that lies witlm the observation
spectral range is Li (6708.R). In order to accurately determine the depth of
the Li line it is necessary to have smooth, distinct and clebyr visible absorption
pro les. It is also important to have a spectral match for eals of the accretors
in order to estimate the amount of veiling. Due to these regttions, the veiling
analysis was limited to four accretors with distinct Li absgption in their spectra
for all 12 epochs, 1SO126, T45, T30 with spectral types M1.28511.25, M2.5
respectively and T31 with a spectral type of K8. Two non-acetors with suitable
spectral types and strong Li absorption were used for compson, T39A (M2)
and CHXR20 (K6). The Li EW were measured in all epochs for thessix objects,
and the measurement for the accretors and their non-accretgpectral match
are shown in Fig. 3.10. The non-accretors both show steadyegelLi absorption,
indicative of photospheric absorption. All four accretorshow shallower and more
variable Li absorption, which is what one would expect whenhere is variable
veiling present in the continuum. (Note: only 11 epochs areonsidered in the
case of ISO126 due to an increase in noise in the second lasicip)

In the calculations of the accretion rates it is assumed thateiling was neg-
ligible. Since the Li (6708.1A) absorption line is close to the H (6562.81A)
emission line, the estimate of the veiling derived at the walength of Li can
be considered a good estimate of the veiling around the Hine. This veiling
estimate was then used to correct the measurements for the HEW, as the mea-
sured continuum is actually veiled continuum and not true catinuum. To nd
the veiling factor the equation following equation is used

EWp

" EwWy

1 (3.9)

where EW5p is the photospheric Li EW, andEW\, is the veiled EW. (For de ni-
tion of the veiling factor r see Sect. 3.5). In this case theW5p is the EW of the Li
absorption line in the reference non-accretor, an@dW, is the EW of the veiled
Li line in the accretor. The same equation is then used with # calculated
veiling factor, to derive an unveiled EW for H and recalculate the accretion
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Figure 3.10: Top Panel: Li EW measurements of three accretors and a non-
accretor (T39A) used as a reference. Bottom Panel: Li EW of éhremaining
accretor for which this analysis was carried out and a non-a@tor (CHXR20).
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Object Log(M) Corrected Log(M) Uncorrected r

Av. [Sprd] Av. [Sprd]
T45 -7.42 [0.38] -7.82 [0.34] 1.16
ISO126 -8.53 [0.36] -8.65 [0.46] 0.32
T30 -8.78 [0.71] -9.25 [0.59] 1.39
T31 -6.86 [0.36] -7.06 [0.27] 0.47

Table 3.7: Accretion rate estimates derived from H EW with and without
veiling correction for four accretors, and calculated avage veiling factor, r.
Units of M are M yr 1]

rates. This was done for all epoch measurements, and so thevreccretion rate
estimates also take into account the variations in veilingThese measurements
are presented in Table 3.7.

There are a number of sources of uncertainty using this mettdo The veiling
factors were derived to give an estimate of how much veilindhére is in the
spectra and hence allow for the evaluation of the a ect of viaang on the results.
Ideally to reduce the spread and errors in the veiling estin@, a number of lines
are used, however since there is only a single line availghiteese calculations can
only provide a rough estimate of the veiling. The abundance bthium in YSOs
decreases with age, so an older star will have shallower Lisalpption. Previous
studies have found stellar clusters, such as TW Hydrae and Chamaeleontis
with ages of 12 Myr, to have a range of Li EW of 0.4 - 0.8 (Mentuch et al.
2008). However at 2Myr, Chal is a younger region, where an even smaller
range in Li EWs can be expected. Similarly, a fast rotator wilhave a broadened
Li absorption line, making it appear shallower, and will led to an overestimation
of the veiling. In this sample all the accretors have narrowilabsorption, so this
is unlikely to be a signi cant factor.

On average when the veiling in the continuum is accounted fathe accretion
rate for all four objects increases by 0.30 dex. However, neormportantly for
the results is that the variations in the veiling have little e ect on the amplitude
of variations in the accretion rates, there is only a 0.09 dexcrease on average
in the spread. Extrapolating from this gure to hypothesizethat on average, the
spread in all the accretors will increase by the same amourithis will increase
the average spread in accretion rates derived from HEW to 0.46 dex. The same
can most likely be said for the accretion rates derived fromadl EW, however
veiling tends to be less at longer wavelengths. Thereforetrugh the veiling
present in the continuum may have caused the underestimatioof the accretion
rates and spread slightly, it does not a ect the conclusions
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3.7 Discussion

3.7.1 Comparing accretion rate indicators

In Fig. 3.11 and 3.12 a graphical comparison of the three aetion rate estimates
can be seen, with the 1-1 relation indicated by the dotted lm The over-plotted
horizontal and vertical bars do not show the errors in measements, which are
substantially smaller (see Table 3.5). These bars denoteethmax - min spread
in derived accretion rates from the 12 epochs of observatmnThe data points
with arrows mark the 2 upper limit for the object with no discernible calcium
in its spectrum. Three further objects had Call in absorptio, and so there are
no Call measurements for these three objects. Taking into @aunt the spread
in derived accretion rates of individual objects, there is aeasonable agreement
between the three accretion rate estimates. Some more addiital trends can be
seen by comparing the average accretion rates and the amptie of variations.

On average the Ca EW and the H EW give the lowest variations in accretion
rates over the course of the observations (see top panel 0§R3.11). For a given
object the Ca EW estimates show greater variations than the HEW estimates
do. This could possibly be explained by the presence of tailtiemission lines in
the wavelength domain of Call, which could contaminate the W/s (Osterbrock
et al. 1996). The telluric lines are drowned out by the Call emsion when it is
strong (e.g. in the case of T31 and T45, see Fig. 3.6), but theyan clearly be
seen in objects with weak Call emission. These telluric lisevill change over the
course of the observations, and increase the variability msured in the Ca EW.
This does not account for all of the variability though, as sme of the objects
with the largest spread in Ca EW (e.g. T45 and T31) show no sigof telluric
lines in their spectra.

The variations in individual object's accretion rates aredrger when derived
from the H 10%w ( 1.11 dex) than they are when derived from the other
two signatures. (Note: 1 dex means there is an order of magmie spread in
measurements). These results suggest that the HL0%w does not give reliable
estimates of average accretion rates, especially with siegpoch observations.

The fact that the amplitude of variations for individual acaetion rates derived
from H 10%w is on average greater than what it is for the other two acetion
rate estimates implies there is another contributor to the Q%w changes. It has
been shown that out ows do contribute to the H emission in the wings in some
cases (Alencar et al. 2001; Whelan et al. 2009). Looking atehaverage and
variance pro les in Fig 3.1, it can be seen that much of the vaability in the H
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Figure 3.11: Top Panel: Calculated accretion rates from Ca EW and HEW.
Over-plotted horizontal and vertical bars indicate spreadn measurements for
all 12 epochs. The object with a downwards pointing arrow ishe 2 upper
limit for the Ca EW accretion rates as this object has no diserible calcium
in its spectrum. Lower Panel: Calculated accretion ratesém H EW and H
10%w. The dotted line in both plots indicates the 1-1 relatio between the two

indicators.
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Figure 3.12: Continued from Fig.3.11: Calculated accretion rates from &
EW and H 10%w. Over-plotted horizontal and vertical bars indicate gread
in measurements for all 12 epochs. The dotted line indicatése 1-1 relation
between the two indicators.

line is found in the wings. The calcium emission lines show ae&tent behaviour
where the line emission varies all across the pro le and naigt in the wings (see
Fig. 3.6).

Most of the accretors show blue- or red-shifted absorption their H pro les.
The blue absorption is unlikely to be associated with accriein and more likely
to be a consequence of a stellar wind. Over the course of thesetvations these
absorption features change in strength and wavelength. Thiwill contribute to
the variability in the 10%w, but it could also reduce the peakheight of the
H emission line, which would lead to an overestimation of theO%w and the
accretion rate. Hence, the absorption features could exptathe fact that accre-
tion rates derived from the 10%w are more variable. Furtherore, in a number
of pro les there is evidence of high velocity absorption infte wings, which the
10%w measurements are far more sensitive to than the EW meesments. From
these results it is considered that the Ca EW and H EW estimates to re ect
the accretion rates more accurately. In the following the dcussion is focused on
these two quantities and the H 10%w measurements are not considered.

The variability cannot entirely be due to measurement err@. Estimate of
the measurements errors are given in Tables 3.1, 3.2 and 3These have been
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carried through to the accretion rate estimates and are gimein Table 3.5. In all
cases these errors are less than the variations in accreti@ates.

3.7.2 Spreadin M./ M relation

The average spread in accretion rates is 0.83 dex for the values derived from
the Ca EW and 0.37 dex for the H EW. This can be taken as the maximum
spread in accretion rates for young objects (2 Myr) over a time period of 15
months. This spread is an upper limit as it is likely that emision from the wind

and the chromosphere both contribute to these lines.

This spread is relevant in the context of theM. M relation (see Chapt. 1).
As the size of this sample is small, a derivation of such a rétan is not attempted.
However, it is found that when these two stellar propertiesra plotted against
each other the dominant feature is the large spread in accreh rates for any
given mass. These multi-epoch observations are designegbtobe this signi cant
attribute of the M. M relation.

Mohanty et al. (2005) derived a correlatioM-/ M 2 for a sample with a mass
range of 0.1V to 2M and age range fron& 1 Myr to 10 Myr. The striking
feature of this correlation is the 1.5 order of magnitude spread in accretion rates
at any given mass.

The accretion rate variations derived here show that this spad cannot be
due to variations of individual objects on the time-scale odbout a year. This
statement was also checked using the standard deviation dfet accretion rates
within the sample, which on average for the H EW derived accretion rates is
0.16, for the H 10%w derived accretion rates it is 0.61 and for the Call EW
derived accretion rate it is 0.25.

To illustrate this, Fig.3.13 shows the mean H EW and Ca EW derived
accretion rates versus mass for the sample. The over-platteertical bars in this
plot indicate the spread in measurements over the 12 epochHbservations. The
dotted line on both of these plots is theM--M 2 relation found by Mohanty et al.
(2005). Also plotted as a dashed line is the linear t derivedrom the data set
using standard linear regression. The relation derived fno this Chal sample is
much shallower for the Ca EW derived accretion rates than thel EW derived
accretion rate. Signi cantly, this plot shows that the sprad around the relation
is much larger than any spread is seen in accretion rates owbe observations.

Several alternative explanations for the scatter ifML have been suggested
in the literature. It could be accounted for by evolutionarydi erences between
sources, add is expected to change with time. However, in Ophiuchus whidias
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an age of about &0.5 Myr - 1 Myr), Natta et al. (2006) found a spread of 2 dex
at least for any given mass. Large spreads in accretion rategthin single star
formation regions suggests that evolutionary e ects are Uikely to explain the
full spread. Di erences in initial conditions or environmatal conditions between
objects could also result in a variety of accretion rates (Diemond et al. 2006).
For instance, as a result of di erent initial disc conditiors Alexander & Armitage
(2006) have predicted a 2 dex spread in accretion rates foress in the mass range
0.02-0.2M and a 2.8dex range for masses 0.4-80. Observations such as
those by Rigliaco et al. (2011) have provided evidence for aass dependent
evolution in the accretion rates, with very low mass stars ahbrown dwarfs
evolving faster, steepening the slope of thel. / M relation at the low mass
end. Furthermore, it cannot be ruled out that a signi cant pation of the scatter
in the M.-M plots could be due to uncertainties in the determination ofhe
stellar masses (Antoniucci et al. 2011), stellar radius, fall radius or from the
veiling calibrations themselves.

The exponent in this relation is also poorly de ned and therdas been a range
of values found, fromM.-M 1 (Barentsen et al. 2011),M.-M 18 (Natta et al.
2006) and up toM--M 3! (Fang et al. 2009). There are also suggestions that
a close to quadratic relation is a result of limited sample z¢ and detectability
(Barentsen et al. 2011; Clarke & Pringle 2006), although sanrelation between
mass and accretion rate is expected. However, all these talas have a large
spread of at least 1 order of magnitude in accretion rates fargiven mass.

3.7.3 Time-scales of Variations

In the rst observation period, the mean amplitude of variatons in M is
0.69 dex when derived from Call and 0.29 when derived from H EW. For
the second observation period they are 0.54 and 0.22 dex respectively. The
total variations over 15 months (0.83 and 0.37 dex, see abyege not signi cantly
di erent. The slight increase in the amplitude of variatiors in the full sample
shows there is some variability on the longer time-scales.oiever, the fact that
it does not increase by much means the dominant variations aa in a single
observation period i.e. it is shorter than 8 weeks.

Fig.3.14 shows the average dierence in accretion rates omatent time-
scales within the sample. The accretion rates are those dexd from the H EW
(B43 and ChaH 2 are not included due to the lack of continuum around H).
In order to cover all the possible time-scales in the sampleyery accretion rate
estimate is compared to every other accretion rate estimafer that object. The
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di erences in accretion rates §14-M,) are then placed into three di erent time
bins, depending on the time di erence between measurementg T < 25 d(ays)
(i) 40d < T < 90d (iii) T > 1 yr. The mean accretion rate di erence in each
bin is then plotted for each object. For two objects the largg variations occur
on the shortest time-scales. Five more objects show a rouglaven distribution
over the three time bins, and one object shows the largest vations on the
longest time-scales, T33A. This could be a true increase ic@etion rate, or it
could also come from the incomplete sampling of the variatis. Although long
term variations are seen in the sample, for all, excluding B3, the amplitude of
variations have reached a maximum or are within 70% of the mamum after 25
days.

Nguyen et al. (2009b) observed spectroscopically a numbdrlow-mass pre-
main sequence stars over a series of time-scales of dayske@ad months, with
the majority of the observations taking place on shorter tira-scales than the
LAMP observations. They found that the amplitude of variations increases on
time-scales from hours to several days, after which it satates. The LAMP
observations are able to test if there are any larger variatns when the period of
observations is extended. The results suggest that obsetiegas on time-scales of
a few of weeks are su cient to limit the majority of the extent of accretion rate
variations in typical young stars over the time period ok 1 year.

A previous long term photometric monitoring program also fond low levels
of variability in a large sample 72 CTTS over the course of 20yrs (Grankin
et al. 2007). Only a fraction of their sample showed signi ca& changes over
time-scale of months to years, suggesting that T Tauri photaetric variability is
dominated by short term variations.

A major proportion of the variations occur on the time-scaleof 8-25 days,
which is on the same order as the rotation period of young sk&l objects, 1-
10 days (Herbst et al. 2007). Note only two objects in the sartgphave known
periods, ChaH 2 at 3.21days and ChaH6 at 3.6days (Joergens et al. 2003).
This suggests the origin of the variations is close to the dace of the star, pos-
sibly within the co-rotation radius. If rotation is the underlying mechanism that
causes the observed accretion variability, than the varians could be tracing
structural asymmetries in the accretion ow rather than actial accretion rate
changes. These time-scales could also be in agreement withgmetic reconnec-
tion events (Goodson et al. 1998; Hayashi et al. 1996), butithdata set does
not not have the temporal resolution to distinguish what is ocurring on these
shorter time-scales.
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Figure 3.14: Average spread in accretion rate over di erent time-scalefor
accretors in the sample, excluding B43 and Chal2, as these accretion rates
were derived from H EW. Three di erent time bins were used (i)8d(ays)< T

< 25d (i) 40d< T < 90d (iii) T > 1 yr. Seven out of the eight accretors here
show very little increase in variations across the three timbins, demonstrating
that the variations are dominated by short term variability.

As can be seen in Fig. 3.4 the accreting objects are steadilyceeting through
all epochs in the observations. No radical changes are seerihie emission lines
of the non-accretors over the course of the observations gthalways have much
weaker H emission than the accretors. This demonstrates that if thewre
accreting it is below the detection levels, and never accesiat the same levels
as the 10 accretors in the sample. Extreme variations in a&tion or episodic
accretion is thought to be necessary for YSOs to gain the masshat are observed
(Evans et al. 2009). There have now been a number of obsereats of FU Ori
events where an object will suddenly jump from having an acgtion rate of 10 ’
to 10 *M yr ! in a very short amount of time, and then decay slowly over the
course of 20-100yrs (Hartmann & Kenyon 1996). However thesee rare events,
only a handful have been found, and they are expected to occat the early
stages of stellar evolution when the infall is still occurng to the disc. Slightly
less dramatic accretion changes occur in EXors type objectwhich can show
1-3 magnitude are ups every few years for a period of weeksédbig 2007).

Highly variable, sporadic accretion rate changes have alseen found in older
objects such as in the 8 Myr old Cha cluster (Jayawardhana et al. 2006; Murphy
et al. 2011). Murphy et al. (2011) suggest that such sporad&ccretion could
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occur at "the critical age range of 5-10 Myr when inner discseabeing cleared
and giant planet formation takes place’. The T Tauri star, T Chamaeleontis,
shows very large changes in HEW, increasing from OA to 30A and falling
again, Schisano et al. (2009) infer these variations to be asult of an evolved,
clumpy disc. Furthermore Jayawardhana et al. (2006) have g9 found evidence
to suggest that inner disc clearing and/or grain growth mighindeed a ect two
accretors in  Cha.

The sample does not show signs of episodic or sporadic adoretlike the
cases discussed above. The fact that at 2 Myr the younger stain Chal are
continuously accreting, supports the results of Murphy etla(2011) that the
sporadic accretion is likely related to the older age of thegpulation and the
evolutionary stage of the disc.

3.8 Conclusions

This study was designed to investigate the accretion varidlty of YSOs based
on multi-epoch optical spectra of 25 targets in the Chamaeda | region. The
observations took place over a total of 15 months. They wereld into two
separate periods, of 8 weeks each. In each of these periodb€eovations were
made, evenly spread across the 8 weeks. The high resolutipedra from the
FLAMES/GIRAFFE spectrograph on the ESO-VLT covered the H (6562.81A),
Hel (6678.2A) and Call (8662.1A) emission lines which were used to identify
10 accretors in the sample. Accretion rates for these objscivere derived from
the H EW, H 10%w and the Ca EW.

When the amplitude of variations in accretion rates from althree accretion
rate estimators are considered, it is seen that H10%w accretion rate estimates
of individual objects show much greater variability than tre other two estimators.
For this reasons the H 10%w is not considered a good quantitative accretion
rate estimator.

Considering the full observation period the average spread accretion rate
was found to be 0.83dex for Ca EW estimates and 0.37 dex for the EW
estimates. These variations demonstrate that over 15 months, the accretion
rate changes are 0.37-0.83dex or less. Mohanty et al. (20083ing the Call
(8662A) emission line, found the spread for a single mass in thd-M relation
to be 1-2.5 orders of magnitude. Bearing in mind that the Calsample is small,
these results show that the spread in thdd-M relation is probably not due to
the variability of individual objects on the time-scales of/ears. They also suggest
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Figure 3.15: Accretion rate variations versus the time-scales over winahey
were observed. This plot represents a comparison between MR data and
accretion rates derived in comparable data sets using commpble methods. Note
error bars here indicate the spread in accretion rates, andrte coverage in each
bin.

that this spread is not entirely due to evolutionary di erences within a sample,
but is more likely due to environment or initial conditions @ uncertainties in the
derived parameters.

The dominant time-scales of the variations found in this dat agree with those
found in other studies. Fig.3.15 is a graphical comparisori accretion variations
found in di erent samples. The error bars within the plot, reoresent the pa-
rameter space covered by each data set, not the errors. Thgsnot a complete
sample of variability studies, but as these studies used dlar similar accretion
indicators, they are more comparable. For example, Pogodet al. (2012) used
a number of emission lines associated with accretion to estite accretion rates
in 8 Herbig Ae stars. For half the sample they have multiple &dgrvations cov-
ering time-scales of tens of days. By averaging across theci@tion indicators,
including H they found variations of 0.1 - 0.4 dex for these four object8iazzo
et al. (2012), with a sample of 12 objects, found variationsf®.2 - 0.6 dex over
the two days separating observations. The last data set in i comparison was
covered by Nguyen et al. (2009b), who found variations fromaldl emission of
0.35dex on average over time-scales of days to months.

The accretion rate variability within the LAMP sample reached a maximum
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or was within 70% of the maximum within  8-25 days, for 7 out of 8 accretors
(based on H EW derived accretion rate, and hence excluding two accre®B43
and ChaH 2). This period of variations roughly corresponds to the tyjgal rota-
tion period of these types of objects, suggesting the rotat could be modulating
the observed accretion in these systems. One such model is #isymmetric ac-
cretion ow hypothesis due to misaligned rotation and eld &es or complex eld
topologies. In this case we would be probing the structuralsgmmetries in the
accretion ow as di erent parts of the ow come into view. Di erential rotation
between the disc and the star has been shown to produce magoeeld line
expansion and reconnection over the course of a few days (Hslyi et al. 1996),
and could also account for the variations. Further studies ih greater temporal
resolution are needed to discriminate between such hypotes.



