Neomge”
ﬂ):?s

Taking the Bull by the '"Horns'’

Modelling the structure and kinematics of
star-forming regions using Gaia DR2

by

Graham David FLEMING

A thesis submitted in partial fulfilment for the requirements for the
degree of Master of Science (by Research) in Astrophysics at the
University of Central Lancashire

Tuesday 8t December, 2020


https://orcid.org/0000-0001-9790-8979
https://www.uclan.ac.uk/

University of Central Lancashire

Master of Science (by Research) Thesis

Taking the Bull by the '"Horns'’

Modelling the structure and kinematics of
star-forming regions using Gaia DR2

Author:
Graham David FLEMING
Supervisor:
Dr. Jason KIRK

Second Supervisor:
Prof. Derek WARD-THOMPSON

A thesis submitted in partial fulfillment of the requirements
for the degree of Master of Science (by Research) in Astrophysics

in the

Jeremiah Horrocks Institute
School of Natural Sciences

Tuesday 8t December, 2020



https://www.uclan.ac.uk/
https://orcid.org/0000-0001-9790-8979
https://orcid.org/0000-0002-4552-7477
https://orcid.org/0000-0003-1140-2761
http://faculty.university.com
http://department.university.com

Declaration of Authorship

Al
P University of

@ Central Lancashire

UCLan

Type of Award: Master of Science (by Research) in Astrophysics

School: Jeremiah Horrocks Institute

I, Graham David FLEMING, declare that this thesis titled, “Taking the Bull
by the '"Horns’” and the work presented in it are my own and was completed
wholly whilst in candidature for a research degree at the University of Central
Lancashire. In addition:

1. Concurrent registration for two or more academic awards. | declare
that while registered as a candidate for the research degree, | have not been
a registered candidate or enrolled student for another award of the University
or other academic or professional institution.

2. Material submitted for another award. | declare that no material
contained in the thesis has been used in any other submission for an academic
award and is solely my own work.

3. Previously published works. Some of the work presented in this thesis
has been submitted for publication by the author (Fleming, Kirk, and Ward-
Thompson, 2019).

4. Collaboration. Where the thesis is based on work done by myself jointly
with others, | have made clear exactly what was done by others and what |
have contributed myself. | have acknowledged all main sources of help.

5. Referencing previous works. Where | have consulted the published
work of others, this is always clearly attributed. Also, where | have quoted
from the work of others, the source is always given. With the exception of
such quotations, this thesis is entirely my own work.

6. Use of a Proof-reader. No proof-reading service was used in the
compilation of this thesis.

Signed:

Print Name: Graham David Fleming

Date: Tuesday 8% December, 2020



http://faculty.university.com
https://www.uclan.ac.uk/
https://www.uclan.ac.uk/

Supervisor’s Declaration

[, Dr. Jason KIRK, as supervisor, hereby declare that this thesis titled, “Taking
the Bull by the "Horns’” written by Graham David FLEMING, is his own writing
prepared under my supervision and that | supported his work with regular
consultations.

I confirm that to the best of my knowledge, Graham David FLEMING has
carried out his research according to the University of Central Lancashire
requirements for a Master’s degree.

| also declare that, based on its professional merits, the thesis meets the
formal and professional requirements of the University of Central Lancashire
and those of the Jeremiah Horrocks Institute, | therefore support its
submission.

Signed:

Print Name: Jason M. Kirk

Date: Tuesday 8™ December, 2020



https://www.uclan.ac.uk/
https://www.uclan.ac.uk/
http://faculty.university.com

Figure 1 Herschel’s infrared view of the Taurus Molecular Cloud.
Image: http://sci.esa.int/jump.cfm?0id=59536. (©) ESA/Herschel/NASA/JPL-Caltech.

“I’'ve been studying the Taurus Molecular Cloud for decades, and | had no idea
| was looking at two clouds, one behind the other — we’ve never before had a
three-dimensional view of anything so distant.”

Derek WARD-THOMPSON (June 2019)
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by Graham David FLEMING

The Taurus Molecular Cloud (TMC) is a star forming region, containing all
stages of pre-main sequence stellar types, lying at an accepted distance of
approximately 140 parsecs from Earth, spread across the Taurus and Auriga
constellations. This cloud has been extensively studied and is known to
contain hundreds of young stellar objects in the form of deeply embedded
protostars displaying disks and outflows, classical and weak-lined T Tauri stars,
Herbig-Haro objects and low-mass brown dwarfs.

By using data obtained from the European Space Agency’s Gaia space
observatories second data release (DR2), an area of sky of 10°x15°, centred
on right ascension (J2000.0)=68.5° and declination (J2000.0)=27.0° is studied,
this being an area surrounding the Taurus molecular cloud. A preliminary
investigation of a small sample of objects previously identified in the Spitzer
catalogue found two main associations, hitherto unrecognised, centred at
13046 pc and 160+4 pc at 10 which also have different proper motions, of
24.5+2.8 and 20.1+2.4 mas yr—! respectively. These associations are here
named the ‘“Two Horns’ of Taurus.

Applying the same procedures as those used in our preliminary study a sample
of Gaia optical sources are investigated using quality filters identified in the
literature. The existence of two populations at a mean distance of 139.7 pc
centred on 130+3 pc and 159+12 pc at 1o standard deviation is confirmed.
These ‘near’ and ‘far’ groups are found to have proper motions of 25.2+3.4
and 22.14+4.5 mas yr—! respectively at 1.

Using data from Gaia DR2, two previously unidentified populations of Young
Stellar Objects are identified in the Taurus Molecular Cloud. This study
investigates the positions, classifications, ages and kinematics of these groups
and 3-dimensional visualizations of these populations are presented.
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1 INTRODUCTION

1.1 The Taurus Molecular Cloud

The Taurus Molecular Cloud (TMC) lies in the constellations of Taurus and
Auriga and contains hundreds of newly formed stars (e.g. Luhman et
al., 2009b). If you can see it at all, seen in visible light the TMC appears
unremarkable. It is cool, dark and scarcely visible at optical wavelengths,
even when using telescopes (Figure 1.1a) due to the fact that there are no
large stars embedded in the cloud which can illuminate it.

(a)

Figure 1.1 The Taurus Molecular Cloud. (a) In visible light.
From: http://www.astrobin.com/228813/. © Tommy Nawratil, 2015. (b) At
infrared wavelengths. Image Credit: FCRAO, Gopal Narayanan / Mark
Heyer. (c) 3-colour image of 1>2CO (J=1—0) emission highlighting
complex gas motions within the cloud (see text). From: Dobbs et
al. (2014: Figure 1).

In contrast, observatories, and especially space-based telescopes, equipped
with infrared detectors see much more detail and star-forming activity
becomes obvious (Figure 1.1b). Figure 1.1c shows a 3-colour CO
(J=1—0) emission image of the same region (Narayanan et al., 2008;


http://www.astrobin.com/228813/
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Dobbs et al., 2014) integrated over velocity dispersion V;sz intervals of
0-5kms~! (blue), 5-7.5kms~! (green), and 7.5-12kms~! (red), illustrating
the complex velocity fields within the Taurus cloud.

The TMC is one of the closest low-mass star-forming regions, lying at a
commonly accepted distance of about 140 pc (Elias, 1978). The region
covers some 10 to 15 degrees in extent which equates to about 25 to 30 pc
at this distance. This makes comprehensive studies of the entire stellar
population of the region difficult and few exhaustive studies of the three-
dimensional structure of the cloud complex have previously been conducted
(e.g. Luhman, 2018). Situated within the TMC are numerous filaments and
smaller cloud structures (Hartmann, 2002; Schmalzl et al., 2010; Kirk et
al., 2013; Panopoulou et al., 2014; Marsh et al., 2016). Previous studies have
shown that young stars are grouped in and around these smaller structures
(Gomez et al.,, 1993; Kirk et al.,, 2013). Early distance measurements
(McCuskey, 1939) determined a distance of 142 pc to the Taurus star-
forming region, whilst later studies (Straizys and Meistas, 1980; Meistas and
Straizys, 1981) of a number of Lynds dark clouds in the region (Lynds, 1962)
indicated that the TMC is more extended and exists between about 140 and
175 pc.

1.1.1 Evidence for star formation in the TMC

Young stars form in hot molecular cores (HMCs), which are dense
condensations of gas with complex chemistries located within molecular
clouds. There is strong evidence to suggest that active star formation, in all
its stages, is ongoing throughout the TMC.

Studies of chemical structures within the TMC, associated with the star
formation process, have identified warm water vapour (Riviere-Marichalar et
al., 2012) and water vapour associated with a cold pre-stellar core within
the Lynds 1544 cloud (Caselli et al.,, 2012). Complex organic molecules
including HCnN, CH3CHO, H,CCO, and H,CO have been identified (Freeman
and Millar, 1983; Soma et al., 2018), indicating that such molecules can form
during the early evolutionary stages of starless cores. Complementary studies
of 3CO (J=1—0) emissions seen in the region (Qian, Li, and Goldsmith, 2012)
indicate that molecular cores can condense out of the diffuse ambient gas
without additional energy input from nearby stars.

The TMC contains hundreds of newly formed stars and embedded protostars
(e.g. Kenyon et al., 1994; Sheehan and Eisner, 2017) which posses massive
disks and which are a clear indication of star formation. There are low-
mass classical and weak-lined T Tauri stars (Scelsi et al., 2007) undergoing
gravitational collapse (Figure 1.2) and newly born Herbig-Haro objects (Sun et
al., 2003) displaying directional jets of ejected material as well as numerous
brown dwarfs (Grosso et al., 2007) which have not reached the critical mass
for hydrogen fusion to be sustained.
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Figure 1.2 The 10.5-magnitude pre-main sequence star T Tauri
(upper left of picture), surrounded by its reflection nebula and dust
cloud with a bright 8th-magnitude field star 7’ to the southwest.
From: http://www.caelumobservatory.com/gallery/n1555.shtml. Image Credit:
Adam Block, Mt. Lemmon Sky Survey, University of Arizona.

Using the Atacama Large Millimeter Array (ALMA) in Chile, a survey of young
stars with protoplanetary discs in the Taurus star-forming region (Long et
al., 2018), has shown that ~40% of such stars contain rings, gaps and
structures associated with the presence of embryonic planets. Also, the mass
measurement of a number of Class | protostars in the TMC (Sheehan and
Eisner, 2017) has been able to constrain the initial mass budget available for
planet formation in the early stages of protoplanetary disk evolution.

Such studies, ranging from the early formation of protostars through to the
development of planetary objects, in such a nearby star-forming region,
indicate the importance of the TMC in this field of research.

1.1.2 Contextualising this study

There have been many investigations into the structure, stellar composition
and kinematics of the Taurus cloud complex. The investigation of early-type O
and A stars located in the Taurus-Auriga molecular cloud (Mooley et al., 2013)
within 1o parallax error of 6.2<7<7.8 milli-arcsec (128 to 162 pc), identified
a significant number of previously unidentified A5 or earlier stars within the
region. Mooley et al. (2013) also noted in their study that even their new
distribution fell far short of the expected number of such stars if a standard
log-normal IMF distribution applies to the region, adding to the discussion
previously noted by Goodwin, Whitworth, and Ward-Thompson (2004) and
other researchers (e.g. Kraus et al., 2017).


http://www.caelumobservatory.com/gallery/n1555.shtml
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Comprehensive surveys of the TMC have been conducted by the Spitzer space
telescope at submillimetre and infrared wavelengths (Nutter et al., 2008)
and by Chandra and XXM-Newton in the X-Ray (Gudel, Padgett, and
Dougados, 2006; Gudel et al., 2007). Observations at radio wavelengths
have also been conducted using the Giant Metrewave Radio Telescope (GMRT)
(Ainsworth et al., 2016) and the Five College Radio Astronomy Observatory
(FCRAO) (Narayanan et al.,, 2008). These wide-field surveys have provided
high resolution images of the molecular cloud and valuable insights into
the distribution of the molecular gas and star forming regions within the
cloud. More specific studies have investigated the radial velocities of pre-main
sequence stars (Kraus et al., 2017) as well as the distribution of low-mass stars
(Hartmann, 2002) in the region.

Bertout and Genova (2006) derived kinematic parallaxes of 67 members
of the Taurus moving group with typical errors of 20% and identified
weak-line and classical T Tauri stars spread over distances between 10672
and 259:% pc. Very Long Baseline Array (VLBA) parallax observations
of individual stars (Torres et al., 2007; Torres et al., 2009) identified
differences in distance to separate star-forming regions of the Taurus
complex. They noted a distance of 161.2+0.9 pc for the star HP Tau/G2
and 146+0.6 pc for T Tau (Loinard et al., 2007) in the eastern part of the
complex, and 130 pc to the central area of the star-forming complex, by
observing the T Tau-type stars Hubble 4 (V* V1023 Tau) at 132+0.5 pc
and HDE 283572 at 128.5+0.6 pc. A multi-wavelength photometric study
of the Taurus region (Gudel, Padgett, and Dougados, 2007) using the
Canada-France-Hawaii-Telescope, Spitzer and XMM-Newton data produced
maps detailing the stellar and substellar distribution of the region. In a similar
investigation, pre-main sequence members of the Taurus molecular clouds
were identified (Rebull et al., 2010) using the Spitzer Space Telescope Taurus
project (SSTtau) catalogue (http://cds.u-strasbg.fr/cgi-bin/Dic-Simbad?SSTtau)
and Two-Micron All-Sky Survey (2MASS) data located at http://vizier.u-
strasbg.fr/cgi-bin/VizieR?-source=B/2mass. This survey informs the findings
of our own preliminary study presented in Section 3.1.

Galli et al. (2018) presented trigonometric parallax and proper motion
observations of Young Stellar Objects (YSOs) in the Taurus region as part
of the Gould Belt Distances Survey using the VLBA. Their data suggest a
significant difference between the closest and farthest stars in their sample
of about 36 pc with the closest lying at 126.6+1.7 pc and the most distant at
162.7+0.8 pc. The more recent comparison of Gaia DR2 and VLBI astrometry
results (Galli et al., 2019) revise these distances but again confirm the
existence of significant depth effects within the TMC.

As a successor to the successful Hipparcos astrometry mission to accurately
measure the positions of celestial objects, the Gaia space telescope, launched
in 2013, is designed to measure the parallaxes and proper motions of
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astronomical objects. Gaia’s second data release (DR2), based on 22 months
of observations, happened on 25 April 2018. This data release contains
five-parameter astrometric solutions detailing positions, proper motions and
parallaxes for approximately 1.3 billion stars (Brown et al., 2018) and will
present a significant increase in the accuracy of such measurements.

1.1.3 Contemporary studies

Studies of the TMC using Gaia DR2 data (Luhman, 2018; Esplin and
Luhman, 2019) present comprehensive studies of the stellar membership of
the Taurus region. In both studies extensive reference is made to earlier
studies (e.g. Esplin and Luhman, 2017; Galli et al., 2018) with regard to the
stellar membership of specific cloud complexes and the kinematics of their
members. Proper motions, parallaxes and radial velocity data from Gaia DR2
is used in discussions identifying new members of the star-forming region.
Within the census of members identified in Luhman (2018), the author finds
no evidence for an older population of stars previously identified by Kraus
et al. (2017) and Zhang et al. (2018). The study does however support the
existence of a possible moving group of stars at a distance of 116 to 127 pc
with ages of ~40 Myr first identified in the Gaia DR1 data by Oh et al. (2017).
Luhman (2018) also identifies two distinct populations of stars with proper
motions and distances that are consistent with members of the Taurus group,
one with ages within the range of known members (<10 Myr) and another with
older members (>40 Myr). It is suggested that the older population consists
of field stars not related to the Taurus clouds.

The precision and depth of data provided in the DR2 release allows for an
investigation of the Taurus molecular cloud with new levels of accuracy.

In this study we use the newly available data from Gaia’s second data release
(DR2) to identify all objects within a 15 x 10 degree region of the TMC
within a depth of 100 parsecs. An examination of this data will present
spatial velocities and Galactic space velocities for all objects with stated radial
velocities. Transverse velocities and proper motions will be identified as the
kinematic properties of objects within the various clouds and structures of the
TMC, to show the relative motions of these regions within the larger cloud
structure. The relative depths of objects within the TMC will be identified
and, through the use of 3-D graphical representations, making use of the
unprecedented accuracy of the Gaia parallax measurements, this study will
better constrain the boundaries of the Taurus star-forming region and the
objects within it (e.g. Brown et al., 2018; Luhman, 2018) and give perspective
to the infrared structure of the TMC shown in Figure 1.1. Where our studies
overlap, we will compare our findings to previous studies of the TMC (e.g.
Luhman, 2018; Esplin and Luhman, 2019; Galli et al., 2019).

Some of the underlying concepts discussed above and presented later in this
study can be found in Appendix F.



2 GAIA

The European Space Agency GAIA (Global Astrometric Interferometer for
Astrophysics) space observatory (Lindegren and Perryman, 1996) was
launched in December 2013. The spacecraft is designed to measure the
parallax, positions and proper motions of stars, with the ambitious goal of
producing a three-dimensional map of most of our Galaxy.

Figure 2.1 Artists impression of the Gaia space telescope.
Anon., 2016. Gaia. [online]. [Accessed 24 Jul 2019]. Available from:
https://gaia-mission.cnes.fr/en/GAIA/index.htm.