EW
Object 1 2 3 4 5 6 7 8 9 10 11 12 Mean EW
CHXR28 0.4 0.7 0.6 0.5 0.7 0.4 06 06 12 0.4 05 06 06 0.8 0.2
CHXR20 0.1 - 0.7 0.6 0.2 0.7 0.8 - 0.2 0.2 - 05 03 0.7 0.3
T22 3.1 2.2 3.1 3.4 3.3 3.2 3.2 2.7 - 3.1 27 35 3.0 1.3 0.4
1SO143 172.2 129.2 1225 163.4 - 160.6 119.6 - - - - 9.6 138.2.6 727.2
T33A 357 221 260 309 308 348 170 306 211 192 31 6.592 197 94
T39A 4.5 4.8 5.1 8.6 4.7 4.4 7.0 47 48 4.7 53 49 53 4.2 1.3
T45 942 703 93.7 121.7 116.6 135.1 1076 979 101.1 12486 98.1 1044 648 17.7
ChaH 6 975 832 744 1034 477 939 782 944 633 100.1 - 3.1 8156.7 18.1
1ISO126 50.2 814 829 898 607 70.7 76.2 79.2 1224 61.7 81®8 799 721 19.6
ChaH 8 6.4 9.0 - - 2.7 4.6 - - - - - - 5.6 6.3 2.7
ChaH 5 10.2 - 8.2 7.1 6.7 5.8 - - - 5.8 - - 7.3 4.5 1.7
ESOHa566 9.3 - - 7.1 6.2 7.5 - - - - - - 7.5 3.1 1.3
T30 795 528 438 56.0 79.8 26.0 53.8 413 - 747 753 6.2 59389 17.7
T34 3.0 3.8 3.1 2.0 1.8 2.6 3.0 31 - 2.6 44 40 3.0 2.6 0.8
ChaH 3 54 105 64 4.4 2.1 5.5 57 40 122 27 127 08 6.9 10.6 3.7
T26 204 247 220 203 223 226 172 171 209 194 202 1@7 2 7.6 2.2
ESOHa560 114 146 132 9.9 7.9 8.9 66 83 114 90 114 0.1.2 108.0 2.3
LMO4 429 139 178 144 134 6.6 9.7 125 - - 6.8 118 0.3 11.7 .2 1135
CHXR22E 118 94 111 8.7 4.6 9.1 5.8 11.0 - 92 127 14 95 8.2.5
CHXR21 123 73 122 100 438 9.2 5.7 11.9 - 102 112 56 9.1 5 7.28
T31 747 591 622 551 674 621 792 729 917 580 60.6 389 6 36.7 11.5
CHXR76 12.2 127 16.7 11.7 150 146 11.2 10.8 10.8 10.6 143 @26 6.4 2.1
CHXR74 7.4 - 10.1 9.3 7.3 86 100 82 99 8.5 85 6.6 8.6 3.5 1.2

Table 3.8: List of H EW values for all observations. Here EW is the max EW - min EW measurement. Also given are the
mean EW and RMS () values which are calculated over the entire sample. B43 afthaH 2 H EW measurements are not
included here as they have no measurable continuum at that welength.

suoISNoUOD "8'E

G8



10%w [km s]

Object 1 2 3 4 5 6 7 8 9 10 11 12 Mean 10%

CHXR28 <115 <219 <130 <121 <258 <122 336 257 <252 <206 <266 <252 <194 - -
CHXR20 <119 <324 <216 <175 <336 <175 <338 <293 <221 <219 <298 <339 <255 - -

T22 393 <492 <370 <362 384 <400 407 438 <145 415 416 414 418 54 17
1ISO143 381 369 391 387 421 416 409 395 368 435 390 374 395 66 21
T33A 430 391 392 432 379 381 430 537 475 424380 492 433 158 50
T39A 174 212 177 261 182 187 213 188 193 188 178 204 196 86 24
T45 526 486 521 527 539 519 496 510 477 502 470 499 506 68 21
ChaH 6 361 300 360 381 313 417 308 385 308 407 358 299 350 117 42
ISO126 427 403 380 358 379 370 412 379 378 385 380 390 386 68 18
ChaH 8 203 178 195 192 <221 202 159 186 95 187 161 112 170 108 36
ChaH 5 154 131 195 155 213 154 149 154 163 133 248115 168 116 36
ESOHa566 164 <133 174 146 124 154 144 198 - 162 176 140 15874 21

T30 612 623 643 610 546 564 429 509 522 637 534 499 561 213 65
T34 176 <254 188 214 195 200 149 201 154 226 223 209 194226 26
ChaH 3 265 217 267 269 <245 122 218 241 166 207 247 216 222 146 45

T26 408 452 437 439 381 405 405 451 412 471 435 465 430 90 27
ESOHa560 517 645 578 497 516 555 465 478535 515 491 533 526 179 51
LMO04 429 <721 701 <635 <633 <463 <726 <786 <731 <465 <574 <564 <497 <618 - -
CHXR22E 572 393 539 427 214 469 274 544168 410 444 270 412 357 199
CHXR21 494 371 485 420 378 436 284 49X 327 479 443 393 425 494 283

T31 478 436 477 443 523 388 514 528 495 487 330 544 470 214 62
CHXR76 151 148 149 171 167 156 146 148 125 148 142 184 153 58 15
CHXR74 186 - 155 185 187 207 162 133 201 150 177 170 174 74 22
B43 403 - 422 399 - 416 - 417 - 386 350 - 399 72 25
ChaH 2 317 339 336 361 326 324 388 346 339 356 342 357 344 70 19

Table 3.9: List of H 10%w values for all observations. Here 10% is the max - min 10% width measurement. Also given are

the mean 10%w and RMS () values which are calculated over the entire sample:(ndicates the cases where the mean 10%w is

not based on all 12 epochs due to some measurements being ufipets.)
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EW
Object 1 2 3 4 5 6 7 8 9 10 11 12 Mean EW
1ISO143 40 26 20 42 48 71 36 16 46 41 20 23 36 55 1.6
T33A+B 2.3 1.7 1.1 - - 1.4 - - - - - 1.6 1.2 1.0
ChaH 2 - - - - - - - - - - - - - - -
B43 144 - 215 6.0 - 5.4 - 6.5 - 6.1 23 - 8.9 19.2 6.5
T45 163 7.3 121 223 319 269 21.7 216 239 17.2 10.2 7.32 18246 7.8
ChaH 6 - - - - - - - - - - - - - - -
1ISO126 27 65 51 64 18 73 49 43 99 49 70 46 55 80 23
T30 18,7 58 82 113 151 17 37 22 193 154 53 3.0 92 17668
T26 - - - - - - - - - - - - - - -
T31 69 27 31 24 57 - 124 108 60 35 52 98 6.2 10.1 3.0

Table 3.10: All Call EW measurements for the accretors with discernibl€all emission.
The RMS ( ) and the mean are calculated across the entire observatioennd.

EW is the max - min measurements.
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Temperaments of Young Stellar Objects

4.1 About this Chapter

Building on the results from the LAMP sample, the next logichstep was to
study the shorter time-scales (days and less) in these adaong objects. The
high signal-to-noise and high-cadence linear spectro-pometry data set of Vink
et al. (2005) on a sample of T Tauri and Herbig Ae stars providethe necessary
sample. The 14 targets in the sample were observed over timeales of hours
and days, and were spread between two observing periods 2@0H 2003 (See
Chapt. 2 for details).

In order to distinguish between possible causes of accretiaariations on short
time-scales, it is necessary to monitor these systems on érscales close to the
rotation period (multiple days) as well as on time-scales dfours. This allows
one to distinguish between the case where the mass-accretrate variations are
a result of a slow and gradual changes in accretion emissiocr@ss the rotation
period, or when they take the form of stochastic and rapid clmges.

Furthermore, this sample allows the work to be extended to gher stellar
masses (up to 2-3V1 for Herbig Ae stars). It has been suggested that the
accretion process in Herbig Ae stars might be similar to thain lower mass T
Tauri stars (Eisner et al. 2004; Garcia Lopez et al. 2006; Natet al. 2001; Vink

88
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et al. 2002, 2003). Whilst there has been claims of obsenais of magnetic
elds in Herbig Ae stars (Hubrig et al. 2004; Wade et al. 2005)the number
found is similarly low to that found in post-main sequence gbcts (e.g. Alecian
et al. 2012) which casts doubts over the extension of the magonspheric accretion
scenario towards higher masses. Therefore the issue of thledamental accretion
process in Herbig Ae stars remains open, and can be testedhnihis data set.

The sample consists of 14 objects which were introduced in &jt. 2. The
stellar parameters are given here in Table 4.1. This chaptdregins with the
description of the typical H emission changes in this sample, using a single
object AB Aur, as an example (Sect. 4.2). Each individual olegt is discussed in
Appendix A. The di erent origins of H emission in these objects are presented
and are examined with respect to this data set in Sect. 4.3. Ederived accretion
rates are presented in Sect. 4.4, and the implications of tleecretion variations
observed are discussed in Sect. 4.5.

4.2 Behaviour of the H Emission

In the following section, AB Aur is used to represent the tygial behaviour of
the line emission in the sample. This section will concenti@ on the 2003 obser-
vations of this object as an example, all of the observatiorier the remaining 13
targets and the 2001 observations of AB Aur are discussed irppendix A.

421 H Proles

For each block of observations of each object there are abaz2® di erent ex-
posures over the course of 1 hour (see Table 2.4). This provides very close
temporal coverage of the H emission. The top left panel in Fig.4.1, 4.2, 4.3 and
4.4 shows a time series of pro les across the four nights ofsalovations for AB
Aur in 2003. These four nights were the 10, 11", 12" and 13" of December,
and for simplicity these will be referred to Night 1, 2, 3 and 4espectively. Each
pro le is o -set from the previous one for clarity. The minute of the hour in
which the spectrum is observed is given to the right of each @te. The spectra
are selected from across the full observation block.

The changes in the pro les during Nights 1, 2 and 4, are typidaof what is
seen in the majority of objects of this sample. These changedl be referred to
as slow variations During each of these nights, AB Aur shows a strong central
emission with a large blue-shifted absorption in the wing. Whin this blue-
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Figure 4.1: Top Left: Sample of H pro les across the rst night of observations
of AB Aur in 2003. Each pro le is o -set from the previous one ér clarity. The
minute of the hour in which each spectrum was observed is givéo the right
of each prole. Top Right: Average and variance proles. Babm Left: A
di erential surface plot. This plot shows the color coded derence between the
rst spectra of that night and the preceding spectra. BottomRight: Time-series
of cuts in di erential ux plots. This was done in the same wayas the surface
plots, where the rst spectrum of that night was removed fronall the rest of the
spectra. These are the same pro les as chosen for the pro lene series.
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Figure 4.2: Night 2 of the 2003 observations of AB Aur. Caption the same as
Fig.4.1.
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Figure 4.4: Night 4 of the 2003 observations of AB Aur. Caption the same as
Fig.4.1.



4.2. Behaviour of the H Emission 94

shifted absorption there is also a small emission peak. Witha single night's
observation there is very little change seen within the prde.

Larger changes in the pro le can be seen from night to night. df example in
the case of AB Aur, the small emission peak within the blue abgption noticeably
changes in wavelength. The strength of the emission, the dbf the absorption,
and the red wing also change between the nights observations

It is only on Night 3 of the observations that large changes ithe pro le are
seen from one exposure to the next. These changes occur ontthee-scales of
minutes, and they take the form of a drop in intensity across the lineand a
broadening of the emission. These changes will be referrex dsrapid events
They are not common in the sample. Thespid eventsalso occur in the spectra
of RY Tau and RW Aur, however they are much weaker than those ea in AB
Aur, and show di erent behaviour.



Object M Te R Prot vV sini Inclin. Determination of Ref.
M 1 [K] [R ] [days] [kms 1] Inclination
RY Tau 2.0 6300 2.7 5.6 553 30 Inteferometric 1,33,7,6,5
AB Aur 2.5 9332 25 14 - 30 H-Band Imaging 2,4,5,31,16
T Tau 2.0 5250 3.3 2.8 19.525 29 Inteferometric 1,19,6,32
SU Aur 2.0 5550 3.1 1.7-27 591 63 Inteferometric 1,3,7,6
DR Tau 1.0 4060 1.2 5.1 <10 - - 1,20,7
RW Aur 1.0 4700 2.7 5.6 16-40 45 Jet Inclination 1,17,33
GW Oiri 3.7 5700 25 3.2 40-43 15 Inteferometric 9,21,22,10,25
V773 Tau 1.2 4900 2.4 3.43 41.4 - - 10,27,23,11,12
UX Tau 1.3 4900 2.0 2.7 25 50 Photometry 10,24,13,25
BP Tau 0.8 4000 3.0 7.6 <10 30 Inteferometric 1,19,1,26,8,34
BF Ori 25 8912 13 - 37 2 - - 9,27,14
LkH 215 4.8 14125 54 - <200 - - 18,9,27
MWC 480 2.3 8890 2.1 05 90 30 Interferometric 15,29,15
CO Ori 2.5 6030 43 - 40-50 - - 28

H oyl Jo Jnoineyag g2y

uoIssIwg

Table 4.1: Published Stellar parameters. References: 1: Bertout et #1988), 2: Praderie et al. (1986), 3: DeWarf et al. (2003),
4: Bohm & Catala (1993), 5: Mora et al. (2001), 6: Herbst & Layen (1987), 7: Johns & Basri (1995a), 8: Hartmann et al.
(1986), 9: Manoj et al. (2006), 10: Kraus & Hillenbrand (2009 11: Welty (1995), 12: Rydgren & Vrba (1983), 13: Espaillat
et al. (2007), 14: Mora et al. (2001), 15: Mannings & SargeniL997), 16: Catala et al. (1999), 17: Petrov et al. (2001a), 18
Herrandez et al. (2004), 19: White & Ghez (2001), 20: Gulllang et al. (1998), 21: Mathieu et al. (1991), 22: Bouvier et al
(1986), 23: Boden et al. (2007), 24: Kenyon & Hartmann (199525: Bouvier & Bertout (1989), 26: Vrba et al. (1984), 27:
Hillenbrand et al. (1992), 28: Calvet et al. (2004), 29: Hulig et al. (2011), 30: Akeson et al. (2003), 31: Fukagawa et §2004),
32: Akeson et al. (2002), 33: Lopez-Martn et al. (2003), 8: Simon et al. (2000)
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4.2.2 Average and Variance Pro les

In order to better discern the where the changes in the emissi pro les occur,
average and variance pro les are utilised. The average pre in this case is
simply the average ux at each wavelength and is calculatedof observation
block separately. The variance pro le allows one to distingsh which parts
of the emission pro le are changing, and which are remainintghe same. The
equation for the variance and the zero variability level argiven as Eg. (3.1) and
Eq. (3.2) in Chapt. 3. The zero variability level can be condered the level below
which variations are not signi cant.

The average and normalised variance pro les for AB Aur are gén in the top
right panels of Fig.4.1, 4.2, 4.3 and 4.4. The area in the vance pro le above
the zero variability level i.e. signi cant peaks of variatons are shown as a lled
(blue) colour.

Across the four nights there dierent parts of the H prole change. A
constant change in intensity across the entire line would selt in a variance
pro le that had the same shape as the emission pro le. Howewdor AB Aur
there are distinct structures within the variance pro le fa each night.

For Nights 1 and 2, the changes are concentrated in the wing§tbe pro le.
This behaviour is representative of the slow variations sedan the majority of
the sample, where most of the changes occur in the line wingsgtrer than the
line centre.

On the third night of observations, the rapid variations noed in the time
series of the H pro le manifest themselves as three distinct regions of vaations:
one peak in the blue wing, one peak in the line centre, and amar one in the
red wing. (Note the scale change for the variance pro le on #éthird night).
This is unusual behaviour within this sample, these large elmges are only seen
in three observation blocks for three separate objects ovére course of these
observations. However, no other object shows such strongstithct peaks in the
variance pro le as AB Aur.

4.2.3 Distinguishing Variations

The majority of the variations in the pro les are small. So inorder to perceive
these changes more clearly, di erential surface plots and erential time series
of the pro les are given for each observation block. (See lotn left and right
panel of Fig.4.1, 4.2, 4.3 and 4.4). The surface plots weresated by nding
the di erence between the rst spectrum of that observationblock and all the
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preceding spectra. These are then plotted as a surface whéhne di erence in
ux is color coded. As you move from the bottom of the plot to tke top, you
are moving through the observation block, and the changes the surface plot
correspond to the di erential changes in the pro les acrosthe block.

The bottom right panel in Fig.4.1, 4.2, 4.3 and 4.4 represesitcuts across
these surface plots. As with the pro les given in the top lefpanels, the minute
of the hour in which the spectra were observed are given to theght of each
di erential spectrum.

4.2.4 Line Measurements

In order to quantify the changes in the H emission, two measurements of the
emission line were taken, the H equivalent width (EW), and the H 10% width
(10%w). (See Sect.3.2.1, Chapt. 3 for de nitions). The inggration windows for
each source di er and are chosen on the basis of the breadthtbé H emission.
The window size for each object is given in Table 4.3, alongtiithe average,
max, min and standard deviation of both the H EW and 10%w measurements.

From these measurements it can be noted that thelow variations observed
across the entire sample do result in small changes in the EWicathe 10%w.
Much more signi cant variations occur between each nightshservations.

Error analysis was performed by varying the measurement pameters for the
EW. The integration window was varied by 0.5, 1, 1.5, 2, 2.5, 3 and contin-
uum measurements were varied by 1, 2, 3 . The mean di erences between
each of these variations and the ‘real' measurement were addin quadrature.
The square root of this sum was taken as the error estimate ftrat spectrum.
This was performed on a sub-sample of spectra for each objeanhd then aver-
aged across the sub-sample of spectra to give an estimate lo¢ terrors in the
EW measurements. The 10%w is not as sensitive to changes ire tbontinuum
as the EW is, and is more di cult to get an proper estimate of the measurement
errors using this method. In this case twice the spectral refsition (10kms 1)
can be taken as a rough estimate of the 10%w errors. These EWoes are given
in Table. 4.2 and Table 4.3.



Object Night EW Max Min. Er. 10%w Max Min. Win
[A] [kms 7] [A]
RY Tau ALL 10.38 10.64 10.21 0.12 (0.08) 650 660 640 6 25
AB Aur ALL 2480 26.81 2480 0.56 (0.28) 360 360 350 4 25
1 26.55 26.81 26.35 0.14 360 360 355 2
21 2589 26.36 25.60 0.16 360 360 350 4
22 2581 26.03 2551 0.17 360 360 360 O
23 2497 25.15 2480 0.11 360 360 350 4
T Tau ALL 7142 86.51 55.96 12.22 (0.55) 520 525 510 6 25
1 86.10 86.51 85.79 0.18 520 525 510 8
2 61.64 64.28 55.96 1.93 515 525 510 4
SU Aur ALL 465 543 391 0.69 (0.08) 550 560 535 6 20
1 398 4.05 393 0.04 555 560 545 5
2 533 543 524 0.06 545 555 535 7
DR Tau ALL 65.32 78.69 5850 7.53 (0.68) 659 689 625 20 25
1 78.16 78.69 77.49 0.43 685 690 670 8
2 61.31 63.45 58.50 1.86 650 680 625 15
RW Aur ALL 74.04 81.11 67.88 395 (3.6) 720 725 715 5 40
GW Ori ALL 19.33 19.52 19.06 0.14 (0.16) 505 505 490 6 25
BF Ori ALL 3.88 4.21 344 0.23 (0.86) 495 505 490 5 25
LkH 215 ALL 30.45 30.72 29.87 0.22 (0.22) 690 700 680 5 30
MWC480 ALL 1185 15.11 9.65 1.87 (0.36) - - - - 30
1 11.21 11.74 10.48 0.37 - - - -
2 10.53 1154 9.65 0.74 - - - -
3 14.86 15.11 14.65 0.13 - - - -
4 10.71 1175 9.85 0.78 - - - -
CO Ori ALL 757 791 7.22 0.19 (0.1) 585 600 560 10 20

Table 4.2: Average H EW and 10%w measurements for 2001 observations. Also givae ghe max, min measurements and
the standard deviations () across the range of measurements. Window is the integratiavindow over which EW and 10%w

were calculated. No 10%w measurements are given for MWC 480the entire blue wing is in absorption.
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Object Night EW Max Min. Er. 10%w Max Min. Win
[A] [kms 7] [A]

RY Tau ALL 17.62 2452 1485 3,59 (0.11) 670 710 640 18 25
1 23.08 2452 20.37 1.43 690 710 680 8
2 1498 15.16 14.85 0.11 675 680 665 4
3 1590 16.02 15.73 0.08 655 660 640 5

AB Aur ALL 2287 2592 1999 184 (0.21) 385 550 340 54 25
1 25,56 2592 2530 0.21 370 370 370 O
2 23.65 23.78 23.47 0.09 360 360 360 O
3 2272 2349 21.17 0.60 445 550 345 62
4 20.10 20.26 19.99 0.08 345 345 340 2

T Tau ALL 47.03 48.02 46.51 0.47 (0.39) 445 450 445 2 25
SUAur ALL 5.71 8.09 3.60 191 (0.09) 575 610 540 23 20

1 7.96 8.09 7.56 0.13 590 600 580 4

2 4.34 4.49 393 0.16 550 565 540 6

3 3.68 3.95 3.60 0.09 560 610 585 8
DR Tau ALL 80.48 8147 7874 0.70 (0.29) 640 645 630 5 50
RW Aur ALL 64.66 77.13 3457 1354 (3.18) 720 740 705 9 40

1 48.54 52.32 36.57 3.67 730 740 720 5

2 7541 7713 73.34 0.93 715 720 705 5
GW Ori  ALL 33.16 33.32 3299 0.07 (0.12) 405 410 400 3 25
V773 ALL 1.85 1.98 1.73 0.06 (0.04) 455 475 440 7 25
UX Tau ALL 8.72 9.23 8.28 0.29 (0.05) 440 455 425 9 25
BP Tau ALL 9257 103.49 88.63 4.50 (0.44) 480 500 450 13 30

1 103.25 103.49 10297 0.22 455 460 450 5

2 91.04 94.42 88.63 1.97 485 500 470 9

Table 4.3: Average H EW and 10%w measurements for 2003 observations. Also givee éhe max, min measurements and
the standard deviations () across the range of measurements. Window is the integratiavindow over which EW and 10%w
were calculated.
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4.2.5 Plausibility Checks

A number of tests were performed to determine whether thelow variations
observed in the sample are real changes within the line pre) and not because
of some changes in the instrumental set up or weather. Theseedisted below.