The Gaia (Figure 2.1) mission design builds on its successful predecessor
Hipparcos , which operated between 1989 and 1993. The Hipparcos catalogue
(e.g. Perryman et al., 1997) was released in 1997 and contained the parallax,
positions and proper motions of nearly 120,000 stars to an accuracy of about
0.001 arcseconds out to distances of approximately 92 pc.

Although very similar in their mission, the science payloads of Hipparcos
and Gaia differ significantly. Whereas Hipparcos carried a single Schmidt
telescope and employed a beam-combining mirror to superimpose two
fields of view, 59 degrees apart, onto a common focal plane, Gaia uses
two telescopes with individual fields of view separated by a large angle
(the Basic Angle) (Mora et al.,, 2014) of 106.5°, which enables the sky
to be systematically scanned (Figure 2.2), producing large-scale accurate
measurements of absolute stellar distances through the determination of
trigonometric parallax angles (Section F.2.2).
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Figure 2.2 The spinning Gaia telescopes continually scan two
different areas of the sky, registering the position and brightness
of each object. Anon., 2016. Gaia | Nova. [online]. [Accessed 31 Jul 2019].
Available from: http://nova-astronomy.nl/gaia/.

The measurement of an object’s distance through the use of parallax is not
as straight forward as Figure F.3 might suggest though. From Figure F.4 it
might be expected that the motion of a star against the sky would appear as a
straight line between two points. But there are practical issues which prevent
this from being the case:

1. The Sun moves through the Galaxy in much the same way that the Earth
moves around the Sun.

2. The distant background (reference) stars have their own relative motions
with respect to the Sun-Earth system causing them to move across the sky
during the time it takes Gaia to make successive parallax measurements.

3. Since the Sun and the distant star both orbit around the centre of the
Galaxy there will also be an apparent, slow, drift across the sky.

4. The star being observed has its own intrinsic ‘'random’ velocity.

5. There is also a small effect due to the gravitational effect of Solar System
bodies causing deflections in the light from distant objects due to General
Relativity.

Note that items 1 to 3 above contribute to what is known as an objects
proper motion. All of these effects cause disturbances in the apparent
motion of an object as seen by Gaia, and other astrometric observatories
such as Hipparcos. Figure 2.3 shows the overall effect for the star Vega, as
seen by Hipparcos. The resultant observed motion is a combination of the
linear drift due to proper motion and a ‘yearly’ cyclical corkscrew effect due
to parallax which can be in the order of tens or hundreds of milliarcseconds
in size. Gaia’'s positional measurement accuracy of 24 microarcseconds
(https://sci.esa.int/web/gaia/-/47354-fact-sheet), as opposed to Hipparcos's
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positional accuracy of 2 milliarcseconds (https://sci.esa.int/web/hipparcos/-
/47357-fact-sheet) is sufficient to resolve this effect and provide accurate
measurements of stellar position.

650
Dec

proper motion

. \ parallax

=500

T T T T 5|00 RA

L

-430

Figure 2.3 The ‘real’ motion of the star Vega over a 3-year
period as viewed by the Hipparcos observatory. The straight
line shows the object’'s barycentric motion viewed from the solar
system barycentre, the green line shows the observed effect of
parallax. Image modified by author from original by: Michael Richmond.
2014. Vega motion. [online]. [Accessed 24 Feb 2020]. Available from:
http://spiff.rit.edu/classes/phys301/lectures/parallax/parallax.html.

The determination of stellar distance is fundamental to understanding many
astronomical phenomena. The use of the parallax method of determining
distance for objects not in our immediate solar neighbourhood, from ground-
based telescopes, is problematic due to the fact that the Earth’s atmosphere
limits the sharpness (resolution) of stellar images. Ground-based radio
interferometric observations made with instruments such as the Very Long
Baseline Array, operated by the National Radio Astronomy Observatory, obtain
trigonometric parallaxes of nearby stars with an accuracy often better than
1% (Galli et al., 2018). Even with such instruments, parallax measurements
are time and labour-intensive and not conducive to the measurement of a
large number of stars. As a result, ground-based astrometric observations
are limited to the measurement of distances to about 100 parsecs or less (a
parallax angle of 0.01 arcseconds).

Using space-based telescopes can reduce the measurable parallax angle to
around 1 milliarcsecond (mas). The Hipparcos space telescope improved
position accuracies by a factor of 100 compared to typical ground-based
results (Eyer et al., 2011).
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From its position 1.5 million km beyond Earth’s orbit, at the
L2 Lagrangian point (Figure 2.4), Gaia is able to determine the
position of stellar objects with an astrometric precision of up to
0.00001 arcseconds depending on the colour of the star. Gaia can
determine the distance to stars out to approximately 9,200 parsecs
(https://www.esa.int/Science_Exploration/Space_Science/Gaia/Gaia_factsheet)
away, about one hundred times farther than Hipparcos which could measure
out to only about 92 parsecs (https://cerncourier.com/a/gaia-compiles-largest-
ever-stellar-survey/). Initial published values for the formal errors on the
parallaxes (Katz and Brown, 2017) give G-band values of 30uas at G=15,
150pas at G=18 and 700uas at G=20.

L3

Not drawn to any scale

LS

Figure 2.4 Gaia operates approximately 1.5 million miles from
Earth at the second Lagrange point (L2), along the Sun-Earth line.
Gaia prescribes a Lissajous orbit within L2 which is an unstable
region of null-gravity where spacecraft can be maintained in orbit,
over a number of years, using small economical manoeuvres.
Credit: Author, 2019.

Gaia’s aim is to measure the three-dimensional spatial and velocity
distribution of approximately 1 billion (10°) astronomical objects and to
determine their astrophysical properties (Prusti et al., 2016). Gaia will do this
by repeatedly surveying the sky and identifying the location of all objects down
to a G-band magnitude of ~ 20. The satellite reference frame known as the
Gaia Celestial Reference Frame (Gaia-CRF2), is aligned with the International
Celestial Reference System (ICRS). Gaia-CRF2 (Mignard et al., 2018) uses
the accurate positions of 556,869 extragalactic sources (quasars) with a
mean density of 10 quasars per square degree as a nhon-rotating full sky
optical reference frame, with an accuracy within 0.15 mas yr—! (Lindegren
et al., 2018).

2.1 Gaia's science payload

As mentioned, Gaia’s payload contains two triple-mirror telescopes sharing
a common focal plane, each pointing through an aperture in the payload
housing, separated by an extremely stable basic angle of 106.5°. The
telescopes scan the sky as the satellite rotates about its axis, completing one
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revolution every 6 hours. The light from these instruments is fed into three
main science instruments (Prusti et al., 2016).

The telescopes and science instruments are all built around an hexagonal
optical bench, approximately 3 m in diameter, which provides the structural
support (Figure 2.5).

Two SiC primary mirrors Rotation axis (6 h) Basic;}’:\rﬁle-m?nitoring
1.45 x 0.50 m? at 106.5° — (BAM) system

] >

SiC torus
ﬂ)ptical bench)

- .-

s A A = Nis

Combined
i Focal-Plane
Assembly
(FPA) with
106 CCD

Superposition of two detectors

Fields of View (FoV) Radial-Velocity
Spectrometer (RVS)

Figure 2.5 Gaia’'s optical bench showing the mirrors of the two
telescopes and the science instruments mounted on an hexagonal
optical bench. Anon., 2014. The payload | Gaia in the UK. [online]. [Accessed
31 Jul 2019]. Available from: https://www.gaia.ac.uk/mission/payload.

In brief, the science instruments consist of:

e The astrometric instrument which measures stellar positions on the
sky (Lindegren, 2005). Data is collected in the white-light G-band at
330 - 1050 nm. By integrating all the measurements made of a particular
object, over the lifetime of the mission, it will be possible to accurately infer
its parallax and thus its distance. In addition, the relative change in the
position of the object between measurements can be used to determine its
velocity as it moves across the plane of the sky.

e Low resolution spectrophotometric measurements are made using the
photometric instrument (Riello et al., 2018). Colour information for
astronomical objects is generated by Red (RP) and Blue (BP) prism
photometers over the optical wavelength ranges 630 - 1050 nm and
330 - 680 nm respectively. These data will be used to determine major
properties such as the temperature, mass and chemical composition of
objects.

e The radial velocity spectrometer (Cropper et al., 2018) is a near-infrared
medium-resolution (A/AA ~ 11,500), integral-field spectrograph operating
in the range 845 - 872 nm. RVS measurements are used to determine
the velocity of an object, along the line of sight, by measuring its Doppler

10


https://www.gaia.ac.uk/mission/payload

Chapter 2. GAIA

shift using absorption lines in a high-resolution spectrum covering a narrow
wavelength range.

2.2 Data Processing and Presentation

Data processing and its presentation falls under the remit of 9 distinct
Coordination Units (CUs) which comprise the Gaia Data Processing and
Analysis Consortium (DPAC)!. The DPAC is funded through national funding
agencies of the participating ESA member states. The consortium (Figure 2.6)
has the responsibility to develop and execute the processing algorithms which
turn the raw telemetry from Gaia into the final scientific data products which
are made available to the research community.

MLA Steering
Commmittee

Mission/Project

DPAC
Project Office

Cul

System
architecture

CU: Coordination Unit

cuz Cus3 Cu4 CU5 CUeb cu? Ccus cu9

Simulations Core Object photometric Spectroscopic Variabil ity Astrophysical Archive and
processing processing processing processing processing parameters catalogue

= , -

DPCE DPCB DPCT DPCI DPC
ESAC Barcelona Torino Cambridge Geneva

DPC: Data Processing Centre

DPCC
CNES

Figure 2.6 The DPAC is structured around specialized sub-units
know as Coordination Units (CUs), each responsible for developing
the scientific algorithms and software for a specific sub-system of
the Gaia data processing system. Software developed by the CUs
is run by one of the specialist data processing centres (DPCs).
Anon., 2013. dpac-organigram. [online]. [Accessed 02 Aug 2019]. Available
from: https://www.cosmos.esa.int/web/gaia/dpac.

The ultimate objective of the DPAC is to produce the Gaia Catalogue.
Prior to the full catalogue release, data catalogues are to be released
periodically throughout the mission lifetime. Data Release 1 (DR1), released
on 14 September 2016 contained data collected between 25 July 2014 and
16 September 2015. This data release did not represent a complete survey,
for a summary of the limitations of DR1 see Brown et al. (2016).

Gaia Data Release 2 (DR2), upon which this study is based, was released
on 25 April 2018. DR2 data represents data collected between 25 July 2014
and 23 May 2016 and has a reference epoch of J2015.5 (see Appendix F.2.1).
Source positions and proper motions are referred to the ICRS as described

Lhttps://www.cosmos.esa.int/web/gaia/dpac
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above. Brown et al. (2018) contains a comprehensive summary of the survey
properties and contents of DR2.

The third data release is currently due to be released in two stages. An
early release (EDR3) is on track to be released in late 2020 with the full
DR3 catalogue expected in the latter part of 2021. Of interest here, DR3 will
contain ~30 million radial velocity (Vi sg) values (https://starry-project.eu/wp-
content/uploads/sites/17/2019/07/mora_gaia.pdf) which would have greatly
enhanced our study had they been available in DR2. Additional data releases
are planned and are dependent upon approvals being given for mission
extensions.

2.3 Data Release 2 (DR2)

Gaia DR2 occurred in April 2018 with a five-parameter astrometric solution for
more than 1.33x10° sources (Brown et al., 2018).

DR2 is based on the first 22 months of the nominal 60-month mission lifetime
and contains high-precision parallax and proper motion data for over 1 billion
sources. This data release also contains precise multi-band all-sky photometry
and radial velocity information, as described previously. Data collection
for DR2 started at an on-board mission time (OBMT) 1078.3795 rev =
J2014.5624599 TCB and ended at OBMT 3750.5602 rev = J2016.3914678 TCB
(approximately from 10:30:00 UTC 25 July 2014 to 11:35:00 UTC 23 May 2016).

This data release provides the positions, parallaxes, and proper motions of
1.3 billion sources. For bright sources (G<14) the median parallax uncertainty
is 0.03 mas and 0.07 mas yr—! for the proper motions, the parallax zero-
point uncertainty is about 0.03 mas. More details regarding the Gaia DR2
astrometric parameters can be found in Arenou et al. (2018) and Lindegren
et al. (2018). The data descriptors collected and made available in the Gaia
Archive are given in Table A.1, Appendix A.

2.3.1 Data Access

Data products from the Gaia mission are freely available through the on-
line ESA Gaia Archive portal?. There are a number of other associate
data centres which offer access to Gaia data which are coordinated through
the auspices of DPAC by CU9. These are at: (1) the Centre de Données
astronomiques de Strasbourg (CDS)3, (2) The ASI Space Science Data Center
(SSDC)*4, (3) the Astronomisches Rechen-Institut (ARI)>, and (4) the Institut fur
Astrophysik Potsdam (AIP)®. Each of these partner data centres presents Gaia

2http://gea.esac.esa.int/archive/
3http://cdsweb.u-strasbg.fr/gaia
4http://gaiaportal.asdc.asi.it/
Shttp://gaia.ari.uni-heidelberg.de/
6https://gaia.aip.de/
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data distributed from the central ESA Gaia Archive and it is from this portal
that we have accessed DR2 data for this study.

The Gaia Archive home page provides access to the functionality of the archive
through a number of search interfaces. The Archive interfaces and protocols
are described in Salgado et al. (2017). Interaction with the data catalogue
is achieved through using the ADQL structured query language described by
Osuna et al. (2008). No specific software is required to access the archive, the
only prerequisite being access to a web browser.

13
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Gaia data is accessed by submitting a query, written in the Astronomical
Data Query Language (ADQL), via a Graphical User Interface (GUI) on the ESA
Gaia webpage!. The ADQL is based on the Structured Query Language (SQL)
which was developed in the late 1970’s (Chamberlin, 2012) for managing data
held in relational databases. ADQL is a specialised form of SQL developed
for use with astronomical datasets. In ADQL, queries are written to the
database and contain expressions indicating where the required data may be
found (Ortiz et al., 2008). These expressions identify the data source (the
SELECT statement), the table or tables that store the required data (the
FROM statement) and the parameters required to limit the data you obtain
(the WHERE statements).

An ADQL query was constructed to identify sources towards the Taurus
region using a 10°x15° ’box’ centred on RA (J2000.0)=68.5° and
Dec (J2000.0)=+27.0°. This effectively defined an area on the sky of roughly
126 pc? at the approximate distance of the Taurus cloud. Parallax values
were set between 5.0 and 10.0 mas defining a box covering a distance range
from 100 to 200 pc designed to 'bracket’ the expected distribution of sources
around 140 pc. The query was uploaded to the Gaia Archive, Advanced (ADQL)
search engine and, once compiled, the output file was downloaded in comma-
separated (.csv) format (Shafranovich, 2005) suitable for analysis.

This initial query, detailed in Appendix B, Listing B.1 returned 4770 sources.
These results were manually cross-referenced to the SIMBAD database and
other literature sources to maximise the information known on each object,
and to obtain relevant data from previous observations and studies. This
cross-referencing exercise identified that some of the literature sources were
not present in our DR2 query results. The original query was reviewed and it
was decided to remove most of its quality statements and to re-run the code
through the Archive. In reviewing the query, quality statements providing a
lower limit to the signal-to-noise ratios in the red (Rp) and blue (Bp) bands were
removed as were filters excluding stellar binary systems and measurements
where crowding had seriously affected the photometry. It was recognised that
the omission of these filters, whilst increasing the number of sources returned,
would also provide some sources of 'poor’ astrometric quality. To counteract
this to some extent, the new query was set to only include sources with at
least 5 independent astrometric measurements (astrometric_n_good_obs_al > 5)
thereby ensuring a reliable selection of sources. To maximise the number of
sources returned, no other quality flags were defined.

Ihttps://gea.esac.esa.int/archive/
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This subsequent query (Appendix B, Listing B.2) produced 7587 sources and
the cross-referencing exercise with SIMBAD and the literature was repeated.
When completed, additional data such as stellar type, archival radial velocities
and UWV positional information from the on-line UWV Calculator? were added
to the spreadsheet for subsequent use.

Due to the size of the final spreadsheet and the requirement to format data
output consistently, it was decided to do all analysis and reporting using the
python (Van Rossum et al., 2007) general-purpose programming language.
After performing distance calculations on the mean parallax values of our 7587
sources using the expression

P (3.1)
p

where d denotes the distance and p is the Gaia parallax (parallax), see
Appendix F.2.2, the results were plotted on a histogram in 1 pc bins. The
subsequent distribution (Figure 3.1) showed no evidence of the expected peak
in population at around 140 pc.
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Figure 3.1 Distribution of 7587 Gaia DR2 sources identified in
the Gaia Archive query.

The rising slope of detected sources in Figure 3.1 was recognised as being a
two-dimensional representation of an increase in spatial volume, caused by
the expansion in the bounded area of our query 'box’ over the distance from

2http://dr-rodriguez.github.io/UVWCalc.html
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100 pc to 200 pc. Assuming an almost near-constant density of the interstellar
medium on such a small scale, it is expected that the number of stars should
increase as R? mirroring the increase in cross-sectional area of each equal-
width distance bin. The distribution seen in Figure 3.1 suggests that the Taurus
sources are being totally swamped by foreground and background objects. To
visualise the spatial distribution of these sources the visual extinction map
from the Two Micron All-Sky Survey (2MASS) infrared survey presented in
Schneider et al. (2011) is used as a background and our query results have
been over-plotted (Figure 3.2) to identify their location within our study area.
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Figure 3.2 Sources have been overlaid on a visual extinction map
calculated from the 2MASS survey (Schneider et al., 2011).