The changes in the line measurements were compared to the mhes in
the signal-to-noise (S/N) in each observations. In the majay of cases,
the changes in the EW or 10%w do not follow the changes in the I$/
There is one object, RY Tau for which changes in the intensitacross the
line correspond to changes in the S/N (See Appendix A, Fig. ). This
occurs in the rst nights observations in 2003, but there is aimilar change
in S/N during the second night without any corresponding chage to the
EW measurement, so the two events are not considered to be nented.

With regards to the rapid eventsin the pro le of AB Aur, tests were also
run on the sky subtraction around H . This was found not to be the cause
of these changes.

Instrumental set-up was checked for any changes between ebgtions, no
di erences were found. The dispersion axis changed betwete 2001 and
2003 observations, and as a result the wavelength range isadler ( 2004)
in the 2001 observations. However this does not e ect our alrwations of
the H emission line.

There were changes in the weather conditions across the faughts, but
these would result in a change in the intensity across the erg pro le
rather than a change in the pro le structure.

As a result of these checks, the variations observed in thegies are believed to
be true variations in the emission from these objects.

4.3 Origin of H Emission

The most dominant known sources of H emission in young stellar objects are
chromospheric activity and accretion. All the objects areikely candidates for
accretion, as they are all thought to have circumstellar des at su ciently young
ages. There is a number of ways to determine whether the ennissis solely from
chromospheric activity or not.
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431 H Measurements

The most common method to determine whether a stellar objeas accreting
or not is to use the H EW and 10%w measurements. The standard limits
between an accreting and a non-accreting T Tauri star are EWfAOA and a
10%w of 270kms ! (White & Basri 2003). The limits in the EW come from the
fact that these young stars are active and show some level of emission from
chromospheric activity alone. This activity is much weakethan the emission
we expect from accretion especially in the case of T Tauri aniderbig Ae/Be
stars (e.g. Manara et al. 2013). As chromospheric Hemission depends strongly
on spectral type, for the T Tauri stars in the sample we use a gsctral type
dependent cut-o as given by Barrado y Navascles & Martn 2003).

The 10%w provides a measure of the broadening of the emissiore. As
the material in the accretion ows is free-falling to the stéar surface, it can
reach velocities of 100s of km$. These high velocities are then re ected in the
broadening of the H line, and can be estimated by the 10%w of the emission
line.

Using the EW cut-o based on spectral types by Barrado y Navases &
Martn (2003), and from H 10%w>270kms ! we can classify all of our sample
objects as accretors. The mean HEW and 10%w measurements for each object
are given in Table 4.3.

For Herbig Ae objects, the chromospheric contribution to te H emission is
likely to be very insigni cant, as the emission decreases garlier spectral types.
In fact, it is more important to take consideration of the phdospheric absorption
in these objects. For example, in comparison to main sequenobjects of the
same spectral type, Pickles (1998) give an absorption stiggh of 98A for AO,
93A for B1, 32A for F8, 25A for G2 and OA for K5. This is quite signi cant
compared to the emission measured in some of the early targeeand hence the
EW measurements are underestimating the strength of the Hemission in the
sample. To account for this photospheric absorption, it isanmon to t the
observed spectrum with a main sequence spectrum to estimakes photospheric
contribution. Mendiguta et al. (2011) removed the photopheric absorption in
this way for a number of objects in this sample. For BF Ori, Mediguta et al.
(2011) measured a mean EW of 98 compared to 3.8A here, for CO Ori they
found 21.3A compared to 7.6A here and for RY Tau 15.3A compared to 10.4A in
2001 and 17.& in 2003 here.

This shows the removal of the absorption results in a signiant di erence for
the weaker lines but not for the stronger emission lines. Hewer the removal or
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non-removal of the absorption will simply produce a systerntia o set in the nal
measurement. As the photospheric absorption is consideremiremain constant,
it will not e ect the variability measured in the line. Since this work is focused
on the variations in these lines, and not on the absolute maagments, the
photospheric absorption is not removed.

4.3.2 Average and Variance Pro les

A typical characteristic of an accreting system is an asymmetric Hemission line,
often with more than one emission peak and overlying absorph features. Under
the magnetospheric accretion model, the Hemission originates in a structured
ow of material. This results in emission across a large vetdy range. Stellar
winds and jets are associated with accreting systems (Ray &t 2007), and can
contribute both in the form of excess emission to the Hline and overlying
absorption features (see next Sect. 4.3.4). This can beeresan many of H
pro les in our sample. The average pro les for the sample shothat the majority
of the proles are asymmetric, with many of them showing larg absorption
features.

Over-plotted in blue on each average pro le in the top right pnel of Fig. 4.1,
4.2, 4.3 and 4.4 are the variance pro les for each object an@ah observation
block. These pro les indicate clearly which parts of the prées show the most
changes. In most cases where large changes occur they arensahto discrete
wavelength ranges. This is also further evidence that theme multiple compo-
nents within the emission lines and that it is not all from a sigle point i.e., the
central star.

4.3.3 Chromospheric versus Accretion

There have been limited studies into the activity in accretig stars, mainly be-
cause both accretion and chromospheric activity cause slariemission in certain
emission lines (H, Ca, He etc.) as well as UV and X-ray excess emission (Cur-
ran et al. 2011; Fuhrmeister et al. 2008). However there hagén some recent
work on chromospheric activity by Manara et al. (2013), focsing on lower mass
objects than in this sample.

Flares have distinct rise and decay pro les by comparison taccretion events,
making this one of the most commonly used attributes to distiguish between
the two events. So, if a rapid rise in EW occurs, followed by dosv decay, it
is usually attributed to a are. Guenther & Ball (1998) found accretion and
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are events using spectroscopic monitoring of WTTS and CTTSFrom 9500
spectra of CTTS, and 7200 of WTTS in Chamaeleon and Taurus thiidound 24
ares in WTTS and 15 in the CTTS. The largest are was found in aWTTS.
Whilst they claim that are activity on T Tauri stars is more ¢ ommon than solar
ares, these numbers show that these events do not occur veoften in either
CTTS or WTTS. Guenther & Ball (1998) also observed many slowariations in
EW across a night's observation which they attribute to rotaion, or variations
in accretion rate.

One de nitive attribute of ares is that the H emission associated with it is
nearly entirely limited to the line centre with some extensin in the wings up to
<100kms ! (Robinson et al. 1990; Worden et al. 1981a). This can be seerthe
observations of the CTTS by Guenther & Ball (1998), where thearing produces
relatively small symmetric emission peaks (20% above thentmuum). In some
cases small asymmetries in the emission lines were seen,cltare thought to
be connected to coronal mass ejections (CMESs). For Hhis took the form of
excess emission in the blue wing which moved through the lias the material is
ejected from the atmosphere of the star. However, in the caséthe WTTS IM
Lupi, the authors argued that the asymmetries observed in thH pro le are
more likely to be associated with accretion activity rathethan a are (Ganther
et al. 2010).

In T Tauri stars, the range of time-scales for are events is®-10*s (Worden
et al. 1981b). Although the sample does not have exhaustivene coverage, the
rapid eventsdo not show the typical fast rise and slow exponential decaygected
of ares. Stellar ares can rise to a peak within a few minuteswhile the decay
can also happen within half an hour or so (Liefke et al. 2010put it is much
more usual to have ares lasting hours to days (Favata et al.aD0; Kuerster &
Schmitt 1996; Schmitt & Favata 1999).

Finally, the strength of the H emission from accretion is much larger than
emission from the majority of ares. This, it is expected th& any change in
accretion rate will have a much stronger e ect on the emissmwline pro le than
any are activity.

Thus the variations and morphology of the emission seen inithsample, make
it unlikely that the majority of the events are from chromoseric activity.

4.3.4 Emission from Out ows

The traditional tracers of out ows and jets in young stellarobjects are forbid-
den emission lines such as [OIp300, 6363, [NIl] 6583A, and [SIl] 6716,
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6731A (Hartigan et al. 1995). However, it has also been shown ugirspectro-
astrometry that these out ows can contribute to the H emission. This mostly
takes the form of additional emission on the blue side, but sas have been found
in which there is excess emission from the out ows found in Hothe blue and
the red wings (Takami et al. 2003; Whelan et al. 2009).

Within the sample, signatures of [Ol] 6300 and 6362 were found in many of
the targets (see Table 4.4), indicating that there is an outow from these objects.
In the majority of cases the emission line was very narrow andeak ( 1A).
This suggests that though there is probably some wind emissi contaminating
the H line, it is going to be a weak contribution.

Since the density of the out- owing material is much lower tlan the densities
in the accretion ows, a small change in an accretion ow wilproduce the same
change in emission as a large change in the out ow rate. ThiaJong with the
fact that the accretion emission will always be stronger inhie H line than the
out ow emission in an accreting object, makes it more likelyhat it is an accretion
rate change. However, it cannot be ruled out that changes irhé out ow have
some contribution to the variations, so any accretion rateariations derived in
this work are upper limits.

As a potential caveat, interferometric observations of théderbig Be star,
MWC 297 have found over 90% of the Br emission to originate in a disk wind
(Malbet et al. 2007) . Further high-resolution spectra weréaken, and modelling
of the Br observed emission lead to the conclusion that the BfH and H all
formed in a disc wind, with the majority of the H and H emission originating
in the polar regions. Optical spectra were taken of MWC 297 dm which an
EW of 649A was found for H (Drew et al. 1997). Note this is an order of
magnitude higher than any H measured in this sample. Malbet et al. (2007)
compared their wind model to these spectra and found the intsity of the H
and H lines to agree to within 10% of observed intensities, and aldound a
good agreement between the model line widths and those oh&st. Kraus et al.
(2008) also found connections between Bemission and stellar wind in four out
of ve Herbig Ae/Be stars using interferometric data. In paticular they nd the
emitting area of the Br emission line to be correlated with the H prole. If
a star shows an inverse P-Cygni pro le, and a high accretiorate, the Br line
is more likely to come from the accretion column, whereas ihé¢ H emission
line is single or double peaked, Bris emitted in a greater area consistent with
a disc or stellar wind. These interferometry results (Kraugt al. 2008) are in
line with the earlier H spectro-polarimetry work of Vink et al. (2002), where
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Name Year [Ol] 630A [OI] 6363A Hel 6678.A
RY Tau 2003 Yes No No

2001 - No No
AB Aur 2003 Yes Yes Yes
2001 - Yes Yes
T Tau 2003 Yes No No
2001 - No No
SU Aur 2003 No No No
2001 - No No
DR Tau 2003 Yes Yes Yes
2001 - Yes Yes
RW Aur 2003 Yes Yes Yes
2001 - Yes Yes
GW Oiri 2003 Yes Yes No
2001 - No No
V773 Tau 2003 Yes No No
UX Tau A 2003 Yes No No
BP Tau 2003 Yes No Yes
BF Oiri 2001 - Yes No
LkH 215 2001 - No No
MWC 480 2001 - No Yes
CO Oirri 2001 - No Yes

Table 4.4: Detections of other emission lines.
associated with wind emission. The wavelength coverage Igtly smaller in
the 2001 observations, so the [OIB300 is not covered by these observations. No
[SII] ( 6715, 6728) or [NIl] ( 6548.4, 6583.A) emission were detected in any
of the observations, are usually associated with stellartg2 The emission line
Hel 6678.2A which was detected in a number of targets, which is assoosat
both with out ows and accretion.

[Ol1]6300 and 6363 A are
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it was found that the later Herbig Ae stars have a compact lindorming region,
similar to that seen in T Tauri stars (Vink et al. 2005, 2003) whilst the earlier
type Herbig Be stars have a larger line-forming region.

As this sample does not contain Herbig Be stars, it can be argd that it
iS not necessary to be overly concerned about disk winds pidwmg the line
emission in the sample. Moreover, recent studies of accoeti diagnostics in
Herbig Ae/Be stars (FO-09) using the large wavelength covage of X-Shooter
(300-2500 nm) have also taken place. Pogodin et al. (2012)fal that accretion
rates derived from H to be in good agreement with accretion rates derived
from indicators which can only originate in the high temperture region close
to the stellar surface. The variations in the H accretion rate were also found
to follow the accretion rates from the other indicators, andshowed a similar
magnitude of variations. This is a strong suggestion that #a changes in the H
emission of Herbig Ae/Be stars follow the changes in accreti rate, or if H is
indeed primarily a wind indicator for all these objects, tha the wind emission is
very closely connected to the accretion emission as suggesby magnetospheric
accretion models.

Similarly, Mendiguta et al. (2013) found a close agreemérbetween the ac-
cretion rates derived from the Balmer excess and Hemission in two Herbig
Ae stars (one is also in this sample, MWC 480). Despite this egement, they
suggest the variations in the H line emission to be uncorrelated to the vari-
ations in the Balmer excess. This is an indication that theres either a time
delay in the variations in the emission lines that is not seem the low mass
accretors, or the variations in the lines originate from somother process than
accretion. Nonetheless, the level of the variations in thescases are low, so the
correlation could be washed out by any noise in the observatis. More sensitive
observations are needed to con rm this.

Multi-wavelength studies with X-shooter have also been umdtaken with T
Tauri stars (Rigliaco et al. 2012), which again nd the H emission to be cor-
related with the UV excess and other indicators. There is sghantial evidence
con rming the e ectiveness of using the H emission as an accretion rate estima-
tor across the whole mass range of this sample, even if it isrpally contaminated
by wind emission.

4.3.5 Variations from Continuum Changes

Changes in the accretion rate will lead to changes in the v&ig in the stellar
continuum. This can lead to measured changes in the EW whil@e line emission
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remains steady. As the spectra in this work are not ux calibated, changes in the
continuum cannot be accounted for. The majority of the targes in this sample
are optically variable (i.e. see Grankin et al. (2007) forgiht curves of 8 targets),
and so it can be expected that some changes in the continuunveéé occur over
the course of these observations.

However a change in the continuum will lead to a change in tharmgssion
across the whole line. This is not what is seen in this sampleg( see Fig.4.1).
The variance pro les attest to the fact that the variations measured originate in
a narrow wavelength ranges within the pro les. This strongl suggests that even
if there are continuum changes during the observations thegre not signi cant
compared to those changes that occur within the pro le emigm.

It has been reported that continuum changes in these objectse also likely
to come from occultations of the star by orbiting circumstéar clouds (Grinin
et al. 1994; Mendiguta et al. 2011). However these occulians will cause both
a fall in the continuum and line emission, and so need not bekan into account
here.

4.3.6 Previous Observations

The objects within the sample are mostly well studied objest Many of them
have previous observations of other accretion related emign lines, as well as
con rmed accretion with UV excess measurements, which isrtsidered to be the
most direct indicator of ongoing accretion. These detects are discussed on an
individual object basis in Appendix A.

The above arguments point towards accretion being the prinnasource of the
emission observed and the variations in the emission lineBarough the following
sections, it is assumed that the contribution of chromospie and wind emission
to the H line is negligible, and that any variations observed are thessult of
changes in the accretion rate.

4.4 Accretion Rates

Making the assumption that all of the H emission originates in accretion ows,
the accretion rates can be calculated from the HEW measurements for all
objects in the sample.

As in the LAMP sample (See Chapt. 3) the relation derived by Hezeg &
Hillenbrand (2008) between the luminosity of H (L ) and accretion luminosity
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(Lacc) is used. In order to convert an H EW to luminosity, it is rst necessary
to convert the EW to a ux. This was done by using the Kurucz moels (Kurucz
1979) to compute the continuum ux in the range 6450 - 6500 ani620 - 672@\.

Using these continuum estimates the EW can be transformed & ux per unit

area on the stellar surface ([ergs setcm ?2]), which is then converted to a lumi-
nosity using the published stellar radii given in Table 4.1The relation derived
by Herczeg & Hillenbrand (2008) for H is then given by

log(Lacc) =A+B log(Ly ) (4.1)

where A=2.0 04 and B =1:20 0:11. Ly ;Lac are in units of L . This
equation is used to determine accretion luminosities but thspread coe cients
is not taken into account as they originate from the empiridaderivation of this
relation. Assuming that all the gravitational energy from te accretion is con-
verted into luminosity, the accretion luminosity is relatel to the accretion rate
(M) as follows (Herczeg & Hillenbrand 2008):

R ' LacR

M= 1 —
Rin GM

4.2)

HereR is the stellar radius,R;, is the in-fall radius andM is the stellar mass.
Gullbring et al. (1998) approximates the factor (1 %) 1 1:25, assuming
Rin  5R , which is appropriate for T Tauri stars. An infall radius ofR;;, 2:5R
has been calculated to be more suitable for the higher rotat velocities in Herbig
Ae stars (Muzerolle et al. 2004). Observations of inner hozes were provided
in the linear spectro-polarimetry study of Vink et al. (200%, these were used
where possible, along with other published values. For thest of the sample,
an infall radius of R was assumed for the lower mass stars, and in keeping
with observations of Herbig Ae stars, an infall radius of B was assumed for
the higher mass objects. The assumed infall radii, continnu estimates from the
models, and the published stellar mass and stellar radii u$en the accretion
calculations are all given in Table 4.5.

The mean accretion measurements for each object and for eaoght are give
in Table 4.6. Also given, are error estimates, calculated yarrying the H EW
estimated errors through the accretion relations.
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Object M R Feort(H ) Rin Ref.
M] [R] [0 [R]
RY Tau 20 2.7 8.35499 10 1
AB Aur 25 25 34.2899 5 2
T Tau 20 3.3 4.87506 5 A
SU Aur 20 1.0 8.35499 3 2,3
DR Tau 1.0 1.2 1.60352 10 1
RW Aur 1.0 2.7 2.99850 5 A
GW Oiri 3.7 25 8.35499 3 2
BF Ori 25 1.3 27.3585 3 A
LkH 215 48 54 57.8910 3 A
MWC 480 2.3 2.1  27.3585 3 A
CO Ori 25 43 9.73760 5 A
V773 Tau 1.2 2.4  4.87506 5 A
UX Tau 1.3 2.7 4.87506 5 A
BP Tau 08 7.6 1.60352 5 A

Table 4.5: Parameters used in the derivation of accretion rates. The gtnuum
under the H line was estimated from the Kurucz (1993) stellar atmospher
models. Fluxes are in units of [ergs setcm 2A 1]. References for stellar masses
and radii are given in Table. 4.1. For some objects in the sarap estimates of
inner radii from observations were available. For the majdy of the sample, an
inner radii was assumed (indicated by A). References for alf radii: 1: Kitamura

et al. (2002). 2: Vink et al. (2005) 3: Akeson et al. (2002). 8eSect. 4.4 for
more.



2001 Log(M.) Night 1 Night 2 2.2 2.3 Error
Av. [Sprd] Av. [Sprd] Av. [Sprd] Av. [Sprd] Av. [Sprd]
RY Tau -7.720 [0.022] (0.004)
AB Aur -6.669 [0.041] -6.654 [0.009] -6.668 [0.009] -6.66R010] -6.686 [0.007] (0.006)
T Tau -6.612 [0.227] -6.507 [0.004] -6.681 [0.007] (0.004)
SU Aur -7.810 [0.169] -7.885 [0.016] -7.734 [0.019] (0.009)
DR Tau -7.804 [0.154] -7.708 [0.008] -7.835 [0.042] (0.005)
RW Aur  -7.322 [0.093] (0.020)
GW Oiri -7.647 [0.012] (0.004)
BF Ori -8.285 [0.062] (0.050)
LkH 215 -5.541 [0.015] (0.004)
MWC 480 -7.341 [0.233] -7.364 [0.059] -7.397 [0.093] -7.30016] -7.388 [0.092] (0.016)
CO Ori -6.036 [0.048] (0.007)
2003 Log(M.) Night 1 Night 2 Night 3 Night 4 Error
Av. [Sprd] Av. [Sprd] Av. [Sprd] Av. [Sprd] Av. [Sprd]

RY Tau -7.454 [0.261] -7.305 [0.097] -7.529 [0.011] -7.498010] (0.003)
AB Aur -6.732 [0.128] -6.676 [0.011] -6.716 [0.007] -6.7340%7] -6.795 [0.007] (0.005)
T Tau -6.822 [0.017] (0.004)
SU Aur -7.726 [0.421] -7.524 [0.035] -7.841 [0.07] -7.927040] (0.009)
DR Tau -7.693 [0.017] (0.002)
RW Aur  -7.405 [0.341] -7.546 [0.133] -7.312 [0.026] (0.030)
GW Ori -7.365 [0.005] (0.002)
V773 Tau -8.788 [0.007] (0.0112)
UX Tau -8.297 [0.057] (0.003)
BP Tau -7.418 [0.084] -7.357 [0.026] -7.426 [0.033] (0.002)

Sajey UoNBIDY VP

Table 4.6: Accretion rates derived from H EW. The average for all observations in 2001 and 2003 campaiig given, as well
as the average for each observation block in the cases of npi& observations. Following each average is the [max - mispread
in accretion rates over the observation period. Units arkl .yr 1. Errors are calculated by carrying the H EW errors through
the accretion rate calculation.

oTT
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Object Log(M.) 2001 Log{d) 2003 Both
Av. [Sprd] Av. [Sprd] Av. [Sprd]

AB Aur -6.669 [0.041] -6.732 [0.128] -6.701 [0.149]
RY Tau -7.720 [0.022] -7.454 [0.261] -7.513 [0.457]
SU Aur -7.810 [0.169] -7.726 [0.421] -7.748 [0.421]
RW Aur -7.322 [0.093] -7.405 [0.341] -7.387 [0.367]
DR Tau -7.804 [0.154] -7.693 [0.017] -7.745 [0.172]
T Tau -6.612 [0.227] -6.822 [0.017] -6.659 [0.323]
GW Ori -7.647 [0.012] -7.365 [0.005] -7.442 [0.291]

Table 4.7: Comparison of Accretion rates from 2003 and 2001 observais
Here the average for each years observations are given, glamth the spread
[max - min]. Also given is the average over both periods and ¢hspread in
accretion rate estimates. Units aréM .yr 1.

Note, this relation (Eq. 4.1) was derived using the entirerie emission. There-
fore it includes excess emission from wind and chromospheitee e ects of which
will have been averaged out over the calibrating sample. Thabsolute value is
then close to what would be measured from the UV excess, butetlvariations
can still be a ected by these extra sources of emission.

The mean accretion rate spread for a single night for HEW is 0.01 - 0.03 dex.
Half of the sample have multiple nights observations so a n&#&e of the spread
in accretion rates from one night's observation to the nextauld be obtained.
This inter night spread, 0.1-0.4 dex, is an order of magnitwlarger than the
spread on a single night. There are 7 targets that have obsatwons in both 2001
and 2003 (See Table 4.7), when comparing the accretion rates these 7 objects
over the 2 years the spread is 0.15-0.46 dex.

4.4.1 Comparison with Other Accretion Rate Relations

The Herczeg & Hillenbrand (2008) accretion rate relation veaempirically derived
in a sample of low mass stars that reached up to 1 M As the sample in this
work includes objects with greater masses, the di erencestween the relation
of Herczeg & Hillenbrand (2008) and another covering Herbie/Be stars was
examined.

Mendiguta et al. (2011) derive a relation of the same formaEq. 4.1, with
coecients A = 2:28( 0:25) andB = +1:09( 0:16). The sample used in this
case was focused on higher mass objects fron1.5-5 M , but was derived using
photospheric corrected H emission (See Sect. 4.3.1).

The accretion rates derived using the Herczeg & Hillenbran@008) relation
log(Lacc) =(2:0 0:4)+(1:20 0:11) log(Ly ) and the Mendiguta et al. (2011)
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relation log(L acc) = (2:28 0:25)+(1:09 0:16) log(Ly ) are compared in Table
4.8.

It can be seen that the absolute accretion rates for each oféhrelations
di er. The Mendiguta et al. (2011) relation consistently gives higher accretion
rates than the Herczeg & Hillenbrand (2008) relation. This &as pointed out by
Pogodin et al. (2012), who also found the accretion rates dezd by Mendiguta
et al. (2011) to be consistently higher than those derived lponehew & Brittain
(2011) and Garcia Lopez et al. (2006).

However the variations derived are very similar, in the majity of cases the
di erences lie within the estimated errors. For this reasoitit is argued that using
the relation of Herczeg & Hillenbrand (2008), even though its derived using
lower mass objects, it does not produce any systematics wheme consider the
variations in accretion rates of the higher mass objects. klso allows for a
consistent comparison across the entire sample, and withehprevious LAMP
sample.

The H 10%w has also been used to estimate the accretion rate (seetS24.1,
Chapt. 3). A relation for low mass T Tauri and brown dwarfs wasderived by
Natta et al. (2004), and is useful in the cases where little aro stellar continuum
can be detected. It has been proved to be a very good indicatof accretion
(White & Basri 2003), as was shown with the LAMP sample (See Gipt. 3),
however its accuracy as a measurement of accretion has bealed into ques-
tion. In the LAMP sample it was shown to have much larger varigons than
the two other accretion indicators, H EW and Call EW, demonstrating it is
more likely to be a ect by wind emission and line broadening ocesses other
than the free-fall velocities within the accretion ow. Merdiguta et al. (2011)
show that in higher mass Herbig AeBe stars, the 10%w is strdggcorrelated
with rotational velocities, and no correlation is found beween the accretion rate
and 10%w measurements. To test for this within this samplehe derived H
EW derived accretion rate is plotted against the correspomag 10%w in Fig. 4.5.
This plot again con rms that there is very little correlation between the two ac-
cretion indicators, and for this reason no accretion ratesetlived from the 10%w
are discussed in this work.
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Figure 4.5: Average H EW derived accretion rate versus the average H
10%w. Error bars represent the max - min spread in each. Measments for
each observation block of each object are compared, and thaaurs represent
di erent objects. The over-plotted dashed line is the acct®n rate to 10%w

relation Log(M acc)

129+0:0097 (10%w) empirically derived by Natta et al.

(2004) for brown dwarf and T Tauri objects. As found previoug by Mendiguta
et al. (2011), this plot shows that the two measurements areoh correlated in

the higher mass regime.



Relation Average Log) Night 1 Night 2 Night 3 Night 4 Error
Av. [Sprd] Av. [Sprd] Av. [Sprd] Av. [Sprd] Av. [Sprd]

2001 AB Aur

H&H -6.669 [0.041] -6.654 [0.009] -6.668 [0.009] -6.669010] -6.686 [0.007] (0.006)

Mend -6.272 [0.037] -6.259 [0.008] -6.271 [0.009] -6.27D0@ -6.288 [0.007]

2003 AB Aur

H&H -6.732 [0.128] -6.676 [0.011] -6.716 [0.007] -6.73409@] -6.795 [0.007] (0.005)

Mend -6.330 [0.116] -6.289 [0.010] -6.315 [0.007] -6.33D5@] -6.387 [0.007]

2001 MWC 480

H&H -7.341 [0.233] -7.364 [0.059] -7.397 [0.093] -7.217016] -7.388 [0.092] (0.016)

Mend -6.879 [0.212] -6.900 [0.054] -6.930 [0.085] -6.76®1F] -6.922 [0.084]

LkH 215

H&H -5.541 [0.015] (0.004)

Mend -5.251 [0.013]

Table 4.8: Comparison of the accretion rates derived for the largest tgets in sample, using two di erent accretion rate
relations. H&H: log(Laee) = (2:0 0:4) +(1:20 0:11) log(Ly ), Herczeg & Hillenbrand (2008) and Mend: ld@-a.c) =
(2:28 0:25)+ (1:09 0:16) log(Ly ), Mendiguta et al. (2011). The absolute accretion rate chages in each case, but the
variations are relatively unchanged and any di erences aren the same scale as the estimated errors.

Sajey UoNBIDY VP

Vi1
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4.5 Discussion

As previously mentioned, there are two distinct types of betviour observed in
this sample, slow variations and rapid events In the following section possible
origins of each are discussed.

45.1 Slow Variations: Rotational Modulation of the Ac-
cretion Rate

In the majority of the cases in this sample, small changes aseen in the pro les
across the time-scale of our observation blocks. These aions are referred to
asslow variations These occur in discrete wavelength ranges, and take therfor
of a gradual change in the pro le emission. These variatior#o not translate to
large accretion rate changes and on average they result inaciges of the accre-
tion rate derived from H EW of 0.01 - 0.09dex. When the changes between
di erent nights of observations are examined in this samplehe spread in accre-
tion rate variations increases slightly to 0.1-0.4 dex (s€Bble 4.6). Comparing
the di erence in derived accretion rates for the objects wit observations in 2001
and 2003 this spread does not increase from the individual s#yvation periods
remaining at 0.15-0.46 dex. This is a strong indication thathe time-scales of
days are the dominant time-scales for these variations.

Fig. 4.6 shows a comparison of accretion rate variations ofl the time-scales
in the sample. For each object every accretion rate measurent is compared
with every other accretion rate measurement for that object In this way all
the time-scales available in the sample can be exploited. &hmean accretion
rate is then plotted for each time bin for that object. In all ases but two, the
variations reach a maximum after the rst few days of obsent#ons. It shows that
the dominant time-scale of variations in this sample is on #order of days. Two
objects do show arise in variations on the year time-scalégs\W Ori and RY Tau.
In the case of GW Ori, the sharp rise could be due to the lack observations
over consecutive days, and is probably not a real increasedancretion variations
on the longer time-scales (see Fig.4.6). For RY Tau, it coulde a real rise in
accretion variations, but it is more likely to be a single eve# observed at the
end of the time-series. (See Fig.4.7 and Fig. 4.8 for un-beoh comparison of
accretion variations and time-scales for all objects.)

The time-scales over which the accretion rate variations aeh a maximum
are comparable to the rotation periods within this sample, tich all lie between
1 5 days (see Table 4.1). Thesslow variations in the pro les are consistent
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Figure 4.6: Mean di erences in accretion rates [Log(M yr )] versus the time
di erence [days]. In this case we compare all accretion rae€or each object,
in order to cover all time-scales within the sample. The di eence between all
accretion rates was calculated, and the mean is plotted foaeh time bin. The
time bins vary from object to object depending on the numberfoobservations
blocks. The same plot for all objects where the accretion madi erences are not
binned can be seen in Fig.4.7 and Fig. 4.8.
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with what one would expect from a rotational modulation of tle accretion rate.
In the case of an asymmetric accretion ow, as the star rotasge di erent parts of

the accretion ow will come into view, changing how much of th accretion ow

is visible and what velocities within the ow are visible. Agart from three cases,
no major changes are seen in the pro les within the single liks of observations.
These blocks represent time-scales of about an hour or leds. this sample it

appears that the small, gradual changes we see within theseservation blocks
accumulate to larger variations between the di erent night of observations.

The previous work on the LAMP sample supports this result (SeLAMP
sample Chapt. 3), where it was also found that it was the shorime-scales,
of a few weeks or less, that were the dominant time-scales it the sample
(Costigan et al. 2012). In Chamaeleon, the average spreaddocretion rates was
found to be 0.37 dex, which is very close to the variations fad in this sample
of both T Tauri and Herbig Ae stars.

Simulations of magnetospheric accretion have found that enr a slight o set
(2-5) will result in an asymmetry in the accretion ow (Romanova ¢ al. 2003).
This is thought to be in the case for V2129 Oph (Alencar et al.@2). The
authors used MHD simulations of the observed magnetic octafe and dipolar
elds of V2129 Oph, and radiative transfer codes to reprodecthe observed
spectral line pro les. Earlier observations of the magneati eld found an o set
between the octupole and dipole elds (15 and 2band the rotation axis (Donati
et al. 2011a). The modelling of these elds result in two orded ows of material
onto the star very close to the poles. The derived pro le vagitions are similar in
magnitude to the observed pro les, however the changes indlpro le shape are
not. At an inclination angle of 60 to the viewer, the models result in a change
in 8Ain H EW across the rotation period.

The changes that are observed in this sample over multiple y& are on the
same order of magnitude as those modeled for V2129 Oph. Foraeple AB
Aur, RY Tau, SU Aur, BP Tau all have EW ranges of 5-1%A between multiple
nights observations. RW Aur has a much larger spread of 36 which may mean
that this model of two rotating ows is probably not su cient to explain all of
the variations seen in this object.

It is expected that rotationally-induced apparent accren rate change will
depend on the inclination of the systems to our line of sightKurosawa et al.
(2006) showed through MHD simulations that as the inclinatin of an accreting
system increases, the EW of the Hemission decreases. This is due to the fact
that we see less of the accretion ow at higher angles. In thesnodels, as the
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inclination increases from 10to 80 the EW changes from 32 to 21A. One

can also expect to see more changes in the HEW if the system is inclined to
our line of sight, making it more likely that the accretion ow will move in and

out of view. In the 2003 observations the three stars with th&argest range in
accretion rates in the sample are three of the most inclineggsgems. RY Tau,

SU Aur, and RW Aur all have inclinations of 45 or over. DR Tau is also highly
inclined, but does not show very large variations. Howeveirnge the system is
close to edge on, we may not have a full view of the accretionwp and the disc
may obscure a lot of the light coming from the accretion ows.The inclination

angles are given in Table 4.1.

This assertion no longer holds true when the 2001 observat®are considered.
The three objects (RY Tau, SU Aur, and RW Aur) show much less viability
than the other objects, whereas DR Tau shows some of the lasg@ccretion-rate
variations, and T Tau and MWC 480 with disc inclinations of 30 also show
large variations. This suggests that a picture of a stable tating asymmetric
ow is probably too simplistic to describe the full variations in these objects.

Long term photometric monitoring of accreting objects alssupport the sce-
nario of a more complicated accretion ow as irregular lighturves have been
observed in many accreting T Tauri stars (Grankin et al. 20Q7Herbst et al.
1994; Scholz & Eisle el 2004; Scholz et al. 2009). Over thente-scales of years
multiple di erent types of variations can been seen in one géct. In many of the
cases were variations occur on the time-scales of days, tirage explanation of
a rotational modulation cannot explain the full behaviour.

In their spectro-polarimetric observations of BP Tau, Dona et al. (2008)
found strong signatures of rotational modulation in the agetion related emission
lines. The narrow emission lines associated with accretigde I, Fe Il and narrow
component of Call IR triplet) varied strongly with rotation period. However,
the broad emission lines H, H (and also the broad component of the Call
IR triplet) were found to vary on the level of 10% -20% with ro&tion, with the
remainder of the variations coming from seemingly other soees. This could
be explained by the narrow emission component originatingose the base of
the accretion ow, with the H emission originating in the bulk of the accretion
ow, which may be more sensitive to instabilities. Excess atributions in the
H emission from out ows could also play a role. The authors alssuggest,
that changes in the rotational modulation of the longitudiral magnetic eld
between the two observation periods in February and Decemb2006 implies
that the large-scale eld topology was distorted by variabity in the system
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between the two periods. This suggests though rotational rdalation accounts
for the majority of the variations, there are other ongoing pocesses.

There are many kinds of instabilities that can occur in the dic and accretion
ow that may account for the changes in the variations obsered over time, e.g.:
the build up of material in the circumstellar disc (D'Angelo & Spruit 2012).
Kurosawa & Romanova (2013) show that in the case where RayérTaylor
instabilities exist in the inner disc, unstable accretion ows can form. These
ows change in size, shape, and numbers, meaning there is ay)w a accretion
column visible. This results in a constantly observed redaffted absorption in
the Balmer lines, more particularly in the higher Balmer lirs such as Hand H .
This has been observed in RW Aur (Edwards et al. 1994), wherpectroscopic
monitoring also con rmed the presence of an asymmetric a@tion ow (Petrov
et al. 2001a), as well as for SU Aur (Johns & Basri 1995b; Petr@t al. 1996).

It is possible that these instabilities exist in some if not khof the objects in
this sample. Comparing the 2001 and the 2003 sample, somerapes are seen
in the H proles, but also di erences in the derived accretion ratesand their
variations. These instabilities could account for changes the H emission if
they change the form of the accretion ows.

4.5.2 Rapid Events

The rapid eventsobserved in this sample do not t into the frame of rotational
modulation. AB Aur, and to a lesser extent RY Tau and RW Aur, stow sig-
ni cant variations in the pro le over the time-scale of 1 hou. In the case of
each star, these changes only occur during a single night diservations (For
AB Aur see Fig.4.9). A number of short term rapid variations lave previously
been discovered in objects in our sample and these are preaednn the following
paragraphs.

Short term striking variations have been observed in the Hpro le of AB
Aur previously, where changes occurred in both the intengitand pro le shape.
Beskrovnaya et al. (1995) described the changes as occugriduring each ob-
serving night across the emission line but especially in trasorption feature of
the P-Cygni pro le and the emission peak. They attribute these variations to
the motion of circumstellar inhomogeneities. This is simak to the changes ob-
served in the H pro le of AB Aur on night 3, where it oscillates between broad
wings and low emission, and strong emission and with narronings. However
in the case of Beskrovnaya et al. (1995), their observationgke place with hour
separations, so they do not have the short term cadence thatewhave in this
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Figure 4.9: A comparison between a sub-set of pro les on two separate hig

of the 2003 observations for AB AUR. On the second night of obis/ations in
2003, no signi cant change within the pro le was observed. fie minute of the
hour in which the spectrum was observed is given to the rightfdhe pro les

in the corresponding colour. During the third night of obserations there were
large changes. Shown here is a sequence of spectra where thisston line falls
in strength, and broadens, before returning to the initial sength.

sample.

Rapid variations have been seen in the Hpro le of RW Aur, occurring on
time scales as short as 10 mins. OVer the course of the obséors the central
absorption component of the H line increased in EW by a factor to 2 within
an hour (Mundt & Giampapa 1982). These variations were not rected in the
H emission, which is thought to be a result of the high opticalhickness in the
surrounding envelope. Mundt & Giampapa (1982) found theseaxiations to be
consistent with both aring and accretion events.

Variations in H pro le of RY Tau were found on the time-scales of 10-20
mins without variations in the star's brightness (Kolotilov & Zajtseva 1975).
Three separate nights observations took place covering tnscales of a few hours
each night. The pro les changed between nights, but in two dwf three occasions
they were stable throughout the night. The brightness of thetar was lower on
the night of the variations than on the other two nights, whit is an indication
that these variations came from magnetic activity (Gullbrng et al. 1997).

With the short wavelength coverage in this sample and no sirttaneous alter-
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native observations, the behaviour seen in AB Aur, RY Tau or W/ Aur cannot be
properly de ned, and the origin of these rapid variations isiot clear. Gullbring
(1994) argue that in the case of magnetospheric accretionoshterm variability
is to be expected. The in-fall time-scale of gas towards thele is less than one
hour. Any instabilities that occur in the disc or the magnetc eld at the point
of their interaction will lead to a clumpy ow of material onto the surface.

The changes in RY Tau and RW Aur take the form of a drop in emissin
across both lines, but not within the line centre, which woul be more indicative
of a are (see Sect. 4.3.3). However it is probable that the pad events that
are observed in RW Aur and RY Tau are due to a are event. This isiot the
case with AB Aur. The rapid variations that occur in the pro le of AB AUR
are unique in the sample. In no other object do we see these ©bas in emission
line strength, width and surrounding absorption.

It is possible that all the targets have these periods gpid variations. Out
of the total 22.6 hours of observations, thes@apid eventsonly take place with 3
observation blocks, which constitutes 2.4 hours or 10% of our total observing
time. This suggests they are not very common events and it @8 out stochastic
processes as the primary source of variations within the saia. However these
stochastic events could be the cause of thrapid variations we see in a small
number and probably take the form of instabilities in the magetic eld (Goodson
et al. 1998), or inner disc (Kurosawa & Romanova 2013).

4.5.3 Comparison between Herbig Ae and T Tauri sample

Herbig Ae stars are the intermediate mass equivalent of T Taustars and are
thought to go through a similar process of accretion as T Taustars. As they
are higher mass, they are shorter lived, but retain their coumstellar disc for
long enough to accrete material from them onto their surfase

Similar scalings of accretion rate to disc mass exist betwed Tauri and
Herbig Ae (Mendiguta et al. 2012). They also show that the NR colour excess
trend is the same across the T Tauri to Herbig Ae mass range, wh can be
explained by the reprocessing of both the stellar and accreh luminosities by
the inner disc.

However there is inconclusive evidence whether Herbig Aeast are host to
strong magnetic elds. Under our current understanding of mgnetospheric ac-
cretion these strong, stable elds are essential for maintang a quasi-stable
accretion ow.

Within this work a large mass range is covered (up to 5 M ) and similar
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variations are seen in all objects. The largest mass targdtkH 215 shows an
accretion rate spread of 0.015 over a single observation tho Comparing to
one of the smallest mass targets in the sample, DR Tau with @8, 0.042, 0.017,
shows there is little di erence between the two. Indeed, o#rs have found similar
accretion rate variations for Herbig Ae stars as is found inhis work, and the
LAMP sample. For example Pogodin et al. (2012) observed aetion variations
of amplitude 0.4 dex over the time-scales of 10 days for onedat, while multiple
targets showed variations of 0.3 dex between consecutiveyd@bservations. From
38 Herbig Ae/Be stars, (Mendiguta et al. 2011) found a typcal upper limit of
accretion variations of 0.5 dex over time-scales from days months.

Compiling the samples from both studies (this and the LAMP saple), of 10
low-mass T Tauri and 14 intermediate-mass T Tauri/Herbig Aestars, suggests
that it is the same process that produces the Hvariations in T Tauri and Herbig
Ae stars, across the entire mass range up to 5 M . This variability result is
entirely consistent with earlier spectro-polarimetry sweys (Vink et al. 2002,
2005, 2003)

4.6 Summary

This study was undertaken to put a lower limit on the time-schkes of accretion
variability in T Tauri and Herbig Ae stars. The previous work LAMP (Chapt.
3), used the H emission in low mass T Tauri stars as a proxy for accretion,
through which an upper limit of 8-25 days for the time-scalesf accretion vari-
ations was found (Costigan et al. 2012). These were the shest time-scales in
that sample.

This data studied in this chapter allowed to approach the priolem from the
other end of the scale, by studying the variations on the timecales of minutes,
hours, days and in a few cases years. The main ndings of thisow can be
summarised as follows:

The majority of variations observed in this sample take thedrm of slow
variations, where gradual changes in the H emission occur across the 1 hour
observation blocks. Theseslow variations are consistent with what we would
expect from accretion rate changes rather than solely chraspheric activity or
wind emission.

Calculating the mass accretion rate from the H emission, the average spread
the accretion rate on time-scales of less 1 hour is found to be 0.01-0.09 dex.
The spread increases by an order of magnitude when di erenigits observations
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are considered, 0.1-0.4 dex. However, when the variation® &onsidered over 2
years, they have not increased and remain the same, 0.15 -@déx.

Therefore it is the period of days that is the dominant time-sales of thesslow
variations. These results are found to be consistent with a rotational adulation
of the accretion rate and are supported by previous results.

Rapid eventsoccur in 3 observation blocks, which constitute 2.4 hours or
10% of our total observing time. These events consist of fagtanges within the
H emission line on time-scales of less than an hour. They coudd connected
to instabilities in the magnetic eld or inner disc, which waild create more
stochastic accretion events than we observe in the majorityf the sample.

This data set covers a large range in masses, in which very ganvariations
and accretion rate changes are found. This strongly suggedhat the same
process is taking place across the full mass range, from lovaga T Tauri stars
up to Herbig Ae stars, and that the same model of accretion a8 over large
stellar mass range.