The distribution seen in Figure 3.2 confirms the likely contamination of our
study by coincident field stars, although obvious features in the cloud are
apparent through the over-density of stars in certain regions.

3.1 Identifying the study group

To remove possible contamination of our sample by foreground and
background field stars they were cross-referenced with the Spitzer SSTtau
catalogue (Rebull et al., 2010) of known infrared identified YSO’s. 168 objects
in our search area with known Gaia parallaxes and proper motions were
identified. Within this subset the largest parallax error is +1.214 mas for object
Gaia DR2 151265002954775936 (KPNO-Tau 4), which is a classified LO brown
dwarf in the SIMBAD database (Canty et al., 2013).
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Figure 3.3 shows the parallax errors in relation to Gaia DR2 G-band magnitude
(phot_g_mean_mag) for the 168 sources identified in the Spitzer catalogue. It
can be seen that brown dwarfs within the sample typically have larger parallax
errors, suggesting constraints on the detection of such low luminosity objects.
Parallax errors on the remaining sources are significantly lower, with a typical
median value of £2-3 pc.
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Figure 3.3 Parallax errors of the 168 Gaia DR2 sources identified
in the Spitzer SSTtau catalogue of Taurus members, plotted
against G-Band mean magnitude. Sources identified in the
SIMBAD Astronomical Database as brown dwarfs are shown in
magenta whilst those cross-matched to Galli et al. (2018) are in
cyan (see Section 3.2).

From Figure 3.3 it can clearly be seen that there is a double peaked scattering
in the parallax (and hence, distance) distribution of the sources. It should
be noted that the parallax error bars shown in Figure 3.3 are symmetric
about the sources, reflecting the values obtained in the data query, and are
given to 1o as defined in Appendix A, Table A.1. This symmetry in parallax
errors, due to the inverse relationship between parallax and distance shown in
Equation (3.1), do not transfer to the derived values of distance errors, where
asymmetric errors result. This can be seen in the following example:

Suppose we measure the parallax to one of our query stars which has a value
of 0.009+0.0006 arcsec (note the symmetric errors). Using Equation (3.1)
provides a mean distance of 111 pc but with asymmetric errors of f? pC.

17



Chapter 3. COMPARATIVE SPITZER INFRARED STUDY

The properties of the 168 Gaia sources discussed above are listed in
Appendix C in Table C.1. Taking the distances of the 168 sources and
binning the values at 3 pc intervals produces the distance distribution seen in
Figure 3.4. The same double-peaked distribution seen in Figure 3.3 is visible.
A double-Gaussian curve (shown in black) is fitted indicating a minimum in
the bi-modal distribution at 147.9 pc (hereafter taken to be 150 pc) with the
‘near’ group (red) centred at 130+6 pc and the ‘far’ (blue) group centred at
16044 pc at 1o.
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Figure 3.4 Distance distribution of 168 Gaia DR2 sources
identified in the Spitzer SSTtau catalogue of Taurus members.
Sources are grouped in 3-pc bins. Two distinct groupings are seen.
A double-Gaussian curve is fitted identifying a minimum value at
147.9 pc (see text for details).

Whilst the double-Gaussian fit in Figure 3.4 clearly shows a bi-modal
distribution this is not a conclusive statistical test of multi-modality. To
determine the exact nature of the observed distribution a number of statistical
tests have been applied to the data at various stages in our investigation.

3.2 Validation of Gaia DR2 distance data

Comparing the Gaia DR2 distance data with previous VLBA determinations
(Torres et al., 2009; Galli et al., 2018) to draw comparisons between the two
observational techniques finds nine sources common to both studies.

18



Chapter 3. COMPARATIVE SPITZER INFRARED STUDY

Table 3.1 presents the comparative distances of these sources along with
their spectral type and classification from Rebull et al. (2010: Table 6). These
sources are shown in cyan in Figure 3.3 which shows their Gaia G-Band mean
magnitudes and associated errors. It can be seen that these sources are
amongst the brightest and that they are distributed between the two groups
identified.

Gaia DR2 Common Type/Class® Gaia DR2 VLBAP
Name Name Dist. (pc) Dist. (pc)
147778490237623808 V807 TauB K7 I 113.2+£8.5 126.6"}7
148116246465275520 V999 Tau K7 11 122.945.9 143.4733
164513538249595136 V1023 Tau K7 I 125.842.4 130.1752
163184366130809984 V773 TauA K31l 128.14+2.3 130.0773
164536250037820160 HDE 283572 G5 Il 130.3+£0.9 129.5%}7
164518589131083136 HD 2830518 K3 lII 130.44+0.9 129.0703
163233981593016064 V1096 Tau MO Il 136.3+1.3 124.4*572
152104381299305600 HD 283641 K1 I 161.0+£2.2 159.17}%
145213192171159552 HPTau G2 GO lll 166.0+1.3 162.7°5%

@ Rebull et al. (2010: Table 6).
P Galli et al. (2018: Table 8).

Table 3.1 Comparison of Gaia DR2 and VLBA distances.

There is good agreement between the two data sets except for three
sources, namely Gaia DR2 147778490237623808 (V807 Tau B), Gaia DR2
148116246465275520 (V999 Tau) and Gaia DR2 163233981593016064
(V1096 Tau). SIMBAD identifies V807 Tau B as a K7 Variable Star of Orion
Type (Nguyen et al.,, 2012), V999 Tau as an MO0.6 Variable Star of Orion
Type (Herczeg and Hillenbrand, 2014) and V1096 Tau as an MO T Tauri star
(Riviere-Marichalar et al., 2012). The sources presented in Table 3.1 have
Gaia G-Band mean magnitude values (phot_g_mean_mag) ranging between 8.79
to 13.51 mag. Within this range, the three sources under discussion have
magnitudes of 10.75, 13.51 and 12.22 mag respectively and are within the
five faintest sources presented in the table. V1096 Tau has a Gaia DR2 G-band
extinction value (a_g_val) of 2.97 mag but values for the other two objects are
not available. Although these three sources are intrinsically fainter than the
remaining six it is not possible to make a definitive judgement concerning the
large errors displayed by these sources.

Figure 3.5 shows the linear relationship between the two independently
measured distance values, and their errors, of the sources presented in
Table 3.1. The linear relationship between two such independent variables,
that have a normal distribution, also have a normal distribution. As such, it is
expected that approximately 33% (i.e. three) of our sources should lie beyond
the 1o linear relationship, as is seen in the figure. Other than for the three
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Figure 3.5 Comparison of Gaia DR2 and VLBI distance data.

sources with large errors mentioned above, the Gaia DR2 measurements are
consistent with previous VLBA measurements.

3.2.1 Statistical analysis of distance distribution

Hartigans’ Dip Test (Hartigan, Hartigan, et al., 1985) is recognised as being a
robust statistical measure of the modality of a continuous distribution where
the ‘dip’ measures the departure of a distribution from uni-modality. The
Hartigan Dip Statistic (HDS), corresponding to the probability ‘p-value’, is
determined by repeatedly sampling the maximum difference between the
observed distribution of data and that of a uniform distribution that is chosen
to minimize this maximum difference. P-values <0.05 are an indication of
significant bi-modality and values greater than 0.05 but less than 0.10 suggest
bi-modality with marginal significance.

To analyse the distribution of our sources we have used a Python
implementation of Hartigans’ dip test for uni-modality using the NumPy
mathematical library and the uniDip clustering algorithm (Maurus and
Plant, 2016) and obtained a p-value of 0.025. Figure 3.6 graphically represents
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the results of our analysis, the red and blue shaded regions show the modes
identified in the analysis (Maurus and Plant, 2016), superimposed on the
histogram plot of our groups. It can be seen that, statistically, two separate
distributions are identified although neither region corresponds exactly with
the normal distribution. This variation is due to the number size, extent and
'tightness’ of the stellar groupings.
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Figure 3.6 Results of Hartigans’ analysis of distance groupings.
The multi-modal nature of this distribution is confirmed with a p-
value of 0.025. The red and blue shaded regions show the modes
identified in the analysis (see text for details).

The derived p-value of 0.025 suggests that we reject the null hypothesis of uni-
modality and identify our distribution as bi-modal with a boundary between the
two groups at ~150 pc, as previously identified in Section 3.1.

Having statistically identified that our distance distribution represents two
independent populations we split them into ‘near’ and ‘far’ groups and identify
these as lying between 110 to 150 pc and 150 to 180 pc respectively.
Figure 3.4 identifies our two groups, colour coded red and blue for the ‘near’
and ‘far’ groups respectively. The three sources coded white located outside
the two main populations are taken to be un-associated with the two groups
and are not discussed hereafter. We have called our ‘near’ and ‘far’ groups the
‘Two Horns’ of Taurus and they are the subject of our pre-print publication
(Fleming, Kirk, and Ward-Thompson, 2019).
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3.3 Proper Motion study

From the proper motion values presented in Appendix C, Table C.1 it is possible
to study the distribution of proper motions for our sample of 168 sources.
Figure 3.7 shows histograms of the relative distributions of proper motion
within our sample, binned at 5 mas yr-!. The distribution of the vector
components pmRA, the proper motion value in right ascension, and pmbDec,
the motion value in declination are clearly seen as is the magnitude of the
proper motion vector (u).
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I Proper motion (u)
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w S w (@)
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Figure 3.7 Proper motion distributions of the 168 cross-
referenced Spitzer sources.

It can be seen that all three peaks follow a normal distribution, with outliers in
each case. The distribution of pmRA is found to be centred on 8.03 mas yr—1,
pmDec on -21.06 mas yr—! and the proper motion (x) at 23.09 mas yr—!
with standard deviations of 4.52, 5.02 and 4.50 respectively. Analysing these
distributions further shows that they are almost symmetrical with pmRA and
pmDec having skewness values of 1.57 and 0.96 respectively. Skewness
is @ measure of the asymmetry of the data contained within a histogram.
Histograms that are symmetrical have a normal distribution with a skewness
value of zero. Distributions have a positive skew if their mean value is greater
than its median, whilst a negative skew indicates that a distributions median
is larger than its mean. Equation (F.6) defines the relationship between proper
motions in right ascension and declination and an objects overall proper
motion, shown here in dark green. This proper motion distribution has a skew
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of 0.65 and, disregarding the outliers, minimum and maximum values of ~11
and 30 mas yr—! respectively.

A number of proper motion studies have previously been undertaken of
this region, notably those conducted by Jones and Herbig (1979); Walter et
al. (1987); Hartmann et al. (1991); Gomez et al. (1992); Frink et al. (1997);
Ducourant et al. (2005); Bertout and Genova (2006) and more recently Dzib
et al. (2015) and Galli et al. (2018). In general, these are all studies of pre-
main sequence stars, seeking to identify the proper motions of members of
the Taurus moving group. Table 3.2 lists the values from these studies. We
have used these to constrain the upper and lower limits of proper motion for
this study.

Reference Wmmin Umean Wimax
(masyr~!) (masyr~!) (masyr)

Jones and Herbig (1979) 22.80

Frink et al. (1997) 21.24°

Bertout and Genova (2006) 9.37 22.38 41.22
Slesnick et al. (2006)P 13.89 o 43.05
Torres et al. (2009)¢ . ~20.0 ..
Galli et al. (2018)4 15.00 ~22.0 39.00
Mean literature values® 12.75 22.14 41.09
This study 11.94 23.09 30.60

@ Value given for the central part of the Taurus-Auriga cloud system.

b Values derived from their figure 9 (lower histogram).

¢ cited in Dzib et al. (2015).

d Maximum and minimum values obtained from their figure 2.

€ Ignoring imprecise values from Torres et al. (2009) and Galli et al. (2018).

Table 3.2 Taurus proper motion values in the literature.

All 168 identified sources (see Table C.1, Appendix C) have Gaia DR2 proper
motion values, and of these, 165 lie within the ‘near’ and ‘far’ populations
mentioned above - the remaining 3 are shown in white in Figure 3.4. Based
on the values given in Table 3.2, for the purposes of this study, upper and
lower limits of proper motion for the Taurus moving group are taken as being
40 mas yr~! and 12 mas yr—! respectively. Within these limits there are 161
sources. These limits also correspond with those seen previously in Figure 3.7.
Figure 3.8 provides a schematic breakdown of how these final 161 sources
have been determined.

The proper motions of our two groups are shown in Figure 3.9 which shows the
distribution of all 161 members in both ‘near’ and ‘far’ populations (the colour
coding of the two groups is the same as in Figure 3.4). It can be seen that
there are two distinct populations with outliers in each group.

To determine if the distribution of proper motions seen in Figure 3.9 is
statistically significant (i.e. that it is not due to random chance), a K-Means
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Figure 3.8 Graphical representation showing the determination
of the sources from our Gaia Archive Query. The left column
describes the process used in Chapter 3 whilst the right column
defines the sources used in Chapter 4.

clustering algorithm was used to investigate the sources. This study can
also be used to determine the centroids of the individual groups should the
groups be found to have different proper motions. Each of the two groups
identified in the distance distribution are found to have different mean proper
motions. There are 111 members in the ‘near’ group and 50 in the ‘far’ group
- the remaining 4 sources are rejected as lying outside of the 12-40 mas yr—!
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proper motion cut. The mean proper motion of the ‘near’ population is
24.54+2.8 mas yr—!, and that of the ‘far’ population is 20.14+2.4 mas yr—! as
seen in Figure 3.10.

0
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Figure 3.9 Proper motions of all 161 members of our ‘near’ and
‘far’ groups.

Figure 3.10 has been zoomed-in to show the bulk of the sources more
clearly - there are five sources in Figure 3.9 which are within our proper
motion limits of 12-40 mas yr—! but which are outside of the plotted
boundaries of Figure 3.10. Of these five, two lie in the ‘near’ population
(Gaia DR2 146675954953119104 and Gaia DR2 147546080967742720), and
three lie in the ‘far’ population (Gaia DR2 148116276529733120, Gaia
DR2 147248216395196672 and Gaia DR2 145213192171159552). One of
these sources, Gaia DR2 145213192171159552 (CoKu HP Tau G2) has been
previously studied (Torres et al., 2009) using the VBLA, which determined a
parallax of 6.2+0.3 mas. Gaia DR2 determines a value of 6.02+0.04 mas
which is fully consistent.

For comparison against previous studies, 7 sources from the study of Galli et
al. (2018) lie within our ‘near’ population and 2 lie in the ‘far’ group (Table 3.1).
These numbers are statistically low, nevertheless they provide mean proper
motions of 24.90+4.88 and 19.66+0.50 mas yr—! for the ‘near’ and ‘far’
populations respectively, which are fully in agreement with the values found
here.
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Figure 3.10 Proper motions of 156 of the stars shown in
Figure 3.9 with proper motion limits of 12 mas yr~! to 40 mas yr—1.
There are five outlying sources beyond the area shown on this plot
(see text for details).

3.4 Discussion

This study has identified two significant peaks (see Figure 3.4) in the distance
distribution of our query sample when compared to Spitzer data. These
peaks are centred at approximately 130 and 160 pc. Separating these peaks
into ‘near’ and ‘far’ populations, as indicated by the red and blue colouring
in Figure 3.4, results in mean (and error on the mean) distances for each
component of 130.6+0.7 and 160.2+0.9 pc respectively. For these groups,
the standard deviation on the distance is ~6 & ~4 pc respectively versus a
mean error on each measurement of ~4-5 pc. It is probable that the standard
deviations for the distances are broadened by these measurement errors.
Table 3.3 shows the parameters of each group. These distributions are roughly
consistent with the findings of previous studies mentioned in §1, but far more
double-peaked than was previously realised.

For the purposes of simplicity, the groups are identified as lying between
110-150 pc and 150-180 pc respectively. From Figure 3.10 it can be seen that
these two populations have markedly different proper motion characteristics.
The populations fall within two separate and distinct proper motion groups,
related to their distance. The mean proper motions of the two groups are
listed in Table 3.3 and are 24.54+2.8 and 20.14+2.4 mas yr—! for the ‘near’
and ‘far’ populations respectively. The mean angles, 6, of the proper motions

26



Chapter 3. COMPARATIVE SPITZER INFRARED STUDY

of the two populations are also listed in Table 3.3, along with their standard
deviations. These are 162+6° and 154+17° for the ‘near’ and ‘far’ populations
respectively, where all angles are measured east of north.

Near Far
Number of Sources 111 50
Mean Distance [pc] 130.6+0.7 160.2+0.9
Standard Deviation [10] 6.7 4.5
pycosé [mas yr1] 7.5 8.9
s [mas yr—1] -23.1 -17.3
HTotar [Mas yr—1] 24.5 20.1
Standard Deviation [1¢] 2.8 2.4
Angle 6 [degrees] (East of North) 162 154
Standard Deviation [10] 6 17

Table 3.3 Properties of the near (red) and far (blue)
populations. Statistics are calculated after distance and
proper motion cuts have been made.

To statistically check whether the two groups come from the same distribution
a general-purpose non-parametric two-sample Kolmogorov-Smirnov (KS) test
(Kolmogorov, 1933) is performed. The proper motion distribution is examined
using an implementation of the Python scipy routine. Figure 3.11 plots
histograms of the pmRA and pmDec data sets (shown in Figure 3.10) that
have been applied to the KS Test. The resultant p-value of 4.06 x 10~ is also
displayed.

This two-sample test is used to check whether the two groups come from the
same distribution since it is sensitive to differences in both location and shape
of the two samples. Peacock (1983) recognise this test as being a powerful tool
in the analysis of astronomical data. However, it is acknowledged that caution
is needed when using this test in astronomical applications (e.g. Feigelson and
Babu, 2013; Stephens, 1974) since KS probabilities can be misleading if the
model used is derived from the dataset itself. Figure 3.11 shows the results
of this test where a p-value significantly <0.001 is derived, supporting our
earlier identification of a non-unimodal distribution (see §3.2.1), and rejects
the possibility that the two groups come from the same population.

3.4.1 Group and structure correlations

Having statistically determined that two groups exist in both the distance
and proper motion distributions it is possible to use the data presented in
Figures 3.4 and 3.9 to obtain a clearer picture of the distribution of objects
within our sample region.
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Figure 3.11 Result of two-sample KS test showing histograms
of the underlying data sets. Note the x-axis is measuring angles
East of North, hence the apparent reversal in the positions of the
red and blue groups when compared to previous figures.

Figure 3.12 presents this distribution superposed on a visual extinction map of
the region calculated from the 2MASS survey (Schneider et al., 2011). Obvious
structures within the distance distribution of sources are identifiable within
the cloud complex. For example, Gaia DR2 164422961683000320, which lies
within the south-eastern area identified as B10 (part of the extended L1495
cloud), is seen here to lie at 126.44+1.6 pc, which is consistent with the value of
126"%; pc found earlier by Bertout, Robichon, and Arenou (1999). The region
around B10 can thus be seen to be part of the ‘near’ population, and the 31
sources associated with the ‘near’ group within B10 are found to have a mean
distance of 131.9+3.2 pc, with a standard deviation of 5.0 pc.

Lying to the south-east of B10 are the B211/B213 filaments. There are a
number of sources from both populations which lie directly within, or close to
these structures. It is apparent that, if these sources are genuinely associated
with the filament then there appears to be a double distance gradient along
this structure. One interpretation of this apparent double gradient is that
the cluster of ‘far’ population sources seen half-way along the filament, are
actually background to it. For this to be the case, there would need to be gaps
in the foreground cloud that allowed the background cloud to be seen. This
explanation would be consistent with the findings of Hacar et al. (2013), if one
interprets their line-of-sight velocity with distance. This hypothesis is pursued
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Figure 3.12 Spatial distribution of Gaia DR2 sources identified in
the Spitzer SSTtau catalogue, using appropriate selection criteria
(see text for details). Sources have been identified according to
distance and overlaid on a visual extinction map calculated from
the 2MASS survey Schneider et al. (2011). The colour coding is
the same as previously identified. It can be seen that both B10
and B18 are dominated by sources in the ‘near’ group. L1536 is
predominantly composed of sources from the ‘far’ population (see
text for further discussion).

further in §3.4.3 below. Cloud B18 appears to be populated with a discrete
population belonging to the ‘near’ group. Analysis of the data for this group
shows that they are lying at a mean distance of 127.4 pc, with a standard
deviation of 7.9 pc.

Looking at L1536, the VLBA derived parallax to the star HP Tau/G2
(Gaia DR2 145213192171159552) provides a distance of 161.2+0.9 pc (Torres
et al.,, 2009). HP Tau/G2 also appears in the Galli et al. (2018) study with
a derived mean distance of 162.74+0.8 pc, which is within 3¢ of the Gaia
value of 165.9+1.3 pc. This star is embedded within the reflection nebula
GN 04.32.8, which appears as a crescent-shaped feature in the Herschel
column density map of L1536 (Kirk et al., 2013). HP Tau/G2 lies within the
area of L1536 (Figure 3.12). There are 20 ‘far’ group sources identified in
this area with a mean distance of 160.34+3.7 pc, and a standard deviation of
6.8 pc. The clear interaction of HP Tau/G2 with L1536 strongly implies that
L1536 is at a comparable distance (Kirk et al., 2013). This is also supported
by the earlier study of Bertout, Robichon, and Arenou (1999), which placed
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the southern region of the Taurus cloud at 16872 pc. There are also two
members of the ‘near’ population situated within the L1536 area. These are
Gaia DR2 145238687096970496 and Gaia DR2 145157937416226176 which
have distance determinations of 130.0+2.3 and 140.3+4.2 pc respectively.
When considering their maximum distances, they do not fall within the lower

boundary of the ‘far’ group and we discount them as not being members of
L1536.

The association of the ‘near’ and ‘far’ groups with the discrete structures
within the Taurus cloud is graphically highlighted by Figure 3.12. With the
addition of the Gaia DR2 derived distance data we are able to develop a three-
dimensional picture of this region. Figure 3.13 shows the spatial distribution of
the ‘near’ and ‘far’ groups within the equatorial coordinate system. From this
perspective the sub-structures within the TMC are clearly seen, especially the
regions associated with the B10 and L1536 clouds as the red and blue grouped
populations in the top-right and bottom-left regions of the 3-D cube show.

e 'near' group stars
e 'far' group stars

(sea462Q) 2°d

160 140
DiStanCe (pc)

120 100

Figure 3.13 ‘Near’ and ‘far’ groups plotted in 3-D space
using equatorial coordinates. Over-densities associated with
identifiable cloud structures are clearly seen.

As well as the three-dimensional format presented in Figure 3.13 it is also
possible to examine the spatial structure of the ‘near’ and ‘far’ groups in the
Galactic reference frame. Using the skyCoord module within the Astropy
common core package for astronomy, the study area can be investigated
using the Cartesian (XYZ) system of Galactic coordinates rather than the
celestial ICRS right ascension and declination shown in Figure 3.13.
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Minimum spanning tree algorithms can be used to investigate the minimum
(shortest) length, or 'distance’ between objects in a population. In this way
associated objects can be grouped together and defined by their distance
from each other. Using this technique it is possible to identify related stellar
associations through their distances from each other.

Figure 3.14 presents a minimum spanning tree showing our 165 sources in
the Galactic reference frame. Of interest here are the lower panels which plot
Galactic Z-Y and X-Y with the colour plots ordered by Right Ascension. The
‘near’ and ‘far’ group affiliations previously noted in the ICRS reference frame
are clearly seen in Cartesian space suggesting that the TMC is consistent
with a structure similar to that of an inclined sheet facing away from us, as
suggested by Shimajiri et al. (2019) in their conclusions regarding the gas
cloud surrounding the B211/B213 filament.

3.4.2 TMC-1 The Taurus Molecular Ring (TMR)

Here, the TMC-1 region is considered in more detail (see Figure 3.12). The
area commonly referred to as the ‘Bull’s Tail’ (Nutter et al., 2008) lies within a
region known as Heiles Cloud 2 and has been the subject of many previous
investigations (Hartigan and Kenyon, 2003; Toéth et al.,, 2004; Nutter et
al., 2008; Malinen et al., 2012).

The region referred to in the literature as the ‘Taurus Molecular Ring’ (TMR) is
shown to the east of 4" 36™ in Figure 3.15. It can clearly be seen that objects
in this area have a spread in distance of some 10 to 15 pc, with members of
both the ‘near’ and ‘far’ populations being represented. This study is thus able
to support the supposition made by Nutter et al. (2008) that the TMR is not a
coherent structure but is rather a fortuitous alignment composed of disparate
sources at different distances spread throughout the depth of the complex.

Objects Gaia DR2 148401565437820928 and 148400229703257856 lie
towards the central region of the ‘Bull’s Tail’ and have Gaia DR2 distances of
136.3+8.2 and 136.9+2.1 pc respectively, which are in general agreement
with previous studies. Lying in the southern region of the ‘Bull’'s Tail’ is
Gaia DR2 148374391180009600 which is a member of the ‘far’ group with
a distance determination of 149.3+5.3 pc.

3.4.3 Velocity distributions within the TMC

Here, the ‘true’ proper motions of our two populations are discussed in the
context of previous studies.

Distance & line-of-sight velocity comparison

In this section the three-dimensional nature of the TMC is presented with
reference to existing line-of-sight velocity measurements of the region since
it is well-established that the TMC has a complex velocity structure (e.qg.
Clark, Giguere, and Crutcher, 1977). In the context of the Gaia distance
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Figure 3.14 Distribution of 165 sources in the Galactic reference
frame. The lower panels suggest that the stellar distribution
resembles a 'sheet like’ structure (see text).

observations, it is useful to undertake a comparison of the stars in our ‘near’
and ‘far’ groups with the major line-of-sight velocity components of the cloud.

The 2CO emission associated with the TMC has systemic line-of-sight
velocities ranging from 0-12kms~!, with the large majority of the emission
having velocities in the range 4-8kms~! (Narayanan et al., 2008). The TMC
has an overall east-to-west velocity gradient, with the eastern parts of the
cloud preferentially having a lower systemic velocity than those in the west
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Figure 3.15 The region around the ‘Bull’s Tail" with sources colour
coded by distance. The ‘Taurus Molecular Ring’ (in the east of
the figure) has significant depth dispersion and is therefore not a
coherent object.

(e.g. Goldsmith et al., 2008). However, there is a great deal of variation within
this broad east-to-west trend. Particularly, the L1495 filament is known to
have two distinct velocity components, separated by ~1.5kms~! (e.g. Heiles
and Katz, 1976; Clark, Giguere, and Crutcher, 1977). Hacar et al. (2013)
used IRAM 30m telescope C'0 observations to further separate these two
components into multiple sub-filaments, with one set of sub-filaments having
velocities ~5-6 kms~!, and the other having velocities ~7kms~!. The well-
defined plane-of-sky morphology of the L1495 filament is at odds with its
apparent lack of velocity coherence, leading to suggestions that the ‘filament’
is in fact an edge-on sheet (e.g. Palmeirim et al., 2013). This is supported
by the recent proposal of Shimajiri et al. (2019) that the B211/B213 filament
system was initially formed through large-scale compression’s from the
Perseus OB2 association. Earlier studies (Kényves et al., 2007: Figure 8)
suggest that the TMC is situated exactly at the wall of the Local Bubble raising
the possibility that the 'sheet-like’ Taurean cloud structure is the result of
compression by the Per OB association in one direction and by the Local Bubble
in the opposite direction.

Contradictory research (Li and Goldsmith, 2012), compared volume densities
derived from dense gas tracers with 2MASS-derived column densities, and
found that the high-density portion of the L1495 ‘filament’ has a plane-of-sky
depth of only ~0.12 pc, suggesting that it is in reality a roughly cylindrical
structure.

The stars associated with the TMC included in the Gaia DR2 catalogue are
located at intermediate visual extinction and are therefore not associated
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with the densest star-forming gas. The distribution of the stars in our
two distance groups are therefore compared to the velocities measured in
12CO FCRAO observations of the TMC (Narayanan et al., 2008; Goldsmith et
al., 2008). These observations traced moderately dense gas (n(Hy) ~102-
103cm~3) which is definitively associated with the TMC (see Figure 3.16),
but which is not gravitationally unstable and actively forming stars (e.g. di
Francesco et al., 2007).
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Figure 3.16 Integrated Intensity image of the 2CO (1 — 0)
transition over the range -5 to 20 kms~!. The colour scale on
the right shows the integrated intensity scale in K.kms~!. From
Narayanan et al. (2008): Figure 5.

12CO velocity channel maps presented by Narayanan et al. (2008) show that
the B10 and B18 regions have systemic velocities ~7 kms~!, while the L1536
region has a systemic velocity ~5kms~!. The L1495 filament shows a double-
peaked velocity structure, as discussed above. The TMC-1 region also has
multiple velocities, with some suggestion that the eastern side of TMC-1 is at
a lower systemic velocity (~5-6 kms~!) than the western side (at ~7 kms™1).

There is a striking similarity between these behaviours and the spatial
distribution of the stars in our ‘near’ and ‘far’ groups (see Figure 3.12). B10
and B18 are both dominated by ‘near’ stars and have a systemic velocity
of ~7kms~!, while L1536, containing ‘far’ stars, has a systemic velocity
of ~5kms~!. The L1495 filament, with its two velocity components, contains
stars from both groups, as does TMC-1. However, in TMC-1 the ‘far’ stars
are preferentially located in the east, while the ‘near’ stars are preferentially
located in the west, corresponding to a velocity gradient from ~5-7kms~!
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across the region. There is thus a qualitative tendency for ‘near’ stars to be
associated with ~5kms~! sight-lines, and for ‘far’ stars to be associated with
~7 kms~! sight-lines.

The results presented here tentatively suggest that the two main velocity
components of the gas in the TMC are located at different line-of-sight
distances, with the ~5kms~! gas being located in front of the ~7 kms~! gas.
The ‘gaps’ in the L1495 filament hypothesised in §3.4.1 are also seen in the
velocity data.

Velocity vectors within the TMC

The right ascension and declination proper motions of our sample sources are
detailed in Appendix C (Table C.1). When these values are converted into
vectors, as shown in Figure 3.17a, a small difference in the vectors between
the two populations is apparent. The mean values of proper motion for each
population and their standard deviations are given in Table 3.3. The arrows
indicate the direction of motion of the objects.

For a meaningful analysis of the relative proper motions to be made, the
influence on these motions caused by the relative solar motion needs to be
taken into account. It is therefore necessary to calculate the mean motion
of the entire sample, which will be dominated by the relative solar motion,
and subtract this value from each of the individual star’'s proper motion.
Figure 3.17b plots the individual velocity vectors for the members of each
group after subtracting the mean overall motion of the Sun relative to the
TMC, and a clear distinction can be seen between the two groups. The arrows
here indicate the proper motions of the stars, relative to this overall motion
between the Sun and the Taurus cloud.

Considering Figure 3.17b, one star stands out from the rest. Within the ‘far’
population, HD 30067 (Gaia DR2 147248216395196672) is found to have
a markedly different velocity profile to the rest of its group. This star is
recorded in SIMBAD as being an A2/4 class star (Hou et al., 2015) located
at 163.5+1.4 pc with a proper motion of x=16.1 mas yr—'. Gaia DR2 indicates
a G-Band magnitude of 8.9 mag and an extinction of 4.5 mag for this source.
We suggest that, although this star meets the distance and proper motion
criteria described earlier, HD 30067 is actually a field star and not associated
with the Taurus group.

For a proper consideration, removal of the effect of Galactic rotation on the
proper motions of our groups must also be considered. The literature notes
that this transform is particularly sensitive to the Oort constants used (Oort
et al., 1927; Olling and Dehnen, 2003), in particular the 'V’ component of the
solar motion relative to the Local Standard of Rest, which seems variable to a
factor 2 depending upon the observer.
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Figure 3.17 Group distributions and velocity vectors within the
TMC. (a) Proper motions of the ‘near’ and ‘far’ groups identified
in Figure 3.4. Individual star proper motions are displayed as
vectors showing direction and relative magnitude of velocity. (b)
Individual proper motions after the overall mean proper motion
has been subtracted. (c) Proper motions after the removal of solar
and galactic motions towards Taurus.

For this exercise the value of Oort constants from Li and Goldsmith (2012) and
the Solar velocities from Schoénrich, Binney, and Dehnen (2010) are adopted
as is the convention for using solar velocities in the Galactic coordinate system
as: U being the component toward the galactic centre; V the component along
the line of galactic rotation; and W being the component out of the plane,
towards the galactic north pole (see Figure F.7).
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Since it is also necessary to use a rotation matrix in transforming between
celestial ICRS RA/Dec and Galactic I/b coordinates the technique presented
in Li, Zhao, and Yang (2019) is used. The treatment of barycentric stellar
motion in astrometric and radial velocity data is also considered. The
rigorous treatment of the epoch propagation including the effects of light-
travel time was developed by Butkevich and Lindegren (2014). However, for
the propagation of the prior information to the Gaia reference epoch, it is
sufficient to use the simplified treatment, which was employed in the reduction
procedures used to construct the Hipparcos and Tycho catalogues. This is only
possible since the light-time effects are negligible at milliarcsecond accuracy.
The resultant velocity vectors of the two groups, taking Galactic rotation into
account is presented in Figure 3.17c.

The treatments of proper motion velocity vectors presented in Figure 3.17
clearly show a marked difference in the proper motions of the two populations,
in particular those members of L1495 and L1536. In an X-Ray survey, Briceno
et al. (1997) suggested that a population of stars discovered during the ROSAT
mission (Trumper, 1985), located to the south of the Taurus clouds, might be
an older population and have a different origin from the rest of the cloud, as
well as being located at a different distance to the then commonly accepted
distance of 140 pc. Our initial findings tend to support these ideas and
further suggest that there may be a dynamic link between L1536 and L1495,
particularly the B213 region.

3.5 Summary

This preliminary study has shown, through the use of trigonometric parallaxes
from Gaia DR2 and the Spitzer catalogue, that there are significant differences
in the distances to different structures within the Taurus molecular cloud
complex. Since Spitzer conducted its survey in the infrared, the results we
have used here have been more sensitive to radiation from Class Il and some
Class Il YSO’s as their discs become too diffuse to be detected. Since they
are more enveloped in their discs it is unlikely that this study has identified
either Class O or Class | objects although some Class | YSO’s may be included
as their discs begin to dissipate and they become visible (see Appendix F.1.1).

Nevertheless, two main associations have been located at 130.6+0.7 and
160.2+0.9 pc. These groups have different proper motions of 24.5+2.8 and
20.1+2.4 mas yr—! respectively, and they appear to be moving in somewhat
different directions. They also appear to have slightly different line-of-sight
velocities. These newly recognised, discrete populations have been called
here the ‘Two Horns’ of Taurus.