The results from this work, and the previous chapter are showin Fig. 4.10,
along with other published work. The trend from the LAMP sampe continues
in this sample, with a saturation in the accretion rate variéions after a few days.
For the majority of this sample, the rotation rates of the T Tauri and Herbig Ae
stars are known. However, a large weakness in the conclusiamawn from these
samples is the unknown rotation rates in the LAMP sample, antheir behaviour
on the shorter time-scales.
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Figure 4.10: Comparison of accretion variations versus time-scales fail in
di erent sample. The compilation of these data sets shows ¢haccretion rate
variations e ectively saturate after a few days and do not iorease when you go
to longer time intervals. Note error bars here indicate thepsead in accretion
rates, and time coverage in each bin.



Chamaeleon Photometry

5.1 About this Chapter

Spectroscopic observations of accreting sources are nsagsto understand what
is happening in these dynamic systems, as was shown in thepoeis chapters.
However, these observations can be time consuming and thengde sizes are often
small as a result. Although photometric observations do natontain the same
level of information as the spectroscopic observations dmany more objects can
be observed at once with higher cadence.

The previous two chapters described how the question of theigins of ac-
cretion variability was approached from two di erent ends 6 the time-scales.
They both pointed to the intermediate time-scales of days ake most dominant
time-scales in the variations of both samples. However thamples are not im-
mediately comparable. For instance as mentioned in Chapt, he LAMP sample
is a relatively unbiased sample of young stars, chosen fooghng infrared excess
i.e. presence of a disc. On the other hand the ISIS sample, igegd for spectro-
polarimetry, consists of some of the brightest targets in & sky, the majority of
which are very well studied and are known variables. Nevertess, both samples
showed very similar behaviour with regard to the accretionariability.

To strengthen the conclusions drawn from these samples, pbmetric mon-
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itoring was carried out of the Chamaeleon region over 8 day3.his provides a
robust method to determine the dominant time-scales in thessystems that is
independent of any accretion model. Utilising WFI's wide & of view to cover
the entire Chamaeleon region in one pointing, allows for ntiple observations of
the region per night and provides the short term time samplig that is missing
in the LAMP data. Also, the majority of photometric variatio ns in typical YSOs
are expected to be modulated by the rotation period, which pwides a model
independent method of determining the rotation rates of th& objects. Thus
sample provides complementary data to the previous two chegss, allowing for
the reinforcement of the connection between them.

Sect. 5.2 describes di erent types of variability that may ke observed in this
sample. Sect.5.3 presents the variable sources identi etirough the methods
described in Chapt.2. These variable sources are then tteb nd a possible
rotation period in the light curve, the method of which is gien in Sect.5.4. The
results of this tting procedure are presented in Sect.5.5ral Appendix B. The
general trends in the sample are then discussed in Sect. 5.6.

5.2 Sources of Variations

The majority of the variations observed in this sample are gected to be caused
by cool spots. The existence of these cool spots and their nubation of the
light curves was rst proposed by Ho meister (1965). Cool spts are thought to
be very common in YSOs due to their high level of magnetic agity. They are
analogous to sun spots and form as a result of the magnetic deinteracting with
the stellar photosphere. The typical manifestation of thesspots in the observed
light curves is a simple sinusoidal variation. This suggesthat in the majority
of cases these spots form at high latitudes, have an inhomageus distribution
and exist in low numbers on the surface (Herbst et al. 1994; BRgren & Vrba
1983).

The physical parameters of these spots can be constraineddbgh models.
Cool spots are 1000-1500K colder than the surrounding phsfzhere (Carpenter
et al. 2001) and have lling factors (percentage coverage afhemisphere) of up
to 30%. These spots result in changes of less than 0.5mag. e tl band or
0.03-0.05 in V-band (Bouvier et al. 1995; Herbst et al. 1994)As these spots
rotate with the surface of the star they are often used to detmine the rotation
periods of YSOs. The spots themselves are probably only skalmver a number
of rotation periods, and are likely to undergo changes on tiescales of weeks
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(Hussain 2002). However, these spots have been successiudied to determine
rotation periods based on observations years apart that amonsistent with each
other (e.g. Attridge & Herbst 1992 and Mandel & Herbst 1991).

Another source of light curve variations in accreting objds are hot spots,
which form as the footprint of the accretion ow where the acetion shock heats
the photosphere. These are typically smaller than cool spmtwith surface lling
factors of a few percent (Donati et al. 2008; Jardine et al. @), but there is
a signi cant temperature di erence between the photospher and the hot spot.
Typical temperatures are in the range of 7000-12,000K (Hesbet al. 1994),
and as a result can lead to large variations in the light cung(V band >0.8,
Herbst et al. 1994). These hot spots are not as stable as theotspots, but
can survive over multiple rotations. Clear periodic signafres are observed on
many accreting stars, showing the presence of cool spots (Beer & Bertout
1989; Vrba et al. 1986). These unstable hot spots will add atidnal irregular
variations on top of those more stable cool spot variationdHerbst et al. 1994).

Small amplitude variations can be reproduced by both cool @nhot spots
with small lling factors, but variations greater than 0.5mag. generally cannot
be explained by cool spots alone, whereas variations of up fomag. can be
modelled with a hot spot with a high temperature or high lling factor (Carpenter
et al. 2001).

These magnetically active stars will also are, leading to arightening of the
star. These transient events will primarily cause more vaations in the blue i.e.
U and B bands (Herbst et al. 1994), rather than in the optical.

Further variations within the light curve can come from chages in the extinc-
tion. These changes can come from either variations in the haoular cloud lying
between the target and the observer, or from variations in # circumstellar disc.
These changes in extinction result in the targets getting deler as the object
dims, much like for hot or cool spots, but the slope of the calo changes can be
used to distinguish between these scenarios (Scholz et &09). Observed veloc-
ities in molecular clouds suggest any variations to light eues would be on the
order of weeks (Carpenter et al. 2001). Variations comingdm inhomogeneities
in the disc will depend on how far from the central source thesnhomogeneities
lie and can cause variations on time-scales from days to ysar

Often stars will show signs of a combination of the above saas, and it can
be hard to distinguish one source from another. Time-scalgtay an important
role in distinguishing between them, as well as multi-wavehgth observations.
For example, hot and cool spots are expected to modulate thight curve on
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time-scales of the rotation period, and they will exhibit lager amplitudes of
variations at shorter wavelengths.

5.3 Sample

As previously discussed in Chpt.2 these photometric obsations were com-
pleted using the WFI on the 2.2m telescope at La Silla Obseraay. The
pointing of the telescope was roughly centred on the FLAMESqinting used
to observed the LAMP sample.

Variable stars were identi ed within the sample using the sindard deviation
versus magnitude plots shown in Fig.5.2 and 5.3. The proces&reducing the
CCD images and extracting the photometry is described in Cipa 2. The ma-
jority of the targets on each chip are not variable and in thes cases the targets
will have a low standard deviation in magnitudes across thebservations. Any
variable stars will have higher standard deviations and wilsit above the eld
average.

The observational strategy was to obtain as many I-band im&g as possible
across the observing period. On good weather nights, whemiés possible to get
multiple I-band images, R-band images were taken as well torstrain the origin
of variations seen. In total, the data set contains 35 I-bantnages and 11 R-band
images. As they are more numerous, and in general have a be®N, the I-band
frames were rst used to identify the outstanding variables These are identi ed
in the plots with each of the target's identi ers. For exampg, the top panels of
Fig. 5.2 show the standard deviation and average magnitudés Chip 1. In this
chip only one clear outlier was identi ed, B43. It has four tmes higher standard
deviation than the other targets at that magnitude. When itslight curve is
examined variations can be seen between consecutive nigbtsservations and
within a single night. Fig.5.1 shows a comparison betweenegHight curve found
for B43 and a non-variable star in Chip 1.

Other targets with variable light curves were not so clear. n Chip 2, T33
is clearly a variable star, however the other four targets &hti ed in the plot
do not stand far above the average standard deviation. Threaf these targets
were identi ed as accretors in the LAMP sample (ChaH6, ChaH 6 and ISO
143), and so were of special interest. One target, ChaHl is not within the
Chamaeleon sample. It is classied as a brown dwarf with a spteal type of
M7.75 (Luhman 2007).

In Chip 7, (see Fig.5.3), three of the variable star identi @ are accretors in
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the LAMP sample (T31, T30 and ISO126). One star that was not ienti ed
as an accretor in the LAMP sample, CHXR22E, shows variationisere. In the
LAMP sample this object has an average EW of 94 and a 10%w of 412 km.s'.
Though the EW is below the Barrado y Navascles & Martn (20@) cut-o for an
M3 star (12.2A) the 10% width is large. It is possible that low levels of acetion
are occurring in this object. A second object is not covered the LAMP sample,
CHXR27 which is classi ed as an MO Luhman (2007). A further awetor, T45,
was found to show large variations in Chip 8. Two further targts were found to
show large variations in the I-band but not in the R-band. Howver these targets
could not be identi ed and most probably are not members of Gimaeleon. Table
5.4 gives a quantitative measure of the variations in thesargets. The column
marked " o' gives the standard deviation in the observed I-band light wve
for each of the variable targets. Alongside it, 'Er. |I' giveshe mean standard
deviation of the non-variable sources at that magnitude. lall cases the standard
deviation in the light curve is larger than the background no-variables.

A list of the variable stars mentioned here, along with theirspectral types
and SED classes are given in Table 2.5, Chapt. 2. All of the vable targets
are classi ed as Class Il objects, meaning they are all harbong circumstellar
discs. This is not surprising as IR surveys of young stellaegions have found
60% - 70% of YSOs with IR excess to be variable (Flaherty et &#012; Morales-
Caldeon et al. 2009). The light curves for each of these tgets are examined
in detail, and presented in Sect.5.5 and Appendix B. In the nevariable sample
19 further targets were identi ed. According to the Chamaedon catalogue of
Luhman (2007), 11 were identi ed as candidate Chamaeleon lembers and a
further 8 were Class 1ll objects. None of these disc-less g@ts show the same
magnitude of variations that are observed in the Class Il papation.

5.4 Fitting Procedure

As con rmed members of the Chamaeleon| region, all of the tgets are young,
still harbour discs, and are very likely to still be magnetially active. Their spot-
ted surfaces will allow us to determine likely rotation pends for these targets,
while also providing estimates to any other variations oceting in the systems.
The typical rotation periods for these kinds of objects is 110 days (Herbst
et al. 1994). Due to bad weather, only 8 nights observationsene obtained, so a
full coverage of all the rotation rates cannot be expected.vEn so an attempt is
made to identify rotation rates by tting a simple sinusoid to the observed light
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Figure 5.1: Time series of a variable star (B43) compared to a non-varis
star from the same chip (Chip 1).

curves.

Using a least-mean square tting python procedure I¢astsqwhich comes
under the packageoptimize), the I-band light curves are tted for the mean
magnitude, amplitude, period and phase. Initial guesseseaprovided for each,
which are estimated by judging the light curve variations byeye. The tting
procedure uses the Levenberg-Marquardt method, which ndbe local minimum
and so is sensitive to the initial guess.

For this reason, the Lomb-Scargle method was used to indiealikely periods
within the data (Lomb 1976; Scargle 1982). This spectra analis method is well
suited to nding weak periodic signals in unevenly sampledada. The lomb.fasper
python script uses fast fourier transforms to decrease th@mputing time, and
was used for each light curve to compute the Lomb-Scargle pmtogram. In
most cases the peaks in these periodograms are very broad aad only be used
as a loose indication of a period. Each t was checked by eye énsure a reliable
answer.

Assuming Gaussian uncertainties, the standard deviatiomieach of the tted
parameters is given by summing over the diagonal of the coiw@nce matrix. In
this case theleastsqmethod provides the fractional covariance matrix as an
output and so needs to be multiplied by the reduced? to get the full covariance
matrix.

The reduced- 2 ( 2) is given for each tin Table 5.4. In the cases where the
observed light curves are well described by the sinusoiddl the residuals of the
t will show lower variations than the observed data. The stadard deviations for
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Figure 5.2: Standard deviations for each target versus the mean magnde for
Chip 1 (Top panels) and Chip 2 (Bottom panels), in both I-band(left column)
and R-band (right column).
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the observed light curves (o) and the residuals of t ( r) are also given in Table
5.4, along with the F-number for each t. The F-number can beimply given by

F= —§’ and is often used to represent the probability that both oberved data
and thRe residuals after the t are drawn from the same populadn (e.g. Scholz
et al. 2005). A large F-number indicates that the variationshave been much
reduced after the t was preformed. The F-number false alarnthreshold is set
by the number of degrees of freedom of the data, which in thesmof the I-band
is 35. Therefore the 1% false alarm threshold for this samplke2.2-2.3.

The R-band light curves were then also tted using the leastnean square
method taking the period and phase from the | band t. This is @ne as the
R-band sampling (11 data points) is signi cantly less thann the I-band (35
data points). So in the case of the R-band the light curved wasted for the
amplitude and mean magnitude only. This is a reasonable assption to make
as any cool or hot spot variations that do occur should appeawvith the same
period and phase in both wavelength ranges.



Obj Mid.  Mid. P p  Amp. | Amp. R 2 o F Erl Er.R F No.
I R days I R

ChaH 2 1262 1398 5.42 (0.30) 0.06 (0.003) 0.06 (0.02) 0.75 0.00820 0.025 0.040 5.81
ChaH 6 13.66 1595 4.27 (0.20) 0.04 (0.004) 0.05 (0.02) 0.74 0.00020 0.025 0.040 4.36
T33 507 7.849 785 (0.08) 0.28 (0.003) 0.31 (0.05) 5.71 6.1®.044 0.020 0.020 141
T31 5.44 497 4.09 (0.10) 0.07 (0.002) 0.07 (0.01) 13.76 Q.04€.048 0.015 0.010 0.76
T45 8.34 7.89 541 (0.09) 0.09 (0.004) - - 1.13 0.056 0.027 2p.00.010 4.52

ISO143 1461 16.69 8.82 (0.92) 0.05 (0.004) 0.17 (0.03) 1.00127 0.023 0.025 0.040 30.84
1ISO126 13.04 1361 3.73 (0.02) 0.15 (0.002) 0.09 (0.01) 4.22081 0.028 0.015 0.010 8.24
CHXR27 9.51 9.79 6.92 (0.06) 0.15 (0.002) 0.16 (0.004) 2.60.122 0.022 0.015 0.010 29.92
B43 14.47 1592 3.08 (0.04) 0.11 (0.003) 0.23 (0.02) 10.23216. 0.079 0.027 0.050 7.42
CHXR22E 13.69 1560 491 (0.19) 0.04 (0.002) 0.04 (0.003)141. 0.054 0.015 0.015 0.012 13.49
T30 13.11 14.141 4.82 (0.08) 0.28 (0.003) 0.37 (0.005) 79.06404 0.123 0.015 0.012 10.78
ChaH 1  16.32 19.48 3.24 (0.07) 0.08 (0.004) 0.16 (0.06) 2.46 0.10M40 0.030 0.090 15.44

Table 5.1: Table of t parameters. The mean magnitudes for | and R band & given in rst two columns. Given along side

each of the other tted parameters P (Period), Amp. | (Amplitude) and Amp R are estimates of the tting errors, p,

, and

R. o IS the standard deviation of the observed light curve, ¢ is the standard deviation of residuals after t. "Er. I' and Er.
R' are the standard deviations of the reference stars in thaeld which can be taken as the photometric error. F-test threhold
in these cases is 2.2-2.3 for a 1% false alarm probability.

alnpasoid Bumi4 g
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5.5 Results

The success of the tting procedure and the parameters degad for each individ-
ual object are discussed in Appendix B. Here one target, Chald is presented
to demonstrate the results obtained from this method.

Fig 5.4 shows the tted light curves and Lomb-Scargle periasgram of ChaH 2.
The three panels of the top gure show the I-band light curvethe R-band light
curve and the residuals of the t. The top panel shows the I-bad light curve in
blue, with photometric errors over-plotted. The solid redihe indicates the sinu-
soidal t to the light curve, and the derived period and ampltude of variations
are also given in the panel. Below the R-band light curve is etvn in green. The
dashed red line indicates the tted amplitude for the R-bangtaking the period
and phase from the I-band t. The third panel shows the residals to the I-band
light curve t, with the blue line indicating the zero point.

This gure shows that the I-band light curve of ChaH 2 is well tted with
a simple sine curve (See Fig.5.4). The residuals of the t a@n the same level
as the variations of the reference stars in the eld. This shes that there is very
little variations above those described by the model. The gh F-number (5.81)
and low reduced 2 (0.75) also attest the fact that this simple model is a good
description of the data. The period of 5.41 0.3 days also ts the R-band data
well. The periodogram peaks at 5.15 days, but has a very largeak width. This
brown dwarf is classi ed as an accretor in the LAMP sample. Athe amplitudes
are small, 0.06 mag. in both R and |, it is likely that these vaations come
from a stable cool spot on the surface. Small variations oacin single nights of
observations, but these are for the most part within the phametric error.

For 10 of the other 11 objects in the sample, a period was susstilly ex-
tracted from the light curves (see Appendix B). These are gan in Table 5.4,
along with the tted amplitudes. The errors estimates of theperiod and ampli-
tudes are taken from the standard deviations in the tted paameters.

For two objects in this sample, periods have been previousigported. Through
photometric monitoring, Joergens et al. (2003) found a perd of 3.21 0.17
days for ChaH 2 and a period of 3.6 0.19days for ChaH 6. Joergens et al.
(2003) also monitored ChaH1 but no period was found. Both these periods are
shorter than the period found here. The discrepancy betweehe two studies is
addressed in Sect. 5.6.1.
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Figure 5.4. Upper Plot: The rst panel shows the I-band light curve (blue
points) with the photometric errors. The light curve is nornalised to the mean
magnitude found by the tting procedure. The sinusoidal t to the light curve is
over-plotted in red. Given within the panel is the derived paod and amplitude
of the light curve. The second panel shows the R-band light ore (green points),
t (red dashed line) and amplitude. The third panel shows thel-band residuals
after the t. Over-plotted in blue is the zero point. Lower Plot: Lomb Scargle
periodogram with peak value indicated.
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Figure 5.5: Period versus mass for sample. Known accretors are shown in
green, and the non-accretor (CHXR22E) and unclassi ed tasg (ChaH 1) are
shown in blue. T31 is not included in this plot as it was not pasble to derive a
period for this star.

5.6 Discussion

In the following, the periods, amplitudes and residuals thawvere found are dis-
cussed for the sample as a whole.

5.6.1 Periods

For the 12 targets mentioned likely periods were identi eddr 11, three of which
are brown dwarfs candidates. Fig.5.5 shows the derived pmils versus sample
masses. These masses were all derived from the publishedccéve temperatures
(Luhman 2007) and the Barae et al. (1998) 2 Myr isochrones. Ae derived
periods all lie within the expected range for young stellarlgects found through
photometric monitoring (Herbst et al. 2002) andvsini measurements (Bouvier
et al. 1993b; Herbst et al. 1983).

There is a large spread in periods within the sample, and norshg depen-
dency on spectral type is seen. Previous studies have founerds of lower
masses having faster rotation rates which is consistent Wwitwhat is observed
here (e.g. Scholz & Eisl el 2004).

Average rotation periods for brown dwarfs are usually shat than one day
(e.g. Scholz et al. 2005). However the rotation rates derdehere for the three
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Object This Work J+2003 Sine Fit to J+2003
ChaH 1 3.24 0.07 No period found -

ChaH 2 541 0.3 3.21 0.17 29 0.1
ChaH 6 4.27 0.2 3.6 0.19 3.7 01

Table 5.2: Comparison between periods found in this work with those fowl
in Joergens et al. (2003). Also given are the derived periottsund by using our
sine tting method on the observational data of Joergens etla(2003)

brown dwarfs candidates are signi cantly higher than that.ChaH 1 was tted
with a period of 3.24 0.07days, ChaH 2 with a period of 5.41 0.3 days
and ChaH 6 with a period of 4.27 0.2 days. This is in line with the periods
derived by Joergens et al. (2003), who suggest the sloweration rates are due
to the relatively young ages of these target, and the presemof a circumstellar
disc. They attest that the longer periods are due to ongoingptational braking
by interaction with the circumstellar disc.

Joergens et al. (2003) photometrically monitored the thredrown dwarfs
covered here. However, with a limited period coverage of sixghts, the study
faces the same restrictions as this work. The periods werauf@ by using the
more sophisticated string-length method (Dworetsky 1983and folded J-band
observations from Carpenter et al. (2001) into the I-band dgjht curve in order to
increase the phase coverage.

The periods found for the three brown dwarfs in both works areompared in
Table5.2. In the two cases for which Joergens et al. (2003)roe periods, they
nd signi cantly shorter periods than those derived here. h order to quantify
how much of this discrepancy is due to the di erences in ttig procedures, the
sine tting method was applied to the Joergens et al. (2003)ata set. In both
cases, the periods are in close agreement with those found Jnergens et al.
(2003). This rules out the method as being a major contributao the di erence
in periods.

Light curves have been seen to vary over time-scales as shast weeks to
months as spot con gurations change size, temperature ordation. Longitudinal
migrations of spots can also cause changes in the observedqus (Cohen et al.
2004). The time-scale between these two data sets is slightiver 10 years. These
changes in light curves have been found to be more likely inaeting objects,
where hot spots can play a signi cant role in concealing theotational signatures.
Both ChaH 2 and ChaH 6 are conrmed accretors (See Chapt.2). Since the
di erence in the rotation periods is signi cant, it is more likely that hot spots
are the cause rather than a recon guration of the cool spots.
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Figure 5.6: I-band amplitudes versus R-band amplitudes. Over-plottedine

represents the 1-to-1 line. Known accretors are shown in gre and the non-
accretor (CHXR22E) and unclassi ed target (ChaH 1) are shown in blue. Note
that T45 is not included in this plot as no amplitude for the Rband variations

was found. T31 is also not included as neither the I-band or Band could be
tted for periodic variations.