With this new data it has also been possible to confirm that the so-called
‘Taurus Molecular Ring’ is not a coherent feature but has an extended depth of
approximately 15 parsecs. Also, it is tentatively suggested that the structure
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of the TMC, in general, resembles that of an inclined sheet facing away from
the observer.

A more detailed analysis of the region, using the complete data set obtained
with our original query, is the main focus of this study and is discussed in the
following Chapter.
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4 UNBIASED GAJIA DATA ANALYSIS

4.1 First look

Returning to our original sample of 7587 sources, obtained from the Gaia
Archive query (Listing B.2), the 110-150 pc and 150-180 pc distance limits for
the ‘near’ and ‘far’ groups were applied along with the proper motion limits of
12-40 mas yr~! that were determined during our preliminary look at the data
in Chapter 3. This filtering exercise identified 2372 sources within the limits
stated.

Running this data set through the python routines developed earlier produced
the distributions presented in Figure 4.1 where it can be seen that the
distance (Figure 4.1a) and proper motion (Figure 4.1b) distributions are not
as well defined as in our preliminary study and contain numerous, possibly
unassociated field sources.

Contrasting the result displayed in Figure 4.1b with that obtained in our
preliminary study (Figure 3.10) shows a much wider, almost equal distribution
of both ‘near’ (red) and ‘far’ (blue) sources across the field shown, suggesting
that many of the field sources apparent in Figure 4.1a fall within the
12-40 mas yr—! limits of this study. The discrete distributions identified earlier
(Section 3.3) are still evident and interestingly, a closer examination shows a
possible third grouping (of ‘far’ sources) centred around (5, -25) mas yr—!.

By comparing Figure 4.1a with a figure showing all 7587 sources before
filtering is applied (see Figure 3.2) it is apparent that some reduction in
numbers has taken place. It is also apparent that further sampling and data
reduction needs to be done before a clearer picture of the distributions can be
obtained.

4.2 Data Reduction

In their discussion on generating evolutionary diagrams for stellar populations
using Gaia DR2 data, Babusiaux et al. (2018) presented a set of filters
designed to ensure the accuracy of their Hertzsprung-Russell diagrams. These
filters perform a number of functions, namely:

e visibility_periods_used>8, which ensures that the five-parameter solution
described by Lindegren et al. (2018) is met. This filter also has the effect of
removing strong outliers at the faint end of the CMD Arenou et al. (2018);

o astrometric_chi2_al/(astrometric_n_good_obs_al-5)<1.44*greatest(1,exp(-
0.4*(phot_g_mean_mag-19.5))), which filters the astrometric excess noise
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Figure 4.1 Distance (a) and proper motion (b) distributions
for 2372 sources obtained through filtering of the Gaia Archive
results. Both plots have been colour coded according to the
scheme identified in our preliminary study.

and removes artefacts, particularly between the white dwarf region and the
main sequence;

e parallax_over_error>10, which limits the relative precision on the parallax
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values of 10% to ensure an uncertainty on the Gaia absolute magnitude
smaller than 0.22 magnitude;

o phot_g mean_flux_over_error>50 AND phot_rp_mean_flux_over_error>20 AND
phot_bp_mean_flux_over_error>20, to ensure that variable stars are removed,
and

e phot_bp_rp_excess_factor<1.3+0.06*power(phot_bp_mean_mag-
phot_rp_mean_mag,2) AND phot_bp_rp_excess_factor>1.0+0.015
power(phot_bp_mean_mag-phot_rp_mean_mag,2), to make certain that the
contribution of flux from nearby bright sources is taken into account.

Applying these filters to our 7587 cohort reduced the source count to 3926.
This number was further reduced to 1245 once our distance and proper motion
limits were applied.

In our preliminary study, through the use of archival Spitzer data, we were
able to present two, previously unidentified, groups of YSQO’s. Since this was
primarily based on infrared observations it was more sensitive to early Class
I and Class lll objects. We now consider a similar study exclusively using Gaia
optical results which will identify more developed Class Il and Class Ill objects
(see Appendix F.1.1). Previous studies in the literature provide useful insights
into how this new group can be investigated further.

Gouliermis et al. (2006) conducted a photometric study of the star-forming
region NGC 346 and its surrounding field in the Small Magellanic Cloud. In
their first-order characterization of the observed stellar species they identified
a clear turn-off point around V~22 mag between the upper and lower main
sequence. Importantly, they identified a region to the right of the lower main
sequence containing a concentration of low-mass stars which they speculated
might be pre-main sequence (PMS) stars. This possible location of PMS stars
was further discussed by Kenyon, Gomez, and Whitney (2008) in their study
of the structure of star formation in the Taurus-Auriga dark clouds. In this
study they identify previous works (e.g. Herbig, 1952) which suggest that pre-
main sequence T Tauri stars are located 1 to 3 magnitudes above the main
sequence.

Figure 4.2 presents a Colour Magnitude Diagram (CMD) of our sources
using the findings of Gouliermis et al. (2006) and Kenyon, Gomez, and
Whitney (2008) in an attempt to identify PMS sources in our population. In the
following discussion it should be remembered that this study is considering
the position of PMS stars within the Taurus star-forming region. In the TMC,
extinction and reddening due to concentrations of dust and gas are sufficient
to obscure and affect the apparent magnitude of sources and thereby their
position on the CMD. This is also true of young stars that have circumstellar
disks with significant amounts of dust, namely accretion on to the star from
the disk creates a hot excess which makes blue photometry ‘too blue’, while
thermal plus accretion emission from the inner disk makes red photometry
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‘too red’. It should also be remembered that, when solving for the astromtric
parameters, Gaia sources are treated as single stars (Gaia et al., 2018). The
TMC contains a large fraction of binary and multiple systems (e.g. Ghez,
Neugebauer, and Matthews, 1993; Hartigan and Kenyon, 2003) and it is
recognised that systematic errors deriving from unresolved multiplicity can
result in luminosity (and therefore magnitude) overestimates (Simon, Ghez,
and Leinert, 1993).
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Figure 4.2 Colour Magnitude Diagram with Gaia 1245 cohort
showing ‘near’ and ‘far’ groups from Chapter 3 (see text).

The diagram is plotted with Ggp-Grp against the absolute Gaia magnitude in
the G-band (M) for individual sources, with no correction for extinction, using
the following expression to calculate Mg from the Gaia data, corresponding
Gaia data field names are given in brackets:

Mg = m-}- 5(10g10(p) + 1) (4.1)

where M,, is the Gaia mean magnitude (phot_g mean_mag) computed from the
G-band mean flux applying the magnitude zero-point in the Vega scale, and
p is the Gaia parallax (parallax)

Figure 4.2 presents the CMD for our cohort of 1245 sources. The diagram
is annotated with salient features and shows the Main Sequence (MS) line
and our demarcation between the high and low-mass PMS. The dashed line
denotes our demarcation between the MS and PMS - our subject sources
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lying above the line. We have overlaid the ‘near’ and ‘far’ groups from our
preliminary study and it can be seen that the area above the dashed line
contains the majority of the sources identified in Chapter 3 in support of the
findings of Kenyon, Gomez, and Whitney (2008: and references therin).

There are two sources from our preliminary study in the region of the Giant
Branch. These sources are Gaia DR2 164536250037820160 (HD 283572)
designated by SIMBAD as a G5IVe Variable Star of Orion Type (Patterer et
al., 1993) and Gaia DR2 147248216395196672 (HD 30067) an A2/4 star (Hou
et al.,, 2015), from our previous ‘near’ and ‘far’ groups respectively. The
location of these sources in the CMD suggest that these prospective YSO’s
are in fact giant stars which display an infrared excess in their spectrum, due
to dusty winds caused by chromospheric activity, as noted in prior studies
of YSO’s in the Gould Belt (Dunham et al., 2015), the Gaia DR2 study of
the Lupus V-VI clouds (Manara et al., 2018) and in the PhD Thesis study of
Asymptotic Giant Branch (AGB) stars in the Milky Way galaxy (Martinavarro
Armengol, 2015). Oliveira et al. (2009) report that such contamination by AGB
stars can be as high as 26%, although other studies (e.g. Romero et al., 2012)
have reported significantly higher figures depending on their study criteria.

Within the general PMS region identified in Figure 4.2 we find 192 sources,
these sources are displayed in Figure 4.3 and detailed in Appendix D.
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Figure 4.3 Spatial distribution of 192 sources with Spitzer 168
cohort overlaid. Out-of-study-area sources are clearly seen.

Figure 4.3 shows the full extent of the region covered by our initial Gaia Archive
query. The ‘near’ and ‘far’ groups from our preliminary study have been over-
plotted to clearly show the new sources. It is apparent from the distribution
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that a significant number of the new cohort lie outside the chosen study area,
some of which are identifiable as belonging to the L1517 and L1544 dark
clouds. By confining these new sources to the region studied previously, 155
sources remain, of which 73 are common with the previously studied cohort of
161 sources and 82 are unique to this group. Details of these sources can be
found in Appendix D and they form the basis for our continued investigation.

4.3 Follow-on Studies

Having identified the 155 Gaia sources to be used in this study the methods
used in our preliminary study (see Chapter 3) are replicated to determine the
population parameters. Having previously statistically verified the existence
of two groups, we do not intend to duplicate these analyses.

4.3.1 The 'Two-Horns’ distribution

As in Section 3.1, our distance sample is binned at 3 pc intervals between 110
to 180 pc for consistency. Figure 4.4 shows the distribution of our new ‘near’
and ‘far’ groups shown in magenta and cyan respectively to differentiate them
from our preliminary study groups.
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Figure 4.4 Two main populations are seen. A double-Gaussian
curve is fitted identifying a minimum value. Following correction
for outlying sources and adjustment of group members a new
distribution of 142 sources is centered around 139.7 pc (see text).
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Our initial analysis found the new populations centred at 139.3 pc, a difference
of 8.6 pc from our preliminary study. In contrast to Figure 3.4 the bi-modal
null does not fall naturally between the two distributions. This skew is possibly
caused by the higher than expected number of sources in the two bins beyond
172 pc although it is also recognised that it may be an artifact of the binning
process. Further investigation finds that the ‘contaminating’ sources belong
to the L1517 group (Figure 4.3) and its outliers, which cannot be differentiated
from our ‘far’ group. One consequence of this is that the 'minimum’ boundary
between the two groups now falls within the ‘far’ population rather than
between the two groups as previously seen.

Redefining our ‘near’ and ‘far’ group limits as 106 to 145 pc and 145 to
172 pc respectively discounts 13 ‘far’ group sources in the two bins beyond
172 pc (see Appendix D) and changes the affiliation of the bin at ~146 pc.
These changes reduce our total source count to 142 with a mean distance
of 139.7 pc (Figure 4.4). Of this group, 72 sources appear in our preliminary
study whilst the remaining 83 sources are exclusive to this group. Our ‘near’
group in this study is centered on 130.0+0.6 pc and contains 82 sources
whilst a more dispersed ‘far’ group is composed of 60 sources centered
on 159.5+0.8 pc, these values remain within 1o of the values obtained in
our preliminary study. Specific values for each group can be found in Table 4.1.

Near Far
Number of Sources 82 60
Mean Distance [pc] 130.0+0.6 159.5+0.8
Standard Deviation [1¢] 2.9 11.8
iy cosd [mas yr—1] 8.1 10.25
s [mas yr—1] -23.7 -18.9
Uorar [Mas yr—1] 25.2 22.1
Standard Deviation [10] 3.4 4.5
Angle 0 [degrees] (East of North) 161 151
Standard Deviation [10] 5 13

Table 4.1 Properties of the near (magenta) and far (cyan)
populations after the distance and proper motion cuts have
been made.

4.3.2 Scattering in y,cosé and ;; space

As completed in Section 3.3, an investigation into the proper motion
distributions of our newly defined cohorts is performed using our previously
defined limits of 12 mas yr—! to 40 mas yr—!. Figure 4.5 presents the pmRA,
pmDec and u profiles of our populations and is analogous to that found in
Figure 3.7. The plotted responses reflect the smaller population sizes.
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Figure 4.5 Proper motion distributions of the 142 Gaia sources.

The Gaussian responses shown in Figure 4.5 indicate that the proper motion
() is centred on 23.88 mas yr~! with a standard deviation of 4.19, the
contributory vectors pmRA and pmDec have values of 9.03 and -21.67 with
standard deviations of 4.02 and 4.52 respectively. As seen in the preliminary
study, the responses are almost symmetrical with pmRA, pmDec and proper
motion skewness values of 1.38, 0.28 and 0.63 where a symmetric normal
distribution has a value of zero. The skew value >1 returned by the pmRA
response is a result of the high peak in the number of sources with values
around ~8 mas yr—1.

Figure 4.6 shows the locations of the two associations in yu, and us; space. The
‘near’ group is shown in magenta and the ‘far’ group in cyan, consistent with
Figure 4.4. There is a suggestion in both Figures 4.6 (a) and (b) that the ‘near’
(magenta) population is itself formed of two groups, one with a pmDec vector
of ~22 mas yr—! and the other with a velocity of ~26 mas yr—!. The greater
dispersion of the ‘far’ group seen in Figure 4.4 is clearly apparent in Figure
4.6a and is also reflected in the position of the ‘far’ group centroid in Figure
4.6b.

Comparing the three peaks in the distribution of velocities shown in the pmDec
response in Figure 4.5 with the distribution of the groups in Figure 4.6b (as
noted above) suggests that, whilst both the ‘near’ and ‘far’ groups have an
almost uniform motion in pmRA space, the three sub-groups have dispersed
velocity vectors in the pmDec direction.
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Figure 4.6 Proper motion distributions showing two populations
which are consistent with the two distance groupings seen in
Figure 3.4. (a) Proper motions of all 142 members of our ‘near’
and ‘far’ groups. (b) the central region of Figure 4.6a showing the
centroids of each group.

The parameters discussed above are summarised in Table 4.1. The similarity
of these results with those found in the preliminary study (Table 3.3) are
evident.
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4.3.3 ICRS Velocity vectors

Using the method previously described in Section 3.4.3 to remove the effects
of solar and galactic motions, the ICRS velocity vectors have been calculated
for our cohort of 142 sources and are presented in Figure 4.7.

In relation to other members of the ‘near’ group, it is immediately apparent
that there are a number of high velocity sources with directions of travel
different from the main body of the group. This is also true, but to a lesser
extent, for members of the ‘far’ group. Convergent Point analysis, which
studies the kinematic properties of group members which share the same
spatial motion (e.g. Brown, 1950; Bruijne, 1999; Galli et al., 2012) would seem
to suggest that these sources, as in the case of HD 30067 in our preliminary
study, are not in fact members of their associated group.
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Figure 4.7 ICRS velocity vectors of sources identified in our Gaia
142 ‘near’ and ‘far’ groups.

As also seen in our preliminary study, structures around B10 and B18 show
high concentrations of ‘near’ group sources whilst the ‘far’ population is
generally located around L1536 and is dispersed in filamentary structures
throughout the region. Comparing the motions of these groups with those
identified in our preliminary study (see Figure 3.17c) suggests that the vector
directions displayed by the ‘far’ group are less coherent than those in our
previous study.
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4.4 Additional studies

In the following section, some of the complementary studies that have been
undertaken to more fully understand the dynamics and kinematics of the
region are described.

4.4.1 Redshift & VLSR

The Gaia DR2 radial velocity (Ry) data set contains median Ry values averaged
over the 22 months of observations (Gaia et al., 2018).

Comparing our two associations with the latest LAMOST data, which was
released in June 2019, provides insights into their radial velocities i.e., their
line-of-sight velocity (V;sg) values. The Large Sky Area Multi-Object Fiber
Spectroscopic Telescope (LAMOST) is a 4m Schmidt telescope operated by
the National Astronomical Observatories, Chinese Academy of Sciences. For
this study, data from release DR5_v3 which is available on-line! is used since
it contains spectra for over 9 million sources along with a catalogue of general
stellar parameters.

Velocity data were obtained by cross-matching the Gaia RA and Dec positional
data for our 155 sources with the LAMOST DR5 using a separation radius of
2.0 arcseconds. This query returned 101 sources in common with our study, of
which 98 (see Appendix E) contained redshift (z) values - 55 in our ‘near’ group
and 42 in the ‘far’ group with mean z values of 6.98x107° and 2.92x107°
respectively, giving an overall redshift value for the TMC in our study area of
z=5.19x107°.

For such small values of z compared to 1.0 (the value of ¢y) it is possible
to convert from redshift to velocity (v) measured in km s~! using the non-
relativistic formula:

V= oz (4.2)

giving an overall mean recessional velocity for the TMC of 15.58 kms~1.

Figure 4.8 presents the distribution of the Gaia ‘near’ and ‘far’ groups with
respect to their redshift as given in LAMOST DR5.

Whilst the measured values are small there is a distinct difference in the
redshift of the two groups. With a few exceptions, it is apparent that the
‘far’ group appears stationary whilst the ‘near’ group is moving away from
the observer. To obtain a clearer understanding of the line-of-sight velocities
involved, Equation 4.2 is used to obtain values for our cohort. The Gaia DR2
data contains 32 sources with radial velocity values and LAMOST DR5 has 98
that can be determined from their V sg values which define an objects mean
velocity in the Milky Way, in the neighborhood of the Sun. Cross-matching
these there are 22 sources in common with both data sets. Figure 4.9 shows

Ihttp://dr5.lamost.org/
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Figure 4.8 Redshift of sources identified in our Gaia ‘near’ and
‘far’ groups obtained from LAMOST DR5. It can be seen that
the two groups have different values of z and hence recessional
velocities.

the relationship between the radial velocity values (with errors) derived by
Gaia and LAMOST.

There are three sources shown in Figure 4.9 that lie well beyond the linear
relationship shown. These sources do not have a classification in SIMBAD,
however in LAMOST DR5 they are recorded as being F-type stars. Although
included in previous discussions in this study, there are no F stars associated
with the Taurus group (Kenyon, Gémez, and Whitney, 2008; Rebull et al., 2010)
and they can be discounted as members of our cohort.

The linear relationship seen in Figure 4.9 provides confidence that using the
LAMOST DR5 as a proxy for Gaia allows a discussion of radial velocities to
take place. Mooley et al. (2013) consider members of Taurus to have radial
velocities in the region 9.8<Ry<17.5 kms~! in general agreement with the
earlier study of Luhman et al. (2009a).

As previously noted (see Section 4.2), the TMC has a high multiplicity
fraction, and as with the issues around observed magnitudes this can
affect measurements of radial velocity (Cunha et al.,, 2013). Radial velocity
variations are caused by the orbital motion of the stellar companion(s) and the
resulting impact on the Ry calculation is a function of the difference between
the main body Ry (Ry) and the secondary contaminant Ry (ARy).

When considering radial velocity values it is also necessary to take the
bulk gas motion of the TMC into account. The studies of Narayanan et
al. (2008) into the structure and column densities of different regions of the
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Figure 4.9 Comparison of Gaia DR2 radial velocity and LAMOST
DR5 V,sg data. There are 22 sources common to both surveys, the
blue line shows a direct relationship between the two data sets.
The three sources indicated do not have a Gaia classification but
are all reported by LAMOST DR5 as being F-type stars.

TMC using ¥CO and 2CO emissions, and the more recent work by Soma et
al. (2018) looking at the rotational emission lines of the saturated CH;OH
organic molecule derive V;sz values for the TMC of 6 kms~—! and 5.8 kms~!
respectively. Taking the value determined by Narayanan et al. (2008) and
subtracting this from our derived values (i.e. Rysur - Rygs), it is possible to plot
a histogram of V; sz velocities for our ‘near’ and ‘far’ groups (Figure 4.10).

The distributions for both groups are plotted in Figure 4.10 with a bin size
of 40 kms~—!. There are two sources with V;gz in excess of -100 kms~—! not
shown in the figure, one from each of the ‘near’ and ‘far’ groups. These are
Gaia DR2 152178976290554496 (2MASS J04281566+2711110) an M5.5 Low-
mass star (Esplin and Luhman, 2017) in the ‘near’ group with a velocity of
-114.11 kms~! and the ‘far’ group source Gaia DR2 152109054223716480
(SSTtau 042423.2+265008) an M3 Variable (Xiao et al., 2012) with a velocity
of -711.40 kms~!. Péricaud et al. (2017: Table D.1) indicate that this latter
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Figure 4.10 Visr distribution of our Gaia ‘near’ and ‘far’ groups
showing a ‘zoomed-in’ view of our groups with outliers beyond
-100 kms~! removed.

source is a weak-line T Tauri (WTTS) star with a disk, suggesting the possibility
that the presence of a rotating disk has adversely had an effect on the
measured radial velocity of this star. The two sources mentioned above have
not been shown in order to provide clarity on the main body of sources.

Figure 4.11 details the spatial distribution of our results with the radial velocity
(Visr) scale centered on the velocity of the gas component of the TMC. Whilst
the majority of sources studied are within a few kms~! of this value it is
notable that the ‘far’ group has velocities considerably in excess of this. There
are a few exceptions to this in the upper central region of the map where
high velocity sources from both groups can be seen, these sources may not
be associated with the Taurus cloud. With our limited number of sources in
discrete cloud locations it is not possible to identify a velocity gradient across
the TMC as suggested by Narayanan et al. (2008).

Comparing the distribution of sources identified in the Gaia database in
Figures 4.11 and 4.8 along with their respective velocity scales supports the
conclusions made by Narayanan et al. (2008) and Soma et al. (2018) with
regards to the bulk velocity of the surrounding gas in the TMC region. Although
the scaling factors presented here are quite coarse, the results of this study
support a Vigr figure of ~6 kms~! for the bulk motion of the Taurus complex.

In their separate studies comparing stellar radial velocities and the velocity

52



Chapter 4. UNBIASED GAIA DATA ANALYSIS

A A A
S B10 o AP 12
e AAA
A
28° 4 ° ) I
q
B2LL
_ . ® &% AB213°;
S Heiles Cloud 2 y o f’ L1495 ¢ —
S fo gra g !
S Lo TMCl S & p & i e
c T A £
= ¢ A - o
c 2 J
£ B18 e S
Q
a}

A A - ¢ 4
24° 4 - .Q i
..
N ® ‘. 1 ; 2
A 2 e 110-150 pc 0
w ® L1536 4 150-180 pc |

4hqgm 36™ 24m 12m
Right Ascension (J2000)

22° 1

Figure 4.11 V;s; of sources. There is no clear indication of a
velocity gradient across the cloud structure. High velocity sources
can be identified in the upper central region of the map (see text).

of the underlying molecular gas, Qian, Li, and Goldsmith (2012) and Galli et
al. (2019) note that the gas and stars associated with the TMC are closely
coupled. Our findings, presented in Figure 4.11 are consistent with this even
though we have not calculated the numerical differences between the mean
gas and stellar velocities.

4.4.2 Spectral classification and types

The low-mass stellar and sub-stellar populations of the TMC have been the
subject of numerous studies (e.g. Rebull et al.,, 2010; Takita et al., 2010;
Luhman et al., 2009b). Studies of early-type high-mass stars in the region
are less numerous and it is generally accepted that the region is lacking in
young stars of intermediate and high mass (e.g. Whittet et al., 2004; Mooley
et al., 2013), and the findings of Rebull et al. (2010).

To investigate the demographics of our population, our 142 sources were
cross-matched to the SIMBAD database to obtain spectral information. In
SIMBAD the object type is based on the hierarchical system proposed by
Ochsenbein and Dubois (1992), however there is some overlap between
classifications. Figure 4.12 presents the distribution of spectral classes
throughout the region under study. The sources are presented using a key
adapted, and simplified, from Ducourant et al. (2005).

Not shown on Figure 4.12 are sources in our study that are not found in
the SIMBAD database (52 sources) and those that are designated as ‘Star’
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(18 sources), Brown Dwarfs (3 sources) and those that are identified as double
or multiple systems (2 sources). Sources in our study that SIMBAD simply
identifies as ‘YSO’ or ‘PMS’ are shown in Figure 4.12 as ‘PMS’ sources. Those
identified as Intermediate Mass PMS stars, in the range 2<M <8, include
Herbig Ae/Be sources, emission-line stars and those that SIMBAD records as
being variable. The sources shown as Low Mass PMS sources (<2Mg) include
T Tauri stars (both CTT and WTT) and their candidates as well as active X-ray
sources.
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Figure 4.12 SIMBAD spectral classifications for our cohort of
142 Gaia sources, including candidate types (See text for legend
description).

As to be expected in such a study, the areas discussed here, namely
B10, B18, L1536 and TMC-1 show concentrations of young stellar objects.
Notable exceptions to this are (1) Gaia DR2 152226491513195648, an
Mo:Ve Variable (Orion Type) star (Herbig, Vrba, and Rydgren, 1986;
Kazarovets et al., 2017) also classified as a Herbig Ae/Be star (Herbst and
Shevchenko, 1999), (2) the M3 Variable star [XCR2012] TrES J042423+265008
(Gaia DR2 152109054223716480) described by Kraus et al. (2017), and (3)
the M7 Brown Dwarfs [BLH2002] KPNO-Tau 5 and 2MASS J04350850+2311398,
(Luhman et al., 2009b) and IRAS S04414+2506 (Luhman et al., 2006)
recorded in the Gaia DR2 data as Gaia DR2 15132715972112588,
Gaia DR2 145238687096970496 and Gaia DR2 147441558642852736
respectively.
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Figure 4.13 shows that the distribution of YSOs in the form of K and M-
type stars follows the major structure and filaments of the cloud and is
consistent with previous studies of the area. The G-type (G2e) star in L1536
is Gaia DR2 145213192171159552 (CoKu HP Tau G2) (Xu et al., 2019; Rizzuto
et al., 2020) which is a member of the multiple HP Tau group along with HP Tau
and HP Tau G3 (Kdénig, Neuhauser, and Stelzer, 2001).

The A-type star, V* V892 Tau (Gaia DR2 164513602672978304) is one of
the few Herbig Ae/Be stars in the Taurus system, the others being AB Aur
an AOVe star (Mooley et al., 2013) and MWC 480 classed as A5Vep (Mora et
al., 2001). Classified in SIMBAD as an AOVe irregular variable (Skiff, 2010),
V* V892 Tau illuminates an optical nebula and has been previously classified
B8V (Hernandez et al., 2004). The spectral energy distribution (SED) of V892
suggests that it is either a young embedded Class | object surrounded by
a developing envelope or a more evolved Class Il source seen through an
edge-on disk. Mid-IR imaging of the V892 Tau system (Monnier et al., 2008)
have confirmed the existence of a circumbinary disk and a binary companion.
Mooley et al. (2013) confirm V* V892 Tau as a proper-motion member of the
Taurus group.

4.4.3 Age determination of PMS study groups

Determining the ages of PMS and Young stars is highly problematic. One of the
most useful tools for investigating the age of stellar populations is the colour-
magnitude diagram (CMD) used in conjunction with model isochrones derived
from an observational photometric system.

The use of theoretical stellar evolutionary sequences, or isochrones, is one of
the few methods used in determining stellar ages on a large scale. There are
many different models that can be used in their generation e.g. Yale-Potsdam
Stellar Isochrones (YaPSI) (Spada et al.,, 2017), Padova stellar evolutionary
tracks and isochrones (e.g. Bressan et al., 1993), BaSTI (a Bag of Stellar Tracks
and lIsochrones (Pietrinferni et al., 2013), and Modules for Experiments in
Stellar Astrophysics (MESA) (Paxton et al., 2010). The choice of which model to
use is largely dependant on the input data available and the desired outcome.

From the many models available, the PARSEC (PAdova and TRieste Stellar
Evolution Code) model developed by Bressan et al. (2012) was chosen to
produce isochrones to describe the age relationship between our sources. This
model was chosen because it is currently one of the few available that can
produce an output related to the Gaia DR2 G-Band photometric system.

Access to the PARSEC model is via the online ‘CMD 3.3 input form’2 maintained
by Léo Girardi at the Osservatorio Astronomico di Padova. Users are required
to define parameters related to their needs, i.e. what form of evolutionary
track is required?, what photometric system is to be used?, what value of

2http://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 4.13 Only 78 (55%) of our 142 sources have SIMBAD
determinations of spectral type, seen here as (a) a spatial

distribution, and (b) as a histogram.

interstellar extinction is to be used? etc.
selected from a number of different options.
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In defining our isochrones, the Gaia DR2 photometric system using Vega
magnitudes as defined in Weiler (2018) was selected. A uniform metallicity
fraction for our sources of Z = 0.02 was assumed, that being the value for
solar mass (i.e. low-mass) pre-main sequence stars (e.g. Forestini, 1994;
Tout, Livio, and Bonnell, 1999; Di Criscienzo, Ventura, and D’Antona, 2009)
in the range 0.1 to 2.0 M., and in-line with the value of Z = 0.0189 for solar
models at the beginning of the PMS stage (Anders and Grevesse, 1989). An
interstellar extinction value (Av) of 0.85 mag kpc~! (Gontcharov, 2016) was
chosen with a Kroupa interstellar medium (Kroupa, 2001; Kroupa, 2002). A
full list of our input parameters is given in Table 4.2.

Input Parameter Solution

Evolutionary tracks PARSEC version 1.2S.

Photometric system  Using Gaia’s DR2 G, Ggp, and Ggp (Vegamags,
Gaia passbands from Weiler (2018)).

Bolometric system OBC bolometric corrections are selected to convert
the isochrones to photometric brightness in the Gaia
optical passbands, see Girardi et al. (2008).

Circumstellar dust For M stars: with fixed optical data sets from
Nanni et al. (2013) & Nanni et al. (2014).
For C stars: No dust.

Interstellar extinction Av = 0.85 mag with constant extinction
coefficients using Rv = 3.1 from
Cardelli, Clayton, and Mathis (1989) and
O’Donnell (1994).

Initial mass function  Canonical two-part-power law IMF, corrected
for unresolved binaries (Kroupa, 2001) &
(Kroupa, 2002).

Age / Metallicities Linear age: initial & final values 0.5e6 yr
to 30e6 yr in single steps.
Metallicities: using metal fraction Z = 0.02
initial & final values with 0.0 step.

Output Isochrone tables

Table 4.2 Input parameters used in defining the isochrones at 0.5; 1.0; 5.0;
10.0; 20.0 and 30.0 Myr used in our study.

Figure 4.14 shows the CMD and isochrones for our ‘near’ and ‘far’ groups. The
plot shows the combined groups from both of our studies in order to produce
a concise overview of our ‘near’ and ‘far’ distributions.

The grey dots show the distribution of 1245 foreground and background
stars obtained using our filtered query (see Figure 3.8) that lie within the
same 100 pc region covered by our studies, they are considered to be main-
sequence stars here. The ‘near’ and ‘far’ groups shown are a combination
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Figure 4.14 Age relationships of our combined ‘near’ and ‘far’
groups. The grey dots show the distribution of 1245 foreground
and background stars (see text). The ‘near’ and ‘far’ populations
shown represent the combined groups from our studies detailed in
Chapter 3 and Chapter 4. The isochrones are spaced in intervals
detailed in the text.

from the studies presented in both Chapter 3 and Chapter 4 and constitute
89 sources from our preliminary study, 70 sources from the final group of 142
identified in Section 4.3.1 and 72 sources which are common to both studies
- a total of 231 sources. Our distributions are plotted against isochrones
representing ages of 0.5; 1.0; 5.0; 10.0; 20.0 and 30.0 Myr. Within this range of
ages, very young stars, associated with star-forming regions, are considered
to be less than 5 Myr old whilst solar mass, young PMS stars are less than
30 Myr old (Soderblom et al., 2014).

From Figure 4.14 it is not easy to differentiate between the ages of our ‘near’
and ‘far’ populations. It is however possible to see that the vast majority
of sources lie within the boundaries identified by Soderblom et al. (2014).
At magnitudes <11 mag it can be seen that a large scattering of sources
lie below and to the left of the main sequence. Whilst this may be a true
representation of their position on the CMD, the scattering is more likely due
to an accumulation of errors caused by errors on the measurement of the
photometric magnitude and the increase in these errors due to the colour
subtraction effect of Ggp-Ggrp. For the purposes of further discussion these
sources are ignored.
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In their consideration of YSO’s in the Gould Belt, of which the TMC is a
member, Dunham et al. (2015) present limits on the lifetime durations of the
various classes of YSO. Taking contamination of Class Il YSO’s by background
AGB stars and IR excess into account they determine YSO lifetimes as
presented in Table 4.3.

YSO Class Stage Duration (Myr) ~ Max Age (Myr)
0+ Protostellar 0.5to0 0.7 0.7
Flat spectrum 0.3to 0.5 1.2
I+ T Tauri to PMS 3.0 4.2

Table 4.3 Lifetime duration of YSO’s, with inferred ages, taken
from Dunham et al. (2015).

To investigate our ‘near’ and ‘far’ populations more fully, isolated individual
groups in our study area have been identified (see Figure 3.12). Two groups
from each of the ‘near’ and ‘far’ populations have been selected, in different
regions, as a representative sample. From the ‘near’ population region B7
(lying in the Eastern region of B10 in Figure 3.12) and the collection of sources
in the Eastern part of B18 have been chosen, denoted here as B18e. From the
‘far’ population regions L1536 and B213 are used.

The results of our investigation are presented in Figure 4.15. In each case,
members of the various complexes have ages between 1 Myr to 5 Myr which
is consistent with the findings of Dunham et al. (2015).
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Figure 4.15 Distribution of ages for discrete regions of the
TMC. ‘Near’ groups are coloured red and ‘far’ groups are
shown in blue. The populations shown are an amalgamation
of sources identified in both studies presented in this research.
(a) Region B7. (b) Region B18e. (c) L1536. (d) Region B213

4.4.4 Determining population peer groups

Literature studies (see Appendix F.1.1) suggest that young Class Il (CTTS)
sources with optically thick disks are best observed in the infrared whilst more
evolved Class lll (WTTS) sources become visible at optical wavelengths due to
their optically thin disks. It is therefore possible to draw an analogy between
these classifications and the studies presented here. It seems reasonable
to suggest that our preliminary (Spitzer sampled) investigation studied the
‘younger’ infrared population whilst our follow-on study using Gaia optical data
looked at a more ‘evolved’ population of sources, sources appearing in both
studies representing an adolescent group between them.

Following this possible link between evolved stages and the studies presented
here, Figure 4.16 presents a three-dimensional grid showing the results from
both studies.
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Figure 4.16 Spatial distribution of sources identified in our
preliminary and follow-on studies. Sources are identified here
according to our inferred 'developmental’ groups (see text).