The big limitation of this data set is the time-series coverge. At best two
periods are covered for the fastest rotating objects in theasple, but in other
cases not even a full period is covered. These light curve®yide strong evidence
for rotation periods on these time-scales, but further obsetions are needed to
con rm them.

5.6.2 Amplitudes

It is clear that the majority of the sample shows periodic vaations. One indi-
cation of the origins of these variations is their amplitude and the comparison
between amplitudes in di erent wavelength ranges. Fig.5.6hows a comparison
between the tted I-band and R-band observations. In most cses, the ampli-
tudes either agree or the R-band amplitudes are larger. Theis only one object
which lies below the 1-to-1 line, ISO143, and in this case thHe-band is very
poorly tted.

Larger amplitudes at shorter wavelengths are expected indlhcase of spots on
the surface of the star. Considering that any small di erenes in the amplitudes
could be hidden in the noise of the measurements, all our tatg agree with this
picture.

Photometric monitoring in the J,H and K band was undertakenn 2000 by



5.7. Conclusions 142

Carpenter et al. (2002). If we compare the variations founaithis sample, with
those observed in 2000 over the time-scales of months, we seall cases but
one, that the variations in the J-band are smaller than thosé the I-band. The
only object which shows twice as much variations in the J-bahis T31. For
this object no periodic signature was found, and the light ecue took the form
of a slow drop in brightness across the 8 nights of observaigm This is another
indication that spots are not the only source of variationsn this object. Larger
variations at longer wavelengths are suggestive of changesthe circumstellar
disc emission, either due to an accretion event or a change time inner disc
structure (Carpenter et al. 2001).

As mentioned in Sect.5.2, cool spots are not stable over thene-scales of
years, however the rotation periods of these targets are. \Nénde nitive conclu-
sions cannot be drawn on comparing variations in these objsdrom two samples
that are a decade apart, the variations observed in 2000 arepportive of those
found here.

5.6.3 Residual Variations

From the 11 objects with light curves that can be described hyeriodic variations,
4 accretors (T33, T45, B43, T30) show extra variations on topf the sinusoidal
t and signi cant structure in the residuals.

Accretors are more likely to be irregular variables then the non-accretor
counterparts (Lamm et al. 2004). These variations occur orhé time-scales of
hours, on top of the periodic variations and are consistentith what would be
expected in the case of short accretion rate changes on themé-scales of hours.

The fact that nearly half of the accretors in the Chamaeleonasnple show
these short term variations is complimentary to the ndingsn Chapt. 4, in which
it was found that the rotational modulation cannot account br all the variations
that were observed.

5.7 Conclusions

A photometric monitoring campaign was undertaken over an @t day period
to identify variations of YSOs in the Chamaeleon| region. Othe objects for
which light curves were extracted, 31 are members of the Chagleon region as
classied by Luhman (2007). However 11 of these targets arenlp candidate
members, while the remaining 20 are a mix of Class Il and Il gécts. None
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of the 8 Class Ill objects were seen to show variability abowhe background
level, whereas the 12 Class Il objects all showed variationkline of these class
Il objects are con rmed accretors from the LAMP sample (SeeChapt. 3).

The light curves of all Class Il objects were tted with a sinsoidal function
to derive rotation periods. This method was successful in seribing the ma-
jority of the variations in these light curves for 11 out of tle 12 objects. The
periods derived from this tranged from 3 to 7 days, with the shortest periods
coinciding with the lower mass objects.

This period tting method was found to agree with previous esmates of
rotation period that employ more sophisticated algorithms When applied to
the data set of Joergens et al. (2003), the dierences in deed periods lay
within the errors.

The periods derived for the three brown dwarf candidates irhts sample, are
longer than the hours or day periods expected of them. The mence of the
circumstellar disc suggests that their low rotation rates &y be due to ongoing
rotational braking through the magnetic eld interacting with the disc.

The amplitudes and the colour variations in the majority of he sample are
consistent with variations due to spots on the surface of th&tar. In all cases for
which periods were derived, the magnitude of the variationagree with what is
expected from cool spots alone. However this does not rulet dne presence of
hot spots on the surface.

Four of the accretors in the sample show further variationsrotop of the pe-
riodic variations. These additional variations occur on tne-scales of hours and
are consistent with what was observed in higher mass samplé Tauri and
Herbig stars in Chapt.4. In both cases larger variations arebserved over the
time-scales of days, i.e. the rotation period, but on top ofhtese variations low
amplitude short term variations occur within a night's obsevation. This is an
indication that there are short term accretion rate change# these accretors,
which could take the form of uctuating density in the accreton ow or insta-
bilities in the inner disc or magnetic eld. Further observdions are necessary
at di erent wavelengths to rstly con rm these are accretion events and also to
di erentiate between these situations i.e. NIR monitoringof the inner disc or
monitoring of magnetic sensitive photospheric lines in camction with accretion
sensitive lines.



Summary

6.1 Motivation

Mass accretion is a key mechanism in the process of star fotioa. It controls
the ow of matter and angular momentum from the circumstell& environment
onto the YSOs, and can be the dominant source of emission frahese objects.
The current paradigm for this crucial process is magnetosphc accretion where
the magnetic eld of the young star truncates the inner part 6 the disk and
channels the accretion ow from the edge of the disk to the staThese accreting
objects are found to be the most variable members in young B8 populations
(e.g. Herbst et al. 1994). Spectroscopic studies have ideatl this excess vari-
ability as coming from changes in the accretion rate (Nguyeet al. 2009b). For
some individual objects, through extensive monitoring, ta sources of accretion
variations can be identi ed (e.g. AA Tau and Bouvier et al. 207a, 1999, 2003).
These objects are often targeted for their variability andtiis not clear whether
these variability mechanisms are common to all accreting @xts, or are a result
of a speci c attributes of that system.

This thesis was focused on quantifying variations itypical accreting YSOs in
order to identify their origins. Both spectroscopic and phtmmetric observations
were performed to disentangle the accretion variations fino the intrinsic YSO
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variability, and to identify time-scales and magnitudes otypical accretion rate
changes.

6.2 Learning from LAMP

Th majority of variability studies su er from low number statistics in biased
samples with restricted time sampling. In an attempt to couter these weaknesses
the Long Term Accretion Monitoring Program (LAMP) used the nulti-object
capabilities of the bre spectrograph FLAMES to monitor as nany targets as
possible in the young star forming region Chamaeleon|. A gjte pointing was
chosen in which a large number of targets with infrared excegindicative of a
circumstellar disc) could be covered. No other selectionitaria were applied to
this sample.

The nal sample of well observed YSOs was composed of 25 olge@nging
in spectral types from G2 to M5.75. These targets were obsens12 times over
the course of 15 months (see Chapt.2 for observing log). Ugithe emission
lines H (6562.81A) and Call (8662.1A) as accretion indicators, 10 accreting
objects were found. The mean amplitude of variations in desd accretion rates
(measured asLog(M:zyr 1)) from H EW was 0.37 dex, from Call EW
0.83 dex and from H 10%w 1.1 dex.

The accretion rate measurements from the H10%w are far more variable
that those derived from the H EW and the Call EW. This implies there are
contributions to this measurement that do not signi cantly aect the H EW
and the Call EW. Thus it is considered that the 10%w is not onlytracing the
accretion rate changes, but something else as well i.e. Eelwind. For this
reason the H 10%w is not considered a good measurement to derive accretio
rates from.

The results from this study suggest that the accretion rateare stable within
< 0.37 dex over time-scales of less than 15 months. All the aeting objects but
one, were found to have reached a maximum amplitude of variahs or were
within 70% of the maximum on the shortest time-scales in theample, 8-25
days. This means observations on time-scales of2 weeks could be su cient to
limit the total extent of accretion rate variations in typical young stars.

Signi cantly these time-scales are comparable to the exped rotation peri-
ods of these young stellar objects, which is an indication &t these variations
are a result of a rotational modulation of the accretion rate However without
further observations it is not possible to discern what fornthese variations take.
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6.3 Short Term Variations

Investigating these short term changes in accretion ratesas made possible with
a spectro-polarimetric data set observed by Vink et al. (2@). The sample is
composed of 14 Herbig Ae and intermediate mass T Tauri star€ompared to
the previous sample, this one is very biased as all the targedre bright, known
variables and in most cases very well studied.

These targets were observed over three nights in 2001 andrfoights in 2003
with the ISIS spectrograph on the WHT. Timing and number of obervations
blocks di er between the targets (see Chapt. 2 for more), butme-scales of hours
are covered for the full sample, while half the sample covetime-scales of days
and years.

The observations were focused on the Hemission, making any accretion rate
variations derived directly comparable to those found in tt LAMP sample. The
variability in the emission line was assessed using line nse@ements and time
series of line pro les. The majority of the sample shows loveVels of variations
within the  hour block observations and, across multiple days obsen@ts the
sample shows slow, gradual changes in the pro les.

However, in 3 observation blocks for 3 separate objects, tkewas evidence
for rapid variations in the H emission with typical time-scales of 10mins.
This represents 10% of the total observing time. These rapiwhriations could
occur in all targets, and possibly are a result of instabiliés in the inner regions
of the system such as a rearranging of the magnetic eld, or adsity change in
the accretion ow.

Converting the changes in the H EW to accretion rates, the inferred mean
accretion rate changes are 0.01-0.09 dex for time-scalesaf hour, 0.1-0.4 dex
for time-scales of days, and 0.15-0.46 dex for time-scaléyears.

These results provide a lower limit to the accretion variality which is com-
plementary to the upper-limit found in the LAMP sample. In fact the amplitude
of variations derived in this sample over the time-scales dhys, agrees with the
mean amplitude of variations over time-scales of weeks andnths found in the
LAMP sample. The 7 objects with observations in both the 200&nd the 2003
data set also con rm this. Both the LAMP and the ISIS samples pint towards
days being the dominant time-scales in these samples whichver periods of
years.

Signi cantly, even though both samples cover two very di eent mass ranges,
both show the same level of variations. This is a strong indition that the same
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accretion process and source of variations is occurring itais from T Tauri to
Herbig Ae stars, across the wide mass range of0:1to 5M

The simplest explanation for these variations that occur omotational time-
scales is an asymmetric accretion ow. These have been showroccur through
MHD modelling in the cases when there is even a slight o setrfa few degrees
between the rotation axis and the magnetic eld axis.

However not all variations in this sample can be explained byotationally
induced variations, i.e. the rapid variations seen on theme-scales of less than
one hour. There was also one object in the Chamaeleon | sampl&3, that
showed greater variations on the longer time-scales. Theare indications that
though rotationally modulated variations may dominate theobservations, there
are other active sources of variations in these systems, Buas instabilities in the
inner disc or magnetic reconnection events.

One of the weakness in this comparison between the sampleghs heavy
bias that exists in the ISIS sample. It was not clear that dramg the comparison
between some of the brightest, well studied high mass objecand low mass T
Tauri stars was reasonable, even if the two separate studipsinted towards the
same time-scales. Constraining the rotation periods and @t term variations in
the LAMP sample makes the comparison de nitively more robus

6.4 Chamaeleon Photometry

One of the most reliable methods of determining rotation r&s in YSOs is
through photometric monitoring. This method relies on the dct that all YSOs
are thought to be magnetically active, which results in co@dpots on the surface
where the eld interacts with the stellar photosphere. Thes spots rotate with
the star, and monitoring these objects reveals the change @mission as these
spots come in and out of view allowing the rotation rates to bderived. However,
changes in the light curve can also be caused by hot spots oretstellar surface,
inner disc variations or changes in the accretion luminosit This results in the
accreting objects of young populations being the most vabée.

Photometric monitoring of the Chamaeleon | region was und&ken in two
wavelength ranges, | and R band, over a period of 8 consecetimights. These
observations were performed using the WFI on the ESO-MPG 2n2 at La Silla,
and were centred on the previous FLAMES eld.

Twelve objects stood out from the non-variable backgroundars, and showed
signi cant variations above the average. Nine of these olgts were classi ed as
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accretors in the LAMP sample, one was classi ed as a non-aetor, and the
remaining two were not covered in the LAMP observations.

Likely periods were found for 11 of the 12 objects in the sangland these
range from 3 to 7 days. The majority of the variations in these 11 objectsan
be explained by the presence of cool spots on the stellar ¢ and the derived
rotation periods are consistent with what we would expect ém these young
objects. The upper-limit on the dominant time-scales for aretion variations in
the LAMP sample is 8-25 days. The periods found here all lie thin this upper-
limit, proving that the variations found in the LAMP sample are consistent with
what could be expected of rotationally modulated accretionariations.

Further signi cant residual variations were found in four d the accretors.
In all cases the targets show clear periodic variations, bufter tting for this
periodic signal strong residuals remain. As with the I1SIS saple, there are short
term variations occurring in these systems that cannot be aounted for by simple
rotational modulation.

6.5 Putting the Pieces Together

The main ndings in this thesis can be summarised under the flowing points:

The LAMP program covered 10 low mass T Tauri stars and time-ates
of weeks up to 15 months. During this period accretion rate vations of
< 0.37 where found when derived from the HEW.

For the majority of accretors in the sample, the variations &d reached a
maximum or were within 70% of their maximum after the shortdstime
period within the study (8- 25 days).

The ISIS sample covered 14 larger mass targets, ranging framtermediate
T Tauri to Herbig Ae stars, for which time-scales of hour, days and years
were covered.

Most of the variations found in this sample took the form of siw variations
inthe H prole over the hour block of observations. However, in 10%
of the observing time, rapid variations occur in the pro leson time-scales
of 10 mins.

Using the same methods as the LAMP sample, accretion ratesrealerived
fromthe H EW. The mean accretion rate variations were found to be 0.01 -
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0.09 dex for time-scales of 1 hour, 0.1-0.4 dex for time-scales of days, and
0.15-0.46 dex for time-scales of years.

The accretion rate variations increased by an order of madgade, from the

time-scales of hour to days. However there was hardly any nease in the
variations when the longer time-scales of years were coresield, suggesting
the time-scales of days to be the dominant period.

Both samples together suggest that for a typical accretingagect, the mean
accretion rate variations will not be any greater than 0.5 de over time-
scales from hours to years.

The similarity of the amplitude in the accretion rate variatons found in the
low mass end of the samples and the high mass end of the sampiegygest
the same accretion process is occurring in both.

The short term variations of the Chamaeleon sample were irstigated with
a photometric monitoring campaign over 8 days. Rotation ras were found
for 8 of the accretors in the LAMP sample, which all lay withinthe derived
upper-limit on the dominant time-scales for accretion rateariations,

On top of the rotationally modulated variations in the light curves for 4
accretors, there were signi cant variations that could nobe explained with
a simple cool spot model.

Through the three studies in this thesis and others (i.e. Ngen et al. 2009b),
it has become clear that typical accretors do not go througlaige accretion bursts
like EX Ors or even FU Ors (see Chapt. 1). Over the time-scales days, months
and years, no large variations in accretion rate were found the samples of this
thesis.

This work cannot rule out that large changes in the accretiorrould occur
on time-scales of decades or longer (as is the case with FU Ori). However,
can be said that over the time-scales of years, the dominanawvations occur on
time-scales close to the rotation period. This suggests thabservations over the
time-scale of< 1 week in typical accreting objects are su cient to put limits on
the expected magnitudes of variations that occur over thertie-scales of years.

These low levels of variations are also signi cant for théd. M2 relation.
The mean amplitude of variations in the samples studied heis  0.5dex. This
demonstrates that the 2 orders of magnitude scatter aroundié M. M 2 relation
at a given mass cannot be solely due to accretion variabilitBtudies of individual

it



6.5. Putting the Pieces Together 150

star forming regions with low age spreads have shown that thepread is unlikely
to be due to evolutionary e ects (i.e. Natta et al. 2006). Ths strongly suggests
that the M. M relation is due to either limitations in our detections of lav
accretion rates in high mass objects, initial conditions as an indirect correlation
where both the accretion rate and stellar mass are linked tbugh a di erent
process.

The dominant time-scales of variations in the LAMP sample we found to
overlap with those found in the ISIS sample. In both cases tlemplitude of vari-
ations saturated on time-scales close to the rotation pedo This suggests that
a large portion of the accretion rate variations in the vast rajority of accreting
objects are rotationally modulated. Simulations have shawthat an asymmetric
accretion ow can occur when there is a slight o set of a few dgees between the
rotational and magnetic eld axis (Romanova et al. 2003). Ogervations of BP
Tau show that these o sets can and do exist (Donati et al. 2008 Along with
the fact that the often observed higher order magnetic eldsvill also disrupt the
symmetry, it is very likely that most accretors have asymmeic accretion ows.
The observations in this thesis support this, and are consgat with what we
would expect from an asymmetric accretion ow rotating withthe star.

The smooth variations in accretion rates observed in this w rule out the
presence of large scale instabilities in the accreting sgst. If magnetic reconnec-
tion events were common, more stochastic changes in the aton rates would
be observed. This suggests that the large scale structuredastrength of these
magnetic elds are roughly stable over the time-scales of ges. This is an impor-
tant point for the rotational braking paradigm, where the manetic eld needs
to be stable over long enough periods to exert su cient torge on the stellar disc
to cause the spin down of the star. It remains to be seen if theagnetic elds
remain stable over the longer time-scales of decades.

However, the rotational modulation of the accretion rate aanot explain all
the variations that were observed in this work. For examplein 10% of the ob-
serving time in the ISIS sample, variations on shorter timseales of hours were
observed. Also in the Chamaeleon photometry, similar stoaktic variations on
the time-scales of hours were observed in part of the accregisample. One likely
cause for these variations is the existence of Rayleigh-Tay instabilities in the
inner disc (Kurosawa & Romanova 2013) which result in multie temporary
accretion ows existing in the system. In this unstable regne the red-shifted
absorption is constantly observed, as there is always someceetion ow in view.
However observations of higher order Balmer lines than Hare needed to dis-
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tinguish this feature. Multiple line monitoring is necessa to properly ascertain
the nature of these variations, and the geometry of these aetion ows.

6.6 Looking to the Future

Within certain areas of astronomy, the new science is beinglaeved through
monitoring studies (i.e. supernova, planet searching, gana ray burst). However
on modern telescopes there is little time for extensive mdaring campaigns for
individual studies. There are a number of facilities now beg built speci cally
for time domain studies. For example such large facilitiegke LSST have never
before been dedicated to monitoring the night sky, others atude the Palamar
Transient Facility and VYSOS in Hawaii.

These surveys will provide far more opportunities than haveeen available
before to monitor young star forming regions and gather extsive data sets,
increasing the number of typical accretors with well de nedariability and pro-
viding much better time-scale coverage than has been podsilbefore. One of
the main objectives of these studies, in the context of YSO& to identify more
out-bursting events (i.e. FU Ori events) in order to nd the cmnnection between
these outbursts and the typical accretion events seen in T Ta stars. To date
only 8 FU Ori targets have been identi ed, providing a small ad non-uniform
sample. To understand if these are common events in the liiee of every star
and what causes these events, the numbers of studied FU Orijetts needs to
be drastically increased. These out burst events are thougto be stochastic,
though the cause is still unknown. In order to catch these ents, multiple star
forming regions need to be monitored constantly. Not only Wifurther obser-
vations of FU Ori events, increase our understanding of thehg term evolution
of the accretion process, but as a by product of monitoring fa FU Ori event,
many T Tauri stars will also be monitored. This will provide awealth of light
curves for these targets, and in conjunction with archival ata will help in the
determination of any longer (decadal) term accretion rateariations.

ALMA will play a huge role in the coming years in pushing our uderstanding
in disc processes and evolution. Already with the early sciee data evidence of
asymmetric structure in circumstellar discs have been reated, and are thought
to be due to interaction with planets. ALMA will also allow far the temperature
and density structure of these discs to be well mapped as wal disc dynamics
such as gas ows and mixing within the disc layers. This will llow us to de-
ne the dominant accretion processes in these discs, whetheis gravitational
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instabilities, disc winds or MRI turbulence. In the future, new interferometric
instruments like GRAVITY will also provide key insights to the structure of the
inner discs of accretors, and any variations that may occuritkin them.

To fully understand the accretion process it is vital to impove our knowledge
of the magnetic eld. ALMA will provide some constraints on nagnetic elds,
and their connection to the circumstellar discs in the futue. There are also many
large observations programs running on current instrumest(e.g. CRIRES and
HARPS) that have been successful in determining the structa and strength of
magnetic elds in main sequence stars. However, more attetspare being made
to expand these works and use the same methods in pre-mainigatce objects,
where variability and activity make the analysis more di cult.

Current instruments such as X-shooter which allow for simtdneous obser-
vations of the UV excess emission, accretion indicators, greetic sensitive lines
and out ow indicators. The demand is high on this instrument but it is already
improving our understanding of the relation between the erssion lines and the
accretion shock emission, and as the number of observatiansrease it will also
go far in contributing to mapping of the geometry of these sysms.

To complement the survey telescopes, there are many new andgnd break-
ing multi-object spectrographs (FMOS at Subaru, KMOS at the/LT, Flamingos-
2 at Gemini) which will make spectroscopic follow ups of thegarer star forming
regions more e cient. The big weakness in this eld is the poostatistics, and as
it stands observations of accreting T Tauri stars are behindrhat the computa-
tional models can produce, leaving limited constraints orhe system parameters
that are used in these models. These multi-object spectr@gphs will allow for
better time resolved observations in greater numbers of aeting sources, which
will provide much needed physical constraints for the simations.

This thesis lays the ground work for these future surveys. Ishows that
over the time-scales of years the majority of accretion rateariations occur over
the period of days. This suggests a close connection to theaton period of
these accreting objects, and is a strong indication that thaccretion rates are
rotationally modulated. However, these studies cannot detmine the long term
variations of these targets that may occur over many years atecades. These
future facilities will allow for the exploration of variations on the longer time-
scales, and the physical processes that may occur over them.