Figure 4.16 provides a graphical representation of the results presented in
the studies discussed in Chapter 3 and Chapter 4. The preliminary study
sources are identified as ‘young’ and the follow-on study sources identified
as ‘evolved’. Those sources which appear in both studies and are considered
to be at an intermediate age are omitted for the purposes of clarity. Whilst the
distinction between the ‘near’ and ‘far’ groups from both studies is still clearly
apparent there appears to be no clear demarcation between age ranges
presented, suggesting that the link discussed above may simply be fortuitous.
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5 DISCUSSION

The intention in planning this study was to use the Gaia telescope’s newly
available second data release to investigate the Taurus Molecular Cloud and
to compare its findings with those of previous studies.

In defining this study for approval, the following statement was made:

Transverse velocities and proper motions will be identified as the
kinematic properties of objects within the various clouds and structures
of the TMC, to show the relative motions of these regions within the larger
cloud structure. The relative depths of objects within the TMC will be
identified and, through the use of 3-D graphical representations, making
use of the unprecedented accuracy of the Gaia parallax measurements,
it is hoped to better constrain the boundaries of the Taurus molecular
cloud. (Fleming 2019, Research Project Approval).

Here some of the findings from our investigative studies are draw together.

5.1 Combined Study Results

An area of the Taurus Molecular Cloud of approximately 375 pc? with a depth
of 100 pc has been studied using G-band Gaia DR2 astrometry available on
the open access Gaia Archive portal.

By cross-matching Gaia DR2 with Spitzer infrared data a group of 161 young
YSO’s have been investigated. The existence of two, previously unrecognised,
distributions have been identified within the TMC, centred on 147.9 pc.
Statistical analysis has confirmed the existence of these two populations with
a ‘near’ group centred at 131+7 pc and a ‘far’ group at 160+5 pc to 1lo.
Additionally, these groups are found to have different proper motions and
markedly different solar corrected velocity vectors. The findings from this
preliminary study were placed in the on-line open-access archive (arXiv) and
submitted for peer-review in the scientific press.

By applying quality filters to the initial query a potentially more evolved
group of 142 pre-main sequence stars have been identified using Gaia optical
data only. An investigation of these sources reaffirms the existence of two
populations, this time centred on 139.7 pc which is entirely consistent with
the literature. This second study found the two groups at slightly different
distances from the preliminary study, this time centred at 130.0+3 and
16012 pc, again at 10 for the ‘near’ and ‘far’ groups respectively. The greater
variability in the ‘far’ groups value reflecting the larger physical scattering of
its members. As with the previous study, proper motion and velocity vector
studies highlighted the individuality of the two groups.
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Chapter 5. DISCUSSION

5.2 Conclusions & Future Proposals

In conclusion, this investigation has:

¢ In conjunction with the use of Spitzer data, Gaia DR2 has been able to isolate
two previously unidentified populations of YSO at different distances.

e The existence of these distinct populations has been confirmed though the
sole use of Gaia data for a more evolved group of YSO’s and Young stars.

e In both studies the ‘near’ and ‘far’ populations have been found to have
different proper motions, suggesting the possibility that they have different
origins (convergent points).

e The dating of discrete regions from both ‘near’ and ‘far’ populations has
shown them to have contemporary ages and confirms the populations as
being YSO’s and Young stars.

The identification of two discrete populations of YSO’s, the presentation
of Figure 4.16 as a 3-dimensional graphical representation of the Taurus
molecular cloud and the wider results discussed have met the objectives set
for this study. This investigation has shown the Gaia data to be versatile in
analysing the kinematics of stellar and pre-stellar populations.

During these studies | have contributed to a new understanding of the
kinematics of the Taurus star-forming region using the second data release
of the Gaia space telescope. These findings have led me to submit a paper to
a peer reviewed journal, and | have presented at International conferences.

The area known as the Gould Belt is an area consisting of an ‘elliptical
ring’ of young stars and clouds of neutral hydrogen located within the Milky
Way Galaxy with semi-major and semi-minor axes of 375 pc and 235 pc
respectively. The centre of the structure is located about 105 pc from the
Sun in the direction of the Galactic anti-centre and is tilted with regards to the
plane of the Milky Way. The Gould Belt is a dynamic region, containing several
million solar masses of interstellar material which includes all the nearby sites
of active star formation (Taurus, Orion, Ophiuchus, Perseus etc.) and has been
the subject of recent radio surveys (e.g. Gonthier, 2005; Loinard, 2012; Ortiz-
Ledn et al., 2017). The precise formation history of the structure is still the
subject of study with a number of competing theories being proposed.

With the release of Gaia’s third data release (DR3) in its early-release form in
the Autumn/Winter of 2020 and the full release in the middle of 2021 it will be
possible to explore the Gould Belt in detail.

Using the techniques used in this study, and the newly available Gaia DR3
data, it will be possible to create dynamic simulations of the Gould Belt with
a view to understandings its structure, kinematics and relationship to its local
environment. It is expected that such studies would provide new insights into
the origins, coherence and current nature of this region.
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A gaiadr2.gaia_source Column Descriptors

This table has been compiled using information sourced from the Gaia Archive
documentation?!, where a complete description of each field can be found.

Table A.1 Gaia Data Descriptors

Data ID Description

solution_id
designation
source_id
random_index
ref_epoch

ra

ra_error

dec

dec_error

parallax
parallax_error
parallax_over_error
pmra

pmra_error

pmdec

pmdec_error
ra_dec_corr
ra_parallax_corr
ra_pmra_corr
ra_pmdec_corr
dec_parallax_corr
dec_pmra_corr
dec_pmdec_corr
parallax_pmra_corr
parallax_pmdec _corr
pmra_pmdec_corr
astrometric_n_obs_al
astrometric_n_obs_ac

An unequivocal DPAC solution identifier

Unique designation across all Gaia Data Releases

A unique numerical identifier of the source

Random index to select smaller subsets of data

Epoch of the source parameters [Julian Years]
Barycentric ra of the source in ICRS at ref_epoch [deg]
Standard error of ra [mas]

Barycentric dec of the source in ICRS at ref epoch [deg]
Standard error of dec [deg]

Absolute stellar parallax of the source at ref_epoch [mas]
Standard error of parallax [mas]

Parallax divided by its standard error

Proper motion in ra [mas/year]

Standard error of pm in ra direction [mas/year]

Proper motion in declination direction [mas/year]
Standard error of pm in dec direction [mas/year]
Correlation between ra and dec

Correlation between ra and parallax

Correlation between ra and pm in ra

Correlation between ra and pm in dec

Correlation between dec and parallax

Correlation between dec and pmin ra

Correlation between dec and pm in dec

Correlation between parallax and pm in ra

Correlation between parallax and pm in dec
Correlation between pm in ra and pm in dec

Total number of AL observations

Total number of AC observations

astrometric_n_good_obs_al
astrometric_n_bad_obs_al
astrometric_gof _al
astrometric_chi2_al
astrometric_excess_noise
astrometric_excess_noise_sig
astrometric_params_solved
astrometric_primary_flag

Number of good AL observations

Number of bad AL observations

Goodness-of-fit statistic of the astrometric solution
AL chi-square value

Excess noise of the source [mas]

Significance of excess noise

Binary code indicating which parameters were estimated
Was this source a primary or secondary source
astrometric_weight_al Mean astrometric weight of the source [mas—2]
astrometric_pseudo_colour Astrometrically determined pseudocolour [pm~1]
astrometric_pseudo_colour_error Standard error of the pseudocolour [um~1]
mean_varpi_factor_al Mean parallax factor in the AL direction
astrometric_matched _observations The number of FOV transits matched to this source

Continued on next page

Lhttps://gea.esac.esa.int/archive/documentation/GDR2/Gaia_archive/chap_data
model/sec_dm_main_tables/ssec_dm_gaia_source.html
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Appendix A. gaiadr2.gaia_source Column Descriptors

Table A.1 - continued from previous page

Data ID

Description

visibility_periods_used
astrometric_sigma5d_max
frame_rotator_object_type
matched_observations
duplicated_source

phot_g _n_obs
phot g mean_flux

phot_g mean_flux_error
phot_g _mean_flux_over_error
phot g mean_mag
phot_bp _n_obs
phot_bp_mean_flux
phot_bp_mean_flux_error
phot_bp_mean_flux_over_error
phot_bp_mean_mag
phot_rp_n_obs
phot_rp_mean_flux
phot_rp_mean_flux_error
phot_rp_mean_flux_over_error
phot_rp_mean_mag

phot bp rp _excess factor
phot_proc_mode

bp_rp

bp_g

g_rp

radial_velocity
radial_velocity_error
rv_nb_transits
rv_template_teff
rv_template_logg
rv_template_fe_h

phot variable flag

/

b

ecl_lon

ecl_lat

priam_flags

teff val
teff_percentile_lower

teff percentile_upper
a_g_val
a_g_percentile_lower

a_g percentile_upper
e_bp_min_rp_val
e_bp_min_rp_percentile_lower
e _bp_min_rp_percentile_upper
flame_flags

radius_val
radius_percentile_lower
radius_percentile_upper
lum_val
lum_percentile_lower
lum_percentile_upper

Number of visibility periods used in the astrometric solution
The longest semi-major axis of the 5-d error ellipsoid [mas]
The type of the source mainly used for frame rotation
Amount of observations matched to this source

Source with duplicate sources

Number of observations contributing to G photometry
G-band mean flux

Error on G-band mean flux

G-band mean flux divided by its error

G-band mean magnitude

Number of observations contributing to BP photometry
Integrated BP mean flux

Error on the integrated BP mean flux

Integrated BP mean flux divided by its error

Integrated BP mean magnitude

Number of observations contributing to RP photometry
Integrated RP mean flux

Error on the integrated RP mean flux

Integrated RP mean flux divided by its error

Mean magnitude in the integrated RP band

BP/RP excess factor with respect to the G-Band flux
Indicates different calibration procedures in place

BP — RP colour

BP — G colour

G — RP colour

Spectroscopic rv in the solar barycentric reference frame
Error accounting for the calibration contribution

Number of transits (epochs) used to compute rv

T.ff of the synthetic spectrum template used to determine rv
logg of the synthetic spectrum template used to determine rv
Fe/H of synthetic spectrum template used to determine rv
Indicates if variability identified in the photometric data
Galactic Longitude of the object at reference epoch [deg]
Galactic Latitude of the object at reference epoch [deg]
Ecliptic Longitude of the object at reference epoch [deg]
Ecliptic Latitude of the object at reference epoch [deg]
Flags for the Apsis-Priam results

Estimate of Teff from Apsis-Priam [K]

Lower 16th percentile uncertainty on T,.ff estimate

Upper 84th percentile uncertainty on T.ff estimate
Estimate of extinction in the G band (Magnitude[mag])
Lower 16th percentile uncertainty on AGG estimate
Upper 84th percentile uncertainty on AGG estimate
Estimate of reddening E(BP-RP) [mag]

Lower 16th percentile uncertainty on E(BP-RP) estimate
Upper 84th percentile uncertainty on E(BP-RP) estimate
Status of the astrophysical parameters radius and luminosity
Estimate of radius from Apsis-FLAME [Solar Radius]

Lower 16th percentile uncertainty on radius estimate
Upper 84th percentile uncertainty on radius estimate
Estimate of luminosity [Solar Luminosity]

Lower 16th percentile uncertainty on luminosity estimate
Upper 84th percentile uncertainty on luminosity estimate
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B Gaia Archive queries

This appendix contains the ADQL queries used to interrogate the Gaia DR2
Archive. An explanation of the line descriptors are given in Table B.1 following
the query listings.

1 SELECT =
2 FROM gaiadr2.gaia_source
3 WHERE parallax BETWEEN 5.0 AND 10.0

4 AND CONTAINS (POINT(’ICRS’, ra, dec), BOX(’ICRS’, 68.5, 27.0, 15.0,
10.0)) = 1

5 AND parallax_over_error > 5.0

6 AND phot_bp_mean_flux_over_error > 10

7 AND phot_rp_mean_flux_over_error > 1

8 AND astrometric_n_good_obs_al > 5

9 AND (SQRT(astrometric_chi2_al/

10

11

12

13

14

15

16

17

(astrometric_n_good_obs_al - 5.0)) < 1.2

OR SQRT(astrometric_chi2_al/(astrometric_n_good_obs
_al - 5.0)) < 1.2xexp(-0.2*x(phot_g_mean_mag - 19.5)))
AND phot_bp_rp_excess_factor BETWEEN 1.0 + (@.03*xPOWER
(phot_bp_mean_mag - phot_rp_mean_mag, 2.0))

AND 1.3 + (@0.06*xPOWER(phot_bp_mean_

mag - phot_rp_mean_mag, 2.0))

ORDER BY parallax DESC

Listing B.1 Original ADQL query (4770 sources returned)

1 SELECT =
2 FROM gaiadr2.gaia_source
3 WHERE parallax BETWEEN 5.0 AND 10.0

AND CONTAINS (POINT(’ICRS’, ra, dec),
BOX(’ICRS’, 68.5, 27.0, 15.0, 10.0)) = 1
AND parallax_over_error > 5.0

AND astrometric_n_good_obs_al > 5

ORDER BY parallax DESC

Listing B.2 Final query (returned 7587 sources)
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Appendix B. Gaia Archive queries

Table B.1 lists the line numbers and descriptors used in the original Gaia
Archive query presented in Listing B.1l.
constraints whilst retaining the essential elements of the orignal query.
Descriptors for the code in Listing B.2 will also be found in this table (but with

different line numbers).

Table B.1 Gaia Query Descriptors

Line No.

Descriptor

w

~

9-12

13-16

17

Identifies the data source file.

Get data between 100pc (parallax 10.0) and 200pc (parallax 5.0).
Identifies the search 'box’ by centre coordinates and widths of
sides.

Setting relative precision on parallax at 5% (actually better than
20%).

Setting Gbp flux error signal-to-noise greater than 10.

Setting Grp flux error signal-to-noise greater than 10 .

There must be at least 5 independent astrometric measurements
for a reliable selection.

Filtering on how well the 5 parameter model fits the astrometry.
and will tend to exclude binaries.

This excludes any measurements where crowding has seriously
affected the photometry.

order the output data table by descending parallax values

(i.e. increasing distance).
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C Catalogue of Preliminary Sources

Here we list the parameters of the 168 sources, from the Spitzer catalogue,
used in our preliminary study (Chapter 3).

Sources which have been removed at various stages in the study have been
color coded so that the reader may judge the validity of the decisions made.
Within the table, the following colour code has been used to highlight groups
discussed in the text.
3 sources identified in Figure 3.4b as being outside the main populations.
4 sources rejected as lying outside 12-40 mas yr—! proper motion limits.

5 sources within 12-40 mas yr—! proper motion limits but lying outside the
boundary of Figure 3.9b.
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Appendix C. Catalogue of Preliminary Sources
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D Compendium of Sources

This list details the 192 Gaia sources identified in our main study (Chapter 4).
These sources fall within the distance and proper motion limits defined in
our preliminary study and have been ordered by distance. Those sources
highlighted have been identified as lying outside of our study area. There
are 155 sources remaining in our study area that are discussed further in
Chapter 4.

Sources in the 192 cohort, identified as being outside the study area.
13 sources rejected as lying beyond 172 pc (see Section 4.3.1).
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Appendix D. Compendium of Sources
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E Redshift values for Gaia associations

This appendix contains the details of those sources in our Gaia ‘near’ and ‘far’
groups that have redshift values in the LAMOST DR5 catalogue. We provide
values for source «, 4, 7t and z, along with their errors.
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F Underpinning Knowledge

F.1 Molecular Clouds

Molecular clouds, ubiquitous along our Galactic plane are dense, compact
regions where gas and dust have clumped together. In contrast to the general
interstellar medium where temperatures can range between 50 to 10* K and
where densities are as low as 0.2 to 50 particles cm~3, molecular clouds have
an average density of 10% to 10°> molecules cm~3 with internal temperatures
of only 10 to 20 K (Ferriere, 2001).

Table F.1 Constituents of Molecular Clouds

Factor Composition

GAS 99% by mass, of which
H, 99%

He 25% of mass

CcO 10~* by number

CS 10~ by number

NH; 10~° by number

NoH+ 1071° by number
DUST 1% by mass

silicates + carbonaceous

We can begin to understand the structure of molecular clouds through radial
velocity measurements of the gas contained within them. These clouds consist
mainly of molecular hydrogen (H;) but because of its structure and its lack of
a permanent electric dipole (H;) is virtually invisible (i.e. optically thick) at
temperatures below ~200K (Bolatto, Wolfire, and Leroy, 2013). This makes it
difficult to detect and proxy tracers are used to infer its presence. Tracers such
as carbon monoxide (CO), which is the most abundant molecule after H, only
constitutes a small percentage of the gas contained in the cloud (Table F.1)
but it has a lower frequency transition that can more easily be detected. By
mapping the presence of CO emission and those of its isotopes ?CO and 3CO
it is possible to effectively map out the locations and some of the internal
structures within molecular clouds (Figure F.1).

The ratio between H, mass (M) and CO luminosity (L’) is described by the

relationship
MH,

= TCoi 50 (F.1)

o
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Appendix F. Underpinning Knowledge

for the (1 — 0) transition at 115 GHz (Bolatto, Wolfire, and Leroy, 2013).
This value is taken to be a constant with a standard Galactic value of «=4.6
M. /(K km~! pc?) which has been empirically verified using different techniques
(Dickman, 1978; Bloemen, 1987; Solomon et al., 1987). Subsequent studies
of Luminous and Ultraluminous infrared galaxies (Downes and Solomon, 1998;
Papadopoulos et al., 2012) have found a significantly smaller value of «=0.8
M. /(K km~! pc?) indicating that this may not be a universal constant.

log W, (Kkm s

Unobserved

Figure F.1 Composite image of galactic 12CO emission constructed
from the surveys of Dame, Hartmann, and Thaddeus (2001) and
Mizuno and Fukui (2004) From: (Heyer and Dame, 2015: Figure 3).

There have been many investigations aimed at determining the physical
properties of molecular clouds and to understand how their gravity, magnetic
fields and turbulence shape their complex structure. We still do not fully
understand whether molecular clouds are gravitationally bound or whether
they are merely transient features.

The Solomon et al. (1987) study of 237 molecular clouds in the Galactic
disk was able to determine that the clouds were characterised by a constant
mean surface density of 170 M.pc—2 and that molecular clouds are either
in or near virial equilibrium and are thus gravitationally bound. Such
a conclusion however presents a problem which was highlighted by the
study of Zuckerman and Evans (1974). The idea that molecular clouds are
gravitationally bound is not observationally supportable. Namely, if molecular
clouds are gravitationally bound, and if they collapse in the order of their
free-fall time (i.e. the time it would take the cloud to collapse under its own
gravitational forces if no other forces oppose the collapse) then the rate of star
formation should be in the order of two magnitudes greater than that observed
(Zuckerman and Evans, 1974).

The standard picture of star formation involves the collapse of a cloud (or part
of a cloud) under gravity and the associated fragmentation of the cloud into
smaller and smaller self-gravitating clumps (Hoyle, 1953). It has also been
suggested, from observations of pre-protostellar clumps, that fragmentation
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may be linked to the creation of the initial mass function (IMF) of stars (Ward-
Thompson et al., 2006; Carpenter et al., 2009). Both of these suppositions can
only be supported if molecular clouds are not gravitationally bound.

Contemporary observational evidence suggesting that clouds are short-lived
(Ballesteros-Paredes et al.,, 2006; Elmegreen, 2007; Kruijssen et al., 2019)
and that star formation is prevented by stellar feedback (Rey-Raposo et
al.,, 2016) and the effects of turbulence and magnetic fields (Price and
Bate, 2008; Federrath, 2016) indicate that most molecular clouds are
unbound. This is further supported by simulations of molecular cloud
formation in spiral galaxies (Dobbs, Bonnell, and Pringle, 2006; Dobbs,
Burkert, and Pringle, 2011) which suggest that only the internal star forming
clumps are gravitationally bound whilst the molecular cloud itself is unbound.

F.1.1 Young Stellar Object classifications

During the initial stages of stellar development, a molecular cloud collapses,
forming a protostar due to the in-fall of material from a circumstellar disk, or
envelope. This protostar remains shrouded in an envelope of gas and dust and
is only visible due to the excess infrared radiation given off by its surrounding
envelope. As the gas and dust in the disk is used up the central YSO becomes
visible and displays the black body spectrum typical of young stars whilst also
exhibiting a decreasing infrared excess due to the envelope.

These different stages in development are characterised by changes in the
spectrum of radiation given off. Submillimeter radiation from the gas cloud
dominates the early stages of development. Intermediate stages emit strongly
in the infrared through radiation from the disk whilst the later stages are
observable in the optical and infrared. Lada (1987) developed a classification
scheme for YSO’s based on the spectral index («) of a source, where « is the
ratio of the bodies flux density to its wavelength in the near to mid-infrared

spectrum, i.e.
_ dlog,,(AF))

dloglo()\)

where A is the wavelength and F, is the flux density. Lada (1987) proposed
three classes (I, Il and lll), whilst a fourth class (0) was subsequently added
by (Andre, Ward-Thompson, and Barsony, 1993) following their observation of
faint objects with strong submillimetre radiation at wavelengths below 10um.

(F.2)

Figure F.2 shows this revised classification scheme as an evolutionary
sequence for YSO’s where deeply embedded Class 0 sources dissipate their
circumstellar envelopes becoming Class | objects which eventually become
optically visible as young pre-main-sequence stars.

Objects within Class Il have circumstellar disks and correspond roughly to
classical T Tauri stars (CTTS) with active disks, stellar jets and associated
Herbig-Haro objects (Reipurth and Heathcote, 1997). Class Il YSO’s

95



Appendix F. Underpinning Knowledge

Prestellar dense cores collapsing
in the parent molecular clowd

| —
E o & drwrsl oo Ea ]
o w .E Cold black body Towy = 10 - 20K
w = i =0
i P
il =N g
. F . i
i 1] we W

Class 0 profostar
T T T L

T .

ey
Cobd black body

"._

Thes < TOK
M. e M,

/ - 10000 AL t ~ 50000 yrs

AN

\ Class | protostar

- 1000 AL

Protostellar phase

Ty — 100 - FOOK
W = B,

iy

.'-’ d

£~ 2,10° yrs

Class Il young star

@

s 7 - Ty = 700 - 000K
= 5 Mg~ 0.01 M,
ﬂ} 1 1 ]

L&) ot
= bl
% y 100 AL § =108

= = S
% Clazs IN young star

=
E E T 3000k
'«'i') \_ E r":?ul = M_uu
e

o

bl
t~ 105107 yrs Time

Figure F.2 The evolutionary development of YSO’s from
collapsing molecular cloud to pre-main sequence. Credit: From a
presentation ‘Roles and properties of magnetic fields from molecular clouds to
protoplanetary disks’ by Anaélle Maury. Available at: http://sf2a.eu/semaine-
sf2a/2018/presentations/S00/SF2A-MagneticFields-Anaelle-public.pdf.

corresponding approximately to weak-line T Tauri stars (WTTS) have begun
nuclear fusion and are fragmenting their protoplanetary disks prior to the
formation of planetary objects. Between the Class Il and Class lll objects lie
transition disk objects (TDO’s) which are gas-rich and optically thick but which
have dust distributions with large central voids lacking in small dust grains.
TDO'’s are thought to represent an evolutionary stage between Class Il and
Class lll young stellar objects (Strom et al., 1989).

The TMC provides one of the best environments for the study of Class I
and Class Il objects in the infrared (e.g. Kenyon and Hartmann, 1995: and
references therein).
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F.2 Principles of Astrometric Measurements

The science of precisely measuring the position and movements of stars and
other celestial objects is known as astrometry. The data provided through
astrometric measurements can provide insights into the physical parameters
and kinematics of astronomical objects.

Of particular interest to this study are the concepts of measuring distances
through the use of parallax angles, the measurement of an objects proper
motions through space and the precise location of an object in 3D space. For
those unfamiliar with these astrometric concepts, and others, they are briefly
discussed here.

F.2.1 Conventions for dating astrometric observations

When astrometric data are dependent upon a particular coordinate system
for specifying their positional information, the reference date (or epoch) of
that coordinate system needs to be specified. Celestial coordinate systems
commonly used are the equatorial system and the ecliptic coordinate system.

Since an epoch is essentially a moment in time they can be specified in
a number of different formats in relation to a given reference start date.
Common formats are:

¢ Julian date (JD) is the continuous count of days since the beginning of the
Julian Period (1st January 4713 BC). Julian dates are expressed as a Julian
day number with a decimal fraction added!. For example, |D2433282.4235
for January 0.9235, 1950 Terrestrial Dynamic Time (TT).

e The Besselian year which is defined as starting when the mean Sun’s
longitude is precisely 280° which corresponds closely to 1st January, the
start of the Gregorian calendar year (Meeus, 1991). For example, B1950.0
represents the instant January 0.9235, 1950 TT. This was the basic unit of
the Besselian epoch which has now been superseded by,

e The Julian epoch which is a system of defining the date as a year with a
decimal component. The base unit is the Julian year of 365.25 days. The
prefix ‘)" is used to distinguish this epoch from the earlier Besselian epoch.
The standard Julian epoch is defined as

J2000.0 = 2000 January 1.5 = 2000 January 1 at 12 noon TDB

where TDB is the Barycentric Dynamic Time which is essentially the same
as Terrestrial Dynamic Time except for relativistic corrections to move the
origin to the solar system barycentre.

In 1976, the IAU decided that the standard epoch of J2000.0 should be
adopted, starting in 1984 (Aoki et al., 1983). Before 1984, coordinate systems

L«xXIlird General Assembly Kyoto, Japan 1997 XXllle Assemblee Generale Kyoto, Japon”
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dated to 1950 or 1900 were generally used. This international standardisation
on a particular epoch enables all astronomers to collaborate effectively.

F.2.2 Parallax Measurements

Gaia is not designed to measure distances directly, but they can be inferred
through the determination of stellar parallax.

In astrometric terms it is not possible to measure the distances to other stars
using telescopes based on the Earth’'s surface. However, if we make two
observations of the same star on opposites sides of the Earth’s orbit we can
get a noticeable angle between the star’s apparent positions (Figure F.3).

View from A

Background stars

Apparent shift in star’s position

View from B Not drawn to any scale

Figure F.3 Measurement of stellar parallax. Measuring a star’s
position once, and then again 6 months later and calculating the
apparent change in position. The star’'s apparent motion is called
stellar parallax (see text). Credit: Author, 2019.

Parallax is a measured difference in the apparent position of an object. Stellar
parallax is most often measured using annual parallax i.e. through measuring
a star’s position once, and then again 6 months later and calculating the
apparent change in position.

Using trigonometry we can now calculate the distance to the star such that,
from Figure F.3
’

tanf = 7 (F.3)

where 6 is the parallax angle p, r is 1 Astronomical Unit (AU), and d is the
distance. On the assumption that any star is very far away we can say that
tan(p)=p, and the formula becomes

= % or, rearranging d = U;U (F.4)

It is more usual to use the parsec as a measure of distance and not the AU. The
parsec is defined as the distance to a star that shows 1 arc-second of parallax
angle. Our formula can therefore be re-written as

d= ; parsecs (F.5)
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where p is measured in arc-seconds and d is measured in parsecs (1 parsec =
206265 AU).

In the context of Gaia parallax measurements, Luri et al. (2018) provides
a full description of the issues involved in the estimation of distances from
parallaxes and recommends that a full Bayesian approach be adopted when
considering Gaia parallaxes. In general, observational errors in measured
parallaxes, especially when the associated measurement uncertainties are
large can lead to potentially strong biases requiring a full statistical treatment
of the data and its uncertainties.

DR2 parallax uncertainties are in the range of up to 0.04 milli-arcseconds
(mas) for sources with a broad-band, white-light magnitude (G) <15 and on
the order of 0.7 mas at G=20. Coupled with proper motion measurements
from DR2, a detailed investigation of the internal kinematics of the Taurus star-
forming region can be made. Due to the relative proximity of the Taurus star-
forming region, where the parallaxes are positive and relative uncertainties
are small, a Bayesian prior is not employed in this study (Bailer-Jones, 2015;
Bailer-Jones et al., 2018; Luri et al., 2018), and a straightforward inversion of
parallax is used to infer distance (Equation F.5). This does not affect any of
the conclusions in this paper.

Since it is known that there are unquantifiable (but probably small) parallax
errors due to a poorly determined zero-point offset in extinction (Lindegren
et al.,, 2018), it is not possible to correct individual Gaia parallax values
completely. It should also be remembered that Gaia is, in essence, an optical
telescope and, as such, will have difficulty in accurately measuring parallaxes
in areas of high optical extinction due to dust. Hence, for the purposes of this
study, mean parameter values are used. Independent comparisons of Gaia
and VLBA studies of YSOs in the Ophiuchus, Serpens and Aquila regions (Ortiz-
Ledn et al.,, 2018) obtained consistent parallax values across all systems,
supporting our use of uncorrected Gaia parallax values at this distance.

F.2.3 Measuring Proper Motion

The proper motion of an object has a magnitude and a direction and is a
measure of the observable changes in the apparent positions of astronomical
objects as seen against the background of more distant objects. In the
equatorial coordinate system (see Appendix F.2.4), in any particular epoch
(Appendix F.2.1), an objects proper motion is given in terms of its motion in
right ascension (#RA or u,) and declination (zDec or us;). The combination
of these values gives the objects true proper motion (u) typically
measured in milli-arcseconds per year (mas yr—1), using the relationship

w2 = s + ps? (F.6)
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However, to find the true space velocity of an object we need to
consider the individual vectors of that velocity.

Radial
velocity (VRr)

Space
velocity (Vs)

Transverse
velocity (V1)

Proper motion

Not drawn to any scale

Figure F.4 Components of proper motion (see text) Credit: Author,
2019.

Figure F.4 identifies these component vectors. The space velocity of a
star is defined by the components:

Vs = space velocity (the true total velocity of the star)
Vr = transverse velocity (velocity perpendicular to line of sight)
Vr = radial velocity (the line of sight velocity, i.e. the Doppler velocity)

through the Pythagorean relationship

V52 = VRZ + VTZ (F.7)

where Vr can be calculated by knowing the proper motion (1) and the
distance (d) derived from the objects parallax (Appendix F.2.2), using

Vi = 4.74ud (F.8)

where Vr is in km s~!, u is in arcsec yr=!, and d is the distance in
parsecs.

Since an observer moves due to the Earth’s rotation and revolution
around the Sun, these motions have to be removed from the
stellar radial velocity. This reduction step is called the heliocentric
correction. Applying this correction removes the Earth’s orbital velocity
of 30 km s~! and its rotational velocity of 0.5 km s~! and provides the
radial velocity of the observer relative to the observed object.

For a full determination of an objects proper motion it is necessary
to take account of the Local Standard of Rest (LSR) radial velocity
which corrects the heliocentric radial velocity to a value which would
be seen in the Local rest frame once the Sun’s peculiar motion has
been removed.
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Also, the Galactic Standard of Rest (GSR) radial velocity further corrects
the stellar velocity for the LSR velocity projected on the line of sight and
is interpreted as the velocity that a stationary observer in the Galactic
rest frame would see at the position of the Sun.

F.2.4 Equatorial Coordinate System (RA & Dec)

In essence, the equatorial coordinate system is a projection of the
land-based longitude and latitude system (Figure F.5) onto the Celestial

Sphere.
— /'rM:’:h Celestial Pole
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Figure F.5 Location around the celestial equator is measured
as right ascension (RA or a) in hh:mm:ss starting from 0° at
the vernal equinox and increasing from west to east. The
distance from the celestial equator to a celestial pole is

measured in degrees of declination (Dec or §). cCredit: Author,
2019.

By direct analogy, terrestrial lines of longitude have their equivalent in
lines of right ascension (RA), measured in hours, minutes and seconds
eastwards of a point where the celestial equator intersects the ecliptic
(the vernal equinox or First Point of Aries, 7°), with one hour of RA = 15°.
Terrestrial lines of latitude translate into celestial lines of declination
(Dec), measured in degrees, arcminutes and arcseconds, indicating
how far north or south of the celestial equator (a projection of the
Earth’s equator onto the celestial sphere) the object lies, with a minus
sign indicating a measurement toward the celestial south pole.

F.2.5 Galactic Coordinate System (/ & b)

The position of an object is measured in terms of its Galactic longitude
(/) and its Galactic latitude (b) with the Galactic plane lying at b = 0°.
Figure F.6 illustrates the system.
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Figure F.6 Galactic coordinate system. Positions of objects are
measured in terms of their galactic longitude (/) and galactic
latitude (b). Credit: Author, 2019.

This coordinate system is heliocentric with its outer perimeter located
at the Galactic centre, onto which Galactic longitude (/) and latitude
(b) are projected. Galactic longitude ranges from 0° to 360° with the
Galactic centre lying at /| = 0° and increases anti-clockwise as viewed
looking down from the North Galactic Pole (NGP). The galactic longitude
| of an object is the angular distance around the Galactic equator from
the Galactic centre. Galactic latitude ranges from +90° to -90°, above
and below the galactic plane respectively.

F.2.6 Galactic Rectilinear Systems (xyz & UVW)

The Galactic rectilinear coordinate systems are heliocentric but are not
projected onto the celestial sphere.

The xyz system is used to represent an objects 3-dimensional position
in space as linear (Euclidean) distances, measured in parsecs, from
the Sun and provides a true spatial frame of reference. As seen in
Figure F.7, the x direction extends from the Sun through the galactic
barycenter (galactic coordinates | = 0°, b = 0°) (e.g. Bobylev, 2010);
the z-axis extends from the Sun through the NGP at b = 90°, and the y
direction lies perpendicular to both the x and z axes in the direction of
Galactic rotation (/ = 90°, b = 0°).

The UVW system is a vector coordinate system which provides stellar
velocities, in km s~! relative to the Local Standard of Rest (LSR) - which
is an imaginary position in a circular orbit in the Galaxies fundamental
plane and co-moving with the average rotational speed of stars at the
same distance as the Sun from the galactic centre. Figure F.7 shows
how the xyz and UVW systems are co-incident. Since the UVW system
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Figure F.7 The galactic xyz coordinate system representing
linear distances and the corresponding UVW vector system of
stellar velocities relative to the LSR. Only the positive directions
of the UVW dimensions are shown in the figure. Credit: Author, 2019.

is a vector representation of an objects movement it does not have a
central reference point. An object with zero velocity in U, V and W is
moving in exactly the same direction and at the same speed as the
LSR, but it can be located in any direction and at any distance from the
Sun.

When using the UVW system it is important to specify which of two
conventions are being used in determining the velocities. In one
system, the U-axis is sighted towards the galactic centre (/ = 0°)
with positive towards the east and towards the north galactic pole (a
right-handed system); in the other convention the U-axis is directed
toward the galactic anticenter (/ = 180°), with positive values
towards the east and towards the north galactic pole, i.e. a left-handed
system (e.g. Johnson and Soderblom, 1987).
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