Temperaments of Young Stellar Objects:
Individual Objects

A.1 About this Appendix

In the following, the properties of the individual targets &ed in the analysis in
Chapt. 4 are presented along with time series of the Hpro les, average and
variance pro les and di erential surface and spectra plots

The plots for each target take the same form. The top left pahas a time
series of H pro les across the observation block. Each prole is o -seffrom
the previous one for clarity. The minute of the hour in which ach spectrum
was observed is given to the right of each prole. The top righpanel contains
the average and variance pro les. The bottom left panel is ai@rential surface
plot. This plot shows the di erence between the rst spectraof that night and
the preceding spectra. The bottom right panel shows a time ses of cuts in
di erential ux plots. This was done in the same way as the suiace plots, where
the rst spectrum of that night was removed from all the rest & the spectra.
These are the same pro les as chosen for the pro le time sesjeand again the
minute of the hour in which each spectrum was observed is givéo the right of
each pro le.
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A.2 RW Aur

Stellar Properties: RW Aur is a resolved triple system (Ghez et al. 1993).
The primary has an estimated stellar radius of 1.3-1.5 Rand a stellar mass of
1.1 M (Petrov et al. 2001a). A rotation period of 2.77 days has beeeported
for RW Aur A (Petrov et al. 2001a). However, measurements ohe longitudinal
magnetic eld in the star, found the changes inBof-1.47 0.15to +1.10 0.15
kG to be consistent with a rotation period of 5.6 days, and tweootating spots on
the surface with opposite polarity. This is to be expected &m an asymmetric
accretion ow, where the two spots follow the base of the acetion ows.
Accretion Rates: Basri & Bertout (1989) have reported an accretion rate
of 2x10 7 M .yr ! derived by tting a boundary layer model to the observed
emission.

Outows: This object is associated with a very large asymmetric outw which
was found to contribute to the H emission at -150 to -180kms?! and at
109 kms?® (Hirth et al. 1994). lopez-Martn et al. (2003) found a bipolar jet
with an inclination angle of 45, in this work it is assumed that the stellar system
has the same inclination.

Disc Properties: The inner disc radius is 2.7 R with a calculated co-rotation
radius of 6.1 R (Gomez de Castro & Verdugo 2003), and an outer radius of 57
AU (Cabrit et al. 2006). The disc inclination is thought to lie between 45-6Q
which is in agreement with the jet inclination (Cabrit et al. 2006). Submillimeter
observations have revealed disc mass of 3x 101 (Williams & Andrews 2006).
At the end of 2010, RW Aur was observed to dim by 2 magnitudes over the
course of 180 days. This is attributed to an occultation by a large tiddly
disrupted trailing arm from the disc (Rodriguez et al. 2013)which most likely
formed through an interaction with RW Aur B (Cabrit et al. 2006).

ISIS H Observations: Over the course of the observations, RW Aur shows
a double peaked emission line with a central absorption ancktended wings.
During the single observation block in 2001 (Fig.A.1) a doube peaked pro le
is observed with a central absorption. Over the course of tha@bservation block
both peaks of emission strengthen with respect to the contiom.

During the rst night of observations in 2003 there is very litle change in
the pro le (Fig. A.2). A large change in the pro le does take pace between the
rst and second night's observations in 2003, where the redepk becomes much
stronger the the blue emission peak (Fig A.3). The changes the pro le on the
second night take the form of increased emission in the redisiof each of the
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emission peaks within the pro le, while the central intendy decreases slightly.
Previous H  Observations and Variations: A similar H pro le to these
was observed in 1976/77 with an EW of 128 (Schneeberger et al. 1979a).

RW Aur was also observed in 2001 (Chou et al. 2013), where EW aseire-
ments of 80.4, 65.6, 79.7, 728 were found on November 17, 215, 25" and
27" respectively. These measurements are very close to what vesserved in
the ISIS sample on the 28 December 2001 (mean 74.@¥). The same magnitude
of variations (81.11 - 67.88) was observed with ISIS during the half hour of
observations, as Chou et al. (2013) observed in one week. Thariations took
the form of a fall in the red peak emission.

Schneeberger et al. (1979b) found evidence for short termres and changes
while photometrically monitoring RW Aur, which they likened to the slow are
events on YZ Cmi. Relatively large photometric variations ave also been re-
ported, Petrov et al. (2001b) found over periods of 3-4 dayfanges of 0.2-0.7
magnitudes in the V band.

Observations of rapid line pro le variability in the spectra of RW Aur, specif-
ically the H pro le, have also been observed on time scales as short as liian
(Mundt & Giampapa 1982).

A.3 DR Tau

Stellar Properties: DR Tau has a stellar mass of 1.0M and a radius of
5.1R (Bertout et al. 1988; Gullbring et al. 1998). The period is nbvery well
constrained, Johns & Basri (1995a) found signatures in theression lines of DR
Tau with periods of 5.1 and 7.9 days.

Disk properties : A disc mass of 0.M has been estimated with R of 0.05 AU
(Kitamura et al. 2002). There have been a number of publishedclinations for
this system, which vary from edge on orientation to a pole orrientation (Alencar
et al. 2001; Kitamura et al. 2002; Muzerolle et al. 2001). Heawer, based on the
low rotational velocity and a period of 5.1 days (Johns & Basrl995a), Vink
et al. (2005) suggest a pole-on orientation to be more plabks.

Accretion: The lack of photospheric lines in the observed spectra of DRall
is attributed to high levels of veiling in the continuum (Basi & Batalha 1990;
Valenti 1994). Basri & Bertout (1989) have reported an acction rate of 5x 10 ’
M yr ! derived by tting a boundary layer model to the observed emision.

Out ows: It has been suggested that most of the Hemission is from a stellar
wind (Muzerolle et al. 2001). The forbidden emission line | 6300 has been



A.3. DR Tau 159

(10 1 A R I S R B R NO G
DRTAU ] W5j = Average |
2007 | Variance
[ = Zero Var.
)
O
E - :
o o~ 10 -
O
© © [ >
() ()
w w ©
i i D)
o o »
S S E
o o &
z 201 54 < 5 5
I =z
43
| 36 i 1
O T e S A O NESESPWePpES Y __ _ VTUEESeW r—rfwff0,0
—1000 —500 0 500 1000 —1000 —-500 0 500 1000
Velocity km /s Velocity km /s
—1.30-0.87-0.43 0.00 0.43 0.87 1.30 4 ‘
15
X
)
6 o
e " s
i) (e
=z o
o =
o a
& 5
%)
0 — ]
—1000 —500 0 500 1000

—1000 -500 0 500 1000

Velocity Velocity km /s

Figure A.4: DR Tau 2001 observations. Five spectra were observed on the
previous day to these observations, but are not shown here.



A.3. DR Tau 160
60t ‘ ‘ 0.8
t 15+ |
; DRTAU = Average
F Variance
: = Zero Var.
b 0.6
F 5)
5 [ s g
o g o 10 =
r O
© [ © >
2 Lol 2 04
RN E b
S i € S
o F o &
=z E < 5 5
5 0.2°
OE \ ! [—— Ol el g oy 100
—1000 —500 0 500 1000 —1000 —-500 0 500 1000
Velocity km /s Velocity km/s
—1.30-0.87-0.43 0.00 0.43 0.87 1.30 4
o f
@ @ 3 ]
201 4 r
! ¥ 39
= ¥
2 L
. o oof 4
&S 15¢ N 5 ¥
= = ;
e s | 1
2 oaf .
S0t = o/
8 d D [
9 | [
& : 43
5; ' ] OrF ]
, lidy ?
L ) :
0 - | —
T B L i L L
—1000 —500 0 500 1000
—500 0 500

Velocity

Velocity km /s

Figure A.5: DR Tau 2003 Observations.



A4. GW Ori 161

observed with pro les composed of two peaks, one at the ceatwavelength and
the second blue-shifted. This is a strong suggestion for alocoated out ow from
this source (Hartigan et al. 1995; Hirth et al. 1997).

ISIS H Observations: DR Tau shows very similar pro les in both 2001 and
2003 (Fig. A.4 and Fig.A.5). The pro le takes the form of a stong red-shifted
emission line with extended wings, and a strong blue absorph that extends
to below the continuum. In 2001 the blue-shifted "peak’ is e pronounced,
suggesting a slightly stronger high-velocity X 400kms 1) blue-shifted absorp-
tion. The variations in 2001 are contained to a single waveligth range centred
at 100kms !, which is close to the large peak of the prole. No signi cant
variations occur over the time-scale of the observations.

In 2003 the variance pro le is di erent, showing that the changes in the line
take the form of a change in emission strength either side dig emission peak
(Fig. A.5). The rst three spectra in this observation block di er slightly from
the rest of the spectra, resulting in a di erence of 20A in EW but no signi cant
change in the 10%w.

Previous H  Observations and Variations: Alencar et al. (2001) decom-
posed the H emission line for DR Tau into three parts (1) a strong red-shied
emission peak (like the emission line in this work) (2) a blushifted wind absorp-
tion component and (3) a relatively low amplitude componentwith a FWHM
centred at rest velocity. Most of the variability was found n the blue side of
the pro le, which was found to be incoherent with changes inhte red emission.
(Interestingly in the case of the ISIS observations, most wability is found on
the red side in emission peak). They attribute the red emissn to be a result of
emission from a hot in ow.

The large photometric variations of 1 - 3 magnitudes that haa’been observed
have been attributed to hot and cool spots on the surface of DRau (Bertout
etal. 1977; Bouvier et al. 1993a; Kenyon et al. 1994) and highiling (see above).

A4 GW Oiri

Stellar Properties: GW Ori is a binary system with a period of 242 days
(Murdin & Penston 1977). GW Ori itself has a period of 3.2 day¢Bouvier

et al. 1986). Signatures of magnetic activity have been olyged through X-ray
emission from GW Ori (Feigelson & Decampli 1981).

Disc Properties: GW Ori shows a very large IR excess (Cohen 1980) and the
strongest sub-millimeter emission found for a T Tauri starNlathieu et al. 1995)
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originating in a circumbinary disc of mass 1.5M. The inclination of the disc is
15-27 (Bouvier & Bertout 1989; Mathieu et al. 1991). The disc contias a gap
at 0.17 -3.3 AU (Mathieu et al. 1991) in which the secondary lies

ISIS H Observations: The observations show a roughly symmetric Hemis-
sion pro le, that shows small variations in both wings. In 201 an asymmetry is
seen in the wings, with the red wing showing slightly strongemission (Fig. A.6).
Across the observation block this wing grows in strength cgomared to the blue
wing.

In 2003, the two emission wings are more symmetric, and the@di is stronger
(Fig.A.7). The changes in the emission take a similar form as 2001. Low
amplitude waves are seen in the 2003 time series of HW measurements.
Previous H  Observations and Variations: Photometric monitoring for
ares was carried out over one night for this object, but no ae activity was
found (Worden et al. 1981b). A very similar H pro le was observed in 1977
with an EW of 45A (Schneeberger et al. 1979a).

A.5 AB Aur

Stellar Properties:  AB Aur is the brightest Herbig star in the sky, and is
a very well studied object. It is found to have a stellar massf®.5M and
a stellar radius of 2.5R (Bohm & Catala 1993; Praderie et al. 1986). Catala
et al. (1999) found a period of 34 hours from the monitoring gbhotospheric
lines. X-ray emission has been observed from AB Aur, howewre origin of it
is not clear but it is possibly from a magnetic corona (Tellehi et al. 2007)

Disc Properties: Emission from the disc has been observed to extend out to
580 AU, with a double spiral structure within the disk at radi of 200-450 AU
(Fukagawa et al. 2004). A large 100 AU inner hole in the dust atinuum has
also been observed in the sub-millimeter emission (Ohashil&n 2005). There
has been many contradictory reports of inclination anglesyhich has lead to
the belief that the disc is warped. The inclination angle hadeen reported to
be 76 (Mannings & Sargent 1997)<45 (Grady et al. 1999), 27-35 (Eisner
et al. 2003) which was later revised to 8 16 (Eisner et al. 2004). More recently
Fukagawa et al. (2004) found an inclination angle of 30 5 and large spiral
structures within the disc. Modelling of the outer mm emissin from the disc
suggests a inclination ok 30 (Corder et al. 2005; Natta et al. 2001).

ISIS H Observations: Across the four nights of observations in 2003, AB
Aur shows a strong P-Cygni emission prole. (see Fig.4.1,2.4.3 and 4.4).
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Studying the variance pro les for the rst and second night ¢ observations, the
changes in the emission line are concentrated in the wingstbé pro le. On the
rst night the variations are entirely in the blue wing, and on the second night
both wings show variations. No signi cant variations occurduring the fourth
night. Within the blue-shifted absorption, a small emissio feature can be seen.
This changes position between each nights observation. HRnothe rst to the
second night, the shift is to the blue side, and from the secdrto the third night
it shifts further back to the red side. It cannot be distingushed from the wing
or continuum on the fourth night.

On the third night of 2003 large distinctive variations in the H emission are
seen (Fig.4.3). The pro le decreases in strength and expasnd number of times
during the observation block. When it increases again it isamrower. These
variations manifest themselves as changes in three distiregions of variations
in the variance pro les. This results in not very large changs in the H EW of
220-234A. However during this night there are much more signi cant ariations
in the 10%w, 345-549kms?, which is an change of of 60% in 10%w. This
bi-modal behaviour can clearly be seen in the surface plotrfaB Aur in Fig. 4.3.
This is unusual behaviour within this sample: no other objeéshows such strong,
distinct peaks in the variance pro le.

During the 2001 observations, AB Aur, does not show the same@®gni
pro le, rather a small emission peak in the blue wing can be ee (Fig A.8, A.9,
A.10 and A.11). The emission line does not show any drasticaihges as it later
does in 2003, the changes are small in 2001, and take placewn welocity ranges
one centred at 200kms1?,

Previous H  Observations: As mentioned in the main text in Chapt.4,
Sect.4.5.2, Beskrovnaya et al. (1995) have previously obssl striking night-
to-night variations in H pro le both in intensity and pro le shape. The time
sampling of these variations were on longer time-scales th#éose in the ISIS
sample (hours rather than minutes). The authors argue thatitese P-Cygni vari-
ations are connected with the motion of circumstellar inhowgeneities. Large
changes in the H emission were again recorded between 1987 and 1996, where
the line changes more than 100% which is attributed to changéen the wind
structure (Bouret & Catala 1998).
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A.6 BP Tau

Stellar Properties:  Observations of BP TAU have revealed that it contains
strong magnetic eld, both a dipole (1.2 kG) and an octupole .6 kG) com-
ponent, and both are slightly shifted with respect to the radition axis (20 and
10, Long et al. 2011). The accretion spots coincide with the twaain high-
latitude octupole poles and overlap with dark photospherispots which each
cover about 2% of the surface. X-ray emission has also beersatved from BP
Tau (Neuhaeuser et al. 1995).

Disc Properties: BP Tau has a reported inclination of 30 (Dutrey et al.
2003; Simon et al. 2000). The disc is small with an outer radiof 120 AU, and
there are suggestions that BP Tau is in the process of cleagirits disc (Dutrey
et al. 2003).

Accretion:  An accretion rate of 3x108M yr ! has been estimated from the
UV excess (Gullbring et al. 1998).

ISIS H Observations: BP Tau shows a roughly symmetric H emission
pro le across the course of the nights observations (Fig.A2). The variance
pro le shows two peaks of variations in the blue and red wingsvhere the changes
in the red side are more pronounced. The time series of the EW measurements
shows what looks like a period across the hour of observatjaiuring which the
EW changes by about 5&. The 10%w does not show the same kind of period as
the EW, increasing slightly by 30kms ®. For BP Tau, four spectra were also
observed from the night before the main observations. Therg a large di erence
in EW (70A) between these two nights observations, with an increasa 1L0%w
over these two nights of 20kms .

Previous H  Observations and Variations: Donati et al. (2008) have sug-
gested that rotational modulation dominates the observedariability in BP Tau
reaching about 20-259% forH and 10 % for H .

Worden et al. (1981Db) attributed observed photometric vaations on the time-
scales of minutes to are activity. However a later study thacarried out simul-
taneous observations of the optical and X-ray emission, fod no correlation
between the changes in the two (Gullbring et al. 1997). Thisetl the authors to
conclude that there was no are activity in BP Tau over the couse of the obser-
vations, and suggested that the interaction between stellaeld and circumstellar
disc could act to quench any are activity. They also attribued the variations
observed in the optical to changes in the accretion rate (G@bking et al. 1996).

UV continuum ares have been observed in BP Tau, on time-soas of hours
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superimposed on a longer variability pattern which is attthuted to rotational
modulation of the stellar ux by hot spots on the surface (Gorez de Castro &
Franqueira 1997).

A.7 RY Tau

Stellar Properties: RY Tau has a stellar mass 2.2 M of and a radius 2.7 R
(Bertout et al. 1988). A period of 5.7 days has been found foryRTau (Herbst
& Layden 1987), and it is a con rmed X-ray emitter (Damiani etal. 1995)
Disc Properties: This system has an inclination angle of 30 (Akeson et al.
2003) with a disk mass 0.81 . A large cavity has been found in the disc, where
the gap is 20 AU, with the outer disc wall lying at 18 AU, and inner wall at
0.42 AU. The disc is classi ed as a transitional disc (Pott eal. 2010).
Accretion:  Observations have suggested that RY Tau has low levels of vei
ing (Valenti et al. 1993). Basri & Bertout (1989) derived an acretion rate of
75x108M yr 1,
ISIS H Observations: The H emission takes the form of a double peaked
pro le with a central absorption. In the single observationblock of 2001, both
peaks are of equal strength (Fig. A.13). The red-shifted pkahows an asymme-
try, with an excess emission in the wing close to the line cest

In the 2003 observations the strength of the emission line $iaropped, and
the excess emission in the red-shifted emission peak becemere developed
(Fig. A.14, A.15, A.16). Comparing the three nights the red mission peak shows
more variations. It changes in strength with respect to the lne peak, and also
there is a slight change in the morphology of the peak. On théird night the
red emission peak becomes a double peak. The changes in theBY on night
1 mainly takes the form of a drop in ux across the emission lmn However there
are some pronounced changes seen in the variance pro le iretred side of the
absorption feature. The second and third night have no sigoant changes, but
there are some small changes in the red side of absorption imgaFrom rst
to second night the H EW drops from 245A to 203A, a change of 17% of
original EW.
Previous H Observations: RY Tau was also observed in October and Novem-
ber 2010 (Chou et al. 2013), with EW measurements of 10.3, 2415.5, 14.3,
11.8A recorded on October 2%, November 1%, 215t, 25" and 27" respectively.
Over the month time-scales of these observations, the prelis similar to what
is observed in the ISIS sample. The red peak also shows simuariations in the
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rise and fall, and also the appearance of an extra absorptideature in the red
peak (as seen in our 2001 Dec. 26bservation).

Variations in H pro le have also been found on the time-scales of 10-20
mins without variations in the star's brightness in (Kolotilov & Zajtseva 1975).
Three separate nights observations took place covering tnscales of 6.4hrs and
3 hrs. The pro les changed between nights, but in two out of ttee occasions
they were stable through out the night. One night however thero le did go
through changes, the EW varying between 19 to 22 and absorption features
changed in strength, the blue absorption becoming strongand weaker again,
while a red absorption feature appears and disappears. Magtectra where taken
with 15 min. exposures and the brightness of the star was lomen the night of
the variations than on the other two nights (Kolotilov & Zajtseva 1975). The
emission pro le in this case is similar to what is observed ithe I1SIS observations,
a double peaked pro le, however in this case the blue peak igisi cantly smaller.
Interestingly when this object was observed again in 19767Mmultiple absorption
components were observed in Hemission pro le (Schneeberger et al. 1979a).

A.8 SU Aur

Stellar Properties:  SU Aur has as stellar mass of 2M and a radius of 3.1
R (Bertout et al. 1988). The period of SU Aur has not been well &blished,
probably lying between 1.7 (DeWarf et al. 2003) and 2.7 day$iérbst & Layden
1987).

Out ows: Evidence has been found of a bipolar out ow from SU Aur (Grady
et al. 2001).

Accretion:  An accretion rate of 6x108 M yr ' was found for this object by
Basri & Bertout (1989).

Disc Properties: Interferometric observations found the system inclinatio to
be close to 63 (Akeson et al. 2002) with an inner disc hole of radius 0.05-0&
AU.

ISIS H Observations: SU Aur shows one of the most complex pro les in the
sample. On the rst night of the 2001 observations, the emigm line is made up
of four peaks (Fig.A.17, A.18). Two are very close togethenithe line centre,
and two lie in either wing at about 200kms?!. The peak in the red wing is the
most prominent as it is slightly separated from the main emsson. During the
second night of 2001, this red shifted peak of emission shifb lower wavelengths
and merges with the main emission line. The small variationthat do occur in
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2001 seem to be concentrated on the red side of the line.

On the rst night of 2003 the line is composed of two emissiongaks, and
a blue-shifted central absorption (Fig. A.19). The emissiopeak on the red side
is asymmetric on the rst night of observations and separaginto a central and
red-shifted emission peak for the second and third nights sérvations (Fig. A.20,
A.21 ). Over the course of the observations, no large variatis are seen. On
the rst night, the changes seem to be concentrated in the b&i side of the
absorption feature (which is unusual for this sample) and sb the red wing of
the main emission. The H EW falls by half from the rst to the second night,
from 80A to 40A. On the second night of 2003 observations, it is the centraleak
in the emission line that grows relative to the other two. On lie third night the
pro le shows unchanging steady emission.
Previous H  Observations: Johns & Basri (1995b) found evidence for un-
steady accretion in SU Aur in the form of red displaced absatipn feature in
H with a period of 3 days, (where each observation was taken Wwih a few
hours or few days of each other). The Hpro le shows some similarities to ours.
It has two overlying absorption features than grow and weakeover course of
observations. However, in the case of Johns & Basri, the bladsorption feature
is always the stronger, and below the continuum. In the ISISbservations it is
the stronger in two out of three nights in 2003, on the secondght it is equal
to the depth of the red absorption. Again in 1977 a similar prée to what we
observe on the rst night of our observations is seen Schnesjger et al. (1979a).

In 1992, SU Aur was observed again showing a very similar pte to our
rst nights observations in 2003 (Johns et al. 1992). In thizase the blue-shifted
absorption is shown to vary over the rotation period, and is tiibuted to an
out ow originating in the inner disc and co-rotating with the star.

A9 T Tau

Stellar Properties: The T Tauri system is one of the best studied pre-main
sequence systems. Even though it gave the name to the classTofauri stars,
it is not a typical one. It is a triple system, where T Tau N is vsually bright (V
10), with a strongly IR variable companion, T Tau S which is ne known to
be a binary. These observations are of the T Tau N, the opticaiisible T Tauri
star in the system. It has stellar mass of 2.0 Mand a radius of 3.3 R (Bertout
et al. 1988). A period of 2.8 days has been found for T Tau N (H=st et al.
1986). X-ray emission has been observed in T Tau, however @ et al. (2007)
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suggest the accretion processes suppresses the emissiwhjtas lower that what

is expected.

Disc Properties: T Tau has a disc mass of 0.008 M (Andrews & Williams
2005). Akeson et al. (2002) report a system inclination arglof 29 based on
interferometric observations.

Accretion: There have been a number of accretion rate estimates found fb
Tau. Basri & Bertout (1989) report an accretion rate of 1.1x@ 8M yr 1, in
rough agreement with that found by Calvet et al. (2004) and Wite & Ghez
(2001).

Outows: T Tau has been observed in the radio, with emission consisten
with both an extended out ow and non-thermal emission (Phiips et al. 1993).
(Skinner & Brown 1994) found the ux to be consistent with a mas loss rate of
3.7x108M yr 1,

ISIS H Observations: In 2001, T Tau's emission pro le is composed of a
central emission peak with a small absorption feature in thiine centre and with
a larger blue-shifted absorption feature in the wing (Fig. 22, A.23). During
both nights, the changes are mostly in the blue wing, very cde to the centre of
the blue-shifted absorption feature. A smaller strengtheng of the emission in
the red wing occurs at the same time.

In 2003, T Tau shows weaker emission, and also the central aljstion feature

has disappeared (Fig.A.24). The variance pro le again sh@wa peak near the
blue shifted absorption feature, but the small change thataes occur takes the
form of a strengthening across the line.
Previous H  Observations: Multiple observations were taken of T Tau's
H emission in 1976/77. These observations show a similar ple to what is
observed in the ISIS sample, but with a small red-shifted ession feature, that
sometimes appears as a knee in the red wing, and sometimes astinguished
emission feature. During these observations the EW was sdenchange by 10%
over a three day period (Schneeberger et al. 1979a).

A.10 UX Tau

Stellar Properties:  UX Tau is a multiple system (Jones & Herbig 1979), where
the primary star UX Tau A is separated from the binary UX Tau b by 5.86" and
UX Tau C by 2.63". The primary has a mass of 1.3 M and a radius of 2.0 R
(Espaillat et al. 2007; Kraus & Hillenbrand 2009).

Disc Properties: The circumstellar disc has been classi ed as a transitional
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disc (Pott et al. 2010) and takes the form of an optical thin iner disc separated
by a gap from an optically thick outer disc, where the inner walies at 0.21
AU and the outer wall at 30 AU. The disc has a mass of 0.005 M(Andrews &
Williams 2005) and a tilt angle of 46 2 .

ISIS H Observations: UX Tau shows a reverse P-Cgyni prole in these
observations (Fig. A.25). Across the hour observation, bbtemission peaks grow
in size. The H EW gradually increases by 10A (12%). The time-series of
H EW measurements show it increases in a wave like manner. THeanges in
the pro le occur on the blue side of absorption (closer to maipeak), and in the
wings. This is the only pro le with red absorption in this sanple.

Previous H  Observations: Over the course of this work no previous H
observations of this target were found.

A1l V773 Tau

Stellar Properties: V773 Tau is a spectroscopic binary (Kraus & Hillenbrand
2009) with an orbit period of 51 days (Boden et al. 2007), witboth components
having periods of 3.43 days (Rydgren & Vrba 1983). It is highlvariable with
luminous non-thermal radio emission (Dutrey et al. 1996; @eal et al. 1990;
Phillips et al. 1991) and very bright, highly variable X-ray emission (Guenther
et al. 2000). It is well known for its aring, particularly around periastron
passage, suggesting an interaction of the magnetic elds tfe binary (Massi
et al. 2002).

Disc Properties: V773 Tau has been found to have a circumstellar disc of mass
0.0005 M (Andrews & Williams 2005)

ISIS H Observations: V773 Tau shows the weakest emission line within the
sample, consisting of an asymmetric emission line with enti@ed emission in the
red wing (Fig. A.26). Across the observations the emissiom®ws no signi cant
variations.

Previous H Observations: Guenther et al. (2000) observed V773 Tau in the
optical and X-ray simultaneously and found a loose correlain between the H
EW and X-ray emission strength.

A.12 BF Ori

Stellar Properties:  BF Ori has a long history of large amplitude changes and
has been classied as an UXors object (Bibo & The 1991). A ped of 5.5
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years has been found in these large variations (Shevchenkaak 1993). These
variations are thought to be a result of viewing the star thragh the variable
circumstellar disc (Grinin & Rostopchina 1996). BF Ori has atellar mass of 2.5
M and a radius of 1.3 R (Hillenbrand et al. 1992; Manoj et al. 2006).

Disc Properties:  Aninner disc hole of 10 AU was found through SED modelling
by Hillenbrand et al. (1992).

Accretion: Using SED modelling, Hillenbrand et al. (1992) derived acetion
rate of 1.1x10°6M yr 1.

ISIS H Observations: BF Ori shows comparatively low levels of variations
across the single observation block (Fig. A.27). The Hpro le has two peaks
in emission with a central absorption feature. The largesthanges take place
within the central absorption feature, and take the form of asteady increase in
emission in a narrow wavelength range.

Previous H Observations: A range of H EW measurements have been re-
ported, 10.0A (Herbig & Bell 1988), 11.3®&\ (Reipurth et al. 1996), 3.7 (Cor-
coran & Ray 1998), 6.78 (Herrandez et al. 2004) and 9.38 (Acke et al. 2005).
The mean EW measured in the ISIS sample in 2001 is on the low eafithis
range at 3.8&\, but coincides with the dip in strength in 1998 and 2004.

A.13 LkH 215

Stellar Properties: LkH 215 is one of the larger stars in this sample, with
a mass of 4.8 M and radius of 5.4 R (Hillenbrand et al. 1992; Manoj et al.
2006).

Disc Properties: Alonso-Albi et al. (2009) found an uncertain disc outer radis
of 10AU, and a disc mass of 6 x £aM

ISIS H Observations: The H emission in this object takes the form of a
double peak pro le (Fig. A.28). During the single observatin block of this object,
only very small changes in emission occur either side of thentral absorption
feature.

Previous H  Observations: Previous observations of the H emission have
found a slightly weaker emission line than is reported heremgan of 3.4%),
25A (Herbig & Bell 1988), 26.7A (Corcoran & Ray 1998) and 25.A (Herrandez
et al. 2004).
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A.14 CO Ori

Stellar Properties:  CO Ori is one of the brightest T Tauri stars, however it
has been poorly studied. It has previously shown a high and nable accretion
rate (Calvet et al. 2004), and also large photometric vari&ns on time-scales of
days (Herbst & Shevchenko 1999), which led the authors to dgsate is as an
UXors object.

ISISH Observations: The H emission of CO Ori takes the form of a double
peaked pro le (Fig.A.29). The small changes in the pro le amss the hour of
observations are concentrated in the two peaks of emission.

Previous H  Observations: CO Ori has previously been reported to have a
weaker H emission pro le at 4.2A and a pronounced P Cygni pro le (Reipurth
et al. 1996). About 10 years earlier it was observed to haverehger emission at
10A (Herbig & Bell 1988).

The H pro le observed by Calvet et al. (2004), shows quite a di engt mor-
phology than we observe. Calvet et al. (2004) observed a extnely blue-shifted
absorption feature and a single red-shifted emission peakhis suggested that
the more central and weaker absorption feature that is obsexd in the ISIS data
sometimes grows in strength and moves more towards the blue.

A.15 MWC 480

Stellar Properties: MWC 480 is a Herbig Ae star with a mass of 2.3 Mand
a stellar radius of 2.1 R (Mannings & Sargent 1997). It is one of the few Herbig
Ae stars that have had detections of strong kG magnetic elden their surfaces
(Hubrig et al. 2011).

Accretion and Out ows: Accretion in MWC 480 has been conrmed via
both far-UV and X-ray detections. This target also drives a ipolar jet, but
the rate of mass loss is lower than is considered normal for iHgy Ae stars
(Grady et al. 2010). An accretion rate of 3.8x10° M yr ! was derived from
the far-UV excess emission by Grady et al. (2010). A higher e accretion
rate was found by Mendiguta et al. (2013), 1.1x10" M yr 1, by tting the
Balmer excess. Across the few months of observations, theyasure accretion
rate changes between 5.24x1®and 1.46x10’ M yr 1. The mean accretion
measurement found in the ISIS sample, 4.56 x 1M yr 1, lies within this range
of variations.

Disc Properties: A disc inclination angle of 30 has been determined (Eisner
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et al. 2004; Mannings & Sargent 1997).

ISIS H Observations: The H emission is very stable over the three obser-
vations blocks that span two nights (Fig. A.30, A.31, A.32 ad A.33). There is
large blue-shifted absorption that extends below the levelf the continuum. The
small variations during the rst and last observation blocktake place mainly in
the the blue side of the emission peak. Measurements of the&¥a® are not taken
due to the fact that the entire blue wing of the emission linesi in absorption
providing no way of telling (without interpolation) where the blue wing lies.
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Chamaeleon Photometry: Individual
Targets

B.1 About this Appendix

The following sections present the lights curves for each jelst in the photometry
sample of Chamaeleon (See Chapt.5). In each case the goodr#st is dis-
cussed, along with the derived period, amplitude and any reaming variations
after the tis removed (See Table 5.4 for full list of t parameters).

Two plots are shown for every object, one presenting the lighurves and t
and a second presenting the Lomb-Scargle periodogram. Tlght curve plot is
split into three panels. In the top panel of each plot, the dat points of the I-band
light curve are shown in blue, along with the photometric ewr. Here the light
curves are normalised to the mean magnitude found by the ttig procedure.
Over-plotted in a solid red line is the t to this light curve, with the period and
amplitude indicated within the panel. In the middle panel, e R-band light
curve is shown in green. The t to this light curve is plotted & a red dashed
line. The last panel shows the residuals of I-band t, wherehie dashed blue line
indicates the zero point.

The periodogram is also given for each object below the lightirve plot. In

201
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each case the max point in the periodogram is indicated. Thesults of the tto
ChaH 2 have already been presented in Chapt. 5, the following deibes those
for the remaining 11 variable objects.

B.2 ChaH 6

The sinusoidal t runs through all data points in the the I-band light (Fig. B.1),
apart from the last two and provides and excellent descriptin of the variations
observed across the 8 nights observations¥ of 0.74). The standard deviation in
the I-band is reduced to within the errors after tting a sinecurve with a period
4.27 0.2 days (F-no. of 4.36). The periodogram reaches a peak abd%days,
in agreement with that found using the sine t. This period ako describes the
R-band variations very well, and considering the error barst passes through all
the data points within the time series.

The small amplitudes found (0.04 mag. for I-band) suggest ¢hcool spot
model is appropriate for modelling the emission variationsver this time period.
Even though this star was de ned as an accretor within the LAN® sample, these
observations would suggest no large hot spots are seen on soeface.

ChaH 6 is the second object within the sample for which a period hdmeen
measured (where the other object is ChaH). The Joergens et al. (2003) period,
at3.6 0.19days, lies below the period found here. This di erence the period
found in these two studies is addressed in Chapt. 5, Sect.3.6

B.3 T33

The observations of T33 suggest it has a period longer thanasvered by this data
set (Fig.B.2). The t to the I-band data results in a period of 7.85 0.08 days,
which is close to the broad peak of 6.3 days in the periodogram. However
further observations over longer periods need to be undeken to con rm this
initial approximation.

The variations are signi cantly reduced after the t, though still lie above
the background standard deviations (F-no of 14.1). Convimagly, the R-band
also follows this tted period and phase. The R-band variatins are found to be
slightly larger (0.31 mag.) than the I-band observations (@8 mag.), but consid-
ering the photometric errors are 0.02 mag. they are in rough agreement.

As the variations are relatively small they can be well desitred by cool spots.
In this object we also see signi cant residuals, at twice thieackground variations,
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Figure B.1: Upper Plot: | and R band light curves and I-band residuals for
ChaH 6. Lower Plot: Lomb-Scargle periodogram.
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Figure B.2: Upper Plot: | and R band light curves and I-band residuals for
T33. Lower Plot: Lomb-Scargle periodogram.



B.4. T31 205

during each nights observations. This suggests there is serurther activity on
the surface of this star, which could take the form of a hot spor accretion event,
which is likely as this target is classi ed as an accretor inne LAMP sample.

B4 T31

The observed variations of T31 cannot be described using awssoidal t (Fig. B.3).
The F-number in this case (0.75) is at the level of 80% falseaam probability.
The light curve that is observed monotonically falls acrosthe observation pe-
riod. Over the course of the eight nights, the magnitude drapby 0.3 mag. The
periodogram for this object shows no valid peaks. When a t iattempted to
the data, the standard deviation of the residuals of the t renains higher than
the original light curve.

These data suggest that T31 has a much longer observation et than
is covered in this sample. Alternatively the star could be sing behind a
denser part of the molecular cloud or undergoing a disc actom event. The
observations of Carpenter et al. (2001), suggest that thewe larger amplitude
variations occurring in the J band than observed here in thedr R band. This is
not consistent with spot modulation of the light curve, but nore likely to come
from a change in the disc emission. However these J-band atvadons were
observed years before the observations here, and so, whib& conclusive suggest
that some other source of variability is occurring in this sstem.

B.5 [S0143

The derived period for ISO143 is the longest in the sample at& 0.92 days.
In fact, it is too long to be adequately constrained with thisdata set. However,
the variations observed are well described by the sinusoldg even though a full
period was not observed (Fig.B.4). The F-number of 30.84 shs the residuals
in the I-band after the t are signi cantly smaller, and lie within the assumed
errors. The data points at either end of the time-series plag signi cant role in
determining the t, and unfortunately these are few in numbe.

The R-band light curve does not show a clear periodic variath. Though the
period found from the I-band light curve does roughly follow the data points, it
is a poor t and the high amplitude of variations found in the Rband light curve
should not be trusted. The periodogram peaks at 6.3 days, theeak however is
extremely wide spanning about four days. Further observains are necessary to
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Figure B.3: Upper Plot: | and R band light curves and I-band residuals for
T31. Lower Plot: Lomb-Scargle periodogram.
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con rm this period.

The amplitudes of variation (I-band 0.05mag.) are consisté with cool spots
alone. However, as this object is classi ed as an accretorigt likely that there is
a hot spot on the surface.

B.6 [S0126

The sharp peak at 3.66 days in the Lomb-Scargle periodograwr iISO126 sug-
gests this is one of the best constrained periods in the samplFig. B.5). The
tting procedure to the I-band suggests a period of 3.72 daysThere remains
some residual variations after the t (F-no. 8.24), which cald be due to either
a more complicated cool spot coverage than is allowed for bysimple sin t, the
presence of a hot spot along side the cool spot or accretioneaariations.

The R-band roughly follows the period and phase found in thebdand t. In
this case the R-band amplitude (0.09 mag.) is lower than theldand amplitude
(0.15mag). However the t in Fig.B.5 does not go through the rst and the
last data point, which would pull the amplitude up, suggestig that the R-band
amplitude is higher than is measured here.

B.7 CHXR27

The light curve of the CHXR27 is convincingly reproduced by aine curve with
period of 6.92days (Fig.B.6). The F-number is high 29.92 shing that the
majority of the variations can be described with a simple céspot model. The
periodogram however does not show a signi cant peak. Afteeaching a maxi-
mum at 3.97 days, it decays slowly. However the R-band obsatwns follow the
t for the most part.

In both the I-band and the R-band there are some remaining refuials, again
suggesting more activity than simple cool spot models. This one of the targets
that is not covered within the LAMP sample, and so it is not knawn whether
this object is accreting or not.

B.8 B43

In the case of B43, the max peak in the periodogram and the ttéperiod agree
nearly exactly at 3.09 0.03days and 3.08 days. However a visual inspection
of the tis less convincing (Fig.B.7). Both the 2 (10.23) and the F-number
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Figure B.4:

Upper Plot: | and R band light curves and I-band residuals for

ISO143. Lower Plot: Lomb-Scargle periodogram.
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Figure B.5: Upper Plot: | and R band light curves and I-band residuals for
ISO126. Lower Plot: Lomb-Scargle periodogram.
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Figure B.6: Upper Plot: | and R band light curves and I-band residuals for
CHXR27. Lower Plot: Lomb-Scargle periodogram.
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(7.42) show that it is a reasonable t to the data, and the varations are reduced.
However in both the I-band and the R-band there are still sigrcant variations
remaining after the t. On top of these variations that occur within a night,
the mean magnitude in the I-band seems to fall across the obgaions. This
suggests that while the variability is consistent with cookpot rotating with the
surface, there may also be some other source of variationadgpossibly with a
longer term gradient.

This is another case where the R-band variations are largenan the I-band
variations. In fact the t to the R-band does not go through the highest magni-
tude points in the light curve, and so the amplitudes of the vaations could be
even larger.

B.9 CHXR22E

The period t of 4.91 0.19days follows the variations within the I-band light
curve well, and also agrees with the maximum found in the pedogram (Fig. B.8).
The large F-number shows the reduction in the variations aét the t. The resid-
ual variations are on the same level as those of the non-vamgistars in the eld.
The R-band variations are not as well described by this t, ad many points lie
o the line. However there is a rough agreement.

CHXR22E was classi ed as a non-accretor in the LAMP sample. here are
no strong indications of extra variations on top of what is gxected of cool spots.
However as we have seen many accretors show low amplitudeiatons well
described by a simple sin t, there can be ongoing accretionitiout strong
indications of large hot spots.

B.10 T30

The light curve of can be modelled with a period of 4.81days dn5.81 days
(Fig.B.9). Both cases result in a high 2 of 79. Conversely there is also
a reasonably high F-number in both cases of 10.78. This showmt though
the t does signi cantly reduce the variations, it is not a good model for the
variations. The periodogram reaches a maximum at 4.21 daybut does not
show a signi cant peak.

The residuals of the t still have a high standard deviation #0.12, and there
are clear variations within each night's observations.

On visual inspection, the t probably gives a reasonable esbate of the am-
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Figure B.7: Upper Plot: | and R band light curves and I-band residuals for
B43. Lower Plot: Lomb-Scargle periodogram.
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Figure B.8: Upper Plot: | and R band light curves and I-band residuals for
CHXR22E. Lower Plot: Lomb-Scargle periodogram.
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plitude of variations in the I-band, which at 0.28 mag. are oa of the highest in
this sample. It is most likely that there are multiple spots a the surface of this
object, and quite possibly both hot and cool spots. The trueotation period

of T30 most likely lies within the range of 4-6 days, but furtler observations
are necessary to disentangle the rotation signatures fronme other sources of
variations in this object.

B.11 T45

On visual inspection, the sine t to the T45 light curve agres quite well with the
data (Fig.B.10). The 2 of 1.13 and the F-number of 4.54 show that while not
all the variations are covered with a single sinusoidal t, he major variations
are. There are still some residual variations within each ghts observations,
suggesting again that there is more than a cool rotating span the surface.

The period of 5.41 0.9days agrees well with the max peak of 5.34 in the
periodogram. However the R-band observations are not welescribed by the
t. The last point in the R-band time-series is much lower than the t predicts,
and the other points are too spread to properly t for the ampitude.

B.12 ChaH 1

This brown dwarf was also not covered in the LAMP sample. Theris a reason-
able amount of spread in the I-band light curve. So althoughhie period found
through the t (3.24  0.07days) is in agreement with the sharp peak in the
periodogram (3.31days), and the t runs through the majoriy of data points
considering the errors, the 2 of the t is still relatively high at 2.46 (Fig. B.11).
The F-number (15.44) shows that there is a large reduction tme variations after
the t, and the remaining residuals do lie around the zero pot. There are large
variations during each nights observations, however theyre not signi cantly
above the background level of variations (See Table 5.4).

There is also a signi cant spread within the R-band light cuve, and in this
case the errors are also larger. The R-band light curve doesléw the general
trend of the I-band t. The amplitude of the R-band t (0.16 mag.) is signi -
cantly higher than the I-band amplitude of 0.08 mag. Howevethis is an a ect
of the large nightly variations which, in the case of the spae R-band sampling,
mask the period change running through the light curve.
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Figure B.9: Upper Plot: | and R band light curves and I-band residuals for
T30. Lower Plot: Lomb-Scargle periodogram.
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Figure B.10: Upper Plot: 1 and R band light curves and I-band residuals for
T45. Lower Plot: Lomb-Scargle periodogram.
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Figure B.11:

Upper Plot: 1 and R band light curves and I-band residuals for

ChaH 1. Lower Plot: Lomb-Scargle periodogram.
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